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Abstract

Background & Aims: Intrahepatic cholestasis of pregnancy is a high-risk liver
disease given the eventual deleterious consequences that may occur in the
foetus. It is accepted that the abnormal accumulation of hydrophobic bile
acids in maternal serum are responsible for the disease development. Hydro-
phobic bile acids induce oxidative stress and apoptosis leading to the damage
of the hepatic parenchyma and eventually extrahepatic tissues. As coenzyme
Q (CoQ) is considered an early marker of oxidative stress in this study, we
sought to assess CoQ levels, bile acid profile and oxidative stress status in int-
rahepatic cholestasis. Methods: CoQ, vitamin E and malondialdehyde were
measured in plasma and/or tissues by HPLC-UV method whereas serum bile
acids by capillary electrophoresis in rats with ethinyl estradiol-induced chole-
stasis and women with pregnancy cholestasis. Results: CoQ and vitamin E
plasma levels were diminished in both rats and women with intrahepatic
cholestasis. Furthermore, reduced CoQ was also found in muscle and brain
of cholestatic rats but no changes were observed in heart or liver. In addition,
a positive correlation between CoQ and ursodeoxycholic/lithocholic acid
ratio was found in intrahepatic cholestasis suggesting that increased plasma
lithocholic acid may be intimately related to CoQ depletion in blood and tis-
sues. Conclusion: Significant CoQ and vitamin E depletion occur in both
animals and humans with intrahepatic cholestasis likely as the result of
increased hydrophobic bile acids known to produce significant oxidative
stress. Present findings further suggest that antioxidant supplementation
complementary to traditional treatment may improve cholestasis outcome.

Intrahepatic cholestasis of pregnancy (ICP) is a preg-
nancy-specific liver disorder usually benign to the
mother but it may have serious consequences for the
foetus, such as premature deliveries, foetal distress and
perinatal mortality (1, 2). ICP is a high-risk hepatic dis-
ease, so an early and accurate diagnosis is crucial to find
an appropriate medical treatment to improve foetal out-
come. At present, the use of ursodeoxycholic acid
(UDCA) is considered the treatment of choice (3).

*Both authors contributed equally to the study.
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ICP is characterized by the accumulation of bile acids
(BA) in maternal serum which are likely responsible for
the development of the disease because of their cyto-
toxic effects (4). Augmented hydrophobic BA induces
oxidative stress and apoptosis leading to damage hepatic
parenchyma and, eventually, extrahepatic tissues. If this
event takes place during gestation, the health of the foe-
tus may be a challenge (5). Oxidative stress results from
an imbalance between increased free radical production
and impairment of free radical scavenging. Coenzyme Q
(CoQ) (2, 3-dimethoxy-5-ethyl-6-multiprenyl-1,4-ben-
zoquinone) is a redox-active, lipophilic substance inte-
grated in the mitochondrial respiratory chain which acts
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as an electron carrier for the production of cellular
energy (6). In addition, it is recognized as a primary
regenerating antioxidant playing an intrinsic role against
oxidative damage (7). Recently, it has been hypothesized
that CoQ interacts earlier than vitamin E in the antioxi-
dant system and its depletion would be an earlier mar-
ker of oxidative damage (8). Moreover, CoQ effectively
supports the antioxidant activity of vitamin E (up to
now considered the most important antioxidant) by
reducing its oxidated form (9).

The predominant analogue of CoQ in humans is
coenzyme Q10 (CoQ10), which contains 10 isoprenoid
units in the tail, whereas the predominant form in
rodents is coenzyme Q9 (CoQ9) which has nine iso-
prenoid units in the tail.

Although the importance of CoQ in mitochondrial
function is well established, the significance of CoQ
deficiency has recently achieved clinical relevance. In
this sense, CoQ determination has acquired clinical sig-
nificance as a biomarker, particularly for metabolic and
oxidative stress abnormalities (6, 10). Human CoQ defi-
ciency can be classified as primary or secondary result-
ing in different heterogeneous diseases. Primary CoQ
deficiency seems to be relative rare and has been associ-
ated with mutations of diverse genes involved in its bio-
synthesis (11, 12). Growing evidence supports that
secondary or acquired CoQ deficiency is more common.
Low plasma CoQ has been reported in different diseases
including muscular, neurodegenerative, cardiovascular
and reproductive diseases as well as cancer (13-16),
among others. However, none of these reports demon-
strated CoQ deficiency by measuring it in tissues (17).
Moreover, although clinically important, to our knowl-
edge, CoQ status in ICP has not been so far reported.

In this study, we sought to assess CoQ levels, BA pro-
file and oxidant stress status in rats treated with ethinyl
estradiol (EE) as well as women with ICP.

Materials and methods
Animals

Female Sprague—Dawley strain rats (School of Pharmacy
and Biochemistry, University of Buenos Aires) weighing
between 200 and 230 g were used in the experiments.
Animals were housed in steel cages and maintained at a
temperature between 22 and 24°C in a controlled room
with a 12 h light/dark cycle (light from 7:00 to 9:00). All
experiments were performed following the recommen-
dations of the National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals (NIH Pub-
lication N85-23, 1985, revised 1996). All experimental
protocols were approved by the Animal Care Commit-
tee of the School of Pharmacy and Biochemistry, Uni-
versity of Buenos Aires.

Intrahepatic cholestasis in rats was induced by daily
subcutaneous injection of 5 mg/kg EE dissolved in pro-
pylene glycol for five consecutive days (Sigma-Aldrich,
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St Louis, MI, USA). ICP is the clinical correlate of this
animal model of cholestasis (18, 19). Control animals
were injected with the same volume of vehicle. Rats were
sacrificed by decapitation, a blood sample obtained and
the whole heart, brain, left hepatic lobule and skeletal
muscle (quadriceps) were excised. Tissues and blood
samples were stored at —80°C until assayed.

In order to evaluate whether EE per se affected CoQ,
a set of animals were sacrificed 24 h following the first
EE injection.

Patients

This study was conducted in women with normal preg-
nancy and with ICP under gestational control at the
national hospital Jose de San Martin, associated with the
University of Buenos Aires, Argentina.

This study complied with the Declaration of Helsinki
and it was approved by the Institutional Review Board
and the Bioethical Committee of our Institution. Writ-
ten consent from all patients was obtained.

Thirty-seven healthy pregnant women and 19 ICP
patients (both groups in the third trimester of preg-
nancy) were included in the study.

Diagnosis of ICP was based on the presence of pruri-
tus with elevation of total serum BA (TSBA) higher than
11 pmol/L and/or at least one of the two aminotransfe-
rases [alanine-aminotransferase (ALT) or aspartate-ami-
notransferase (AST)] higher than the upper normal
limit (40 and 31 UI/L, respectively), and/or elevation of
v- glutamyltranspeptidase (y-GT) above 36 UI/L during
the second half of an otherwise uneventful pregnancy,
and the absence of infection by hepatitis A virus, hepati-
tis B virus and hepatitis C virus, autoimmune diseases,
alcohol intake, HIV, skin diseases or biliary obstruction.

Pruritus was arbitrarily measured in an ordinary
scale: grade 1 intermittent, nocturnal, and slight; grade
2, continuous diurnal and nocturnal, from slight to
moderate; grade 3 severe and grade 4 severe but also
accompanied by insomnia or itching lesions. The
patients were not treated with UDCA at the time of the
study.

Blood samples were obtained after a fasting period of
10 h, and frozen at —80°C until assayed to avoid CoQ
degradation (20).

Analytical procedures

Coenzyme Q determination in plasma and tissues. Tissue
samples were weighed and homogenized with 3.2 ml
cold 1-propanol on ice bath. The mixture was then vor-
tex-mixed for 1 min, sonicated and transferred to a
polypropylene tube, ultracentrifuged at 9000¢ for
10 min.

Heparinized plasma (100 pl) was supplemented with
200 pl cold 1-propanol, centrifuged and the organic
layer was evaporated to dryness under a stream of nitro-
gen. The dry residue was dissolved in 50 pl ethanol.
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Assessment of CoQ in plasma and tissues was per-
formed by an optimized micro HPLC-UV method as
previously detailed (21, 22). The final chromatographic
conditions were: 30°C column temperature, the isocratic
mobile phase consisted of methanol 100% and the flow
rate was set at 0.4 ml/min. UV-detection was performed
at 275 nm with an injection volume of 10 pl. Separation
was achieved using an XTerra C18 analytical microcol-
umn (50 x 2.1 mm id., 3.5 um particle size) with a
guard column XTerra C18 (Waters corp., Milford, MA,
USA).

Plasma vitamin E determination. Heparinized plasma
(50 pl) was supplemented with 100 pl cold 1-propanol,
centrifuged and the organic layer was evaporated to dry-
ness under a stream of nitrogen. The dry residue was
dissolved in 100 ul methanol.

The analysis of vitamin E in plasma was performed
by an HPLC-UV method with some modifications (23).
The final chromatographic conditions were: 25°C col-
umn temperature, the isocratic mobile phase consisted
of methanol: water (94:6) and the flow rate was set at
0.4 ml/min. UV-detection was performed at 296 nm
with an injection volume of 10 pl. Separation was
achieved using a BDS Hypersil C18, Thermo Scientific
analytical microcolumn (100 x 2.1 mm id., 2.4 um
particle size) with a guard column.

Malondialdehyde (MDA) determination in tissues and
plasma. Aliquots of tissue homogenates (75-300 pg pro-
tein) and 250 pl of plasma samples was added with
0.2% (w/v) butylhidroxytoluene in ethanol and 2.8%
(w/v) trichloroacetic acid and the resulting suspension
centrifuged at 4000¢ for 10 min. The supernatant was
mixed with 0.6% (w/v) thiobarbituric acid, heated for
45 min at 90°C, and then centrifuged at 4000g for
10 min at 4°C.

MDA was determined in plasma and tissues by the
2-thiobarbituric acid reactive substances (TBARS)
method by isocratic reverse phase HPLC with minor
modifications (24). The analytical column was a Micro-
sorb C18, Agilent (15 x 4.6 mm id., 5 um particle
size) and a C18 guard column. The mobile phase was
50 mM phosphate buffer pH 7.00: Methanol (65:35).
The flow rate was 1.0 ml/min, the injection volume was
100 pl and the detection wavelength was set at 532 nm.

TSBA and BA profile in serum. TSBA and their indi-
vidual profile: cholic acid (CA), chenodeoxycholic acid,
deoxycholic acid (DCA), LCA and UDCA, in their free,
glycine and taurine derivative forms were assessed by
capillary electrophoresis. A detailed description of the
analytical method was previously reported (25).

Liver function tests

ALT, AST, alkaline phosphatase (ALP), y-GT enzymatic
activity and total and conjugated bilirubin concentra-
tion were performed by standard routine automated
techniques (Roche Cobas C501 Chemistry Analyzer;
Roche Diagnostics, Holliston, MA, USA). Normal range
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for total bilirubin is up to 1.0 mg/dl, whereas for direct
bilirubin up to 0.3 mg/dl. Normal ranges for AST, ALT,
ALP, yGT and cholesterol are 12-31, 12-40, 90-240, 5—
36 UI/L and <200 mg/dl respectively.

Statistical analysis

Shapiro-Wilk§ W-test of normality was performed.
Kruskal-Wallis non-parametric analysis followed by the
Mann—Whitney U-test was used. Differences between
groups were analysed by Student’s t-test or non-para-
metrical tests, according to the distribution. Pearson's r
coefficient was calculated for correlations. Levels of sig-
nificance were established at P < 0.05.

Results
Animals

EE-treated rats showed significantly reduced bile flow as
compared with control rats (Table 1). In addition,
cholestatic animals also showed increased TSBA
(Fig. 1). The increase in LCA (Fig. 1B) was more pro-
nounced than that of TSBA (Fig. 1A).

Figure 2 shows the levels of CoQ9 (Fig. 2A) and
CoQ10 (Fig. 2B) in blood and tissues of control and
cholestatic (EE-treated) rats. The plasma concentration
of CoQ9 in control rats was more than three-fold higher
than that of CoQ10 in accordance with previous find-
ings further supporting that the predominant CoQ
homologue in rodents is CoQ9 (26). In cholestatic rats,
CoQ10 plasma levels showed a decreasing trend but it
was not statistically significant. However, plasmatic
CoQ9 concentration was markedly decreased in EE-
treated rats (Fig. 2A).

In all tissues studied (skeletal muscle, brain,
heart and liver) of control rats, the concentration of
CoQ9 was approximately two- to 12-fold higher than
that of CoQ10. The concentration of total CoQ
(CoQ9 + CoQ10) varied greatly with tissues being
the rank order as follows: heart>skeletal muscle>brain>-
liver.

When CoQ was examined in cholestatic rats, no
changes in heart and liver CoQ9 and CoQl0 were
observed whereas both CoQ homologues were signifi-

Table 1. Bile flow of control and EE-treated rats. Bile flow is
expressed as pl/min/100 g body weight (BW). Results are expressed
as means + SEM

EE-treated
Time (min) Control (ul/min/100 g BW) (u/min/100 g BW)
5 4,970 + 0.303 2.460 + 0.1521***
10 4.493 + 0.544 1.803 £ 0.163***
15 4.463 +£ 0.211 1.673 £ 0.202***
20 4.478 +0.132 1.425 £ 0.251***

**%p < (0.001 vs. control.
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Fig. 1. Total bile acids (TSBA) and lithocholic acid (LCA) in rats with
intrahepatic cholestasis. Cholestasis was induced in rats by ethinyl
estradiol administration and TSBA (A) and LCA (B) were determined
in serum as detailed in Materials and methods. Results are
expressed as means = SEM. o, Control; m, cholestatic rats.

*P < 0.05 vs. control; n: 5-9.

cantly decreased in skeletal muscle and brain as com-
pared to control rats (Fig. 2A and B).

CoQ homologues in plasma and tissues were similar
in control and rats sacrificed at 24 h showing that EE
per se does not affect CoQ content.

Furthermore, plasma levels of vitamin E were also
significantly diminished in cholestatic rats (Fig. 2C).
However, TBARS showed no statistical differences in
tissues or plasmas between the two groups (Table 2).

In plasma, CoQ9 correlated negatively with LCA in
EE-treated rats (Fig. 3A) and positively with vitamin E
(Fig. 3B) and UDCA/LCA ratio (Fig. 3C).

Patients

The clinical data and biochemical markers of the
patients studied are shown in Table 3. The age and ges-
tational age of women with normal pregancy or ICP
were comparable at the time of the study. Nine of the 19
patients had pruritus grade 1 or 2 at the time of the
query and extraction of blood. Results showed that
women with ICP had aminotransferases, ALP and yGT
higher than normal pregnant women. The analysis of
BA showed that women with ICP had significantly
higher levels of TSBA, LCA, DCA and free bile acids
than clinically healthy pregnant women, whereas UDCA
concentration remained unchanged (Table 4).

In accordance with the results obtained in animals,
CoQ10 was significantly diminished in ICP patients
with respect to normal pregnant women (Fig. 4A).

Vitamin E was also markedly decreased in ICP
patients as seen in cholestatic rats (Fig. 4B). Further-
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more, positive correlation was observed between CoQ10
and vitamin E (r = 0.9890, P < 0.05).

Discussion

Reactive oxygen species (ROS) are highly reactive com-
pounds that induce structural and functional alterations
that may eventually cause cell death. Therefore, the
study of antioxidant systems raises great interest because
of their potential beneficial and therapeutic effects.

CoQ is an endogenous antioxidant compound con-
sidered an early marker of oxidative damage (8). CoQ10
levels are elevated during human pregnancy, particularly
in the third trimester. The high plasmatic level in full-
term pregnant women may represent a CoQ10 storage
to protect mothers and neonates from oxidative stress
caused by higher energetic requirements at delivery time
(9). Hence, a CoQ10 decrease in pregnant women may
turn dangerous for the foetus.

ICP is a high- risk pregnancy disease characterized by
a hydrophobic BA increase in plasma (27). BA disrupt
cell membranes through their detergent action on lipid
components and promote the generation of ROS that
react with lipids, proteins and nucleic acids eventually
leading to hepatocyte apoptosis. Additionally, they can
activate Kupffer cells to generate ROS that may contrib-
ute to hepatocyte insult (28-30). BA cytotoxicity is asso-
ciated with the most hydrophobic species, being LCA
the most hydrophobic (5, 31) and UDCA the most
hydrophilic (32). Growing evidence supports that the
increase in serum BA is responsible for the enhanced
oxidative stress that occurs in ICP (33-35).

In this study, a validated animal model of ICP which
shows similar biochemical hepatic alterations as
observed in ICP patients was used in the study (36, 37).
Rats with intrahepatic cholestasis induced by EE (38)
showed a significant decrease in CoQ9 and vitamin E in
plasma that correlated well with an increase in LCA lev-
els. Oxidative damage has traditionally been assessed
using TBARS assay although different studies support
that TBARS may not be sensitive enough to evaluate
oxidative stress (39). In our study, TBARS levels were
similar in cholestatic and non-cholestatic rats. In accor-
dance, Aboutwereat and co-workers found that TBARS
levels were similar in control and patients with primary
biliary cirrhosis although the assessment of other mark-
ers support increased oxidative stress (39). In fact, oxi-
dative stress is a feature of all types of cholestasis as
supported by different studies (40-43). Although
TBARS levels were similar in cholestatic and control
rats, CoQ and vitamin E were significantly reduced sup-
porting increased oxidative stress. Present results further
support the hypothesis that CoQ is an early marker of
oxidative stress.

Plasma CoQ more likely reflects the degree of tissue
metabolic request. However, tissue CoQ is strictly
related to the balance existing between biosynthetic and
dietary supply on one side and energetic consumption
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Fig. 2. Coenzyme Q homologues and vitamin E levels in rats with intrahepatic cholestasis. Rats with cholestasis induced by ethinyl estradiol
were assessed for coenzyme Q9 (CoQ9) (A) and coenzyme Q10 (CoQ10) (B) in plasma and tissues and vitamin E in plasma (C) by HPLC as
detailed in Materials and methods. o, Control; m, cholestatic rats. Results are expressed as means + SEM. *P < 0.05, **P < 0.01 and

kP < 0.001 vs. control. n: 5-9.
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Table 2. TBARS levels in rats with intrahepatic cholestasis

TBARS

Control EE-treated

(n=5) (n=9)
Plasma (uM) 1.19 £ 0.16 0.86 + 0.10
Skeletal muscle 0.62 +0.43 0.90 + 0.42
(pmol/ug protein)
Brain (pmol/ug protein) 1.06 = 0.27 0.77 £ 0.07
Heart (pmol/ug protein) 126 £ 1.5 11.7+£0.8
Liver (pmol/ug protein) 0.44 + 0.08 0.49 + 0.07

Cholestasis was induced in rats by ethinyl estradiol (EE) administrations
as detailed in Materials and methods. Results are expressed as
means + SEM.

on the other (9). Therefore, CoQ homologues (CoQ9
and CoQ10) were assessed in different tissues from
cholestatic rats. We evaluated CoQ in skeletal muscle,
brain, heart and liver given that CoQ serves as an
important antioxidant in these tissues and its depletion
is particularly associated with central nervous system,
heart and muscle diseases. In accordance, skeletal mus-
cle and brain from cholestatic rats showed reduced
levels of the coenzyme whereas no differences were
observed in the liver or heart. Given that CoQ is consid-
ered the first line of defence in response to oxidative
stress (8), tissue distribution of CoQ in cholestatic rats
suggests that the brain and skeletal muscle seem to be
more susceptible to the oxidative insult induced by cho-
lestasis.

It is interesting to mention that EE-treated rats
showed decreased spontaneous locomotor activity as
compared to control rats likely attributed to the pro-
gressive muscle weakness and abnormal fatigue nor-
mally found in CoQ10 deficiency (14).

CoQ levels in the liver were similar in control and
cholestatic rats and this finding may be related to the
slight liver damage observed in this pathology. Further-
more, it may be related to a hepatic paradox previously
described in animal models of cholestasis including EE-
cholestasis. Despite increased hepatic BA, the activity of
HMG-CoA reductase and 7alpha hydroxylase is
increased (44-47). These authors explained this paradox
by showing that increased hydrophilic BA in cholestatic
livers do not result in enzyme inhibition. Since CoQ is
synthesized via HMG-CoA reductase, it seems likely that
the decrease in CoQ caused by oxidative stress in ICP
would be compensated by an increase in its synthesis.
This finding may contribute to explain the similar
CoQ9 and CoQ10 levels found in the liver.

During parturition, normal oxidative stress occurs;
hence, a defective response to an oxidant stimulus could
be a possible factor in human early pregnancy failure.
Compagnoni et al. (9) suggested that, in normality, nat-
ure ‘knowing’ the risk of oxidative stress deriving from
the impact of neonate with the extrauterine environ-
ment, prepares the mother with and adequate storage of
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Fig. 3. Correlation of different markers in rats with intrahepatic
cholestasis. Correlation between coenzyme Q9 (CoQ9) and litho-
cholic acid (LCA) (r = —0.8298, P < 0.05) (A), CoQ9 and vitamin
E (r=0.9745, P < 0.01) (B), and CoQ9 and ursodeoxycholic/
lithocholic acid ratio (UDCA/LCA) (r = 0.8615, P < 0.05) (C).
Cholestasis was induced by ethinyl estradiol as detailed in
Materials and methods.

antioxidant system as CoQ10. However towards the end
of gestation, there is an increase in oxygen tension caus-
ing ROS production and therefore distinct enzymatic
antioxidant defences have evolved to quench the resul-
tant radicals. When ROS generation exceeds the capacity
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Table 3. Clinical and biochemical markers in normal pregnant
women and patients with intrahepatic cholestasis of pregnancy
(ICP)

Normal pregnant ICP patients
women (n = 37) (n=19)
Age in years (range) 17-41 18-42

Personal or 0 1
familial history of ICP (n)

Gestational age (weeks)? 36.3+0.7 339+ 1.0
Presence of pruritus 0 9

Total bilirubin (mg/dl) 0.30 £ 0.02 0.35+0.04
Direct bilirubin (mg/dl) 0.20 + 0.03 0.25 + 0.05
AST (UI/L) 193 +1.2 40.5 +£ 10.4*
ALT (UI/L) 8.94 + 5.63 447 £ 15.2%*
ALP (UI/L) 309 + 15 483 + 57*
yGT (UIL) 10.7 £ 0.9 24.0 + 4.3*
Cholesterol (mg/dl) 246 £ 10 229 £ 17

Results are expressed as means = SEM.
At the time of the study.
*P < 0.05, **P < 0.01 vs. control.

Table 4. Total serum bile acids (TSBA) and bile acid profile in the
serum of women with normal pregnancy and with intrahepatic
cholestasis of pregnancy (ICP)

Normal

pregnant

women ICP patients

(n=37) (n=19)
Bile acid
TSBA (umol/L) 6.70 + 0.69 37.7 £ 5.9%**
LCA (umol/L) 0.33 + 0.06 5.98 £ 1.61***
DCA (umol/L) 1.39 + 0.68 6.37 +£ 2.69**
UDCA (umol/L) 3.74 + 0.81 3.26 + 0.87
Free (umol/L) 1.90 £ 0.40 20.5 £ 5.6%**
UDCA/LCA 13.2+33 2.50 + 1.30%**

Results are expressed as means + SEM.
**P < 0.01, ***P < 0.001 vs. control.

of the antioxidant defences, oxidative stress results and
indiscriminate damage to proteins, lipids and DNA
occurs leading to eventual cell death (48). Therefore,
decreased tissue CoQ content in the mother may repre-
sent a risk factor for the newborn. Besides, neonates,
and especially preterm infants, are at higher risk for oxi-
dative stress at birth and are very susceptible to oxida-
tive damage by ROS because the extrauterine
environment is richer in oxygen than the intrauterine
environment. This problem is aggravated by the low
efficiency of natural antioxidant systems in the newborn
that could be worsened even more if the antioxidant
capacity of the mother is deficient (9, 49).

Taking into account the importance of the conse-
quences related to decreased antioxidant defense in ICP
and in order to assess whether the results observed in
animals were confirmed in patients and conclusively
demonstrate CoQ status in ICP, we analysed plasmatic
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Fig. 4. Plasmatic levels of Coenzyme Q10 (CoQ10) and vitamin E in
women with normal pregnancy and with intrahepatic cholestasis.
CoQ10 (A) and vitamin E (B) in normal pregnant women (o) and
patients with intrahepatic cholestasis of pregnancy (m). Results are
expressed as means + SEM. *P < 0.05 and ***P < 0.001 vs. con-
trol. n: 19-37.

CoQ10, vitamin E levels and serum BA profiles in
women with normal pregnancy and with ICP.

In this study, the plasma concentration of CoQ10
found in normal pregnant women of our population
was similar to those previously reported by other
authors (50). However, we have found decreased
CoQ10 levels in patients suffering ICP. This decrease
was accompanied by reduced vitamin E plasmatic level.
Various reports have addressed vitamin E levels in other
cholestatic diseases but results are controversial. Levels
of vitamin E were found to be decreased in primary bili-
ary cirrhosis and sclerosing cholangitis (n = 105) (51)
but other authors found no significant changes in
plasma vitamin E levels in patients with primary biliary
cirrhosis, although the number of patients included in
the study was considerably lower (n = 41) (39). How-
ever, to our knowledge, this is the first study to report
decreased CoQ10 and vitamin E levels in pregnancies
complicated with cholestasis.

We have also found an increased hydrophobic serum
BA profile in ICP patients as we have previously reported
(27, 52). Reduced levels of CoQ10 may be attributed to
the increase in serum BA which are thought to be respon-
sible for the enhanced oxidative stress occurring in ICP
(5, 33-35). An interesting finding was that UDCA/LCA
ratio was diminished in ICP because of increased LCA
with no changes in UDCA with respect to normal preg-
nancies. It has been well established that UDCA has pro-
tective and antioxidant properties whereas LCA is toxic
(5, 33-35). Therefore, the decrease in the UCDA/LCA
ratio in ICP together with reduced CoQ10 supports
impaired antioxidant protection.
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Decreased CoQ10 in IPC patients may reveal an
imbalance in oxidative stress and antioxidant defences
thus affecting energy production and increasing risk for
the foetus. Although the relationship between CoQ10
and serum BA is not well established, it is possible that
reduced CoQ10 levels result from increased production
of hydrophobic BA and enhanced consumption of the
coenzyme by free radicals. However, it is also possible
that CoQ10 depletion may be caused by enhanced coen-
zyme extraction from blood because of increased cellu-
lar demand.

Although investigations on the effect of antioxidants
in risk pregnancies are scarce, recognition of CoQ defi-
ciency is highly important because it is possible that
complementary supplementation with CoQ1l0 to
patients with ICP may protect against the production of
free radicals improving maternal and foetal outcomes.

In conclusion, present findings show that CoQ and
vitamin E were diminished in plasma of both animals
and patients with intrahepatic cholestasis. Furthermore,
reduced CoQ was also found in muscle and brain of
cholestatic rats. In addition, a positive correlation
between CoQ and ursodeoxycholic/lithocholic acid ratio
(UDCA/LCA) was found suggesting that increased
plasma LCA may be intimately related to CoQ depletion
in blood and tissues.

Acknowledgements

The authors thank University of Buenos Aires (UBACyT
20020110100030) and CONICET (PIP 11220110100375)
for financial support and staff of the Hospital de Clinicas
“Jose de San Martin” for their technical assistance.

Conflict of interest: The authors do not have any
disclosures to report.

References

1. Germain AM, Carvajal JA, Glasinovic JC, Kato S, William-
son C. Intrahepatic cholestasis of pregnancy: an intriguing
pregnancy-specific disorder. J Soc Gynecol Investig 2002; 9:
10—4.

2. Reid R, Ivey KJ, Recoret RH, Storey B. Fetal complications
of obstetric cholestasis. BMJ 1976; 1: 870-2.

3. Lammert F, Ulrich Marschall H, Glantz A, Matern S. Intra-
hepatic cholestasis of pregnancy: molecular pathogenesis,
diagnosis and management. ] Hepatol 2000; 33: 1012-21.

4. Glantz A, Ulrich Marschall H, Mattson L. Intrahepatic
cholestasis of pregnancy: relationships between bile acid
levels and fetal complication rates. Hepatology 2004; 40:
467-74.

5. Monte MJ, Marin JJ, Antelo A, Vazquez-Tato J. Bile acids:
chemistry, physiology, and pathophysiology. World J Gas-
troenterol 2009; 15: 804—16.

6. Barshop B, Gangoit J. Analysis of coenzyme Q10 in
human blood and tissues. Mitochondrion 2007; 7: 89-93.

7. Crane FL. Biochemical functions of coenzyme Q10. ] Am
Coll Nutr 2001; 20: 591-8.

8. Stocker R, Bowry WYV, Frei B. Ubiquinol-10 protects
human low density lipoproteins more efficiently against

Liver International (2014)
© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Coenzyme Q in cholestasis

lipid peroxidation than does a-tocopherol. Proc Natl Acad
Sci USA 1991; 88: 1646-50.

. Compagnoni G, Lista G, Giuffre B, Mosca F, Marini A.

Coenzyme Q10 levels in maternal plasma and cord blood:
correlations with mode of delivery. Biol Neonate 2004; 86:
104-7.

Miles MV, Tang PH, Liles L, et al. Validation and applica-
tion of an HPLC-EC method for analysis of coenzyme
Q10 in blood platelets. Biomed Chromatogr 2008; 22:
1403-8.

Quinzii C, Naini A, Salviati L, et al. A mutation in para-
hydroxybenzoate-polyprenyl transferase (COQ2) causes
primary coenzyme Q10 deficiency. Am ] Hum Genet 2006;
78: 345-9.

Rotig A, Mollet ], Rio M, Munnich A. Infantile and pediat-
ric quinone deficiency diseases. Mitochondrion 2007; 7
(Suppl): S112-21.

Cooper JM, Korlipara LV, Hart PE, Bradley JL, Schapira
AH. Coenzyme Q10 and vitamin E deficiency in Friedr-
eich’s ataxia: predictor of efficacy of vitamin E and coen-
zyme Q10 therapy. Eur ] Neurol 2008; 15: 1371-9.
Molineux S, Young J, Florkowshi C, Lever M. Coenzyme
Q10: is there a clinical role and a case for measurement?
Clin Bioche Rev 2008; 29: 71-8.

Cobanoglu U, Demir H, Cebi A, et al. Lipid peroxidation,
DNA damage and coenzyme Q10 in lung cancer patients—
markers for risk assessment? Asian Pac | Cancer Prev 2011;
12: 1399-403.

Littarru GP, Tiano L. Clinical aspects of coenzyme Q10:
an update. Nutrition 2010; 26: 250—4.

Miles MV, Putnam PE, Miles L, et al. Acquired coenzyme
Q10 deficiency in children with recurrent food intolerance
and allergies. Mitochondrion 2011; 11: 127-35.

Rodriguez Garay E. Cholestasis: human disease and exper-
imental animal models. Ann Hepatol 2003; 2: 150-8.
Trauner M. Molecular alterations of canalicular transport
systems in experimental models of cholestasis: possible
functional correlations. Yale ] Biol Med 1997; 70: 365-78.
Tang PH, Miles MV, Miles L, et al. Measurement of
reduced and oxidized coenzyme Q9 and coenzyme Q10
levels in mouse tissues by HPLC with coulometric detec-
tion. Clin Chim Acta 2004; 341: 173—-84.

Contin M, Lucangioli S, Martinefski M, Flor S, Tripodi V.
Miniaturized HPLC-UV method for analysis of coenzyme
Q10 in human plasma. J Liq Chrom Relat Tech 2011; 34:
2485-94.

Contin M, Martinefski M, Lucangioli S, Tripodi V. Siste-
ma cromatografico miniaturizado para la determinacién
de coenzima Q10 en plasma, musculo y plaquetas. Acta
Bioquim Clin latinoam 2011; 45: 273-8.

Khan A, Khan MI, Igbal Z, et al. An optimized and vali-
dated RP-HPLC/UV detection method for simultaneous
determination of all-trans-retinol (vitamin A) and alpha-
tocopherol (vitamin E) in human serum: comparison of dif-
ferent particulate reversed-phase HPLC columns. ] Chroma-
tog B Analyt Technol Biomed Life Sci 2010; 878: 2339-47.
Templar J, Kon SP, Milligan TP, Newman DJ, Raftery M]J.
Increased plasma malondialdehyde levels in glomerular
disease as determined by a fully validated HPLC method.
Nephrol Dial Transplant 1999; 14: 946-51.

Tripodi V, Lucangioli S, Scioscia S, Carducci C. Simulta-
neous determination of free and conjugated bile acids in
serum by cyclodextrin-modified micellar electrokinetic

1047



Coenzyme Q in cholestasis

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

chromatography. J Chromatogr B Analyt Technol Biomed
Life Sci 2003; 785: 147-55.

Miles MV, Putnam PE, Miles L, et al. Effects of coenzyme
Q10 administration on its tissue concentrations, mito-
chondrial oxidant generation, and oxidative stress in the
rat. Free Radic Biol Med 2002; 33: 627—38.

Castano G, Lucangioli S, Sookoian S, et al. Bile acid pro-
files by capillary electrophoresis in intrahepatic cholestasis
of pregnancy. Clin Sci 2006; 110: 459—65.

Billington D, Evans CE, Godfrey PP, Coleman R. Effects of
bile salts in the plasma membranes of isolated rat hepato-
cytes. Biochem ] 1980; 188: 321-7.

Sokol RJ, Straka MS, Dahl R, et al. Role of oxidant stress
in the permeability transition induced in rat hepatic mito-
chondria by hydrophobic bile acids. Pediatr Res 2001; 49:
519-31.

Ljubundic P, Fuhrman B, Oiknine J, Aviram M, Bomzon
A. Effect of deoxycholic acid and ursodeoxycholic acid on
lipid peroxidation in cultured macrophages. Gut 1996; 39:
475-8.

Attili AF, Angelico M, Cantafora A, Alvaro D, Capocaccia
L. Bile acid-induced liver toxicity: relation to the hydro-
phobic-hydrophilic balance of bile acids. Med Hypotheses
1986; 19: 57-69.

Roda A, Minutello A, Angellotti MA, Fini A. Bile acid
structure-activity relationship: evaluation of bile acid lipo-
philicity using 1-octano/water partition coefficient and
reverse phase HPLC. J Lipid Res 1990; 31: 1433—43.

Perez MJ, Macias RI, Duran C, et al. Oxidative stress and
apoptosis in fetal rat liver induced by maternal cholestasis.
Protective effect of ursodeoxycholic acid. ] Hepatol 2005;
43: 324-32.

Perez MJ, Macias RI, Marin J. Maternal cholestasis induces
placental oxidative stress and apoptosis. Protective effect
of ursodeoxycholic acid. Placenta 2006; 27: 34-41.

Perez M]J, Castano B, Jimenez S, et al. Maternal ethanol
consumption during pregnancy enhances bile acid-
induced oxidative stress and apoptosis in fetal rat liver.
Toxicology 2006; 225: 183-94.

Crocenzi FA, Pellegrino JM, Catania VA, et al. Galactos-
amine prevents ethinylestradiol-induced cholestasis. Drug
Metab Dispos 2006; 34(6): 993-7.

Henriquez-Herndndez LA, Flores-Morales A, Santana-
Farré R, et al. Role of pituitary hormones on 17alpha-eth-
inylestradiol-induced cholestasis in rat. J Pharmacol Exp
Ther 2007; 320(2): 695-705.

Gumuccio JJ, Valdivieso VD. Studies on the mecha-
nism of the ethynylestradiol impairment of bile flow

1048

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Martinefski et al.

and bile salt excretion in the rat. Gastroenterology
1971; 61: 339-44.

Aboutwerat A, Pemberton PW, Smith A, et al. Oxidant
stress is a significant feature of primary biliary cirrhosis.
Biochim Biophys Acta 2003; 1637: 142-50.

Morio LA, Leone A, Sawant SP, et al. Hepatic expression
of heme oxygenase-1 and antioxidant response element-
mediated genes following administration of ethinyl estra-
diol to rats. Toxicol Appl Pharmacol 2006; 216: 416-25.
Roma MG, Sanchez Pozzi EJ. Oxidative stress: a radical
way to stop making bile. Ann Hepatol 2008; 7: 16-33.
Copple BL, Jaeschke H, Klaassen CD. Oxidative stress and
the pathogenesis of cholestasis. Semin Liver Dis 2010; 30:
195-204.

Jaeschke H. Reactive oxygen and mechanisms of inflam-
matory liver injury: present concepts. | Gastroenterol Hep-
atol 2011; 26: 173-9.

Dueland S, Reichen J, Everson GT, Davis RA. Regulation
of cholesterol and bile acid homeostasis in bile-obstructed
rats. Biochem ] 1991; 280: 373—7.

Heuman DM, Hernandez CR, Hylemon PB, et al. Regula-
tion of bile acid synthesis. I. Effects of conjugated
ursodeoxycholate and cholate on bile acid synthesis in
chronic bile fistula rat. Hepatology 1988; 8: 358—65.
Erickson SK, Jaeckle S, Lear SR, Brady SM, Havel R]. Reg-
ulation of hepatic cholesterol and lipoprotein metabolism
in ethinyl estradiol-treated rats. J Lipid Res 1989; 30:
1763-71.

Shefer S, Nguyen L, Salen G, et al. Feedback regulation of
bile-acid synthesis in the rat. Differing effects of taurocho-
late and tauroursocholate. J Clin Invest 1990; 85: 1191-8.
Jauniaux E, Watson AL, Hempstock J, et al. Onset of
maternal arterial blood flow and placental oxidative
stress. A possible factor in human early pregnancy failure.
Am ] Pathol 20005 157: 2111-22.

Saugstad OD. Oxidative stress in the newborn — a 30-year
perspective. Biol Neonate 2005; 88: 228-36.

Noia G, Littarru GP, De Santis M, et al. Coenzyme Q10 in
pregnancy. Fetal Diagn Ther 1996; 11: 264-70.

Floreani A, Baragiotta A, Martines D, et al. Plasma antiox-
idant levels in chronic cholestatic liver diseases. Aliment
Pharmacol Ther 2000; 14: 353-8.

Lucangioli S, Castano G, Contin M, Tripodi V. Lithocholic
acid as a biomarker of intrahepatic cholestasis of preg-
nancy during ursodeoxycholic acid treatment. Ann Clin
Biochem 2009; 46: 44-9.

Liver International (2014)
© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd



