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Effects of Ischaemia on Content of Metabolites in Rat Liver and Kidney

in vivo

By D. A. HEMS* anp J. T. BROSNAN+}
Metabolic Research Laboratory, Nuffield Department of Clinical Medicine,
Radcliffe Infirmary, Oxford 0X2 6HE, U.K.

(Received 26 May 1970)

1. The time-course of changes in content of intermediates of glycolysis in rat
liver and kidney cortex after severance of blood supply was investigated. 2. The
decline in content of ATP was more rapid in kidney (1.7-0.5 umol/g in 30s) than in
liver (2.7-1.6 umol/g in 60s). In both tissues AMP and P; accumulated. 3. Net
formation of lactate was 1.7 umol/g during the second minute of ischaemis in liver
from well-fed rats, 1.1 pumol/g in liver from 48h-starved rats, and about 1.0 umol/g
during the first 30s of ischaemia in kidney. Net formation of «-glycerophosphate
was rapid, especially in liver. 4. In kidney the concentration of B-hydroxybutyrate
rose, but that of a-oxoglutarate and acetoacetate decreased. 5.1In both organs the
concentrations of fructose diphosphate and triose phosphates increased during
ischaemia and those of other phosphorylated C; intermediates decreased. 6. The
concentration of the hexose 6-phosphates rose rapidly during the first minute of
ischaemia in liver, but decreased during renal ischaemia. 7. In kidney the content
of glutamine fell after 2min of ischaemia, and that of ammonia and glutamate rose.
8. The redox states of the cytoplasmic and mitochondrial NAD couple in kidney
cortex were similar to those in liver. 9. The regulatory role of glycogen phos-
phorylase, pyruvate kinase and phosphofructokinase is discussed in relation to the

observed changes in the concentrations of the glycolytic intermediates.

Lowry, Passonneau, Hasselberger & Schulz
(1964) were the first to investigate the time-course
of the changes in content of intermediates of glyco-
lysis and related metabolites that occurred in
ischaemic tissue in vivo. They determined inter-
mediates in mouse brain at various times after
decapitation and obtained quantitative informa-
tion on the increased glycolytic flux during
ischaemia and on the enzymiec steps controlling the
rate of brain glycolysis. Analogous experiments
have been carried out on rat heart by Kraupp et al.
(1966) and on kidney by Needleman, Passonneau &
Lowry (1968). Changes in non-glycolytic meta-
bolites in rat liver after ischaemia have been
investigated by Brosnan, Krebs & Williamson
(1970).

In liver and kidney cortex, anaerobiosis causes
an acceleration of glycolysis, which may be associ-
ated with inhibition of gluconeogenesis (see review
by Newsholme & Gevers, 1967). In the present
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work the time-course of the changes in the contents
of intermediates of glycolysis and related processes
in ischaemic liver and kidney was investigated, to
elucidate the enzymic sites at which glycolysis is
accelerated by anoxia, and the concentrations of
enzymic modifiers, such as adenine nucleotides.
The measurements also clarify some of the im-
mediate metabolic consequences of manipulations
that potentially involve hypoxia, such as removal
of organs, or operative procedures, e.g. before organ
perfusion.

EXPERIMENTAL

Freeze-clamping of liver or kidney. Albino Wistar rats
(250-330g) were killed by cervical dislocation (with
minimal stress to the animal). Immediately afterwards
either the liver was exposed through a ventral incision, or
the left kidney through a flank incision. In liver experi-
ments, one lobe was cut off and immediately freeze-
clamped at the temperature of liquid N, (Wollenberger,
Ristau & Schoffa, 1960). Blood vessels to the rest of the
liver were then cut, the organ was left ¢n situ, and further
lobes were removed and freeze-clamped after 1, 2 and 6
min. In the comparable kidney experiments, the left
kidney was pulled free of vessels at the hilum and freeze-
clamped. The right kidney was then separated from its
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blood supply and left in situ for 30, 60 or 120s before being
freeze-clamped. ‘Initial’ samples of liver or kidney were
frozen within 8-128 of cervical dislocation, and within 58
of severance of blood vessels. The initial samples were
collected as rapidly as possible; for this reason liver and
kidney were never taken from the same rat.

When left renal venous blood was to be sampled, as well
as the right kidney, rats were anaesthetized with a minimal
intraperitoneal dose of commercial Nembutal (about
12mg/300g rat). The abdomen was then opened, and
heparin (200i.u.) was injected into the inferior vena cava;
after 1 min blood (1 ml) was taken from the left renal vein
and immediately mixed with 1ml of 129, (w/v) HCIO,
acid at 0°C. The right kidney was then decapsulated in
situ; after a further 1min (and only when there was a
strong aortic pulse and good oxygenation of the arterial
blood) the renal vessels were cut, and the kidney was
rapidly freeze-clamped. The interval between freeze-
clamping and cutting of the vessels was less than 2s, and
a rush of blood from the renal artery provided further
evidence that the organ had not been ischaemic.

A difficulty in interpretation of metabolite concentra-
tions in whole organs arises from heterogeneity of tissues.
To obtain information on concentrations of metabolites in
hypoxic medulla, inner plus outer medulla were cut away
from cortex during the 2min after the severance of blood
supply, and then dropped into liquid N,. In addition, to
test the extent to which metabolite concentrations in the
whole kidney reflect those of the cortex, cortex was largely
freed of medulla as follows. The whole kidney was placed
on the lower half of the cooled tongs, which were then
closed with intermediate strength. About half the tissue,
including the area of medulla, was broken off with a spatula
while frozen, and discarded. The remaining half, which
was extracted as usual, is referred to as ‘cortex’ in the text.

Preparation of tissue extracts. Frozen tissue, still in
liquid N,, was ground with a pestle and mortar. The
powder was weighed into a centrifuge tube (cooled in
liquid N,) and homogenized in 4 vol. of 89, (w/v) HCIO,.
After 30min at 0°C extracts were centrifuged at 35000g
for 15min at 0°C. Supernatants were decanted and
neutralized with a measured volume of 309 KOH (see
Gevers & Krebs, 1966). After a further 30min at 0°C,
KClO, was removed by centrifugation, and the super-
natant was used for determination of metabolites. Blood
samples were similarly treated.

Analytical methods. Glucose, pyruvate, lactate, malate,
aspartate, a-oxoglutarate, glutamate, triose phosphate,
fructose 1,6-diphosphate, «-glycerophosphate, glucose
6-phosphate, fructose 6-phosphate and adenine nucleo-
tides were determined as described by Gevers & Krebs
(1966). Phosphoenolpyruvate and 2- and 3-phospho-
glycerate were determined by the method of Czok &
Eckert (1963), glucose l-phosphate as described by
Bergmeyer & Klotzsch (1965), citrate with citrate lyase
(Gruber & Moellering, 1966), P, as phosphomolybdate
(Martin & Doty, 1949), ketone bodies and alanine as
described by Williamson, Lopes-Vieira & Walker (1967b),
ammonia with glutamate dehydrogenase (Kirsten, Gerez
& Kirsten, 1963), and glutamine as glutamate after
hydrolysis with Escherichia coli glutaminase (Lund, 1969).
Glycogen was determined as described by Krebs, Ben-
nett, de Gasquet, Gascoyne & Yoshida (1963).

Rejection of samples. The [lactate]l/[pyruvate] ratio was

Table 1. Contents of intermediates of glycolysis and of adenine nucleotides in liver of well-fed rats after severance of blood supply

The vessels to the liver of the well-fed rats were cut and the organ was left ¢n situ (at 37°C). After various times lobes were frozen and metabolites deter-
mined in the extracts. For experimental details see the text. Results are the means +s.E.M. of three experiments. Abbreviations: PEP, phosphoenol-

pyruvate; 2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate; Triose-P, sum of triose phosphates; «GP, «-glycerophosphate; FDP, fructose 1,6-diphos-

phate; F6P, fructose 6-phosphate; G6P, glucose 6-phosphate.
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used as an indicator of adequate oxygenation of kidneys
rapidly removed and freeze-clamped. In the majority of
samples this ratio was less than 20. About 209, of samples
gave high values of 25-100, and this proportion was not
dependent on the nutritional state of the rats. It is likely
that these kidneys had been somewhat ischaemic; there-
fore all samples in which the above ratio was greater than
25 were rejected.

Calculation of results. Concentrations of metabolites in
the tissue were calculated as follows: 1g of tissue was
presumed to contain 0.75ml of water. On addition of 4ml
of 6% HClO,/g of frozen powder, the total fluid volume
(i.e. volume of supernatant after centrifugation) became

[ADPF
0.27
0.51
0.68
0.83

N

Total adenine [ATPI[AMP]

nucleotides
4.27
4.20
3.93
3.42

4.75ml, which was assumed to contain all acid-soluble E 3 8 28
material from 1g of tissue. No corrections for content of <« e-—=
blood or extracellular fluid were made.
Ay 00—
ASe¥S
RESULTS < mmm
Content of intermediates of glycolysis and of a o1 e
adenine nucleotides in liver after severance of blood <4 ~SSS
supply. When the blood supply was cut there was
a rapid rise in the concentrations of lactate and I R R
a-glycerophosphate and & progressive dephos- Heoeg
phorylation of the adenine nucleotides in the livers
of well-fed (Table 1) and of starved rats (Table 2). 2383
After a lag period of less than 1min the rate of B oS
lactate formation increased and after 2min it slowly
fell. The highest rates of lactate formation (between R-R-E%]
1 and 2min after cutting of the vessels) were Hooeo
1.7 umol/min per g in the liver of well-fed rats and cowo
1.1 ymol/min per g in the liver of 48h-starved rats. i 3882
The dephosphorylation of the adenine nucleotides mgeee

was more rapid in the liver of starved than of well-
fed rats. The sum of the three nucleotides remained
constant during the first 1min but had fallen by
about 259, after 5min. P, increased rapidly, mainly

«GP
0.23
0.77
1.40
2.05

Table 2. Contents of intermediates of glycolysis and of adenine nucleotides in livers of starved rats after severance of blood supply
Concentration of metabolites (umol/g of fresh liver)

The experiment reported in Table 1 was repeated with 48 h-starved rats. Details and abbreviations are as given in Table 1. Results are the average of

as the result of the dephosphorylation of adenine F;j 283D

nucleotides. Throughout 5min of ischaemia, a 233 S2

relatively constant quantity of phosphate was H

present as the sum of that in adenine nucleotides G owow

(counting ATP=3, ADP=2), P,, and a-glycero- 8 SZSS

phosphate: 15.1 or 16.0 umol/g initially (rats well-

fed or starved respectively), and 16.0 or 17.2 after o /222

5min of ischaemia (see Tables 1 and 2). & i
The concentration of glucose 6-phosphate v

increased, especially during the first lmin of p o@mem

ischaemia, presumably because of glycogen break- @ g E883

down. This confirms the observations of Burch 4 Msses

(1965) and Young (1966). Within 5min, glucose ﬁ

1-phosphate content rose from 0.02 to 0.06 umol/g E 2 § § g § g

(averages of two measurements). The glucose con- g L SS3S

tent of the liver (not listed in the tables) rose from &

1.33 to 8.0 umol/g during the first 5min in the liver g g 288%

of starved rats, after which time the glycogen & S Soae

content, expressed in glucose equivalents, was still @ -

9umol/g. The increase in glucose content in the § 3 0

ischaemic liver of fed rats was even greater, from & 83 _o 288

4.5 to 30umol/g in 5min. The concentrations of g B ;%3 —-®

triose phosphate and fructose diphosphate alsa rose g°
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during ischaemia, whereas the concentrations of
other C; phosphorylated intermediates and pyru-
vate fell.

Although the concentrations of ATP, ADP and
AMP changed markedly during ischaemia the mass-
action ratio of the adenylate kinase system in livers
of well-fed rats remained virtually constant (Table
1) confirming the observation of Brosnan et al.
(1970). The concentrations of P;, ADP and AMP
were somewhat higher in the livers of starved rats
and those of ATP were lower (see also Start &
Newsholme, 1968); in livers of starved rats the
myokinase mass-action ratio rose during ischaemia
(Table 2).

Content of intermediates of glycolysis and of adenine
nucleotides in kidney after severance of blood supply.
In general the changes in amounts of the renal
intermediates were similar to those of the liver
(Table 3). The concentration of lactate increased
rapidly during the first 30s of ischaemia, at a rate of
about 2 pumol/min per g. This rate compares with a
rate of about 1.0, calculated for whole kidney from
published results obtained with slices, presuming
the kidney to be 159 medulla (see Wu, 1965;
Underwood & Newsholme, 1967b; Gaja, Ragnotti,
Cajone & Bernelli-Zazzera, 1967; Gyorgy, Keller &
Brehme, 1928). After 2min of ischaemia the glucose
content fell by about 1.2 umol/g, when the increase
in lactate was 2.5umol/g. The concentration of
ATP fell more rapidly than in liver and, as in liver,
there was a slight loss of total adenine nucleotides
during ischaemia. Unlike liver, there was no dif-
ference in the state of phosphorylation or the rate
of dephosphorylation of adenine nucleotides be-
tween kidneys of well-fed and starved rats (not
recorded in the tables).

The major difference between kidney and liver
was the decrease in content of glucose 6-phosphate
during renal ischaemia, which can be accounted for
by the absence in kidney of major glycogen stores
and glycogenolysis. The amount of «-glycero-
phosphate formed was less than in liver. The con-
centrations of the C; intermediates, except triose
phosphate, decreased and those of fructose 1,6-
diphosphate and triose phosphate increased.

Comparison of the concentrations of intermedi-
ates in ‘cortex’ and whole kidney revealed no major
differences. In ischaemic medulla the content of
lactate and pyruvate was somewhat higher than in
‘cortex’.

Content of non-glycolytic intermediates in kidney
after severance of blood supply. In ischaemic kidney
there was a rise in content of glutamate and a
parallel decrease in glutamine concentration (Table
4); these changes did not occur in ischaemic liver
(Brosnan et al. 1970). The renal content of x-oxo-
glutarate, pyruvate and acetoacetate fell during
ischaemia (Table 4). The associated increases in

Table 3. Contenis of intermediates of glycolysis and of adenine nucleotides in kidney after severance of blood supply
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lactate and B-hydroxybutyrate imply that these <8 9%
latter two changes at least are a consequence of o §%§gg 2 o
reduction. Determination of these metabolites in o §§ e o =
‘cortex’ gave values similar to those in whole kidney. £ 33 “ég
Measurement of the content of ammonia in kidney g —
presents special problems because of its uneven ‘i ;gzgg S 28
distribution between tissue and tubular lumen.. - _‘é’ ggg EE oi <l | c?iVI
Denis, Preuss & Pitts (1964) report that the intra- 2, = ez
cellular concentration may be calculated from that %‘ -E [ EBlws_ wF_He
in renal venous blood, by presuming that barriers ~ & < cﬁ'SI 5%'30'0'9'
et +‘
between blood and cells are permeable only to the S ©
free-base species (NH,) and that this species 3 8 8835 228281
equilibrates readily across the barrier. In this S 8 Rt °3T°%
situation the gradient of the species NH,* is pro- g E o e 0O o
portional to that of H*. Since the pK of ammonia is 8 5 g 538 | =z zazel
above 9.0, ammonia in biological fluids near § = H HooH
neutral pH consists almost entirely of NH,*, so that 2 K 22 22 Qe Ba Bo S
the concentration gradient of total ammonia S 2 &% gﬁsggﬁggggggggv
(NH;+NH,*, i.e. the entity measured) would also ® 3 HoHTTH
approximately equal the H* gradient. § T | 4859583 39 gsavze
In the present work, an estimate of the intra- - A ':‘_?:‘8"‘%303’;3"665056"
mitochondrial ammonia concentration of the kidney g k4 2 .8 - o
cortex was required to calculate the redox state of S 8 §|5%E8a.%3 o ©=238nc
the mitochondrial NAD couple by the method of e & S|ags °$V°$v| HAelHs™
Williamson, Lund & Krebs (1967a). In this method, - o
cytoplasmic and mitochondrial concentrations of :\i g 3| 85 3= g a~Bap
certain metabolites (including ammonia, but not % g EL %gé 63'3\:/' I o'ﬁ:«‘o'o'v
nicotinamide nucleotides) are presumed to be S g 8 o H
equal, and the pH of both compartments is pre- ® & 39 5 858s%3:83.58.88c
sumed to be 7.0. Therefore, since the renal venous S E B RS AR A C A
pH is about 7.4, the calculated intracellular (i.e. '~§ ] £ 2 om 10D mer
presumed intramitochondrial) ammonia content 2 E g 8 228338333 |
given in Table 4 is 2.4 times that in renal venous 8§ § g © H H A
blood. The values of the redox states of the cyto- 2+ H| is 08,38 52 _RB8_3¥sg
plasmic and mitochondrial NAD couples in rapidly S g S| g2 '33;3‘5335 $2g S
frozen (non-ischaemic) kidney of well-fed or 3 5 g #
starved rats (Table 5), calculated as described by § El E %Sisl | 333333
Williamson et al. (1967a), are similar to those of N g 3°% °3°%
liver. The total content of ammonia in kidney, 8 :_Eﬁ 28% o wa < o
which was greater than the calculated intracellular 3> 82 |E3H SZeisel  SoedRt
value (presumably due to the higher concentration g H oA oA
in the tubular lumen), increased during ischaemia S <3 982 88 3= 38 _AVa3ze
(Table 4). g é-é‘ Os.aﬂ oiScchiioﬁCdf‘v
DISCUSSION ~§. =f§ 28 35,5285 _R¥53%-
. . . - 22 28 @SS cBageicasS
Onset of anaerobic glycolysis in ischaemic liver or S g4 S HOH H HH
kidney. The oxygen content of the blood in liver or s 8= 4o N DB Vo OB 16
kidney at the moment of separation from blood S =% - Bl o N = 1)
supply may be calculated to be about 1.5umol/g < ZE er oA A A
fresh wt. of tissue (see Brosnan et al. 1970). This Q é’_é @ SE%A e o o o
would provide less than a 1min supply of oxygen 2 s §§§ ge S =
for the liver, and much less for the kidney, which = g8 ° -
consumes about 5umol of O,/min per g (Nishi- 58 28 oF 28 % =¥ 28
itsutsuji-Uwo, Ross & Krebs, 1967). Hence it is not 5 5 P % §°§ EE § ég ég
surprising that the onset of the maximal rate of ;:{5 N
lactate formation occurred within 1min of severance &n TELT 0" Y s o
of blood supply to these organs. The alterations in = z S5 £ & £% £%
content of intermediates during this initial phase of E B g 2S¢ s€
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Table 5. Redox state of the NAD couple in kidney
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Mectabolite concentration ratios are from the results in Table 4 (aerobic kidneys). The [free NAD']/[free
NADH] ratio is calculated as described by Williamson et al. (1967b).

Calculated
[frece NAD*]/[frce NADH] ratio
Cytoplasm Mitochondria
From
Metabolite concentration ratio From B-hydroxy- From
. A \ lactate butyrate glutamate
Nutritional [Lactate] [B-Hydroxybutyrate] [Glutamate] dehydro- dchydro- dehydro-
state [pyruvate] [acetoacetate] [a-oxoglutarate][NH,* ] genase genase genase
Well-fed 13.1 2.6 36 695 7.8 7.2
Starved for 14.8 7.0 51 615 2.9 5.1
48h

ischaemia suggest that glycogenolysis (in liver),
phosphofructokinase and pyruvate kinase are the
regulatory sites at which this acceleration of gly-
colysis is achieved. In the following discussion, the
reasons for this conclusion are presented.

Activation of hepatic glycogen breakdown during
ischaemia. The most striking changes induced by
ischaemia are the rapid formation of glucose and
glucose 6-phosphate, followed by the formation of
lactate. These changes are presumably due to
activation of glycogenolysis, which is probably
connected with the rise of the concentrations of
AMP and P; (which is a substrate of glycogen
phosphorylase) and the decrease in ATP, an inhibi-
tor of this enzyme (see Maddaiah & Madsen, 1966).

Effects of ischaemia on the activity of phospho-
Sfructokinase. The gradual risc of the concentrations
of triose phosphates and fructose diphosphate, and
the fall of the concentrations of hexose 6-phosphates
in kidney after cessation of blood flow confirms the
findings of Wu (1965) and Underwood & Newsholme
(1967b), obtained with kidney-cortex slices (in-
cubated anaerobically) and may be interpreted as
the result of an activation of phosphofructokinase
by the increase in AMP and P;, and by the decrease
in ATP.

Although the properties of liver phosphofructo-
kinase (Underwood & Newsholme, 1965b; Brock,
1969) are similar to those of the kidney enzyme
(Underwood & Newsholime, 1967a), the effects of
anaerobiosis on the content of hexose 6-phosphate
differ in the two tissues, presumably because of the
greater glycogen content of the liver. Since the
hepatic fructose 6-phosphate concentration was
well below 1 mM throughout 5min of ischaemia, and
since rat liver phosphofructokinase does not
become saturated with fructose 6-phosphate until
the concentration exceeds 1mm (Underwood &
Newsholme, 1965b), the increased flux through
phosphofructokinase in ischaemic liver was at least

partly a response to increased provision of sub-
strate.

In both kidney and liver, inhibition of fructose
1,6-diphosphatase activity, especially by an increase
in AMP (Mendicino & Vasarhely, 1963 ; Underwood
& Newsholme, 1965a), could also contribute to
anaerobic acceleration of glycolysis.

Pyruvate kinase during ischaemia in liver and
kidney. In liver and kidney, 2- and 3-phospho-
glycerate and phosphoenolpyruvate gradually de-
creased as ischaemia progressed, i.e. as lactate
concentration increased. These changes imply an
acceleration of the pyruvate kinase reaction, which
could be caused by de-inhibition through a decrease
in ATP (Tanaka, Sue & Morimura, 1967 ; Rozengurt,
de Asua & Carminatti, 1969) and by activation
through an increase in fructose diphosphate (Taylor
& Bailey, 1967).

Redox balance in ischaemic tissue. When lactate
and malate are formed from glucose in ischaemic
tissue reductions and oxidations balance. Sinco
there was no possibility of addition or removal of
metabolites from the ischaemic organs in the
present experiments, other metabolic changes must
also balance with respect to oxidoreductions as well
as with respect to carbon. Thus the oxidations that
accompany the formation of «-glycerophosphate
and 8-hydroxybutyrate, and of glutamate in kidney,
require definition. This is complicated by the fact
that some intermediates, e.g. a-oxoglutarate and
pyruvate, can react either as oxidants or reductants.
The present measurements do not provide answers
to the questions of how much «-oxoglutarate was
oxidized to succinate or reduced to citrate or
glutamate, of how much pyruvate was reduced to
lactate or oxidized to acetyl-CoA and acetoacetate
or of how much oxaloacetate, citrate or glutamate
were formed from pyruvate.

A key question is whether pyruvate is converted
into acetyl-CoA or tricarboxylic acid-cycle inter-
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mediates in anaerobic tissue. Net formation of
oxaloacetate, a-oxoglutarate and succinate from
pyruvate is known to occur in pigeon liver homo-
genates in aerobic conditions (Evans, 1940; Krebs
& Eggleston, 1940); these products, and also citrate
and f-hydroxybutyrate, can be formed from pyru-
vate in anaerobic mammalian systems, including
liver and kidney (Krebs & Johnson, 1937; Krebs,
Eggleston, Kleinzeller & Smyth, 1940). Citrate can
form glutamate and tricarboxylic acid-cycle inter-
mediates anaerobically in liver homogenates (Bart-
ley, Sobrinho-Simoes, Notton & Montesi, 1959).
The present experiments suggest that these re-
actions can occur in ischaemic (intact) liver and
kidney. However, it is not clear which specific
reactions generate the net quantity of NADH from
NAD under anaerobic conditions that is required
to form «-glycerophosphate or glutamate.
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