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Solutions Table 16.1. Common fluid solutions and components.
These may be incompatible with other solutions because of ionic ,
H + + + -

interactions. For example, sodium bicarbonate (NaHCOj3) reacts Fluid Na K Ca cl pH

ith calcium- ini lutions, forming calcium carbonate.
MM .om cim oosﬂw::sm .mM: ~_o~._ © Hmmns solutions results 0.9% Saline 154 0 0 154 4.5-5.7
: EE.E.W Ho.qmn%o ines with ca Q:B-ow% _ g solu m N ! 0.45% Saline 77 0 0 77 47
in v_.onﬁ:mc.os. In general, Edaooiod e salts (e.g., do Emm::o Ringer's solution 147 4 45 156 50-7.5
HClI, dopamine HCI, and epinephrine EOc.mona not be .B:S.a Lactated Ringer's 130 4 3 109 6.0-7.5
with alkaline solutions. Vitamin B (thiamine hydrochloride) is 5% Dextrose (DsW) 0 0 0 0 3265
unstable in alkaline solutions and should not be mixed with alka-

linizing solutions, carbonates, or citrates.

-

Table 16.2. Anesthetic drug in vitro incompat

DsW, 5% dextrose solution.

es With other drugs and solutions.

A
Drug

Compatibility with
Other Drugs

Compatibility with
Fluid Solutions

Important Considerations

Bupivacaine HCI

Buprenorphine
Butorphanol

Calcium chloride

Dexamethasone
sodium phosphate

Diazepam

Dobutamine HCI

Dopamine HCI

Epinephrine HCI

pH 4.0-6.5.

Avoid strongly acid or alkaline so-
lutions.

Sodium bicarbonate has been
added to local anesthetics just
prior to administration to de-
crease pain from injection.

Raising the pH will accelerate the
onset of anesthetic action.

Do not mix with sodium barbitu-
rates.

Will precipitate with sodium bicar-
bonate.

pH 7.0-8.5.

Do not mix with acidifying solu-
tions.

pH 6.2-6.9.

Hydrolysis will occur if combined
with low pH solutions.

Precipitation will occur with aque-
ous solutions.

pH 2.5-5.5.
Do not mix with alkalinizing drugs.

pH 2.5-5.0.

Do not mix with alkalinizing solu-
tions.

pH of solution is acidic.

It is destroyed by mixing with alka-
line drugs.

Compatible with fluid solutions.

Infuse with sodium chloride.

Compatible with most IV solutions.

Precipitation occurs when mixed
with water-based (aqueous)
solutions.

Ringer’s based solutions and dex-
trose will cause precipitation.

Do not mix with alkaline solutions.
Compatible with most fluid solu-
tions.

Do not mix with alkaline fluids.

Compatible with most fluid solu-
tions.

Incompatible with alkaline solu-
tions and oxidizing solutions.

Do not use if solution becomes
cloudy, yellow, or pink.

If pH is adjusted (e.g., pH 6-7)
with alkalinizing solutions, the
drug is stable if used soon after
mixing.

Protect from light.

Do not mix with compounds
known to chelate with calcium.

Protect from light.

There is no loss if stored in hard
plastic syringe.

However, if stored in soft plastic
(PVC) infusion bags or tubing,
significant sorption will occur
(e.g., 80%-90% in 24 h).

Slight pink tinge to solution can
occur without loss of potency,
but do not use if solution turns
brown.

Do not use if solution turns color.

Do not mix with bicarbonates, ni-
trates, citrates, and other salts.

It is compatible with plastic in sy-
ringes.

When solution becomes oxidized,
it turns brown.

Do not use if this color change is
observed.
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Table 16.2. Anesthetic drug in vitro incompatibilities with other drugs and solutions (continued).

Compatibility with
Drug Other Drugs

Compatibility with

Fluid Solutions Important Considerations

Phenobarbital sodium pH of solution, 9.2-10.2.

It will precipitate if combined with
most hydrochloride-based drugs
or anything with low pH.

Alkaline solution will affect other
coadministered drugs.

pH of solution, 10.0-12.3.

Do not mix with acidifying drugs.

pH of solution, 7.0-8.5 and lower
(depends on manufacturer).

Phenytoin sodium

Propofol

Sodium bicarbonate  Alkaline solution; pH 7.0-8.5.
Do not mix with acid solutions.

Sodium nitroprusside pH of solution, 3.5-6.0.

Thiopental sodium pH of solution, 10-11.
If not kept at alkaline pH, precipi-

tation will occur.

Compatible with fluid solutions
such as dextrose and saline.

Do not mix with solutions that
contain calcium (e.g., Ringer's)
or precipitation may occur.

Dextrose solution is recom-
mended for infusion.

Will precipitate readily in solutions
with low pH.

Will precipitate readily in solutions
with low pH.

Oil and water emulsion formulation
that will encourage microbe
growth.

Do not freeze.

More stable in glass than in plastic.

Very sensitive to light.

Cover with foil during infusion.

Reconstituted solution is stable for
only 3 days at room temperature
or 7 days refrigerated.

HCI, hydrochloride; IV, intravenous; and PVC, polyvinyl chloride.

Diazepam

Diazepam is notorious for its instability in solutions and its abil-
ity to adsorb to plastic containers. Diazepam is formulated in or-
ganic solvents (e.g., propylene glycol, ethanol, and benzyl alco-
hol) and is not soluble in aqueous solutions. If the diazepam
solution is added to an aqueous solution, it will become hazy or
precipitate unless the solution is very dilute (e.g., 1:50 to 1:100).
In addition, diazepam is known to adsorb to soft plastic contain-
ers, such as those composed of polyvinyl chloride (e.g., PVC in-
fusion bags and plastic tubing). Heparin, when used in flush so-
lutions, is physically incompatible with diazepam.

Changes in pH That Affect Drug Stability or
Solubility .

According to the USP-NF,? improper pH ranks with exposure to
elevated temperature as a factor- most likely to cause a clinically
significant loss of drug efficacy. A drug solution or suspension
may be stable for days, weeks, or even years in its original for-
mulation, but when mixed with another liquid that changes the
pH, it can degrade in minutes, hours, or days. A pH change of 1
unit might decrease drug stability by a factor of 10 or greater.
These types of interactions are more likely at the extremes of pH,
for example outside the range of 4 to 8 (see Table 16.2 for pH
values of commonly used anesthetic and adjunctive drugs). Some
drugs undergo epimerization (steric rearrangement) when ex-

posed to a pH range higher than the optimum for the drug. Other
drugs are oxidized, which is catalyzed by high pH, rendering the
drug inactive. Oxidation is often visible through a color change.

Some drugs are alkaline when in solution and will raise the pH
of other admixed drugs, resulting in instability or precipitation.
Examples of drugs that will increase the pH of solution above 6
are sodium bicarbonate, barbiturates, alkaline-buffered antibi-
otics, and aminophylline. Barbiturates are notable because the al-
Kalinity of their solutions. Sodium salts of barbiturates in solu-
tion (e.g., pentobarbital sodium, phenobarbital sodium, or
sodium thiopental) have a pH of approximately 10. If mixed with
any solution that lowers the pH, for example, a hydrochloride-
based solution, precipitation will occur instantly.

In vivo Drug Interactions

These are reactions that occur in patients when more than one
drug is administered. Studies in people have demonstrated that,
as the number of drugs coadministered to a patient increases, the
incidence of drug interactions also increases. The consequences
of drug interactions are most severe for drugs that have a narrow
therapeutic index (i.e., when the ratio of toxic dose to effective
dose is small). In vivo drug interactions may change drug absorp-
tion, drug disposition, biotransformation, and excretion (pharma-
cokinetic interactions).
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444 e Pharmacology

interactions. However, because inhibition of P-gp influences the
BBB, clinicians should be aware of the potential for exaggerated
CNS anesthetic effects when an animal has received a P-gp in-
hibitor. Some opiates are substrates for P-gp in the BBB, al-
though this is less established in the veterinary species of inter-
est. However, an exaggerated CNS response (e.g. sedation or
respiratory depression) might result from administration of an
opiate and an inhibitor of P-gp.

Interactions That Affect Hepatic Drug
Clearance
Changes in hepatic clearance are usually a consequence of
changes in hepatic blood flow, although other actions (e.g., ef-
fects on microsomal enzyme activity) can result from one drug
influencing the mebolism of another. Blood-flow changes are
most noted when the liver extracts a high fraction of drug from
the blood presented to it. Drugs most affected are those known as
high cléarance drugs. Lidocaine, meperidine, and opiates (¢.g8.,
morphine, oxymorphone, and hydromorphone) are examples of
analgesic drugs that have high hepatic extractions. Inhalational
anesthetics, such as halothane, can reduce liver blood flow.
Many drugs must be biotransformed by microsomal enzymes
in the liver to make them more water soluble for excretion into
the bile or urine. Drugs metabolized by the liver can undergo
phase 1 or phase II reactions. Phase I reactions metabolize the
drug to a more water-soluble compound. These reactions often
are oxidative, but other reactions, such as reduction, also occur.
Phase II reactions occur via conjugation. The best-known exam-
ple is that of conjugation with glucuronic acid, but other conju-
gation reactions with amino acids, acetyl groups, and sulfates are
possible. Drugs that affect the liver’s biotransformation enzymes
can cause clinically significant drug interactions.

Cytochrome P-450 Family of Enzymes

The cytochrome P-450 (CYP) enzymes have been studied in
great detail in humans, and a family of these enzymes have been
identified that participate in the metabolism of drugs. The CYP-
3A4 enzymes are probably the most important of this group be-
cause they have the largest number of substrates (about half the
drugs currently prescribed clinically). However, CYP-2D6,
CYP-1A2, CYP-2C9, and CYP-2C19 also can be important for
drug metabolism. The presence and significance of these en-
zymes in domestic animals have not been documented nearly as
well. Animals also have these families of enzymes, although the
activity of each group is not the same.? Of the species compared
(dogs, cats, and horses), :o:a.,Ow them resemble the same pattern
as humans. 3

Microsomal Enzyme Induction

Drugs and compounds can increase hepatic microsomal (cy-
tochrome P-450) enzyme activity. Since some of these enzymes
are found in intestine as well as the liver, enzyme induction can
cause faster biotransformation, resulting in lower oral bioavail-
ability and/or faster plasma clearance. The enzymes most com-
monly affected by induction are the mixed-function oxidases
(phase 1 oxidation reactions). Enzyme induction causes an in-

Table 16.4. Cytochrome P-450 inducers.

Chlorinated hydrocarbons
Diazepam (Valium)
Diphenhydramine
Estrogens
Griseofulvin
Hyperthyroidism
Pentobarbital
Phenobarbital
Phenylbutazone
Phenytoin (Dilantin)
Progestogens
Rifampin

crease in activity as well as an increase in enzyme content within
the endoplasmic reticulum.

Some drugs are specific in their inducing ability. For example,

a drug may induce one group of enzymes without affecting an-
other. The drugs that are most affected by enzyme inhibition are
those that undergo metabolism by hepatic enzymes and are lipid
soluble. Affected drugs usually have a low hepatic extraction
ratio. The time for induction to occur is usually 2 to 3 weeks after
initial exposure, and it may take weeks to months for enzyme ac-
tivity to return to normal after the inducing drug is withdrawn.
Potential enzyme inducers are listed in Table 16.4.
Microsomal Enzyme Inhibition '
Hepatic microsomal enzymes responsible for drug biotransfor-
mation may be inhibited by certain drugs and compounds.
Inhibition usually occurs via competitive binding to form an in-
active drug-enzyme complex. Inhibition almost immediately fol-
lows drug exposure. In many cases, a metabolite of the drug is re-
sponsible for enzyme inhibition. Noncompetitive inhibition is
also possible when a drug is not a substrate for the enzyme, but
alters its function in some manner.

Examples of drugs that inhibit microsomal enzymes are listed
in Table 16.5. Some of the microsomal enzyme inhibition—
mediated drug interactions that have been described in veterinary
patients include cimetidine inhibition of theophylline metabo-
lism, chloramphenicol inhibition of barbiturate metabolism, ke-
toconazole inhibition (by as much as 85%) of cyclosporine me-
tabolism, ketoconazole inhibition of prednisolone metabolism,
and ethanol or 4-methyl-pyrazole inhibition of alcohol dehydro-
genase, which converts ethylene glycol to toxic metabolites (this
effect is used to treat toxicosis). One well-known example of
enzyme inhibition that has clinical consequences in people is the
inhibition of acetaminophen metabolism following alcohol con-
sumption. This inhibition can lead to accumulation of hepato-
toxic metabolites that form via other pathways.

During the anesthetic period, the nature of enzyme inhibition
is important to patients that receive drugs requiring hepatic bio-
transformation to terminate their effect. For example, if there is
concurrent enzyme inhibition, the risks of anesthesia may be al-
tered. Veterinarians should be cognizant of the potential prob-
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Nonsteroidal Anti-inflammatory Drug
Interactions

NSAIDs such as carprofen, meloxicam, etodolac, tepoxalin, firo-
coxib, and deracoxib are used to treat pain and inflammation. In
large animals, flunixin meglumine, ketoprofen, and phenylbuta-
zone are often used. The mechanism of action of an NSAID is
primarily via inhibition of cyclooxygenase (prostaglandin en-
doperoxide synthase) isoenzymes. Prostaglandin synthase 1 (cy-
clooxygenase 1 [COX-1]) is primarily a constitutive enzyme
expressed in tissues. Prostaglandins, prostacyclin, and thrombox-
ane synthesized by this enzyme are in part responsible for normal
physiological functions. Prostaglandin synthase 2 (COX-2) is
synthesized by macrophages and inflammatory cells and is in-
ducible after maEc.Wﬁo: by cytokines and other mediators of in-
flammation. Contrary to initial beliefs, though, COX-2 may be
constitutive in some tissues. This has recently _.m._mm@ concerns
about the ability of COX-2-selective drugs to spare physiologi-
cal wao‘_mgmﬁz&s production in some tissues and their safety in
certain situations. NSAID development in the 1990s and early
2000s focused on selective inhibition of COX-2, with the goal of
producing analgesia and suppressing inflammation without in-
hibiting physiologically important prostanoids. However, more
profound inhibition of COX-2 may not always be beneficial, be-
cause COX-2 products appear to be beneficial in some tissues
and disease states. For example, COX-2 products have biological
importance in angiogenesis, renal function, regulation of bone
resorption, reproductive function, and healing of gastroduodenal
ulcers.!S Prolonged COX-2 inhibition has also been associated
with a higher risk of cardiovascular complications (stroke and
myocardial ischemia) in humans, because it unbalances the pro-
duction of endogenous prostanoids by preserving COX-1 func-
tion, which may promote platelet aggregation and vasoconstric-
tion.}6 Consequently, COX-2-selective drugs (valdecoxib,
celecoxib, and rofecoxib) used in humans have received in-
creased scrutiny by the medical community in recent years, and
two have been voluntarily withdrawn from the U.S. market.
Unbalanced COX-2 enzyme inhibition appears to increase risk of
adverse events in some patient populations, and, because of this
concem, future directions of NSAID development may need to
be reexamined.!?

The action of NSAIDs in animals raises questions about the
potential for adverse interactions. Some theoretical interactions
are worthy of consideration. NSAIDs might interfere with
prostaglandin-mediated vasodilation that may be necessary for
tissue perfusion during anesthesia. Prostaglandins may be impor-
tant for the action of cardiovascular drugs such as angiotensin-
converting enzyme (ACE) inhibitors (e.g., captopril, enalapril,
benazepril, and lisinopril). Prostaglandins may also mediate
some of the pharmacological effects of diuretics such as furo-
semide. Furosemide and ACE inhibitors stimulate prostaglandin
synthesis to increase renal blood flow and produce vasodilation
and natriuresis. Consequently, NSAID inhibition of prostaglan-
din synthesis may decrease the action of ACE inhibitors and
furosemide.'® NSAIDs may decrease the antihypertensive effect
of ACE inhibitors. For aspirin, this action appears to be dose
related.1920 This warning is listed in the United States

Pharmacopeia-Drug Information (USP-DI 2004) and has been
reported in people, but its clinical significance has been de-
bated.1%20 The administration of an ACE inhibitor with the
NSAID tepoxalin is not associated with adverse renal effects.

Because NSAIDs are generally highly protein bound, interac-
tions with other highly protein-bound drugs are possible, but as
discussed previously, unlikely.2! Manufacturers’ labels on veteri-
nary NSAIDs have warned veterinarians that coadministration of
NSAIDs (many of which are over 90% protein bound) could in-
crease free fractions of coadministered drugs such as phenobar-
bital and produce adverse effects. However, despite the fre-
quently cited potential protein-binding interactions between
NSAIDs and other drugs, there are very few documented cases
where this has resulted in an adverse outcome, and the clinical
significance of protein-binding interactions has likely been ex-
aggerated. :

One last possible NSAID interaction worthy of consideration
is the combination of an NSAID with a fluoroquinolone antibi-
otic, causing CNS toxicity in people.* This type of interaction
with currently available fluoroquinolones used in animals (en-
rofloxacin, marbofloxacin, orbifloxacin, and difloxacin) has not
been reported, however.

Renal Interactions with NSAIDs and Anesthetics

In the kidney, prostaglandins play an important role in modulat-
ing the tone of blood vessels and regulating salt and water bal-
ance, especially during periods of renal stress. Renal injury
caused by NSAID use has been described in people and horses.
Reported cases of toxicity occur when high doses have been used
or when there are other complicating factors (e.g., coadministra-
tion of methoxyflurane).?* Renal injury probably occurs as a re-
sult of inhibition of renal prostaglandin synthesis and altered
renal autoregulation during periods of renal stress or insult.2* In
animals that have decreased renal perfusion caused by dehydra-
tion, anesthesia, shock, or preexisting renal disease, this interfer-
ence with prostaglandin synthesis can lead to renal ischemia.?®
Many cases of renal damage caused by anesthetic-NSAID inter-
actions might be subclinical because of the reserve capacity of
the kidney. Widespread nephron damage would be required (ap-
proximately 75%) before currently used laboratory benchmarks
for renal function (blood urea nitrogen and creatinine) would sig-
nificantly change.

Additional information is needed with regard to the safety of
the effect of currently available COX-2 specific inhibitors on the
kidney. Prostaglandins that play an important role in salt and
water regulation and renal hemodynamics are synthesized by
COX-2 enzymes.?® Constitutive COX-2 is found in various sec-
tions of the kidney, and administration of drugs that selectively
inhibit COX-2 may adversely affect overall renal function in
some situations. Of the currently available NSAIDs, carprofen’s
effect on renal function has been the most extensively studied.
Because carprofen is registered for use in perioperative situations
in an injectable formulation, safety studies have been conducted
to determine whether there is any evidence of an increased occur-

rence of renal toxicity with its use in the perioperative period,
particularly during anesthesia. In one study, carprofen, ketorolac,
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448 e Pharmacology

phanol reverses some respiratory depression and sedation pro-
duced by pure agonists, the analgesic efficacy may be preserved.*®
Similarly, in dogs given butorphanol for postoperative pain asso-
ciated with orthopedic surgery, there was no diminished efficacy
with subsequent administration of oxﬁdoeroso.uo However, in
another study, dogs that had not responded to butorphanol after
shoulder arthrotomy responded to subsequent administration of
oxymorphone, but the oxymorphone dose required to produce an
adequate effect was higher than what would be required if oxy-
morphone was used alone, suggesting that some antagonism of
analgesia may have been present.** When butorphanol and oxy-
morphone have been administered together to cats, a greater effi-
cacy has been reported than when either drug was used alone.*1#2
These clinical observations taken together suggest that antago-
pism may indeed #cur in some clinical patients, but in other pa-
tients coadministration actually results in a mvﬁoﬂm.?ao analgesic
effect. These divergent results from one individual to the next may
be dud to a variety of factors, including (a) differences in the pain
syndrome being treated, (b) species variation in response to opi-
oids, (c) dosage ratios of the specific opioids being administered
and (d) variation in opioid efficacy between genders. For example,
when looking at the first of these factors in humans, whether an-
tagonism or synergism occurs with the coadministration of butor-
phanol and a pure opioid agonist appears to depend on whether so-
matic pain versus visceral pain is present. These types of studies
have not been performed to date in common pet species.

Nomenclature

Commonly used terms to describe drug interactions are addition,
antagonism, synergism, and potentiation.

In purely pharmacological terms that have underlying theoret-
ical implications, addition refers to simple additivity of fractional
doses of two or more drugs, the fraction being expressed relative
to the dose of each drug required to produce the same magnitude
of response; that is, response to X amount of drug A = response
to ¥ amount of drug B = response to 1/2X, + 1/2Yp, 1/4X, +
3/4Yp, and so on. Additivity is strong support for the assumption
that drug A and drug B act via the same mechanism (e.g., on the
same receptors). Confirmatory data are provided by in vitro
receptor-binding assays. Minimum alveolar concentration
(MAC) fractions for inhalational anesthetics are additive.

Synergism tefers to the situation where the response to frac-
tional doses as described previously is greater than the response
to the sum of the fractional doses (e.g., 1/2X, + 1/2Yp produces
more than the response to X, or Yp).

Potentiation tefers to the enhancement of action of one drug
by a second drug that has no detectable action of its own.

Antagonism refers to the opposing action of one drug toward
another. Antagonism may be competitive or noncompetitive. In
competitive antagonism, the agonist and antagonist compete for
the same receptor site. Noncompetitive antagonism occurs when
the agonist and antagonist act via different receptors.

Experimental approaches to determine additivity etc. have in-
cluded dose-response analysis (Fig. 16.1) and isobolographic
analysis (Fig. 16.2).

-
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Fig. 16.1. Dose-response curve illustrating competitive antagonism
(A) and noncompetitive antagonism (B). In A, the dose-response
curve is shifted to the right in the presence of an antagonist, but the
shape of the curve is not changed. In B, the dose-response curve is
shifted to the right in the presence of an antagonist, and the maximal
response to the agonist is reduced.

Anesthetic Drug Interactions

The way anesthetic drugs are usually used raises special consid-
erations with regard to drug interactions. For example, (a) drugs
that act rapidly are usually used; (b) responses to administered
drugs are measured, often very precisely; (c) drug antagonism is
often relied upon; and (d) doses or concentrations of drugs are
usually titrated to effect. Minor increases or decreases in re-
sponses are usually of little consequence and are dealt with
routinely.

Commonly Used Anesthetic Drug Interactions

Two or more different kinds of injectable neuroactive agents are
frequently used to induce anesthesia with the goal of achieving
the highest quality of anesthesia with minimal side effects. The
agents frequently have complementary effects on the brain, but
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