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Toxicokinetics and
et Toxicodynamicy

B . vicodvnamics of a given toxic xenobiouc are dependent on the
hanism of action of that toxicant and the relationship between toxi-
oncentration and the observed eflects of the toxicant on hiological
sses in the animal .c. the dose-responsc relationshipl’ The

sition and/or toxicokinetics of 1 particular xenobiotic abo pla a
:in determining the organs or tissucs affected by a toxicant. and the
al presentation and time course of a toxicosis resulting from exces-
sposure to that compound.!

Tim J. Evans, DVM, MS, PhD

OXICOKINETICS/DISPOSITION

DEFINITIONS nobiotic absorption

Che basic concepts regarding the toxicokinetics and toxicodynamics o
xenobiotics are clinically relevant to vetennary toxicology and need to b4
understood by veterinary practitioners. professional students. and othtg
personnel who will be participating in the diagnosis and treatment of
small animal intoxications. In discussing the aspects of toxicokinetics ang
toxicodynamics most pertinent to small animal toxicoses, it 1s first neces)
sary to define several terms. “Xenobiotic” is a gencral term referring
any chemical foreign to an organism or. in other words. any compound ¢
occurring within the normal metabolic pathways of a biological system. 4
Depending on the compound and the level of exposure. interactions
between xenobiotics and animals can be bemgn. therapeutic. or toxic i
nature. The pharmacokinetcs and pharmacodynamics of a therapeutié
xenobiotic influence the time course and cflicacy of that compound in 3
pharmacological setting. Likewise, the toxicokinetics and toxicodynamicd
of a toxic xenobiotic determine the “when.” “how long.” “what.” ang
“why” for the adverse effects of that toxicant.” F

The “dispositon” of a xcnobiotic 1s what the animals body doc
to that compound following exposure. The disposition or fate of a xenobi3
otic within the body consists of the chemical’s absorpuon. distnibution
metabolism (biotransformation), and excretion characteristics. which are cold
lectdvely abbreviated as ADME. -} “Toxicokinetcs ™ refers o the quantitagon
and determination of the time course of the disposition or ADME for a
given toxic xenobiotic.? There are a variety of spedialized toxicokinet
terms, including bioavailability, volume ol distribution, clearance, half-life
one-compartment modcl and first- and zero-order kinetics, which will be
discussed later in this chapter under the separate components of ADME.

The term “toxicodynamics™ describes what a toxicant docs phyvsiologg
cally, biochemically, and molecularly 1o an animal’s body following exposure]
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the exception of caustic and corrosive toxicants that cause adverse
s at the site of exposure. a toxic xenobiotic is generally first
orbed” or taken up into the body.* Absorption inv olves crossing cellu-
fmembranes. which are typically composed of phospholipid bilavers
faining various sized pores and embedded proteins.” The route of
bsure and phyvsiochemical properties of a toxicant, such as its resem-
ce to endogenous compounds. 1ts molecular size and rclame lipid and
er solubilities. the magnitude of a molecule’s association constant. and
ether a compound can be classified as 1 weak acid or as a weak base.
determine the manner and quantities in which a xenobiotic is absorh d
bssicell membranes.

tes of xenobiotic exposure and

nobiotic bioavailability

i

ost common routes of exposure for xenobiotics in small animal tox-
gy are oral (gastrointestinal), dermal (percutaneous), and inhalation
onary). In rare instances of iatrogenic intoxications, xenobiotics
be injected subcutaneouslhy. intramuscularly. intraperitoneally. or exen
venously.! There are unique aspects to the absorption of xcrnobiotics
ated with each route of exposure. especially with regard to the
wvailability of potenual toxicants.

Bioavailability” (ofien represented by "I in toxicokinetic equations
Bresents the fraction of the total dose of a toxic xenobiotic that is actu-
sbsorbed by an animal.* In intravenous exposures. the bioavailabihin
: toxic xenobiotic 15 1007 o since the entine dosc of the toxicant rcaches
peripheral circulation. The absorption of gases and vapors mn the




20  Toxicological Concepis Toxicokimetics and Toxicodvnamics 21

respiratory tract is largely dependent on the ratio (blood-to-gas pamw Bor: of xenobiotics can be accomplished thiough simple dlﬂf“‘onv
coefficient) between the equilibrium concentrations of the toxicant JSSERTiration. Specialized. Cnerg&"dcpcndcm« cellular uransport svstems
solved 1n the blood and the gaseous phase of the toxicant in the alveolf ¢ the process specifically referred to as acuve transport along
spaces.”? The size of aerosolized particles will determine to a large degr icilitated transport and pinocytosis.
whether a xenobiotic is deposited in the nasopharyngeal region (particlesg
5 pm) or within the alveoli of the lungs (<1 pm).” The stratum corneu .-
and its associated keratinized structures often impede the percutaned Fssive transport of xenobiotics
absorption of xenobiotics, and therc are variations in the absorptive als ' .
ity of skin in different anatomical locations.* Dermal absorption is . le diffusion and filtration are nonsaturable processes. which dol 1;0t
quently dependent on the vehicle in which a toxicant is dissolved and 3 e the expenditure of energy to transport xenobiotics across cellular
generally greater for lipid soluble compounds as compared with chemic [T branes 23 Both of these mechanisms of passive transport are depen-
that are highly soluble in water.? The bioavailability of toxic xcnobiotiQ@lBERt on the concentration gradient for a given xenobiotic, with the 1ate of
that are ingested can be negatively impacted by acidic degradation in tlnsport being proportional to the diffcrence in that chemical’s concen-
stomach and/or enzymatic breakdown in the small intestine ? Decreaseg on between the two sides of a particular membrane Fick's law .-
gastrointestinal transit time can diminish xenobiotic bioavailability by li le dlffusnon 18 the most common mechamsm by wh\ch \enObIOUCb
iting the access of toxicants to those regions of the digestive tract wherd
rates of absorption are greatest. Some potential toxicants, especially cef
tain heavy metals (e.g, lead and cadmium). resemble essential minera3
such as calcium and zinc. respectively. The gastrointestinal absorption of
these toxic nonessential metals involves interactions with dietary levels of
the corresponding essential metals and regulated mechanisms of gastrod
intestinal uptake designed for these required minerals.

Hepatic biotransformation of xenobiotics. which will be dlb(.LlS:c
n greater detail later in this chapter. can also influence the appare:d
bioavailability of ingested toxicants. Following oral exposure, xenobioti c:
absorbed from the gastrointestinal tract are transported to the liver via thd
hepatic portal circulation. For some xenobiotics, rapid hepatic degrads;
tion (and in some instances prior biotransformation in gastrointesting
cells) prevents access of the compound to the systemic circulation, resull
ing in an apparently decreased bioavailability from what is termed thJ
“first-pass effect” or “presystemic elimination.3# In contrast, the bioavail
ability of some chemicals is enhanced by a cycle of biliary excretion and]

subsequent rcuptake from the intestines referred to as entnrohepau
rccirculation. ™

e cspec1ally those whxch are small, are more umdxly dlﬂusﬂ)le ac1oss
phospholipid bilayers of biological membranes than charged (ionized
ecules, which are generally less lipid-soluble. * The Henderson-
selbalch equation can be used to predict whether a particular xenob-
itic will be in the nonionized or jonized state in a particular biological
trix. In this equation. the difference between the association constant
Jewhich 1s equivalent to the pH at which equal amounts of a xcnobi-
2 are in the nonionized and ionized states. and the pH of the biological
in which the xenobiotic will exist (1.e., pK, — pH) is equal to the
#mon log of the quotient of nonionized xenobiotic div 1de.(l by Fon?zed
obiotic for weak acids and the log of the reciprocal quotient wllomged
hobiotic divided by nonionized xcnobiotic) for weak bases.* F 1lt.rauon
folves the passage of xenobiotics through patencics or pores within cel-
Blar membranes and is determined, in large part, by the sizc of th xeno-
Btic molecule and pore-size, which varics in different organs and tissues.”

pecialized transport of xenobiotics

Pctive transport is an energy-dependent. saturable process by which xeno-
Botics are transported across biological membranes against electrochem-
4l or concentration gradients.>* Specific examples of active transport
stems include the multidrug-resistant proteins (P-glycoproteins) and
'embers of the organic cation transporter family.* Facihitated or carrier-
edlated transport can require the expenditure of energy. but. n contiast

BF-

Mechanisms of xenobiotic absorption

The passage of xenobiotics through ccllular membranes can be cithet
energy-independent (“passive’ trdnspom or can require the expenditurs
of energy through “specialized” or “active” transport systems. Passived
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@eina proteins can greatly mncrease the amourt oi unbounc. toxicant dis-
ped to target organ- o1 ussue. A wide varen of xenobioucs accu-
aate in the liver and kidnevs. making these organs ideal -ie- for
srtem sample collection in cases of suspected toxicoses. ' Some toxic
such as cadmium. accumnulate in the liver and kidneys because of
gh endogenous concentrations and induction of metallothionein in
-organs. Fat and bone are storage depots for a variery of differemt

to active transport. xenobiotic transport by this mechanism is not aga
a concentration gradient.”* Pinocytotic transport involves cellular engd
ment of small amounts of xenobiotic and the transfer of this amours
chemical through the cellular membrane.”

Xenobiotic distribution

“Distribution™ refers to the translocation of a xenobiotic from the sitcs
absorption to various body organs and tissues and involves both tr anspdj
of the chemical within the circulation and cellular uptake of the xeJETed toxicants.>*
biotic."® The rate of xenobiotic transfer into a particular organ or tis.
is determined by the physiochemical propertics of the specific xenobi
(c.g., lipid solubility and molecular weight), the blood flow to the organsg
tissues in question, and the rate of diffusion of the xenobiotic across i
endothelial walls of the capillary bed into cells within a particular orgd
or tissue.”! The “volume of distribution” (V) for a given xenobiotic r¢ u,
resents the quotient of the total amount of that chemical in the bo
divided by the concentration of the xenobiotic within the blood and
used to describe the extent to which a xenobiotic is distributed within i
body.2* The V, is a clinically relevant indicator as to whether a chemidg
is primarily contained within the plasma compartment relatively low Vi
or whether a compound is widely distributed throughout the hody with
the interstitial and/or intracellular compartments of various 0rgans afg
tissues relatively high V.24

blood-brain barrier is frequently mentioned in the current literature

‘regard to its ability to himit exposure of the central nervous system
hto toxic xenobiotics. - Other potenual barrers to chemical uptake

.occur in the eycs. testes, prostate. joints. and placenta. In these

ces only small. nonionized, lipid-soluble molecules arc able 1o cross
membranes and gain access to potential target tissues.?

he “blood-brain barrier” to xenobioiic uptake consists of the rela-
y nonporous CNS capillary endothehum. which contains muludiug-
ant protein and 1s surrounded for the most part by ghal cells. ' The
- mely low protein content of the interstitial fluid within the CNS also
, ﬁ‘ibutes to the apparent inability of many protein-bound, toxic xeno-
¥onics: to reach clinically relevant concentrations in the brain.?® Since the
Ed-brain barrier is not fully formed at birth and is less well-developed
me breeds of dogs (e.g.. collies and collie crosses). immaturc animals
éolhe -rclated breeds are more suscepuble to the ad\ns(‘ cffects of
Hounds normally “blocked™ by the blood-brain barrier.s

Xenobiotic storage depots

Xenobiotics can be stored within a variety of different body oro i
and tissues. Depending on the anatomical and phy siological xelatlons}u
between the storage depot and the target organ(s) and/or tissue(s) f§
a specific toxicant, storage of toxic xenobiotics can function as eithel§
protective mechanism or as a means by which the toxic effects of a xeif
biotic arc potentiated. An understanding of the storage sitcs of toxic xeng
biotics can provide additional insight ahout circumstances that would i
expected to exacerbate a particular toxicosis along with indicating whig
organs or tissues would be expected to have the highest concentrations i
diagnostic sampling. Plasma proteins represent a storage site for map
xenobiotics (e.g., salicylates, barbiturates, cardiac glycosides) and i 1mporta
physiological constituents, including steroid hormones, vitamins,
various essential minerals.3 Displacement of toxic xenobiotics fol

“endogenous and xenobiotic chemicals into more water-soluble
®ns.6 For the purposes of this chapter. xcnobiotic “metabolism™ and
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1t routes.- Renal excrenon is the most common means by which
otics and the products of thenr hiotranstormation are ehminated
sthebody. but toxicants can also be excreted in the feces bihary excre-
br-elimination of unabsorbed xenobiotic . saliv 1. sweat. cc rebrospinal
-or*even the milk. which 1s climcallv relevant in xenobiotic-exposed
s or queens nursing offspring.- * In mnstances of exposures to toxic

“biotransformation” are synonymous and refer 1o the generally two-piaf
process by which chemicals are converted to more water-soluble forms fof
excretion from the body.!” In xenobiotic metabolism/biotransform il
the ipophilic (lipid-soluble) properties of xenobiotics that favor absorptiof
ate biotransformed into physiochemical characteristics thy drophilicity o
water solubility) that predispose compounds to excretion in the urine a3 it . > i ' be o1 routc of
feces ¢ Although multiple organs within the body have biotransformatio} ors or volatile xenobiotics. exhalaton can also be a major route o

W : . PR O g 3 . a1y ; St AN ]
capabilities. most xenobiotics are biotransformed in the liver fination from the body.-* X« nqbpug apd their metabolites ,U )c_
feted by more than one route of climination. and the total excretion 1s

erally broken down into renal and nonrenal routcs.
Phase | and phase Il xenobiotic

biotransformation icokinetic aspects of xenobiotic

Xenobiotics are usually biotransformed in two phases (I and II. whid} ination
involve enzymes having broad substrate specificity.=t Phase I reactio
generally involve oxidation. hydrolysis. or reduction, and convert apolag
lipophilic xenobiotics into metabolites. which have greater polarity ang
hydrophilicity? In these instances. hydroxyl. amino. carboxyl. or thig
moieties are usually either exposed or added to increasc water solubilityj
Oxidation reactions, especially those catalyzed by cytochrome P45
enzymes, are the phase I biotransformations most commonly involveg
n xenobiotic metabolism. and manv xenobiotics are able to induc
cvtochrome P450 acumity.: ' During phase II biotransformation. tid
xenobiotic or its metabolites are conjugated with a functional group (e.z4
glucuronide, sulfate, amino acids. glutathione. or acyl or methyl groups]
resulting in a compound with dramatically increased water solubilitys
Not all mammalian species have equal phase Il biotransformation caps
bilities, and the inability of domestic cats to glucuronidate xenobiotics:i§
especially clinically relevant to veterinary toxicologists.* > A

Most xenobiotic biotransformations result in less toxic metabolited
However, there are xenobiotics (e.g., acetaminophen and aflatoxin B,) fo
which the products of hepatic phase I metabolism are actually more toxig
than the parent xenobiotic.2” In these instances of “metabolic activation;g
“bioactivation,” “toxication,” or “lethal synthesis,” any factors thg
increase hepatic biotransformation of the parent compound will enhanc
the amount of toxic metabolite to which the animal is cxposcd.3’ '

regard to toxicokinetics. “elimination” of a xenobiotic gengxall\'
Brporates both the processes of biotranstormation and excretion.-
earance,” which is expressed for the whole body and individual organs
s of the volume of blood that 15 cleared of the chemical per unit
is an indicator of the body’s ability to eliminate a given toxicant from
“bolly by processes such as metabolism. excretion. and exhalaton. -
® toxicokinetic aspects of xenobiotic chmination are chnically relevant
Bthe management and diagnosis of vetermary txicoses. | hese quant-
ve'indices can be used to predict the duration of a toxicosis and the
e period necessary for therapeutic intervention. Toxicokinetic aspects
¥enobiotic elimination can also be used to determine the ume frame and
blogical samples that are best suited for diagnosing a specific tofxicosis‘
EVhen developing toxicokinetic models, assumptions are often mndf
regard to whether a given xenobiotic best fits a “one-compartment
i “multicompartment” model. A one-compartment model is the
plest toxicokinetic model] and assuines that changes in xenobiotic con-
ations in the blood or plasma are accurate reflections of what is
ring in the tissues.”> Assuming that a one-compartment model 1s
riate for a particular xenobiotic, elimination of this compound
ost likely via first-order kinetics, where the involved processes are
ely nonsaturable and the rate of elimination at any given time point
Estoportional to the amount of compound that remains in the body at
Bpoint in time.>*8 With first order kinetics in a one-compartment
e, it is possible to calculate the elimination “half-life” of a xcnobiotic
il the volume of distribution and the clearance for a given xenobiotic.8
fiis-instance, half-life indicates the time required for the blood or
a concentration of the xenobiotic to be reduced bv one half. with

Xenobiotic excretion

The final step in the disposition of a xenobiotic is excretion, whereby thg
xenobiotic or its metabolites arc removed from the body via a number of
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approximately 97% of a xciobiotic heing eliminated from the cred
tion 1n five half-lives. ¥ The term “halt-life” can also be usid in terr: . §
chmnation of xenobiotc from body storage depots rather than from 4
blood or plasma.” It is important to know the context in which this par]
ular term is being used and the compartmental model involved to ung
stand what process in the xcnobiotic’s disposition is actually beig
discussed.

There are some xcnobiotics for which the processes involved in thef
climination are saturable and the rate of climination is independent of (4
amount of chemical remainmg in the body at a given point of time}
Under thesce circumstances. the pathways of elimination for a given xeng
biotic can be described in terms of zero order kinetics. Onlyv a fing
amount of xenobiotic can be climinated per unit time.

d from potenual Larget sites 1s one means oy which the dispeuo::
Joxicant can be protective and can limit the adverse effects of a par-
ar xenobiotic on an ammal. Presvstemic chmination o1 the first-pass
prevents toxic xenobiotics trom evel xmchmq the general arculatuon
herefore many potential sites of action.* Nost biotransiormations
ce metabolites that are more water soluble and as a result more
eliminated from the body.

| contrast to circumstances where the disposition of 1 xenobiotic
Sreases the risk of toxicosis, there are also instances where the distiibu-
nd biotransformation of a1 given toxicint actually increase the hkeli-
" that an ultimate toxicant will be delivered to the site of action. A
tal’s toxicity can be «nhanced by specrilized transport mechamsms
‘by physiochemical characteristics that facilitate the accumulauion of
mate toxicants within susceptible cells. The toxicity of 4 xc nobiotic
also be facilitated by processes. such as enterohepatic recirculation.
increase its bioavailability.*? Xenobiotic biotranstormatons  that
§it.in lethal synthesis or bioactivation predispose animals to toxicoses
an, 1n some instances. actually occur within target cells. - While
ie biotransformations result in metabohites that react more efhicienthy
h target enzymes OF receptors. it 1s morc common for mtoxication to
tm chemical species. such as electrophiles. fiee radicals. nucle ophules.
- redox-active compounds that are indiscriminately  reactive with
ogenous molecules.

TOXICODYNAMICS "

Interactions between xenobiotic
toxicodynamics and
disposition/toxicokinetics

In contrast to toxicokinetics. the toxicodvnanucs of 1 particular xcnobiot]
describe what that compound actually does o adversely affect an anim:if
health rather than how the animal handles the cxogenous chemua
However, a xenobiotic’s toxicodynamics and toxicokinetics are not mug
ally exclusive. What a toxicant does physiologically, biochemically, anf
molecularly to a living organism following exposure is not only dependen
on that xenobiotic’'s mechanism of action and its dose-response relatiof
ship but also on its disposition and/or toxicokinetics within an exposig
amimal.!?

néral mechanisms of xenobiotic action

basis for most toxicoscs is cellular damage. and this damage 1s often
dramatic in cells with high rates of metabolism and replication.* A
s enobiotic’s “mode” or “mechanism of action” is the activity of that
Tipound or its metabolites at the molecular or cellular level that results
jverse effects.'? While most of the chapters of this text will review the
¢ mechanisms of action of toxicants to which small ammals arc
iy 6nly exposed, there are a number of general ways in which toxic
hohiotics adversely affect cellular structure and function.
dthough a toxic xenobiotic can adversely affect cells by changing their
ca.l microenvironment through alterations in pH or occupation of
Fhig cular receptor site, as mentoned previously, ultimate toxicants
ally interact with target molecules or cells.” Some xenobiotics mimic
ctions of normal nutricnts and endogenous hormoncs or neurotrans-
Bitiers. Specific receptors can be stimulated or blocked. and ¢nzymes can
B nactivated or inhibited. " Electrophiles. free radicals, nuclcophiles, and

The first step in the development of a toxicosis is the delivery of
“ultimate toxicant” to its sitc of action or “target.”? “Ultimate toxicanig
rcters to the parent xenobiotic, its metabolite. or even a generated reactivg
oxygen species that actually causes cellular damage. The term “target'g
often used to describe a molecule that interacts with the ultimate toxicany
resulting in adversely aftected biological processes within an organisi}
“Target(s)” can also be an inclusive term referring to the cell types, organg
or tissues most susceptible to the effects of a toxic xenobiotic.5/ 1

The distribution and biotransformation of a xenobiotic often limf
the delivery of the ultimate toxicant to susceptible target cells. organs, §
tissues. Distribution of xcnobiotics to storage depots that are physicalf
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redox-active compounds arc often generated through biotransformatioff ‘ 3

and these chemical spccies can react indiscriminately with target mac p i

molecules to exert their toxic effects >’ At the cellular level, chemic ‘

can alter cellular maintenance, both internally and externally, -
adversely affecting membranc integrity and the ability of cells to reguiz | —_—
their volume and/or their energy metabolism.” Cellular injury and ded
often result from the impatired cellular synthesis of ATE, uncoupling§
oxidative phosphorylation, and the inability of cells to regulate their in
cellular calcium concentrations. The cellular production of vital protei
and the regulation of gene expression within cells can also be disrupted i;.
toxicants.5? Ultimately, high enough exposures to toxic xenobiotics cau}
cellular dysfunction and injury and, sometimes, disrepair. and the
adverse efects can be obscrved clinically as abnormalities in the struct

h Boesen, PharmD

and/or function of different organs and tissues.’
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mbining the exponential rate at which the body of toxicology infor-
n grows with today s improved tools to disseminate this information.
ean easily feel overwhelmed. The challenge is to recognize the most
ro;;riatc resources that will lead the practitioner to the most relevant
current informauon.
bxicological information is available as primary. secondary. and terti-
terature on a variety of media from textbooks to computer databases.
urpose of this chapter is to introduce vetermary practitioners to
& of the resources found to be bencficial when approaching a toxico-
5 ;al‘problem.
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than 20.000 biomedical journals are published annually. These are
Brimary literaturc sources that bring us detailed accounts of research
cialized areas. The level of detail. such as methodology. results. and
B¥ission, exceeds that found in secondary and tertiary resources. Lhis
readers greater opportunity to determine for themselves the value
¥ conclusions offered in the study.

e are considerably more toxicological references written for human
fical practitioners than for vetcrinanans. . \ny thorough search of a tox-
bgical topic would need to query the primary literature in both toxi-
v and veterinary medicine. Primary literature may be particularly
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ant to the veterinanan practitioner because historically much of




