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‘ed hormone secretion during pregnancy r‘esults n aher:lu;ons n
: pulmonary. cardiovascular. renal, gastrointestinnal. :lI-lC' tP_‘“'}
0;1 (Table 12-1,. \lthough these (:l1aqges arce nec:*ls‘;rf:n-y 1{3; ;lzu;(::;
gnancy, uniquc absorption, dismbutmp. metabolism, N ‘,nt\cm
nobiotilcs must be considered wlu;n using drugs to treat or p
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e of absorption for most xenobiotics is the small intt‘zstlnﬁ ducf ulll:_
surface arca. Xenobiotic absurptign across the small m‘testmf 15; e
Fherween dogs and man. and 15 (>£terl fastcrj thqn thvo1 rate 0 f{,;m‘m
Prtving. such that gastric emptying 1s ran'—hmltn‘lg 1(9);‘ n xc? o
r'ption.‘ In dogs. gastric emptying ‘\\fter‘a meal 15 9 n{lmtl,cl“ugh
P therapeutically uscful drugs. the blologl.{al hall—t‘lmc‘ 1\- o}x;_,\(\:t‘\,( ueh
r;:'UIe that stomach emptying 15 not 1 crincal paramne ter [9) .

Pregnant animals are a unique population with respect to their rcs:
to xenobiotic exposures, either therapeutic or accidental. The dynag
physiological changes that occur within the maternal-placental-tetal i
during pregnancy influence the pharmacokineuc processes of xenobid
absorption. distribution. metabolism. and climination. In lactating pade
the xenobiotic concentration in milk is directlv proportional to the cirg
sponding concentranon i maternal plisma. For most xenobiotics, i
amount ingesied by neonates rarely attains toxic concentrations. Howed
xenobiotic toxicity can develop in the pregnant or lactating ammal, i
or neonate when sufficient compound is present to exert 1 damaging ¢4
on cells. There is a scarcity of data on specific pharmacokinetic measif
ments dunng pregnancy and lactation in dogs and even less in cats. Mg

7,1e 12-1 - -
K siologic Changes During Pregnancy That
#or Pharmacokinetics

. e —
tsd : 1on | ven | s K Cological Parameter  Change
specific information on pharmacokinetics presented i this review 1s bad§ - T
on comparative data from humans and laboratory animals. ! bsorption Increased
‘ c emptying time Decreased
Phestinal motility Increased
Bimonary function
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d

o ncesed
od flow to the skin

In dogs. apparent serum concentrations of progesterone and estradiol 48

similar in pregnant and nonpregnant cyvcles except for the abrupt decres

Increased
. .. L . . L I body water
in both at parturition. However. if corrections are made for hemodiluizi gma pr%teins Decreased

Increased

that occurs during pregnancy. both steroid hormone concentrations 4 Increased
significantly higher in the last half of gestadon.! This is supported §

increased fecal estradiol and progesterone concentrations during tf patic metabolism lncreaseg or gigiiﬁg
sccond halt of pregnancy.? Increased hepatic dlearance and mcreas@ s rahepatic metabolism Increased of
metabolism by the uterus and mammary gland also contribute to x " cion

absence of obvious increase in cstradiol and progesterone concentratis B2l blood flow lncreaseg

during pregnancy.} In addittion. thvroxine and adrenocortical hormoss Bsmerular filtration rate :22:222&

are increased duning the latter halt ot gestation. The combined effec: 3 giimonary function
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slower intestinal transit time can significantly increase xenobiotic abs
Increased progesterone concentrations during pregnancy result in
gastric emptying and reduced small intestinal motility, with the nett
of orally administered compounds spending a longer time in hotl
stomach and small intestine.5 As a result of prolonged intestinal
time, there is an increase in absorption of poorly water-soluble xenol
and an increase in metabolism of xcnobiotics by the intestinal:
Gastric pH is also increased during pregnancy as a resull of reduced ;
tric acid secretion and increased gastric mucus secretion. The increaig
gastric pH increases the ionization of weak acics within the stom}
which reduces their absorption.

Pulmonary
Respiratory rate is unchanged during pregnancy but tidal vol
(the amount of air per breath) and pulmonary blood flow are increg
which alters the kinetics of inhaled xenobiotics in favor of alveolar up
and elimination by exhalation. Highly lipid-soluble anesthetic
would be absorbed more rapidly and cleared more rapidly durl
pregnancy. While the rate of anesthetic induction with volatile agenid
not faster, the dose requirements for volatile anesthetic drugs |
halothane, isoflurane, methoxyflurane) are reduced.® The absorptio
drugs that are administered as acrosols (bronchodilator compounds) 1s:
increased.

Skin

In humans, substantial changes in blood flow to the skin occur durfl
pregnancy, such that circulation to the hand increases by sixfold}
Alterations in dermal blood flow may have a significant impact on f
pharmacokinetics of transdermal xenobiotic exposure. ‘lopical admi
tration of insecticides or compounded pharmaceuticals may resul
toxicity during pregnancy. Xenobiotic absorption from intramusc
delivery is also enhanced during pregnancy because of increased tis :
perfusion secondary to vasodilation. ]

DISTRIBUTION

During pregnancy, increases in body weight, total body fat. total bol
water, extracellular water, intravascular volume. and cardiac output ca§
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J 12-1. Xenobiotic distribution in the maternal-placental-letal s(yi’sit_cm.

—1. A nat :

o affecting the pharmacokinetics and xenobiotic effects on mother and fetu
D i s

1, altered maternal absorption; 2, increased maternal unboun.d \(;nnrlnr(])::
o7n: 3, increased maternal plasma volume; -, al}eregl hc‘]“)atl.c(uac‘la mnl
-'reésed maternal renal blood flow and glomerular h!.n;;mm’) mlc; 1 )fel;ﬁ)ln,;d
sfer; 7, placental merabolism; 8. placental blood ﬂ(‘v.‘«\'. ¢ ‘letlc;lrcrl\é;k.) ol [‘é[.‘d
10, preferential fetal circulation to thg heart and bxam Ly e if]c‘rmsed
-Brain barrer; 12, immature fetal liver enzyme activity; an R :

.unbound xenobiotic fraction.

nce xenobiotic distribution (Fig. 12-1). The increase in cardiac

1 ; ished.
ftout during pregnancy in cats and dogs has not been pubhsl.le'
] ever, cardiac output increases by greater than 20% in sheep, guinea

’ 3 . c . . -~ cv.

goats, and rabbits and about 40% in humans during px‘egnalﬂ]y

" i ' or a larger v " distribution for lipophilic
eases in body fat allow for a larger volume of distributi pop

——— LA T Lol .- 1 rease
Bobiotics. It has been suggested that the pregnancy-associated inc .
: . : i increased aldosterc retion
progesterone concentration leads to increased aldosterone :3(‘1
| l 1 i ‘reas a © water
fil results in increased renal fluid retention. Increased total body

ts in an increased hydrophilic xenobiotic distribution. For example,

- s of ntra-
Brmacokinetic parameters calculated from the results of dth: mtr}
] A 1 ine 1 ‘es show at the
Pous administration of lidocaine in pregnant ewes showed that

i ing in an increase in half-life. !
e of distribution was increased, resulting in an increase in half

: . . after parturition,
@inning in midgestation and lasting 1 to 2 months after parturition,
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Bocess that renders a xenobiotic more water-soluble and thus readily
‘ted by the kidneys. Hepatic metabolism during pregnancy has bt?en
nvestigated in rats and to a much lesser' extent in _othcr species.
ges in xenobiotic metabolism may have an impact on first-pass cffcct
gs given orally during pregnancy. Some microsomal enzymes of _the
tic cytochrome P430 system are inc}uced by progesteronc. r'céu}ltmg
B2 higher rate of xenobiotic metabolism." For example, it has )e..cn-
Bnd clinically that the phenytoin dosage necds to be increased during
3 gnancy to maintain plasma concentrations that.arcvadcquat‘c to‘cor?lufl
leptic seizurcs in women.® However, the capacity lor hc;)a}lC bmtrf\.r}b-
ftmation is six times greater in dogs compared with man.-! Some micro-
t 12l enzymes arc competitively inhibited by prggcstcrone and esfradltfli
ESulting in impaired xenobiotic metabolism.* Bcca}use of hoxrpon‘.l
fhibition of hepatic microsomal oxidases. theoph‘vlllme degradauon is
layed during pregnancy.’? Elevated progestcrone dm"mg pregnancy “11?::
hihits hepatic glucoronidation and extrahepatic chol}mester;tse activity.
:Most biotransformation reactions present in the ll\(‘l.‘ have also b(.‘rn
®scribed within the placenta, although placental blotmnsformau'on
Bhacity 15 many times less than that of the liver” The pl.accnm contais
R cral enzymes that arc capable of metabolizing xcnobﬁlouw via oxida-
inn, reduction, hydrolysis. and conjugatum pathw s }Qr example. the
cental cytochrome P450 enzyme 1Al is induced following ¢xposuic to
Bomatic hvdrocarbons found in tobacco smoke - \hgrnm\ elj.: TOX1C
u ermediate formation may result trom the placental oxidatve biotrans-
¥ nation systemt. Xenobiotics that are not metabolized by the plac enta
er the fetal hepatic circulation via the umbilical vein. Howev‘cn Approxi-
fately 50% of umbilical venous blood flow will byp;\§s the liver via (,h[A
Fictus venosus. contributing to a possible accumulauon of xcnobmtm
Biihin the fetus. The near-term dog tetus shows evidence Oi, a tur}cuomng
terohepatic circulation of bile salt, and xenohotics can be lounclw mec ot
fiam. Because of the small bile salt pool. apparent limited capacity of the
Blibladder to concentrate bile, and evidence of a functional }1epanc bvp.b\
: hepatic metabolism is immature compared with that of the adult.

hemodilution occurs as reflected in a decrease in hematocrit and plag]
albumin concentration.! In humans. the size of the fetus and numbeg
fetuses influence the increasc in plasma volume, but this relationship
becn studied in domestic animals.!? As a result of this pregnancy-associ
dilutional hypoalbuminemia, total plasma concentration of a prote
bound xenobiotic decreases. In addition, steroid and placental hormod
and serum lipids (from increased body fat) will displace xenobiotics fig
protein-binding sites, resulting in a rise in free (active) xenobiotic concd
tration of agents that would normally be protein-bound and potenig}
result in an increased physiological effect. This is most noticeable 1§
acidic xenobiotics that are highly protein-bound. 4
Almost all xenobiotics cross the placenta and reach pharmacologi
concentrations in the fetus after exposure of the mother. Drugs adming
tered to the mother may cross the placenta by passive diffusion, facilirad
transport, and active transport. Lipophilic, nonionized molecules less i
600 Da can cross the placenta by passive diffusion.!3 In women underg®
ing elective C-sections, rapid placental transfer of ketamine propofi}
diazepam."' and atropine'™ occur such that fetal cord vein concentr§
tons are several tmes higher than maternal. Maternal and fetal blood
and plasma protein binding also influence the rat of passive diffusid
across the placenta. The fetal plasma pH 1s slightly mene acidic thani
maternal. Consequently. xenobiotics that are weak bases are nonIoni
and able to casily penetrate the placental barrier. However. afier cro g
the placenta and making contact with the relatively acidic fetal blood]
these molecules will become more ionized. leading to “ion trapping
Protein-bound xenobiotics do not cross the placenta. In general, fid
plasma proteins bind xenobiotics with less aftinity compared with thog
of the dam (e.g.. ampicillin). with the exception of a few xenobiotics (eg)
salicylates) that have a greater affimity for fetal plasma proteins (b3
maternal. Compounds that become bound to fetal proteins represen%
depot of xenobiotic in the fetus that would prolong fetal exposure zf
cessation of maternal exposure. While hydrophilic compounds cannj
cross the placenta by passive diffusion. they cross via aqueous diftusigy
through the water-filled pores between the cells paracellular pathway):

LS

sLIMINATION
METABOLM B a2 general rule. lipophilic compounds will be cle;rc(l mainly by metab-
s, whereas hydrophilic compounds will be subjected to renal ‘and/ or
'a_r‘; clearance. Xenobiotic clearance from plasma is generally ta\tc¥ in
hers than in man lidocaine: 14 vs. 30 mL/oin/kg . metoc lupx‘xumdc
5. 25 mL/min/kg " domperidone: 10 vs. 20 mL/min/kg : and

Alterations in the hormonal milieu of pregnancy are associated wifg
changes in xenobiotic metabolism. In most cases, xenobiotc metabolis
occurs primarily in the liver. Decreased protein binding during pregnand§
results in greatcr xenobiotic availabiliny for hepauc biotranstormatis
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pentobarbital: 1 vs. 2 mL/min/kg®%). In dogs, renal blood flo

glomerular filtration rate are increased during pregnancy.3+35 In hurg
renal blood flow 1s increased by 60% to 80% and glomerular filtratf
increased by 50% during pregnancy.* Decreased protein binding d
pregnancy results in more unbound xenobiotics available for renal ¢
tion. As a result of increased glomerular filtration rate, the rate of ff
nation for compounds cleared by the kidncy is enhanced, which can§
a significant impact on drug treatment. For example, the amount of af
cillin necessary to maintain antimicrobial drug concentration dot
during pregnancy because of the combined effect of increased volunf
distribution and rate of elimination.’ The elimination half-lives arcg
reduced for cephalosporin and some anticonvulsants. The fetus &2
largely on the maternal system for elimination of xenobiotics. Elimindg
from the fetus to the mother via the placenta is by diffusion. Howevd
most xenobiotic metabolites are polar and not capable of simple diff
they can accumulate within the fetal compartment. Placental efflux
porters (e g. P-glycoprotein) actively remove xenobiotics from the
circulation mto the maternal circulation for elimination.! '

\ ive diffusion. Unlike plasma, canid milk contains on average 9.5%

lulsiﬁed fat.*® Milk fat can concentrate lipid-soluble xenobiotics,

itz the total amount of xenobiotic in milk to .increase. For highly

Bioluble drugs (e.g., diazepam and chlorpromazine), well more than

f the total amount of drug in milk is found in milk fat.!

obiotics enter and exit the alveolar lumen by passive diffusion

gh the lipid portion of the alvcolar mcmbran_c or via active transport

gh protein channels in the membranc. Passive dlﬂu:sxon is the most

on route in which xenobiotics enter milk. Xenobiotics pass throtfgh

ammary epithelium by passive diffusion down a concentration

nt on cach side of the membrane. With passive dittusion, the xeno-

concentration in milk is directly proportional to the corresponding
iotic concentration in maternal plasma. The higher the dose admin-
d to the mother, the more xenobiotic that will pass into the milk. Milk
Ptentrations arc the highest following intravenous admix.)istration
fpared with other routes of administration. ''he physicochcr.mcz%l char-
stics of the xenobiotic (1.c., molccular size, plasma protein binding,
whilicitv. and ionization also determine how much of the compound
e transferred into milk. The mammary epithelium membranc acts as
Bmipermeable lipid barrier. Small pores permit xenobiotics with a low
Blecular weight <200 kDa: to pass through the alveolar mcmbrane.‘
r xenobiotic molecules must dissolve in the outer lipid membranc of
epithelial cells, diffuse across the aqueous interior of the cells, ldissol\'c
d pass through the opposite cell membrane. and 111(:411 pass into the
Only unbound xenobiotics in maternal plasma can diffuse across the
lar membrane and accumulate in milk. High plasma protein binding
eases the amount of xenobiotic excreted into milk, whereas high milk
.ein-binding results in sustained presence of a xenobiotic in milk.
Bein is the major xenobiotic-binding protein tound i milk. " Howe\'fzr.
general rule, milk proteins do not bind xenobiotics well# As milk
#1.7.2) is slightly more acidic than plasma (pH 7.4, compou‘nds that are
B\ bases (e.g, erythromycin and antihistamines; are more likelv to pass
B milk than weak acids (e.g, barbiturates and penicillins). The degree
enobiotic ionization, determined by the xenobiotc pKa a\ionizati.on
tant) and the pH of the plasma and the milk. plays a role in determin-
the amount of xcnobiotic excreted in the milk in a process called
or xenobiotic trapping,” similar to the fetal circulation.

Nhile water-soluble xenobiotics must cross through pores within the
®olar membranc, lipid-soluble xenobiotics dissolve into the lipi‘d bil;—\)'cr
khe alveolar membrane. The more lipid soluble the xenobiotic. the
Biter the quantity and the faster the transfer into milk. tAn.otht‘“.r tactor
B comes into play is the retrograde diffusion of xenobiotics from the

MILK PRODUCTION

Dunng lactaton. estrogen and progesterone concentrations are at basel
while prolactin concentrations are elevated. Milk is produced in mammg
alveolar cells from which it is expelled by contractile myoepithelial &
nto the duct svstem. Prolactin stimulates the synthesis of milk pr
such as ot-lactalbumin. Milk proteins are synthesized within ribosomeg
the rough endoplasmic reticulum and transported to the Golgt regiod
the mammary alveolar cells, where the protein is packaged into vacudg
[he milk protein vacuoles are pinched off and fise with the alved
cell membrane to become released into the alveolar lumen. The
proteins found in the milk are casein, lactoferrin, ®t-lactalbumin, and I
@-Lactalbumin . along with galactosyltransferase, uridine diphosphogalg
tose and glucose form lactose.”® Lactosc is the principal osmotically ac§
compound in milk. While water is the principal component of milk, §
amount of water within milk is regulated by the quantity of lactd
A reciprocal relationship between lactose and sodium, potassium
chloride concentrations is maintained to keep the total osmolality
milk similar to that of blood.* Fat is delivered to mammary tissue fig
serum chylomicra of gastrointestinal origin and from endogenous 18
densitv lipoprotemns. Triglycerides are hydrolyzed at the capillary leg
whereupon ghycerol and free fatty acids enter the mammary alveolar o

b
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h jorally depressed.3 Dipyrone and its metabolites are passed int::
B .nd have resulted in cyanosis in a human nursing rl&gngt(i:
diazepines with long-acting metabolites can accumulate in mla.ntz,
ially neonates, because of their immature excretory mechanisms an
¥ caused adverse cffects in infants.?® Milk halothane concentratons

Table 12-2
Milk to Plasma (M:P) Ratios Relating to the Ratio
Between the Area Under the Curve of the Drug in Milk
and Maternal Drug in Women

Drug , WP Ratio or surpass concentrations in maternally inhaled air.*
Acyclovirs 294 .
Amoxicillin4s 0.014-0.043. 3
Cephalothin4 =014
Diazepam¢ 0.08:0.13 NTIBIOTICS
Fentanyl+ 2.45 _ L
Metr%r}idifole“ ' ;1716 Picillins appear in milk in amounts that could lead to dlSIUPTl‘On
(o] . 3 ke . . . . T . . <
penzgml;?go -.0.02-0.2 Eheonatal gastrointestinal flora. Similar to penicilling, cephalosporins
Prednisolonest . 0.078-0.221.

B lead to disruption of neonatal gastrointestinal flora.*® First- and
d-generation cephalosporins arc considered to be §afcr on r-utonslxte‘s
pared with third-generation agents because of their activity against
oﬁi)ilr(iz; oral administration, clavulanic acid 1% t‘ran.sférred i‘n’to fho
Bk but no harmful eftects have been reported.”’ .buliamethoxa‘zok 1
eted into milk and has a long elimination half-life in neonates 136 hours

milk back into maternal plasma. Studies in cattle indicate that compour]
instilled directly into the udder pass out of the milk and are detectabld
the plasma. The milk-to-plasma ratio (M:P) compares milk with mater}
plasma xenobiotic concentrations and serves as an index of the extent
xenobiotic passage into milk to estimate a neonate’s cxposure to xeno
otics through milk (Table 12-21. The milk xenobiotic concentration sy
does not exceed the maternal plasma concentration but even w 3
M:P >1. the amount of xenobiotic ingested by a nconate is rarely sufficie
to attain therapeutic or toxic concentrations. Peak drug concentratiod
tollowing oral administration occur 1 to 3 hours after the dose.

Fhuman neonates,.

ENOBIOTICS AFFECTING LACTATION

4. ddition to the effects of xenobiotics on the neonate, the potcntu'xl
ects of xenobiotics on lactation should be considered. Many X(..‘n(,)bl-
Fes affect prolactin secretion centrally. Cyproheptadine. bromocriptine,

ANALGESICS AND ANESTHETICS ] ergoline) and metergoline lower materna]Aplasm:d pro?a'ctln (m:;(ml(ll
S : and should be avoided unless cessation of 1;xqauon bb, l(fl»lel)\;
Ibuprofen, naproxen, and diclofenac do not cross into milk (M:P = 0.01§ W pathomimetigs can allso Fi(:cx'casc mlw Produ;um:;)l:::;n d::lcasé
However, the former two are known to cause toxicity in dogs and shojjiiatrally decreasing Su,Ckhng-mdUCEd o tocﬂm aln Mpmcm ramide, «
therefore be avoided in both lactating and nonlactating canids. On (8l peripherally I'édUC‘ng mammary blo?d ‘vow\.. : C on (Entr;\t(‘d. n
other hand, aspirin crosses into breast milk (M:P = 0.3) and is slowerSBpamine agonist, is USCd. o stimulatf’ ]a<’tfxtu‘m mlL l: : gonccnll"dii()ns
be eliminated from milk than the plasma. A cumulative effect from (3 because of ion trapping, Neonatal Pl‘}‘_mnmlpm ?c : toclopramide.”
aspirin could have adverse consequences on suckling neonates. In add be elevated following ’maFcrnal "lqn.lmrl?“ld,“m_]‘ ”' ! lf' incf:ases milk
tion, the elimination halflife of aspirin is considerably longer in neonad oxytocin, prOSIag!aI‘djrl k.o admunsttzle(. .“; " an}.-xsz;;n medicines!
than mature animals. which increases the likelihood of drug accumulat tion.®® Fenugreek is an herbal p}'(’d“c_‘ '”T“‘( m 1‘u'11 # Although the
and adverse effects. Meperidine (pethidine) also crosses into breast mil has been shown to have oxytocic ‘Tlcnyltt\ lm‘ amf ]1(:hsl\. im- viewed as
(M:P ~ 1). The half-life of pethidine {13 hours) and its hepatic metaboli 2of herbal products seems to be mcxf‘:asAn?‘g )‘Lc?u;::)dl:—;[; the potential
norpethidine (63 hours), in the neonate can lead to high neonatal plass r or more natural alternatives to ph;u mic ftllfI‘C?i. ; ‘ th?,-maceuticuls‘
concentrations over ime. Neonates nursing from mothers who were trea il for herbal products to have all of the properties of ph

th | ‘ ' i i linical usefulness to toxicity.
with intravenous pethidine following a C-section were neurologically Pioing from clinical usctulness to \

e
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CONCLUSION

Whll.C .the rpajority of pregnant or lactating patients are healthy and}
admgnstratxon can be avoided, acute disorders such as infectioff
require short-term medical treatment. Few pharmacokinetic studies -i
absorpdon, metabolism, distribution, and elimination during pregna |x
lactation exist specifically for canids and felids. Information o modify
schedules to ensure efficacy and minimize the risk of toxicity is def
necessary. Whenever drugs arc used in pregnant and lactating patieﬂ
prescnb‘mg clinician must explain the relative benefits and risks assod
with the treatment and obtain an informed consent from the owner,
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