J.Pharm.Dyn., 6,246 —253 (1983)

CHARACTERIZATION OF AMINOCEPHALOSPORIN TRANSPORT
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The absorption mechanism of aminocephalosporins was investigated in rat small
intestine. Cephalosporins chosen in this study were cephalexin, cephradine, SCE-100, cefrox-
adin, cefatrizine, and cefadroxil. Absorption experiments were carried out by both in situ and
in vitro techniques. In situ recirculation experiments through the whole small intestine
demonstrated that the absorption rates of the antibiotics were saturable (except cephalexin)
and inhibited by the short-term pretreatment of the intestinal mucosa with a low concentra-
tion of HgCl,, suggesting the participation of proteins and/or sulthydryl groups within the
brush border membrane. Among the tested antigiotics, cefadroxil showed the highest absorp-
tion, in spite of its lowest lipophilicity, and its absorption was inhibited by the simultaneous
perfusion of other aminocephalosporins and aminopenicillins. So, the carrier system for
cefadroxil seems to be common, at least in part, to amino-B-lactam antibiotics. Also, com-
patison of the apparent directional permeabilities of the jejunum and ileum by using the
everted sacs and noneverted ones in vitroindicated that this drug penetrates more rapidly from
mucosa to serosa (M-to-S) than from serosa to mucosa (S-to-M) in both segments. The (M-to-
S)/(S-to-M) ratios at the concentration of 0.1 mM were 2.26 and 4.82 1n the jejunum and
ileum, respectively. The M-to-S flux of the drug was saturable, Na*-dependent, and inhibited
by 2/4-dinitrophenol. Thus, it is suggested that energy is required for M-to-S cefadroxil
transport. The location of SH-groups of the brush borger membrane essential for cefadroxil
transport was discussed.

Keywords— intestinal absorption; aminocephalosporin; cephradine; cefadroxil;
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INTRODUCTION

Aminocephalosporins are orally active and
efficiently absorbed from the small intestine,'~®
although they are ionized and poorly lipophilic at
the physiological pH (pH 6.5) of the small
intestine. While some basic studies on the
intestinal absorption of aminocephalosporins have
been carried out,*~'? the mechanism by which
these polar drugs not following pH-partition
theory are absorbed remained unresolved.

The present study was undertaken to investig-
ate whether the absorption of aminocephalo-
sporins was facilitated by the use of carrier mech-
anisms within the intestinal mucosal membrane.

MATERIALS AND METHODS

Materials — Cephalexin (Fujisawa Pharma-
ceutical Co., Osaka), cephradine (Sankyo Co.,
Tokyo), cefatrizine (Banyu Pharmaceutical Co.,
Tokyo), cefadroxil (Bristol Meyers Co., Tokyo),
cefroxadin (Ciba-Geigy (Japan) Co., Tokyo),
SCE-100 (Takeda Chemical Industries, Osaka),
cyclacillin (Takeda Chemical Industries), and
amoxicillin (Fujisawa Pharmaceutical Co.) were
used as supplied. L-Phenylalanylglycine and glyc-
ylglycine were kindly supplied from Professor H.
Yajima and his coworkers, Faculty of Pharma-
ceutical Sciences, Kyoto University. All other
reagents used in these experiments were of
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reagent grade and were used without further
purification.

Preparation of Drug Solution — Drugs were
dissolved in isotonic buffer solution of
NaH,PO,-Na,HPO,, pH 635.

Procedure of Absorption FExperiments — Male
Wistar rats weighing 160—200g were used in all
experiments. The procedure of absorption experi-
ments from rat small intestine in Situ was similar
to those of Schanker et al'® with slight modifica-
tion. Rectal temperature was maintained at 37 %+
1°C. The bile duct was ligated in all experiments.
Forty ml of drug solution was perfused at the rate
of 5 ml/min. After one hour, the perfused solution
in the small intestine was withdrawn as complete-
ly as possible, and the intestine washed with pH
6.5 buffer solution. The washings were combined
with the perfusate and brought up to 100 ml with
the same buffer solution. The amount absorbed
was calculated from the difference in amount of
drugs between the initial perfused solution and
the combined effluent.

Measurement of Apparent Directional Transfer
Rate — Apparent directional transrer rates of
cefadroxil in rat jejunum and ileum were
measured in Vvitro according to the method of
Yasuhara et al ¥ with slight modification. Brief-
ly, the intestinal sacs (10 cm), everted and non-
everted, were prepared for the jejunum, first 10
cm beyond the ligament of Treitz, and the ileum,
10 cm above the ileocecal junction. The sacs were
filled with 1.5 ml of pH 6.5 isotonic buffer solu-
tion and were placed in 20 ml of the same buffer
solution containing 0.1 mM cefadroxil. They were
incubated with continuous shaking and aerating
with 95% 0O,-5% CO, at 37°C. After an
appropriate incubation period, the inner solution
was collected and the concentration of transferred
drug was determined. The transfer rate from
mucosal side (M) to serosal side (S) was obtained
from everted sac experiments and the reverse
transfer rate from S to M was obtained from non-
everted sac experiments.

Analytical Methods — The reversed phase
HPLC method was used to determine the
aminocephalosporins. A high pressure liquid

247

chromatograph TRI ROTAR (Japan Spectro-
scopic Co., Tokyo) equipped with an ultraviolet
detector (UVIDEC 100-II, Japan Spectroscopic
Co.) was used with a Cosmosil 5C,g column (15
cm X 46 mm ID., Nakarai Chemical Co.,
Kyoto). Mobile phases of methanol-water con-
taining 0.01 M ammonium acetate for the assay of
cefatrizine, cephradine, cephalexin, SCE-100,
cefroxadin, and cefadroxil were 25:75, 3:7, 3.7,
2:3, 25:75, and 4:96 (by volume), respectively,
and the flow rate was maintained at 0.8 ml/min.
In some experiments for cefadroxil, another
mobile phase of methanol-water containing 0.02
M pH 7.5 sodium phosphate buffer and 5 mM
tetra- #-butylammonium bromide (18:82 by
volume) was applied. The wave length of the
detector was 270, 262, 262, 262, 270, and 262 nm
for the above antibiotics, respectively. An aliquot
of the sample solution was filtered through 0.45
pmm pore size triacetylcellulose membrane (Fuji
Photo Film, Tokyo) and an appropriate volume
of the filtrate was injected into the liquid
chromatograph using a high precision micro-
syringe (Precision Sampling, Baton Rouge, LA,
US.A). The drug concentration was calculated
from the peak height using the calibration curve.

RESULTS AND DISCUSSION

Chart 1 summarizes the chemical structures of
aminocephalosporins examined in this study. As
is evident from the chart, these compounds have
closely related structures. The differences among
cephalexin, cephradine, and SCE-100 are the
number of double bonds in R;. Cefroxadin was
produced by the introduction of an oxygen atom
to R, of cephradine. Dunn et al'® demonstrated
that the benzene-ring hydroxylation in para-, but
not meta-, position in R; significantly increased
the absorption although the resultant compound
may be more hydrophilic than the parent com-
pound. Similarly, cefadroxil is a para-hydroxy
derivative of cephalexin. All of the compounds
are lonized, zwitterions being dominant ionic
species, and poorly lipophilic at the physiological
pH (pH 6.5) of the small intestine.

In order to investigate the contribution of car-
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rier mechanisms to the intestinal absorption of
aminocephalosporins, concentration dependency
of the absorption was first examined by in situ
recirculation experiments through the whole

General structure of cephalosporin
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CHART 1. Structures of Aminocephalosporins
Tested
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small intestine. Results are shown in Table L Since
cefatrizine was unstable in aqueous solution, the
values in the table were corrected ones, calculated
from the rate of disappearance from the perfusate
and the degradation rate constant. The absorption
rates of the aminocephalosporins were saturable,
except cephalexin. The concentration dependen-
cy of aminocephalosporin absorption was
demonstrated for cephradine and cefadroxil by
Tsuji et al®9 In the case of cephalexin, higher
concentrations might be needed to saturate its
absorption, as reported in rat upper small
intestine® The saturation of aminocephalosporin
absorption suggests the possible contribution of
carrier-mediated transport mechanisms in rat
small intestine.

Table II shows the effect of pretreatment of the
intestinal mucosa for 2 min with 2 mM HgCl, on
the intestinal absorption of the antibiotics. Bihler
and Cybulsky reported that a short-term pretreat-
ment of the intestinal mucosa with a low con-
centration of HgCl, irreversibly modifies the
sulfhydryl groups of the apical plasma membrane
of intestinal epithelial cells!® As is evident from
the table, the absorption of all the aminocephalo-
sporins are significantly inhibited by the pre-
treatment with HgCl,, suggesting the participa-
tion of proteins and/or sulthydryl groups within
the brush border membrane. Similar results were
demonstrated for aminopenicillins!” and p-
aminobenzoic acid.®

TABLE L Absorption of Aminocephalosporins from Rat Small Intestine
Aminocephalo- " 9% absorbed in one hour at the concentration of
sporn 0.01 mM 0.1 mM 1.0 mM 10.0 mM
Cefadroxil 370x13 (3) 385*2.1 (11) 373*x1.6 4) 19.8%*15 4)
Cephalexin 25723 (3) 232%12 @) 213%25 (3) 232%+28 (4)
Cephradine 328+0.8 4) 33.8%+2.1 4) 345%+20 4) 200*08 4)
SCE-100 19406 (3) 20.1%£25 @) 20.8%+23 (3) 11.6*x13 @)
Cefroxadin 282=+0.7 4) 249+04 (4) 254+09 4) 232+24 (4) a)
Cefatrizine? 195%20 (4) 20713 (3) 198+18 (3) 14.2%+12 (4)

a) 7.0 mM, b) Degradation in the plerfusate was corrected.
Results are expressed as the mean = SE with the number of experiments in parentheses.
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Among the tested antibiotics, cefadroxil
showed the highest absorption, in spite of its
lowest lipophilicity, and its absorption (0.1 mM)
was inhibited by the simultaneous perfusion of
other aminocephalosporins (cephradine, cepha-
lexin, and cefatrizine) and aminopenicillins (cycl-
acillin and amoxicillin) when the substrate:
inhibitor concentration ratio was 1:10 (Table III).

TABLE IL Effect of HgCl,-Pretreatment on
Intestinal Absorption of Aminocephalosporins

. : Absorption
Aminocephalosporin (% of égn trol)
Cefadroxil 483%+3.1 4
Cephalexin 69.8£26 (3)
Cephradine 61.7+40 4)
SCE-100 51.7£40 (4
Cefroxadin 54.2%£4.8 (4)
Cefatrizine 56543 (4)

Concentration of drugs = 0.1 ma1.

Results are expressed as % of control (mean
+ SE) with the number of experiments in
parentheses.

40}
(A)

30t §
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Cefadroxil transport (nmol/sac)
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Similarly the absorption of cephradine was
inhibited by cefadroxil, cephalexin, cefroxadin,
SCE-100, and cyclacillin (Table IIl). The mutual
inhibition of the intestinal absorption between 8-
lactam antibiotics was first demonstrated in our
previous paper.!” Recently Miyazaki et al.
reported the inhibition of the absorption of
cephradine and cephalexin by aminopenicillins
(amoxicillin and cyclacillin) and the mutual
inhibition between cephradine and cephalexin.!?
They postulated that cyclacillin shares a common
carrier-mediated transport mechanism with
cephradine, but not cephalexin, and that
cephradine and cephalexin cempetitively inhibit
the accumulation or uptake by the intestinal
mucosa. Our results shown in Table III suggest
that these amino-B-lactam antibiotics could be
interacting each other in some permeation pro-
cesses across the mucosal membrane although we
cannot draw a conclusion on the site of interac-
tion at present.

Table III also shows the effect of amino acids
and dipeptides on the absorption of cefadroxil
and cephradine. Of the amino acids, cycloleucine
is a model amino acid behaving like valine and

/
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FIG. 1. Forward Flux into Serosal Fluid and Back Flux into Mucosal Fluid for Cefadroxil in Rat Jejunum (A)

and lleum (B)

Initial concentration in either the mucosal or serosal fluid was 0.1 mM. Results are expressed as the mean
=+ SE; O, mucosal-to-serosal flux; @ , serosal-to-mucosal flux.
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methionine.!® Contrary to the results for cyc-
lacillin,'™ both aminocephalosporins were not
inhibited by the presence of 50 times higher con-
centration of dipeptides (glycylglycine and L-
phenylalanylglycine). On the other hand, the
absorption of cephradine, but not cefadroxil, was
significantly inhibited by amino acids. Quay
showed the transport interaction of glycine and L-
phenylalanylglycine with cephalexin in rat
jejunum.*® Further work is needed to correlate
the carrier system for the antibiotics with ones for
nutrients.

The presence of an active transport mechanism
of cephradine was indicated by Umeniwa et al1?
while cephalexin was reported not to be trans-
ported against a concentration gradient1® The
experiments on cefadroxil transport indicated

Cefadroxil flux (nmol/30 min/sac)
Serosal to mucosal Mucosal to serosal

LS S NN
Control ] =
Low temperature a R ok (A)
Na*-free?” = i *
1 mM DNP [ =T
10 mM cefadroxil® wH | HH#
Control H ——
Low temperature® s [ BH ##+ ®)
Na*-free” HE 1 AH**#
1 mM DNP HE T e
10 mM cefadroxil® i W

FIG. 2. Forward and Back Fluxes of Cefadroxil in
Rat Jejunum (4) and lleum (B) in Various Condi-
tions

Initial concentration in either the mucosal or
serosal fluid was 0.1 mM. DNP, 2,4-dinitrophenol.
a) 19°C. b) Na+* replaced with K+.
¢) Cefadroxil concentration was 10 mM. Fluxes are
reduced to a scale of one-hundredth the real values.
Results are expressed as the mean = SE of 3
experiments.
¥»* p<0.001; ** p<0.01; * p<0.05, com-
pared with each control.

T Kimura, ef al.

that cefadroxil can be transported against a con-
centration gradient; final serosal-to-mucosal con-
centration ratios were 1.06 = 0.05 in the jejunum
and 1.21 £ 0.04 in the ileum at the concentration
of 0.01 mM after 30 min incubation of the everted
sacs.

In order to clarify the transport mechanism of
cefadroxil in more detail, apparent directional
transfer rates were measured in vitro. As shown in
Fig. 1, the mucosal-to-serosal (M-to-S) flux rate
was significantly faster than serosal-to-mucosal
(S-to-M) one in both jejunum and ileum. The flux
ratios at the concentration of 0.1 mM were 2.26
and 4.82 in the jejunum and ileum, respectively.
Furthermore, M-to-S flux was Na*-dependent
and inhibited by the presence of 24-dinitro-
phenol (Fig. 2). The results in Fig. 2 also showed
the saturation of the M-to-S fluxes. These findings
indicate that cefadroxil can be transported from
M to S by an active transport mechanism.

The results shown in Table II suggested that
sulthydryl groups within the brush border
membrane are involved in the facilitation of
aminocephalosporin absorption. Klip et all®
divided membrane SH-groups into four classes,
based on their location and reactivity: (a)
extracellular groups; (b) groups facing the cytop-
lasmic medium; (c) groups locating inside the
bilayer of the membrane; and (d) ‘buried’ or
‘cryptic’ sites which cannot be reached unless the
membrane is distupted and the proteins
denatured by strong sutfactants. Our preliminary
investigation on the distribution of SH-groups in
rat intestinal brush border membrane, by using
the method of Klip et al.'® showed that 54.4%
of the total SH-groups are ‘reactive’ and that
externally located groups are only 23.0%. These
values are similar to those for rabbit intestinal
brush border membrane!® Then, we investigated
the effect of some other SH-reagents on the M-to-
S cefadroxil flux. As shown in Table IV, N-
ethylmaleimide and 4,4’-dithiodipyridine
inhibited the flux in both jejunum and ileum,
while p-chloromercuriphenylsulfonate (PCMBS)
and 5,5'-dithiobis (2-nitrobenzoic acid) had no
effect. The effective inhibitors in the table are
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membrane permeable. Similarly, Klip et al.
showed that D-glucose uptake by brush border
membrane vesicles was inhibited by the treatment
with membrane-permeating p-chloromer-
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curibenzoate, but not with impermeant
PCMBS.!? In this study, PCMBS was applied at
low concentration (0.1 mM), considering trace
amounts of contaminating inorganic mercury in

TABLE III.  Intestinal Absorption of Cefadroxil and Cephradine Perfused in Combination with Their

Analogues, Amino Acids or Dipeptides

Inhibitor Concentration % absorbed in one hour

(mm) Cefadroxil Cephradine
None — 444+09 (16) 33.2+13 (14
Cephradine 1.0 36.6%30 4)? —
Cefadroxil 1.0 — 276+14 4)?
Cephalexin 10 35.6%3.6 @)Y 275+09 4)¢
Cefatrizine 1.0 376%16 @)Y n.e.
Cephroxadin 1.0 ne. 261%06 (3)¢
SCE-100 1.0 ne. 24720 @Y
Cyclacillin 1.0 32718 (4% 189+25 (3)¥
Amoxicillin 1.0 30514 @)Y 283%+14 (4)
Glycine 50 44010 (4) 258%23 (3)%
Cycloleucine 50 453%3.1 (4) 218+10 @)%
L-Phenylalanine 5.0 ne. 225*26 @)Y
Gly-Gly 5.0 433*+14(5) 383+1.1 (3)
L-Phe-Gly 5.0 418+19 (7) 33.0+1.6 4)

Substrate concentration = 0.1 mM.

Results are expressed as the mean = SE with the number of experiments in parentheses. a) p < 0.001; b)
p<0.01; ¢) p<0.05 compared with each control. n.e., not examined.

TABLE IV. Effect of sulfhydryl Reagents on Mucosal-to-Serosal Flux of Cefadroxil in Rat Jejunum and

Tleum
SH-reagent Concentration Cefadroxil flux (nmol/30 min/sac)
(mM) :
Jejunum Ileum

None — 11.8+06 (8) 17.7%=18 (8)
PCMBS 0.1 12.2*09 (4) 194*18 4
DTNB 1.0 99*+1.0 (8) 188*+19 (6)
NEM 10 61207 @)% 97205 (4 ¢
4-PDS 10 68%0.7 4% 60206 @)Y

PCMBS, p-chloromercuriphenylsulfonate; DTNB, 5,5'-dithiobis (2-nitrobenzoic acid); NEM, N-

ethylmaleimide; 4-PDS, 4,4'-dithiodipyridine.
Concentration of cefadroxil = 0.1 mM.

Results are expressed as the mean = SE with the number of experiments in parentheses. a) p < 0.001; b)

p<0.01; ¢c) p<0.05 compared with each control.
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the commercial PCMBS2? Furthermore, 0.1 mM
PCMBS might be enough to modify, if it could
reach the site, the transport carrier on the brush
border membrane since methotrexate transport
was inhibited by PCMBS at this concentration in
everted rat jejunum.2!) Our findings are interpret-
ed as indicating that the SH-groups essential for
cefadroxil transport are not readily accessible on
the outer surface of the brush border membrane
but are located either within the bilayer or facing
the cytoplasmic medium.

Additional studies are in progress further to
characterize the carrier systems for the drug
absorption by using brush border membrane vesi-
cles.

Acknowledgement ~ This work was sup-
ported by a Grant-in-Aid for Scientific Research
provided by the Ministry of Education, Science
and Culture of Japan.

REFERENCES

1) CH.Nightingale, D.S.Greene, and R.Quintiliani: Phar-
macokinetics and clinical use of cephalosporin anti-
biotics, J. Pharm. Sci, 64,1899 —1927 (1975).

2) HLode, RStahlmann, and P.Koeppe: Comparative
pharmacokinetics of cephalexin, cefaclor, cefadroxil,
and CGP-9000, Antimicrob. Agents Chemother., 16,
1—6 (1979).

3) T.Yamazaki and K.Tsuchiya: 3-Deacetoxy-7-(a-
amino-1-cyclohexenylacetamindo) cephalosporanic
acid (SCE-100), a new semisynthetic cephalosporin.
[II. Comparative studies on absorption, distribution
and excretion of SCE-100 and cephalexin (CEX) in
laboratory animals, J. Antibiot., 29, 571—578
(1976).

4)  JF.Quay and L.Foster: Cephalexin penetration of the
surviving rat intestine, Physiologist, 13, 287 (1970).

5) J.F.Quay: Transport interaction of glycine and
cephalexin in rat jejunum, Physiologist, 15, 241
(1972).

6)  S.C.Penzotti and J.W .Poole: Transport mechanisms of
B-lactam antibiotics across everted rat gut, J. Pharm.
Sci., 63, 1803 —1806 (1974).

7) M.Yasuhara, Y.Miyoshi, A.Yuasa, T.Kimura,
S.Muranishi, and H.Sezaki: Intestinal absorption aspect
of non-lipophilic low molecular weight drugs: A case
of cephalexin and cefazolin, Chem. Pharm. Bull., 25,
675—-679 (1977).

8) A.Tsuji, ENakashima, T.Asano, R.Nakashima, and

N

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

T Kimura, et al.

T.Yamana: Saturable absorption of amino-cephalo-
sporins by the rat intestine, J. Pharm. Pharmacol., 31,
718—720 (1979).

ATsuji, ENakashima, LKagami, and T.Yamana:
Intestinal absorption mechanism of amphoteric 8-lac-
tam antibiotics I: Comparative absorption and evi-
dence for saturable transport of amino-8-lactam anti-
biotics by in situ rat small intestine, J. Pharm. Sci., 70,
768—772 (1981).

K.Umeniwa, O.Ogino, K.Miyazaki, and T.Arita:
Intestinal absotption of several B-lactam antibiotics. IL
Absorption characteristics of amino-penicillins and
amino-cephalosporins, Chem. Pharm. Bull., 217,
21772182 (1979).

K Miyazaki, K.Ohtani, K.Umeniwa, and T.Arita:
Intestinal absotption of several 8-lactam antibiotics. III.
Competitive inhibition behavior among zwitterionic
B-lactam antibiotics in the rat intestinal absorption, J.
Pharm. Dyn., 5,555—563 (1982).

K.Miyazaki, K.Iseki, and T.Arita: Intestinal absorption
of several B-lactam antibiotics. IV. Binding to the
various components in the intestinal mucosa of rat and
role in absorption process, J. Pharm. Dyn., 5,593 —602
(1982).

L.S.Schanker, D.J.Tocco, B.B.Brodie, and C.A.M.
Hogben: Absorption of drugs from the rat small
intestine, J. Pharmacol. Exptl. Ther., 123, 81—88
(1958).

M.Yasuhara, H.XKobayashi, Y.Kurosaki, T.Kimura,
S.Muranishi, and H.Sezaki: Comparative studies on the
absorption mechanism of p-aminobenzoic acid and p-
acetamidobenzoic acid from the rat intestine, J. Pharm.
Dyn., 2,177—186 (1979).

G.L.Dunn, JR.EHoover, D.A.Berges, ]J.]. Taggart,
L.D.Davis, EM.Dietz, D.RJakas, N.Yim, P.Actor,
J.V.Uri, and J.A.-Weisbach: Orally active 7-phenyl-
glycyl cephalosporins. Structure-activity studies
related to cefatrizine (SK&F 60771), J. Antibiot., 29,
65—80 (1976).

LBihler and R.Cybulsky: Sugar transport at the basal
and lateral] aspect of the small intestinal cell, Biochim.
Biophys. Acta, 298, 429 —437 (1973).

T.Kimura, HEndo, M.Yoshikawa, S.Muranishi, and
H.Sezaki: Carrier-mediated transport systems for
aminopenicillins in rat small intestine, J. Pharm. Dyn.,
1, 262—267 (1978).

H.Akedo and H.N.Christensen: Transfer of amino
acids across the intestine: a new model amino acid, J.
Biol. Chem., 237,113 —117 (1962).

AXKlip, S.Grinstein, and G.Semenza: Distribution of
sulfhydryl groups in intestinal brush border
membranes. Localization of side-chains essential for
glucose transport and phlorizin binding, Biochim. Bio-
phys. Acta, 558, 233 —245 (1979).

P.C.Will and U.Hopfer: Appatent inhibition of active

NII-Electronic Library Service



Absorption of Aminocephalosporins 253

non-electrolyte transport by an increased sodium per- transport system for the folate analog, amethopterin, in
meability of the plasma membrane, J. Biol. Chem., rat jejunun, J. Pharmacol. Exptl. Ther., 203, 640—645
254, 3806—3811 (1979). (1977).

21) W.B.Strum: A pH-dependent, carrier-mediated

NII-Electronic Library Service





