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Abstract-Paracetamol, at concentrations up to 10 mM, caused a reversible, concentration-dependent 
inhibition of respiration in isolated rat-kidney tubules metabolizing glucose, glutamine, lactate or glutamate. 
It also strongly inhibited the synthesis of glucose from glutamine or lactate and brought about a significant 
fall in the cell ATP level. Paracetamol lowered both coupled and uncoupled respiration in isolated kidney 
mitochondria oxidizing glutamate, but had no effect on respiration supported by succinate. Experiments with 
submitochondrial particles revealed that the drug did not influence the activity of NADH dehydrogenase but 
slowed the rate at which electrons were transferred from reduced NADH dehydrogenase to cytochrome 6. 
The implications of these findings for paracetamol cytoxicity are discussed. 

Paracetamol (4-hydroxyacetanilide), at normal thera- 
peutic dose levels, is considered to be a safe and effec- 
tive analgesic drug. However, at high doses, both in 
experimental animals and in man, the drug is acutely 
hepatotoxic and nephrotoxic [ l-l 11. Potter et al. [ 101 
proposed that liver damage is due to the microsomal 
degradation of paracetamol, giving rise to an excess of 
aryl radicals which bind and inactivate intracellular 
proteins. A similar model has been used to explain 
kidney damage [ 11 I. While this hypothesis is widely 
accepted and is well supported experimentally, other 
studies indicate that paracetamol, and some related 
compounds such as phenacetin and p-aminophenol, 
exert direct inhibitory effects on certain metabolic pro- 
cesses in vitro [ 12, 13 1. It has been suggested that these 
effects might also contribute to the cell injury that 
occurs in vivo. 

In an earlier study [ 121 we reported that phenacetin, 
an analgesic drug closely related to paracetamol, 
strongly inhibited respiration in isolated rat-kidney 
cells and kidney mitochondria. An investigation into 
the effects of paracetamol on kidney metabolism was 
therefore undertaken and the results are presented here. 
It was found that paracetamol, like phenacetin, slowed 
mitochondrial respiration by inhibiting electron trans- 
port between NADH dehydrogenase and cytochrome 
b. Respiratory inhibition was also seen in intact cells 
and was accompanied there by a fall in the cell ATP and 
a diminished rate of gluconeogenesis. The relevance of 
these observations to the recorded cytoxic actions of 
paracetamol in viva is discussed. 

MATERIALS AND METHODS 

Chemicals. Hyaluronidase, collagenase, hexokinase, 
glucose 6-phosphate dehydrogenase, L-lactic acid, 
NADH, ADP, ATP, bovine serum albumin and 2,6- 
dichlorophenol indophenol were obtained from Sigma 
Chemical Co., St.Louis, MO, U.S.A.; sodium succi- 
nate, L-glutamic acid, o-glucose and ethylenediamine- 
tetra-acetate (EDTA) were from BDH Ltd., Poole, 
Dorset, U.K.; paracetamol (p-hydroxyacetanilide) and 

L-glutamine were from E. Merck AG, Darmstadt, Ger- 
many; 2$dinitrophenol was from Hopkin & Williams 
Ltd., Chadwell Heath, Essex, U.K.; phenazine metho- 
sulphate was from Calbiochem, San Diego, CA, U.S.A. 
All other reagents were A.R. grade. 

Preparation and incubation of kidney cells. Frag- 
mented kidney tubules, isolated from adult albino rats 
(Wistar strain) as described previously [ 141, were sus- 
pended in phosphate-buffered medium [ 15 1. Incubation 
systems were prepared by adding cell suspension (5- 
10 mg protein) to buffered medium containing sub- 
strate, 2% (v/v) ethanol and &lo mM paracetamol, 
bringing the total volume to 2.0 ml. Incubations were 
carried out at 3 7’C in Warburg respirometers and the 
consumption of oxygen was followed manometrically 
[ 161. Incubations were terminated by the addition of 
0.2 ml 3N HClO, and the precipitated protein was 
removed by centrifugation. The deproteinized super- 
natants were neutralized with 3 N KOH and, after 
removal of the KClO, precipitate, the neutralized sol- 
utions were used for glucose and ATP determinations. 

Preparation and incubation of kidney mitochondria. 
Mitochondria were isolated from rat kidney cortex by 
the method of Bustamante ef al. 1171 and were incu- 
bated at 30°C in a Rank oxygen electrode (Rank Bros., 
Bottisham. Cambs., U.K.) as described in an earlier 
report [ 121. The ethanol concentration in the reaction 
medium was 2% (v/v) and up to 10 mM paracetamol 
was also included. Substrates, ADP and 24dinitro- 
phenol were added as indicated in the text. 

Preparation of submitochondrial particles. The 
method was based on that of Dionisi et al. 1 181. Mito- 
chondria, isolated as above, were suspended in 2 mM 
EDTA, pH 9, at a concentration of about 20 mg pro- 
tein/ml. The suspension was exposed to ultrasound for 
2 min in a Branson Sonifier operating at 20 kHz and a 
power output of approx 7 W. Unbroken mitochondria 
and dense particles were removed by centrifugation at 
25,000 g for 10 min and the submitochondrial particles 
(SMP) were sedimented from the supernatant by cen- 
trifugation at 144,000 g for 45 min. The SMP were 
finally suspended in 0.25 M sucrose at roughly 10 mg 
protein/ml. 
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Assay of oxidoreductase activities in submitochon- 
drialparticles. NADH oxidase activity (i.e. NADH:O, 
oxidoreductase) was determined by measuring either 
the rate of oxygen consumption or the rate of disappear- 
ance of NADH when SMP were incubated with 
NADH. For oxygen consumption measurements the 
SMP were incubated at 30°C in the oxygen electrode. 
The reaction medium was that used for mitochondria, 
containing 2% (v/v) ethanol and up to 10 mM para- 
cetamol. The reaction was initiated by addition of 
0.5 mM NADH. 

Spectrophotometric assays of NADH oxidase and 
NADH:ferricyanide oxidoreductase were carried out at 
30°C in a Varian Superscan 3’UV-VIS spectrophoto- 
meter operating in split-beam mode as described pre- 
viously [ 121. SMP were suspended in a reaction me- 
dium comprising 50 mM Tris-sulphate (pH 8.0), 2% 
(v/v) ethanol, O-10 mM paracetamol and 0.3 mM 
NADH. The rate of disappearance of NADH was 
followed at 340 nm with either oxygen or 1 mM potas- 
sium ferricyanide as the final electron acceptor. One 
millimolar KCN was also added when ferricyanide was 
used. 

Succinate dehydrogenase activity was determined 
spectrophotometrically [ 121 by following the reduction 
of 26dichlorophenol indophenol at 600 nm when 
SMP were incubated at 30°C in a medium comprising 
50 mM sodium phosphate buffer (pH 7.8), 24 mM 
succinate, 1 mM KCN, 0.36 mM phenazine methosul- 
phate, 0.06 mM 2,6-dichlorophenol indophenol, 2% 
(v/v) ethanol and O-10 mM paracetamol. 

Reduction of cytochromes by NADH. SMP (up to 
4 mg protein) were suspended at 25°C in 2.5 ml Tris- 
sulphate buffer (pH 8.0), containing 2% (v/v) ethanol 
and O-6 mM paracetamol. Using an Aminco DW-2 
UV-VIS spectrophotometer operating in dual wave- 
length mode the increases in absorbance due to the 
reduction of cytochromes b, c, + c and a + a3 were 
monitored after the addition of 0.8 mM NADH. Re- 
cordings were continued until the solution was fully 
depleted of oxygen as evidenced by a further abrupt rise 
in the reduction level of the cytochromes. The wave- 
length pairs employed were 5 62-5 75 nm (cytochrome 
b), 550-540 nm (cytochrome c, + c)and 605-630 nm 
(cytochrome a + a3). 

Glucose and ATP determinations. Glucose present 
in neutralized samples of the deproteinized cell incuba- 
tion systems was estimated by following the reduction 
of NADP’ at 340 nm in systems containing ATP, 
hexokinase and glucose 6-phosphate dehydrogenase 
[ 191. This method was used in preference to the 
more common glucose oxidase-peroxidase procedure 
of Krebs et al. [ 201 because of the observed interference 
of paracetamol with the latter method (see also 
1211). 

ATP was measured by an enzymatic method 1221 
modified slightly so that the assay medium contained 
22 mM triethanolamine buffer (pH 7.5), 11 mM glu- 
cose, 1.7 mM MgCl,, 0.7 mM EDTA and 0.03 mM 
NADP’. 

Protein measurements. Protein was determined by 
the method of Lowry et al. [ 23 I and the linear trans- 
form equation of Coakley and James [ 241 was applied, 
Bovine serum albumin was used as the standard. 

Statistical analyses. Most results are expressed as 
the mean + S.E.M. for several separate experiments. 
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Fig. 1. Influence of paracetamol on the uptake of oxygen by 
kidney tubules metabolizing glutamine. Tubules (5-8 mg 
protein) were incubated for 1 hr at 37” in 2 ml of the buffered 
medium containing 5 mM L-glutamine, 2% (v/v) ethanol and 
paracetamol as indicated. Each point represents the 

mean f S.E.M. for 4 experiments. 

Significance of difference was estimated by the Stu- 
dent’s t-test. 

RESULTS 

Respiration, gluconeogenesis and ATP levels in in- 
tact kidney cells. The results in Fig. 1 indicate that in 
cells provided with glutamine as an oxidizable substrate 
the consumption of oxygen was inhibited by paraceta- 
mol in a concentration-dependent fashion. The degree 
of inhibition exerted by each concentration of paraceta- 
mol was constant throughout the 60 min incubation 
period, as portrayed in Fig. 2. It was found that the 

Fig. 2. Effect of paracetamol on the respiration of kidney 
tubules metabolizing glutamine. Experimental conditions as 
for Fig. 1. Each point represents the mean + S.E.M. for 4 
experiments. (0) Control; (@) +5 mM paracemmol; (0) 

+ 10 mM paracetamol. 



Inhibition of respiration and gluconeogenesis by paracetamol 3059 

Table 1. Effect of paracetamol on the uptake of oxygen by kidney tubules supplied 
with various substrates. 

Substrate 
added 

Oxygen uptake 
bmoleslhr per mg protein) 

Control +5 mM PC +IOmM PC 

None 

2 mM o-Glucose 
5 mM L-Lactate 
5 mM L-Glutamate 

0.89 t_ 0.03 0.69 5 0.03” 0.59 5 0.03T 

1.18 i 0.04 0.99 2 0.03 * 0.89 i 0.02t 

1.61 i 0.02 1.37 i_ 0.05+ 1.22 i 0.041 

1.35 i 0.02 1.18 + 0.03+ 1.03 + 0.03t 

Tubules (557 mg protein) were incubated for 1 hr at 3 7’ in 2 ml of the buffered 
medium containing 2% (v/v) ethanol with substrate and paracetamol (PC) at the 
concentrations indicated. Results are expressed as the mean + S.E.M. for 3 
experiments. 

Results with and without paracetamol are significantly different; * P < 0.05, 
+ P < 0.01. 

decrease in respiration was not confined to cells metab- 
olizing glutamine but was also evident when no sub- 
strate was added and when glucose, lactate or glutamate 
was provided as substrate (Table 1). Furthermore, as 
shown in Fig. 3, the formation of glucose from either 
glutamine or lactate was strongly inhibited by paraceta- 
mol, again in a concentration-dependent manner. Co- 
inciding with this decrease in gluconeogenesis was a fall 
in the cell ATP level. With glutamine as substrate the 
cell ATP level at the end of the incubation period was 
much lower in systems containing 10 mM paracetamol 
(2.40 k 0.18 nmoles ATP/mg protein) than in systems 
lacking paracetamol (4.03 + 0.43 nmoles/mg protein). 
Paracetamol thus lowered the ATP concentration by 
40% (P < 0.02). 

In other experiments it was observed that the effect of 
paracetamol on respiration was reversible. Cells prein- 
cubated with 10 mM paracetamol for 30 min and then 
washed with fresh, paracetamol-free medium respired 
at the same rate as cells which were both preincubated 
and washed in paracetamol-free medium. Respiration 
in the treated and untreated cells was equally suscep- 
tible to inhibition by paracetamol during the experi- 
mental incubation period. 

OLI I I I I 
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Fig. 3. Effect of paracetamol on the production of glucose by 
kidney tubules. Tubules (5-8 mg protein) were incubated for 
1 hr at 37” in 2 ml of the buffered medium containing 2% 
(v/v) ethanol with paracetamol and substrate as indicated. 
Each point represents the mean +- S.E.M. for 3 experiments. 

(0) 5 mM r-lactate: (0) 5 mM L-glutamine. 

B.P 2x 20-B 

Because the inhibition exerted by paracetamol was 
independent of the nature of the exogenous substrate it 
seemed likely that the drug exerted its effect on pro- 
cesses common to the oxidative metabolism of all of 
them, most probably the oxidation of intramitochon- 
drial tricarboxylate cycle intermediates. Accordingly 
experiments with mitochondrial preparations were 
undertaken. 

Respiration in intact kidney mitochondria. The data 
in Table 2 show that glutamate-dependent respiration in 
mitochondria was strongly inhibited by paracetamol. 
State 3 respiration (ADP present) was decreased by 53 
per cent in the presence of 10 mM paracetamol while 
state 3u respiration (uncoupled by 2,4-dinitrophenol) 
fell by 5 1 per cent. There was also a small but consistent 
inhibition of respiration in the absence of ADP and 
dinitrophenol (state 4). In marked contrast, paraceta- 
mol had no detectable effect on succinate-dependent 
respiration under similar experimental conditions. 

These results suggested that paracetamol interfered 
directly with the flow of electrons along the respiratory 
chain and that the susceptible step was not normally 
traversed by electrons originating from succinate. 

Respiratory and oxidoreductase activities of sub- 
mitochondrial particles. The oxidation of NADH by 
SMP using oxygen as the ultimate electron acceptor 
was inhibited over 60 per cent by 10 mM paracetamol. 
This was observed both in experiments where oxygen 
consumption was monitored (data not shown) and in 
experiments where NADH oxidation was followed 
spectrophotometrically (Table 3). However, when fer- 
ricyanide was introduced as the electron acceptor and 
the terminal respiratory chain was blocked by cyanide, 
paracetamol did not affect the rate of oxidation of 
NADH. This showed that the drug inhibited the reoxi- 
dation of reduced NADH dehydrogenase by the respir- 
atory chain but did not influence the activity of NADH 
dehydrogenase per se. Similarly, paracetamol did not 
alter the rate at which electrons were transferred from 
succinate to dichlorophenol indophenol via phenazine 
methosulphate, a process dependent on the activity of 
succinate dehydrogenase. 

Reduction of cytochromes by NADH. The above 
results point towards paracetamol inhibiting the flow of 
electrons from reduced NADH dehydrogenase through 
a region of the respiratory chain not normally accessi- 
ble to electrons derived from succinate. This suggests 
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Substrate 
(No. expts.) 

t.-Glutamate (3) 

Succinate (5) 

Table 2. Effect of paracetamol on the uptake of oxygen by kidney mit~hondria 
-. 

Oxygen uptake 
(nmoles oxygen atoms/min per mg protein) 

Additions Control +2mM PC +4 mM PC +6 mM PC +8 mM PC +lOmM PC 
-. - 

None 31i_ 1 30 i_ 3 26 ? 2 28i_ 2 20 i_ 2 20; 1* 
ADP 153 k 6 146 + 4 122 i_ 2* 104 i_ 6-t 87 t 5t 72 j, 7-i- 
DNP 1912 1 18Ok4 157 rt: 7* 132 + 6t 111 i 5t 93 i Ilt 

None 81 t3 71 i 4 
ADP 232 + 6 216 rt 9 
DNP 323 & 5 331+ 13 

Mitochon~ia (1.4-1.6 mg protein) were incubated at 30“ in 2.5 ml of the buffered incubation medium containing 8 mM 
substrate. 2% (v/v) ethanol, with paracetamol (PC) as indicated. Respiration was determined before and after the addition of 
either 0.2 mM ADP or 0.04 mM 2,4-dini~oph~ol (DNP). Results are expressed as the mean + S.E.M. for the number of 
experiments shown in brackets in column 1. 

Results with and without paracetamol are significantly different; * P < 0.0 1, t P < 0.00 1. 

the region between NADH dehydrogenase and co- 
enzyme Q. In an attempt to add support to this idea, by 
demonstrating unequivocally that the partial block in 
electron transport occurred prior to the acceptance of 
electrons by the cytochrome components of the chain, 
experiments were performed in which the reduction of 
cytochromes in SMP oxidizing NADH in the presence 
of oxygen was followed spectrophotome~ically. The 
results of these experiments are presented in Fig. 4. It is 
clear that paracetamol not only increased the duration 
of the aerobic steady-state (i.e. prior to the advent of 
anoxia), consistent with its role as an inhibitor of 
electron transport, but also brought about a fall in the 
aerobic steady-state reduction levels of all the cyto- 
chromes. This latter effect was most pronounced with 
cytochrome b (Fig. 4a), the aerobic reduction level of 
which fell from 57.9 &- 2.4 per cent (3 experiments) 
under control conditions to only 29.1 & 3.8 per cent (3 
experiments) in the presence of 6 mM paracetamof 
(P < 0.002). Neither this decrease nor the smaller ones 
seen with cytochrome c, c c and a + a3 was due to any 
change in the spectral characteristics of the cyto- 
chromes in the presence of the drug, This was shown by 
experiments in which the cytochromes were chemically 
reduced by dithionite in the presence or absence of 
paracetamol. It is also interesting to note that under 
anoxic conditions NADH. while capable of reducing 
virtually all of the chemically-reducible cytochrome 

c, + c and a + a3, was able to reduce less than one-third 
of the chemically-reducible cytochrome b, indicating 
that only a minor portion of the cytochrome b in SMP 
lies on the direct route of electron flow between NADH 
and oxygen. Furthermore, the proportion of the chemi- 
cally-reducible cytochrome b capable of being reduced 
by NADH appeared to be lowered significantly in the 
presence of paracetamol. No explanation for this effect 
can be offered at this time. 

DISCUSSION 

Most clinical and experimental studies into the cyto- 
toxicity of paracetamol have been concerned with the 
damage to the liver that ensues from the administration 
of high doses of the drug, though there are a few reports 
to suggest that damage to the kidney and other organs 
also occurs, particularly after prolonged use [l-51. 
Acute hepatocellular injury appears to depend on the 
metabolism of the drug ! 61 and is associated with a fall 
in the intracellular level of glutathione and with an 
increase in the degree of covalent binding of paraceta- 
mol metabolites to cell macromolecules 17-91. These 
observations led to the proposal [ 101 that paracetamol 
is metabolized by the hepatic microsomal drug-metab- 
olizing system to potentially injurious molecules which 
are normally rendered inactive by becoming conjugated 
with glutathione. However, once the amount of these 

Table 3. Effect of paracetamol on the oxidation of NADH and succinate by submitochondrial 
particles 

Substrate 
Electron 
acceptor 

Substrate oxidized 
~moles/min per mg protein) 

Control c4 mM PC +lOmM PC 

0.3 mM NADH 
0.3 mM NADH 
24 mM Succinate 

Oxygen 
Ferricyanide 

PMS + DCPIP 

0.47 2 0.04 0.30 + 0.0 1* 0.16 & 0.01-l- 
2.88 +_ 0.10 3.13 i-o.13 3.28 + 0.15 
0.13 + 0.02 0.11~0.01 

Assays were conducted at 30’ by following the rate of change of absorbance in a system 
containing submitochondrial particles relative to that in a system lacking them. The wavelengths 
used were 340 nm for NADH and 600 nm for DCPIP. Reaction mixtures were as described in 
Materials and Methods and paracetamol (PC) was present as indicated. Results are expressed as 
the mean ? S.E.M. for 3 experiments. 

Results with and without paracetanrol are significantly different; * P < 0.01, t P < 0.001. 
PMS, phenazine methosulphate; DCPIP, 2,6dichlorophenol indophenol. 
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(a 1 Cytochrome b 
562 nm - 575 nm 

AA 
0.001 

(b) Cytochrome c,+c 
550 nm - 540 nm 

AA 
0.001 

\______-________-I 

100 set 

(cl Cytochrome CI+~~ 
605 nm -630nm 

( 

J+ I* 
---_ 

AA 
0.001 [ --N___ I ----------________I 

I ___A 
100 set 

Fig. 4. Effect of paracetamol on the reduction levels of the cytochromes in submitochondrial particles 
oxidizing NADH. Submitochondrial particles [(a) 2.7 mg protein: (b) and (c) 0.9 mg protein] were 
suspended at 25°C in 2.5 ml Tris-sulphate buffer (pH 8), containing 2% (v/v) ethanol, with or without 
paracetamol. The increase in absorbance after the addition of 0.8 mM NADH was followed at the wavelength 

pairs indicated in the figure. (---) Control: (----) +6 mM paracetamol. 

toxic metabolites exceeds the detoxifying capacity of 
the glutathione, cellular damage occurs due to their 
binding to and inactivating macromolecules, especially 
proteins, within the cell. A similar sequence of events 
has been proposed to occur in the kidney [ 111. Though 
the toxic metabolites have not yet been identified, it is 
likely that they are aryl radicals, possibly formed by 
way of N-hydroxyparacetamol [ 10,25,261. 

This theory of cytotoxicity is pIausible and well 
supported by the available experimental evidence, not- 
withst~ding the fact that instances have been reported 
in which the correlation between tissue damage and the 
extent of covalent binding, or between tissue damage 
and glutathione depletion, is uncertain [25-271. In the 
investigations reported here no attempt has been made 
to shed light on this mode of action of paracetamol, but 
the results obtained suggest that other mechanisms 
might also play a part in the cytotoxic actions of the 
drug. The paracetamol concentrations used in this work 
are of the same order as those which occur in the serum 
after severe paracetamol overdose L&28,291 and 
which have been used in other experimental toxicity 

studies [ 1, 7-9, 27, 301. Furthermore, since paraceta- 
mol can be concentrated by the in viva kidney [ 3 1, 321, 
its concentration there could be even higher than in the 
serum. Hence the respiratory inhibition observed in 
isolated kidney cells, which was shown to be due to the 
partial blockage of mitochondrial electron transport 
between NADH dehydrogenase and cytochrome b, 
might also easily occur in vim A likely consequence of 
such inhibition wouid be a fall in the overall metabolic 
performance of the tissue, leading in the longer term to 
visible cell damage. In particular it could be predicted 
that various energyde~ndent biosynthetic and os- 
motic processes would suffer most since respiration is 
the major means whereby energy is made available to 
them. This idea was substantiated by the data showing 
that in isolated kidney cells supplied with either gluta- 
mine or lactate, two important renal fuels [331, para- 
cetamol caused a marked decrease in the cell ATP level 
with an associated fall in the rate of gluconeogenesis. 
Direct inhibition of renal and hepatic gluconeogenesis 
by paracetamol in vitro was also observed by Tange et 
at. [ 13 1 although the gluconeogenic capacity of liver 
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and kidney cells isolated from rats that had earlier 
received an intravenous injection of paracetamol ap- 
peared to be unimpaired. However, this might be ex- 
plained in terms of the reversibility of paracetamol 
effects observed in the present study. Cases have been 
reported in which paracetamol overdose led to hypo- 
glycaemia in human patients [ 2,341, and although the 
validity of the data on plasma glucose concentrations 
has been questioned on methodological grounds I2 1 I, 
the results appear to be well founded. Record et al. [ 341 
also found that in patients suffering from acute para- 
cetamol intoxication the plasma concentrations of Iac- 
tate and ketone bodies were markedly elevated. It could 
be surmised that the high levels of these substances 
reflected a decrease in the rate at which they were 
extracted from the blood and metabolized by tissues 
which normally use them as oxidizable or, in the case of 
lactate, gluconeogenic substrates. 

Finally, it should be stressed that the actions of 
paracetamol on rnit~hon~i~ respiratory processes 
are unlikely to be confined to the kidney since these 
processes are common to all aerobic tissues. Hence, 
even though different tissues might not prove to be 
equally susceptible to the actions of paracetamol, res- 
piratory inhibition should not be overlooked as a possi- 
ble contributory factor in assessing the causes of tissue 
damage caused by paracetamol intoxication. Even if 
this action is insufficient on its own to account for the 
observed injury, it could be expected to aggravate 
damage brought about through other mechanisms. Fur- 
thermore, a possible role for other metabolites of para- 
cetamol, notably ~-~~ophenol, should not be ex- 
cluded from consideration f 35-371. 
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