
Biochemical Pharmacology, Vol, 35, No, 23, pp. 4251-4260. 1986. 0006-2952/86 $3.00 + 0.00 
Printed in Great Britain. Pergamon Journals Ltd. 

C H A N G E S  IN B I L I A R Y  SECRETION A N D  L A C T A T E  
M E T A B O L I S M  I N D U C E D  BY D I E T H Y L  M A L E A T E  IN 

RABBITS 

RAFAEL JIMENEZ, JAVIER GONZALEZ*, CARMEN ARIZMENDI*, JAVIER FUERTES*, 
JOSE M. MEDINA* and ALEJANDRO ESTELLER 

Department of Animal Physiology and *Department of Biochemistry, Faculty of Pharmacy, 
University of Salamanca, 37007 Salamanca, Spain 

(Received 3 April 1986; accepted 16 June 1986) 

Abstract--Diethyl maleate is a compound which binds with glutathione by means of a glutathione S- 
transferase and is excreted into bile leading to a rapid depletion of hepatic glutathione. In the rabbit, 
the activity of the enzyme is fairly low and we were thus prompted to study the possible effects of diethyl 
maleate on biliary secretion and metabolic status in this species. The administration of diethyl maleate 
induced a transient choleresis followed by cholestasis. The choleresis coursed with increases in the 
biliary output of sodium and unaccounted anions, whereas those of chloride, bicarbonate and bile acids 
were unaffected. Our data seem to confirm that choleresis is due to the osmotic activity of diethyl 
maleate compounds excreted into bile, as has been reported in rats and dogs. The cholestasis observed 
coursed with falls in the outputs of sodium, chloride and bicarbonate though that of bile acids remained 
constant. Following diethyl maleate administration, a metabolic acidosis appeared with progressive 
increases of blood lactate concentration. In bile the concentration of this anion closely followed that of 
plasma. The cholestasis is attributed to a lowered biliary secretion of bicarbonate probably secondary 
to the metabolic alteration. The hepatic values of cytoplasmatic and mitochondrial NADH/NAD ratios 
and of adenine nucleotide concentrations suggest that the increase in blood lactate results rather from 
a fall in its hepatic utilization that from an increase in its production. 

Glutathione is a compound involved in the main- 
tenance of cellular redox states which also plays a 
fundamental role in protection against the toxicity 
of several xenobiotics. Cellular glutathione depletion 
induced by different agents has proved to be a useful 
tool in detoxification and drug metabolism studies. 
The most commonly employed compound is diethyl 
maleate, first used by Boyland and Chasseaud in 1967 
[1]. Diethyl maleate is an ol,/3-unsaturated carbonyl 
compound which reacts with glutathione in the pres- 
ence of glutathione transferases, giving rise to deriva- 
tives which are then excreted in bile, producing a 
choleretic effect [2-4]. The compound causes a 
marked reduction in glutathione levels in the liver 
and, to a lesser extent, in other tissues in species 
such as the rat, dog and mouse [2, 3, 5]. Apart from 
glutathione depletion, other effects have also been 
reported to take place at cellular level; these include 
inhibitory effects on the activity of cytochrome P- 
450 [3], inhibitory or stimulatory effects on mixed 
function oxidase activity [6] and modifications in 
microsomal heine oxygenase activity [7]. However, 
such effects do not seem to alter biliary secretion, 
and in the rat, once the choleretic period has ended, 
bile flow returns to normal values [2, 5]. 

The rabbit is a species characterized by its 
extremely low glutathione transferase activity against 
different substrates such as 1-chloro-2,4-dinitro- 
benzene, ethacrynic acid or sulfobromophthalein [8]. 
Diethyl maleate conjugating activity is also lower 
than in most other mammals [1], and it is hence 
likely that diethyl maleate excretion would be lower 
compared with other species with greater enzymatic 

activities and that possible effects at hepatocyte 
levels would have a different repercussion in the 
mechanisms of bile secretion. 

The present study was designed to assess the 
effects of intraperitoneal administration of diethyl 
maleate on bile flow and composition in the rabbit 
and also on different aspects of the hepatic metab- 
olism in this species. 

MATERIALS AND METHODS 

Chemicals. Diethyl maleate, 5,5'-dithiobis-nitro- 
benzoic acid, 3 o~-hydroxysteroid dehydrogenase, glu- 
tathione reductase, glutathione-reduced form, /3- 
nicotinamide adenine dinucleotide, /J-nicotinamide 
adenine dinucleotide phosphate and phosphoenol- 
pyruvate were obtained from Sigma Chemical Co. 
(St Louis, MO); 14C erythritol from Amersham 
International (Amersham, U.K.); Aquasol 2 fluid 
from New England Nuclear (Dreieich, F.R.G.);  /3- 
hydroxybutyrate dehydrogenase, L-lactic dehydro- 
genase and pyruvate kinase from Boehringer 
(Mannheim, F.R.G.).  All other reagents were the 
highest quality available commercially. 

Animals and experimental procedures. Male albino 
New Zealand rabbits weighing between 1.5 and 
2.0 kg were used. They were kept in a room main- 
tained at 24 ° with a 12 hr: 12 hr light-dark cycle. 
Food but not water was withheld for 18 hr prior 
to surgery. The animals were anaesthetized with 
pentobarbital sodium (Nembutal, Abbott Labora- 
tories, Madrid, Spain; 40 mg/kg of body weight) 
through a lateral ear vein. After tracheotomy, cath- 
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eters were inserted into the left femoral artery for 
blood sampling. The catheters contained normal 
saline with 5 U/ml of heparin. The livers were 
exposed through a midline incision and the cystic 
duct ligated. The common bile duct was cannulated 
with polyethylene tubing (PE 50). A cannula was 
also inserted into the first part of the duodenum. 
Rectal temperature was monitored via a thermistor 
probe and maintained at 38.5-39.0 ° by heating the 
operating table. 

After an equilibration period of 30 min to allow 
bile flow to stabilize, bile was collected over 3 hr in 
10-15 rain samples. A part of the samples (<10%) 
was kept for analyses and the rest reinfused through 
the duodenal cannula. After discarding the first 
200 #1 fraction of blood diluted with the heparinized 
solution of the catheters 300 ul blood samples were 
obtained; this fraction was then reinjected to mini- 
mize blood loss. 

After collecting four baseline 15 min samples of 
bile, diethyl maleate was administered by intra- 
peritoneal injection at a dose of 3.2 mmol/kg of body 
weight mixed 1 : 1 (v : v) in corn oil. Controls received 
only corn oil. 

To measure biliary clearance of erythritol, 
immediately after cannulation of the common bile 
duct, the rabbits received an injection of 4 uC of ~4C 
erythritol followed by an infusion of 0.02 uC/min (in 
0.15M NaC1 at 0.015ml/min). In order to allow 
uniform distribution of erythritol in the body fluids, 
investigation of biliary clearance started 120min 
later. 

In a separate series of experiments, hepatic pa- 
rameters were determined in rabbits given corn oil 
or diethyl maleate at 50 min, 90 rain and 180 min. 

Analytical methods.  Bile volume was determined 
gravimetrically without correction for specific 
gravity. Bile acid concentration in bile was measured 
by an enzymatic technique using 3cr-hydroxysteroid 
dehydrogenase [9]. Sodium and potassium con- 
centrations were measured by flame photometry 
(Nak II flame photometer, Meteor, Madrid, Spain). 
Chloride concentration was determined by titration 
with a silver electrode (chloridometer model 160, 
Analytical Control, Italy). pOz and pCO2 in blood 
and pH and bicarbonate concentration in blood and 
bile were measured in an automated gas analytic 
system (model 168, Corning Medical, Medfield, 
MA). The osmolality of bile and plasma was deter- 
mined by a vapour pressure osmometer (model 5100 
C, Wescor, Logan, UT). Aspartate aminotrans- 
ferase (AST) and alanine aminotransferase (ALT) 
activities were determined in plasma using com- 
mercial kits (Boehringer, Mannheim, F.R.G.). 

To measure plasma lactate, blood samples were 
collected and immediately centrifuged at 4 ° for 
10 rain at 1000g to separate plasma. Liver samples 
were removed from the animals before sacrifice and 
immediately freeze-clamped in liquid nitrogen. Liver 
metabolites and adenine nucleotide concentrations 
were assayed after cold homogenization ( 1:5: w :v) 
in 5% HC1Oa, 10min centrifugation at 1000g and 
immediate neutralization of the supernatant with 
20% KOH. 

Lactate was determined as described by ttohorst 
[10], fl-hydroxybutyrate according to Williamson and 

Mellanby [11] and acetoacetate by the method of 
Mellanby and Williamson [12 I. ATP was assayed 
by the method of Lamprecht and Trautchold [13]. 
Pyruvate, ADP and AMP were determined as descri- 
bed by Adam [14]. Freeze-clamped liver tissue was 
used for total glutathione determination in a kinetic 
assay using NADPH, glutathione reductase and 5,5'- 
dithiobis nitrobenzoic acid [15]. 

14C erythritol radioactivity was determined in bile 
and plasma by liquid scintillation spectrometry 
(model LS 1800, Beckman, Fullerton, CA). Ten 
millilitres of liquid scintillation fluid (Aquasol 2) 
were added to 20 f~l of bite or plasma. Correction 
for quenching was made by the external standard 
channels ratio method. 

Statistical analysis. Data are expressed as means _+ 
SEM. Statistical comparisons were performed using 
a Student's two-tailed t-test. 

RESULTS 

Diethyl maleate administration induced a marked 
increase in bile flow (Fig. 1). This increase reached 
a maximum at 15-30 rain post-injection, after which 
it declined slowly and progressively until values sig- 
nificantly lower than those of the controls were 
reached at 120 min after the start of the assays. At 
the end of the experiments, flow was reduced to half 
that of the controls (Fig. 1). 

The modifications in bile flow after administration 
of diethyl maleate were accompanied by others in 
the ionic composition of the bile collected. In this 
sense, chloride (Fig. 2) and bicarbonate (Fig. 4) 
concentrations declined rapidly and markedly at 10. 
20 min after injection of diethyl maleate. In contrast 
to bicarbonate, whose concentrations remained low 
until the end of the assays, those of chloride started 
a slow recovery which was completed at 75-90 min 
after injection. On the other hand, potassium con- 
centrations (Fig. 2) hardly underwent any changes in 
the first samples after diethyl maleate administration 
and reached concentrations twice those of the con- 
trols in the last samples. Although the concentrations 
of sodium and bile acid did vary slightly, they did 
not undergo significant modifications (Fig. 2). 

Regarding the secretory rates of the electrolytes 
assessed, those of sodium and potassium (Fig. 3) 
increased significantly after injection of diethyl male- 
ate and those of sodium (Fig. 3), chloride (Fig. 
3) and bicarbonate (Fig. 4) decreased significantly 
during the second hour post-rejection. The bile acid 
secretory rate hardly underwent any modifications. 

The variations in the "'anion gap" calculated from 
the individual values of concentration or secretory 
rate of the different ions that were determined are 
shown in Figure 5. It may be seen that whereas the 
concentration of undetermined anions increased at 
10 rain after diethvl maleate injection and remained 
high until the end" of the assav period, its secretory 
rate rose and returned to basal levels m the last hour 
of the experimental period. 

Tile evolution of bile osmolalities is shown in Fig. 
O. As may be seen, their values fell non-significantly 
with respect to the controls during the choleretic 
period and clearly increased during cholestasis. 

Bile pH was noticeabh' stable and the values 
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Fig. 1. Bile flow in control ( 0 )  and diethyl maleate (a t )  treated rabbits. Arrow indicates point at which 
diethyl maleate  was administered.  Values are given as means  +- SEM for 5-8 rabbits: *P < 0.05; 

**P < 0.005; significantly different from the controls. 
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Fig. 2. Sodium, potass ium,  chloride and bile acid biliary concentrat ions in control ( 0 )  and diethyl 
maleate  (a t )  t reated rabbits. Arrows indicate point at which diethyl maleate was administered.  Values 
are given as means  + SEM for 5-8 rabbits: *P < 0.05; **P < 0.005; significantly different from the 

controls. 
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Fig. 3. Biliary secretory rates of sodium, potassium, chloride and bile acid in control (O) and diethyl 
maleate (A)  treated rabbits. Arrows indicate point at which diethyl maleate was administered. Values 
are given as means -+ SEM for 5-8 rabbits: *P < 0.05; **P < 0.005; significantly different from the 

controls. 
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Fig. 5. Anion gap values in control (0) and diethyl maleate (&)treated rabbits. Arrow indicates point 
at which diethyl maleate was administered. Values are given as means _+ SEM for 5-8 rabbits: *P < 0.05; 

**P < 0.005; significantly different from the controls. 

obtained did not leave a range between 7.71 and 7.79 
both for the control assays and for those involving 
diethyl maleate treatment (data not shown). 

Erythritol clearance was determined in three rab- 
bits administered with diethyl maleate and in a 
further three controls. The bile/plasma ratio for the 
radioactive compound reached a value of 1.21 -+ 0.11 
in the controls and was not significantly modified 
after diethyl maleate injection. 

pH, pO2, pCO2, osmolality and bicarbonate con- 
centrations were determined in blood. Figure 6 
shows the existence of a significant difference 
between the osmolality of the control and diethyl 
maleate experiments in the last 15 rain of the assay 
period, similar to what was found for bile. Figure 7 
shows the modifications in pH, pO? and pCO2 and 
Fig. 4 those in blood bicarbonate concentrations. 
From all these values it may be inferred that after 
diethyl maleate administration an uncompensated 
metabolic acidosis is set up with decreases in pCO2, 
pH and bicarbonate concentration and increases in 
pO2. Respiratory rate (not shown) also increased in 
these animals though it did not become significantly 
different from that of the controls, perhaps owing to 
the great dispersion in these values. Accordingly, 
respiratory rates of 40-60 insp/min before diethyl 
maleate or corn oil, rose to values of 80-120 and 50- 
90 insp/min, respectively. 

In view of these findings we were then prompted 
to determine lactate values in bile and plasma (Fig. 
8). In the former fluid of the control animals lactate 

concentrations were very low and constant, whereas 
after diethyl maleate administration they rose slowly 
and progressively, reaching values about 8-fold 
higher than those of the controls (Fig. 8). The biliary 
output of lactate increased rapidly and remained 
high until the end of the assays (Fig. 8). Plasma 
lactate values exhibited parallel changes to those 
reported for bile both in the control animals and the 
diethyl maleate-treated ones; for both cases there 
was a slight plasma/bile gradient. 

Finally, a series of hepatic determinations were 
performed in an additional group of animals. Glu- 
tathione concentrations fell significantly at 30 min 
after administration of diethyl maleate and remained 
decreased at 120 min after injection of the substance 
(Fig. 9). The cytosolic NADH/NAD ratio was 
measured as the lactate/pyruvate ratio. As may be 
seen in Fig. 9, this ratio followed an inverse trend to 
that of glutathione, with significant increases after 
diethyl maleate-treatment. The fl-hydroxybutyrate/ 
acetoacetate ratio (Fig. 9), the concentrations of 
ATP, ADP and AMP and also the ATP/ADP ratio 
(data not shown), and adenilate energy charge (Fig. 
9), all determined at the same moment as the lactate/ 
pyruvate ratio, did not undergo significant modi- 
fications. In these same animals blood samples were 
taken 1 min before sacrifice to analyze ALT and AST 
activities. Control values were respectively 69-+ 9 
(N = 4) and 48 + 5 (N = 4) Sigma units/ml, with 
no significant differences with the group of diethyl 
maleate-treated animals. 
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In 1978 B a r n h a r t  and C o m b e s  [2] showed that ,  
when  admin i s t e red  to the dog and the rat ,  diethyl 
n la leatc  induces  a choleresis  which seems to be of 
camdicular  origin and which courses  with no changes  
in bile acid secre t ion.  These  au thors  suggested that  
tile choleres is  couM be a t t r ibu ted  to the osmotic  
activity of thc diethvl  malea te  con lpounds  excreted 
into bile and that  the con juga t ion  of this subs tance  
could account  for the deple t ion of hepat ic  gluta- 
th ione .  Thcsc  data  wcrc hltcr conl i rmed in the rat 
[4, 51 and it \~as d e m o n s t r a t e d  that  diethv[ malea te  
did not al ter  hepa toc} te  morphoh)gy  in tiffs species 
except for cer tain modi l ica t ions  in the Golgi  complex 
[4] that  point  to the in \ 'o lvmcnt  of this organel le  in 
the b i l i a r \  excrcti~m of osmotical ly active diethvl  
malea te  conjugate>,. 

In the rabbi t ,  diethyl malea te  induces a rapid 
choleresis  with tm apprec iable  changes  in the bile 
acid secretory ratw nor  in the b i le /p lasn la  rat io of HC- 
er\ , thri tol .  T]/csc lhldings conl i rm those descr ibed 
p re \ ious ly  indicat ing that  choleresis  is probab ly  of 
canalicuhu- or ig in and i n d e p e n d e n t  of bile acid 
secret ion.  By contras t ,  our  results differ with those  
r epor ted  in the rat [21 in several  aspects:  in our  
exper imen t s  choleres is  is apparen t ly  less in tense ,  it 
does not  last as long and  is fol lowed by an in tense  
cholestasis  which was unde t ec t ed  in the rat  [2]. L i k e  
B a r n h a r t  and ( o t n b e s  I21, we believe that  the 
choleresis  tntist bc due to the biliarv excret ion of the 
products  resul t ing fronl the con juga t ion  of diethvl  
malea te  with gh t t a th ione  and the consequen t  osmotic  
drag of water.  In the rat it has been  es tabl ished.  
basing on tile nlcasut+cnlcnt of the  c learance of label- 
led aminoacids  ~h i ch  t e rm part  of g lu ta th ione ,  a 
cor re la t ion  be t \ secn  tllc excret ion of con juga tes  and 
the nlea.suremcnt  o[ the " 'anion gap"  calculated in 
bilc 121. In our  anitlmls, af ter  diethyl malea tc  injec- 
t ion. a signilicant increase  \¥as de tec ted  in the bile 
outpul  of one or more  u n d e t e r m i n e d  anions.  The 
increase in the cun~uhtt i \e  +'atlion gap"  with respect  
to the contl+t~ls ~.~Lt:., 122 ,uEq/kg: i.e. if the "aniotl  
gap" represen ts  the excre t ion of diethvl  malca te .  
onh '  3.7"7 of the dose admin i s t e red  had been  
excreted,  a pe rcen tage  which is very close to that  
calculated by tis fur the pre'+ious results in the rat 
121. A compar i son  of our  results  concern ing  bile flow 
and the " 'anion gap"  for the per iods  in which bo th  
are significantly increased allows us to calculate a 
cholere t ic  capacity of 15 rnl/mE:+q, a vahie xet+v simi- 
lar to that  d e t e r m i n e d  for the rat or the clog (2] and 
within ttlc ranges  descr ibed for d i f ferent  e n d o g e n o u s  
and exogenous  an ions  ill several  species [lb]. At  
30mir i  af tcr  d icth ' , l  maleate adnqnist rat ion the 
hepatic g lu ta th io iw  concentrat ion had fal len b', 
l l4Hmol., 'kg. r i f fs  vahlc, coincides acceptably wc[1 
wi th the alllOUtlt of  d ie th \ l  i l la leate coniugates 
excreted over  the n'<illlC per iod of tinlc calculated b;: 
the cunluhtt ivc ' an ion  gap",  a coincidence lhat has 
also bccn rt.'portcct in lhc ra t  121. 

In t i le l ight of  such l indings it nlLiV be hl ferred that 
the dif ferences detected by us between the diethyl  
nlah_.atc-induccd cholcresis in the rat [2, 5] and rabbi t  
do not sccm to bc duc to a different  excret ion of 
dicthx I nlalc: i tc,  noF Io a d i f fercnt  choleret ic  capacity 

of this c o m p o u n d  in one or o ther  species. We 
believe that  the discrepancies  arc due to the pro- 
gressivc appea rance  of a cholestat ic  p h e n o m e n o n  
which limits and shor tens  the choleret ic  effect, with 
an origin and deve lopmen t  that  will be discussed 
belo\~. 

Dur ing  choleresis  sodium and potass ium secretory 
rates increased significantl.',, whereas  those of chlor- 
ide and b ica rbona te  did not. | t o w e v e r .  the con- 
cen t ra t ions  of these t ~ o  anions  ~c rc  strongl} 
decreased  dur ing the same period.  The hmic modi- 
l ications indicated are probabl}  s econda r \  to the 
excret ion of diethyl  malca te  cumpout lds ,  which 
owing to the i r  anionic  na ture  ss ould affect the cations 
and the an ions  in different  ~a\:s.  In tile case of 
b ica rbona te ,  bile conccn t ra t ions  did not recover  at 
tile end  of the cholcre t ic  period.  \~e  bc l ic \c  that this 
fact might  be related,  as was the case e l  flow. tt+ the 
above -n l en t i oned  cholesta t ic  phenonlcnot l  

At 30 rain af ter  d i e th \ l  malea te  achl-unistration the 
metabol ic  s tatus of the animals  was modified,  with a 
series of changes  that suggest the appea rancc  of 
a metabol ic  acidosis accompan ied  by the start of 
compensa tory  respi ra tory  mechan isms .  '<uch that the 
fo rmer  was still not ver,, intense.  It is precisely this 
metabo l ic  p h e n o m e n o n  which wc reel iN related to 
the drop in biliarv b ica rbona tc  and thc cholestat ic  
p h e n o m e n o n ,  f l i t rdison and Wood  117] have 
repor ted  that  subst i tu t ing b ica rbona te  for some o thcr  
anion in the perfusion liquid of isolated rat livers 
induces a 51)C~ decrease  in bile flow and an identical  
decrease  in the secretory rates of sodium and chhn  +- 
idc, wi thout  any effect on the secret ion of bile acids. 
The  chimges obsct+~ed in our  exper iments  were strut- 
tar and when  the metabol ic  acidosis latcr  bccamc 
manifest  and the decreases  in bh~od b ica rbona te  
w e r e  nlorc p r o n o u n c e d ,  w c  f o t n l d  ~ts did t h e  

authors  cited 5IV; feducthm~, hi l]ov,' Lind in the 
secretory rates of sodh.nl~ and chloride.  

Dur ing  theN(,  t 120rain per iod after  diethvl male- 
ate admin is t ra t ion .  ~i th  an o \ e r t  uncompensa t ed  
metubol ic  acidosis,  a significant increase was 
observed in bile ostnolali tx which, at ba s t  it3 the last 
15 nlin, was accompan ied  b \  a con lpa iab le  increase 
m plasma osmohflitx. This effect could t~e cxphmlcd 
by the rise m htctatc ~tnd tll~i\ bc All addi t ional  
conlponent of tile cholcstasis  obsc , \  ed. In this sense. 
Math i sen  and Raecler {lS I haxc found inverse 
re la t ionships  bctx~eCtl phr, ma osmola l i t \  and bile 
flow in piglets. The cholcstasis  ra ther  appears  to be 
the result  of specific a l tera t ions ,  hecausc the 
secret ion of bile acids remains  tmmodil ied.  This i,, 
to sa \  that  the processes which depend  d i r c c t h  or 
ind i rec t l \  on energ} co i>umpt ion  'arc not affected 
In this sense,  it should  bc pointed  out that ne i ther  
thc hepat ic  A T P  concentratiollS tlor the a d e n \ l a t e  
enc rev  ctlaroc wcrc modified dur ra -  the cholcstat ic  
p h e n o m e n o n .  

Both  in the c o n n o l s  and in ttlc diethvl maleatc-  
t r ea ted  animals  it was possible to note a parallel 
t rcnd in the hi l t  and p[asnul lactate CUtlCCntratiun,,. 
though m all cases there  yeas a slight i~lasma bile 
gradicnt .  This suggests that this anion ix equ i l ibn i tcd  
be tween  both compartnlet~ts,  following concen-  
t ra t ion gradients .  Its passage conld take place 
th rough  the t ranscelhi lai  'and ot p<nmcelhll',n + retire. 
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The fact that the pH range in blood and bile remained 
between 7.1 and 7.9 allows us to assume that most 
of lactate was in anionic form. Taking into account 
the reports of carriers for anionic lactate uptake 
in the baso-lateral membranes of the hepatocytes 
[19, 20], and that the paracellular passage is more 
hindered for anionic forms [21], we are inclined to 
believe rather in the transcellular route. 

At cell level, among other originating causes for 
the appearance of a lactic metabolic acidosis, a fall 
in the transport of reduced equivalents from the 
cytosol to mitochondria, the destruction of the pyru- 
vate dehydrogenase complex, NAD depletion and 
the inhibition of gluconeogenesis from lactate have 
been proposed [22-261 . The most debated point is 
whether a reduced utilization of lactate is sufficient 
for its implantation or whether an increased pro- 
duction of this substance would be necessary [24, 27]. 
In our experiments tissue hypoxia does not seem to 
be important since pO 2 did not decrease and nor did 
ATP concentrations, at least in liver; according to 
Blitzer et al. [28], this decrease is the first conse- 
quence of hypoxia in the rabbit. Moreover, according 
to these authors [28] the plasma levels of lactate 
dehydrogenase and AST increase consequent to 
hepatocellular damage, and in our assays the plasma 
levels of ALT and AST did not vary. 

A plausible hypothesis would be that diethyl male- 
ate might cause the intrahepatocyte pH to descend 
in a specific way, which would thus lead to the 
inhibition not only of pyruvate carboxylase but also 
of the step from lactate to pyruvate due to the 
accumulation of end products of the reaction 
(pyruvate and H+). We detected an increase in the 
hepatocyte lactate concentration, with no alterations 
in that of pyruvate. Notwithstanding, pyruvate might 
be being oxidized in the Krebs cycle, since according 
to several workers [29] for changes in the intrahepa- 
tocyte pH ranging from 6.5 to 8.0 neither mito- 
chondrial oxidation nor ATP output are affected. 
This latter would explain the constancy of this 
nucleotide in our experiments. Another hypothesis 
to account for the metabolic acidosis would be the 
specific inhibition of some of the key enzymes in 
gluconeogenesis caused by diethyl maleate adminis- 
tration. Very recently, Saez et al. [30] have demon- 
strated that glutathione depletion by diethyl maleate 
or the inhibition of its synthesis by buthionine sul- 
foximine induces in rat hepatocytes an inhibition of 
phosphoenolpyruvate carboxykinase with no exit of 
lactate dehydrogenase and no modification in 
intrahepatocyte ATP deposits. These findings are in 
keeping with our own and, moreover, both hypoth- 
eses might complement each other. In fact, the 
influence of phosphoenolpyruvate carboxykinase 
may induce the accumulation of lactate; this would 
decrease plasma and hepatic deposits of bicarbonate 
and would lead to the appearance of acidosis, hence 
reinforcing the inhibition of hepatic lactate 
metabolism. 

Some workers have suggested that the fall in pH 
could inhibit lactate uptake and might be the cause 
of the hyperlactataemia [31]. However, Fafournoux 
et al. [19] and Monson et al. [20] have demonstrated 
that decrease in extracellular pH favours hepatic 
lactate uptake. Although we are unable to evaluate 

the importance of lactate uptake in the development 
of the acidosis in question, the latter work cited [20] 
and the similarities between the plasma and bile 
concentrations of lactate already mentioned suggest 
that it cannot be decisive. 

Finally, regarding the differences found in the 
biliary response to diethyl maleate in the rat [2, 5] 
and the rabbit, the different glutathione S-trans- 
ferase activity [1] is probably not responsible since 
the excretion of diethyl maleate seems to be similar 
in both species. It is possible that diethyl maleate 
also induces an impairment of lactate metabolism 
in the rat and the inhibitions of gluconeogenesis 
described in that species [30] point in this direction. 
Perhaps the phenomenon is not as intense as in the 
rabbit and it must be considered that, though biliary 
secretion in the rat is related to bicarbonate 
secretion, it is probably so to a lesser extent than 
in the rabbit [32]. Indeed, it has been found that 
significant drops in blood pH and bicarbonate con- 
centrations, comparable to our own, produce no 
appreciable changes in bile flow in the rat [33]. 
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