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THE EFFECTS OF PRIMARY BILE ACIDS ON THE HEPATIC

SYNTHESIS OF CHOLESTEROL IN THE FEMALE RAT
CHAPTER |1
I NTRODUCTION AND LITERATURE REVIEW

Chenodeoxycholic acid (CDCA) has recently been reported to be
effective in decreasing the lithogenic potential of human bile (1) and
in dissolving human cholesterol gallstones (2-3). However, potential
side-effects that accompany the administration of this biological com-
pound to gallstone patients have not yet been established (3-4). Currently,
only a few clinical studies have been repqrted (2-3); evidence is insuffi-
cient to indicate poéitive therapeutic effects of this drug. Notably
lacking are any studies that reveal whether CDCA might alter the regu~
lation of various biological systems. In the investigation described in
this thesis, the effects of CDCA and cholic acid (CA) on the hepatic
synthesis of cholesterol and related neutral lipids in the female rat
were studied.

In liver, smooth endoplasmic reticulum is the major site for de
novo synthesis of cholesterol (5). All enzymes required for cholesterol
synthesis are located in the microsomal fraction. In rat liver, the max-
imal rate of cholesterol synthesis ig_!i;gg requires the 105,000 x g

supernatant fraction, which contains noncatalytic sterol carrier protein
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(SCP) (6). Scallen et al. (6) claim SCP to be nondialyzable, heat-labile
and destructible by trypsin; supposedly, it is derived from endoplasmic
reticulum and yields a protein peak on Sephadex chromatography. Ritter
and Dempsey (7-8) report that SCP is a heat-stable protein and that chole-
sterol precursérs are metabolized markedly faster if they are Bodnd wi th
SCP than if they are initially'unbound.

Cholesterol is synthesized from a simple precursor, acetyl-éoA
(9). Acetyl-CoA undergoes successive condensations with other acetyl-CoA
molecules to form 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA), which is
converted to HMG-S~Enzyme (Figure 1). Then 2 moles of NADPH are utilized
for conversion of HMG~S-Enzyme to mevalonic acid by HMG-CoA reductase.
Compounds formed prior to mevalonig acid may enter multiple metabolic
pathways, while compounds subsequent to mevalonic acid are Specific pre-
cursors for cholesterol synthesis. In the-presence of magnesium ion and
3 moles of ATP, mevalonic acid is pyrophosphorylated at the 5-position
and phosphorylated at the 3-position to form 3-phospho-5-pyrophospho-
mevalonate. This is then converted to isopentenyl-pyrophosphate after
decarboxylation and removal of the phosphate group at the 3-position.
The action of isomerase turns isopentenyl-pyrophosphate into dimethyl-
allyl-pyrophosphate. Head-to-head condensation of isopentenyl=-pyrophos-~
phate and dimethylallyl-pyrophosphate forms geranyl-py;ophOSphate. This
condenses (head-to-tail) with isopeﬁtenyl;pyr0phosphate to form farnesyl=
pyéophosphate. Squalene is made by tail-to-tail condensation of two far-
nesyl=pyrophosphate molecules at the expense of NADPH (Figure 2).'Mole-
cular oxygen is used to convert squalene to squalene~2,3~oxide. Lanosterol

is formed after cyclization of squalene-2,3-oxide and rearrangement of
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methyl groups attached to the C and D rings. It appears that there are
more than two pathways for the formation of cholesterol from lanosterol.
However, the two pathways shown in Figure 3 are supported by most of the
evidence (10).

There are two rate-limiting steps in the cholesterol biosynthetic
pathway. One of them is HMG~CoA reductase, which catalyzes the conversion
of HMG-CoA to mevalonic acid. Although the site of the second rate-limit~-
ing step has not been defined exactly, there is general agreement that
it appears to be between lanosterol and cholesterol (10-12). According
to a recent report, this second rate-limiting step is inhibited by various
steroids, including steroid hormones (11). Also, 3-hydroxy-3-methylglu-
taric acid has recently been reported to be a potential inhibitor for
cholesterol synthesis in the liver and in the intestine in some species,
such as the rat (13).

Dietary cholesterol is absorbed from the intestinal lumen with
the aid of bile salts. Intestinal absorption of éholestero] is enhanced
more efficiently by taurine-conjugated bile salts than by the corres-
ponding glycine-conjugated bile salts (14). Yet, the intestinal reab-
sorption of taurine-conjugated bile salts is much poorer than that of
glycine-conjugated bile salts or unconjugated bile acids (15-16). In-
terestingly, the taurine or glycine conjugates of dihydroxy bile acids
play a special role in the esterification of the sterol during intestinal
absorption (14).

Four~fifths of hepatic cholesterol and two-~thirds of plasma
cholesterol are esterified witH fatty acid at the 3-hydroxyl group (17),

whereas more than 95% of biliary cholesterol is free (18). Biliéry'secre-
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tion of free cholesterol, excluding cholesterél ester, may relate to
differences in micellar solubiiity. Alternatively, the explanation may
be that most of the cholesterol in liver cejl membranes is unesterified
(19). However, there is a possibility that esterified cholesterol is
secreted into bile and is rapidiy reabsorbed (20).

Hepatic, plasma, ana biliary cholesterol are in rapid isotopiﬁ
equiljbrium (21). They constitute the major portion of the rapidly ex-
changing cholestérol pool, part of which is also contributed by the small
intestine in the human (22), the baboon (23), and the squirrel monkey
(24). In the human, the mean size of this rapidly exchanging cholesterol
pool is about 28 grams (25). However, there is no relationship bétween
the cholesterol concentrations in bile and in serum (26).

Dietary fats have an effect on the serum cholesterol concen-
tration. In man, the serum-cholesterol-raising effect of saturated fatty
acids with 12 to 16 carbon atoms is twice as great as the serum-chole-
sterol-depressing effect of the poiyunsaturated fatty acids (27). Satu-
rated fatty acids with fewer than 12 carbon atoms and stearic acid, which
do not affect serum cholesterol concentration, elevate serum triglyceride
concentration (27). |

Bile aci&s are the major catabolic and excretory products of
cholesterol (28-29). Hepatic synthesis of bile acids from cholesterol
contributes more than one half of the total cholesterol catabolism (30).
‘The major bile acids found in human bile are the glycine:taurine (=3:1)
conjugated'derivatives of cholic, chenodeoxycholic, and deoxycholic acids
(30) in the approximate proportions of 40:40:20 with only trace amounts

of 1ithocholic acid (31-32). Bile acid composition differs in different



species; it also varies at different developmental stages within species
(33).

In the hepatic synthesis of primary bile acids (cholic acid and
chenodeoxycholic acid) from cholesterol, the initial step involves hydroxy~
!ation of the steroid nucleus at the 7-position. There are two alternative
pathways in the smooth endoplasmic reticulum. The 12-position of the
steroid nucleus can be further hydroxylated in the cholic acid pathway
to form 5B-cholestane~3a,7x, |20-triol (Figure 4). Alternatively, the
steroid nucleus can difectly undergo change to form 5p-cholestane-3w, 70~
diol via the chenodeoxycholic acid pathway (Figure 5). Oxidation of the
side-chain begins with hydroxylation at the 26-position in mitochondria
and cytosol. However, in the human (Figure 5), chenodeoxycholic acid can
also be synthesized from 26-hydroxycholesterol (34), whereas this is not
true for cholic acid synthesis (3k4). Microsomal enzymes convert bile acids
to their CoA derivatives; then the carboxyl groups of bile acids undergo
conjugation with the amino groups of either glycine or taurine to form
a peptide linkage. This conjugating reaction takes place in microsome and
is facilitated by lysosomal conjugating enzymes (35). ’ |

Bile salts are necessary for solubilization of lecithin (36),
and lecithin, in turn, is required for dissolving the quantities of
cholesterol found in bile (37). Cholesterol is really solubilized in
mixed micelles formed by bile salts and lecithin (38). The type of fatty
acid in the lecithin and the type of bile acid found in the micelle can
affect the cholesterol-solubilizing capacity of the micelle. Tﬁe chole-
sterol=holding capacity is higher if the Iécithin contains polyunsatura-

' ted fatty acid than if the lecithin contains saturated fatty acid (39).



NAMES OF COMPOUNDS DESIGNATED BY ROMAN

NUMERALS IN FIGURE 4 (OPPOSITE)

| ==== Cholesterol
Il ==== Ja~Hydroxycholesterol
11} ===- 7g-Hydroxycholest-k~ene-3~one
IV === 7a,12a-Dihydroxycholest-h-ene-3-oﬁe
V ===- 7o, 120=Dihydroxy=-5B~choles tan~3~one
VI ==== 3w,7x, i 20=Trihydroxy~-5g~-cholestane
VIl ==-= 3u,7q, 12¢,26-Tetrahydroxy-5@8-cholestane
VII| ==== 3g,7¢, 120¢=Trihydroxy=-58-cholestanoic acid
1 ==ea 3a,7a,lZa-Trihydroxy-SB-cholestanoy]-CoA
X ==== Cholyl-CoA
Xla ==<= Glycocholate
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Xl «=== 7o, 12¢-Dihydroxycholesterol

XIl| ==<= 3¢,70=Dihydroxy-58~cholestane
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There is a higher cholesterol-solubilizing capacity for the micelle
formed by dihydroxylated bile acids (chenodeoxycholic acid and deoxycho-
lic acid) than for the micelle formed by tfihydroxylated bile acids
(cholic acid) (16). Cholesterol saturation of 75-90% is normal in human
bite (40). A gallstone may be formed by the precipitation of cholesterol
in bile. Cholesterol precipitation may result from changes in relative
concentrations of cholesterol, bile salts, and lecithin.

Hepati§ synthesis and secretion of bile acid and lecithin into
bilg is determined by the quantities of bile salts in the enterohepatic
circulation (41). These quantities, in turn, depend on the intestinal
reabsorption of bile salts. Glycine (pK = 4) and taurine-conjugates
(pK = 2), which are stronger acids than free bile acids (pK = 6), are
fully fonized at jejunal pH. Virtually, no jejunal absorption of con-
jugated bile salts occurs except for glycine-conjugated dihydroxy Bile
acids (16). Free bile acids, which ére present only in disease states,
can be absorbed passively throughout the intestines (20). ln a normal
human colon, intestinal bacteria can deconjugate and remove the 7o~
hydroxyl group, ¢onverting primary bile salts into the secondary bile
salts, deoxycholate and lithocholate (42) (Figure 6). Deoxycholaté is
absorbed in part by passive diffusion as well as by active ileal trans-
port; lithocholate, which is the least soluble in water, is excreted in
the feces (16). The reabsorbed bile acids are returned via the portal
circulation fo the liver, where they are reconjugated with glycine or
taurine and are incorporated into the circulating bile acid pool (43-Li),
The liver is able to remove bile acids completely from éortal blood in

one hepatic passage (45). The daily loss in the feces of a small fraction
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of the total bile acid pool is replaced by the hepatic synthesis., This
synthesis of bile acids from cholesterol causes the bile acid pool to
remain constant (30).

Coronary heart disease is related to atheroséle#aéisi which, in
turn, is associated with an elevated level of serum cholesterol. Chole~
lithiasis is a disease with a relative excess of biliary cholesterol. In
the human, hypercholesterolemia is associated with decreased bile acid
secretion, while a combination of hypercholesterolemia and a hypertri-
glyceridemia is associated with increased bile acid secretion (46).

Therefore, if a patient or an animal is treated with either
chenodeoxycholic acid or cholic acid, and if either bile acid could
augment hepatic synthesis of cholesterol and other neutral lipids, what
Will be the fate of the increased quantity of cholesterol that might be
synthesized during bile acid treatment? Will it be excreted in the feces
or deposited on the arterial walls to form atherosclerotic plaques and

eventually lead to coronary heart disease?



CHAPTER 11
MATERIALS AND METHObS
Materials
Animals
Adult female rats of the Stanley-Gumbreck strain of King=-Hol tz~
man hybrid species were purchased from the International Foundation for
the Study of Rat Genetics and Rodent Pest Control, Oklahoma City, Oklahoma.
Chemicals
[carboxyl-**C]-cholic acid [specific activity: 3.3 mCi/mmole],
iodine, KCl, KH;PO,, and NaHCO, were products of ‘Mallinckrodt Chemical
Works, St. Louis, Missouri.
NaoHPO,, diethyl ether, and petroleum ether (bp 30-60°) were
bought from Baker Chemical Company, Phillipsburg, New Jersey.

Silica gel H was purchased from E. Merck A. G., Darmstadt,

Germany.

Chenodeoxycholic acid (A grade) was bought from Calbiochem,

San Diego, California.

Toluene was obtained from Eastman Kodak Company, Rochester,
New York.

PPO (2,5-diphenyloxazole), POPOP (1,4-bis~[2-(4-methyl=-5-phenyl=~
oxazolyl) ]-benzene), and Triton X-100 (scintillation grade) were purchased

from Packard Instrument Company, Downers Grove, |11inois.

4
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MgCl,, MgSO,, GSH (reduced form), D(+)-glucose, G-6-P (D-glucose-
6-phosphate), ATP (adenosine-5'~triphosphate), NADH (nicotinamide adenine
dinucleotide, reduced form, dipotassium sélt), NADPH (nicotinamide adenine
dinucleotide phosphate, reduced form, tetrasodium salt), sodium cholate,
and lipid standard (containing 20 mg each of cholesterol, cholesteryl
oleate, oleic acfd, oleic acid methyl ester, and triolein) were bought
from Sigma Chemical Cémpany, St. Louis, Missouri.

[2-1%¢]-Sodium acetate [specific activity: 55.5 mCi/mmole] was
obtained from International Chemical and Nuclear Corporation, lrvine,
California.

[2-**c]-DL-Mevalonic acid (N,N'~dibenzylethylenediamine salt)
[specific activity: acid, 6.33 mCi/mmole; salt, 12.66 mCi/mmole], Aqua-
sol, and Protosol were purchased from New England Nuclear Corporation,

Bos ton, Massachusetts.

NaCl, methanol, chloroform, glacial acetic acid, Celite, KOH,
and NaOH were bought from Fisher Chemical Company, Fair Lawn, New.Jersey.

Penicillin=streptomycin solution (5000 units penicillin and 5000
ug streptomycin per ml) was obtained from Grand Island Biological Company,
Grand Island, New York.

Methods .

Celite was suspended in distilled water to make 20 mg Celite
per ml water suspension.

Chenodeoxycholic acid solution was prepared by dissalving cheno~
deoxycholic acid in an equivalent quantity of sodium hydroxide solution.
The solution was ‘then adjusted to pH 7.5 and diluted with distilled water

(pH 7.5). Eight different concentrations were prepared, as follows: 0.02 M,
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0.04 M, 0.08 M, 0.12 M, 0.16 M, 0.20 M, 0.40 M, 0.60 M.

Cholic acid solution was pfepared by dissolving sodium cholate
in disfilled water. The solution was then adjusted to pH 7.5 and diluted
with distilled water (pH 7.5). Eight different concentrations were pre=-
pared, correSpondiﬁg to those in the preparation of chenodeoxycholic acid
solution.

[2-'%C]-Sodium acetate was diluted with distilled water to make
a b5 pCi/ml water solution (8.11 x 10-4 M). [2-*%C]-DL-Mevalonic acid
DBED salt was diluted with distilled water to make a 10 uCi/ml water

L

solution (15.8 x 10” M). These were then used for injection in the ex-

periments in vivo.

Sodium cholate solutions at four different concentrations

3 3 3

(5 x 107 M, 15 x 100° M, 50 x 10°° M, and 150 x 1073 M, one ml of each
solution containing approximately 5-8 pCi [carboxyl-t*C]-cholic acid)
were prepared by.mixing sodium cholate and [carboxyl-**C]-cholate in.
distilled water. The specific activity of each prepared solution was
determined, as follows: 2,288,000 dpm/umole, 826,400 dpm/umole, 228,680
dpm/umole, 101,787 dpm/umole for 5 x 1073 M, 15 x 1073 M, 50 x 1073 M,
150 x 10-3 M cholate solutions, respectively. These solutions were then
used for intraperitoneal injection in the experfments for determining
the effects §f different doses on rate of incorporation of injected.
cholate into liver and intestinal contents.

A1l hypotonic solutions used for injection had been adjusted

to isotonic level (0.14 M) with 0.56 M saline before they were used for

injection in the experiments in vivo.

The modified Hank's solution was prepared by dissolving 8000 mg
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NaCl, 400 mg KC1, 100 mg MgSO,.7H,0, 100 mg MgCl,.6H,0, 60 mg KH;PO,,
60 mg NagHPO,.2H,0, 1000 mg D(+)=-glucose, and 350 mg NaHCO; in distilled
water to make 1 liter. The solution was adjusted to approximately pH 10~
11 with potassium hydroxide solution. This yielded a pH of 7.5 to 7.6
in the 7,000 x g liver supernatant fraction at 0°. The solution was kept
ice-cold forllater use.

The lipid standard was diluted with toluene/methanol (9/1) to
make 10 ml stock solution.

The composition of the scintillation fluid was as follows: 7 g
PPO, 0.35 g POPOP, 333 ml Triton X-100, and 667 ml toluene.

Experiments In Vitro

Preparation of 7,000 x g liver supernatant fraction. A rat,

weighing about 150 g, was decapitated with one stroke. The liver wés
quickly excised, weighed, and rinsed two to three times in ice-cold
modified Hank's solution. The liver tissue was then minced and homogenized
in the ice-col; modified Hank's solution, at a ratio of one part of fresh
liver tissue (by weight) to three parts of modified Hank's solution (by
volume), with a Ten-Broeck homogenizer at medium speed for three to four
complete strokes. The hdmogenate was then subjected to centrifugation at
9,000 rpm (7,000 x g) for 20 minutes in the Spinco rotor #30. The resulting .
7,000 x g ]iQer supernatant fraction, which contained both microsomal and
soluble fractions, was decanted and refrigerated for later use. The pro=-
cessing yielded 3 ml of 7,000 x g liver supernatant fraction per gram of
fresh liver tissue. |

Incubation. Bacterial action during incubation was prevented

"by adding penicillin-streptomycin solution to the incubation mixture.
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The volume of penicillin-streptomycin solution used was approximately
1% of the final incubation volume (20 units penicillin and 20 pg strepto-
mycin per incubation).

In experiments with 14C.acetate as a precursor, each incubation

7 moles NADH, 2.4 x 1077 moles NADPH, 11.7 x

mixture contained 2.8 x 10~
10-7‘moles ATP, 7.1 x 10-7 moles G=6-P, 0.45 pCi of [2-**CJ-sodium acetate
(55.5 mCi/mmoie), 0.3 ml 7,000 x g liver supernatant fraction, and 5 pl
of either sodium chenodeoxycholate or sodium cholate solution at one of
the eight different concentrations listed in the earlier part of the
- methods section. In control preparations, 5 ul bile acid solution was
omitted, and instead, 5 pl distilled w§ter was added to each incubation
mixture. Final incubation volume was 360 pl, and final incubation pH
was 7.5.

In experiments with 14 c-mevalonate as a precursor, each incu-
bation mixture contained 7 x 10~/ moles NADH, 6 x 107/ moles NADPH,
4.5 x 1077 moles ATP, 17.8 x 10~/ moles G-6-P, 35.2 x 10~/ GSH, 0.045 uCi
of [2-14C]-DL-mevaloﬁic acid (6.33 mCi/mmole), 0.3 ml 7,000 x g liver
supernatant fraction, and 5 ul of either sodium chenodéoxycholate or
sodium cholate solution a2t one of the eight different concentrations
listed in the earlier part of the methods section. In control Preparations,
5 pul bile acid solution was omjtted, and instead, 5 ul distilled water
was added to each incubation mixture. Final incubation volume was 360 nl,
and final incubation pH was 7.5

Eadh.incubation mixture was contained in a 20 ml test: tube,
covered with aluminum foil. All incubations were carried out in a water

bath (made by Precision Scientific, Subsidiary of GLA Corporation,
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Chicago, I1linois) at 37°C‘for 20 hours, shaken at a speed of 100 rpm.

. Extraction. At the end of the incubation.period, 12 ml chloro-
form: methanol (2:1) was added to each incubation mixture for extracting
total lipids. Each tube was vigorously mixed for 1 minute at medium speed
with a Polytron hohogen%zar (made by Kinematica GMBH, Luzerne, Switzer=-
land; distributed by Brinkmann Instruments, Westbury, New York). The
mixture was then filtered through Whatman #41 filter paper, and the
filtfate, which contained total lipids, was completely dried at reducea
presure at room temperature.

Ahalxsis. The dried residue was dissolved in 80 pl redistilled
chloroform and applied to a thin-layer plate coated with silica gel H.
The lipid standard was also applied to the same thin-layer plate for .
identifying the positions of cbrrespon&ing spots. The thin-layer plate
was developed in a solvent system consisting of petroleum ether: diethyl
ether: acetic acid (80:20:2) for 25 to 30 ﬁinutes. The plate was then
dried and exposed in an iodine vapor chamber for detection of the spots
of cholesterol, free fatty acid, triglyceride, and cholesteryl ester.
These were scraped into separate scintillation vials, then 10 ml Aquasol
were added. The samples were vigorously shaken and then counted in a
Packard Tri Carb Liquid Scintillation Spectrometer. The data obtained
were converted to dpm and then plotted against molar concentration of
CDCA or CA.

Uptake of Injected Bile Acid into Liver

and Excretion into Intestine
Each animal received an intraperitoneal injection of labeled

sodium cholate solution at one of the four different concentrations for
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determining the effects of different éases on rate of incorporation of
injected cholate into liver and intestinal contents listed in the earlier
part of the methods section. Each solution was administered according to
the body weight of the individual animal, namely 200 pl per 100 g body
weight. One hour after injection, the rat was killed. Liver, small and
large intestines were removed, rinsed in running water, and kept in a
freezer for later processing. The liver tissue was weighed, hbmogenized

in distilled water with a Polytron homogenizer at a ratio of approximately
one part fresh liver tissue (by weight) to three parts distilled water

(by volume). An aliquot of homogenate (equivalent to 0.1 g fresh liver
weight) was digested in 1 ml Protosol at 55°¢C overnight in a glass scin-
tillation vial covered with a plastic cap. At the end of digestion, 10

ml scintillation fluid (containing Triton X-100) was added. The sample

was then mixed well and counted in @ liquid scintillation counter. The
quantity (umoles), Q, of injected bile acid incorporated into liver tissue

per 100 g body weight, was calculated according to the following formula:

. CPM x 100 L.W. x 10 x 100
Q = X . Eq. 1
SA x Eff. B.W.

where CPM is the observed radioactivity (counts per minute) obtained

from 0.1 g liver; SA is the specific activity (dpm per umole) of the
cholate solution used for injection; Eff. is the counting efficiency (%)
for that particular sample, as determined from a quenching curve; L.W.

is the total weight (g) of liver; B.W. is the body weight. The first part
of equation | converts observed CPM to umoles per 0.1 g liver tissue;

the second part normalizes the result to a basis of 100 g body weight.
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A quenching curve was made by plotting the observed counting
efficiency (%) against the channel ratio. This experiment was done by
preparing a set of 14 samples, each contained'Z m] of Protosol and a
quantity of liver hémogenate (or homogenate of intestinal contents)
equivalent to 300, 275, 250, 225, 200, 175, 150, 125, 100, 75, 50, 30,
10, and 0 mg of wet liver tissue (or wet intestinal contents) ffom a
normal, untreated adult rat. These samplés were contained in glass scin-
tillation vials covered with plastic caps and digested at 55°¢ overnight.
At the end of digestion, each sample was brought to a volume of 2.3 ml
witﬁ distilled.water. Then, 4.17 x IOLF dpm of **C-toluene and 10 ml
scintillation fluid were added to each sample. The samples were mixed
well before the radioactivity was counted. |

4fhe small intestinal contents were squeezed into tared 25 ml
graduated cylinders, weighed, and homégenized in distilled water with
a Polytron homogenizer, at a ratio of approximately one part intestinal
contents to four parts distilled water. Then, an aliquot of the homogenaté
(equivaient td 0.1 g intestinal contents) was removed and processed in
the same manner as in the experiment for determining the uptake of in-
jecfed bile acid into liver tissue.

The contents of the large fntestine bétween cecum and anus were
treated in the same way as the small intestinal contents. The following
formula was used to calculate the quantity (umoles), Q, of injected bile

acid excreted Into Intestine per 100 g body weight.
- CPM x 100 1.C.W. x 10 x 100
Q= X N
SA x Eff. B.W.

" Eq. 2
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where |.C.w. is the total weight (g) of intestinal contents; other‘terms
are defined as in equation 1,

In the experiments to determine the effect of time on uptake of
injected bile acid into liver and intestinal contents, each rat received
an intraperitoneal injection of labeled sodium cholate sélution (15 x 10-3 M)
at a dose of 200 uli cholaté solution per 100 g body weight. Animals were
killed at time intervals after injection of 30, 60, 90, and 120 minutes.
The livers, small and large intestinal contents were treated as described

above.

Cholesterol Synthesis In Vivo

Preparation of animals. Each animal simultaneously received

intraperitoneal injection of either sodium chenodeoxycholate or sodium
cholate solution (at a dose of efther 3 x 10'6 moles or 10 x IO“6 moles
per 100 g body weight) and one of the radioactive precursors. The labeled
precursors weré administered as follows: approximately 9 uCi [2-14C];
sodium acetate (55.5 mCi/mmole) per 100 g body weight, and 2 uCi [2-**C]-
DL-mevalonic acid (6.33 mCi/mmole) per 100 g body weight. Control animals
received only an intraperitoneal injection of one of the labeled p}e-
cursors. One hour afg?r injection, animals were killed. Their livers were
quickly excised, weighed, rinsed in distilled water, and kept in a freezer
at -10°C.

Analysis. The liver tissue was homogenized in distilled water,
at a ratio of one part fresh liver tissue to two parts distilled water,
with a Polytfon homogenizer at medium speed. Three-tenths milliliter of

homogenate (equivalent to 0.1 g fresh liver) and 12 ml chloroform: me-
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thanol (2:1) were vigorously mixed together for one minute at medium
speed on the homogenizer. The mixture was filtered through Whatman #41
filter paper. The filtrate was completely dried at reduced pressure at
room temperature. The dried residue was dissolved in 0.1 ml redistilled
chloroform and then processed in the same manner as in the experiment
in vitro. The folloﬁing equation was used to convert the data obtainéd
to dpm, Q, of *C-cholesterol, **C-free fatty acid, **C-triglyceride,

and **C-cholesteryl ester synthesized per 100 g body weight.

CPM x 100 L.-W. x 10 x 100

Eff. B.W.
where the terms are defined as in equation 1.

Effects of irritation and stress. Each animal simultaneously

received intraperitoneal injections of either Celite at a dose of 5 mg
per 100 g body weight (47) or 0.42 M saline at a dose of 200 pl per 100
g body weight, and one of the radioactive precursors at the same doses
that were used in the experiments relating injected bile acids with
cholesterol synthesis. The liver tissue was then subjected to the pro-

cedure described above.



CHAPTER 111
RESULTS

Uptake of lnjgcted Bile Acid into Liver

and Excretion into Intestine

When the quantity of administered cholate was increased, the
uptake of injected '#C-cholate into liver was also increased at the end
of one hour, with the greatest change in the uptake occuring below 10
umoles per 100 g body weight (p = 0.002 for comparing the doses of 3 and
10 umoles per 100 g body weight) (Figure 7). The excretion of injected
l4c-cholate into the large intestine rapidly réached a plateau at 3 umoles
per 100 g body weight (p = 0.025 for comparing the doses of 1 and 3 pmoles
per 100 g body weight). The excretion of injected **C-cholate into the
small intestine and the total recovery of labeled cholate from liver and
from the small and large intestinal contents increased linearly below

10 umoles per 100 g body weight.

The uptake of injected '*C-cholate into liver was nearly con-
stant at different time intervals, 30, 60, 90, and 120 minutes (Figure
8). The excretion of injected '*C-cholate into small intestiné markedly
increased 90 minutes after injection. The recovery peak for excretion

of labeled cholate into the large intestine observed at 60 minutes after

24
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Figure 7. Effect of cholate dose on uptake of **C-cholate into
liver and excretion into small and large intestines in one hour after
intraperitoneal injection.

——— 9, o—-—o, o—X—e, and o~ ——-o represent recoveries from
liver, small and large intestinal contents, and total recovery, respec=
tively.

J: represents standard deviation calculated from 6 rats.

Each point represents an average of 6 rats.
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liver, small and large intestinal contents, and total recovery, respec-
tively.

]: represents standard deviation calculated from 6 rats.

Each point represents an average of 6 rats.
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injection was probably not significant. The total recovery of '*C-cholate
from liver and from the small and large intestinal contents increased

steadily with time.
Cholesterol
Experiments In Vitro

Increasing concentrations of either chenodeoxycholic acid (CDCA)
or cholic acid (CA) up to about 2 x 1073 M markedly suppressed cholesterol

synthesis from [2-'*CJ-sodium acetate (Figure 9A).

When [2-*#C]-DL-mevalonic acid DBED salt was used as a precursor
(Figure 9B), cholesterol synthesis was greatly reduced by increasing con-
centrations of CDCA up to about 0.5 x 1073 M or CA up to 2.8 x 107> M.
A less pronounced decrease in cholesterol synthesis occurred with CDCA

3

concentration between 0.5 to 2.8 x 107° M.

Experiments In Vivo

Incorporation of isotope into cholesterol was increased by both
CDCA and CA-(Figuré 10). The stimulatory effect of CDCA (Figure 10A) on
incorporation of *C-acetate into cholesterol was more pronounced than
the effect of CA (Figure 10B). Rats treated with CA showed an augmented
incorporation of **C~acetate (Figure 10B) of approximately the same ex-
tent as the incorporation of **C-mevalonate in rats injected with CDCA
(Figure 10C). !ncorporation of *C-mevalonate into cholesterol was not

significantly affected by CA (Figure 10D).
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Figure 9. Effects of CDCA and CA on incorporation of [2-*C]-
‘sodium acetate (Figure A) and [2-**C]-DL-mevalonic acid DBED salt

(Figure B) into **C-

cholesterol in rat liver, in vitro. -

e— ¢ and &-———e represent incubation mixtures containing
CDCA and CA respectively. Each point represents an average of 6 rats.
Each incubation contained 7,000 x g liver supernatant fraction equi~-
valent to 0.1 g fresh liver. Cofactors listed in the methods section.

1: represents standard deviation calculated from 6 rats.
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Figure 10. Effects of CDCA and CA on hepatic incorporation of

intraperitoneally administered [2-'*C]-sodium acetate (Figures A & B)
and [2-**C]-DL-mevalonic acid DBED salt (Figures C & D) into **C-chole-

sterol

in one hour.

]: represents standard deviation calculated from 6 rats.

. Each point represents an average of 6 rats.
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hepatic incorporation of intraperitoneally administered [2-**CJ-sodium
-acetate (Figure A) and [2-'*C]-DL-mevalonic acid DBED salt (Figure B)
into **C~cholesterol in one hour.

% \
[], s , E , and represent control rats and rats

treated with 0.42 M saline, Celite, CDCA, and CA, respectively. Parenteral
dosage of CDCA or CA was 10 umoles per 100 g body weight.

:[ represents standard deviation calculated from 6 rats.

Each bar represents an average of 6 rats.
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Chenodecoxycholic acid, CA, and Celite increased the incorpora-
tion of '*C-acetate into cholesterol Lo about the same extent, whereas
0.42 M saline failed to show any «ffect on incorporation (Figure 11A).
Chenodeoxycholic acid, Celite, and 0.42 M saline increased the incor-
poration of **C-mevalonate into cholesterol to the same extent (Figure

11B), whereas the effect of CA was insignificant.

Free Fatty Acid

Experiments In Vitro

Free fatty acid synthesis from [2-'*CJ-sodium acetate was signi-

3

ficantly inhibited by both CDCA and CA up to 1.7 x 10 ° M (Figure 12A).

Further increases in either CDCA or CA concentrations had little further

effect on synthesis.

Significant quantities of free fatty acid were synthesized from
[2-*%C]-DL-mevalonic acid DBED salt (Figure 12B). No significant effects

on free fatty acid synthesis were observed at concentrations of CDCA

3

below 0.2 x IO-3 M and CA below 0.5 x 1077 M. Synthesis was markedly

reduced by increasing concentrations of either CDCA or CA; at concen-

3

trations below 2 x 107 ° M, CDCA was significantly more inhibitory.

Experiments In Vivo

Incorporation of '*C-acetate into free fatty acid was decreased
in the rats treated with either COCA or CA (Figure 13), whereas incor-

poration of '*C-mevalonate was slightly increased by either CDCA or CA
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Figure 12. Effects of CDCA and CA on incorporation of [2-**(C]-
sodium acetate (Flgure A) and [2 140] DL-mevalonic acid DBED salt
(Figure B) into **C-free fatty acid in rat liver, in vitro.

e—» and e —-— -8 represent incubation mixtures containing
CDCA and CA respectively. Each point represents an average of 6 rats.
Each incubation contained 7,000 x g liver supernatant fraction equi-
valent to 0.1 g fresh liver. Cofactors listed in the methods section.

]: represents standard deviation calculated from 6 rats.
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Figure 13. Effects of CDCA and CA on hepatic incorporation of intraperftonea]ly administered
[2-*%C]-sodium acetate (Figure A & B) and [2-'*C]-DL-mevalonic acid DBED salt (Figure C & D) into

14 C-free fatty acid in one hour.

]: represents standard deviation calculated from 6 rats.

Each point represents an average of 6 rats.
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at 10 umoles per 100 g body weight.

Incorporéti&n of “C-acetate into free fatty acid was signifi-
cantly increased by Celite, but suppressed by CDCA, CA, and 0.42 M saline
(Figure lhA); whereas the incorporation of **C-mevalonate into free fatty
acid was reduced by 0.42 M saline, enhanced by CDCA and CA, and unaffected

by Celite (Figure 14B).

Triglycerides

Experiments In Vitro

Both CDCA and CA at concentrations below 0.5 x IO-3 M markedly
reduced triglyceride synthesis from [2-'%C]-sodium acetate (Figure 15A)..
Further increases in either CDCA or tA concentrations had only a slight

effect on synthesis.

Triglyceride synthesis from [2-'*C]-DL-mevalonic acid DBED salt
(Figure 15B) was not significantly affected by either bile acid at con-
centrations below 1x 10-3 M, whereas at higher concentrations; both CDCA

and CA inhibited synthesis to about the same extent.

Experiments In Vivo

Both CDCA and CA enhanced slightly the incorporation of *%C-
acetate into triglyceride, and were associated with a more pronounced

effect on incorporation of **C-mevalonate (Figure 16).

The effects of 0.42 M saline, Celite, CDCA, and CA on the incor-

poration of 14C-acetat‘e'ipto trigtyceride were negligible (Figure 17A);
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Figure 14, Effects of 0.42 M saline, Celite, CDCA, and CA on
hepatic incorporation of intraperitoneally administered [2-'*C]-sodium
_acetate (Figure A) and [2-**C]-DL-mevalonic acid DBED salt (Figure B)
into '%C-free fatty acid in one hour.

R / \
D, , , E, and represent control rats and rats:
treated with 0.42

M saline, Celite, CDCA, and CA, respectively. Parenteral
dosage of CDCA or CA was 10 umoles per 100 g body weight.

]: represents standard deviation calculated from 6 rats.

Each bar represents an average of 6 rats.
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Figure 15. Effects of CDCA and CA on incorporation of [2-'*(]-
sodium acetate (Figure A) and [2-'“(C)-DL-mevalonic acid DBED salt
(Figure B) into **C-triglyceride in rat liver, in vitro.

e———=o and e~ ——-8 represent incubation mixtures containing
CDCA and CA respectively. Each point represents an average of 6 rats.
Each incubation contained 7,000 x g liver supernatant fraction equi~
valent to 0.1 g fresh liver. Cofactors listed in the methods section.

]: represents standard deviation calculated from 6 rats.
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Figure 16. Effects of CDCA and CA on hepatic incorporation of intraperitoneally administered
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Figure 17. Effects of 0.42 M saline, Celite, CDCA{ and CA on
hepatic incorporation of intraperitoneally administered [2-**CJ]~sodium
acetate (Figure A) and [2-'*C]-DL-mevalonic acid DBED salt (Figure B)
into **C-triglyceride in one hour.

0.8.7
B3, 5 , and \ represent control rats and rats

treated with 0.42 M saline, Celite, CDCA, and CA, respectively. Parenteral
dosage of CDCA or CA was 10 pumoles per 100 g body weight.

]: represents standard deviation calculated from 6 rats.

Each bar represents an average of 6 rats.
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but the incorporation of 1“C-mevalonate into trigliyceride was signifi-
cantly increased by all of them, with the most pronounced effect for

0.42 M saline and Celite (Figure 17B).

Cholesteryl Esters

Experiments In Vitro

A significant decrease in cholesteryl ester synthesis from [2-
14 cJ-sodium acetate occurred at CDCA or CA concentrations below 1 x 1073 M
(Figure 18A). A further increase in the concentrations of either primary

bile acid showed little further effect on synthesis.

When [2-*%(7]-DL-mevalonic acid DBED salt was used as a precursor
(Figure 188), a marked drop in cholesteryl ester synthesis occurred at
CDCA concentrations lower than 0.5 x 10-'3 M, then the synthesis decreased

3 M,

slowly at higher concentrations. At concentrations below 0.5 x 10”
CA had no marked effect on synthesis; whereas at higher concentrations,

‘the effects of the two bile acids became more nearly equal.

Experiments in Vivo

Both primary bile acids inhibited incorporation of '*C-acetate
into cholesteryl ester, but they stimuiated incorporation of 14 Cemeva-

lonate (Figure 19).

The incorporation of '%C-acetate into cholesteryl ester (Figure
20A) was not affected by 0.42 M saline and Celite, but suppressed by

CDCA and CA. !ncorporation of **C-mevalonate into cholesteryl ester
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Figure 18. Effects of CDCA and CA on incorporation of [2-}*C]-

sodium acetate (Figure A) and [2-'%#C]-DL-mevalonic acid DBED salt
(Figure B) into **C-cholesteryl ester in rat liver, in vitro.

o——o and e-—-—-8 represent incubation mixtures containing

CDCA and CA respectively. Each point represents an average of 6 rats.
Each incubation contained 7,000 x g liver supernatant fraction equi-
valent to 0.1 g fresh liver. Cofactors listed in the methods section,

:[ represents standard deviation calculated from 6 rats.



Ly

10 10p 10 } 10f

r
U1
L]

I/l\n

14c-Cholesteryl Ester (DPM x 10-3)

0 3 100 3 10 0 3 100 3 | 10
CDCA CA CDCA CA '
Bile Acid lnjected (umoles per 100 g body weight)
Figure 19. Effects of CDCA and CA on hepatic incorporation of

intraperitoneally administered [2-'*C)-sodium acetate (Figures A & B)
and [2-1*C]-DL-mevalonic acid DBED salt (Figures C & D) into *#C-chole-

steryl ester in one hour.

]: represents standard deviation calculated from 6 rats.

Each point represents an average of 6 rats.



42

i
[l
—~ o~
o~ 2} -
] ] -
o o —1
X X -
= =
z £ B
a a L
~ ~—r -
“ . |
3 S A -
* 5p 0 5 -
11} us —
> > —
E [ -
bl 3 o I
0 0 -
o ()] —
o o -
£ £ =
(=} (=] [
S & ]
<+ - L
~ ~ - ]
}—-
0 0

Figure 20. Effects of 0.42 M saline, Celite, CDCAi and CA on
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(Figure 20B) was significantly stimulated by 0.42 M saline, Celite,

CDCA, and CA, with the most pronounced effect for Celite and CDCA.



CHAPTER |V
DISCUSSION

Knowledge concerning the hepatic uptake and retention of intra-
peritoneally administered bile acid is necessary to evaluate the effect

of administered bile acid on hepatic metabolic processes in vivo. Because

parenteral '#C-bile acid is largely transported to the liver and excreted
intc the intestine, the total recovery of labeled bile acid from liver
and from the small and large intestinal contents may represent'the total
quantity of parenteral bile acids taken up by the liver. This is not true
in the case of orally administered labeled bile acids, because the entire
dose will pass into the intestine and mix with the bile acids excreted

by the liver. The knowledge derived from parenteral administration could
provide a.more accurate comparison between the results obtained in the

experiments in vitro and in vivo.

Uptake of Injected Bile Acid into Liver

and Excretion into Intestine

A significant increase in the hepatic uptake of injected bile
acid occurred with increasing doses up to 10 pmoles per 100 g body weight
(Figure 7). A further increase in parenteral dosage caused no further
significant change in total recovery from liver and from the small and

large intestinal contents. This indicates that the mechanism responsible

bl
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for'absorption of bile acids from the intraperitoneal space becomes
saturated at a dose level of about 10 pumoles per 100 g body weight.

At a dose level of 3 pmoles per 100 g body weight (Figure 8),
the low recoveries of injected cholate from the contents of large intes-
tine might indicate that there was insufficient time for the small in-
testine to deliver labeled cholate into the large intestine. The nearly
constant uptake of parenteral cholate into liver was reasonable, because
the normal hepatic function is to synthesize and to excrete bile acids,
but not to retain them. The increasing recoveries of parenteral cholate
from the contents of the small intestine with time might indicate that
large quantities of injected cholate were being taken up by the liver
and excreted into the small intestine.

Administration of a large dose of bile acid to a subject might
cause a sharp increase in the bile acid pool contained in the liver and
small intestine. This could produce irritation and even cause tissue
damage. In view of these disadvantages, frequent administration of small
doses of bile acid to a subject might prevent many side-effects, especially
Fhose resulting from stress and irritation. The latter will be discussed
in subsequent sections.

The twenty;hoﬁr incubations in the experiments performed in vitro
could have favored bacterial growth in the incubation media, especially
in control preparations an& in preparations with low bile acid concen=
trations. To prevent this from happening, penicililin and streptomycin
were added to the incubation mixture.

In the experiments In vivo, stress and irritation in the rats

receiving intraperitoneal injections of bile acids could have had an
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effect on some metabolic processes (48). This effect of stress, which
would mask the true effect of bile acid, had to be evaluated. In this
work, Celite (5 mg per 100 g body weight) and 0.42 M saline (84 pmoles
NaCl per 100 g body weiéht) were used as stress-producing agents., How-
ever, the effect of stress caused by parenteral 0.42 M saline might not

be exactly the same as that caused by parenteral Celite. Possibly the
control animals were also affected by the physical stress of handling,

and by the stress resulting from intraperitoneél injection of labeled
precursor. However, these physical stress should also occur in the animals
treated with 0.42 M saline, Celite, CDCA, or CA.

The aim of this research was to study the effects of parenterél
administration of primary bile acids on the hepatic synthesis of chole-
sterol and related neutral lipids. In the experiments discussed herefn,
the bile acid concentrations that were employed were at levels which
correspond to those that could result from oral administration of bile

acid to human subjects in the treatment of cholelithiasis (1-4).
Cholesterol

In vitro, the inhibitory effects of both primary bile acids on
hepatic synthesis of cholesterol from *%C-acetate and *C-mevalonate were
approximately the same (Figures 9A & B). The more pronounced effect of
CDCA at lowér concentrations on synthesfs from % C-mevalonate might in=-
dicate either that CDCA is a better inhibitor of the cholesterol synthetic
pathway than CA or that CDCA is more toxic to enzymes.

In vivo, the stimulatory effect of.éither CDCA or CA on the in-

corporation of labeled precursors into cholesterol (Figure 10) might be
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due to increased cholestero! synthesis. This could occur in several
possible ways:

1. Since augmented incorporation of both *%C-acetate
and **C-mevalonate into hepatic cholesterol was also observed in the rats
treated with parenteral Celite (Figure 11), the result observed in thé
rats treated with CDCA and CA might be due to the effect of stress (48).
The postulated increase in the incorporation of 1?C-acetate into chole-
sterol in the rats treated with either primary bile acid might be caused
by enhanced enzymatic activity or increased enzyme levels in the steps
prior to mevalonéte, and is consistent with the results reported by de
Matteis (48). However, it is improbable that enzyme levels increased
significantly in such a short time. Parenteral 0.42 M saline also in-
creased incorporation of *C-mevalonate into cholesterol, but failed to
show any effect on incorporation of **C-acetate into cholesterol. These
results, apparently, suggest that the effect of stress caused by Celite
suspension and the effect of stress produced by 0.42 M sodium chloride
solution are not the same. An inhibitory effect of sodium f{on bn acetyl=~
Co A synthetase in vitro has been reported by Webster (49). It is not
clear whether this inhibition also occurs in the system in vivo, since
we do not know to what extent, if any, parenteral 0.42 M saline or so-
dium salts of CDCA and CA affect the intracellular sodium ion concen-
tration of liver cells.

2, Hepatic cholesterol synthesis in vitro can be in-
creased by steroid carrier protein (SCP), which is contained in the
105,000 x g liver supernatant fraction (6-8). In vivo, CDCA and CA migh£

be able to stimulate synthesis or release of SCP. An elevated SCP level
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would enable cholesterol synthetic enzymes to work more efficiently. There
is no evidence, however, to support this speculation. The postulated in-
crease in SCP level could be measured after incubating labeled cholesterol
or intermediates of the cholesterol synthetic pathway with purified liver
soluble fractions isolated from untreated rats and from rats treated with
parenterél bile acid. The steroid-SCP complex could then be isolated, and
quantitatively determined.

3. The detergent properties of bile acids might alter
the transport mechanism of liver cell membranes, so that the entrance of
labeled precursors and other extracellular components into liver cells
would be facilitated.

L, Since cholesterol excretion and the specific ac-
tivities of hepatic cholesterol were not determined, and since bile acids,
especially chenodeoxycholic acid, can promote intestinal reabsorption of
cholesterol, there is a possibility that cholesterol excretion Qas di-
minished by the intraperitoneally administered bile acid. Therefore,

Y4 C-cholesterol synthesized from labeled precursors would accumulate in
the liver, and the increased radioactivity of liver cholesterol would
reflect accumulation, not increased synthesis.

5. 1t is also possible that some other unknown me-
chanism might be involved in this increased incorporation of precursors
into cholesterol.

According to some investigators, bile acids can inhibit both
cholesterol and biie acid synthesis in the rat In vitro and in vivo
(50-55), whereas others (56;57) have concluded that bile acids play no

direct role in the control of hepatic cholesterogenesis. They assert
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that the hepatic cholesterol synthesis is directly regulated by the quan-
.tity of cholesterol itself in a pool which is undergoing enterohepatic
circulation. |

The inhibitory effect of bile acids on hepatic cholesterol syn=-
thesis in vitro in this study was consistent with previous reports (52-54)
although there is a difference in procedure. For instance, an inhibition
of cholic acid on hepatic cholesterol synthesis has been shown by Back
et al. (54). They fed male Sprague-Dawley rats weighing 100-200 g with
a diet suppleménted with 1% cholic acid for various periods of time, and
incubated liver slices from these animals with **C-acetate in a medium
equilibrated with 05/C0; (95%/5%) at 37°C for 10 minutes.

In vivo, the discrepancies between results obtained in this study
and those in other investigations (55) may be due to differences in pro-
cedures and animals. For example, Schriewer et al. (55) treated male
Wistar rats, weighing approximately 200 g, with a single intraperitoneal
injection of 5.75-23 mg sodium deoxycholate to produce, within 6-8 hoqu,
severe liver injury, ultrastructural alterations, and a general decrease
in'hepatic neutral fat, free fatty acid, and phospholipids. In contrast,
in the present study female Holtzman rats weighing 110-150 g were used,
which had been treated with intraperitoneal injections of bile acid and
labeled precursor simultaneously; one hour after injection, the animals
were killed, the livers were homogenized, and the levels of **C-chole-
sterol in these homogenates were measured. The male Wistar rats used in
the experiments of Schriewer et al. were much older than the female

Holtzman rats used in this study. Cholesterol synthesis might be affected

by sex, age, and strain. Schriewer et al. also used a different bile acid
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at different parenteral dosages and carried out their experiment for a
longer time.
The general decrease in neutral fat and free fatty acid caused

by the parenteral bile acid in the experiments of Schriewer

t al. (55)

might have been the c&nsequencé of liver injury. This injury has become
increasing severe with prolonged experimental time, because the injected
bile acid was being incorporated into the enterohepatic circulating pool,
eventually reaching a toxic level and leading to progressive tissue damage.
In contrast, the present study did not involve these problems, because

;ime did not ailow extensive recirculation of the administered bile acid.

In the course of clinical dissolution of human cholesterol gall-
stones with CDCA, the oral dosage is large enough to cause diarrhea (3).
This means that oral administration of CDCA to a patient can also produce
sfress. Although the effect of stress caused by oral CDCA might differ
from that produced by parenteral bile acid, caution is indicated in using
CDCA for treating cholesterol gallstones, since CDCA has been shown in
the present study to cause increased synthesis or retention of cholesterol,
at least when administered parenterally.

In this study, one of the metabolic effects of parenteral bile
acids was an increased synthesis or accumulation of hepatic cholesterol.
Will this accumulated cholesterol, or the increased quantity that is syn-
thesized, be catabolized and excreted? Or will it be incorporated in the
B-lipoprotein and undergo systemic circulation, eventually to be seques=-
teréd by arterial walls and lead to atherosclerosis? These questions
might be answered after solving the following problems: |

1. Determination of cholesterol catabolism during and
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after bile acid treatment to see whether it is affected by bile acid.

2., Determination of the excretion rates of bile acid
and cholesterol during and after bile acid treatment.

3. Determination of B~lipoprotein patterns in the
liver and in the circulatory system during and after bile acid treatment.
Knowledge concerning the effect of bile acid on the formation or disso~
ciation of the cholesterol-B~lipoprotein complex in blood or liver might
hefp to evaluate the possibility that cholesterol might be deposited in
the arterial walls as a result of bile acid treatment.

Since bile acids, especially chenodeoxycholic acid, are known to
be capable of altering many subcellular sites (55, 58), their toxicity
to other hepatic regulatory s?stems might be worth studying before thé

start of long term treatment.

Free Fatty Acids

In vitro, free fatty acid synthesis from **C-acetate and **C-
mevalonate (Figure 12) was inhibfted by both CDCA and CA. The insigni-
ficant effect of CA at very low concentrationé on free fatty~acid syn=-
thesis from *4C-mevalonate might be because CA is. less toxic to enzymes
(58). |

Mevalonic acid is supposed to be a specific precursor for chole-
sterol synthesis. However, the experiments in vitro and in vivo showed
that substantial quantities of free fatty acid were synthesized from *C-
mevalonate (in a private communication, Dr. W. H. Elliott of St. Louis
University School of Medicine, rqports similar yields of free fatty acids
from % C-mevalonate in vitro). This unexpected result might be attribﬁted

to several factors:
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1. Separation of microsomal and soluble fractions from
mi tochondria might have been imperfect, allowing the presence of the
latter in the 7,000 x g liver supernatant fraction. This would have allowed
cholesterﬁl side~chain cleavage enzymes to split the cholesterol side-
chain into propionyl=CoA, which could have been incorporated into free
fatty acid (10).

2. One of the three methyl groups (attached to the
steroid nucleus before demethylation) was labeled, having been derived
from the labeled carbon of the mevalonic acid precursor. These labeled
methyl groups eliminated from the L-position as **C0; could have been
captured by a carboxylase system and then incorporated into free fatty
acid (59).

3. Microsomes may have contained some other steroid
side-chain cleavage enzymes, which might have caused the liberation of
1% ¢ which subsequently became available for free fatty acid synthesis.
However, there is no evidence to support this.

L, There might be some enzymes which can convert mevé-
lonate directly into a precursor for free fatty acid synthesis (59).

Among these possibilities, number L4 may account best for the
conversion of labeled mevalonate to free fatty acids. According to Popjak's
suggestion (59), dimethylallyl pyrophosphate synthesized from mevalonate
could be attacked by a phosphatase tc yield dimethylallyl alcohol; this
could then be metabolized by a route involving CO, fixation to 3~-hydroxy-
3-methylglutaryi=CoA, which is convertible to acetyl-CoA, a precursor of
fatty acids.

The inhibitory effect of CDCA and CA on incorporation of **C-
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acetate into free fatty acid i

vivo (Figures 13A & B) is consistent with

the inhibition by both primary bile acids of free fatty acid synthesis
from **C-acetate in vitro (Figure 12A),

The negligible effect of either bile acid at low coﬁcentrations
on free fatty acid synthesis from **C-mevalonate in vitro (Figure 12B) is

also consistent with the insignificant effect in vivo (Figures 13C & D).

Triglycerides

Since triglyceride is synthesized from free fatty acid, the
observed inhibitory effects of CDCA and CA on triglyceride synthesis
from **C-acetate and **C-mevalonate in vitro (Figures 15A & B) might be
the consequence of the limited availability of *C-free fatty acid.

In vivo, an inéreased incorporation of 14C-meva]onate into tri-
glyceride (Figure 17B) was observed in the animals treated with parenteral
Celite aﬁd 0.42 M saline, i.e. as a result of stress. The stimulatory
effects of both bile acids on the incorporation of **C-mevalonate into
triglyceride (Figures 16C & D) might be interpreted as being due to the
effect of stress. The negligible effects of CDCA and CA on the incorpora-
tion of '*C-acetate into triglyceride (Figures 16A & B) are consistent

with the negligible effect of stress (Figure 17A).

Cholesteryl Esters

In vitro, cholesteryl ester synthesis from **C-acetate and *#C-
mevalonate was decreased by increasing bile acid concentrations (Figures
18A & B). The more pronounced inhibition of cholesteryl ester synthesis
from *C~mevalonate by CDCA (Flgure 18B) might have been due to the fact

that *%C=free fatty acid synthesized from '“C-mevalonate occurred in
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smaller amounts, or that CDCA is more toxic to enzymes (58).

In vivo, the observed inhibitory effects of both bile acids on
the incorporation of **C-acetate into cholesteryl ester (Figures 19A & B)
might result from reduced availability of *“C-free fatty acid (Figures
13A & B), inasmuch as the effect of stress is negligible (Figure 20A).
The increased incorporation of 14 C-mevalonate into cholesteryl ester under
the effect of either CDCA or CA (Figures 19C & D) might be caused by the
increased amounts of labeled cholesterol (Figures 10C & D) and free fatty

acid (Figures 13C & D) and the significant effect of stress (Figure 20B).



CHAPTER V
SUMMARY

1. In vitro, the hepatic synthesis of cholesterol, free fatty
acid, triglyceride, and cholesteryl ester in the female rat were inhibited
by bath cholic acid and chenodepxycholic acid, although the latter ma?
have had a more pronounced effect. But the generality of the effect, and
the fact that relatively high concentrations (10-3 M) of bile acid were
necessary for inhibition, suggest that bfle acids were acting as enzyme
poisons, and not as specific regulatory agents.

2. The results of the study in vivo on uptake of intraperi-
toneally injected cholic acid into liver and excretion into intestine
show that the mechanism resp&nsible for processing parenteral bile acid
becomes saturated at a bile acid dose of about 10 umoles per 100 g body
weight. |

3. In vivo, the incorporation of intraperitoneally injected
radioactive precursors into hepatic cholesterol, free fatty acid, tri-
glyceride, and cholesteryl ester in one hour was usually altered by
simul taneous injection of oﬁe of the following agents: Celite (5 mg per
100 g body weight), 0.42 M saline (200 pl per 100 g body weight), sodium
cholate, and sodium chenodeoxycholate (bile acid doses were 3 or 10 umoles
per 100 g body weight). Celite was used as stress-ﬁroducing control

(irritant); 0.42 M saline was also used as a stress control.

55
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A. lIncorporation of injected **C-acetate into hepatic
cholesterql was stimulated by Celite, but not affected by 0.42 M saline;
whereas incorporation of parenteral #*C-mevaionate into hepatic chole-
sterol was enhanced by both Celite and 0.42 M saline. |

B. Incorporation of injected **C-acetate into hepatic
free fatty acid was stimulated by Celite, but inhibited by 0.42 M saline;
whereas incorporation of parenteral **C-mevalonate into hepatic free fatty
acid waé not affected by Celite, but reduced by 0.42 M saline.

C. Incorporation of injected **C-acetate into hepatic
triglyceride was not affected by either Celite or 0.42 M saline; whereas
incorporation of parenteral % (C-mevalonate into hepatic triglyceride was
stimulated by both Celite and 0.42 M saline.

D. lIncorporation of injected 14C-acgtate into hepatic
cholesteryl ester was not affected by either Celite or 0.42 M saline;
whereas incorporation of parenteral *C-mevalonate into hepatic chole-
stery] ester was augmented by Celite and 0.42 M saline.

These results (A=D) suggest that hepatic synthesis of chole~
sterol, free fatty acid, triglyceride, and cholesteryl ester was usually
~stimulated by stress.

| E. lIncorporation of injected 14 c-acetate into hepatic
cholesterol was enhanced by both CDCA and CA; whereas incorporation of
parenteral 1"‘C--rr.nevalonate into hepatic cholesterol was stimulated by
CDCA, but not significantly affected by CA.

F. Incorporation of injected **C-acetate into hepatic
free fatty acid was inhibited by both CDCA and CA; whereas incorporation

of parenteral *%C-mevalonate into hepatic free fatty acid was increased
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by both CDCA and CA.
G. Incorporation of parenteral '*C-acetate and **C-
mevalonate into hepatic triglyceride was stimulated by both CDCA and CA.
H. Incorporation of injected *C-acetate into hepatic
cholesteryl ester was suppressed by CDCA and CA; whereas incorporation
of parenteral *C-mevalonate into hepatic cholesteryl ester was enhanced
by both.CDCA and CA.

These results (E-H), taken together with the results from the
investigations on the effects of stress (A=D), indicate that the altera-
tions in neutral lipid metabolism under the effects of parenteral CDCA
and CA may Ee caused in part by stress. It is not clear whether the in-
creased incorporation of labeled precursors into cholesterol, caused by
bile acids, reflects accumulation or an augmented synthetic rate.

L. No effect of bile acids on hepatic cholesterol synthesis
was found, either ig_xig:é.or in vivo, that could not be explained by
factors such as stress or general toxicity. No support has been found
for the role of bile acids as speéific regulators of hepatic cholesterol

synthesis.



3'

10.

]].

B1BL1OGRAPHY

Thistle, J. L., Schoenfield, L. J., Lithogenic bile among young
Indian women, 1lithogenic potential decreased with chenodeoxy-
cholic acid, New Eng. J. Med., 284, 177-181 (1971).

Bell, G. D., Whitney, B., Dowling, R. H., Gallstone dissolution in
man using chenodeoxycholic acid, Lancet, 1972, ii, 1213-1216.

Dansinger, R. G., Hofmann, A. F., Schoenfield, L. J., Thistle, J. L.,
Dissolution of cholesterol gallstones by chenodeoxycholic acid,
New Eng. J. Med., 286, 1-8 (1972).

Small, D. M., Prestone gallstone disease - is therapy safe?, New
Eng. J. Med., 284, 214-216 (1971).

Danielsson, H., Tchen, T. T., Steroid Metabolism in Metabolic Path-
ways, Lipid, Steroids, and Carotenoids, Vol. 2, Third Edition,
Edited by D. M. Greenberg, published by Academic Press, Inc.,
New York, 1968, pp. 117-168.

Scallen, T. J., Schuster, M. W,, Dhar, A. K., Evidence for a non-
‘catalytic carrier protein in cholesterol biosynthesis, J. Biol.
Chem., 246, 224-230 (1971).

Ritter, M. C., Dempsey, M. E., Specificity and role in cholesterol
biosynthesis of a squalene and sterol carrier protein, J. Biol.

Chem., 246, 1536-1539 (1971).

Ritter, M. C., Dempsey, M. E., Squalene and sterol carrier protein:
Structural properties, lipid-binding, and function in chole-
sterol biosynthesis, Proc. Nat. Acad. Sci. USA, 70, 265-269

(1973).

Bloch, K., The biologicél synthesis of cholesterol, Science, 150,
19-28 (1965).

White, A., Handler, P., Smith, E. L., Principles of Biochemistry,
Fourth Edition, published by McGraw-Hill Book Company, New
York, 1968, pp. 470-530.

Ono, T., Imai, Y., Effects of steroid hormones on synthesis of
cholesterol, in vitro, J. Biochem., 70, 45-54 (1971).

58



12.
13.

14,

15.
16.

17.

18.

19.

20.

21,
22.
23,
24,

25.

59

Moir, N. J., Gaylor, J. L., Yanni, J. B., Effect of cholestyrammine
on the terminal reactions of steroid biosynthesis, Arch. Biochem.

Biophys., 141, 465-472 (1970).

Beg, Z. H., Lupien, P. J., In vitro and in vivo inhibition of hepatic
cholesterol synthesis by 3-hydroxy-3-methyiglutaric acid,
Biochim. Biophys. Acta, 260, 439-448 (1972).

Gallo-Torres, H. E., Miller, 0. N., Hamilton, J. G., Further studies
on the role of bile salts in cholesterol esterification and
absorption from the gut, Arch. Biochem. Biophys., 143, 22-36
(1971).

Abaurrie, R., Gordon, S. G., Mann, J. G., Kern, F., Fasting bile
salt pool size and composition after ileal resection, Gastro-

enterol., 57, 679-688 (1969).

Hofmann, A. F., Small, D. M., Detergent properties of bile salts:
correlation with physiological function, Ann. Rev. Med., 18,

333-376 (1967).

Goodman, D. S., Cholesterol ester metabolism, Physiol. Rev., 45,
747-839 (1965).

Turner, D. A., Misra, U. K., Differences in the lipid pattern of
tube and gallbladder puncture bile in surgical patients, Clin.
Biochem., 2, 13 (1968).

Skipski, V. P., Barclay, M., Archibald, F. M., Terebus-Kekish, 0.,
Reichman, E. S., Good, J. J., Lipid composition of rat liver
cell membranes, Life Science, 4, 1673-1680 (1965).

Soloway, R. D., Thistle, J. L., Schoenfield, L. J., Hepatic lipid
secretion and cholelithiasis, Am. J. Dig. Dis., 16, 437-454
(1971).

Wood, P. D. S., Shioda, R., Kinsell, L. W., Dietary regulation of
cholesterol metabolism, Lancet, 1966, ii, 604-607.

Neétel, P. J., Whyte, H. M., Goodman, D. S., Distribution and turn-
over of cholesterol in humans, J. Clin. lnvest., 48, 982-991

(1969).

Wilson, J. D., The measurement of the exchangeable pools of chole-
“sterol in the baboon, J. Clin. Invest., 49, 655-665 (1970).

Wilson, J. D., Biosynthetic origin of serum cholesterol in the
squirrel monkey: evidence for a contribution by the intestinal
wall, J. Clin. Invest., 47, 175-187 (1968).

Rosenfield, R. S., Hellman, L., The relation of plasma and biliary



26,

27.

28.

29.

30.

31.
32.

33.
34,
35.
3%.
37.

38.

60

cholesterol to bile acid synthesis in man, J. Clin. Invest., 38,

1334-1338 (1959).

van der Linden, W., Norman, A., Composition of human hepatic bile,
Acta Chir. Scand., 133, 307-313 (1967).

Grande,.F., Anderson, J. T., Keys, A., Diets of different fatty acid
composition producing identical serum cholesterol levels in man,
Am. J. Clin. Nutr., 25, 53-60 (1972).

Siperstein, M. D., Murray, A. M., Cholesterol metabolism in man,
J. Clin. lnvest., 34, 14k9-1453 (1955).

Berseus, 0., Danielsson, H., Einarsson, K., Enzymatic transformation
of the steroid nucleus in bile acid biosynthesis, Methods in
Enzymology, Steroids and Terpenoids, Vol. 15, Edited by R. B.
Clayton, published by Academic Press, Inc., New York, 1969,
pp. 551-562.

Tyor, M. P., Bile salt metabolism and ileum, Viewpoints on Digestive
Diseases, Vol. 2, No. 1, January, 1970, published by the American
Gastroenterological Association and the Digestive Disease Founda-
tion.

Wootton, 1. D. P., Wiggins, H. S., Studies in the bile acids: 2. The
non-ketonic acids of human bile, Biochem. J., 55, 292-294 (1953).

Schoenfield, L. J., Sjovall, J., Sjovall, K., Bile acid composition
of gallstones from man, J. Lab. Clin. Med., 68, 186-194 (1966).

Beher, W. T., Gasazza, K. K., Lin, G. J., Effect of age and sex on
rat bile acid metabolism, Proc. Soc. Exp. Biol. Med., 138,

6L45-650 (1971).

Anderson, K. E., Kok, E., Javitt, N. B., Bile acid synthesis in man:
metabolism of Ja-hydroxycholesterol=**C and 26-hydroxychole~
sterol-®H, J. Clin. lnvest., 51, 112-117 (1972).

Hofmann, A. F., Mosbach, E. H., ldentification of allodeoxycholic
acid as the major component of gallstones induced in the rabbit
by 5y-cholestan-38-ol, J. Biol. Chem., 239, 2813-2821 (1964).

Small, D. M., Bourges, M. C., Dervichian, D. G., The biophysics of
lipidic associations. 1. The ternary systems lecithin-bile salt-
water, Biochim. Biophys. Acta, 125, 563-580 (1966).

Neiderhiser; D. H., Roth, H. P., Cholesterol solubilization by solu-
tions of bile salts and bile salts plus lecithin, Proc. Soc. Exp.
Biol. Med., 128, 221-225 (1968).

Hofmann, A. F., Clinical implications of physicochemical studies on



39.

Lo.

L.

L2,

L3,

Lly,

L5,

L6,

L7.

48,

Lo.

50.

51.

61

bile salts, Gastroenterol., 48, uL84-L9h {1965).

Saunders, D. R., Wells, M. A., The cholesterol solubllizing capacity
of lecithins in aqueous solutions of bile salt, Blochim. Blophys.
Acta, 176, 828-835 (1969).

Schersten, T., Nilsson, S., Cahlin, E., Current concepts on the
pathogenesis of human gallstones, Scand. J. Gaestroenterol., 5,
473-478 (1970).

Nilsson, S., Schersten, T., Influence of bile acids on the synthestis
of biliary phospholipids in man, Europ. J. Clin. lnvest., 1,
109-111 (1970).

Norman, A., Shorb, M. S., In vitro formation of deoxycholic acid and
lithocholic acid by human intestinal microorganisms, Proc. Soc.
Exp. Biol. Med., 110, 552-555 (1962).

Samuel, P., Saypol, G. M., Meilman, E., Mosbach, E. H., Chafizadeh,
M., Absorption of bile acids from the large bowal in man,
J. Clin. Invest., 47, 2070-2078 (1968).

Bergstrom, S., Danielsson, H., On the regulation of bile acid forma-
tion in the rat liver, Acta Physiol. Scand., 43, 1-7 (1958).

Blum, M., Spritz, N., The metabolism of intraperitoneally injected
cholic acid in Laennec's cirrhosis, J. Clin. Invest., 45, 187-

193 (1966).

Kottke, B. A., Differences in bile acid excretion: primary hyper-
cholesteremia compared to combined hypercholesteremia and
hypertriglyceridemia, Circulation, 40, 13-20 (1969).

Majumdar, C., Tsukada, K., Lieberman, |., Liver protein synthesis
after partial hepatectomy and acute stress, J. Biol. Chem.,
2k2, 700-704 (1967).

De Matteis, F., lncreased hepatic synthesis of cholesterol following
trauma, Biochem. J., 106, 16p (1968).

Webster, L. T., Jr., Studies of the acetyl coenzyme A synthetase
reaction: |V. the requirement for monovalent cations, J. Biol.
Chem., 2h41, 5504-5510 (1966).

Shefer, S., Hauser, S., Bekersky, |., Mosbach, E. H., Feedback regu-
lation of bile acid synthesis in the rat, J. Lipid Res., 10, '
646~-655 (1969).

Beher, W. T., Gasazza, K. K., Beher, M. E., Filus, A. M., Bertasius,
J.,. Effect of cholesterol on bile acid metabolism in the rat,
Proc. Soc. Exp. Biol. Med., 134, 595-602 (1970).




52,

53.

54.

55.

56.

57.

58.

59.

62

Seltz, W., von Brand, V., Dis Hemmung der Synthese von Fettsduren
und Cholesterin in der Leber durch Gallensduren, Klin. Wschr.,

38, 552-553 (1960).

Fimognari, G. M., Rodwell, V. W., Cholesterol biosynthesis: meva~
lonate synthesis inhibited by bile salts, Science, 147, 1038
(1965).

Back, P., Hamprecht, B., Lynen, F., Regulation of cholesterol biosyn-
thesis in rat liver: diurnal changes of activity and influence
of bile acids, Arch. Biochem. Biophys., 133, 11=21 (1969).

Schriewer, H., v. Bassewitz, D. B., Rauen, H. M., Disturbance of
lipid metabolism in the liver by parenteral application of deoxy-
cholate in the rat, Klin. Wschr., 51, 39-40 (1973).

Weis, H. J., Dietschy, J. M., Failure of bile acids to control hepa-
tic cholesterogenesis: Evidence for endogenous cholesterol feed-
back, J. Clin. Invest., 48, 2398-2408 (1969).

Sabine, J. R., Control of cholesterol synthesis in hepatomas: the
effect of bile salts, Biochim. Biophys. Acta, 176, 600~604 (1969).

Miyai, K., Price, V. M., Fisher, M, M., Bile acid metabolism in ma-
mmals: Ultrastructural studies on the intrahepatic cholestasis
induced by lithocholic and chenodeoxycholic acids in the rat,
Lab. lInvest., 24, 292-302 (1971).

Ramsey, R. B., New concepts in brain cholesterol metabolism, Bio-
chem. Soc. Trams., 1, 341-348 (1973).




Page

Page

Page

Page

Page

Page

Page

Page

Page

Page

Page

Page

Page

8

1

18

21

22

24

L6

L7

50

50

50

50

Page 60

ERRATA

line 17
change microsome to microsomes.

line 7
change deconjugate to cleave the conjugate.

line 20
change Preparations to preparations.

line 9
change presure to pressure.

line 3
change contained to containing.

line 12
change injection to injections.

line 7
change occuring to occurring.

line 9
change stress to stresses.

line 24
change steroid to sterol,

line 5
change has tc would have.
line 6
change -increasing to increasingly.

line 7 :
change enterohepatic to enterohepatically.

line 23
insert fraction after B-~lipoprotein.

line 15
insert the before ileum.




