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Linoleic acid-rich diet increases
hepatic taurine and cholesterol
7a-hydroxylase activity in conjunction
with altered bile acid composition

and conjugation in gerbils

Tahar Hajri, Andrzej Pronczuk, and K.C. Hayes

Foster Biomedical Research Laboratory, Brandeis University, Waltham, MA USA

Although dietary fatty acid saturation is an effective modulator of plasma cholesterol, its effects on bile acid
metabolism are not well elucidated. In fact, it is possible that primary changes in bile acid metabolism account
Jor the response in plasma lipids. Thus, the aim of this study was to compare the effect of a diet rich in specific
saturated fatty acids [lauric and myristic acid (12:0 + 14:0)] with a diet containing a specific unsaturate, linoleic
acid (18:2n6) on factors affecting bile acid metabolism in gerbils. Gerbils were fed a high-fat diet (40% of
energy) based on either coconut oil (12:0 + 14:0-rich) or safflower oil (18:2n6-rich). After 4 weeks, plasma
sterols, the gallbladder bile acid profile, and fecal bile acid excretion were analyzed along with hepatic
concentrations of taurine and cholesterol. Hepatic activities of acyl-CoA cholesterol acyltransferase (ACAT) and
cholesterol 7a-hydroxylase were also measured. Exchange of 29% energy as 18:2n6 for 12:0 + 14:0 increased
the proportion of saturated and monounsaturated fatty acids at the expense of polyunsaturated fatty acids in
plasma, hepatic microsomal membranes, and bile phospholipids. Concentrations of plasma cholesterol and
27-hydroxycholesterol were greatly increased by the 12:0 + 14:0-rich diet. This effect was coupled with
significant decreases in hepatic taurine concentration and the activities of ACAT and cholesterol 7a-hydroxylase,
as well as fecal bile acid excretion. Analysis of gallbladder bile acids revealed that the 12:0 + 14:0-rich diet
decreased the cholate:chenodeoxycholate and primary:secondary bile acid ratios as well as the ratio of
taurine:glvcine conjugates. In essence, the exchange of dietary lauric and myristic acids for linoleic acid was
associated with decreased production and excretion of bile acids concurrent with reduced hepatic taurine and
taurine-conjugated bile acids. (J. Nutr. Biochem. 9:249-257, 1998) © Elsevier Science Inc. 1998
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induced gallstones.*~® However, the exact mechanism(s)
whereby fatty acid saturation co-ordinately modifies plasma
lipids, bile acid metabolism, and galistone formation is not
fully understood.*> Dietary fatty acids impact bile acid
metabolism at various levels, but to what degree polyunsat-
urated fatty acids (POLYs) may enhance bile acid and
neutral sterol excretion to reduce plasma cholesterol re-
mains unresolved. Initial studies in men’-®

Introduction

Numerous reports have shown that dietary fats rich in
unsaturated fatty acids lower plasma lipids relative to diets
rich in saturates (SATs)'~ and protect against cholesterol-
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reported that
polyunsaturated fat increased fecal bile acid output, but
other investigations in men® and rats'® did not observe this
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effect. On the other hand, bile acid composition and
hydrophobicity can be altered by changes in dietary fat
composition. For example, several animal species fed
POLYs showed an increased cholate profile compared with
animals fed saturated fat,'''? confirming similar conclu-
sions in human patients.'> Nonetheless, the relationship
between dietary fatty acids and either the bile acid profile
(including glycine-taurine conjugation) or the hydrophobic-
ity index is still relatively undefined.

The latter point is important because hydrophobicity of
bile acids, which appears directly related to gallstone
formation in hamsters,'* is inversely related to bile acid
hydroxylation (i.e., chenodeoxycholate > cholate and sec-
ondary bile acids > primary bile acids) and is affected by
conjugation with glycine or taurine.'*~'® Glycine-conju-
gated bile acids are more hydrophobic (lithogenic) than
taurine conjugates and they enhance cholesterol transport by
biliary micelles.*'>'¢ Thus, the balance between glycine
and taurine conjugates, although less influential than the
degree of hydroxylation, does affect biliary cholesterol
solubilization and mobilization as well as intestinal choles-
terol absorption. Hamsters fed a cholesterol-rich lithogenic
diet to induce gallstones develop lower cholate:chenode-
oxycholate and glycine:taurine ratios,'* whereas dietary
manipulations that prevent such gallstone formation, includ-
ing supplementation with cholestyramine'*!” or fiber,'*!8
increase both of these ratios. Kritchevsky'® has noted that
the glycine:taurine ratio of bile acids may influence the
plasma cholesterol level because an inherently high ratio
renders certain species vulnerable to diet-induced hypercho-
lesterolemia.

In this study the gerbil was selected to evaluate dietary
fat saturation on bile acid production and composition
mainly because of its extreme cholesterolemic sensitivity to
dietary fat saturation,?’ even in the absence of dietary
cholesterol.*?! We compared the effects of purified diets
containing either coconut oil (high 12:0 + 14:0) or saf-
flower oil (high 18:2n6) on bile acid composition and
excretion along with the changes in the activity of 7a-
OHase and ACAT and the status of cholesterol and taurine
in liver.

Methods

Animals and diets

Adult male Mongolian gerbils (Meriones unguiculatus), weighing
75 = 5 g, were obtained from Tumblebrook Farms (West Brook-
field, MA) and housed in individual cages in an air-conditioned
room with a 12-hr reversed-light-dark cycle (light on at 18:00 hr).
They were randomly assigned to two groups and were fed a
cholesterol-free purified diet containing either a high proportion of
linoleic acid (18:2n6-rich) or lauric and myristic acids (12:0 +
14:0-rich) for one month. Diets were fed to caloric requirement (9
g diet as prepared) to maintain constant body weight for the
duration of the study. The basal composition of these diets (% of
total dry weight) was as follow: casein, 22.2; cornstarch, 23.0;
glucose, 13.3: cellulose, 15.0; fat, 20; mineral mix (Ausman-
Hayes), 5.0; vitamin mix (Hayes-Cathcart), 1.2; and choline
chloride: 0.3. Compositions of the mineral and vitamin mixes were
previously detailed. Fat provided approximately 40% of the total
dietary energy and represented either a blend of 99% coconut oil
and 1% safflower oil (12:0 + 14:0-rich) or 1% coconut and 99%
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Table 1 Fatty acid composition of purified gerbil diets

12:0 + 14:0-rich 18:2n6-rich

Fatty acid (% of total fatty acids) (% of total fatty acids)
<12:0 3.9(1.6)1 —
12:0 48.7 (19.5) 0.5 (0.2)
14:0 20.3(8.1) 0.2(0.1)
16:0 11.2 (4.5) 9.2 (3.7)
16:1n7 trace 2 trace
18:0 2.6(1.0) 2.9(1.2)
18:1n9 9.0 (3.6) 11.9(4.8)
18:2n6 3.2(1.3) 75.2 (30.1)
18:3n3 trace trace
20:0 trace trace
Total saturated 86.7 (33.7) 12.8 (56.2)
Total monounsaturated 9.0(3.6) 11.9 (4.8)
Total polyunsaturated 3.2(1.3) 75.2 (30.1)
P/S ratio 0.04 5.87

" Values in parenthesis represent percent energy contributed by indi-
vidual fatty acid.

2 Trace represent values < 0.1%.

Note: Dietary fatty acid profile was generated by gas liguid chromatog-
raphy analysis as described in Materials and Methods.

P/S, polyunsaturated fatty acids/saturated fatty acids.

safflower oil (18:2n6-rich). Accordingly, the fatty acid composi-
tion of both diets, analyzed by gas liquid chromatography, differed
in their proportions of linoleic (18:2n6) and lauric (12:0) and
myristic (14:0) acids. The proportion of all other fatty acids was
similar between diets (Table 1).

All experiments were performed after 4 weeks of diet con-
sumption when the plasma cholesterol and triglycerides were
stable indicating a new steady state. At the end of the 4 week
feeding period, feces of each gerbil were collected for 3 days prior
to an overnight fast, and blood was collected under carbon
dioxide/oxygen anesthesia via cardiac puncture with a 30-gauge
needle wetted with 10% EDTA. At necropsy the gallbladder bile
was aspirated and the liver and an aliquot of perirenal adipose
tissue were rapidly removed, weighed, and portions frozen for
subsequent analysis.

Plasma lipid analysis

Total cholesterol and triglycerides were determined by enzymatic
assay (Sigma kit nos. 352 and 336, respectively; Sigma Diagnos-
tics, St. Louis, MO). Phospholipids and free cholesterol concen-
trations were determined by enzymatic assay (free cholesterol C
and phospholipids B kits from Wako Chemicals, Richmond, VA).
Cholestery! ester was calculated as the difference between the free
and total cholesterol concentration.

Bile lipid analysis

Lipids were isolated from 10 pl of bile by a modified Folch
extraction?? as previously described.'* Free cholesterol and phos-
pholipids were assayed enzymatically in the chloroform phase
after evaporation and dissolution in isopropanol, as previously
described.!* Total bile acids were determined enzymatically in the
methanol phase (Sigma kit no. 450). Individual bile acids were
separated by a high performance liquid chromatography (HPLC)
method?* as previously described.!* The bile acid hydrophobic
index (HI) of each bile sample was calculated according to
Heuman.**



Plasma 27-OH cholesterol analysis

The concentration of 27-hydroxycholesterol (27-OH cholesterol)
in 0.5 to 1 ml of gerbil plasma was determined by HPLC after
oxidation and analysis of «, B unsaturated ketones.?® Highly
purified 27-OH cholesterol (Research Plus, Bayonne, NJ) was
used as a standard to produce an HPLC calibration curve. First,
esterified 27-OH cholesterol was hydrolyzed enzymatically ac-
cording to the procedure of Oda et al.2® A mixture of cholesterol
esterase (Sigma Chemical Co., St. Louis, MO) and sodium cholate,
dissolved in 0.1 M of phosphate buffer (pH 7.4), was added to each
sample to achieve a final concentration of 150 wmol of sodium
cholate and 1 unit of cholesterol esterase per milliliter of sample.
Then incubations were performed in a shaking water bath at 37°C
for 45 min.?® Sterols in plasma samples and the standard were then
oxidized by adding cholesterol oxidase (Sigma Chemical Co.) to
each tube prior to incubation for 20 min at 37°C to generate «, B
unsaturated ketones. The reaction was stopped by adding 0.5 ml
methanol followed by 0.5 ml KCl (1.12%). Sterols were extracted
twice with 2 ml of hexane. The organic phase was dried under
nitrogen. The residue was dissolved in isopropanol/dodecane
(5/95, v/v), and an aliquot of 50 pl was injected into a normal
phase HPLC spherisorb silica column (4.6 X 250 mm; Alltech
Inc., Deerfield, IL). The isocratic mobile phase was hexane-
isopropanol (95/5) and the flow rate was 1 ml/min. The peaks were
detected at 240 nm and the 27-OH cholesterol was identified by
comparing the retention time to the known standard. The concen-
tration of 27-OH cholesterol in plasma samples was calculated
from the standard calibration curve generated under identical
circumstances. To assure the efficiency of this method, we
performed preliminary experiments. To assure total hydrolysis of
27-OH cholesterol, we questioned whether the time of incubation
with cholesterol esterase was long enough to achieve total hydro-
lysis of 27-OH cholesterol. In preliminary experiments, equivalent
amounts of plasma (1 ml) were incubated with cholesterol esterase
for 0, 10, 20, 30, 45, 60, and 120 min before adding cholesterol
oxidase and incubating for an additional 20 min under the same
conditions described above. This time course experiment revealed
that 27-OH cholesterol increased rapidly after 10 min and reached
a plateau after approximately 45 min of incubation with choles-
terol esterase. Increasing the incubation time up to 2 hr gave
similar results as 1 hr. Therefore, the incubation time of 60 min
with cholesterol esterase followed by 20 min with both cholesterol
esterase and cholesterol oxidase was long enough for total hydro-
lysis and oxidation of 27-OH cholesterol.

Taurine analysis

Liver and plasma taurine were analyzed by HPLC as previously
published.?” Briefly, taurine was extracted from 100 mg of
homogenized liver by adding 100 pl of a 20% trichloroacetic acid
solution (TCA). The liquid phase of three extractions was collected
after centrifugation and combined. Plasma taurine was extracted
from 300 ] with 30 pl of a 100% TCA solution. In order to
remove amino acids that interfered with taurine separation on
HPLC, an aliquot of 100 pl of liver and plasma extract was filtered
through an ion exchange column prepared in a Pasteur pipette (0.5
cm id. X 150 mm) by layering 2 cm of anion AG 1-X resin
(Dowex 200-400 mesh) under 2 ¢m of cation of AG-50W-X8
resin (200—400 mesh) as previously described.?® The taurine
eluant was collected by flushing 3 ml of water through the column.
Taurine concentration was determined by HPLC after a precolumn
derivatization with o-phthalaldhyde (OPA). The mobile phase
consisted of sodium phosphate buffer (15 mmol/L, pH 6.0) and
acetonitrile (80:20, v:v) and was pumped at 1 ml/min by using a
Rainin Rabbit HP® (Rainin Instrument Co, Inc, Woburn, MA)
solvent delivery system. The effluent was monitored with a
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fluorometer (SLM Amico Fluoro-Monitor II®, SLM Instruments,
Inc, Urbana, IL) with 395 nm excitation and 455 nm emission
filters and recorded with a CR3A Integrator® (Shimadzu Scientific
Instruments, Inc, Columbia, MD).

Hepatic cholesteryl ester determination

Free and esterified cholesterol in the liver and plasma were
determined by an HPLC method.”® Hepatic cholesterol was
extracted by grinding a piece of liver (200 mg) with anhydrous
sodium sulfate to a fine powder and extracting lipids three times
with 4 ml of chloroform:methanol (2:1, v:v). The combined extract
was dried under nitrogen and redissolved in the mobile phase. A
sample of 100 I was injected into the HPLC and separated using
Waters Radial-Pak® Resolve C18 cartridge column (8 mm X 10
cm, part no. 84720) eluted isocratically with acetonitrile:isopropa-
nol (45/55, v/v) at 2.0 ml/min. The absorbance of the eluate was
measured at a wavelength of 210 nm using an ultraviolet detector.
Free and individual esters of cholesterol were determined by
comparing the peak areas from samples with those obtained for the
standards (Sigma Chemical Co.). To calculate the total esterified
cholesterol the sum of cholesteryl esters was divided by 1.67
according to Wiztum et al.>®

Microsomal enzyme activities

Microsomes were prepared immediately from fresh liver (approx-
imately 1 g) according to the method of Chautan et al.*® and frozen
at —80°C until analyzed. Microsomal protein was determined by
the Markwell assay.*' Lipids in microsomes were extracted with
chloroform:methanol (2:1, v:v). The lipid extract in the chloroform
layer was dried under nitrogen and redissolved with an aliquot of
isopropanol. Concentrations of free and total cholesterol and
phospholipids were measured enzymatically as described earlier.*
Both free cholesterol and phospholipid mass were linearly related
to protein concentration in microsomes. Results were expressed as
micrograms of free cholesterol or phospholipids per milligram of
microsome protein. ACAT activity was performed by measuring
the incorporation of [1—’4C]oleoy]-CoA into cholesteryl oleate.™
A total volume of 250 pl of phosphate buffer (S0 mM K,HPO,,
0.1 M sucrose, 30 mM EDTA, 70 mM KCl, 1 mM DTT),
containing the microsomal suspension (0.25-0.5 mg of protein)
and 67 pl of bovine serum albumin (20 mg/ml), was preincubated
at 37°C for 5 min. Then 20 ul of [1-'*Cloleoyl-CoA (specific
radioactivity 11,000 dpm/nmole) was added and the incubation
continued for 3 minutes at 37°C with shaking. The reaction was
stopped by adding 2.5 ml of isopropanol/heptane/sulfuric acid 1 N
(77:19:4; v:v:v). Sterol extraction was performed by adding 1.5 ml
of heptane and 1 ml of H,O. Radioactive cholesteryl ester was
separated from the nonreactive oleoyl-CoA by silica column
chromatography performed in a Pasteur pipette,* and radioactivity
was quantified in a Beckman liquid scintillation counter.
Cholesterol 7a-hydroxylase (7a-OHase) activity was assayed
by the radioisotope method of Nicolau et al.>* Briefly, microsomal
proteins (0.5-1 mg) were diluted in 0.5 m! of phosphate buffer (75
mM, pH 7.4) containing EDTA (1 mM), DTT (2 mM), MgCl, (4
mM), and 0.54 pci of [4-'*C cholesterol] (specific radioactivity
12,000 dpm/nmoles) previously mixed in 0.15 ml of Tween 80.
Samples were preincubated at 37°C for 5 min. The reaction was
initiated by adding 0.15 ml of NADPH (10 mM) followed by
incubation at 37°C with shaking. The reaction was stopped 20 min
later by adding 5 ml of chloroform:ethanol (5:1, v:v) and 2.5 mi of
H,O. Sterols were extracted and separated by thin layer chroma-
tography on silica gel, eluting with ethyl acetate:hexane (8:2, v:v).
The region corresponding to cholesterol and 7a-hydroxycholes-
terol were scraped off and their radioactivity counted. For both
reactions (ACAT and cholesterol 7a-OHase) samples were as-
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Table 2 Plasma and liver lipids for gerbils fed 12:0 + 14:0-rich or
18:2n6-rich diets for four weeks

Tissue 12:0 + 14:0-rich ~ 18:2n6-rich
Plasma ’
Total cholesterol, mmol/L 57 +0.2 1.9 =018
Free cholesterol, mmol/L 1.6 + 0.1 0.54 + 0.05°
Esterified cholesterol, mmol/L 41 +03 1.32 + 0.05°
Triglycerides, mmol/L 1.7 =01 0.71 = 0.08*
27~1hydroxycholes’(ero|,2 nmol/L 310+ 20 120 + 20*
Liver
Total cholesterol, wmol/g 19410 21209
Free cholesterol, umol/g 16.0 £ 0.9 15.7 £ 0.7
Esterified cholesterol, umol/g g3.4 =04 55+ 0.7°

Values are mean = SEM.

"'n = 13 per group.

2n = 5 per group.

8 Significantly different from 12:0 + 14:0 at P < 0.0001.
“ Significantly different from 12:0 + 14:0 at P < 0.001.
5 Significantly different from 12:0 + 14:0 at P < 0.05.

sayed in duplicate, and a boiled microsomal incubation was used
as blank for correction. Results are expressed as picomole forma-
tion of cholesteryl esters (ACAT) or 7a-hydroxycholesterol (cho-
lesterol 7a-OHase) per minute and per milligram of microsomal
protein.

Fatty acid analysis

Fatty acid composition of formulated diets and collected samples
(plasma, adipose tissue, bile, liver microsomes) was determined by
gas liquid chromatography according to a one-step transesterifica-
tion procedure.*® Fatty acid analysis was performed in a Shimadzu
GC9-AM GLC using a 100-m fused capillary column (SP-2560,
Supelco Inc.).

Fecal bile acids and cholesterol

Total bile acids and cholesterol were extracted from a 3-day fecal
collection using a modified method'* of Suckling et al.*> Feces
were dried and weighed, and a fine ground sample (0.1 g) was
hydrolyzed with 0.2 ml of 10 M NaOH at 110°C overnight, and an

aliquot of the hydrolysate was dried under nitrogen and extracted
with 3 ml of chloroform:methanol (2:1) in the presence of 0.75 ml
of a 1.12% of KCI solution. Bile acids were collected in the
methanol/KCl phase, and their concentrations were determined by
enzymatic kit (Sigma no. 450) as detailed earlier.® Cholesterol was
determined in an aliquot of the chloroform layer using the Sigma
enzymatic kit as described earlier.®

Statistics

Results are expressed as mean = SEM and statistical differences
between groups were performed by the Student r-test.

Results
Body and liver weights

Both groups of gerbils consumed similar amounts of puri-
fied diet, and no differences in terminal body (76 = 2 and
77 = 3 g) or liver weights (2.4 £ 0.1 and 2.5 = 0.1 g) were
observed between the 12:0 + 14:0-rich or 18:2n6-rich diet
groups, respectively.

Plasma and liver lipids

After 4 weeks, the 12:0 + 14:0-rich diet caused a dramatic
increase in both plasma cholesterol (+200%) and triglyc-
erides (+140%) (Table 2). However, despite the difference
in plasma cholesterol neither total nor free hepatic choles-
terol were significantly affected by the change in fat
composition, A significantly greater mass of hepatic cho-
lesterol ester was associated with the 18:2n6-rich diet, but
even this represented only one-third the free cholesterol
mass (Table 2).

Plasma 27-OH cholesterol concentrations

The concentration of 27-OH cholesterol in the plasma of
gerbils fed the 12:0 + 14:0-rich diet was significantly
increased (P < 0.01) compared with those fed the 18:2n6-
rich diet (Table 2).

Table 3 Fatty acid distribution (%) in lipids from plasma, adipose tissue, microsomes, and bile phospholipids of gerbils fed 12:0 + 14:0-rich or

18:2n6-rich for 4 weeks

Fatty Plasma Adipose tissue Microsomal phospholipids Bile phospholipids

acid 12:0 + 14:0-rich  18:2n6-rich  12:0 + 14:0-rich 18:2n6-rich 12:0 + 14:0-rich  18:2n6-rich  12:0 + 14:0-rich  18:2n6-rich
12:0 3.1 03 01=x01" 20.0 = 1.1 02=+00" 1.1 +£07 0.5+ 0.1 0.22 + 0.1 0.12 = 0.1
14:.0 42 +0.3 0.7+01" 184 = 0.6 06+00" 3.8 0.2 1.9+08"' 2606 06+0.32
16:0 22912 19510 19.8 = 0.4 11.4+03" 26.7 = 0.5 220+ 052 31.7 208 273 0.3
16:1n7 1.4 =02 04013 20+03 06+03° 1.2=x0.2 0.1%01" 1.2x0.2 04 +0.1"
18.0 12.1 = 0.1 12.0 * 0.6 40*0.2 29+012 206 = 2.3 240+ 0.7 124 1.6 149 + 34
18:1nQ 218 +12 70x05" 288+ 0.6 23.4 +20° 239+ 43 93=x177? 215+ 14 124 +28°
18:2n6 274+ 05 493> 05" 6.5 06 60.4 =241 12913 236 +34°2 225+ 19 33.4+34°
18:3n3 0.10 £ 0.06 0.06 = 0.01 0.20 = 0.05 0.2 + 0.07 0.2 £ 0.09 0.3 £ 0.1 0.4 =03 0.4+03
20:3n6 1102 12*x08 0.14 = 0.01 0.16 + 0.1 1.9+03 1.3+x05 21 +07 1.0+03
20:4n6 3.7 +02 75+056" 0.07 = 0.01 0.05 = 0.02 3.3+06 109 £ 0.9°7 3.3+0.6 6.4+1.0°
22:6n3 1.7 07 24*+04 ND ND 43 +09 6.0+0.8 20+0.2 3.0x06

Values are presented as mean *= SEM; n = 5 per group.
ND = not detected.
! Statistically significant at P < 0.001.
2 Statistically significant at P < 0.01.
8 Statistically significant at P < 0.05.
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Table 4 Percent bile acid distribution (%) and concentration (mM) in the gailbladder of gerbils fed 12:0 + 14:0-rich or 18:2n6-rich purified diets for

4 weeks

Bile acid

12:0 + 14:0-rich

18:2n6-rich

Bile acid distribution (mM)
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Values are mean + SEM.
n = 13 and 10, respectively, for 12:0 + 14:0- and 18:2n6-rich diets.
" Values in parentheses represent percent distribution of each bile acid.

2 TC, taurocholate; GC, glycocholate; TCDC, taurochenodeoxycholate; GCDC, glychochenodeoxycholate; TDC, taurodeoxycholate; GDC, glycode-

oxycholate; TLC, taurolithocholate; GLC, glycolithocholate.

3 Significantly different from 12:0 + 14:0-rich diet at P < 0.0001.
4 Significantly different from 12:0 + 14:0-rich diet at P < 0.01.

5 Significantly different from 12:0 + 14:0-rich diet at P < 0.05.

6 Significantly different from 12:0 + 14:0-rich diet at P < 0.02.

Fatty acid composition

The plasma and adipose tissue of gerbils fed the 12:0 +
14:0-rich diet were enriched in saturated (12:0, 14:0, 16:0)
and monounsaturated (16:1n7, 18:1n9) fatty acids to the
detriment of 18:2n6 (Table 3). In addition, the 18:2n6 and
20:4n6 in bile phospholipids were significantly decreased
(approximately 30% and 50%, respectively). In liver micro-
somes from gerbils fed the 12:0 + 14:0-rich diet, 18:2n6
was 33% lower, essentially replaced by 18:1n9, while the
proportion of 20:4n6 was not changed. The fatty acid
composition in the adipose tissue resembled the fatty acid
profile of the dietary fat.

Biliary lipid composition

Biliary lipids were not affected by the dietary shift in
fatty acids; that is, concentrations (mmol/L) of choles-
terol (6 = 0.3), phospholipids (22 = 2), and bile acids
(148 = 14) in the gallbladder bile of gerbils fed the
12:0 + 14:0-rich diet were similar to those of gerbils fed
the 18:2n6-rich diet (5 = 0.3, 24 = 2, and 155 * 15,
respectively). The relative mol percent of biliary lipids
was also similar between groups.

Bile acid profile in gallbladder bile

The bile acid profile of chow-fed gerbils was intermediate
between the two purified diets, being mainly cholic acid
(92%) with a small amount of chenodeoxycholic acid (4%),
deoxycholic acid (2%), and lithocholic acid (approximately
1%) (data not shown). These bile acids were conjugated
equally with taurine and glycine so that the glycine:taurine
ratio was approximately 1.0. The concentration (mmol/L)
and the mol percent of chenodeoxycholate was >40%
greater in gerbils fed the 12:0 + 14:0-rich diet compared

with the 18:2n6-rich diet (Table 4). Thus, the cholate:
chenodeoxycholate ratio was 33% lower in gerbils fed the
12:0 + 14:0-rich diet, whereas the concentration and mol
percent of deoxycholic acid (secondary bile acid) was
>100% higher and the primary:secondary bile acid ratio
approximately 50% lower in these gerbils. However, the
18:2n6-rich diet favored taurine-conjugated bile acids over
glycine conjugates such that 75% of the cholate and
chenodeoxycholate acids were conjugated with taurine in
gerbils fed the 18:2n6-rich diet compared with only 40% to
45% for gerbils fed the 12:0 + 14:0-rich diet (Table 4).
Conjugation of secondary bile acids (deoxycholic and
lithocholic) to taurine or glycine was less affected by the
dietary fatty acid exchange. The HI, which reflects the
balance between the hydrophobic and hydrophilic bile
acids, was 40% greater with the 12:0 + 14:0-rich diet
(Table 4).

Hepatic and plasma taurine concentration

Plasma taurine was not affected by dietary fatty acids
(133 = 2 and 135 = 10 pmoles/L for 12:0 + 14:0- and
18:2n6-rich diets, respectively). However, hepatic taurine
was significantly (P < 0.001) decreased by 12:0 + 14:0
compared with 18:2n6 (3.6 = 0.4 and 8.5 = 0.6 pmoles/g
wet weight, respectively). Liver taurine concentration was
inversely correlated (r = 0.86) with the glycine:taurine ratio
of gallbladder bile acids (Figure 1A). The lower taurine and
increased glycine conjugates were limited to cholic acid,
because the amino acid conjugations of chenodeoxycholate,
deoxycholate, and lithocholate were unaffected by liver
taurine. Accordingly, both the glycine:taurine ratio for bile
acids and hepatic taurine concentration were directly related
to the HI (Figure IB, 1C).
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Figure 1 Correlations between (A) glycine:taurine bile acid ratio and
liver taurine concentration; {B) hydrophobicity index (HI) gallbladder bile;
and (C) HI of gallbladder bile and liver taurine concentration of individual
gerbils fed 12:0 + 14:0-rich or 18:2n6-rich diets.

Fecal excretion of bile acids and cholesterol

Although total daily fecal volume was similar for both
dietary groups, greater excretion of bile acids (+40%) and
cholesterol (+50%) was observed in gerbils fed the 18:2n6-
rich diet (Table 5).

Hepatic enzyme activities

The concentrations of free cholesterol and phospholipids as
well as the free cholesterol:phospholipid ratio in liver
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Table 5 Fecal cholesterol and bile acid output of gerbils fed 12:0 +
14:0-rich or 18:2n6-rich diets for 4 weeks

12:0 + 14:0-rich 18:2n6-rich

Feces, g (3 days) ' 70+05 6.6 +0.2
Cholesterol

wmol/g feces 28+0.3 49+06°

nmol/day/100g bd wt 93+1.0 14+1°%
Bile acids

pmol/g feces 56+ 5 76 +£5°

wmol/day/100g bd wt 17 = 24 + 23

" Values are mean = SEM.

n = 8 and 7, respectively, for 12:0 + 14:0-rich and 18:2n6-rich diets.
2 Significantly different from 12:0 + 14:0 at P < 0.01.

® Significantly different from 12:0 + 14:0 at P < 0.02.

microsomes were similar for both diets (Table 6). However,
replacing 12:0 + 14:0 with 18:2n6 induced significant
increases of 70% and 60% in ACAT and cholesterol
7a-OHase activity in liver microsomes (Table 6).

Discussion

As expected, the 18:2n6-rich diet lowered plasma choles-
terol. This decline was associated with increases in the
activity of cholesterol 7a-OHase and fecal output of bile
acids. In addition, bile acid composition favored a high
proportion of primary bile acids, mostly conjugated with
taurine. Consequently, the HI of gallbladder bile was
decreased, but not enough to affect the lithogenic index.
Thus, the 18:2n6-rich diet appeared to enhance certain
aspects of cholesterol disposition by the hepatocyte.

Cholesterol 7a-OHase, bile acid excretion,
and fat saturation

High 18:2n6 intake enhanced the conversion of cholesterol
to bile acids in the liver. Although the precise regulation of
cholesterol 7a-OHase activity and bile acid output is not
known, both the hepatic taurine level and the availability of

Table 6 Lipid concentrations and activities of acyl-CoA cholesterol
acyltransferase (ACAT) and cholesterol 7a-hydroxylase in hepatic mi-
crosomes of gerbils fed 12:0 + 14:0-rich or 18:2n6-rich diets for 4
weeks

12:0 + 14:0-rich 18:2n6-rich

Microsomal lipids
{mmol/mg protein)

Total cholesterol 135+ 0.16 1.58 = 0.36
Free cholesterol 132013 156 =031
Esterified cholesterol 0.03 = 0.01 0.02 = 0.01
Phospholipids 6.5+ 05 6.3 =09
Phospholipids:cholesterol (mol:mol) 49+ 0.8 4005

Enzyme activities
{pmoles/min/mg protein)
ACAT 11.

1.2 = 195 +1.7"
Cholesterol 7a-hydroxylase 7.3+

2
0 M7=+16"

Values are mean + SEM.
n = 5 per group.
' Significantly different from 12:0 + 14:0-rich diet at P < 0.05.



cholesterol may be involved. We previously reported that
taurine and other sulfur amino acids stimulate bile acid
synthesis in HepG2 cells.>® Similarly, taurine added to the
diet of rats*” and hamsters®® stimulated cholesterol 7a-
OHase activity®’ and increased bile acid output.®® Adding
taurine to the liquid formula of preterm infants also in-
creased bile acid synthesis and excretion.>® The underlying
mechanism may be that 7a-OHase gene expression can be
stimulated by expanding the nuclear pool of sulfhydryl
groups in metabolic or dietary situations in which that pool
is limited.*® Therefore, the enhanced activity of cholesterol
7a-OHase and bile acid output induced by the 18:2n6-rich
diet could be related, in part, to the elevated level of hepatic
taurine with its sparing effect on a casein-rich diet that
somewhat limits sulfur amino acids (sulfhydryl-rich precur-
SOrs).

Previous studies also suggest that availability of choles-
terol in hepatocytes may modulate the activity of cholesterol
Ta-OHase.*'*? However, Bjorkhem and Akerlund** found
that microsomal free cholesterol content was not a direct
regulator of cholesterol 7a-OHase in rats. In our data,
dietary fatty acids had no effect on microsomal free choles-
terol in microsomes, even though cholesterol 7a-OHase
activity was enhanced by 18:2n6. This further suggests that
sulthydryl group availability was the critical factor driving
bile acid synthesis in our model.

The increased fecal output of bile acids and cholesterol
induced by the extremely high 18:2n6 intake supports
similar studies in humans fed high levels of POLYs,’® but
it begs the question of whether the increased excretion
requires a certain intake of 18:2n6 (i.e., threshold) to induce
the effect. On the other hand, from dietary designs such as
these in which extremes in SATs and POLY's are compared,
it is not possible to determine whether the rise in TC and
reduced fecal sterol output during the 12:0 + 14:0-rich diet
resulted from the high-SAT or low-POLY intake. Our diets
contained no cholesterol, so the observed increase in fecal
sterol output by the high-POLY diet necessarily represented
a net increase in endogenous cholesterol synthesis and its
subsequent excretion as bile acids (and cholesterol) through
the bile. Because the biliary cholesterol concentration was
unaltered, it would appear that accelerated bile flux may
have been responsible for the increased sterol turnover.
Surprisingly, a previous study in gerbils injected with *H,O
found that polyunsaturated fat depressed hepatic cholesterol
synthesis,? whereas '*C-acetate incorporation into choles-
terol was increased by POLYs in monkeys.** Whole body
cholesterol synthesis also increased during high polyunsat-
urated fat intake in humans.*®

Cholate:chenodeoxycholate ratio and dietary
fat unsaturation

The rise in chenodeoxycholate and decrease in the cholate:
chenodeoxycholate ratio during the high-SAT, low-POLY
diet, although not as pronounced as in cholesterol-fed
hamsters,'* are in keeping with the hypothesis that the
chenodeoxycholate profile increases during hypercholester-
olemia following 27-hydroxylation of excess plasma cho-
lesterol by the liver and vascular endothelial cells.*® This
27-OH cholesterol is putatively catabolized by the liver in a
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process that favors synthesis of chenodeoxycholic acid,*® as
opposed to the cholic acid profile that seems to prevail
during normocholesterolemic situations. Feeding a diet high
in saturated fat and cholesterol to baboons elevated plasma
27-OH cholesterol,*” but our data indicate that increased fat
saturation alone is sufficient to increase this hydroxysterol
in plasma.

Similar to the current gerbil data, previous substitution of
dietary corn oil for coconut oil in cebus and squirrel
monkeys revealed a marked decrease in plasma cholesterol
(esters) that was associated with a higher biliary cholate:
chenodeoxycholate ratio.'? Corn oil consumption by hu-
mans, which also lowers plasma cholesterol, can increase
the cholate:chenodeoxycholate ratio as well.'# In contrast to
gerbils, monkeys'> always maintained a considerably
greater proportion of chenodeoxycholate. Based on these
collective observations, it is conceivable that 27-OH cho-
lesterol canotes a “‘detoxification pathway” for cholesterol
linked to cholesterol ester (CE) accumulation in plasma and
liver.

In this light, the shift to chenodeoxycholate was modest
in gerbils fed the high-SAT diet—in which CEs increased in
plasma but not in liver—compared with the shift observed
in hypercholesterolemic hamsters fed cholesterol,!*—in
which a major shift to taurochemodeoxycholate (TCDC)
and decrease in glycocholate (GC) was coupled with major
increases in both plasma and liver CEs. By contrast,
cholesterol-lowering regimens that enhance bile acid re-
moval, such as certain dietary fibers or cholestyramine,
dramatically restore the cholate:chenodeoxycholate ratio
and reduce apoE-rich plasma lipoproteins and hepatic CEs
in hamsters.'* Thus, the bile acid excretion rate would seem
to be positively related to the cholate:chenodeoxycholate
ratio, which in turn may reflect alternate routes of choles-
terol uptake by the liver.*

Hepatic taurine and bile acid profile

Because our experimental diets contained no taurine, the
increased hepatic taurine concentration induced by the
18:2n6-rich diet presumably reflected increased hepatic
synthesis or reduced taurine turnover. Numerous experi-
ments have indicated a relationship between taurine and
lipid metabolism.>***4° Dietary supplementation with tau-
rine can affect the concentration of hepatic lipids including
phospholipids, cholesterol, and triacylglycerols.*® Taurine
also altered the cholesterol:phospholipid and lipid:protein
ratios as well as the fatty acid composition of hepatic
sinusoidal membranes*® and plasma membranes*® in ani-
mals. Because composition of membrane lipids modulates
membrane fluidity and influences associated enzyme activ-
ity,’®1 the 18:2n6-rich, SAT-poor diet may have increased
activity of enzymes involved in taurine synthesis or en-
hanced the transport of taurine into hepatocytes. Hepatic
taurine availability also positively impacts sulfur amino acid
metabolism, including the sulfhydryl pool size in plate-
lets.>2 As discussed above, because the nuclear pool of
sulfhydryl groups modulates the production of cholesterol
7a-OHase,*© it is conceivable that unsaturated fat enhance-
ment of taurine synthesis indirectly increases cholesterol
7a-OHase activity and bile acid synthesis.
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The relationship between hepatic and other tissue pools
of taurine is poorly understood. Hardison>® showed that in
patients with biliary obstruction the muscle taurine pool did
not parallel the increase in hepatic taurine. In those patients,
the taurine:glycine ratio in bile was positively correlated
with hepatic taurine but not with muscle taurine. In our
study the hepatic concentration of taurine in both diet
groups was unrelated to plasma taurine. Thus, taurine in
various tissue pools does not appear to be readily equili-
brated via transport and exchange with the plasma pool.

The modest shift to chenodeoxycholate during the
12:0 + 14:0 diet was contrasted by the striking shift to
taurocholate (TC) from GC during high 18:2n6 consump-
tion, which was associated with accelerated bile acid syn-
thesis and excretion. The shift to TC during POLY intake
presumably reflected the doubling of hepatic taurine, be-
cause taurine conjugation of bile acids is known to be
directly related to the hepatic taurine pool.’*=> Increased
hepatic taurine synthesis is hypothesized because the greater
bile acid excretion during 18:2n6 would be expected to
increase the loss of taurine. It is noteworthy that taurine-
supplemented cynomolgus monkeys (in which both glycine-
and taurine-conjugated bile acids are similar to gerbils and
dissimilar to the relatively exclusive taurine conjugation of
New World monkeys), like gerbils, also responded to an
increase in available taurine with a decrease in secondary
bile acids, increase in TC, and decrease in chenodeoxy-
cholate.® This may represent an hepatic “detoxification
process” ascribed to taurine,>® that inversely reflects the
putative detoxification pathway for CEs, which seems to
favor chenodeoxycholate synthesis.

Why hepatic taurine synthesis would be enhanced by
dietary 18:2n6 (or depressed by 12:0 + 14:0) is unclear, but
the link between the plasma lipoprotein profile, hepatic
taurine, and bile acid output associated with changes in
dietary fat saturation would appear to be based on more than
conjecture and thus requires further definition. The major
impact of these fatty acid exchanges on lipoproteins may
indeed reflect a primary event in bile acid synthesis and
excretion. Future studies must determine which comes first:
altered bile acid metabolism, perturbation of hepatic taurine
balance, or the striking alteration in plasma cholesterol.

In summary, these data support our empirical observa-
tions* and Javitt’s hypothesis*® that the two primary bile
acids cholate and chenodeoxycholate may derive from
different metabolic pathways, in this case elicited by ex-
tremes in dietary fatty acid unsaturation. Furthermore, the
unique modulation of hepatic taurine and the bile acid
profile by dietary fat saturation may directly or indirectly
affect the plasma cholesterol concentration.
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