
 

22 Journal of Lipid Research

 

Volume 42, 2001

 

Impaired hepatic fatty acid oxidation in rats with
short-term cholestasis: characterization and mechanism

 

Corinne Lang,* Markus Schäfer,

 

†

 

 Dolors Serra,

 

§

 

 Fausto G. Hegardt,

 

§

 

 Lukas Krähenbühl,

 

†

 

and Stephan Krähenbühl

 

1,

 

*

 

Institute of Clinical Pharmacology* and Department of Visceral and Transplantation Surgery,

 

†

 

 University 
of Berne, CH-3010 Berne, Switzerland and School of Pharmacy,

 

§

 

 University of Barcelona, 
08028 Barcelona, Spain

 

Abstract Rats with long-term cholestasis have reduced ke-
tosis during starvation. Because it is unclear whether this is
also the case in short-term cholestasis, we investigated he-
patic fatty acid metabolism in rats with bile duct ligation for
5 days (BDL5, n 

 

5

 

 11) or 10 days (BDL10, n 

 

5

 

 11) and com-
pared the findings with those made with pair-fed control
rats (CON5 and CON10, n 

 

5

 

 11). The plasma 

 

b

 

-hydroxybu-
tyrate concentration was reduced in BDL rats (0.54 

 

6

 

 0.10
vs. 0.83 

 

6

 

 0.30 mM at 5 days and 0.59 

 

6

 

 0.24 vs. 0.88 

 

6

 

 0.09
mM at 10 days in BDL and control rats, respectively). In iso-
lated liver mitochondria, state 3 oxidation rates for various
substrates were not different between BDL and control rats.
Production of ketone bodies from [

 

14

 

C]palmitate was re-
duced by 40% in mitochondria from BDL rats at both time
points, whereas production of 

 

14

 

CO

 

2

 

 was maintained. These
findings indicated intact function of the respiratory chain,
Krebs cycle, and 

 

b

 

-oxidation and suggested impaired keto-
genesis (HMG-CoA pathway). Accordingly, the formation of
acetoacetate from acetyl-CoA by disrupted mitochondria
was reduced in BDL rats at 5 days (2.1 

 

6

 

 1.0 vs. 4.8 

 

6

 

 1.9
nmol/min per mg protein) and at 10 days (1.7 

 

6

 

 1.0 vs. 6.2 

 

6

 

1.9 nmol/min per mg protein). The principal defect could
be localized at the rate-limiting enzyme of the HMG-CoA
pathway, HMG-CoA synthase, which revealed decreased ac-
tivity, and reduced hepatic mRNA and protein levels.  We
conclude that short-term cholestasis in rats leads to impaired
hepatic fatty acid metabolism due to impaired ketogenesis.
Ketogenesis is impaired because of decreased mRNA levels
of HMG-CoA synthase, leading to reduced hepatic protein
levels and to decreased activity of this key enzyme of
ketogenesis.
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Long-term cholestasis in the rat is associated with alter-
ations in hepatic energy metabolism such as decreased
glycogen stores (1) and impaired mitochondrial fatty acid
metabolism (2, 3). As shown in 

 

Fig. 1

 

, transport of fatty
acids into liver mitochondria and mitochondrial metabo-

 

lism of fatty acids involve a variety of biochemical reac-
tions and metabolic pathways. After activation at the outer
mitochondrial membrane (4), the resulting long-chain
acyl-CoA is converted to the respective carnitine derivative
by carnitine palmitoyltransferase I (CPT I) (5). The long-
chain acylcarnitine is transported into the mitochondrial
matrix, reconverted to the acyl-CoA derivative, and metab-
olized by the 

 

b

 

-oxidation pathway (5, 6), resulting in the
formation of acetyl-CoA, NADH, and FADH. Acetyl-CoA
can be converted to ketone bodies or can be degraded
further by the action of the Krebs cycle, whereas NADH
and FADH are oxidized via the respiratory chain.

Early studies had shown that the production of ketone
bodies by perfused livers from rats with long-term bile duct li-
gation is reduced (7). In agreement with these observations,
we later found that rats with long-term bile duct ligation,
when starved for 24 h, had decreased plasma ketone body
concentrations (3) and that the production of ketone bodies
by hepatocytes isolated from such rats was lower than for
control rats (2). Long-term bile duct ligation is associated
with reduced activities of complexes I and III of the respira-
tory chain of liver mitochondria (2, 8), a finding considered
to be responsible for the observed impairment of hepatic
fatty acid oxidation in this animal model of biliary cirrhosis.
However, in more recent studies we could show that the ac-
tivities of complexes I and III recover within days after rever-
sal of bile duct ligation whereas hepatic fatty acid metabolism
did not normalize during this observation period (9). In the
same animals, analysis of the hepatic carnitine pool revealed
an increased content of acetylcarnitine whereas the hepatic

 

b

 

-hydroxybutyrate content was decreased, suggesting intact

 

b

 

-oxidation but impaired ketogenesis (10).
So far, hepatic fatty acid metabolism has not been studied

 

Abbreviations: ALT, alanine aminotransferase; CoA, coenzyme A;
CoASH, reduced form of coenzyme A; CPT, carnitine palmitoyltrans-
ferase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HMG-
CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; PCR, polymerase chain
reaction; TMPD, 
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in detail in rats with short-term bile duct ligation, before the
development of secondary biliary cirrhosis. Short-term bile
duct ligation in the rat can be regarded as an animal model
for acute cholestasis in humans (11), a clinical condition
known to be associated with an increased mortality for surgi-
cal (12) or other interventions (13). Because increased mor-
tality in acute cholestasis may also be a consequence of de-
ranged hepatic energy metabolism, we decided to study
hepatic fatty acid metabolism in rats with bile duct ligation
for 5 or 10 days. The specific questions asked by us were 

 

i

 

) is
short-term bile duct ligation associated with alterations in
hepatic fatty acid metabolism and 

 

ii

 

) if yes, which are the
mechanisms leading to these alterations.

MATERIALS AND METHODS

 

Reagents

 

[1-

 

14

 

C]palmitic acid was obtained from Amersham Pharmacia
Biotech (Dübendorf, Switzerland). Phosphotransacetylase was

obtained from Boehringer Mannheim (Rotkreuz, Switzerland).
All other chemicals were of reagent grade.

 

Animals

 

All animal experiments had been approved by the State Ani-
mal Ethics Board and were performed according to these guide-
lines. Male Sprague-Dawley rats (BRL, Füllinsdor f, Switzerland)
were used throughout the experiments. Rats were housed indi-
vidually in wire-bottom cages on a 12-h dark and light cycle. Li-
gation and transection of the common bile duct were per formed
as described previously (1). Rats were studied after either 5 or 10
days of bile duct ligation (BDL rats, n 

 

5

 

 11 for both groups).
Two groups of control rats (n 

 

5

 

 11 for both groups) were sham
operated (laparotomy and manipulation of the bile duct) and
pair fed with treated rats throughout the study with normal rat
chow (Kliba Futter, Basel, Switzerland). All studies were per-
formed with the rats starved for 24 h before investigation. There
was no mortality in any of the groups studied.

 

Characterization of animals

 

The animals were characterized by their body and spleen
weights and activities of alkaline phosphatase and alanine amino-

Fig. 1. Hepatic long-chain fatty acid metabolism. Long-chain fatty acids (e.g., palmitate) are activated by a specific acyl-CoA synthase
(PCS), which is located in the outer mitochondrial membrane (o.m.). The acyl-CoA formed is converted to the respective carnitine deriva-
tive by carnitine palmitoyltransferase I (CPT I), an enzyme located at the inner side of the outer mitochondrial membrane. The newly
formed acylcarnitine is transported across the inner mitochondrial membrane (i.m.) by a carnitine translocase (CTL) and reconverted to
the acyl-CoA derivative by CPT II. Within the mitochondrial matrix, the long-chain acyl-CoA undergoes b-oxidation, leading to the forma-
tion of acetyl-CoA, NADH, and FADH. Acetyl-CoA can be converted to ketone bodies (formation of acetoacetate and b-hydroxybutyrate via
the HMG-CoA pathway) or can be degraded further by the action of the Krebs cycle. NADH and FADH are oxidized by the enzyme com-
plexes of the respiratory chain (not shown).
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transferase (ALT) in plasma, and by their plasma concentrations
of glucose, free fatty acids, 

 

b

 

-hydroxybutyrate, bilirubin, and bile
acids. Alkaline phosphatase, ALT, glucose, free fatty acids, and bi-
lirubin were analyzed on a COBAS analyzer (Hoffmann-La Roche
Diagnostics, Basel, Switzerland) with commercially available kits.
Bile acids were determined with a radioimmunoassay (Becton
Dickinson, Orangeburg, SC). 

 

b

 

-Hydroxybutyrate was determined
fluorimetrically as described by Olsen (14).

 

Isolation of liver mitochondria and mitochondrial
oxidative metabolism

 

For the isolation of mitochondria, rats were decapitated and a
mixed venous/arterial blood sample was obtained in heparinized
tubes. A freeze-clamped liver sample was obtained quickly and
stored at –70

 

8

 

C. Mitochondria were isolated from the remainder
of the liver by differential centrifugation as described by Hoppel,
DiMarco, and Tandler (15). As shown previously, this method
yields mitochondria of good quality with only minor contamina-
tion of peroxisomes or lysosomes, also in rats with bile duct liga-
tion (2). An aliquot of freshly isolated mitochondria was used to
determine mitochondrial protein by the Biuret method with bo-
vine serum albumin as a standard (16).

Oxygen consumption by intact mitochondria was measured
in a chamber equipped with a Clark-type oxygen electrode (Yel-
low Springs Instruments, Yellow Springs, OH) at 30

 

8

 

C as de-
scribed previously (17). The concentrations of the substrates
used were 20 mM for 

 

l

 

-glutamate and succinate, 7.2 mM for
ascorbate, 40 

 

m

 

M for palmitoyl-

 

l

 

-carnitine, 20 

 

m

 

M for palmi-
toyl-CoA, and 80 

 

m

 

M for palmitate. All incubations with fatty
acids contained 5 mM 

 

l

 

-malate, incubations with palmitoyl-
CoA or palmitate contained in addition 2 mM 

 

l

 

-carnitine, and
incubations with palmitate contained in addition 250 

 

m

 

M ATP
and 250 

 

m

 

M CoASH.

 

In vitro mitochondrial 

 

b

 

-oxidation and Krebs cycle

 

The 

 

b

 

-oxidation of [1-

 

14

 

C]palmitic acid by liver mitochon-
dria was assessed as described by Fréneaux et al. (18), with
some modifications. The preincubation medium (1.8 ml of 70
mM sucrose, 43 mM KCl, 3.6 mM MgCl

 

2

 

, 7.2 mM potassium
phosphate, 36 mM Tris-HCl buffer, pH 7.4) contained 0.2 mM
adenosine triphosphate, 50 

 

m

 

M 

 

l

 

-carnitine, 15 

 

m

 

M CoASH, and
1 mg of mitochondrial protein. After 5 min of preincubation at
30

 

8

 

C, the incubation mixture was brought to 2 ml by adding
200 

 

m

 

l of the preincubation medium containing [1-

 

14

 

C]pal-
mitic acid (final concentration, 40 

 

m

 

mol/L; 0.1 

 

m

 

Ci/2 ml) with
bovine serum albumin (final concentration in the assay solu-
tion, 0.5 mg/2 ml). The tubes were closed with covers contain-
ing a filter paper soaked in 100 mM NaOH for trapping of
[

 

14

 

C]CO

 

2

 

 and incubated at 30

 

8

 

C with slow shaking. After 15
min, the reaction was stopped by adding 400 

 

m

 

l of 5% perchlo-
ric acid to the incubation mixture. Trapping of 

 

14

 

CO

 

2

 

 was con-
tinued for 60 min. The filter papers were then transferred into
scintillation vials and counted for 

 

14

 

CO

 

2

 

 activity. The incuba-
tion mixture was subsequently centrifuged at 4,000 

 

g

 

 for 10
min. An aliquot (400 

 

m

 

l) of the supernatant was counted for
1-

 

14

 

C activity. This activity measures acid-soluble products of
mitochondrial palmitate metabolism, which equals the forma-
tion of ketone bodies (18).

 

Direct determination of ketone body formation 
by disrupted, isolated liver mitochondria

 

Ketone body formation by liver mitochondria was determined
directly according to Chapman, Miller, and Ontko (19), with
some modifications. Frozen mitochondria were thawed, put
quickly into liquid nitrogen, and thawed again. Two milligrams
of mitochondrial protein was incubated at 37

 

8

 

C for 15 min with

an acetyl-CoA-generating system in a final volume of 900 

 

m

 

l. This
system contained 25 U of phosphotransacetylase and the follow-
ing components (final concentrations): 10 mM sodium phos-
phate, 4 mM ATP, 30 mM lithium acetyl phosphate, 1 mM
CoASH, 35 mM KCl, 3 mM MgCl

 

2

 

, and 0.5 mM dithiothreitol,
pH 7.4. The reaction was stopped by adding 100 

 

m

 

l of 30% per-
chloric acid. After removing the precipitate by centrifugation
the supernatants were analyzed for acetoacetate according to
Olsen (14).

 

Assay of acetoacetyl-CoA thiolase activity

 

The activity of acetoacetyl-CoA thiolase was assayed with dis-
rupted mitochondria, using a spectrophotometric method with
acetoacetyl-CoA as substrate (15).

 

Assay of HMG-CoA synthase activity

 

The activity of 3-hydroxy-3-methylglutaryl (HMG)-CoA syn-
thase was assessed according to Quant, Tubbs, and Brand (20),
with some modifications. Fifteen microliters of liver mitochon-
dria (300 

 

m

 

g of protein) was treated with 7.5 

 

m

 

l of Triton X-100
to expose HMG-CoA synthase and was assayed immediately. The
standard 1-ml assay system contained 50 mM Tris-HCl, 10 mM
MgCl

 

2

 

, and 2 mM dithiothreitol, pH 8.0. Lysed mitochondria
(300 

 

m

 

g of protein), 100 

 

m

 

M acetyl-CoA, 10 U of phosphoacetyl-
transferase, 5 mM acetyl phosphate, and 10 mM acetoacetyl-CoA
were added simultaneously. HMG-CoA synthase activity was mea-
sured at 30

 

8

 

C as the initial velocity of the decrease in absorbance
at 303 nm. Under these conditions HMG-CoA synthase is desuc-
cinylated and the total activity is measured.

 

RNA isolation and reverse transcription

 

Total RNA was extracted from rat liver according to the gen-
eral protocol of Sambrook, Fritsch, and Maniatis (21). The RNA
concentration was determined by the absorbance at 260 nm, and
the quality of the RNA was controlled by running an aliquot on a
1% agarose formaldehyde gel. Four micrograms of total RNA
from rat liver was used as a template for first-strand cDNA syn-
thesis with reverse transcriptase (Molony murine leukemia virus
reverse transcriptase; GIBCO-BRL, Life Technologies, Basel,
Switzerland) and oligo(dT) primer.

 

Real-time quantitative PCR analysis
of HMG-CoA synthase

 

Real-time quantitative polymerase chain reaction (PCR) anal-
ysis was performed with a PE Applied Biosystems (Foster City,
CA) 7700 sequence detector, which is a combined thermocycler
and fluorescence detector. Sets of primers were chosen for
HMG-CoA synthase to receive a PCR product of less than 100
base pairs. A dual-labeled fluorogenic probe complementary to
a sequence within the PCR product was added to the PCR. The
primers and the dual-labeled fluorogenic probe for glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), which ser ved as in-
ternal standard, were chosen accordingly. One fluorescent dye
(6-carboxyfluorescein) serves as a reporter, and its emission is
quenched by a second fluorescent dye (6-carboxy-tetramethyl-
rhodamine). During elongation, the 5

 

9

 

 to 3

 

9

 

 exonuclease activity
of the 

 

Taq

 

 DNA polymerase hydrolyzes the probe, thus releasing
the reporter from the quencher, resulting in increased fluores-
cence that is detected. For HMG-CoA synthase, the forward and
reverse primers were TGA ACG GTG AAT AGA CAC AGC G and
GTG GTG CTC ACT GCT TCA GG, respectively, with the probe
being CTG CTC CGC GGT GAA GGGCC. For GAPDH, the cor-
responding forward and reverse primers were CTG CCA AGT
ATG ATG ACA TCA AGA A and AGC CCA GGA TGC CCT TTA
GT, respectively, with the probe being TCG GCC GCC TGC TTC
ACC A (22). Primers and probes were custom synthesized by PE
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Biosystems. Complementary DNA was amplified in a 50-

 

m

 

l vol-
ume containing 25 

 

m

 

l of the 2

 

3

 

 TaqMan Universal PCR Master
Mix (PE Biosystems), 100 nM probe, and a 300 nM concentra-
tion of each primer. After a denaturating step of 10 min at 95

 

8

 

C,
40 cycles were performed: 95

 

8

 

C for 15 s and 60

 

8

 

C for 1 min. The
mathematical analysis of the results was per formed as recom-
mended by the manufacturer, after having performed all the val-
idation experiments necessary (PE Biosystems, DOD Doc
4303859, user bulletin 2).

 

Preparation of antibodies and Western blot
analysis of HMG-CoA synthase

 

Antibodies against mitochondrial HMG-CoA synthase were
prepared by injecting rabbits with a peptide corresponding to
the amino acid sequence 37 –49 of the mitochondrial HMG-CoA
synthase protein as described previously (23). Immunoblotting
of mitochondrial HMG-CoA synthase was carried out as de-
scribed by Serra et al. (23). The autoradiograms were quantified
with luminescent image analyzer LAS-1000 with image reader
LAS-1000 for Windows

 

®

 

 software (Raytest, Urdorf, Switzerland).

 

Data presentation and statistical analysis

 

Data are presented as means 

 

6

 

 SD unless specified otherwise.
Data were analyzed by analysis of variance (ANOVA) followed by
a 

 

t

 

-test with Bonferroni correction to localize the differences
in case of a significant ANOVA. 

 

P

 

 

 

,

 

 0.05 was considered to be
significant.

 

RESULTS

The studies were carried out to investigate the effect of
short-term cholestasis on hepatic mitochondrial fatty acid
metabolism and to find out the mechanisms, if hepatic
metabolism of fatty acids was found to be impaired. Rats
were bile duct ligated for 5 or 10 days (BDL rats) and con-
trol rats were pair fed with BDL rats throughout the study.
The final studies were carried out with all rats starved for
24 h. As shown in 

 

Table 1

 

, body weights were not different
between BDL and control rats 5 days after surgery, but
slightly increased in BDL rats after 10 days. Liver and
spleen weights were significantly increased in BDL rats at
both time points. A so-far unpublished histological analy-
sis of livers from rats 5 or 10 days after bile duct ligation
showed no massive hepatic steatosis, fibrosis, or prolifera-

tion of bile ducts, suggesting that fluid retention is the
most likely cause of liver weight gain in rats with short-
term bile duct ligation (C. Lang, unpublished results). As
expected, activities of alanine aminotransferase and alka-
line phosphatase as well as the plasma concentrations of
bilirubin and bile acids were all increased in BDL rats.
Similar to previous studies after a longer period of bile
duct ligation, BDL rats had reduced plasma glucose levels
at both time points (9). While the plasma free fatty acid
concentration was not different between BDL and control
rats, the plasma b-hydroxybutyrate concentration was de-
creased in BDL rats at both 5 and 10 days after surgery,
compatible with impaired hepatic fatty acid metabolism.

As illustrated in Fig. 1, hepatic fatty acid metabolism
can be impaired because of reduced activation or trans-
port of fatty acids, impaired b-oxidation, or activity of the
respiratory chain, or because of reduced activity of the
HMG-CoA pathway. As a first step, as shown in Table 2,
we therefore investigated oxidative metabolism of differ-
ent substrates by isolated liver mitochondria. State 3 and
state 4 (results not shown) oxidation rates were not differ-
ent for l-glutamate, succinate, or ascorbate/TMPD as
substrates, excluding a defect in the respiratory chain
(17). State 3 and state 4 (results not shown) oxidation
rates for palmitoyl-CoA and palmitoylcarnitine were also
not different between BDL and control rats, excluding im-
paired transport into mitochondria and impaired b-oxida-
tion of fatty acids as an explanation for reduced hepatic
fatty acid metabolism in BDL rats. Using palmitate as a
substrate, there was no difference in state 3 oxidation at 5
days, but a slight reduction in BDL rats at 10 days after
bile duct ligation. Theoretically, reduced activation of
palmitate could therefore have contributed to impaired
hepatic fatty acid metabolism in BDL rats, at least 10 days
after surgery.

As a next step, the formation of ketone bodies and CO2
from palmitate was determined with [14C]palmitate as a sub-
strate. As shown in Table 3, the formation of acid-soluble
products [representing ketone bodies (18)] was decreased
in BDL rats at both time points, compatible with impaired
ketogenesis, possibly due to reduced activity of the HMG-
CoA pathway (Fig. 1). In favor of this hypothesis, produc-

 
TABLE 1. Characterization of rats

Activity CON5 BDL5 CON10 BDL10

Body weight (end of study) (g) 266 6 33 279 6 30 276 6 20 299 6 25a

Liver weight (g) 7.2 6 0.6 12.0 6 1.0a 8.2 6 0.8 14.8 6 1.6a

Spleen weight (g) 0.59 6 0.10 0.80 6 0.16a 0.64 6 0.10 1.01 6 0.19a

Alanine aminotransferase (U/L) 47 6 13 213 6 109a 44 6 16 123 6 41a

Alkaline phosphatase (U/L) 187 6 35 379 6 105a 185 6 25 491 6 68a

Bilirubin (mM) 0.3 6 0.4 131 6 42a 0.2 6 0.3 181 6 35a

Bile acids (mM) 1 6 1 138 6 52a 1 6 1 103 6 34a

Glucose (mM) 6.9 6 1.1 5.7 6 0.8a 6.8 6 1.0 5.7 6 0.3a

Free fatty acids (mM) 1.04 6 0.36 1.07 6 0.14 0.93 6 0.23 0.98 6 0.15
b-Hydroxybutyrate (mM) 0.83 6 0.30 0.54 6 0.10a 0.88 6 0.09 0.59 6 0.24a

Rats were bile duct ligated for 5 days (BDL5, n 5 11) or 10 days (BDL10, n 5 11). Control rats (CON5 and
CON10, n 5 11 for both groups) were sham operated and pair fed with BDL rats throughout the study. Enzyme ac-
tivities and metabolite concentrations were determined in heparinized plasma as described in Materials and Meth-
ods. Results are given as means 6 SD.

a P , 0.05 versus the respective control group.
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tion of CO2 from palmitate, determined in the same incu-
bations as the formation of ketone bodies and reflecting
the activity of the Krebs cycle, was increased in mitochon-
dria from BDL rats by 17% (5 days) or 43% (10 days) but
without reaching statistical significance because of high
variations. The ratio of CO2 production and formation of
ketone bodies was increased significantly in BDL rats at
both time points.

The next step was therefore to assess the activity of the
HMG-CoA pathway in more detail (Table 4). With acetyl-
CoA as a substrate and using disrupted mitochondria, the
formation of acetoacetate can be assessed, whereas b-
hydroxybutyrate is not formed under these conditions
(19). In agreement with the hypothesis of a specific defect
in the HMG-CoA pathway, acetoacetate production from
acetyl-CoA was reduced in mitochondria from BDL rats at
both time points. As shown in Table 4, this reduction
could be explained primarily by impaired activity of HMG-
CoA synthase, the rate-limiting enzyme of the HMG-CoA
pathway, the activity of which was reduced in BDL rats at
both time points studied. In contrast, the activity of the
first enzyme of the HMG-CoA pathway, acetoacetyl-CoA
thiolase, was not reduced at 5 days and showed only a
slight reduction 10 days after surgery.

To confirm the biochemical determinations and to de-
fine the mechanism of reduced ketogenesis by acute
cholestasis more precisely, we determined the hepatic
steady state levels of mRNA and protein of HMG-CoA syn-

thase. As shown in Fig. 2, liver mRNA levels of HMG-CoA
synthase were reduced by approximately 70% on day 5
and by 65% on day 10 after surgery. Accordingly, as shown
in Fig. 3, a Western blot of HMG-CoA synthase showed re-
duced hepatic protein levels of this enzyme at both time
points studied.

DISCUSSION

The current studies demonstrate that, similar to rats
with long-term bile duct ligation, hepatic fatty acid metab-
olism is impaired also in rats with short-term cholestasis.
Impaired hepatic fatty acid metabolism in BDL rats is ex-
plained by decreased ketogenesis due to reduced activity
of HMG-CoA synthase, the rate-limiting enzyme of the
HMG-CoA pathway.

Our studies show a good agreement between the bio-
chemical and the molecular characterization of the princi-
pal enzyme affected, HMG-CoA synthase. The biochemical
characterization of mitochondrial fatty acid metabolism re-
vealed reduced ketogenesis with [14C]palmitate or acetyl-
CoA as a substrate, indicating that at least one of the four
ketogenetic enzymes had to be impaired by acute cholesta-
sis (see Fig. 1). A reduced activity of enzyme complexes of
the respiratory chain could be excluded, because state 3
and 4 respiration in the presence of l-glutamate, succi-
nate, or ascorbate/TMPD had been found to be un-

TABLE 2. State 3 oxidation rates by isolated rat liver mitochondria

Activity CON5 BDL5 CON10 BDL10

l-Glutamate (20 mM) 64 6 12 68 6 9 70 6 13 72 6 12
Succinate (20 mM) 85 6 21 94 6 34 102 6 28 84 6 24
Ascorbate (7.2 mM) 275 6 74 253 6 84 245 6 58 256 6 69
Palmitate (80 mM) 28 6 13 29 6 4 46 6 8 34 6 4a

Palmitoyl-CoA (20 mM) 53 6 17 52 6 15 58 6 20 58 6 16
Palmitoyl-l-carnitine (40 mM) 53 6 19 50 6 14 63 6 21 55 6 16

Rats were bile duct ligated for 5 days (BDL5, n 5 11) or 10 days (BDL10, n 5 11). Control rats (CON5 and
CON10, n 5 11 for both groups) were sham operated and pair fed with BDL rats throughout the study. Mitochon-
dria were isolated by differential centrifugation and state 3 oxidation rates were determined with a Clark-type oxy-
gen electrode as described in Materials and Methods. Units are n atoms per minute per milligram of mitochon-
drial protein. Results are presented as means 6 SD.

a P , 0.05, BDL versus control rats.

TABLE 3. In vitro b-oxidation and Krebs cycle activity by isolated liver mitochondria

Activity CON5 BDL5 CON10 BDL10

Acid-soluble b-oxidation
products 1.29 6 0.32 0.70 6 0.34a 1.17 6 0.43 0.69 6 0.37a

CO2 production 0.030 6 0.007 0.035 6 0.020 0.037 6 0.021 0.053 6 0.035

CO2 production/(acid
soluble products 1
CO2 production) 2.3 6 0.04 4.9 6 1.3a 3.2 6 1.0 5.1 6 2.1a

Rats were bile duct ligated for 5 days (BDL5, n 5 11) or 10 days (BDL10, n 5 11). Control rats (CON5 and
CON10, n 5 11 for both groups) were sham operated and pair fed with BDL rats throughout the study. Mitochon-
dria were isolated by differential centrifugation. b-Oxidation and Krebs cycle activity were determined with
[1-14C]palmitate as a substrate as described in Materials and Methods. Units for acid-soluble b-oxidation products
and CO2 production are nanomoles per minute per miligram of mitochondrial protein. Results are presented as
means 6 SD.

a P , 0.05, BDL versus control rats.
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changed in mitochondria from BDL rats. Concerning the
function of the respiratory chain, acute cholestasis is
clearly different from long-term cholestasis, because long-
term cholestasis is associated with decreased activities of
enzyme complexes I, II, III, and V (2, 8, 9). The develop-
ment of a decrease in the function of the respiratory
chain of liver mitochondria requires therefore either cho-
lestasis over several weeks and/or the development of liver
cirrhosis. Because the respiratory chain and/or fatty acid
metabolism of liver mitochondria appear not to be grossly
affected in rats with CCl4-induced (24) or thioacetamide-
induced liver cirrhosis (25, 26), long-term cholestasis ap-

pears to be more important for the mitochondrial defect
in BDL rats than cirrhosis itself.

Because the production of 14CO2 from [14C]palmitate
was not impaired (or even increased) in mitochondria
from BDL rats and oxidative metabolism of palmitoyl-l-
carnitine and palmitoyl-CoA was also not affected, mito-
chondrial b-oxidation and Krebs cycle activity had to be
normal (or increased) in mitochondria from BDL rats.
These findings also differ from the situation in rats with
long-term cholestasis, where various enzymes of mito-
chondrial b-oxidation have been found to have a reduced
activity (2). The only finding compatible with impaired

TABLE 4. Activity of the HMG-CoA pathway in disrupted liver mitochondria

Activity CON5 BDL5 CON10 BDL10

Formation of 
acetoacetate from
acetyl-CoA 4.8 6 1.9 2.1 6 1.0a 6.2 6 1.9 1.7 6 1.0a

Acetoacetyl-CoA
thiolase 220 6 43 194 6 41 233 6 47 183 6 35a

HMG-CoA synthase 1.46 6 0.47 0.94 6 0.50a 1.82 6 0.39 0.89 6 0.69a

Rats were bile duct ligated for 5 days (BDL5, n 5 11) or 10 days (BDL10, n 5 11). Control rats (CON5 and
CON10, n 5 11 for both groups) were sham operated and pair fed with BDL rats throughout the study. Mitochon-
dria were isolated by differential centrifugation and disrupted by freeze thawing. Production of acetoacetate from
acetyl-CoA was determined fluorimetrically and enzyme activities were determined spectrophotometrically as de-
scribed in Materials and Methods. Units are nanomoles per minute per milligram of mitochondrial protein. Re-
sults are presented as means 6 SD.

a P , 0.05, BDL versus control rats.

Fig. 2. Analysis of hepatic HMG-CoA synthase mRNA expression by real-time quantitative PCR. Rats studied were either bile duct ligated
(BDL) or sham-operated (CON). Control rats were pair fed with BDL rats, and all animals were starved for 24 h before the final experi-
ments. A: Representative amplification plot of one BDL and one CON animal. The x axis denotes the number of cycles and the y axis the
fluorescence intensity over background. The horizontal line is the fluorescence at the 17th cycle of GAPDH, which was taken as a threshold.
The two curves for GAPDH (blue, CON; green, BDL) are superimposed and cannot be separated from each other. The fluorescence curve
for HMG-CoA synthase with liver RNA of CON animals reaches the threshold after 17 cycles (yellow line) and the curve with liver RNA of
BDL rats after 19 cycles (red line). The relative quantification is shown in (B) (control rats are set at 100%). Data are given as means 6 SD.
* P , 0.05 BDL versus CON rats.
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fatty acid metabolism proximal to the HMG-CoA pathway
in mitochondria from rats with acute cholestasis was a re-
duced state 3 oxidation rate with palmitate as a substrate.
Taking into account normal mitochondrial metabolism of
palmitoyl-CoA and palmitoylcarnitine, this finding is com-
patible with impaired activation of long-chain fatty acids
on the outer mitochondrial membrane (Fig. 1). However,
reduced activation of fatty acids in BDL rats was consid-
ered to be of only minor importance and to offer no satis-
factory explanation for impaired hepatic fatty acid metab-
olism in BDL rats for different reasons. First, activation of
fatty acids is normally not considered to be rate limiting
for hepatic fatty acid metabolism (5, 27). Second, 14CO2
production from [14C]palmitate was not different between
mitochondria from BDL and control rats, suggesting that
the mitochondrial pool of acetyl-CoA, which is at the same
time the end product of b-oxidation (distal to activation
of fatty acids, see Fig. 1) and the substrate for the HMG-
CoA pathway and the Krebs cycle, was not lower in BDL as
compared with control rats. This assumption is in agree-
ment with a previous study showing that the mitochon-
drial short-chain acyl-CoA pool is not different between
rats with bile duct ligation for 4 weeks and control rats
(28).

The formation of ketone bodies from acetyl-CoA is per-
formed by four mitochondrial enzymes, namely aceto-
acetyl-CoA thiolase, HMG-CoA synthase, HMG-CoA lyase,
and b-hydroxybutyrate dehydrogenase (27). Because dis-
rupted mitochondria form only acetoacetate but not b-
hydroxybutyrate from acetyl-CoA (19), a deficiency of
b-hydroxybutyrate dehydrogenase could not be the rea-
son for our findings and was therefore not assessed fur-
ther. The activity of the first enzyme of the HMG-CoA
pathway, acetoacetyl-CoA thiolase, showed a slight reduc-

tion in mitochondria from BDL rats 10 days after surgery.
Because of the high activity of this enzyme (see Table 4),
this finding provided no satisfactory explanation for re-
duced activity of the HMG-CoA pathway in mitochondria
from BDL rats. In this context, it is important to emphasize
that, in contrast to long-term cholestasis, acute cholestasis is
not associated with a broad, unspecific mitochondrial dam-
age. This is well illustrated by maintained activity of aceto-
acetyl-CoA thiolase at the early time point studied, and
maintained functions of the respiratory chain, b-oxidation,
and Krebs cycle in liver mitochondria from rats with acute
cholestasis.

The rate-limiting enzyme of the HMG-CoA pathway is
HMG-CoA synthase (29, 30). In hepatocytes, two different
HMG-CoA synthases can be detected, one in the cytosol
and the other one in mitochondria. Both enzymes have
been cloned and they are encoded by different genes
(31). While the cytosolic enzyme is important for choles-
terol biosynthesis, the mitochondrial enzyme catalyzes the
rate-limiting step of the HMG-CoA pathway. Short-term
regulation of mitochondrial HMG-CoA synthase is achieved
by succinylation and desuccinylation (23, 32, 33). The en-
zyme is more active in the desuccinylated state, which can
be achieved by treatment with glucagon (23, 32). In our
studies, we measured total activity of HMG-CoA synthase
and therefore cannot exclude the possibility that im-
paired desuccinylation may also contribute to reduced
ketogenesis in acute cholestasis in vivo. On the other
hand, the reduction in the activity of HMG-CoA synthase
observed in our studies is of the same order of magnitude
as that for hepatic HMG-CoA synthase protein or mRNA
levels, suggesting that the major effect of acute cholestasis
is on long- and not short-term regulation of HMG-CoA
synthase.

Fig. 3. Effect of bile duct ligation on mitochondrial HMG-CoA synthase protein. Rats studied were either bile duct ligated (BDL) or sham
operated (CON). Control rats were pair fed with BDL rats, and all animals were starved for 24 h before the final experiments. Rats were de-
capitated and their livers were quickly removed and frozen in liquid nitrogen and processed for electrophoresis and Western transfer, which
was followed by incubation with a specific antibody for mitochondrial HMG-CoA synthase. Blots were quantitatively analyzed with a lumines-
cent image analyzer. The autoradiographs for both time points studied are shown in (A) and the relative quantification is shown in (B) (con-
trol rats are set at 100%). Data are given as means 6 SD. * P , 0.05 BDL versus CON rats.
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Long-term control of HMG-CoA synthase activity is
achieved by regulation of gene transcription (27). Physio-
logical factors that upregulate transcription include star-
vation, long-term exercise, a high-fat diet, and also the
fetal-suckling transition (23, 27). In addition, HMG-CoA
synthase transcription is also upregulated in experimental
animals with diabetes (23) or treated with glucocorticoids
(34). A number of transcription factors have been identi-
fied, among them hormones such as glucocorticoids and
glucagon, but also cellular proteins such as the peroxisome
proliferator activating receptor (27). Our results clearly
show that hepatic HMG-CoA synthase mRNA and protein
levels are decreased in livers from BDL rats, compatible with
impaired transcription of the HMG-CoA synthase gene.
However, our results do not allow firm conclusions to be
drawn about the mechanisms responsible for the suspected
decrease in HMG-CoA synthase transcription. Because BDL
rats have generally increased glucagon but unchanged insu-
lin concentrations in comparison with control rats (1), a
hormonal cause for this finding is unlikely. Similarly, nutri-
tional factors are also an unlikely cause of impaired tran-
scription of HMG-CoA synthase in acute cholestasis, because
control rats were pair fed with BDL rats and the free fatty
acid concentrations were not different between BDL and
control rats. Further studies, which were beyond the scope
of the current project, will therefore be necessary to deter-
mine the reasons for reduced hepatic HMG-CoA synthase
mRNA levels in rats with acute cholestasis.

A question not asked in the current investigations con-
cerns the fate of the fatty acids entering the liver when ke-
togenesis is impaired. The results of the current studies
suggest that probably a larger portion is oxidized by the
Krebs cycle. Another possibility is esterification to triglyc-
erides and storage in the liver and/or export into the
blood. Histological analysis of livers from rats after 14 or
28 days of bile duct ligation showed no steatosis (1), ex-
cluding massive hepatic accumulation of triglycerides.
Previous studies have shown increased plasma triglyceride
levels in rats with bile duct ligation for 4 weeks (3), sug-
gesting that more fatty acids are esterified and exported as
very low density lipoprotein particles into the blood.
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