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ABstrAacT To understand better the mechanisms
involved in biliary lipid excretion and to evaluate their
role in cholesterol gallstone formation, the rates of
biliary excretion of bile salts, cholesterol, and phospho-
lipids were measured in two species, man and dog. Seven
cholecystectomized patients with balloon-occludable re-
infusion T-tubes were studied during intact and inter-
rupted enterohepatic circulation and four cholecystecto-
mized dogs were studied during interrupted enterohe-
patic circulation. In man and dog both cholesterol and
phospholipid outputs were hyperbolically related to bile
salt output by the equation ¥y = x/(a + bx). The output
curves intersected the origin and showed an initial
rapid rise, followed by a slower increase to a maximum,
suggesting a rate-limited mechanism. The shape of the
curves permitted calculation of the theoretical maximal
outputs and the rates of rise to those outputs. Compari-
son of these values showed that in both man and dog
phospholipid output was greater than cholesterol output
and that cholesterol and phospholipid were excreted at
different rates. These studies (a) indicate that choles-
terol, phospholipids, and bile salts are not excreted in
a fixed relationship and (b) demonstrate the usefulness
of the derived theoretical maximal lipid output, and the
rate of rise of lipid excretion to a maximum, in evalu-
ating the kinetics of biliary lipid excretion.
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INTRODUCTION

The interrelationships of bile salts, phospholipids, and
cholesterol during their excretion into bile are not fully
understood. It is known that bile salts are actively se-
creted by the hepatocyte into the canaliculus (1), and
that the excretion of cholesterol and phospholipid are
intimately related to bile salt secretion, probably medi-
ated by the formation of micelles (2-4). In addition, it
has been shown that with low bile salt secretion, there
is little excretion of cholesterol or phospholipid, while
with inrreasing bile salt secretion, there is increasing
excretion of cholesterol and phospholipid (5-7).

There has been uncertainty, however, as to whether
cholesterol output (ChO)?* is entirely dependent on bile
salt output (BSO) (6), or whether there is a bile salt-
independent fraction as well (8, 9). A second area of
uncertainty is whether cholesterol and phospholipid ex-
cretion are coupled to each other over the full range of
bile salt excretion or whether they are excreted by inde-
pendent mechanisms at low BSO (5, 6, 10).

To define further these interrelationships of biliary
lipid excretion, the simultaneous outputs of bile salts,
phospholipids, and cholesterol were measured in two
species, man and dog.

METHODS

Human studies. After informed consent was obtained,
three men (ages 45, 49, and 54) and four women (ages
44, 63, 68, and 86) had a balloon-occludable, reinfusion T-
tube (11) inserted at the time of cholecystectomy and
common duct exploration for cholesterol gallstones. A T-

1 Abbreviations used in this paper: BSO, bile salt output;
ChO, cholesterol output; EHC, enterohepatic circulation;
Oma=, maximal output; PLO, phospholipid output; Rm, rate
of rise to maximum.
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tube cholangiogram was obtained in each patient 7-10 days
after surgery. During that study, the T-tube balloon was
inflated and shown to occlude the common duct and to
prevent contrast medium from passing around it (11).

All studies were performed in the Clinical Research
Centers of the Hospital of the University of Pennsylvania,
Philadelphia, Pa., or St. Mary’s Hospital, Rochester, Minn.,
and were begun at least 10 days after surgery. The T-tube
was clamped and the enterohepatic circulation (EHC) of
bile was intact for at least 48 h before the first study.

Before study, all patients had normal values for serum
bilirubin, serum glutamic oxaloacetic transaminase, serum
glutamic pyruvic transaminase, and alkaline phosphatase.
They were taking no medication and were eating a standard
diet. The total caloric content of the diet was based on
each patient’s ideal weight by a nomogram (12) and the
calories were distributed equally between breakfast, lunch,
and dinner. Each meal consisted of 15% protein, 45% carbo-
hydrate, and 40% fat.

Patients were studied during intact and interrupted EHC.
During intact EHC, the T-tube balloon was inflated and
the draining limb of the T-tube was connected to a stream
splitter (13), (Suburban Electronics Co., Peabody, Mass.),
which diverted 5% of the bile into graduated tubes accu-
rate to 0.1 ml. The remaining bile was reinfused into the
T-tube through a separate lumen and entered the common
duct distal to the balloon. Bile was collected in 30-min
periods and total flow was determined by multiplying the
collected volume by 20. Patients were studied for 2-4 days
with an intact and 1 day with an interrupted EHC. During
interruption of the EHC, the T-tube balloon was inflated
and all bile was collected and none reinfused. Studies began
at 0700, 1 h before breakfast, and ended at 1500, 3 h after
lunch.

Canine studies. Four mongrel dogs, two male and two
female, were each studied twice during interruption of the
EHC. Each had a cholecystectomy, lesser pancreatic duct
ligation, and placement of a Thomas cannula opposite the
ampulla of Vater (14). Studies were begun 3 wk after
surgery. After an overnight fast, a polyethylene tube, PE
190, (Clay Adams, Div. of Becton, Dickinson & Co., Par-
sippany, N. J.) was inserted into the common duct and bile
was collected by gravity drainage into graduated tubes in
30-min periods for 7 h.

Analytical methods. Aliquots of human and canine bile
specimens were promptly placed in Folch solution (chloro-
form-methanol 2:1, vol/vol) for phospholipid extraction.
Specimens were stored at —20°C and later assayed for
total bile acids by a modification of the method of Talalay
(15), cholesterol by the method of Abell et al. (16), and
phospholipids by the method of Fiske and Subbarow (17).

Curve fitting. All relationships plotted had the shape of
a rectangular hyperbola and permitted curve fitting with
a PDP-10 computer (Digital Equipment Corp., Marlboro,
Mass.) with a program developed by E. L. Forker? (Uni-
versity of Iowa, Iowa City, Iowa) for fitting a nonlinear
regression of the form y=ux/(a+bx). This program,
based on the paper by Johansen and Lumry (18), tested for
the best weighting factor to fit a curve to the data. The
best fit resulted when it was assumed that the errors in
the measurement of the variables # and y were proportional
to their measured values and that the error in # was twice
as much as the error in y.

As noted by Wheeler et al. (10), the equation y=x/
(a+bx) is the same form as in Michaelis-Menten enzyme

? Personal communication.

474

kinetics, where

S
En &
Vmaz Vmaa:

with a = Km/Vme: and b =1/V maa.

In Michaelis-Menten analysis, V' ma- represents the maxi-
mal velocity of the reaction, and K= the substrate concen-
tration at half-maximal velocity. Although this data may
not represent enzymatic reactions, the shapes of the curves
are identical and it is possible to use similar terms to de-
scribe them. To emphasize the distinction from enzyme
kinetics, a parallel set of terms are used: Oma-, analogous
t0 Vmas, and representing the theoretical maximal output of
¥, and Rm, the value of the BSO at the half maximum for
y, analogous to Km, and giving a measure of the rate of
rise of the curve to maximal value. The lower the value
of Rm, the more rapid the rise of the curve toward its
maximum.

Statistics. Values are expressed as the mean+=SE and
were derived by the method of Johansen and Lumry (18).
Results were compared with the ¢ test for significance be-
tween means (19).

RESULTS
Man

Cholesterol and phospholipid output. The relation-
ship between ChO and BSO for all seven patients is seen
in Fig. 1 and for phospholipid output (PLO) and BSO
in Fig. 2. The 328 data points are depicted to show the
fit of the computer-derived curves. Both ChO and PLO
were close to zero at very low BSO, increased rapidly
with increasing BSO, and leveled off and approached
maxima at high BSO. These data suggest that there is
no bile salt-independent excretion of cholesterol or phos-

V=

8SO

£ 020 Cho =~Za+193 BSO
N ChOpq:0.052 +0.002
NG ®  ChRpm =0075* 0.009
3
N

[ ]
s o2 e o
Q
3 ® o
S o8| S
3
\
3
s 0.04
§

06 07 08
Bile Salt Output "mollkq/min

Fiure 1 Relationship between ChO and BSO in seven
patients. All data points are plotted. The solid line represents
the equation that best fits the data. The theoretical maximal
cholesterol output (ChOme.) and BSO at half theoretical
maximal cholesterol output (Ch Rms) were calculated. The
vertical dashed line (lower left corner) represents Ch Rm
+2 SE.
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Fi1Gure 2 Relationship between PLO and BSO in seven
patients. All data points are plotted. The solid line repre-
sents the equation that best fits the data. The theoretical
maximal phospholipid output (PLOm.:) and the BSO at
half theoretical maximal phospholipid output (PL Rm)
were calculated. The vertical dashed line represents PL
Rn*2 SE.

pholipid and indicate that BSO continued to increase af-
ter ChO and PLO have approached maxima.

ChOmes is significantly lower than PLOmer (P <
0.001) and cholesterol Rm is significantly lower than
phospholipid Rm (P <0.001), indicating that ChO ap-
proaches its maximum at a lower BSO than PLO.

Phospholipid-to-cholesterol ratio. Fig. 3 demonstrates
the change in the phospholipid-to-cholesterol ratio (PL/
Ch) that occurred with increasing BSO for all patients.
The ratio was variable at low BSO and was almost
constant at BSO above 0.25 wumol/kg/min, with a cal-
culated maximal ratio of 3.53. This variable ratio at low
BSO occurred because the rates of excretion of choles-
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FiGure 3 Relationship between the ratio of phospholipid
to cholesterol versus BSO in seven patients. The solid line
represents the equation that best fits the data. The theoreti-
cal maximal ratio was calculated.

Kinetic Anglysis of Biliary Lipid Excretion in Man and Dog

terol and phospholipid were different, as noted previ-
ously.

Lipid ratio. The molar lipid ratio of bile salts plus
phospholipids divided by cholesterol, (BS + PL)/Ch,
gives a close approximation of the solubility of choles-
terol in bile, with a ratio of 10 or less representing bile
supersaturated with cholesterol (20). This ratio in-
creased hyperbolically with BSO, with (BS + PL)/Ch
= BS0O/(0.011 4+ 0.032 BSO). Thus, a BSO over 0.16
#mol/kg/min was needed to obtain the ratio greater than
10 required for bile to be undersaturated with cholesterol.

Dog

Cholesterol and phospholipid output. Similar hyper-
bolic relationships in the excretion of biliary lipids were
found in dog. The equations that describe the data in dog
were ChO =BSO/(41.0+ 346 BSO) and PLO=
BSO/(2.90 + 1.01 BSO).

Table I indicates that dog had a significantly lower
ChOme- than PLOumes. In addition, the Rm for cholesterol
was lower than for phospholipid, although not statisti-
cally significant. This lack of significance occurred
because the experimental data described only the early
part of the theoretical PLO curve in dog and did not
allow precise prediction of the latter part of the curve
as demonstrated by the large SE for the phospholipid
Rum.

DISCUSSION

Curve fitting. When the data for the outputs of cho-
lesterol, phospholipid, and the ratio of phospholipid to
cholesterol in man and dog were plotted against BSO,
they all had a similar shape. The lowest data points were
near the origin, and the curves rose rapidly with in-
creasing BSO and then leveled off and approached a
plateau at high BSO. The shape of this data was best
described by curves of the family y = 2/(a + bx), and

TaBLE I
Kinetics of Biliary Lipid Excretion in Man and Dog

Man
vs. dog
Man P Dog P P
umol /kg /min +SE
ChOmaz* 0.052 +0.002 0.029 4-0.005 <0.001
> <0.001 <00t
PLOmas* 0.178 4-0.009 0.989 +-0.408 <0.001
Ch Rmt 0.075 +0.009 1.18740.214 <0.001
> <0.001 > <0.2
PL Rm} 0.274 4-0.002 2.870+1.229 <0.001

* Theoretical maximal outputs of cholesterol or phospholipid.

1 BSO at half maximal output of cholesterol or phospholipid. Rm is a
measure of the rate of output to maximum: the lower the Rm, the more
rapid the approach to maximal output.
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the best equation for a particular set of data points was
chosen with the computer program designed by Dr. E.
L. Forker.

Curve fitting its risky, since the data may not fit a
natural function and erroneous conclusions could be
drawn if the wrong curve is chosen. Here, the likelihood
of error is lessened since there are multiple data points
over the entire range of observations and the shape
of the curve is well defined. The hyperbolic function is
the best curve to fit the data by inspection, and the exact
curve of that family of curves is chosen by statistical
means.

Once the equation y = x/(a + bx) is chosen, it is pos-
sible to use analogues of the Michaelis-Menten relation-
ship to describe them. Thus, instead of using a and b to
describe the curves, it is possible to use their algebraic
equivalents Ome= and Rm. The advantage of these terms
is that they provide concrete indices for how fast the
rate of rise (Rm) and how high the theoretical outputs
(Omas) of lipids are with increasing BSO. With these
terms it is possible to use quantitative and statistical
values to compare the kinetics of biliary lipid output in
different species and in the same species in response to
drug and dietary manipulations.

Cholesterol and phospholipid output. The shape of
the plots of ChO and PLO versus BSO suggest that
there is no ChO or PLO at zero BSO. This has been ob-
served before for PLO (5-7) but with ChO, the ques-
tion has been raised as to whether ChO continues without
BSO: a BSO-independent ChO (8, 9). Our observations
include multiple measurements at very low BSO pro-
duced by complete interruption of the EHC with the
balloon-occludable T-tube and prolonged fasting. Al-
though it is impossible to obtain zero BSO because of
continued hepatic synthesis of bile salts, these obser-
vations approached zero BSO and suggest that neither
phospholipid nor cholesterol are excreted independently
of BSO.

Another implication of the shape of the data is that
since the excretion of each lipid approached a maximum
with increasing BSO, there is some rate-limiting step
to the excretion of that lipid. These studies, however,
do not provide information as to the site or mechanism
of that limitation.

It has been suggested that the excretion of cholesterol
and phospholipid are coupled at high BSO, but that an
independent mechanism for ChO exists at low BSO
(5, 6, 10). With the data obtained here, it is seen that
cholesterol and phospholipid have different rates of ex-
cretion (Rm). This difference in excretion is clearly seen
when the ratio PL/Ch is plotted against BSO. Again,
the data have a hyperbolic shape with an almost con-
stant ratio at high BSO, but a decreasing ratio with de-
creasing BSO. This demonstrates that at low BSO
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relatively more cholesterol and less phospholipid was
excreted. This difference in excretion rates could be ex-
plained by the existence of completely separate excretion
pathways for cholesterol and phospholipid, or by a
coupled excretion process at high BSO, altered in some
way at low BSO.

Previous studies (21-28) have shown that alterations
in the excretion of either cholesterol or phospholipid can
be produced without affecting the excretion of the other
lipid. This too suggests the possibility of an uncoupled
mechanism or of a varying relationship in the excre-
tion of cholesterol and phospholipid. Kinetic analysis
should be able to quantitate those changes in lipid excre-
tion and might provide insight into the mechanism of
those changes.

Bile salt excretion. Present results show that at high
BSO, BSO increased without further increases in ChO
or PLO, and are in agreement with Apter and Hardi-
son’s model (29), which proposes a mechanism of ex-
creting bile salts unaccompanied by cholesterol or
phospholipid.

Lipid ratio. The data for the lipid ratio versus BSO
also had a hyperbolic shape. Thus an equation could be
derived to describe the data, and the BSO below which
bile became supersaturated with cholesterol could be cal-
culated. This was 0.16 umol/kg/min, a level frequently
observed after an overnight fast. Lower BSO occurred
during interruption of the EHC, and higher BSO and
undersaturation of bile with cholesterol was seen after
meals. This corresponds to previously published data
(8, 20). The calculated requirement of 0.16 wmol/kg/
min BSO to keep bile unsaturated with cholesterol is
similar to the value estimated by Northfield and Hof-
mann from perfusion studies (30).

Dog. The data obtained from dog studies had the
same shape as the human data and the same kinetic
analysis could be used. The observations were similar to
those made by Wheeler and King (6). Compared to man
(Table I), dog excreted significantly less cholesterol and
more phospholipid. In addition, dog had a higher Rm for
cholesterol and phospholipid and had a less rapid in-
crease in lipid excretion with increasing BSO. As a re-
sult, canine bile was never supersaturated with choles-
terol, even at the lowest BSO measured, 0.02 umol/kg/
min.

These studies in man and dog demonstrate that cho-
lesterol and phospholipid are not excreted in a fixed re-
lationship, and that increases in BSO occur after ChO
and PLO have approached maxima. In addition, the
studies show that kinetic analysis is useful in quanti-
tating biliary lipid excretion.
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