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Abstract We propose a simple mathematical model to account 
for the coupling of secretion rates of bile salts, lecithin, and 
cholesterol into bile. The model assumes that: I) molecules of 
“biliary” lecithin and cholesterol enter a functional compart- 
ment located in the endoplasmic reticulum of the hepatocyte 
from which they are secreted into bile, and in the case of 
cholesterol, also catabolized to bile salts; 2) the rates at which 
lecithin and cholesterol enter the “secretory” compartment 
are regulated independently by feedback loops that control 
their synthesis and/or uptake; 3) lecithin secretion is coupled 
by an unknown transport mechanism, possibly micellar or 
vesicular, to the flux of bile salts passing through the compart- 
ment; 4 )  cholesterol secretion is coupled by a similar mechanism 
to lecithin secretion and not to bile salt secretion directly; and 
5) bile salt synthesis is proportional to the cholesterol content 
of the compartment. The model predicts that in the steady 
state the dependences, lecithin secretion vs bile salt secretion; 
cholesterol secretion vs lecithin secretion; and cholesterol se- 
cretion vs bile salt secretion, will all have the form of rectangular 
hyperbolae. Four independent parameters related to the pos- 
tuladed mechanisms of biliary lipid synthesis, uptake, and 
transport determine the quantitative features of these hyper- 
bolae. These four “secretion parameters” also determine how 
the biliary lipid composition of hepatic and “fasting” gallbladder 
bile varies with bile salt secretion rate. A quantitative analysis 
of biochemical and physiological data on biliary lipid secretion 
in rat, dog, and man confirms the general predictions of the 
model. Deductions of the secretion parameters are made for 
each species and are compared with other relevant data on 
biliary lipid metabolism. I B  From this analysis, we offer new 
insights into: i) the species differences in biliary lipid secretion 
and bile composition; ii) the influence of obesity on biliary 
lipid secretion in man; and iii) the causes of cholesterol super- 
saturation in fasting gallbladder bile.-Mazer, N. A., and 
M. C. Cany. Mathematical model of biliary lipid secretion: a 
quantitative analysis of physiological and biochemical data 
from man and other species. J. Lipid Res. 1984. 45: 932-953. 

Supplementary key wo& bile salts lecithin cholesterol super- 
saturation * gallstones * hepatic and gallbladder bile 

For more than a decade, physiological and biochemical 
studies have been performed in man (1-4) and other 

species (5-11) in an effort to identify the mechanisms 
that control the secretion rates of bile salt (BS), lecithin 
(L), and cholesterol (Ch) into bile. There is agreement 
that the transhepatic flux of BS “drives” the hepatocytes 
to secrete L and Ch, and also to generate the bulk of 
water and electrolyte flow into bile (1, 6, 7, 12). The 
apparent coupling of BS secretion (BS,,) to the outputs 
of L and Ch has been regarded as evidence €or the role 
of mixed micelle formation (I 3) in the secretion of these 
otherwise insoluble lipids (2, 5, 6). However, in man 
(1-3), dog (2, 7), and rat (6, 8, 9), both L secretion 
(Lsec) and Ch secretion (Ch,,) vary nonlinearly as func- 
tions of BS, and tend to reach limiting values at high 
BS outputs. This suggests that the hepatic synthesis 
and/or availability of L and Ch can also influence biliary 
lipid secretion (4, 7-10, 14, 15). Moreover, these non- 
linear relationships imply that when bile is formed at 
low BS outputs, it will be relatively enriched in Ch and 
L compared with bile formed at high BS outputs (1-3, 
12, 16). In  humans, whose bile generally contains more 
Ch than other species (1 2, 17), these relationships result 
in the formation of greatly supersaturated hepatic bile 
(3, 12, 13, 18), especially during fasting when BS,, is 
lowest (1 9-2 1). 

Abbreviations: BS, bile salt; L, lecithin; Ch, cholesterol; BS,,, Lwc, 
Ch,, the biliary secretion rates of BS, L, Ch; Q,,, QCh, the quantities 
of L, Ch in the secretion compartment of the hepatocyte; BS,y., Lyn, 
Ch,y,, hepatic synthesis rates of BS, L, Ch; Xzs, X r ,  XFh, mole 
fractions of BS, L, Ch in hepaticbile; Xgt, X?’, X:::, mole fractions 
of BS, L, Ch in gallbladder bile; BS,, the time averaged BS secretion 
rate during the fasting state; Xp:r, maximum mole fraction of Ch 
that can be solubilized in BS-L-Ch micellar solutions in vitro. 

’ Preliminary aspects of this work were presented at the American 
Gastroenterology Association National Meeting, Salt Lake City, 
1980, the Sixth International Bile Acid Meeting, Freiburg, West 
Germany, 1980, and published in abstract form (Gastroenterology. 
1980. 78: 12 19). 

a Address correspondence and reprint requests to Dr. Norman 
Mazer at his present address: Clinical Biophysics Research, Pharma- 
ceutical Development, Sandoz Limited, Basle, Switzerland, CH-4002. 
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In the present work we develop a mathematical model 
of biliary lipid secretion that provides a quantitative 
biophysical understanding of the relationships between 
BS, , L,, and Ch, and the pathophysiological conse- 
quences of these relationships (e.g., cholesterol saturation 
of bile and gallstone formation). 

The relevant “structural elements” of the model 
(e.g., the hepatocellular components involved in the 
control of biliary lipid secretion) have been based, where 
possible, on experimental data from the literature. In 
contrast, the mathematical expressions needed to r e p  
resent these elements are not known experimentally and 
must be developed on theoretical grounds. In construct- 
ing such expressions we have tried to keep their math- 
ematical complexity to a minimum. As a result it has 
been possible to derive relatively simple algebraic rela- 
tionships between BS,, L,, and Ch, which use a 
total of only four independent parameters (e.g., the 
“secretion parameters” of our model). 

T o  test the assumptions and predictions of the model, 
we have analyzed secretion data from the literature on 
the rat (6, 8,9), dog (2, 7, 22), and man (1-3), including 
data from non-obese and obese human beings with and 
without cholesterol gallstones (23-28). For each species 
(or subpopulation) the “secretion parameters” have been 
deduced by regression analysis. A comparison of the 
parameters between groups and with other data on 
biliary lipid metabolism offers further checks of the 
model’s consistency and reveals certain striking similar- 
ities and differences between man and other species. 

In the final section the model is used to analyze the 
biliary lipid composition (and cholesterol supersaturation) 
of “fasting” gallbladder bile samples obtained from 
various human populations. From this analysis, deduc- 
tions of the “fasting bile salt secretion rate” are made 
and shown to be important determinants of cholesterol 
supersaturation in man. 

DESCRIPTION OF THE MODEL 

1. Biliary lipid secretion compartment 
Based upon many biochemical observations (5, 10, 

29-33) we postulate (Fig. 1) the existence of a functional 
compartment within the smooth endoplasmic reticulum 
(SER) of the hepatocyte that contains quantities of L 
and Ch (denoted QL and Q c h )  destined for secretion 
into bile. Bile salts flux through this “microsomal” 
compartment’ and, in their passage, transport molecules 

’ Although the term “microsomes” refers to an in vitro preparation 
of cellular membranes (33), we use it synonymously with the smooth 
endoplasmic reticulum from which it is mainly derived. 

of L and Ch to the canalicular membrane and from 
there into bile. The secretion rates: BS,, L,, and 
Ch, are presumed to depend on the flux of BS and its 
coupling to the quantities QL and QCh. The latter are 
determined by the balance of input and output of L 
and Ch to/from the secretion compartment. The cana- 
licular membrane is assumed to play no direct role in 
regulating the relative lipid secretion rates, consistent 
with a variety of biochemical (29-31) and morphologic 
(34-36) studies. Experimental data on the relationship 
between BS, and canalicular lecithin content (35) fur- 
ther argues against the canaliculus being the secretory 
compartment as will be discussed later. 

2. Input to the secretion compartment 

a. Bile salt input (BSi,,). BSi, to the secretion compart- 
ment is derived from both BS uptake (BSuptake) (endog- 
enous or infused) and BS synthesis (BSsyn) as shown in 
Fig. 1 .  When the enterohepatic circulation is intact, the 
latter contribution is exceedingly small, averaging 1.5% 
of the total BSi, over a 24-hr period in man (37). 
Nevertheless, BS,,, does have an important physiological 
role (included in our model) as it provides a quantitatively 
significant pathway for Ch output from the liver (15). 

b. Lecithin input (Li,,). As inferred from biliary secre- 
tion, Li, is not strongly influenced by hepatocellular 
uptake of L in man (4) but is derived from a rapidly 
turning-over pool of L synthesized in the liver (4, 8, 10, 
11, 30, 3 1). In the rat, biliary synthesis of L occurs 
almost exclusively in the SER of the hepatocyte (30, 91, 
38) and is modulated by the enzyme CDP cho1ine:l.Z- 
diacylglycerol choline phosphotransferase (8, 38) and by 
dietary choline (8). Based on these facts, we have assumed 
that the input of Lin to the secretion compartment is 
determined by hepatic L synthesis in all species and that 
it is regulated homeostatically by the amount of L in 
the compartment (Fig. 1). Although the quantitative 
dependence of Li, on QL is not known experimentally, 
we have chosen to represent it with a linear relationship 
(see Fig. 2A): 

Lin = Lmax - BIQL 4 . 1 )  

where L,,, represents the maximum input (synthesis) 
rate to the compartment and quantifies the inhibitory 
effect (i.e., negative feedback) of QL on Lin, This equa- 
tion is similar to that assumed by Hardison and Apter 
(14) in modelling their biliary lipid secretion data. 

c. Cholesterol input (Chi,). On the basis of studies in 
man (39) and rat (9, 40, 41) it has been shown that 
biliary Ch is derived from two principal sources (depicted 
in Fig. 1): i) Ch that is newly synthesized in the liver 
(Ch,,,), and ii) Ch that is taken up by the liver (Chuptake) 
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HEpATOCY7ii I 

Fig. 1. Schematic model of biliary lipid (bile salt, BS; lecithin, L; cholesterol, Ch) metabolism, secretion, and 
storage. BSupul;c, Lup.kc, Ch.,k. denote the respective uptake rates of the biliary lipids by the hepatocyte. 
BS,, L.yn, Chyn denote the intrahepatic synthesis rates. BSi”, L,. , Chi. denote input rates of the biliary lipids 
into the postulated biliary secretion compartment (endoplasmic reticulum). QL and & denote the quantities 
of L and Ch in the compartment. Dashed lines denote feedback meshanisms acting on uptake and synthesis. 
BS,, I-, C h ,  denote the secretion rates of the biliary lipids from the compartment and across the 
canalicular membrane. (Note that L, is coupled to &, and C h ,  is coupled to I-.) Ass, AL, ACI, denote 
the amounts of lipid stored in the gallbladder during the fasting state. F and (1-F) indicate the fractions of 
hepatic bile Row entering the gallbladder and duodenum, respectively (see text for further description). 

from various lipoproteins4 (e.g., chylomicron/VLDL 
remnants, LDL, and HDL (42-45)). We further assume 
that the amount of Ch in the secretion compartment, 
Q C h ,  modulates Chi, by negative feedback on both input 
sources. This view is consistent with a number of obser- 
vations. Firstly, in the rat hepatic Ch synthesis varies 
inversely with the amount of influxing chylomicron 
remnant Ch, an apparent mechanism to homeostatically 
regulate the Ch content of the liver (46). At the bio- 
chemical level, such regulation appears to be provided 
by the enzyme HMGCoA reductase, whose activity in 
the rat has been shown (47, 48) to vary inversely with 
the concentration of microsomal Ch. Secondly, there is 
extensive evidence (42-45) documenting a number of 
feedback mechanisms which influence the hepatic uptake 

‘ This may include Ch that was previously synthesized in the liver. 
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of Ch (mainly esterified) via the regulation of LDL 
receptors, analogous to those controlling LDL metabo- 
lism in extrahepatic tissues (49). Although the biochem- 
ical basis of such regulation is not fully understood (42- 
45), it seems reasonable to suggest that the biliary pool 
of microsomal Ch (ach) could in part modulate hepatic 
ChUFk, (via LDL, VLDL, or chylomicron remnant 
receptors) as illustrated in Fig. 1. As in the case of Li,, 
the functional dependence of Chi, on Q c h  is not known 
experimentally, and will likewise be approximated using 
a linear relationship5 (see Fig. 3A): 

’ Although nonlinear “sigmoidal” functions could have been chosen 
to represent Chi. vs % and Li. vs QL, the increased mathematical 
complexity of these functions would be an unnecessary complication 
in view of the absence of appropriate experimental data. Similar 
linear relationships as given in quations I and 2 have been used 
successfully to describe the feedback control of granulopoiesis (see 
ref. 50). 
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Fig. 4. A, Theoretical dependences of lecithin input (bn) and 
secretion (I-) on QL, as given by equations I and 3, respectively. 
Point of intersection of L,” and L, gives the steady state. B, 
Hyperbolic dependence of L, vs BS, given by equation 7. Maximum 
secretion approaches L, and &/kt gives BS, at which half- 
maximal secretion occurs. 

Chin = Chmx - &Qch 4 . 2 )  
where Ch,,, represents the maximum input rate to the 
secretion compartment from both synthesis and uptake 
and reflects the feedback inhibition of on both 
input sources. 

3. Output from the d o n  compartment 
a. Bile salt output (BSw). As depicted in Fig. 1, bile 

salts (BS) are presumed to pass through the secretion 
compartment at the same rate at which they enter. This 
rate will be identical to B!3, at the canalicular membrane. 

b. Lecithin output (LMC). Consistent with in vitro solu- 
bilizing capacities of BS for L liquid-crystalline dispersions 
(13, 51), we assume that the flux of BS passing through 
the secretion compartment binds (“solubilizes”) L and 
transports it into bile. Quantitatively, we postulate that 
L, is proportional to both BS, and the amount of L 
in the compartment (QL): 

L = ~ I B L Q L  Eq. 3) 
where kl is a coupling parameter that describes the 
capacity of the BS flux to remove L from the compart- 

ment. As illustrated in Fig. 2A, L, increases linearly 
with QL, with a variable slope given by klBS,. 

Equation 3 assumes no particular molecular structure 
for the “solubilized” L and could be consistent with a 
variety of transport mechanisms. These include: mixed 
micelles (51), mixed vesicles (52, 53), and even mecha- 
nisms that require carrier proteins or microtubular 
complexes (29).6 Although kl is a kinetic parameter, it 
is likely to reflect some thermodynamic aspects of BS-L 
interaction (1 3, 51-53) and would therefore be expected 
to depend on the chemical composition of the bile salt 
pool which differs among species (54) and can be influ- 
enced pharmacologically (3, 18, 19). 

e. Cholesterol output (Ch,, + BS,,,? Ch output into bile 
occurs by two pathways: i) the direct secretion of Ch 
molecules (Ch,), and ii) the conversion of Ch into BS 
molecules (BS,,,) which are then secreted (1 5, 46). 
Although there is some evidence (32, 40, 55) that two 
subpools may exist for these pathways, we shall assume 
for simplicity (as did Quarfordt and Greenfield (56)) 
that a single pool (i.e., QCh, Fig. 1) provides Ch for 
both purposes. 

A variety of experimental results (2, 3, 8, 57) suggests 
that Ch,, is more closely coupled to Lc than to BS,. 
The strongest evidence is provided by Robins and 
Armstrong’s study (discussed in detail later) of the 
influence of dietary choline on Ch, and L, in the rat 
(8). Physical-chemical studies (13, 58) also suggest a 
more direct coupling between Ch and L outputs, in that 
Ch is solubilized 3-10-fold greater in B S L  mixed mi- 
celles (or mixed vesicles) than in pure BS micelles. For 
these reasons we assume that C h ,  is linked to L, by: 

Ch, = kz&Qch Eq. 4 )  

where kp is a second coupling parameter (see Eq. 3)) 
reflecting the capacity of the L flux to remove Ch from 
the secretion compartment. Although kz defines a phyc 
ical interaction between L and Ch, different BS species 
could in principle affect this interaction, similar to their 
influence on the Ch-solubilizing capacities of BS-L so- 
lutions in vitro (13). 

The rate-limiting step in the biosynthesis of BS is 
regulated by the enzyme 7a-hydroxylase (15, 32, 46). 
and under physiological conditions is believed to be 
determined by both the amount of active enzyme and 
the amount of Ch substrate available (32, 59-61). Al- 
though newly synthesized Ch may be the preferred 
substrate for 7a-hydroxylase (40, 55), we will assume 

It is not necessary that lecithin be transported intracellularly by 
micellar aggregates. For example, BS and L form mixed vesicles (52) 
at BS concentrations that am well below the CMC at which simple 
or mixed micelles a n  formed. To be consistent with quation 3, any 
mechanism must allow the L/BS ratio of the transported form (i.e., 
L,/BS,) to vary in prOpoRiOn to QL. 
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Fig. 3. A, Theoretical dependences of cholesterol input (Chi,,), secretion (Ch,), and conversion to bile salts 
(BS,y,,) on QC;,,, as given by equations 2, 4, and 5, respectively. Point of intersection between Ch,,, and Ch,, + BSty,, gives the steady state. B, Hyperbolic dependence of Ch,, vs L, as given by equation 9. Maximum 
secretion approaches Ch,,.,, , and (& + y ) / k 2  gives L,, at which half-maximal secretion occurs. C. Theoretical 
dependence of BS,,,, on L,, as given by equation 10. 

that the rate of BS,, is proportional to the total content 
of Ch in the secretion compartment (Qa,): 

BSsyn = YQch Eq. 5 )  

where the factor y is a rate constant for the conversion 
of Ch to BS.' While y may also vary with changes in 
the concentration of enzyme and effector molecules 
(including possibly BS and steroid hormones (59, 61)) 
we assume that such variations play a secondary role in 
comparison to variations in QCh in influencing BS,, . 

As shown graphically in Fig. SA, the total Ch output 
from the secretion compartment (Ch, + BS,,) increases 
linearly with Qc:hr with a slope equal to y + kpL,. 

'I This equation is similar to that given by Quarfordt and Greenfield 
(56) in their compartmental model of cholesterol turnover, and 
would be consistent with the Michaelis-Menten theory of enzyme 
kinetics (62) under conditions where QCt, is much less than K,. 

4. Steady state secretory relationships 
a. Dependence ofLsp, on BS,,,. In the steady state (ss), 

the input and output of L to/from the secretion com- 
partment are equal. As shown in Fig. 2A, this corre- 
sponds to the point of intersection between the functions 
Li, and L, and thus determines the L content, (Q& 
necessary to maintain the steady state. By setting L;, 
= L,,, equations 1 and 3 give the value of ( Q L ) ~ :  

and the dependence of L,, on BS,,, which simplifies 
to: 

Equation 7 has the form of a rectangular hyperbola 
(Fig. 2B) and predicts that with increases in BS,,, L,, 
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will asymptotically approach LmaX. The ratio Bl/k, 
corresponds to the value of BS, at which half-maximal 
L, is attained. Although a hyperbolic dependence was 
theoretically predicted by Wheeler and King (7) to 
account for L, in the dog, their model was based on a 
different set of assumptions and made no connection 
between L,,, and L,. 

6. Dependence ofChS* on L,,. For Ch, the steady state 
corresponds to the point of intersection between Chi, 
and Ch,, + BS,,,. As illustrated in Fig. 3A, this point 
is characterized by the Ch content (QCh)=, the secretion 
rate, Ch,, and the BS synthesis rate, BS.,,, The math- 
ematical dependences of these variables on L, can be 
derived from equations 3-5 and are given by: 

Chmax 
(Qch)M = B2 + y + k2L,, 

Equation 9 shows that the relationship between Ch,, 
and L, is a rectangular hyperbola, with a maximal 
secretion rate corresponding to ChmaX , and half-maximal 
rate when L,, equals (82 + y)/k2. In contrast, the 
dependence of BS,,, on L, (equation 10) decreases 
monotonically from a “hypothetical maximum” equal 
to ChmaX/(l + /32/y). Graphical representations of 
equations 9 and 10 are shown in Figs. 3B and 3C, 
respectively. 

c. Dependence of Ch.., on BS,,,. Although the BS flux is 
npt viewed here as the primary vehicle for Ch secretion 
into bile, a secondary relationship between Ch,, and 
BS, does exist because L, is “driven” by BS,. Sub- 
stituting equation 7 into 9, we obtain: 

Eq. I I) 

This equation also predicts a hyperbolic dependence 
for Chi, on BS,,, but implies a maximal secretion 
rate that is smaller than ChmaX by the factor 

. This reflects the fact that L, can L m a x  

(Bs + Y ) / ~ z  + Lmax 
never exceed L,,,, which in turn limits Ch,, in accor- 
dance with equation 9. Comparison of equation I1 with 
equation 7 further shows that the value of BS, 
required to attain half-maximal Ch,, is smaller than 
B1/k1 (the value for half-maximal L,,) by the 

factor (” + y)’kp . Thus a plot of Ch,, vs BS,, 
(A + Y)/k2 + Lmx 

should flatten off at lower BS, values than the corre- 
sponding plot of L, vs BS,. This constitutes one of 
the major predictions of our model and is ultimately a 
consequence of the primary coupling of Ch, to L, 
(equation 4 )  rather than to BS,,. 

The mathematical results derived in Section 4 (a, b, 
c) show that in the steady state the dependences, L, vs 
BS,; Ch, vs L,; and Ch, vs BS,, all have the form 
of rectangular hyperbolae. Quantitatively these relation- 
ships are determined by four independent parameters, 
Lmax, Chmax, /3I/kl,  and (82 + y)/kp, which have been 
defined in terms of the mechanisms of biliary lipid 
synthesis, uptake, and transport postulated in our model. 
In the following two sections these “secretion parame- 
ters” are further shown to be important determinants 
of the relative lipid composition of hepatic and gallblad- 
der bile. 

5. Dependence of hepatic bile composition on BS, 

The biliary lipid mole fractions X s ,  X r ,  and x& in 
hepatic bile are related to the respective biliary lipid 
secretion rates by: 

Eq. IZA) BS,, 
BS, + L, + Ch,, 

XtS = 

Eq. 12B) L,, 
B L c  + L c  + Chsec 

x: = 

. Eq. I 2 C )  Ch, 
BS, + L,, + Ch,, 

XFh = 

By substituting equations 7 and 11 into equations IZA, 
B, C, one can obtain the dependences of Xz , ,  Xp,  and 
x,“, on BS,. As these dependences are somewhat 
cumbersome to write out explicitly, we shall discuss only 
their qualitative behavior here and give graphical ex- 
amples later. By comparing the rate of change of the 
numerator and denominator in equations IZA, B, C, it 
follows that X$ will be an increasing function of BS,,, 
while Xp and x z h  will generally be decreasing. The 
magnitude and precise curvature of these functions will 
depend on the values of the four “secretion parameters.” 

Quantitatively, it is simpler to express the dependence 
of the molar ratios Xp/x& and x&,’,/xp on BS,,: 

Eq. I3A) 

-s %h Chmax . Eq. I3B) x: LIbX 
(” + ‘Iik2 (PI /k, + BS, 

-s %h Chmax . Eq. I3B) x: LIbX 
(” + ‘Iik2 (PI /k, + BS, 
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In the former case, Xr /Xks decreases monotonically 
from an initial value of Lwx/(&/kl), and approaches 
zero at high BS,,. In the latter case, x&/xE also 
decreases (although less rapidly) from an initial value 
of Chmax/[(& + ~ ) / k z ]  to a lower limit of Chmax/ 
[(& + Y)/k2 + Lmax]. Finally, from equations 13A, B 
we can express the values of XZs, X?, and XEh in the 
hypothetical limit of "zero BS, ." 

+ Chmax/[(& + Y ) / ~ z ]  
These expressions show that the limiting lipid composi- 
tion depends on the four secretion parameters, solely in 
terms of the ratios Lmax/(/3,/k,) and Chmax/[(/32 + Y)/ 
k21. 

6. Composition of fasting gallbladder bile in man 
In the fasting state it has been estimated (20, 2 1) that 

only a SO-SO% fraction (F) of the hepatic bile flow 
enters the gallbladder, while the remaining fraction of 
bile flow (I-F) enters the duodenum (see Fig. 1). 

The quantities of BS, L, and Ch (ABS, AL, Ach) 
sequestered by the gallbladder over a period of hours 
(T) will depend on the hepatic secretion rates of the 
three lipids (which may fluctuate in time) and the 
fraction F (assumed to be constant) by the following 
integral relationships: 

ABS = F lT BS,(t)dt - F a,, T Eq. 15A) 

AL = F L,(t)dt E F-L,.T Eq. 15B) 
- 

ACh = F iT Ch,(t)dt SE F * Ch, T. Eg. 15C) 

The variables a,, -L, ch, defined here represent 
the time-averaged hepatic secretion rates over the inter- 
val T. If the fluctuations in BS,(t) are not too large, it 
can be shown that -& and Ch, will be close to the 
values of L, and Ch, given by equations 7 and 11 
with E, substituted for BS,.* We denote the latter 
values as L,[E,,] and Ch,[@,]. 

Using the data on BS,(t) given in reference 20 and the secretion 
Erameters deduced for_non-ober Sbjects (Table S), we calcukte 
(I- - L[B&l)/L[BS.d and 0, - CL[BS,l)/Ch,[BS,l 
to be -6.2 and -7.9%. respectively. 

From equations 15A, 8, C it follows that the mole 
fractions X g ,  X:", and Xgf corresponding to the lipid 
composition of gallbladder bile stored over the time 
interval T will be approximately' given by: 

These equations are identical in form to equations 12A, 
B, C. Thus the composition of human gallbladder bile 
collected after an overnight fast should approximately 
correspond to the composition of hepatic - bile formed 
at the time-averaged secretion rate, BS,, and will 
depend similarly on the four secretion parameters (which 
determine the functions L,,[%,] and Ch,[E,,]). 
Given knowledge of these parameters, equations 16A, 
8, C permit one to deduce the apparent value of a, 
corresponding to a particular gallbladder bile composi- 
tion. 

RESULTS AND DISCUSSION 

1. Testing predictions of the model 
a. Hyperbolic relationships of biliary lipid secretion. T o  

test the quantitative relationships predicted by equations 
7, 9, and 1 I, we have compiled biliary lipid secretion 
data from the literature on rat (6, 8, 9), dog (2, 7, 22), 
and man (1-3). The latter data were derived from 
studies of non-obese cholesterol gallstone patients whose 
bile was obtained post-operatively via T-tube drainage 
(1-3). In order to control for intraspecies variation in 
body weight and to provide a basis for interspecies 
comparison, the experimental secretion rates were nor- 
malized per kg total body weight. 

The experimental dependences: a )  L,, vs BS,, b) 
Ch,, vs L,,, and c) Ch, vs BS, are plotted for rat, 
dog, and man in Figs. 4(A, B, C), 5(A, B, C), and 6(A, 
B, C), respectively. A least squares fit of equations 7 
and 9 was performed" on the pooled experimental data 

'The approximatiol! is d u e  to the use of a[E,] and 
Ch,[SS,] in place of L, and C L .  For the example mentioned in 
footnote 8, the mole fractions given by equations 16A, E, C are all 
within +2 to -7% of the exact values. 

I o  The fitting procedure was based on the statistical method given 
by Johansen and Lumry (63). In analyzing the dependences of L, 
vs BS,, and C h ,  vs I-, we asaumed the experimental uncertainties 
of the ordinates (either L, or C L )  to be proportional to their 
value. 
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Fig. 4. Biliary lipid secretion data from studies in the rat: 0, 
Hardison and Apter (6); A, Turley and Dietachy (9); 0, Robins and 
Armstrong, choline deficient (8). A, L, vs BS=; B, C h ,  vs I-; C, 
Ch, vs BS,. Plotted poinu are derived from regression curves 
fitted to original data (normalized per kg body weight) and have 
been spaced in proportion to the number of actual measurements. 
Solid curves in A and B result from least squares fit of equations 7 
and 9 to all three data sets. Solid curve in C is based on equation 11 
using parameters derived from panels A and B. 

for each species and the resulting hyperbolic functions 
(including equation 2 2 )  have been plotted as theoretical 
curves in the respective figures. These curves account 
well for the non-linearity of the secretion data, which 
are clearly seen in all species. It is further evident that 
the dependence of Ch, on BS, reaches half-maximal 
secretion at a smaller BS, rate than the dependence of 

L, on BS,. This finding confirms an important pre- 
diction of the model (see section 4C) and is a necessary 
consequence of the hyperbolic dependence of Ch, on 
L,. Numerical deductions of the four secretion param- 
eters for each species are given in Table 1 and will be 
discussed in detail later. 

6. Relationship of L,  to L synthusis. According to equa- 
tion 7 of our model, the maximum rate of L, reflects 

8 O i "  

6ol 

2 

1 

25 50 75 100 0 

Fig. 5. Biliary lipid secretion data from studies in the dog: 0, 
Wheekr and King (7); A, Wagner et al. (2); 0, Hoffman et al. (22). 
A, L, vs B L ;  B, Ch, VI L; C, Ch,  VI B L .  Plotted poinu and 
theoretical curves are derived as in Fig. 4. 
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Fig. 6. Biliary lipid secretion data from studies in man, using post- 
operative T-tube drainage of non-obese cholesterol gallstone patients: 
0, Lindblad et al. (5); A, Wagner et al. (2); 0, Scherstkn et al. (1). 
A, L, vs BS,; B, Ch, vs L,; C, C h ,  vs BS,. Plotted points and 
theoretical curves are derived as in Fig. 4. 

the liver’s maximum capacity to synthesize and deliver 
L to the biliary secretion compartment (Lmax).’l 

Robins and Armstrong (8) studied biliary lipid secre- 

I ’  In this regard the biliary lipid secretion model proposed by 
Hardison and Apter (14) is similar to ours. However, the model of 
Wheeler and King (7) makes no such prediction. 

tion in rats that were either deprived of, or supplemented 
with, dietary choline, an essential precursor of L biosyn- 
thesis. Their data for L,, vs BS, are plotted for the 
two rat populations in Fig. 7A. Fitting these data to 
equation 7 gives L,,, values of 81.4 and 46.3 
pmol - kg-’ hr-I in the choline-supplemented and de-  
ficient states, respectively; while the parameter /kl is 
approximately the same in both groups (Table 1). This 
twofold difference quantifies the important influence of 
Lsyn on L,,, and is consistent with Robins and Arm- 
strong’s observation that the rate of ’*P incorporation 
into biliary L was twofold higher in the choline-supple- 
mented group (8). 

Earlier workers have estimated that total hepatic Lsyn 
in “normal” rats” ranges from -100 to -300 
pmol kg-’ * hr-’ (64). Synthesis rates of this magnitude 
would be able to provide sufficient L for biliary secretion 
even under maximum conditions (e.g., L,, = LmaX). 
Recently, Robins and Brunengraber (65) estimated he- 
patic L synthesis to be only - 10 pmol* kg-’ * hr-’ in 
the isolated perfused rat liver and concluded that ex- 
ogenous (plasma) L is needed to maintain the biliary L 
pool. This conclusion is at variance with the results of 
many previous studies (4, 8, 10, 11, 30, 31, 38). 

The experimental finding that BS infusion increases 
the rate of hepatic L synthesis in rat (38), sheep (66), 
and man (4) provides additional support for the rela- 
tionship between L,, and Lsyn, postulated in our model. 
This phenomenon is readily explained in Fig. 2A (and 
equation 6) which shows that an increase in BS,, leads 
to a decrease in (Q&, and thereby reduces the inhibition 
on Lsyn. The apparent stimulation of Lyn by BS is thus 
a secondary feedback effect rather than a direct influence 
on the synthetic apparatus, a conclusion similar to those 
of B a h t  et ai. (38), Nilsson and Scherstgn (4), and 
Hardison and Apter (14). 

Several lines of indirect evidence support the view 
that the smooth endoplasmic reticulum of the hepatocyte 
(or some portion of it) corresponds to the biliary lipid 
secretion compartment of our model. In a quantitative 
electron micrographic analysis of rat liver sections, Jones 
et al. (34) found a lobular gradient in the quantity of 
SER which varied oppositely to the lobular gradient for 
BS uptake and secretion demonstrated by Gumucio and 
Katz (67). The SER content of centrilobular hepatocytes 
was also found to vary inversely with bile flow under 
conditions of selective biliary obstruction (34). Although 
such studies showed variation in other organelles (i.e., 
Golgi-rich area), they nevertheless demonstrate that the 
SER, taken as a whole, varies inversely with BS, and 

This refers to rats fed “normal diets,” without choline supple- 
mentation. It is possible that such rats become cholinedeficient 
during prolonged biliary drainage. 

12 
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TABLE 1. Deductions of biliary lipid secretion parameters for rat, dog, and man 

L,. Chmx T/kn - 
Species Weight h n a x  B i / h  Chmax (Bp + T)/k2 (range)” h / k i  (Bp + Y ) / b  

t ~ m d  * t-’ * hr-’ 
Rat 

Pooled 0.2 f 0.1 38.0 f 2.5’ 167.6 f 13.5 6.8 f 0.8 43.2 f 5.6 16-30 0.23‘ 0.16‘ 
Choline 

deficient 0.14 f 0.04 46.3 f 5.1 206.5 f 26.2 5.4 f 0.9 36.1 f 6.4 0.22 0.15 
5% Choline 

supplement 0.17 f 0.02 81.4 f 13.0 206.6 f 34.8 10.1 * 4.2 64.6 f 27.4 0.39 0.16 

Dog 15 f 5 83.2 f 9.4 221.2 f 27.4 3.6 k 0.3 53.0 k 4.7 38-53 0.38 0.07 

Man (non-obese 
gallstone 
patients) 65 f 5 11.2 f 0.3 18.5 f 0.7 4.0 f 0.2 3.6 f 0.3 0.5-2 0.61 1.11 

a The  range for y/k2 is derived from inequalities (Eq. 18). 
Represents estimate of the standard deviation as determined from the residuals of the fit (ref. 63). 
These quantities are dimensionless molar ratios. 

thus exhibits the functional behavior of the secretion 
compartment implied by equation 6. In contrast, Nem- 
chausky, Layden, and Boyer (95) have shown that the 
amount of canalicular L in rata actually increases following 
a taurocholate infusion. This finding argues against the 
canaliculus being the secretory compartment and pre- 
sumably results from the increased movement of “mi- 
crosomal” L across the canalicular membrane. 

c. Relationship between Ch, and LSrr. Equation 4 pos- 
tulates the existence of a single ratecontrolling transport 

mechanism that couples the movement of L and Ch 
from the secretion compartment into bile. Direct evi- 
dence for such a mechanism is provided by Robins and 
Armstrong‘s study of cholinedeficient and -supple- 
mented rats (8). In contrast to the large difference in 
L, vs BS,, for both groups (Fig. 7A), the dependences 
of C h ,  vs L, exhibit considerable overlap (Fig. 7B). 
Although analysis of the two data sets gives different 
values for Ch,, and (& + Y)/kz (Table I) ,  these 
differences are not statistically significant and the result- 

Theoretical Curves : 

Choline Supplemented - 
/ i” Choline Deficient --- 50 

I 40 b */ 

* r \ l  
IW 

I I I I 

50 100 150 200 250 300 0 

BS,, f pmo/a kg-! br-7 

I 
L 4  

2 
‘ 0 3  
L s. 
c, 

1 

0 10 20 30 40 
0 I I I I 

OV 10 20 30 40 

Fig. 7. Biliary lipid secretion data from studies in cholinedeficient and choline-supplemented rats after Robins and Armstrong (8). A, L, 
vs BS,; B, Ch,, vs L,; 0, from bile salt depletion experiments in 5% choline-supplemented rats; 0, from bile salt depletion experiments in 
choline-deficient rats; A, from taurocholate infusion studies in cholinedeficient rats. Plotted points represent original data normalized per kg 
body weight. Solid curves in A and B are derived from least squares analysis of the data using equations 7 and 9, respectively. 
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ing hyperbdic functions describe quite similar curves. 
As pointed out by Robins and Armstrong (8), this 
striking similarity offers strong evidence for the primary 
coupling between Ch, and L,, and could not easily 
be explained if Ch, were directly coupled to BS,. 

It is important to point out that the hyperbolic 
dependence of Ch, vs L,, predicted in equation 9 
accounts well for the experimental data seen in all 
species (Figs. 4B, 5B, 6B, and 7B). Based on the nonlin- 
earity of these and similar data, previous investigators 
(7, 14, 16) have postulated multiple Ch transport mech- 
anisms or have suggested altered coupling (and uncou- 
pling) between Ch, and L, at high and low BS,, 
rates. Our model shows that the former assumption is 
not necessary to explain the secretion data, per se. It 
further shows that the ratio Ch,/L,, need not remain 
constant, but instead varies in proportion to Qch (equa- 
tion 4) ,  whose value changes in order to maintain a 
steady state between cholesterol input, secretion, and 
catabolism to BS (equation 8). Although mixed micellar 
and liquid crystalline phases containing Ch have been 
observed in model (58) and native (53, 68) bile, it is 
conceivable that one or both of these phases are formed 
after the biliary lipids are secreted into the canalicular 
lumen. As yet the intracellular and transcanalicular 
mechanisms of biliary lipid transport remain to be 
elucidated experimentally. 

2. Species variation of biliary lipid secretion and 
hepatic bile composition 

a. Comparison of secretion parameters in rat, dog, and 
man. In deducing and comparing physiological or phar- 
macokinetic parameters between species it is generally 
not known a priori whether the “raw data” should be 
dormalized by body weight, a particular organ weight, 
or some more complex allometric function (69, 70). As 
the ratio of liver weight-to-body weight varies only 
slightly among the species (0.035 rat, 0.030 dog, 0.025 
man; ref. 71) we believe that the body weight normal- 
ization employed in Figs. 4-6 should provide a useful 
starting point for an interspecies comparison of the 
biliary secretion parameters. 

The L,,, values (Table 1) show a marked variation, 
ranging from 11.2 pmol*kg-’*hr-’ in man to 83.2 
pmol kg-’ hr-’ in the dog. In view of the similarity in 
L, for cholinedeficient rats (8) and those fed “standard” 
diets (6, 9) (Fig. 4A), all three studies were combined 
to assess the secretion parameters for “normal” rats (see 
footnote 12) which had an L,,, of 38 pmol. kg-’ hr-’. 
In contrast, the choline-supplemented rats had an L,, 
of 81.4 pmol*kg-’*hr-’, which is comparable to that 
of the dog. 

The fll/kl values also differ markedly for the three 
species, being roughly ten times larger in rat and dog 

than in man. As a result, L, in man approaches the 
plateau value of L,,, at much lower BS, rates than in 
the other species. Within the framework of our model, 
these variations in L,,, and Pl/kl  reflect quantitative 
differences in hepatic phospholipid metabolism between 
the species. 

A striking finding from our data analysis (Table 1) is 
that, for all three species, Ch,,, has a value comparable 
to that in man, -4 pmol*kg-’*hr-’. In terms of 
equation 2 this means that the maximum input rate of 
Ch to the biliary secretion compartment is approximately 
constant when normalized by body weight (or liver 
weight). Since biliary Ch is derived from both endoge- 
nous synthesis and dietary intake, in proportions which 
may vary markedly between species (15, 39-41) and 
change physiologically (40, 41, 46). it is remarkable that 
the net effect of these processes appears to keep Ch,,, 
relatively unchanged. 

To investigate this result further, we analyzed other 
parameters of Ch metabolism found in the literature. 
From Ch balance studies in rat (72, 73), dog (74, 75), 
and man (76, 77) under conditions of “no Ch intake,” 
the normalized fecal excretion rates of endogenous Ch 
are: rat, 2.1 f 1 .O pmol kg-’ hr-I; dog, 1.47 & 0.56 
pmol kg-’ hr-’; and man, 1 . 1  k 0.2 pmol kg-’ hr-’. 
Again one finds a striking similarity between these 
species, with fecal excretion rates that are roughly 25- 
50% of the Ch,,, values deduced previously. This 
relative constancy supports our previous finding and is 
consistent with the view that unabsorbed biliary Ch is a 
major source of neutral fecal sterol (46, 73). In fact, if 
biliary Ch secretion is maintained at or near the plateau 
region of the Ch, vs BS, curves (Figs. 4C, 5C, 6C), 
then a fractional intestinal absorption of -50% would 
still leave enough Ch to account for all of the fecal 
excretion. This fraction is consistent with experimental 
estimates in man (15, 76, 78). 

In contrast to Chmax, the parameter (02 + y)/kp is 
tenfold smaller in man than in rat and dog (Table 1). 
It is more likely that this species variation results from 
differences in the Ch feedback coefficient 82 or BS 
synthesis coefficient y, rather than from k p ,  which 
describes a physical interaction between L and Ch. If 8 2  
or y are in fact the cause, one would predict from Fig. 
3A (or equation 8) that the steady state Ch content in 
the secretion compartment, (Qch)=, would reach higher 
values in man than in the other species if measured at 
low L, rates. Present estimates of the total microsomal 
Ch in human (18, 79-81) and rat liver (47, 48) are both 
on the order of 60 pmol/g of microsomal protein and 
thus do not bear out this prediction. Nevertheless, we 
shall present evidence below which suggests that the 
value of y/kz is, in fact, markedly smaller in man than 
in rat or dog. 
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b. Deductions of yIk2: species variation in BS synthesis. 
As implied by equation 10 and Fig. 3C, the instantaneous 
rate of BS,,, will depend inversely on the magnitude of 
L,. Since L, can theoretically range between 0 and 
L,,, one can place the following theoretical limits on 
BSsp : 

These inequalities in turn imply that Y/kS must lie 
between: 

or 

<(#I2 + Y)/k2), if smaller than the above expression. 

Eq. 18B) 

Experimental studies in rat (73, 82-84), dog (74), and 
man (37, 76, 77), have determined the magnitude of 
BS,,, under normal conditions @e., intact enterohepatic 
circulation, low Ch diet) for the three species: rat, 2.5 
f 0.5 pmol kg-’ hr-’; dog, 2.6 f 0.5 pmol kg-’ hr-’; 
and man (non-obese), 0.45 f 0.1 pmol*kg-’*hr-’. 
Using these values in conjunction with the inequalities 
(equation 1 4 ,  we have calculated the ranges within 
which y/k2 must lie for the three species (see Table 1). 
Taking the midpoint of each range as an arbitrary 
estimate of y/k2 yields the following values: rat, 27 
pmol kg-’ hr-’; dog, 45.5 pmol kg-’ hr-’; and man, 
1.25 pmol kg-’ hr-I. These results indicate that Y/k2 
is markedly smaller in man than in rat or dog and that 
this constitutes the major source of the variation of (b2 
+ y)/k2 (see Table 1). Assuming that the differences in 
y/k* reflect changes in y (and not k2) we must conclude 
that the rat and dog divert a greater fraction of Ch to 
BS synthesis than does man. This view is consistent with 
other metabolic studies (15,46, 73,85) but its connection 
to the “shape” of the Ch, vs L, dependence has not 
been demonstrated previously. As yet the biochemical 
basis for the species variation of y has not been deter- 
mined. The available data do not demonstrate any 
marked differences in the activity of 7a-hydroxylase in 
rat (59-61) or man (79, 80). 

G. Dependence of hepatic bile composition on BS,. Using 
equations 7, 11, and 12A, 8, C together with the 
secretion parameters given in Table 1, we depict in Fig. 

8A, B, C the mole fractions of X k ,  Xp, and XEh as 
functions of BS, for rat, dog, and man, respectively. 
The qualitative behavior of Xk, Xp , and X& (discussed 
in section 5) is similar for all three species; Xp and 
XFh decrease monotonically with increasing BS, , while 

----- --- - - - - -----_ I 

,c--- 

30 40 50 20 10 

8s- hd- kp“ hr-9 
Fig. 8. Mole fractions of bile salt (Xb), lecithin (Xr), and cholesterol 
(Xs) in hepatic bile as functions of BS,: A, rat; B. dog; and C, 
man. Curves are derived from equations 7, 11, and 12A, E, C using 
parameters for each species given in Table 1. Dashed curves represent 
the maximum mole fraction of cholesterol ( X z )  that can be solu- 
bilized by a micellar solution of taurocholate and lecithin with total 
lipid concentration comparable to hepatic bile (see Appendix). 
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X s  shows a small increase. The ratio X E / X s  is seen13 
to decrease similarly with BS, in all species; whereas, 
the ratio x&/xE exhibits a significant species variation. 
In the dog and rat, X&/x? has the smallest values 
(0.03-0.1) and the least variation with BS,, , whereas in 
man x&/x? is largest (approaching - 1) and decreases 
markedly with BS,, to a limiting value of -0.3. 

These features, which have been noted previously by 
others (2, 16, 41), can be understood quantitatively 
from equations 13A, B. In particular, the magnitude of 
XCh/XL (at low BS,,) depends largely on the ratio of 
parameters Ch,,,/[(f12 + y)/k2], whereas its degree of 
variation depends on the relative sizes of (02 + y)/k2 
and L,,,. In this regard, the major difference between 
man and the other species can be attributed to his 
markedly smaller value of (c92 + y)/k2. 

d.  Ch saturation of hepatic bile. The dependence of 
XEh on BS,, has important pathophysiological signifi- 
cance when related to the maximum mole fraction of 
Ch (XEr) that can be solubilized in biliary lipid micellar 
systems. Based on the calculations described in the 
Appendix, the dependence of XZ7 on BS,, is shown as 
the dashed curves in Fig. 8A, B, C. In the case of the 
dog (Fig. 8B), the entire x!& curve falls below XZr.  In 
rats (Fig. 8A), Xgh(0) exceeds XEr;  however, for BS,, 
rates in excess of 25 pmol*kg-'*hr-', XEh lies below 
the solubilization limit. In man (Fig. 8C), XE,, exceeds 
XEr for nearly all BS,, values. 

Although the XZr  curves show a small species varia- 
tion, the major reason for the greater supersaturation 
of human hepatic bile (especially at low BS, rates) is 
the upward shift of the XFh curve. In terms of our 
model, the production of lithogenic bile in man is thus 
a further result of the decreased value of (P2 + 7)/k2, 
which appears to be caused by a decreased ability to 
convert Ch to BS (Le., a smaller y value). 

3. Biliary lipid secretion in obese and non-obese 
man: influence of Ch synthesis 

a.  Stimulated secretion studies. A considerable body of 
literature on biliary lipid secretion in obese and non- 
obese man has been obtained using the methodological 
approach developed (86) and validated by Grundy and 
co-workers (23-26). In this method the rates of BS, L, 
and Ch secreted into the duodenum are measured under 
stimulated steady state conditions induced by continuous 
infusion of a liquid formula diet. 

In order to analyze the functional dependences, L,, 
vs BS,; Ch,, vs L,,; and Ch,, vs BS,,, previous 
authors (23, 27, 28) combined stimulated secretion data 
from a large group of subjects, assuming that the 

"The ratios X t / X g  (and xghh/xf) are related "inversely" to 
the spacing between X g  and Xr (xgh and Xp), respectively, on the 
semilogarithmic plots in Fig. 8(A, B, C). 
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variations in lipid outputs for the group as a whole 
would be comparable to the variations seen in individuals 
studied by the T-tube drainage and infusion method. 
As yet this assumption has never been rigorously tested. 

In order to quantify the lipid secretory relationships 
of non-obese and obese subjects within the framework 
of our model, we have also combined individual data 
taken from a number of published investigations (23- 
28). The subject characteristics of our two groups are 
given in Table 2. As in the case of interspecies compar- 
ison, it is necessary to normalize the lipid secretion rates 
in order to eliminate the effects of body (or liver) size, 
per se. Following the rationale of Bennion and Grundy 
(25) we have normalized the data by the subjects ideal 
body weight and present the results for non-obese and 
obese populations in Figs. 9(A, B, C) and 10(A, B, C), 
respectively. Although there is considerable scatter in 
the data, it is clear that the hyperbolic functions of our 
model (equations 7, 9, and 11)  provide a good represen- 
tation for the curvature of the relationships and that 
the lipid secretion parameters (Table 3) are well esti- 
mated. Furthermore, it is evident that these relationships 
differ quantitatively between the two groups; the most 
significant differences being dependences of Ch, on 
L,, and Ch,, on BS,, which are shifted upward in the 
obese state relative to the non-obese state. 

b. Parameter estimation and interpretation. In deducing 
the secretion parameters for obese and non-obese groups, 
we have found it useful to analyze unnormalized secre- 
tion data, as well as data normalized by actual and ideal 
body weight. In Table 3 our deductions of Lmax, , 8 1 /  

k l  , Ch,,,, and (& + 7)/k2 are listed for both popula- 
tions, based on all three approaches, Comparison of the 
parameters deduced from the un-normalized data shows 
that all four parameters are significantly larger for the 
obese population than the non-obese population. When 
the data are normalized by actual body weight, L,,,, 
B1 /kl , and (82 + 7)/k2 are found to be smaller in the 
obese group while Ch,,, has nearly the same value in 
both groups. Lastly, when ideal body weight is used to 
normalize the data (as in Figs. 9 and lo), L,, , 81 /k1, 
and Ch,,, are all larger in the obese state, while (& 
+ y)/k2 is nearly the same in both groups. When the 
data from subjects with and without Ch gallstones were 
analyzed separately within each population (results not 
presented), differences in the four lipid secretion param- 
eters were not found to be statistically significant. Thus, 
in agreement with Shaffer and Small (27), we find that 
the functional relationships between BS,, L,, and 
Ch,, obtained by Grundy's method, do not differ 
significantly between control and gallstone groups pro- 
vided that their degree of obesity is comparable. 

It is noteworthy that Ch,,,, when normalized by 
actual body weight, is roughly the same for both popu- 
lations, i.e., 4 pmol kg-I hr-', and furthermore is 
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TABLE 2. Non-obese and obese patient populations 

Patients Percent Ideal 
Condition Study Year (number/sex) Weight (kg) Weight Characteristics 

Non-obese 
Without gallstones Grundy et al. 

Grundy et al. 
Bennion and Grundy 

Shaffer and Small 
Valdivieso et a]. 

Total 

With cholesterol stones Grundy et al. 
Grundy et al. 
Shaffer and Small 

Valdivieso et al. 

Total 
Pooled non-obese 

Obese 
Without gallstones Grundy et al. 

Benion and Grundy 

Shaffer and Small 
Mok et al. 

Total 

With cholesterol stones Grundy et ai. 
Grundy et al. 

Shaffer and Small 

Total 

Pooled obese 

1972 5/M 3/F 69.4 & 12.5 108.9 * 7.6 
1974 14/F 53.2 f 4.5 99.4 ? 8.4 
1975 6/M 5/F 64.2 f 6.9 103.6 ? 6.8 

1977 8/M 5/F 69.1 It 12.2 103.0? 1 1  
1979 14/F 51.6 f 5.2 90.1 +- 7.8 

19/M 41/F 60.5 f 1 1  100 f 10 

1972 4/F 51.2 f 3.3 104.3 * 9.8 
1974 3/F 54.7 f 4 112.3 * 11.7 
1977 14/M 7/F 72.5 f 10.9 103.1 ? 7.2 

1979 9/F 53 f 7.6 95.2 f 11.7 

14/M23/F 64 f 13 103 k 10 
55/M 42/F 62 f 12 101 f 10 

1972 2/M 3/F 88 f 2 4 . 6  1 4 8 . 2 f  20.6 
1975 36/M 13/F 115 f 26.8 168.1 k 38.9 

1977 3/M 4/F 133 f 3 1 . 0  189.3 2 3 5 . 3  
1979 4/M 131.9 f 26 183 f 31 

45/M 20/F 115 f 29 170 f 37 

1972 13/F 69.5 f 11.8 139.5 k 16.5 
1974 5/F 91.6 f 11.3 167.6 f 24.2 

1977 1/M 3F 109.5 f 1 1 . 1  1 8 0 . 5 f 2 2  

1/M 21/F 82 f 20 153 f 25 

46/M 41/F 107 f 27 166 f 34 

American Indian 
Caucasian 
Five Caucasian subjects following 

Caucasian 
Chilean 

weight loss 

American Indian, post-operative 
Caucasian, post-operative 
13 Caucasian subjects, post- 

Chilean 
operative 

American Indian 
American Indian and Caucasian, 

Caucasian 
Race not specified 

different feeding states 

American Indian, post-operative 
Four Caucasian, one Black, post- 

Caucasian, post-operative 
operative 

comparable to the normalized values given in Table 1 
for rat, dog, and man (by the T-tube method). It would 
thus appear that the maximum rate at which Ch can be 
made available for biliary secretion is proportional to 
total body mass, independent of the degree of obesity. 
This point is consistent with the Ch balance studies of 
Miettinen (77), who found neutral sterol excretion (with 
no Ch intake) to be roughly the same in obese and non- 
obese controls when normalized by total body weight 
(- 1.2 pmol kg-' * hr-I). Thus, the correlation between 
Ch,,, and fecal Ch excretion noted previously for rat, 
dog, and non-obese man can be extended to obese 
human populations. 

If, on the other hand, Ch,,, is normalized by ideal 
body weight (IW), a significantly larger value of 5.9 
pmol - kg 1W-' hr-' is obtained for the obese group. 
This increase is nearly the same as the % ideal body 
weight in these subjects, and suggests a simple relation- 
ship between Ch,, and the degree of obesity: 

(% ideal y0y weight 
Ch,,, N 4.0 )mol 

X kg IW-' hr-'. Eq. 29) 

The metabolic basis for equation 19 is presumably the 
increased synthesis of Ch in the obese state (25, 77, 87, 
88), which apparently provides a greater input of Ch to 
the biliary secretion compartment, than in non-obese 
patients. 

In contrast to Ch,,,, the parameter ( P 2  + Y)/k2 
shows little change when normalized by ideal body 
weight, suggesting that the coefficients /32 and y both 
vary in proportion to ideal weight (or possibly liver 
mass) rather than actual weight. Using the earlier in- 
equalities (equation 28) together with Miettinen's mea- 
surement of acidic sterol excretion (Le., BS,,,) in obese 
patients (77), we have deduced ranges for y/k2, and 
find no significant difference between non-obese and 
obese groups (Table 3). Thus, in terms of our model 
(equations 9 and I I ) ,  the upward shift of the Ch,, vs 
L,, and Ch, vs BS,, curves in obese man is due solely 
to the increased value of Ch,.,. This analysis offers a 
clear theoretical explanation for the empirical correlation 
between Ch, and obesity noted previously by others 
(24, 25, 27). It further illustrates that, in man, an 
uncompensated increase in Ch,,, can lead to increased 
Ch,, analogous to the relationship between Llyn and 
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Fig. 9. Biliary lipid secretion data from studies of non-obese humans 
with and without cholesterol gallstones. A, L, vs BS,; B, Ch, vs 
L,; C. Ch,, vs BS,. Subjects with gallstones (closed symbols) and 
without $Ilstones (open symbols) were taken from the following 
studies: /O, Grundy et al., 1972 (23); @/0, Grundy et al., 1974 
(24); nones, Bennion and Grundy, 1975 (25); V/V, Shaffer and 
Small, 1977 (27); A/A, Valdivieso et al., 1979 (28). Plotted points 
represent original data normalized per kg ideal weight. Solid curves 
are derived from fitting theory to experimental data as dexribed in 
Fig. 4. 

L, in the rat (8). Excessive Ch synthesis in the hamster 
has also been shown to increase Ch,, (41). 

It is important to note that the secretion parameters 
derived from non-obese gallstone patients (Table 1) and 
from pooled non-obese populations (with or without 
gallstones) (Table 3) are not in complete agreement. 
This discrepancy may be due in part to the different 
methodologies employed to obtain data on these two 
groups. It is now appreciated in the context of phar- 

macokinetic analysis (89) that the deduction of parame- 
ters from individual subjects (Le., as in the T-tube 
studies) or from large populations (i.e., Grundy's method) 
need not give the same results. Moreover in the present 

A. 0 

0 

I 0 

Fig. 10. Biliary lipid secretion from studies of obese humans with 
and without cholesterol gallstones. Data are normalized for ideal 
weight. A, L, vs &; B, Ch, vs I-; C, Ch, vs BS,. Subjects 
with gallstones (closed symbols) and without gallstones (open symbols) 
were taken from the following studies: @/o, Grundy et al., 1972 
(23); @/none, Grundy et al., 1974 (24); none/O, Bennion and 
Grundy, 1975 (25); V/V, Shaffer and Small, 1977 (27); none/O, 
Mok et al., 1979 (26). Plotted points represent original data normalized 
per kg ideal weight. Solid curves are derived from fitting theory to 
data as described in Fig 4. 
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TABLE 3. Biliary lipid secretion parameters in non-obese and obese human populations 

&mol kg IW-' * hr-' 
Pooled non-obese 

Un-normalized data 

Normalized by actual weight 

Normalized by ideal weight 

@mol hr-l) 816 f 111' 1433 f 270 181 k 28 300 rfr 69 0.57' 0.60' 

@mol * kg-' - hr-l) 17.2 f 2.6 35.5 * 6.6 4.0 k 0.7 8.3 f 1.8 0.48 0.48 

@mol* kg IW-' hr-l) 16.2 f 2.4 32.4 * 5.9 4.2 rfr 0.9 8.9 k 2.2 0.8-2.4 0.50 0.47 

Pooled obese 
Un-normalized data 

Normalized by actual weight 

Normalized by ideal weight 

@mol - hr-l) 2531 i 896 5962 f 2200 389 * 51 530 f 92 0.42 0.73 

@mol - kg-' - hr-l) 13.3 f 2.5 24.9 f 5.6 3.6 k 0.6 4 . 6 k  1.1 0.53 0.78 

@mol - kg IW-1 hr-*) 25.5 i 5.8 52.0 f 13.3 5.9 k 0.9 7.8 k 1.6 1.0-4.0 0.49 0.76 

The range for y/kn is derived from inequalities ( E q .  18). ' Represents estimate of standard deviation derived from the residuals of the fit (ref. 63). 
' These quantities are dimensionless molar ratios. 

case, the "stimulated" biliary secretion rates obtained 
by Grundy's method could differ from secretion data 
obtained by T-tube drainage even in the same individual. 
For both of these reasons one cannot conclude that the 
secretion relationships given in Figs. 6 and 9 (and the 
associated parameters) are necessarily different for the 
two subject populations. We believe that further biliary 
secretion studies using identical experimental techniques 
are needed to resolve whether the secretion parameters 
for non-obese Ch gallstone formers are significantly 
different from  control^.'^ 

c. Hepatic bile composition and Ch saturation. Using the 
four secretion parameters deduced for the non-obese 
and obese populations in Table 3, we have computed 
the dependence of X&, X r  , and x z h  on BS, (normal- 
ized for ideal body weight) (Fig. l lA,  B). While the 
dependences of X Z  and Xp on BS,, rate are similar, 
the dependence of X,", on BS, differs significantly 
between the two populations and results in different 
degrees of supersaturation when compared with the 
solubilization limits Xz?. For the non-obese population, 
x& never exceeds 14 moles percent, and is unsaturated 
with respect to XE? at BS, rates greater than -20 
pmol-kg IW-I-hr-'. In contrast, x?h for the obese 
population approaches 20 moles percent and exceeds 
X T  over a much wider range of BS,. According to 

" Using the kinetic analysis model of Quarfordt and Greenfield 
(56), Hepner and Quarfordt (90) have found that the fractional 
conversion of Ch to BS is reduced in non-obese gallstone patients 
relative to controls. in the context of our model, this would imply a 
smaller y value in these patients. 

our model this difference largely reflects the increased 
Ch,,, (per ideal weight) in the obese group (equation 
19), which produces a greater "driving force" to secrete 
biliary Ch at all L, and BS,, rates. 

4. Analysis of gallbladder bile composition in man 

a. Deduction o f ~ w c  in the fasting state. In Table 4 we 
list experimental values for X",", Xp", and Xgt taken 
from well controlled studies of non-obese (13, 18, 25, 
91) and obese patients (13, 25, 26) with and without Ch 
gallstones. Data from patients with nonfunctioning gall- 
bladders (91) have also been analyzed and will be 
discussed later. 

As mentioned earlier, equations 16A, B, C predict 
that the relative composition of "fasting" gallbladder 
bile should correspond hypothetically to the relative 
composition of *tic bile produced at the time-average 
secretion rate BS,. To test this prediction, we have 
used the dependences of X,",, X,", and XEh on BS,, 
derived for non-obese and obese populations (Fig. 11 A, 
B) in an attempt to fit the experimental data of Table 
4. The fitting procedure involved choosing the values 
of B,, (identified as BS, in Fig. 11 A, B) that allowed 
the closest agreement between the hepatic bile curves 
and the gallbladder bile compositions. Although the 
value of Xg; had the greatest influence on the choice 
of s,,, it was possible in all cases to obtain a good fit 
to all three biliary lipid mole fractions (see theoretical 
deductions, Table 4). This success offers important 
support for the assumptions underlying equations 16A, 
B, C. For non-obese patients, %, is found to be 17 
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Fig. 11. Mole fractions of bile salt (Xk), lecithin (Xy), and cholesterol (X!&) as functions of BS, for hepatic 
bile in A, non-obese humans; and B, obese humans. Curves are derived from equations 7, I I ,  and 12A, B, C 
using parameters for both groups given in Table 3. Dashed curves represent the maximum mole fraction of 
cholesterol (Xg) that can be solubilized in micellar solution (see Appendix). 

pmol- kg IW-' hr-' in those without gallstones and 7 
pmol- kg IW-' hr-' in those with gallstones. For obese 
patients, the corresponding values are 14 and 4 pmol. kg 
IW-' hr-', respectively. Thus it would appear that, 
during the fasting state, gallstone patients secrete bile 
salts at a significantly lower rate than controls. For non- 
obese gallstone patients, the lower s,, rate itself is 
sufficient to account for the elevated value of Xgf; 
whereas for obese gallstone patients the markedly ele- 
vated XEf values are consequences of the decreased 
BS, rate and the hypersecretion of Ch associated with 
obesity. 

It is possible to compare our indirect deductions of 
BS, with recent experimental estimates of fasting he- 
patic BS,, in man (20, 21). Van Berge Henegouwen 
and Hofmann (20) have quantified the diurnal variation 
in hepatic BS output in non-obese patients without 
stones and in non-obese patients whose stones had been 
dissolved previously by treatment with chenodeoxycholic 
acid. We have computed E,, from their data for the 
time interval beginning 90 min after the evening meal 
and ending prior to the morning meal. In the control 
group, s,, was 12.9 pmol %-' * hr-', whereas in the 
"former gallstone" group, BS, was 9.7 pmol * kg-' - 
hr-'. Although not computed in their original paper 
(20), these average fasting secretion rates are remarkably 
close to our indirect deductions and show a similar 
trend between controls and stone formers. In a second 
study, Mok, von Bergmann, and Grundy (21) estimated 

- 

- 

mean hepatic BS,, during the fasting state to be 11.8 
pmol. kg-' hr-' for non-obese controls, while in five 
Ch gallstone patients @& was 9.0 pmol kg-' hr-'. 
These results are also consistent with our deductions. 
As yet, similar studies have not been conducted in obese 
subjects. 

b. Effect ofgallbladder function on %,. Redinger (91) 
found a marked change in the lipid composition of 
fasting gallbladder bile following the development of 
gallbladder dysfunction (i.e., failure to concentrate bile) 
in non-obese Ch gallstone patients. The experimental 
results (Table 4) indicate a significant decrease in Xgf 
and significant increase in X:: relative to gallstone 
patients with functioning gallbladders. In the context of 
our model, these changes could be explained by an 
increase in the fasting BWc rate from 7 to 29.0 pmol. kg 
IW-' - hr-' after the concentrating defect developed. 
Presumably the increased %,, rate would result from 
a decrease in the fraction of bile entering the gallbladder 
during fasting (LF, Fig. 1) and a consequent increase in 
the enterohepatic circulation of bile salts. Such an ar- 
gument has been suggested by others (91, 92) and is 
supported by the observation that the bile of these 
patients contained a larger fraction of secondary BS 
(deoxycholate) after developing the concentrating defect. 

c. Relationship between Ch saturation and ss,,,. The 
relationship between fasting gallbladder bile composition 
and %,, is illustrated graphically in Fig. 12, where the 
biliary lipid compositions of the various patient groups 
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TABLE 4. Biliary lipid compositions of fasting gallbladder biles: deductions of 

Population Study Year X 2 0  x y *  x 8  a 

Non-obese 
Without stones Bennion and Grundy 1975 70.4 22.9 6.7 

Carey and Small 1978 73.3 20.0 6.7 
Ahlberg et al. 1981 69.4 23.9 6.8 

6.7 f 0.1 Avg: 71.0 * 2.0 22.3 f 2 

ITheoretical deductions: Fhc = 17 #mol kg IW-’ * hr-’ 70.3 23.0 6.71 

Cholesterol stones Redinger 1976 65.6 24.8 9.7 

Ahlberg et al. 1981 64.5 25.4 10.2 
Carey and Small 1978 69.8 21.1 9.2 

Avg: 66.6 f 2.8 23.8 f 2.3 9.7 f 0.5 
~~ I Theoretical deductions: = 7 pmol - kg IW-I * hr-’ 64.2 26.4 9.4 I b 

Cholesterol stones/nonfunctioning Redinger 1976 76.3 f 3.4 18.1 f 3.1 5.6 f 0.7 
gallbladders 

I Theoretical deductions: Khc = 29.0 pmol* kg IW-I - hr-I 75.0 20.0 5.0 1 
Obex 

Without stones Bennion and Grundy 1975 62.6 
67.2 

26.3 
23.1 

11.1 
9.7 

65.7 24.5 9.8 
Mok et al. 1979 { 66.1 22.2 11.6 

65.1 22.2 12.7 
Avg: 65.3 f 1.7 23.7 f 1.8 11.0 f 1.2 

I Theoretical deductions: a, = 14 pmol - kg IW-’ * hr-’ 64.1 24.8 11.11 b 

Cholesterol stones Carey and Small 1978 58.8 f 3.2 26.1 f 3.2 15.2 f 1.4 

I Theoretical deductions: F& = 4 pmol kg 1W-’ * hr-I 58.4 26.2 15.4 I 
Indicates mole fractions of bile salt (BS), lecithin (L), and cholesterol (Ch) in gallbladder bile.- 
Theoretical deductions correspond to the mean BS secretion rate during the fasting state (BS,) and the associated biliary lipid mole 

fractions, as derived from Fig. 11. See text for explanation. IW, ideal weight. 

(Table 4) have been plotted (ovals) on a triangular 
micellar phase diagram, corresponding to 10 g/dl total 
biliary lipid concentrations (13). The two solid curves 
represent theoretical biliary lipid compositions of non- 
obese and obese populations derived from the biliary 
compositional dependences on E,, given in Fig. 1 IA, 
B. At the points of intersection between the theoretical 
curves and experimental results, the E,, values asso- 
ciated with those theoretical compositions are given. 
Where the theoretical curves cross the XFr boundary, 
the “threshold” s,, rates (at which supersaturation 
occurs) can be deduced. For the obese state, the threshold 
value is -33 pmol-kg IW-l-hr-’, and for the non- 
obese state the threshold is - 11 pmol kg IW-’ s hr-’. 
From the curves in Fig. 12 it is clear that the fasting 
BS,, rate is a critical determinant of the Ch mole 
fraction of gallbladder bile, and that the degree of 
supersaturation increases markedly as s,. falls below 
the threshold values. 

It is beyond the scope of the present work to examine 
the mechanisms that determine E,,. As discussed in a 

- 

recent review (93), bile salt pool size (37, 94), intestinal 
motility (95, 96, 97), gallbladder function (91, 92, 96- 
98), and the specific effects of different bile salt species 
(93, 99) all appear to influence a,. A quantitative 
understanding of how some of these mechanisms deter- 
mine the dynamics of the enterohepatic circulation is 
beginning to emerge (100). 

CONCLUSIONS 

We have presented a theoretical model which describes 
the quantitative relationships between BS, L, and Ch 
secretion into bile, and have applied this model to 
analyze a wide range of physiological and biochemical 
data from man and other species. Four parameters are 
shown to control the dependences: L, vs BS,, Ch, 
vs L,, and C L ,  vs BS,, all of which have the form 
of rectangular hyperbolae. These parameters reflect a 
combination of physical and biochemical interactions 
between biliary lipids, and their numerical values have 
been deduced and compared with other parameters of 
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Fig. 14. Biliary lipid compositions of fasting gallbladder biles plotted 
on triangular coordinates. Data (ovals) are from non-obese and obese 
populations with and without gallstones as presented in Table 4. 
Data from gallstone patients with nonconcentrating gallbladders are 
also shown. Dashed curve, X F ,  denotes micellar solubilization limits 
at 10 g/dl total lipid composition as derived by Carey and Small 
(1 3). Solid curves are theoretical calculations giving bile compositions 
at various BS, rates for non-oke and obese populations. The 
numbers in square brackets give BS, rates in pmol kg IW-’ * hr-’ 
appropriate to the biliary lipid composition of each patient group, 
and also identify the threshold secretion at which XCh = X r .  

biliary lipid metabolism in rat, dog, and man. We have 
also shown how these secretion parameters quantitatively 
determine the relative lipid composition and Ch satu- 
ration of hepatic bile as a function of BS,,, and have 
extended this formalism to relate the composition and 
Ch saturation of fasting gallbladder bile in man to the 
time-averaged BS secretion rate, 3,. during the fasting 
state. 

The quantitative analyses presented in this paper 
illustrate a number of important concepts about the 
mechanisms controlling biliary lipid secretions. I) The 
rate of biliary L secretion is determined by both the 
transhepatic flux of BS and the capacity of the liver to 
synthesize L (4, 8, 14, 10). 2) Biliary Ch secretion is 
coupled directly to L secretion rather than to BS secre- 
tion (2, 3, 8, 57). 3) The markedly smaller percentage 
of Ch found in rat and dog bile (as compared to man), 
is related to the greater capacity of these species to 
convert Ch into BS (15, 46, 73). 4 )  The increased 
secretion of Ch in obesity is the result of an uncompen- 
sated increase in Ch synthesis. 5)  A decreased “fasting” 
BS secretion rate appears to be an important pathogenic 
factor in the formation of supersaturated bile in non- 
obese gallstone patients (16, 101). 

We hope that this model will provide a set of quan- 
titatively stated “working hypotheses” of how biliary 
lipid secretion is regulated in the liver. Further experi- 
mental and theorertical work is underway to test and 
refine these hypotheses, and to extend the model to 
other aspects of biliary physiology and Ch metabo1ism.l 

APPENDIX 

Calculation of the Ch rolubiliition limitn in hepatic bile 
As noted previously, Xy!r varies as a function of BS, due to its 

dependence on the L/BS molar ratio ( X I , / X ~ ~ )  and the total lipid 
concentration (C,.) of hepatic bile. The L/BS ratio varies with BS, 
in accordance with equation 13A. The dependence of C, on BS, is 
related to the secretion rates of all three lipids and on the rate of 
bile flow, BF, by the following expression: 

MBsBS, + MLL, t M&h, 
A - 1 )  

BF 
c,. = 

where MBS, MI., and Mc:h are the molecular weights of the three 
biliary lipids. Based on studies in rat (102, 103), dog (104), and man 
(1, 105), we have determined the following numerical expressions 
for BF as a function of BS,: 

Rat: BF (ml. kg-’ * hr-I) = 3.05 + 0.014BS, A-2A) 

Dog: BF (ml * kg-I * hr-I) = 0.13 + 0.008BS, A-2B) 

Man: BF (ml - kg-’ * hr-’) = 0.2 1 + 0.01 lBS, A - 2 C )  

where BS, has units of pmol. kg-I * hr-’. Using equations A-1,  A-2 ,  
7, and 11, we have computed CT as a function of BS, for all three 
species. 

Finally, to estimate XFY we employed Carey and Small’s (13) 
computer plots of X t r  as functions of X,./(X, + XI.) and total lipid 
concentration, which were derived from phase equilibria studies of 
taurocholate-L-Ch systems at 57OC. 
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