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Purpose. To evaluate mechanistically the effect of food on the absorp-
tion and gastrointestinal transit of the protease inhibitor saquinavir.
Methods. Pharmacoscintigraphic investigation in eight healthy
volunteers.

Results. Gastric emptying occurred rapidly in the fasted state with
some capsules leaving the stomach prior to disintegration. Unmeasur-
able plasma concentrations were observed in several subjects when
dosed under fasted conditions. Following post-prandial administration
the radioactive marker became re-distributed within the stomach con-
tents and consequently slower gastric emptying resulted. Plasma con-
centrations under fed conditions were measurable up to 12 hrs after
administration in seven of the eight subjects. Six of the eight plasma
profiles showed secondary peaks at c. 4 hours post-dose; two of which
coincided with the gastrocolonic response following ingestion of lunch.
Conclusions. Bioavailability of saquinavir is significantly improved
in the presence of food. Emptying of intact capsules in the fasted state
may further reduce bioavailability. In the fed state, capsules disintegrate
rapidly and gastric emptying is prolonged which may improve exposure
of the drug to target absorption sites. Saquinavir may be absorbed from
the colon. Second peaks in the absorption profile can only be attributed
to gastrocolonic response following ingestion of a meal in some cases.
Increased absorption is more likely to be due to an increase in dissolved
drug being available for absorption due to general increased motility
and secretion stimulated by ingestion of a meal.

KEY WORDS: saquinavir; protease inhibitor; gastrointestinal tract;
food effects; pharmacoscintigraphy.

INTRODUCTION

Saquinavir is a potent and highly selective viral protease
inhibitor of Human Immunodeficiency Virus (HIV-1), the caus-
ative agent of Acquired Immune Deficiency Syndrome (AIDS).
The HIV protease enzyme is an essential component of the
replicative cycle of HIV. It is involved in the processing of
polyproteins to yield the structural proteins of the viral core
(1). Inhibition of this enzyme results in the formation of imma-
ture, non-infective virus (2) and prevents maturation of the
virus in both acute and chronic infections of HIV-1. For this
reason, protease inhibitors possess an advantage over nucleoside
analogues which only inhibit replication of the virus in pre-
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viously uninfected cells but have no effect on virus production
by cells in which integration has already occurred ie chronically
infected cells (3). Combinations of saquinavir with nucleoside
analogues which act at different steps of the viral replicative
cycle have shown a greater than additive antiviral activity (4,5).

Saquinavir has been shown to be well tolerated at doses
up to 600 mg three times a day, with no association seen between
increased dose and toxicity. Saquinavir pharmacokinetics are
characterised by a high plasma clearance, a large volume distri-
bution and low bioavailability which shows a large inter and
intra subject variation. Studies with *C labelled- saquinavir
have shown that approximately 30% of a 600 mg dose is
absorbed and only 4% of this dose reaches the systemic circula-
tion. Administration of the drug in the fed state has been shown
to substantially improve bioavailability. Secondary peaks (sev-
eral hours after dosing) in the plasma concentration/time profile
frequently occur shortly after the ingestion of food and it has
been postulated that the gastrocolonic response is responsible
for this observed increase in absorption following ingestion
of food. A pharmacoscintigraphic study combining traditional
pharmacokinetic techniques with the non-invasive imaging
technique of gamma scintigraphy was conducted to help eluci-
date the food effects observed with saquinavir; this allowed
simultaneous assessment of gastrointestinal (GI) transit and
drug absorption (6). The pronounced improvement in bioavail-
ability following fed administration was examined and the effect
of a food stimulus (lunch) on absorption was assessed.

MATERIALS AND METHODS

Dosage Form Manufacture

Hard gelatin capsules containing saquinavir (200 mg) were
manufactured by Roche Products Ltd, UK. Isotopically enriched
samarium oxide (0.67 mg/capsule) was blended with the drug
granulate to form a homogenous mix prior to encapsulation.
Subsequent irradiation in a neutron source (6 minutes at 10'?
n/cm?s) converted the non-radioactive tracer (!°?Sm) into a
gamma emitting radioisotope ('*Sm) (6). Prior to the clinical
phase of the project, trial irradiations were undertaken which
demonstrated that neither the drug nor the preparations were
affected by exposure to the neutron flux.

Study Design

An open, balanced, randomised two-way crossover study
was conducted in eight healthy volunteers (four male, four
female; age 21-37 years), who all provided written informed
consent. The study was approved by the Quorn Research
Review Committee and permission to administer radioactivity
to human subjects was obtained from the Department of
Health, London.

Procedures

The volunteers arrived fasted at the clinical unit at approxi-
mately 7.00 am having fasted overnight. Small anterior and
posterior anatomical markers containing 0.1 MBq of *™Tc were
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water. Each subject received three radiolabelled capsules (a
total of 600 mg saquinavir and 1 MBq **Sm) at approximately
8.00 am.

Anterior and posterior scintigraphic images, each of 50
sec duration, were recorded at approximately 10 min intervals
until 12 hrs post-dose using a gamma camera (General Electric
Maxicamera) with a 40 cm field of view and fitted with a low
energy parallel-hole collimator.

Study Day Meals

On one of the two study periods volunteers remained fasted
prior to dosing whilst on the other occasion the capsules were
administered following consumption of a heavy breakfast (circa
1300 Kcal; one bowl of cornflakes with 100 ml of whole milk,
followed by two rashers of lean bacon, two fried eggs, two
slices of toast with butter and 150 ml decaffeinated tea or
coffee). Breakfast was consumed within a 30 minute period and
administration of the capsules took place within five minutes of
completing the meal. All doses were given with 150 ml water.
To maintain adequate hydration each subject drank 200 ml of
water at two hrs post-dose and received a standard lunch and
dinner at four hrs and 10 hrs post-dose, respectively.

Blood Sampling and Drug Analysis

Blood samples (7 ml) were collected either by indwelling
cannula irrigated with heparin, or by direct venepuncture at the
following time intervals: O (pre-dose) and at 0.5, 1.0, 1.5, 2.0,
2.5,3.0,3.5,4.0,4.5,5.0,6.0,7.0, 8.0, 10.0 and 12.0 hrs post-
dose. The samples were collected into heparinised syringes and
gently mixed several times. Blood was centrifuged at 1500 g
for 10 min and the plasma transferred to pre-labelled polyethyl-
ene tubes prior to freezing at -20°C. Plasma saquinavir concen-
trations were determined by RIA assay by Roche Products
Ltd, UK.

Data Analysis

Data were analysed to provide information on the GI transit
of the saquinavir formulation. Transit of the formulation was
characterised by calculation of the time for 50% of the activity
to leave the stomach (Gastric emptying time - Tsy5) and the
time for 50% of the activity to arrive at the caecum (Colon
arrival time - Tspg). The overlying of the different regions of
activity, within the coiled anatomy of the small intestine, pre-
vents an accurate quantification of the formulations in this
region. Small intestinal transit was therefore calculated by sub-
tracting the Tsqq for gastric emptying from the corresponding
value for colon arrival (Small intestinal transit time - Tsyq).
Data were corrected for background activity and radioactive
decay. Location of the marker prior to lunch (four hrs post-dose)
and the occurrence of gastrocolonic response was recorded.

RESULTS
Fasted Administration
Gastric Emptying

The mean Ty, gastric emptying of the formulation follow-
ing fasted administration was 0.3 % 0.3 hrs (range 0.1 to 0.8
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Table 1. Gastrointestinal Transit of the Saquinavir Formulation Fol-
lowing Fasted Administration (Tsqq hours)?

Subject

Number GE SIT CA
1 0.3 4.0 4.3
2 0.8 3.6 4.4
3 0.6 5.7 6.3
4 0.1 1.8 1.9
5 0.1 2.5 2.6
6 0.4 2.8 32
7 0.1 44 4.5
8 0.3 4.2 4.5

Mean 0.3 3.6 4.0

SD 0.3 1.2 14

Median 0.3 38 43

4 GE = gastric emptying; SIT = small intestinal transit; CA = colon
arrival.

hrs) (Table 1). In five of the eight subjects the gelatin capsules
disintegrated in the stomach and the radiolabelled marker
became distributed throughout the gastric contents prior to emp-
tying. Gastric emptying of fluid has been shown to be rapid
and empties from the stomach in either an exponential fashion
or as a linear function of the square root of the liquid volume
remaining in the stomach (7). In this case, gastric emptying
was slightly slower and this slower emptying rate may be
attributed to the granular formulation which probably behaves
in a manner somewhere between that of a solution and a particu-
late (8).

In three of the eight subjects the capsules left the stomach
(0.1 hrs post-dose) prior to disintegration. Gastric emptying
in these cases was probably determined by the physiological
mechanism known as the migrating myoelectric complex which
occurs over a two hour cycle. The third phase of this cycle is
responsible for emptying large non-disintegrating material from
the stomach and for this reason has been termed the housekeeper
wave (9). In these three subjects phase III activity was probably
propagated soon after dosing and gastric emptying of the cap-
sules occurred rapidly thereby preventing prior disintegration
of the capsules.

Small Intestinal Transit and Colon Arrival

Mean small intestinal transit time was 3.6 = 1.2 hrs follow-
ing fasted administration which is in line with previous small
intestine transit data reported in the literature (10); small intesti-
nal transit in subject 3 was 5.7 hrs which was longer than
average. Colon arrival occurred on average at 4.0 = 1.4 hrs
post-dose following fasted administration.

Location of the Marker at Four Hours Post-dose

Following fasted administration the radiolabel was con-
tained entirely within the small intestine (in four subjects) or
entirely within the colon (in the remaining four subjects) at 4
hours, post-dose (Table 2).

The ingestion of a meal is known to stimulate colonic
activity which results in mass movement of material from the
terminal ileum into the colon and is termed the gastrocolonic
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Table 2. Pharmacokinetic Parameters, Location of Radiolabel and Onset of GCR Following Fasted Administration of Saquinavir?
Subject AUC Crnax Tnax Location 4 hrs Effect of
Number (ng.h/mL) (ng/mL) (h) (post-dose) eating
1 — —_ — SI GCR (immediate)
2 — — — Colon
3 26.87 6.73 1.5 SI
4 16.81 11.87 1.5 Colon
S 51.65 18.9 1.0 Colon
6 13.55 8.58 2.0 Colon
7 — — — SI GCR (within 0.5 hrs of feeding)
8 — — — SI GCR (within 0.5 hrs of feeding)
Mean 27.22 11.52
Median 21.84 10.22
2 GCR = gastrocolonic response; SI = small intestine; — = not calculable.

response (GCR) (11). Incidence of GCR is also recorded in
Table 2. A GCR was observed in three subjects following
fasted administration. In one subject this response commenced
immediately following food ingestion whilst the effect was
observed within half an hour of beginning lunch in the other
two cases.

Absorption

As expected, plasma concentrations of saquinavir were
very low or below the assay sensitivity (mean AUCg ,, 27.22
ng h/mL in those subjects with measurable concentrations)
(Table 2) when dosed under fasted conditions. No increase in
absorption was observed in any volunteer following the inges-
tion of lunch.

Fed Administration

Gastric Emptying

When administered following a heavy breakfast the
radiolabel was released rapidly from the gelatin capsules and
dispersed within the gastric chyme to a variable extent before
emptying. Gastric emptying (Tsoq) occurred between 0.3 and
3.2 hrs (mean 1.8 hrs * 0.9) post-dose under these conditions
(Table 3); the delay in gastric emptying being attributed to a lag
phase as the label became distributed throughout the stomach
contents. It has been suggested that the rate of gastric emptying
is such that the number of calories delivered to the duodenum
remains constant (12).

Small Intestinal Transit and Colon Arrival

Mean small intestinal transit time (2.7 = 1.2 hrs) following
fed administration was again in line with previous small intes-
tine transit data reported in the literature (10). One case of
prolonged transit (subject 2; 5 hrs) and one case of accelerated
transit (subject 5; 0.8 hrs) were observed; cases of both rapid
and prolonged transit have been reported previously.

Colon arrival occurred on average at 4.4 * 0.7 hrs post-
dose following fed administration. Since small intestinal transit
occurred at a similar rate in both the fed and fasted states the
short delay in colon arrival following feeding was attributed
to delayed gastric emptying.

Table 3. Gastrointestinal Transit of the Saquinavir Formulation Fol-
lowing Fed Administration (Tsqq hours)”

Subject

Number GE SIT CA
1 25 2.0 45
2 0.3 5.0 53
3 1.8 3.1 49
4 0.9 32 4.1
5 32 0.8 4.0
6 1.3 2.5 3.8
7 1.8 1.7 35
8 22 29 5.1

Mean 1.8 2.7 44

SD 09 1.2 0.7

Median 1.8 2.7 43

9 GE = gastric emptying; SIT = small intestinal transit; CA = colon
arrival.

Location of the Marker at Four Hours Post-dose

Following fed administration the pattern of radiolabel loca-
tion at 4 hrs post-dose was more complex than with fasted
administration (Table 4). In three subjects (subjects 2, 3 and
4) the marker was observed to be entirely within the small
bowel whilst all the marker had passed into the colon in subject
6. In subjects 1 and 5, a proportion of the tracer was still
present in the stomach whilst the remainder of the marker was
distributed in the small intestine and had also commenced entry
into the colon. In subjects 7 and 8 all the tracer had left the
stomach although entry into the colon was incomplete.

A GCR was observed in two subjects following fed admin-
istration. In one case the GCR commenced immediately follow-
ing food ingestion whilst the effect was observed within half
an hour of the subject beginning their lunch in the other case.

Absorption

As expected, mean AUC,,, when the capsules were
administered after a standardised meal were seven times higher
(mean AUC(.2197.5 ng h/mL (n = 8)) (Table 4) than with
fasted dosing (mean AUC;.1,27.22 ng h/mL (n = 4)). Plasma
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Table 4. Pharmacokinetic Parameters, Location of Radiolabel and Onset of GCR Following Fed Administration of Saquinavir®

Subject AUC Crax Trax Location 4 hrs Effect of
Number (ng.h/mL) (ng/mL) (h) (post-dose) eating
1 137.8 61.73 5.0 ¢ 10% stomach; 60% SI; 30% colon
2 65.35 19.53 5.0 SI
3 88.90 22.49 4.5 SI GCR (within 0.5 hrs of feeding)
4 251.8 71.25 4.5 SI GCR (immediate)
5 303.6 83.85 6.0 ¢ 25% stomach; 35% SI; 40% colon
6 122.6 38.14 5.0 Colon
7 2154 44.82 3.0 ¢ 40% SI; 60%colon
8 394 4 151.7 5.0 ¢ 80% SI; 20% colon
Mean 197.5 61.69 4.75
Median 176.6 53.28 5.0

“ GCR = gastrocolonic response; SI = small intestine.

concentrations were measurable up to 12 hrs in seven of the
eight subjects (Figure 1).

Following post-prandial administration, six subjects
showed the ‘typical’ second absorption peak; in each case the
peak was observed following lunch at 4 hrs post-dose. In sub-
jects 3 and 4 the increase in absorption of saquinavir was
accompanied by a GCR whilst peaks observed for subjects 2,
5,6, and 7 were not. Second peaks were not observed in subjects
| and 8.

Adverse Event Summary

Only two subjects experienced adverse events between
the time of the first dosing and the post-study medical. Both
volunteers reported headaches of moderate severity post-dose
on one of the two study days; these were assessed as unlikely
to be related to the test medication. Laboratory parameters for
all volunteers were normal at post-study screening.

DISCUSSION

Despite low oral bioavailability saquinavir has exhibited
substantial and durable in vivo antiviral activity both as a single
agent and in combination with the nucleoside analogues zido-
vudine or zidovudine plus zalcitabine (13). Whilst resistance
or reduced sensitivity has been reported in vivo to other protease
inhibitors currently in development leading to loss of therapeu-
tic effect, this problem has not been reported with saquinavir
to date.

The low bioavailability of saquinavir observed in this study
following fasted administration was consistent with previous
data. However, examination of the scintigraphic images
revealed that in some cases capsules were emptying intact from
the stomach. Such rapid emptying may further affect subsequent
absorption especially if the principal sites of absorption reside
in the proximal small intestine. In vivo dispersion of capsule
contents has been shown to be important in drug absorption (14).

As expected the increase in absorption of saquinavir when
given after food, together with the characteristic peaks in the
absorption profiles following lunch, were observed in this inves-
tigation. Although hypothesised that appearance of these peaks
coincided with the onset of a GCR previous pharmacokinetic
studies could not show whether improved absorption was actu-
ally a consequence of bolus movements of intestinal contents

into the colon at lunch time. The scintigraphic investigation
has shown that correlation with a GCR only occurred in two
subjects. In these cases, movement of the marker into the large
bowel did suggest some absorption of saquinavir from the colon.
However, the cause of the increase in absorption could not be
attributed to a GCR in the remaining four cases.

The successful functioning of oral medication depends
primarily on how the gastrointestinal tract processes drugs and
drug delivery systems. Physiological parameters such as
regional pH, motility (and hence residence time), brush border
and colonic microflora enzymatic activity all play an important
role in the performance of orally administered dosage forms
(15).

On average, 10L of fluid enter the gut each day. Approxi-
mately 2.5 L of this volume is ingested and 7.5 L is comprised
of digestive secretions. The volume of fluid present at any time
is controlled by the balance between the rate of absorption and
secretion of the small intestinal and colonic epithelia. Following
ingestion of food, absorption takes precedence over secretion
although this balance is dependent upon a variety of factors
including nutrient content in the intestinal lumen and the actions
of endocrine substances on the enteric and autonomic nervous
systems (16). Following ingestion of a meal, the motility of
the small intestine is adapted to optimise exposure of the meal
to the intestinal epithelium and the digestive secretions. Post-
prandial motor activity of the small intestine consists of repeti-
tive and irregular contractions which propagate for very short
distances. These contractions aid the digestive process by break-
ing up the solids and mixing complex food molecules with
digestive juices. Saquinavir is a very insoluble drug (solubility
in water at 21°C = 0.22 g/100 ml) and it is likely that the second
peak in the absorption profiles observed following an additional
food stimulus can be attributed, in part, to an increase in dis-
solved drug being available for absorption which is induced by
the increase in motility and secretions generated by lunch (17).

However, following fasted administration of the drug,
eating at lunch time will be accompanied by the same increase
in motility. Although the drug will have passed to the more
distal portions of the gut four hours post-dose second peaks,
which were not observed, may have been expected. On fed
dosing, absorption is accompanied by secretion of bile salts
from the gall bladder which are subsequently reabsorbed in the
small bowel (18). Absorption of unconjugated bile acids is
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Fig. 1. Pharmacoscintigraphic profile of an immediate release saquinavir preparation following post-prandial administration. (a) Subject 1; (b)
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known to be passive throughout the small intestine and colon
whilst active transport is confined to the terminal ileum (19).
It has been suggested that some drugs may be reabsorbed along
with them, via this active transport system which may contribute
to the secondary peak observed with saquinavir. In addition,
recent reports have suggested that P-glycoprotein, the cell mem-
brane pump located in the intestinal epithelia, may prevent
saquinavir from being systemically available by pumping it
back into the lumen of the gut (20). It is, therefore, interesting
to speculate if the increased plasma levels of saquinavir at later
time points reflect reduction of P-glycoprotein action from the
distal small intestine or, alternatively, are indicative of a novel
interaction of food with pump activity.

A new soft gelatin formulation of saquinavir with enhanced
bioavailability is now in clinical development with the aim of
maximising the therapeutic potential of saquinavir (21). Further
understanding of the in vivo behaviour of this preparation will
be important if additional formulation advances are to be made.

CONCLUSIONS

The combination of scintigraphic techniques with a phar-
macokinetic investigation has significantly improved our under-
standing of the pronounced effect that food has on saquinavir
absorption. Rapid gastric emptying of intact capsules from the
stomach observed scintigraphically may affect subsequent
absorption of the drug if the principal sites of absorption reside
in the proximal small intestine. Following post-prandial admin-
istration re-distribution of the marker within the stomach con-
tents resulting in slower gastric emptying may be responsible
for prolonged exposure to saquinavir. Plasma concentrations
under these conditions were measurable up to 12 hrs after
administration in seven of the eight subjects. Six of the eight
plasma profiles showed second peaks after lunch and analysis
of the images showed that only two cases could be attributed
to a gastrocolonic response following ingestion of food. It is
most likely that the increase in motility and secretion following
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the food stimulus at lunch time increases the amount of dis-
solved drug available for absorption.

ACKNOWLEDGMENTS

The authors wish to thank Roche Products Limited for
financial support for the investigation.

REFERENCES

1. R. A. Kramer, M. D. Schaber, A. M. Skala et al. Science
231:1580 (1986).
2. J. C. Craig, C. Greif, J. S. Mills et al. Antivir. Chem. Chemother.
2:188-186 (1991).
R. Pauwels, K. Andries, J. Desmyter et al. Nature 343:470 (1996).
G. Moyle. Exp. Opin. Invest. Drugs 5:155-167(1996).
V. S. Kitchen, C. Skinner, K. Ariyoshi et al. Lancet 345:952~
955 (1995).
6. S.S. Davis, J. G. Hardy, S. P. Newman, and I. R. Wilding. Eur.
J. Nucl. Med. 19:971-986 (1992).
7. 1. N. Hunt and 1. MacDonald. J. Physiol. 126:459-474 (1954).
8. I.R. Wilding, S. S. Davis, K. P. Steed, R. A. Sparrow, J. Westrup,
and J. M. Hempenstall. Int. J. Pharm. 101:263-268 (1994).
9. C.F Code and J. A. Martlett. J. Physiol. 246:289-309 (1975).
10. S.S. Davis, J. G. Hardy, and J. W. Fara. Gut. 27:886-892 (1986).
11. J. M. C. Price, S. S. Davis, R. A. Sparrow, and I. R. Wilding.
Pharm. Res. 10:722-726 (1993).

12. J. N. Hunt and D. E Stubbs. J. Physiol. 245:209-225 (1975).

13. G. Moyle and B. Gazzard. Drugs 51(5):701-712 (1996).

14. J. A. Ganley, J. McEwan, R. T. Calvert, and M. C. J. Barker. J.
Pharm. Pharmacol. 36:734-739 (1984).

15. J. B. Dressman, P. Bass, W. A. Ritschel, D. R. Friend, A. Rubin-
stein, and E. Ziv J. Pharm. Sci. 82(9):857-872 (1993).

16. L. Williams, D. P. Hill, J. A, Davis, and D. T. Lowenthal. European
Journal of Drug Metabolism and Pharmacokinetics 21(3):201-
211 (1996).

17. M. G. Sarr, K. A. Kelly, and S. F. Philips. Am. J. Physiol.
239:G167-172 (1980).

18. N.F LaRusso, M. G. Korman, N. E. Hoffman, and A. F. Hoffman.
New England Journal of Medicine 291:689-692 (1974).

19. R. Aldini, A. Roda, M. Montagnani, and E. Roda. Italian Journal
of Gastroenterology 27(3):141-144 (1995).

20. Anonymous. Scrip. 2216:28 (21 March 1997).

21. J. M Schapiro, M. A. Winters, M. J. Kozal et al. 35th Interscience
Conference on Antimicrobial agents and Chemotherapy: 1995
Sep 17-20; San Francisco.

e w



