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          The interactions between subinhibitory concentrations of cephalosporins and polymor-

      phonuclear leukocytes in the killing of a strain of Escherichia coli are described and an at-

       tempt is made to define the responsible mechanism. Ceftizoxime was the most potent agent 

       tested. Pretreatment of the E. coli strain with subinhibitory concentrations of ceftizoxime 

      increased the susceptibility to both; phagocytic killing activity of the polymorphonuclear 

       leukocytes and bactericidal activities of the oxygen metabolites and the granule extracts. A 

       most interesting result was the increased susceptibility of the ceftizoxime-treated E. coli to 

      killing by ji-glucuronidase which normally is not bactericidal. It is suggested that the aug-

      mented killing could be due to bacteriolysis by ƒÀ-glucuronidase. 

   There have been many reports on the positive and negative interactions between antimicrobial 

agents and host defense factors1•`6), and the desirable properties of an antibiotic would be synergism 

and the absence of antagonistic effects on the host immune system. Since the actual time of contact 

of bacteria with an antibiotic at levels higher than the minimum inhibitory concentration (MIC) may 

be relatively short in the blood and the sites of infection, subinhibitory concentrations (sub-MICs) 

play an important role in the efficacy of antibiotics in vivo. LORIAN reviewed the effects of antibiotics 

at sub-MICs7). We also showed in an earlier study that sub-MICs of carbenicillin and nocardicin A 

enhanced the phagocytic killing of Pseudomonas aeruginosa by rabbit polymorphonuclear leukocytes 

(PMNs)8,9). The synergism of some of the new cephalosporins with potent antibacterial activities 

and PMNs should also be evaluated in detail. This study was designed to evaluate the synergism of 

representative cephalosporins at sub-MICs and PMNs on the phagocytic killing of Escherichia coli 

and the mode of action of this synergism. 

                             Materials and Methods 

   Bacterial Strain 

   Clinically isolated E. coli strain No. 59 is susceptible to ƒÀ-lactams and is highly resistant to serum 

bactericidal activity. 

   Antibiotics 

   Ceftizoxime (Fujisawa Pharmaceutical Co., Ltd., Osaka, Japan), cefazolin (Fujisawa Pharmaceu-

tical Co., Ltd.), cefotiam (Takeda Chemical Ind., Ltd., Osaka, Japan), ceftazidime (Glaxo Res., Ltd.,
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 Greenford, UK), cefotaxime (Hoechst-Roussel, West Germany), latamoxef (Shionogi & Co., Ltd., 

 Osaka, Japan), cefoperazone (Toyama Chemical Co., Ltd., Tokyo, Japan) and cefmenoxime (Takeda 

Chemical Ind., Ltd.). 

    Reagents 

    Isopropylthio-D-galactopyranoside (IPTG), ƒÀ-glucuronidase (respective specific activities: 18,000 

and 550 u/mg), lysozyme, acid phosphatase and phospholipase A2 (Sigma Chemical Co., St. Louis, 

Mo.), o-nitrophenyl-S-D-galactopyranoside (ONPG) and sodium D-glucuronate (Nakarai Chemical 

Co., Kyoto, Japan), and (DL-+meso)-2,6-diamino[G-3H]pimelic acid ([3H]DAP, specific activity: 574 

mCi/mmol, Amersham International, UK). The above enzymes were used without further purifica-

tion. 

    Determination of MICs 

    Broth dilution MICs were determined with overnight broth culture of E. coli No. 59 in Mueller-

Hinton broth (Difco). The culture was diluted with this broth to give an inoculum of 108 cfu/ml. 

Test tube containing 9 ml of the culture conditions and 1 ml of serially two-fold dilutions of the anti-

biotics were incubated at 37°C for 18 hours. After incubation, the lowest antibiotic concentration 

inhibiting visual bacterial growth was regarded as the MIC. The MICs of the antibiotics used were 

as follows: 1.56,ug/ml for cefazolin, 0.2,ug/ml for cefotiam, 0.1 ,ug/ml for ceftazidime, ceftizoxime 

and cefoperazone, 0.39 Fig/ml for latamoxef, 0.05,ug/ml for cefmenoxime, and 0.025 Jig/ml for ce-

fotaxime. 

    Ceftizoxime-resistant Strain 

    E. coli No. 59 was subcultured 30 times in Mueller-Hinton broth containing serially increased doses 

of ceftizoxime. The MIC of ceftizoxime for the resultant ceftizoxime-resistant E. coli No. 59R1 was 

6.25 ug/ml. 

    Pretreatment of E. coli with Ceftizoxime 

    Ceftizoxime-pretreated E. coli were used in the experiments except those shown in Fig. 1. The 

culture of E. coli No. 59 incubated in Mueller-Hinton broth at 37°C for 30 minutes was mixed with 

ceftizoxime at sub-MICs and incubated for 2 hours. Then, the E. coli was washed by centrifugation 

to remove the ceftizoxime and used for the experiments. 

   Preparation of PMNs and Granule Extracts 

   Rabbit PMNs were obtained from the peritoneal cavity of rabbits injected with glycogen by the 

COHN method10). Human PMNs were purified by the BOYUM method11) using sequential sedimenta-

tion with dextran and Ficoll-Hypaque (Pharmacia Fine Chemicals AB, Uppsala, Sweden). The 

final PMN suspensions contained more than 95 % PMNs. The crude granule extracts from the PMNs 

were prepared by the modified REST method12) as follows: PMNs (2 x 107 cells/ml) were suspended in 

25 % sucrose and disrupted by sonication with a ultrasonic disruptor model UR-200 (Tomy Seiko Co., 

Ltd., Tokyo, Japan). The undisrupted cells, nuclei and aggregated cell debris were removed by cen-

trifugation at 126 x g for 15 minutes. The crude granule extracts were precipitated by centrifugation 

at 20,000 x g for 20 minutes. 

   Phagocytosis and Killing 

   The suboptimum conditions for PMNs to phagocytose and kill bacteria were used to observe the 

synergistic effect of the antibiotics. The reaction mixture comprising PMNs (2x 106/ml), F._ coli No. 59 

(1 x 106/ml), autologous serum (5 %), antibiotic and 25 mm N-2-hydroxyethylpiperazine-N'-2-ethanesul-

fonic acid-buffered Hanks' balanced salt solution (HEPES-HBSS) was incubated with gentle shaking 

at 37°C for 2 hours. Thereafter, 50 µl portions were plated onto brain heart infusion agar (Difco) 

and the colonies were counted after incubation for 24 hours. 

   Bactericidal Test 

   Equal volume (100 ul) of E. coli No. 59 (103-104/ml) and bactericidal materials (granule extracts, 

lysosomal enzymes and hydrogen peroxide and hypochlorous acid) were incubated at 37°C for 1 hour
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in a 96 well-microtray, and the residual viable bacteria were counted as described above. The reac-
tion was conducted in 0.1 M citrate buffer (pH 6) since intra-lysosomal pH was reported to be about 
613,14) The bactericidal activity of superoxide anion (O2-) was tested by a modification of the BABIOR 
method15). That is, the reaction mixture (200 Fit) containing E. coli (4 x 105/ml), xanthine oxidase, 
1.3 mM xanthine, 145 mm NaCl and 100 mM phosphate buffer (pH 7.5) was incubated at 37°C for 
1 hour and the residual viable bacteria were counted.

Fig. 1. Effect of sub-MICs of various cephalosporins on the phagocytic killing of E. coil by human PMNs. 
      PMNs (2 x 108/ml), E. coli No. 59 (1 x 108/ml) and antibiotics were incubated at 37°C for 2 hours 
   with gentle shaking and the residual viable E. coil were counted on agar plates. The same experiment 
   was done 3 times and the representative results are presented in this figure.
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None 

Ceftizoxime 

Cefotaxime 

Latamoxef 

Cefoperazone 

Cefinenoxime 

Ceftazidime 

Cefotiam 
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    Scanning Electron Microscopy 

   E. coli was fixed with 1.5 % glutalaldehyde followed by 2%. OsO4. After dehydration with ethanol, 

the samples were suspended in isoamyl acetate, dried with a critical point dryer model HCP-1 (Hitachi 

Ltd., Tokyo, Japan), coated with platinum with a multicoater model VX-10 (Eiko Engineering Co., 

Tokyo, Japan) and observed with a scanning electron microscope model S-450 (Hitachi Ltd.). 

    Degradation of Peptidoglycan of E. coli 

   E. coli No. 59 cells were radioactively labeled with 10 pCi of [3H]DAP per milliliter of Mueller-

Hinton broth at 37°C for 1 hour, washed twice with isotope-free Mueller-Hinton broth, and incubated 

in isotope-free Mueller-Hinton broth at 37°C for 30 minutes to remove the isotope in intracellular DAP 

pool. The labeled cells were treated with ceftizoxime and ƒÀ-glucuronidase as described above. The 

released radioactivity in the supernatant after centrifugation was counted, and the ratio of released 

radioactivity to total activity of the reaction mixture incubated with 0.4% deoxycholate at 37°C for 

30 minutes was calculated. 

    Measurement of Envelope Damage 

   Envelope damage of E. coli No. 59 pretreated with ceftizoxime was determined by the following 

two methods: 1) The plasmid encoding TEM type ƒÀ-lactamase which could not hydrolyze ceftizoxime 

was introduced into E. coli No. 59 by transconjugation. The resultant E. coli No. 59R2 was as sus-

ceptible to ceftizoxime as the parent strain. The transconjugant was pretreated with ceftizoxime at 

1/16 and 1/32 the MIC and suspended in 0.1 M citrate buffer (pH 6). After incubation at 37°C for 

30 and 60 minutes, the supernatant of half of the incubation mixture was filtrated with Millipore filter 

(pore size: 0.45 tim). The ƒÀ-lactamase activity was determined by measuring the increase in absorbance 

at 500 nm with a spectrophotometer model 220A (Hitachi Ltd.) using a cell holder equipped with a 

thermostat after incubation with chromogenic cephalosporin (synthesized in our Research Labora-

tories). The total enzyme activity was also determined on the other half of the incubation mixture after 

sonication. Envelope damage was expressed as the ratio of relative P-lactamase activity to the total 

one. 2) E. coli No. 59 was incubated at 37°C for 2 hours with IPTG at the concentration of 100 

pg/ml to induce P-galactosidase and was pretreated with ceftizoxime at 1/16 and 1/32 the MIC and 

suspended in 0.1 M citrate buffer (pH 6). The treated E. coli was incubated at 37°C for 30 minutes 

with ONPG, the reaction was stopped with I M Na2CO3 and the absorbance at 420 nm was measured 

spectrophotometrically. Envelope damage was expressed as the ratio of relative absorbance to total 

absorbance in bacteria treated with toluene. 

                                   Results 

                Effect of Cephalosporins on Phagocytic Killing of E. coli 

                         by Human and Rabbit PMNs 

   Fig. 1 shows the results of a representative experiment on the effect of sub-MICs of the cephalo-

sporins on the phagocytic killing of E. coli No. 59 by human PMNs. Ceftizoxime, cefinenoxime, 

cefotaxime and cefoperazone, even at 1/8 the MIC, had a subinhibitory effect on the growth of E. coli 

No. 59 in the absence of the PMNs. In the presence of the PMNs, the bactericidal effect of the drugs 

tested, except cefotiam and cefazolin, was higher than that of either the antibiotics or the PMNs alone 

and ceftizoxime had the most potent bactericidal activity even at 1/32 the MIC. This tendency was 

reproducible. Since a similar potency was observed in the presence of rabbit PMNs and also against 

other strains of E. coli (data not shown), rabbit PMNs and ceftizoxime were used to investigate whether 

this synergism was based on the increased susceptibility of the ceftizoxime-damaged E. coli to the 

phagocytic killing activity of PMNs or on activation of the functions of the PMNs by ceftizoxime. 

        Susceptibility of Ceftizoxime-treated E. coli to Phagocytic Killing by PMNs 

   First, the susceptibility of the ceftizoxime-pretreated E. coli to the phagocytic killing by rabbit PMNs
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was compared to that of the untreated strain (Fig. 

2). The growth speed of the E. coil pretreated 

with ceftizoxime at 1/4 the MIC was similar to 

that of the untreated E. coil in the absence of the 

PMNs. However, the ceftizoxime-treated E. coil 

became more susceptible than the untreated E. coil

to the phagocytic killing by the PMNs. Next, to investigate the direct effect of ceftizoxime on the func-

tions of the PMNs, rabbit PMNs were preincubated with 0.01 to 1.0 pg/ml of ceftizoxime at 37°C for 

30 minutes. After removal of ceftizoxime, O2- release and bactericidal activity against E. coli No. 

59 were determined. There was no significant difference between the ceftizoxime-treated and the 

intact PMNs in either O2- release or bactericidal activity (data not shown). These results indicate 

that the direct activity of ceftizoxime against E. coil increased the susceptibility of the organism to 

the phagocytic killing by PMNs. 

   To elucidate the cause of the increased susceptibility of the ceftizoxime-treated E. toll to the 

phagocytic killing activity of PMNs, the susceptibility of the ceftizoxime-treated E. coil to the killing 

mechanisms of PMNs was compared with that of the untreated E. coll. The ceftizoxime-treated 

E. coli became more susceptible than the untreated E. coil to the bactericidal activity of the crude 

granule extract used for the OZ-independent bactericidal system of PMNs (Fig. 3). In an attempt to 

understand this phenomenon, the susceptibility of the ceftizoxime-treated E. coli to several lysosomal 

enzymes was tested. The viable cell counts of the ceftizoxime-treated E. coil decreased markedly in 

the presence of ƒÀ-glucuronidase, whereas the untreated E. coil resisted killing by the enzyme (Fig. 4). 

The granule extracts used above contained ƒÀ-glucuronidase at 73 U/ml, the concentration at which

Fig. 2. Susceptibility of ceftizoxime-pretreated E. 

 coli to bactericidal activity of rabbit PMNs. 

   E. coil No. 59 was pretreated with ceftizoxime 

 at 1/4 the MIC for 2 hours. The open symbols 

 indicate incubation in the absence of PMNs and 

 the closed symbols indicate incubation in the 

 presence of PMNs. 

   Symbols: Untreated E. coli (•›•@,•œ •); ceftizoxime-

 pretreated E. coil (• •@,•¡U).

Fig. 3. Susceptibility of ceftizoxime-pretreated E. 

 coil to bactericidal activity of granule extracts from 

 rabbit PMNs. 

   E. coil No. 59 was pretreated with ceftizoxime 

 at 1/4 the MIC for 2 hours. The experiment was 

 done in duplicate. 

   * Relative bacterial counts of E , coil treated with 

 bactericidal materials to those of nontreated E. 

 coll. 

   Symbols: Untreated E. coli (•œ); ceftizoxime-

 pretreated E. coil (•›).
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ƒÀ-glucuronidase killed the ceftizoxime-treated E . coll. Boiling the enzyme preparation and adding 

sodium n-glucuronate, a competitive inhibitor of ƒÀ-glucuronidase, to this reaction mixture impaired 

the killing ability. Both the enzyme preparation with 32-fold higher specific activity and the prepa-

ration mentioned above killed the ceftizoxime-treated E. coli (Table 1). These results indicate that 

the killing of ceftizoxime-treated E. coli by ƒÀ-glucuronidase was due to the enzymatic activity of ƒÀ-

glucuronidase. However, the ceftizoxime-treated E. coli did not become more susceptible to the other 

lysosomal enzymes including lysozyme, acid phosphatase and phospholipase A2 (data not shown).

Fig. 4. Killing of ceftizoxime-pretreated E. coli by 

 P-glucuronidase. 

   E. coli No. 59 was pretreated with ceftizoxime 

 at 1/4 the MIC for 2 hours. All experiments were 

 done in duplicate. 

   * Relative bacterial counts of E
. coli treated with 

 ƒÀ-glucuronidase to those of nontreated E . coli. 

   Symbols: Untreated E. coli (•œ•); ceftizoxime-

 pretreated E. coli (•›0).

Table 1. ƒÀ-Glucuronidase-specificity in killing of 

 ceftizoxime-treated E. coli.

    ,3-Glucuronidase 

Boiled 
 (100°C, 5 minutes)b 

Nonboiledb 
With n-glucuronate 

 (5 mg/ml)b 
Without n-glucuronateb 
High specific activity 

 (18,000 u/mg) 
Low specific activity 

 (550 u/mg)

Viable E. coli a (%)

Ceftizoxime-
  treated 

   101° 

   63 

   97d 

    66 

    51 

    53

Untreated 

  107 

  102 

  109 

  106 

  114 

  104

 E. coli No. 59 was pretreated with ceftizoxime at 

1/4 the MIC for 2 hours and treated with ƒÀ-glu-

curonidase at 275 u/ml. All experiments were 

done in duplicate and the average values were 

shown. 

a  See legend to Fig. 3. 

b ƒÀ-Glucuronidase with a specific activity of 550 

  u/mg was used. 

c Significantly different from the case of the 

  nonboiled enzyme. 

d Significantly different from the case without 

   n-glucuronate.

Table 2. Susceptibility of ceftizoxime-treated E. coli to bactericidal action of hydrogen peroxide, hy-

   pochlorous acid and superoxide anion-generating system.

Bactericidal materials 

 Hydrogen peroxide 

 Hypochlorous acid 

 Xanthine oxidase 

 (O2- generating system)

Concentration 

 100 uM 
 200 ,uM 
 300 µM 
   2.8 f2M 
   3.5 /ZM 

   0.05 U/ml 
   0.1 U/ml 
   0.2 U/ml

Viable E. coli a (%)

Ceftizoxime-treated 

    38 

         3.2 

         0.2 

    37 

         8.0 

    20 

         1.7 

         0.8

Untreated 

 70 

    9.3 

    2.4 

 63 

 58 

 42 

 33 

    6.1

   E. coli No. 59 was pretreated with ceftizoxime at 1/4 the MIC for 2 hours. Bactericidal test was done 
as described in Materials and Methods. All experiments were done in duplicate and the average values 
were shown. 

  See legend to Fig. 3.
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Next, the susceptibility of the ceftizoxime-treated 

E. coli to the bactericidal action of hydrogen 

peroxide and hypochlorous acid as a model of 

oxygen-dependent killing system of PMNs15) was

compared with that of the untreated E. coli (Table 2). The ceftizoxime-treated E. coli became more 

susceptible than the untreated E. coli to the bactericidal activity of all of them. 

       Mode of Increased Susceptibility of Ceftizoxime-treated E. coli to ƒÀ-Glucuronidase 

   The following additional studies were performed to clarify the mode of action of this most in-

teresting aspect. Since treatment of the ceftizoxime-resistant E. coli No. 59R1 with ceftizoxime at 

1/4 the MIC for parent E. co/i No. 59 did not increase the susceptibility to ƒÀ-glucuronidase (data not 

shown), this phenomenon had to be due to the effect of ceftizoxime on E. coli. To elucidate the mode 

of the killing of the ceftizoxime-treated E. coli by (3-glucuronidase, morphological changes of the 

bacteria were observed with a scanning electron microscope. The only change noted in the ceftizoxime-

treated E. coli was filamentation, however, incubation of the ceftizoxime-treated E. coli with ƒÀ-glu-

curonidase induced bacteriolysis in about 50% of the population (Fig. 5A). In contrast, bacteriolysis 

did not occur in the untreated E. coli when incubated with the enzyme (Fig. 5B). Since the damage 

to peptidoglycan by the enzyme treatment can be thought as a background of the bacteriolysis, the de-

gradation of peptidoglycan was estimated by measuring the release of radioactivity from E. coli labeled 

with [3H]DAP (Table 3). In the E. coli treated with 1/16 and 1/32 the MIC of ceftizoxime, the enzyme 

markedly increased the release of radioactivity, but only slightly in the ceftizoxime-untreated E. coli. 

    Next, to elucidate what ceftizoxime-induced damages to the bacterial surface the ƒÀ-glucuronidase-

triggered bacteriolysis was based on, the envelope damage by ceftizoxime was measured as described 

in Materials and Methods. 

    ƒÀ -Lactamase was not leaked into the extracellular fluid of the ceftizoxime-treated E. coli No . 59R2 

harboring the plasmid encoding TEM-type ƒÀ-lactamase (Fig. 6). In contrast, ONPG with a much 

lower molecular weight than ƒÀ-lactamase penetrated the envelope in the ceftizoxime-treated E. coli 

more easily than in the untreated E. coli (Table 4). 

    However, in this condition, the failure of viable cell counts in the ceftizoxime-treated E. coli to

Fig. 5. Morphological alteration of ceftizoxime-

 pretreated E. coli by ƒÀ-glucuronidase. 

   E. coli No. 59 was pretreated with ceftizoxime 

 at 1/16 the MIC for 2 hours and treated with ƒÀ-

 glucuronidase at 2,750 u/ml. The morphology was 

 observed with a scanning electron microscope. 

   A. Ceftizoxime-pretreated E. coli. B. Un-

 treated E. coli. Bacteriolysis by the enzyme was 

 observed in about 50% of ceftizoxime-pretreated 

 E. coli but not in ceftizoxime-untreated E. coli.

A B

Table 3. Release of radioactivity from ceftizoxime-

 pretreated [3H]DAP-labeled E. coli after treatment 

 with ƒÀ-glucuronidase.

Ceftizoxime 
pretreatment 

None 

1/16 MEC 

1/32 MIC

~-Glucu-
ronidase 
treatment 

+

Release (%)

Expt 1 

27.6 

24.7 

43.9 

55.5 

39.4 

53.6

Expt 2 

24.3 

29.3 

45.8 

71.1 

40.3 

62.4

 E. coli No. 59 was labeled with [3H]DAP as 

described in Materials and Methods, pretreated 

with ceftizoxime for 2 hours and treated with ƒÀ-

glucuronidase at 2,750 u/ml. All experiments were 

done in duplicate and the average values are shown.
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decrease suggests that the damage to the envelope 

was not lethal. 

               Discussion 

   The interaction of antimicrobial agents and 

PMNs in the killing of clinically important bac-

teria is an issue of considerable urgency. There 

have been many reports on this coopera-

tion1•`9,16•`19), however, the mechanism of syner-

gism has not been fully elucidated. Our previous 

studies on the interaction between antibiotics at 

sub-MIC and PMNs against P. aeruginosa have

shown that carbenicillin and sulbenicillin, which are inhibitors for the cell wall synthesis of bacteria, 
enhanced the phagocytic killing by PMNs, but colistin, polymyxin B, gentamicin and dibekacin, 
which have other modes of action, did not6). The present study was designed to evaluate the 
synergism between the representative cephalosporins and PMNs, and the mode of action of this 
synergism. 

   Although there was some variation among the test agents in the extent of synergism, it is note-
worthy that ceftizoxime, showed the most potent synergism with PMNs. That is; ceftizoxime en-
hanced the phagocytic killing of E. coli by PMNs at concentration as low as 1/32 the MIC, and this 
tendency was confirmed in 3 replicate experiments. The variation among cephalosporins which have 
the same mechanism of action might be based on their different binding affinities to several essential 

penicillin binding proteins (PBPs). This synergism was caused by the increased susceptibility of 
E. coli to both phagocytosis and intracellular killing by PMNs, but not by direct enhancement of the 
PMN function by ceftizoxime. Furthermore, the strong synergistic effect of ceftizoxime and PMNs 
might be due to the increased susceptibility of the ceftizoxime-treated E. coli to the bactericidal activity 
of the granule extracts of PMNs, hydrogen peroxide, hypochlorous acid and O2 generating system 
as the models of oxygen-dependent and -independent killing systems of PMNs. It can be supposed 
that ceftizoxime greatly affects the bacterial surface structure by inhibiting cell wall synthesis. It is 
reported that the susceptibility of Gram-negative bacteria to the bactericidal materials of PMNs is 
related to the length of the saccharide chain of the lipopolysaccharides in the bacterial envelope20,21). 
As shown in Table 3, the damage to the bacterial surface in the ceftizoxime-treated E. coli was not 
lethal, but the permeability barrier against the low molecular substance (ONPG) collapsed. This 
might explain why the ceftizoxime-treated E. coli was easily phagocytosed, killed and digested by the

Fig. 6. Leakage of ƒÀ-lactamase in ceftizoxime-

 treated E. coli. 

   E. coli No. 59R2 producing TEM-type ƒÀ-

 lactamase was obtained by transconjugation and 

 pretreated with ceftizoxime at 1/4 the MIC for 2 

 hours. The E. coli was incubated in a buffer (pH 

 6) and the ƒÀ-lactamase activity of the supernatant 

 was assayed using chromogenic cephalosporin. 

   * Relative enzyme activity of the supernatants 

 to the respective total enzyme activity of sonicated 

 E. coli. 

   Symbols: Untreated E. coli (•›); ceftizoxime-

 pretreated E. coli (•œ•).

Table 4. Envelope permeability of ONPG in ceftizo-

 xime-treated E. coll.

Ceftizoxime 
pretreatment 

None 
1/16 MIC 
1/32 MIC

   Envelope 
permeability (%)a 

     15 
     73 
     75

Viability (%)b 

   103 
    ill 
    89

 Ceftizoxime-pretreated and untreated E. coli 

were incubated in buffer (pH 6) and the ~-galac-

tosidase activity and viable counts were measured 

as described in Materials and Methods. 

 a •@ Percentage of ƒÀ-galactosidase activity in intact 

  E. coli compared with that in toluene-treated 

  E. coll. 

b Percentage of viable counts after incubation at 

  pH 6 compared with those before incubation.
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PMNs. PRUUL et al.17•`-19) reported that E. coli briefly pretreated with chloramphenicol at 4 times the 

MIC became more susceptible than the untreated E. coli to intracellular killing by PMNs and the 

bactericidal activity of the granule extract, but the bacteria pretreated with such ƒÀ-lactams as ampicillin 

and cefoxitin did not. The discrepancies between our findings and theirs might be due to the different 

drugs and experimental conditions. 

   It is interesting that the ceftizoxime-treated E. coli became susceptible to i4-glucuronidase, since 

this suggests that bacteria damaged by ceftizoxime can be effectively eliminated by ƒÀ-glucuronidase 

in addition to well-known bactericidal substances such as active oxygen metabolites, myeloperoxidase 

and lysozyme. When the effect of ceftizoxime on the susceptibility to ƒÀ-glucuronidase was compared 

with that of cephaloridine, mecillinam and cephalexin, which have high affinities to PBP 1, PBP 2 and 

PBP 3 respectively, the three drugs were less potent than ceftizoxime, which has a high affinity to both 

PBP 1 and PBP 322) (data not shown). 

   It is obvious that ƒÀ-glucuronidase induced bacteriolysis in the ceftizoxime-treated E. coli by de-

grading peptidoglycan (Fig. 5 and Table 3). Since ceftizoxime did not induce the leakage of periplasmic 

j9-lactamase (molecular weight: 25K) in E. coli, ƒÀ-glucuronidase (280K), which has higher molecular 

weight than ƒÀ-lactamase, probably can not penetrate the periplasm to degrade the peptidoglycan. Al-

ternatively, it is plausible that the enzyme could activate the autolytic enzyme degrading the pepti-

doglycan. GINSBURG1,23) reported that autolytic enzymes took part in the killing of Staphylococcus 

aureus in lysosomes, and penicillins enhanced the enzyme activity. KITANO24) suggests that the bac-

tericidal activity of ƒÀ-lactam antibiotics against E. coil is related to their affinity to PBP 1 and the 

activation of autolytic enzymes. From these findings, it can be supposed that pretreatment of E. coli 

with ceftizoxime at sub-MICs causes heavy but not lethal envelope damage and that the autolytic en-

zymes in the treated E. coli ready for activation were fully activated by ƒÀ-glucuronidase-induced damage 

of the cell surface. However, it is difficult to ascertain the truth at present, because the regulation of 

the autolytic enzyme activity in Gram-negative bacteria is totally unknown, as well as the target sites 

of ƒÀ-glucuronidase on the envelope of the damaged E. coli and the reactions which preceed bacteriolysis. 
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