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Fasting induces a hyperbilirubinemia in
normal individuals (1, 2), in patients with
liver disease (2), hemolytic jaundice (3) or
inherited hepatic dysfunction (2-4), and in
normal ponies, where the response is pro-
nounced (5, 6). The hepatic clearance of both
plasma bilirubin (5-7) and sulfobromo-
phthalein (BSP) (5) has been shown to de-
crease during fasting. The reduction in fasting
hepatic clearance, which could result from a
decreased hepatic extraction efficiency or a
decreased hepatic circulation (8), has been
related to the entire rise in plasma bilirubin
rather than increased total bilirubin produc-
tion (7). Since hepatic extraction efficiency
for bile acid (8) is much greater than that for
bilirubin (9), a slight reduction in hepatic
blood flow would be expected to have a
greater effect on bile acid clearance than on
bilirubin clearance (8, 10, 11). The following
experiments were designed to study the effect
of fasting on bile acid clearance (3 days) in
normal ponies with (a) intact and (b) diverted
enterohepatic circulation where both hepatic
bile acid clearance and excretion could be
evaluated.

Materials and methods. Six female ponies
weighing from 150 to 236 kg were studied
while fed (native hay and water ad libitum,
and Purina horse chow) and following a 3-
day fast (water ad libitum). Three ponies had
been surgically prepared with chronic exter-
nal biliary fistulas 2-5 years prior to this
study (12). During the course of each study,
animals stood in a stanchion under minimal
restraint and were allowed movement of head
and limbs. Bile was quantitatively collected
from the exteriorized ends of the T-tubes by
gravity drainage. The external ends of the T-
tubes were closed immediately following each
study in order to allow for the reestablishment
of the normal enterohepatic cycling of bile
acids between studies. Each jugular vein was
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prepared with an indwelling polyethylene
catheter to allow for injection of isotope into
one vein and removal of heparinized blood
samples from the opposite vein.

Experimental design. Two types of studies
were conducted. Type I studies were con-
ducted on ponies with chronic biliary fistulas.
Bile was allowed to drain for 2 hr preceding
the injection of isotope. During that period,
the enterohepatic bile acid pool was depleted,
and the excretion rate of bile acid through
the T-tube was equivalent to the hepatic bile
acid synthesis rate (13). After isotope injec-
tion, bile was quantitatively collected for 5-,
10- and 15-min intervals during the first,
second and third hours, respectively, to pre-
vent intestinal recycling of isotope. Type 11
studies were conducted on normal ponies
without biliary fistulas. For both tYPe I and
type II studies, 20-38 uCi of 24-[“C]cholic
acid (sp act, 108.7 uCi/mg, New England
Nuclear, Boston, MA) were injected into a
jugular vein, and blood samples (8 ml) were
withdrawn from the opposite vein at 1, 2, 4,
6, 8, 10, 12, 15, 20, 25, 30, 35, 40, 45, 50, 55,
60, 70, 80, 90, 100, 110, 120, 135, 150, 165 and
180 min in order to determine the plasma
isotope retention.

The "C activity in each 1 ml plasma and
0.2 ml bile samples was determined in 10 ml
Insta-Gel (Packard Inst. Co., Downers
Grove, IL) by use of a Packard C-2425 scin-
tillation spectrometer. External standard was
used to correct for sample quench.

Samples taken at the beginning, middle
and end of each of 18 clearance studies were
used for determination of endogenous plasma
bile acid concentrations.

Analytical methods. Total bile acid concen-
tration in plasma was determined by an en-
zymatic, fluorometric method using 3-a-hy-
droxysteroid dehydrogenase (Grade III,
Sigma Chemical Co.) and based on modifi-
cations of the methods of Murphy (14) and
Schwartz (15). One ml of each plasma sample
was centrifuged after addition of 50 mg char-
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coal (washed Norit A) to obtain a bile acid
free (BAF) sample for determination of non-
bile acid fluorescence. To determine the ex-
traction efficiency of charcoal treatment,
["*C]cholic acid was added to plasma samples
from both fed and fasted ponies. Samples
were incubated at room temperature for at
least 12 hr while they were continuously and
gently mixed. Charcoal extraction removed
over 99% of radioactive bile acid from all
samples.

For each plasma sample, both unaltered
and BAF aliquots were assayed in duplicate
with the addition of 0, 2.5 and 5 nmoles of
cholic acid to standardize the detected fluo-
rescence. The standard curves for unaltered
and BAF aliquots of each sample were com-
pared by paired comparison of the slopes and
intercepts of the fed and fasted samples. The
fluorescence of the reaction solution without
enzyme was subtracted from the fluorescence
of the final combined reaction solutions. Each
reaction mixture contained 0.1 ml plasma
(unaltered or BAF), cholic acid standard (0,
2.5 or 5 nmole), 1.0 ml 1.0 M hydrazine
hydrate (J. T. Baker Co.), 0.2 ml 5 mM NAD
solution (grade III, Sigma), 0.1 ml 3-a-hy-
droxy steroid dehydrogenase (2.5 units/ml in
Tris-EDTA, pH 7.2, grade IIl, Sigma), and
0.2 M phosphate buffer (pH 9.9) to bring
each solution to 3 ml total volume. Before
adding enzyme, the solution was heated in a
65° water bath for 5 min to denature endog-
enous plasma enzymes. The mixture was
cooled to room temperature, enzyme was
added, and the solution allowed to incubate
at room temperature for 1 hr. The fluores-
cence for each sample was determined in a
spectrofluorometer at room temperature us-
ing a mercury-xenon lamp with an exitation
input of 350 nm and an emission wavelength
of 460 nm.

No significant difference was found (p >
0.05, paired 7 test) between the slopes of the
bile acid free and unaltered sample standard
curves (r = 0.86, n = 36, p < 0.001). However,
there was a significant difference between fed
and fasted sample standard curves (p < 0.05,
Student’s ¢ test). Therefore, separate standard
curves were included within each sample in
order to adjust for the variability between
concentration/fluorescence slopes of various
samples. The final bile acid concentration in
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each of three samples per clearance study was
determined according to the following rela-
tionship:

Conc. = (SAM, — BAF,)-R:-K-—(A)

where:

Conc. = Plasma Bile Acid Concentration
(micromolar).

BAF, = Bile Acid Free sample fluorescence
without added standard.

SAM, = Unaltered sample fluorescence
without added standard.

R = Ratio of standard bile acid concen-
trations to fluorescences (slope) in
unaltered sample.

K = Dilution constant to correct to 1

liter.

Data treatment. Assumptions used to assess
the properties of the physiological ['“C]bile
acid distribution were (a) the tracer behaved
in a manner indistinguishable from the en-
dogenous bile acids; (b) mixing within the
plasma compartment was rapid prior to sig-
nificant hepatic removal; (c¢) recycling of
[*C]bile acid from intestine and distribution
to extrahepatic, extravascular spaces was neg-
ligible (see results); and (d) hepatic removal
from plasma conformed to the kinetics of a
first order process.

For type I studies, the plasma disappear-
ance curves of injected 24-['“C]cholic acid
(expressed as percent of injected dose per liter
plasma) were fitted to the sums of three ex-
ponential functions. Data from the full 180
min collection period was used. For type II
studies where intestinal recycling of isotope
was observed after 20 min, two exponential
functions were necessary to fit the curves and
only data from the first 20 min were used. A
digital computer program was used to fit the
data after estimates and limits of the inter-
cepts and slopes of the exponential compo-
nents were determined by integration peeling
(16, 17). The equations for the 3-exponential
non-linear curves took the form:

P(t) = A-e** + B.e*' + C-e %' ——(B)

where P(t), A, B and C had units of percent
injected dose per liter plasma, k., ks and k.
had units of minutes™’, and ¢ was time in
minutes.

From this mathematical expression, the
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following physiological parameters were de-
termined (9, 18).

MP = 1.10°/(A + B + C)-——(C)

where mixing pool volume (MP) was the
initial distribution volume of injected [“C]-
bile acid (milliliters).

Cl= 1-105/Jm P(t)dt———(D)

where hepatic bile acid clearance (Cl) was the
volume of plasma cleared by the liver each
minute (milliliters/minute).

The plasma volume (PV) was calculated
from constants derived in studies using '*'I-
labeled human serum albumin in ponies (6).

Fed PV (milliliters) = 38.8.BW—-——(E)
Fasted PV (milliliters) = 37.0.BW-——(F)

where body weight (BW) is in kg.

Statistical methods. Non-linear regression
analysis (17), Students ¢ test, paired ¢ test and
least squares linear regression analysis (19)
were used for data analysis.

Results. The results of ['*C]bile acid clear-
ance studies in both fed and fasted ponies are
listed in Table 1. Hepatic bile acid clearance
(equation D) was significantly (p < 0.01)
reduced from normal fed levels following a
3-day fast. The reduction in bile acid clear-
ance was apparent in both type I (Fig. 1) and
type II (Fig. 2) studies, even though the clear-
ance curves in type II studies were restricted
to 20-min interpretations because of recycling
of isotopic cholic acid. When the clearance
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curves from type I studies were fit to the 2
exponential functions (using only data col-
lected during the first 20 min), the calculated
clearance increased 20.2% =+ 5.7 (SE) above
that calculated by the 3-exponential function
(using all data). The clearance calculated for
the type II studies were 20.0% greater than
those from the type I studies (using all 180
min of data) during feeding and 17.4% greater
when fasted. There was no significant differ-
ence in clearance between the type II and
type I studies when 2-exponential functions
(using first 20 min of data) were used for
calculating the type I values. Thus the 20-min

100§
605A
30 1%

Qe
Iy

60 120 180
Minutes

FiG. 1. Plasma levels of injected 24-['“C]cholic acid
(as percent of dose in mixing pool) from a typical pony
(B) with an open external biliary fistula (Type [ study).
(A) Represents values in the fed state () values following
a 3-day fast.

TABLE 1. CLEARANCE OF [*C]CHoLIC AcID IN FED AND FASTED (3 DAYS) PONIEs.

Mean + SE
No. stud-
ies Fed Fasted % Change

Clearance (ml/min/Kg) 6 4.94 + 0.37 3.13+0.18¢ -359+ 3.6
MP/PV (Type I studies) 3 0.99 + 0.04° 0.98 + 0.04°
MP/PV (Type II studies) 3 0.77 % 0.06° 0.85 + 0.04°
Biliary isotope excretion (% In- 3 90.6 + 2.4 86.6 + 1.5° —44+27

jected dose in 180 min type

I studies)
Plasma bile acid (uM) 6 129+ 12 222+ 3.6¢ +72.1 £ 22.1
Body weight (Kg) 6 1943 + 114 172.3 + 10.6° —-114+04

MP = Mixing pool volume. PV = Plasma volume.

“ Significantly different between fed and fasted (P < 0.01, paired ¢ test).

*No significant difference between MP and PV (P > 0.05, paired ¢ test) or between fed and fasted.
¢ Significant difference between MP and PV (P < 0.05, paired ¢ test).

¢ Significantly different between fed and fasted (P < 0.05, paired  test).
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F1G. 2. Plasma levels of injected 24-["*C]cholic acid
(as percent of dose in mixing pool) from a typical pony
(M) with an intact enterohepatic circulation (Type II
study). (A) Indicates values obtained in the fed condition,
(*) values following a 3-day fast. Circled values represent
values elevated due to return of isotope from the intes-
tine.

clearance curves were sufficient to determine
the relative difference between the fed and
fasted values even though they overestimated
the actual hepatic clearance by approxi-
mately 20%.

Mixing pool volumes (equation C) from
type I studies were not significantly different
(p > 0.05) from plasma volumes (equations
E and F). The mixing pool volumes deter-
mined from the type II studies were signifi-
cantly lower than the plasma volumes (p <
0.05).

Approximately 90% of the administered
isotope was recovered in bile during the 180-
min type I studies (Table I). Plasma bile acid
concentrations (equation A) following a 3-
day fast (22.2 uM =+ 3.6 SE) were significantly
greater (p < 0.05) than the concentrations
during the fed state (12.9 uM = 1.2 SE) for
both study types. The 72.1 + 22.1% mean
increased in the fasting bile acid concentra-
tion was twice the mean percent reduction
(35.9 = 3.6%) in hepatic bile acid clearance
following the 3-day fast.

Discussion. Steady-state clearance repre-
sents the ratio between production or excre-
tion and plasma concentration. A 36% de-
crease in clearance, as found in this study,
would be expected to cause a 60% increase in
plasma concentration. Since plasma bile acid
levels may not precisely reflect combined he-
patic arterial and portal concentrations, the
predicted 60% increase in plasma level was
not greatly different from the determined 72%
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increase. Similar studies of the effect of fast-
ing on bilirubin transfer under the same con-
ditions in ponies indicated 75-80% decreases
in bilirubin clearance with 400-500% in-
creases in plasma bilirubin concentration (6).
The effect of fasting on bilirubin transfer was
thus much greater than the effect on bile acid
transfer.

For the modeling and calculation of clear-
ance it was assumed that labeled bile acid
distribution to extravascular, extrahepatic
spaces was negligible. In the type I studies,
which allowed analysis of the disappearance
curve without interference of intestinal recy-
cling of bile acid, the initial volume of distri-
bution (MP of equation C) did not differ
statistically from the calculated plasma vol-
ume (PV). Thus the assumption appears jus-
tified. In the shortened type II studies the
difference was significant. The advantages of
using a 3-exponential function have been re-
ported by Klapor, et al. (20). Since bile acids
are bound extensively to albumin (21-23)
over the normal and pathological range of
concentrations observed in blood (22), the
identity between the mixing pool and plasma
volumes as found in this study might be
expected. In studies with dogs, other investi-
gators (24) have reported MP/PV ratios of
1.22 = 0.12 (SD), values somewhat greater
than the results of our type I studies.

Clearance of ["*C]bile acid determined in
the type I studies reflected the overall process
of hepatic clearance of bile acid from mixed
systemic—portal blood with approximately
90% of the isotope being recovered in the bile
during 180 min studies. The similarity of the
clearance reduction ratios of the type II stud-
ies (35.7 £ 5.2 SE) to those of the type I
studies (35.7 £ 6.4) indicates the utility of the
type II method in intact animals for detection
of relative changes in clearance. However,
the type II method underestimates the area
under the plasma isotope retention curve
(projected to infinity), thereby overestimating
the actual clearance.

The hepatic uptake of bile acid has been
found to correspond to an extraction effi-
ciency of 60-86% in normal man (Engelking,
unpublished observations), 44-99% in mon-
keys (25), 79-92% in dogs (8) and approxi-
mately 95% in rats (26); yet the hepatic ex-
traction efficiency of bilirubin in man has
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been found to be only 6.9 + 1.7% (9). Extrac-
tion efficiency is an exponential function of
hepatic blood flow. A decrease in flow results
in an increase in extraction efficiency. Com-
pounds with high extraction efficiencies are
increased the least (11). Since hepatic clear-
ance is the product of extraction efficiency
and hepatic blood flow, a decreased flow
would reduce clearance and would have the
greatest effect on the clearance of compounds
with the highest extraction efficiencies (11).
If reduced blood flow through the liver dur-
ing fasting was the principal cause of the
decreased hepatic transport of bile acid and
bilirubin, the compound with the greatest
extraction efficiency (bile acid) should have
been affected to the greatest degree (11).
However, bilirubin transfer was affected to a
greater degree; thus, a reduction in hepatic
perfusion could not be the sole change during
fasting.

Summary. Hepatic bile acid clearance, as
determined with ["*C]cholic acid, was reduced
36% and plasma bile acid concentration was
increased 72% in ponies following a 3-day
fast. Eighty-seven to 91% of the isotopic bile
acid was recovered in bile in 3 hours follow-
ing tracer injection. The initial volume of
distribution of injected tracer was not signif-
icantly different from the plasma volume.
Reduced hepatic blood flow alone could not
explain the changes in hepatic organic anion
transport observed during fasting, since pre-
vious similar studies on the effects of fasting
on hepatic bilirubin clearance showed a much
greater fasting effect than the reduction of
bile acid clearance in this study.
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