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Compound design is the hallmark of modern phar- 

maceutical research and development. Unfortunately, 

comprehensive and reliable guidelines for the introduction 

of favorable bioavailability properties into designed 

compounds remain elusive. Here, the authors discuss 

the limited set of design principles that address the 

problem of bioavailability, based on a retrospective 

analysis of orally bioavailable drugs. The roles of partition 

coefficient, molecular weight, carrier-mediated transport 

and conformational flexibility are evaluated. These 

properties are discussed as guiding principles only, and 

cannot be considered all-encompassing determinants 

of oral bioavailability. 

T 
he oral bioavailability of a drug is dependent on 

solubility, permeability and transport characteris- 

tics across biological barriers, chemical stability in 

the gastrointestinal tract and various clearance 

mechanisms. Optimal performance with respect to all of 

these processes may involve contradictory physicochemical 

properties, the simultaneous incorporation of which in a 

given molecule may be difficult to achieve. The purpose of 

this review is to explore the concept of bioavailability and 

the role of different physicochemical properties contributing 

to the oral availability of drugs. 

Estimation of oral bioavailability 

Oral bioavailability (F) is defined as the fraction of the 

ingested dose of a drug that is available to the systemic cir- 

culation following oral administration. The absorptive and 

metabolic processes involved in bioavailability can be esti- 

mated as the product of the true ‘fraction absorbed’ (0 and 

the fraction escaping the ‘first-pass’ effect <f,>l. The latter 

represents the product of the fractions escaping the gastro- 

intestinal tract, liver and lung, which may be individually 

estimated as fg, f,, and f,, respectively. Hence, a general rep- 

resentation of oral bioavailability would be: 

F = f f, (1) 

or F = f fp fh f, (2) 

An alternative estimate of bioavailability may be obtained 

as the ratio of the systemic clearance (Cl,) to the ‘apparent 

oral clearance’ (ClJ, as follows: 

F = Cl, / Cl, (3) 

Determination of oral bioavailability parameters 

Several in vitro approaches are available for the estimation of 

the absorption potential -which can allow the estimation of ‘f 

- of a drug that crosses the intestine. These approaches include 

the everted gut sac model, intestinal brush border vesicles, 

and transport across Caco-2 cell line monolayer.+. Other 

methods, including absorption into intestinal rings and single- 

pass intestinal perfusion in situ, can provide an estimate of the 

overall intestinal absorption314. For peptides and peptide 

analogs in particular, in vitro microsomal metabolism and 

in situ single-pass or recirculating intestine, liver and kidney 

models can be used to demarcate the absorption, metabolism 

and clearance potential of a compound. A discussion of various 

techniques used to estimate absorption and metabolism of 

drugs is beyond the scope of this review, but excellent articles 

addressing such models are available in the literatures’. 

For most drugs, absorption is mediated at least in part 

by passive diffusion, a process whose physicochemical 
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determinants include a compound’s lipophilicity, intrinsic 

aqueous solubility, surface charge and molecular weight (MJ7. 

Drug absorption involves transcellular and paracellular trans- 

port mechanisms, as well as carrier-mediated processes, as 

exemplified by absorption across the gastrointestinal tract of 

small peptide and peptidomimetic compounds via the 

recently described proton-coupled oligopeptide transporter*. 
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Similarly, the clearance of drugs is also determined by 

specific physicochemical requisites. In addition, organ- 

dependent physiological determinants including organ 

blood flow, intrinsic metabolism and excretion via active 

transport mechanisms, such as the bile acid transporter in 

the liver, also play a role in drug clearances~lo. It should be 

noted that clearance is a disposition parameter that is not 

amenable to modification unless the structure of the mol- 

ecule itself is changed. In other words, even though drug 

delivery strategies may be useful in altering the absorption 

potential of a drug, to alter a drug’s clearance behavior, a 

new analog must be designed. 
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Complex and ambitious models have been proposedll-1” 

to predict oral bioavailability from the in vitro, in situ and 

in vivo experimental data that are available. Predictive rules’ 

derived from such models would be immensely useful, for 

example, in guiding the structure-based drug design of novel, 

in vivo efficacious drugsl5-1’. Unfortunately, the available 

data have failed to support predicted bioavailabilities in gen- 

eral across molecular classes. Within narrowly defined classes, 

however, one can always analyze structure-activity relation- 

ships determining the oral bioavailability retrospectively. 

Log P 

0 Cephalosporins V ACE inhibitors 

0 Benzodiazepines D HIV protease 

A O-adrenoceptor inhibitors 

antagonists 4 O-lactams 

Role of partition coefficient (log P) 

Figure 1. Oral bioavailability of compounds listed 
in Table 1 vs. the corresponding distn’bution of 
log P values. T&e dashed line (at log P - 0.5) 
approximately defines those regions of the distribution 
where carrier-mediated vs. passive transport processes 
predominate. 

One physicochemical parameter that has been long accepted 

in the estimation and/or prediction of absorptive potential 

of drugs has been the logarithm of the octanol: water (or other 

1ipid:water) partition coefficient (log P)7J*. No general rules 

have been inferred that are applicable across the vastly di- 

verse drug molecule scaffolds, although each congeneric series 

for a drug backbone usually demonstrates its own optimal log P. 
From Table 1, it can be argued that log P values between 

0 and 3 constitute an optimal window for drug absorption 

(Figure 1). Values that are too high (>6) or too low (c-3) can 

been associated with poor transport characteristicsi9. The low 

absorption observed for compounds with a high log Pvalue 

can be attributed to the poor aqueous solubility of these com- 

pounds and their preferential residence in lipophilic regions. 

In turn, the suboptimal lipophilicity of the very polar com- 

pounds precludes their ability to penetrate membrane barriers. 

The parabolic relationship of log P to tissue transport is 

usually a retrospective exercise20, and very few examples 

are available in the literature where log Pestimates apriori 
have yielded predictable drug transport properties across the 

gastrointestinal tract. As a general rule, within a congeneric 

series, drug absorption usually increases rapidly as lipophili- 

city rises, and is maintained at a plateau for a few units of log 

P, after which there may be a steady decrease. Although a 

higher log Pvalue tends to favor absorption across the gastro- 

intestinal tract wall, it also tends to render compounds more 

susceptible to metabolism and/or biliary clearance. As such, 

in the design of new analogs in a congeneric series, address- 

ing the problems of clearance should take priority over opti- 

mizing lipophilicity, given that clearance is a disposition 

parameter that is not amenable to modification. 
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For peptidomimetic drug absorption, the relationship to 

log P is tenuous at best. One hypothesis for the lack of pas- 

sive absorption of peptidyl compounds is that the energy 

required to break water-peptide hydrogen bonds (in order 

for the molecule to enter the cell membrane) is not offset by 

the increasing lipophilicity of the moleculezi. However, one 

should note that peptidyl compounds have a high clearance 

potential, which may also lead to poor bioavailability. As 

stated earlier, one must be careful to dissect absorption US. 

clearance parameters in situ, prior to any attempts to 

improve the oral bioavailability of peptidomimetic drugs by 

lipophilicity optimization alone (e.g. Ref. 22). 

Role of molecular weight 

One common factor that has long been thought to favor 

compound performance with respect to oral bioavailability 

is relatively low M,7,22. This broadly-held belief can be objec- 

tively quantified through an analysis of the M, distribution 

of all marketed drugsI (Figure 2a). The M, distribution is 

seen to be roughly Gaussian in character in the range of 

150 to 550 (x, = 341; CJ = 1001, reflecting our ability, 

de facto, to meet the conflicting physicochemical requisites 

for drug bioavailability. This empirical observation can be 

categorized further through an examination of the M, distri- 

bution of marketed j3-adrenoceptor antagonists and benzo- 

diazepines (Figure 2~1, the ACE inhibitors and all of the 

antihypertensives as a class (Figure 2d; Table la-d). 

The increased absorption of compounds of low M, can 

be explained, in part, on the basis of passive diffusion prin- 

ciples’. A suitable log P and a low M, (~550; Figure 2a). 

appear to be the two physicochemical parameters that best 

determine oral absorption potential by passive processes. In 

addition, a low M, also mitigates the risk of high clearance 

because such molecules are less likely to be substrates 

for hepatic clearance mediated via metabolism and/or 

biliary excretion. Based on Equation 3, such a reduction in 

clearance potential will also favor an increase in oral 

bioavailability. 

In general, the pathways for oral drug absorption include 

passage through aqueous pores, lipid membranes, bulk 

flow or electrochemical potential gradients, Small hydro- 

philic molecules, in particular, are purported to be absorbed 

rapidly through aqueous pores. Indeed, studies with rat 

jejunum have indicated a pore diameter of 8 A, which pre- 

cludes hydrophilic molecules of M, greater than 180 from 

being absorbed via this mechanism23. The design of pep- 

tide-like small molecules with, for instance, four amino acids 
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yields, by default, M, values of 500 to 700, an approximate 

molecular surface area of about 350 A and a diameter of 

10-12 A. For compounds with a molecular diameter of 

this size or greater, transport through aqueous pores 

and/or paracellular transport through the tight junctions of 

the epithelial lining of the gastrointestinal tract is usually 

precludedzz. 

Drugs of higher molecular weight 

Figure 2a also exhibits a tail of marketed drugs extending to 

higher 4 values beyond the Gaussian distribution. Surpris- 

ingly, these compounds have overcome some of the prob- 

lems associated with larger size that might have resulted 

in reduced diffusivity and solubility. The acceptable bio- 

availability of these compounds cannot be explained by a 

simple extrapolation of the clearance and/or absorption 

parameterized from the behavior of drugs of lower 4. An 

understanding of the basis for this exceptional behavior 

(Figure 2b) would be of considerable interest because, for 

certain therapeutically important targets, including the en- 

zymes renin (vs. hypertension) and HIV protease (vs. AIDS), 

agents with higher &J values seem to be needed for the in vitro 

potency levels that are a prerequisite for in vivo efficacy. 

Figure 2e shows that the 4 distribution of the aspartyl 

protease inhibitors is shifted away from the Gaussian popu- 

lation that encompasses the bulk of drugs currently mar- 

keted. Significantly, as shown in Table 2, these compounds 

with high M, have not succeeded in reaching the market as 

readily as others with lower & (e.g. ACE inhibitors). The 

anomalous bioavailability of the marketed drugs in the high 

ly tail of the distribution shown in Figure 2a may result in 

part from conformational flexibility, as we suggest below for 

cyclosporin A (CsA), an orally bioavailable cyclic undeca- 

peptide with a 4 of 1,200 (Table lg). However, such behavior 

might also be attributable to the formation of micellar or 

colloidal solutions in the gastrointestinal tract, or to the avail- 

ability of carrier-mediated transport systems (see below). 

Carrier-mediated transport in intestinal absorption 

and clearance 

Carrier-mediated transport mechanisms can be found at the 

various biological barriers between the site of absorption of 

a drug and its appearance in the systemic circulation. 

Carrier-mediated transport can also drastically change the 

hepatic or renal clearance of a compound, as well as its 

absorption through the gastrointestinal tract. The marketed 

ACE inhibitors, for example, have been designed as prodrugs 
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Table 1. Summary of pharmacokinetic parameters for 

(a) ACE inhibitors 
Compound Log P Aqueous pK, 

solubilityb 
Mr Gllax Urinary Protein Half-life Oral Dose 

(kg/mL) excretion binding lh) availability @g/day) 

lo/O) (%I (%I 

Benazepril HCI 
Captopril 
Cilazapril 
Enalapril maleate 
Fosinopril sodium 

.Lisinopril 
Perindopril 
Quinapril HCI 
Ramipril 
Zofenopril calcium 

1.74 -c - 

1.02 I-IO 3.7; 9.8 
0.55 I-IO - 

0.71 30-100 3.04 

-2.86 10 1.70 
1.26 - - 

1.84 - - 

1.59 - - 

4.72 - - 

461.0 
217.3 
417.5 
492.5 
585.7 
441.5 
368.5 
475.0 
416.5 
897.2 

- <1 96 1.0-3.0 50 1 O-40 
50 30 2.0-3.0 65 25-150 
50 30 2.0 50 2.5 - 5 

60 55 11.0 60 5-20 

45 95 4.0 36 IO-40 
>90 10 12.6 25 5-40 
50 20 8.0 50 4-16 

50 35 2.5 50 IO-80 
50 65 4.5 50 5-20 

<IO 88 5.5 >70 30-60 - 

(b) Benzodiazepines 
Compound Log P Aqueous 

solubilityb 
pK, w Gnax Urinary Protein Half-life Oral Dose 

(pg/mL) excretion binding (hl availability (mg/dav) 
- - - - (%I (%I (96) 

20 70 12-15 >90 l-4 

<I 86 20.0-40.0 98 20 
Alprazolam 
Clonazepam 
Clobazam 
Clozapine 
Diazepam 
Flurazepam 
Lorazepam 
Midazolam 
Nitrazepam 
Oxazepam 
Temazepam 

3.20 >10,000 2.40 
2.41 - 1.50; 10.5 
2.65 - - 

- - - 

2.80 l,OOO-10,000 3.30 
4.45 <I 1.90;8.20 
2.51 >I 0,000 1.30; 11.5 
3.70 - 6.20 
2.25 >I 0,000 3.20; 10.8 
2.24 >10,000 1.70; 11.6 
2.19 >I 0,000 1.60 

308.8 
315.7 
300.7 
326.8 
284.7 
424.4 
321.2 
362.2 
281.3 
286.7 
300.7 

<I 90 24 >80 20-30 

<I 95 12 50 200-450 
<I 98 24-48 100 6-30 
<I 97 74 100 15-30 
<I 85 IO-20 90 I-IO 
<I 96 2-7 15-20 7.5-15 
<I 87 24 78 5-20 

<I 98 6-20 >90 60-120 
<I 96 8-15 >70 IO-30 - 

(cl p-lactam antibiotics 
Compound Log P Aqueous pK, M, C,,, 

solubilityb (pg/mL) 
Urinary 

excretion 
(9/o) 

Protein Half-life 
binding (hl 

(%I 

Oral Dose 
availability (mg/day) 

1%) 

<I 2.4; 7.4; 9.6 365.4 5.0 60 20 1.0-1.5 93 0.75-1.5 
I-IO 2.5; 7.3 349.4 2.0-6.0 60-80 20 1.0-1.5 62 1.040 

100-l ,000 2.70 435.9 7.0-14.0 75 95 0.5-1.0 43 2.0 
I-IO 2.70 510.3 10.0-18.0 60 97 0.5-1.0 50-85 0.5-1.0 

1 2.70 453.9 5.0-15.0 50-90 
I-IO 2.70 454.5 5.0-8.0 27 

95 
90 

1 .o 50-85 1 .o 

0.5-1.0 36 1.0-4.0 

I-IO 2.80 441.4 3.0-6.0 40-50 93 0.5-1.0 33 2.0-6.0 

l,OOO-10,000 2.70 350.4 3.0-5.0 50-90 80 0.5-I .o 60 1.0-2.0 

- 7.0 463.6 - 70 2.0-3.0 >70 1.0-2.0 
- 8.9 439.6 5.0 45 2.0 >70 0.4-2.4 

Amoxycillin 0.33 
Ampicillin 1 .oo 
Cloxacillin 2.43 
Dicloxacillin 2.91 

sodium 
Flucloxacilin 2.48 
Nafcillin 3.53 

sodium 
Oxacillin 2.38 

sodium 
Phenoxy 2.09 

methyl penicillin 
Piv-ampicillin 2.44 
Piv-mecillinam - 
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several orally bioavailable drug and drug candidate classes8 

(d) P-adrenoceptor antagonists 
Compound Log P Aqueous pK, 

solubilityb 

Acebutolol HCI 1.61 
Alprenolol HCI 3.10 
Atenolol 0.16 
Betaxolol HCI 2.17 
Bisoprolol 1.69 

fumarate 
Carteolol HCI 1.17 
Labetolol HCI - 
Metoprolol 1.88 

tartrate 
Pindolol 1.75 
Propranolol HCI 3.56 
Sotalol HCI - 
Timolol maleate 1.91 

- 9.20 372.9 1.3-1.8 40 
- 9.65 285.8 - <I 

30-I 00 9.60 266.3 2.0 85 
I-IO 343.9 0.04 15 

- 767.0 0.05 50 

- 328.8 - 60 
60 7.40 364.9 - <5 
<I 9.70 684.8 0.02-0.34 10 

>10,000 8.80; 9.70 248.3 - 54 
20 9.45 295.8 - <I 
- 8.30; 9.80 308.8 - 75 
15 9.21 432.5 - 15 

(e) Cephalosporins 
Compound Log P Aqueous pK, 

solubilityb 

Cefaclor -2.71 - 
Cefadroxil -2.73 100-I ,000 
Cefixime 0.19 <I 
Cefuroxime -0.16 <I 2.50 
Cephalexin 0.65 100 2.5; 5.2; 7.3 
Cephradine 0.03 100-l ,000 2.50; 7.30 

(f) HIV protease inhibitors 
Compound Log P Aqueous pK, 

solubilityb 

Saquinavir 4.10 - - 

lndinavir 2.92 I-IO 5.90; 3.70 
Ritonavir - >10,000 - 
Nelfinavir 4.10 100-l ,000 6.0; 11.06 
VX-478 4.20 1,000-l 0,000 1.97 

(g) lmmunosuppressants 
Compound Log P Aqueous pK, 

solubilityb 

Cyclosporin A 3.00 >10,000 - 
Tacrolimus (FK506) 5.58 >10,000 - 

w Glax (pg/mLl 
Urinary Protein Half-life Oral Dose 

excretion binding (h) availability (ma/day) 
1%) 

Urinary 
(pg/mL) excretion 

(%I 

385.8 6-13 85 
381.4 16-30 90 
507.5 2-5 20 
424.4 - 96 
365.4 18 >80 
349.4 9-24 >90 

Mr Gnax Urinary 
(pg/mLI excretion 

(%I 

671 .O 0.23 <IO 
614.0 3.07 1 O-30? 
771 .o 10.0 <IO 
586.0 3.22 - 

506.0 9.11 <I 

M, Glax Urinary 
@g/mL) excretion 

(%I 

1203 0.001-0.003 6 
804 0.002 <I 

- - - VYd I%) 

26 3.0-4.0 40 0.4 
85 3.0 <IO 0.2-0.8 
<5 6.0-7.0 50 0.05-0.1 
50 16.0-20.0 80-90 0.02-0.04 
30 13 90 0.005-0.02 

25 5.0-6.0 >70 0.003-0.01 
50 5.5 20 0.4-0.8 
13 3.0-7.0 38 0.1-0.4 

50 3.0-4.0 75 0.01-0.02 
93 3.0-6.0 36 0.16-0.32 

<IO 10.0-I 5.0 >80 0.16-0.6 
10 4.0 50 0.01-0.04 

Protein Half-life Oral Dose 
binding (hl availability (mg/day) 

(%I (%I 

25 0.5-I .o >70 0.75-I .5 
20 1.5 >70 1 .O-2.0 
65 3-4 40-50 0.2-0.4 
50 1.1 Erratic 0.5-I .o 
15 1.0 >90 1 .o-2.0 
15 1 .o >90 1 .O-2.0 

Protein Half-life Oral Dose 
binding 

(%I 
(h1 avaifl;tility (mg/day) 

0 

90 13.2 4 1.8-7.2 
56 1 .o-2.0 20-40 2.4 
99 3.0-4.0 65 1.2 
90 3.0-4.0 40-70 1.5 
93 8.0-9.5 75 2.4d 

Protein Half-life Oral Dose 
binding fhl availability (mg/dayI 

(%I I%) 

90 1 O-27 30 1.5-2.0 
77 3.5-40 25 0.01-0.04 

aData taken from Martindale53, Goodman and Gilman 54, Venkataramanan et a/.55 and references cited therein. Supplementary data taken from the 
CMC3D (release 94.1) and MDDR-SD (release 95.2) electronic databases (MDL Information Systems Inc., San Leandro, CA, USA) 
bAqueous solubility is defined as the parts of water required to dissolve one part of the commercially available drug substance 
CDashed entries indicate that no data were available 
dPossible clinical dose based upon a pharmacokinetic model 
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LL 10 Figure 2. Distributions of M, for marketed drugs, and 
for compounds of therapeutic interest at earlier stages of 

0 
development. The data used for these figures are taken 
from the CMC-3D (release Y4.1) and MDDR-3D (release 

0 - E s 5: 8 0 

F z 95.2) electronic databases and accessed using ISIS 

4 software (MDL Information Systems Inc., San Leandro, 

(d 
CA, USA). (a) M, distribution of all marketed drugs, as 

All marketed drugs 0 compiled in the CMC-3D database. The &percentage 
HIV protease c? frequency can be fitted by a Gaussian function (y,, = 

25 
inhibitors 18.8%; x0 = 341; d = 100) with a long tail of 

Renin inhibitors - ‘exceptional’ higher M, compounds. (b) Deviation (o/o) 

20 
between the observed M, distribution and thatpredicted 
by the Gaussian fit. (c) Distribution of marketed 

T 
%5 

benzodiazepine and P-adrenoceptor antagonists. mese 

6 
compounds fall largely within the Gaussian region of the 

z M, distribution. (d) Distribution of marketed ACE 
S-10 inhibitors and of all antibypetiensives as a class. 
2 IL (e) Certain classes of compounds, including the renin 

5 and HIVprotease inhibitors, fall outside the Gaussian 
region of the distribution of M, values. Because these 

0 
compound classes have laEely failed to reach the market 

8 - E : g : Q E Q 8 8 8 
(Table 2j, the distributions presented here are derived 

0-J 0 7 z from the MDDR-jDdatabase, which includes 

Mr compounds in allphases of development (from research 
to launch). 
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Table 2. Comparative developmental status of lead comoounds in three theraDeutic classes 

Inhibitors Total 

ACE 314 

HIV protease 351 
Renin 976 

Launched 

11 (3.62%) 

3 (0.91%) 
0 

Clinical trials 

12 (3.95%) 

6 (1.81 %)" 
11 (1.13%) 

Preclinical 

15 (4.93%) 
19 (5.74%) 

35 (3.59%) 

Research 

276 (87.50%) 
323 (91.54%) 

930 (95.28%) 

aData taken from analysis of the MMDR3D electronic database (MDL Information Systems Inc., San Leandro, CA, USA), which lists 57,000 compounds 

of therapeutic relevance reported in a wide range of information sources, including publications, meeting abstracts, patents and company communi- 

cations This complex and comprehensive compilation cannot be completely up to date at any one time; its value lies in highlighting strong trends rather 

than quantification of the current status in the therapeutic areas 

of their active moieties (with some exceptions) to mimic 

dipeptides and tripeptides, in order to exploit their active 

transport mechanisms across the gastrointestinal tracW5. 

Other examples of actively transported compounds include 

the oral cephalosporins and other p-lactam antibioticsjJ@:. 

Most compounds with good oral bioavailability possess a 

log Pvalue of O-3 (see Figure l), but some compounds with 

negative log P values are also highly bioavailable; the 

hydrophilic character of such compounds suggests the 

involvement of carrier-mediated transport for these mol- 

ecules. Other factors may need to be taken into account to 

explain the evident bioavailability of drugs at the negative 

extremes of log P in Figure 1, which include the ACE 

inhibitor lisinopril, for example (log P = -2.86). The struc- 

ture (Figure 3a) and conformational flexibility of lisinopril 

(as compared with enalaprilat; Figure 3b) may also play a 

role in its oral bioavailability (see below). 

In general, the role of carrier-mediated transport in clear- 

ance phenomena is not well understood. Ziegler and co- 

workers*8 have shown that the liver is not involved in the 

clearance of larger peptides (>12 amino acids), although it 

efficiently removes peptides of eight or fewer amino acids. 

It appears that a multispecific transporter plays a role in the 

removal of hydrophobic peptides of lower M, (including the 

aspartyl protease inhibitors), bile acids and cholephile 

dyes29.30. Oral absorption considerations lead generally to 

the design of smaller peptidomimetic drugs, which may thus 

be excellent substrates for this transporter system29. Hence, 

in the design of such peptide analogs, one should evaluate 

the hepatic clearance of peptidomimetic drugs before con- 

ducting an optimization of the other physicochemical prop- 

erties of a given compound. 

It is also generally recognized that the presence of an 

ionic charge is important for carrier-mediated transpo&. 

DDT Vol. 1, No. 5 May 1996 

Compounds that are neutral at physiological pH, or which 

exist in a zwitterionic state at pH 7.4, tend to be transported 

primarily by passive processes. This is evident from the litera- 

ture relating to renal clearance of ACE inhibitors. Enalaprilat 

(Figure 3b), for example, which has a net negative charge at 

physiological pH, is excreted by the kidney both through 

filtration (passive), and through secretion by the organic 

anion transport pump (activePi. Lisinopril, on the other hand 

(Figure 3a), which exists as a zwitterion at physiological pH, 

appears to be passively excreted by the kidney@*. 

The net charge of a compound also plays a role in its pro- 

tein binding. Because the free fraction of a drug is generally 

excreted by passive processes for drugs with restrictive clear- 

ance32, protein binding may also alter the observed renal as 

well as hepatic clearance of drugs. It is of interest to note 

that compounds of low 4, with negligible protein binding, 

are cleared rapidly by the kidneys by glomerular filtration. 

Although carrier-mediated processes can influence the 

overall bioavailability of a given compound (favorably for 

absorption, or adversely for clearance), a systematic 

exploitation of the phenomenon is not always straight- 

forward, or even possible. In particular, these mechanisms 

do not explain the anomalous oral bioavailability of many of 

the larger drugs that populate the tail of the M, distributions 

shown in Figure 2a, including the marketed macrolide 

immunosuppressants CsA and tacrolimus (FK506) with J4, 

values of 1,200 and 800 respectively (Table lg). 

Conformational structure and molecular flexibility in 

drug transport 

Through serendipity, solution NMR structural data are avail- 

able on the conformation in both nonpolar and aqueous/ 

polar solvents for the immunosuppressants CsA (Figure 4), 

FK506 (Figure 5) and their analogs, which have anomalously 
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Figure 3. ACE inhibitors lisinopril and 
enalaprilat. 7he model for the conformation of 
lisinopril is based on the geometrically- 
optimized conformation rqorted by Swaan 
et al .56; neither X-ray nor NMR structure 
determinations of lisinopril have been reported. 
The X-ray structure of enalaprilat is as 
reported by the Merck group57. iSbe chemical 
structures of lisinopril and enulaprilat show a 
common framework; en&@-i1 is a prodrug ester 
of enalaprilatil, which is better absorbed. The 
conformation of lisinopril was minimized 
in vacua using theprogram CHARMm, as 
implemented in Quanta (version 4.11 
(Molecular Simulations, Inc., Burlington, MA, 
USA]. As discussed in the text, ltiinopril 
rqn-esents the anomalously negative (log P = 
-2.86) ACE inhibitor data point in Figure 1. The 
intramolecular interactions between charged 
groups in the in vacua minimized structure of 
the compound are consistent with expectations 
for the conformation of the molecule in a 
nonpolar solvent, and suggest bow the 
compound might unfold its conformation in an 
aqueous environment. 

R=-CH, Enalaprilat 
R = - (CH,),-NH,+ Lisinopril 

high bioavailability (Table lg, Figure 2a>. Because of the 

poor aqueous solubility of these compounds, nonpolar con- 

formations (in deuterated chloroform) were the first to be 

described3535. Subsequently, CsA and FK506 were shown to 

adopt alternate conformations when bound to their cognate 

immunophilins cyclophilin and FKBP12, respectively3@), 

leading to the suggestion that protein binding induced the 

observed change+iTQ. In response to these observations, 

extraordinary efforts were mounted to synthesize and solve 

the solution structures of water-soluble analogs of CsA43 

and FK506”“. These efforts ultimately demonstrated that the 
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bound conformation of both im- 

munosuppressants pre-existed in 

aqueous/polar solvents, clarifying 

our understanding of the mode of 

action of these compounds. 

This experimentally determined 

ability to undergo a change in con- 

formation in response to the polar- 

ity of the immediate environment, 

as shown in Figures 4 and 5, can be 

invoked - in a different context - 

to rationalize the anomalous oral 

bioavailability (relative to their MJ 
of both CsA and FK506 (Table lg). 

Wiley and Rich*5 have proposed 

the term ‘hydrophobic collapse’ to 

describe the presumed confor- 

mational transition of the thrombin 

inhibitor argatroban46 that takes 

place on its binding to that en- 

zyme+:. Analogously, the term ‘hy- 

drophilic collapse’ is suggested 

here to describe the conformational 

transition seen for CsA (Figure 4) 

and FK506 (Figure 5) in a nonpolar 

environment (e.g. in crossing a 

membrane barrier). This usage 

seems appropriate, given that the 

cyclophilin-bound conformation of 

CsA is believed to pre-exist in aque- 

ous solution. In a hydrophilic col- 

lapse, the induced conformational 

transition would lead to an inter- 

nalization of interactions (hydro- 

gen bonds in this instance, as seen 

in Figure 4) that would be other- 

wise satisfied by solvent molecules in a polar environment. 

In this context, if the conformation (and physicochemical 

properties) of a compound can change in response to the 

polarity of its environment, then behavior of the compound 

with respect to the conflicting requisites for absorption and 

transport vs. those involved in the mitigation of clearance 

can become quite complex, possibly favoring (or disfavor- 

ing, depending on circumstances presently beyond our 

knowledge) the overall bioavailability characteristics. As a 

consequence, many of those properties that are routinely 

parameterized for their presumed predictive potential 
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F&we 4. St~ctures oftbe 
immunosuppressant drug, cyclospotin A (CsAI, 
as determined e@erimentalEy in nonpolar alad 
polar soluenrs. 7&e chemical structure of CsA 
shows the intramolecular hydrogen bonds 
observed in the nonpolar conformation. Be 
poor aqueous solubility of CsA led to an initial 
determination of its solution structure by NMR 
methods in cb~~fo~, d nonpolar solvent. 
Subsequent&, the NMR structure of a water- 
soluble CSA analog established the existence of 
an aite?-nate confo~atio~ for the drug in that 
solvent - a conformation that was also found 
in the ligand complex with its cognate 
~rnrn~~opb~~i~ protein2 c~clopb~l~n {Ref: 49 
and qferences therein). Taken together; these 
e@erimental results suggest that CsA can 
urzdergo a co~fo~at~o~al reawa~geme~t in 
response to its solvent environment - a 
reamangement that alters, in effect, the 
pbys~ocbem~cal character of the mofecule. The 
red and blue asterisks in the figure show, for 
example, tbe individgial carbon.yt and amide 
moieties that are solvent-exposed in the 
polar conformation but are internally 
hydrogen-boonded in the nonpolar structure. 
A similar cbauge in conformation in 
response to solvent is ako observedfor the 
macro~ide irnrnu~os~p~re~a~t FK506 

(Table lj CRefs 44 and 49, and references 
therein). 

would be, at best, meaningless for molecules such as CsA 

and FK506, and, at worst, confounding. The same may be 

true for compounds with lower M,, such as lisinopril, its 

presumed ability to undergo a hydrophilic collapse 

(Figure 3a), as compared with enalaprilat (Figure 3b), may 

rationalize its overall favorable bioavailabili~ characteris- 

tics, in spite of its extreme log P value (Table la). In that 

regard, it should be noted that the interpretation of experi- 

mental log P measurements, as well as the calculation of 

theoretical log P, all depend tacitly on an assumption of con- 

stancy in structure, co~ormation and physicochemical char- 

acter from solvent to solvent - an assumption that is evi- 

dently invalid for CsA (Figure 4), lisinopril (Figure 3a) and 

FK506 (Figure 5). 

Unfortunately, it is impossible to estimate with any confi- 

dence how large a fraction of chemical leads can undergo 

conformational transitions such as those observed for CsA 

and FK506 - even within the limited number of ‘exceptional 

high M, compounds in the distribution of marketed drugs 

in Figure 2a. Approaches using molecular dynamics, for 

example, were unable to sample the experimentally 

observed conformational changes in CsA and FK506 in any 

compu~tional simulation of reasonable length@. In turn, the 

determination of the three-dimensional structures of CsA 

and FK506 in their free state33,34,43S*4.49, when bound to their 

cognate immunophilin receptors3~0~*9, and in complex with 

their ultimate intracellular target, calcineurin50, may have 

been uniquely driven by the relative attractiveness of a 

structure-based drug design approach when compared with 

the synthetic inaccessibility of those molecule9. For other 

molecules and molecular classes, comparable incentives 

leading to the application of advanced (and expensive) 

X-ray and NMR structural methods do not appear to be in 

place. 
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F@we 5. Structure of the immunosuppressant 
tacrolimus (FK506) determined by solution NMR 
methods in polar @-eerz] and nonpolar (violet) solvents. 
As u&b cyclosporin A (Figure 41, the structure of 
FK506 is seen to undergo a conformational change 
in response to its solvent environment (Refs 44 and 
49, and references therein). 

Solvent-dependent conformational transitions might also 

be used to rationalize the improved intestinal uptake and 

oral bioavailability characteristics of a drug such as CsA 

when formulated in olive oil (as it is marketed). A 

hydrophobic medium will, of course, facilitate the solubil- 

ization of hydrophobic CsA, but it might also promote the 

overall oral bioavailability of the molecule by ‘priming’ the 

ensemble of ingested CsA molecules in the direction of the 

nonpolar conformation seen in Figure 4. That conformation 

might be expected to enable the compound to diffuse more 

readily through the membrane barriers of the gastrointesti- 

nal tracts’, allowing a greater proportion of ingested CsA to 

be absorbed prior to excretion, when compared to free drug. 

Conclusion 
Efforts at a systematic and predictive parameterization of the 

behavior of marketed drugs have been problematic. This is 

unfortunate, because the establishment of bioavailability 

‘rules’, in conjunction with modern techniques, such as 
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structure-based drug designls,sl, might lead to a more direct 

and predictable pathway to drug discovery (see, for example, 

Refs 16, 17 and 52). The importance of addressing the clear- 

ance of new chemical entities early in the drug discovery 

program in order to expedite the design of an orally bio- 

available candidate is stressed here. Once an analog with 

reasonable clearance is obtained, subsequent modifications in 

the physicochemical determinants of drug absorption can be 

manipulated. As a general rule, compounds with a low 4 and 

an appropriate log P tend to favor oral bioavailability of drugs. 

However, caution is required in the broad application of these 

principles, because compounds of low 4 can be excreted 

rapidly (as can those of high &o, precluding good oral 

bioavailability. We have also indicated above that compounds 

such as CsA, which have long been recognized as ‘excep- 

tional’ in their bioavailability characteristics relative to M, 
(Figure 2a), may achieve the desired behavior through altered 

conformation in response to the polarity of the environment. 

The goals of this review have been to stimulate the syn- 

thesis of compounds with optimal physicochemical proper- 

ties and/or a focused, comprehensive investigation of the 

physicochemical and conformational behavior of a number 

of drugs of higher n/r, with anomalously high bioavailability. 

Only to the extent that the various phenomena contributing 

to the overall bioavailability of a drug can be deconvolved, 

can it be possible to generate predictive models for the 

design of novel bioavailable drugs of higher M, that might 

accelerate the process of drug discovery and development. 
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