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Sphingolipids differ from lecithin and cephalin, They
are phosphate esters of sphingosine bound to choline or
ethanalaming and primarily are found in brain tissue (o,
sphingomyelin, galactolipin),  The ratic of lecithin 1o
sphingomyelin (L/8) in amniotic fhuid or resuscitated amni-
otic fuid from the oral cavity of the newhorn is an aceurate
asgessment of fetal maturity and the respiratory-distyess
syndrome.  Changes in phospholipid biosynthesis during
gestation refleet the aging of Lhe fetad lung, as the L/S ratio
normally increases.

Tay-Sachs dizease is u lipid-storage disenso in which the
central nervous systemn degenerates hecnuse of the projres-
give intraneuronnl accumulation of excess amounts of the
aphingolipid ganghioside GM,, The aceumulation of GM; in
Tay-Sachs disease has been shown to be caused by o lack of
the enayme hexosaminidaze A. Therefore, the measure.
ment of serum, WBC or amniotic fluid hexosaminidase A iy
important in evaluating carriers and in disgnosing Tay-
Sachs disease in the fetus,

Both hexosaminidase A (heat-lahile) and hexosaminidase
B (heal-stable) can eatalyze the conversion of 4-methylum-
hellifery) -N-scetylgntactosnmine (n synthetic substrate) o
N-acotylgalactosamine and A-methylumbelliferone.  The
cleavage praduet, 4-methylumbeiliferone, Muoresces ander
ultraviolet radiation and the intensity of the fuorescence is
a meqsure of the netivity of Lhe enzyme,  In noncarriers, 50
Lo 76% of the total hexosaminidase activity is heat-labile
{hexosaminidase A), and in carviers 20 to 45% of the total
hexosaminidase netivity is heat-lebile.

The hlood fatty acids vceur in esterified (EIFA) and nones-
terified (NEFA) forme.  Triglyeeride determinations are of
vatue in differentiating the hyperlipidemic states, ie, essen-
tial (diet-induced) hypertriglyceridemina from familial hypo-
cholesterolemia with or without triglyceridemin.  Alter the
preliminary separation from phospholipids, triglyceridos
masl often are determined in torms of their glyeerol molety.
The glveerot released by saponification is oxidized to formal-
debyde and the lattor determined by Auorimetric or colori-
metric procedures, Triglycerides ulse can be determined by
coupling the glycerol Jiberated from lipase/a-chymotrypsin
lrealment of serum with a glycerol kinase-pyruvate kinase-
1.DH system and spectrometrie estimation of NADH. Nor-
mal triglyceride levels are 110 (o 140 mg/100 mL. An in-
crense in triglycerides will produce a mithy appearance in
serum (lipomic). LAEA annlyses ave based nlso on the renc.
tion of atknline bydroxylamine with esters of fatty acids to
form hydroxamie neids which produce a red color with ferric
chloride.

Gus chromalographie procedures have hesn used Lo quan-
titate the varieus fatty acids; je, palmitic, stearic, oleie, lin
oleic and linolenic acids, Meono-, di- and wiglycorides alsc
can be separated into classes and quantitated by eolun or
thin.dayer chromatography, and infrared spectrometry.
The total fatly acids of pkasma range from 200 to 4560 mpe/100
mk in the fasting state: they are devived from glycerides,
chaleaterol esters and phospholipids.

Al the lipids in plasma cireulate in combination with
protein, The free fatty ucids are bound to aibumin and the
lipids npgregate with other proteins to Torm fpoproteins,
Flectropheresis and ultracentrifugation are the principal
methods used 1o separale and identily lipoprotein families,
Chylomicrons (S > 400}, pre-g-tipuproteins (S 20-400), 8-
lipaproteins (S; 0-20) and o-lipoproteins are the four major
classes in order of increasing density and migration on cellu-
lose acetate eleatrophoresis, Chylomicrons are representa-
tive primarily of dietary or exogenous Leiglyeerides, pro-f-
lipoproteins of endogenous glycerides, @-lipoproteins of cho-
lesterel and its eslers and w-lipoproteing of cholesterol nand
phospholipids,  Abnormal Jipoproteins that wmay appear in
plasma include floating Z-lipoproteins, lipoprotein X and

complexes of normal lipoproteing with lpA and G myclomy
proteins {(nutoimmune hyperlipoprofeinemin}.  Age, sox
diet, lanting, posture changes and trauma can aller the li])i(i
profite,

The lipoprotein classes usually are separated by papey,
agarose or cellulose acetate electrophoresis. The strips ape
stpined with fnt-aolable dyes (Sudan Black or Oil Red ()
and guantitated by densiometric seanning, Primary hypor.
lipoproteinemins are classified into normal and five abnop.
mal types haged on cholesterol and (riglyeeride levels and
lipoprotein analysis.  Hyperchylomicronemia (Type 1),
hyper-f-lipoproteinemia {Type 1), broad 8-band (Type 111},
hyper-pre-f-lipoproteinemia (Type 1V} and hyper-pre-g-li-
poprofeinemin and chylemicronemia (Type Vi ave the major
clagses. Carbohydrate and [al-tolerance studies, post-hepa-
rin lipase activity and clinienl symptomatology also are infe-
grated inio the dingnosis of the various subclasses, The
presence or predisposition Lo coronary arlery disense and
other disease states is associnted with the various Lypes. '

Sioroids and Other Hormones——The steroids possess g
common structure, the perhydrocyclopentanophenanthrene
nuclens, and include cholosterol, bile acids, androgens and
the adrenocortical, ndrenemedullary, estrogenic and proges-
tationa) hormones,

Androsterone, dehydroepiandrosterone, etiocholan-3o-
ol-17-one, 11-ketoandrosterone, 11-keloetiocholanalone,
11f8-hydroxyandrosterone and HA-hydroxyctiocholanolane
are the principal wrinery 17-ketosteroids (17K5), These
andregenie hormones arve derived from the adrenal and, in
males, lesticular function, The principal urinary steroid
metabolites in this group of androgens are found both in the
froe form, and as conjugates of glucuronides, sulfates or
acetates, ‘Their determination in urine involves the acid
hydrolysis of the conjugates, extraction with organie sokvent,
reaction with alkaling m-dinitrobenzene (Zimmerman reac-
tion) and eolorimelric estimation of the chromagen. The
individual 1718 can bo separated by TLC prior to analysis
to obtain further information on the individual steraids,
The normal adult urine values are: male, 9 to 24 mg/day:
female, 5 1o 17 mg/day. Decressed excretion is seen in
hyponetive disense of the pituitary, gonads and adrenals.
Inerensed oxeretion is gseen i hyperplagia, cancey or {umors
of the adranale.

Festosterone ia the mast potent androgen in blood. The
measurement of urinary or serum lestosterone s useful in
distinguishing normal and hypogonadal males and in Lreat-
ing hireutism in the female, Ihis hormone js determined by
gas chromatography, compelitive protein-binding, isotope
dilution or RIA procedures,  Normal sexum testosterone is
0.2 140 1.1 pp/100 mLin the male and <0.1 /100 mls in the
female.

T'he natural estrogenic hormones are esteadiol, estrone
and gstriol, produced in the gonads, adrenals and placenta
The relative amounts of the three estrogens rise and fall
concomitantly during the mensirual eycle. Maternal, uri-
pary tolnd-estrogen excretion, especiolly estriol, i an indi-
rect index of the integrity and viability of the feloplacental
unit,  Analysis involves acid or glucuronidase-arylsulfntase
hydrolyais of the conjugates, removal of urinary glucose if
present, extraction and colorimetric or fluorimetric analysis,
In the determination, after ncid hydrolysis and ether extrae.
Lion of the urine, the estrogens nre melhylated with dimethy!
sulfate and chromatographically separated prior to reaction
with phenoisuifurie acid (o yield a red chromaogen Tor colori-
melricenalysis, The normal estrogen ouipul is 4 to 60 /24
I i the female and up to 25 wg in the male,  Estrogen
deficiency cun be related to ovavian failure and pituiiary
deficiency.

Pragesterone is a progestational hormone which is seeret-
ed by the corpus luteum of the ovary and alko by the adrenal
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corlex. Serum progesterone determination is of value in the

deteclion of ovulation and is a measure of the seeretory.

setivity of the placenta during pregnaney.  Progesterene is
determined in serum Ly RIA, double-isotope dorivatization,
gas-Higuid chromatography or competitive protein-binding
techuigues.  Noral, mensiruai-cycle sevum progesterone
fovels vary hetweon 0 and 1.6 /100 mL,

Pregnanediol is the principal metabolite of progesterone.
3¢ urinary determination of pregnanediol exerelion is an
indivect index of progesterone levels but iy subject to varia-
tion due to individual differences in hepatie metaholism of
ihis hormone and ia nol representative of total endogenous
progesterone praduction,

Adrenal cortex sleroids include glucocorticoids, andro-
pens, eatrogens, progesterons and mineralocorticoids. Glu-
cocorticoids ean be delermined as plasma cortisel (plasma
17-0H corticosteroida), urinary-ree (unconjugated cortisol)
or total-urinary 17-0§1 corticosteroids. The Intter are de-
tormined in uring ns 17-ketogenie steroids (1TKGE). The
J7HS in urine are reduced with borohydride 1o aleohols; the
1'7-0H steroids are oxidived with aodivm bismuthale or peri-
odate o 17KS and quantitated by the alkaline dinitroben-
sene method. The 1901 steroids can be guantitated di-
yeetly by the phenylhydrazine-sulfuric acid reaction after
hydrolysis of glucuronide conjugates nnd chromalographic
purification. The 17-OH steroid analyzis only determines
compounds with the dihydroxyacetone side chain, such as
1etrahydroacortisel or tetrahydrocoriisone; the 17KGE anal-
yais includes the 17-0H-corlicosteroids with the dihydroxy-
acetone side chain and the pregnonetriol type of compound.
Normat 17K GS daily urinary excretion is 5 to 23 mg in the
male und 3 to 15 mg in the female. They are reduced signifi-
cintly in myxedema and adrenal ov anterior pituitary insuf-
ficiency. Plasma cortisol usually fa measured by Muorined-
ri¢ or gas-chromatographic procedures.

Aldosteranc is the most active member of the mincrako-
corticoid group. The determination of urinary aldostorone
is of value in differentiating benign essentinl hypertension
from primary aldosteronism (Conn’s ayndrome), which is
enused by m adrenal adenoma and is necompanied by By
pertension. A double-isolope derivatization technique is
used. Urinary aldosterone is scetylated with *H-acetic an-
hydride; aldosterone-*C-dincetaie standard is added early
in the procedure. The "H/MC speciiie activity of the final
produet is measured after chromatographic purification and
in it direct measurement. of sldosterone.  The normal aldo-
sterone levels of ahoul 10 wp/day are elevated in Conn's
diseane and usually are associated with low serum potassi-
um, sodium retention and ow-concentration alkaline urine.

"The anderior pituitary secretes three substances (gonado-
tropins) which regultate gonadal aclivity: follicle-stimulai.
ing hormuane (FSH), uteinizing hormone of interstitiol cell
hormene (1CSH, LI and luteatropin (LTH), The gonado-
lropins are glycoprofeing. Bioassny methods ean be used to
determine gonadotrophic activity, After fractionation and
isolation the wrine extract in assayed in best animals as to the
Tollicular growth of the ovaries in hypophyseclomized ani-
mals or increase in lesticular, ovarian or uterine weight in
various animal modaels.  RIA technigues have been devel-
oped for these gonadotroping and represent the maost sensi-
tive and precise measitrement. method.

Analysis of sermn or urinary plucentul lactogen ([IPL)
and chorionie ponadotrapin (HUG), a placental-derived
protein hormone, is useful in the diagnosis of threatened
abortion, hydatiform mole and choviocarcinoma, HCG,
pregnanediol and progesterone as woll as total and fraction-
ated estrogens are uselul in testing for pregnancy. HOG and
H¥ L readily are messurod by RIA and low values arve seen In
threatened abortion and intravierine letal denth,

The inerease in HCG in the serum or urine of the pregnant
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{female ts the basis of arouline pregnaney dest, Peat compao-
nents consist of an antigen in the Torm of HCG latex parti.
cles and an HOCG antiseram,. When antiserom is mrced with
urine containing o detectalle Jevel of HOG, G is neatralized
and no agglutination of latex-antigen particles ocour {ogghe-
tinadion fehibition test), 'The commercial application of
the HCG assay gives laboratories 2 rapid, acouraie pregnan-
ey Lest Dy Laking advantage of menoclonal antibody specific-
ity and sensitivity. A monoclonal slide provedure on urine,
Duoclon (Organon Diegnostics), uses two different mono-
clongl antibodies, one against, HOG and one against the
HECGR subunil. for maximum specificily,  Agghutination in-
dicates a positive Lest with a sensitivity Jevel of 500 mit}
HCG/m., deteeting pregiancy a fow days aller conception,

Human growth hormone and insulin ave proteing which
are of diagnostic value in growth-rate studies nnd diabetes.
They are hest guantitated by RIA.

Epinephrine and norepinephrine are bialogienlly active
catecholamines derived from the adrenal medultn and sym-
pathetic nerve endinps.  Catecholamines ave measurad in
the bleod and urine afler fraclionalion on aluming ar jon.
exehange columnsg, exidation at pH 3.5 or 6.0 and subse-
quent (uerimelyic analysis.  Urine catecholumines are in-
creased to 2360 pg/24 hr in adrenal medullary tissue lumors
{pheachromaocyloma). The normal plazms fovel s 21 1o 6.5
pped Lo with about 80% as narepinephring,

Vanillyimandelic neid (VMA) is the urine metabolite of
these two calecholmuines, Hs gquantity in urine reflecls the
endogenous seeretion of eatecholamines. VMA ean be de-
termined colorimetrically, after extraction of the urine with
ethyl acelate nnd diazotization will g nilroaniline and etha-
nolamine inthe presence of carbonate ion.  VMA also e be
measured spectrometrieally following periodate oxidation to
vanillin and solvent extraction. The novmal outpul is 0t
12 rag/24 hr.,

Homouvaniliic acid (HVAY is nol & metabolite of epinephs
rine or norepinephrine, but is produced from a conmuon
precursor, dopamine,  Blevated HVA excretion is diagrostic
in eases of neurohlastoma,

Ihe hiosynthesis of serotonin (- hydroxytryplamine) and
wrinary excretion of i1s metabolite, 5-hydroxyindoleacetic
acid (B-HTAA), are incrensed i argenlalfine tumors. These
have a very large capacity to metabolize tryplophine stores
Lo seratonin,  Urinary 5-HIAA increases from | to 7 mgf24
hr to as much as 1 g/24 by in this type of tumor,

Bilirubin, a tetrapyrrole shich s derived from seneacent
red-cell degradation, nermally oceurs in Jow congentration
in the blood, In bile, it is presunt ne the water-soluble
conjugated acyldiglieurenide.  In hlood, bilirubin is tightly
hound 1o plasgma athumin. The reduction of bilivabin in the
intesting yields urehilinegen which iz, in torn, oxidized f0a
Brown pigment...urobilin,

Serum hilirubin is determined by coupling with diazotized
sullunilic acid Lo form azohilirubin for colorimelrie analysis.
‘The direet or conjugated biliriebin test is parformed in aquo-
ous media; the indirect or free bitirebin analysis is per-
formed in methano! or coffeine-sodivm henzoate solulio,
Novmal values in serum arve:  divect, 0 1o 0.3 me/100 mls:
total, 0 to £.5 mg/100 mkE.

Clinical jaundice is o yelowing of the tssues associnted
with hyperbilirubivemia; in homolytie disease ol the new-
horn due to Rh and ABQ incompatibilities, indirect serum
hilirubin is elevated, whereas acule hepatitis resudls in in
creases in Lhe divect Lype,

Mectrolytes —The normal plasma electrolyie level is 154
miEg/l, of cations and 154 mEq/L of aniens. The osmaolig
effects of chloride, bicarbonate, sodium and potassivum nre
important in the maintenance of normal musele condraction
and water distribulion between cells, plasma and injerstitis
fluid.
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Flame photomelry, stomic-ibsor plion spectrometry, neu-
tron-activation analysis, Xeray fluorescence, ion-specific
electrodes and colorimetrie techniques sre used in the iden-
tification and determination of catlons or anjons in hiologi-
enl fluids,  Advances in technology have developed multi-
phase systems capablie of measuring not only sodiwm and
potassium but also ¢hloride, carbon dioxide and caloium
simultaneousty.

Sodinm end potassiton serum concentrations are readily
measured by flame photometry or highly sensilive and spe-
eific alomic-absorption spectrometry, ‘The lotter technigue
is similar to emission-flame pholometry, except thal it mea-
gures energy ns it is absorhed by atoms rather than as il is
emitted by atoms. Both technigues are based om tho ehar-
nckerigtie absorption or emission wavelengths of the cations.
lon-specific glass clectrodes also are used for Nat and K*
determinations, eliminating the use of a flame or combusti-
ble gas and can be performed on whole blood, plasma or
serum,

Chioride levels in serum or urine are determined by {itra-
tion with acid mereurie niteate solution in the presence of 5-
diphenylearbazone indicator, ‘They alse may be determined
potentiometrically with a silver-silver chloride pH electrade
agaembly, The normal serum values are 135 to 166 mldg
Na/L, 3.9 to 5.6 mEg K/L and 95 to 106 mliy Cl/L; urine
levels are 160 to 197 mitg Na/day, 20 to 64 mlZg K/day and
180 to 270 mlig Cl/day.

Serum sodium, potassium, chioride and biearbonate de-
terminations are useful indieators in adrenal corticnl insufli-
viengy, rengl and cardiae failure, anuria, dehydration, ali
mentary tracl disenses associated with diarrhen nand vomit-
ing and increased rena) electrolyte excretion (diurvetie
Lherapy).

The determination of excess elloride (>50 mEqg/L) in the
porspiration of patients wilh poncreatic cysiie fibrosis is nn
nceurate diagnostic tool.  Perspivation is stimulated by plac-
ing the patient’s hand in & plastic bag for 15 to 20 min or,
praferably, by an iontephaoresis technigue in which pilocar-
pine nitrate fons are transported through small arcas of the
skin to produce local perspiration. The chloride content
may be guantitated with sifver nitrate-potassim chromute-
improghated papers or with ion-selective electrodes.

Bicarbonate, phosphates, sodium, potassiwn and chloride
concentrations are related Lo maintenance of aeid-lase bal-
ance in the hody. The pH of the blood reflects the state of
the acid-base balance and is related mathematically to
HGOy" concentration and partial pressure of COy (PCO,) in
Bloed by the Henderson-Hasselbach equation,

pH =61 4 log il{{v? \]« (2)

Bloed ptl, an measured clecirometrically, has n normal
range of 7.86 1o 7.40 for venous sumples and 7.38 to 742 for
arterial samples, The pQ0Oy level in blood is determined by
measuring the pH of the blood at three different pCO; con-
centrations-—one native 1o the blood and the other two ob-
tained by eguilibration with gas mixtures of known pCOs,
Blood bicarbonate leveds also may be determined by measur-
ing the amount. of acid neutralized by plasma or sexum and
pCQy ealeulated by Eq 2, The relationship belweon pCO2»
and carbonie acid concentration is

[H,C0,] = 0.03 X pCO,
torr (3)

The role of exygen and hemoglobin in respiration has been
discusged previously, Mensuremenis of blood pH and CO,
content are used in difforentinting respiratory acidosis (low
pH, high CO,) from metabolic acidosis (low pH, low COy).
Blood oxygen {(p0y) and percent oxygen salurction gre
measured by a polaregraphic method; the blood sample is

mM per L

placed in a chamber nnd sepurated from a combined platj.
nun and silver-silver chloride electrode by a polypropylens
membrane, By diffusion through the membrane, equilibyi.
umn i eatalitished between the pOy of the Wood and a filwy of
sobution in contuct with the clectrode, A current, whieh jy
proportionnl to blood pQy, is generated after the application
of & polarizing vollage.

Caleiim end phosphores are important minerals in (hy
processes of bone enleification, nerve irvitability, muscio
contraction and blood congulation. Calelum is present, in
plasma as an ullrafiltorable {ionic and nonionie) form and 4
protein-hound Mraction. Blood phosphorus consists of inor.
ganic phosphoras, ovganie phosphate ester (GEP, ATP) ang
phospholipids.

Serum and urine calcium levels are determined routinely
by tibention with EDT'A or BG'T'A using a MTuorescent. caleein
or ealcichrome indicator.  Other methods are bused on ithe
colarimetric analysis of cateium-methylthymol blue com.-
plex in the presence of §-quinelinol Lo prevent inturference
by magnesium, Bis-{o-hydroxyphenylimino)ethane forms
a colared complex with ealeium and, in the presence of poly.
vinylpyrrolidone to inhibit phosphate interference, ik 8 sen-
sitive and apecifie method for caleium.  Caleium s deter-
mined hest by atomic-absorption spectrometyy,  As with all
calions, enleinm ean be determined by emission- or absorp-
Lion-flame photomelry or ion-seloctive electrodes.

Inoeganic phosphorus levels ave determined by reaction
with acid molybdate reagent. to form phosphomaolyhdic seid
which, in turn, is reduced with sminonaphtholsulfonie acid
or p-dimethylnminophenol sulfate to give a blue complex
which is estimated colorimetrically. Normal serum levels
sre 2.5 to 4.5 mg P/100 mL and 9 to 11 mg Ca/100 mi.

Calelum levels are decreased and phosphorus increased in
hypoparathyroidisim; an oppesite effect is seen in hyperac-
tivity of this gland. In rickets and vsteomalacia, the concen-
trations of both elemenls are docreased. In eslablishing
primary hyperparathyroidism and other ceuses of hypoercal-
cemia, daily messurements for ionized enloium (Ga®') are
replacing total Ca measurementy using ISE technology.

Copper, magnesium, zinc and iron are {race clements in
blood. They are quantitated readily by flame pholometrie,
colorimetric or atomic-absorption technigues,

Organ Funciion Testa—The analyses of various blood or
urine constituents, determinution of metabolic exeretion
rates of exogenous compounds or endogenous metabolites
and elfect of exogenous stimuli on these parameters are used
for evalualion of fn site ackivily and funetion of various
organs.  Organ function studies are porformed in diseases
assoelated with the liver, kidney, parathyroid, thyroid and
pituitary gland, gastroinlestinal troct, pancreas, adrenals
and gonads, ‘T'he principles and significance of the analysis
used in such evaluations have been described also in other
sections of this chapter.

Tests for hepatic function are based on bilirubin metabo-
Ham and excretion, carbohydrate metabolism (galactose tol-
orance (est), plasma-protein ¢hanges (eaphalin floceulation
{est and A/G ratio), abnormal fat metabolism, detoxification
meehanisms (hippuric acid synthesis), excretion of injected
substances |BSP], prothrombin formation and proviously
digeussed enzyme levels.

Disoases of the liver are due to cellular alterations {hepa-
tocellular) or obstructions to the fMow of bile (obstructive
jnundice).  Hepatocottular liver disease ean be chronic
(postnecrotic cirrhosis, carcinoma) or acute {viral hepatitis,
alecoholism, toxin- and chomical-induced).

The cephalin flaceulation test is based on the Tocculation
of cephalin-emulsified choleaterol by y-globulin. In normal
serum an albumin-like protein will inbibit this reaction; in
hepatic diseases, which produce abnormal y-globulin or re-
duced albumin levels, the flocculation will occuy,

The detoxification mechanisms of the leer can be evalu-
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ated by intravenous administrution of sodium benzoate and
estimation of the henzoic acid metabolite, hippuric acid, in
the urine.  In hepatoparenchymal disease, a reduced capaci-
ty of the liver to form hippuric aeid by conjugation of glycine
and benvole acid is observed,

The ability of the liver Lo excrete an injecled dye is deter-
mined in the BS tes(; the serum is analyzed for dye coneen-
tration ot o suitnble time interval after IV administration of
210 5 mg BSP/kg. Radioiodinated ("*'1) Roge Bangal Sodi-
um dye olso hag been used in dye-exeretion studies with
isolopic estimation of urine dye Jevels,

Kidney funetion tests are based on the determination of
blood nonprolein nitrogen (urea, uric acid and eveatinine),
electrolytes, blood acid-hase balance, routine urinalysis and
the clearance of administered compounds in the urine.
Most clegrance studies are performed with substances that
are nol resorbed or secroted by the renal tubules:  inulin,
mannitol, sodium p-aminehippuraie or 1%1-iothalamate so-
dium (podiwm S-acetamide-2,4,6-Lriiodo-N-moethyliso.
phthalamate). These are administered intravenously and
the rate of urine elearance and glomerular filtration is esti-
mated by analysis of the urine. The excrelory capacity of
the renal tubular epithelium can be determined by measur.
ing the clearance rate of PSP, The dye is injected 1V and
the rate of its clearance in urine is determined. PSP is
bound lonsely toserum atbumin and is removed rapidly from
the blood by the venai tubules.

Sodium iodohippurate-("1), which is extracled almost
completely from the blood on a single passage through the
kidney, also has been used in venal function studies; a reno-
gram or isotopic sean of hoth kidneys is performed, The
Lest provides data on renal tubular secretion, renal vaseular
competence and renal evacuation and is primarily useful as &
comparison of individual kidney funetion. Tt is important.
to note that 0% of kidney function can be compromised
without any significant change in the routine renal funetion
parameters.

Thyroid function iests usually measore Lhe eivoulating
Jevals of the thyroid hormones, and not the end-organ effect.
The thyroid gland converts inorganic iedide to Lthyroxine
() and trifodothyronine (Th). ‘Tyand T, are stored in the
colivid part of the gland aa part of the thyroglobulin mole:
cule. Hypothalamic thyretropin-releasing hormone
(FRH) medintes the reloase of the pituitary thyrotropin
(thyroid-stimulating hormone, TSH). Excess levels of cir-
cutating 'Ly depress, and low levels of Ty increase, THH
release. T'SH stimulates the proteolytic degradation of thy-
roglobulin Lo retease 1y and Ty, and increases organification
of indine, Ty necounts Cor 90% of seeretod thyroid hormaones
and exists in blood bound o thyrosine-binding globulin
(TRE) or ihyroxine-binding preatbemin (P'BPA) or loalbu-
min, Ty is not pratein-bound and has 5 1o 10 times the
biological potoney of Ty on o weight bagis. Therefore, Ty
represents the major part of protein-bound isdine (PBI).
The level of free thyroxine (IFTy), the aetive fraction in
blood, i regulated by T’y and Ty release and the levels of
hinding proleins in blood and Lissues.

The uptake of orally admintstered Na ™7 preparations by
the thyroid gland can be estimaied by isotopic sennming of
the gland 24 howrs after 1 administration and is an index
of glandubar function (hypernctive, >60% uptake; hypoue-
tive, <15%).

PBI determinations are based on the precipilation of pro-
Lein-hound thyroxine, renoval of inorganic iodine by bosic.
ar anion-exchange chromatography, alkaline incineration to
converl thyroxine Lo inorganic iodide and, finaily, quantita-
tion of iodide by reaction with nrsencus a¢id and eeric am-
moniwm sulfote. PRIy o good estimate of total cireulating
hormonal iodine, The normal range 15 4 1o 8 /100 mL
seram.

Ts ean be determined by eolumn chromatography in
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which it is separated and isolated by ion-exchange chroma

tography, and then analyzed colovimetrically, Nonisotope
thyyoid nssays bave been developed using fluoreseence po-
larization methods for T, and Cree-thyroxin index, In the
competitive protein-hinding assay for Ty, serum Iy com-
peles with 6121y for hinding sites on & known amoeunt of
TBG. Tho ratio of bound to free '™ is determined by
adsorption of 21T not bound to TBG on an anion-ex-
change resin embedded in a polyureihane sponge or a porous
dexiran gel, and is a divect index of Ty levels, The presence
of mercurials, inorganic iodide or indinoted radiographic
compounds in serum interferes with the 'Fy colunn and P13
procodures, Phe competitive-bhinding procedure is affectod
by the presence of highly protein-bound drags or changes in
TBG jevels inserum. The normal range of seram Ty is 29 1o
8.4 ue/100 mLL by cohunn and 8.0 40 7.0 4g/100 mlL by bind-
ing assay. ‘T nnd PBIare incrensed in hyperthyroidism and
the enrly stages of hepatitis. T; and PRI are decreased in
hypothyroidism and nephrosis.

FT5 also is determined in a competitive protein-linding
nssay in which ™JTy and serum are incubated, and then
dialysed to determine the percent dialyvable 71Ty, FT,
analyais is used in suspected abnormalities in protein-bind-
ing globulins, Ty binding eapacity of serum TRG, albumin
and preatbumin can be delermined after electrephorotic
separation of these proteins, .

T analysis is determined by the resin-uptake test. The
uptake of 11Ty by a resin is determined in the presenee of
the test serum.  In hyperthyroidism, the primary THG-
binding sites are saturated and 1Ty is taken up by the
resin. The resin uplake is decressed in hypolhyroidisn,
and most of LTy is bound to TBG in serum. A free
thyroxine index can he oblained by mubtiplying T (resin} X
Ty {competitive binding} X 0.01. This product deviates
from normal in the seme direetion as Ty oid Ty in hyper. and
hypothyroidism. This produet is stable during euthyroi-
dixin in spite of ehanges in binding proteins; eg, a euthyroid
patient on phenyloin therapy will show a decreased TBG
and Ty and inereased Ty, but (Ty X Ty is novmal. The
indication of hyper- or hypothyroidism in the presence of
abnormal pmounts of 'TRG is ohserved in the (T X Ty
product,

The determination of TSH by RIA nppears to be the most
wselul lest in discriminating patients with primary hyper-
thyroidism from the suthyroidism or hypothyroidism sec-
ondary Lo pituitary discase. Serwmn 'TSH s increased in the
primary disease state.

The PBI conversion rotio is an estimate of the rate of
conversion of inorganie iodide to P13L. Radiolodide-('97) is
ndministered Lo the subject; after 24 hy, asample of blood iy
ohtained and the "1 to PR is estimated by radiochroma-
tographic procedures with fon-exchange rusing (normal con-
vergion, 18 to 42%).

Adrenoeortical fuaetion is evaluated by estimation of se-
rum or urinary 17-kedosteroids (17-K5} and 17-hydroxyeor-
ticosteroids (17-0OH-C8) (androgen and corticosteroid me-
tabolism), serum electrolytes (aldosterone metaholism) and
blood adrenocorticetrophic hormone (ACTH) levels in the
basal state, aller stimulation with IM or IV ACTH, or after
adrenal inhibition with dexamethasene. In the normal indi-
vidual, ACTH will increase plasma cortisol and urine 17-
OH-C8, and dexamethnsone will suppress plasma corlisol,
Metapirone, an inhibitor of 115 -hydroxylase, will cause sc-
lective soeretion of compound & (11-deoxycortisol} by the
adrenals in place of cortisol.  Compound 8 will not. inhibit,
the adrennl-pituitary feedback mechanism, the pituitary
will secrete more ACTH and the adrenal will secrete more
compound 8. The determination of wrinary 17-01H-CS or
tetrahydro-compound 8 (PHS) following melapirone ad-
ministration is a good index of the functional integrily of the
pituitary-advenal axis; pationts with virilizing advenal hy-
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Tabie IV—Reletonce Vaiues®

Elactrolytes
Caleium
Chloride
GOy confenl
Magnesium
Phosphorus
Polasaiunm
Sadium

Metabolites
Bilirubin
Choleateral
Crealining

Glucose
Iron
Triglveorides
Uren nitrogen (3UN)
Uric acid
Proteiny and enzymes
Alamine aminotrans-
tornse
Aibumin
Alkaline phosphatose

Amylase

Aspartaie amino-
Lranalornge

Curcinoembryonic

antigen {CEA)

Creating kinase (CK)

Glutamyl Leansloeraso
{GGT)

A0-10.6 mg/dlL

1.2-2.4 mByfl,
2.5-5.0 mg/dL

0.1-1 2 mp/dlL
150250 mg/dl.
0.7-1.5 mp/dL
(nduits)
60-95 mp/dL
50166 pgldls
20180 mp/dL
826 mpg/dl,
2.5..7.0 mg/fdlL

(ALT, SGPT)

3.5-5.0gfdl

A5-120 W/L ut 377
{adults)

H0- 180 Somopyi
Units

{AST, 5GOT)

<2.5 ngfml,

2.25-2.65 mmalfl.
Q8-109 mmol/L
23-30 mmol/L
0.6-1.2 mmol/LL
0,811 .62 mmol/L
AT-6.3 mmol/L
136146 mmol/L

1.7-20.6 gmol/l.
A.9-6.5 mmoel/L
£2-123 gmal/l

3.33--6.28 mmol/L
D.0-20.5 pmol/ L
,22-1.98 mmol/L
2.0-9.3 mmal/L
0. 15041 mmol/L

840 U/, af 37°

3550 g/L

H0-400 U/L nt 37°
(children)

110-330 U/L

240 U/1, al. 87°

<25 ng/L

10--180 U/1, at 37°
5-40 U/L aL 87°

(:nrtg'uol (free) in
urine

Folliele-atimulating
hormone (FEH)

t7-Hydroxycortico-
steroids in urine

17-Ketosteroicds in
urine

Luteinizing hormane

(LEY

Metanephrine in
urine
Prolactin

20-90 pp/24 hr
Adull males

2-15 mIUAnl

310 mg/24 hr
515 mg/4 hr

B30 mgl2d hr
0.0-8,0 mp/24 hr

Adult males

H-26 mIU/ml.

<13 mg/d hr

120 ng/ml.
(mindes)

(120 /L)

56,5-17.5 p/dl

505248 nmol/24 hy
Adult Females

Follicular phage
315 miliml
Ovulatory spike
£0-50 mIU L
Lutenl Phave
3-16 miU/ml,
Poubmanapaiies
30-200 mIU/m].

{adhult fomnles)

(aduit males)

{prepubertal
children)

Adult females

Folticwlar phasc
£-30 mli mlL
Ovulatory spike
B0O-160 mEL/ml,
Lateat phase
§-40 m1U/mL
Postmenopause
30-200 mIUW/mlL

1-26 ng/ink,
{females)

(24 pp/l)

7.8-16.0 pg/dL

Lactate dehydrogen.  60-220 U/L al 87°  (lactato -+
s {1IIH) pyruvale)
Totad protein 8.0.-8.0g/dL B0-80 g/1.
Hormonoes

720 pg/dL (ad
8:00 AM) }
(200-550 mmod/L) (80360 mmol/L)

Cortigol in plosma 313 uy/dL (at 4:00
PM

Thyroxine (v}
{newborns)
{101-208 nmol/L}

[adulls)
(72103 himol/1s)
Vanillylmandelic neid  <6.8 my/24 hr
(VMA) in urine

« Seram specimens unless otheewise indicated %

perplnsia excreie excessive THS due to a 114-hydroxylase
defect.

Cgm mon, chemistry, reference values ave listed in ‘'able
SATRL

Automaled Annlysis—The automation of analylical
technigques used in blood and urine chemisiry, hematology,
Blood typing and immunology has increased tho productivi-
Ly and accuracy of the clinical laboratory.'® Compuderiza-
tion of the nutomaled nnalytical system also has increased
the rapidity of reporting test resulls, reduced clerical error
and provided a unified and updated report of the laboratory
tests for each patient.

In the SMA-12 {or SMA-20) Autoanalyzer (Technicon), a
conlinuously operating, mulliple-channel proportioning
pump maoves the sninples, diluents and reagent streams.  Air
hubbles segment the flowing streams of samples and re-
agents, which then may {ow through dialysers o romove
interfering suhstances, move them into chambors presct at
desired temperatures and, finally, into detection devices
{colorimeters, luorematers, flame pholomelers, spectro-
photometers), A serum standard is run simultaneously with
the samples., ‘The results can be read directly from a record-
er or can be coupled into a digital computer outpul. Se-
quential, mulliple analyses in the SMA-12 are accomplished
by distributing the sample to 12 different analytical streams,
so that all 12 analyses nre in progress at the samo time, The

SMA-12 profile usually determines caleiurn, inorganic phos-
phorus, glucose, BUN, urie acid, cholesterol, total protein,
albumin, total bilirabin, alkaline phosphatase, LDH and
AST., The Mark ¥ (Hyeel), Blktachom 400 (Kodak), ACA
{(Dupont) and DSA-560 (Beckman) also are used in auto-
mated elinical-laboratory techniques.

Technicon recently developed the “capsule chemistry
analysis on the Chem 1 analyzer. Microaliquots of the sam-
ple (1 L) and reagents (14 uL) are encapsulatad within an
inert fluorcearbon liguid, The resulting “test capsule” is
introduced into a single, analytical flow path (composed of a
solid fluorocarbon liquid, Tetlon) where the sample is incu-
bated, mixed, rescted and measured as o moving series of
individual tesls. The renctions are monitored at in-fine
detector slations for colorimetric and nephelometric mea-
surements.  On each sample 35 chemistries ¢an be run se-
quentially.

"The rapid growth of more-sophisticated chemistry analy2-
ers incroases the capncity of any clinical loboratory and is
associated with small-specimen requirements incorporating
bateh analysis, profiles and stat eapabilities, In addition o
routine chemistry Lesting, the syatems test for enzymes, im-
munoassay, therapeutic-drug Lests, congulntion (fibrinogen,
antithrombin 111, plasminogen) and eleetrolytes, ‘Toch-
nigues eliminating liquid requirements of other reagent sys-
temms are available from Kodak and Ames using dry reagents,
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which are impregnated in pads on astrip or slide and read by
a reflectance photomeler,

Autmmeted hematology and simultancous determination
of RI3C, WRC, hemoglobinand hematocrit, MUV, MCH and
MOCHC can be performed on the SMA-TA (Dechaleon) An-
lyzer. The automated Technicon Homalog syslem will pro-
vide data of SMA-TA and COV (eonduetivity cell volume),
prothrombin time, partial thromboplastin time and platelet
count.  Awtomuated leuhocyte differentinl was diseussed
previously under Hematology.

Urine

The formation of urine and i3 excretion are eritical phys-
iological aclivities of the body which provide a mechanism
for the maintenance of a constanl internal envivonment. lor
all cells, tissues and organs.  This internal ecology of the
body is well-recognized and known as bomeostasis.  Tnas-
much as the urine reflects what is oceureing within the hody,
it offers o fluid which is an imporfant source of information
that is most useful 1 an aid in the definition of the states of
health and disease. More specifivally, the kiduey, by means
of wine formation

1. Regulates ihe body wider,

o Freretés metaholic woste products, maory of which sveof o nitrogn-
s nakure.

3. Exereles lowic substances of hoth endogenous and exogonons o
i

4. Reguliies Uhe eleetrolyto oquilibrium of the bordy by either excret.
ing or retaining each speeific fon.

b Muaintains Lhe delicnte halanee of pH within the hody by eseration
of exeess seid or exeess bose.

6. Provides as important rosle for the elimination of phannacent ivad
wrents and thuir breakdown products from fhie hody,

Normal urine containg several thousand compounds mosl of
which oceur in minute quantitics, Table V identifies some
of the eonstituents of normal urine which are of particular
signilicance,

Urine is studied quite widely as ¢ means of identifying
abnormalities associated with disease. 'The importance of
such study is emphasized by the fact that the number of tests
carried out on urine far exceeds those made on all other hady
fluids combined, Urine not only Is important in providing
information relating to kidney disease, but it may provide
information velative 1o many olber body activities.  Infor
malion from arine studies is of diagnostic value in functional
diseases of the kidney, Hiver, panereas, blood, bone, muscle
and the urinary, gastrointestingl and eardiovascular sys-
tems. Urine studies provide vital elinical information on
clectrolyte and water balance, acid-base cquilihrium, inter-
mediary metabolism, inbom errors of metabolism, drug
abuse, mtoxication, pregnancy and hormone balanee, Most
ol these parnmoters have been discussed earlier and this
section will be devoled Lo routine urinalysis.

Table V--Mormal Constituents of Urine

Congtituant oy Constituent gy
Waler 1400 Amine acids 21
Teotal solids 60) Purine hagon Q.03
Urey 30 Phenoly 0,03
Urie: seid 04 Troleing (Lotal) 0025
Hippuric agid 0.4 Chloride (ns NaZ) 12
Cremlinine P Sodium I
Indiean 0.1 Potassium 2
Citrie aeld 0.4 Caleium 0.4
Laetie avid 0.2 Magesiuom 0.15
Orxalic agid 0,08 Sullur (Lotall %]
Mieotinie neid B0002H  Phosphnte (s 1) Tk
Allantoin 0.04 Ammonia [

CLINICAL ANALYSIS 517

It is fmportant 1o recognize that urine test information,
like: all other Inhorntory data, helps provide n picture of the
whole body, but any single resull requires interpretation Lo
be most meaningful. T also should be resognized thal neg-
nbive results can be essentially as useful as positive results in
apreat many instances.  T'he ready availability of urine is an
advantage that makes il practical as a material for monttor-
g the eourse of the treatment of disense ag well as Tor ils
recognition and definition.

MostLurine examinations inelude observations with regard
fo the majority of the following—ealor, odor, turbidity, pH,
protein, glucose (or redueing substances), ketone hodies {ac-
atone), oceult blood, bilirubin, urabilinogen, bacteria (eul-
ture or chemical tesls), specific gravity and microscopic ex-
amination of sediment, including erythrocytes, lotukocytes,
custs, epithelinl colls, crystalg, bacleria, parasiles and exioli-
abive cytology. A “routine” wincelvsis varies in different,
institutions bul erdinarily invelves the inclusion of the ma-
jority of the above tests,

Urine for Jaboratory study should he eollected in clean
conlainers—-preferably inlo a disposable unit {polystyrene
tube) with n capaecity of 16 ml which con be used for collect-
ing, transporting, centrifuging and testing, Refrigeration is
desirable for any specien which is not tested within 1 to 2
hours,

I{ urine is Lo be transporled through the mails or is to be
lreld Tor a significant lime ul room temperature, it is degir-
able to add a uring preservative (formalin, methenamine,
thymal, toluene) which will interfore with microbial growth
in the specimen.  Several proprictary uring preservative
tablels are available. I wrine is allowed to stand ot room
temperaiure, bacleria will grow in the specimen and cause
degradation of many constituents, Freguently, the hacteria
decompose urea into ammonium carboyate with a resulting
inerease in the alkalinity of the specimen. Formed ele
ments, parlicularly casts and red hlood colls, disintegrata in
alkaline solulion.

The majority of urine Lests are done on random specimens
but, in certain instances, 1L is tecessary to have o 24-hy
specimen for cortain spectabized annlyses.  For urine-supar
testing in diabetes detection, it is desirable to use a post-
prandial urine specinen (ie, alter n meal), For protein tests,
as well ag chemical or culture Lests for bacteriuria, the first
morning specimen iy preferred.  Most laborstories uke com-
moreinlly available, standardized, reagent-impregnated
strips (“dipstrips”) or Lablels (Ames) for routine urinalysis,

Insirumentation in Urinalysis—Automaled urine-test-
ing systems, semiautomaled reagent-strip readers and a sys-
tem which performs the complete urinalysis procedure have
heen developed.  The strip reader is a refleciance photom-
gtor which mensures urine pll, proiein, glucose, ketones,
blood, bilivubin, nitrate and vrobilinogen,  The TRIS AIM
(International Remote Imeging Systems) mensures uring
apaeilic gravity by refractometry, uring sediment by staining
and elussifios analyles, controlled fluid dynamics, video mi-
groscopy with an image processor, a chemistry system Lo
read a standard dipstick by reflectance photometry, and
color and appearance. 'Phese aystems achieve standard re-
gulls for roufing urinalysis and inerease accuracy and preci-
sion,

Volume—The normal voliume of urine exareted during a
24-hr period is usually in the range of 1000 to 1500 ml,. Itis
posgible for o healthy person to modify the volume either by
severe fluid restriction or by ingestion of excessive guanti-
ties of fluid. I certain disorders there s & change in wrine
volume,  Urine-volume increases are identified as polyuria
and are encouniered in dinbetes mellitus, diabetes insipidus
and in corlain stages of chronic renal disease,  Urine volume
is increased during diuretic therapy and with the ingestion
or injection of farge volumes of floid, A decrense in urine
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volume usually oceurs in dehydration, waler rostriction and
in acule or terminal renal disease. Extonsive water loss
from severe dinrrhen or vomiting cuuses oliguria or do-
cressed uring volume,  Acute renal fuilure precipitated by
shack, poisons or transfusion renction may resull in a com-
plete absence of urine excrotion or anuria, In the majority
of instances urine stucly does not reguire volume measure-
ments, but. these ure quite critical in severely ill persons
where oliguria or anuria is present.

Specific Gravity-Osmolality—The urine demmity or
specific gravity is related to the amounal. of solids exereted in
a given volume of urine,  In the majority of instances in
healthy persons the specific gravity varies between 1.010 and
1.030 and is refnted Lo dietary habits of fluid and foad inges-
tion and, secondarily, Lo the loss of [luid by other routes such
ns extensive sweating. 'The mensurement of urine denaity or
apecilic gravity is a part of “rouline urinalysis,” and as such
provides information with regard to water and solids turn-
over in the body, The specific-gravily information alone is
nol nearly #0 important as it may be in conjunetion with
other observations. Thus, if dehydration is suspected,
apecific gravity in tie midrange of 1.015 would cast a doubt
about dehydration unless there was a concurrent renad dye-
[unetion.

The kidney possesses a remarkable ability to either form a
concentrated urine or a very dilute urine ranging from a
speeific gravity of 1.001 to 1.032. This concentrating or
diluting capacity is diminighed in cases where there is n loss
of renal function. In fnct, one of the sensitive lests for
measuring renal funclion involves the so-gailed dilution-
concentration tests where fluid is administered or withheld,
and the specific gravity of the urine is measured. With a
serious loss of renal function, the kidney cannot excrete &
urine in excess of 1,020 even wilh marked fluid restriction.
In advanced renal disense the specific gravity of the urine
may become “fixed” or constant in the range of 1010 to
1.012 with all urine being of this specific gravity regardloss of
whether thore is overhydration or dehydration.

Specific gravily is measured readily with a special hy-
drometer, called o urinomeler. Thera is a correlation be-
tween the density of urine and its refractive index, and o
spicinl refractometer has boen designed which gives read-
ings in spacific-gravity unils on asingle drop of urine.

Cartain abnormal constiluents of urine, such as glucoss or
protein, when present in high concentrations, will cause sig-
nificant increases in apecifie gravity. Certain X-ray cons
trast medin, when excretad in the urine, also will cause
marked increases in spocific gravity,

Urine specific gravity is only an indirect index of solute
epneentration, e, 1 mode of uren will produce a lower specific
gravity than 1 mole of glucose, Osmolality is o divecl mei-
gure of the molal concentration of solules in solution regard-
less of their molecular weight, e, 1 mole of NaCl dissociates
into T mole of chloride iop and 1 mole of sodium jon.  Osto-
fality is determined in a divect-reading osmometer by com-
paring the [reezing point of urine with that of a standard
sodium chloride solution,

The kidneys normally excrete 500 to 1400 mOsm/hg (an
osmol is that weight of any subsfance when dissolved in
water depressos the freesing point 1.BG*) of golutes per day.
Man concentratos urine and eliminates the daily solule lond
al o maximum volume of 1200 mOsm/kg water, Urine ox-
molality is an inverse function of urine volume in the normal
eatabolic atate. Urine volume ia regulated by the antidi-
urotic hormona (ADH) and sodium excretion by the hor-
mone aldosterone, Increased osmolality of hody fluids
ylimalales, and increpsed dilution inhibits, the release of
ADH. ‘The major determinant of hody-fluid osmolality is
soditm. Sodium conservation is medinted tHhreugh the re-
nin-angiotensin-aldosterone sxis, Determinations of plas-

ma and urine sodium, and osmolality and urinary volume
are of dizghostic value in Addison’s disease, vasomotor e
phropathy (acute tubular necrosis), inapparent volumne de.
pletion, incomplele urinary Lract obstruetion and hepaty-
renal disense.

pH-—Jrreshly voided urine usually has aslightly acid piy,
The normal range is 5 1o § and, essentially, this is also the
abnormal pH range. The kidneys, by reason of excreting o
urine of variahle pll, provide a regulatory mechaniem for ],o
hody to get vid of excess acid or alkaline waste produets,
Sinee the normal pH range and the abnormal pH range are
comparable, the mengurement of pH alone provides minimyl
infarntation, but when tsed in eonjunction with other infor-
mation, il is a very useful urinary parameter. It conditions
of acidosis, the uring ir quile neid; in conditiona of alkalosis,
the urine pH is above 7. When metabolic or respirntory
acidosis is suspected, an aikaline-urine pH result almost
eliminates the possibility of acidosis, Conversely, if respira-
tory or metabolic alkatosis is suspected, the excretion of an
acid urine indicates that alkalosis is likely not present.

Dip-and-recd tesis are used widely for pH testing, but
pH-mneter measurements ave used less commonly,  In cer-
uin situations involving kidoey stone susceptibility, it is
quite important to maintain a narrow range of urinary pld,
For example, in eystinuria an nlkative pH is maintained 1o
keep Lhe cyatine solubilized and to aveid as much as possible
the crystallization of cystine into renal caleadi. The mainte-
nance of urinary pH is also important for optimum results in
certain types of drug therapy,

Color—-Urine normally hes a yellow color, mostly due o
urochrome; the color varies from pale straw to dark nmber.
Darker spocimens usually have a high specitic gravity.  Oe-
casionally, sither normal or abnormal vrine may show a color
different fram vellow. Bilirubin may couse fresh urine to be
dark in color, In addilion, urine which is allowed 10 stand
darkens Decause of the oxidation of urobilinegen to urobilin,
Red, reddish-hbrown or “smoky” urine usually is due to the
presence of hemoglobin (hemoglobinuria), myoglobin
{myoglobinuria} or red blood cells (hematurin). Porphyria
is an uncommon cause of rod coloration, Black urine ean be
cauged by melsnin, which maey oceur in the urine of patients
with far-advanced malignant melanoma,  An inborn error of
metabolivm, alkaptonuria, is charncterived by the urinary
excretion of homogentisic acid, which causes the urine to
turn dark brown or black on standing.  Many of the unwsual
eolors oceasionally found in urine are derived from exope-
nous sources, including both foods and drugs. Ameng these
are Lhe red color caused by beets, particilarly in infants, the
golden-yellow or orange-red eolor of metaboliten of pyri-
dium-like drugs or azo drugsand the green or blue color from
methylene blue.

Odor—Normal, freshly voided wrine hag a faint aromatic
and characleristic odoy, which is more intense In concontrat-
ed specimeng. I the uring s allowed to stand, the cdor
becomes strongly anuoniacal and unplessnnt becanse of
bacterial deatruction of ures. I'roshly voided urine having a
foul odor indicales sovere infoclion. A sweet, fruily odor
may be dite Lo ketones,

Appearance—Froshly voided urine is usunlly clenr. On
standing, A precipitate may form which usually consists of
amarphous urates if the urine is acid or ealeiumn and magne-
sinm phosphates if the urine is alkaline. The formation of o
precipitate is more likely to oceur if the urine ia refrigerated.
Most specimens will hecome cleny again if they are warmed
pently to room temperature.  Large quaniities of mucus,
cells, leukoeyles or bacteria may couse cloudiness.  Prolein
usually does not couse cloudiness.

Protein—A small amount of protein is present in the
wrine oblained from heallhy subjects although the quantity
is nof sulficient to give o positive reaction with the tests
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commaonty used for the recognition of protein in wrine. The
majority of the 25 to A0 mg of proLein thal is excreted daily s
mijcroprodein {Jow-molecular-weight polypeptide}, with
properties quite different than these of albumin and globu.
{in, which are the principal proteins of the blood serum.
Albumin and globuling do oceur in the normal urine in min-
ute concentrations.

Plasma proleing, hemoglohin, abnormal Bence-Jones pro-
tein and proteins (ncleo-, phospho- and glyco-proteins)
derived from leukoeytes and mucus may be present in urine
in nepliritis, nephrogig, lesions of the urinary traet, GI dohy.
dration and venal conpestion. Abnormal amounts of protein
in the urine may be recognized by cither precipitation oy
colorimetric tests.  ‘The precipitation depends on the heat.
coagulation of the protein or on the chemical precipitation of
the protein,  The most popular of the heat-precipifation
tests is Lhe heal-and-acetic acid test in which a tube of urine
is heated to hoiling after the addition of a drop or two of
acetic acld.  Sulfosalicylic acid is employed commonty in
chemica] precipitation tesis and, in Lhis lest, equal guanti-
ties of 3% sulfosalicylie ncid and urine are mixed in a test
tube aud the mixtare examined for turhidily indicative of
precipitated protein,

Colorimetric tests for proteins invelve dip-aad-read type
of systems and are based on the profein error of indicators.
Cerlain indicators have a point of color change which is
different in the presence of protein compared Lo the sane
system in the absence of protein. Thus, by buffering the
indieator tetrabromophenol blue on this dip-strip at a spe.
cific pH, it is posaible to bave a yellow color in the absence of
protein and a green or blue color in the presence of protein,
This test, Albustix (Ames), nol only indicates the presence
or abgence of prolein in the urine but also can be made to
indicate the approximate amount of protein,  Strongly alka-
line or fermentod urines will give false-positive results. The
sensitivity of the colorimetric method is such that guantities
of 10 1o 20 mg of albimin per 100 mL of urine are reeognized
with confidence.

A positive Lest Tor protein in the urine may have any one of
severnl meanings, and it is only when this information is
related to other observations that 11 has optimum value,
Proteinurin may be Lenign and appear following strenvous
exercisa or simply as g resull of atanding (orthostatic pro-
teinuria).  Protein frequently occurs in the urine during
pregnancy and fn some instances this is benign, but in other
cases L indicates renal complications.  Transient protein-
uria may oceur following severe infections, high fever, axpo-
sure to cold and in congestive heart foilure, Proteinuria
may be an early and sensitive indicator of renal disease and
may indicate an abnormality prior to other signs and aymp-
toms of renal impairment in the glomerulus or tubules, In
the majority of instances Lhere is not & correlation between
the amount of protein in the urine and the severily of the
ranal disease,

Patients with severe nephrogis may lose ap o 25 g of
protein per day. Such n marked less of prolein causes n
decroase in plasma protein concentration with an accompa-
nying edema. Inboth chronic and aeute glomerulonephritis
there is protein in the urine. Tumors of the kidney and
renal infection veually will have an accompanying protoin-
uriz. Benee-Jones protein is a unique protetn whieh oceurs
in the uring of about. §0% of patients with multiple myeloma.
1t has the unusual properiy of precipitating between 50 and
G0° and dissolving at higher temperatures.

Glucoese (Reducing Substances)—Glucose normally oc-
curs ip urine in sueh low concentration that i escapes detec-
tion by the usual testing methods, ‘The urine of untrented
or poorly eontrolled diabetic pationts characteristically con-
tains easily detectable amounts of glucose. A positive test
for glucoae in wrine usually suggests hyperglycemin and the
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dingnosis of diabetes mellitus; further studies, such as the
plucose Lolerance test to confirm the diggnosis, are indicat-
ed. Glycosuria also may oceur when the renal tubules (ail to
reabsorh glacose novmally, and ghucose appenrs in the urine
despite normal blood plucose levels, in contrast 1o true dia-
betes.

Glucose is the sugar almost always found in urine; howeyv-
ar, inctose, patactose, levulose, sucrose and pentoses may he
encountered, These other sugars are identified by paper
chromatography, selective fermentation, polarimelry, spe-
cial chemical tests or the formation of their osazones, Other
reducing substances oceur in urine and may cause falsely
poritive reducing reactions for plucose.  Bxamples are ascor-
bie acid, ghacaronides, many drugs, homogentisic acid and
the proservatives formalin and chloroform.

The traditional test for glueose in urine (Benedict's lesi)
relics on the reduction of eupric ions in alkaline solution to
reddish-orange insoluble cuprous oxide. "The copper is re-
duced Lotally by large amounts of ghicose and resully in o
brick-red aediment with no remaining blue color. Lessor
concontrations form green- Lo rust-colored solubions with
sorme red sediment. A modification of this test, Clinitest
(Ames), is available in tablet form. 'The tablel eontaing
copper sulfate, imhydrous sodivm hydroxide, citrie reid and
sodihwm earbonale. When added to dilute urine, the tablet
disgolvor and generntes enough heat and effervescence to
vield resulis comparable with the Benedict test.

A specific but extremaly simple enzyme tost for ghicoae is
available-—Tes-Tape (L), Clinistix (Ames) and Multistix
(Ames). Reagent strips are inpregnated with glucose oxi-
dase, peroxidase and orthotolidine. When dipped into a
solution of glucose, oxidation oceurs and hydrogen peroxide
is formed which oxidizes orthotolidine to a biue color, This
test in more gensitive than Clinitest, but is not as reliable Toy
estimatling the concentration of plucose. ‘The enzymatic
test isspecific and thus usoefual in determining whother or not
a reducing substance is glucose.  Diastix {Ames) s a specific
urine glucose Lest using glucose oxidase, which also indicates
the quantity of glucose present.

Ketone Bodies—The ketone bodies acctone, acetoncetic
ucid and beta-hydvoxybulyric acid are prasent in the urine
when fats are matabalized incompletely, Ketonurin is seen
most commonly in poorly controlled dinbetes and indicates
ketonemia and dinbelic acidosis.  Other couses for keton-
uria are atarvation, fever, profracled vomiting and Von
Giierke's diseasa.  Ketonuria also oceurs following ahesthe-
sta. Acetoacetic acid and acetone produce a distinetive pur-
ple color when treated with a mixture of sodium nitroprus-
side, apnonium sulfate and concentrated ammonium hy-
drogide. A similar reagent is available in tablet form
{Acotest, Ames). A drop of urine is placed on the tablet; if
lretones are present, a lavender to deep-purple color dovel-
ops v 30 see. The color intensity indieates the concentra-
tion of kelones, The reagoent strip Kolostix (Ames), uaad as
# dip-and-read test on urine or serum, containg the same
rengents, which are available on Multistix {(Ames) and other
multiple rengents as well. These tests will deteet 510 10 mg
of neetoacetic acld per MU mL of urine.

Phenylpyruvie Acid— Phenylketonuria (or PKU) is an
inbarn error of metabolisim in which the normal conversion
of phenylalanine to tyrosine in the body does not oceur and
there ia o buildup of phenylalanine concentration in the
blood. This metabolic disorder causes mental rotardation,
A portion of the phenylalanine is exeroted hy the kidneys
into the urine and in the process is converted Lo phenylpyro-
vic aeid {or phenylketone), 1L Chis genetie disorder is discov.
ered soon after birth, it is possible o place the infant on a
diel very low in phenylalanine-containing proteins and thus
minimize the pheaylalanine huildup in the body, averting
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the serious mentsl retardation which oydinarily is seen in the
untreated PIU patient.

Rocognition of PKL can be made by the use of a test for
phenylpyruvie acid using n dip-and-read reagent. composi-
tion containing fervicions, ‘This Lost, Phenistix {Ames), con
he used on urine Trom all newborn babies, A posilive reac-
Lion gives ngreen color, whereas anormal infant’s urine gives
a pale-ivory or yellow color to the strip. PKU also can be
recognized hy employing a chemicat or microbiologicol test
for elevated phenylalanine in serum, as discussed under
Amino Aelds,

Bilirubin—Bilirubin is found in the urine of patients
with hepatitis or obstructive jaundice but not in patients
with hemolytic jaundice. Testa for bilirubin and urabilino-
gen combine to give excellent information in the differentiol
dingnosis of jaundice. Tests for bilirubin are of two kinds;
oxidation tests form a green color of biliverdin from bilirubin
usually using ferric chloride as the oxidative reagent, and
diazotization tests form colored compounds when bilirubin
reacts with diazenium salls in r strongly acid medivm,
Maost oxidation testy adsorh the bilirabin anto baritm sul-
fate or similar muterial before the addition of Fouchel’s
reagent, The tablel test Jetotest {Ames) is the most sensi-
tive diazo test and il uses an absorplion mat Lo concentrate
the bilirubin from 5 drops of urine, A reagent inblet is
added to the moist apot on the mat and 2 drops of water are
added to dissolve Lhe effervescent reagent and wash some of
it off the tablel onto Lhe mat where the reaction tales place.
A blue or purple color on the mat around the tabletin 30 see
indicates the presence ol bilirubin.  In addition, a dip-and-
read iest composition also based on the diazo resclion has
been incorporated inte the muliiple urinalysis reagent
strips, Bili-Labstix and Multistix (Ames). It s less sensitive
{han the tablet test, but its convenienee allows it to be used
in reatine wrinalysis quite readily.  An incidence of approxi-
mately 0.1% positives on health-sereening population
groups, 0.2% on clinic patients and 0.9% on hospitalized
patients hag been reported.

Urobitinogen—Rilirubin in the bile is reduced to urobi-
linogen by bacteria in the lower intestine. A portion of the
urcbilinogen is reabsorbed from the intesting into the blood,
A portion of this urobilinogen is excreted into the urine by
the kidney and the balance is re-excreted via the bile into the
intestine.  Although the quantity of urobilinogen in the
urine is quite smali, i{ is an important. indicator of liver
funciion and red-Blood-cell catabolism,

1 there is an ohstruction Lo bile flow such as in obstractive
jaundice, the amount of urobilinogen formed and reab-
sorbed into the blood and excreted in Lhe urine is deereased,
With impairment of ver funetion, the excretion of urobilin-
ogen in the bile is decrensed, the blood concentrntion in-
creases and Lhere is o corresponding increage in urinary
wrobilinogen excretion, Actually, the increpse in urinary
urobilinogen is one of the most sensitive Lesty for impaired
liver funetion and this test may indicate an abnormality
when all other Lests of liver function remain unchanged from
normal.

In hemolylic disensea where there is an increaned rate of
hemoglobin breakdown, the amount of bilirubin formation
is increased with a corresponding inerease i urobilinogen
formation wnd excretion in the urine, The concentration of
urohilinogen in urine can be established by the use of a dip-
and-read test which uses the interaction of urobilinegen and
p-dimethylaminobenzaldehyde (Urobilistix, Ames).

Hematurin, Hemoglobinuria and Myoglobinuria—
Hemataria refers to & condition in which intact red blood
cells appear in the urine. This condition s indicative of a
specific defoct in the microscopic functional uait {Lthe neph-
ron} of the kidney or it may be indieative of bleeding in the
kidney, the ureter, the bladder or the urethra, In the lemale

there may be variahle numbera of red blood cells in the urine
during menstruation.

Hemaoglobinuria is a condition in which free hemoglobin iy
present in the urine without red blood cells.  This may be
cansed by inlravascular hemolysis as s result of a transfusioy
reaction or by poisoning or toxins, The free hemoglobin in
the plastnn is excreted by the kidney into the urine.  Insome
situntions actunl total hemolysia of the red celis vccurs after
they have enlered the urine, This oceurs particularly with
alkaline urines.

Myoglobin is the red reapiratory pigment of muscle. Thiy
pigment is quite comparahle to hemojglobin in Hs composi-
tien and chemicnl reactions, Myoglobin may be liberated
from mugele cells in cortoin types of injury and, in guch
canes, will circulate in the plasma and be excreted in the
urine, 'Thero are also cerlain genelic muscle disorders in
which myoglobin is lost from the muscles and appears in the
plasma and subsequently in the uring.

Chemical tests for red cells, free hemoglobin and myoglo-
bin are based on the peroxidase-like netivity of hemoglobin
or myoglobin, When a chromogen mixlire such as orthoto-
lidine and peroxide is exposed to this peroxidase activity, it
will interacl rapidly {o generate an intense blue coloy. A
dip-and-read solid stote syslem is available which is called
Hemanstix {(Ames). This specific composilion uses cumene
hydroperoxido ns the peroxide. The same dip-and-read test
for oeeult blood is incorporated as a component part of
mulliple, urine dip-and-read tests, e, Multistix (Ames},

Micreseopic Examination-Qrdinarily, urine containg a
number of formed slements or solid structures of microscop-
ie dimensions. ‘These are studied readily by centrifuging 10
to 16 ml of urine, pouring off the supernatant and resus.
pending the sediment in the drop or o of urine which re-
mains in the tube, This suspension of sediment is placed on
a microgscope slide and viewed with low-power magnifica-
tion. 8pecific structures can be studied with higher magni-
fication. The urinary sediments can be classilied into unor-
ganized {chemical wubstonces) and organized (eells and
cnsls) constituents,

In an alkaline urine, amorphous or crystalline ammonium-
magneaium phosphates, calcium carbonale or oxalate crys-
tals and ammaonium urate may oceur normally.  Amorphous
or erystalline urates, urie acid and caleium oxalates normally
are seen in acid urines.  The presence of iyrosing, leucine or
cystine erystals is associated with various diseases, Chemi-
cal crystals are identified by solubility in acid and/or alkali,
colorimetric reactions and crystajline structure,

Phe urine sediment ordinarily contains residues of epithe-
lin} cells, erystale and an occasional red or white bood cell,
Inereased numbers of erythrocyles are seen where there is
bleeding into the urinary tract. If the red cells are formed
into a red-cell enst, it is suggestive that bleeding has oc-
curred al the glomerular level,  An incrensed number of
leukoeytes ia suggestive of infection and inflummation of the
kidney. Casts are microscopic concretions which have the
form of o tubulo; they have a matrix of precipitated protein
and, depending on their appearance, may be identified ns
hyaline, granular, waxy or red-cell casts, Renal-failure casta
are lnrger and are sssocinted with severe necrosis of the
kidney.

Numerous crystals, mucus fihors, bacteria, yeast cells,
spoermatozon and parasites (Trichomoenas vaginalis) may he
indentified in the urine sediment. 'The majority of these
crystals do not have any unusual significance but in cortain
disorders may he indicntive of erystal deposits in kidney
tissue or predisposition Lo formatien of calenli,

Tissue cells can be recognized in urine sediment. 'This
provides an excellent means of delection and dingnosis of
eancer of the lower wrinary tract when the sediment is fixed
in aleohol and stained by the Papanicolacu procedure.  1Bx-
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foliative eytology of urine may be applied ag a routine Lo all
urology patients. In one large clinic the number of positive
cases found among wrology patients was almost 5%, which is
a much higher veturn of pesitive results than is oblained
with routine staining of cervical smeara.

Bacloria-—I'reshly voided spocimens ol urine ordinarily
contain a few microorganisms, which primarily represent
bacteria picked up from the exlernal genitalia. 'There are
fewer contaminaling organisme in A elean-catoh specimen,
which involves extensive washing of the external genitalin
prier Lo collection of the specimen. A specimen collected at
the midpeint of urination or a “midstream” specimen ordi-
narily has move organisms than a clean-cateh apecimen, but
fewer than a so-called random specitnen. When there is an
infection of the kidney or urinary traet, the nunber of organ-
jamy in the urine is increased markedly, Ordinarily, if the
urine containg 100,000 or more organising per mL, the resull
strongly sugpesis the presence of an active infeetion.  Infec-
tion of tho wrinary tract with accompanying bacteriuria is
relalively commaon in young girls and women, Quite often
the condition is ssymplomatic and is recognized only as a
result of a study of the urine.  If bacteriuria ig not treated, it
may lead 1o serious renal injury.

IC there in a very Jurge number of bacteria in the urine, the
apocimen actually may be turbid. This enn be recognized by
gross visual inspection of the urine.  Bacteriuria also can be
recognized hy microscopic examination of the urine sedi-
ment particularly il there is a large number of organists
presenl. The most widely employed procedure for recogniz-
ing bacteria involves plaling & specimen of dituted urine on a
culture plate, incubating it and counting the number of
colonies. A more convenienl approach Lo this same meés-
surement involves the use of a microscope slide which js
coated with nutrient apar. Such a slide, when dipped in a
urine specimen and then meubated, will indicate the pres-
ence or abaence of bacteriuria and alao the approximate
count.

Methods to delermine the presence of significant numboers
of bacteria in urine sumples are available on various auto-
mated systeme. 2 The Buae-T-Sercen (Marion) system is a
dispensing and [iltering syslem used with nstreining process
Lo detect the presence of baeteria on special filter cards by
noting the color change on the card.  Analysis on the Abbott
MS-2 performed by photometrie monitoring of bacterial
growth changes the light transmitied in a broth culture over
aperiod of time, A decrease in the light fransmission due Lo
Lurbidity or coler identifies a positive specimen. 'The Lu-
mac Biccounter M2010 measures bacterinl adenosine Lii-
phasphate (A'TP) in urine by the bioluminescence produced
in n luciferin-luciferase system, Onee these rapid tech-
nigues are performed to determine which spacimens have
increased hacteria, Murther jdentification and sensitivity
testing are performed. Chemical tests for the metabolic
activily of hacteria have been used in studying bucteriuria.
The most popular chemical Lest is that for nitrite. Ordinari-
1y, all urine specimens contain niteate, but do nol contain
nitrite. [T eoli, or certain other cxganisme, are present in
sufficient pumbers, they will reduce the nitvate to nitrite,

Calenli—Knowledgo of the composition of renal and
bladder calerli (“stones”) is essential in planning the thera-
peutic regimen for such diseases. Mixed caleium phosphate
and oxalate stones usually seeur over the entire urine pH
range, Urde acid, eystine and caleium hydrogen phosphate
caleult generally are associated with aeid urines, while mag-
nesium ammonium phosphate calenli usually oceur in alka-
ling urine. Hyperexeretion of one of the caleuli compo-
nents, pH, renal blockage and the presence of foreign objects
in the urinary tract are the most probable causal faetors in
the formation of renal calculi. Caleium oxalate stones ave
the most common type. The chemical content of the stones
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iv established by roubine qualitative analysis for calcium,
magnesium, ammoniam, phosphate, earhonate, oxalate, urie
acid and eystine. Subsequent confirmation hy optical erys-
ntlography, X-ray diffraction and bfrared spectroscopy is
also pead in the choracterisalion of the physical properties of
the caleuli,

Fecos

Norma) feces congigts of undigested {ood remnants, prod-
ucts of digestion, bacteria and seeretions of Lthe gastrointesti-
nal tract. Macroscapic, chemical and mieroscopie determi-
nationg are performed routinely. The normal quantity of
feces is aboul 200 g/dny. The brown color is due to the
reduction of bilirabin to urobilinogen and then to uribilin
{stercobilind; bilirubin is not normally. present in feces, but
porphyring and biliverdin (a component of meconiuny) are
excreted during the first days of life.  Bilirubin can be de-
tected by teats previcusly deseribed for bile pigmoents.

Color changes in the stool ean be the result of dietary
intake or diagnostic for bilinry obstruction and gastrointes-
tinal bleeding® Patients with steatorrhea and mulabsorp-
tion may show a yellow bulky stool containing fat and gas.
The foces is clay colored when bile ig prevented from enter-
ing the gut. A red or black stool ean oecur whon excessive
doses of anticoagulants, phenylbutazone or anlieyiates are
taken, producing bleeding in the gastrointestinal tract.
Substanees which interfere with the eoloration of the stoo
inelude antacids (whitish or speckling), bismuth salts
{blacl), ivon anlts (black), pyridium (orange), senna (vellow
to brown) and tetraeyelines (red).

Fecal urobilinogen ean be detevinined colovimetyically by
reduction of wrobilin to urobilinogen with alkaline ferrous
suifate, and then reaction with acidified p.dimethylaming-
benzaldehyde (Ehrlich’s reagent). 1t is increasetd (rom a
normal range of 40 to 280 myg a day to 400 Lo 100 mg in
hemolytic jnundice (dark brown slool}, and is decreased in
ohstructive jaundice (clay-colored stool).

Porphyring and porphyrinogens do not avise from hemo-
globin catabolism, such as bilirubin, but are by-products of
the synthesis of heme.  Increases in fecal and urinary elimi-
nation of eoproporphyrin, uroporphyrin and protoparphyrin
are valuable diapnostic aids in distinguishing the various
hopatie and erythropoistic porphyrias.  Fecal copropor-
phyring (CP) and coproporphyrinogens (CPP) are deter-
mined after extraction, conversion of CPP to CP by iodine
and triple-peint speclrophotometric estimation at 380, 401
and 430 nm to correct for intorfering substances (also see
Urinolysis).

Fecal oceult blood is detected readily by the o-tolidine,
benzidine, guniac or diphenylamine tests; this is valid only if
the patient hag heen on & meat-free diet for 3 days, Guaiae
and diphenylamine are preferred due Lo the earcinogenic
polential of the other two chermnicals.

The Hemogeull test kit (SmithKline Diagnostics) uses an
impregnated guniac paper slide for detecting occult blood,
which is o useful screaning test. for colon cancer. ‘P'wo slides
are prepared each day for 3 days from different parts of the
game stool while the palient is on & meat-free high-bulk diet.
Interfering substances inelude aspirin, indomethacin and
corlicosteroids, bacause they can produce bleeding, and Vi-
tamin C, which interferes with the oxidation veaction of the
test. If blecding occurs high in the GI tract, the blood is
digested and conyerted to acid hemating 50 ml of bleod in
the feceg will sauge melena (biack stool). Bleeding from the
lower G tract is apparent (rom red strealdng of stooks. The
use of DCOr-taged srythrocytes has been used to quantitate
and locate the source of gastrointestinat bleeding, The sub-
ject’s red cells ave mixed with an isotonie “Cr solution and
then reinjected intravenously. 1f bleeding occurs, the MCr.
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isatope content. of the feces will be increased, Location of
the hemorrhagic area also can be approximated by an iso-
topic sean of the abdominal area.

"The presence of excossive quantities of mucus is usually
indieative of dysentery, colitis or other inflammatory pro-
cesses in Lhe intestinal mucosa,  Strongly alkaline or acidie
reaction in Lthe feces is indicative of sreessive quantities of
protein or carbohydrate in the diel, respectively,

Quantitative determination of fecal nitrogen is useful in
analysis of pancrealic funetion, In panerealic disease, in-
erenses in foeal nitrogen will occur aa a result of deereased
necretion of panereatic proleokytic enzymes. The normal
individual will excrete 4 Lo 13% of ingested nitragen in the
foeos; in chronic pancreatitis, 9 Lo 30%, Fecal nitrogen can
be detormined by the Kjeldahl digestion procedure,

Feegl fat is present in the form of {riglycerides of fatly
acidy (neutral fat), free latly aeids (FFA) and soaps.  Fot
deteyminations are based on the solubility of neutral fat and
FIA in ether; Lhe soaps nre inscluble in ether and have Lo be
acid-hydrolysed Lo their reapective FI'A prior to extraction.
Neutral fot wilk liberale FFA only an alkuline hydrolysis.
'The FFA, isolated from the above Mractionalions, are then
determined by titrimetrie, colovimetric or gng-chromato-
graphic procedures,

Determinations of blood, urine and Ffeenl ™% after oral
adminiatration of an iodinated glycery) trinlenle or J-oleic
acid preparation is an index of panereatic, biliary and inles-
tinal absarptive function and correlotes with feeal fat exere-
tion, The bile must emulsily the "triglyeeride prior to
enzymatic hydrolysis by pancreatic lipase to yield FPA-¥],
whieh subsequently is absorbed and melabolized. An in-
crensed amount of ] in the feces is nssociated with pancre-
atie disenses (eyatic fibrosis with achylin), obstructive jaun-
dice, malabsorplion disease (sprue, celise disease) and ste-
atorrbea. "The latter entity ean be differentiated as to o
pancreatic lipase or intestinal absorptive defect. In the
“absorptive” disease, incrensed excretion of #% is seen afler
adminigtration of P5]-triolein or oleic aeid.  1n the pancreat-
i defect, adequate absorption of 191 oleie aeid oceurs hut
facal 9] is increagsed after the triolein meal.

A microseopic examinalion of emulsified feees includes
analysis for the presence of crystaly, food residues, body
cells, bacterin and parasites.  Crystals of triple phosphate,
caleivm oxalate, fal and cholesteral, stareh granules, vogeta-
ble fibers ond neutral fal globules are normally present.
Octnhedral needle-shaped erystals (Chareot-Leyden crys-
tals) are present in parasitic infestation and mucous colilis,
Txcessive quantities of fat or starch are seen in malabsorp-
tion disesse,

Adult, larval or ova phases of parasites may be sncoun-
tered in the feces, The most common parasitic inlestations
are caused by cestodes (tapeworms), trematodes (fukes),
nematodes (roundworms) and profozea (nmocba) (see Mi-
srobiology).

Toxienlogy

The determination of drug or ¢chemienl concentrations in
biological Huids is an imparlant sapect in diagnosing and
trenting the toxic syndrome induced hy various agents in
acule or chronic drug-abuse situntions or in chemical poison-
ing.

Barbiturates, glutethimide, methagualone, chlor-
diazepoxide, diazepam, diphenhydraming, ethehloryynal,
morphing, phenothivzines and salicylates are encountered in
drug-nbuse siiuations, Preliminary sereening of scrum or
urine samples for druy substances is accomplished by ‘TLC
procodures. "The analyeig of serum or urine fevels of intact
drug or ils metabolites usually is performed by extraction of
the sample with an oyganic solvent, separation by gas-liquid

{G1.C), or high-performance liguid (HPLC) chromatogra-
phy, and quantitation by apactrophotometric, fluorometric
or electrochemical techniques, The interpretation of the
serum-conceniration data in reletion Lo clinical significance
and toxicology must not be limited to numbers,

In acute drug overdosage the time of drug ingestion, time
ol blood or urine sampling and severity of clinical symploms
or time of death must be interpreted in reference 1o data on
the absorption, Lissue distribution, metabolism and elimina-
tion of the drug and its metabolites. The specificity of the
chemnical agsay as to intorference from other drugs or motab-
olites ol the parent drug must be considered, The combined
techniques of GLC or HPLC and mass spectromelry con-
firms the identity of specilic drugs in hiological matrices,
The extent of absorption of many drug substances is not
rolated directly to the dose when large amounts of a druy are
ingesied, in comparison to the therapeutic dose.

The Lissue-distribution and metabolic rates can be affeot-
ed hy large drug overdoses in which ronal or heputic failure is
encountered. ‘The plasma-elimination rate also can be af-
feeted, and it is important Lo recopnize the chango in olimi-
pation kinetics and to be aware of the nature of plasma
elimination as defined by a mono-, bi- or polyexponential
elimination curve. The drug overdose usually mmvelves sev-
eral drug substances and the chemical, metabolic and phar-
maecological aspects of drag internction must be considered,

The methodology for the analysis of drugs in biological
{luids or tissues can be found in the books listed in the
Bibliography., Analysis for serum berbiterate levels will be
described in this section as a specific example of the analyii-
eal methodology.

Serum is extracted at pH 6.5 with chloroform; the chioro-
forim extract is washad with pH 7,0 phosphate baffer and
exlracted with 0.45N NaOH. The UV spectrum of the alka-
line agueous layer is determined at pH 13 and 205, The UV
apectra are characteristic and distinguish harbiturates, N-
methytharbituric acids and thiobarbiturates, The barbitu-
rates also con be detected by ncidifying the alkaline layer,
extracting with chloroform and spotiing this organic extract
on a silica-gel T'LC plate. SBequential spraying of the piate
with KMn0,, HgSO0, and diphenylearbazone will show R
values and color reactions typical of the various barbitu-
rates,  Blood harbiturates ean he determined more accu-
rately by a GLC procedure in which the retention times are
used to identily the specific barbiturates. The degree of
severily of cinical symyptoms has been correlated with blood
harbiturate levels,  Comatose, areflexic signs are observed
al 5.0 mp% mmobarbital, 2.0 mg% pentobarbital, 8.0 mg%
phenobarhital and 1.5 mg® secobarbital,

Opiates, amphetamines, barbiturales and methadone can
be dotected rapidly by “homogenous” enzyme assay.? In
this procedure, the addition of drug antibodies to a conju-
gate of drug and lysozyme resulis tn the inhibition of lyso-
wyme aetivity. The addition of froe drag to this reacltion
mixture increnses the enzyme activily in proportion Lo the
amount of free drag added. 'The sensitivity of this type of
assny is 0.1 wp/ml of amphetamine and barbilurates, 0.5
pg/mls of methodone, 0.3 pg/ml of apiates and 10 pg/ml of
benvoylecgonine, a cocnine metnbolite. 'This assay is appli-
eable to large drug-sercening programa.

Electron-spin-tabeling Lechniques also eoan be employed
on lerge-scale drug-sereening programs, In this procedure
known amounts of drog antibodies are mixed with drug
labeled with a stable nitroxide radical (spin-label) and with
the specimen Lo be analyzed, Due Lo the competition for
antibody between spin-labeled drug and drug in the speei-
met, the apin-labeled drug becames detached [rom the anti-
body and can be detected by electron-spin resonance spec-
:ﬁ!%gtﬂpy. This procedure is 1000 thmes more sensitive than

AL
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Blood-aleohol levels may be determinaed by aeration, dis-
tillation, gas chromatography or specific ensymatic nnalysis
with aleohol dehydrogenase. In the chemical technigues
ihe blood sample is cither oxidized or distilled into a dichro-
mate-sulfuric acid mixture; the excess dichromate is then
determined by titeation with potassium fodide or methyl
orange-ferrous sulfate solutions or by colorimetric analysis.
The gas-chromatographic and enzyme procedures are spe-
cific for ethanol, whereas the chemieal techniques are influ-
enced by other volatile or oxidizable substances in the blood,
The enzymatic method is based on the reaction of ethanol
and NAD in the presence of aleohol dehydrogenase to form
acetaldehyde and NADH; the acetaldehyde is removed with
semicarbazide and the NADH formed in the reaction is
estimated spectrophotometrically at 340 nm.  Tthanol lev-
els of >0.10% are indientive of intoxiention and apparent
psychomotor disturbance. Levels of 0.40 to 0.50% are nsso-
ciated with medullary and diencephalic disturbances such as
tremors, coma, respiratory depression, puripheral collapse
and death.

Specific analyais of heavy metals is best performed by
atomic-ghsorption spectroscopy. Analyses for arsenie, be-
ryllium, bisinuth, copper, fron, lead, lithium, mereury, nick-
el, thallimm and zine are encountered frequently in the toxi-
cology laborotory. Blood lead in determined by forming a
lead-dithiocarbamate chelate in the presence of ammonium
pyrrolidinedithiocmrbamate and extracting the chelate into
mathyl isobutyl ketone for subsequent alomic-nbgorption
analysis, A lead concentration of >80 pg/mi. in children
usually reflects significant absorpiion and aceumulation of
lead and ig interpreted as an indicator of lead toxieity (plum-
bigim),

Increased lead exposure will resull in a decrease in delta-
aminolevulinic acid (ALA) conversion to porphobilinogen
by ALA-dehydrase in heme synthesis. ALA blood levels
will increase to the point that ALA is excreted in the urine.
Determination of urinary ALA is performed by removing
urine porphobilinogen and urea hy ion-exchange chromatog-
raphy, reacting ALA with p-dimethylaminohenzaldehyde
and determining the chromogen colorimetrically. Urinary
ALA levels »2.5 mg/100 ml, are unacceptable in children
and industrial lead workers, Urinary ALA levels are not as
sensitive an indieator of lead toxieity as blood lead, bul they
can be used Lo monitor prophylactic treatinent procedures.

Chaolinesterese determinations are of value in the diagno-
sis of suspected cases of organophosphate cr carbamate pes-
ticide poisoning. T'wo types of cholinesterase are found in
tispues. ‘I'rue cholinesternse is found in RBC and nerve
tissue and exhibits a specificity for acetylcholine substrate.
Pseudocholinesterase s found in plasma und has a grenter
affinity for bydrolyzing butyryleholine and other esters.
The organophosphate and carbamate insecticides inhibit
both enzymss. ‘The activity of the plasma enzyme is inhibit-
ed more rapidly than the RBC cholinesterase, and recovers
more rapidly due to synthesis of new enzyme by the liver.
The recovery of the erythrocyte enzyme is slow and is gov-
erned by red-cell tornover rate,  Cholinesterase nctivity
usually is determined by measuring changes in pH after the
incubation of plasma or RBC lysates with acetylcholine.
The normal range of this envyme is 4.5 {0 10.9 (plasma), 3.4
10 5.7 (whole blood) and 6 to 106 (RIBC) units/ml..

Gastric Analysis

The chief constituents of gnstric juice are hydrochloric
acid, gustric proteases (pepsin and gastricsin), hematopoiat-
ic frctor (intrinsic factor and vitamin )y binders), gastrie
hermones and muconuhstances (aminopolysnecharides, mu-
copolynronides, mucoids and mucoproteing).  Testn for gas-
tric function™ usually are performed on gastric juice sam-
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ples collected by direct intubation into the stomach. The
faating content (normal, <100 mL) of the stemach is re
moved and gastric seeretion is collected in the basal state, or
alter stimulation by the oral administration of caffeine-bhen-
zoate or alcohol, or paventeral administration of histamine,
insulin or the hormone pentagastrin,  Samples ave collected
hy continuous aspiration and analyzed {or acidity and pas-
trie protease activilty at various tme intervals. The exlent
of recovery of total juice can be estimated by oral, nonab-
sorhable indicators (polyethylene glycol-"C, phenol red and
A-HSA) instilled into the stomach prior to the aspiration,
The recovery and specific concentration of these indicators
in gastric juice is an index of gastric secretory volume, com-
pleteness of colleetion and gastric emptying rate.

Ceastric juice is a heterogeneous mixture of clear juice and
floceulent, elear mueus. The color of the juice should be
noted as to the appearance of blood, bile and excessive quan-
tities of mucus, ‘The aeidity ean be determined by a simple
pH measurement and conversion to mlzg H* or by titration
of centrifuged gastric juice to pH 3.5, 4.5 and 7.4, the respec-
tive end-points far free acid (T10]), protease activity and
physiclogical neutrality. The basal acid sutput is about 1
mg/hr in normal subjects and 2 to 4 miig/hr in duodenal
uleer patients. The peal acid output (PAO) after hista-
mine stimulation ia 10 to 20 mIZg/hr in normals and 40 to 50
mBEq/hr in duodenal uleer; PAO following pentagastric stim-
ulation is similar to histamine. Gastric acid secretion is
decreased in atrophic gosteitis, gastric carcinoma and cer-
tain types of gastric uleer. Hypersecretion is seen in dunde-
nal vicer, Zollinger-Ellison () syndrome and hyperpara-
thyroidism.

in situ mensurements of pH may be made with a Heidel-
berp capswle apparatus. 1o this tachnicque the subject swal-
lows a small pH-gensitive capsule (transmitter); radiowaves
are Lransmitted from the capsule to a sensing device (receiv-
er), and the signals are recorded as a function of pH. The
normal pH of the stomach is 1.2 to 1.8

Tubeless gastric acidity analysia s porformed by oral
administration of Diagnex Blue (Sguibb), a carbacrylic ion-
exchange resin rencted with azure blue dye. ‘I'he hydrogen
ions in the gastric juice exchange with the dye on the resin;
the dye is nbsorbed and then excroted in the urine. The dye
concentration in the urine is a function of gastrie acidity.
The normal value is >0.6 g of dye in the urine 2 hours after
ndministration.

The principal gastrie proteases are pepsin and gastricsing
pepsinogen is n precursor which is converied Lo nctive pepsin
by free HCl and by an autocatalytic process. Total pasiric
protease activity is determined on hemoplobin or radioio-
dinated human serum albumin (RISA) substrates at. pH 1.8
to 3.1 (RISA-1%50); protease activity on hemoglobin will liber-
ate tyrosine which can bo estimated spectrophotometrically
at 280 nm; with RISA, liberated tyrosine-'#1, as estimated
hy isetopic procedures, is an indox of proteolylic nctivity,

Pepsin activity can be distinguished from the total prote-
ase activity by estimation of the 3,5.diiodotyrosine liberated
from N-acetyl-1-phenylalanyl-3,5-diiodotyrosine substrate
at pH 2.1, Pepsin will react on this substrate; gastricsin will
not. Normal gastric juive protease activity ranges from 200
to 1200 g tolal protease activity/m1 and 50 to 300 ug pep-
sin/ml. The presence of bile, blood, saliva or excess mucus
in the sample will decrense both acidity and gastrie protease
aetivity.

(Fastrin, cholecystokinin, secretin and pancreozymin nre
gastrointostina) hormones.  The role of gastrin and its
interaction with other gastrointestinal hormones in the eti-
ology and proliferation of ulcer disease is of recent interest.
Accurate RIA techniques have been developed for gastrin
and seeretin-G-tyrosine due Lo the availability of o pure syn-
thetic polypeptide. Biological assuys based on the effect of
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these substances on gastric, pancreatic and hillary secrelion
alwo have been used,

Gastrin is found in various species in two forms, G-I and
G-I, ‘The only difference is in sulfation of the §2-fyrosyl
residue in G-17 of the heptadecnpeptide nmides. Gastrin is
found primarily in the gastrin-producing cells (Gcells) of
the antral mucosa, The G-terminal telrapeplide represents
the biologically active part of the melecule, Gastein infu-
sion will stimulate seeretion of gastrie acid, pepsin and jn-
trinsic factor, I has n slight secretin-like effeet and o pow-
erful pancreozymin-like offect on pancrealic secrotion.
Gastyin aleo stimulates bile Mow. 'The inslillation of HCI
into the stomach will inhibil gastrin relesse; protein and
moaal stimulation will inerease serum gastrin,

The RIA of serwn gastrin is of diagnostic value in the 21
syndrome, pernicious anemia and duodenal ulcer. Busal
sertin gastrin levels in the normal individual are 20 to 30
peg/mls pnd increase about 2-fold after & protein men) stimu-
lus. Basal serum gastrin levels in duodenal uleer are normal
or slightly elevated, hut increase 4- Lo 5-fold after a proteis-
meal stimwus, Basal serum gastrin levels nre elevated in 215
Lo 500 Lo 4000 pg/ml due to the presence of a gastrin-
producing tumor. The 21 patienl. is uniguely sensilive Lo
1V enlcium stimulation which will increase both gastric neid
weeration and serwm gastrin in this syndrome.  Basa) serum
gastrin levels also are elevated in gastric hyposecretion as
seen in persicious anemin and Type A gasbritis, and in
ehronie renal failure due to the decreased metabolic tarn-
over of gastrin in the kidney,

The RIA of serum gastrin is based on the competition of
pastrin in est sample with 2 Lgastrin Tor gastrin antibody
binding sites, The antibodies used in this procedure are
usually cospecific for G-I and G-I, However, they detectall
forms ol cirewlating gastrin, ie, Big-Big Gastrin (G-39), Big
CGastrin (mol wi 7000; (1-33), gastrin heptadecapeptide (G-
17, mol wt 2200), G-13 and G-8 (mini-gastrin). The Big
compenents can be converted Lo gastrin by teypsin hydroly.
sin, 'The significance of changes in the valio of the circulat.
ing gasteing is not known, hul it has been suggested that G-
39 and G-33 predominate in the basal stafe and cleave to G-
17, which is the mojor serum form after o protein meal.

Other Body Fluids

Physical, chemical and microscopic examination of cere-
rospinal fluid, synovind fluid, human milk, transudetes mnd
exudates also ave performed by the dlinieal laboratory. The
principles of the various delerminations ave similar 1o those
described for blood and urine.

Microblology

Clinical medical microbiology Is a science which is con-
cerned with the isolation and identification of disease-pro-
ducing microorganiams, ie, bacterin, fungi (including yeast),
viruses, riclkettsia and porasites. The techniques employed
in the isolation and identification of the auspect organism(s)
involve the propagation on suilable primary cullure media,
selective isolation on special cullure media, use of suilable
living host material (mouse, embryonated egg, tissae cul-
Lure, ote), determination of morphological and, where appli-
cable, staining characteristics of the organism and confinma-
tion by biochemical and/or immunochemical analysis.
Suitable animal inoculation, where applicable, may be em-
ploved Lo determine pathogenicily, Site, timing, technigue
(aseptic), instrumantiation, and transportation of chinieal
specimens (blood, urine, feces, cerebrospinal fhuid, etc) are
prime varinbles involved in the final differentiation and
confirmation process,

Raepid manual onzymatic and immunological test kits
have heen introduced Lo identifly pathogens for cerebrospi-

nal fluid analysis. ‘The latex-agplutination test conts a spe-
cifie antibody onto latex particles and when an antigen iy
present, the Intex particles are visible,* In the conpgluting.
tion Lest, the specific antibody is hound to protein A o the
surface of o staphylococenl cell and the presence of antigen
produces agglutination ™

Staphylococeus aureus (Microvoceus pyogenes var qur-
eus) ia a Gram-positive coceus Mrequently found on normg)
human skin and mueous membranes and frequently assoei-
atad with abscesaes, septicemiz, endocnrdilis and osteomy-
elitis. Some strains elaborate an sxotoxin capalle of eavs-
ing food poisoning. The primary isulation is on blood sgar
and in thioglyeollate brotk, With feces and othor heavily
ecomtaminaled specimens, phenylethyl aleohol ngar and/or
mannitol-salt apar should be inoculated to suppress growth
of other bacteria, ‘The identifieation of pathogenic staphy-
loencel is based on eolonial (pigmentation) and microscopic
maorphology (grape-like ¢lusters), positive catalase produc-
tion, pesitive coagulase production (staphylocongulase-plas-
ma clotting factor) and positive mannitol fermentation.

Streptocoveus pyogenes is another Gram-positive coceus
frequently assaciated with tonsillitis or pharyngilis, erysipe-
las, pyoderma and endocarditis, Neopeptone agar contain.
ing 5% defibrinated sheep blood is preferred for primary
isolation and to demonstrate characteristic hemolysin pro-
duction by observing o zone of clear (beta) hemolysis around
the colonies on blood ngar. Streptocecen] groupe are identi-
fied by precipitin tests with group-specific antisera fox A, B,
C, D, IFand G Streptex (Wellcome Diagnosiics) uses a
lntex agglutinalion system for identifying the Lancefield
group of streptococei,  Other groups usually are nol ussoci-
ated with buman clinieal materials,

Legionelle preumophilia identification includes speci-
men cultares on lung Lissue or sterile hody fuids (eg, pleural
fluid or pericardie] fuid). Direct Muarescent antibody
method s a test for L paewmaophilia. Organisms are best
seent in the seute stage of tha disease.  Sinee the antiserum is
species-specific, polyvalent antisera are necessary for identi-
fication.

Neisseria gonorrheae is a Gram-negative diplococcus os-
sociated with the venereal disense gonorrhea, The identifi-
cation is based on the primary iselation of the gonococeus
[rem urethral exudates on choeolate agar or Thayer-Martin
{T'M) medium,  The microscopic observation of Gram-neg-
ative intracellular diplococel resembling the gonococous
conatitutes a prosumptively positive diagnosis of gonorrhea.
Confirmation of the oxiduse enzyme activity of the gono-
cocei is performed by a reaction with p-dimethylaminoani-
line which turng oxidase-positive colonies black. A positive
oxidase test by Gram-negative diplocoec jsolated on TM
medium constitutes a presumptively positive Lest for N gon-
prrheae. Pinal identification rests on Lypical pugar fermen-
Lation or specific ({luorescent antibody) staining.

Neisseria meningitidis is the primary cause of bacterinl
meningitis and seplicemia, The primary isolation is based
pn eulturing of a specimen (hlood, apinal fuid or nasopha-
ryngenl seeretions) on o Mueller-Iinton medium or choeo-
late agnr containing o vancomycin-colistimethate-nystatin
antibiotic mixture, The confirmation of the isolate hy bio-
chemival reactions {(positive oxidase, positive catalase, otc)
and serological agelutination with group-specific (A, 13 and
) antiserum is used in the differentintion. Young cultures
of groups A and C may show capsular swelling (Quellung
reaction} in the presence of a specific antiserum.

The enteric baeilli (Enterobaceteriaceae) are Gram-nega-
Live, nonsporulaling rods associated with dysentery (Shigel-
la sp), typhoid fever (Selmonella typhi), urinary tract and
Lissun infections (Escherichia coli, Proteus sp and Pseudo-
monas sp), and pulmonary infections (Klebsielle sp). The
primary isolation of enterie bacilli is on selective and ditfer.
entiad infusion agar such as MacConkey and eosin-methyl-
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ene blue (EMB), and enrichment media such as selenite
broth and tetrathiongte broth. The primary isolation of
Satmonetla sp. s on Leifson’s deoxycholate citrate agar
(LDC) or Salmoneila-shigetia agar (88); if Sabnonella Ly
phi is nuspectad, brittiant groen agar (BG) and bigmuth
sulfite agar (BS) may be used and would constilute a pre-
sumptively positive diagnosia of S typhi.

The confirmation and identification of enteric baeilli may
he performed by serological Lests and biochemical reactions:
HsS production (triple-sugar iron agar), indole production,
acelylmethylearbinol production, citrato utilization, urease,
lysine and arginine decarhoxylase and phonylalanine deami-
nase aclivity. Enterotube (Roche Dagnostics) employs
conventional medin to perform 11 standard biochemical
teats which can be inoculated simultaneously in one com-
partmented tube, with a single bacterial colony, Theserolo.
gical identilication of Selmonella and Shigelln sp is hased
on the agglutination of antigens thal fall into throe eatego-
ries:  “K” capsular (Klebsiella sp and Shigella sp), “0O"
(Salmonella sp, Arizona sp, E coli, Shigella sp, ete) and "H”
flagellar (Sefmonella sp).

Other Gram-negative rods of medical importance are the
hemaphitic bacilli (Bordetelle pertussis, whooping cough
and Hemophilus influenzae, bacterial meningitis), the hem-
orrhagic bacilli (Pastewrelle pestis, hubonic plague, and I
fularensis, talaremin) and pyrogenic bacillus (Brucella me-
{itensis, undulant fever).

Spore-forming Gram-positive rods of medieal importance
Lelong to the genus Clostridium, which are associated with
totanus (Cf tetanil, gos gangrene (C! perfringeas or welchil)
and botuliam (Cl botulinum). The isolation of these organ-
iams requires anaerobic conditions, Once the sirain Lo be
identified is obtained in pure culture by single-colony selec-
tion, its morphological characteristics are noted; the strain
then i& grown in o variety of definitive media 1o determine
cataloge activity, hydrogen peroxide decomposition and fer-
mentation or hydrolysis of carbohydrates and organie acids.
The analysis of [ermentation products (gas chromalogras
phy) alzo is used for the identification of pathogenic anaera-
bic Clostridia, The major cloatridial exotoxin Lype con be
determined by typing with specific antitoxin sera. A Gram-
positive, aerobic, spore-former of medieal importance is Be-
cillus anthracis, responsible for anthrax, o disease of ani-
mals transmissible to man,

The mycebacterin are acith-fast bacilli asgociated with Lu-
hereulosis in man (Mycobacteritum tubereulosis), in callle
(Mycobacterium bouvls) and leprosy (Mycobacterium le-
prae). Tubercle baeilli in man are irolated [rom sputum
cultured on o tubed or bottled egg medium {Lowenslein-
Jensen) following enzymatie digestion and concentration of
the specimens, A provisional diagnosin of tuberculosis usu-
s#lly is made by demonstrating acid-fast baeilli microscopi-
cally, X-ray diagnosis and a positive tuberculin skin test.

Other woakly and partially acid-fast bacilli of medical
importance are mombers of the Actinomycetales, Noeardia
asteroides and Nocardia brasiliensis, which are responsible
for severe pulmonary infoctions and cutaneous and subeuta-
neous abseosses.

Bacteriophages {phages) are a special group of viruses
that are hosted by bacteria. Any given phage is highly host-
apeeific and when in contact, lysis of the host oceurs (phage-
typing). They are used primarily as epidemiological Lools in
subtyping strains of I coli, staphylococed or Selmonella sp
that are presumed (o be rolated epidemivlogically. Phoges
also furnish ideal material for studying host-parasite rela-
tionahips and virus multiplication.

The medically important fungal diseoses include the su-
perficial mycoses, e, fungal invasion s restricted to Lhe
outermost layers of the skin or to the hair shafts (Miero-
sporum audouint, Fngworm of the scalp, Trichophyton sp,
athlete’s foot.and Eptdermophyion floceosum, Tinea pedis)
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and the systemic pathogenic fungi (Blastomyces dermatiti-
dis, Coceldivides immitis, Histopluama capsulatum, Candi-
da albicans). The diagnosis of the causative agent is based
on the isolation of organisms on Sabouraud’s dextross agar
or tryplicaso soy agar with or without eycloheximide nnd
chloramphenicol to suppress the growth of sapraphytic fun-
gi and baclerin, macroseopic examination of merphological
characteristics and microscopic exmuminalion using KOH or
lactaphenol cotton-biue stain, Biochemical reactions usu-
ally are limited Lo Candida sp,  Immunological reactions
include skin tests, where applicable, agglutination tesis,
such as latex particle agglulination for histoplasmosis and
lube precipitin and complement-fixation tests.

An antimicrobial susceptibility tes! js u determinalion of
the least amount of an antimicrobial chemoetherapoutic
agent that will inhibit the growih of a mieroprganism in
vitre, using a tube-dilution method, agar cup or dizk-diffu-
sion methed. ‘The Lest may [unction as an aid in the selee-
tion of a chemotherapeulic agent by the phyaician, Also,
the concentration of antimiecrobial agonis in body fluids may

he determined by biological assay with an organism of

known susceplibilily for the specific agent.

The laboratory diagnosis of viral infections is based upon
(1) examination of the infecied tissues for pathognomonic
changes or for the presenca of viral material; (2) isolalion
and identification of the viral agent; (3) demonstration of a
significant increase in antibody Liter to n given virus during
the course of the illness; (4) detection of viral antigens in
lesions—uaing {luorescein-labeled antibodica and (8) elec:
Lron misroscopic examination of vesicular fluids or tissue
extracts, [Bleod is used for serological testa but seldom lor
virus isolalion, Acute and convalescent-phase blood speci-
mens must be examined in parallel to determine whether or
not antibodies have appeared or inereased in titer during the
course of the disease, Some examples of human viral infee-
tiong are respiretory infeclions (Adencvirus group); disensos
of the nervous system, ie, polio and coxsackie viruses of the
picornavirus group; smallpox (poxvirus group); measles
(paramyxoviras group); chicken pox (herpesvirus group)
and influenzn (myxoviras group).

Members of Myeoplasmala¢ea pleuropneumonia-like or-
ganismg (PPLO) are of a range of size similar Lo the larger
viruses, 'They are highly pleomorphic because they lnck o
rigid ¢ell wall, they ¢an reproduce in cell-free media and they
do not revert Lo or from bacterial parental forms ns the §.-
forms. Specimens (sputum, bronghiol secretions, urinary
sediment, ete) Tor the primary isolation of mycoplasmas (M
prewmontae, M hominis, ete} should be eultured on agar
media containing peplone, serum, ascitic fluid, whole blood
or egg volk. The species identification may bo by growth
inhibition on agor medium contaiting Lype-apecific rahbit
antisera, Anligenic variants or subspecies may be detected
by immunodiffugion. Various PPLO are pathogenic, para-
gitic or saprophytic. Myeoplasmas have a predilection for
mucous mambranes and aroe associnted with primary atypi-
cal pneumonia and bronchitis,

Clinical parasitology is a sclence which s concerned with
the parasitic protozon (amoeba), the helminths (cestodes,
tapeworms; Lrematodes, fules; nematodes, roundworms)
and the arthropods. The identification of protezoan ova is
based on detailed microscopiec morphology (nucled, ate) us-
ing wel mounts (saline or iodine) or stained preparations
{iron hematoxylin, elc) obtained from fecul apecimens ((resh
or preserved with polyviny! aleohol), which are coneentrated
by sedimentation, centrifugation or flotation technignes,
Trophotoite and/or eystic stages may bo delected in fecal
specimens nasociated with intestinal protozon as in amocehic
dysentery caused by Entamocha histolytica.

The commonly encountered helminths nre Necator amer-
jcanus (hookwormn), Trichuris {richivra (Whipworm} and
Enterobius vermicilaris (pinworm); they are identified by
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chargcioristio ova,  Charncterization of tapeworm sepments
{proglottids) or head (seolex) in afeca) specimen will differ-
entiate Taenia saginata (beef tapeworm) from Tacnia so-
fium {pork tapeworm), Iggs of T soliwm and T saginata
ennnol be differentiated on a morpholegical bosis,

Adult flukes oviposit a characteristic egg which may reach
the urine, spufum or feces, Schistosome jeponicum eggs
havp a small, indistinet spine; § monsoni, a distinet, large,
Juterad spine; and 8 haematobium, a distinet terminal spine.

Arthropode conslitute the largest of the animal phyla
which are characterized by a segmented body with the sep-
ments usunlly grouped in two or three distinet body regions,
by n chitinous exoskeleton, several pairs of jointed appen-
dages and charncteristic internal organs, Most arlhropods
can be preserved in 70% aleohol. They are of medical impor-
tance since they can infest man and cause mechanical trau-
ma or produce hypersensitivity from repeated exposure (Cr-
mox fectularius, the bedbug) or by toxin injection (Latro-
decius mactans, the black widow spider), by skin invasion
(Sereoptes scabiei, the itch mite} and by transmitting dig-
ease {Anopheles mosquitoes, malaria), and Yersinie pestis
in fleas (plague).

The serodiagnosis of parnsitic diseases includes the fol-
lowing immunodiagnostic tests: complement-fixation
(trichinosis), precipitin test (schistosomiasis), bentonite
flocculntion (ascarinsis), hemagglutination (echinococeosis),
lates. agglutination (irichinesis), chalesterol focculation
(schintosominsis), fluorescent antibody (malaria) and meth-
viene blue dye test (Loxoplasmosia).

immunochemisiry

Clinieal immunopnthology® includes general immunaolo-
gy (mmunofluorescence, immunodiffusion, immunaeelectro-
phoresis and ngglutinalion tests), radtoimmunoassay (RIA-
hormones, vitaming, drugs, immuonoglobuling), tissue Lyping
{(histecompatibility tests in organ transplants), cellidar im-
munology, cancer immunology and Immunohematology.

fxamples of each of these disciplines are discussed in this
section and other parts of this chapter,

The BLISA, enzyme-linked immunosorbend assay, de-
tects ontibodies by an indirect technique using entyme-
linked antibodies 1o label antigenic substances in tissue or
hody fluid. The antigen is attached to a solid matrix and
reacts with a specimen thal may contain a complimentary
antibody. The antihuman pglobulin, which is conjugated
with the enzyme, is added and the antigen reacts with Lhe
hound antibody of the patient. By adding the substrate
molecule the enzyme is detected, This system has been
used Lo identify antihiodies to viruses, parasites, bacterial
products and quantitation of some drugs.

Anitbody response is a complex process involving Lhe lym-
phoid cell system response to foreign stimulus or antigen.
Hemalopoietic cells in the fetal yolk sae, liver or marrow
develop into lymphoid stem cells which, in turn, differenti-
ate into ‘T-lymphoeytes of thymic origin and B dymphocytes
of bane-warrow origin.  The I-eells further differentinte
into lymphoblasts which are responsible for cell-mediated
cellular immunity (gralt vs host, reaction, Lissue transplant
rejection, tubercalin skin testing, delayed-type hypersensi-
tivity), B-cells differontiate into plasma cells which are
responsible for humoral immunity which is mediated by
circulating serum immunoglobuling (immediate-type hy-
persensitivity).

Macrophages can cooperate in presentation of antigen to
the T or B-lymphoblasts. Cooperalion hetween T and 8-
cells, immunological memary, develepment of immune tol-
erance to antigens and genatic control of the immune re-
sponse are integral propertics of the immune systom and are

related Lo development of immune deficiency and sutoim-
munea disease.

The identilfication and determination of immunogloby.-
iing (g, TgM, TgA) by radial immunodiffusion and bamu-
noelectrophoresis have been discussed under Proteins. lyM
{yM) is the earliest antibody found in the primary immune
respanse and falls rapidly afler the onset of IgGi antibody
aynthesis. TgG {y() is the major class of antibedy in both
the primary and secondary immune response.  IgG can cross
the placenta to provide the emly forms of antibody protec-
tion for the newborn, Ig(i and IgM can participate in the
complement, fixation renction. JrA (vA) is found predomi-
nantly i saliva and secretions of the gastrointestinal and
reapiratory tracts, In contrast o IgM and IgG, only a small
portion of total TgA is found in blood. IgA functions in
protection against pathogens that enter the host through the
respiratory or gastrointestinal tract. IgD {(y1) is found in
trace quantities in sera and its function is unknown, lglt
(£} is probably the most important antibody in acute hy-
persensitivity or allergic reactions. Reaction of maat cell- or
basophil-hound Igk with aniigen initiates the release of his-
tamine, slow-reacting subsiance (SRS), serotonin and bra-
dykinin and the subsequent allergic response. Iglt is besl.
quantitnted by RIA. Mean seram levels (mg%) in healthy
adults are [g(d 1200 4 500, TgA 210 o4 140, JgM 140 4 70, Igl>
3 and Igls <01,

Heterophile antibadies are agedutining which ave capable
of reacting with antigens that are entirely unrelated to those
which stimulate their production, These antibodies, which
oeeur in the serum of palients with infoctious mononucleosts
or aeruin sickness, will apelutinate formalized horse erythro-
eytes, In order to distinguish the specific heterophile ag-
glutining of infectious menanucleosis, the serum sample is
mixed with guinea-pig kidney tissue or heef erythrocyte
stromata; the infectious mononucleosts antibody will he ab-
sorbed mnd inactivated by the beef cells but nol by the
kidney tissue, and subsequent agglutination of horse eryth-
roevies will aecur anly in the kidney-tissue system. 'This
1.es1 is used {o detect infectious mononucleosia even prior to
clinienl symptoms. The heterophile Liter has no relation to
the course or severity of the disease,

Two protein copstituenls of human plasma, rheematold
factor (RF) and C-reactive pretein (CRIP) are of value in the
differential dingnosis of theumatoid diseases. CRP isapro-
tein present in the serum of patlients in the acule stages of
hacterial and viral infections, collogen disenses and other
inflammatory processes. The presence of this antigen in
gerum is detected by agglutination of polystyrene latex par-
ticles sensitized with apecific GRI” antihody globulin.  In the
manngement of rheumatic fover, decreases in CRIT biood
levels are used Lo measure the effoctiveness of therapy.

Rheumatoid arthritis is charscterized by the presence of a
renctive group of macroglobuling known as RF in blood and
synovinl fluid. RT is a proiein of the [tM gobulin fraction
and is regarded as an autoantibody against antigenic deter-
minants of Igi3. Analysis of R is based on agghutingtion
procedures employing polystyrone latex particles coated
with a layer of adsorbed human gamma plobulin,  The R
antibody reaction causes a visible agglutination of the inert
Jatex particles, CIRP is not.elevated in thoumatoid arthritis,

B-Hemolytic streplococci, the causative ngent in rheumat-
ic fever, produce streptolysin O and 5, sireptokinase, hyal-
uronidase, desoxyribonuclease and NADase in the hady.
The growth of streptococei in tissue with elaboration of
these proteins serves as the antigonic stimulus to evoke the
praduction of specific antibodies (og, antistreptolysin-0,
AR, The guautitation of the antibody titer to theso en-
zymes is an index of the strength of the antigenic stimulus
and the extent of the streplocooenl infection, ‘These anli-
bodies can be detocted by latex agglutination (ABQ) or tests
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dependent an the inbibition of enzyme action by the anti-
body (anti-hyaturonidase inhibition of hyaluronie agid de-
polymerization by hyaluronidase},

The laboratory dingnosis of syphilis (treponemal disense)
and the evaluation of n chemotherapeulic approach is based
on serological tesls. Demonstration of an antibody-like
substance, reagin, or of true antitreponemsal antibody in Lhe
serum of infected individuals s accomplished by compie:
ment lixation or Mlocendation tests for reagin, or immunoflu-
orescent techniques for troponemal aniibody.

In the complement [ixation lests (Solmer CI), reagin
reacts with a complex phosphatidie acid antigen (cardioli-
pin) and complement; the complement is bound and will not
1yse hemolysin-sensitized red cells which were added in the
second phase of the tesl. In pormal serum the reagin-cars
diolipin complex is not formed and the complement is free Lo
repct with hemoelysin and dyse the erythroeytes.

Floccwdation tests for determining of syphilis use & cardio-
lipin-lecithin-cholesterol antigen which elumps in the pres-
ence of serum reagin oceurring in nontreponenal diseases
nnd syphilis (Venereal Disease Rescarch lLabaralory—
VORL Test; rapid plasma reagin--18PR test),

Treponemal ardibody can be detected also by the reaction
of the patient’s serum with treponemal antigen and subse-
quent confirmation with fluorescein-labeled antibuman
globulin as an indicator of primary mntigen-antibody reac-
tion (fluorescent trepunemal anlibody-#1A Lest). The pa-
tient’s sorum can be (reated with an extract of treponemies
prior lo the I'T'A test to remove interforing antibodies and
eliminnte biological False-positives (FT'A-Abs Test), False-
positives oceur in related Lreponematosis such as yaws, pinta
aod bejel. Increased rveagin fitovs also ocour in malaria,
feprosy, infeclions mononucleosiy, chronie rheumatoid ar-
thritis or systemic lupus erythematosus and in patients on
hydralnzine therapy.

Febrile antibodies are present in the serum of palienty
with cectain bacterial or rickettsinl infections {(spolied, ty-
phus or @ fever), 1n typhae the patient’s setwm econtaing o
febrile antibody which will agglutinate a suspension of Fro-
tees OX-19 bacloria (Weil-Felix Reaction),  Salmonelie O-
H, Pasteuredia telarensis and Brucelln abortus antigens are
used in febrile antibody Lests for diagnosis of typhoid or
paratyphoid fover, tularemia and brucellosis, rospectively.

Toxoplusmosis is a major eause of birth defects.  An ex-
pectont mother may become infecled with cocysts in un-
cooked meal, or [rom eal fur, and infeet the felus transplo-
centally. Toxoplasmoris testing is hased on detecting se-
rum antibody by a hemagglutination procedure. Red cells
sensitized by oxposure (o toxaplasmosis antigen ave aggluti-
nated by the specific antibody,

Rodioimmunoassay (RIA)S has heen mentioned in vari-
ous sections of this chapter as an anslytical tood in the mea-
surement of hormones, immunoglobuling, drugs and ste-
roida. 'The hasic principle of RIA s

Apt 4 Ap -+ Ab o Ag*Ab + AgAb A+ Ag ()

IRIA s not to he confused with the specifie reactor assay
using labelod antigen and nonantibody protein recoplors
which is used for vitamin By, T4 T and cortisol assays.

Al procedures are based on the observation that radiola-
beled antigens {(Ag®) compete with nonlabeled antigen (Ag)
for binding sites on speeific antibody (AL} in the formation
of antigen-ontihody complexes (Ag*Ab, AgAb), When in-
creasing amounts of Ag are added to the assny, the binding
sites of Ab are saturated progressively and the antibody ean
bind less Ag¥. Therefore, the ratio of bound to hree Ap®
{3/ or % Ag® hound is a direct index of the concentration
of Ag in the assny.

The requirements for RIA are (1) prepavation and charne-
terization of Ag (2} radiolabeling of Ag, (3) preparation of
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specilic Ab and (4) development of the pssay system and
maethody to separate free (Ap, Ag*) from antibody bound
{AgAb, Ag*Ab) antigen,

Antigens can be prepared from naturad tissue sourees or
preferably synthesized. *H, YO or "1.1aholed antigens are
uaed routinely in the askay, The biological and immuno-
chemieal activity of the antipen must not be gltered in the
tagging procedure, and the apecific activity of Ag* must he
extremely bigh 50 that tracer quantilies can be used in the
assay. Tritium labeling and iodination (%) produce the
highest. specific activity, bul also increase susceptibitity of
Ag* wo internal degradation and self-radiolysis, in contrast.
1o MG, In mony instances, the original anligen cannot be
iodinated, hut can be altered chemically in such a way as to
retain fall antigenic cross-reactivily in RIA; eg, cyclic AMP
has no tyrosyl or histidyl residue for iodination; "fT-succin-
yleyclic AMP-Ayrosine methy} ester rotaing full cross-reac-
tivity with antibodies to cyelic AMP and is used in the sseay.

Hormones, steroids and drug substances are haplens.
They do not produce the nntibody response when injected
by themselves, bat will produce antibodies apecific for the
hapten when injected as a hapien-protein carrier conjugate.

Instrin (haplen) is coupled to albumin (protein-carvior) hy
treabment with carhodsimides (CCLD), which couple func-
tional earlioxyl, aming, aleobol, phosphate or thiol groups.
Morphine must be converted to the 3-O-carboxymethyl de-
rivative prior Lo CCD coupling with albumin to provide a
funetional coupling group in the hapten. The hapten-con-
jugate usually is emulsified in a mineral oil preparation of
killed Mycobarterium (Complote Frennds Adjuvant) and
injecled intradermally in rabhbits or guinens pigs on several
occasions, ‘The seram antibody must have both high speci-
{icity and alfinity for the anligens.

The assay system contains Ag®, snmple-containing en-
dogenous Ag or astandard Ag and anlibody, al specified pH
(8.5 to 8.5). After ingubation af 510 37° for anywhere from 1
hout Lo severn) days, (ree and antibody-bound antigen must
be separated, This is accomplished by double-anifbody
Lochnique, solid-phase RIA, resin techniguees or salt or sol-
pend precipitation.  In the double-antibody technique, anti-
giobulin (ALY serum is added to the assay system afler
incubation,  Ab-Ap* and Ab-Ag complexes are antibody-
globulin antigen complexes. The antiglobulin will reacl o
form insoluble Al-Ab-Ag® and Ab’-Ab-Ag complexes,
which can be removed by centrifugation. The free Ag*, Ap
is in the supernate,

The solid phase RIA is performed by coating tubes with
Ab; Ag amd Ag* react, compete and bind with Al on the wall
of tube, Unreacied Ag and Ag* is separated by decanting
and ringing the tube. Ab also can be bound covaldently with
isothiocynnerie Lo dextran gel particles. Ag and Ag* will
competle and bind with Ab on particles. Bound antigen then
can be separated from free antigen by centrifugation,

RIA has been applied to analysis of hormenes (ACTH,
angiotensin I and 1), gastrin, BOG, FSH, GH, glucagon,
HLH, WL, insulin, thyroxine), steroid hormones {aldoste-
rong, androstencdione, glucocorticoids, lestosterone, es-
trones, progesteronc), drag subatances (digoxin, digitoxin,
amphetamines, barbiturates, morphine, 151, ouabain), en-
dogenous substances (cyclic AMP, eyclic GMP, prostaglan-
ding, immunoglobulina, hepatitis antigen, enrcinoembryonic
antigen-—CIA),  Bxamples of the specific assays are dis-
cugsed i other geclions,

CleA and AFPP {s-1-{etoprotein) are proleine found in
fetal tissue. CEA analysis was first proposed as a specific
test for the early detection of howel cancer.  Although the
Lesl does not have absolute specificity for this digease, it may
prove of value as o diggnostic aid and Lherapy monitor.
CEA can be detected by RIA. Seram levels >2.5 ng
CHA/L are found in 60 to 70% of patients with adenocarci-
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nomn of the eolon; positive levels also are found in lower
percentages in carcinomas of the panereas, stomaeh, liver,
hreast, endometrium, ovary, kidney and bronchus, as well as
in other conditions such as gustrointestinal polyps, colitis,
diverticulivls and cirrhosis.  CISA appears to be associated
primarily with tumors of entodermally derived epithelial
tissue. The r;umlzu ity botween CEA and cell-surlace glyco-
proteins and sialic acids has stimulatoed considerable re-
search interest in a new approach Lo cancer chemotherapy.
The study of Ussue-transplantation untigens is an impor-
tant factor in stadies on Lissue and organ transplants, ABO
bload group antigens are invalved in survival of skin and
renal grafts. Because of the presence of natural occurring
anii- A and B, avoidanece of ABG incompatibility is impor-
tand in clinieal grafting. The HL-A andigens are found on
issue and on the white cells. There is one major histocom-
patibility locus, comprising a number of alleles or linked
genes, on a single chromosome segment,  Bach allele con-
trols four 1o five groups of major iransplantatien antigens,
These H1L-A isoantigons affect the survival of allogenie bis-
sue grafls and organ transplants, HL-A antigens can be
typed by aleukoagglutination method in which the paticni’s
or donor’s while cells are rencted with specific Hle-A anti-
sera. HIL-A {yping also can be performed by a eytotoxicity
test in which lymphoceytes are mixed with antisera and com-
plement. 'The antibody ¢an destroy the lymphocyles if a
corresponding antigen is present ou the cell surlace.
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CHAPTER 35

Drug Absorption, Action and Disposition

S$tewart € Harvey, PhD

Prafessor of Phommacology
School of Medicine, University of Urah
Salt Loke City. UT 84102

Although drugs differ widely in their pharmacodynamic
effects and clinical application, in penetrance, absorption
and usual roule of administration, in distribution amoeng the
body tissues and in disposition and mode of termination of
action, there are certain general principles that help explain
tbese differences, These principles have hoth pharmaceutic
and therapeutic implications. They facilitate an under-
standing of both the features thai are common to a class of
drugs and the differentia among the members of that class.

1 arder for & drug to act it must be absorbed, transported
10 the appropriate tissue or organ, penetrate Lo the respond-
ing subcellular structure and elicit a response or aller engo-
ing processes. The drug may be distributed simuitaneously
or sequentiafly to a number of tissues, bound or stored,
metabolized to inactive or aclive products or excreted, The
history of a drug in the body is summarized in Fig 35-1,
Each of the processes or events depicied relates importantly
{0 therapeutic and toxic effects of a drug and to the mode of
administration, and drug design must take each into ac-
count. Since the effect eliciled hy a drug is its raison d'etre,
drieg action and effect will be discussed first in the text that
follows, even though they are preceded by other events,

Drug Action

The word drug imposes an action-effect context within
which the properties of a subsiance are described. The
deseription of necessity must include the pertinent proper-
ties of the recipient of the drug. Thus, when a drug is
defined as an analgesic, it is implied that the recipient reacts
in & cerlain way, called pain,* to a noxious stimulus, Both
becnuse the pertinent properties are locked into the complex
and somewhat imprecise biologieal context and because the
types of possible response are many, descriplions of the
properties of drugs tend to emphasize the qualitative fea-
tures of the effects they elicil. Thus, a drug may be de-
seribed as having analgesic, vasodepressor, convulsant, anti-
bacterial, ete, properties. The specific effect (or use) cate-
gories inte which the many drugs may be placed are the
subject of Chaplers 38 through 65 and will not be elaborated
upon in this chapier. However, the description of a drug
does not end with the enumeration of the responses il may
elicit. There are cerlain intrinsic properties of the drug-re-
cipient system that can be described in quantitative terms
and which are essential to the full description of the drug
and to the validation of the drug for specific uses. Under
Definitions and Concepls, below, certain general terms are

* Sophisticated studies indicate thal pain is nel simply the perception
of & certnin kind of stimulus bud, rather, & reaetion Lo the pereeption of o
wariety of kinds of stimuli or stimulus paiderns.
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Fig 85-1. The absorption, distribution, action and elimination of a
drug (arrows represent drug movement).  Intravenous administration
is the anly process whareby a drug mey enler a compariment without
passing through a biolagical membrane. MNole thet drugs exgreted in
blle and saliva may be resorbed,

and Effect

defined in gualitative language; under Dose—Effect Relo-
tionships the foundation is laid for an appreciation of some
of the quantitative aspects of pharmacodynamics.

Dedinitions and Concepls

In the field of pharmacology, the vocabulary that is unigue
to the diseipline is relatively small, and the general vocabu-
lary is thal of the biologieal sciences and chemistry. Never-
theless, there are a few definitions that are important to the
proper understanding of pharmacology. It is necessary 1o
differentiale among action, effect, selectivity, dose, potency

-and efficacy.

Action vs Effect—The effect of a drug is an alteration of
function of the atructure or process upon which the drug
aets. It is common to use the terin action as a synonym for
effect. However, action precedes effect. Action is the al-
teration of condition that brings about the effect.

The final effect of n drug may be for removed from its site
of action. For examnple, the diuresis subsequent Lo the in-
gestion of ethanol does not result from nn action on the
kidney bat instead from a depression of activily in the su-
praopticohypophysenl region of the hypothalamus, which
regulates the release of antidiuretic hormone from the poste-
rior pituitary gland. The alleration of supraoplicohypo-

607
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physeal function is, of vourse, also an effect of the drag, as is
each subsequent change in (he chain of events leading Lo
diuresis. The action of ethanol was exerted only al the
initial gtep, each subsequent effect being then the aclion la
following step.

Muitiple BEffects—No known drug is capable of exerting
a single effect, although o mumber are known that appear 1o
have a single mechanism of action.  Multiple effects may
derive from a single mechanism of action. Foy example, the
inhibition of acetylcholineslerase by physostigmine will elic-
it an effect al every site where acetylcholine is produced, is
putentinlly active, and is hydrolyzed by cholinesierase.
Thus, physastigmine elicits a constellation of effects.

A drug nlso ean cause multiple effects at several different
sites hy a single action at only one site, providing thal the
function initially altered at the site of action ramifies to
“control other functions at distant sites, Thus, a drug that
suppresses steroit synthesis in (e liver may not only lower
serum cholesterol, impair nerve myelination and function
and alter the condition of the slin (as a consequence of
cholesterol deficiency) bul also may affect digestive func-
tions (because of a deficiency in bile acids) and alter adreno-
eartical and sexual hormonal balance,

Although a single action ean give rise to muitiple effects,
mast drugs exert multiple actions.  The various actions may
be velated, as, for example, the sympathomimetic effects of
metaraminol that accrue to ils structural similarity to nor-
cpinephrine nnd its ahility partially to suppress sympathetic
responses Lecause i occuplies the catecholamine slorage
pools in lieu of norepinephrine; or the actions may be unre-
lated, as with the actions of morphine 1o interfere with the
relense of acetyleholine from certain autonomic nerves,
Block some actions of 5-hydroxytryptamine {serotonin) and
release histamine, Many drogs bring about immunoelogic
{allergic or hypersensitivity) respoanacs that bear no relation
to the other pharmacodynamic actions of the drug.

Seleclivity—Despite the potential most drugs have for
cliciting multiple effects, one effect is generally more readily
clicitalle than ancther, This differential responsiveness is
called selectivity. 1t usually is considered to be a property
of the drug, but it is also a property of the constitution and
hiodynamics of the recipient subject or patient.

Selectivily may come about in several ways. The subcel-
Tular structure (receptor) with which o drug combines to
initinte one response may have o higher affinity for the drug
than that for some other action, Airoping, for example, has
a much higher affinity for muscarinic receplors (page 859)
that subserve the funclion of sweating than it does for the
nicotinic receptors {page 889) that subserve voluntary neu-
romuseular transmiegion, so that suppression of sweating
can be achieved with only a tiny fraction of the dose neces-

sary to cause paralysis of the skeletu) muscles. A drag may”

be distributed unevenly, so that it veaches a higher concen-
tration al one site than throughout the lissues generally;
chlovoquine is much more effective against hepatic than
intestinal (colonic) amebiasis because it reaches a much
higher concentration in the lver than in the wall of the
colon. An affected function reay be mueh more eritical Lo or
Liave less reserve in one organ than in another, so that. a drug
will be predisposed to elicit an effect ai the move critical site.
Some inhibitors of dopa decarboxylase {which is also 5-
hydroxyiryptophan deeatboxylase) depress the synthesis of
histamine more than thet of either norepinephrine or 5.
hydroxytryptamine (seroionin), even though histidine de-
carboxylase is less sengitive to the drug, simply because
histidine decarboxylase is the only step and, hence, is rate-
limiting in the biosynthesis of histamine. Dopa decarboxyl-
ase is not rate-limiting in the synthesis of either norepineph-
rine or §-hydroxytryptamine until the snzyme s neardy com-
pletely inhibited. Another example of the determination of

selectivity by the critical balance of the affected function is
that of the mercurial diuretic drugs. An inhibition of only
1% in the tubutar resorption of glomerwar filtrole usually
will double arine flow, since 994 of the glomeralur filtrate is
normally resoebed.  Aside from the question of the possible
concentration of diuretics in the urine, a drug-induced re-
duction of 1% in sullhydryl enzyme activity in tissues other
than the kiduney usually is nol accompanied by an observable
change in function. Selectivily also can be determined by
the patiern of distribution of destructive or aclivating en-
zymes among the tssues and by other factors.

Dose—Tiven the uninitisted person knows that. the dose
of a drug is the amount administered. However, the appro-
priate dose of s drug is not seme unvarying quantity, a fact
sometimes averdooked by pharmacists, offieial committees
and physicians, The practice of pharmacy is entrapped in a
system of fixed-dose formulations, so that [ine adjustments
indosage are often difficult Lo achieve. Fortunately, thereis
usually a rather wide latitude allowable i dosages. It is
obvious that the sine of the recipient: individual should have
a bearing upon the dose, and the physician may cleet to
administer the drug on a hody-weight or surface-area basis
rather than as a fixed dose.  Usually, however, a fized dose is
given to all adulis, unless the adult is exceplionally large oy
small. ‘Phe dose For infants and children often iz deter-
mined by one of several formulas which take into account
agre or weight, depending on the age group of the child and
the type of action exerted by the drug.  Infants, relatively,
are more sensitive fo many drugy, often because enzyme
systems which destroy the deags may not be developed fully
in the infant.

T'he nutritional condition of the patient, the mental out-
look, the presence of pain or discomfort, the severity of the
condition being treated, the presence of secondary disease or
pathology, genetic and many other faciors affect the dose of
o drug necessary Lo achieve o given therapeutic response or
10 canse an untoward effect (Chapter 87). Fven two appar-
ently well-matched normal persons may require widely dif-
{erent doses for the same intensity of effect. Furthermore,a
drug is not always employed for the same effect and, hance,
not in the same dose.  For example, the dose of a progestin
necessary for an oral contraceptive effect is considerably
different from Lthat necessary o prevent spontaneous abor-
tion, and a dose of an estrogen for the treatment of the
menepause is much too small for the treatment of prostatic
carcinoma.

From the above il is evidend. that the wise physician knows
that the dose of a drug is “enough’ (e, no rigid quantity but
rather thatl which is necessary and can be tolerated) and
individualizes the regimen accordingly. ‘The wise pharma-
cist. alse will appreciate this dictum and recognize that offi-

L .
cial or manufacturer’s recominended doses are sometimes

guite narrowly defined and may be very wide of the mark.
They sbould serve only as a useful guide rather than as an
imperative.

Polency and Efficacy—The potency of n drog is the
reciprocal of dose. 'Thus, it will have the units of per-
sons/unit weight of drug or body weight/unit weight of drag,
etc. Polency generally has little utility ather than to pro-
vide s means of comparing the relative activities of drugs ina
series, in which cnse relative poteney, relative to some proto-
type member of the series, is p parameter commonly used
amaong pharnacologisis and in the pharmaceutical industry,

Whether a given drug is more polent than another has
Jittle hearing on its clinical usefulness, provided that the
potency is not so low that the gize of the dose is physically
unmanageable or the cost of treatment is higher than with an
equivalent. drug. 1 a drug is less potent but more selective,
it is the one to be preferred. Promotionsl arguments in
favor of a more polent drug thus are irvelevant Lo the impor-
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tant considerations that should govern the choice of a drog.
However, it sometimes oceurs that drugs of the same class
differ in the maximun intensity of effect; that is, some drugs
of the class may be less efficacious than others, irrespeclive
of how large o dose is used.

Efficacy connotes the property of a diug to achieve the
desired response, and maximum efficecy denotes the maxi-
mum achievable effect. Tven huge doses of codeine often
cannoet achieve the relief (rom severe pain that relatively
small doses of morphine can; thus, codeine is said to have a
lower maximum efficacy than morphine. Efficacy is one of
the primary determinants of the choice of a drug.

Dose-Effect Relationships

The importance of knowing how changes in the intensity
of response to a drug vary with the dose is virtually self-
evident. Both the physician, who preserihes or administers
a drug, and the manufacturer, who must package the drug in
appropriate dose sizes, must transiate such knowledge into
everyday practice. Theoretical or molecular pharmacolo-
gists also study such reintionships in inguiries inte mecha-
nism of action and receptor theory (see page 702). It is
necessary Lo define two types of relationships: (1) dose-in-
tensity relationship—ie, the manner in which the intensity
of effect in the individual recipient relates to dose—and (2)
dose-frequency relationship-—ie, the manner in which the
number of responders ameng a population of recipients re-
lates to dose.

Dose-Intensity of Effect Relationships—Whelher the
intensity of effect is detexmined in vivo (eg, the blood-pres-
sure response to epinephrive in the human patient) or in
uitro (eg, the response of the isolated guinea pig ileum lo
histamine)}, the dose-intensily of effect (often called dose-
effect) curve usually has a characteristic shape, namely a
curve that closely resembles one quadrant of a reclangular
hyperbola.

In the dose-intensity curve depicted in Fig 36-2, the curve
appears to intercept the x axis at 0 only because the lower
doses are quite small on the scale of the abscissa, the smallest
dose being 1.5 X 107" g, Actually, the & intercept has a
positive value, since a finite dose of drug is required to bring
ahout a response, Lhis lowest effective dose being known as
the threshold dose, Statistics and chemical kineties prediet
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Fig 85-2. The rslationship of the intensily of the blood-pressure
response of the cat to the infravenous dose of norepinephrine,

that the curve should approach the y axis asymptotically.
However, if the intensity of the measured variable does not
start. from zero, the curve possibly may have o positive y
intercept {or negative x inlercept), especially if the ongoing
basal activity before the drug is given is closely related to
that induced by the drug.

In practice, instead of an asymptote to the y axis, dose-in-
tensity curves nearly always show an upward concave foot at
the origin of the curve, so that the curve has a lupsided
sigmoid shape, At high doses, the curve approaches an
asymplote which is parallel to the x axis, and the value of the
asymptote establishes the maximum possible response (0
the drug, or maxiimum efficacy. However, experimental
data in the regions of the asymptotes generally are (oo errat-
ic to permit en exact delinition of the curve at tho very low
and very high doses, The example shown represents an
unusually good set of data.
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Fig 35-2. The relationship of the intensity of the bicod-pressure response of the cat to the log of the inrravanous dose of norepinephrine,
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700 CHAPTER 35

Because the dose range may be 100- or 1000-fold from the
lowest to the highest dose, il has become the practics to plot
dose-intensity curves on alogarithmic scale of abseisan; e, to
plot the log of dose versus the intensity of effect. Figure 35-
4 is such a semilogarithmic plot of the same data as in Pig 35-
2. In the figuwe the intensity of effeet is plotted hoth in
absolute units (at the leff) or in relative units, as percent {at
the right).

Although no new information is ereated by a semilogarith-
mic representation, the curve is stretohed by such a way as to
facilitate the inspection of the data; the comparison of re-
sutts from multiple observations and the testing of dilferent
drugs also is rendered easier. In the example shown, the
curve is essentially what is called a sigmoid curve and is
nearly symmetrical about the poinlt which represents an
intensity equal to 50% of the maximal effect, ie, about the
midpoint. 'The symmelry [ollows from the rectangular hy-
perbolic charncter of the previous Cartesian plot (Mig 35-2).
The semilogarithmic ploi reveals better the dose-efflect rela-
tionships in the low-dose yange, which are lost in the sleep
slope of the Carlesign plot, Purthermore, the data about
the midpoint are almost a straight line; the nearly linear
portion covers approximately 50% of the curve. Theslope of
the linear portion of the curve or, more correctly, the slope at
the point of inflection, has theoretical significance (see Drug
Recepiors and Receptor Theory, page T02).

The upper portion of the curve approaches an asymptote,
which is the same as that in the Cartesian plot. If the
response system js completely ot rest before the drug is
administered, the lower portion of the curve should be as-
ymptotic to the x axis. Both asymptotes and the symmetry
derive from the law of mass action (see page 703).

Dose~inlensity curves often deviate from the ideal confip-
uration illustrated and discussed above., Usually, the devi-
ate curve remains sigmoid but ot extended symmetrically
about the midpoint of the linear segment., Occasionally,
other shapes oceur, sometimes quite bizarre ones. Daovi-
ations may derive (rom multiple actions that converge upon
the same finat effector system, From varying degrees of meta-
bolic alteration of the drug at different doses, from modula-
tion of the response by feedback systems, from nonlinearity
in the relationship between action and effect or from other
causes,

1t.is frequently necessary to identily the dose which elicits
a given intensity of effect. The intensity of effect that is
generally designated is the 50% of maximummn fntensity. The
eorresponding dose 1s called the 50% cffective dose, or indi-
vidual ED50 (see Pig 35-3). The use of the adjective, indi-
vidual, distinguishes the 12D50 based upon the intensily of
effect from the median effeclive dose, also abbreviated
D50, determined from frequency of response data in a
population (see Doge-Froguency Relationships, this page).

Diugs that elicit the same quality of effect may be com-
pared graphically, In Fig 85-4, five hypothetical drugs are
compared. 1Drugs 4, B, C and I all can achieve the same

INTENSITY OF EFFECT

™
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Fig 35-4.  Log dosoa--intensity of offact curvos of five different hypo-
thatical drugs (sea text ior explanation).

maximum effect, which suggests that the same eflcetor sys-
tem may be common to all. 1 possibly may be working
through the same cifector system, but there are no a priori
reasons to think this is so. Only 4 and B have parallel
cutves and commeon slopes.  Common slopes are consistent;
with, butin no way prove, the idea that A and A not only act:
through the same affector system but also by the same mech-
anism,  Although drug-receplor theory (see Drug Receplors
and Receptor Theory, page T02) requires that the curves of
identical mechanisny have equal slopes, examples of excep-
tions are known. FFurthermore, mass-law statistics require
that all simple drug-recepior inferactions generate the same
slope; only when slopes depnei from this universal slope in
accordance with distinctive characteristics of the response
system do they provide evidence of specific mechanigims.

The relative potency of any drug may be obtained by
dividing the E50 of the standard, or prototype, drug by
that of the drug in question. Any level of effect other than
50% may be used, but it chould be recognized that when the
slopes are nol paralle] the relative potency depends upon the
intensity of effect chosen. Thus, the potency of A relative to
! (in IPig 35-4) ealeulated from the BIS0 will e smaller than
that caleulated from the BD25.

The low maximum intensity inducible by I} poses even
more complications in the determination of relative poteney
than do the unequal slopes of the other drugs.  Ifits dose-in-
tensity curve is plotied in {erms of percent of its own maxi-
mum effect, ity relative inetficacy is obscured and the Emita-
tions of relative potency at the IED50 level will not be evi-
dent. This dilemma simply underscores the fact that drugs
can be compared betier from their entire dose-intensity
curves thap from a single derived vumber like ED5O or
relative polency.

Drugs that elicit multiple effects will generale a dose-in-
lensity curve for each effect. Even though the various ef-
facts may he gualitatively diiferent, the several curves may
be plotted togather on a commeon scale of abseissa, and the
intensity may be expressed in terms of percent of maximum
effect; thus, all curves can share a common scale of ordinates
in addition to eominon abscissa. Separate scales of ordi-
nates could be employed, but this would make it harder to
compare data.

The selectivity of a drug can be determined by noting
what percent of maximum of one effect can be achieved
before & second effect ocours. As with relative potency,
seleetivity may be expressed in ferms of the ratio between
the BI50 for one effect to that for another effect, or a ratio at
some other intensity ol effect. Similarly Lo relative potency,
difficulties follow {rom nonparallelism.  In such instances,
celectivity expressed in dose ralios varies from one intensily
level to another,

When the dose-intensity curves {or a number of subjects
are compared, it is found that they vary considerably from
individual fo individual in many respacts; e, threshold dose,
midpoint, maximum intensity and sometimes even slope.
By averaging the intensilies of the effect at each dose, an
average dose—inlensity curve can be constructed.

Average dose-intensity curves enjoy a limited application
i comparing druge. A single line expressing an average
response has Bitlle value in predicting mdividual responses
unless it is accompanied by some expression of the range of
the effect at the varioue doses. This may be dove by indicat-
ing the standard exror of the response at each dose.  Ocen-
sionally, o simple scatter dingram is ploited in liea of an
avernge curve and stalistical parameters (see Tig 10-21).
An averape dose-intensily curve alay may be constructed
from a population i which different individuals veceive
different doses; if sufficiently large populations are em-
ploved, the average curves determined by the two methods
will approximate each other,
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1t. iz obvious that the determination of such average enrves
from a population sufficiently large to he statistically mean-
ingful requires a great deal of work. Retrospective clinical
data cceasionally are treated in this way, but prospective
studies infrequently are designed in advance to yield average
curves. The usual practice in comparing drugs is to emplay
a quantal (all-or-none) end-point and plot the frequency or
cumulative frequency of response over the dose range, as
discussed below.

Dose-Frequency of Response Relationships—When
an end-point is {ruly all-or-none, such as deatly, it is an casy
malter to plot the number of responding individuals {eg,
dend subjects) at sach dose of drug or intexicapt. Many
other responses that vary in intensity can be treated as all-
or-none if simply the presence or abscnce of a respouse (e,
cough or no cough, convulsion or no convulsion) is recorded,
without regard Lo the intensity of the response when it oc-
curs.

‘When the response changes {rom the hasal or control state
in 4 less abrupt menner {eg, tachycardia, miosis, rate of
gastricsecretion) it may be necessary to designale arbitrarily
some particalar intensity of effeet as the end-point. Il the
end-point is taken as on inevease in heart rate of 20 hents/
min, all individuals whose tachycardia ig lese than 20/min
would he recorded as nonrespounders, while all those with 20
or above would be recorded as responders.  When the per-
cent of responders in the population is plotted against the
dose, a characteristic dose-response curve, more properly
called a dese-cumulative frequency or dose-percent curve,
is generated. Such a curve ig, in fact, a cumulative frequen-
ey-distribution curve, the percent of responders at a given
dose heing the frequency of response,

Pose—cumulative frequeney curves are gensrally of the
same geometrie shape as dose-intensily curves (namely, sig-
moid} when frequeney is plotted against log duse (see Fig 35-
). The tendency of the cumulated frequency of response (ie,
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Fig 85-5. The rolatlonship of the number of resporders in & popula-

tion of mice to the dose of penlylenetotrazol (courlesy, Drs DG

McQuarry and EG Flngl, University of Utah).
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percent) Lo be lincarly propertiona) (o the log of 1he dose in
the middle of the dose range is callpd the Weber-Feehner
{aw, although it is nol invariable, as a true natural law should
be. In many instances, the cumulative [requency is simply
proportional to dose rather than log dose. The Weber-
Jtechner law applies Lo either dose~intensity or dose-cuimu-
lative frequency data. The similarvily between dose-{re-
quency and dose-inlensily curves may be more than fortu-
ifous, since the intensity of response will usually have an
approximately linear relationship to the percent of respond-
ing units (smooth musele cells, nerve fibers, ete) and, hence,
is also a type of cumulative frequency of response. These
are the smne kind of statistics that govern the law ol mass
aclion.

I only the increase in the number of responders with sach
new dose is plotted, tnstead of the cumulative percent of
responders, & bell-shaped curve is obtained, This curve is
the first derivative of the dose-cumulative frequency curve
and is a frequency-distribulion ewrve (see Chapter 10).
"Phe distribution will be symmetrical—ie, normal or Gausa-
ian {see Fig 10-5)—only if the dose—cumulative frequency
curve is symunetrically hyperbolic. Because most dose--cu-
mulative frequency curves are more nearly symmetrical
when plotted samilogarithmically (ie, as log dose}, dose-cu-
mulative frequency curves are usually log-normal.

Since the dose-intensity and dose--cumulative frequency
curves are basically similar in shape, it follows that the
curves have similar cdefining characieristics, such as 151250,
maximum eifect (maximum efficacy) and slope. Tn dose-
comulative frequency data, the TD5H0 (median effective
dose) is the dose to which 50% of the population responds
{sce Fig 85-6), If the frequency distribution is normal, the
EDSO is both the arithmetic mean and median dose and is
represented by the midpoint on the curve; if the distribution
is log-noymal, the K50 is the median dose bul not the
arithmetic mean dose. The efficacy is the cumulative fre-
quency summed over all doses; it is usually, but not always,
100%. The slope is characteristic of both the drug and test
population. Even two drugs of identical mechanism may
give rise Lo different slopes in duse-percent curves, whereas
in dose—intensity curves the slopes are the same.

Statistical parameters (such as standard deviation), in
addition 1o EDS0, maximum cumulative frequency (effica-
¢y} and slope, characterize dose-cumulative frequency refa-
tionships {see Chapter 10).

There are several formulations for dose-cumtlative fre-
quency curves, some of which are employed only to define
the linear segment.of a curve and to determine the statistical
parameters of this segment. For the statistical treatment of
dose—frequency data, see Chapter 10.  One simple mathe-
matical expression of the entire log-symmetrical sigmoid
curve is

log dose = K +/ Jog (MM?-‘PW) o

100% — response

where percent response may be either the percent of maxi-
mum intensity or the percenl of n population responding.
The equation is thus basically the same for both log nermal
dose-intenzily and log normal dese-percent relationships.
K iz a constant that is characteristic of the midpoint of the
curve, or ED50, and /7 is characteristically related to the
slope of the linear gegment, which, in turn is closely related
10 the standard deviation of the derivative log-normal fre-
quency-distribution curve.

The comparison of dose-percent relationships mmnong
drugs is subject to the pitfalls indicated for dese-intensity
cornparisons {see page 699}, namely, that when the slopes of
ihe curves are not the same (ie, the dose—percent curves are
not parallel}, it iz necessary to state at which level of re-
sponae a potency ratio is celeulated. Aswith dose-intensity
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data, potencies generally are caleulated from the 15D50, but
potency ratios may be caleulated for any arbitrary percent
response. T'he expression of selectivity is, likewise, subject
Lo similar qualifications, inasmuch as the dose-percent
curves {or the several effects are usually nonparallel.

The term dherapentic index is used (o designate a guanti-
tative statement of the selectivity of a drug when a therapeu-
tic and an untoward effeot are being compared, 1f the unto-
ward offect is designated as 7 {for toxic) and the therapeatic
effect as [, the therapeutic index may be defined as
TRHO/EDS0 or & similar ralio at some other arbitrary levels
of regponse. The T and the FIY are not reguired to express
the same percent of response; some clinicians use the ratio
TD1/EDOY or TDS/EDY5, based on the rationale that if the
unloward eifect is serious, it is imporiant to use a most-
severe therapeutic index in passing judgment upon the drug.
Unfortunately, therapeutic indices mre known in man for
only a few drugs.

There will be a different therapeutic index for each unto-
ward effect thal o drug may elicil, and, i there is more Lthan
one therapeutic effect, a family of therapeatic indices for
each therapeutic effecl.  HMowever, in clinical practice, il is
eustomary to distinguish among the various toxicities by
indicating the percent incidence of a given side effect.

Variations in Response and Responsiveness-—From
the abave discussion of dose-frequency relationships and
Chapter 10, it is obvious that in a normal population of
persons there may be quite & large difference in the dose
required to elicit a given respomse in the least-responsive
member of the population and that to elicit the response in
the most-responsive member.  The difference ordinarily
will be a function of the slope of the dose-percent curve, or,
in statistical terms, of the standard deviation. If the stan-
dard deviaiion is large, the extremes of responsiveness of
responders are likewise large.

o a normal papulation 95.46% of the population responds
0 doses within two standard deviations from the BDA0 and
99.73% within three standard deviations. In log-normal
poputations the same distribution applies when standard
deviation is cxpressed as Jog dose.

In the pepulation represented in Fig 35-5, 2.25% of the
population {two standard deviations fremy the median)
would require a dose more than 1.4 limes the BDB; an
equally small percent would respond to 0.7 the BDS(. The
physician who is unfamiliar with statistics is apt to consider
the 2.25% at either extreme as abnormal reactors. The slat-
istician will argue that these 4.5% are within the normal
population and only those who respond well outside of the
normal population, at least three standard deviations from
the median, deserve to be called abnormat.

livespective of whether the criteria of almormality that
the physician or the siatistician obtain, the term hyporeac-
itoe applies to those individuals who require abnormally
high deses and hyperreactive to those who require abnor-
mally low doses. The terms hyporesponsive and hyperre-
sponstve also may he used. It is incolrect 1o use the terms

hypuosensitive and hypersensitive in Lhis context; hypersen-
sitivity denoles an allergic response lo a drug and should not
e used Lo refer to hyperrenctivity, The term supersensilin-
ity correctly applies 1o hyperreactivity that resulls from
denervation of the effector organ; it iz often more delinitive
ly called denervation supersensitivity. Somelimes hypor-
vactivity is the result of an immunochemical deactivation of
the drug, or immunity. Hyporeactivity should be distin-
guished from an increased dose requirement thai resulis
from a severe pathological condition, Severe pain requires
larpe doses of analgesics, but the patient is not a hyporeac-
tor; what has changed is the haseline from which the end-
point gquanium is measured. The responsiveness of a pa-
tient Lo certain drugs sometimes may be determined hy the
history of previous exposure to appropriate drugs.

Tolerance is a diminution in responsiveness as use of the
drug continues. The consequence of wlerance is an increase
in the dose requivement. H may be due to aninereasc in the
rate of elimination of drug {as discussed elsewhere in this
chapier), to reflex or other compensatory homeostatic ad-
justments, to a decrease in the number of receptors or in the
number of eneyme malecules or other eoupling proteins in
the elfector sequence, Lo exhaustion ol the effector system or
depletion of mediators, Lo the development of immunity or
Lo obher mechanisms. Tolerance may be gradual, reguiring
many dases and davs to months to develop, or acute, requir-
ing only the st or a few doses and only minufes to hows Lo
develop. Acule tolerance is calted lachyphylaxis.

Drug resistanee is the decrease in responsiveness of mi-
croorganisms, neoplasms or pests to chemotherapeutic
agents, antineoplastics or pesticides, respectively. If is not
tolerance in the sense that the sensifivily of the individual
microorganism or eancer cell decreases; rather, it is the sur-
vival of normally unresponsive cells which then pass the
genetic factors of resistance on to their progeny.

Patients wha fail to respond to a drug are ealled refrac-
tory, Refractoriness may resuit from folerance or resis-
tanece, but it also may result from the progression of patho-
logical states that negate the yesponse or render the response
incapable of surmounting an overwhelming pathology.
Rarely, it may result from a poorly developed receptor or
response system.

Sometimes a drug evokes an unusual response that is
qualitatively different from the expected response. Such
an unexpecied response is called a meta-reaction. A not
uncommon meta-reaclioh is a central nervous stimulant
rather than depressant effect of phenobarbital, especially in
women. Pain and certain pathological states sometimes
favor mefa-teactivity, Responses that are different in in-
fants or the aged than in young and middie-aged people are
not meta-reactions if the response is usual m the age group.
The term idiosynerasy algo denotes mela-reactivity, butthe
word bas been so abused that it is recommended that it be
dropped. Although hypersensitivity may cause unusual ef-
feets, it is not includad in mete-reactivity.

Drug Receptors and Receptor Theory

Most drugs acl by combining with some key substance in
the biological milieu that has an important regulatory fune-
Gion in the Larget organ or tizsue. This bivlogical partner of
the drug goes by the name of receptive substance or drug
receplor. The receplive substance is considered mostly to
e a cellular constituend, although in a few instances it may
e exfracellular, as the cholinesterases are, in parl, 'The
receptive substance is thought of as having a speeinl chemi-
¢al affinily and stractural requirements for the drag. Drugs
such as emollients, which have a physical rather than chemi-

cal basis for their action, obviously do not act apon recepr-
tors.  Drugs such as demuleents and astringents, which act
in a nonselective or nonspecific chemical way, alse are not
considered 10 act upon receptors, since the candidate vecep-
tars have neither sharp chemical nor biological definition.
Tven antacids, which react with the extremely well-defined
hydronium ion, cannot be said to have a receptor, since the
reactive proton has no permanent biological residence.
Because of early preoccupation with physical theories of
action and the classical and illogical dichotomy of chemical
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and physical motecular interaction, there is a reluctance Lo
admit receptors for drugs such as local anesthetics, general
anesthetics, certain electrolyles, ete, which generally are not
aceepted to combine selectively with distinct cellolar or or-
ganelle membrane constituents. The word receptor often is
uged inconsistently and intuitively. However, the lerm is a
legitimate symbol for that hiological structure with which a
drug interacts to initiate a response. Ignorance of the iden-
tities of many receptors does not detract from, but rather
increases, Lthe importance of the terin and general concepl.

Onee a receptor is identified, it frequently is no longer
thought of ns a receptor, although such identification may
afford the basis of profound advances in receptor theory.
Since the effects of anticholinesterases are derived only indi-
rectly from inhibition of cholinesterase and no drugs are
known that stimulate the enzyine, it may be argued that il is
not a receptor. Nevertheless, a number of drugs ultimately
act indirectly through the inhibition of such modulator en-
zymes and it is important for the theoretician to develop
models based upon sueh indirect interrelations,

Enzymes, of course, readily sugpest themselves as candi-
dntes for receptors. However, there is more to ceilular funce-
tion than enzymes. Receplors may be membrane or intra-
cellular constituents that govern: the spatial orientation of
enzymes, gene expression, comparlmentalization of the cy-
toplasm, coniractile or compliaut properties of subcellular
structures or permenhility and electrical properties of memn-
branes., For nearly every cellular constituent there can he
imagined a possible way for a drug 1o affect its function;
therefore, few cellular constituents can be dismissed a priori
as possibie receptors. All the recepiors for neurotransimit-
ters and autonomic agonists are membrane proteing with
agonist-binding groups projecting into the extracellular
gpace. ‘The transducing apparatus, whereby an cccupied
receptor elicits a vesponse, is called a coupling system. Ix-
citatory neurotransmitiers in the central nervous sysitem,
and nicotinic receplors elsewhere, are coupled to ion chan-
nels which, when opened, permit the rapid ingress, especial-
ly of sodium ions, GABA (y-amino-bualyric acid) and gly-
cine are coupled to inhibitory chloride channels. Benzodia-
zepine receptors are coupled to the GABA-roceptor. Beta-
adrenergic receplors and a number of receptors for
polypeptide hormones interact with a stimulatory GDP/
GTP-binding protein (G-protein) which can activate the
enzyme adenylate cyclase. The cyclase then produces §7.5'
cyelic AMP (cAMP) which, in turn, activates protein ki-
nases. Other receptlors inleract with inhibitory G-proteins.
Some receptors couple to guanylate cyclase,

Alpha-adrenergic, some muscarinic and various other re-
ceptors couple to the membrane enayme, phospholipase-C,
which cleaves inositol phosphates from phosphoinositides,
The cleavage produet, 1.4,5-inositol triphosphate (IF4), then
pauses an increase in intracellular calciuin, whereas the
product, diacylglycerol (DAG), activates kinase-C. There
are a number of otber less ubiquitous coupling systems.
Substances such as cAMP, cGMP, IP; und DAG are called
second messenfers.

It has been found that there may be several difierent
receptors for o given pgonist.  Dilferences may he shown not
only in Lhe types of coupling systemns and effects hut also by
differential binding of agonists and antagonists, desensitiza-
tion kinetics, physical and chemical properties, genes and
amino acid sequences. ‘The differentiation ainong receptor
suhtypes is called receptor classification. Receptor sub-
types are designated by Greek or Arabic alphabetical prefix-
es and/or numerical subscripts. There are at least two each
of bela-adrenergic, histaminergic, seroloninergic, GAl3Aer-
gic and benzodiazepine receptors, probably three of musca-
rinic and alpha-adrenergic and five of opioid receptor sub-
Lypes.
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Occupation and Other Theories

Drug-receplor interactions are governed hy the law of
mass aclion, a concept initinted by Langley in 1878, Howey-
er, most chemical applications of mass law are conecerned
with the rale al which reagenis disappear or producls are
formed, whereas veceptor theory usually concerns itself with
the lraction of the receptors combined with a drug, similar to
theories of adsorption. 'The usual coneept is that only when
the receptor actually is oecupied by the drug is its function
transformed in such a way as to elicit a response. This
concept has become known es the occupation theory. 'The
carliest clear statement of its assumptions and formulations
is often credited te Clark in 1926, but both Langley and Hill
made importent contrihutions to the theory in the first two
decades of this century,

It all receptor theories, the ferms agonist, partial agonist
and antagonist are employed. An agonist is & drug that
combines with a receptor to initiate a response.

In the classical oceupation theory, two attributes of the
drug are required: (1) affinity, ameasure of the equilibrium
constant of the drug-receptor interaction, and {2} tntrinsic
aetivity, or inlrinsic efficacy (not to be confused with effica-
cy as inlensily of effect}, a meansure of the ability of the drug
1o induce a positive change in the function of the receplor.

A partial agonist is a drug thal can elicit some but not a
maximal effect and which antagonizes an agonist. In the
occupation theory it would be a drug with a favorable affini-
ty bul a low intrinsic activity.

A competitive antagonist is a drug that occupies a signifi-
cant propertion of the receptors and thereby preempls them
from reacting maximally with an agonist. In the aceupation
theory the prerequisite property is affinity without intrinsic
activily.

A noncompetitive antagonist may reacl with the receptor
in such o way as not to prevent agonist-receplor comhina-
tion but to prevent the combination from initiating a re-
sponse, or it may act to inhibit some subsequent event in the
chain of action—effect-action-effect that leads to the final
avert response,

The mathematical formulation of the receptor theories
derives directly from the law of mass action and chemical
kinetics. Certain assumplions are required to simplily eal-
culations, The key assumption is that the intensity of ¢ifect
is a direct linear funclion of the propertion of reeepiors
oceupied. The correctness of this assumpiion is most im-
probable on the basis of iheoretical considerations, but em-
pirically it appears to be a close enough approximation to he
useful. A second asswmption upon which formulations are
based is that the drug-receptor interaction is at equilibrivimn.
Another cominon assumption is that the number of mole-
cules of receptor is negligibly sinall compared to that of the
drug.  This assumption is undoubledly true in most in-
stances, and departures from this situation greatly compli-
cate the mathematical expression of drug-receptor interac-
tions,

The first clearly stated mathematical f(ormulation of
drug-receptor kinetics was that of Clark.! In his equation,

Kxn e _*__-}: AAAAA (2}

where K is the alfinity constant, 2 is the concentration of
drug, n is the molecularity of the reaction, and y is the
percent of maximum response.  Clark assumed that y wasa
Hnear function of the percent of receplors occupicd by the
drug, so that y could also symbolize the percent of receptors
occupied. Whan the equation is renrvanged to solve for y,

y =it 6)
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A Cartesian plot of this equation is identical in form to that
shown in g 35-2, When y iz plotted against log x instead of
¥, #he usual sigmoid curve is obtained. Thus, it may be seen
that the dose-intensity curve derives from mass action equi-
librivm kinetics, which in furn derive from the statistical
nature of molecular interaction. The fact that dose-inten-
sity and dose-percent curves have the same shape shows
that they involve similar statistics.
If Eq 2 is put into log form

¥
100 -y @
n plot of log 4/100 — y against log x then will yield a straight
line with a slope of #; 1 is theoretically the number of mole-
eules of drug which react with ench molecule of receptor, At
present, there are no known examples in which more than
one molecule of agonist combines with a single receptor,
hence, n should be equal to 1, universally. Nevertheless, n
often deviates from 1; deviations occur because of coopera-
tive interactions among recepiors (covperativily), spare re-
ceptors (sce below), amplifications in the response system
{casrades), receptor coupling to more than one sequence {eg,
to both adenylate cyclase and calcium channels) and other
reasons. In these departures from n = I, the slope becomes
a characteristic of the mechanism of action and response
syslem.

‘The probahility that a molecule of drug will react with a
receplor is a function of the concendration of both drug and
receptor. The concentration of receptor molecules cannot
be manipulated like the concentration of a drug. But, as
each molecule of drug combines with a receptor, the popula-
tion of free receptors is diminished accordingly.  If the drug
ig a competitive antagonist, it will diminish the probability
of an agonigl-receptor combination in direct proportion to
the percent of receplor molecules preempled by the antago-
nist. Consequently, the intensity of effect will be dimin-
ished. However, the probability of agonist-receplor inler-
action can be increased by increasing the concentration of
ngonist, and the inteasity of effect can be restored by appro-
priately larger doses of agenist. Addition of more anlago-
nist will again diminish the vesponse, which can, again, be
overcome ot surmounted by more aponist.

Clark showed empirically, and by theory, that as long as
the ratio of antagonist to agonist was constant, the concen-
{ration of the competitive drugs could be varied over an
enormous range without changing the magnitude of the re-
sponse {see g 35-6). Since the presence of competitive
antagonist only diminishes the probability of egonist—recep-
tor combination at a given concentration of agonist and does
not alter the molecularity of the reaction, it also follows that.
the effect of the competilive antagonist s to shift the do-
se—intensily curve to the right in proportion to the amount of
antagonist present; neither shape nor slope of the curve is

/

log I+ logx = log
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Fig 35-6. Direct propartionality of the doso of agonist (acetylcha-
ling) to tho dose of antagonist (atropine) NOCassary to cause & con-
stant degree of inhibition (50%) of the response of the frog hoart
{courtosy, adaptation, Clark').
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Fig 36-7, Lffect of an antagonist 1o shift he log dose-intensity curve
to the right without altering the slope. The effoclor is the {solaled
hoart. © noatropine; it atropine, 10700 il 1077M; IV 10780,
Ve 107SM V10T VI 107EM, Y % of maximum intensity
of rosponse; the funclion tog y/{100-)) converls the log dose~
intansity relationship to a straight line (couriesy, adaptation, Clark’).

changed (see Pig 35-7). Both IFigs 35-6 and 35-7 are from
Clark's original paper on compelitive antagonism.’

Many refinements of the Clark formula have been made,
but Lhey will notl he treated here; details and cilations of
relevant literature can be found among various works on
receplors eited in the Bibliography., Several refinements
are introduced to facilitate studies of competitive inhibition.
The infroduction of the concepts of intringic activity® and
eflicacy’ required appropriale changes in mathematical
treatment.

Another important concept has been added to the oecupa-
tion theory, namely the coneept of spare receptors. Clark
assumed the maximal response to oceur only when the recep-
tors were completely oceupied, which does not account for
the possibility that the maexinmunn regponse might be limited
hy some step in the sction-effect sequence subsequent to
receptor occupation. Work with isotopically labeled ago-
nists and ontagonists and with dose-effect kineties has
shown that the maximal effect sometimes {s achieved when
only a small fraction of the receptors are yeb oceupied. The
mathematical treatment of this phenomenon has enabled
theorists to explain several puzaling observations that previ-
ously appeared to contradict oceupation theory.

The classical occupation theoyy fails to explain several
phenomena satisfectorily, and it is unable to generate a
realistic model of intrinsic activilty and pariial agonism. A
rate theory, in which the intengity of vesponse is proportion-
al Lo the rate of drug-receptor interaction instead of occupa-
tion, was proposed o explain some of the phenomena that
occupation theory could not, but the rate theory was unable
to provide a realistic mechanistic model of response genera-
tion, and it had other serious limitations as well.

The phenomena that neither the classical occupation nor
rate theory could explain can be explained by various theo-
ries in which the receplor can exist in at least twa conlorma-
tional states, one of which is the active one; the drug can
react with one or more conformers. In o twe-state model?

R+ R”

where R is the inactive and * is the active eonformer. The
agonist combines mainly with IL*, the partial agonist can
cotmbine with both R and R* and the antagonist can combine
with R, Lthe equilibrium being shifted according to the extent
of occupation of B and R*. Other variations of occupation
theory Lreat the receplor as an agpregale of subunits which
interact cooperatively.?
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The Nature of Receptor Groups
and Models of Receptors

A receptor growp is Lhal portion of Lthe receplor molecule
with which an agonist acts and which is vital to the function
of the receptor. Studies of receptor group composition and
configuration are too eomplex for the purposes of this text;
consequenily, only a brief skeleh will be made here Lo orient
the reader to the nature of the approach.

From the chemical configuration and reactivity of ago-
nists and antagonists, certain deduclions can be made about
the structure of a receptor group. For example, all bighly
active agonists of muscarinic receptors are cations at physio-
logical pH. This suggests that the receptor group contains
an anionic group and fhat the force of attraction is electro-
static, at Jeast in part, which pgrees with thermodynamic
data. That van der Waals forces (especially Heitler-London
fluctuation forces) may also make an important contribution
to binding is suggesled by the requirement for N-methyl
groups and by the low but definite activity of the nonioniz-
able quaternary carbon analog of acetylcholine, 3,3-dimeth-
vlbutylacetate, This establishes a requirement for an auxil-
iary struciure close Lo the anjonicsite. Studies of the contri-
bution to activity of ester and carbony] oxygen among ana-
logs of acetylcholine, intramolecular distances and the
slereospecificity of various isomers and conformers have
indicated a partial cationic {proton donor} site between 2.5
and 4 A and o region of high electronic density {electron
donor) between & and 7 A from the anionie site. This ie
similar to the way in which the active site of ncetylcholineg-
terase was mapped (see page 427, and Figs 25-44, 45 and 46).

The structure—activily relalionships among competitive
inhibitors also must be consistent with any model of a recep-
tor. However, binding siles additionai te the receptor group
can he involved, and results are [requently more difficuit (o
interpret than those with agonists. Nevertheless, studies
with antagonists bave made a substantial contribution to
receptar group analysis. There is considerahle interest in
antagonists that combine irreversibly with the receptor,
since sueh drugs offer a way of marking (affinity labeling)
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the receptor {or isolation and for identification of the recep-
{or group.

Since receplors for aulonomic agonists are embedded in
the cell membrane, they have been difficult to isolate with.
oul inactivation. Severnl laboratlovies have succeeded In
isolating proteins, the chemical properties of which are con-
sistent with those expected of various receptors. Receplors
for steroid hormaones have been easier to isolate, and some
have been characlerized relatively well. Further details of
drug-receptor interactions and the nature of receptors can
be found in the works on receptors and moelecular pharma-
cology.

Up- and Down-Regulotion—In many receptor-effector
systems, if there is a paucity of agonist, the system will
respond by increasing the responsiveness, number of recep-
tors on the effector membrane or number of coupling pro-
teins or enzymes in the effector system. This is known as
up-regulalion. In adrenergic systems, sympalhetlic dener-
vation bas been shown Lo inerease the number of post-synap-
tie -adrenoreceptors al gome junctions and the availability
of nucleotide-binding protein units and/or adenylate cyelase
molecules at others, Hyperthyroid activity also increases
the pumber of f-adrenoreceplors in heart muscle, which
explains the excessive heart rate. Denervation of skeletal
muscie causes a great muitiplication of whal is normally &
minor type of nicotinic receptor, and the new receptors
spread across the entire myocyte membrane. Prolonged
blockade of receptors by antagonists also may cause up-
regulation. The abrupt discontinuation of trealment, such
that drug fevels fall faster than re-regulation, may be fol-
lowed by excessive activity, eg, in pernicious tachycardia and
angina pectoris from abrupt withdrawal of propranelol,

Excessive agonisin will lead o a decrease in the number of
receptors or in stimulus-response coupling, This is one
cause of tachyphylaxis or tolerance, such as oceurs to the
bronchodilater effects of F-adrencreceplor sgonists
Abrupt withdrawal may result in poor residual function or in
rebound effects, depending upon the type of effect caused by
ihe agonist. Dxcessive agonism also may cause desensitiza-
tion by agonist-induced changes in receptor conformation to
inactive, slowly reconforimable states.

Mechanism of Drug Action

Any metabolic or physiological function provides a poten-
tial mechanism of action of a drug. The term mechanism of
action has been employed in a number of ways, In the past
it was often the habit to confuse the site, ov locus of action,
with the mechanism of action, For example, the mechanisin
of the hypotensive action of tetraethylammoniam ion origi-
nally was described as thal of ganglionic blockade, which did
nothing more than identify the anatomical structure upon
which the drug acted, In a general sense, this was a partial
clucidation of the mechanism of action, if mechanism is used
in the mechanical sense of the entire linkage between the
input and output of n machine. However, there has been o
gradual narrowing of the definition of mechanism of action
to he restricted Lo only the first event in the action-effeet
sequence, that is, only to the alteration of receptor function
by the drug. In this sense, the mechanism of action of
tetraethylammoniom is defined more appropriately as that
of competilion with acetylcholine for nicotine cholinergic
receptors on the postsynaptic ganglion celi membrane, even
though the alteration in receptor function is not defined.
The ultimate mechanism of action is known for enly o few
drugs.

It is customary to speak of a drug as a stimulant or a
depragsant, of the nction as being excitatory or inhibitory,

ele, Such terms describe only the effect and not the action,
and they have no bearing upon whether the drag augments
receptor function or diminishes it.  In biological systems,
positive and negative modulation and feedback occur at
every level, the organ as well as the subcellufar. Thus, an
agonist to a negative modulator may be able Lo bring about
the same effect as an antagonist to a positive modulator. It
is possible for an antagonist or inhibiter to elicit an excitato-
ry effect. An example is the convulsant aetion of strych-
nine, which results from its antagoniem of ghycine, an impor-
tant mediator of postsynaptic inhibition in the central nex-
vous system. Conversely, it is possible for an agonist to
elicit an inhibitory effecl.  An example is the reflex brady-
cardia that resulle from the stimulant action of veratrum
allaloids on chemoreceplors in (he left veniricle.

Because of the central role enzymes play in cellular func-
tion, it is not surprizing that thoughts about the mechanism
of action of drugs has focused largely upon enzymes. Ago-
nist drugs conceivably could serve as substrates, cofactors or
activators. At fhe present timne, no drug is known definitely
to exert its action as a substrate or as a colactor, exclusive of
vitamins and known noirients. However, at least three
classes of drugs are known and several are suspected to work
through the activation of enzymes,

FRESENIUS EXHIBIT 1013
Page 151 of 408




706 CHAPTER 35

The most notable example of envyme activaiion is thatl of
epinephrine and similar 3-adrenoreceptor agonists, which
ackivate adenyl eyelase Lo increase the production of 37,5
eyalie adenylie neid (eyelic AMP; ¢AMP). The metabolic
and cardiac effacts of catecholamines are aitributable, in
part, Lo the inerement in cAMP. One modulator of adenyl
cyclase is the f-adrenergic receptor. The #-advenoreceptor
is coupled to adenylute eyelase through a vegulatory protein
that binds GDP and GTP (G-protein), When GDP is
present, the agonisi-receptor complex is associated with the
regulatory prolein.  GTP causes transfer of the reguisiory
prolein to adenylate eyelase and dissociation of the f-adre-
nareceplor.  Glueagon also owes its hyperglyeemic aetion Lo
activation of hepatic adenylate eyclase. A mwmber of other
agonists also activate adenylaie cyclase. There is, thus, the
interesting phenomenon of one enzyme, adenyl cyclnse, be-
ing activated by numerous chemically unrelated drugs.
Since §-adrenergic-blocking agents do pot antagonize giuca-
o, it.is obvious that glucagon works upon a different recep-
tor than does epinephrine.

Thus, eAMP activates protein kinases that increase the
activity i’ phosphorylase, aclomyosin, the sequestration of
caleivm by the sarcoplasmic reticulum and caleium chan-
nels. Therefore, a brief activation ol the f-adrenoreceptor
sets in motion a cascade of events that greally ampliiy the
signal. Kinases also parlicipate in down-repulation and de-
sensitization.

Ciher imporiant enzymes coupled o receplors are gua-
nylate cyclase and phospholipases A and C, which are in-
volved with membrane fuidity and calcium channels, re-
spectively.

Many drugs are inhibitors of enzymes. When thedrugis a
competitive inhibitor of a natural endogenous substrate of
the engyme, it is called an anfimetabolite (sce also page 451).
Examples of antimetabolites are sulfonamides, which com-
pete with para-aiinobenzoic aeid and, thus, interfere with
its incorporation into dihydrofolic acid and methotrexate,
which competes with lolic acid for dihydrofolate reductase
and, thus, interferes with the formation of folinic acid. It
might seem thai anticholinesterases ave alse antimetabo-
ltes, although they axe never placed into that classificalion.
The reason is that the products of cholinesterase-acetylcho-
line interaction do not subserve important metabolic Mine-
tions, as do folic and folinic acids, so that the organism is not
deprived of an important metaholite by the action of the
cholinesterase inhibitors.

Some drogs are competitive inhibitors of enzyme systems
whose natural function appears not 1o produce useful me
Labolites but to rid the body of foreign substances, Inhibi-
Lors of the hepatic mierosomes and probenecid fall inte this
category; the hepatic micrasomes do perform a few biotrans-
formations on endogenous substrates, but the renal Lubular
anion transgpert system does not appenr Lo be required Lo
eliminate any important endogenous substances,

Since neither the hepatic microsomes nor the tubular an-
fon Lransport system seems to be involved in response sys-
tems, inhibitors of these cnzyme systems are antagonists
without corresponding agonists. Indeed, even natural en-
dogenous substrates of enzymes are rarely considered to be
agonists.

Noneompetitive enzyme inhibitors among drugs also are
known. Examplesare eyanide, fluoride, disulfirem and car-
diac glycosides. When enzgme inhibition brings sbout a
posilive response —eg, the cholinergic efleets of the anti-
cholinesierases or the effecty of diazexide consequent to
inhibition of phesphodieslerase-—the drig appears Lo be an
agonist. Yet, there can be nocompetilive antagonist to such
an inhibitor, since the competitor to the druy is more sub-
atrate, Lo which the effect of the drug is actually atiributable,

Acetyleholing increnses the permeability of the subsynap-

iic membrane 1o cations and the heart muscle membrane to
potassium,  The mechanisn is thought generally to invalve
a change in conformation of a protein constituent of Lhe
potassiuvm channel, so that pore size or permeability con-
stant is affected. The muscarinic receptor is coupled 1o the
potassium chamel thvough o G-protein. Other autonomic
agonists also are known 1o aler the permenbility to fons, in
part through activation of adenyl eyclase, guany] cyciase,
phospholipase-c or other enzymes, Many drugs and toxing
act through alterations in the structural and physical prop-
erlies of membranes, 'Po the extent that some of such sub-
stances may disperse themselves generally throughout the
lipid phase of the membrane rather than to combine with
spevial chemical enlities, no definite receptors for such
drugs can be said 1o exist,

The mechanisin of action of certain drugs, especially auto-
nomic drugs, often is stated to be mimicry of a natoral
newrohwmor or hormone,  Thus, methacholine mimics ace-
tylcholine us an agonist.  This does nol define the mecha-
nism of action, unless the mechanism of action of the natural
substange is known.

Mimicry usually oceurs because of a structural similavity
between the natural substance and the mimeticdrug. Mim-
icry in agonisl functions is easy 1o demonstrate, but the site
ol action may not always be mimicry of the natural agonist at
its recepior but rather at an ailosterie site on a receptor or al
its storage site to release the natural agomist.

Ixamples of mimetics that act by release of the natural
mediator are indirectly acting sympathomimetics such as d-
amphetamine, mephentermine, ephedrine {in part), tyra-
mine and others, which are now known to act by displacing
norepinephrine from storage sites within the adreneigic
neuron. Many of such indirectly acting sympathomimetics
lack a direct action on the adrvenergic receptor, although
some, Hike ophedrine, act both upon the receplor and the
storage complex.  Another mimetie by a release mechanism
is carbachol, which promotes the presynaptic discharge ol
acelylcholine.

In these examples, there is a elose slructural simitarity
between the mimetic and the released mediator.  1n the ease
of many releasers of histamine {such as tubocurarine, poly-
myxin or morphine), ne cdose chemical relationship exists
between the releaser and the released. o such instances,
release has heen eaplained by activation of receplors on Lhe
mast-cell membrane which promote exoeytosis of the nista-
mine-containing granules, by an influx of ealcium and aefi-
vation of microtubules, all of whieh may be involved in
maoving the granules oul of the mast cell.

Struetural similarity also may aid mimicry by promaoting
chemical combination with an ensyme of destruction or
some olher means of disposition.  For example, meiara-
minol, amphetaming, ele inhibit membrane transport into
the pewron and, henge, inhibit the neuronal recapture of
released norepinephrine.  Consequently, the extraneuronal
concentration of norepinephrine in the nearby region of the
recepiors does not drop as rapidly as in the absence of the
miretie, and the action of the meadiator ig sustained.

Some inhibitors of the enzymes of the destruction of medi-
ators are structurally similar enough to the mediator to have
some agonist action, This is true of neostigmine, which has
adireel stimuiant action on nicotinic receptors in addition to
ils anticholinesterase aetion, In contrast, the anticholines-
lerase, physostigpmine, hag some antagonist actions on cho-
linexgic receplors and also an effect Lo interfore with acetyl-
choline synthesis.

'Phe above multiple actions come about becanse all the
strwaetures that interact with a small molecule mediator (the
receplor, synthesizing enzyme, destructive enzyme, stovage
molecule, membrane transport carrier) must have some
common stractural Teatures and affinities. A drug that re-

FRESENIUS EXHIBIT 1013
Page 152 of 408



acts with one of these molecules has a distinet probability of
interacting with another.

The recognilion of the critical role of fons in the function
of memhranes, the excitabitily of cetls and the activity of
many enzymes has generated a renewed interest in ions in
the mechanism of action of certain drugs. The inorganie
ions, some of which are used as drugs, lend themselves auto-
matieally to a discassion of ionic mechanisms. ‘T'he repair of
eleclrolyte deficiencies by replacement therapy warrants no
{urther comment here, Some nonphysiological ions acl as
imperfect impersonators of physiological iens; lithium part-
ly substitutes for sodium, bromide for chloride and thiooya-
nate for iodide, and each may owe its pharmacological ac-
Lion, in part, to a sluggish mobility through membrane chan-
nels, through which their sister ions normally pass readily
when traffic is not impeded by “siowly moving vehicles.”
lodide har an affect 10 increase the penetrance of drugs into
caseous and necrotic areas, 1o aid in the resolution of gum-
maious lesions, to reduce the viscosity of mucous secreiions
and other odd effects; it is thoughit to do so by inereasing the
hydration of collagen and mucoproleins by a peorly under-
stood mechanism. The transition elements and heavy nel-
als have in commen the ability to form complexes with a
variety of physiolopically nctive substances, particularly the
active centers of many enzymes, Chelation and other Lypes
of complexatfon are the mechanisms of action of several
drugs used o treat heavy-metal intoxication, disenses that
involve abnormal body burdens or plasma levels of heavy
metals and hypercalcemia. Chelates and chelation are dis-
cussed in more detail in Chapter 14.

There is much interest in the effects of drugs on fon move-
ments. Cardiac glycosides are known to inhibit an ATPase
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involved in the membrane transport of sodium and several
other substances, which indirectly causes an increase in in-
traceitular caleium content. In parg, the mechanisms of
action of local anesthetics, quinidine and various olber drugs
also are speculated to involve caleium movements. In the
past decade there has appeared a whole new class of druygs,
the caleium channel blockers,

Soncomitant with the development of motecular biology
was the appreciation that drugs act through neelear and
extrunueclear genetic mechanisms. Nitropen wustards
have long been knowsn to interfere with the veplication of
DNA. Streptomycin, kanamycin, neomyein and genlamicin
cause misreading by the ribosomes of the cude incorporated
into messenger RNA; tetracyclines, erythromycin and chlos-
amphenicol inhibit the synthesis of protein at the ribosomes;
and c¢hloroguine, novobiocin and colchicine inhihit DNA
polymerase. Qther drugs induce the production of enzymes;
aldosterone appears 1o act by inducing the synthesis of the
enzyme, membrane ATPase, necessary 1o sodium transport.
In general, steroid hormoenes combine with a eylosolic yecep-
tor, the complex of which is processed and Lranslocated Lo
the chromatin, where gene expression ig altered. Many
drugs Induce one or more of the hepatic and extrahepatic
evtochrome P-450 enzymes.

A number of drugs have simple mechanisms that do not
involve an action at. the cellular level, Examples are bulk
and saline cathartics, osmotic diuretics and cholestyramine,
Although such drugs usually do not generate much excite:
ment. among pharmacologists, they do serve as a reminder of
Lhe many avenues through which a mechanism of action may
be expressed, Throughout the various chaptlers of Part 6,
specific mechanisms of action may be mentioned.

Absorption, Distribution and Excretion

No matter by which route a drug iz administered it must
pass through several to many biological membranes churing
the pracesses of absorption, distribution, higtransformation
and elimination. Since membranes are traversed in all of
these events, the subject of this section will begin with & brief
description of biological membranes and membrane process-
es and the relationship of the physiochemical properties of a
drug molecule to penetrance and fransport.

Structure and Properties of Membranes

The concept thal a membrane surrounds each cell arose
shortly after the cellular nature of tissue way discovered.
The biological and physiochemical properties of cells
seemed in accord with this view. In the past, from time to
time, the actual cxistence of the membrane has been ques-
tioned by brilliant men, and ingenious explanations have
heen advanced to explain cellular integrity and the osmotic
and electrophysiological properties of cells, Microchemical,
x-ray diffraction, electron microscopic, nuclear magnetic
resonaince, electron spin resonance and other investigations
have proved both the existence and nature of the plasma,
mitochondrial, nuclear and other cell membranes. ‘The de-
scription of the plasma membrane that. [ollows is mueh over-
simplified, but it will suffice 1o provide a background for an
understanding of penetrance into and through membranes.

Structure and Composition—7The cell membrane has
been described 0s a “mayonnaise sandwich,” in which a
bimolecular layer of lipid material is entrained between two
parallel monomolecular layers of protein. However, the
protein does not make continuous layers, lilie the bread in &
sandwich, but rather is gsporadically sealtered over the sur-

faces, like icebergs; ie, much of the protein is below the
surfoce. In Pig 85-8 the lipid layers are represented as a
somewhat orderly, closely pucked lamellar arvay of phospho-
lipid molecules associated tail-to-tail, each “tail” heing an
aikyl chain or steroid group and the “heads" being polar
groups, including the glycerate moielies, with their polar
ether and carbonyi oxygens and phosphate with attached
polar groups. In reality, the lamellar portion is probably not
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so arderly, since its composition is quite camplex. Chains of
faldy acids of different degrees of saturation and ¢holesterol
cannot array themselves in simple parallel arrangements.
Furthermore, the polar heads will assume a number of orien-
tations depending upon the substances and groups invelved.
Mareover, the lamellar portion is penctrated by large globu-
lar proteins, the interior of which, like the lipid layers, hasa
high hydrophobicity, and some fibrous proteins.

The plasma membrane appears to be asymmetrical. The
lipid composition varies from cell type to cell iype and per-
haps from site to site on the same membrane, ‘There are, for
example, differences between the membrane of the endo-
plasmic reticalum and the plasma membrane, even though
the memhranes are coextensive. Where membranes are
double, the inner and outer layers may differ considerably;
the innar and outer membranes of mitochondria have been
shown to have strikingly different compositions and proper-
ties. Some autharilies have expressed doubtl as to the exis-
tence of the protein layers in Diological membranes, al-
though the evidence is preponderantly in favor of at least an
auter glycoprolein coat. Sugar moieties also are attached to
the ouler proteins; Lthese sugar moieties are important t
cellular and immunological recognition and adhesion and
have other functions as well,

The cell memhrane appeors to be perforated by water-
filled pores of various sizes, varying from nbout 4 10 10 A, the
majority of which are abhioult 7 A. Probably all major ion
channels are through the large globular proteina that tra-
verse Lhe membrane, Through these pores pnss inorganic
ions and small organic molecules.  Since sodium fons are
more hydrated than potassium and chloride jons, they are
larger and do not. pass as {reely through the pores us potassi-
wn and chloride.  The vasenlar endothelium appears Lo
have pores ot lenst as large as 40 A, but these seem Lo be
interstitial passages rather than (ransmembrane pores.
Lipid molecules small enough to pass through the pores may
do so, but they have a higher probahility of entering into the
lipid layer, from where they will equilibrate chemically with
the interior of the cell. From work on monolayers, some
researchers contend that it is not necessary to postulate
pores to explain the permeability Lo water and small water-
soluhle molecules.

Stratum Corneum-—Although the stratum corneum is
not o membrane in the same sense as a cell membrane, it
offers a harrier to diffusion, which is of significance in the
tapical application of drugs. The atratum cornewmn consists
of several lavers of dead keratinized cutanecus epithelial
cells enmeshed in & matrix of keratin {ibers and bhound to-
gether with cementing desmosomes and penelrating tonofi-
brils of keratin, Varying amounts of lipids and fatty acids
from dying cells, sebum and sweat are contained among the
dend squamous cells. Immediately beneath the layer of
dead cells and above the viable epidermal epithelial cells is a
layer of keratohyaline granules and various water-soluble
suhstances, such as alpha-amino acids, purines, monosac-
charides and urea,

Both the upper and lower layers of the stratwm cornéum
are involved in the cutaneous harrier to penetration. The
bavrier to penetration from the surface is in the upper layers
for water-soluble substances and the lower layers for lipid-
soluble substances, and the hareier to the outward move-
ment of water is in the lowest layer.

Membrane Potentials—Across the cell membrane there
exisls an electrical potential, always negative on the inside
and positive on the outside. If a cell did not have special-
membrane clectrolyte-transport processes, ils membrane
potential would be mainly the result of the Douman aquilib-
rium (see Chapter 14} conseguent to the semipermeabitity of
the membrane. Such polentials generally lic between 2 and
5 mv.

A cell with a membrane across which diffusible electrolyte
distribution is purely passive would he expected to have a
high internal coneenfration of sodium, such as is true for tie
erythrocytes of some species.  However, the interior of most
cells is high in potassium and low in sodium, as depicted in
Fig 35-8. This unequal distribution of cations atlesls to
special electrolyte-transport processes and Lo differential
permenbilities of diffusible fons, so thal the membrane po-
tential is higher than that which would result from a purely
passive Donnan distribution. In nerve tissue or skeletal and
cardiae muscle, the membrane potential ranges upwards to
about 80 mv. The electrical pradient iz on the order of
50,000 v/em, because of the extreme thimmess of the mem-
hrane. Obviously, such an inlense potentin} gradient will
influence strongly the transmembrane passages of charged
drug mojecules.

Diffusion and Transport

Transport is the movement of a drog from one place to
another within the body. The drog may diffuse [reely in
uncombined form with a kinetic energy appropriate to its
thermal environment, or it may move in combination with
extracellular ar cellular constituents, sometimes in connec-
tion with energy-yielding processes that ellow the molecule
or complex Lo overcome barriers to simple diffusion.

Simple Nonionie Diffusion and Passive Transport—
Molecules in solution move in a purely randomn fashion,
provided they are not charged and moving in an electrical
gradieni. Such randem movement is called diffusion; if the
molecule is uncharged, it is called nonionte diffusion.

In a population of drug molecules, the probability that
during unit time any drug molecwle will move across a
boundary is directly praportional to the number of mole-
cules adjoining that boundary and, therefore, to the drug
coneentration. Except at dilutions so extreme that only a
few molecules are presenl, the actual rate of movement
(molecules/unit time) is directly proportional to the proha-
bility and, therefore, to the concentration, Once molecules
have pussed through the boundary to the opposite side, their
random notion may cause some to return and others Lo
continue 1o move further away (rom the boundary. The rate
of return is likewise proportional to the concentration on the
opposite side of the houndary, It follows that, although
molecules are moving in both directions, there will he a net
movement from Uhe vegion of higher to that of lower concen-
tration, and the net transfer will be proporlional te the
concentration differential. If the boundary is a membvrane,
which has both substance and dimension, the rate of move-
ment is also directly proportional to the permeability and
inversely proportional to the thickness. These faclors com-
bine into Fick's Law of Diffusion,

dg _DAC —Cy

cjt L4 ()

where @ is the net quantily of drug transferred across the
membrane, ¢ is Lime, C) is the concentration on one side and
(3 on the other, « is the thickness of the membrane, A is the
area and [} is the diffusion coefficient, related to permeabili-
ty. The equation is more nearly correet if chemical activi-
ties are used ingtead of concenlrations. Since a biologieal
membrane is patchy, with pores of different sizes and proba-
bly with varying thickness and composition, both T and «
probahly vary [rom spol to apol. Neveriheless, some mean
values can be assumed.

It is customary o combine the membrane factors into a
single conatant, ealled a permeability constant or coeflicient,
P, so that P = D/x, 4 in [q 5 having unit value. The rateof
net transport (diffusion) acrass the membrane then hecomes
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As diffusion continues, C) approaches Cy, and the nel rete,
d@/d i, approaches zero in exponential (ashion characleristic
ol & first-order process. Bquilibrivm is defined as that state
in which €, = Ca. The equilibritm is, of course, dynamic,
with equal numbers of molecules heing transported i each
direction during unit Lime. I water is also moving through
the membrane, it may either lacilitate the movement of drug
or impede il, according to the relative directions of move-
ment of waler and drug; this effect of water movement. is
called solvent drag,

Yonic or Electrochemical Diffusion—If a drag is jon-
ized, the transport properties are modified. 'The probability
of penetrating the memhrane is still a funetion of concentra-
tion, but it is also a function of the potential difference or
electrical gradienl across the membrane. A cationic drug
molecule will be repelled rean the positive charge on the
outside of the membrane, and only these melecules witl a
high kinetic energy will pass through the ion barvier. 1T the
cation is polyvalent, it may not penetrate at all,

Once inside the membrane, a cation simultaneously will
be attraclted o the negative charge on the intracellular sue-
face of the membrane and repelled by the outer surface; it is
said 1o be moving along the electrical gradient, I iLalso is
moving from a higher towards a lower concentration, it is
said to be moving along its electrochemical gradient, which
is the sum of the influences of the electrical field and the
concentration differential across the membrane,

Once inside the eell, cations will tend 10 be kept inside by
the attractive negative charge on the interior of the cell, and
the intracellular concentration of drug will increase untii, by
sheer numbers of accumulated drug particles, the outward
diffusion o1 mass escape rate equals the inward transport
rate, and electrochemical equilibrium is said to have oc-
curred. At electrochemical equilibrium at body tempera-
ture (37°C), ionized drug molecules will be distributed ac-
cording to the Nernst equation,

{il a0
T &

where C, is the molar extracellular and C; the intracellular
concentration, Z is the number of charges per molecule and
E is the membrane poteniial in miliivolls, Log CJ/C: s
positive when the molecule is negatively charged and nega-
tive when the molecule is positively eharged.

Facilitated Diffusiop—-Sometinies a substance maoves
more rapidly through a biclogical membrane than can be
accounted for by the process of simple diffusion.  This accel-
erated mavement is termed focilitated diffusion. I is
thought to be due to the presence of a special molecule
within the membrane, called a carrier, with which the trans-
ported substance combines. ‘There is considered 1o be a
greater permenbility to the carrier—drug complex than to the
drug alone, 50 that the transport rate is enhanced.  After the
complex traverses the membrane, il dissoeintes. The carrier
must either return Lo the original side of the membrane to be
reused or constantly be produced on one side and eliminated
on the other in order (or the carrier process to be continuous.
Many characteristics of [acilitated diffusion, formerly at-
tributed (o ion enrriers, can be explained by ion exchange.
Although facilitated diffusion resembles aclive transport,
below, in its dependence upon acontinuous source of energy,
it. differs in that facilitated diffusion will only transport a
malecule along its electrochemical gradient.

Active Transport—Active transporl may be defined as
energy-dependent movement of a substance through a hio-
Jogical membrane against an clectrochemical gradient. T is
characterized Dy the following:

DRUG ABSORPTION, ACTION, AND DISPOSITION 708

I ‘Phe substance s transported from g vegion of lower to one of
igher clectrachemical aclivity,

2. Matabotic poisous interfere with tangport,

A The transport eate approaches an asymptote {ie, salurates) as
coneentration inereases.

4. The transport system usually shows s requirement [or specilic
chemical strugtures,

& Closely relaled chemicals are eompetitive for the (ransport sys-
Lo,

Many drugs are seereted [rom the renal tubules into urine,
from liver cellz into bile or Mrom the cerebrospinal {luid into
bload by active transport, but the role of active transport of
drugs in the distribution into most body compartinents and
tissues is less well lkenown.  Active Lransporl is required for
Lhe penetrance of o number of sympathomimetics into neu-
rel tissue and for the movement of several anticancer drugs
across cell membranes.

Pinocytusis and Exocytosis-—Many, perhaps all, cells
are capahie of a type of phagovytosis called pinoeytosis,
The cell membrane has been observed Lo invaginate into a
sacoular structure containing extracellular materials and
then pinch off the saccule at the membrane, so thar the
saccule reinaing as a vesicle or vacuole within the interior of
the cell. Since metaholic activity is required and since an
axtraceliular substance may be trangported against an elec.
Lrochemical gradient, pinocytosis shows some of the same
characleristics as active transport. However, pinocylosis is
relatively slow and inelficient compared o maost active
tyansport, except in gastrointestinal absorption, in which
pinoeytosis is of considerable importance.

It is not known Lo what extent pinocytosis contributes Lo
the transport of most drugs, but many macromolecules and
even larger particles ean be absorbed by the gut. Pinoevto-
sis probably explains the oral efficacy of the Sabin polio
vaceine. Some drugs themselves allect pinoeytosis; eg, ad-
renal glucocorticoids markedly inhibit the process in macro-
phages and other cells involved in inflammation.

Exocytosis is more or less the reverse of pinocylosis.
Granules, vacuoles or other organelles within the cell move
to the cell membrane, fugse with it and extrude their contents
into the interstitial space.

Physicochemical Faclors in Penetrance

rugs and other substances may Lraverse the membrane
primarily either through the pores or by dissociation into the
membrane lipids and subsequent diffusion from the mem-
brane into the cytosol or other fluid on the lar side of the
membrane. The physicochemical prerequisites are differ-
ent according 1o which route is taken. T'o pass through the
pores, the “diameter” of the molecule musi be smaller than
the pore, but the molecule can be longer than the pore
diameter. The probability that a long, thin molecule will be
oriented properly is low, unless there is also bulk flow and
the transmembrane passage of large molecules is slow.

Water-soluble molecules with Jow lipid solubility usually
are thought to pass through the membrane mainly via the
pores and, to a small extent, by pinocytosis, but recent work
with lipid monolayers suggests that small water-soluble mnol-
ecules also may he able 1o pass readily through the lipid, and
the necessity of postulaling the exislence of pores has been
queationed, Nevertheless, experimental data on pene-
trance overwhelmingly favor the concept of passage of wa-
ter-soluble lipid-insoluble substances through poves. 1f
there is a membrane carrier or active Lransport system, o low
solubility of the drug in membrane lipids is ne impediment
to penetration, since the drug-carrier complex is asswmed to
have an appropriate zolubility and energy from an aclive
trangportl system enables the drug o penetrate the energy
barrier “imposed by the lipids.”  Actually, the lipids are not
an important energy barrier; rather, the barrier is the lorce
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of attragtion of the solvent water for its dipolar to polar
aolule, so that it is difficult for the solute Lo leave Lhe water
and enter the lipid.

Drugs with a high solubility in the membrene lipids, of
course, pass easily through the membrane. ven when their
dimensions are small enough 1o permit passage through
pores, lipid-soluble drugs primarily pass through the mem-
lrane lipids, notl only bacause chiemical partition (avors the
lipid phase but also because the surface ares occupied by
pores is only 2 small fraction of the fotal membrane aren.

Lipid Solubility nnd Partition Coelficienis—As early
as 1902, Overton investigated the importance of lipid solu-

Bility to the penetrance and shsorption of drugs.  Tventual-
ly, it was recognized that more important than fpid salubili-
ty was Lhe lipid-water distribution coefficient; ie, a high
lipid solubility does not favor penetrance unless the water
solubility is low enough so that the drug is not entrained in
the agueous phase.

I Fig 35.9 is illnstrated the relationship between the
chloreform.-water partition coeflicient and the colonic ab-
sorption of barbiturates. Chloroform prohably is not the
optimal lipid solvent for such a study, and natural lipids
from nerve or other Ligsues have bean shown to be superior in
the few inslances in which they have been employed. Nev.
ertheless, the correlation shown in the figure is a convincing
one.

When the water solubility of a substance is so low that a
signiticant concentration in water or extracellutar fluid can-
not be achieved, absorption may he negligihie in spite of a
favorable partition coefficient. Hence, mineral ail, petrola-
tum, ete are virtually unabsorbed. The optimal partition
cocfficient for permeation of the skin appears to be lower
than that for the permeation of the cell membrane, perhaps
being as low as one.

Dipolarity, Polarity and Nonionie Diffusion--The
partition coclficient of a drug depends upon the polarity and
the size of the molecule, Drugs with a high dipole moment,
even though un-jonized, have a low lipid solubility and,
hence, poor penelrance. An example of a highly dipolar
substance with a low partition coelTicient, which does not
penetrate into cells, is sulfisoxazole. Suifadiazine is some-
what less dipolar, has a chlaroform—water partition coel(i-
cient ten times thal of sulfisoxazole and readily penelrates
cells. Tonization not only diminishes lipid solubility greatly
but also may impede passage through charged membranes
{see Jonic Diffusion, page 709).

It is often stated that ionized molecules do not pencirate
membranes, except for ions of small diameter. This is not
necessarily Lrue, because of the presence of memhrane carri-
ars for some ions, which effectively may shield or neutralize
the charge (ion-pair formation). The renal tubular trans-
porl systems, which transpert sueh obligate ions as tetraethyl-
ammonium, probably form lon-pairs.  Furthermore, i an
ionized maolecule has a large nonpolar mnoiety such that an
appreciable lipid solubility is impmted to the molecule in
spite of the charge, the drug may penetrate, although usually
at aslow rate. For example, varions morphinan dervivatives
arc absorbed passively from the stomach even though they

Table 1—Rates of Entry of Drugs in CSF and the Degrees of tonization of Brugs at pH 7.47

% binding
to plasma % un-lonized Pormuability constant
Drug protain prL* at pHi 7.4 (Fmin” ") & 5.E.
Drugs mainly ionized at pH 7
§-Sulfosalieylic acid & (sirong) 0 <0.0000
N-Methvinicotinamide <10 (strong) 0 0.0006 :1: 0.00006
5. Nitrosalicylic acid 42 2.3 0001 0.001 & 0.0001
Salicylic aeid 40 3.0 0,004 0.006 £ 0.0004
Mecamylamine 20 11.2 0.016 0081 & D.0016
Quinine 6 8.4 9.09 0.078 4 0.0061
Brups maialy un-fonized at pH 7.4

Barbital <2 7.5 aha 0.026 4 0.0022
Thiopental 5 .G 61.3 050 4 0052
Pentobarkilal 40 8.1 834 017 £ 0014
Aminopyrineg 20 5.0 99.6 0.26 & 0.020
Aniline 15 4.6 99.8 040 4 D042
Sulfaguanidine G >10.0% 9.8 0.008 4 0.0002
Antipyrine 5 1.4 »49.9 (12 40013
N-Acotyl-4-aminocantipyrine <3 0.5 >089.9 0.012 & 0.0010

@ The dissocigtion constant of balh acids and bases is exprossed ag a pl—as negalive logarithn of the acidic dissorialion constant,
® Sulfaguanicine has o very wenkly peidicroun (05, > 101 and Gvo very weakly basic groups (pK, 2. 25 and 0.5). Consequently, the compound is almost com-

phetely undissacintod al. pH 74
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are ionized completely at the pH of gastric fluid. Neverthe-
less, when a drug is a weak acid or base, the unsionized form,
with a favorable partition coefficient, passca through a bio-
logical membrane so much more readily than the lonized
form thal, for all practical purposes, only the un-lonized
form is said to pass through the membrane. This has be-
come known as the principie of nonionic diffusion.

This principle is the reason that only the concentrations of
the un-ionized form of the barbiturates are plotted in Pig
35-9.

For the purpose of further illustrating the principle, Table
1 is provided In the (able, the permeability constants lor
penetrance into the cerchral spinal fluid of rats are higher

DRUG ABSORPTION, ACTION, AND DISPOSITION i1

{for un-ionized drugs than foy jonized ones. The apparent.
exceptions—harbital, sulfaguanidine and acetylaminoanti-
pyrine—may be explained by the dipolarity of the un-jon-
ized molecules. With harbital, the two lipophilic ethyl
groups are oo small Lo compensate fov the considerable
dipalarity of the un-ionized larbiturie aeid ring; also it may
be seen that barbital is appreciably ionized, which eontrib-
utes Lo the relatively small permeability constant. Sulfa-
guanidine and acetylaminoantipysine are hoth very polar
molecules. Mecamylamine also might be considered an ex-
ception, since il shows n modest permeability even though
strongly ionized; there is no dipelarity in mecamylamine
except in the amino group.

Absorption of Drugs

Absorption is the process of movement of a drug from the
site of application into the extracellular compartment of the
body. Tnasmuch as there is a greal similarity among the
various membranes that o drug may pass through in order to
gain access to the extracellular fluaid, it might be expected
that the particular site of application {or rowete) would make
iittle difference to the successful absorption of the drug. In
actual fact, it makes a great deal of difference; many factors,
other than the structure and composition of the memhrane,
determine the ease with which a drug is absorbed, These
factors are discussed in the following seciions, along with an
account of the ways that drug formulations may be manipu-
lated Lo abter the ability of a drug to he absorbed readily.

Routes of Administraiion

Drugs may be administered by many different roules.
The various routes include oral, rectal, sublingual or buccal,
parenteral, inhalation and topical. The cholee of a route
depends upon hoth convenience and necessity.

Oral Route—This is ohviously the inost convenient route
for access to the systeinic cireulation, providing that various
factors do not militate against this route, Oral administra-
tion does not always give rise Lo sufficiently bigh plasma
concentrations to be effective; some drugs are ahsorbed un-
predictably or erratically; palients occasionally have an ab-
sorption mailunclion. Drugs may not be given by mouth to
patients with gastreintestinal intolerance, or who are in
preparation for ancsthesia or whe have had gastrointestinal
surgery. Oral administration also is precluded in coma.

Reelal Route-Drugs that ordinarily ave administered
by the oral route usually can be administered hy injection or
by the alternative lower enteral route, through the anal
portal into the reclum or lower intestine. Withregard to the
latler, rectal suppositortes or retention enemas formerly
were used quite frequently, hut their popularity has abated
somewhal, owing to improvements in parenteral prepava-
tions, MNevertheless, they continue to he valid and, some-
times, very important ways of ndministering a drug, espe-
cially in pedintrics and geriabries. InFig35-10 the availabil-
ity of a drog by retention encma may be compared with that
by the intravenous and oral route and rectal suppositery
administration. [l is apparent thal the retention enemn
may be n very satisfactory means of administration but thai
rectal suppositories may he inadequate where rapid absorp-
tion and high plasma levels are required. The illustration is
not intended to lead the reader lo the conclusion that a
relenlion enema always will give more prompt and higher
blood levels than the oral route, for converse findings lor the
same drug have been reported,? but, rather, to show that the
retention enema may offer a useful substitute for the oral
route.

Sublingual or Buceal Roule—Even though an adequate
plasma concentration eventually may be achievable by the
oral roule, it may rise much oo slowly [or use in some
situations where a rapid response is desived. In such situa-
tioms parenteral therapy usually is indicated. However, the
patients with angina pectoris may get quile prompt relicf
{rom an acule attack hy the sublingual or buceal administra-
tion of nitroglycerin, so that parenteral administration may
be avoided, When only small amounts of drugs are required
{o pain access to the blood, the buccal route may e very
satisfactory, providing the physicochemical prereguisites
for absorption by this route are present in the drog and
dosage form.  Only a few drugs may be given successlully by
this route.

Parenteral outes—These routes, by definition, include
any route other than the oral-gastrointestinal (enteral)
tract, but in cormmon medical usage the term excludas topi-
val administralion and includes enly variows hypodermic
routes, Parenteral administration includes the intrave-
nous, intramuscular and suhcutaneous routes. Parenteral
routes may be employed whenever enteral roules are con-
traindicated (see above) or inadequate.

The intravenows route may be preferred on occasion, even
when d drug may be well-ahsorbed by the oral route, There
is no delay imposed hy absarption before the administered
drug reaches the circulation, and blood levels rise virtually
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Fig 35-10. Rlood concantration in mg/ 100 ml of thoophyifine {or-
dinatas} following administration to humans of aminophylling in the
amounts and by the routes indicated. Doses: per Y0 kg, Thoophyl-
ling-athylenadiamine by various roules: -———— Jnfravencus, 0.0 g
— v o — ratantion enama, 0.5 g; — «e e oral tablets-PL, 0.5 o0
-« oral tabipts-Pf, 0.3 g« reciel suppositary, 0.8 g (Gourtesy,
Truitt, at ai,* agaptad).
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as rapidly as the time nocessery to empty the syringe or
infusion hottle. Consequently, the intravenoeus roule is the
preferred route when an emergency calls for an immediate
TESPONIEEG.

In addition to the rapid rise in plasma concentration of
drug, another advantage of intravenous administration is
the greater predietability of the peak plasma concentration,
which, with geme drugs, can be caleulated with a fair degree
of precision. Smaller doses generally are required by the
intravenous than by other routes, but this usually affords no
advantage, inasmuch as the sterile injectable dosage form
costs more than enterie preparations and the requirements
for medical or paramedieal supervision of administration
also may add 1o the cost and inconvenience.

Because of the rapidity with which drug enters the circula-
tion, dangerous side effects to the drug may occur which are
olten nol extant by other voutes, The principal untoward
effect is a depression of cardiovascular [unction, which is
often ealled dreg shoch. Conseguently. some drugs must be
given quite slowly to avoid vasculotoxic concentrations of
drug in the plasma. Acute, serious, allergic responses also
are move lilkely 1o occur by the intravenous route than by
other routes.

Many drugs arve Loo ireitant Lo be given by the oral, intra-
muscular or subeutaneous route and must, of necessity, he
given intravenously. However, such drugs also may cause
damage Lo the veins (phlebitis) or, if’ extravasated, cause
necrosis (slough) around the injection site.  Conseguently,
such irritant drugs may be diluted in isotonic solutions of
saling, dextrose or other media and given by slow infusion,
providing that the slower rate of delivery does not negate the
purpose of the administration in emergency sitcations.

Absorption by the intramuscular roule is relatively fost
und this parenieral route may be used where an immediate
effect s not required but o prompt efTeet is desivable, Intra-
muscular deposition also may be inade of certain repository
preparations, rapid absorption not being desired. Absorp-
tion from an intramuscudar depot is more predictable and
uniform tharn from a subcutaneous site.

Irritation around the injection site is a [requent accompa-
niment of intramuscalar injection, depending upon the drug
and other ingredients. Because of the dangers of accidental
intravenous injection, medical supervision generally is re-
quired. Sterilization is necessary.

In subcutoneous administration the drug is injected into
the alveolar connective tissue just below the skin, Absorp-
tion is slower than by the intramuscular route hut, neverthe-
less, may be prompt with many drugs. Often, however,
absorption by this route may be no faster than hy the oral
route. ''herefore, when a fairly prompt response is desired
wilh some drugs, the subeutancous route may not offer mueh
advaniage over the oral route, unlest for some reason the
drug cannot be given orally.

The slower rate of absorption by the subeutancous route is
usually the reason why the route is ¢hosen, and the drugs
given by thia route ave usuaily those in which it is desired to
spread ihe acltion out over a number of hours, in order to
avoid either too inlense a response, too short a response or
frequent injections. Ixamples of dropgs given by this route
are insulin and sodium heparin, neither of which is absorbed
arally and both of which should be absorbed slowly over
many hours. In the treatment of asthma, epinephrine usu-
ally is given subcutaneously to avoid the dangers of rapid
absorption and consequent dangerous enrdiovascular ef-
fects. Many repositery preparalions, including tablets or
pellels, are given sitbeutaneously.  As with other parenteral
routes, irritation may occur. Sterile preparations also pre
required. However, medical supervision is not required al-
ways and self-adiinistration by this route is customary with
certain drugs, such as insulin

Iniradermal injection, in which the druyg is injected into,
rather than helow the dermis, is rarely employed, except in
certain diagnostic and test procedures, such as screening for
allergic or loeal rritant responses.

Oceasionally, even hy the intravenous route, it is nol pogsi-
ble, practical or sale to achieve plasma concentralions high
enough so that an adequate amount, of drug penelrates inlo
special compartments, such as the cerebrospinal fluid, or
various cavities, such as the pleural cavily. The brain is
especially difficult to penetrate wiilh water-soluble drugs.
The name blood-brain barrier is applied to the impediment
Lo penelration. When drugs do penetrate, the choroid plex-
us often secretes them back into the blood very rapidly, so
that adequale leveds of drugs in the cerebrogpinal fluid may
be diffieult to achieve, Conseguently, intrathecal* or intra-
ventriculor adminisiration may be indicated.

Body cavilies such as the pleural cavity nornally are wet-
ted by a small amount of effusale which is in diffusion
equilibrigm with the blood and, hence, is accessible 1o drugs,
However, infections and inflammations may cause the cavily
to fill with serofibrinous exudate which is too large to be in
rapid dilfusion eguilibrivan with the blood. Intracavitery
adminisiration, thus, may be reguired. It is extremely im-
portant, that sterile and noniritating preparations be used
[or intrathecal or intracavitary administration.

Inhalation Reute—Inhalation may he employed for de-
livering gaseous or volatile substances into the systemic cir-
culation, as with most general anesthetics. Absorption is
virtually as rapid as the drug can be delivered into the alveoli
of the lungs, since the abveolar and yascular epithelial mem-
hranes are quite permeable, blood flow is abundant and
there is a very large surface for absorption.

Aerosols of nonvolatile substances also may be adminis-
tered by inhalation, but the route is used infrequently for
delivery into the systemic circulation becavse of various
factors which contribute to ervatic or difficult-to-achieve
blood levels, Whether or not an aerosol reaches and is
retained in pulmonary alveoli depends critically upon parti-
¢le size. Particles greater than 1 gm in diameter tend to
settle in the hronchioles and bronchi, whereas particles less
than 0.5 g fail to settle and mainly are exhaled. Aerosels
are employed mostly when the purpose of administration is
an action of the drug upon the respiratory tract itsell. An
example of @ drug commonly given ag an aercsol is isoproter-
enol, which is employed 1o relax the bronchioles during an
asthma attack.

Topieal Route—Topical adminisiration is employed o
deliver a drug at, or immediately beneath, the point of appli-
calion. Although oceasionally enough drug is absorbed into
the systemic circulation to cause systemic effects, absorp-
tion is too erratic for the topical route to be used routinely
for systemic therapy. However, various transdermal prepa-
ratiens of nitroglycerin and elonidine are employed guite
successfully for systemic use. Some work with aprotic sol-
vent vehicles such as dimnethyl sulfoxide (DMSO) also has
generated interest in topical administration for systemic
effects, A large number of topical medicaments are applied
to the skin, although lopical drugs are also applied to the
eye, nose and throat, ear, vagina, efe.

Jn man, percutaneous absorption probably ocenrs mainly
from the surface. Absorption through the hair follicles oc-
cure, but the follicles in man occupy too small a portion of
the Lotal integument to be of primary importance. Absorp-
tion through sweat and sebaceous glands generatly appears
to be minor. When the inedicamment is rubbed on vigorously,

* Intrutheenl ndministration denctes sdministeation inte the cerebre-
spinal Muid atany level of the cerelrospinal axis, including injeclion into
ihe cerchral ventricles, which is the most common mode of intratheeal
sdminigtration.
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the amount of the preparation that is forced into the hair
follicles and glands is increased. Rubbing also forces some
material Lthrough the stratum corneum without molecular
dispersion and diffusion through the barrier. Hather large
particles of substances such as sulfur have been demonsirat-
ed to pags intact through the stratum cornenm. When the
skin ls disensed or obraded, the eutaneous barrier may be
disrupled or defective, so that percutaneous absorption may
be increased. Since much of a drug that is absorbed through
the epidermis diffuses into the circulalion without reaching
a high coneentration in some portions of the dermis, system-
jc administration may be preferred in lieu of, or in addition
to, topical administration.

Factors That Affect Absorption

In addition to the physicochemical properties of drug mol-
ecules and biologieal membranes, varicus factors afflect the
rale of absorption and determine, in pert, the choice of route
of administration.

Concentration-—I is self-evident thal the concentration,
or, more exactly, the thermodynamic activity, of a drug in a
drug preparation will have an important bearing upon the
rate of absorption, since the rate of diffusion of a drug away
from the site of administration is directly proportional Lo the
concentration. Thus, a 2% solution of lidacaine will induce
1ocal anesthesio more rapidly than a 0.2% solution. Howev-
er, drugs administered in solid forin ure not ahsorbed neces-
sarily at the maximal rate {(see Physical State of Formule-
tion and Dissolution Rate, below),

After oral administration the concentration of drugs in the
gut is a Mumclion of the dose, but the relationship is not
necessarily linear, Drugs with a low agueous soluhility (eg,
digitoxin) guickly saturate the gastrointestinal fluids, so
that the rate of ahsorption tends to reach a limil as the dose
is increased, The peptizing and solubilizing effects of hile
and other constituents of the gastrointestinal contents assist
in incrensing the rate of absorption but are in themselves
somewhat erratic. IPurthermore, many drugs affect the
rates of gastric, biliary and smal intestinal secretion, which
cauges further deviations from a linear refationship between
concentration and dose.

Drugs that are administered subcutaneously or intramus-
cularly also may not show always a direct linesr relationship
hetween the rate of absorption and the concentration of drug
in the applied solution, because osmotic effects may cause
dilution or concentration of the drug, if the movement of
waler ar eclectrolyles is different from that of the drug.
W henever possible, drugs for hypodermic injection are pre-
pared as isotonic solutions. Some drugs affect the local
blood flow and capillary permenbility, so that at the site of
injection there may be a complex relationship of concentra-
tion achieved to the concentration administered.

Physical State of Formulation and Dissclation
Rate—The rate of absorption of & drug may he affected
areatly by the rate at which the drug is made available to the
biological fluid at the site of administration, The intrinsic
physicochemical properties, such as solubility and the ther-
modynamics of dissolution, are only some of the factors
which affect the rate of disselulion of a drug fom a solid
form. Other factors include not only the unavoidable inter-
aclions among the various ingredients in a given formulation
but alzo deliberate interventions to facilitate dispersion (eg,
ecomminution, Chapter 75 and dissolution, Chapter 31) or
retard it (eg, coatings, Chapier 90 and slow-release formuta-
tions, Chapter 91). There are also factors that affect the
rate of delivery from liguid forms. For example, a drgina
highlv viscous vehicle is absorbed move slowly from the vehi-
cle than a drug in a vehicle of low viscosity,; in vil-in-water
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emulsions, the rate depends upon the partition coelficient.
These manipulations are the subject of biopharmaceutics
(see Chapter 91).

Aren of Ahsorbing Surface—The area of absorbing sur-
face is an important determinant of the rate of absorption.
Tq Lthe extenl that the therapist must work with the absorb-
ing surfaces available in the hody, the absorbing surface is
not subject to manipulation. However, the extent Lo which
the existing surfaces may be used is subject to varintion. In
those rare instances in which percutanecus abserption is
intended for systemic administration, the entire skin surface
15 available.

Subsequent to subeutaneous oy intramuscalar injections,
the site of application may be massaged in order to spread
the injected fluid from a compact. mass 1o a well-dispersed
deposit. Alternatively, the dose may be divided into multi-
ple small injections, aithough this recourse is generally un-
desirable.

The different areas for absorption afforded by the various
routes account, in part, for differences in the rates of absorp-
tion by those routes. The large alveolar surface of the Lungs
allows for extremely rapid absorption of gases, vapors and
properly aerosolized solutions; with some drugs the rate of
absorption may be nearly as fast as intravenous injection,
In the gut the small intestine is the site of the fastesl, and
hence most, absorption because of the small Jumen and high-
Iy developed villi and mierovilli; the stomach has a relatively
gmall surface area, so that even most weak acids are ab-
sorbed predominately in the small infestine despite a pH
partition factor that should favor absorption from the stomn-
ach {see The pH Partition Principle, page 716).

Vascularity and Blood Flow—Although the thermal ve-
locity of o freely diffusible average drug moleeule is on the
order of meters per second, in solulion the rale at which it
will diffuse away from a reference point will be much slower,
Collisions with water and/or other molecules, which cause a
random motion, and the forces of atlraction between the
drug and water or other molecules slow the net mean veloci-
ty.
The time taken Lo traverse a given distance is a function of
the square of the distance; on the average it would take
about 0.01 sec for a net oubward movement of 1 gm, 1 sec for
10 pm, 100 sec for 100 gm, ele. In a highly vascular tissue,
such as skeletal muscle, in which there may be more than
1000 capillaries/sg mm of cross section, a drug molecule
would nol have to travel more than a few microns, hence, less
ihan a second on the average, to rcach a capillary from a
point of extravascular injection.

Once the drug reaches the blood, diffusion is not impor-
tant 1o transport and the rate of biood flow determines the
movement. The velocily of blood flow in a capillary is about
1 mm/sec, which is 100 times faster than the mean nel
velocity of drug molecules 1 mm away from their injection
site. The velocity of blood low is even faster in the larger
vessels. Less than a minute is required to distribute drug
molecules from the capillaries at the injection site to the rest
of the body.

From the above discussion it follows that absorption s
most rapid in the vascular tissues,  Drugs are absorbed more.
rapidly from intramuscniar sites than from legs vascular
subcutancous sites, ete. Despite the small absorbing sur-
face lor buccal or sublingual absorption, the high vascularity
of the huccal, gingival and sublingual surfaces frvors an
unexpectedly high rate of absorption. Because of hyper-
emia, absorption will be faster from inflamed than from
normal areas, unless the presence of edema lengthens the
mean distance belween capillaries and, thus, negates the
effects of hypermio on absorption.

Vasoconstriction may have a profound etfeet upon the
rate of absorption. When a jocal effect of a drug is desired,
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as in local anesthesia, absorplion away (rom the infiltered
site may be impeded greally by vasoconstrictors incloded in
the preparation.  Unwanted vasoconstrietion sometimes
may cause serious problems.  For example, in World War 1
many wounded soldiers were given subenlaneous morphine
without evident, effect.  As a result, Injections were some-
times repeated more than once.  When the palient was re-
moved 1o the field hospita), toxic effects would oceur sud-
denly. The explanation is that cold-induced vasoconstrie-
tion ocourred in the Tield; when the patient was warmed in
the hospital, vasodilation would resull and the vietim would
be flooded with drug. Shock alse conlributes to the effect,
since during shock the blood flow is diminished and there
also may be a superimposed vasoconsiriction; repair of the
shock condition then lacilitates shsorption.

BExtravascularly injected molecules oo large o pass
through the capitlary endothelivm will, of necessity, enter
the systemic cirenlation through the lymph.  Thus, the
Jympl fow may be imporianl o the absorption of a few
drugs.

Movement—A number of factors combine so thal move-
ment at the site of injection increases the rate of absorption.
In the inlestine, segmental movements and peristalsis aid in
dividing and dispersing the drug mass.  The continual mix-
ing of the chyme helps keep the concentration maximal at
the mueosn} surface. The pressures developed during seg-
mentation asd peristalsis also may favey a small amouni of
filiration. Movement at the site of hypodermic injection
also Tavors absorption, since it tends Lo force the injected
material through the tssue, increasing the surface area of
g mass and decreasing the mean distance to the capil-
laries. Movement also inereases the fow of bleod and
lymph. The selection of a site for intramuscular injection
may be determined hy the amount of expected movement,
aceording to whether the preparation is intended ag a fast-
acling or a repository preparation.

Gastric Motility and Emptying—The motility of the
stomach is more inportant to the rale at which an orally
administered drug is passed on to the small intestine than it
is (o the rate of absorption from the stomach itself, since for
various reasons noted above, absorption from the stomach is
usutlly of minor importance.

The averuge crplyimg thme of the anloaded stomach i
about 40 min and the hall-lime i around 10 min, though it
varies according to its contents, reflex and psychelogical
factors, as well as the action of ¢erlain antonomic drugs or
disease. The effect of food to delay absorpiion is due, in
part, (o its action Lo profong emptying time, The emptying
time causes a delay o the absorption of drug, which may be
wnfavorable ar favorable according to whal is desired. In
the case of therapy with antacids, gastiic emplying is a
nuisanee, sinee it removes the antacid from the stemach
where it is needed.

Solubility and Binding—The dissolution of drugs of low
salubility is generally o slow process.  Indeed, low solubility
is the resull of a low rate of departure of drug molecules from
the undispersed phase.  Jurthermore, since the coneentra-
tion around the drug mass is low, the concentration gradient
from the site of deposition Lo Lhe plasma is smalb and the rote
of diffusion is low, accordingly.

When it ig destred that a drug have a prolonged action it
nof a high plasma concentration, a derivative of low solubili-
ty is often soughl. The “insoluble” estolates and other
esters of several steroids have duwrations of action of weeks
bocause of the slow rates of absorption Mom the sites of
injection. Insoluble salts or complexes of acidic or basic
drugs alse are employed as repository preparations; for ex-
ample, the procaine salt of penicillin G has a Jow solubiily
and is used in a slow release form of Lhe antibiotic,

The solubility of certain macromoelecules is dependent

eritically on the ionization of substituent groups. When
they are amphiprotic, they are least soluble at their isoelee-
tric pH. Insulin is normaily soluble a1 the pH of the extra-
cellular fluid, but by combining insulin with the right pro-
portion of a basic protein, such as protamine, the isoeleetric
pH can be made 1o be approximately 7.4 and the complex
can be used as o low-solubility prelonged-action drug. Tor
niore details, see Chapier 31,

Some drugs may bind with natural substances at ar near
the site of application. 'I'he strongly ionized mucopolysac-
eharides in connective tissue, ground substance and mucous
gocretions of the putl are retardants to the absorption of a
numbaer of drugs, especially large cationic or polycationic
molecales. In the gut, the binding is the leasi at jow pH,
which should (nver absorplion of large cations from the
stomach: however, absorption frem the stomach is slow (see
ahove), 50 that the absorpiion of large cations aecurs mainty
in the upper duodenum where the pH is still relatively tow.
Pharmacologically inactive gualernary ammonium com-
pounds sometimes are included in an oval preparation of a
guaternary ammonium drug for the purpese of saturating
the binding sites of wucin and other mucopolysaccharides
und, thereby, enhancing the absorption of drug.

In addition 1o mucopolysaccharides in mucous secretions,
food in the gastrointestinal track binds many drugs and
slows ahsorption.  Antacids, especially aloninum hydroxide
plus other basic aluminum compounds and magnesium tri-
silicate, hind amine and ammonium drugs and inteyfere with
absorption.

Donnan Effeei--The presence of a charged macramole-
cule on one side of a semipermenble membrane (imperme-
alle to the macromolecule) will alter the concentration of
permennt iohized particles according to the Donnan equilib-
rium (page 716).  Accordingly, drug molecules of the same
charge as the macromaolecule will he.constynined Lo the oppo-
site side of the membrane. The presence of appropriately
charped macromaolecules not only will influence the distribu-
tion of drug ions in accordance with the Donnan equation
but also increase the rate of tranefer of the drug across the
membrane, because of mutual ionde vepulsion. Thiseffecl s
somelimes used to (acilitate the absorption of jonizable
druge I'rom the gastrointestinal tracl. The Denman elfect
also operates (o retard the absorpiion of drug ions of appo-
site churge; however, the mutual electrostatic attraction of a
macromoleeule and drug lon generally vesults in actual bind-
ing, which is more important than the Donnan effect.

Vehicles and Absorption Adjuvanis—BDrugy that are to
be applied topically to the skin and mucous membranes
often are dissolved in vebicles that are thought to enhance
penetrance. For a long lime il wag thought that oleaginous
vehicles promoled the absorption of lipid-seluble drogs.
However, the role and effect. of Lthe vehicle has proven to be
quite complex. In the skin at least tive factors are involved:

1. Phe effect ol the vehicle foalter the hydration of the keratin in the
harrier layer.

2. Whe ¢lloct of the vebicle to promote or provent the collection of
gwoeal al Uie surlace of Lhe skin.

A The partition coufiicient of the drug in a vehiele-water systom,
4. The permeability of the shin to Uhe undissolved drog,
5. The permeabhilily of the skin (o Lhe vehicle.

The affect of the vehicle 1o aid in the access of the drug Lo
the hair follicles and sebacenus glands also may be involved,
altheugh in man the foliicles and glands are probahly ordi-
narily of minor importance 1o absorpiion.

A laver of oleaginous material over the skin prevents the
evaporation of water, so thai the stratun corneum may be-
come macerated and more permenbie 1o drags.  In derma-
tology itis sometimes the prectice towrap thesite of applica-
tipn with plastic wrap or some other waterproof material lor
the purpose of increasing the maceration of the slratum
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corneum. However, the layer ol perspiration that forms
under an occlusive vebicle may become a barrier Lo the
movement of lipid-soluble drugs from the vehicle to the skin,
but it may lacilitale the movement of waler-soluble drugs,
Conversely, polyethylene glycol vebicles remove the perspi-
ration and dehydrate the barrier, which decreases the per-
meability Lo drugs; such vehicles rernove the agueous medi-
um through which water-soluble drugs may pass down inlo
the stratum corneum but at the same time facilitate the
transfer of lipid-soluble drugs from the vehicle to the skin,

Hven in the absence of a vehicle, it is nol clear what
physicochemical propertics of a drug faver culaneous pene-
Lration, high lipid-solubility being a prerequisite, according
to some authorities, and an ether—water partition coefficient
of approximately one, according to others. Yet, the pene-
tration of ethanol and dibromomethane aro nearly equal,
and other sueh enigmas exist. (s pot surprising, then, that.
the effects of vehicles are not altogether predictable.

A general statement might he made that if a drug is quite
soluble in a poorly absorbed vehicle, the vehicle will relard
the movement. of the drug into the skin. For example, sali-
eylic acid is 100 times as permeant when absorbed from
water than from polyethyiene glyeol and pentanol is 5 times
ne permeant from watler as from olive ofl.  Yet, ethanoi
penetrates 5 Limes faster from olive oii than from either
water or ethanal, all of which denies the trustworthiness of
generalizations about vehicles.

Since the 1960s, there has been much interest in certaim
highly dielectric aprotic solvents, especialty dimethy! suifox-
ide (DMSO). Such substances generally prove Lo be excel-
lent solvents for both water- and lipid-soluble compounds
and for some compoeunds not soluble in either water or lipid
solvents. The extraordinary solvenl properties probably
are due to a high polarizability and van der Waals bonding
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capacity, a high degree of polarization (dipole momeni) and
a lack of nssociation threugh hydrogen bonding. As a vehi-
cle, DMSO greatly facilitates the permeation of the skin and
other biological memnbranes by numerous drugs, inchiding
such large malecules aa insulin.  The mechanism is undear-
stood poorly. Such vehicles have a polential foy many imn-
poriani uses, but they are at present only experimental,
pending further investigations on Loxicity,

From time to time, a claim is made that a new ingredient
of a tablet or elixir enhances the absorption of a drug, and a
comparison of plasma levels of the old and new preparationy
geems to support the claim. Upon further investigation,
however, it may be revealed thatl the new so-called absorp.
tion adjuvant is replacing an ingredient that previously
bound the drug or delayed its absorption; thus, the new
“adjuvant” is nol an adjuvant but rather il is only a nonde-
ferrent.

Other Faclors—A number of other less-well-defined fac-
tors affect the absorption of drugs, some of which may aper-
ate, in part, through factors alrendy ciled above, Disease or
injury has a considerable effect upon absorption. Forexam-
ple, debridement of the stralum corneum increases ibe per-
meahilily (o topical agents, meningitis inereases the perme-
ability of the blood-brain barrier, biliary insufficiency de-
creases the absorption of lipid-soluble substances from the
intestine and acid-base disturbances can affect the absorp-
tion of weak acids or bases.  Certain drugs, such as ouabain,
thal affect active transporl processes may interfere with the
absorption of certain other drugs. The condition of the
pround substance, or “intracellular cement,” probably bears
on the absorption of cerlain Lypes of molecules. Hyaluroni-
dase, which depolymerizes the mucopolysaccharide ground
substance, can be demonstraied to facititate the absorption
of some, but not all, drugs from subeutaneous sites.

Drtrg Disposition

The term drug disposition is used here Lo include all
processes which tend to lower the plasma concentration of
drug, as opposed to drug absorption, which elevates the
plasma level. Consequently, the distribution of drugs to the
various tissues will be considered under Disposition. Some
authors use the term disposition synonymously with elimi-
nation, that is, o include only those processes which de-
crease the amount of drug in the body. In the present
context, disposition comprises three categories of processes:
distribution, biotransformation and excretion.

Disiribution, Biotransformation and Excretion

The term distribulion is self-explanatory. It denctes the
partitioning of a drug among the numerous lacations where a
drug may be contained within the body. Biotransferme-
tions are the alterations in the chemieal structure of a drug
that are imposed upon it by the life processes, Lxcretion is,
in o sense, the converse of absorplion, namely, the iranspor-
tation of the drug, or its products, out of the body. ‘Fhe lerm
applies whether or not special organs of excretion are in-
volved.

Distribution

The body may be considered 1o comprise o number of
compartments: enteric (gastrointestinal), plasma, intersti-
tind, cerebrospinal fluid, bile, plandular secretions, urine,
storage vesicles, cytoplasm or intracellular space, etc. Some
of these “compeartments,” such as urine and secretions, are
open-ended, but since their contents relate to those in the
closed compartments, they also must be included,

At first thought, it may seem that i a drug were distribul-
ed passively (le, by simple difftision) and the plasma concen-
tration could be maintained at a steady level, the concentra-
tion of a drug in the water in all compartments ought to
become equal. It is troe that some substances, sueh as
ethanol and antipyrine, are distributed nearly equally
throughout the body water, but they are more the exception
than the ruie, Such substances are mainly small, un-
charged, nondissociable, highly water-saluble molecules.

The condilion of small size and high water solubility al-
lows for passage through the pores without the necessity of
carrier or active (ransport. Small size also places a limit on
van der Waals binding energy and configurational comple-
mentariness, so that binding to proteins in plasma, or cells, is
slight. The presence of a charge on a drug molecule makes
for unequal distribution across eharped membranes, in ne-
cordance with the Donnan distribution {see below). Disso-
cinbility causes unequal distribution when there is a pH
differential betwean compartments, as discussed under The
pH Partition Principle (sec below). Thus, even il a drug is
distributed passively, its distribution may be uneven
throughout the body. When active transport into, or a rapid
metabolic destruction oceurs within, some compartments,
uneven distribution is also inevitable.

The pH Partition Principle—An importani conse-
quence of nonionic diffusion is thal a difference in pH be-
tween two compartments will have an important influence
upon the partitioning of a weakly aciclic or basic drug be-
tween those compartments, The partition is such that the
un-jonized form of the drug bhas the same concentration in
both comparlments, sinee it is the form that is freely diffus-
ible; the ionized form in ecach compartment will have the
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concentration thatis determined by the pH in that compart-
ment, the pK and the concentration of the un-ienized form.
The governing effect of pH and pl on the partition is known
as the plf partition principle.

To illustrate the principle, consider the partition of sali-
cylic acid between the gastrie juice and the interior of a
gasiric mucosal cell. Assume the pH of the gastric juice (o
be 1.0, which it ocensionally becomes, ‘The pI¢, of salicylic
ncid is 3.0 (Martin!® provides one source of pl values of
drugs). With the Henderson-Hasselbach equation (see
page 242) it may be caleulated that the drug is only 1%
jonized at pId 1.0.* The intrecellular pH of most cells is
gbout 7.0. Assuining the pH of the mucosa) cell 1o be the
same, it may be ealeulated that salicylic acid will be 99.99%
ionizad within the cells. Since the concentration of the un-
ionized form is theoretically the same in both gastric juice
and mueosal cells, it follows that the total concentration of
the drug (ionized + un-ienized) within the mucosal cell will
lie 10,000 times greater than in gastric juice. This is illus-
trated in Fig 35-11. Such a rclatively high intracellular
conceniration con have imperiant osmotic and Loxicologic
CONBEQUENCES,

Had the drug heen a weals base instead of an acid, the high
concentration would have been in the gastric juice. In the
small intestine, where the pid may range from 7.5 10 8.1, the
partition of a weak acid or base will be the reverse of that in
the stomach, but the concentration differential will be less,
because the pH differential from Iumen to mucosal cells, ete,
will be less. The reversal of partition as the drug moves
from the stomach to the small intestine accounts for the
phenomenon that some drugs may be absorbed from one
gastrointestinal segment and returned to another. The
wenk buse, atropine, is absorbed from the small intestine,
but, beeause of pI partition, it is “secreted” into the gastric
juice.

The pH partition of drugs has never been demonstrated Lo
be us marked as that illustrated in Fig 35-11 and in the text,
Nol only do many drug ions probably pass through the pores
af the membrane to a significant extent, but also some may

* Phe relationship of jonization and partition wo pi and pK has Heen
formuloted in several differend ways, bal the student may erleviate the
concentralions from simple mass law equations.  More sophisticnted
calenlalions and reviews of this subject are svailalle 61118

GASTRIG JUICE

MUCOSAL CELL
CYTOPLASM

pH 7.0 pH 1O
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&= L Un-ionized) 'Q‘-‘m ?% LUn-injzoad = 1}
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Fig 35-11. Hypothetical partition of salleylic acid between gastric
juice and the cytoplasm of a gastric mucosal cell. It Is assumad that
the Jonized form cannot pass through the cell memirane. The
intragasiric concentration of salicylic acid is arranged arbitrarily to

provide unit concentration of the un-lonized form.  Bracketed vaiuos:

concentration; orrows: rolative size depicts the direction in which
dissociation-nsseckation is favorad nt aquilibrivm.

pass through the lipid phase, as explained abave for the
morphinans and mecamylamine.  Jwrthermore, icn-pair
formation in carrier transport also bypasses nonionic diffu-
sion. Al processes thal iend Loward an equal distribution of
drugs across membranes, and among compartmernis, will
cause further deviations from theoretical predictions of pH
partition.

Electrochemical and Donnan Distribution—A drug
ion may be distributed passively across a mombrane in ac-
cordance with the membrane potential, the charge on the
drug lon and the Donnan effect.  The relationship of the
membrane poltential to the passive distribution of ions is
expressed quantitatively by the Nernst equation (Iig 7, page
709) and already has been discussed. Barring active trans-
port, pH partition and binding, the drug will be said to be
distributed according o the electrical gradient or to its
“equilibrium” potential. [f the membrane potential is 90
my, the coneentration of a univalent cation will be 30 times
as high within the celi as without; if the drug cation is
divalent, the vatic will be 830. The distribution of anicns
would be just the reverse. If the membrane potential is but,
9 v, the ratio for a univalent cation will be enly 1.4 and for a
divalent cation only 2.0, It, thus, can be seen how important
membrane potential may be to the distribution of jonized
drugs.

1t was pointed out under Membrane Potentials, page 707,
that large potentials derive from active transport of jons but
that small potentials may result from Donnan distribution.
Donnan membrane theory is discussed in Chapier 14, Ae-
cording 1o the theory, the ratio of the intracellular/extracel-
lular concentration of a permeant univalest anion is egual (o
the ratio of extracellular/intracellular concentration of a
permeant univalenl cation. A more general mathenintical
expression that ineludes ions of any valence is

ANV, O\ 1k
R

where 4; is the intracellular and A, the extracellular concen-
{ration of anion, Z. is the valence of eation, 2, is Lthe valence
of anion, ;is the intracellulay and €, Lhe extraeellular con-
centration of cation and ris the Donnan factor. The vatlue of
r depends upon the average molecular weight and vadence of
the macromolecules (mostly protein) within the cell and the
intracellular and extracetlular volumes. Since the macro-
molecules within the cell ave charged negatively, the cation
coneentration will be higher within the cell, that is, € > G
Since a Donnan distribution results in a membrane poten-
tial, the distribution of drug ion also will e in keeping with
the membrane potential,

The Donnan digtribution also applies to the distribution
of a charged drug between the plasma and interstitial com-
pariment, because of the presence of aniomie proteins in the
plasma. 1%g 8 applies by changing the subscript. ¢ to p, for
plosma, and e to f, Tor interstitial, The Donnan faclor, r, for
plasma-interstitial space partition is about 1.05:1.

Binding snd Stornge—Drugs frequently are hound to
plasma proleins (especially albumin}, interstitial sub-
stances, intracellular constituents and bone and cartilage.
Il binding is extensive and firm, i1 will have a considerable
impact upon the distribution, exeretion and sojourn of the
drug in the body. Obviously, a drug that is bound 1o a
protein or any other macromolecule will not pass through
the membrane in the bound form; only the unbound {orm
can negotiate among the various compartiments.

The partition nmong compartments is determined by the
binding capacity and binding constant in each compart-
ment. As long as the binding capaeity exceeds the quantily
of drag fn the compartment, the following equation general-
ly applies:

FRESENIUS EXHIBIT 1013
Page 162 of 408



log Dy = log K + a log I 9

where 1), is Lhe concentration of bound drug, Dy is the con-
centration of free drug and e and X are constants character-
istic of the drug and hinding macromelecule. The equation
is that of a Freundlich isotherm. As the hinding capacily is
npproached, the relationship no longer holds, For anondis-
sociable drug at equilibrium, Dy will be the same in all com-
municaling compartments, so that it would be possible to
caleulate Lhe partition if K and a are known [or each com-
partiment. Excepl for plasma, the values of K and a are
generally unknown, hut the percent bound is oflen known.
From the percent bound, the partition alse can be caiculat-
ed, as in Fig 85-12. However, the logarithmic relationships
shown in Eq ¢ serve as a reminder that the percent hound
changes with the cancenlration, so that the partition will
vary with the dose. If the drugisa weak acid or base, the un-
ionized free form negotiates among the compartments, but
the ionized form is often the more firmly bound, and caleula-
tions must take into account the dissociation conslant and
the different s and a's of the ionized and un-ienized forms.

[t is mishelieved commonly that hinding in the plasma
interferes with the activity of a drug and the intracellular
binding in a responsive cell increases activily or toxicity.
Both binding in plasma and in the tissues decreases the
concentration of free drug, but this is ensily remedied by
adjusting the dose to give a sulficient concentralion for
pharmacological activity. The distribution and activity of
the free form is not affected by binding. The principal
effect of hinding is to increase the initial dose reguirement
for the drug and create a reservoir of drug from which the
drug may be withdrawn as the {ree form is excreted or me-
tabolized. However, if the binding is extremely firm and
release is slow, the rate of release may not be enough to
sustain the free form at a sullicient Jevel for phaymacological
activity; in such instances the hound drug cannot be consid-
ered a reserve.

The effact of binding upon the sojourn of a drug may be
considerable. For example, quinacrine, which may he con-
centrated in the liver to as much as several thousand times
the concentration in plasma, may remain in the body lor
months. Some iedine-containing radiopague diagnoestic
agenis are bound strongly 10 plasma protein and may remain
in the plasma for as long as 2 yr. In pathological conditions,
such as nephrosis, diahetes or cirrhesis, in which plasma
protein levels may be decreased, the plasma protein hinding,
loading dose and duration of action all may be decreased.

If a drug is hound to a functional macromaolecule, binding
may relate Lo pharmacelogical activity and toxicily, provid-
ing thal the binding is at a eritical center of the macromole-
cule. The binding by nucleic acids of certain antimalarials,
such as quinacrine, undoubtedly contributes to the parasiti-
cidal nctions as wetl os to toxicity.

50% BINDING 90% BINDING
FREE (1) FREE (1)
BOUND {1} BOUND 9]
TaTAL= {2} TOTAL = (0}

Fig 35-12. Distribution of a drug belween two compariments In
which the dagroes of binding to protein ditfer.  The parcent of binding
Is Indicated. Only the unbound drug can pass threugh tho membrane.
Bracketed values: concentration (courtesy, Schanker'?).
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Most drugs are hound to proteins by relatively weak
forces, such as van der Waals (London, Keesom or Debye)
forces, or hydrogen or ionic bonds, Consequently, binding
constants generally are small and binding is usually readily
reversible. The larger the molecule, the greater the van der
Waals bonding, so that large drug molecules are mare likely
to be bound strongly than are small ones.

Just as shape and the nature of functional groupz is impor-
Lant to drug-receptor combination, so they also are to bind-
ing. Drugs of gimilar shape and/for chemical alfinities may
bind al the same sites o a hinding protein and hence com-
pete with one another. For exampie, phenylbutazone dis-
places warfarin from human plasma albumin, which may
cause an increase in the anticoagulant effect of warfarin.
SBeme drugs also may displace protein-bound endogenous
constituents. For example, sulfisoxazole displaces bilirubin
from plasma proteins; in infants with kernicterus the freed
bilirubin floods the central nervous system and causes some-
times fatal toxicity.

Depending on the lipid-water coefficient, a drug may be
taken up into fatly tissue. The ratio of concentration in {at,
to that in the plasma, will not be the same as dictated by the
partition coefficient because of the content of water and
nonlipids in adipose tissue, and because clectrolytes and
other solutes aller the dielectric consiant and hence solubili-
ties from those of pure water, Lipoproteins, and even non-
polar substituents on plasma proteins, also take up lipid-
soluble molecules, so that solubility in plasma can be consid-
erably higher than that in water. The relatively high
golubility of ether in plasma makes plasma a pooi for ether,
the Mlling of which delays the onset of anesthesia. However,
ether and cther volatile anesthetics are taken up gradually
inte the adipose tissue, which acls as & store of the anesthel-
ic. The longer the anesthetic is administered, the greater
the store and the longer it takes for anesthesia to terminate
when inbalation bas been discontinned.

Another notable substance that is taken up readily into fat
is thiopental. Fven though there is o high solubility of this
harbiturate in fat, the low raie of blood (tow in fat limits the
rate of uptake. Because the bload flow in the brain is very
high, thiopental rapidly enters brain tissue. However, it
soon equilibrates with the other tissues, and the brain con-
centration falls as that in the other tissues {eg, muscle or
liver) increases. Gradually, however, the fat accumulates
the drug al the expense of other compariments. The gradu-
at entry of thiopental into fat at the expense of plasma,
muscle or liver is ilustrated in Fig 36-13.

Nonequilibrium and Redistribution--Thus far, the
distribution of drugs has been discussed mainly as though
equilibrium or steady state condilions exist afler a drug is
absorbed and distributed. However, since most drugs are
administered at intervals and the body content of drug rises
and falls with absorption and destruetion-excretion, neither
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Fig 35-13. Predisposition of \hiopental for fat. 25 mg/kg was glven
to adog. Afler a brief sejourn in the morg vascular tissues, thiopontal
oradually transfers to fat, whers the Hpid-soluble drug disselves in fat
droplets (courtesy, Bredis and Hogben'%).
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a true equilibrium among the body compartments nor a
steady state exists.

‘I'he term equilibrivm iz used misleadingly to deseribe the
conditions that exist when the plasma concentralion und the
concentration in a tizsue are equal, as exemplilied al the
point of interseclion of the curves for plasma and muscle or
plasma and Fat in Fig 35-18. Bul such “equilibrium™ with
fat occurs much fater than “eguilibrium® with muscle, so
that no true equilibrium really exists ameng ali the comparl-
ments. Furthannore, the erossover point for plasia and
any one tissue is not necessarily an equilibrium peint, be-
cause the rates of ingress and agress from the tssue are not
necessarily equal when the internal and external concentra-
tions are equal, since there are nwmerous factors that make
for unequal distribution (pI¥ partition, Donnan effect, elec-
trochemical distribution, active transport, binding, ete),

A study of Fig 35-13 shows that the distribution of thio-
pental continually changed during the 3.5 Ly of observation.
At the end of the period, the content in (at was still inereas-
ing while that in each of the other compartments was de-
creasing. This time-dependent shift in partition is called
redistribution. Eventually, the content in fal would have
reached a peak, which would represenl as nearly a true
equilibrium point as could be achieved in the dynamic situa-
tion where metabolic destruction and a slight. amount. of
excretion of the drug was taking place. Once the concentra-
tion in the fat had reached its peak, its content would have
declined in parallel with that in the other Ussues and he
partition among the compartments would have remained
essentially constant. Hedistribution, then, takes place only
until the concentration in the slowest filling coanpariment
reaches its peak, so long as the kineties of climination are
constant.

An index of distribution known as the volume of distribu-
tion (amount of drug in the body divided by plasma concen-
tration) is of considerable usefulness in pharmacokineties
but is of limited value in defining the way in which a drug is
partitioned in the body. Volume of distribution is discussed
on page 127,

"The word space is ofien used synonymaously with velume
of distribution. I is employed especially when the distrib-
uted substance haos 2 volume of distribution Lhat is essential-
Iy identical 1o a physieal real spuce or body compartment.
N-acetyl-4-amincantipyrine is distributed evenly threugh-
outthe total body water and is not bound to protfeins or other
tissue constituents.  Thus, the acetylaminoantipyrine spaee,
or volume of distribution, enincides with that of tolal body
water, Inulin, sucrese, sulfate and a number of other sub-
stunces essentially are confined to extracellular water, so
that an inulin space, for example, ineasures the extraceifular
fluid volmne. [Evans biue is confined to the plasma, so that
the Lvans blue space is the plasma volume. Buch space
measurements with standard space indicators are a neces-
sary part of studies on the distribution of drugs, since it is
degirable to compare the volume of distribution to a drug o
the physiological spaces.

Diotransformations

Most drugs are acted upon by enzymes in the body and
converted to metabolic derivatives called metabolites. The
process of converaion is calted biotransformation. Metabo-
lites are usually more polar and less lipid-soluble thon the
parent drug because of the introduction of exygen uto the
molecule, hydrolysis to yield more highly polar groups or
conjugation with a highly polar subsiance. As a conse-
guence, metabolites often show less penetrance into tissues
and less remal tubular resorption than the parent drug, in
accordance with the principle of the low penetrance of polar
and high penetrance of Hpid-soluble substanees.  For simi-

1ar reasons, melabolites are usually less active than the par-
ent drug, often innctive; even if they are appreciably active,
they generatly are excreted more rapidly. 'Fherefore, the
usual neteffeet of hiclransformation may be said to be one of
[nactivaiion or deloxicalion, .

There are, however, numerous examples in which bio-
transformation does net result in inactivation. Table 111
(page 742) lists a number of drugs that generate active me-
tabaolites; in a few instances activily derives entively {rom the
mctalolite.

There are also examples in which the parent drug has no
activily of is own but is converted o an active metabolite:
purathion, matathion and certain other anticholinesterases
require metabolic activation; inactive chloroguanide is con-
verted to an aclive Lriazine derivative; phenylbutazone is
hydroxylated to the antirheumatic hydroxyphenylbutazone;
innctive pentavalent arsenicals are reduced to their aclive
trivalent metabolites and there are other examples of an
activaling biotransformation,

When a delayed or prolonged yesponse Lo a drug is desired
or an unpleasant lasie or local reaction is 1o be avoided, iLis a
common pharmacentical practice o prepare an inactive or
nonoffending precursor, such thal the active form may be
generated in the body. This practice has heen fermed drug
tatentiation. Chloramphenicol pabinitate, diehloralphena
zone and the estolates of various steroid hormones are examn-
ples of deliberately latentiated drugs. Beeause inactive me-
tabolites do not always result from biotransformation, the
terin detoxicotion should not be used as o synonym for hio-
transformation, See Chapter 25,

Biotransformations take place principally in ithe liver, al-
though the kidney, skeletal muscle, intestine or even plasma
may be important sites of the enwymalic attack ol some
drugs. Since plasma lacks the eazymes and strociures ro-
quired for electron transport, hiotransformations in plasma
are mostly hydrolytic.

Endoplasmic Xeticulum and Microsomal System..
Biotranslormations in the liver mainly occur in simooth en.
dopiesmic relicedum.  The endoplasmie reticalum is o tu-
bular system which courses Cthrough the interior of the cell
but also appears to eommunicate with the interstitial space,
and its membrane is continuous with the cell membrane.
Some of the reticulum is lined with ribonucleoprotein parti-
cles, eatled ribosomes, whicly are engagzed iy protein syithe-
sis; this is the rough endoplasmic retienlum.  Adthough the
smoelh endoplasmic retioulum lacks such a granular appear-
ance, it is invested heavily with numerous enzymes which
histransform many drupgs and some endogenaous substances.

When a broken-cell homogenate of the liver is prepared,
the reticulum becomes fragmented and the lragmenis form
vesicular structures called microsomes. Although the mi-
crosomes are arlifacts, it is the practice to refer to the micro-
somal drug metabolizing system rather than to the smooth
endoplasmic reticulum,

The inicrosormal system is peculiar in that hoth oxidations
and reductions usually require the reducing cofactor, re-
duced nicotinamide adenine dinucleotide phosphate
(NADPH). ‘Iis is because microsomal oxidations proceed
by way of the introduction of oxygen rather than by dehy-
drogenation and NADPH is essential to reduce one of the
atoms of oxygen. The drug first binds o an oxidized cyto-
chrome P-450. ‘The drug—cytochrome complex then is re-
duced by NADPH-cytochrome reductase; the reduced com-
plex then combines with oxyzen, afier which the metaboliic
is releosed and oxidized cytochrome P-450 is regenerated.
Cyiochrome 1450 js a generic term that includes at least 30
and perhaps us many as 100 separate enzymes. '’

Some of the enzymes of the microsomal system are quite
easily induced; that s, o substrate of the ensyme may i
crease considerably the activity of that enzyme by increasing
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the biosynthesis of thal enzyme. An increase in the amount
of smooth endoplasmic reticulum sometimes also oceurs
concomitantly with enzyme induction.

Treatment of an experimental subject with phenobarbital
greatly will incresse the rate of metabolism of phenobarbi-
tal, which necessiteles larger and more frequent doses of the
drig in order 1o mainfain a constant sedative ellect. More-
over, phenobarbital may induce an increased metabolism of
some olher, but not all, barbiturates as well as some unrelat.-
ed drugs, such as strychuine and warfarin,  Oddly, warfarin
does nol induce its own biotransformation readily. At the
present time, both selfsinduction and cross-induction ap-
pear capricious and unpredictable.

Induction may create therapeulic problems. For exan-
ple, the use of phenobarbital during treatment with warfarin
increases the dase requirement for warfarin, II the physi-
cian is unaware of this interaction and fails to increase the
dase, the patient may sulfer a thrombotic episode. If the
dose of warfarin has been increased and the phenobarbital iz
then discontinued, the rate of metabolism of warfarin may
drop ta its previous level, so that the patient js overdosed,
with hemorrhagic consequences.  Some drugs inhibit rather
than induce the micresomal system, which reduces the dose
requirement and may lead to toxicity. Cimetidine is an
example of a drug that inhibits the hepatie metabolism of a
numher of other drugs,

The activity of the microsomal system is aflected by many
factors other than the presence of drugs. Age, sex, nutri-
tional states, pathological conditions, body temperature and
genetlic factors are among the influences that have heen
identified. Age, particularly, has received considerable at-
tention. Infants have a poorly developed microsomal sys-
tem, which necounts for the low dose requirement for mor-
phine and also explains the high toxicity of chloramphenicol
in infants.

The activity and selectivity of the microsomal systemn var-
ies greatly from species to species, so that care must be
exercised in extrapolating experimental findings in lahora-
tory animals to man.

Types of Biolransformations—Biotranslermations
may be degradative, wherein the drug molecule is dimin-
ished to a smaller structure, or synihetic, wherein one or
more atoms or groups may be added to the molecule. Very
fow drugs are degraded completely. However, it is more
useful to categorize biotransformations with respect to
“metabolic” (nonconjugative) hiotransformations and con-
jugative Liolransformations. The former is called phase 1
and the latter phase I1. [n phase 1, pharmacodynamic activ-
ity may he lost; however, active and chemically reactive
intermediates also may be genernted. The polarity of the
molecule may or may not be increased sulficiently 1o in-
crease excretion markedly. In phase II, metabolites from
phase I mnay be conjugated and sometimes the original drug
mey be conjugated, thus bypassing phase I. Phase Il gener-
ates metabolites of high polarity which are excreted readily.

Biotransformations mayv be placed into five categories:
(1) oxidation, (2) reduction, {3} hydrolysis, (4) conjugation
and (5) miscelianeous, Oxidation, reduction and hydrelysis
comprise phase I Conjugation comprises phase 11 Most of
the miscellaneous biptransformations helong in phase 1.

Oxidntion—Oxidation is ware commen than any olher pe of bio-
transformation.  Oxidations Uhat oceur primariy in Che liver microson-
0! system inelude side-chain hydroxyintion, armuntic hydroxylation, de-
wrnination {which iz oxidalive and results in the itermediate formation
o RCHOY, M-, O-, and S-dealloylation (which probably invelves hydrox-
vlation of the allky] group followed by cxidation to the aldehyde) snd
sulloxide formation.  N-Demethyladion invelves o different system from
Nedealkylution of higher rdignds.

Oxidations that ocour elsewhere, other than the miciosomes, ave gen-
crally debyrdrogenations followed by the addition of sxvpen or water.
Exumples are the oxidation of aleohals by aleohol dehydrogennse, the
oxidation of aldelyde by aldehyvie dohydrogennge ad Lhe deamination
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of mancamines by menoamine exidnge and dianines by diamine oxidase,
The oxidation of purines, fike cafToina and theophyliine, i also oxirami-
crosomal.

Reduction—Heductions are relatively uncommon. ‘Ihey muinly ac-
sur in tiver microsomes, hut they cccnsionnily Lake place in other tissues.
Exnmplos nre the reduction of nitro and nitroso groups (as in chloram-
phenicol, nitroglycerin and organic nitrites), of Lhe azo group (a$ in
prontosil) and of certnin aldehydes to the corresponding afoohols (as
with the deaminated sorotonin metabolite, 5-hydroxyteypiophal, to 5-
hydroxyiryplopholl. |

Hydrolysis--Hydrolysis is a common binteansformation anwmg es-
ters and nmides.  Fsterases are located in many structures besides the
microsomes,  For exemple, cholinesterases are found in phuma, evyiliro-
cyles, liver, nerve terminals, junctional interstives and postjunctional
struetures, and procaine esterases are found in plasma,  Variouy phos-
phatases and sullatases also ore distributed widely in tissoes and plaswn,
although few drogs are appropriate substrates.  The hydrolytic denmi-
dation of meperidine occurs primarily in the hepatic microsomes.

Conijugation—A Jorpe number of drugs, of thelr metabolites, sre
conjugated.  Conjugation ia the bicsynthelic provess of combining a
chemical enmpatind with a highly polar and water-soluble natural suls.
stanee Lo vield n water-soluble, usually inactive, produei.  Conjugstions
generally involve either esterification, amidation, mixed anhydride for.
mation, hemiaeetsl formation or etherization.

Gliecweade i s the most frequent. partoer Lo the drag in conjuga-
dion. Actunlly, Ehe drug reacts wilh wridine dipbosphoglucaronic acid
rather than with simple glucuronic acid.  The drug or drug metabolite
combines at the number 1 carbon daldebyde end) and not st the earbosyd
end of glueuronic acid.  The hydroxyt group of an aleohol or o plienel
attacks the number 1 earbon of the pyran ring Lo replace wridine diphos-
phote. Phe produet is a hemiacelai-like derivative. Since the produet
is not an ester, the tern ghecuranide is appropriate. Rarely, thiols and
amings may forin analogous gluewronides.

Carboxy) compounds (onn esters, appeoprinialy catled plecuronates,
in replacing the uridine diphosphate.  Stffurie acid is also a frequent
conjugnnt, especially with phenols and to a lesser extent with simple
aleohals, The sulfurated product is ealled an etheren! sulfaie. Qcva-
slonally sulfuric acid conjugates with aromatic amines to form sulfe.
maies.  Phosphoric acid plso conjugates with phenols and aromatic
amines. The conjugation of benzoic acid with glyeine to yield hippuric
acid is a elassicn] example of an emidation conjugative process. Cysle
ine may lake the place of glyeine, through the intermedintion of glutathi-
one, to vield mercapturic neids with certain aromatic acids,

Amidations with umino seids nre less frequent than acedylation, part-
Iy beesuse Tow drups ave carboxylic compounds.  Aromatic amines snd
aceasionilly aliphatic mnines vr heterveyelic nitrogen froquently are
acetylated, Acety)-Coh iz the biological reagent rether than acetic acid
itself.  Unlike most other conjugnies, the acelylnie {amided i usually
less water-soluble than the pareat compound, The acetylation of the
para-aniino group of the stlfonamides is a prime example of this type of
conjugalion,

Although most conjugations vecur in Che liver, the microsomal sysiem
is not involved.  Some conjugations oceur in the Kidney or v olher
tiasues.

Miseallancous—Many rmines, especially derivatives of f-phenyleth-
yiamine and heterocyclic campounds, are methylated in the body, The
products are usually hislopically active, sometimes more so Lhan the
pirent compound. N-Methylation may veeur in the cell snp of the liver
and elsewhere, especially in chromallin lissue in the case of phenyleth-
yinmines,

Phenolie compownds moy be Oomethylated, O Medhylation is Lhe
principal route of biolransformation of catecholanines such as epineplh-
rine aud ngrepinephring, the methyl group being introduced on Lhe
meta-hydrony substituent. Both A- and (-methylation reguire §-
methyladenosyt cysieine.

Destdfuratinn, in which oxygen may reploce suifur, ajkes place in Lhe
liver. Thiopental is eonverted in parte pentobarkilal by desufuration,
and parathion is transformed to parnoxon.

Dehatogenation of cerlain inzecticides and various hologenated hy-
dracarhons may tuke place, prineipally in the livar but not in the micro-
HLES.

Excretion

Some drugs are not biotransformed in the body. Others
may be biotransformed, but their products still remain to be
eliminated. It foliows thal exeretion is involved in the elim-
ination of all drugs and/or their metabolites. Although the
kidney is the most important organ of exeretion, some suh-
stances are excreted in bile, sweat, saliva, gastric juice or
from the lungs.

Renal lixeretion—The exeretory unit of the kidney is
called the nepfron {Fig 35-14). There are several million
nephrons in the human kidney. ‘The nephron is essentially
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CHAPTER 35

PEAITUBULAR
CAMILLARY

THik
SLGNENT ™

Fig 35-14. Diagram of 28 mammalian nephron. Note how the lower
loaps of the postalomerular capillaries courss downward and double
back along with the tubule.  This allows countercurrent disdéribution 1o
maintain hyperosmolar trine within the thin segnient.

a filter Nunnel, called Bowman's capsule, with a long stem,
called n renal tubule. Tt also is recognized now that the
collecting duct is functionally a part of the nephron. The
blood vessels thal invest the enpsule and the tubule are also
an essential part of the nephron,

Bowman's eapsule is packed with a it of branching in-
terconnecied capillaries (glomervlar tuft), which provide a
large surface area of capillary endothelium {“filter paper')
through which fluid and small molecules may filter into the
capsule and begin passage down the tubule. The glomerular
tull, together with Bowman’s capsule, constitute the glo-
merwlus,  The glomeraiar capillary endothelivm and the
supporting layer of Bowman's capsule have channels rang-
ing upward to 40 A.  Consequently, all unbound crystalloid
solutes in plagma, and even a little albwoin, pass into the
glomerular filtrate.

The postglomerular vessels, which lie close to the tubules,
are eritically important to renal function in that substances
resorbed from the filtrate by the tubule are returned to the
hiood along these vessels. The tubule is not straight but
rather (Irst males a number of convolutions (called 8 proxi-
mal convoluied tubule}, then courses down and back nup a
long loop (called the luep of Henle), makes more convolu-
tions (the distal convcluted fubule) and finally joins the
collecting duet.  The loop of Henle is divided into a proxi-
mal (deseending) tubule, a thin segment and a distal (as-
cending) tubule.

As the glomerular filtrate passes through the proximal
tubule, some solute may he resorbed (tubular resorption)
through the tubular epithelium and returned to Lhe blood,
Resorplion oceurs in part by passive diffusion and in part by
active transporl, especially with sodium and glucose. Chio-
ride follows sodium obligatorily,

In the proximal region, the tubule is quile permeable to
water, 80 that resorbed solutes are accompanied by enougly
water (o keep the resorbate isotonic. Conseguently, al-
though the filtrate becomes diminished in volume by ap-
proximately 80% in the proximal tuhule, it is nol coneentrat-
ed,

Some acidiffcation oceurs in the proximal tubule as the
result of carhonic anhydrase activity in the tubule cells and
the diffusion of hydronium ions into the lamen. In the
lumen the hydronium ien reacts wilh bicarbonate ion, which
ig converted to resorbable nonionie CO,.

There is also active transport of orgenic cations and an-
ions into the lumen (tubular secretion), each by o separate
system. These active lransport systems are extremely im-
portant in Lhe excretion of a number of drugs; for example,
penicillin G is soereted rapidly by the anion transport sys-
tem and tetraethylammonium ion by the cation transport
system.  Prohenecid is an inhibitor of anion secretion and,
henca, decreases the rate of loss of penicillin from the hody.

As the filtrate travels through the thin segment it becomes
concentrated, especially at the bottom, as a result of active
resarption and a countercurrent distribution effect enabled
by the recurrent and parallel arrangement of the ascending
segment, the parallel orientation of the eollecting duct and
the similar recurrent geometry of the associated capillaries,

In the thick segment of the ascending loop of Henle, both
sodium and chloride are transparted actively.

In the distal tubule, sodium resorption occurs partly in
exchange for potassium (polassium secretion) and for hy-
dronium jons.  Adrenal mineralocorticoids promote distal
tubular sodium resorption and potassivm and hydroninm
secretion. Ammonia secretion also oceurs, so that the urine
cither may beacidified oralkalinized, according Lo acid-base
and electrolyte requirements.

Water is resorbed selectively from the distal end of the
distel convoluted tubule and the collecting duets; water re-
sorption is under the control of the antidiuretic hormone.

Drugs also may he resorhed in the distal tubule; the pH of
the urine there is extremely important in determining the
rate of resorption, in accordance with the principle of non-
ionic diffusion and pH partition. "The pH of the tubular
fluid also affects the tubular secretion of drugs.

As an example of the imporiance of wrine pH, in humans
Lhe secondary amine, mecamylamine, is exereted more than
four times laster when the urine pH is less than 5.5 than
when it is ahove 7.5;: Fig 35-15 illustrates the effect of wrine
pH on the exeretion of this amine. The effect of urine pH on
the excretion of 1 weak acid, sulfaethictole (for the struciure,
see page 1109, RIPS-16), is shown in Pig 35-16.

The urine pIT and, hence, drug excretion may fluctuate
widely according to the diet, exercise, drugs, time of day and
other factors, Obviously, the excrelion of weak acids and
bages can he controlled partly with aciditying or alkalinizing
salts, such as ammaonium chloride or sodivm bicarbonale,
respectively. Comparative studies on potency and efficacy
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Fig 35-15.  The effect of urinary pH on the mean cumulative excre-
tion In man of mecamylamine during the first day after oral administra-
tion of 10 mg.  Vertical broken lines:  standard deviation {courtesy,
Milne, a1 af*®).

FRESENIUS EXHIBIT 1013
Page 166 of 408



30

LBG MG SETD
UKEXCRETED

2.7

I

s

gl I

L
i 18 {3 [[:3

[[e}

T

pH COF WmINE

HouRs

Fig 85-16. The effect of urinary pH on the exsretion of sulfaethidele
in a human subject after oral administration of 2. Bars (fower hal):
urinary pH; circlas {open and closed, top):  log of the amount of drug
romaining in the body; negative slopes (of lines defined by the cir-
clas): a functton of the rata constant of excretion.  Moto the abrupt
ingrease In rate when the urinary pH is changed from acidic 1o neutral
or slightly alkallne {courtesy, Kastenbauder, ef al'®),

in man have demonstrated the importance of controfling
urinary pH, Urine pH is important only when the drug in
guestion is a weak acid or base of which o significant fraction
is excreted. The plasma levels will change inversely to the
excrelory rate. For example, it has heen shown clinically
with guinidine that alkalinization of the urine not only de-
creases the urine concentration but also increases the plas-
ma concentration and Loxicity.

The collecting duct also resorbs sodium and water, se-
cretes potassivin, acidifies and concentrates the urine.
Antidiuretic hormone (ADH) controls the permeability o
water of both the collecting duct and the distal tubule.

Tenal clearance and the kinetics of renal elimination are
discussed in Chapter 36 (page 730).

Drug Interaction

Frequently a patient may receive more than one drog
concurrently, Case records show that surgical patients com-
maonly receive more than ten, and sometimes as many as 30,
drugs and the patient is often under the influence of several
drugs at once, sometimes unnecessarily. Multiple-drug ad-
ministration also i common {or patients hospitalized for
infeclions and other disorders. Furthermore, 2 patient may
be suffering from more than one unrelated disorder which
demands simultaneous treatiment with Lwo or more drugs.
In such instances, interactions are unsolicited and often
unexpected.

In addition te the administration of drugs concurrently
for their independent and unrelated effects, drugs are some-
times adminisiered concurrently deliberately Lo make use of
expected interaclions.

Types of Interaction and Reasons for Combination
Therapy

A drug may affecl the response to another drug in a quan-
titative way. On the one hand, the intensity of either the
therapeutic effect, or side effeel, may be augmented o sup-
pressed. On the other hand, a qualitatively different efleet
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Bilinry Excretion and Fecal Blimination—Many
drugs are secreted into the bile and, thence, pass into the
intesting, A drug thal is passed into the intestine vin the
bile may be reahsorbed and not lost from the body. This
evele of hiliary secretion and intestinal resorption s called
enterchepatic circwlation. Txamples of drugs enterohe-
patically circulated are morphine and the penicilline. The
biliary secrelory systems greally resemble those of the kid-
ney tubules. The enlerohepatic system may provide a con-
siderable resexvoir for a drug.

1fadrug is not absorbed complately from the intestine, tha
ungbsoerbed fraction will be eliminated in the feces. An
unabsorbable drug that is secreted into the bile will likewise
be eliminated in the feces. Such feeal elimination is called
fecal exeretion. Only rarcly ave drugs secreted into the
intestine through the succus enfericus {inlestinal secre-
tione), although a number of amines are secreted into gastric
Juice.

Alveolar Exerotion.The large alveolar area and high
blood flow make the lungs ideal for the excretion of appro-
printe substances. Only volatile liquids or gases are elimi-
nated from the Jungs. Gaseous and volatile anesthetics es-
sentially are eliminated completely by this route. Only a
small amount of ethanol is eliminated hy the lungs, but the
coneentralion in the alveolar air is related so constantly to
the blood aleohal concentration that the analysis of expired
air is acceptable for Iegal purposes. ‘The high agueous solu-
bility and relatively low vapor pressure of ethanol at body
temperatare account for the retention of most of the sub-
stance in the blood. Carbon dioxide from those drugs that
are parlly degraded also is excreted in the lungs.

Pharmacokinetics

Pharmacokinetics is the science that treats of the rate of
absorption, extent of ahsorption, rutes of distribution among
hody compartments, rate of elimination and related phe-
nomena. Pecause of its importance, two chaplers, Besic
Pharmacokinetics (page 725) and Clinical Pharmacokinet-
ics (page 746), have been devoted (o the subject.

and Combination

may be brought out. The mechanising of such interactions
are many and not always are understood. A drug may not
necessarily affect cither the quality o initial inlensily or
effect of another drug, but may cavse significant to profound
changes in the duration of action. 'The nature of Lhis type of
interaction generally is understood fairly well, although it
mmay not yel have been ascertained for any particular drug
combination. The deliberate use of combined interacting
drugs is most valid when the mechanism of the inleraction is
understood and the combined effects are both quantifiabie
and predictable. ‘I'be rationates of drug combination and
the prineiples involved are discussed below,

Combinations to Increase Inteusity of Response or
Lifficacy—>Sometimes Lhe basis (or the action of one drug to
increase Lhe intensity of response 1o another i well under-
stond, but often the reason o1 a positive interaction is ob-
scure. A terminology has arisen that frequently is not only
enlightening as to mechanisms and principles hat also which
is somewhat confusing.

Drugs that.elieit the sama quality of effect and are mutual-
Iy interactive are called homergic, regardless of whether
there is anything in common between the separate response
systems.  Thus, the looseness of the term admnits a pressor
response consequent Lo an inerease in cardiac oulput to be
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homergic with one resulling from arteriolar constriction,
even though there is nok one common responsive clement,
the bivod pressure ilself being but a passive incicator.
However, homergic drugs usually have in common ot least
part of a response system, Thus, both norepinephrine and
pilressin skimulate some of the same vascular smooth mus-
cle, even though they do nol excite the same receptors,

Twao homergic drugs can be agonists of the same veceptor,
50 that the entire responsc system is common 1o both. Such
drugs ave called homodynamic. As discussed under Drug
Receptors and Receptor Theary (page 709), homodynamic
drugs will generate dose-intensity of effect curves wilh par-
allel slopes, butl net necessarily with identical maxima or
efficacies, if one of the drugs is a partial agonist.

IProm mass-law kinetics and dose-effect data of the sepa-
rate drugs, it is possible to predict the cambined effects of
two agonisis to the same receplor. If both drugs are full
agonists, theory prediets that an KDx of Drog A added Lo an
EDy of Drug B should elicit the smne elfect as that.of an KDy
of Drug A added toan EDx of Drag B, An example is shown
in Fig 35-17. Dose.percenl data with homodynamic drugs
can be treated in the same way.™

Drugs whose combined effects fit the above conditions are
called additive. 1f the response to the combination exceeds
ihe expected value for additivity, the drugs are considered 1o
be supre-additive. Purely homodynamic drugs do notshow
supra-additivity; however, if one drug in the pair has an
addilional action to affecl the concentration or penetrance
of the other or to prime the response svstem in some way,
two agonists to the samaereceptor may exhibit supra-additiv-
ity. Two homergic drugs are infra-additive if their com-
bined effect is less than expected from additivity. As with
supra-additivity, infra-additivity must involve an aelion
elsewhere than on a common receptor.

Two drugs are said to be stunmetive f a dose of drug that
elivits response x added Lo a dose of another drag that elicits
response y gives the combined response x + . Very little
significance usually can be attached Lo summation. Unless
the dose-intensity curve of each drug is linenr, rather than
Jog-linear, summation cannot be predicted from the lwo
curves. When summation does oceur with the usual clinical
doses of two drugs, il almost never oceurs over the entire
dose range; indeed, if the dose of each of the two drugs is
wreater than an BD50, summation is theoretically impossible
unless il is possible Lo increase the maximal response, At
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Fig 35-17.  Additive inhibitory effects of folraethylammonium (TEA)
and hexamethonium {C6) on the superior cervieal ganglion of the cat.
The theorotical line for additivily was calculated on the basis that an
ingramant of TEA added to an EDx of C6 should have the same effect
as W it wern added 10 an EDx of TEA. When TEA and CB wore
administerad together, an equal amount of each was given.  The dose
is the sum of the doses of the two components {courtesy, Harvey™).

besl, summation is an infrequent clinical finding limited o
one or lwa doses.

Two drugs are said to be helerergic if the drugs do not
cause responses of the same quality. When heferergy is
positive, le, the response tn one drug is enhanced by the
other, synerglsm s saicd to occur, The word often has been
used to deseribe any positive interaction, but it should be
used only ta describe a positive interaction between heterer-
gie drugs. The term potentiation has been used synony-
mously with synergisi, butl misuse of the term has led to Lthe
recommendation that the term be dropped. Synergism is
often Lhe resull of an effect to intarfere with the elimination
of a drug and, thus, Lo increase the concentration; synergism
also may result from an effeel on penctrance or on the re-
sponsivity of the effector system. Examnples of a synergistic
effect, in which responsivity is enhanced, arve the action of
adrenaleorticoids to enhance the vasoconstriclor response (o
epinephrine and the increase of epinephrine-induced hyper-
glyeemia consequent. to impairment by theophylline of the
enzymatie destruction of the cAMP which mediates the re-
SpOnsa.

In clinical practice two homodynamic drugs rarely are
coadministered for the purpose of increasing the response,
since a sufficient dose of either drug should be able o
achieve the same effect as 2 ecombination of the two. Most
clinieal combinations with positively interacting drugs are
with heterergic drugs.

Combinations to Decrease Individual Doses and Toxi-
cily—When homodynamic drugs are coadministered, it is
usually for the purpose of decreasing toxicity, If the toxici-
ties of two hamodynamic drug are infra-additive, the Loxic-
ity of combined partial doses of Lhe two drugs often will le
less than with full deses of either drug. This principle s
vatid for trisulfapyrimidines mixture (see page 1181).

Combinations to Attack a Discase Complex at Differ-
ent Points-—With many diseases, more than one organ ox
{issue may be affected or events at more than one locus may
Lear upon the ultimate perturhation,  For example, in due-
denal ulcer, psychic factors appear to increase activity in the
vagus nerve, which modulates gastric secretion, so that it is
rational Lo explove the effects of sedatives, ganglionic block-
ing drugs, antimuscarinic drugs and antacids, singly and in
combination. In heart {ailure the decrement in renal plas-
ma flow and changes in aldosterone levels promote the re-
tention of salt and water, so that diurctics and digitalis
usually are employed concomitantly, Pain, anxiely and agi-
tation or depression are frequent accompaniments af various
pathologic processes, so thal it i to be expected that analge-
sies, tranguilizers, sedatives or antidepressives {requently
will be given at the same time, along with other drugs inlend-
ed 1o correct the specific pathology.

Combinations to Antagonize Untoward Actions—The
side effeels of a number of drugs can be prevented, or sup-
pressed, by other drugs.  An antagenisl may compete with
the drug at the receptor that initintes the side effect, depress
the side-elfecior system al a point other than the receptor, ox
stimulate an opposing systetn.

Antngonism al the receptor is competitive antagonism if
the antagonist aftaches at the sane receptor group as the
agonist (see page 703).  Antagonism at a different receptor
group, or inhibition elsewhere in the response system, is
noncompelitive antagonism. Both competitive and non-
competitive anlagonlsm are clagsified as pharmacelogical
antagenism. The stimulation of an opposing system is
physiviogical antagonism.

Examples of pharmacological antagonism are the use of
atropine Lo suppress the muscarinic effects of excess acetyl-
choline conseguent. Lo the use of neostigmine and the use of
antihistaminics to prevent the effects of histamine liberated
by tuboeurarine. FBxamples of physiclogical antagonism are
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the use of amphetamine to correct partially the sedation
caused by anticonvuleant doses of phenoharbital and the
administration of ephedrine to correct hypotension result-
ing {rom spinal anesthesia,

Combinations That Affect Elimination—Only a few
drugs presently are used purposefully to elevate or prolong
plasma levels by interfering with elimination, although con-
tinued interest in such drugs probalily will increase the num-
ber.

Probenecid, which already has been mentioned to antago-
nize the renal secretion of penicillin, was introduced origi-
nally for this purpose. However, because penicillin G is
inexpensive and available in repository forms, as well as oral
forms (obvinting the need for injection), it is less imperative
to retard the excretion of penicillin, The low nonallergenic
toxicity of penicillin permits very large doses to be given
without cancern for the high plasma concentrations that
vesult, which also means that there is little necessity for
increasing the biological half-life of the drug. Consequent-
ly, probenecid is not used routinely loday in combination
with penicillin,

The use of vasoeonstrictors to increase the sojourn of local
anesthetics at the site ol infiltration continues, but few other
clinical examples of the deliberate use of one drug to inter-
fere with either the distribution or elimination of another
can be cited. Nevertheless, the subject of the effect of one
drug on the elimination of another has become immensely
active. Innumerable drugs affect the fate of others and the
therapist must be aware of such interactions.

Drugs that induce cytochrome P-4505 enhance the elimi-
nation of drugs that are metaholized by the liver micro-
somes, ‘There would be very little point ordinarily to selicit
combinations that would shorten the duration of action or
tower plasma levels, unless it were to reduce an overdosage.
Haowever, since such combinations are used unwittingly or
unavoidably, this type of interaction is of great clinical im-
portance.

Combinations to Alter Absorption—In the section on
Vehicles and Absorption Adjuvants (page 714) it was mexn-
tioned that certain substances facilitate the absorption of
others, The use of such absorption adjuvants generally is
included under the subjeet of formulation rather then under
drug combination, Although drugs which increass blood
flow, motility, etc bave an elfect to increase the rate of
absorption, the use of such drugs so {ar has not proved to be
very practical. When it is desired to slow the absorption of
drugs, various physical or physicochemical means prove to
he more effective and less troublesome than drug combina-
Lions.

Fixed Combinations of Drugs

Concomitant ireabment with two or more drugs requently
is unnecessary, and i, generally, immeasurably complicales
therapy and {he evaluation of response and toxicily. Never-
theless, it is often warranted, even essential and cannot be
condemned categorically. However, with fixed-dose or
fixed-ratio ombinations, in whieh the drugs are Logether in
the same preparation, there are certain disadvantages, ex-
cept for a few rare instances like trisuifapyrimidines.

The disadvantages are as follows: patients differ in their
responsivity or sensitivily to drogs and adjustments in dos-
nge or dose-interval may be necessary. If adjustimentof only
one component. of the mixture {s required, it is undesirable
that the schedule of the second component be adjusted
obligatorily, ss il is in a fixed combinotion. According to
which way the dose is adjusted, either toxicity or loss of the
therapeutic effect may result, Furthermore, when adverse
effects 1o either component occur, both drugs must be dis-
continued. The fixed combination denies the physician
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flexible control of therapy. Especially when one component
in a mixture is superfluous yei potentially toxic, as js often
the case, the promotion of fixed combinations i reprehensi-
ble. However, the separate administration of drugs used in
combination often complicates Lreatment for the patient,
who, in an outpatient situation and sometimes in the hospi-
tal, may not take all of his medication or who may take it at
inappropriate intervals. The resulting consequences may
be worse than those of fixed combinations in certain in-
stances. Consequently, o summary dismissal of fixed com-
hinations iz unwarranted, Rather, the fundamentals of
pharmacokinetics and clinical experience must be brought
together with biopharmaceutics to analyze present combiva-
tions and to predict possible new allowable combinations,

Dangers in Multiple-Drug Therapy

Some ohjections to fixed-dose combinations were stated
above, Also the unanticipated effects of drug combinations
have been touched upon, particularly with respect to effects
upon elimination. But it should be made clear that more is
at stake than simply the biclogical half-life of a drug. On
page 717 an example was given of the grave clinical conse-
quences of the effect of phenobarbital to enhance the bio-
transformation of warfarin. Other examples of dangerous
interactions, such as the effect of several antidepressants
grestly to synergize catecholamines, may he cited. TEven
some antibiolics antagonize each other and increase mortal-
ity

In addition to the ohvious pitlalls posed by the interac-
lions themselves, the use of multiple-drug therapy fosters
careless dingnosis and a false sense of security in the nunber
of drugs employed. Multiple-drug therapy should never be
employed without a convincing indication that each drug is
beneficial heyond the possible detriments or without proof
thal a therapeutically equivocal combination is definitely
harmiess, Finally, the expense {o the patient warrants con-
sideration.
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CHAPTER 36

Basic Pharmacokinetics

Stewori C Harvey, PhD
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and C Dean Withrow, PhD

Associote Professor of Pharmocology
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Solt Loke Clfy, UT 64132

Pharmacokinetics is the discipline which s concerned
will Lhe rates of movement of a drug or its metabolites into
the body, among its many compartments, out of the hody
and also which attempts to evaluate the rates of biotransfor-
mnations of the drug nnd its metabolites, As in chemistry, it
involves primarily following the rate of change in concentra-
tion in the appropriate compartment{s), mosgl often in the
extracellular fluid (plasma) and/or urine, However, phar-

macokinelies is by no means limited to observations of con-
centration; rates of movement of a drug can be followed by
isotopes or othor menns. The application of pharmacoki-
netics to drug formulation and (reatment regimens also is
within the scope of this title. The applications to trealiment
regimens and other clinical uses of pharmacokinetics are
treated in Chapler 87, Principles of Clinical Pharmacoki-
neties.

Orders of Processes

The order of any process is detorimined by the probability
that the appropriaie unit. events will ocour in a given popula-
tion within g given time. Processes may be zero-order, first-
order, second-ovder, ete, depending upon the number of
varigbles that determine the probability. In pharmacoki-
noelics, only zero-order and first-order processes are impor-
tant, the latter being of overwhelming significance; conse-
quently, anly the kinetics of these twe processes will be
treated in this chapter,

First-Order Processes

When activity is random within a population of a single
species, the probability that a given event will oceur is di-
rectly proportional to Lhe size of the population. Por exam-
ple, the probability that sone atomn in a population of radio-
nuclides will disintegrate in any instant ia directly propor-
tional to the number of radionuclide atoms in the
population. Similarly, the number of molecules of drug that
diffuse across a given boundary (eg, the vascular endotheli-
um) per unit time will be proportional directly to the mum.
ber of molecules near the boundary, which, in turn, is pro-
portional 1o the coneentration. This is the basis of Fick’s
Law of Diffusion (page 208). Any process in which the rate
of change in a population is directly proportional to the
population in known as a first-order process. In such n
process, the time-dependent change in concentration is de-
lined by the equation

C = oo™t

where C 3s the concentration at time ¢, Cp is the initial
concentralion (thne zero), ¢ ia time, e is the natural (Naper-
ian) log haso and k is a proportionality conatant known as
the rate constant. (For a derivation of By 1, seo page 247.)
In a diffusion process, the magnitude of k is dotormined by
Lhe temperature, mobility, permenbility and other factors,
The numerical value of & also will depend upon the time
units (min vs hr, etc} chosen,

Egg 1 prediets that as approaches infinity, ¢ approaches
zero, which would be true lor irreversible processes like ra-

{units of wt.- vol™! or molar, ete] (1)

dioactive decay, diffugion inlo infinile space, some exen-
tropic SN, chemical decompositions and certain enzymatie
reactions.  However, in a confining space, diffusion and
many chemical reactions reach an equilibrium state in which
C appronches a finite asymplote as ¢ appronches infinity.
Figure 36-1 illustrates a simple situation in which the asymp-

o
[}

Lote is necessarily finite. To satisfy the conditions of this
201‘
i

\ Compartrment |
i \‘/ Volume = v

Concentratien i comoorimant |
{orbiirory wnits)
-

Compartmen 2

Volume = 4V

L L 1 L L

| .

)] I 2 3 4 5 6
Time

Fig 36-1. Idealized diffusion kinetlcs of a hypothetical drug that
equilibrales belweon two compartments. Transfer Is from compart-
ment 1 Into compartment 2. Tha equllibrium concontration is ¥, of
that Initlally In compartment 1, bacause the final volume of distribu-
tion fe 5 times that of compartmant 1,
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closed system, (( — €,) musl be aubstituted for Cyin Eq 1,
(', being the equilibrium concentration,

In Iiq 1, the algebraic sign of & is usually negative, which
indicates a dimninishing concentrution with time, However,
in Pig 36-1 the concentration in compartment 2 rises lopa.
rithmically with Lime; nevertheless, & is negalive, since the
rate diminishes exponentially with time, The equation fo
the logarithmically rising concentration in compartmenl 2
will take the form of Eg 5 (page 727), in which (', would he
used ia lieu of Cp.

18 1 ¢an be written in the log form,

log C = log Cq — 0,434k {2)

The coefficient 0.434 results from the conversion of the nat
ural log base, e, to log base 10.(0.434 = 1/2.803), 'The equa-
tion determines that a plot of log C agninst ¢ will be rectilin-
ear (bottom of g 36-1) with a slope of —0.434%k and an
ordinate-intercepl of Co.  Por pharmacokinetics, this is a
wselul type of plot, boeause, in the straight-line form, back
extrapolation Lo eatimate Cy is easier and more accurate than
from a curve, and & can also be determined graphically.
Rate Constants and Half-Life--Since first-order pro-
cosses are characterized by exponential or Jogarithmic kinet-
ics, il follows that a constant fraction of the preseni or
instantaneous population {eg, ¢concentration) changes per
unit Lime, that fraction being oqual to G.4344; & has the units
of t71. Another way of expressing the rate of change is that
of half-time (or especially half-life, if the population is de-
creasing), with the notation £;. The half-time is the time

[no units)

that It takes Lhe population to decrease (or increase) by 50%
af the total possible change. By setting C equal to %Cp in
either 12gs 1 or 2 and solving for { (which is £ under these-
conslraints),

bip= 0'(;_93 funits of time| (1)
Zero~Order Processes

When an enzyme or transport system is ssturated, the
activity cannot be increased further by increases in the con-
centration of substrate. Comseguentily, the rale remains
constanl so long o9 the coneontration of substrale is in excess
of the gnturating concentration, In thissituation, the rate is
independent of the concentration. The kinetics are de-
scribed as being of zero-order, and il bs customary to speak of
the process as being a zero-order process, The equation
describing rero-order kinetics is

C=Cy—kt (1)
where & has the usits of amount/unit time, A plot of €
againat £ on Cartesian coordinates will yiedd a straight line; a
plot of log C against ¢ will yield a curved line, As the process
continues, Lhe concontration eventually will fall to subsatu-
ration levels, and the kinetics will change, usually to [irst-
arder kinetios, so that il is more appropriate to speak of the
initial kinelics and not the process as being zero-order.

jeonc vol™!|

Pharmacokinetic Models

The plasma, cerebrospinal fluid, interatitial space, glan-
dular or venal tubular lamina, gall bladder, ete and each cell
arce all comparlments which a drug may or may not enter or
leave with different rate constants,  In addition, bhinding Lo
protein or other sequestration alko is governed by character-
istic ¥ate processes.  Consequently, it might be expected
that the kinetics of absorption, distribulion and elimination
would be very complex and perhaps beyond analysis and
mathematical deseription.  Fortunately, the rates of distri-
bution among the various Ussues and myriad cells generally
are not dispersed greatly, and most such processes are first-
arder, ‘Thus, the kinetics behave as though the drug were
being distributed among one, twe or, at the most, a fow
compartments, and they are amenable to mathematieal
modeling, Like the volume of distribution {page 727), a
pharmacokinetic compartment is fictive or virtunl and may
he difficuli Lo define in procise anatomical terms,  There-
fore, a compartment is defined mainiy by its pharmacokinet-
j¢ parameters,

Open One-Compariment Model

In this model, the body is assumed o behave as though it
were a single compartment, that is, as though there were no
barriers Lo movement of a drug within the total body space
and as though the final equilibrium distribution is uliained
instantancously,  In practice, the model adegualely de-
seribes the pharmacokinetic behavior of & drug if the finnl
equilibrium distribulion is attained rapidly in comparison Lo
the rates of absorption and elimination, The term open
indicates that input and outpul (from any and all routes of
administration and elimination, respectively) are unidiree
tional and that the one compartment (ie, body) is not within
a confined space and hence does nol come into chemical
eguilibrium with its external environment. Iy gimple dia-

gram, such an open one-compartment model is depicted in
Fig 86-2. In the diagram, the compartment represents the
entire body (excluding the lumina of the gastroiniestinal
tract, urinary tract, pulmonary aiveoli, ele, which communi-
cate with the open environment), The term, Vi is the vot-
ume of distribution (sce page 727). However, Yy i not
necessarily that of the body or even total body water; as
noted on page 728, the volume of dislribution, Vy, is a fictive
one considercd to be equal to f1/C, (where [ is the fraction
absorbed, D is the dose and ) is the plasma concentration)
in which it hvpotheticaily is assumed that the concentration
is the same throughout the volume and is equal 1o the plas-
ma eancentration, In reality, concentration is not homoge-
neous throughout, but this connot be determined from C,
alone (which simply averages all inputs and outputs); aslong
as distribution equilibrium is achieved rapidly, the kinetics
as percoived through blood or wrine concentrations ave the
same whether distribution is homogeneous or heterogene-
US.

Volume = Vy
kg Kei oy
wRGT |7 Pe 7 TouTeoT
(absorption) V4 {slimmation) D
Cp m

Fig 36-2.  The apoen one-compartment pharmacokinetio modal,  An
amount of drug, Dy, is absorbed from tho adminisiered dose, 2, with a
rate constant of kyinto a compariment with volume Vyand is distribut-
od Instanlaneously 10 reach a plasma concentration G, Vy Is ob-
talned by dividing Dy by Cp. Dy = dose D times , the fraction
absorbed. Drug is olimipated from the compariment with a rate
constant k.. D, Ia the amount excreted into uring, faces, expired alr,
swent, milk, elg; 2, s the amount of drup metabolizod.
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In order to dorive formulee 1o desoribe time-related
changes in €, it is convenient Lo consider ahsorption and
elimination separately, as Lhough each were oceurring in the
absence of the other, Lhen 10 add them algehraically (o deter-
mine Che todal indegrel Kinetics.

Absorption--IT a drug is administered intravenously ina
single, rapid injection, absorption is bypassed. The Lime tor
aueh injections is usualily so shorl compared to other phar-
macokinetic procosses thal it is cuslomary to consider the
peak plasma concentralion and equilibrium distribution to
geenr instantaneously in one-¢onypartment systems. This ia
depicted in panel A of Pig 36-3. 1n the motdel for the figure,
there is no elimination ond C, remuing constant onee injee-
Lion is pecomplished.  With constant inbravenous infusion
(panel B), €, vises rectitinearly so long as infusion continues
at a constant rale. With other routes of administration,
absorplion usually manifests festorder kineties, since most
drugs are absorbed by simple diffusion. Thus, the drag
disappears exponentially from the site of administration {os
from compartment 1 in Fig 36-1).  The equation for the
coneentration of a dhrug in the plasma alter & single extravas-
cular dose ol a drug, assuming no elimination takes place, is

et

e [units: wi-vol=fete]  (H)

Uy =Cp =
where () is the concentration at time I, €] is the final
concentration ad “infinile” tme and k&, is the nimm‘pl-icm rabe
constant (units: time ). Absorption is characlerized by a
finlltime equal to 0.603/k,. Bimolecular absorplion pro-
couses, such as facilitated ditfusion or active transport, also
often show first-order kinetics, especially at drug concentra-
tions well below those at which 1he varrier system will he-
come salurated. AL saluration, the kinetics hecome zero-
order. Fven the rate of dissolution of a drug approximales a
(irst-order process, provided that the drug is solublé readily
and diffuses rapidly. 1f the solubility and diffusibility are
Tow, it will approximate a zero-order process so long as there
is saturation around Lhe solid phase.  Some sustained-re-
lense dosage Torms are designed 1o release drugs at'a con-
stant rate (zevo-order) aver long periods of Lime,

Abgorption by the oral route ravely conforms Lo simple
first-order kinotics, A drug is absorbed at different rates
from the stomach and the three segmants of e intesting,
partly gimultaneously and partly sequentially, Absorption
from Lha stomach usually is guite stow compared o that
from the smail intestine, and it is sometimes 56 glow that a
significant amount of drog appears in the blood only atter
the stomach contents are esptied. Thus, there may be alug
between the time of drug administration and the appearance
of drug in the Dlood. ‘Fhat s, the curve deseribing Lhe time-
dependent rise in C,, does not pass through the origin. An
exampte of lag in the absorption of penteharhital isshown in
figg 364, Bntericcoated or other delayed-release dosage
forms also cause lag, The matbematical formulation of lag

Exfravenous
¢ odministration

Conglont intrg.
venous infusion

Rapid inlrovensus
m»}'\ injection

mg Aliter

//"nfusw‘cn
£ S

P4 LR "SRR PR FEO PR Py et | GBS MY S L S | U TRSROY FUSY Y RS, e |
I T O T TR Y [ I ¥ I P - - B I

FOUFE Hours Hours

Fig 36-3,  Time-concentratlon curves for injection {A), infusion (3)
and pxtravenous (C) administration of drug 1 the ong-compariment
modal, “The volume of tha compartment is 100 | (V= 100 L); the
amaount of drug administerod in eact inslance is 1000 mg. g
alimination has beon sof to zore, 50 that the Mo-concantration curve
for eschmodel of adminksiration can be oxamlsed without tho compli-
catlon of simullanecus alimination (courtasy, Bigger,' adaptod).
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Fig 96-4.  Tho time cowse of pentobarbital in the bood of & fasting
human subjoct following the aral adminisiration of 50 mg.  The Hgure
shows a iag-time of about 20 min, approximately tho erptylng tme of
the fasting stomach {courtesy, Dittert?).

will he deferred Lo the nexl section in eonmection with g 28.
Pactors affecting sheorption are snumerated on page 713,
Some changes in gastrointestinal conditions during the
cowrse of absorption are part of divmal rhythms or are
vansed by the drug itself, which make it impossible Lo estab-
lish a1 steady basal state for deseription; others may result
from emotionality, ingestion of foodstulfs, water, other
drugs, ete, and ean be controtled adequately for seientific
purpasces but may vary greatly in practical circumstances.
Alsorption by ather soutes is alse subjeet to varinbility.
Some drugs that ave camplelely absorbed in normal putients
may not he absorbed in persons with abnormal gaslrointesti-
nal funclion, as the result of genetic, pathological or surgrical
factors. Many drugs are not absorbed completely even
when gastrointestinal function is optimal,  Absorption can
he limited by the physical state of the drug and by other
substances in the dosape form,  The ameunt of diyg ab-
sorbed into the body () is rélated 1o the dose as follows:

D= fh [units wi] (6)

where Dy is the amount absorbed (doug in the hody), fis the
[raction absorbed and D is the dose sdministered.  The
property of a drug to be absovbed from its desage form is
known as blocvailability, and [ is the bioavailability factor,
The bioavailahility factor often is determined by compuri-
son of the area under the concentration curve (AUG) of 0
aiven dose of drug given orally with that of the same dose
wiven inbravenously (see page 7356).

Distribution-1n the open eae-compartment model, te
body is lreated as though it wele @ single compartment in
which the absorbed drug is mised instantaneously and ho-
mogeneously, Clearly, the assumption of instantancous
equilibriun establishes onty an ideal mathematical bound.
ary condition Lo facililate pharmacokinetic caleulations, At
bast, no drug could be equilibrated in loss than one eircula-
tion time, and no drug has been shown to distribuie so
rapidly, However, for praclical purposes, a distribution
time of o few minutes is negligible compared to absorption
and elimination times.  Only waler-soluble drugs of small
molecular size which are confined completely to the extra-
cellular space equilibrate rapidly enough Lo meet Uhe re-
guirements of Lhe ideal one-compartment model, but, for
clinical purposes, the one-compartment. model is adeguate
o describe the pharmucokinetics of a large number of drugs.

Volame of Distribution and stribution Coeffi-
gient-~The hyputhetieal volume within which a drug is dis-
tributed is knpwn ag the voluwme of distribution, Vg 10 may
be cateulated by dividing the amount of drug in the body,
I by the plasma concentration, Cp, where € s the concen-
teation n plasma. Tt is fmportant ba note that Cp is usually
{he total concentration of imbound plus bound drug, Under
real conditions, Dy and C,, vary with time, and computalion
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musl be made in such a way as {0 eliminate the time variabie.
One such way is to extrapolate C,, to zoro time (og, see Figs
36-6 and 36-8), in which cage

Va= [ DACE )
where L is the dose ndministered, [ is the hionvnﬂahilitg

factor {[raction that reaches Uhe systemic eireulation) and Cy
is the plusma eoncentration i zere time, delermined by
extrapolation. When the drug is given intravenously, Dy =
1.

Of course, Vg will vary with body weight, so that it needs to
be normalized in o way that allows comparisons among indi-
viduals of different, body weights. Such a normalized Vyis
the distribution coefficient,® &, caleulated by the equation

A= Vy/BW {8)

where BW is body weight,  Units are usually mL/g or L/kg,
and care must be taken to employ the appropriate units of
weight, concentration and volume in Bgs 7 and 8. "The
notalion A’ is & more serviceable parameler than Vy and is
the form of Vy usually found in tables of pharmacokinetic
data, usuaily under the beading, “Volume of Digtribution,”
ruther then A',

Although Vg and &’ are derived as though the concentra-
tion was equal to € throughout the volume, concentration
is, in fact, almost never homogeneous, and consequently Ve
and A are only imaginary (Lictive, virtua]) volumos, Factors
that make for nonhomogeneous distribution are:  binding to
proteins, dissolution into body lipids, pH partition, active
transport, electrochemical and Donnan distributions, ste.
Bven if € (free) rather than ), (lotal) is used to caleulnte
Vi, Vi would not represent a real space, hecause of these
manifold faclors that cause uneven distribution. Conse-
quently, the prineipal utility of V4 or &’ is nol 8o much in
permilling an estimation of where the drug is distributed
but rather us 8 measure of the reservoir from which a drug is
being delivered and/or cleared (see page 729 and Table 11,
page 731). However, with appropriate considerations, V. or
A also may indicate the goneral ability ofa drug to penetrate
membranes, dissolve in fal or bind extensively Lo extravas-
cular macromolocules,

Highly polar, poorly penetrant drugs tend to be confived
maostly Lo the extracellular space; if these drugs are little
bound to plastma proteins, they will have A’s of about 0.3
mL/g, less if there is significant binding to plasma proteins.
‘The tower limit to A’ is about 0.04 mL/g, which approximate-
ly is ogual to the plasma volume. Drugs that are distribuiel
throughout body water and are not bound or concentrated
have A's of approximately 0.7 mL/g, the A’ of body water,
Lipid-soluble drugs that.are bound negligibly Lo plasma pro-
tein have A% thal range usually from about 0.7 to 3-4 mL/g,
depending upon waler-lipid distribution coefficients, Some
drugs that bind strongly to chromatin bave A% that ap-
proach 1000 ml/g. However, many drugs combine pene.
trance, lipid solubilily and protein hinding in such propos-
tions to make it difficult to interpret the meaning of A’
without ancillary infermation.

Sinee, by definition, Vy varies reciprocally with €y, it is
easential W recognize that binding o plasma proteins, by
increasing Cp, will decrease ¥V, Despite this, plasma pro-
tein binding has no real effect on extravascular distribution.
Hince it is only the free form that moves ameng the spaces
and tissues, it Tollows that alterations in plasma protein
hinding alene will not alter the extravascular (indeed, extra-
plasma) distribution.  Only the caleulated, fictive quantiLy,
A iy affected, Tor example, nafcillin has o A’ 0F0.20 mL/g
and is 90% bound to plasma proleing. U there was no pro-

* A" i nod Lo b confused with water-lipid disteibution coofficients,

tein binding, A would equal 2.9 mL/g, a volume sufliciently
larger than that of water, to suggest considerable gxlravas-
cular binding, Howsver, it is not the masking of the degree
of extravascular digtribution that ia the source of difficulty
whoen there ig significant binding to plasma proteins, but
rather beeause the extent of protein binding is not always
constant. Both the quantity and hinding properties (affini-
Ly and capacity) of hwman plasma proleins can vayy in
health, diseaso and the presence of other drugs (see pagos
195 and T16). If the degreo of binding of nafeillin to plasma
proteins was to chenge to 50% ng the result of hypoalbumin.
uria, A’ would become nearly 0.48 mL/g. The A’ of ampicil-
lin, which ig bound only Lo the extent of 18%, would nol he
affected o greatly. A further complication of binding to
plasma proteins is ovensioned when the degree of hinding,
and hence the magnitude of A, is doso-dependent. There
are a number of known examples in which A" varies with the
dosa,

Eliminution--Once a drug is ahsorbed, it is tranyporled
hy the blood Lo the lissues, among which it is distribuled,
metabolized and/or excreted; all of these processes lower the
plasma concentration of the drug. RHach separate process
ordinarily has first-order kinetics, and the overall change in
plagma concentration is described by the Hinenr combination
(or algebraic addition) of the separate equations., In the
one-compartment model, the kinotics of distribution are
igmored, since distribution oceurs so rapidly that distribu-
tion occurs before any practical blood -gampling or repatitive
dosing ocours. Thus, after intzavasenlar administration the
plasma concentration, Cp, will fall exponentially according
lo By 1. Such an exponential elimination of theophyliine,
given intravenously, is shown in Fig 36-6, According o Hg
2, if the data of Fig 36-6 are plotted semijogarithmically, ns
in Iig 86-6, a straight line should result. Several derived
data can be obtained from such a plol. Extrapelation to
zero time {ie, the y intercept) gives £}, the theoretical plas-
mu concentration at time zero. ILis a thoorelical concentra-
Lion, beeause neither injection nor dietribution actually is
ngtantaneons. Nevertheless, C-ﬂ is 8 very praclical Dpure,
For oxample, from it may bo derived the volume of distribu-
tion, Vy, simply by dividing the dose, D, by C} (see poage 727),
In the figure, €7 = 0.01156 mg/mL, so that V is 435 L, or
about 89% of the volume of total body water in a 70-kg adult.
The plasma half-time, £y, can be detenmined direelly from
the graph or from the elimination rate constant, ke, by
means of Bg 3. (Conversely, ko could be derived Irom ¢,
detennined visually from a graph.) When determining hq
from the glope, it must be kept in mind ihat the log of the
coneentration must he used rather than the antilog that is

.50 p=y—sypmpy———r—ry

=
(o] [4]
. [
1 1

Elood concentration, meg/ 100mL
<
]
[&)]
1
1

0.50 |- A
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0 L e e g ey g

Ol 234 8667825310
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Fig 36.5.  Elimination eurve of averago blood levols of theophylling
i 11 human subjects after Intravencus administration of 0.5 g ami-
nophyliine per 70 ko te each {courteay, datn, Traltt, of al %),
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Fig 36-6.  Semllog plot of the alimination curve It Fig 36:5, Nolo
the log scale of the ordinate,

plotted on the log-sealed ordinate in the figure. I natural
Inpm ithms, theslope {(In €, ~ In Cph/ty = {)) s equal to r'.,.;,
in df‘{‘lli);{alll,hnls. the slope (log ¢y — log Cpalfts — ;) n
equal to 0434k, From the figure, by is found (o be 0,22
bt However, this is an instanfaneons rate and 18 nol. 1-h<‘-
sume as Lhe fraction that disappears over a finite interval, ey,
1 ke, Nevertheloss, it is sometimes convenient to use 2,y for
catculation of the ameunt of drog lost per unit time, eg, for
the ealculation of maintenance doses during chronic drug
therapy. 1f the time interval under consideration is very
shorl (al least ') as compared Lo the hall-Jife of the drug, #,.
may be conzidered to be an indieation of the percentage of
the drog lost during the time interval,  FPar example, if the
half-life of o drag is 6,93 hr, kg would equal 01 b, and
approximately 10% of the dyug would be lost in 1 hr, Thus,
it 100 mg of drug were present at the beginning of the hour,
1 mg would be Jost by the end of the heur, (The exact
amount of drag lost is determined by use of 19 2 and ig found
1o be 950 mp in 1 by, a difference of aboat 5% from the
approximated value.)  {fsuch anapproximation was used in
the example given in Fig 36-6 (I hr is a litte loss than ¥ of
the half-life) and the amount of druy present is 100 mg, the
figures comparable to the illustration above would be 292
versus 19,7 my, respectively, almaost p 1 2% dillerence.

Within the group of 11 subjecls in the nbove study, there
were considerable differences in ky,; or {14 among the mem-
bers. One cnunot overemphasize the caveat nol to Llake too
Hierally the averapge half-life data feund in various tables or
ather literature but rathar 1o assume a probability that the
Balf-life in a given patient may depart considerably from
that average value. 'The hall-lives of some drugs vary over a
wide range even in normal individuals, ‘The half-life of
antitriptyline, o drug with a complex metabolic and exara-
tory elimination, varics nearly tentold; even the half-life of
penieilling o drog with a simple exerotory eliminalion, varies
twolold, 1n persons with hepatic or renal failure, the pub-
lished mean hali-life data may not even he in o range appli-
cable Lo such persons.

The half-Jife also may vary widely from species Lo spocies;
for example, in man, the half-4ife of sulfaethidole is about 8
hr, whereay in caltle it is less than 2 by, Half-lives also vary
considarably ¢ven among congeneric drugs, ss may be seen
with the sulfonamides shown in'Table 1.

‘Fhe biological hati-life must not be confused with the time
for the vesponse to decline by 50%, sinee dose, the reguire.
ment for a threshold concentration, laleney of response and
other factors may cause a nonparallelism between blood
coneentralion and inlensity of response. In [act, bueause
the refationship between effecl and plasma concenlration iy
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Table |—The Approximate Bictogic Half-Life in Man of
several Sulfonamides?

gy
Sallmet hyluhind fneole y
Sulfsethidole 8
Sulfisoxnzole b
Sullanethoxypariduzine il

usually logarithmic, effect lends to decline in a lincar, not
foglinear, Fashian,

In g 36-2, the rale constant for elimination is desipnated
ferry without reference to the mode or route of elimination,
However, 2y may be a compound constant equal to the sum
of the eate constants thai define the various simultaneous
(ie, parallel) conlributory processes, sueh as hotransforma-
tion, renal exeration, billury seeretion, cle. "Thus, the com-
pound or overnl] constantis i = by bl de e where iy,
By ko are the rate constants of the separate contributory
processes. Congider the case i which a drug simultaneous-
Iy is biotransformed and exereled wichanged in the urine,
The initia) concentralion, ("“ therefore will e diminishod
by hoth Che el and Cle ! w]wr(' i desipnates melabolism
anel wzml excretion. (In some notations, b, is designated
fey Rige fsoor k) Therelore, 19 2 adapted for the two
processes bocomes

bog €, = Tog () = 03k, 0 — 0.d34k, ¢
= Jagg €0 = 04340k, + k)

Thus, k. o+ ke combine to male a single constant, which is
the overall elimination rate constant, 1n order io identify it
as & compound, or overall, constant, it is sometimes desig-
nated ag K, rather than k..

Clearance and Routes of Elimination-"The hali-lifc of &
drug is a useful pharmacolinetic pavameter.  Since half-life
is expressed in units of time, s an easily understood,
concise indicalion of the rale of disappearance or accumufa-
tion of a drag.  Further, it s used 1o estimate the time
necessary 1o nttain a new steady state whenever a stendy
state is altored hy a change in the factors determining dose
regimen, namely, drug dose, bioavailability, the dose inter-
vil, rate of elimination and volume of distrilution (see page
740). However, the elimination half-life of a drug is 8 com-
plex function of drug distribution, biotransformation and
elimination. A mare direct expression of the rate of drug
climination is drug clearance.

Clegranee is the rate of removal of a drug or other sub.
stance from the body, expressed as the in vive volune equiv-
nalent of the substance being removed per unit time. In
order to illustrate the concept, assume that drug £ is being
eliminated from the body at a rate of 0.1% per minute. The
absolute amount of drog that was eliminated would there.
fore be equal 10 0,1% Dy per minute. Sinee Dy is distributed
as though it were in a volume Vy (volume of distribution,
page 710}, one can caleulate the fictive volume equivalent of
the nmount, of drug lost per minute, which in this instance
would be 0.1% Vy/min. Since the relative rate of loss,
0.1%/min or 0.001/min i, in facl, ke, it may be seen thal

Cly = by X Vg [velfunil time] {10)

where Cly is total body clearance. 1t may be expressed in
unite of mL/min, L/ or ml/kg/ming ihe reader must be
alerl Lo the units in which given cdearance data are ex-
pressed, 10 must he emiphasized that clearance is a hypo-
thetical or fictive quantity, since the body ravely clesrs a
druy com}}let{giy from & speeilic voluime of boddy fluid. Only
when elimination is Mow-limited §s the blood that passes
through the eliminating organs(s) tatally eleared, so that the
effluent bload is essentially devoid of drug; in sueh an in-

[no units] (9}
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stance Lhe clearance approzimates the rate of blood [low. 1
the coneentralion in the effluent blood were Lo be anly 0.5 of
the afflyent blaed, the clearance would be said Lo be 0.5 that
of the bloed flow.

Although elearance is the d V/di equivalent of dlp/dL, or
the volume equivalent of the drug lost per unit time, the
hypothetical voline cannot be regarded as also having been
climinated. Just as the depleted effluent bMood from the
climinating organ is returned to Lhe systomic eivculation to
mix with all the blood and as drug is redistributed and re.
equilibrated among the vascular and extravoscalar compo-
nents of Vg, the fietive volume thal is “cleared” rémains a
part of Vg, so that the vnly change that is effected is one in
concentration, of which i Lhe index, Sinee Vyand by arve
hoth constast, it follows that s also constant.

The concept of clearance ean be applied to the whole body
or Lo specificorgans, The former application is a eonvenient
way to indicate overall druyg elimination; the latter applica-
tion is used to indicate the contribution of a specific organ o
drug disappearance.

Total Systemic (Whole Body) Clearance—Tolal hody
clearnnce is the sum of all Lhe separate clearances thal con-
tribute to drag elimination, ie, €y = Clues + Cligpan ete
Lt is essential that k., be expressed in Lhe same time units as
are used in clearance (usually min}. In Bq 10, dividing by 60
converts ky in bl to minT!, so thal elearance can be ex.
pressed in mL/min. Whele-hedy clearance in a one-com-
partment system is also ogual to dose divided by the area
under the curve:

Clpe = DIADC,

where ALUCy is the areu under the curve (AUC), diseussed on
page 736, The determinalion of Ol in the two-compart-
ment syatem is discussed on page 739,

Renal Excretion and Clewrence—The prineiples of renal
excretion and clenrance have hoen used for approsimately 50
veats 48 lools for studying renal physiclogy and pathology
and lienee were adapled carly Lo pharmacokineties, Conse-
quently, renal clearance of drogs is a dagsic illustration of
the general subject of clenvance. As discussed in Chapler
436, all drugs are filtered in the glomernlus and some also are
secreled into the urine by renal tubular eclls; there is alse
resarption of drugs from the tabular luminal fluid back into
the blood as the Auid passes along the tubule, Glomerular
filtration is the passage through the glomerular vascular
endothelium of the plasma fluid and all sofules therein small
enough Lo pass through the pores; that is, it is the fiitration
of water and all micromolecular solutes. Thus, it is inde-
pendent. of the presence of drag and is a function of the
filiration pressure (which relates to blood pressure) and the
meen Lransit time ncvoss the glomerular eapillaries, The
rate of filtration is known as the glomerdar filtration rate,
GFR, and it has the units of vol/min (usually mL/min), In
turn, the transit time is determined by the rate of flow of
hiood through the glomeruli; this rate of blood flow s known
as the renal plusme flotw, RPF,  Since only a Mraction of Lthe
plasma is Niltered during passage through the glomerulus, it
is useful Lo designate this {raction as the filvation fraction,
FE, where PF = GFRIRPE. The average renal plesma (not
blood) flow in the adult human male & approximately
600700 ml./min, and the GFR is approximately 100-125
mE/min (of which 99% of the water is rerorbed ind returned
Lo the blood}; thus, the {illration fraction is approximately
0.2,

TUnder bnsal conditions, the GFR is voughly constant in
time. Therelore, the only major variable that delermines
the rate of Bltralion of iree drug is the concentration of drug
in the plasma, ‘T'hus,

P Cope GER

[ml. - min] (11)

[units: ml - min*Y) (12)

where * is the filtration rate of the drug, usually in units of
mg/min, and Cpy is the amounl of free drug in the plasma, 10
the drug is unhound, Cy = €, I the drug is bound Lo
plasma protein, then

F =00~ p)] - GFR

where p is the fraction bound Lo plasma protein.

The (FR may be determined by the steady-state rate of
excretion of any nonbound chemical substance thal is not
suereted subsequently and/or resorbed by the renal tubules,
50 that the amount of substance which appears in the urine is
all of that which was filtered and no more. ‘Two such sub-
stances are creafinine and inilin, With creatinine, the en-
dogenous plasimia levels are nearly constant, and thus ereati-
nine Jends itself readily to the determination of GFR, Ji-
ther inulin or creatinine may be given by constant
mtravenous infusion; usually, creatinine is used. However,
it is not customary Lo express the (FR of ereatinine or of
drugs as F, in terms of mg/min, but rather in terms of ¢lear-
wirce.  As discussed above, clearance ig a hypothetionl vol-
ume of plasma which, i completely cleared of its content of
drug in unit titme, would be equivalent to the amount of drmuy
thel disappears in unit time.  In the instance of filtration, it
is casy to visvalize clearance as that volume filtered/min,
since the filtered volume actually is separated physically
from the blood. Thug, the ereatining elearance, or OFR, s
equal Lo the tolal amount of ereativine found in the urine
(equal Lo urine concentration times urine velume) divided
hy the plasma cancentration,

The general concept of clearance can be applied to the
kidney nccording to the cquation

[ - min~'] (13)

Ly = (14)

[mi, - min~'|

where (', is renal clearanee, C,, is coneentration in mg/ml
of drug in urine eoliected during time ¢, V is urine voluma in
mL generated in time ¢ (min) and ?f,, is Lhe mean coneentra-
tion {during the eollection interval, £) of drug in the plasma
in mg/ml; the units are thus mL/min. Urine i collected
from the biadder by catheler or by voiding. At the begin.
ning of the collection interval (time from last voiding) both
¢, and C,, are higher than al the end.  Consequently, O,
must be caleulated; €, is aulomatically the mesn of Lhe
instantaneous collecting duct concentrations, Kguation 14
is valid whether the drug is “cleared” by filtration or by
tubular secretion and wheiher or not tubulay resotytion oe-
curg. 1f the drug is protein-hound, the formula becomes

Ol i ™ s [ml/min} (18)

Cptl = p)
where Cliaaearn 18 the corrected renal clearance.

The ratio between Clry a1d Clovan Clrend Cleeay (o Clo/
Cliutind, is known as the eleqrance patio, 1f the drug is
protein-bound and the corrected elearance is used, the ratio
CltearnyfClyregs 18 known ng the excretion ratio.

If an unbound drug is filtered only and not resorbed, the
excretion vatio will be 1 and the clearance ghout 125
mL/min; if the drug subsequently is vesorbed, the exceretion
ratio will be Jess than 1 and the clearance will lie between 126
and 1 mL/min, the values depending upon the degree of
resorplion, A clearance of 1 ml/min suggests distribution
and elimination like those of water. If there is tubular
soeretion (plus ohligatory fileration), the exeretion ratio may
exceed 1, and the cleavance could be as high as 600-700
mbL/min, depending upon the extent of tubular secvetion
and resorption,  Para-aminohippuric acid (PAHA) & not
bound lo plasme protein, iz not tubularly resorbed and is
secreled so fast by the renal tubules that the plasma passing
through the kidney is 90% cleared of PAHA. Thus Clyypgis
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equal Lo 0.80 RPI. This ls ealled the effective renal plasma
flow, ERPE. 'The excretion ratio of PAHA iz about 5 to 6,
1% 14 can be rearranged so that
C, _ Colleay

; = [wi - val™! min™) (16)

Thus, it may be seen that the concentration of drog in newly
formed urine ig divectly praportional to the plasma conean-
tration, Since the plasma concentration falls exponentially
during the collection interval, £, it follows that the instanta-
neous urine concentration in the collecting ducts, likewise,
must fall exponentially and hence the rate of fall can be
expressed by a livat-order vate constant, k&, This constant
relates 1o renal elearance s follows:

i

k== P
il

The excrelory rate constant may be simple, as with a drug
like ereatinine, or compound, as with a drug that is seereted
tubularly and/or resorbed.

The overall renal eliminntion constant, &, is defined by

iy = byt k= ke [minTY) (18

[min~1] (7

where k, is the constant for glomerular filtration, ky for
tubular secretion and ky, for tubular resorption,  Although
k, might be thought to be the same as &, on page 729, in
practice it is not, because clearance data are obtained from
time-averaged concentrations and cannol provide instanta-
neous rates, However, ereatinine-derived &, is close Lo the
inatantnneous ky, at the midpoint of the collection period,

By combining Bgs 3 and 17 and assuming thal there is no
other route of elimination,

ax . Vd ¥
g = 0,698 = [Lime] (14)
C'ima.-

The units of Lime must be the same for both £y, and Cleg,.
The equation ennbles the caleulation of some Lthought-pro-
voking information aboul the biological half-lives of non-
metabolized drugs of diffevent excretion profiles and vol-
umes of distribulion. Approximate hypothetical half-lives
of drugs of different velumes of distribution and renal clear-
ance are shown in Table 11, The drugs are assumed (o be
eliminaled only by renal excretion. A volume of distribu.
tion of 50 L is that of tolal bedy water, 15 L is that of
extracellular water and 50,000 L is that of a drug sirengly
bound in the tissues. Because of biotransformations, few
druga have half-lives longer than [ yr. However, a few
radioopaque iodine-containing diagnostic agenis are =o
tightly bound that their half-lives exceed T yr. AL the other
extreme, o haif-life of 15 min by renal elimination is uncom-
mon, because fow drugs thal are totally cleared have vol-
umes of distribution as small ne that of extracellular water,

However, the half-life of penicillin G is about 30 min.
Although data from collected urine cannot provide inslan-
Laneous rates, it doey allow the caleulation of the plasma
half-life. The instantaneous exeretion rate, 413, /di {whore

BASIC PHARMACOKINETICS 731

Dy is the amount of drug in wring), is directly proportional to
the bady burden, Dy, such ihat

diJde = ke Dy Jwt - min~'| (20)

But, Dy is falling exponentially with a rate constant &, 5o
that Dy = Dj’,{r"'; therefore, dA/dt = !r,,i)_ﬁ',e"“, It fallows
that the slope of a plot of the log of the exeretion rate versus
time will have a slope of = 0.434k, analogous Lo I5g 2 adapLed
to total content rather than concentration), ‘The y intercept.
of such a plol is log ke = DY, wheve D§ is the amount of drug
in the body at zero lime. However, data on excretion rates
require renal catheterization and are subject Lo considerable
error.  An alternative, usually more accurate, method of
estimating k from urine concentration is 1o employ the cu-
mulative amount excreted. In this method,

D,= %:’Ef (1=ey  [wi] (21)

Since &, /k cxpresses Lhe proportion of Dy being transforred
Lo the urine, Donku!k represents the total amount of drug
excreted, or L, where © designates infinite fime. B 21 in
log form, with the above subslitution and transposition,
bhecomes

k
log (D7 = D,) = log D}, .’_: ~ 0434kt

= log D ~ 0434kt [no unita]  (22)
The slopo of the plol against tine is also —0.434k and (1)~ -
0.) is the amount of drug that remains in the body, ‘The
equation applies if' the drug is administered intravascularly.
This is known as the sigma minus method (sigma lor the
integral D and minus for the -1}, Urine needs to be
cullected for only 3 or 4 hall-lives in order {or the semilog
plot to vield a reliable slope and #1,5. The method is useful
especinlly when plasima concentrations are low

Hepatic Clearance—The concepl of hepatic clearance is
like that of renal clearance, and hepatiic clearance is likewise
a hypothetical volume of blood per min imagined to be
wolally cleared of drug during passage through Lhe liver,
Unlike renat elearance, the inpul is hoth portal venous and
hepatic arterial blood and the output is both hepatic venous
blood and bile, rather than arterial blood and urine, respec-
tively, Portal venous blood and bile cannot be sampled
readily, 8o that the concepts involved in hepatic clearance
serve betver to provide a model for understonding the role of
the liver in pharmacokinetics than a clinical methodology
for its direct mensurement.

Although the mathematical treatment of hepatic clear-
ance has been developed for steady-state conditions, rather
than for exponentially falling drug concentrations in the
inputa and outpuls to the hiver, the subject is appropriale at
this place, in conjunclion with other clearances.

The hepatic elearance, Cly, can be defined by the egua-
tion

Cop—~0C,
Cly = HBI (—-33.—' =HBF B [ml.omin?)  (23)
(’ﬂp

Table i—Hypothetical Hall-Lives of Drugs of Ditfering Volumes of Distribution and Clearances

Drig Vg Cloarsnce,

Mo, Distribution L Rongl Dispasitlon ml.smin Hall-Ltlg
| Total body waler 1] Filtered and resorbed with water 1 24 dlays
2 Total body woler b0 Fittered, no resorption 124 4.67
B Tatul hody water i Tubular secretion, Lotal clenranee TiK 50 min
Extraceilwlar water 16 Tubular seeretion, total clearance 00 Ehomin

f Strongly hound in tissues 50,000 Filtered and resovhed with water 1 GG vr
. ~Strongly bound in tssoes 50,000 Tubular secretion, total clearance o0 A5 duyy

FRESENIUS EXHIBIT 1013
Page 177 of 408




732 CHAPTER 233

where HEF is Lthe total hepaiic blood flow, U, the hypo-
thetical menn of mixed hepatic arterial and portal venous
concentrations and O, is the hepatic venous concentralion.
The ratio, (Cpp = Co)/Cp is the extraction ratio, 5. Unlike
glomerular [itration, there is an upper [imit to the ahsolute
quantity of drug that can be cleared and hence Lo the extrne-
tion ratio. Fxtraction is flow-limited only s0 Jong as the
biotransforming enzyme aystem is nob approaching satura-
tion, "Phe maximal clearance in the presence of normal
blood flow has been called the total intrinsic clearance,
Cliyr. The extraction ratio expressed in terms of Cliyy, is

Ol
HBP + Cly,
which may be substituted into Bq 23, to yield

) |10 units] (24)

Cly= HBF( —) —HBF-E |wl - min)]
Ctinrr
(25)
The intringic elearance becomes
HRF.-E -
Cloyr g s [mal « min~! (26)

Cliwee 18 hug somewhat anologous to Vi, //i., in engyine
kinetics.

Eqgs 23 through 26 emphasize that hepatic clearance and
extraction are functions both of hepatic Mood flow and the
capacity of hepatic enzyines to hiotransform (ar secrete into
hile) the drug that is delivered.  In arder to appreciate the
relative dependencies on Cli,e and HBF, varvious assumed
values may be substituled into the equations, Whet will be
found is that the larger the Clius, the more Clyy tends to be
(low-limited (ie, dependent upen the rate of delivery of
blood), wherens when (Y, is amall, Cly is metabolism-
Jimited. At constant blood fow with a drug in which elimi-
nation is predominately hepatic, when intrinsic clearance
and henece extraction ratios are small, a significant. change in
intrinsic clearance will be aceompanied by a significant
change in Ly when intrinaic clearance is high, a significant
change may be accompanied by a small, often insignificant,
change in &3 buf a significant decrease in bioavailnbility.
In the latter instance, (1 is determined mostly by the frac-
tion of the cardine output that passes through the liver,
TFigures iHustrating these features, an excellent discussion of
hepatie clearance and variows models of hepatic elimination
are available,” an well ns o treatment of the effect of hinding
of drug Lo plasma profein,  Binding to plasma protein limits
;:]enrnncc when intrinsic clearance is low but not when it is
1gh.

Although the determination of Gl is Loo involved for
routine investigative purposes, it may be estimated accord-
ing to the equation

- (___fi)_
anlti AUC‘)

where 1),,, s Lhe tolal quantity of drug exersted unchanged, /
is the fraction absorbed, I ia the dose administered and
AUC, is Lhe total area under the blood concentration-time
curve aftey intravenous administration. The meaning of
AUC will bo discussed Inter (page 737),

Some drugs may he used to ilustrate some of the points
emphasized by the model. For example, atblood concentra-
tiohs of athanol above (L02--0.04%, the hepatic aleohol dehy-
drogenase system is saturated, and hence hepatic blood flow
will have little effect on Gl of ethanol above the concentra-
tion indicated. This implies that liver disease or injury will
not mueh affect the rate thai ethanol is cleared from the
blood, a {act of some forensic importance. The hepatic

[l min~g) (27

hiotransformations of pentobarbital and phenytoin nre rela-
tively slow, ie, Cliy, are low; consequently, the induction of
hepalic cytochrome P450 will increase Cly, almost in pro.
portion to the degree of induction, and the ¢y, will be short.
ened accordingly. The hepatic biotransformation of lida.
caine is extremely vapid, ie, the Cl, s very high, so that Oty
is limited by hepatic blood flow, ‘Phismeans that by Uhe gral
route, in which all of the absorbed drug obligatorily passes
through the liver, only very small amounts will survive the
pass through the liver inte the systemic cireulation, This
nearly total clearnnee as the drag passes through the liver
inte the rest of the body is known as the first-pass effect,
Fhe clinicn) significance of the firat-pass effect is discussed
in Chapter 37, ‘The Mow-limitation in the hepatic metabo-
lism of lidocaine also means that in congestive heart fnilure
or shock, in which hepatic blood flow is diminished, the rate
of Biotransformation will deerease and £ will inerease,

Biliary secretion coniributes o hepatie clenrance and
hence is included in the above pharmacokinetic consider-
ations. However, drugs that, are excereted intact oz in o form
from which the drug can be sequestered in the intestines and
subsequently resorbed (enterohepatic reciveulation) may
have complex pharmacokinetics if the rate of biliary seere
tion is an appreciable feaction of the hepatic clearance and if
the enterchepatic reservair is larpe,

Other Routes and Clearances—"The kidney and liver are
usuaily the major organs in the elimination of drugs, and all
ather routes combined often contribute negligibly. Howev-
er, with ihe volatile anesthetics, pulmonary clearance is the
major route, and pulmonary clearance hecomes dominant;
pulmonary clearonce of gases is flow-limited. With some
drugs, mammary secretion is appreciable, and the presence
of drug in milk may present hazards to nursing children;
however, pharmacekinetics in the mother usually is not af-
fected by lactation. Salivary seeretion is Loo small to affect
systemic pharmacokingties, bud the concentration of drug in
saliva wsually parallels thal in plasma, so that, with some
drugs, it is possible (o lollow systemic pharmacokinetics by
sampling saliva.

Absorption Plus Elimination—The kinetics of absorp-
tion and disposition must now be put together Lo define the
time-related curve which describes the plasma concentra-
tion of a drug administered extravascularty. The curve is
determined by the algebraic sum of all processes involved in
absorption, distribution and elimipation.  Since disposition
(distribution plius elimination) begins as soon as the drog
cnlers the blood stream, the plasma concentration reflects
all these processes from the outset.

The time course of the plasma concentration of adrug ina
one-compartinent body can be obtained by combining alge-
braically Bqgs 1 and 5, with appropriate rate constants, and
substituting /1/V, for C;. When the equations for ahsorp-
tion and elimination are thus combined

LI RO . S L
oy &8

where f ia the fraction absorbed, I is the dose, ete,
This equalion simplifies to

[wi- vol™1] (28)

0, = Cle™ w Q™
where €% and the C;; of Eq § are the seme, since they both
represent nll of dose, D, distributed in V. If there is a lag,
the t-factor in the exponents of @ should be ¢ ~ ¢, where ¢, is
the lag time. Figure 36-7 shows n plot of the plasma coneen-
tration for each of absorption and elimination separately
and when the iwo are combined,

I IPig 36-7 the parameters of absorption and elimination
were agsumed, in order Lo construcel the figure,  In praclice,
drug concenliation-time datn are obtained empirically, and
the parameiers erve oblained from asemilog plot of the data,

fwt » vol=!] (29)
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Flg36-7. Time course of the plasma concontration of 4 hypothoticnl
drug with simpla flirsl-ordor absarption and elimination kinatics. Thoe
rate constants are shown in tho figuro.  The hall-tima for elimination
Is 8.47 hr

as in Fig 36-8. The rising phase of the plot is not log-linear,
since Lhat which is added hy absorption is diminigshed hy
elimination. Only after absorption is complete does the plot.
hecowne log-linear, since now there is no epposing process al.
work againsl the mono-exponeniinl decline in concentra-
tion. ‘The time al which absorption essentially is complete
is enlled the absorption time and is detected as that time at.
which the plot beeomes log-linear,  Jowever, prior o the
abserption time, the concentration at the site of deposition
beegmes equal to that in plasma. This is ealled the equilib-
rivm lime, 1L is alwo the peak-time loy plasma coneentra-
tion. Heenuse of the interpliy of physicochemical and ae-
tive trangport factors that affect the distribution of a drug,
true chemiealt equilibrium is not reached necessarily at the
pharmacokinetic equilibrium point, ‘The log-linear line de-
seribed by the elimination phase, when back-exteapolated (o
the y-nxis, yields a theoretical (,‘:.’,. just as with intravascular
mjection, and Vv can be caleulated accordingly. Fur-
thermory, the slope of the log-linear elimination segment of
the semilog plot is cqual Lo =0.434k., a8 with intravagcular
injection. ‘The absorplion rate consfant, k., also ean be

4 0 - e a0, ety
Thaoretical blood concentralion If
3.0 ¢bsorption had been instontanogus

2.0

t ot of absorption equoals
rato of disposifion

on {mg/ 100 mi}
<3

r«\hf-orpm‘lﬂ romglcte
Absarpiion timne

Slaod concentrat
L=]
[

Q1

\
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Flp 36-B.  Kinetics of absorption and disposition of thoophyiiing in
tha human subject aftor oral udministration of 0.5 g of aminophylline
per 70 kg, Blood concantratlan s piotted on a log scale (courtusy,
data, Trulll, of #19).
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obtained from the plot, if the empirical curve is subtracted
from Lhe back-exirapolated elimination line. This iw done
by subtracting the real values lor (), (), (2, ote} at various
fimes during the absorption phase from the extyapolated
values for C,, designated (¥, on the hack-extrapolated elimi-
nation line. 1t must be remembered that the antilog and not
the Jop of € must be used il log ¢ is plotled in Cartesian
coordinates, ‘This method of dissecting o compound fune-
tion into its separate components ig known as Lhe method of
residuals, or back-feathering. The back-leathered absuvrp-
tion line is the dashed line; ils slope is negative, as though it
were being seen from the gite of administyation.

The peak concentration, time of peak concentration and
duration of action are affected by varions faclors, some of
which are discugsed below,

Poaak Concentration—That the pealt concentration
should vary with the dose ieself-evident; according to Jog 28,
it is directly proportional to the doge {assuming that absorp-
tion and elimination aro first-order processss),  Figure 36-9
shows low peal concentration varies directly with dose,
Note that the time of peak concentration is the same for all
dosas; this independence of peak time from dese is approxi-
malely true in all multicompartment systems,  Depariures
from the generalization oceur especiakly when the rale of
absorption or elimination is différent at high from those at
low concentration; i, when il is dose-dependent (see page

),

Time of Peak Concendration—'The time of peak concen-
tration must not be confused with the time of peak effect.
Effeet often lags behind plasma concentralion, somelimes
becauge the Lissue eoncentration nt the point of action has
not yel renched its peak and sometimes because a response
may have a eonsiderable latency. The latency of effect of
reserpine or phenytoin (in its anticonvulsant effeel) is men-
sured in hours (o days. Ocensionally, the tine of peak effect.
may precede the time of peak concentration because of a
reflex or other compensatory process which limits effectl
before the concentration becomes maximal. I'his i often
Lrue with oral administration of ethanel or ephedrine, Both
the peak concentration and time of pealt coneeniration are
considerably affected by the rate constants for absorption
and elimination. In Fig 36-10, the effeet of differences in
absorption rate is shown indicating that the higher the ab-
sorption rate, the higher the peak coneentration and the
egarlier the time of peak concentrution. FPigure 36-11 shows
the effect of differences in rate of elimination depicting that
the higher the elimination rate, the lower the peak concen-
Lration bul the carlier Lhe time of peak concentration. "The
two cffects of absorption rate and elimination rate can be
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Flg 36-9. Tha ofloct of tha sizo of the dose of a drug on the peak
concontratien, me of peak concontration and duration of action.
The data are calculated from a ons-compartment modol.
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