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Abstract-Cephaloglycin (Cgl) and cephaloridine (Cld) are acutely toxic to the proximal renal tubule, 
in part because of their cellular uptake by a contraluminal anionic secretory carrier and in part through 
their intracellular attack on the mitochondrial transport and oxidation of tricarboxylic acid (TCA) cycle 
anionic substrates. Preliminary studies with Cgl have provided evidence of a role of fatty acid (FA) 
metabolism in its nephrotoxicity, and work with Cld has shown it to be a potent inhibitor of renal 
tubular cell and mitochondrial carnitine (Carn) transport. Studies were therefore done to examine the 
effects of Cgl and Cld on the mitochondrial metabolism of butyrate, the anion of a short-chain FA that 
does not require the Carn shuttle to enter the inner matrix, and the effects of Cgl on the metabolism 
of palmitoylcarnitine (PCarn), the Carn conjugate of a long-chain FA that does enter the mitochondrion 
by the Carn shuttle. The following was found: (1) Cgl reduced the oxidation and uptake of butyrate 
after in vitro (2000 ,ug/mL, immediate effect) and after in uiuo (300 mg/kg body weight, 1 hr before 
killing) exposure; (2) Cld caused milder in vitro toxicity, and no significant in uiuo toxicity, to 
mitochondriai butyrate metabolism; (3) like Cld, Cgl reduced PCarn-mediated respiration after in uiuo 
exposure, but, unlike Cld, it did not inhibit respiration with PCarn in uitro; (4) the Carn carrier was 
stimulated sli,ghtly by in uitro Cgl but was unaffected by in uiuo Cgl; (5) in uiuo Cgl had no effect on 
mitochondrial free Carn or long-chain acylCarn concentrations in the in situ kidney; (6) Cgl increased 
the excretion of Carn minimally compared with the effect of Cld; and (7) cephalexin, a nontoxic 
cephalosporin, caused mild reductions of respiration with butyrate and PCarn during in uitro exposure, 
but stimulated respiration with both substrates after in uivo exposure. Conclusions: Cgl has essentially 
the same patterns of in vitro and in uiuo toxicity against mitochondrial butyrate uptake and oxidation 
that both Cgl and Cld have against TCA-cycle substrates. Cld has little or no in uiuo toxicity to 
mitochondrial butyrate metabolism, whereas in uiuo Cgl is as toxic as Cld to respiration with PCarn. 
The greater overall in uiuo toxicity of Cgl to mitochondrial FA metabolism, with lower cortical 
concentrations and AUCs than those of Cld, supports earlier evidence that Cld is less toxic than Cgl 
at the molecular level. 

Key words: beta-lactam; cephalosporin; fatty acid; mitochondrion; nephrotoxic; transporter 

Certain of the beta-lactam antibiotics are nephrotoxic 
in several mammalian species. When the most toxic 
of these are given to rabbits, which are approximately 
as susceptible as humans or nonhuman primates [l], 
single doses in the therapeutic range cause necrosis 
of proximal tubular cells, starting as early as 5 hr 
after administration [2]. Cglt and Cld, the most 
thoroughly studied of the nephrotoxic cephalo- 
sporins, and imipenem, a nephrotoxic carbapenem, 
share two important properties: (1) their nephro- 
toxicity can be pre.vented by inhibitors of organic 
anion (hippurate) s,ecretion [3-51; and (2) they are 
toxic to respiration with substrates and precursors 
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of the mitochondrial TCA cycle [4,6,7], through 
inactivation of mitochondrial anionic substrate 
carriers [7-91. 

An important feature of Cld sets it apart from the 
other toxic cephalosporins: it has a quaternary 
nitrogen in an R2 pyridinium substituent [lo]. As a 
result, although Cld is freely transported into the 
tubular cell by a contraluminal secretory carrier, its 
net movement into the tubular fluid is limited 
severely [ll], with tubular cell concentrations more 
than twice those of Cgl and Clx [12]. The unusual 
structure of Cld has also been implicated in its 
unique ability among the toxic beta-lactams to cause 
oxidative injury [13,14], and in its inhibition of 
mitochondrial and tubular cell Carn carriers [15]. 

Although resoiration with TCA-cvcle inter- 
mediates ind the& amino acid precursors is important 
in the nroximal tubule 116. 171. the effects of the 
beta-ladtams on another gro;p of tubular cell 
substrates, the FAs, have received limited attention. 
Preliminary work in this laboratory has provided 
indirect evidence of an involvement of altered FA 
metabolism in Cgl nephrotoxicity [l]. Cgl is 
significantly more toxic to the rabbit kidney after 
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24 hr of fasting, which increases dependence upon 
FA metabolism [ 181. Moreover, this augmentation 
of injury is prevented by intravenous glucose, which 
decreases dependence on FA metabolism [18], but 
not by an identical volume and osmolar infusion of 
saline [15]. 

FAs are metabolized in tubular cell mitochondria 
through the sequential oxidation of carboxyterminal 
two-carbon fragments [19]. To enter into this process, 
the long-chain FAs must first undergo conjugation 
to Carn and be transported by the Carn carrier 
across the mitochondrial inner membrane [20]. 
Short-chain FAs can enter the inner matrix for 
oxidation independent of the Carn carrier [20], 
possibly through a monocarboxylic acid transporter. 
Therefore, the present protocols were designed to 
compare: (1) the effects of different cephalosporins 
on the metabolism in renal cortical mitochondria of 
a short-chain (butyric, 4-carbon) and a long-chain 
(palmitic, 16-carbon) FA; and (2) the effects of Cgl 
on (a) the mitochondrial Carn carrier, and (b) the 
renal cortical and mitochondrial content and urinary 
excretion of free Carn and long-chain acylcarns in 
the in situ kidney. 

MATERIALS AND METHODS 

Except where otherwise noted, reagents were 
purchased from the Sigma Chemical Co. (St. Louis, 
MO). The following isotopes were used: L-[methyl- 
‘Hlcarnitine hydrochloride, 80 Ci/mmol (Amersham 
Corp., Arlington Heights, IL); [l-14C]acetyl-co- 
enzyme A, 60 mCi/mmol (Amersham); and [ 1-14C]- 
N-butyric acid, sodium salt, 50 mCi/mmol (ICN 
Biomedicals, Irvine, CA). 

Female New Zealand white rabbits (Nitabell 
Rabbitry, Hayward, CA) weighing 1.6 to 2.0 kg 
were allowed free access to food (Standard Rabbit 
Maintenance Diet, Manna Pro Corp., Fresno, CA) 
and water until the morning of study. All 
animals were anesthetized with 45-60mg/kg of 
intraperitoneal pentobarbital before the cephalo- 
sporin infusions (in vivo toxicity), or before being 
killed if they were not pretreated with an antibiotic 
(for studies of in vitro toxicity). 

Cgl or Clx (Lilly Research Laboratories, 
Indianapolis, IN) was dissolved in 1 mEq/mL of 
sodium bicarbonate, and Cld (Lilly) was dissolved 
in 0.9% saline, in solutions of 100 mg of antibiotic 
base per mL, to be infused intravenously at a rate 
of 0.5 to 1.0 mL/min. In studies of in vivo toxicity, 
300mg/kg body weight of the antibiotics, or their 
vehicles, was administered 1 hr before the animals 
were killed. In most studies of in vitro toxicity, 
2000 pg/mL (-5 mM) of the cephalosporin, or its 
vehicle, was added to the incubation medium 
immediately before the indicated measurements. In 
studies to determine the lcso values of Cgl and Cld 
to butyrate- and PCarn-mediated respiration irz vitro, 
lOOOpg/mL increments (up to 7000pg/mL) were 
used, and the lczo values were calculated from the 
linear slope of the highest concentration causing 
(50% and the lowest concentration causing >50% 
inhibition. 

The vehicles had no measurable effects on control 
measurements after either in vivo or in vitro 

exposure. Therefore, in protocols involving more 
than one cephalosporin, controls represent the 
pooled results of appropriate numbers of measure- 
ments with each vehicle. 

Mitochondrial respiration 

Animals were killed by decapitation, their kidneys 
were removed immediately, and renal cortical 
mitochondria were prepared as previously described 
[9] in a pH 7.4 solution containing 260 mM sucrose, 
5 mM Tris-HCl, and 0.2 mM EDTA. Mitochondrial 
oxygen consumption was measured at 30” with a 
Clarke platinum electrode assembly. The respiration 
chamber contained 1.7 mg of mitochondrial protein 
in 1.7 mL of a pH 7.2 respiration medium containing 
230 mM mannitol, 70 mM sucrose, 20 mM Tris-HCl 
and 0.2 mM EDTA, to which was also added 1 FM 
CCCP [21]. The effects of the antibioticon respiration 
with either 30pM PCarn or 5 mM butyrate were 
studied after in vitro or in vivo exposure as described 
above. 

Butyrate uptake 

The uptake of butyrate was studied at 20” in the 
same medium used to measure respiration, with 
2 pg/mL rotenone, 5 pg/mL oligomycin, and 1 pg/ 
mL antimycin A added to block oxidative metab- 
olism. Mitochondria (0.5 mg protein) were added to 
2 mL of medium containing 0.2 &i of [14C]butyrate 
together with 2000pg/mL of Cgl, Cld, or Clx, or 
their vehicles, or 5 mM unlabeled butyrate. After 
0.25,l.O and 2.0 min of incubation, the mitochondria 
were trapped on Millipore DAWP 025 00 (0.65 nm) 
filters (Millipore Corp., Bedford, MA) using a 
Hoeffer model FH 225V 10 Place Manifold (Hoeffer 
Scientific Instruments, San Francisco, CA) and 
washed twice with 5 mL of iced medium containing 
the respiratory inhibitors. The filters were placed in 
Aquasol Universal LSC (NEN Research Products, 
Boston, MA) overnight to allow clarification, and 
then counted in a Wallac LKB model 1219 liquid 
scintillation counter (Wallac Inc., Gaithersburg, 
MD). 

Carnitine-acylcarnitine antiport 

The antiport of acetylcarn and Carn was measured 
by the method of Pande [22], using pH 7.4 incubating 
and washing media containing 220mM sucrose, 
20 mM Tris-HCl, 10 mM sodium/disodium phos- 
phate, and 5 mM potassium chloride, plus 2 pg/ 
mL rotenone, 5 pg/mL oligomycin, and 1 pg/mL 
antimycin A. Mitochondria (30 mg protein) were 
preloaded for 4 min at 28” with 10 &i[3H]carnitine, 
then twice washed, and recentrifuged in 30mL of 
iced medium containing the respiratory inhibitors. 

Duplicate samples (with and without 0.1 mM 
mersalyl to block the Carn/acylCarn transporter) 
containing l.Omg of mitochondrial protein were 
then incubated for 0.25 to 2.0 min at 28” in the same 
medium containing 10 mM unlabeled acetylcarn. 
The mitochondria were trapped on Millipore filters 
as described above and washed twice with iced 
incubation medium containing mersalyl and the 
respiratory inhibitors. The filters were placed in LSC 
and counted. 

Mitochondrial Carn/acetylCarn exchange was 
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Fig. 1. Effects of cephalosporins on butyrate-mediated 
respiration by rabbit renal cortical mitochondria. In vitro 
toxicity: mitochondria were isolated from untreated animals 
and studied in the presence of 2000 pg/mL of cephaloglycin 
(Cg% cephaloridine (Cld), cephalexin (Clx), or an 
equivalent volume of their vehicles (control). In uitro 
toxicity: animals were infused with 300mg/kg of the 
cephalosporins or their vehicles (control) 1 hr before being 
killed, and subsequently isolated mitochondria were studied 
in uitro. Respiration &tom equivalents oxygen consumed 
per minute per gram protein) was measured in mitochondria 
incubated with 5 mM butyrate. Values are means + SEM; 
N = 12 control and 610 experimental measurements for 
each comparison. Significance level by ANOVA comparing 
experimental with control mitochondria: (*) >95%; and 

(10) >99.9%. 

calculated as the percent of [3H]carnitine leaving 
through the antiport (counts lost from samples 
incubated without mersalyl minus those lost in the 
presence of mersalyl). The in vitro effects of Cgl on 
the antiport were determined by adding the 
cephalosporin, or its vehicle, to the incubation 
medium immediately before the acetylcarn. The in 
uiuo effects were measured in mitochondria 
harvested 1 hr after intravenous administration of 
the cephalosporin, or its vehicle. 

In situ renal distribution and excretion of carnitine 
and acylcarnitines 

Concentrations of total Carns, free Carn, and 
long-chain acylCarm were measured using a 
radioenzymatic method described by de Sousa et al. 
[23] in homogenates of renal cortex, cortical 
mitochondria, plasma, and urine of rabbits infused 
with 300mg/kg of Cgl 1.25 hr before sampling. 
Urine samples were obtained at the time of killing 
from the urinary bla’dder, which had been emptied 
1 hr after antibiotic infusion. Preliminary tests, in 
which Cgl was added to control specimens at 
concentrations known to occur under these conditions 
(300-6000 pg/mL), ruled out a methodological 
artifact caused by the presence of the antibiotic in 
the samples. 

Creatinine concentrations were measured in 
plasma and urine samples using a Beckman 
Creatinine Autoanalyzer (Beckman Instruments 

Control Cgl Cld Clx Cgl Cld Clx 
- In vitro - - In viva - 

Fig. 2. Effects of cephalosporins on the uptake of butyrate 
by rabbit renal cortical mitochondria. Protocols for in uiuo 
and in uitro exposure were the same as described for 
Fig. 1. Butyrate uptake was measured after 0.25 min 
of incubation in a medium containing trace quantities of 
[Wlbutyrate (2,~4M). Values are means 2 SEM; N = 12 
con&o1 -and 6-8 experimental measurements for each 
comparison. Significance level by ANOVA comparing 
experimental with control mitochondria: (*) ~-95%; and 

(§) >99.9%. 

Inc., Mountain View, CA), and fractional excretions 
were calculated as follows: 

FE, = Wx/Px>/&Jcr/Pcr> 
where FE = fractional excretion, U = urine con- 
centration, and P = plasma concentration of the 
Carn fractions (x) or creatinine (Cr). As noted for 
the radioenzymatic Carn assay, Cgl did not influence 
measurements of creatinine concentrations in these 
samples. 

Analytical 

All data are presented as means * SEM. Statistical 
comparisons were made using Student’s t-test where 
one experimental group was compared with its 
control, or by an ANOVA where multiple 
comparisons were made. Differences were judged 
to be significant where P values were co.05 (t-test) 
or confidence levels were >95% (ANOVA). 

RESULTS 

Respiration with butyrate 

Respiration with butyrate was examined after in 
vitro and in uiuo exposure to Cgl, Cld, and Clx (Fig. 
1). At 2000pg/mL, in vitro Cgl and Clx caused a 
45-50% reduction of respiration, while Cld reduced 
respiration by 30%. The 1~50 of Cgl was 2396 ? 196 
and that of Cld was 4353 + 260 pg/mL (P < 0.001). 
In uiuo Cgl reduced respiration with butyrate by 
50%; the apparent mild respiratory toxicity of in 
uiuo Cld was not statistically significant, and in uiuo 
Clx increased respiration by 70-75%. 

Uptake of butyrate 

The uptake of butyrate was similarly examined 
after in vitro and in uiuo exposure to the three 
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Control C@ CIX C!3’ CIX 
- In vitro - -Invivo- 

Fig. 3. Effects of cephaloglycin (Cgl) and cephalexin (Clx) 
on palmitoylcarnitine-mediated respiration by rabbit renal 
cortical mitochondria. Protocols for in uioo and in vitro 
exposure were the same as described for Fig. 1, Respiration 
@tom equivalents oxygen consumed per minute per gram 
protein) was measured in mitochondria incubated with 
3OpM PCarn. Values are means f SEM; N = 12 control 
and 6-8 experimental measurements for each comparison. 
Significance level by ANOVA comparing experimental 
with control mitochondria: (*) >95%; and (8) >99.9%. 

cephalosporins. Uptake in control and cephalosporin- 
exposed samples after 1 and 2min of incubation 
with [14C]butyrate was comparable to corresponding 
uptake at 0.25 min. Therefore, only the 0.25min 
levels are presented (Fig. 2). The effects of the three 
cephalosporins on butyrate uptake paralleled their 
effects on res 
Clx (2000 pg P 

iration with butyrate. In vitro Cgl and 
mL) caused a 90% reduction of uptake, 

while in vitro Cld had no significant effect. In vivo 
Cgl reduced butyrate uptake by 40%; in vivo Cld 
had no significant effect; and in vivo Clx increased 
uptake by 28%. Nonisotopic butyrate reduced 
[14C]butyrate uptake by 95%, to 0.57? 0.14 
nmol/g protein (significance level >99.9%). 

Respiration with palmitoylcarnitine 

In vitro, 2000 pg/mL (Fig. 3) of Cgl had no toxicity 
and Clx caused a D-20% reduction of PCarn- 
mediated respiration. The ~csa value of Cld was 
5106 -C 379 pg/mL, while no inhibition of respiration 
with PCam was seen with Cgl concentrations as high 
as 7000pg/mL. In vivo Cgl caused a 45-50% 
reduction of respiration, while Clx once again 
stimulated respiration, by 22%. In essentially 
identical protocols [15], Cld reduced PCarn-mediated 
respiration in vitro by 30-4570 and reduced 
respiration to the same degree as Cgl after in vivo 
exposure. 

Carnitine-acylcarnitine antiport 

The effects of in vitro and in vivo Cgl on the Carn 
carrier are shown in Fig. 4. In vitro exposure caused 
increased antiport in the earliest (15 set) period of 
study, but showed no effect in l- and 2-min 
measurements. In vivo exposure had no effect on 
the Carn carrier. 

In situ renal distribution and excretion of carnitine 
and acylcarnitines 

Whole cortical and mitochondrial content. In vivo 
Cgl (Fig. 5) had no significant effect on mitochondrial 

.2 .4 .6 .8 1 I.2 1.4 1.8 1.8 2 2.2 
Time (min) 

Fig. 4. In vitro effects of cephaloglycin (Cgl) on 
acetylcarnitine/carnitine exchange by rabbit renal cortical 
mitochondria. Protocols for in uiuo (M) and in vitro (A) 
exposure were the same as described for Fig. 1. 
Mitochondria were preloaded with 13H]carnitine, and the 
carrier-mediated loss of radioactivity was measured at the 
indicated times after the addition of 10mM added 
acetylcarnitine. Values are means f SEM; N = 6 each. 
Significance levels by ANOVA comparing experimental 

with control mitochondria at each time: (5) >99.9%. 

Total Free Acyt- Total Free Acyi- 
Cam Cam Cam Cam Cam Cam 

Fig. 5. Effects of in uiuo cephaloglycin on total, free, 
and long-chain acylcamitines (Cam) in renal cortical 
mitochondria and whole renal cortex. Rabbits were infused 
with 300 mg/kg of cephaloglycin (Cgl) 1.25 hr before being 
killed. Concentrations of total, free, and acylcarnitine 
were measured by radioenzymatic assay. Values are 
means -+ SEM; N = 9 each. Key: (8) P < 0.001 (Student’s 

t-test). 

concentrations of free Cam or long-chain acylcarns, 
but increased whole cortical concentrations of both 
fractions by 100 and 60%, respectively. 

Renal excretion. In vivo Cgl increased urinary 
losses of free Carn (Fig. 6), but this effect was only 
lo-20% of that caused by Cld [15]. Corresponding 
plasma concentrations, although slightly lower, were 
not affected significantly. 

DKXUSSION 

Two properties of the cephalosporin antibiotics 
have been implicated previously in their widely 
differing potentials for producing acute renal tubular 
necrosis: (1) secretory uptake by the proximal 
tubular cell [4,24], and (2) reactivity of the beta- 
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Total Free Acyl- 
Cam Cam Cam 

Tolal Free Acyi- 
Cam Cam Cam 

Fig. 6. Effects of in uic~ cephaloglycin on total, free, and 
long-chain acylcarnitines (Cam) in plasma and urine, and 
on the fractional renal excretions of free and acylcarnitines. 
Rabbits were infused with 300 mg/kg of cephaloglycin 
(Cgl) 1.25 hr before being killed. The urinary bladder was 
emptied 1 hr after administration of the antibiotic; urine 
and plasma were obtained at the time of killing. 
Concentrations of total, free, and acylcarnitine were 
measured by radioenzymatic assay. Values are 
means + SEM; N = 9 each. Key: (8) P < 0.001 (Student’s 

t-test). 

lactam ring, leading to acylation of intracellular 
target proteins [25]. The different cephalosporins, 
and other potentially nephrotoxic beta-lactam 
antibiotics, vary significantly in their expressions of 
these two properties, neither of which appears 
sufficient by itself for the production of tubular 
necrosis [26]. Cld has the additional effect, unique 
among the nephrotoxic beta-lactams [9], of causing 
oxidative injury, which also contributes to its toxicity 
[13,27]. 

Of the cephalospcrins used in the present study, 
single-dose ND~~ values in the rabbit are 60 mg/kg 
for Cgl, 100 mg/kg for Cld, and ~1000 mg/kg for 
Clx [ 11. In the same species, after 100 mg/kg dosage, 
peak renal cortical concentrations (2600 pg/g wet 
tissue) and AUCs (5000 pg.hr/g) of Cld are 2.5 and 
5 times, respectively, of those of Cgl, which are 
approximately the same as those of Clx [12]. Cgl 
and, to a lesser extent, Cld are among the more 
reactive cephalosponns, while Clx has extremely low 
reactivity [28,29]. Other highly reactive but less 
toxic cephalosporins have significantly lower renal 
cortical AUCs [26]. 

The tubular cell mitochondrial transporters of 
anionic respiratory substrates have been identified 
as targets of acylation by the nephrotoxic beta- 
lactams [7-91 with a Iprobable pathogenic role in the 
production of tubu1a.r cell necrosis [30]. Studies with 
Cld, Cgl, and imipenem have shown [4,6-9,30,31]: 
(1) immediately after in uitro exposure, reductions 
in the uptake and oxidative metabolism of various 
TCA-cycle substrates, with reversal of toxicity by 
washing or by increasing substrate concentrations; 
and (2) after l-2 hr of in vitro or in uiuo exposure, 
irreversible toxicity to the same functions. Clx has 
similar in vitro toxicity; after in uiuo exposure, 

however, Clx produces little or no reduction of TCA 
substrate transport or metabolism [4,8,9,30]. These 
observations have led to the hypothesis that 
various cephalosporins may reversibly inhibit anionic 
substrate transport, but those that produce tubular 
cell necrosis in the in situ kidney have the additional 
properties of higher tubular cell concentrations and 
greater reactivity to acylate the mitochondrial 
carriers of these substrates [l]. 

The present studies examined the effects of the 
toxic cephalosporins on the mitochondrial transport 
and oxidation of butyrate, a short-chain fatty anion 
that enters the mitochondrion independent of the 
Carn carrier [20]. For comparison to the previously 
demonstrated toxicity of Cld to long-chain FA 
metabolism [15], studies were also done to examine 
the effects of Cgl on the following: respiration with 
the acylcarn conjugate of the long-chain FA palmitic 
acid, mitochondrial Carn/acylCarn antiport, and the 
in situ renal mitochondrial and cortical content and 
the renal excretion of free Carn and long-chain 
acylcarns. Clx was used as a nontoxic control in 
studies of butyrate- and PCam-mediated respiration. 

In studies with butyrate, a monocarboxylate, Cgl 
(Figs. 1 and 2) had the same combination of in uitro 
and in uiuo toxicity to respiration and uptake 
previously found with the dicarboxylic and tri- 
carboxylic acid-cycle substrates and precursors 
[l]. Cld was less toxic than Cgl in uitro, and was not 
significantly toxic in uiuo, to the uptake or oxidation 
of butyrate (Figs. 1 and 2). In an identical treatment 
regimen [30], Cld caused no in uiuo inhibition of 
respiration with pyruvate, also a monocarboxylate. 
It is possible that the cationic charge of Cld hinders 
its access to the monocarboxylate carrier(s), allowing 
limited, reversible inhibition of transport but not 
acylation. While the 2.5-fold higher cortical 
concentrations of Cld compared with Cgl could result 
in significant inhibition of butyrate oxidation by Cld 
(lcso = 4400 pg/mL, compared with 2400 for Cgl), it 
is not clear that this transient effect would be as 
cytotoxic in the in situ kidney as the irreversible 
attack of Cgl on butyrate transport. 

In studies of PCarn-stimulated respiration, Cgl 
caused no in uitro inhibition but had significant in 
uiuo toxicity (Fig. 3). In contrast, Cld is toxic to 
respiration with PCarn by both routes of exposure 
[15]. The difference between the in vitro toxicities 
of the two cephalosporins is understandable when 
one considers that the Cam carrier transports a 
series of zwitterionic fatty acylcarn conjugates. 
Because of its close structural homology with Carn, 
Cld is a potent inhibitor of the Cam carrier [15], 
whereas Cgl is not (Fig. 4). However, because the 
region of the Cld molecule that is homologous with 
Carn does not include its reactive beta-lactam ring 
(Fig. 7), the Cld-Carn competition is reversible [15]. 
As a result, Cld’s inhibition of the Carn carrier, seen 
during in vitro exposure of untreated cortical 
mitochondria and reflected in its effects on 
mitochondrial Carn transport in the in situ kidney, 
is not expressed as reductions of Carn or acylcarn 
transport in mitochondria isolated for study after in 
uiuo exposure [15]. 

Measurements of in situ concentrations of free 
Carn and acylcarns, therefore, also showed very 



132 B. M. TUNE and C.-Y. HSU 

Zwitterion region 
Carnitine carriers 
Competitive inhibilion 

Cephaloridine 

Carnitine 

P” 
-OOC-CH,-CH-CH,-N+-(CHs)s 

Fig. 7. Molecular structure of cephaloridine, showing the 
protein-acylating dipeptide region implicated in its 
irreversible attack on mitochondrial anionic substrate 
transporters and the zwitterionic region responsible for its 
competitive inhibition of carnitine transport. Carnitine is 

also shown for comparison. 

different effects of Cgl compared with Cld. The 
inhibition of in situ Carn transport by Cld was 
reflected in a 100% elevation of mitochondrial free 
Carn [15], while Cgl had no such effect (Fig. 5). 
Although Cgl caused small increases of excretion of 
free Carn (Fig. 6), as occurs in a variety of disorders 
of FA metabolism [32,33], Cld causes 5- to lo-fold 
greater excretion of both Carn fractions [15]. The 
elevated in situ cortical concentrations of free Carn 
and acylcarns after Cgl (Fig. 5), possibly derived 
from the circulating plasma pool (Fig. 6), might 
represent increased uptake in response to a 
generalized reduction of tubular cell oxidative 
metabolism. The absence of similar in situ cortical 
elevations of the Carn fractions in Cld-treated rabbits 
could have resulted from the very large urinary 
losses caused by Cld [15]. 

The stimulation of respiration with PCarn (Fig. 3) 
and the transport and oxidation of butyrate (Figs. 1 
and 2) by prior in vivo exposure to Clx have 
precedent in other inhibitors of mitochondrial 
transport. Preincubation with monocarboxylate 
transport inhibitors stimulates the mitochondrial 
uptake of pyruvate through an increased carrier 
affinity [34,35 , 

/I 
and in vivo exposure to Cld 

augments Carn acetylcarn exchange in subsequently 
isolated mitochondria [15]. In contrast, the irre- 
versible attack of Cgl on its target carriers [26] is 
reflected in significant reductions of both butyrate 
(Fig. 2) and succinate [8] transport after in vivo 
exposure. 

Any explanation of the inhibition after in vivo 
exposure of PCarn-mediated respiration by either 
Cgl (Fig. 3) or Cld [15] must, therefore, involve a 
mechanism other than an attack on the Carn carrier. 
One possibility is a reduction of beta-oxidation, 

caused by a depletion of TCA-cycle intermediates 
[l]. Such a process might explain the l- to 1.5-hr 
delay after exposure to Cld before ATP depletion 
begins [3&38]. Anthony et al. [39] have measured 
elevated urine and plasma hydroxybutyrate, aceto- 
acetate and lactate in the 8 hr following Cld 
administration to rats, consistent with a reduction 
of renal oxidative metabolism. 

There is preliminary evidence that this process is 
sufficiently advanced under the conditions of the 
present studies to affect the oxidation of long-chain 
FAs, even where the Carn transporter is spared. 
Although in vivo Cgl decreased PCarn-mediated 
respiration (Fig. 3), an identical treatment protocol 
increased net mitochondrial PCarn uptake [l]. The 
14C-label used in the study of uptake, in the palmitoyl 
carboxyl, could have been retained in the Cgl- 
intoxicated mitochondria as a result of reduced beta- 
oxidation, while departing more rapidly from control 
mitochondria as 14C02. * 

The greater concentrative uptake and lesser 
tubular cell toxicity of Cld compared with Cgl reflects 
a qualitative or quantitative difference in their 
molecular toxicities. The oxidative potential of Cld 
does not provide an explanation for this difference, 
because Cgl, which causes little or no oxidative 
injury, is more toxic. Cgl’s 2-fold better fit, reflected 
by its 50% lower lcso values against mitochondrial 
succinate [40] and butyrate (above) oxidation, falls 
short of accounting for the g-fold difference expected 
from its lower ND~~ and cortical AUC compared with 
Cld. The important remaining variable(s) in the 
production of irreversible injury could be the greater 
intrinsic reactivity [29,41] or greater ability of Cgl 
to acylate mitochondrial anion transporters because 
it is an anion, whereas Cld is a zwitterion. 

The timing and severity of toxicity to mitochondrial 
substrate uptake and oxidation, and subsequently to 
ATP production, fit the model of cytotoxicity through 
injury to respiration with TCA-cycle substrates and 
short-chain FAs like butyrate. Both substrate groups 
are important for proximal tubular respiration 
[16,17,42,43]. The absence of toxicity of Cgl to 
long-chain FA transport might be taken as evidence 
against a pathogenic role of mitochondrial injury in 
cephalosporin toxicity. However, the importance of 
long-chain FAs as substrates of proximal tubular 
respiration is uncertain [19]. Moreover, the com- 
parable in vivo toxicities of Cgl (Fig. 3) and Cld [15] 
to PCarn-mediated respiration, and the absence of 
toxicity of Clx to PCarn oxidation after identical 
exposure (Fig. 3), indicate equivalent in situ 
injury to long-chain FA oxidation by both toxic 
cephalosporins. 

It is tempting to speculate that the protection 
against cephalosporin nephrotoxicity by doses of 
nontoxic beta-lactams insufficient to inhibit the 
tubular cell uptake of Cld or Cgl [44] may be 
mediated by a salutary effect on substrate carriers, 
like the stimulation of butyrate uptake and oxidation 
(Figs. 1 and 2) and PCarn-mediated respiration (Fig. 
3) caused by pretreatment with Clx. By the 
same reasoning, the stimulation of Carn/acylCarn 

* No inhibitors of metabolism other than Cgl were used 
in that study. 
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exchange seen after Cld pretreatment [l-5] could 
limit the in situ toxicky of Cld if its cortical clearance 
precedes the development of irreversible injury to 
the tubular cell. 
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