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Hepatocytes by virtue of their pivotal role in metabolism and their anatomic juxtapo-
sition between the intestinal lumen and the systemic circulation are uniquely suscep-
tible to injury. As the principal site of metabolism and detoxification of endogenous
metabolites, drugs, and xenobiotics, hepatocytes are routinely exposed to potentially
toxic reactive intermediates. Because hepatocytes receive the majority of their blood
supply from a venous rather than an oxygen-rich arterial circulation, they are suscep-
tible to ischemic injury. In addition, as this blood supply drains, the gastrointestinal
tract hepatocytes are exposed to anything toxic that is absorbed by enterocytes,
including bacterial by-products and components such as lipopolysaccharide. The liver
is also home to a large population of macrophages, the Kupffer cells, which stand
poised and ready for activation with subsequent release of inflammatory and toxic
cytokines. These cytokines, particularly tumor necrosis factor alpha (TNF-a), can
augment and perpetuate liver injury.1 Additionally, the liver contains a population of
vitamin A–storing stellate cells that can transform during liver injury (under the influ-
ence of another cytokine, transforming growth factor beta [TGF-b]) into extracellular
matrix–producing myofibroblasts that lead to hepatic fibrosis.1,2

Given this hostile environment, hepatocytes have developed several ways to
protect themselves from harm. These protections include enzymatic (catalase, super-
oxide dismutase [SOD], and glutathione [GSH] peroxidase and transferase) and non-
enzymatic (GSH, vitamin E, ascorbate) defense mechanisms.2,3 Hepatocytes also
respond to toxic insults by initiating intracellular prosurvival signaling pathways. These
pathways are controlled by hormones (eg, glucagon) and growth factors (eg,
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hepatocyte growth factor), and work through the modulation of survival kinases.4

Many medicinal, nutraceutical, and botanic extracts have cytoprotective properties
in the liver.3–12 These agents enhance natural defense mechanisms to inhibit inflam-
mation and fibrosis, prevent apoptosis, or protect against oxidant injury by mainte-
nance of an appropriate redox balance.
MECHANISMS OF HEPATOCYTE CELL DEATH

Injured hepatocytes die by either apoptosis or necrosis, and both forms of cell death
accompany naturally occurring hepatobiliary disease in human and veterinary
patients.13,14 Necrosis is a random, nonenergy-dependent event that occurs
secondary to overwhelming cellular damage, particularly to mitochondria. Severe
mitochondrial damage that results in ATP depletion leads to widespread membrane
disruption, loss of plasma membrane integrity, osmotic imbalances, cell swelling,
and, ultimately, cell rupture. The subsequent release of cellular contents generates
an intense inflammatory response.13,14

Apoptosis is a genetically controlled pathway of cell death that requires mainte-
nance of mitochondrial ATP generation. Membrane integrity is preserved, and the
resultant apoptotic bodies are cleared by phagocytic cells without stimulating an
inflammatory response. Apoptosis relies on the sequential activation of cellular prote-
ases called caspases. Caspases are classified as initiator (caspases 8, 9, and 10) or
effector caspases (caspase 3). Initiator caspase activation occurs by either an
extrinsic death receptor or an intrinsic mitochondrial-mediated pathway. In the death
receptor pathway, binding of death receptor ligands such as TNF-a or Fas to their
respective death receptor causes receptor oligomerization and activation. This activa-
tion results in the recruitment and binding of adapter molecules which, in turn, recruit
the initiator caspases 8, 10, or both to the death receptor. This recruitment results in
cleavage and activation of caspase 8 or 10. In type II cells such as hepatocytes, cas-
pase 8 and 10 cleave a cytosolic protein, called Bid, to generate tBid.14 tBid leads to
mitochondrial translocation or activation of the pro-apoptotic proteins Bax and Bak.
Once activated, Bax and Bak lead to permeabilization of the outer mitochondrial
membrane. Mitochondrial outer membrane permeabilization (MOMP) is accompanied
by the formation of a pore and the release of inner mitochondrial matrix protein, cyto-
chrome C, into the cytosol. Cytochrome C stimulates the assembly of the apopto-
some, a complex of Apaf-1 (apoptotic protease activating factor 1), procaspase 9,
and ATP. Caspase 9 is activated within the apoptosome and goes on to cleave and
activate effector caspase 3. Once activated, caspase 3 performs the demolition phase
of apoptosis and is responsible for initiating the destruction of cellular components
and, ultimately, for the morphologic changes that characterize apoptosis, such as
nuclear condensation and DNA fragmentation. In the intrinsic mitochondrial pathway,
the trigger for apoptosis is cellular stress such as exposure to ultraviolet radiation,
growth factor withdrawal, microtubular disruption, or DNA damage. These signals
lead to direct Bax/Bak activation and subsequent MOMP leading to cytochrome C
release.13,14
OXIDATIVE STRESS

Oxidative stress is defined as an imbalance between oxidant and antioxidant systems
(such as an excess of reactive oxygen species [ROS] or a deficiency in antioxidants) in
the cell which leads to tissue damage.2 Oxidative stress has a major role in most forms
of hepatobiliary injury.



Therapeutic Use of Cytoprotective Agents 633
Normally, the level of ROS in the cell is maintained by a balance between production
via aerobic metabolism and elimination via antioxidant systems. In health, most ROS
are generated via oxidative phosphorylation in the mitochondria. In hepatobiliary
disease, activated inflammatory cells (neutrophils, Kupffer cells), cytochrome P450
enzymes (particularly uncoupled CYP2E1 isoforms), and damaged mitochondria all
contribute to ROS production.2 ROS cause cell damage via a variety of mechanisms,
including the oxidation of lipids, proteins, and DNA, and the generation of toxic
species (peroxides, alcohols, aldehydes, and ketones). Oxidative stress may also acti-
vate pro-apoptotic protein kinases (eg, c Jun N-terminal kinase [JNK]), proinflamma-
tory transcription factors (nuclear factor kappa beta [NF-kb]), and modulators of
apoptosis (caspases, death receptors).2

Enzymatic Antioxidant Pathways

The liver possesses a complex, interactive, antioxidant network that can be divided
into enzymatic and nonenzymatic pathways. Enzymatic antioxidant pathways include
SOD, catalase, and GSH peroxidases. SOD, found in the cytosol and the mitochon-
dria, catalyzes the dismutation of superoxide anion to hydrogen peroxide.3 Catalase,
located predominantly in peroxisomes, catalyzes the conversion of hydrogen peroxide
to water. GSH peroxidases, a family of cytosolic and mitochondrial enzymes, convert
lipid and hydrogen peroxides to water and stable alcohols by oxidizing reduced GSH
to its disulfide form (GSSG) (Fig. 1).3,15

Nonenzymatic Antioxidant Pathways

Nonenzymatic defenses include GSH, vitamin E, and ascorbate. GSH is a ubiquitously
expressed tripeptide of cysteine, glycine, and glutamine. It is the most abundant
nonprotein thiol in cells.3,15,16 The rate limiting steps in the biosynthesis of GSH are
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Fig. 1. Major antioxidant mechanisms in the liver involving glutathione (GSH). (A) GSH can
nonenzymatically act directly on free radicals such superoxide radical, hydroxyl radical, nitric
oxide, and carbon radical and aid in their removal. (B) Cytosolic and mitochondrial GSH
transferases can catalyze the nucleophilic attack by reduced GSH on nonpolar compounds
that contain an electrophilic carbon, nitrogen, or sulfur atom. (C) In conjunction with
GSH peroxidase, GSH can remove hydro- and organic peroxides from the cell. The resultant
oxidized glutathione disulfide (GSSG) is reduced back to GSH by GSH reductase. (D) GSH can
help to maintain protein sulfhydryl groups by nonenzymatically reducing protein sulfenic
acids groups or forming protein-GSH mixed disulfides.
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the availability of cysteine and the activity of the first enzyme in the biosynthetic
pathway, g-glutamylcysteine synthetase (GCS) (Fig. 2). Cysteine is derived from the
diet and the breakdown of protein. The liver also has the unique ability to enzymatically
convert methionine to cysteine via the transsulfuration pathway (Fig. 3). The short half-
life of GSH (2–3 hours) and the requirement for dietary cysteine make hepatic GSH
levels highly dependent on nutritional conditions. Starvation for 48 hours results in
50% to 75% reductions in hepatic GSH levels in normal rats, which normalize within
a few hours of refeeding.15 Hepatocyte GSH is synthesized in the cytosol and trans-
ported into intracellular organelles, particularly the mitochondria.15,16 GSH transport
across the mitochondrial membrane is vital in maintaining mitochondrial defense
against oxidant injury. Mitochondrial GSH depletion is an early event in many forms
of toxic liver injury and sensitizes hepatocytes to cell death.17

GSH serves several vital defense mechanisms in the liver. It exists principally in two
forms—a thiol reduced form (GSH) and a disulfide oxidized form (GSSG).15,16 Nor-
mally, the ratio of GSH to GSSG is about 95:1 and is maintained by GSH redox cycling
(see Fig. 1). The GSH redox cycle involves the oxidation of GSH (GSSG) catalyzed by
GSH peroxidase and the recovery of GSH by reduction of GSSG catalyzed by GSH
reductase. During this redox recycling, GSH can remove hydrogen and organic perox-
ides from the cell. Conjugation and removal of endogenous and exogenous toxins
from the cell through a family of glutathione S-transferase via the mercapturic acid
pathway is another important cytoprotective pathway for GSH. Reduced GSH can
also nonenzymatically react with free radicals, including superoxide radicals, hydroxyl
radicals, and nitric oxide. In addition, GSH can aid in the reduction of other antioxi-
dants such as tocopherol and ascorbate. GSH also maintains protein sulfhydryl
groups. GSH can reduce protein sulfenic acids and bind to sulfhydryl groups to
form protein-GSH mixed disulfides (see Fig. 1).15,16

Vitamin E (a-tocopherol) is an essential nutrient derived from food and nutritional
supplements. Vitamin E is considered the predominant lipid-soluble antioxidant pro-
tecting membrane phospholipids from lipid peroxidation. Ascorbate (vitamin C) is
a water-soluble reducing agent that protects against ROS such as hydrogen peroxide.
When vitamin E works as an antioxidant, it is oxidized to a potentially harmful radical,
which needs to be reduced back to a-tocopherol by vitamin C.18
CYTOPROTECTIVE AGENTS
S-Adenosylmethionine

S-adenosylmethionine (SAMe) is generated from L-methionine and ATP in a two-step
reaction catalyzed by methionine adenosyltransferase (MAT) (see Fig. 3).7,12 MAT
activity is decreased in many types of liver disease, resulting in decreased hepatocel-
lular levels of SAMe.7,12,19–21 Reactive oxygen and nitrogen species inactivate MAT
secondary to oxidation or nitrosylation of a cysteine residue on the enzyme.22
Cysteine + Glutamate −Glutamylcystiene + Glycine GSH
GSH

synthetase

ATP ATP

-glutamylcysteine

synthetase

Fig. 2. Biosynthesis of glutathione. Glutathione (GSH) is synthesized from three amino acid
precursors: cysteine, glutamate, and glycine. The rate limiting step in its formation is the
availability of cysteine which, in the liver, is largely dependent on dietary sources of cysteine
and methionine.
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Fig. 3. Hepatic SAMe metabolism. SAMe is generated from methionine in a reaction cata-
lyzed by MAT. The methyl group of SAMe is donated in transmethylation reactions, and
the propylamino group is donated for polyamine synthesis (aminopropylation) with MTA
being a by-product of this reaction. SAH is a by-product of transmethylation reactions
and is hydrolyzed to form homocysteine and adenosine through a reversible reaction cata-
lyzed by SAH hydrolase. Homocysteine can be remethylated to form methionine or can
undergo the transulfuration pathway to form cysteine.
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Inactivation can be reversed by increasing GSH or overcome by exogenous adminis-
tration of SAMe.

Within the liver, SAMe is metabolized via three pathways—transmethylation, tran-
sulfuration, and aminopropylation (see Fig. 3).7 Most of the SAMe generated is used
in transmethylation reactions (85%). In these reactions, SAMe donates its methyl
group to a variety of compounds, including nucleic acids, proteins, phospholipids,
and biologic amines in reactions catalyzed by methyltransferases. The by-product
of these transmethylation reactions, S-adenosylhomocysteine (SAH), is subsequently
hydrolyzed to homocysteine and adenosine by SAH hydrolase. Homocysteine is then
either remethylated to methionine or undergoes transulfuration. Remethylation
requires two enzymes, methionine synthase and betaine methyltransferase, folate,
and vitamin B12. In the transsulfuration pathway, homocysteine is converted by
a series of enzymatic steps in the presence of vitamin B6 to cysteine. Cysteine can
then be used to form GSH (see Fig. 2).

The aminopropylation pathway results in the decarboxylation of SAMe, with transfer
of its aminopropyl group first to putrescine and then to spermidine to form poly-
amines.7 Methyladenosine (MTA) is an important intermediate in this pathway. Exog-
enous SAMe can also spontaneously convert to MTA, which is stable and can freely
pass through cell membranes.

The cytoprotective benefits of SAMe in hepatobiliary disease include (1) augmenta-
tion of hepatocyte GSH levels, (2) improvement in membrane fluidity, (3) modification
of cytokine expression, (4) alterations in DNA/histone methylation, and (5) modulation
of apoptosis (Table 1).7,20,21



Table 1
Cytoprotective agents

Cytoprotective Agent Mechanisms of Action Dose
Side Effects/
Drug Interactions Indication

S-adenosylmethionine Antioxidant: increases GSH
Stabilization of membrane

function
Modulation of cytokine

expression
Anti-apoptotic in

normal cells

20 mg/kg/d PO
Food decreases

bioavailability

No side effects Necro-inflammatory
hepatopathies

Metabolic hepatopathies
(FHL)

Cholestatic hepatopathies
APAP toxicity

N-acetylcysteine Antioxidant: increases GSH
Anti-inflammatory
Improves hepatic

microcirculation
Improves tissue oxygen

delivery

140 mg/kg IV once, then
70 mg/kg IV q 6 h
(APAP and ALF)

100 mg/kg/24 h CRI (ALF)

Vomiting with oral
preparations

APAP toxicity
ALF

Ursodeoxycholic acid Replaces hepatotoxic
bile acids

Choleretic
Anti-apoptotic
Immunomodulatory
Stabilizes mitochondria

10–15 mg/kg/d PO
Food enhances absorption
Increase dose (BID) with

severe cholestasis

Rarely vomiting
May increase bioavailability

of vitamin E and
cyclosporine

Cholestatic hepatopathies
Necro-inflammatory

hepatopathies
Metabolic hepatopathies
Immune-mediated

hepatopathies

Silymarin ROS scavenger
Anti-inflammatory
Antifibrotic
Increases hepatic protein

synthesis
Choleretic

Silymarin: 20–50 mg/kg/d
divided q 6–8 PO

Siliphos: 3–6 mg/kg/d PO

No side effects
Inhibits the activity of drug

metabolizing enzymes

Amanita mushroom toxicity
Hepatotoxicity
Cholestatic hepatopathies
Necro-inflammatory

hepatopathies

Vitamin E Antioxidant
Anti-inflammatory

10–15 IU/kg/d PO of
a-tocopherol acetate

None
May inhibit the absorption

of other fat-soluble
vitamins when
administered at high
doses

Cholestatic hepatopathies
Necro-inflammatory

hepatopathies

Abbreviations: ALF, acute liver failure; APAP, acetaminophen; FHL, feline hepatic lipidosis; GSH, glutathione.
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Because SAMe increases the intracellular availability of cysteine, it increases
hepatic GSH levels and has antioxidant activity.12,19–21 Several studies have demon-
strated that SAMe can alleviate signs of oxidative and nitrosative stress.12,19 Particu-
larly striking is the ability of SAMe to reverse signs of mitochondrial damage.7

Alterations in membrane fluidity, especially in the mitochondrial membrane, accom-
pany hepatobiliary disease. SAMe restores normal membrane fluidity via methylation
of mitochondrial membrane phospholipids, thereby re-establishing normal mitochon-
drial GSH transport.7,17

SAMe modulates cytokine expression.7,12 SAMe inhibits lipopolysaccharide-stimu-
lated release of TNF-a from macrophages. This anti-inflammatory activity is due to
inhibition of histone methylation of the TNF-a promoter by SAMe or its by-product,
MTA.22 SAMe also increases the production of anti-inflammatory cytokines such as
IL-10.7

SAMe regulates hepatocyte apoptosis.7 It protects normal hepatocytes against
okadaic acid and bile acid induced apoptosis.7,23 MTA recapitulates these actions.7

In liver cancer cell lines, SAMe is pro-apoptotic.7,24 One study has linked this disparity
to differential activation of the pro-apoptotic kinase, JNK.24

SAMe also has growth regulatory effects on hepatocytes. Mice with genetic deple-
tion of MAT develop hepatic hyperplasia, have abnormal hepatic regeneration after
partial hepatectomy, and eventually develop hepatocellular carcinoma.20 SAMe levels
are low in proliferating and regenerating hepatocytes and high in quiescent hepato-
cytes. SAMe inhibits proliferation in hepatoma cells and protects against the develop-
ment of neoplastic foci in hepatotoxic models of hepatocarcinogenesis. The growth
inhibitory effects of SAMe are due in part to inhibition of the mitogenic response to
hepatocyte growth factor.7,20 SAMe is antiproliferative and pro-apoptotic in neoplastic
hepatocytes, whereas it is mitogenic and anti-apoptotic in normal hepatocytes.
Literature review
The effects of SAMe administration in hepatobiliary disease have been evaluated in
animal models and human clinical trials.7,12,19,20,25–28 SAMe improves survival in
animal models of alcohol, acetaminophen, galactosamine, and thioacetarsamide
induced hepatotoxicity and in ischemia-reperfusion induced liver injury. SAMe treat-
ment also decreases fibrosis in rats treated with carbon tetrachloride. SAMe has
also shown efficacy in ameliorating hepatic steatosis. Mice with a genetic depletion
in MAT develop hepatic steatosis, implying a link between normal SAMe levels and
lipid metabolism. In a genetic model of hepatic lipidosis using ob/ob (leptin deficient)
mice, SAMe administration reduced triglyceride accumulation as well as apoptosis
during treatment with the hepatotoxin pyrazole.25 In human patients with established
steatosis and in patients with chronic hepatitis given prednisone who normally
develop steatosis, SAMe administration attenuated or prevented fat accumulation,
respectively.

Several human clinical trials with SAMe have been conducted in Europe. A meta-
analysis of six placebo-controlled clinical trials evaluating parenteral SAMe adminis-
tration in acute intrahepatic cholestasis confirmed that it decreased serum bilirubin
levels and ameliorated histologic evidence of hepatocellular necrosis.26 A follow-up
study with oral SAMe confirmed continued beneficial effects on biochemical parame-
ters and clinical signs.27 In human patients with alcoholic liver cirrhosis, long-term oral
supplementation with SAMe (2-year period at 1200 g/d) increased survival and
decreased the need for liver transplantation in a subgroup of patients with less
advanced disease.28
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Oral SAMe administration has been evaluated in healthy cats and dogs. Normal
dogs and cats given 20 mg/kg and 30 to 50 mg/kg orally, respectively, had signifi-
cantly increased plasma SAMe concentration, increased hepatic GSH levels, and
no overt signs of toxicity.29,30 Additionally, in cats, a decreased concentration of red
blood cell thiobarbituate-reacting substances (oxidative membrane products known
as TBARs) and increased resilience to osmotic challenge suggested that chronic
SAMe treatment may have antioxidant and membrane-stabilizing effects in erythro-
cytes.29 Oral SAMe administration ameliorated acetaminophen-induced red blood
cell and hepatic damage in cats (85 mg/kg for 3 days followed by 40 mg/kg) and
dogs (40 mg/kg followed by 20 mg/kg), respectively.31,32 In a study of prednisolone-
treated dogs, oral SAMe (20 mg/kg) did not prevent the development of hepatic vacu-
olar changes or the induction of serum hepatic enzyme activity but increased hepatic
GSH levels.30 Neither prednisolone nor SAMe plasma concentrations were altered by
coadministration.30

Dose and pharmacokinetics
In the United States veterinary market there are two commercially available stable
salts: a 1,4-butanediosulfonate salt (Denosyl-SD4, Nutramax Laboratories, Edge-
wood, Maryland) and a tosylate salt (Zentonil, Vetoquinol, Buena, New Jersey).
Tablets are blister packed because the salts are hydroscopic and enteric coated to
prevent inactivation in stomach acid. The tablets must not be split or crushed. Food
interferes with absorption, requiring that SAMe be given on an empty stomach. The
recommended oral dose is 20 mg/kg/d. SAMe has a high hepatic first-pass effect
and a low bioavailability (approximately 3%). Measurable plasma and tissue concen-
trations are obtained, even within the cerebrospinal fluid in the cat and dog.33 Maximal
plasma concentrations are variable but generally are achieved between 1 and 4 hours
in dogs and 2 and 8 hours in cats.29,30 SAMe is rapidly metabolized intracellularly, with
the portion not metabolized undergoing renal or fecal excretion.3

Side effects and drug interactions
SAMe is well tolerated. Reported side effects include immediate post pill nausea, food
refusal, and anxiety.3 In a few cats, post-dosing emesis has necessitated discontinu-
ation of treatment.3

Use in canine and feline hepatobiliary disease
The therapeutic potential of SAMe in companion animals with hepatobiliary disease is
largely unknown because no clinical studies have been published. Dogs and cats with
naturally occurring liver disease have reductions in hepatic GSH levels. In one study,
low hepatic GSH levels were present in 42% and 33% of dogs with necroinflammatory
or vacuolar hepatopathies, respectively34; however, some dogs and cats with liver
disease also had increased GSH levels. In a separate study, dogs with copper toxi-
cosis, extrahepatic cholestasis, and chronic hepatitis had low hepatic GSH levels,
and many had concurrent decreases in hepatic mRNA levels for SOD and catalase.35

Low hepatic GSH levels were present in 80% and 75% of cats with necroinflammatory
liver disease and hepatic lipidosis, respectively.34 Considering the pivotal role of
oxidant stress in liver injury, therapies aimed at restoring normal redox balance by
normalizing GSH levels would be expected to be of benefit.

Based on animal models, human clinical trials, and what is known about hepatobili-
ary disease in companion animals, SAMe administration would likely be beneficial in
a variety of disorders in dogs and cats. These disorders would include acute intrahe-
patic or extrahepatic cholestatic disorders (eg, cholecystitis, gallbladder mucocele,
choledochitis), necroinflammatory diseases (eg, canine chronic hepatitis, feline
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cholangitis), metabolic diseases (eg, canine vacuolar hepatopathy, feline hepatic lip-
idosis), and toxic (eg, acetaminophen) or ischemic hepatopathies.
N-Acetylcysteine

N-acetylcysteine (NAC) is a stable formulation of the amino acid L-cysteine that can be
given parenterally to replenish intracellular cysteine and GSH levels. It is a well-recog-
nized antidote for acetaminophen-induced red blood cell and hepatocyte toxicity.
NAC also has a myriad of other cytoprotective effects, including an effect on vascular
tone that may improve oxygen delivery in acute liver failure (ALF), an ability to enhance
hepatic mitochondrial energy metabolism, and anti-inflammatory actions (blocks poly-
morphonuclear cell (PMN)–endothelial cell adhesion, PMN activation, and cytokine
release (TNF-a)).36

Literature review
NAC has been evaluated in animal models of hepatotoxicity, ALF, ischemia-reperfu-
sion injury, bile duct obstruction, and cirrhosis. NAC is beneficial in the treatment of
several hepatotoxins, acetaminophen being the best studied.36 Additionally, NAC
has been evaluated in cyclosporine A, arsenic, azathioprine, and lipopolysaccha-
ride-mediated liver injury.37–40 The cytoprotective effect of NAC in these hepatotoxic
models is mediated by its ability to increase hepatic GSH levels.

In ALF, administration of NAC improves vasomotor tone in peripheral, cerebral, and
sinusoidal vascular beds. Its effects include increased mean arterial pressure,
improved oxygen extraction in capillary beds, and decreased cerebral perfusion pres-
sure.41,42 In ischemia-reperfusion injury, improvements in the hepatic microcirculation
and decreased hepatic damage have been seen with NAC pretreatment in rabbit and
rodent models, although no benefits were seen in a recent canine study.43–46 In bile
duct ligated rats and dogs, NAC improves portal and hepatic microcirculatory blood
flow.47,48 The effects of NAC on the microcirculation are believed to be related
primarily to its antioxidant effects, because ROS are a major stimulus for inflammatory
cell recruitment to endothelial cell surfaces.

NAC is currently undergoing human clinical trials in the treatment of non-acetamin-
ophen associated ALF.49,50 In a retrospective study in children with ALF, a 72-hour
infusion of NAC significantly improved survival when compared with placebo.49 In
preliminary reports of a randomized blinded clinical trial in pediatric patients with
ALF, NAC infusion was associated with a shorter length of hospital stay, a higher inci-
dence of native liver recovery without transplantation, and a better survival after trans-
plantation.50 Currently, a similar clinical trial is ongoing in adult patients with ALF.

Dose and pharmacokinetics
In veterinary medicine, NAC is considered to be the antidote of choice for acetamin-
ophen toxicity in small animals. NAC restores intracellular GSH levels that aid in the
detoxification of the reactive intermediate generated by CP-450 metabolism of acet-
aminophen. There are several published studies on the use of NAC in acetaminophen
toxicity in the dog and cat.51–54 NAC is most effective if given within 8 to 16 hours of
ingestion; however, in human patients, treatment up to 53 hours after drug ingestion
has yielded a positive clinical response. An initial dose of 140 mg/kg is followed by
doses of 70 mg/kg intravenously every 6 hours for seven treatments. In human ALF,
a constant rate infusion dose of 100 mg/kg/24 h is being evaluated therapeutically.
NAC should be administered through a nonpyrogenic filter (0.25 mm) using a 10% solu-
tion diluted 1:2 or more with saline. The high incidence of gastric irritation and vomiting
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limits the oral use of NAC, which is rarely indicated given the availability of oral SAMe
for GSH replenishment.

Side effects and drug interactions
Side effects of an intravenous bolus in humans include gastrointestinal upset, allergic
reactions, and hemodynamic changes (increased or decreased blood pressure).
Allergic reactions are rare but may manifest as rash, pruritus, angioedema, or bron-
chospasm. Parenteral NAC administration appears to be well tolerated in veterinary
patients, with no adverse events reported in the literature. The oral median lethal
dose (LD50) in dogs is greater than 1000 mg/kg.

Use in canine and feline hepatobiliary disease
Indications for NAC use in veterinary medicine include acetaminophen toxicity, Heinz
body anemia, suspected toxin-related liver injury, and ALF (regardless of underlying
etiology). Of particular interest is the use of NAC in ALF caused by suspected toxicosis
(eg, carprofen and trimethoprim toxicity in dogs, diazepam and methimazole toxicity in
cats) and in cats with severe hepatic lipidosis (given their propensity for Heinz body
anemia and oxidant injury). Given that liver transplantation is not an option in veterinary
medicine and that NAC in human ALF improves native liver survival, the use of NAC
should be considered in any veterinary patient fitting the criteria for ALF.
Ursodeoxycholic Acid

Yutan, a Chinese compound derived from the dried bile of the Chinese black bear, has
been used for centuries for its hepatobiliary healing powers. In 1936, ursodeoxycholic
acid (UDCA) was identified as the major bile acid responsible for Yutan’s hepatopro-
tective effects.4 Currently, synthetic forms of UDCA are approved for the treatment of
hepatobiliary disease in human patients (Actigal, Novartis, Basel, Switzerlandand
URSO, Axcan, Mont-Saint-Hilaire, Canada).

Bile acids are organic anions synthesized exclusively in the liver from cholesterol. The
rate-limiting step is the addition of a hydroxyl group in the seventh position of the
cholesterol steroid nucleus. Because cholesterol already contains a 3a-OH group,
the simplest bile acids are the 3a, 7a di-OH bile acids such as chenodeoxycholate.
Additional hydroxylation at the 12a position creates the tri-OH bile acids in the cholate
group. The primary bile acids, cholate and chenodeoxycholate, are conjugated in the
liver to either glycine or taurine in the dog or exclusively to taurine in cats.3 The major
circulating bile acid in both species is taurocholate. Some bile acids are hepatotoxic.
The elements of toxicity are not completely understood but correlate to some degree
with hydrophobicity. In general, the more hydroxylated the bile acid, the less hydro-
phobic and the less toxic. The more hydrophobic bile acids damage hepatocytes
primarily by disrupting mitochondrial membranes and activating apoptotic death
receptors.4,55

UDCA is a cytoprotective hydrophilic dihydroxylated bile acid even though it is
almost structurally identical to the much more hepatotoxic bile acid, chenodeoxycho-
late. The unique cytoprotective action of UDCA is still not fully understood but several
mechanisms have emerged, including replacement of more toxic bile acids in the bile
acid pool, stimulation of choleresis, anti-apoptotic effects, stabilization of mitochon-
drial function, and immunomodulatory actions.4,55 The cytoprotective effects of
UDCA are not limited to hepatobiliary cells but have been demonstrated in cardiac
myocytes, neuronal cells, and gastrointestinal epithelial cells.56–58

Because serum and hepatic retention of bile acids accompanies most hepatobiliary
disorders, and because some bile acids are potentially hepatotoxic, they likely
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contribute to the pathologic progression of cholestatic hepatopathies. One mecha-
nism of UDCA cytoprotection is replacement of more hydrophobic hepatotoxic bile
acids in the bile acid pool3,4,55; however, this view is overly simplistic, because a corre-
lation between UDCA enrichment of the bile acid pool and its therapeutic effect has
been hard to demonstrate. In addition, this effect would be of limited value in dogs
and cats because the major circulating bile acid is the relatively nontoxic taurocholate.

UDCA stimulates choleresis, which increases the elimination of endogenous toxins
normally excreted in the bile, such as copper, leukotrienes, and bilirubin. Choleresis is
the result of an increase in the expression of membrane transporters necessary to
generate bile flow and direct stimulation of a bicarbonate-rich bile flow in the bile
ducts.4,55 The secretory capacity of a hepatocyte is dictated by the number and
activity of transporter proteins located on its membrane. UDCA increases the canalic-
ular membrane expression of several transporters, including the bile salt excretory
pump, BSEP, and the organic anion pump, MRP2. UDCA stimulates the insertion of
transporter molecules that are sitting in intracellular endosomal compartments into
the membrane.4 UDCA also increases cholangiocyte excretion of bicarbonate-rich
fluid.4,55 By increasing intracellular Ca12 in cholangiocytes, UDCA activates both
Ca12–dependent Cl� channels and Cl�/HCO3

� exchange.4

A major cytoprotective action of UDCA lies in its ability to inhibit apoptosis. UDCA
modulates the apoptotic threshold by preserving mitochondrial integrity.4,57 In
cultured hepatocytes, UDCA protects against the loss of mitochondrial membrane
potential, the onset of the MOMP, and the loss of cytochrome C, and can decrease
the production of ROS that accompanies apoptosis due to various stimuli. UDCA
can increase mitochondrial GSH levels by stabilizing mitochondrial membrane trans-
porters or by increasing the activity of MAT. Furthermore, UDCA can induce the
expression of the anti-apoptotic mitochondrial protein, Bcl-2, and decrease Bax
levels. Additionally, UDCA can promote survival by controlling transcription factors
and kinases involved in apoptosis. In primary hepatocytes, UDCA inhibits TGF-b–
induced apoptosis by preventing activation of an E2F-1/p53 transcription factor–
induced apoptotic pathway. In hepatocytes, neurons, and cardiac myocytes, UDCA
cytoprotection requires activation of the lipid prosurvival kinase, phosphoinositide-
3-kinase, and its downstream mediator, Akt. UDCA can also act as a molecular chap-
erone and modulates apoptosis associated with endoplasmic reticulum stress.59

UDCA has immunodulatory properties. UDCA down-regulates aberrant major
histocompatibility complex expression on hepatobiliary cells induced by cholestasis.4

This aberrant expression renders the cells more vulnerable to immune targeting by
activated lymphocytes, leading to cell damage.4,55 UDCA also suppresses inter-
leukin-2 and 4 production. Studies show that UDCA can directly activate the glucocor-
ticoid receptor by interacting with a region of the receptor distinct from the cortisol
binding site. UDCA binding to the glucocorticoid receptor induces nuclear transloca-
tion of the glucocorticoid receptor and suppresses activation of NF-kb.60,61 Inhibition
of the UDCA–glucocorticoid receptor interaction prevents UDCA’s cytoprotective
effect in cultured hepatocytes.60

Literature review
UDCA use has been evaluated extensively in animal models of hepatotoxicity. In bile
duct ligated rats, UDCA prevents GSH depletion (by up-regulating GCS) and prevents
changes in mitochondrial membrane potential and lipid content that accompany
chronic cholestasis.4,55,57 In vivo feeding of toxic bile acids to rats causes apoptosis,
whereas simultaneous treatment with UDCA inhibits this effect and prevents the
movement of Bax to the mitochondria. In an endoplasmic reticulum stress model of
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apoptosis in obese diabetic mice, oral UDCA therapy inhibited the up-regulation of
endoplasmic reticulum stress markers in the liver and adipose tissue of mice. UDCA
can also inhibit hepatocyte triglyceride accumulation in a rat model of
hepatosteatosis.62

UDCA is cytoprotective in myocytes and neuronal cells. Administration of UDCA in
rats just before inducing myocardial infarction results in a reduction in the number of
apoptotic myocytes and the area of infarction in a comparison with controls.56 UDCA
also prevents neuronal cell apoptosis in experimental models of Alzheimer’s and
Huntington’s disease in mice.57

In humans, UDCA is used to treat a variety of cholestatic hepatopathies, including
primary biliary cirrhosis (PBC), primary sclerosing cholangitis (PSC), pediatric chole-
static disorders, cystic fibrosis, and intrahepatic cholestasis associated with preg-
nancy and prolonged total parenteral nutrition.63–68 PBC is an immune-mediated,
chronic inflammatory hepatobiliary disease that usually results in biliary cirrhosis
and eventual liver failure. UDCA is the only approved treatment for PBC even though
its effect on long-term survival remains uncertain.63–65 Although meta-analyses have
failed to show benefit in terms of survival or transplantation rates, many individual
studies have shown significant improvements in biochemical parameters, clinical
signs, and histologic scores, and, in isolated cases, survival benefits.63–65 Considering
the complexities of PBC (eg, its variability in disease progression and the long natural
history of the disease) and issues with study design (eg, studies of insufficient dura-
tion, small patient numbers, inconsistently defined end points, and suboptimal
UDCA dosing), meta-analyses may fail to recognize beneficial effects of UDCA. In
PSC, UDCA improves serum liver chemistries and bilirubin but has no effect on
disease progression or transplant-free survival.66 Similar to the studies on PBC,
even the largest of these studies was probably too small and the follow-up period
too short to allow evaluation of survival. UDCA has proven benefit in children who
have genetic abnormalities causing severe cholestasis, for managing bile flow aberra-
tions in cystic fibrosis, and as adjunctive therapy in immunomodulatory protocols in
humans who have immune-mediated liver disease.55,67 UDCA reduces cholestasis,
improves serum aminotransferase levels, and decreases pruritus in women with intra-
hepatic cholestasis related to pregnancy.68 There is some evidence for an additive
effect of concurrent SAMe and UDCA administration in this disease.68

Little information is available in the literature in regards to UDCA use in small
animals. In a single case report, a dog with chronic hepatitis was given 15 mg/kg/d
of UDCA, which resulted in enrichment of UDCA in the serum associated with
biochemical (decreases in alanine aminotransferase, alkaline phosphatase, choles-
terol, and bilirubin) and clinical improvement (increased appetite and energy level).69

In four normal cats, 15 mg/kg/d of UDCA for 8 weeks resulted in no adverse clinico-
pathologic effects.70
Dose and pharmacokinetics
The pharmacokinetics of UDCA have been examined in dogs, humans, and rodents.
UDCA is absorbed passively, primarily in the small intestine. Absorption is enhanced in
the presence of food. Greater than 60% of the oral dose undergoes hepatic uptake
where it is conjugated with taurine or glycine and then undergoes enterohepatic circu-
lation. UDCA that escapes enterohepatic circulation is metabolized to lithocholate in
the colon and eliminated in the feces or urine. A dose of 15 mg/kg/d has been extrap-
olated from human medicine. Bioavailability decreases with advanced cholestasis due
to decreased absorption, decreased hepatic extraction, and increased renal
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elimination; therefore, twice daily administration may be necessary in severe chole-
static disease.

Side effects and drug interactions
UDCA is well tolerated. Little or no toxicity has been seen in human patients. The only
side effect appears to be diarrhea. Similarly, in small animals, rare side effects include
vomiting and diarrhea. Extensive toxicologic studies performed in healthy dogs for
Food and Drug Administration approval did not reveal any serious side effects. No
adverse effects were noted in normal cats at doses ranging from 10 to 15 mg/kg/d
for treatment periods ranging from 2 to 3 months.70 UDCA treatment may increase
the bioavailability of cyclosporine and vitamin E. Concurrent use of aluminum-contain-
ing antacids may decrease the absorption of UDCA.3

Use in canine and feline hepatobiliary disease
UDCA should be considered as ancillary therapy in a variety of acute and chronic hep-
atopathies in the dog and cat. In acute hepatobiliary disease, it would be useful as
a choleretic agent to treat intra- and extrahepatic cholestasis in the absence of
complete bile duct obstruction. Its use could also be considered in animals assessed
as having a large amount of hyperechoic sludge in their gall bladders on ultrasound.
Additionally, UDCA could be used in asymptomatic or mildly symptomatic patients
with gall bladder mucoceles, in the absence of bile duct obstruction, that are poor
surgical candidates due to concurrent disease.71

Owing to its anti-apoptotic and immunomodulatory actions, UDCA would likely be
beneficial in chronic necroinflammatory hepatobiliary disease regardless of etiology.
Because bile acid concentrations are particularly high in the bile ducts, UDCA may
be particularly beneficial in cats with cholangitis. In dogs, ancillary UDCA treatment
would likely be of benefit in cases of chronic hepatitis (breed related [including primary
copper storage hepatopathies], infectious, or immune mediated). In some chronic
hepatopathies, particularly where corticosteroids are contraindicated, UDCA may
be indicated as part of the immunosuppressive regimen. The therapeutic effects of
UDCA may be enhanced by concurrent SAMe administration; it is unclear whether
this effect may be synergistic or additive.68 There is some evidence both in vitro
and in vivo that the actions of SAMe and UDCA may be additive.68,72
Silymarin

The major active ingredient of benefit in milk thistle is silymarin. Silymarin is actually
a group of several closely related flavinoids but consists primarily of four isomers:
silybin, isosilybin, silydianin, and silychristin. Silybin is the major active component
of silymarin.6,9,10,12

Silymarin has several beneficial actions useful in the treatment of hepatobiliary
disease, including antioxidant, anti-inflammatory, and antifibrotic properties.6,10,12

Additionally, silymarin has an ability to modulate hepatocyte transport and increase
hepatic protein synthesis.6 Silymarin acts as an antioxidant by reducing free radical
production and lipid peroxidation.6 Silymarin also scavenges ROS and protects
against GSH depletion.6,12 Anti-inflammatory properties include suppression of NF-
kb activation, inhibition of TNF-a induced cytotoxicity, and increased expression of
IL-10.6,12,73 Silymarin has an inhibitory effect on the 5-lipoxygenase pathway resulting
in inhibition of leukotriene synthesis.6 It has also been shown to protect hepatocytes
against T cell–induced injury and inhibits hepatitis C viral replication.73 Silymarin also
exhibits antifibrotic actions, including inhibition of TGF-b secretion and stellate cell
activation.10
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Silymarin modulates hepatocyte transport.6,10,12 It promotes choleresis by
increasing insertion of transporters into the apical membrane of hepatocytes. Addi-
tionally, it inhibits hepatocyte uptake of phalloidin, the toxic agent resulting in ALF
secondary to Amanita mushroom ingestion. Silymarin increases protein synthesis
through stimulation of ribosomal RNA polymerase in hepatocytes.9 Silymarin also
accelerates hepatocellular regeneration as a result of increased gene transcription/
translation and enhanced DNA biosynthesis.

Literature review
Substantial in vitro and in vivo evidence suggests that silymarin can protect the liver
from a wide variety of toxins, including acetaminophen, ethanol, carbon tetrachloride,
aflatoxin, and Amanita phalloides toxins, as well as from ischemic, viral, and radiation-
induced injury.6,11,74–77 Antifibrotic properties have been demonstrated in bile duct
ligated rats and alcohol fed baboons, in which stellate cell proliferation and collagen
production were inhibited.78,79 Silymarin can also augment the synthesis of DNA,
RNA, and protein following partial hepatectomy in rats.80

In humans, silymarin use has been evaluated in a variety of liver conditions,
including alcoholic liver disease, liver cirrhosis, acute and chronic viral hepatitis, A
phalloides poisoning, and toxic and drug-induced liver diseases.6,9,10 Evidence from
these studies to support silymarin use in human hepatobiliary disease is conflicting.
Some studies have shown improvements in serum transaminases and bilirubin, clin-
ical signs and indicators of oxidative damage, whereas others have failed to show
any benefit. The benefits of silymarin therapy in these studies are difficult to interpret
and compare due to different methodologies, small sample sizes, inclusion of patients
with heterogeneous hepatic pathology, ill-defined end points, variable treatment dura-
tions, and the use of nonstandardized products and dosages that are not well justified.
Nevertheless, because of the overwhelming evidence for its cytoprotective effects in
in vitro and in vivo models, a meeting (sponsored jointly by the National Institute of Dia-
betes and Digestive and Kidney Disease, the National Center for Complementary and
Alternative Medicine, and the National Institute on Alcohol Abuse and Alcoholism) was
held in 2004 with two objectives in mind81: (1) to develop a standardized reliable sily-
marin product that could be used in clinical trials, and (2) to plan and initiate clinical
trials of this product in liver disease, with a particular focus on nonalcoholic steatohe-
patitis (NASH) and hepatitis C. Several phase I and II clinical trials as a direct result of
this meeting are nearing completion.

In the veterinary literature, silymarin has been evaluated for its protective action
against carbon tetrachloride and phalloidin toxicity. A single study found silymarin
to be protective against carbon tetrachloride toxicity in dogs.77 Silybin was found to
be completely protective against A phalloides intoxication in Beagles at a dose of
50 to 150 mg/kg when given 5 to 24 hours after ingesting an LD50 dose of A phal-
loides.82 Data from an uncontrolled study suggest that the use of silymarin up to 48
hours after ingestion is effective in preventing severe hepatotoxicity.9 Silymarin
prevents binding of the phalloidin toxin to hepatocytes and interrupts the enterohe-
patic circulation of the toxin.

Dose and pharmacokinetics
Silymarin’s bioavailability is low due to erratic absorption from the gastrointestinal
tract. It has a short plasma half-life but is preferentially accumulated in the liver.81 It
is excreted in bile as a glucoronide and sulfoglucoronide conjugate and undergoes
some enterohepatic circulation. Bile concentrations are 100 times those seen in
serum.3
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The dose required to achieve a therapeutic range in small animal patients is
unknown. In human medicine, variable dosing regimens have been used, with doses
of 50 to 150 mg/kg given in cases of A phalloides intoxication and 7 to 15 mg/kg/d in
cases of hepatitis. Extrapolation of the dose from human studies suggests that 20 to
50 mg/kg/d of silymarin divided into three to four doses per day may be of therapeutic
value.81 Therapeutic formulations should contain 70% to 80% silymarin. Unfortu-
nately, despite labeling claims, there are significant variations between commercially
available products and no assurance of extract purity.81

More recently, a new product (initially called IdB1016) has become available called
Siliphos.6 Siliphos, a formulation of silibin complexed with phosphatidylcholine, is
three to five times more bioavailable than silymarin83,84; values in rodent studies
have shown concentrates in bile 10 times greater with the phosphatidylcholine
complexed compound.85 These results suggest that this compound can be dosed
at 3 to 6 mg/kg/d.83,84 Commercially it is available as a combined product with vitamin
E and zinc (Marin, Nutramax, Edgewood, Maryland) or SAMe (Denamarin, Nutramax,
Edgewood, Maryland). A recent study demonstrated that this product increased
silybin blood levels in dogs, with a peak maximum at 3 hours and restoration of
baseline values by 24 hours.83 A preliminary pharmacokinetic study of Siliphos in
normal cats at a dose of 10 mg/kg orally found a bioavailability of 6% to 7%.86

A separate study demonstrated that this dose increased neutrophil GSH content
and neutrophil function as measured by maximal phagocytic and oxidative burst
activity.87
Side effects and drug interactions
Silymarin is reported to have an extremely low toxicity and has been used extensively
in human clinical patients with few reported side effects. Similarly, no serious adverse
effects have been reported in animal studies. Mild side effects such as gastrointestinal
upset, pruritus, and headache have been rarely reported in humans. The silybin-phos-
phatidylcholine complex has been evaluated in both acute and chronic use safety
studies in dogs. An acute toxicity study in dogs using levels greater than 80 times
the amount in Marin revealed no adverse effects. In a chronic toxicity study in
monkeys who received a similar dose for 26 weeks, no side effects were seen. Sily-
marin has also been evaluated in normal cats and found to have no clinical outward
signs of toxicity in a preliminary pharmacokinetic study when given at a dose of
10 mg/kg.86

Silymarin inhibits the activities of glucoronide transferases, some cytochrome P450
enzymes, and P-glycoprotein. Inhibition of cytochrome P450 enzymes in vitro only
occurred at concentrations greatly exceeding physiologically reachable ones.6 Never-
theless, given the possibility of silymarin use interfering with the metabolism of other
drugs, drug interactions should be considered in polymedicated patients.3,6
Use in canine and feline hepatobiliary disease
Silymarin may have benefit in cases of hepatotoxicity, hepatobiliary disease associ-
ated with cholestasis, and chronic hepatopathies. Silymarin use is indicated in the
treatment of Amanita mushroom toxicity, although high doses are needed to inhibit
uptake of the phalloidin toxin, and intravenous formulations (ie, silybin dihemisucci-
nate) are not currently available for clinical use in the United States.

In acute and chronic cholestasis, silymarin may promote choleresis and prevent
proinflammatory and profibrotic complications associated with the retention of endog-
enous toxins normally excreted in bile. Given its anti-inflammatory, antioxidant,
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antifibrotic, and anti-apoptotic effects, silymarin administration should be considered
in dogs and cats with chronic necroinflammatory hepatobiliary disease.
Vitamin E

Vitamin E is an essential nutrient derived from food and nutritional supplements. The
vitamin E family consists of eight highly lipophilic antioxidant compounds widely
distributed in plants. Alpha-tocopherol is the most bioavailable and active form of
vitamin E.1–3,5,12

Vitamin E has a major role in the protection of membrane phospholipids from oxida-
tive damage. It defends against peroxidative membrane damage by terminating free
radical–induced chain reactions.3 Upon termination of peroxidation reactions, the
oxidized tocopheroxy radical produced is then transformed to the reduced state
through interactions with other cellular antioxidants, particularly vitamin C.

Vitamin E has additional nonantioxidant functions, including an antiproliferative
effect on vascular smooth muscle and an inhibitory influence on platelet aggregation
and adhesion.3 Vitamin E analogues also modulate signal transduction by altering the
activity of lipoxygenases, cyclooxygenases, and protein kinase C, and alter gene
expression by inhibiting the activation of NF-kb.3 Vitamin E additionally suppresses
activation of inflammatory cells and protects against Kupffer and stellate cell
activation.1,2

Literature review
Vitamin E administration has been evaluated in in vitro and animal models of hepato-
toxicity. Vitamin E ameliorated oxidant-induced damage in rat hepatocytes exposed
to hydrophobic bile acids in vitro, improved liver histology in ethanol-induced liver
disease, prevented the development of hepatic steatosis, and reduced mortality asso-
ciated with carbon tetrachloride toxicity.12,88,89 In human patients with hepatobiliary
disease, results of clinical trials with vitamin E supplementation have been mixed. A
few studies have demonstrated biochemical improvement in patients with NASH
treated with vitamin E, with some showing improvement in histologic parameters of
inflammation and fibrosis.90,91 In one small clinical trial, a combination of vitamin E
and UDCA improved laboratory values and hepatic steatosis scores in patients with
NASH better than UDCA therapy alone.92 The results in alcoholic liver disease and viral
hepatitis have been less impressive, although one small pilot study of vitamin E
combined with antiviral therapy resulted in a 2.4 times greater chance of a complete
response when compared with antiviral therapy alone.93

The effects of vitamin E supplementation in veterinary patients with hepatobiliary
disease have not been reported except for a small pilot study of 20 dogs with chronic
hepatitis fed a vitamin E–supplemented diet for 3 months. In these dogs, increases in
serum and hepatic vitamin E concentrations were accompanied by an increased
hepatic GSH:GSSG ratio, suggestive of an improved hepatic redox status, but no
changes in clinical or histologic scores were noted.94

Dose and pharmacokinetics
The recommended oral formulation of vitamin E is the acetate form of a-tocopherol.5 It
is commercially available as d-a–tocopherol, a synthetic form of vitamin E, comprised
of the eight possible stereoisomers in equal amounts. A dose of 10 to 15 IU/kg/d is
recommended for dogs and cats that have necroinflammatory or cholestatic liver
disorders. Higher doses may be indicated in animals with severe cholestatic disorders
that compromise fat absorption. An emulsified formulation is available (Vedco, Agri-
Labs, St. Joseph, Missouri; Durvet, Blue Springs, Missouri; Schering-Plough,
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Kenilworth, New Jersey) for parenteral administration and should be considered in
animals with severe cholestasis. In a recent study in a rodent model, emulsified vitamin
E ameliorated acute hepatobiliary injury induced by administration of hydrophobic bile
acids.88 This formula may prove to be useful in the management of acute cholestatic
hepatopathies such as idiopathic hepatic lipidosis in cats.

Side effects
Vitamin E is generally considered to be of low toxicity. In humans, high doses (>5000
IU/d) can antagonize the absorption of other fat-soluble vitamins, resulting in impaired
bone mineralization, reduction in hepatic vitamin A stores, and coagulopathy
secondary to vitamin K insufficiency.5

Use in veterinary medicine
Vitamin E supplementation should be considered in the management of hepatobiliary
disorders likely to involve oxidative membrane injury, such as cholestatic hepatopa-
thies (hepatic lipidosis in cats), specific hepatotoxins, necroinflammatory hepatobiliary
disease, ischemia-reperfusion injury, and transition metal toxicity (copper and iron).
SUMMARY

Although studies in in vitro systems and animal models provide compelling data sup-
porting the hepatoprotective benefits of the cytoprotective agents discussed in this
article, clinical studies in naturally occurring hepatobiliary disease have not been as
convincing. In many cases, especially in veterinary medicine, this problem is due to
the lack of well-designed, randomized, controlled trials evaluating the efficacy of these
agents. In vitro studies and animal models suggest that these agents augment and
enhance natural hepatic defense mechanisms to inhibit inflammation and fibrosis,
prevent apoptosis, and protect against oxidant injury; however, these agents do not
address the primary cause of liver injury, and their utility in hepatobiliary disease is
of an ancillary nature. The importance of obtaining a definitive diagnosis via liver histo-
pathology, cultures of liver and bile, and the use of special histopathologic stains
cannot be overemphasized. A favorable prognosis is most likely when a definitive
diagnosis is obtained early in the course of the disease with treatment directed at
the underlying cause. Once a definitive diagnosis is obtained and the ongoing
pathology is understood, the clinician will be able to select the most appropriate
cytoprotective agent. Ideally, in the future, we will endeavor to pursue clinical trials
of these cytoprotective agents in our patients to provide a more justified rationale
for their use.
REFERENCES

1. Vitaglione P, Morisco F, Caporaso N, et al. Dietary antioxidant compounds and
liver health. Crit Rev Food Sci Nutr 2004;44:575–86.

2. Medina J, Moreno-Otero R. Pathophysiological basis for antioxidant therapy in
chronic liver disease. Drugs 2005;65:2445–61.

3. Center S. Metabolic, antioxidant, nutraceutical, probiotic, and herbal therapies
relating to the management of hepatobiliary disorders. Vet Clin North Am Small
Anim Pract 2004;34:67–172.

4. Beuers U. Drug insight: mechanisms and sites of action of ursodeoxycholic acid
in cholestasis. Nat Clin Pract Gastroenterol Hepatol 2006;3:318–28.

5. Flatland B. Botanicals, vitamins, and minerals and the liver: therapeutic applica-
tions and potential toxicities. Comp Contin Educ 2003;25:514–24.



Webster & Cooper648
6. Pradhan SC, Girish C. Hepatoprotective herbal drug, silymarin, from experimental
pharmacology to clinical medicine. Indian J Med Res 2006;124:491–504.

7. Mato JM, Lu SC. Role of S-adenosyl-L-methionine in liver health and injury. Hep-
atology 2007;45:1306–12.

8. Fogden E, Neuberger J. Alternative medicines and the liver. Liver Int 2003;23:
213–20.

9. Levy C, Seeff LD, Lindor KD. Use of herbal supplements for chronic liver disease.
Clin Gastroenterol Hepatol 2004;2:947–56.

10. Verma S, Thuluvath PJ. Complementary and alternative medicine in hepatol-
ogy: review of the evidence of efficacy. Clin Gastroenterol Hepatol 2007;5:
408–16.

11. Dhiman RK, Chawla YK. Herbal medicines for liver diseases. Dig Dis Sci 2005;50:
1807–12.

12. Hanje AJ, Fortune B, Song M, et al. The use of selected nutrition supplements
and complementary and alternative medicine in liver disease. Nutr Clin Pract
2006;21:255–72.

13. Malhi H, Gores GJ. Cellular and molecular mechanisms of liver injury. Gastroen-
terologist 2008;134:1641–54.

14. Akazawa Y, Gores GJ. Death receptor mediated liver injury. Semin Liver Dis 2007;
27:327–38.

15. Lu S. Regulation of hepatic glutathione synthesis: current concepts and contro-
versies. FASEB J 1999;13:1169–83.

16. Meister A, Anderson ME. Glutathione. Annu Rev Biochem 1983;52:711–60.
17. Garcia-Ruiz C, Fernandez-Checa JC. Mitochondrial glutathione: hepatocellular

survival-death switch. J Gastroenterol Hepatol 2006;21(Suppl 3):S3–6.
18. Bowry VW, Ingold KU, Stocker R. Vitamin E in human low-density lipoprotein:

when and how this antioxidant becomes a pro-oxidant. Biochem J 1992;288:
341–4.

19. Lieber CS. S-adenosyl-L-methionine: its role in the treatment of liver disorders.
Am J Clin Nutr 2002;76:1183S–7S.

20. Martinez-Chantar ML, Garcia-Trevijano ER, Latasa MU, et al. Importance of a defi-
ciency in S-adenosyl-L-methionine synthesis in the pathogenesis of liver injury.
Am J Clin Nutr 2002;76:1177S–82S.

21. Avila MA, Garcia-Trevijano ER, Martinez-Chantar ML, et al. S-adenosylmethionine
revisited: its essential role in the regulation of liver function. Alcohol 2002;27:
163–7.

22. Ara AI, Xia M, Ramani K, et al. S-adenosylmethionine inhibits lipopolysaccharide-
induced gene expression via modulation of histone methylation. Hepatology
2008;47:1655–66.

23. Webster CR, Boria P, Usechak P, et al. S-adenosylmethionine and cAMP confer
differential cytoprotection against bile acid–induced apoptosis in canine renal
tubular cells and primary rat hepatocytes. Vet Ther 2002;3:474–84.

24. Ansorena E, Berasain C, L�opez Zabalza MJ, et al. Differential regulation of the
JNK/AP-1 pathway by S-adenosylmethionine and methylthioadenosine in primary
rat hepatocytes versus HuH7 hepatoma cells. Am J Physiol Gastrointest Liver
Physiol 2006;290:G1186–93.

25. Dey A, Caro AA, Cederbaum AI. S-adenosylmethionine protects ob/ob mice from
CYP2E1-mediated liver injury. Am J Physiol Gastrointest Liver Physiol 2007;293:
G91–G103.

26. Frezza M, Terpin M. The use of S-adenosylmethionine in the treatment of chole-
static disorders: a meta-analysis of clinical trials. Drug Invest 1992;4:101–8.



Therapeutic Use of Cytoprotective Agents 649
27. Manzillo G, Piccinio F, Surrenti C, et al. Multicentre double blind placebo
controlled study of intravenous and oral S-adenosyl-l-methionine in cholestatic
patients with liver disease. Drug Invest 1992;4:90–100.

28. Mato JM, Camara J, Fernandez de Paz J, et al. S-adenosylmethionine in alcoholic
liver cirrhosis: a randomized, placebo-controlled, double blind, multicenter clin-
ical trial. J Hepatol 1999;30:1081–9.

29. Center SA, Randolph JF, Warner KL, et al. The effects of S-adenosylmethionine on
clinical pathology and redox potential in the red blood cell, liver and bile of clin-
ically normal cats. J Vet Intern Med 2005;19:303–14.

30. Center SA, Warner KL, McCabe J, et al. Evaluation of the influence of S-adeno-
sylmethionine on systemic and hepatic effects of prednisolone in dogs. Am
J Vet Res 2005;66:330–41.

31. Webb CB, Twedt DC, Fettman MJ, et al. S-adenosylmethionine (SAMe) in a feline
acetaminophen model of oxidative injury. J Feline Med Surg 2003;38:246–54.

32. Wallace KP, Center SA, Hickford FH, et al. S-adenosyl-L-methionine (SAMe) for
the treatment of acetaminophen toxicity in a dog. J Am Anim Hosp Assoc
2002;38:246–54.

33. Giulidori P, Stramentinoli G. A radioenzymatic method of S-adenosyl-L-methio-
nine determination in biological fluids. Anal Biochem 1984;137:217–20.

34. Center SA, Warner K, Hollis E. Liver glutathione concentrations in dogs and cats
with naturally occurring liver disease. Am J Vet Res 2002;63:1187–97.

35. Spee B, Arends B, van den Ingh TSGAM, et al. Copper metabolism and oxidative
stress in chronic inflammatory and cholestatic liver diseases in dogs. J Vet Intern
Med 2006;20:1085–92.

36. Zafarullah M, Li WQ, Sylvester J, et al. Molecular mechanisms of N-acetylcysteine
actions. Cell Mol Life Sci 2003;60:6–20.

37. Kaya H, Sogut S, Duru M, et al. The protective effect of N-acetylcysteine against
cyclosporine A induced hepatotoxicity in rats. J Appl Toxicol 2008;28:15–20.

38. Santra A, Chowdhury A, Ghatak S, et al. Arsenic induced apoptosis in mouse
liver is mitochondrial dependent and is abrogated by N-acetylcysteine. Toxicol
Appl Pharmacol 2007;220:146–55.

39. Wang H, Xu DX, Lu JW, et al. N-acetylcysteine attenuates lipopolysaccharide
induced apoptotic liver damage in D-galactosamine sensitized mice. Acta Phar-
macol Sin 2007;28:1803–9.

40. Menor C, Fernandez-Moreno MD, Fueyo JA, et al. Azathioprine acts upon rat
hepatocyte mitochondria and stress activated protein kinases leading to
necrosis: protective role of N-acetyl-L-cysteine. J Pharmacol Exp Ther 2004;
311:668–76.

41. Ytrebo LM, Korvald C, Nedredal GI, et al. N-acetylcysteine increases cerebral
perfusion pressure in pigs with fulminant hepatic failure. Crit Care Med 2001;
29:1989–95.

42. Harrison PM, Wendon JA, Gimson AE, et al. Improvement by acetylcysteine of
hemodynamics and oxygen transport in fulminant hepatic failure. N Engl J Med
1991;324:1852–7.

43. Jin X, Wang L, Wu HS, et al. N-acetylcysteine inhibits activation of toll-like
receptor 2 and 4 gene expression in the liver and lung after partial hepatic
ischemia-reperfusion injury in mice. Hepatobiliary Pancreat Dis Int 2007;6:
284–9.

44. Smyrnoitis V, Arkadopoulos N, Kostopanagiotou G, et al. Attenuation of
ischemic injury by N-acetylcysteine preconditioning of the liver. J Surg Res
2005;129:31–7.



Webster & Cooper650
45. Fusai G, Glantzounis GK, Hafez T, et al. N-acetylcysteine ameliorates the late
phase of liver ischaemia/reperfusion injury in the rabbit with hepatic steatosis.
Clin Sci (Lond) 2005;109:465–73.

46. Baumann J, Ghosh S, Szakmany T, et al. Short-term effects of N-acetylcysteine
and ischemic preconditioning in a canine model of hepatic ischemia-reperfusion
injury. Eur Surg Res 2008;41:226–30.

47. Yang YY, Lee KC, Huang YT, et al. Effect of N-acetylcysteine administration in
hepatic microcirculation of rats with biliary obstruction. J Hepatol 2008;49:25–33.

48. Kigawa H, Nakano K, Kumada, et al. Improvement of portal flow and hepatic
microcirculatory tissue flow with N-acetylcysteine in dogs with obstructive jaun-
dice produced by bile duct ligation. Eur J Surg 2000;166:77–84.

49. Kortsalioudaki C, Taylor RM, Cheeseman P, et al. Safety and efficacy of N-acetyl-
cysteine in children with non-acetaminophen induced acute liver failure. Liver
Transpl 2008;14:25–30.

50. Lee WM, Lorenzo R, Fontana R, et al. Intravenous N-acetylcysteine improves
spontaneous survival in early stage non-acetaminophen acute liver failure. Hep-
atology 2007;46:268A.

51. Hjelle JJ, Grauer GF. Acetaminophen-induced toxicosis in dogs and cats. J Am
Vet Med Assoc 1986;188:742–6.

52. Buck WB, Gonzalez JM. Ibuprofen, aspirin and acetaminophen toxicosis and
treatment in dogs and cats. Vet Hum Toxicol 1998;40:156–62.

53. Aronson LR, Drobatz K. Acetaminophen toxicosis in 17 cats. J Vet Emerg Crit
Care 1996;6:65–9.

54. Ilkiw JE, Ratcliffe RC. Paracetamol toxicity in a cat. Aust Vet J 1987;64:245–7.
55. Paumgartner G. Medical treatment of cholestatic liver diseases: from pathobi-

ology to pharmacological targets. World J Gastroenterol 2006;12:4445–51.
56. Rivard AL, Steer CJ, Kren BT, et al. Administration of tauroursodeoxycholic acid

(TUDCA) reduces apoptosis following myocardial infarction in rat. Am J Chin Med
2007;35:279–95.

57. Ramalho RM, Viana RJ, Low WC, et al. Bile acids and apoptosis modulation: an
emerging role in experimentalAlzheimer’s disease.Trends Mol Med2008;14:54–62.

58. Bernardes-Silva CF, Damiao AO, Sipahi AM, et al. Ursodeoxycholic acid amelio-
rates experimental ileitis counteracting intestinal barrier dysfunction and oxida-
tive stress. Dig Dis Sci 2004;49:1569–74.

59. Ozcan U, Yilmaz E, Ozcan L, et al. Chemical chaperones reduce ER stress and
restore glucose homeostasis in a mouse model of type 2 diabetes. Science 2006;
313:1137–40.

60. Sola S, Amaral JD, Castro RE, et al. Nuclear translocation of UDCA by the gluco-
corticoid receptor is required to reduce TGF-beta1-induced apoptosis in rat
hepatocytes. Hepatology 2005;42:925–34.

61. Weitzel C, Stark D, Kullman F, et al. Ursodeoxycholic acid induced activation of
the glucocorticoid receptor in primary rat hepatocytes. Eur J Gastroenterol Hep-
atol 2005;17:169–277.

62. Okan A, Astarcioglu H, Tankurt E, et al. Effect of ursodeoxycholic acid on hepatic
steatosis in rats. Dig Dis Sci 2002;47:2389–97.

63. Paumgartner G. Ursodeoxycholic acid for primary biliary cirrhosis: treat early to
slow progression. J Hepatol 2003;39:112–4.

64. Gong Y, Huang Z, Christensen E, et al. Ursodeoxycholic acid for patients with
primary biliary cirrhosis: an updated systematic review and meta-analysis of
randomized clinical trials using Bayesian approach as sensitivity analyses. Am
J Gastroenterol 2007;108:1799–807.



Therapeutic Use of Cytoprotective Agents 651
65. Shi J, Wu C, Lin Y, et al. Long-term effects of mid-dose ursodeoxycholic acid in
primary biliary cirrhosis: a meta-analysis of randomized controlled trials. Am
J Gastroenterol 2006;101:1529–38.

66. Lindor KD. Ursodiol for primary sclerosing cholangitis: Mayo Primary Scle-
rosing Cholangitis-Ursodeoxycholic Acid Study Group. N Engl J Med 1997;
336:691–5.

67. Desmond CP, Wilson J, Bailey M, et al. The benign course of liver disease in
adults with cystic fibrosis and the effect of ursodeoxycholic acid. Liver Int
2007;27:1402–8.

68. Binder T, Salaj P, Zima T, et al. Randomized prospective comparative study of ur-
sodeoxycholic acid and S-adenosyl-L-methionine in the treatment of intrahepatic
cholestasis in pregnancy. J Perinat Med 2006;34:383–91.

69. Meyer DJ, Thompson MB, Senior DF. Use of ursodeoxycholic acids in a dog with
chronic hepatitis: effects on serum hepatic tests and endogenous bile acid
compositions. J Vet Intern Med 1997;11:195–7.

70. Nicholson BT, Center SA, Randolph JF. Effects of oral ursodeoxycholic acid in
healthy cats on clinicopathological parameters, serum bile acids and light micro-
scopic and ultrastructural features of the liver. Res Vet Sci 1996;61:258–62.

71. Walter R, Dunn ME, d’Anjou M-A. Nonsurgical resolution of gallbladder mucocele
in 2 dogs. J Am Vet Med Assoc 2008;232:1688–93.

72. Milkiewicz P, Mills CO, Roma MG, et al. Tauroursodeoxycholate and S-adenosyl-
L-methionine exert an additive ameliorating effect on taurolithocholate-induced
cholestasis: a study in isolated rat hepatocyte couplets. Hepatology 1999;29:
471–6.

73. Polyak SJ, Morishima C, Shuhart MC, et al. Inhibition of T-cell inflammatory cyto-
kines, hepatocyte NF-kappaB signaling, and HCV infection by standardized Sily-
marin. Gastroenterology 2007;132:1925–36.

74. Campos R, Garrido A, Guerra R, et al. Silybin dehemisuccinate protects against
glutathione depletion and lipid peroxidation induced by acetaminophen on rat
liver. Planta Med 1989;5:417–9.

75. Wang M, Grange LL, Tao J. Hepatoprotective properties of Silybum marianum
herbal preparation on ethanol induced liver damage. Fitoterapia 1996;67:
167–71.

76. Muriel P, Mourelle M. Prevention by silymarin of membrane alterations in acute
CCl4 liver damage. J Appl Toxicol 1990;10:275–9.

77. Paulova J, Dvorak M, Kolouch F, et al. Evaluation of the hepatoprotective and
therapeutic effects of silymarin in liver damage experimentally produced with
carbon tetrachloride in dogs. Vet Med (Praha) 1990;35:629–35.

78. Boigk G, Stroedter L, Herbst H, et al. Silymarin retards collagen accumulation in
early and advanced biliary fibrosis secondary to complete bile duct obliteration in
rats. Hepatology 1997;26:643–9.

79. Lieber CS, Leo MA, Cao Q, et al. Silymarin retards the progression of alcohol-
induced hepatic fibrosis in baboons. J Clin Gastroenterol 2003;37:336–9.

80. Sonnenbitchler J, Goldberg M, Hane L, et al. Stimulatory effect of silybin on the
DNA synthesis in partially hepatectomized rat livers: nonresponse in hepatomo
and other malignant cell lines. Biochem Pharmacol 1986;20:888–93.

81. Silymarin as therapy of liver disease. Presented at a workshop sponsored by the
National institute of Diabetes and Digestive and Kidney Diseases (NIDDK), National
Center for Complementary and Alternative Medicine (NCCAM), and National Insti-
tute on Alcohol Abuse and Alcoholism (NIAAA). Bethesda (MD). Available at: http://

http://www2.niddk.nih.gov/NR/rdonlyres/0AECDEC8-10B4-47A1-A7BA0939D1050E53/0/DDICC_March_22_2004_workshop_summary.pdf


Webster & Cooper652
www2.niddk.nih.gov/NR/rdonlyres/0AECDEC8-10B4-47A1-A7BA0939D1050E53/
0/DDICC_March_22_2004_workshop_summary.pdf. Accessed March 22, 2004.

82. Vogel G, Tuchweber B, Trost W, et al. Protection by silibinin against Amanita phal-
loides intoxication in beagles. Toxicol Appl Pharmacol 1984;73:355–62.

83. Filburn CR, Kettenacker R, Griffin DW. Bioavailability of a silybin-phosphatidyl-
choline complex in dogs. J Vet Pharmacol Ther 2007;30:132–8.

84. Kidd P, Head K. A review of the bioavailability and clinical efficacy of milk thistle
phytosome: a silybin-phosphatidylcholine complex (Siliphos). Altern Med Rev
2005;10:193–203.

85. Morazzoni P, Montalbetti A, Malandrino S. Comparative pharmacokinetics of sili-
pide and silymarin in rats. Eur J Drug Metab Pharmacokinet 1993;18:289–97.

86. Webb CB, Samber BJ, Gustafson D, et al. Bioavailability following oral adminis-
tration of a silibinin-phosphatidylcholine complex in cats. J Vet Intern Med
2008;22:812A.

87. Webb CB, McCord KW, Twedt DC. Oxidative stress and neutrophil function
following oral supplementation of a silibinin-phosphatidylcholine complex in
cats. J Vet Intern Med 2008;22:808A.

88. Soden JS, Devereaux MW, Haas JE, et al. Subcutaneous vitamin E ameliorates
liver injury in an in vivo model of steatocholestasis. Hepatology 2007;46:485–95.

89. Parola M, Leonarduzzi G, Biasi F, et al. Vitamin E dietary supplementation
protects against carbon tetrachloride-induced chronic liver damage and
cirrhosis. Hepatology 1995;22:1474–81.

90. Harrison SA, Torgerson S, Hayashi P, et al. Vitamin E and vitamin C treatment
improves fibrosis in patients with nonalcoholic steatohepatitis. Am J Gastroenterol
2003;98:2485–90.

91. Vajro P, Mandato C, Franzese A, et al. Vitamin E treatment in pediatric obesity-
related liver disease: a randomized study. J Pediatr Gastroenterol Nutr 2004;
38:48–55.

92. Dufour JF, Oneta CM, Gonvers JJ, et al. Randomized placebo-controlled trial of
ursodeoxycholic acid with vitamin E in nonalcoholic steatohepatitis. Clin Gastro-
enterol Hepatol 2006;4:1537–43.

93. Look MP, Gerard A, Rao GS, et al. Interferon/antioxidant combination therapy for
chronic hepatitis C: a controlled pilot trial. Antiviral Res 1999;43:113–22.

94. Twedt DC, Webb CB, Tetrick MA. The effect of dietary vitamin E on the clinical
laboratory and oxidant status of dogs with chronic hepatitis. J Vet Intern Med
2003;17:418A.

http://www2.niddk.nih.gov/NR/rdonlyres/0AECDEC8-10B4-47A1-A7BA0939D1050E53/0/DDICC_March_22_2004_workshop_summary.pdf
http://www2.niddk.nih.gov/NR/rdonlyres/0AECDEC8-10B4-47A1-A7BA0939D1050E53/0/DDICC_March_22_2004_workshop_summary.pdf

	Therapeutic Use of Cytoprotective Agents in Canine and Feline Hepatobiliary Disease
	Mechanisms of hepatocyte cell death
	Oxidative stress
	Enzymatic Antioxidant Pathways
	Nonenzymatic Antioxidant Pathways

	Cytoprotective agents
	S-Adenosylmethionine
	Literature review
	Dose and pharmacokinetics
	Side effects and drug interactions
	Use in canine and feline hepatobiliary disease
	N-Acetylcysteine
	Literature review
	Dose and pharmacokinetics
	Side effects and drug interactions
	Use in canine and feline hepatobiliary disease
	Ursodeoxycholic Acid
	Literature review
	Dose and pharmacokinetics
	Side effects and drug interactions
	Use in canine and feline hepatobiliary disease
	Silymarin
	Literature review
	Dose and pharmacokinetics
	Side effects and drug interactions
	Use in canine and feline hepatobiliary disease
	Vitamin E
	Literature review
	Dose and pharmacokinetics
	Side effects
	Use in veterinary medicine

	Summary
	References


