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Neonatal sepsis is a major cause of infant mortality in developing countries because of delayed injectable treatment, making it urgent to develop noninjectable formulations that can reduce treatment delays in resource-limited settings.
Ceftriaxone, available only for injection, needs absorption enhancers to achieve adequate bioavailability via nonparenteral administration. This article presents all available data on the nonparenteral absorption of ceftriaxone in humans and animals, including unpublished work carried out by F. Hoffmann-La Roche (Roche) in the 1980s
and new data from preclinical studies with rabbits, and discusses the importance of
these data for the development of noninjectable formulations for noninvasive treatment. The combined results indicate that the rectal absorption of ceftriaxone is feasible and likely to lead to a bioavailable formulation that can reduce treatment delays in neonatal sepsis. A bile salt, chenodeoxycholate sodium salt (Na-CDC), used as
an absorption enhancer at a 125-mg dose, together with a 500-mg dose of ceftriaxone provided 24% rectal absorption of ceftriaxone and a maximal plasma concentration of 21 g/ml with good tolerance in human subjects. The rabbit model developed can also be used to screen for the bioavailability of other formulations before
assessment in humans.
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S

epsis is a common and lethal syndrome in neonates; it is the third leading cause of
neonatal death, after prematurity and intrapartum-related complications (1, 2).
Prompt injectable administration of effective antibiotics is lifesaving but seldom possible in the rural tropics (3). In resource-limited settings, where most deaths from
neonatal sepsis occur, facilities that provide appropriate injectable treatments are often
hours or days away. Treatment delays can be fatal. Estimates suggest that ⬃7.3% of
neonatal deaths may be associated with drug-resistant Gram-negative bacterial strains
(4). As neonatal sepsis can result from septicemia, pneumonia, or meningitis, a safe,
affordable, broad-spectrum antibiotic with excellent central nervous system (CNS)
penetration that can be given as early as possible in the community is needed.
Ceftriaxone (CRO) meets these criteria, but it is only available for injectable use.
CRO is a widely used broad-spectrum cephalosporin that exhibits potent activity
against Gram-positive and Gram-negative bacteria (5–7). It has a good safety record in
neonates (8) and good CNS penetration (9), and use of a single daily dose is possible
because CRO has much slower elimination than other third-generation cephalosporins,
penicillins, or carbapenems. The European Committee on Antimicrobial Susceptibility
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Testing currently classiﬁes the breakpoint for ceftriaxone sensitivity to be equal to or
below 1 mg/liter (10), but at the time of the studies by F. Hoffmann-La Roche (Roche)
in the 1980s, the breakpoint applied was 4 g/ml in CRO-sensitive strains, as cited in
Roche’s Rocephin product information leaﬂet (11), and the higher breakpoint is also
used in this paper to facilitate comparison. The pharmacokinetics of CRO are linear, but
CRO binding to human serum proteins, mainly to albumin, is concentration dependent
(12–16). However, despite the saturable protein binding of CRO, Stoeckel et al. (17)
showed that the systemic and renal clearances of the free fraction are constant and do
not change with dose.
The protein binding of CRO is also age dependent and is about 70% in neonates,
which increases through childhood and into adulthood (90% to 95%) (18). A single dose
provides effective antimicrobial plasma concentrations for more than 24 h in adults and
more than 48 h in neonates. The elimination half-life (t1/2) of CRO recorded in neonates
is double that in adults (18.6 h for neonates less than 8 days of age versus 8 h for adults)
(8, 18, 19). CRO is excreted primarily in urine and bile (14). The quantity of CRO excreted
unchanged in urine depends on the route of administration and the number of
administered doses; it can vary from 36% to 65% (mean, 46%) and is higher, approximately 70%, in newborns (18, 20). The mechanism of urinary excretion is mainly
glomerular ﬁltration (80%) and, to a lesser extent, tubular excretion (20%), with an
additional 10% to 20% being excreted in bile (18, 21).
With regard to extravascular administration, CRO is classiﬁed as a Biopharmaceutics
Classiﬁcation System (BCS) class 3 drug; i.e., it presents high aqueous solubility but has
a low level of permeation across biological membranes. For this reason, it exists only as
an injectable pharmaceutical formulation. Consequently, it requires an absorption
enhancer to achieve signiﬁcant plasma concentrations when an alternative noninjectable route of administration is envisaged.
When administered orally, CRO degrades in gastric ﬂuid and has poor absorption
through the intestinal tract, making the use of absorption enhancers to improve oral
absorption essential (22–24). Furthermore, oral administration of antibiotics is not
recommended in premature neonates (25).
Rectal administration is a simple, safe, and acceptable method for treating sick
children who cannot take oral medication. Rectal CRO could be lifesaving if a formulation with adequate bioavailability and stability were developed for prereferral use in
low- and middle-income countries for the treatment of sick neonates with critical
illness, i.e., convulsions, unconsciousness, shock, or an inability to feed. These infants
have the highest risk of death and no treatment option before arriving at a health care
facility. A therapeutic rectal formulation could prevent neonatal mortality by reducing
lethal delays in a potentially fatal rapidly progressing illness, as well as increase access,
acceptance, and adherence to treatment.
To assist in this endeavor, the originator of CRO, F. Hoffmann-La Roche, made
available its unpublished reports to the World Health Organization (WHO) under
conﬁdentiality agreements. It was therefore possible to study CRO rectal absorption
from prior (unpublished) research carried out by Roche to design and execute new
work and compare the earlier results with those of new bioavailability experiments. The
data presented here are largely based on a series of preclinical studies conducted in
rabbits and baboons and clinical studies conducted in humans, and inferences made
from these data provide support for a decision to develop a rectal formulation of
ceftriaxone. The long-term aim of the research project was the development of rectal
bioavailable formulations for the treatment of serious neonatal sepsis.
RESULTS
Effect of an absorption enhancer in improving bioavailability. (i) Part 1: preliminary screening of enhancers for CRO rectal bioavailability in rabbits. For
ethical reasons, 30 absorption enhancers (described in the section “Formulations” in
Materials and Methods) were screened by Roche on a small number of young adult
male and female New Zealand White rabbits. In water, without any absorption enDecember 2018 Volume 62 Issue 12 e01170-18
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TABLE 1 Bioavailability and plasma concentrations of ceftriaxone from various enhancer systems in rabbitsa

an,

Enhancer system
Water
Capmul MCM-90 ⫹ 2.5% Na-glycocholate
Caprilic acid
2.5% Na-glycocholate ⫹ water
Caprilic acid ⫹ 2.5% Na-glycocholate
Imwitor 742 ⫹ 2.5% Na-glycocholate
2.5% Na-glycocholate ⫹ soya oil
Capmul MCM-90
5% Na-glycocholate ⫹ water
Capmul MCM-90 ⫹ Alcolec-S
2.5 % Na-glycocholate ⫹ Captex 300
Capmul MCM-90 ⫹ 2.5% Na-glycocholate ⫹ Alcolec-S
Capmul MCM-90
Capmul MCM-90 ⫹ 2.5% Na-glycocholate ⫹ Alcolec-S
5-Methoxy salicylic acid ⫹ 1.5% Na-glycocholate ⫹ water
5-Methoxy salicylic acid ⫹ water
Capmul MCM-90 ⫹ Alcolec-S
Imwitor 460 ⫹ 2.5% Na-glycocholate
Monocaprylate ⫹ PEG 400
Na-glycocholate
Captex 300
Linolenic acid
Azone
Jojoba oil
Na-salicylate ⫹ water
Soybean oil
Imwitor 742
2.5% Na-glycocholate ⫹ Alcolec-S
PEG 400
Propylene glycol
Emulphor
Imwitor 460
Alcolec-S

Mean %
bioavailability (n)
4.5 (3)
50.8 (4)
50.7 (2)
39.3 (4)
39.1 (2)
34.9 (2)
33.8 (2)
33.5 (3)
32.8 (2)
32.7 (2)
26.7 (2)
25.0 (2)
22.9 (2)
22.0 (2)
21.5 (2)
18.2 (2)
15.9 (2)
14.7 (3)
14.4 (2)
11.9 (2)
7.7 (2)
6.6 (2)
5.1 (2)
4.6 (2)
4.2 (2)
3.9 (2)
3.8 (2)
3.8 (2)
3.8 (2)
3.6 (2)
3.2 (2)
2.1 (2)
1.9 (2)

Mean Cmax
(g/ml)
8.7
107.3
100.0
100.9
63.7
52.9
64.0
72.2
95.0
70.5
57.5
38.1
43.3
31.2
47.2
35.2
23.1
24.9
23.0
33.9
17.4
11.9
5.7
15.8
6.7
4.5
16.8
5.4
4.3
4.8
8.9
8.4
3.3

Mean C8
(g/ml)
4.6
18.9
21.8
16.3
16.7
18.2
17.2
14.0
14.2
9.3
9.8
17.5
10.6
19.4
8.7
6.2
9.4
7.8
5.3
6.5
2.3
3.9
3.0
3.1
3.3
3.0
7.1
2.7
3.8
2.6
3.1
6.1
2.7

number of animals; Cmax, maximal plasma concentration; C8, plasma concentration after 8 h; PEG, polyethylene glycol.

hancer, the rectal bioavailability of CRO was 4.5% in rabbits (Table 1). Among 32
suspensions or hard-shell capsules (Table 1), 10 preparations exhibited absolute rectal
bioavailability greater than 30% and 23 preparations provided plasma levels of over
4 g/ml during the 8-h experimental period. For most formulations, the peak plasma
levels occurred within 30 min. Caprilic acid and Na-glycocholate with Capmul MCM-90
gave the highest bioavailability results (bioavailability, ⬎50%) and the highest maximal
plasma concentrations (Cmax; ⱖ100 g/ml). Na-glycocholate alone in water gave 39%
bioavailability and a comparable Cmax. The effect of glycocholate did not increase with
its quantity; indeed, in this preliminary study, a 2.5% content was a more efﬁcient
absorption enhancer than a 5% content, with 39 and 33% rectal bioavailability in water,
respectively. Generally, complex multicomponent absorption enhancer systems were
not found to be superior because of the presence of surfactants (like Alcolec-S or
Imwitor 742) or glyceride derivatives (like Imwitor 460, Captex 300), and fatty acids did
not enhance rectal bioavailability compared to that achieved with glycocholate and
Capmul MCM-90. Glycocholate and Capmul MCM-90 were considered for further
studies.
(ii) Part 2: optimization of bile salts as absorption enhancers of CRO in baboons. Six bile salts, namely, sodium salts of glycocholate, taurocholate, deoxycholate,
taurodeoxycholate, ursodeoxycholate, and chenodeoxycholate sodium salt (Na-CDC),
were assessed by Roche as absorption enhancers in baboons in suppository formulations of CRO with different drug-to-enhancer ratios against a control enhancer-free
formulation (Table 2). The control formulation showed bioavailability below 4%. Bioavailability in the presence of bile salts was improved except when using ursodeoxycholate. For a drug/enhancer ratio of 4:1, bioavailability enhancement was obtained in
December 2018 Volume 62 Issue 12 e01170-18
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Type of formulation
Control
Suspension
Suspension
Suspension
Suspension
Capsule
Suspension
Suspension
Suspension
Suspension
Suspension
Suspension
Capsule
Capsule
Suspension
Suspension
Suspension
Suspension
Suspension
Capsule
Suspension
Suspension
Suspension
Suspension
Suspension
Suspension
Capsule
Suspension
Suspension
Suspension
Suspension
Capsule
Suspension
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TABLE 2 Use of bile salts in enhancing the rectal absorption of ceftriaxone in baboonsa
Drug/enhancer
ratio
4:1
3:1
1:1
1:2
4:1
4:1
4:1
2:1
1:1
4:1
8:1
4:1

Cmax
(g/ml)
4.4
43.9
38.4
39.6
48.2
38.4
50.0
54.9
48.8
60.9
4.6
38.8
75.1

Tmax
(min)
68
60
98
83
105
38
90
53
38
38
109
135
90

C8
(g/ml)
1.6
9.6
8.8
12.9
15.0
8.3
18.0
19.7
10.3
8.8
1.9
11.1
25.3

Bioavailability
(%)
3.8
33.0
20.3
59.9
68.0
37.0
43.0
46.0
55.6
41.3
4.5
38.6
69.6
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Bile salt
Control
Na-glycocholate
Na-glycocholate
Na-glycocholate
Na-glycocholate
Na-taurocholate
Na-deoxycholate
Na-taurodeoxycholate
Na-taurodeoxycholate
Na-taurodeoxycholate
Na-ursodeoxycholate
Na-chenodeoxycholate
Na-chenodeoxycholate

data for the pharmacokinetic parameters represent the mean values (n ⫽ 4). Cmax, maximal plasma
concentration; Tmax, time to Cmax; C8, plasma concentration after 8 h.

aThe

the following order: Na-CDC ⬎ taurodeocycholate ⬎ deoxycholate ⬎ taurocholate ⬎
glycocholate ⬎ ursodeoxycholate. Bioavailability was not related to the dose of biliary
salt in a linear manner. The highest bioavailability with the lowest enhancer quantity
appeared to be Na-CDC with 69.9% rectal bioavailability in a 4:1 drug-to-Na-CDC ratio,
with signiﬁcant CRO blood levels being achieved within 5 min and Cmax being achieved
within 1 to 2 h of dosing.
Na-CDC was further kept for human studies, but the optimal ratio would need to be
evaluated in humans starting from 4:1 CRO/Na-CDC, which was found to be optimal in
baboons.
(iii) Part 3: human studies of rectal absorption of ceftriaxone from suppositories. The mean values of the human pharmacokinetic parameters observed in the
various Roche clinical studies using rectal, intravenous, and oral treatments and the
absorption enhancer Na-CDC are summarized in Tables 3 and 4. CRO was rapidly
absorbed after both rectal and oral administrations; however, only the rectal formulation provided therapeutically relevant plasma concentrations and a trough concentra-

TABLE 3 Pharmacokinetic parameters for 500 mg ceftriaxone by rectal, enteral, and
intravenous treatmentd
Value(s) by the following route:
Characteristic or parameter
Protocol characteristics
Amt of Na-CDC (mg)/formulation
No. of volunteers
Pharmacokinetic parameters
Cmax (g/ml)
Tmax (h)
AUC (g·h/ml)

␤ (h⫺1)
t1/2 (h)c
Bioavailability (%)

Value

Mean
RSD (%)
Mean
RSD (%)
Mean
RSD (%)
Mean
RSD (%)
Mean
RSD (%)
Mean
RSD (%)

Rectal

Enteral

Intravenous

125
6

250
4

0
6

20.7
26
1.0
52
169
25
0.097
24
7.4
20
23.8
30

8.4
17
0.25
0
56
27
0.089
29
8.3
28
8.0
36

91.9a
21
0.6b
33
711
14
0.08
14
8.8
12

aC

is the extrapolated initial concentration.
of infusion.
cRecalculated to the arithmetic mean.
dThe protocol (protocol N2998A, 1985) involved humans receiving 500 mg CRO. RSD, relative standard
deviation.
max
bTime
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TABLE 4 Comparison of the mean biopharmaceutic parameters of ceftriaxone following rectal administration of one 500-mg ceftriaxone
suppository containing 15 or 30 mg of sodium chenodeoxycholate and two 500-mg ceftriaxone suppositories containing 0, 62.5, or
125 mg of sodium chenodeoxycholate with or without Capmul MCM-90 in humansd
Value obtained by the following
protocol:
Characteristic or parameter
Protocol characteristics
Formulation
CRO dose (mg)
Amt of Na-CDC (mg)/500 mg CRO
Amt of Capmul MCM-90 (mg)/suppository
No. of volunteers

Tmax (h)
AUC (g·h/ml)
t1/2

␤ (h⫺1)
Bioavailability (%)

Meana
RSD (%)
Mean
RSD (%)
Mean
RSD (%)
Meana
RSD (%)
Meana
RSD (%)
Meanb
RSD (%)

Protocol
N3119C

Protocol N3025B

Rectal
500
15.0

Rectal
500
30.0

i.v.
500
0

Rectal
1,000
0

Rectal
1,000
62.5
5

Rectal
1,000
62.5
375
5

5

6

6

6

7.3
38
0.9
15
69
37
6.9
50

9.4
50
0.8
24
94
42
7.0
42

80.2
5
0.5c
14
699
22
9.2
39
0.075
29

9.9
NA

13.4
NA

8.1
41
1.4
27
90
41
9.2
30
0.075
24
6.5
36

Rectal
1.000
125.0
6

22.0
33
1.4
17
220
27
8.3
35
0.083
34
16.0
28

17.2
22
1.1
20
193
22
9.1
25
0.076
32
14.0
16

23.8
22
1.0
24
256
30
8.4
18
0.073
16
18.1
19

aHarmonic

mean.
bioavailability was obtained as (mean AUC by rectal administration/mean AUC by i.v. administration) ⫻ 100.
cTime of infusion.
dThe total ceftriaxone dose was 1,000 mg (protocol N3025B) or 500 mg (protocol N3119C) CRO for rectal administration and 500 mg for i.v. administration.
Bioavailability was recalculated so that all measurements are comparable. However, because CRO protein binding is not linear, the bioavailabilities between different
dosages could not be compared directly. RSD, relative standard deviation; NA, not applicable.
bMean

tion that was still above the breakpoint used at the time of the study (4 g/ml) at 12
h. This substantially greater rectal absolute bioavailability compared favorably with the
oral bioavailability (24% versus 8%; Table 3), and the relative rectal-versus-oral bioavailability was 297%. The rectal route was therefore chosen by Roche as optimal for CRO
bioavailability. The intravenous (i.v.) route was used as a bioavailability control.
All further work with rectal formulations used a constant 500-mg dose of CRO per
suppository but varied the doses of Na-CDC and assessed whether the addition of
Capmul MCM-90 improved the bioavailability; the results are summarized in Table 4.
One or two suppositories were administered depending on the formulation (cf. Table
4), with the total CRO dose being 500 mg or 1,000 mg, respectively. A low dose of
Na-CDC did not improve the bioavailability above 13.4%, nor did use of the same
formulation, but various Na-CDC particle sizes did (raw data not shown). Consequently,
dose-ranging studies to optimize the ratios of Na-CDC were implemented. Bioavailability studies showed that when a 500-mg intravenous dose was infused over a 30-min
period, the maximal plasma concentration ranged from 62.7 to 122.8 g/ml (mean,
80.2 g/ml) and the area under the concentration-time curve (AUC) was 699 g·h/ml
(cf. Table 4). For the rectal formulations, CRO concentrations were not detected until 45
min postdosing without an absorption enhancer but were generally measurable at 10
min postdosing when CRO was combined with Na-CDC (0 to 125 mg Na-CDC per
suppository). The time to Cmax (Tmax) generally occurred at about 1 h postdosing
whatever absorption enhancer dose was used. AUC and bioavailability values increased
with the dose of Na-CDC in a nonlinear dose-related manner, with the highest absorption of 18.1% being achieved with the highest dose of Na-CDC tested, which corresponded to a 4:1 CRO/Na-CDC ratio. In view of the results obtained in baboons, higher
ratios of Na-CDC were not tested. The addition of Capmul MCM-90 to Na-CDC did not
signiﬁcantly improve the pharmacokinetic parameters.
December 2018 Volume 62 Issue 12 e01170-18
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Cmax (g/ml)

Value
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TABLE 5 Pharmacokinetic parameters obtained with suppository formulation in rabbitsb
Value for the following
route of administration:
Characteristic or parameter
Characteristics of the protocol
Amt of Na-CDC (mg)/suppository
No. of animals
Pharmacokinetic parameters
Cmax (g/ml)
Tmax (h)
AUC (g·h/ml)

t1/2 (h)a
Bioavailability (%)

Mean
RSD (%)
Mean
RSD (%)
Mean
RSD (%)
Mean
RSD (%)
Mean
RSD (%)
Mean
RSD (%)

Rectal

Intravenous

125
5

0
6

28
82
0.10
67
56
43
0.26
23
2.7
26
19.9
40

203a
34

281
33
0.35
11
2.0
10

Downloaded from http://aac.asm.org/ on April 14, 2021 by guest

␤ (h⫺1)

Value

aRecalculated

to the arithmetic mean.
protocol involved rabbits receiving CRO at 20 mg/kg of body weight and was performed at the
University of Bordeaux. RSD, relative standard deviation.

bThe

New rabbit bioavailability study of the same formulation used for human
testing. Roche also evaluated the bioavailability of a fatty suppository formulation in
humans. The recent replication of this reference formulation in our rabbit model made
it valuable to compare any number of new formulations against the reference, with the
knowledge that this reference gave signiﬁcant bioavailability in humans. A rabbit study
was undertaken at the University of Bordeaux with this objective.
Table 5 provides the absolute bioavailability results recently obtained in rabbits
using the rectal formulation (4:1 CRO/Na-CDC) in a glyceride suppository base (Suppocire AML, equivalent to Witepsol H15) for comparison with prior human bioavailability data obtained with the exact same formulation.
The analysis of rabbit i.v. proﬁles showed a mean initial concentration (concentration at time zero [t0]) of 203 ⫾ 70 g/ml (Table 5). The elimination rate constant (␤) was
0.35 ⫾ 0.04 h⫺1 and led to a mean elimination half-life of 2.0 ⫾ 0.2 h. The mean AUC
from time zero to inﬁnity (AUC0⬁)was 281 ⫾ 92 g·h/ml. Following rectal administration, a rabbit mean maximal plasma concentration (Cmax) of 28 ⫾ 23 g/ml was
obtained within 6 ⫾ 4 min. The elimination rate constant determined from data
obtained after administration by the rectal route was low compared to that determined
from data obtained after administration by the i.v. route (0.26 ⫾ 0.06 h⫺1 versus 0.35 ⫾
0.04 h⫺1) and led to a mean elimination half-life of 2.7 ⫾ 0.7 h. An AUC0⬁ of 56 ⫾
24 g·h/ml by the rectal route provides a bioavailability of 19.9% ⫾ 8.4% of that obtained
by the i.v. route.
DISCUSSION
Most third- and fourth-generation cephalosporins are administered by injection
twice or thrice daily (26). CRO possesses a broad spectrum of antibacterial activity, is
very effective against common bacteria causing sepsis and other clinically important
infections, and is unique among third-generation cephalosporins in possessing an
unusually prolonged elimination half-life which allows for once daily dosing (14, 27).
These special characteristics of CRO make the drug more useful than other cephalosporins for community-based single daily treatment of serious invasive infections.
Clinical efﬁcacy is dependent on the free drug concentrations in serum, and in critically
ill patients, where it is necessary to maximize killing throughout the dosing regimen, a
longer time with concentrations above the breakpoint concentration of the organism
is vital (28–31). Therefore, in our development of efﬁcacious rectal CRO formulations,
December 2018 Volume 62 Issue 12 e01170-18
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both rapid absorption and higher bioavailability are critical parameters. The rabbit
model was recently developed at the University of Bordeaux to screen new rectal
formulations for comparison with the suppository reference formulation previously
tested by Roche in humans. The purpose was to select the most bioavailable formulation for further human pharmacokinetic assessment based on the rabbit bioavailability results.
In all Roche studies (preclinical and clinical), CRO showed low permeation and
therefore required an absorption enhancer. The absorption of rectal CRO in the absence
of an absorption enhancer achieved only 4.5% bioavailability in rabbits, 3.8% in
baboons, and 6.5% in humans. The use of the absorption enhancers Na-glycocholate
and Capmul MCM-90 increased bioavailability to over 50% in rabbits, thus justifying
further work in primates and humans. When biliary salts (Na-CDC) showed 69%
bioavailability in baboons (4:1 CRO/Na-CDC ratio) with good tolerability, human bioavailability was tested with and without biliary salts as rectal and enteral treatments
(Table 3). The Roche choice of a biliary salt derivative as the absorption enhancer for
CRO is in line with the ﬁndings of recent studies, where an oral drug carrier derived
from deoxycholic acid enhanced CRO bioavailability in monkeys (24). A lack of compatibility of Capmul MCM-90 with CRO was evidenced (32), conﬁrming the choice of
Na-CDC as an absorption enhancer.
The target of the Roche clinical program was to develop a nonparenteral (e.g., rectal,
oral) dosage form of CRO. The Roche human studies had clear results favoring rectal
over oral administration (the relative rectal bioavailability compared to oral bioavailability was 287%). Investigations of the absorption enhancer dose showed that rectal
absorption improved in a nonlinear dose-related manner without modifying t1/2 or Tmax
but achieved plasma concentrations above the breakpoint concentration (of 4 g/ml
used at the time of the study) for several hours. Given the current classiﬁcation of levels
below 1 g/ml being sensitive (10), the kinetic proﬁles (data not shown) indicate that
plasma concentrations remain above the 1-g/ml current breakpoint throughout the
24-h administration interval and, therefore, until the next treatment dose. Neither
granulometric modiﬁcations of Na-CDC, the melting point of suppository base excipients (data not shown in detail), nor the addition of another absorption enhancer at a
lower dose of Na-CDC signiﬁcantly inﬂuenced rectal CRO bioavailability. Thus, among
the bioavailability improvement strategies tested by Roche, Na-CDC alone emerged as
the most promising absorption enhancer, with the highest dose tested (125 mg)
achieving 18.1% bioavailability at a 1-g CRO dose and 23.8% bioavailability at a 0.5-g
CRO dose, with the difference between these results being attributed to the nonlinear
protein binding of CRO. The absorption enhancer effect could be explained by the fact
that bile salts are amphiphilic and the polar and nonpolar domains are separated along
the longitudinal axis of the bile acid molecules (24). CRO is hydrophilic and has a low
octanol/water partition coefﬁcient (log K; which is ⫺2.10 ⫾ 0.19) (6). Bile salts are
ionically complexed with CRO to enhance its absorption (24).
The considerable work done by Roche in the mid to late 1980s in the development
of extravascular therapeutic options for CRO was the starting point of our work in 2015.
Roche data from studies in humans and our data from studies in rabbits provide a
calibrator for estimating human bioavailability because the same formulation was
tested in rabbits and adults. The bioavailability of 18.1% in adults obtained by Roche
was achieved with a dose of 0.5 g and provided a Cmax of 21 g/ml at 1 h postdose
when ceftriaxone was combined with 125 mg Na-CDC absorption enhancer. Plasma
levels of over 2 g/ml were observed for at least 12 h postdose. Both of these
concentrations are manyfold greater than or equal to the breakpoint for many pathogens.
The formulation tested in Roche preclinical and clinical studies was a fatty suppository which was unstable under zone IVa hot humid/tropical zone conditions required
for testing stability (33), and this weakness underpinned our development of alternative
rectal formulations that would be stable and therefore more practical in the tropics. Our
recent bioavailability results with these alternative formulations, all with an absorption
aac.asm.org 7

Ba et al.

Antimicrobial Agents and Chemotherapy

Downloaded from http://aac.asm.org/ on April 14, 2021 by guest

enhancer, conﬁrmed that rabbit plasma concentrations were within the same range as
those obtained earlier with the Roche 125-mg Na-CDC formulation, suggesting that we
would likely be able to conﬁrm the Roche human bioavailability results in future work.
The usual parenteral adult dose used as the reference because it reaches the
systemic circulation immediately is 2 g, and the pediatric intravenous dose is 25 or
37.5 mg/kg of body weight for serious miscellaneous infections or 50 mg/kg for meningitis with or without a loading dose. The age-dependent kinetics of ceftriaxone have
been studied for most infections and consistently show that 1- to 8-day-old sick infants
have a substantially slower clearance (18.6 ⫾ 6.9 h) than children 1 to 12 months of age
(7.2 ⫾ 3.2 h) or adults (7.3 ⫾ 1.6 h), because of their poorly developed renal and hepatic
clearance pathways at birth (19). Along with high peak concentrations in 1- to 8-day-old
newborns, there is a higher free fraction of ceftriaxone at bactericidal levels for most
common pathogens that lasts 24 h in serum and tissue and for 12 h in cerebrospinal
ﬂuid. If comparable levels and an extended duration of antimicrobial activity are
documented with rectal administration in humans, this would favor single daily rectal
administration and might even be curative in neonatal sepsis.
Conclusion. These data provide the ﬁrst published information on the rectal
bioavailability of CRO in several animal species and in humans. They indicate that CRO
achieves as much as 24% relative rectal bioavailability in adult humans only when
formulated in association with an absorption enhancer.
The pharmacokinetics of intravenous CRO have been studied extensively in human
subjects of different ages, and its bioavailability varies with age. The age-associated
changes result from the improvements in renal and hepatic function that occur in the
ﬁrst 2 weeks of life (18). The time above the breakpoint is the most relevant pharmacodynamic outcome predictor (29–31), and although this depends on acute-phase
pharmacokinetics and the pathogen, our objective has been the development of a
rectal formulation which can achieve reliable absorption and a long time above the
breakpoint concentration for likely invading pathogens in neonates.
The good rectal bioavailability shown in recent preclinical and earlier human studies
favors the probability that one of our rectal formulations may achieve therapeutic
concentrations in the target population of critically ill neonates. These results are a
proof of concept for the rectal administration of CRO with absorption enhancers. For
further pharmaceutical development, a target product proﬁle, deﬁned with the World
Health Organization (WHO), will consist of a low-cost, stable, CRO rectal formulation
that could achieve drug concentrations above the breakpoint for an extensive portion
of the dosing interval among neonates with sepsis.
MATERIALS AND METHODS
Materials. Ceftriaxone disodium 3.5 hydrate pharmaceutical raw material was supplied by Roche
Chemical Research, Basel, Switzerland. All excipients were of pharmaceutical grade. All solvents and
high-performance liquid chromatography (HPLC) materials were of analytical grade. In vivo studies used
medical equipment provided by medical suppliers.
Ethics. Ethical guidelines in force at the time of the studies were used for all in vivo investigations.
The details are given in each paragraph according to the species used for in vivo studies.
Formulations. In the mid-1980s, over 30 research formulations were tested by F. Hoffmann-La Roche
in rabbits to screen various enhancers (bile salts as sodium glycocholate, glycerides as Capmul MCM-90,
fatty acids as caprilic acid) alone or in combination. The preparations for absorption enhancer screening
were made as rectal suspensions, hard gelatin capsules for rectal administration, and suspensions for oral
administration (Table 1). The bile salts (Na-CDC, Na-deoxycholate, Na-taurocholate, Na-glycocholate,
Na-taurodeoxycholate, and Na-ursodeoxycholate) were further tested as absorption enhancers for CRO
in baboons, with rectal suppositories being prepared by conventional methods of fusion, i.e., inclusion
of powders into a premelted suppository base under stirring and then pouring of the melted blend into
molds. Metal molds of different sizes were used, and Witepsol H15 was used as the suppository base
(Table 2).
The inﬂuence of the Na-CDC quantity and particle size on the rectal absorption of CRO was examined
in human subjects. Suppositories of 2 g with 500 mg CRO prepared with 0.0, 15.0, 30.0, 62.5, or 125.0 mg
of Na-CDC and Witepsol H15 at 1.400 g, 1.385 g, 1.370 g, 1.3375 g, and 1.275 g, respectively, were
prepared as described above. The effect of Na-CDC on CRO absorption was also evaluated in humans
using Witepsol H15 suppositories and oral suspensions. The formulations (Table 3) consisted of 500 mg
CRO using intravenous injections, 500 mg CRO, 125 mg Na-CDC, and 1.275 g Witepsol H15 for rectal
administration, and 500 mg CRO, 250 mg Na-CDC, and 1.150 g Witepsol H15 for oral administration in
December 2018 Volume 62 Issue 12 e01170-18
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humans. Smaller Na-CDC quantities associated or not with Capmul MCM-90 were also tested (Table 4)
and compared to the i.v. administered control.
Formulations for rectal administration in rabbits prepared at the University of Bordeaux used 20%
CRO, 5% Na-CDC, and 75% Suppocire AML. Mixtures were prepared with conventional fusion methods.
Samples were molded in a 1-ml syringe. After complete cooling at room temperature followed by
refrigeration (4°C), the mass of the suppository (and, hence, the dose of CRO administered) was adjusted
to each individual animal’s body weight, sealed within aluminum-aluminum blisters, and refrigerated at
4°C until rectal administration. Suppositories were taken out of the refrigerator 30 min prior to
administration for insertion at room temperature. The intravenous reference formulation was the
commercially available Rocephin i.v. solution (Table 5).
In vivo studies. (i) Rabbit experiments at the University of Bordeaux. In 2013, animal experiments
were performed in the animal laboratory of the University of Bordeaux, DETERCA (French national
authorization no. A33-0.63-235), after obtaining national experiment authorization, including ethical
committee agreement. Male New Zealand White adult rabbits (Eurolap, Gosné, France) were used. The rabbits
were acclimatized for at least 1 week in a quarantine room, and 24 h before the beginning of the experiment
(day ⫺1), the rabbits were fasted and weighed but had water ad libitum. On the day of the experiment, rabbits
were placed in restraining cages in the experiment room. One 24-gauge catheter was placed on the ear
vein of each animal for blood sampling. The rectum was emptied of feces using a urinary catheter.
Groups of 6 animals were administered a dose of 20 mg CRO/kg, individually adjusted to the weight of
each rabbit, via either the rectal or the i.v. route. The drug was administered rectally using a homemade
device (a non-sharp-edged cut syringe). For intravenous administration, the CRO solution was extemporaneously reconstituted on day 0 of treatment by adding 10 ml of water for injection to 1 g of CRO
powder (Rocephin; Roche). The ﬁnal CRO concentration was 100 mg/ml. Then, the injection volumes
were taken out with a 1-ml syringe, and the CRO solution was intravenously administered as a slow
injection (1 min) via a catheter placed in the ear vein of the ear opposite the blood sample collection site.
The time of midinjection was considered t0. Blood samples of approximately 1 ml (at t0), 1.5 ml (from 5
to 60 min), or 2 ml (from 120 to 1,440 min) were taken by opening the catheter and collecting freely
ﬂowing blood in 4-ml lithium heparinized tubes at t0 and 5, 15, 30, 45, 60, 120, 240, 480, and 1,440 min.
Samples were immediately centrifuged at 2,500 rpm for 10 min. Plasma was placed in two 1.5-ml
Eppendorf tubes, one of which was used for HPLC analysis and the other of which was used as a backup,
and immediately frozen at ⫺20°C. To avoid plugging by blood coagulation, 0.5 ml sterile heparinized
(125 IU/ml) saccharose (1.5-mg/ml) solution was placed into the catheter. After the blood sampling at 4
h, the rabbits were removed from their restriction boxes and were let free in housekeeping cages, but
their ears were taped together with Scotch tape in order to protect the catheter. Then, at 8 h, they were
placed back in their restriction boxes to take blood samples. Thereafter, the catheters were removed and
the rabbits were placed back in the housekeeping cages overnight. For the last sample (24 h), a new
catheter was placed in the ear vein. At the end of blood sampling, the rabbits were sacriﬁced by lethal
injection via the catheter, using 3 ml of 200-mg/ml sodium pentobarbital after a 0.3-ml injection of
acepromazine (Calmivet; Vetoquinol).
(ii) Rabbit experiments by Roche. The rectal absorption of CRO was determined in male and female
adult New Zealand White rabbits (weight, 3 kg) supplied by Hare (Hewitt, NJ) or Dutchland (Denver, PA,
USA) in accordance with internal ethical standards for animal experimentation in force at the time of the
study. The animals were fasted for 48 h prior to the administration of the drug at a dose of 20 mg/kg. One
capsule was placed into the rabbit’s rectum and inserted with the plunger of a 1-ml syringe. For
nonencapsulated forms, the appropriate volume of each preparation was administered into the rabbit’s
rectum using a 1-ml syringe attached to a 6-cm conical tip. The syringe was removed from the tip, ﬁlled
with air, and reattached to the tip, and the air was pushed through to ensure delivery of the drug into
the rectum. One-milliliter syringes ﬁtted with 25-gauge needles attached were rinsed with heparin and
were used to withdraw approximately 0.5 to 1 ml of blood from the main artery of the ear. The blood
samples were obtained at 0 min (prior to rectal administration) and 5, 30, 60, 120, 240, and 360 min
following rectal administration. Samples were collected in 3-ml heparinized Vacutainer tubes and
centrifuged at 3,200 rpm for approximately 6 min. The plasma was withdrawn and frozen at ⫺20°C until
analysis.
(iii) Baboon experiments by Roche. Baboon studies were performed by Roche using mature adult
male and female baboons (Papio annubis; weight, 12 to 30 kg) obtained from and housed at the Charles
River Research Primate Corporation, Port Washington, NY, USA. All handling of the animals, dosing, and
bleeding were done by personnel at the Charles River Research Primate Corporation in accordance with
internal ethical standards for animal experimentation in force at the time of the study.
Prior to the rectal administration of the drug, adult baboons were fasted for 24 h. The baboons (n ⫽
4) were sedated with ketamine hydrochloride by intramuscular injection (5 to 10 mg ketamine per kg of
body weight) prior to i.v. drug administration. Five milliliters of an aqueous solution of CRO at 20 mg/kg
was injected into the superior saphenous vein on the back of the leg at t0 using a 1-ml disposable
tuberculin syringe and a 26-gauge needle.
A suppository was administered postsedation with the use of a glass rod. The rectum was taped shut
for 20 min to prevent expulsion or leakage of the suppository mass. Blood samples were obtained from
the femoral region at 0 min (prior to drug administration) and at 15, 30, 45, 60, 90, 120, 180, 240, 300,
360, 420, 480, and 1,440 min following intravenous administration. The sampling schedule was 0 min
(predose) and 5, 30, 60, 120, 240, 360, 480, 600, 720, and 1,440 min following rectal administration.
One-milliliter blood samples were withdrawn with a preheparinized 3-ml syringe ﬁtted with a 22-gauge
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needle and were placed into heparinized 1.5-ml Eppendorf centrifuge tubes. The samples were centrifuged at 12,000 rpm for 1 min, and the plasma was withdrawn and frozen until analysis via bioassay.
(iv) Human experiments by Roche. Human volunteer studies were performed by Roche between
1985 and 1988 to determine the human absorption of those formulations which had proven best in
improving absorption in primates. In all human studies, the subjects were required to be in good general
health, as determined by the ﬁndings of their baseline history, physical examination, and laboratory
examination. All clinical protocols (protocols N2998A, N3119C, and N3025B) were approved by the local
institutional review board, and written, informed consent was obtained from each subject prior to
participation in the study (Tables 3 and 4).
In the ﬁrst study (Johns Hopkins Hospital, Baltimore, MD, 1985, protocol N2998A), only Na-CDC and
Witepsol H15 were chosen as absorption enhancers after results were available from studies with
baboons. Pharmacokinetics were examined in a three-way, open-label, crossover study using six healthy
adult male subjects and a single 500-mg dose of CRO given intravenously, rectally, or enterally with a
washout period of at least 2 days between doses. Alcohol and other medications were not permitted. A
single rectal CRO dose of 500 mg was prepared with 125 mg Na-CDC and 1.275 g Witepsol H15, whereas
the oral formulation used 250 mg Na-CDC and 1.15 g Witepsol H15 (Table 3). The intravenous dose was
infused over 30 min, and oral administration was achieved by inserting the suppository into the
duodenum using a pediatric endoscope. The subjects reported to the inpatient Clinical Research Unit by
4 p.m. on the day before the initiation of the study. They fasted from midnight until noon of the day of
drug administration, when lunch was served. The subjects refrained from smoking on the morning of
drug administration. They were evaluated to be eligible on the basis of clinical criteria and the ﬁndings
of hematology, blood chemistry analysis, and urinalysis. Prior to drug administration, a heparin lock was
inserted for blood sampling. Plasma was obtained at t0 (predose, control) and 10, 15, 20, 30, 45, 60, 90,
120, 150, 180, 240, 360, and 480 min postdosing and analyzed by HPLC.
A second human study (Johns Hopkins Hospital, Department of Clinical Pharmacology, Baltimore,
MD, 1985, protocol N3119C) was an open-label, 3-way, randomized study in which 6 healthy male
volunteers were allocated to 3 regimens (all rectal) with a washout period of at least 2 days between each
dose. The inﬂuence of the Na-CDC quantity on the rectal absorption of CRO was examined (Table 4) using
suppositories of 500 mg CRO and CRO/Na-CDC ratios of 4:1, 8:1, 16:1, and 32:1 (i.e., 125, 62.5, 30, and
15 mg of Na-CDC, respectively). Suppositories containing 500 mg CRO were prepared with 62.5 mg
coarse Na-CDC and 1.34 g Witepsol H15, 15 mg coarse Na-CDC plus 1.38 g Witepsol H15, or 15 mg ﬁne
Na-CDC plus 1.38 g Witepsol H15. All subjects reported to the inpatient Clinical Research Unit 12 h before
dosing and fasted, except for water, from midnight until 4 h after each treatment. Volunteers were
evaluated to be eligible on the basis of clinical criteria and the ﬁndings of hematology, blood chemistry
analysis, and urinalysis. Samples were taken at t0 (predose, control) and 10, 15, 20, 30, 45, 60, 90, 120, 150,
180, 240, 360, 480, 600, 720, 1,440, and 2,880 min after the initiation of drug administration. Samples
were immediately centrifuged, and plasma was transferred to labeled vials and stored at ⫺17°C until
analysis.
In a third human study (Johns Hopkins Hospital, Department of Clinical Pharmacology, Baltimore,
MD, 1986, protocol N3025B), 5 different formulations of 500 mg of CRO were given rectally with Na-CDC
and Witepsol H15. The bioavailability obtained by rectal administration was compared with that obtained
by intravenous infusion in a 6-way, open-label, crossover study using six healthy adult male volunteers
with a washout period of at least 2 days between doses. The subjects reported to the inpatient Clinical
Research Unit 12 h before dosing, fasted, except for water, from midnight until 4 h after each treatment,
and remained on-site for the duration of the study. As before, they were evaluated to be eligible on the
basis of clinical criteria and the ﬁndings of hematology, blood chemistry analysis, and urinalysis. Subjects
were sampled at t0 (predose, control) and 10, 15, 20, 30, 45, 60, 90, 120, 150, 180, 240, 360, 480, 600, 720,
1,440, and 2,880 min after the initiation of drug administration. Plasma was separated in a cooled
centrifuge and frozen and stored in a freezer at ⫺17°C until analysis.
HPLC method for plasma analysis for levels of ceftriaxone. (i) Analysis of rabbit plasma at the
University of Bordeaux. The HPLC system (SpectraSystem) consisted of a solvent delivery pump
(P1000), an autosampler (AS3000), a diode array detector (SN4000), and a vacuum degasser (Biotech AB).
The software used to control the HPLC chain was Chromeleon, update 7.1.2. The method was based on
ion-pairing reverse-phase liquid chromatography with a stationary phase of YMC C18 on a 150- by
4.6-mm column with 4-m particles and a YMC C18 10- by 4.6-mm guard column with 4-m particles and
an associated thermostat set at 20°C. The mobile-phase ﬂow rate was 1.0 ml/min, and the composition
was 40% acetonitrile and 60% aqueous phase. The ﬁnal concentrations in the mobile phase of the buffer
were 15 and 15 mM for hexadecyltrimethylammonium bromide and phosphate buffer (KH2PO4, K2HPO4,
pH 7.5), respectively. Analyses were performed at 20°C, and the UV detector was set at 240 nm.
CRO was extracted from 200 l-plasma samples by addition of 400 l of acetonitrile for protein
precipitation, followed by addition of 400 l dichloromethane to remove the acetonitrile and lipidic
components of the matrix. After centrifuging, the organic phase was discarded and 5 l of the remaining
aqueous phase was injected into the chromatograph. The lower limit of HPLC sensitivity was equal to
1.5 g/ml. The interassay and intra-assay precisions for a concentration range of 1.5 to 150 g/ml were
⫾15.9% (n ⫽ 15) and ⫾3.9% (n ⫽ 15), respectively. Extraction recovery was 100.1% for a concentration
range of 2 to 200 g/ml. Total plasma concentrations were obtained.
(ii) Analysis of human, baboon, and rabbit plasma by Roche. The concentrations of total CRO
were determined by a modiﬁed chromatographic method described by Cuisinaud et al. (34). The HPLC
system consisted of a model 6000 A pumping system, an automatic sample injector (model 710A), and
a model 440 dual-channel UV detector at 270 nm (Waters Associates, Milford, MA). The method was
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based on ion-pairing reverse-phase liquid chromatography with a stationary-phase 30-cm by 4.6-mm
(inside diameter [i.d.]) stainless steel column prepacked with 10 m Chromegabond C18 (E.S. Industries,
Marlton, NJ). A hand-packed stainless steel guard column (2 cm by 3.9 mm [i.d.]) containing 15 to 40 m
Chromegabond C18 (ES Industries) was placed directly before the analytical column. The mobile-phase
ﬂow rate was at 2.0 ml/min, and the composition was 60% acetonitrile and 40% aqueous phase. The ﬁnal
concentrations in the mobile phase of the buffer were 10 and 50 mM for hexadecyltrimethylammonium
bromide and phosphate buffer (KH2PO4, K2HPO4, pH 7.0), respectively. The analyses were performed at
room temperature. The UV detector was set at 270 nm.
CRO was extracted from 250-l plasma samples by addition of 750 l of water and 2,000 l of
acetonitrile for protein precipitation. After shaking for 10 min and centrifuging, the organic phase was
discarded and 50 l of the retained aqueous phase was injected into the chromatograph. The lower limit
of HPLC sensitivity was 1.0 g/ml. The interassay and intra-assay limits for a concentration range of 2 to
200 g/ml were ⫾2.6% (n ⫽ 15) and ⫾4.7% (n ⫽ 15), respectively. Extraction recovery was 101.6% for
a concentration range of 2 to 200 g/ml.
(iii) CRO stability in frozen plasma at the University of Bordeaux. Our preliminary stability results
for CRO at 150 g/ml in plasma at ⫺20°C showed that CRO recovery was 101.9% at 1 week, 96.8% at 1
month, and 93.4% at 2 months. The results were in line with those in the literature, where CRO was found
to be stable in serum for 85 and 89 days at ⫺20 and ⫺40°C, respectively (35). Therefore, for this study,
all plasma samples were analyzed before 1 month.
Pharmacokinetic data analysis (Roche and the University of Bordeaux). The maximal concentration (Cmax) and the time to reach the maximal concentration (Tmax) were taken directly from the
concentration-time proﬁles, whereas the area under the concentration-time curves (AUC) were calculated using the trapezoidal rule. The percent bioavailability was calculated by using the following
formula: [(AUC rectal or enteral/AUC i.v.) ⫻ (dose i.v./dose rectal or enteral)] ⫻ 100, where AUC rectal or
enteral is the area under the concentration-time curve for the rectal or oral data, respectively; AUC i.v.
is the area under the concentration-time curve for the intravenous data; dose i.v. is the dose used for the
i.v. route; and dose rectal or enteral is the dose used for the rectal or enteral route, respectively. The half-life
(t1/2) was deﬁned as the time necessary for the blood concentration to decrease to 50% of the initial value and
was determined on the elimination part of the plasma proﬁle. The elimination rate constant (␤) was obtained
as follows: ␤ ⫽ ln(2)/t1/2.
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