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Abstract The mechanism behind the hypolipidemic effect
of tetradecylthioacetic acid (CMTTD, a non-B-oxidizable 3-
thia fatty acid) was studied in hamsters fed a high cholesterol
diet (2%), which resulted in hyperlipidemia. Treating hyper-
lipidemic hamsters with CMTTD resulted in a progressive
hypocholesterolemic and hypotriacylglycerolemic effect. De-
creased plasma cholesterol was followed by a 39% and 30%
reduction in VLDL-cholesterol and LDL-cholesterol, respec-
tively. In contrast, the HDL-cholesterol content was not af-
fected, thus decreasing the VLDL-cholesterol/HDL-choles-
terol and  LDI-cholesterol/HDLcholesterol  ratios.
3-Hydroxy-3-methylglutaryl- (HMG) CoA reductase activity
and its mRNA level were unchanged after CMTTD admini-
stration. Also, the LDL receptor and LDL receptor-related
protein (LRP-4) mRNAs were unchanged. The decrease in
plasma triacylglycerol was accompanied by a 45% and 56%
reduction in VLDL-triacylglycerol and LD -triacylglycerol, re-
spectively. The hypolipidemic effect of CMTTD was followed
by a 1.4-fold increase in mitochondrial fatty acid oxidation
and a 2.3-fold increase in peroxisomal fatty acid oxidation.
CMTTD treatment led to an accumulation of dihomo-yli-
nolenic acid (20:3n-6) in liver, plasma, very low density lipo-
protein, and heart. Noteworthy, CMTTD accumulated more
in the heart, plasma, and VLDL particles compared to the
liver, and in the VLDL particle a-linolenic acid (18:3n-3)
decreased whereas eicosatetraenoic acid (20:4n-3) increased.
In addition, linoleic acid (18:2n-6) and the total amount of
polyunsaturated fatty acids decreased, the latter mainly due
to a decrease in n-6 fatty acids. B The present data show
that CMTTD was detected in plasma and incorporated into
VLDL, liver, and heart. The relative incorporation (mol %) of
CMTTD was heart > VLDL > liver. In conclusion, CMTTD
causes both a hypocholesterolemic and hypotriacylglycerolemic
effect in hyperlipidemic hamsters.—Frgyland, L., D. K.
Asiedu, H. Vaagenes, A. Garras, @. Lie, G. K. Totland, and
R. K. Berge. Tetradecylthioacetic acid incorporated into very
low density lipoprotein: changes in the fatty acid composition
and reduced plasma lipids in cholesterol-fed hamsters. J.
Lipid Res. 1995. 36: 2529-2540.

Supplementary key words cholesterol e 3-thia fatty acid e fatty acid
composition e hepatic fatty acid oxidation e plasma lipoproteins o
peroxisome proliferator

Ample evidence exists to suggest that diet influences
plasma lipoprotein lipid concentrations and may thus
mediate an important role in the development of
atherosclerotic vascular disease. Several studies have
shown that high intake of dietary fat and cholesterol can
cause hypercholesterolemia in several animal species
including nonhuman species (1-3). Syrian hamsters are
commonly used to model lipid metabolic studies be-
cause of similarities with human cholesterol and bile
acid metabolism (4, 5). In general, saturated fats in-
crease plasma cholesterol (6, 7) while polyunsaturated
fats have the opposite effect (8). Historically, monoun-
saturated fatty acids have been regarded as having no
influence on plasma cholesterol (9). In recent years,
however, this has been challenged and it is suggested
that monounsaturated fatty acids are potentially as ef-
fective as a diet rich in polyunsaturated fat in lowering
plasma cholesterol (10, 11). The hamster carries a sig-
nificant proportion of its serum cholesterol in the low
density lipoprotein (LDL) fraction (12) and it has also

Abbreviations: CMTTD, tetradecylthioacetic acid (a non-b-oxidizable
3-thia fatty acid); VLDL, very low density lipoprotein; LDL, low density
lipoprotein; HDL ,high density lipoprotein; ACAT, acykCoA:cholesterol
acyltransferase (EC 2.3.1.26); FAQ, fatty acylCoA oxidase (EC 1.3.3.6);
HMG-CoA reductase, 3-hydroxy-3-methylglutarylcoenzyme A reductase
(EC 1.1.1.88); LRP- 4, LDL receptor-related protein.
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TABLE 1. Composition of diets

Content Standard Diet Cholesterol Diet
g/100 g
Cholesterol* - 2.0
Fibre 2.0 2.0
Mineral mix® 3.0 3.0
Soya concentratec 20.0 20.0
Soya oil 5.0 5.0
Starch 58.0 56.0
Sucrose 11.0 11.0
Vitamin mix¢ 1.0 1.0

sSigma Chemical Company ash-free precipitated from alcohol
95-98%.

*Grams/1000 g: CaCO;, 282.87; CaHPO; ¢ 2H;0, 208.64;
KH:PO,, 409.57; MgCOs, 0.0065; FeSO, » 7TH;0, 5.69; MnSO,
H:0, 5.01; NagSeOs, 0.0066; ZnSO,4 ¢ TH,0O, 1.73.

‘Contains 62% protein.

“Milligrams/ 100 g: vitamin A, 80; vitamin D, 20; vitamin E (50%),
600; vitamin K (50%), 1; choline, 10,000; folic acid, 10; niacin, 200;
pantothenic acid, 80; riboflavin, 30; thiamin, 40; pyridoxin, 60; vitamin
B2 (1%), 50; dextrin, 88,829.

been shown that serum LDIL-cholesterol increases in
response to dietary cholesterol and saturated fat (13).

Tetradecylthioacetic acid (CMTTD), a saturated non-
B-oxidizable fatty acid analogue, has been shown to act
as an hypolipidemic agent in normolipidemic (14) and
nephrotic hyperlipidemic rats (15). In contrast to rats,
the capacity for liver cholesterol synthesis in humans
and male hamsters is limited and may be further limited
by exogenous cholesterol, thus allowing for liver homeo-
stasis to be mediated by cholesterol influx/efflux rather
than de novo cholesterol synthesis.

Based on our knowledge of the hypolipidemic action
of CMTTD in the rat, the aim of the present study was
to evaluate the hypolipidemic potential of CMTTD in
an animal model comparable to human lipoproteins.
With the above mentioned considerations in mind, we
chose male golden Syrian hamsters for this study. We
wanted to investigate the cholesterol content of lipopro-

teins, fatty acid composition, and the expression of
3-hydroxy-3-methylglutaryl-CoA reductase, LDL recep-
tor, LDL receptor-related protein (LRP4), and fatty
acyl-CoA oxidase in liver of cholesterol-fed hamsters as
well as in cholesterol-fed hamsters treated with CMTTD.
In addition, it was of great interest to investigate
whether CMTTD was incorporated into lipoproteins.

MATERIALS AND METHODS

Chemicals

Tetradecylthioacetic acid (CMTTD, a 3-thia fatty acid)
was synthesized as previously described (17). Isotopes
used in this experiment were purchased from New
England Nuclear (Boston, MA). All other chemicals
were obtained from common commercial sources and
were of reagent grade.

Animals and diets

Pathogen-free male golden Syrian hamsters (90-100
g), obtained from Charles River Wiga GmbH, (Sulzfeld,
Germany) were housed in individual cages and main-
tained on a 12-h cycle of light and dark, (the dark period
ranging from 6:00 AM to 6:00 PM, rendering the animals
easy to handle) at a temperature of 20 + 3°C. The
hamsters were acclimatized for 2 weeks before the start
of the experiment and had free access to water and
R34-EWOS-ALAB Grower rat maintenance feed (Ewos,
Sweden) or standard maintenance chow coated with 2%
cholesterol (Special Diets Services, UK). The composi-
tion of the diets is shown in Table 1. At the beginning
of the experiment, the hamsters were randomly as-
signed to either a high-cholesterol group or an un-
treated group. At days 10, 20, 30, 35, and 40, one to
three animals from each group were killed to monitor
the plasma cholesterol concentration. At day 35 half of
the high-cholesterol group received CMTTD and at the
end of the experiment each group consisted of seven
animals. Body weight was determined weekly.

TABLE 2. Effect of tetradecylthioacetic acid (CMTTD) on body and liver weights liver protein content and liver lipid levels in
hypercholesterolemic hamsters

Body Weight Liver Lipid Levels
Type of Treatment Initial Final Liver Weight Liver/Body Weight Liver Protein Triacylglycerol Cholesterol
g g g/gx 100 mg/g liver wmol/g liver

Untreated hamsters 92.4+39° 114.1+83 3.7%0.2¢ 3.210.2¢ 148.5 £ 3.8 14.5 1 0.9 6.4+ 0.9°
Cholesterol-fed hamsters 94.414.3¢ 91.6+7.9 6.7+ 0.5 7.3 1 0.4 110.6 £ 8.3 102+ 1.1 13.2+1.1°
Cholesterol-fed + 912+3.0¢ 96.6x51° 74104 7.5 £ 0.6 116.9 £ 4.8 11.3+1.6¢ 9.9+ 1.7

CMTTD-treated

hamsters

All values are means * SD for seven hamsters. Means in a column with a different superscript are significantly different (P < 0.05).
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TABLE 3. Morphometric analysis of hepatocytes in untreated, cholestrolfed, and cholestrol-fed + CMTTD-treated hamsters

Cells Nuclei  Cytoplasm Mitochondria Fat Droplets Peroxisomes
Group Area Area Area Area Volume Fraction Area  Volume Fraction No./ Cell Area Volume Fraction
pm? wm? um? um? % pm? % pum? %
Untreated 455¢ 34 4210 0.38a 8.14 0.75° 5.69 817 0.21- 2.2s
Cholesterol-fed 581° 39 5420 0.36¢ 5.3 1.83% 26.1° 1463 0.34¢ 1.9¢
Cholesterol-fed 635* 424 593¢ 0.60? 11.5¢ 1.95 19.4 1111 0.23¢ 1.9¢
+ CMTTD-
treated

The analysis was performed on 100 hepatocytes from each animal (n = 3) per group. Values (means) within a column with a different

superscript are significantly different (P < 0.05).

Three percent (w/v) CMTTD was prepared by sus-
pending the fatty acid analogue in 0.5% CM-ellulose. A
dose of 150 mg/kg body weight of the hypolipidemic
3-thia fatty acid was administered by oro-gastric intuba-
tion in a volume of 0.5 mL to the animals in the
treatment group, each morning between 8:00 and 8:30
for 15 days. The untreated animals received only the
vehicle (CM-cellulose).

At the end of the experimental period the overnight
fasted hamsters were anesthetized with Hypnorm Dor-
micum® (fluanisone-fenatanylmidazolam, 0.8 mL ¢ 100
g! body weight) subcutaneously; cardiac puncture was
performed and blood was collected in EDTA vacutain-
ers. The liver was removed and weighed and some
portions were chilled on ice whereas other portions
were freeze-clamped in liquid N2 and stored at -80°C
until analyzed. The protocol was approved by the Nor-
wegian State Board of Biological Experiments with Liv-
ing Animals.

Preparation of total liver homogenates, subcellular
fractions, and enzyme activities

Total homogenates of the liver were prepared by
homogenizing weighed portions of the individual or-
gans in ice-cold sucrose solution containing 0.25 mol/L
sucrose in 10 mmol/L HEPES buffer and 1 mmol/L
EDTA, pH 7.4. The resulting nuclear and post-nuclear
fractions were used as the total homogenate. A mito-
chondrial-enriched fraction (M-fraction) was prepared
from the post-nuclear fraction (E-fraction) at 12000 g for
10 min (SS 34 rotor). A peroxisome-enriched fraction
(L-fraction) was prepared from the post-mitochondrial
fraction by centrifugation at 14000 g for 30 min. A
microsomal-enriched fraction (P-fraction) was isolated
from the post-peroxisomal fraction at 100,000 g for 1 h
(Ti 60 rotor). The remaining supernatant was collected
as a cytosolic fraction (S-fraction). All procedures were
performed ai 0-4°C and fractions were washed twice.
Aliquots of the whole homogenate and subcellular frac-
tions were stored at -80°C until analyzed.

Mitochondrial B-oxidation was determined in the M-
fraction as acid-sotuble products using radiolabeled [1-
14Clpalmitoyl-CoA or [1-'*C]palmitoyl-L-carnitine as
substrates. The assay medium (0.25 mL) contained 13.2
mmol/L HEPES (pH 7.3), 16.5 mmol/L MgCls, 82.5
mmol/L KCl, 13.2 mmol/L dithiothreitol, 6.6 mmol/L
ADP, 0.2 mmol/L NAD*, 0.7 mmol/L EDTA, and
0.5-1.0 mg protein. Palmitoyl-L-carnitine oxidation was
measured with 56 pmol/L [1-*C]palmitoy}-L-carnitine
and palmitoyl-CoA oxidation was measured with 115
umol/L [1-1*C]palmitoyl-CoA supplemented with 1.2
mmol/L L-carnitine. All samples were preincubated for
2 min at 30°C. After incubation at 30°C for 4 min
(palmitoyl-CoA) and 2 min (palmitoyl-L-carnitine), the
rate of oxidation was stopped by addition of 150 pL 1.5
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Fig. 1. Time course of the hypocholesterolemic effect of
tetradecylthioacetic acid (CMTTD). Male hamsters were kept on a
high-cholesterol diet (2%) for 34 days. From day 35, half of the animals
received CMTTD (150 mg/kg body weight/day) (O) in addition 10
the high-cholesterol diet, whereas the others only received a high-cho-
lesterol diet (A). In addition, one group was given a standard main-
tenance diet (O). Values up to day 40 denote means + SD for 1-3
animals, and at day 50 means £ SD (n =7).
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Fig. 2. Effect of tetradecylthioacetic acid (CMTTD) on plasma (A)
and lipoprotein (B) lipids in hypercholesterolemic (cholesterol-fed)
hamsters. *Significantly different from cholesterolfed animals
(P<0.05).

mol/L KOH. Twenty-five pL fatty acid-free BSA (100
mg/mL) was then added to the suspension in order to
bind non-oxidized substrates. Five hundred pL of 4
mol/L HClIO4 was added to precipitate non-oxidized
substrates bound to BSA. The total solution was then
centrifuged at 2010 g for 10 min. Aliquots of 500 puL
were assayed for radioactivity. Fatty acyl-CoA oxidase
(21) was determined in the L-fraction as described else-
where. 3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-
CoA) reductase (22) and acyl-CoA:cholesterol acyltrans-
ferase (23) were determined in the P-fraction as
described elsewhere. All enzyme assays were run in
duplicate and performed under conditions where prod-
uct formation was linear with respect to both the time
of incubation and the amount of protein. Protein was
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determined using the Bio-Rad protein kit (Bio-Rad,
Richmond, CA.).

Lipid analysis

Plasma was prepared by centrifugation of whole
blood at 1000 g for 10 min. Triacylglycerol and choles-
terol were determined according to Technicon Method
no. SA4-03241.90, USA and Technicon Method no. SA4-
0305L90, USA, respectively.

Lipoprotein isolation

Lipoprotein quantitation was performed by a combi-
nation of ultracentrifugation and precipitation as de-
scribed in detail elsewhere (24, 25). Briefly, plasma
samples were centrifuged at a density of 1.006 g/mL for
18 h at 40,000 rpm in a Centrikon T-2060 ultracentri-
fuge (Contron Roche, Zurich, Switzerland) equipped
with a 45.6 Ti rotor. The tubes were sliced, and the
floating fractions, very low density lipoprotein (VLDL),
were analyzed for cholesterol and triacylglycerol. The
infranatant fractions obtained after the initial ultracen-
trifugation procedure were subjected to sequential ul-
tracentrifugation for 20 h at 40,000 rpm and 40 h at
40,000 rpm to obtain low density lipoprotein (LDL)
(1.025 < d < 1.063 g/mL) and high density lipoprotein
(HDL) (1.063 < d < 1.21 g/mL) fractions, respectively.
The resulting fractions were analyzed for cholesterol
and triacylglycerol.

Determination of fatty acid composition

Total lipids were extracted from plasma and liver as
described by Lie, Lied, and Lambertsen (26). The lipid
fractions were evaporated, saponified, and nondecanoic
acid (19:0) was added as internal standard and the fatty
acids were esterified in 12% BFs in methanol. The
methyl esters were separated using a Carlo Erba 2900
gas-chromatograph (“cold on column” injection,
6049°C/min 1601°C/min 19(4°C/min 220°C), equipped with a
50 m CP-sil 88 (Chrompack) fused silica capillary col-
umn (id: 0.32 mm). The relative fatty acid distribution
(% w/w of total fatty acid) was calculated from the peak
areas obtained using a Maxima 820 Chromatography
Workstation software, installed in an IBM-AT, con-
nected to the gas chromatograph and identification was
ascertained by standard mixtures of methyl esters.

RNA isolation and hybridization analysis

Total cellular RNA was purified using the acid
guanidinium thiocyanate-phenol method (27). The
RNA concentrations were determined by measuring the
UV absorbance at 260 nm. Slot blotting of RNA on to
nylon membranes was carried out as described by
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TABLE 5.  Effect of tetradecylthioacetic acid (CMTTD) on heart and brain fatty acid composition (% of total lipid)
in hypercholesterolemic hamsters

Heart Brain
Fatty Acid Untreated Cholesterol-Fed  Cholesterol-Fed + Untreated Cholesterol-Fed  Cholesterol-Fed +
Hamsters Hamsters CMTTD-Treated Hamsters Hamsters CMTTD-Treated

Hamsters Hamsters
14:0 0.2+0.1 02+£0.1 0.1+0.1 Tr. Tr. Tr.
16:0 15.0£0.5 13.8£0.8 11.8+1.1¢ 20.2+0.2 20.2+0.5 20.9+0.3
16:1n-7 0.4x0.1 0.4+0.1 0.2+0.1 0.9+0.1 0.9+0.1 0.9+0.1
16:1n-9 03x0.1 0.3+£0.1 02+0.1 0.3+0.1 0.310.1 0.310.1
CMTTD ND ND 2.0 + 0.62¢ ND ND ND
18:0 14.2+0.6 13.1+1.0 142+0.3 183.7+£0.5 139+0.5 145103
18:1n-7 1.3+0.1 1.4+0.1 0.9 +0.1a¢ 53+0.1 5.3+0.1 54+0.1
18:1n-9 128+ 1.5 13.9+22 11.1+0.7 153+ 0.5 154+ 0.7 1565+ 0.4
18:2n-6 284%15 312427 20.1+15 0.9+£0.1 1.5+0.2¢ 15£04
18:3n-3 0.410.1 05102 0.5+0.1 ND ND ND
20:3n-6 0.3+0.1 0.4x0.1 0.9 1 0.12¢ 03102 02+0.2 02+0.2
20:4n-3 Tr. Tr. 0.1+0.1 Tr. Tr. Tr.
20:4n-6 6.61+0.7 6.9x0.7 7.6+ 0.6 10.1+0.5 104105 114 £0.4¢
20:5n-3 0.5+£0.1 0.4+0.1 0.50.1 Tr. Tr. Tr.
NN ND ND ND ND ND ND
22:1n-9 24105 24+0.7 23+0.6 1.3+£1.0 21104 0.3+0.1¢
22:5n-3 1.1+0.1 0.9+£0.2 1.1+0.1 0.2%0.1 03101 02x0.1
22:6n-3 11.5+ 1.7 93+1.1 12.4 + 0.7 13.4+ 0.6 13.8+ 0.6 14.1+0.4
Z Saturated 30.1x05 278+ 1.4 26.8 1+ 1.0¢ 348+05 348108 36.210.6
X Monounsaturated 175+ 1.6 19.0+2.2 15.1 £ 0.9 25.6+ 1.6 26.3+ 1.0 247+ 0.8
Z Polyunsaturated 488+ 1.6 49.7+ 2.0 525+ 1.4¢ 25.0+0.9 263+0.9 27.6 0.7
Zn-3 134+18 11.0+1.1 146+ 0.7 13.7+ 0.6 14.1+0.6 143+ 04
Zn-6 35.4+2.0 38.7+£2.7 37.8+14 114+ 04 12.3 £ 0.3¢ 13.3£ 0.7
n-3/n-6 0.38 + 0.06 0.29 +0.05 0.39 + 0.03¢ 1.20 + 0.05 1.15+ 1.03 1.08 £ 0.06¢

Heart and brain values are expressed as means * SD (n = 7). ND, not detected; Tr, trace (< 0.01 %); NN, unknown.

*Significantly different from untreated hamsters (P < 0.05).
!Significantly different from cholesterol-fed hamsters (P < 0.05).

Aasland et al. (28). Hybridization to immobilized RNA
was carried out according to Sambrook, Fritsch, and
Maniatis (29) in the presence of 50% formamide, 5 x
SSC, 200 ug/mL heat-denaturated herring sperm DNA,
0.1% SDS, 25 umol/L sodium phosphate, pH 6.4, 8.25%
dextran sulfate at 42°C for 24-48 h. Filters were strin-
gently washed twice in 0.2 x SSC, 0.1% SDS, 0.1%
Na4P2O7 at 65°C (or at 60°C for DNA probes not
obtained from rats). When the filters were to be rehy-
bridized, the bound probe was first stripped off by
incubation of the filters in 0.1% SDS at 95-100°C for 7
min.

Kodak XAR-5 X-ray films were exposed to the mem-
branes at -80°C in the presence of intensifying screens.
Autoradiograms were analyzed by densiometric scan-
ning using an LKB Ultrogel laser densiometer
(Bromma, Sweden). The relative level of mRNA expres-
sion was estimated as the amount of radioactive probe
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hybridized to each sample of RNA relative to the level
of 28S rRNA in each sample.

Preparation of hybridization probes

The appropriate DNA fragments were excised from
plasmids by restriction enzymes and the purified frag-
ments were 32P-labeled using the oligo-labeling tech-
nique (30). The resulting specific activities ranged from
1 to 5 x 10° cpm/pg. The probes were purified frag-
ments of cloned genes: rat LDL-receptor; 2.2 bp Eco RI
inserted into pGEM7 (31), HMG-CoA reductase cDNA
from baby hamster kidney cells; full length Eco RI frag-
ment of pDGS2, rat LRP4; Bam HI fragment, 3.6 kb
c¢DNA inserted into pGEM4 (32), rat fatty acyl-CoA
oxidase (FAO); PSTI fragment, 1.4 kb inserted into
pM]J125 and 28S rRNA; 1.4 kb Bam HI fragment of pA
(33).
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TABLE 6. Effect of tetradecylthioacetic acid (CMTTD) on hepatic fatty acid oxidation and cholesterol metabolism in hypercholesterolemic

hamsters
Enzyme Activities Untreated Hamsters Cholesterol-Fed Hamsters Cholesterol-Fed + CMTTD-Treated
Hamsters
Fatty acid oxidation
Mitochondrial
Palmitoyli-carnitine as
substrate
{nmol/min/mg protein) 0.41 £0.03¢ 0.29 + 0.02* 0.41%0.07¢
(nmol/ min} 80.07 £ 4.03¢ 58.55 1 5.87¢ 117.34 £ 24.03¢
Palmitoyl-CoA as substrate
(nmol/min/mg protein) 0.24 £ 0.01¢ 0.18 £ 0.02* 0.24 £ 0.02¢
(nmol/min) 48.70 £ 2.43° 37.68 £ 4.70¢ 67.80 £ 11.08
Peroxisomal
Fatty acyl-CoA oxidase
(nmol/min/mg protein) 15.7+ 1.5¢ 16.9 + 3.4¢ 38.7+ 10.4¢
(utmol/min) 3.0+£04 3.6+0.8¢ 10.8+2.1¢
Cholesterol metabolism
HMG-CoA reductase
(pmol/min/mg protein) 20 £ 4¢ 12 1 6 16 £+ 3¢
(nmol/min) 2.2+ 0.6° 1.0+ 0.2 2.6 £ 0.67
ACAT
(pmol/min/mg protein) 34 1 5 107 + 314 113 £ 22¢
(nmol/min) 3.6+0.7° 13.6 + 2.5¢ 18.2 £ 3.5¢

HMG-CoA reductase indicates 3-hydroxy-3-methylglutaryl-coenzyme A and ACAT, acyl-CoA:cholesterol acyltransferase. The values repre-
sent mean * SD for seven hamsters in each group. Means in a row with a different superscript are significantly different (P < 0.05).

Morphological methods

Parts of the ventral lobe of the liver were dissected
into small cubes (< 1 pm3) and fixed by immersion in a
0.2% phosphate buffer (pH 7.35) containing 1% formal-
dehyde and 2.5% glutaraldehyde. They were then rinsed
in buffer, postfixed in 1% osmium tetroxide, dehy-
drated in graded series of alcohol, and embedded in
Epon 812. Semi-thin sections were stained in toluidine
blue and studied in the light microscope, while ultra-thin
sections, stained in uranyl acetate and lead citrate, were
studied in a JEOL 100 CX transmission electron micro-
scope. Morphometric analysis was carried out on ran-
dom selected hepatocytes from all areas of the liver
lobule using a Leitz ASM 64 K morphometrical analyzer.

Statistical analysis and presentation of results

The data are presented as mean + standard deviation
(SD) from 7 animals. Treatment means were compared
by one-way analysis of variance, single factorial model
with multiple comparison, Fisher’s PLSD using a statis-
tical software StatView SE + Graphics™on an Apple
Macintosh.

RESULTS

Cholesterol feeding significantly decreased the
weight gain and liver protein and triacylglycerol content
compared to nontreated hamsters (Table 2). However,
the liver weight, liver-to-body weight, and hepatic cho-
lesterol level were significantly higher in cholesterol-fed
hamsters compared to untreated hamsters. Administra-
tion of tetradecylthioacetic acid (CMTTD) to hamsters
fed a high cholesterol diet (2%) significantly decreased
hepatic cholesterol concentration compared to ham-
sters receiving cholesterol.

Morphometric analysis of hepatocytes revealed
marked morphological alterations in the presence of a
high cholesterol diet and treatment with CMTTD (Table
3). Both groups that received a high cholesterol diet had
significantly increased cell size and cytoplasmic volume.
Cholesterol feeding decreased the volume fraction of
mitochondria as compared to controls, whereas
CMTTD treatment increased the mitochondrial volume
fraction. Cholesterol feeding increased the volume frac-
tion of fat droplets by 4.7-fold as compared to controls.
Treating hypocholesterolemic hamsters with CMTTD
decreased the volume fraction of fat droplets by 25% as
compared to cholesterol-fed animals. The peroxisomal
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volume fraction was not significantly changed by either
of the two feeding regimes.

The time course of cholesterol feeding and the hypo-
cholesterolemic effect of CMTTD is shown in Fig. 1. The
plasma cholesterol content in cholesterol-fed animals
progressively increased up to day 35, reaching a steady-
state level of approximately 12 mmol/L. At day 35 we
introduced CMTTD (150 mg/kg body weight) to hyper-
cholesterolemic hamsters (n = 7) and the plasma choles-
terol concentration of CMTTD-treated cholesterol-fed
animals decreased with time up to 15 days of admini-
stration (day 50).

Hamsters fed a high cholesterol diet had a signifi-
cantly increased amount of plasma triacylglycerol com-
pared to nontreated hamsters (Fig. 2A). In contrast,
addition of CMTTD to hypercholesterolemic animals
normalized the plasma triacylglycerol concentration,
and this was accompanied by a 45% and 56% reduction
in VLDL-triacylglycerol and LDL-triacylglycerol, respec-
tively (Fig. 2B). The amount of cholesterol and
cholesteryl ester in plasma of cholesterol-fed animals
was increased compared to that in untreated animals.
The plasma cholesterol content in CMTTD-treated cho-
lesterol-fed animals was reduced, ascribed to a reduc-
tion in VLDL-cholesterol and LDL-cholesterol but not
HDL-cholesterol (Fig. 2B).

Hamsters receiving cholesterol had an increased total
amount of monoenes in liver and plasma (Table 4) and
this increase was attributed to increased amounts of
palmitoleic acid (16:1n-7), vaccenic acid (18:1n-7), and
especially oleic acid (18:1n-9). No such changes were
observed in the heart and brain (Table 5). The total
amount of saturated fatty acids was decreased in liver
and VLDL. This was mainly due to decreased amounts
of palmitic acid (16:0) and especially stearic acid (18:0).
Cholesterol feeding decreased the total amount of
polyenes and n-3/n-6 ratio in liver and plasma due to
reduced amounts of eicosapentaenoic acid (20:5n-3),
docosapentaenoic acid (22:5n-3), and docosahexaenoic
acid (22:6n-3). A similar tendency was observed in
VLDL (Table 4). The amount of o-linolenic acid

(18:3n-3) was significantly higher in liver, plasma, and
VLDIL, whereas arachidonic acid (20:4n-6) was de-
creased in liver of cholesterol-fed animals compared to
untreated animals. Noteworthy, no changes in the fatty
acid composition of the heart were observed in choles-
terol-fed animals, whereas the amount of linolenic acid
(18:2n-6) was higher in the brain compared to un-
treated animals, leading to an increased amount of n-6
fatty acids (Table 5).

Interestingly, CMTTD was found in liver, plasma,
VLDL, and heart, but could not be detected in the brain.
Moreover, a new, yet unidentified fatty acid was de-
tected in plasma (Table 4). Administration of CMTTD
to cholesterol-fed hamsters significantly increased the
amount of dihomo-ylinolenic acid (20:3n-6) in the liver
and plasma. The amounts of 18:2n-6, 18:3n-3, and total
amount of polyenes decreased, whereas the amount of
20:3n-6 and eicosatetraenoic acid (20:4n-3) increased
in the VLDL-raction after CMTTD treatment com-
pared to cholesterol-fed animals. In addition, in the
heart, CMTTD administration decreased 18:1n-7 and
the total amount of monoenes, and increased the
amount of 22:6n-3 and total amount of n-3 fatty acids,
thereby increasing the ratio between n-3 and n-6 fatty
acids compared to cholesterol-fed hamsters. In the brain
a decrease in erucic acid (22:1n-9) was observed after
CMTTD treatment compared to cholesterol-fed animals
(Table 5).

The mitochondrial fatty acid oxidation was stimulated
1.4- and 1.3-fold with palmitoyl-L-carnitine and palmi-
toyl-CoA as substrates, respectively, after CMTTD treat-
ment (Table 6). Also, the activity of fatty acyl-CoA
oxidase (FAQO), the rate-limiting enzyme in peroxisomal
fatty acid oxidation, was markedly stimulated (2.3-fold).
The FAO activity was unchanged after cholesterol feed-
ing, whereas the acyl-CoA:cholesterol acyltransferase
(ACAT) activity was increased after cholesterol feeding
and further increased with CMTTD treatment (Table 6).
In addition, the activity of 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase was found to re-
spond to the cholesterol status of the liver, being down-

TABLE 7. Expression of HMG-CoA reductase, fatty acyl-CoA oxidase (FAO), LRP4 and LDL-receptor
mRNAs in liver of hypercholesterolemic hamsters treated with tetradecylthioacetic acid
(CMTTD) for 2 weeks

Type of Treatment HMG-CoA FAO LRP4 LDL-Receptor A° Desaturase
Reductase
Untreated hamsters 1.0+0.1 1.0+0.3 1.0+ 0.1 1.0+ 0.1
Cholesterol-fed hamsters 1.1+0.3 + 14+ 1.1+0.2 1.7+ 04
Cholesterol-fed +
CMTTD-treated hamsters 1.3+04 1.9+ 0.8 1.7+0.7 1.0+ 0.2 14103

The relative mRNA levels were determined by densiometric scanning of the autoradiograms (Materials and
Methods). The expression of mRNA was normalized to the corresponding 288 rRNA levels (i.e., the ratio of
mRNA:28S rRNA), mean of controls are set to 1.0. Values are presented as mean + SD.

Significantly different from controls (P < 0.05).
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Fig. 3. Schematic presentation of the possible mechanisms of 3-thia fatty acids on hepatic lipid and lipoprotein
metabolism. 3-Thia fatty acyl-CoA inhibits acetyl-CoA carboxylase, leading to decreased synthesis of malonylk-
CoA and fatty acids. Decreased malonyl-CoA levels lead to an increased fatty.acid oxidation. As the 3-thia fatty
acids are non--oxidizable, they are incorporated into hepatic lipids, mainly phospholipids instead of endo-
genous fatty acyl-CoA, which are then B-oxidized. The 3-thia fatty acyl-CoA inhibits HMG-CoA reductase and
cholesterol 7o-hydroxylase activities, leading to decreased production of cholesterol and bile acids, respectively.
Decreased production of cholesteryl esters and triacylglycerol decreases the VLDL secretion; VLDL, very low

density lipoprotein.

regulated by cholesterol treatment (Table 6). The latter
enzyme activity was not affected by administration of
CMTTD as compared to untreated hamsters (Table 6).
The mRNA levels of HMG-CoA reductase, FAO, LDL
receptor-related protein (LRP4), and LDL receptor
were not significantly changed by feeding exogenous
cholesterol with or without addition of CMTTD. How-
ever, hamsters receiving a high cholesterol diet had a
significantly increased amount of A® desaturase mRNA
level as compared to untreated hamsters (Table 7).

DISCUSSION

In the present study liver weight was increased con-
siderably by a high cholesterol diet (Table 2). Mor-
phometric analysis revealed a considerable increase in
cell size, cytoplasmic volume, and volume fraction of
lipid droplets (Table 3). Treating hypocholesterolemic
hamsters with tetradecylthioacetic acid (CMTTD) in-
duced an increase in size and volume fraction of mito-

chondria but not of peroxisomes as compared to cho-
lesterol-fed animals. Furthermore, CMTTD treatment
significantly increased the hepatic capacity of mitochon-
drial fatty acid oxidation (Table 6) and decreased the
volume fraction and number of lipid droplets as com-
pared to cholesterol-fed hamsters (Table 3).

After oral administration for 2  weeks,
tetradecylthioacetic acid (CMTTD) was absorbed and
detectable in plasma, VLDL, liver, and heart. Moreover,
the mol % of CMTTD was 6.7-fold higher in the heart
than in the liver, indicating that VLDL particles may be
the primary mode of delivery of CMTTD to the heart.
How CMTTD is absorbed and carried needs to be
further explored.

The detection of CMTTD in plasma is in agreement
with previous findings (34, 35). An important finding
was that CMTTD is incorporated into VLDL. As
CMTTD is mainly incorporated into phospholipids (16,
20), this finding may be explained in the following way.
3-Thia fatty acids are activated to acyl-CoAs (14, 36) but
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as they cannot be B-oxidized due to a sulfur atom in the
B-position, they accumulate within the cell and are sub-
sequently incorporated into phospholipids. The relative
incorporation of CMTTD (mol %) was 5.7-fold higher
in VLDL compared to the liver (Table 4), and it is
possible that newly synthesized CMTTD-enriched phos-
pholipids are incorporated into new VLDL particles.
Thus, CMTTD carried in VLDL may be found mainly
in the phospholipid layer as the flux of CMTTD acyl
units into hepatic triacylglycerols and/or into
cholesteryl esters appears less efficient (19).

Accumulation of CMTTD into phospholipids may
affect the membrane fluidity and membrane signalling
system. It has been shown in rats treated with perox-
isome-proliferating drugs that the expression of fatty
acyl-CoA oxidase (FAO), the ratelimiting enzyme in
peroxisomal fatty acid oxidation, is regulated at the level
of transcription (33). In the present study using choles-
terol-fed hamsters, the peroxisome-proliferating drug
CMTTD increased the enzyme activity without a con-
comitant increase in mRNA expression (Tables 6 and
7).

The current findings demonstrate changes in fatty
acid composition in plasma, VLDL, and liver of hamster
after treatment with cholesterol compared to untreated
normolipidemic hamsters. Only marginal effects were
observed in heart and brain after cholesterol feeding.
Changes in the fatty acid composition caused by the
cholesterol diet in liver, plasma, and VLDL included an
increased content of o-linolenic acid {18:3n-3), whereas
the desaturated and elongated products, eicosapen-
taenoic acid (20:3n-3), docosapentaenoic acid
(22:5n-3), and docosahexaenoic acid (22:6n-3) were
reduced (Table 4). This suggests that cholesterol treat-
ment might decrease the hepatic desaturases (A5, A%)
and elongase system (37), thereby contributing to a
reduced amount of n-3 fatty acids. Nakamura et al. (38)
suggested that a selective reduction of A and A5 de-
saturase activities was responsible for an altered liver
phospholipid profile, including a decrease in n-3 fatty
acids in micropigs chronically fed ethanol. In addition,
similar effects were observed in hamsters treated with
cholesterol and ethanol (39).

Administration of cholesterol decreased the hepatic
content of palmitic acid (16:0) and stearic acid (18:0)
and increased the amount of palmitoleic acid (16:1n-7),
vaccenic acid (18:1n-7), and especially oleic acid
(18:1n-9). These unsaturated products all need to go
through a A desaturation. Whether cholesterol up-
regulates the A? desaturase activity in the liver should be
considered. As shown in Table 7, the expression of A%
desaturase mRNA was increased by cholesterol. Inter-
estingly, the changes in fatty acid composition observed
in the cholesterol-fed hamster were similar to results
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obtained in normolipidemic rats treated with CMTTD
for 3 months (D. K. Asiedu, L. Frgyland, H. Vaagenes,
@. Lie, A. Demoz, and R. K. Berge, unpublished results).

Recently, in a study by Sdnches et al. (40), it was shown
that fibrates, peroxisome-proliferating hypolipidemic
compounds, inhibited A5 and AS desaturates as well as
the elongation system in rats. However, the A9 de-
saturase activity was not affected by these drugs. Impor-
tantly, prolonged administration of CMTTD to nor-
molipidemic rats increased the mRNA expression of A?
desaturase in liver (L. Madsen, L. Frgyland, H. J. Grav,
and R. K. Berge, unpublished results). CMTTD acts as
an hypolipidemic agent (14), and in this study the
amount of dihomo-ylinolenic acid (20:3n-6) was signifi-
cantly increased in liver, plasma, VLDL, as well as in the
heart (Tables 4 and 5). The accumulation of 20:3n-6
fatty acid is noteworthy because it is a precursor of
PGE,, an antiaggregatory factor, and also because 12-
and 15-hydroxyeicosaenoic acids formed from 20:3n-6
are inhibitors of platelet aggregation (41, 42). This
finding indicates that A% desaturase activity may be
stimulated or at least not inhibited by CMTTD-treat-
ment. How CMTTD affects the different desaturates as
well as the elongation system needs to be further ex-
plored.

Cholesterol feeding increased the plasma concentra-
tion of triacylglycerol 2-fold, and this increase was re-
flected by 1.9- and 1.7-fold increases in VLDL-triacyl-
glycerol and LDL-triacylglycerol, respectively (Fig. 2A).
Feeding cholesterol increased the amount of cholesterol
and cholesteryl ester in plasma by 5- and 4.8-fold, respec-
tively, with concomitant increases in VLDL-cholesterol,
LDL-cholesterol, and HDL-cholesterol by 11.7-, 7.6-, and
2.1-fold, respectively. Treating hypercholesterolemic
hamsters with CMTTD resulted in both a hypotriacyl-
glycerolemic and a hypocholesterolemic effect, and this
was reflected by: 1} 45% and 56% reduction in VLDL-
triacylglycerol and LDL-triacylglycerol, respectively, and
2) 39% and 30% reduction in VLDL-cholesterol and
LDL-cholesterol, respectively, but no reduction in HDL-
cholesterol. The complete normalization of plasma
triacylglycerol content after CMTTD treatment was fol-
lowed by an increased capacity of mitochondrial fatty
acid oxidation as measured by palmitoyl-L-carnitine and
palmitoyl-CoA as substrates by 2.0- and 1.8-fold, respec-
tively, as compared to cholesterol-fed animals (Table 6).
Moreover, CMTTD treatment increased the volume
fraction of mitochondria by 2.1-fold and decreased the
amount of fat droplets in the liver by 25% (Table 3).
Increased fatty acid oxidation may lead to a decrease in
the availability of fatty acids for triacylglycerol synthesis
(19) with a concomitant decreased VLDL (19, 43). In-
creased capacity of fatty acid oxidation may explain the
hypotriacylglycerolemic effect of CMTTD.

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

The hypocholesterolemic effect of CMTTD was ac-
companied by a 2.3-fold increase in FAO activity (Table
6). The activity of 3-hydroxy-3-methylglutaryl coenzyme
A reductase was not affected in this study (Table 6). Also,
an increased synthesis of bile acids could contribute to
a loss of cholesterol. However, CMTTD has been shown
to inhibit cholesterol 7o-hydroxylase (15), the rate-lim-
iting enzyme in bile acid formation. As VLDL is a
precursor to LDL, it is conceivable that a reduction of
VLDL secretion and of plasma VLDL levels will affect
LDL formation, which might contribute to the lowering
of VL.DL-cholesterol and LDL-cholesterol (Fig. 3).

In conclusion, cholesterol feeding changed the fatty
acid composition of various organs in hamsters and
produced hyperlipidemia. Treating cholesterol-fed
hamsters with CMTTD (a 3-thia fatty acid) resulted in
both a hypotriacylglycerolemic and a hypo-
cholesterolemic effect. B
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