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Abstract

Ruminants are a diverse group of mammals, both domestic
and wild species, that exhibit microbial fermentation prior to
gastrointestinal activity. During the digestive process, glycosides
and other natural products are exposed to ruminal microorgan-
isms and metabolised as substrates. Most compounds are con-
verted into nutrients but some become toxic metabolites. At least
10 types of toxic glycosides occur in forage species. Glycosides
are characterized by the presence of one or more sugars linked to
the alcohol or thiol functions of the non-sugar portion of the mol-
ecule, which is called the aglycone. The biological activity of the
glycoside is usually determined by the chemical nature of the
aglycone. The aglycones are released by microbial enzymes and
may undergo further enzymatic or non-enzymatic transforma-
tions to yield toxic metabolites that can be absorbed from the
gastrointestinal tract. Microbial detoxification of the aglycone is
also possible. Further biotransformation of the aglycone can
occur in the liver. A review is presented on glycosides that are
toxic to ruminants. The discussion covers aliphatic nitrocom-
pounds, cyanogenic glycosides, cardiac glycosides, saponins, glu-
cosinolates, diterpenoid glycosides, bracken glycosides, calcino-
gens, phenolic glycosides and ranunculin. Clinical signs of poi-
soning and treatment of livestock as well as management strate-
gies for the prevention of poisoning are considered.
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A diverse array of toxic glycosides occurs in higher plants, the
most abundant of these being the glucosinolates (thioglycosides),
the cyanogenic glycosides, the aliphatic nitrotoxins, and the car-
diac glycosides. Glycosides are secondary plant products, many
of which are recognized as active metabolites or allelochemicals
that interact with other plants, microorganisms, insects, and ani-
mals. The roles of these compounds include the attraction of pol-
linators or seed dispersers and the repulsion or inhibition of her-
bivores and microorganisms (Rhoades 1979). Concentrations of
toxic glycosides in plants can be affected significantly by physio-
logical stress, such as water deficits or nutrient deficiencies.
Other factors that may affect glycoside levels include stage of
growth, accumulation in specific plant tissues, geographic or
topographic location, and seasonal effects of soil and climate.
This review will focus on the distribution of toxic glycosides in
forage species and their mode of action in ruminants.
Management strategies for the prevention and treatment of poi-
soning are also considered.

Glycosides are conjugated alcohols formed when the alcoholic
function of the aglycone adds to a sugar such as D-glucose. The
biological activity of the glycosides is usually determined by the
chemical nature of the aglycone, which is the non-sugar portion
of the molecule. Glycosides most commonly occur as O-ß-D-glu-
cosides. The glycosidic bond renders the glycosides innocuous
through stabilization of the reactive aglycone (Majak and Benn
2000). In ruminants, an important feature of the digestive system
is the occurrence of  microbial fermentation in the rumen prior to
gastrointestinal activity. About 50% of  rumen bacteria possess
ß-glucosidase activity and the hydrolytic enzyme is also widely
distributed among species of rumen ciliate protozoa and anaero-
bic fungi (Chesson and Forsberg 1988). Hydrolysis of the glyco-
sidic bond is essential for the toxic expression of cyanogenic gly-
cosides as well as aliphatic nitrotoxins such as miserotoxin. In
monogastric animals the upper regions of the digestive tract are
largely devoid of ß-glucosidase activity; ß-D-glucosides are not
usually hydrolysed but are absorbed and excreted intact in the
urine. Chemical inhibitors of ß-glucosidase are known. These
inhibitory compounds, both naturally-occurrring and synthetic,
are structural analogues of glucose that bind tightly to the active
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Resumen

Los rumiantes son un grupo diverso de mamíferos, que tanto
especies domésticas como salvajes, que presentan fermentación
microbiana antes de la actividad gastrointestinal. Durante el
proceso digestivo los glicosidos y otros productos naturales son
expuestos a los microorganismos ruminales y metabolizados
como substratos. Muchos compuestos son convertidos en nutri-
entes pero algunos llegan a ser metabolitos tóxicos. Al menos 10
tipos de glicosidos tóxicos ocurren en las especies  forrajeras. Los
glicosidos son caracterizados por la presencia de uno o mas azú-
cares encadenados a las funciones alcohol o tiol de la porción no-
azúcar de la molécula, la cual es llamada aglicone. La actividad
biológica del glicosido usualmente es determinada por la natu-
raleza química del aglicone. Los aglicones son liberados por las
enzimas microbianas y pueden llegar sufrir mas transforma-
ciones enzimáticas o no-enzimáticas para producir metabolitos
tóxicos que pueden ser absorbidos del tracto gastrointestinal. La
detoxificación microbiana del aglicone también es posible. Mas
biotransformaciones del aglicone pueden ocurrir en el hígado. Se
presenta una revisión de los glicosidos que son tóxicos para los
rumiantes. La discusión cubre compuestos nitrogenados alifáti-
co, glicosidos cianogénicos, glicosidos cardíacos, saponinas, glu-
cosinolatos, glicosidos diterpenoides,  calcinógenos, glicosidos
fenólicos y ranuculina. Se consideran los signos clínicos de enve-
nenamiento y tratamiento del ganado,  así como las estrategias
de manejo para la prevención del envenenamiento. 
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site of the enzyme; however, if absorbed
from the rumen they can be toxic to live-
stock (Nash et al. 1998).

Glucosinolates are S-ß-D-glucosides
and thus not substrates for O-ß-D-glucosi-
dase. Both ovine and bovine rumen fluids
are devoid of myrosinase, the hydrolytic
enzyme that releases the thiol aglycone
(Majak 1992); however, glucosinolate-
containing plants all contain myrosinase.
Thus the hydrolysis of glucosinolates in
the rumen is contingent upon the activity
of endogenous plant enzymes (Majak
1992, Majak et al. 1991). The thiol agly-
cone is unstable at physiologic pH and
undergoes a non-enzymatic rearrangement
to form isothiocyanates. 

Hydrolysis of the glycosidic bond is not
a prerequisite for the biological activity of
polycyclic glycosides such as glycoalka-
loids, saponins, and cardenolides. In fact,
removal of the sugar units results in
reduced activity with saponins and carde-
nolides, and loss of activity with glycoal-
kaloids (Majak and Benn 2000). 

Nitrocompounds
Relatively few natural products contain

the nitro group, but of those that do, 2
important sets correspond to sugar conju-
gates of 3-nitropropanol (NPOH) and 3-
nitropropionic acid (NPA). Although the
latter are not glycosides, they often resem-
ble them structurally and their mammalian
toxicities are similar; it is for these reasons
that they receive attention here (Majak and
Pass 1989). The toxin karakin [1,2,6-tris-
O-(3-nitropropanoyl)-ß-D-glucopyranose]
was the first nitrocompound to be isolated.
The identification of miserotoxin (3-nitro-
propyl-ß-D-glucopyranoside) followed the
observation that Astragalus miser var.
oblongifolius (Rydb.) Cronq. was respon-
sible for losses of stock on rangelands of
the western United States. Glucose esters
of NPA such as karakin are found in the
Leguminosae (Astragalus, Coronilla,
Indigofera, and Lotus) and miserotoxin
occurs in numerous species of Astragalus
(milkvetch). It has become well estab-
lished that NPA is the lethal metabolite
formed in the biotransformation of nitro-
propyl glycosides or nitropropanoyl glu-
cose esters. The esters yield NPA directly
upon hydrolysis, but the bioactivation of
the glycosides requires a second metabolic
step; after hydrolytic release of the agly-
cone, NPOH is oxidized to NPA, probably
by liver alcohol dehydrogenase (Majak
and Pass 1989). The NPA is a potent
inhibitor of Krebs (tricarboxylic acid)
cycle enzymes essential to respiration and,
more recently it has been implicated as a

causative agent of neuronal degeneration
in mammals (Alexi et al. 1998).

The major clinical signs in the acute
syndrome include incoordination, distress,
labored breathing, cyanosis, muscular
weakness, and collapse, with death occur-
ring from a few hours to a day after inges-
tion of the toxin. In chronic poisoning, the
animals lose weight and develop respirato-
ry distress, a poor hair coat, hind limb
paresis progressing to paralysis, and a
nasal discharge. Early signs of poisoning
in cattle under field conditions include
frothy salivation, stupefaction, diarrhea
and labored breathing (Majak and Pass
1989, Maricle et al. 1996). When forced to
move as part of a group they exhibit signs
of incoordination and will lag behind.
Recent field observations do not support
the concept of livestock addiction to
NPOH-containing plants (Majak et al.
1996). No specific antidote is available for
the treatment of livestock poisoned with
aliphatic nitrotoxins but dietary protein
supplements can enhance the activity of
unique rumen bacteria capable of NPOH
detoxification (Majak et al. 1996). These
bacteria reduce the nitro group to the
much less toxic amino group (Anderson et
al. 1998).

Cyanogenic glycosides
In plants, cyanogenesis or the release of

HCN is associated with the disruption of
cells followed by autolysis as the glyco-
sides are exposed to endogenous plant
enzymes.  The resulting aglycones are
unstable cyanohydrins. At physiologic pH
they undergo a rapid dissociation to yield
HCN and either an aldehyde (e.g.ben-
zaldehyde in the case of prunasin) or a
ketone (e.g. acetone, in the case of lina-
marin). The dissociation is a pH-depen-
dent reaction with higher rates of HCN
formation occurring at a pH greater than 6
and much slower rates at pH 5-6. Cattle
should be least susceptible to poisoning
during feeding and digestion when the pH
of rumen fluid is depressed and most sus-
ceptible after a 24 hour fast (Majak et al.
1990).

The HCN is extremely toxic because it
blocks aerobic cellular respiration. The
toxic effect is mainly  attributed to inhibi-
tion of cytochrome oxidase but other
metabolic processes may also be affected.
Physiologically, HCN poisoning results in
histotoxic anoxia with the initial manifes-
tation of hyperpnea, followed by dyspnea,
and then convulsive seizures. Clinical
signs of poisoning with cyanogenic glyco-
sides develop at a much slower rate than
they do for sodium cyanide, which has

been attributed to the slower release of
HCN from the glycoside. The delayed
release of HCN permits a greater degree of
detoxification through thiocyanate forma-
tion. Clinical signs of subacute and acute
poisoning in cattle resulting from adminis-
tration of prunasin include tachycardia,
hyperpnea, recumbency, increased pink-
ness of the mucous membranes, and tonic
convulsive contractions (Majak et al.
1980). The classic nitrite-thiosulfate treat-
ment is still the preferred therapeutic
method, especially if it is supplemented
with oxygen (Majak et al. 1980, Way
1984).

The distribution of cyanogenic glyco-
sides in the plant kingdom has been exten-
sively reviewed (Poulton 1983). The
Leguminosae (Trifolium spp.), Rosaceae
(Prunus spp. and Amelanchier spp.), and
Juncaginaceae (Triglochin spp.) have been
particularly rich sources where the glyco-
sides occur in white clover, wild cherry,
serviceberry and arrowgrass, respectively.

Cardiac glycosides
As a consequence of their powerful

effect on the heart, preparations containing
cardiac glycosides have a long history as
medicinals and poisons. Probably most
famous in the Western world is the intro-
duction of digitalis, an extract of Digitalis
purpurea L. (foxglove), for the treatment
of heart disease, but similar usage of Scilla
maritima L. (squill; sea onion) dates back
to ancient civilizations. Cardiac glycosides
are characterized by a steroidal aglycone
which is 1 of 2 structural types: cardeno-
lides, such as digitalin, or bufadienolides
such as scilleroside. Both cardenolides and
bufadienolides are plant products, com-
mon particularly in the Asclepiadaceae
(milkweeds), Apocynaceae, and Liliaceae.
Dogbane (Apocynum cannabinum L.) con-
tains high concentrations of the cardeno-
lide cymarin (0.1% on a dry wt basis, W.
Majak unpublished results). Bufadienolides
are also associated with the poison glands
of toads (Joubert 1989, Majak and Benn
2000).

It is generally accepted that the Na+-
K+-adenosinetriphosphatase in cardiac
muscle is the major pharmacological
receptor of cardiac glycosides. Inhibition
by cardenolides such as ouabain and digi-
toxin affects intracellular electrolyte con-
centrations, resulting in more forceful con-
tractions of the myocardium. Therapeutic
at medicinal doses for the treatment of
congestive heart failure in humans, they
are toxic to domestic herbivores when
consumed at the natural concentrations in
plants. Sub-acute to acute signs of poison-
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ing in cattle and sheep include restless-
ness, dyspnea, ruminal atony, frequent uri-
nation and defecation, tachycardia,
arrhythmia, and ventricular fibrillation.
The closely related bufadienolides pro-
duced similar signs of poisoning in cattle.
All cardiac glycosides may be regarded as
highly toxic (Joubert 1989, Majak and
Benn 2000).

Various treatments for cardiac glycoside
poisoning in humans and livestock have
been reviewed (Joubert 1989); these
include the use of activated charcoal,
potassium chloride, atropine, digoxin-spe-
cific antibodies, ß-adrenergic blocking
agents, procainamide and phenytoin.

Saponins
Saponins are glycosidic conjugates of

triterpenes. The name derives from their
soap like property of forming stable foams
when shaken in dilute aqueous solutions.
They are also noted for their ability to
hemolyse red blood cells, even at high
dilution. Historically, Medicago sativa L.
(alfalfa) and Dioscorea species (yams)
have been recognized as rich in saponins
but they are widely distributed throughout
the plant kingdom, to the point that they
appear to be ubiquitous. In spite of their
wide distribution, only a small number of
species contain saponins that are toxic to
mammals (Cheeke 1998). This has been
attributed to their negligible degree of
absorption from the gastrointestinal tract.
There appears to be a growing list of
saponin-containing forages that are impli-
cated in hepatogenous photosensitization
of livestock, with sapogenins being detect-
ed as crystals in obstructed bile ducts
(Cheeke 1998).

The toxic saponin effect is usually initi-
ated by interaction with mucosal mem-
branes, causing permeability changes or
loss of membrane-bound enzymes
(Oakenfull and Sidhu 1989). Lysis of the
mucosal cell membranes results in intesti-
nal lesions and severe gastroenteritis.
Under these conditions, saponins may be
absorbed from the gastrointestinal tract
and produce systemic effects such as liver
damage, respiratory failure, violent con-
vulsions, and coma. The ability of
saponins to disrupt and lyse cell mem-
branes enhances their activity when given
intravenously. Saponins are also anti-
nutritional factors in swine and poultry
feeds such as alfalfa (Cheeke 1998). The
adverse effects of saponins have been
reversed by the inclusion of dietary cho-
lesterol, presumably because saponins
form insoluble complexes with cholesterol
or they perturb cholesterol-containing
micelles (Oakenfull and Sidhu 1989). 

Glucosinolates
The glucosinolates, precursors of organic

isothiocyanates (mustard oils) are mainly
constituents of members of the
Brassicaceae (Cruciferae), but they are also
found in other smaller tropical families.
Some glucosinolate breakdown products
are goitrogenic agents that cause hyperpla-
sia and hypertrophy of the thyroid gland.
Two types of goitrogens are derived from
glucosinolates, which act on the thyroid
gland in different ways. The thiocyanate
ion, the less potent of the 2, is derived from
the breakdown of alkyl isothiocyanates or
indole isothiocyanates. It inhibits uptake of
inorganic iodide by the thyroid gland,
apparently in a competitive way since the
inhibition can be reversed with iodide sup-
plements. The cyclic thiouracils, such as
goitrin, are derived from the hydrolysis of
glucosinolates containing a ß-hydroxyl
substituent. Goitrin and other thiouracil
analogues interfere with tyrosine iodina-
tion and the coupling reactions that sythe-
size thyroxine or triiodothyronine, and
their effects cannot be reversed.
Antithyroid drugs are available for the
treatment of hyperthyroidism; these
include methimazole, propylthiouracil, and
such other antithyroid drugs as the sulfon-
amides, amphenone, and chlorpromazine
(Fenwick et al. 1989).

Ingestion of mustard (Brassica spp.)
seeds by cattle and the release of mustard
oils can result in lesions in the gastroin-
testinal tract including profuse edema of
the forestomachs and abomasum and
mucosal necrosis and hemorrhage of the
cecum and colon. In addition to the isoth-
iocyanates, episulfides, thiocyanates and
nitriles also are produced during autolysis
of glucosinolates. Allylthiocyanate is
formed during stinkweed (Thlaspi arvense
L.) autolysis, and the irritant oil may cause
severe gastric distress. Nitriles having
pancreatotoxic and nephrotoxic effects can
be generated during the autolysis of
Brassica species and other crucifers
(Majak 1992, Majak and Benn 2000).

Diterpenoid glycosides
The 1970-1980 decade saw the isolation

and characterization of hypoglycemic
agents from species of the Compositae
such as Atractylis, Xanthium (cocklebur),
and Wedelia. The toxic diterpenoid glyco-
sides  from these sources were respective-
ly named atractyloside, carboxyatractylo-
side, and wedeloside. These glycosides
can block the mitochondrial ADP/ATP
energy-carrier system and the resultant
cellular dysfunction is characterized by
inhibited oxidative phosphorylation, accel-

erated anaerobic glycolysis, lactate pro-
duction, and glycogenolysis. Clinical signs
of poisoning in livestock include acute
depression, weakness, and convulsions,
and the accompanying pathologic changes
include nephrosis, gastric irritation, hepat-
ic necrosis, and marked hypoglycemia
(Cole et al. 1989). A current and compre-
hensive review on the biochemistry and
toxicology of atractylosides is available
(Obatomi and Bach 1998).

Bracken glycosides
Poisoning of cattle by bracken (species

of the fern Pteridium) had been suspected
for many years, but the first report of
lesions in experimental animals on a diet
including bracken did not appear until
1965, when rats were found to develop
cancers. Another 18 years passed before
the carcinogenic agent was isolated and
identified as the sesquiterpene glycoside
ptaquiloside. Ptaquiloside and several ana-
logues have since been isolated from other
ferns. The prominent feature of “bracken
poisoning” in cattle is depressed bone
marrow activity that results in leukopenia,
thrombocytopenia, and hemorrhages of the
urinary bladder that give rise to hematuria.
Ptaquiloside is apparently transferred to
cows’ milk, and could pose a human
health hazard (Hirono 1986, 1989).
Bracken also contains the enzyme thiami-
nase, which can induce polioencephaloma-
lacia in monogastric animals and rumi-
nants (Chick et al. 1989, Cheeke 1998).

Calcinogenic glycosides
Pathological calcinogenesis, calcinosis,

refers to the deposition of calcium salts in
soft tissues. A causative link between the
ingestion of  Solanum glaucophyllum
Desf. (S. malacoxylon Sm.) and the inci-
dence of a calcinotic disease of livestock
in Argentina and Brazil was suspected for
some time, as it was for Cestrum diurnum
L. in Florida and Trisetum flavescens (L.)
Beauv. in the European alps. An  isolation
of the biologically active fraction from S.
glaucophyllum, treated with ß-glucosidase,
released calcitriol (1α, 25-dihydroxy vita-
min D3). Subsequently, vitamin D3 and its
25-hydroxy and 1α ,24,25-trihydroxy
derivatives were also found. The calcino-
genic glycosides of C. diurnum and T.
flavescens also proved to be derivatives of
vitamin D3 (Weissenberg 1989, Majak
and Benn 2000). 

Dietary or endogenous vitamin D3 is
hydroxylated at C25 and stored in the
liver. It is activated further in the kidney
by hydroxylation at C1. This active form
is required for the synthesis of calcium
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carrier proteins involved in the transport
of the cation from the intestine under con-
ditions of calcium deprivation. It is this
dihydroxylated active form of vitamin D3
that occurs in glycosidic forms in Solanum
glaucophyllum and Cestrum diurnum.
Consequently, consumption of this exoge-
nous form of vitamin D3 results in excess
absorption of calcium and phosphate from
the intestine leading to calcification of soft
tissues. Symptoms of calcinogenesis in
both livestock and laboratory animals have
been reviewed comprehensively
(Weissenberg 1989).

Phenolic glycosides
A very large number of phenolic glyco-

sides have been isolated from plants, and
their aglycones exhibit considerable struc-
tural diversity and biological activity.
There is evidence to suggest that the phe-
nolic glycosides of plants provide a
defense against herbivorous insects but
only a few are regarded as dangerously
toxic to mammals. In most cases, the toxic
agents have been identified as the phenolic
aglycones. Classic examples include the
isoflavonoid daidzein and formononetin,
found in subterranean clover (Trifolium
subterraneum L.), and coumestrol, which
occurs in alfalfa (Medicago sativa L.).
Both of these phytoestrogens induce abor-
tions in sheep. Reproductive problems
were first encountered over 50 years ago
with the establishment of subterranean
clover on pastures in western Australia. A
dramatic decrease in the fertility of sheep
was noted. The failure to conceive was
attributed to a change in the viscosity of
the cervical mucus and the resultant
impaired passage of spermatozoa. The
condition was accompanied by cystic
glandular hyperplasia of the cervix and
uterus and lactation in nonpregnant ewes
and wethers.  Clinical signs of reproduc-
tive disorders diminished with the intro-
duction of new cultivars of clover that
were low in formononetin, but a tempo-
rary infertility still prevailed among ewes
exposed to phytoestrogen-containing pas-
tures. Reproductive disorders on alfalfa
pastures usually are associated with
increases in coumestrol concentrations
resulting from fungal infections, often
referred to as a phytoalexin response.
Coumestrol and related coumestans
decrease the ovulation rate in ewes. There
is no satisfactory explanation for the
reduced susceptibility of cattle as com-
pared to sheep to the effects of phytoestro-
gen-containing pastures. Immunological
approaches for the prevention of phytoe-
strogenic disorders have been partially

successful under experimental and field
conditions (Adams 1989). 

Melilotoside, coumarinic acid ß-D-gluco-
side, is the bound form of coumarin that
can be found in high concentrations in
sweet clover (Melilotus spp.). Sweet clover
poisoning is associated with moldy hay or
silage where enzymes of fungal origin
metabolize coumarin to dicoumarol, a
potent anticoagulant. Dicoumarol interferes
with the synthesis of thrombin, which is
required for fibrin formation and blood
clotting. Signs of poisoning in cattle
include lethargy, anemia, and the develop-
ment of subdermal swelling in reponse to
internal hemorrhaging, which is the cause
of death (Kingsbury 1964). The induced
deficiency can be ameliorated with
increased vitamin K, especially vitamin K1
given intramuscularly (Alstad et al. 1985).
“Low coumarin” cultivars of sweet clover
are available but “high coumarin” Melilotus
persists in pastures and as a weed.

Ranunculin
The recognition that chewing the fresh

leaves or blossoms of buttercups released
a vesicant substance must be prehistoric.
The toxin has been identified as the unsat-
urated ϒ-lactone protoanemonin (5-meth-
ylene-2-oxodihydrofuran), but the storage
form of this unstable compound remained
in doubt until recently when the parent ß-
D-glucoside was re-isolated by different
extraction protocols and identified as
ranunculin (Bai et al. 1996). Ingestion of
the plant material can cause gastric dis-
tress, including irritation of the digestive
tract, abdominal pain, and diarrhea. When
Ceratocephalus testiculatus Crantz. (bur
buttercup) was given to sheep, clinical
signs of poisoning included weakness,
depression, tachycardia, dyspnea, anorex-
ia, diarrhea, and sometimes fever (Olsen et
al. 1983). Ranunculin has been obtained
from numerous species of the buttercup
family (Ranunculaceae) (Bai et al. 1996).
The purified glycoside is a substrate for ß-
glucosidase which can release the agly-
cone; however, during the autolysis of
ranunculin-containing forages, pro-
toanemonin is released and not the agly-
cone. Two competing reactions occurred
in rumen fluid when Ranunculus cym-
balaria Pursh. was incubated in vitro:
microbial hydrolases yielded the aglycone
and the endogenous plant enzyme yielded
protoanemonin (Majak et al., unpublished
data). This is another example where the
release of the toxic metabolite, pro-
toanemonin, is contingent upon the specif-
ic activity of endogenous plant enzyme.

Cycasin
Two distinct field diseases have been

recognized in livestock poisoning by
cycads and zamias. One is a neurotoxic
syndrome characterized by ataxia and per-
manent weakness of the hindquarters. A
rare amino acid was implicated but others
have excluded this agent (Charlton et al.
1992). The second syndrome is a hepatic
and gastrointestinal disease attributed to
cycasin, methylazoxymethanol-ß-D-glu-
coside (Hooper 1983). Acute cycasin toxi-
city in sheep and cattle is characterized by
hepatitis, gastroenteritis, hemorrhages, and
liver cirrhosis. In chronic poisoning, ani-
mals lose appetite and develop mild liver
cirrhosis and nephrosis. The labile agly-
cone is the lethal metabolite.

In summary, 11 classes of toxic glyco-
sides have been examined in this review.
Bioactivation and toxicity of the glyco-
sides mainly depend on 1) the rate of
release of the aglycone by rumen
microbes, 2) the rate of detoxification of
the aglycone, and 3) the degree of absorp-
tion of the aglycone from the gastrointesti-
nal tract. Plant enzymes may also be
involved in the mode of action of toxic
glycosides. Clearly, these results indicate
that the rumen ecosystem is the first line
of defense and it should be further exploit-
ed for pathways of detoxification.
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