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Purpose. To compare the oral absorption and bioavailability of nu-
merous drugs with a wide variety of physicochemical and pharmaco-
logical properties between humans and monkeys and to explore po-
tential reasons for the findings.
Methods. Data for fraction of dose absorbed (Fa) and oral absolute
bioavailability (F) were obtained by an extensive Medline database
search. Inclusion and exclusion criteria were the same as those re-
ported in our previous studies. A total of 43 and 35 drugs were
selected for Fa and F comparison, respectively. The time to reach
peak concentration (tmax), total clearance, and nonrenal clearance
were evaluated for 15, 28, and 13 drugs, respectively.
Results. Fa values in monkeys were similar or identical to those in
humans. Additionally, similar tmax values were seen in monkeys and
humans at comparable doses, thus indicating comparable absorption
kinetics between the two species. Conversely, F values in monkeys
were generally lower with coumarin being a marked exception. Both
total and nonrenal clearances were evaluated and found to be gen-
erally greater in monkeys, supporting a generally higher first-pass
metabolism and lower F in this species. This was also supported by
published data suggesting greater in vitro hepatic drug metabolism
for monkeys as compared to humans.
Conclusions. Monkeys appear to be a good predictor of Fa in hu-
mans. However, a generally lower F makes monkeys a potentially
poor predictor of human F. Higher reported metabolic clearances
and hepatic enzyme activities in monkeys may account for this ob-
servation.

KEY WORDS: drug absorption; drug bioavailability; first-pass me-
tabolism; monkey; pharmacokinetics; plasma clearance.

INTRODUCTION

Understanding of the relationship of oral absorption and
oral bioavailability of potential drug candidates between ani-
mals and humans is important in drug discovery and devel-
opment (1–4). It has recently been shown that rat may serve
as a good model in predicting dose-independent and dose-
dependent oral absorption properties in humans (5–7). On
the other hand, for many relatively hydrophilic drugs, oral
absorption may often be much more complete and faster in
dogs relative to humans in spite of a much shorter small in-
testinal transit time (7).

Due to evolutionary proximity with humans, the mon-
key, a nonrodent species, is widely used in preclinical phar-
macokinetic and toxicological studies in spite of a relatively
high cost and ethical concerns (8,9). Qualitative or quantita-
tive correlation of oral drug absorption between monkeys and

humans appears largely unknown to date. In an earlier study
(10), the correlation of absolute bioavailability (F) of drugs
between these two species was found to be poor with an r2 �
0.2. The inclusion of only seven drugs in the study may also
suggest a paucity of published monkey data at the time of
evaluation. Potential reason(s) for the lower F in monkeys
reported in the study was not provided (10). However, the
observation may be attributable to incomplete gastrointesti-
nal absorption, greater first-pass metabolism, or a combina-
tion of the two factors (4).

The main purpose of this communication is to report
results of our extensive literature study on fraction of oral
dose absorbed (Fa) and absolute oral bioavailability (F) be-
tween humans and Old World monkeys with emphasis on
rhesus and cynomolgus macaques, based on their wide use in
pharmaceutical research. In addition, potential reasons for
marked differences in bioavailability of many drugs between
monkeys and humans are explored.

METHODS

Evaluation of Oral Absorption

In the preliminary search of references for Fa data in
monkeys, all drugs from our two recent studies (5,7) were
used and cross-referenced with the key words or phrases “oral
absorption,” “monkey,” and “non-human primate” in a Med-
line database search. Additionally, all other drugs listed in a
pharmacokinetic table of a textbook (11) were similarly cross-
referenced. Since not all drugs evaluated in humans (5,7,11)
were evaluated in monkeys, additional key words or phases
including “oral drug absorption” and “pharmacokinetics”
were cross-referenced with “monkey” and “non-human pri-
mate” in an effort to extend the Fa data. Corresponding data
in humans were obtained from standard references (12) or
Medline if necessary.

Methods for estimating Fa as well as inclusion and exclu-
sion criteria of drugs reported in the current study were the
same as those employed previously (5,7). A total of 43 drugs
possessing widely different physicochemical and pharmaco-
logical properties were chosen. Among them 28 drugs are
basic, 7 acidic, 3 zwitterionic, and 5 neutral with molecular
weights ranging from 146 to 877 Da. The Fa values range from
zero to approximately unity (Fa � 0.9).

Evaluation of Oral Absolute Bioavailability

Of the 43 drugs chosen in the evaluation of absorption,
only 15 drugs provided useful data in the evaluation of abso-
lute bioavailability. To obtain additional data, a Medline da-
tabase search was performed using the key words or phrases
“absolute bioavailability,” “drug,” “monkey,” and “non-
human primate.” Human F data were then obtained using a
standard reference (12). Additionally, F values for other drugs
were estimated from references using AUCiv and AUCoral

values obtained from the same individuals and according to
standard methods (13). A total of 35 drugs were selected in
the current study.

RESULTS AND DISCUSSION

The Fa values, dosage forms used, and relevant physico-
chemical properties of the 43 drugs studied in humans and
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monkeys are summarized in Table I. The correlation of Fa

values between human and monkey are depicted in Fig. 1.
Similar to the rat yet different from the dog, the Fa values

of drugs evaluated in monkeys appear to correlate well with
humans, showing a slope near unity. The similarities in Fa

between monkeys and humans occur in spite of the wide di-
versity in physicochemical and pharmacological properties of
these drugs. For drugs with high intestinal permeability or
absorptive clearances (14,15) in humans, one may expect such
drugs to demonstrate similar, high absorption in other mam-
mals (1,2,5,7) because of comparable chemical properties of

intestinal mucosal membranes across species. In this regard, a
total of 27 drugs evaluated approached complete absorption
(Fa � 0.9) in both species (Table I). The exact mechanisms
leading to similar absorption for drugs with Fa ranging from
zero to 0.9 in this study and earlier rat/human comparative
studies (5,6) are not clear. This is interesting in view of
marked differences in intestinal permeability or absorptive
clearances (5) as well as intestinal length, radius, and secre-
tion (16). Additionally, compared to humans, monkeys have a
lower intestinal pH and higher bile flow per kilogram of body
weight (16). From a modeling point of view, the linear corre-

Table I. Summary of Dataa on the Percentage of Oral Dose Absorbed in Humans and Monkeys for 43 Drugs

Drug
Molecular

weightb Propertyc

Dosage form Oral dose absorbedd (%)

Humans Monkeys Humans Monkeys

Cyclobenzaprine 311 B Tablet Capsule 100 100
Fluvastatin 433 N Solution Capsule 98 100
Rolipram 275 B Suspension Suspension 100 100
Propranolol 259 B Capsule Tablet 100 100
Pindolol 248 B Tablet Tablet 95 100
Lormetazepam 335 B Tablet Capsule 100 100
Flunisolide 443 B Solution Solution 100 100
Naltrexone 364 B Tablet Solution 100 100
Carbamazepine 236 B Tablet Solution 100 100
Viloxazine 237 B Capsule Capsule 100 100
Caffeine 194 N Solution Solution 100 100
Valacyclovir 361 Z Tablet Solution 100 100
Moxestrol 326 N Capsule Capsule 100 100
Bisoprolol 268 B Tablet Solution 100 100
Rifapentine 877 A Solution Suspension 100 100
Ropinirole 297 Z Tablet Solution 100 100
BM-113 375 B Solution Solution 100 100
Latanoprost 433 B Solution Solution 100 100
Droloxifene 387 N Solution Solution 100 100
Lisuride 455 B Solution Solution 100 100
Zolpidem 392 B Tablet Suspension 100 100
Pirmenol 375 B Tablet Solution 100 98
Nisoldipine 388 A Suspension Suspension 97 97
Azipranone 495 B Capsule Solution 100 95
Zomepirac 350 A Solution Solution 96 94
Irbesartan 428 B Tablet Suspension 100 92
Metoprolol 342 B Tablet Solution 98 92
Recainam 263 B Capsule Solution 85 88
Guanabenz 291 B Tablet Solution 79 88
Coumarin 146 B Solution Solution 100 87
Bepridil 421 B Tablet Suspension 99 83
Moxifloxacin 438 B Tablet Tablet 95 82
Captopril 217 A Tablet Solution 68 79
Menogaril 542 B Solution Solution 59 63
Furosemide 331 Z Tablet Solution 55 60
Atenolol 266 B Tablet Solution 50 45
Bromocriptine 654 B Tablet Solution 30 35
Benazepril 425 B Tablet Capsule 30 32
Lovastatin 405 N Tablet Solution 30 31
Nadolol 309 B Tablet Solution 20 23
Tiludronate 381 A Tablet Solution 12 15
Etidronate 249 A Tablet Solution 10 6
Ceftriaxone 599 A Solution Solution 0 0

a The references providing data on percentage of oral dose absorbed are available on request.
b Molecular weights obtained from the following references: Martindale’s Extra Pharmacopeia (1996 edition), European Pharmacopeia (2000

edition), and the U.S. Pharmacopeia/National Formulary (2000 edition).
c N: neutral compound; A: weak acid; B: weak base; Z: zwitterionic compound.
d Represents mean values for % absorption obtained from individual drug references or the Physician’s Desk Reference (2001 edition).
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lation of Fa between rat and human can be attributed to simi-
lar first-order absorption rate constants of drugs (6,17) and
similar small intestinal transit times between the two species
(6). Whether or not such a rationale may be extended to the
current observations between monkey and human remains to
be investigated. To date, it appears that no study on intestinal
transit times in nonhuman primates has ever been reported.

The time to reach maximum plasma concentration after
oral administration (tmax) in fasting humans and monkeys was
also evaluated from the references used in the Fa and F stud-
ies. Fifteen drugs were judged to be adequate for comparison
(Table II). Unlike the dog (7), tmax values were generally

similar in humans and monkeys especially when comparable
doses were used. When drugs were administered to monkeys
at doses far exceeding that of humans, most notably ifetroban,
rolipram, tiludronate, and venlafaxine, tmax values tended to
be prolonged. This may be attributed to dose-dependent
pharmacological effects and/or dissolution/precipitation prob-
lems. For metoprolol, the shorter tmax observed in monkeys in
spite of the large dose employed might be the result of the
solution dosage form used in contrast to the tablets used in
humans.

The dosage form (solution, fast-release suspension, tab-
let, or capsule) employed in monkey studies was often differ-
ent from that used in human studies (Tables I and II). How-
ever, despite the differences in dosing formulations, this gen-
erally did not seem to have a significant influence on the rate
and extent of oral absorption of most drugs evaluated in this
study. A similar pattern was also observed between rats and
humans (5,6).

Results of the F comparison of 35 drugs are shown in
Table III and depicted in Fig. 2. Approximately half of the
drugs evaluated demonstrate comparable F values between
humans and monkeys. This is consistent with the prediction of
similar hepatic first-pass metabolism across the species (18).
However, several drugs evaluated reveal a considerably lower
F in monkeys (Table III and Fig. 2). For disopyramide
(12,19), venlafaxine (12,20,21), and methotrexate (12,22), the
differences were approximately 10-fold whereas zolpidem
(12,23) and rolipram (24–26) exhibited differences of 34- and
730-fold, respectively. Since the Fa between humans and mon-
keys is generally similar for the 43 drugs evaluated, the con-
siderably lower F found in monkeys may be attributed to a
greater first-pass metabolism taking place in the gut wall,
liver, or both.

Data on total and nonrenal clearances (assumed to be
equal to total clearance minus renal clearance) of drugs in
humans and monkeys were evaluated and compared in an
effort to understand the apparent interspecies differences in
first-pass metabolism. Total clearance data were obtained for

Fig. 1. Correlation of percentage oral dose absorbed between hu-
mans and monkeys for 43 drugs with a regression equation of Fa (M)
� 0.958Fa (H) + 2.8; r2 � 0.974. Complete absorption demonstrated
by 27 drugs in both species. The depicted line has a slope of unity.

Table II. Summary of Dataa on Time to Peak Concentration following Oral Administration (tmax) in Humans and Monkeys for 15 Drugs

Drug

Dose Dosage form tmax in hoursb

Humans Monkeys Humans Monkeys Humans Monkeys

Coumarin 0.857 mg/kg 1 mg/kg Solution Solution 0.2 0.21 ± 0.03
Ifetroban 50 mg 1 mg/kg Solution Solution 0.33 0.33
Flunisolide 2 mg 1 mg Solution Solution 0.5 0.5
Methotrexate 30 mg/m2 0.5 mg/kg Tablet Solution 1.5 1.5 ± 0.3
Tiludronate 200 mg 60 mg/kg Tablet Solution 1.5 ± 0.9 4.5 ± 2
Venlafaxine 50 mg 10 mg/kg Tablet Solution 2.0 ± 0.5 4.3 ± 1.5
Moxifloxacin 1.4 mg/kg 9.2 mg/kg Tablet Tablet 2 ± 1.9 4 ± 2
Irbesartan 50 mg 10 mg/kg Tablet Suspension 0.33 ± 0.17 2.5
Trovafloxacin 200 mg 20 mg/kg Tablet Suspension 1.8 ± 0.9 2.3 ± 1.5
Nicardipine 30 mg 5 mg/kg Tablet Solution 1.0 2
Zomepirac 25 mg 5 mg/kg Solution Solution 0.6 ± 0.3 1.2 ± 0.8
Fluvastatin 40 mg 0.57 mg/kg Solution Capsule 1.2 ± 0.9 1.8 ± 1.0
Rolipram 1 mg 20 mg/kg Suspension Suspension 0.38 ± 0.22 1.7 ± 0.9
Indinavir 200–1000 mg 10 mg/kg Tablet Solution 0.8 ± 0.03 1.08
Metoprolol 100 mg 9 mg/kg Tablet Solution 1.4 ± 0.3 0.4

a The references providing data on time to peak concentration are available on request.
b Represents mean values for tmax ± SD obtained from individual drug references or the 2001 edition of the Physician’s Desk Reference (2001

edition).
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28 drugs whereas nonrenal clearances were only available for
13 drugs (Table IV and Fig. 3). Based on unit body weight, it
seems clear that both total and nonrenal clearances in mon-
keys are generally much higher than those in humans, an
observation consistent with the hypothesis of generally higher
first-pass metabolism and lower F in monkeys. It is of interest
to note that for disopyramide, there was nearly a 10-fold dif-
ference in F between monkeys and humans (0.08 vs. 0.83,
respectively) (12,19). The total and nonrenal clearances of
this drug are 12.3 and 20 times higher, respectively, in mon-
keys compared to humans. The much higher nonrenal clear-
ance for disopyramide in monkeys may account for its dra-
matically lower F in this species.

Further examination of Fig. 3 also reveals that the rela-
tive magnitude of difference of total or nonrenal clearances
between humans and monkeys appears generally greater for
drugs with clearances below 15 ml/min per kg in monkeys.

However, the differences are only approximately twofold for
drugs with clearances greater than 15 ml/min per kg. This
observation may be useful in predicting human clearances
from monkey clearances. An additional observation in
the current study is that the extent of first-pass metabolism
(Fa% − F%) in both monkeys and humans appears to gener-
ally correlate well with their total or nonrenal clearances as
shown in Fig. 4.

The generally greater first-pass metabolism of drugs in
monkeys is also supported by published in vitro studies show-
ing greater hepatic cytochrome P450 activity in monkeys com-
pared to humans (8,9,27). For example, the oxidative activity
of microsomal protein using nifedipine as a substrate for
CYP3A4, a major enzyme for metabolism of drugs in the
liver, was found to be approximately 6 times higher in mon-
keys than in humans (27). This may account for much greater
first-pass metabolism associated with zolpidem (F: 0.67 in hu-

Table III. Summary of Dataa on Percentage Absolute Bioavailability in Humans and Monkeys for 35 Drugs

Drug
Molecular

weightb Propertyc

Dosage form Bioavailabilityd (%)

Humans Monkeys Humans Monkeys

Zomepirac 350 A Solution Solution 100 100
Clofibrate 243 A Suspension Capsule 100 100
Piroxicam 331 A Capsule Suspension 100 89
Nufenoxole 361 B Capsule Solution 100 85
Ethosuximide 141 B Capsule Solution 100 96
Pirmenol 375 B Tablet Solution 87 89
Recainam 263 B Capsule Solution 84 87
Trovafloxacin 416 B Tablet Suspension 88 85
Irbesartan 428 B Tablet Suspension 82 78
Stavudine 224 B Capsule Solution 86 77
Carbamazepine 236 B Tablet Solution 100 71
Moxifloxacin 438 B Tablet Tablet 90 52
Bisoprolol 268 B Tablet Solution 80 45
Progabide 335 B Solution Solution 60 45
Coumarin 146 B Solution Solution 3 45
Captopril 217 A Tablet Solution 38 35
Menogaril 542 B Solution Solution 35 33
�9-THC 315 A Capsule Capsule 20 26
Metoprolol 342 B Tablet Solution 38 25
Ifetroban 439 A Solution Solution 48 23
Methylphenidate 270 B Tablet Solution 30 22
Indinavir 712 B Tablet Solution 60 19
Fluvastatin 433 N Solution Capsule 24 15
Tiludronate 381 A Tablet Solution 6 13
Droloxifene 387 N Solution Solution 80 11
Nicardipine 516 B Tablet Solution 7 10
Disopyramide 340 B Capsule Solution 83 8
Venlafaxine 314 B Tablet Solution 60 7
Flunisolide 433 B Solution Solution 20 5
Methotrexate 498 A Tablet Solution 60 5
Naltrexone 364 B Tablet Solution 5 4
Mercaptopurine 152 B Tablet Tablet 12 4
Zolpidem 392 B Tablet Suspension 67 2
Remikiren 631 B Suspension Suspension 2 0.3
Rolipram 275 B Suspension Suspension 73 0.1

a The references providing data on percentage absolute bioavailability are available on request.
b Molecular weights obtained from the following references: Martindale’s Extra Pharmacopeia (1996 edition), European Pharmacopeia (2000

edition), and the U.S. Pharmacopeia/National Formulary (2000 edition).
c N: neutral compound; A: weak acid; B: weak base; Z: zwitterionic compound.
d Represents mean values for percentage absolute bioavailability (%F) from individual drug references or the Physician’s Desk Reference

(2001 edition).
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man and 0.02 in monkey) (23) and indinavir (F: 0.60 in human
and 0.19 in monkey) (28) in monkeys. Both zolpidem and
indinavir are known to predominantly undergo phase-I oxi-
dative transformation by CYP3A4 in humans (29,30). Cur-
rently, no data seem available on gut wall CYP3A4 activity in
monkeys as compared to humans. Based on the importance of
gut wall metabolism by CYP3A4 for certain drugs such data
may further explain potential differences in first-pass effect
between monkeys and humans.

Relative to the interspecies differences in F, the most
remarkable exception found in the current study is coumarin.
The mean F is 3% in humans (31) and 45% in monkeys (32).
This may be rationalized by higher (fourfold) hepatic cou-
marin-7-hydroxylase activity in humans compared to mon-
keys (8); coumarin-7-hydroxylation being the predominant
phase-I metabolic pathway (32). Additionally, the extensive
first-pass metabolism of coumarin in humans may be pre-
dicted by its high total plasma clearance (24 ml/min per kg),

Table IV. Summary of Dataa on Total and Nonrenal Clearance
(ml/min per kg) in Humans and Monkeys for 28 Drugs

Drug

Total clearanceb Nonrenal clearancec

Humans Monkeys Humans Monkeys

Ethosuximide 0.2 0.3 0.2 0.3
Pirmenol 2.4 4.5 1.7 4.0
Trovafloxacin 2.2 7.2 1.1 7.1
Irbesartan 2.2 3.3 2.2 3.2
Carbamazepine 1.3 8.5 1.1 8.24
Moxifloxacin 2.2 11.5 1.8 10.8
Disopyramide 1.3 16 0.7 14.3
Nicardipine 8.3 27 8.0 27
Indinavir 18 35.7 13.2 28.8
Fluvastatin 23 35 22 33
Tiludronate 3.5 0.8 3.5 0.8
Venlafaxine 22 41 21 41
Flunisolide 12 25 12 22
Naltrexone 48 65
Zolpidem 4.3 15.8
Coumarin 24 19
Menogaril 11 23.2
Recainam 7.2 22
Stavudine 8.3 14.5
Droloxifene 13 23
Remikiren 11 19.2
Ifetroban 6.3 19.2
Zomepirac 4.6 4.3
Clofibrate 0.1 2.2
Piroxicam 0.04 0.1
Methotrexate 1.8 13.5
Metoprolol 15 29
Rolipram 7.2 15

a The references providing data on clearance (total and nonrenal) are
available on request.

b Represents mean values for total clearance from individual drug
references or the Physician’s Desk Reference (2001 edition).

c Represents mean values for nonrenal clearance from individual
drug references or the Physician’s Desk Reference (2001 edition).

Fig. 3. (a): Correlation of total clearance (Clt) between human and
monkey for 28 drugs with a regression equation of Clt (M) � 1.26Clt
(H) + 6.12; r2 � 0.817. (b): Correlation of nonrenal clearance (Clnr)
between human and monkey for 13 drugs with a regression equation
of Clnr (M) � 1.57Clnr (H) + 4.71; r2 � 0.820. The depicted line has
a slope of unity.

Fig. 2. Correlation of percentage absolute bioavalability between hu-
mans and monkeys for 35 drugs with a regression equation of F (M)
� 0.723F (H) + 0.06; r2 � 0.502. The depicted line has a slope of unity.
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which approaches hepatic blood flow (33). The total plasma
clearance of coumarin (19 ml/min per kg) may also be con-
sistent with the moderate F in monkeys (33).

In conclusion, monkeys and humans appear to be gener-
ally similar with regard to the rate and extent of drug absorp-
tion. This is similar to that seen between rats and humans
(5–7). However, despite the similarities in monkey and hu-
man absorption kinetics, marked differences are found in oral
bioavailability (lower in monkey) as well as in total and non-
renal plasma clearances (both higher in monkey). Because
bioavailability values may dictate the therapeutic potential of
a drug, it appears that caution should be exercised in extrapo-
lating data obtained in monkeys as it may not predict that in
humans.
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