
Bwchemical Phormoco/ogy. Vol. 37. No. 10. pp. 2091-X95. 198X. 

Printed in Great Britain. 
OOOs295y88 $3.00 + o.Lm 

0 19R8. Pergamon Press plc 

IN VZVO EFFECTS OF P-LACTAM ANTIBIOTICS AND 
HETEROCYCLIC THIOL COMPOUNDS ON VITAMIN 
K-DEPENDENT CARBOXYLATION ACTIVITY AND 

BLOOD COAGULATION FACTORS IN VITAMIN 
K-DEFICIENT RATS 

TATSUSHI OKA,* AKIRA TOUCHI,? TOSHIO HARAUCHI, KYOJI TAKANO, 
TOSHIO YOSHIZAKI and TAKASHI MATSUBARA~ 

Kanzakigawa Laboratory, Shionogi Research Laboratories, Shionogi & Co., Ltd., Futabo-cho, 
Toyonaka, Osaka 561; and tShionogi Research Laboratories, Fukushima-ku, Osaka 553, Japan 

(Received 4 June 1987; accepted 16 October 1987) 

Abstract-The in uivo effects of heterocyclic thiol compounds, corresponding to the 3’-position sub- 
stituents of several fi-lactam antibiotics, on blood coagulation factors and on liver microsomal y- 
glutamylcarboxylation (y-carboxylation) activity were evaluated in rats maintained on a vitamin K- 
deficient diet. These rats, when compared to normal control animals, exhibited hypoprothrombinemic 
changes: prolongation of both prothrombin time and activated partial thromboplastin time, decreases 
in factor VII and plasma prothrombin, and increases in PIVKA II (descarboxyprothrombin) both in 
plasma and liver. They also displayed a marked increase in liver microsomal y-carboxylation activity. 
These blood coagulation variables could be altered markedly by administering various heterocyclic thiol 
compounds to the vitamin K-deficient rats, although these compounds did not inhibit y-carboxylation 
activity in an assay system using phylloquinone. A similar pattern of alteration was observed when some 
/I-lactam antibiotics were administered. Increased microsomal y-carboxylation activity in antibiotic- 
treated vitamin K-deficient rats was normalized by the administration of vitamin K, concomitant with 
the recovery of blood coagulation variables to the normal range. The results indicate that antibiotic- 
induced hypoprothrombinemia in viuo is not caused by inhibition of enzymes of the y-carboxylation 
system, such as vitamin K reductase and y-glutamylcarboxylase, but is related to the endogenous vitamin 
K level. 

An increased incidence of fi-lactam antibiotic- 
induced hypoprothrombinemia has been proposed to 
be associated with N-methyltetrazolethiol (l-methyl- 
lH-tetrazole-5-thiol, NMTT), a common side chain 
group at the 3’-position of the cephem or l-oxace- 
phem frame [l-4]. Lipsky found that NMTT inhibits 
rat liver microsomal y-carboxylation activity in vitro 
[5,6], and he and coworkers suggested that the inhi- 
bition would cause hypoprothrombinemia in vivo 
[7]. However, other investigators detected only slight 
or no inhibition of microsomal y-carboxylation reac- 
tion in vitro by NMTT-containing antibiotics or by 
NMTT itself [&lo]. Subsequent studies have demon- 
strated that the in vitro inhibition of the enzyme 
activity by NMTT is observable only in the presence 
of NADH [ll, 12, $1. In another study§, we exam- 
ined the in vitro inhibitory effects of various five- 
membered heterocyclic thiol compounds on liver 
microsomal vitamin K-dependent carboxylation 
activity under conditions leading to the NMTT 
action. The enzyme activity was inhibited by all of 
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those compounds, indicating that the in vitro action 
of NMTT is not unique. We thought it of interest to 
ascertain whether these heterocyclic thiol com- 
pounds would produce a hypoprothrombinemic 
effect. In this paper, we offer evidence that the 
administration of heterocyclic thiol compounds can 
lead to hypoprothrombinemia under conditions of 
vitamin K-deficiency. We also show that vitamin K- 
dependent carboxylation activity was stimulated in 
such a hypoprothrombinemic state. 

MATERIALS AND METHODS 

Animals and their treatments. Sprague-Dawley 
rats obtained from the Japan Clea Co. Ltd. (Tokyo; 
Jcl) or from the Shizuoka Laboratory Animals Cen- 
ter (Shizuoka; Sic) were used for the experiments at 
the age of 8-9 weeks. Animals were kept in an 
air-conditioned room (25 ? l”, 5040% r.h.) lighted 
12 hr a day (8:00 a.m. to 8:00 p.m.) and were fed a 
rat diet (Jcl-CA-l; 500 ng vitamin K/g) and tap water 
ad lib. When vitamin K-deficient rats were used for 
the experiments, the animals were maintained on a 
vitamin K-deficient diet and kept in suspended wire- 
bottomed cages to prevent coprophagy. Two kinds 
of vitamin K-deficient diet were used for 
experiments. The diet used exclusively for male rats 
was prepared in our laboratories, and contained 30- 
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50 ng vitamin K/g. In some experiments, female rats 
were maintained on a speciai diet (3-5 ng vitamin KJ 
g) obtained from the TEKLAD Co. (Madison, WI, 
U.S,A.). @Lactam antibiotics were dissolved in 
distilled water and then injected intravenously at 
3OQ or ~rng~~g body weight. The sodium salts 
of heterocyclic thiol compounds were dissolved in 
physiological saline, and the resulting solution was 
given intravenously at 1 mmol/kg. Phylloquinone 
was administered to vitamin K-deficient rats sub- 
cutaneously at 0.2 mgjkg. 

C~e~~c~~~. The heterocyclic thiol compounds used 
in this work were: NMTI’, 1,3,4-thiadiazole-5-thiol 
(TDT), 2-methyl-1,3,4-thiadiazole-~-thiol (MTDT), 
U&1,2,3-triazole-5-tbiol (2-T-I’), l-(2-dimethyl- 
amino)ethyl-lH-tetrazole-5-thiol (DA-IT), and l- 
hydroxyethyl-~~-tetrazole-5-thiol (I-ITT), All of 
these compounds and a pentapeptide substrate, Phe- 
Leu-Clu-Glu-Leu 1131, were prepared in the Shion- 
ogi Research Laboratories, Radioactive sodium 
bicarbonate (NaHi4C03; 57.8 mCi/mmol) was 
obtained from the Amersham Japan Co. Ltd. 
(Tokyo), Latamoxef (or moxalactam, LMOX) was 
obtained from Shionogi & Co. (Osaka), cefop 
erazane (CPZ) from the Toyama Chemical Co. 
(Tokyo), and cefazolin (CEZ) from the Fujisawa 
Pharmaceutical Co. (Osaka). Other chemicals of the 
purest grade available were obtained commercially 
and used without further purification. 

Determination of blood coaguhtion uariables, 
Venous blood was cullected from the vena cava 24 hr 
after the last drug administration in a 10% vol. of 
3,8% sodium citrate under pentobarbital anesthesia, 
and plasma samples were obtained by ~e~trifngation. 
Next, liver specimens were removed, and micro- 
somal fractions for the determination of PIVKA II 
(descarboxyprothrombin) content and y-carboxy- 
Iation activity were prepared from the left and 
median lobes respectively. Prothrombin time (PT), 
activated partial thrombopfastin time CAPTT) and 
factor VII were assayed with COAG-A-MATE-X2 

(Warner Lambert), a photo-optical clot detection 
system based on a one-stage method using fresh 
plasma. PIVMA II content in plasma and liver and 
plasma prothr~mbin were determined as described 
elsewhere [ 141. 

Det~~~i~ur~o~ of ~-c~~b~x~~~~~~~ ad&y 1 Vitamin 
K-dependent y-carboxylation activity was deter- 
mined using a microsomal suspension as the enzyme 
source. The final volume (0.5 ml) of the reaction 
mixture in SIK buffer (0.25 M sucrose, 50 mM imi- 
dazole, 0.5 M potassium chloride, pII 72) contained 
0.2ml of microsomal suspension (03 to 1.6mg 
protein), 0.24% (v/v) Triton X-100, 1 mM penta- 
peptide substrate, 2 mM NADIR, vitamin K cofactor 
(0.1 mM phylloqu~no~c) and radioactive sodium 
[‘4C]bicarbonate solution (10 ,&i, 9.35 mM). The 
reaction was continued in the dark for 60 min at 17” 
with moderate shaking, and other treatments were 
carried out as reported previously [12]. Microsomal 
protein was determined by using a Bio-Rad Protein 
Assay kit [l$] and bovine serum albumin as a 
standard. 

RESULTS 

E)&Ws of 3 ‘-side &ah ~~a~og~es ~~~-~~~t~~ anti- 
biotics. When male rats (Jcl) were maintained on a 
vitamin K-deficient diet for 7 days, hypoprothrom- 
binemic changes in blood coagulation factors, which 
were not found in rats maintained on ordinary chow, 
were detected: prolongation of PT, a decrease in 
plasma prothrombin and an increase in liver PIVKA 
II (Fig. 1, groups A and B). Under our experimental 
conditions, the liver microsomal IT-carboxylation 
activity increased about 3.5 times. Administration of 
NMTT or TDT to vitamin K-deficient rats promoted 
each of these changes further (Fig. 1, groups C and 
ID). Two rats, in five, of group I? died during the 
experiment, suggesting a much stronger effect of 
TI?T compared with that of NMTT. Similar patterns 
in the alterations of blood coagulation factors and 
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Fig. 1. Effects of NMTT and TDT on blood coagulation. Male rats (JcZ: SD) in group (A) were fed 
ordinary rat chow and others a vitamin K-deficient diet. The rats in group (3) were given saline (3.6 ml, 
i.v.) and those in groups (C) and (D) were ~ntr~~~no~s~y administered the test compound (1 mmoljkg, 
in 3.6ml saline) once daily for 7 days. The values of (a) prothrombin time, (b) plasma prothrombin. 
(c) liver PIVRA II and (d) micrasomal y-carboxylation activity (yGCA) in groups (A) and (IS> were 
Il.3 k 0.X and 14.7 2 1.1 set, 169.8 rt 2.6 and 64.5 ~?r 13.5 NIH ~~rorn~i~ units/ml plasma, 0.1 I -t O,OO 
and 0.64 t Q.06 units/mg of liver microsomal protein, and 939 rt 49 and 3310 rt 330 dpm/mg protciq’hr 
respectively. The relative values against the vitamin K-deficient control group (broken line) are 
represented in the figure. Each bar in the figure indicates the mean rt SE of five animals, except in the 
case of group (D), where the data came from three rats. Key: (*) and (**I statisticalty significant 

(P < 0.05 and P < 0.01 respectively) against group (IS), 
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Fig. 2. Effects of 3’-side chain analoges of /34actam antibiotics on coagulation factors. Male rats (Jcl : SD) 
in group (A) were fed ordinary rat chow, and other animals were given a vitamin K-deficient diet. Rats 
in group (B) were given saline (3.6 ml, i.v.) and those in groups (C)-(E) were intravenously administered 
test compounds (1 mmol/kg, in 3.6 ml saline) once daily for 7 days. All values represent the mean f SE 

of five animals. Other conditions were similar to those given in the legend of Fig. 1. 

liver microsomal y-carboxylation activity were 
observed when 2-‘IT, DATT or HTT was admin- 
istered (Fig. 2). When animals were given MTDT, 
four rats, in five, of the group died during the exper- 
iment and, thus, the data were removed from the 
figure. The activity of liver microsomal y-carboxy- 
lation was increased approximately 50% by these 
compounds. 

Effects of antibiotics and vitamin K. As described 
above (Figs. 1 and 2), various heterocyclic thiol 
compounds, which are the analogues of the 3’-posi- 
tion substituent of p-lactam antibiotics, caused both 
an increase in liver PIVKA II and a stimulation in 
liver y-carboxylase activity, although the in viuo 
enzyme reaction decreased, presumably, under the 
vitamin K-deficient conditions. Next, the effects of 

several antibiotics on blood coagulation variables 
and on liver microsomal y-carboxylation activity of 
hypoprothrombinemic animals were compared with 
those of heterocyclic thiol compound-treated rats. 
As shown in Fig. 3, administration of CEZ, CPZ or 
LMOX to the vitamin K-deficient rats resulted in 
prolongation of PT and a decrease in plasma pro- 
thrombin. Under the experimental conditions 
employed, vitamin K deficiency-induced increases in 
PIVKA II content and y-carboxylation activity in 
liver were not stimulated further by the adminis- 
tration of antibiotics. The results indicated that the 
alterations of blood coagulation factors and liver y- 
carboxylase activity caused by thiol compound 
administration were detected in the antibiotic- 
treated animals in essentially the same manner. 
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Fig, 3. Effects of various plactam antibiotics on coagulation factors and y-carboxylation activity. Female 
rats (Sic: SD) in group (A) were fed an ordinary diet and others were fed the TEKLAD vitamin K- 
deficient diet for 10 days. The vitamin K-deficient rats were further treated with intravenous adminis- 
tration of antibiotics at 900mg/kg ( in 3.6ml saline) once daily throughout the experiment. The 
values of (a) prothrombin time, (b) plasma prothrombin, (c) liver PIVKA II, and (d) microsomal y- 
carboxylation activity in groups (A) and (B) were 11.0 2 0.2 and 16.2 + 1.1 set, 240.2 ? 7.8 and 
42.8 ? 5.5 NIH thrombin units/ml plasma, 0.12 + 0.01 and 0.84 + 0.07 units/mg of liver microsomal 
protein, and 660 2 216 and 3490 2 624 dpm/mg protein/hr respectively. The relative values against the 
vitamin K-deficient control (broken line) are represented in the figure. Each bar in the figure indicates 
the mean rt SE of five animals. Key: (*) and (**) statistically significant (P < 0.05 and P < 0.01 

respectively) against group (B). 
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Fig. 4. Effects of vitamin K, supplement on coagulation factors and y-carboxylation activity of vitamin 
K-deficient rats with antibiotic treatment. Male rats (SIC) in group (A) were fed an ordinary diet and 
groups (B)-(G) were fed TEKLAD vitamin K-deficient diet for 4 days. Next, the animals were given 
a single subcutaneous administration of phylloquinone (0.2 mg/kg) and maintained vitamin K-deficient 
for l-6 days. The vitamin K-deficient rats were intravenously given LMOX (300 mg/kg, in 3.6 ml saline) 
once daily throughout the experiment. The values of (a) prothrombin time, (b) plasma prothrombin, 
(c) liver PIVKA II, and (d) liver microsomal y-carboxylation activity in groups (A) and (B) were: 
11.0 ? 0.1 and 38.3 + 6.2 set, 187.9 2 3.8 and 30.2 ? 5.9 NIH thrombin units/ml plasma, 0.10 2 0.01 
and 0.90 2 0.08 units/mg of liver microsomal protein, and 347 2 125 and 1570 + 380 dpm/mg protein/ 
hr respectively. The relative values against the vitamin K-deficient control (broken line) are as given in 

the legend of Fig. 3. 

After the development of hypoprothrombinemic 
change in coagulation factors in vitamin K-deficient 
rats administered the NMTT-containing antibiotic 
LMOX, the animals were given a single sub- 
cutaneous dose of phylloquinone and were further 
maintained for 1-6 days on the vitamin K-deficient 
diet with daily administration of LMOX. Next, the 
blood coagulation factors and liver y-carboxylation 
activity were determined. Figure 4 shows that hypo- 
prothombinemic changes in PT, plasma prothrombin 
and liver PIVKA II content recovered to the normal 
range 1 and 2 days after the administration of vitamin 
K, even in the LMOX-treated vitamin K-deficient 
rats. Both plasma PIVKA II and factor VII levels or 
PT and APTI levels showed similar patterns of 
recovery (data not shown). The blood coagulation 
factors changed gradually to the hypoprothrom- 
binemic values 4-6 days after the vitamin K treat- 
ment. Liver y-carboxylation activity showed a 
pattern parallel to that of the liver PIVKA II level; 
both increased under the hypoprothrombinemic 
states and rapidly decreased to the normal level after 
vitamin K treatment. The results shown in Fig. 4 
indicate clearly that both liver y-glutamylcarboxylase 
and vitamin K reductase were not inhibited in the 
antibiotic-induced hypoprothrombinemic state with 
vitamin K-deficiency, and the supplement of vitamin 
K led to the recovery of all the blood coagulation 
variables to normal levels. 

DISCUSSION 

Administration of the antibiotic LMOX or its side 
chain, NMTT, prolongs PT in vitamin K-deficient 

rats [7] but does not produce hypoprothrombinemia 
in vitamin K-sufficient rats, dogs or human vol- 
unteers [16, 171. Furthermore, vitamin K adminis- 
tration reverses antibiotic-induced hypopro- 
thrombinemia in patients [18]. These findings suggest 
that the vitamin K level in the body is an important 
factor in the development of hypoprothrombinemia, 
and microsomal y-carboxylase is essentially not 
inhibited by p-lactam antibiotics or by their frag- 
ments, in uivo. 

As reported by several investigators [l-3,18] for 
their patients, vitamin K deficiency also causes hypo- 
prothrombinemic changes in blood coagulation fac- 
tors in rats [7, 141, that is, prolongation of PT and 
APTT, decreases in plasma prothrombin and factor 
VII, and increase in PIVKA II both in liver and 
plasma [14]. Our data agreed well with these results. 
Administration of antibiotics (Fig. 3) or their frag- 
mental analogues, heterocyclic thiol compounds 
(Figs. 1 and 2), resulted in the enhancement of 
hypoprothrombinemic changes. Sex-related differ- 
ences in the development of hypoprothrombinemia 
are well recognized in rats, with male rats responding 
more severely to vitamin K deficiency than female 
rats [14, 19-211. When animals were maintained on 
a vitamin K-deficient diet containing 3@-50ng vit- 
amin K/g, the hypoprothrombinemic changes in 
blood coagulation variables were detected only in 
male rats and not in female rats. The changes due to 
vitamin K deficiency were detected in female rats 
after feeding of the special diet containing 3-5 ng 
vitamin K/g. We employed both male and female 
rats for the experiments. Except for the vitamin K 
level in the diet, there were no essential differences 
between the two sexes in the hypoprothrombinemic 
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states caused by the vitamin K deficiency or in the 
effects of the antibiotics. 

Interestingly, liver microsomal enzymes obtained 
from hypoprothrombinemic rats showed much 
higher vitamin K-dependent y-carboxylation activity 
than those from normal animals (Figs. l-4), and the 
activity seemed to correlate negatively with the level 
of prothrombin and/or with that of factor VII (data 
not shown). Administration of vitamin K returned all 
of the blood coagulation factors and y-carboxylation 
activity to their normal levels, within 1 day at the 
latest (Fig. 4). We concluded from these results that 
drug administration advances hypoprothrombinemia 
of vitamin K-deficient rats, probably due to enhance- 
ment of the vitamin K deficiency. This causes a 
decrease in the y-carboxylation reaction in ho, and 
then leads to accumulation of PIVKA II in the body. 
As a matter of fact, administration of the drug tends 
to increase the activity of liver microsomal y-carboxy- 
lase but the vitamin K-deficiency seems to restrict the 
over-all efficiency of the y-carboxylation reaction. 
Thus, a supplement of vitamin K led to recovery of 
all of these abnormalities into the normal range. This 
agrees well with observations that antibiotic-induced 
hypoprothrombinemia in humans [l-3,18] or rats 
(Fig. 4) was reversed quickly by vitamin K 
administration. 

Various /3-lactam antibiotics and their fragmental 
compounds inhibit microsomal y-carboxylation 
activity directly under certain special conditions in 
uitro [8,12, *]. The administration of these com- 
pounds further enhances hypoprothrombinemia of 
vitamin K-deficient rats [7]. However, the activity of 
y-carboxylase is not inhibited but rather activated by 
this treatment. These observations suggest that in 
uiuo enhancement of hypoprothrombinemia by drug 
administration is related not with in vitro inhibition 
of y-carboxylase, but rather with endogenous vitamin 
K levels. Acute administration of phylloquinone is 
followed by the transient appearance of vitamin K- 
2,3-epoxide in patients who showed antibiotic- 
related hypoprothrombinemia [18], suggesting a 
depression of liver microsomal vitamin K epoxide 
reductase activity. In fact, administration of NMTT 
causes a marked decrease in liver vitamin K-epoxide 
reductase activity in rats [22], and we obtained the 
same results using antibiotic-treated rats (unpub- 
lished results). All these results support the above 
assumption. This impaired hepatic regeneration of 
vitamin K was considered to decrease endogenous 
vitamin K level [ 18,221, and the recovery from anti- 
biotic-related hypoprothrombinemia by vitamin K 
administration supports this consideration. 

These situations resemble very closely those pos- 

* K. Uchida and T. Komeno, Currenf Aduances in Vif- 
amin K Research. (Ed. J. W. Suttie), p. 477. Elsevier 
Science Publishers B.V.. Amsterdam (1987). 

tulated for the coumarin-like effect of NMTT-con- 
taining antibiotics [18] and of NMTT [22]. Therefore, 
as has been documented for coumarin anticoagulants 
[23-251, various plactam antibiotics and their frag- 
mental compounds seem to inhibit vitamin K-2,3- 
epoxide reductase. 
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