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Abstract

To date, no other studies have examined the seasonal changes in circulating levels of various bile acids in the plasma of wild North American
black bears, Ursus americanus. Using gas chromatography, bile acid concentrations were measured in plasma samples obtained during either early
or late hibernation, and during summer active periods. Thus, specific compositional changes from individual animals were examined through a
given year. Total bile acid concentrations in the plasma of these normal animals were found to range between 0.2 and 3.1 μmol/L (0.9±0.2 μmol/
L, mean±SEM). Cholic, ursodeoxycholic and chenodeoxycholic acids were the major bile acid species identified. Ursodeoxycholic acid
represented 28.0±2.6% of the total bile acid pool. Deoxycholic and lithocholic acids were found only in small amounts. In addition, total bile acid
concentrations were lower in plasma samples obtained during hibernation compared with those obtained during summer active periods (0.6±0.1
and 1.2±0.4 μmol/L, respectively; pb0.05). However, the relative proportion of ursodeoxycholic acid, was significantly greater in winter than in
summer (31.5±3.2% and 22.2±4.5%, pb0.05). Finally, taurine-conjugated bile acids were the predominant species in bear plasma, accounting for
N67% of the total bile acids. These data demonstrate that ursodeoxycholic acid is a major bile acid in black bear plasma, mostly conjugated with
taurine. Further, the finding of seasonal variation in plasma bile acid composition provides evidence to support the possible role that
ursodeoxycholic acid may play in cellular protection in hibernating black bears.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Ursodeoxycholic acid (3α,7β-dihydroxy-5β-cholan-24-oic
acid; UDCA) is a minor constituent in human bile (Sjövall,
1959). Although present in the biliary bile acids of a number of
vertebrates, it generally represents less than 1–5% (Tammar,
1970; Haslewood, 1978; Hagey, 1992). In contrast, the bear has
an appreciable proportion of UDCAvarying significantly within
the phylogenetic tree of the Ursidae family. In fact, a systematic
examination of the biliary bile acid composition of the Ursidae
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family indicated that UDCA represented from 1–39% of the
total biliary bile acids depending on the species (Hagey et al.,
1993). Of all bear populations, new world bears are considered
to exhibit the greatest proportions of UDCA in their bile. The
amount of UDCA in gallbladder bile ranges from 9% in sun
bears (Helarctos malayanus) to 18% in polar bears (Thalarctos
maritimus) and brown bears (Ursus arctos), to almost 40%
found in black bears (Ursus americanus) as analyzed by high
performance liquid chromatography (Hagey et al., 1993).
Further, in the same study, UDCA was reported to be formed
by hepatic enzymes in the liver of all Ursidae and, therefore, was
considered a primary bile acid. Nevertheless, no information
exists on the composition of total and individual bile acids in
plasma of free-ranging North American black bears.
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In contrast to the toxic effects of several hydrophobic bile
acids, UDCA is an endogenous molecule that is used in the
treatment of certain cholestatic liver diseases. The therapeutic
effects of this molecule have been attributed to protection of
cholangiocytes against the cytotoxicity of hydrophobic bile
acids, stimulation of hepatobiliary secretion, and inhibition of
liver cell apoptosis (Paumgartner and Beuers, 2002). In fact, it
has recently been shown that UDCA and its conjugated
derivative, tauroursodeoxycholic acid (TUDCA), may play
unique roles in modulating the apoptotic thresholds in both
hepatic and non-hepatic cells (Rodrigues et al., 1998a). In
general, it is considered that these hydrophilic bile acids inhibit
apoptosis by blocking classic mitochondrial pathways (Rodri-
gues et al., 1999, 2003; Botla et al., 1995) and by also
significantly activating certain survival pathways (Qiao et al.,
2002; Schoemaker et al., 2004). Nevertheless, the mechanism
by which UDCA prevents cell death may also involve
molecular targets other than mitochondria. In fact, we have
recently reported that UDCA interferes with alternate and
upstream molecular targets of the E2F-1/Mdm-2/p53 apoptotic
pathway (Solá et al., 2003) through an additional mechanism
that appears to involve nuclear steroid receptors (Solá et al.,
2004). Thus, by acting as a general modulator of cell survival,
UDCA could conceivably function as a therapeutic agent in the
treatment of neurodegenerative disorders associated with
increased levels of apoptosis. Indeed, TUDCA is neuroprotec-
tive in pharmacologic and transgenic animal models of
Huntington's disease, improves graft survival in Parkinsonian
rats, and protects against neurological injury after acute
ischemic and hemorrhagic stroke (Rodrigues et al., 2004).

In this paper, we report the examination of the plasma bile
acid composition of black bears using gas chromatography and
compared seasonal changes. The results demonstrate that
UDCA is a major bile acid in the composition of black bear
plasma. Moreover, the percentage of this bile acid was greater in
the winter than in the summer seasons. Data on patterns of bile
acid conjugation are also included, showing that taurine-
conjugated bile acids were the predominant species in black
bear plasma.

2. Materials and methods

2.1. Samples

We performed investigative studies on free-ranging adult
American black bears that were initially caught in barrel traps,
immobilized with a mixture of ketamine hydrochloride (3.7–
8.7 mg/kg) and xylazine hydrochloride (1.1–3.5 mg/kg), and
fitted with radiocollars. During winter, either in December
(∼2 months after denning) or February–March (∼1 month prior
to den emergence), collared bears were tracked to their dens. We
immobilized bears in dens with a jab stick using either ketamine
(11–17 mg/kg) or tiletamine hydrochloride and zolazapam
(Telazol®, 3.2–5.3 mg/kg). Bears were temporarily removed
from their den for handling. All procedures were done humanely,
following the animal care guidelines of the University of
Minnesota and Minnesota Department of Natural Resources.
We obtained blood samples from the femoral vein using
Vacutainer tubes. Tubes were centrifuged within 8 h and the
serum collected and immediately frozen. Samples were later
thawed and 2 mL fractions of each placed in numbered transport
tubes, then refrozen, put on dry ice and shipped overnight to the
University of Lisbon. Samples were then analyzed and
subsequently the animal codes and sample dates were provided;
hence samples were analyzed in a blinded manner.

2.2. Bile acid analysis

After equilibration with the internal standard nordeoxycholic
acid (1 μg), bile acids were extracted from 1 mL plasma by
liquid–solid extraction as previously described (Setchell and
Worthington, 1982). Bile acid conjugates were then solvolyzed,
hydrolyzed, isolated, and analyzed as methyl ester-trimethylsi-
lyl (Me-TMS) ethers by gas chromatography. In brief, after
extraction with Sep-pack C18 cartridges (Waters Corporation,
Milford, MA), bile acid conjugates were solvolyzed in a
mixture of 1 mL methanol, 9 mL tetrahydrofuran, and 0.1 mL of
1.0 M trifluoroacetic acid in dioxane by heating to 45 °C for 2 h
(Hirano et al., 1987). After evaporation of the solvents, the
sample was dissolved in 2.5 mL of 0.2 M phosphate buffer, pH
5.6, and bile acid conjugates were further hydrolyzed with 50 U
of cholylglycine hydrolase enzyme overnight at 37 °C.
Hydrolyzed bile acids were then extracted from the hydrolysate
by passage through a Sep-pack C18 cartridge and recovered with
methanol. Bile acids were next separated from neutral sterols by
lipophilic anion exchange chromatography on diethylaminohy-
droxypropyl Sephadex LH-20 (Lipid-DEAP) (Almé et al.,
1977), and the unconjugated bile acids recovered by elution
with 0.1 M acetic acid in 72% ethanol. Me-TMS ether
derivatives of bile acids were prepared (Blau and King,
1978), and a column of Lipidex 5000 was used to remove
derivatizing reagents and to purify the sample (Axelson and
Sjövall, 1974). Finally, bile acids were analyzed by gas
chromatography, where the Me-TMS derivatives were separat-
ed on a 30 m×0.25 mm DB-1 fused silica capillary column
(J and W Scientific Columns, Agilent Technologies, Inc., Palo
Alto, CA, USA) using a temperature program from 225–295 °C
with increments of 2 °C/min and a final isothermal period of
30 min. Identification of bile acids was made on the basis of gas
chromatography retention index relative to a homologous series
of n-alkanes, and the chromatograms compared with authentic
standards. Quantitation was achieved by comparing the peak
height response of the individual bile acids with the peak height
response obtained from the internal standard.

The extent of bile acid conjugation was analyzed by
lipophilic anion exchange chromatography (Almé et al., 1977).
Aliquots of plasma from each animal were pooled, and bile
acids and their conjugates were separated using Lipidex-
DEAP and stepwise elution of the gel bed with the following
buffers: 0.1 M acetic acid in 72% ethanol, for uncon-
jugated bile acids; 0.3 M acetic acid in 72% ethanol, pH 5.0,
for glycine conjugates; and 0.15 M acetic acid in 72%
ethanol, pH 6.5, for taurine conjugates. After evaporation
of the buffers, amidated conjugates were hydrolyzed with



Fig. 1. Relative proportion of UDCA in 26 plasma samples of adult North
American black bears (Ursus americanus) either in hibernating or active states.
UDCA concentrations were determined in plasma by gas chromatography
following their extraction, hydrolysis, isolation by anion exchange chromatog-
raphy and conversion to volatile Me-TMS derivatives as described in Materials
and methods. Results are shown as individual percent values. pb0.05.
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choloylglycine hydrolase, isolated and derivatized as de-
scribed above.

2.3. Statistical analysis

Data are given as mean±SEM, or as mean values of all
animals when samples were pooled prior to analysis. Results
from different groups were compared using paired and unpaired
two-tailed Student's t-test. Values of pb0.05 were considered
statistically significant.

3. Results and discussion

Table 1 summarizes individual bile acid concentrations and
percent composition in the plasma of North American black
bears as determined by gas chromatography. In these
apparently normal and healthy animals, cholic, ursodeoxy-
cholic and chenodeoxycholic acids were the predominant bile
acids, from which N67% were taurine conjugates, 17% were
glycine conjugates and 15% were unconjugated species.
Deoxycholic acid, the bacterial transformation product of
cholic acid was present in trace levels, while lithocholic acid
was absent in several animals. Total bile acid concentrations
were relatively low compared with those found in man and
other mammals. However, bile acid levels proved to be
significantly lower in hibernating (0.6±0.1 μmol/L, mean±
SEM) as compared to non-hibernating (1.2±0.4 μmol/L)
conditions (pb0.05). It has been well established that
postprandial serum concentrations of bile acids are significantly
higher than during fasting. We would also predict that hepatic
bile acid synthesis and bile secretion are reduced during the
hibernation process. Further, these results are consistent with a
marked reduction in metabolic activity of the gut flora as an
integral part of the adaptation to metabolic stability of the
dormant bear (Jones and Zollman, 1997).

UDCA was the second major bile acid, representing 28.0±
2.6% of the total bile acids in the bear plasma (Table 1).
Interestingly, the proportion of this bile acid was markedly
higher during hibernation compared with summer active
animals (31.5±3.2 versus 22.2±4.5%, pb0.05) (Fig. 1 and
Table 2), while UDCA concentration was ~0.20 μmol/L in both
groups. Other individual bile acid proportions were relatively
unchanged (Table 2). In nine animals, plasma samples were
Table 1
Bile acid concentration (μmol/L) and composition (%) in 26 plasma samples of
adult North American black bears (Ursus americanus)

Bile acid Concentration (μmol/L) Composition (%)

Lithocholic 0.01±0.00 0.9±0.2
Deoxycholic 0.04±0.01 5.4±0.8
Chenodeoxycholic 0.17±0.04 18.9±1.6
Cholic 0.45±0.10 46.7±2.2
Ursodeoxycholic 0.21±0.03 28.0±2.6
Total 0.88±0.16

Total and individual bile acid concentrations were determined in plasma by gas
chromatography following their extraction, hydrolysis, isolation by anion
exchange chromatography and conversion to volatile Me-TMS derivatives as
described in Materials and methods. Results are expressed as mean±SEM.
collected in December and June, and UDCA composition was
measured for the same animal in hibernating and non-
hibernating conditions (Table 3). All except one bear exhibited
notable seasonal variation in the proportions of UDCA. It is
conceivable that UDCA, by increasing the hydrophilicity of the
bile acid pool, may have a protective effect during prolonged
abstinence from food and water. This may prevent gut atrophy,
lithogenesis, and bacterial overgrowth during hibernation
(MacDonald and Williams, 1985). Furthermore, there is a
remarkable conservation of skeletal muscles and cardiac
function during this 4–6 month period of hibernation (Laske
et al., 2005). Indeed, the extent of protein use is thought to be
moderate and associated with limited alteration of muscle
structure, characteristic of disuse atrophy (Tinker et al., 1998).
Other studies have demonstrated that hibernating bears may
have developed a dynamic process of adaptive fasting and
protein conservation, maintaining nearly intact muscles,
nervous tissue and visceral organs (Hissa, 1997; Hissa et al.,
1998; Lohuis et al., 2005).

We have previously shown that while hibernating black
bears remain relatively inactive in their winter den for 4–
5 months, they lose b23% of their muscle strength (Bolling et
al., 1998). In normal humans, this same duration of inactivity
Table 2
Relative bile acid composition (%) in plasma of adult North American black
bears (Ursus americanus) in either hibernating or active states

Bile acid State

Hibernating Active

(n=17) (n=9)

Lithocholic 1.0±0.3 0.8±0.3
Deoxycholic 5.8±0.9 4.6±0.9
Chenodeoxycholic 18.3±1.9 20.1±2.1
Cholic 46.4±2.6 47.4±2.9
Ursodeoxycholic 31.5±3.2 22.2±4.5*

Results are expressed as mean±SEM percent values. *pb0.05 from hibernating
state.



Table 3
Individual UDCA composition (%) in plasma samples of the same 9 adult North
American black bears (Ursus americanus) in either hibernating or active states

Animal Ursodeoxycholic acid

Hibernating Active

1 36.0 24.1
2 32.0 18.4
3 26.5 17.5
4 28.6 23.5
5 25.9 18.6
6 32.7 33.3
7 30.5 14.3
8 29.0 11.6
9 75.0 49.5

35.1±5.4 23.4±4.1*

Results are expressed as individual values of total, unconjugated and conjugated
ursodeoxycholic acid. The mean value±SEM is also shown. *pb0.05 from
hibernating state.
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would most likely result in a 90% loss of muscle strength due to
disuse atrophy. These animals are only mildly hypothermic
during these overwintering periods; with average core tempera-
tures between 34–36 °C ( Bolling et al., 1998). Similarly, while
hibernating animals are known to have depressed cardiovascu-
lar, respiratory, and metabolic activity (Chien et al., 1989; Bruce
et al., 1987), they show no signs of ischemic damage and return
to normal metabolism and systemic function upon arousal
(Oeltgen et al., 1987). Such a reduction in cardiovascular
function in humans without adequate protection (currently
limited to hypothermia) would result in irreversible ischemic
damage. It is well known that current ischemia-protective
therapies are inadequate to prevent damage following pro-
longed (hours) episodes of ischemia (Laske et al., 2005).
Therefore, the induction of a “hibernating-like” state in humans
for whole body protection from ischemia and/or disuse atrophy
could provide a powerful tool for use in such arenas as organ
transplantation. This may also be of value in other surgical
procedures involving extended ischemia times (i.e., plastic
surgery with muscle/skin flaps, limb surgery involving
tourniquet), or within intensive care unit management to
prevent muscle wasting as well as the prolonged weightless
associated with space travel.

Importantly, bile acids are normally considered as inherently
toxic molecules, which can have a profound influence on
cellular function and structure. For example, the proposed
mechanisms by which bile acids induce hepatocyte damage,
range from a simple detergent effect on binding to plasma
membranes to the induction of cell death. Bile acids at given
concentrations may also induce apoptosis via ligand-indepen-
dent, death receptor pathways, involving the Fas receptor
(Faubion et al., 1999) and also through classic mitochondrial
pathways (Rodrigues et al., 1998b, 1999). In contrast, the oral
administration of UDCA and TUDCA has been used clinically
for years to treat cholestasis and a number of other liver
diseases. There is now strong evidence that the cytoprotective
mechanism of UDCA and its conjugates results from their
ability to inhibit apoptosis in hepatic cells (Rodrigues et al.,
1998b). Interestingly, evidence is accumulating that the anti-
apoptotic properties of these bile acids are independent of the
cell types and death signals, suggesting a common anti-
apoptotic mechanism(s). In general, it is considered that
UDCA prevents apoptosis by modulating mitochondrial
membrane perturbation, opening of the permeability transition
pore, Bax translocation, cytochrome c release, and subsequent
caspase activation and substrate cleavage (Rodrigues et al.,
1999). In addition, apoptosis can be inhibited by not only
blocking pro-apoptotic pathways but also by eliciting survival
signals through, for example, the cAMP, Akt, NF-κB, MAPK
and PI3K-mediated pathways (Qiao et al., 2002; Schoemaker et
al., 2004, Rust et al., 2000). Bile acids, including UDCA, are
potent intracellular signaling molecules with crucial regulatory
properties. Thus, by acting as a general modulator of cell
function, UDCA and TUDCA may play an essential role as
therapeutic agents in the treatment of non-liver diseases in
which cell survival is compromised. Such examples include
neurodegenerative disorders, cardiovascular injuries, retinal
diseases, and spinal cord injury.

Interestingly, we have recently studied a well-characterized
rat model of transient focal cerebral ischemia to assess the
protective effect of TUDCA (Rodrigues et al., 2002). Transient
occlusion of the middle cerebral artery resulted in marked cell
death with prominent apoptotic-like labeling within the
ischemic penumbra, as well as mitochondrial swelling and
caspase activation. A single intravenous dose of TUDCA given
1 or 2 h after occlusion resulted in improved neurologic
function and reduced infarct volumes by ∼50% 2 and 7 days
after reperfusion. In addition, TUDCA significantly reduced the
number of TUNEL-positive cells, prevented mitochondrial
swelling and membrane disruption, and partially inhibited
downstream caspase activation and endogenous substrate
cleavage associated with apoptosis. Finally, the neuroprotective
effect of TUDCA was long lasting, suggesting that the benefit
was not simply due to a delay in cell death. The ability of
TUDCA to prevent neurologic insult, however, may not be
confined only to acute stroke. In fact, other neurological
disorders associated with increased levels of apoptosis can be
markedly improved by administration of TUDCA. The taurine
conjugated bile acid is readily water-soluble, can be adminis-
tered orally or intravenously, and exhibits essentially no
toxicity, making it a promising drug for potential further
clinical application. Chinese traditional medicine has used bear
bile for many centuries as a useful therapeutic agent in the
treatment of many different disease states and medical
disorders.

The secrets of the unique cell modulating properties of bile
acids are only now beginning to unravel. Our observation that
the bile acid pool is enriched in UDCA during hibernation in
black bears suggests that this bile acid may play a role in cellular
protection in these animals under conditions of extreme stress.
In short, these bears elicit a phenomenal survival response
during hibernation associated with extreme starvation and tissue
hypoperfusion. By better characterizing the levels and modula-
tions of various plasma bile acids that naturally occur in black
bears, we may gain new insights into the potential clinical
applications of this remarkable bile acid.



208 S. Solá et al. / Comparative Biochemistry and Physiology, Part C 143 (2006) 204–208
Acknowledgements

This work was supported, in part, by grant POCI/SAU-FCF/
62479/2004 from the Fundação para a Ciência e a Tecnologia
(FCT), Lisbon, Portugal (to C.M.P.R.). S.S. was a recipient of a
postdoctoral fellowship (SFRH/BPD/20834/2004) from FCT.
We would like to thank William Gallagher and Pedro M.
Borralho for laboratory assistance.

References

Almé, B., Bremmelgaard, A., Sjövall, J., Thomassen, P., 1977. Analysis of
metabolic profiles of bile acids in urine using a lipophilic anion exchanger
and computerized gas–liquid chromatography-mass spectrometry. J. Lipid
Res. 18, 339–362.

Axelson, M., Sjövall, J., 1974. Separation and computerized gas chroma-
tography-mass spectrometry of unconjugated neutral steroids in plasma.
J. Steroid Biochem. Mol. Biol. 5, 733–738.

Blau, K., King, G.S., 1978. Handbook of Derivatives for Chromatography.
Heyden & Son, London.

Bolling, S.F., Benedict, M.B., Tramontini, N.L., Kilgore, K.S., Harlow, H.H.,
Su, T.P., Oeltgen, P.R., 1998. Hibernation triggers and myocardial
protection. Circulation 98, II220–II223 (discussion II223-224).

Botla, R., Spivey, J.R., Aguilar, H., Bronk, S.F., Gores, G.J., 1995.
Ursodeoxycholate (UDCA) inhibits the mitochondrial membrane perme-
ability transition induced by glycochenodeoxycholate: a mechanism of
UDCA cytoprotection. J. Pharmacol. Exp. Ther. 272, 930–938.

Bruce, D.S., Cope, G.W., Elam, T.R., Ruit, K.A., Oeltgen, P.R., Su, T.P., 1987.
Opioids and hibernation. I. Effects of naloxone on bear HIT'S depression of
guinea pig ileum contractility and on induction of summer hibernation in the
ground squirrel. Life Sci. 41, 2107–2113.

Chien, S., Diana, J.N., Oeltgen, P.R., Todd, E.P., O'Connor, W.N., Chitwood Jr.,
W.R., 1989. Eighteen to 37 hours' preservation of major organs using a new
autoperfusion multiorgan preparation. Ann. Thorac. Surg. 47, 860–867.

Faubion, W.A., Guicciardi, M.E., Miyoshi, H., Bronk, S.F., Roberts, P.J.,
Svingen, P.A., Kaufmann, S.H., Gores, G.J., 1999. Toxic bile salts induce
rodent hepatocyte apoptosis via direct activation of Fas. J. Clin. Invest. 103,
137–145.

Hagey, L.R., 1992. Bile acid biodiversity in vertebrates: chemistry and
evlutionary implications. Ph.D. Diss., University of California, San Diego,
CA.

Hagey, L.R., Crombie, D.L., Espinosa, E., Carey, M.C., Igimi, H., Hofmann,
A.F., 1993. Ursodeoxycholic acid in the Ursidae: biliary bile acids of
bears, pandas, and related carnivores. J. Lipid Res. 34, 1911–1917.

Haslewood, G.A.D., 1978. The Biological Utility of Bile Salts. North Holland
Publishing Co, Amsterdam.

Hirano, Y., Miyazaki, H., Higashidate, S., Nakayama, F., 1987. Analysis of
3-sulfated and nonsulfated bile acids by one-step solvolysis and high
performance liquid chromatography. J. Lipid Res. 28, 1524–1529.

Hissa, R., 1997. Physiology of the European brown bear (Ursus arctos arctos).
Ann. Zool. Fenn. 34, 267–287.

Hissa, R., Puukka, M., Hohtola, E., Sassi, M.-L., Risteli, J., 1998. Seasonal
changes in plasma nitrogenous compounds of the European brown bear
(Ursus arctos arctos). Ann. Zool. Fenn. 35, 205–213.

Jones, J.D., Zollman, P.E., 1997. Black bear (Ursus americanus) bile
composition: seasonal changes. Comp. Biochem. Physiol., C 118, 387–390.

Laske, T., Harlow, H.J., Wender, M.M., Iaizzo, P.A., 2005. High capacity
implantable data recorders: system design and experience in canines and
denning black bears. J. Biomech. Eng. 127, 964–971.

Lohuis, T.D., Beck, T.D.I., Harlow, H.J., 2005. Hibernating black bears have
blood chemistry and plasma amino acid profiles that are indicative of long-
term adaptive fasting. Can. J. Zool. 83, 1257–1263.
MacDonald, A.C., Williams, C.N., 1985. Studies of bile lipids and bile acids of
wild North American black bears in Nova Scotia, showing a high content of
ursodeoxycholic acid. J. Surg. Res. 38, 173–179.

Oeltgen, P.R., Welborn, J.R., Nuchols, P.A., Spurrier, W.A., Bruce, D.S., Su, T.
P., 1987. Opioids and hibernation. II. Effects of kappa opioid U69593 on
induction of hibernation in summer-active ground squirrels by “hibernation
induction trigger” (HIT). Life Sci. 41, 2115–2120.

Paumgartner, G., Beuers, U., 2002. Ursodeoxycholic acid in cholestatic liver
disease: mechanisms of action and therapeutic use revisited. Hepatology 36,
525–531.

Qiao, L., Yacoub, A., Studer, E., Gupta, S., Pei, X.Y., Grant, S., Hylemon, P.B.,
Dent, P., 2002. Inhibition of the MAPK and PI3K pathways enhances
UDCA-induced apoptosis in primary rodent hepatocytes. Hepatology 35,
779–789.

Rodrigues, C.M., Fan, G., Wong, P.Y., Kren, B.T., Steer, C.J., 1998a.
Ursodeoxycholic acid may inhibit deoxycholic acid-induced apoptosis by
modulating mitochondrial transmembrane potential and reactive oxygen
species production. Mol. Med. 4, 165–178.

Rodrigues, C.M., Fan, G., Ma, X., Kren, B.T., Steer, C.J., 1998b. A novel role
for ursodeoxycholic acid in inhibiting apoptosis by modulating mitochon-
drial membrane perturbation. J. Clin. Invest. 101, 2790–2799.

Rodrigues, C.M., Ma, X., Linehan-Stieers, C., Fan, G., Kren, B.T., Steer, C.J.,
1999. Ursodeoxycholic acid prevents cytochrome c release in apoptosis by
inhibiting mitochondrial membrane depolarization and channel formation.
Cell Death Differ. 6, 842–854.

Rodrigues, C.M., Spellman, S.R., Sola, S., Grande, A.W., Linehan-Stieers, C.,
Low, W.C., Steer, C.J., 2002. Neuroprotection by a bile acid in an acute
stroke model in the rat. J. Cereb. Blood Flow Metab. 22, 463–471.

Rodrigues, C.M., Sola, S., Sharpe, J.C., Moura, J.J., Steer, C.J., 2003.
Tauroursodeoxycholic acid prevents Bax-induced membrane perturbation
and cytochrome C release in isolated mitochondria. Biochemistry 42,
3070–3080.

Rodrigues, C.M., Castro, R.E., Steer, C.J., 2004. The role of bile acids in the
modulation of apoptosis. In: Bittar, E.E. (Ed.), The Liver in Biology and
Disease. Elsevier Science, Amsterdam, pp. 119–146.

Rust, C., Karnitz, L.M., Paya, C.V., Moscat, J., Simari, R.D., Gores, G.J., 2000.
The bile acid taurochenodeoxycholate activates a phosphatidylinositol
3-kinase-dependent survival signaling cascade. J. Biol. Chem. 275,
20210–20216.

Schoemaker, M.H., Conde de la Rosa, L., Buist-Homan, M., Vrenken, T.E.,
Havinga, R., Poelstra, K., Haisma, H.J., Jansen, P.L., Moshage, H., 2004.
Tauroursodeoxycholic acid protects rat hepatocytes from bile acid-induced
apoptosis via activation of survival pathways. Hepatology 39, 1563–1573.

Setchell, K.D.R., Worthington, J.A., 1982. A rapid method for the quantitative
extraction of bile acids and their conjugates from serum using commercially
available reverse-phase octadecylsilane bonded silica cartridges. Clin. Chim.
Acta 125, 135–144.

Sjövall, J., 1959. The occurrence of 7beta-hydroxylated bile acids in human
bile. Acta Chem. Scand. 13, 711–716.

Solá, S., Castro, R.E., Kren, B.T., Steer, C.J., Rodrigues, C.M.P., 2003.
Ursodeoxycholic acid modulates E2F-1 and p53 expression through a
caspase-independent mechanism in TGF-β1-induced apoptosis in rat
hepatocytes. J. Biol. Chem. 278, 48831–48838.

Solá, S., Castro, R.E., Kren, B.T., Steer, C.J., Rodrigues, C.M., 2004.
Modulation of nuclear steroid receptors by ursodeoxycholic acid inhibits
TGF-beta1-induced E2F-1/p53-mediated apoptosis of rat hepatocytes.
Biochemistry 43, 8429–8438.

Tammar, A.R., 1970. A comparative study of steroids with special reference to
bile salts. Ph.D. Diss., University of London, London.

Tinker, D.B., Harlow, H.J., Beck, T.D., 1998. Protein use and muscle-fiber
changes in free-ranging, hibernating black bears. Physiol. Zool. 71,
414–424.


	Plasma levels of ursodeoxycholic acid in black bears, Ursus americanus: Seasonal changes
	Introduction
	Materials and methods
	Samples
	Bile acid analysis
	Statistical analysis

	Results and discussion
	Acknowledgements
	References


