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Effects of increasing extracellular pH on protein synthesis and
protein degradation in the perfused working rat heart

Stephen J. FULLER, Catherine J. GAITANAKI* and Peter H. SUGDEN
Department of Cardiac Medicine, National Heart and Lung Institute, University of London, Dovehouse Street,
London SW3 6LY, U.K.

Increasing the extracellular pH over the range pH 7.4-8.9 stimulated protein synthesis by about 60% in
the rat heart preparation anterogradely perfused in vitro. Protein degradation was inhibited by this pH
increase. The magnitudes of the effects at pH 8.9 on protein synthesis and degradation were similar to those
of high concentrations of insulin. Cardiac outputs were increased, as were cardiac phosphocreatine contents,
indicating that the alterations in extracellular pH did not adversely affect the physiological viability of the
preparation. ATP contents were unaltered. The creatine kinase equilibrium was used to assess the magnitude
of the change in intracellular pH induced by these treatments. The increase in intracellular pH was about 0.2
for a 1-unit increase in extracellular pH. Thus small changes in intracellular pH have dramatic effects on

cardiac protein turnover.

INTRODUCTION

Recently, interest in the regulation of intracellular
processes by intracellular pH (pHi) has increased
(for reviews, see [1-5]). pHi affects metabolic activity,
[Ca2+]i, cyclic AMP concentrations and the conduc-
tivity of some ion channels, and it may be involved
in transmembrane signalling. Increases in pHi can be
induced by peptide hormones/growth factors and protein
kinase C activators, and can be relatively large (as much
as 0.1-0.3 pH unit). The major mechanism involved in
this pHi increase is thought to involve the Na+/H+
antiporter by which H'i is expelled in exchange for
Na+o. In isolated sheep heart Purkinje fibres or cultured
cardiac myocytes from chick embryos, pHi can also be
conveniently manipulated by altering pH. [6,7]. It is
important to realize that relatively large changes in pH.
in vitro induce only relatively small changes in pHi. This
is because of the operation of intracellular buffering
mechanisms or other limiting factors (such as
permeability barriers), and possibly because of the
constitution of the media. The gradient of a plot of
steady-state pHi against pHo is only about 0.20-0.23, as
measured directly by using intracellular microelectrodes
or pH-sensitive dyes [6,7]. Because of the involvement of
pH, in the regulation of intracellular processes, we

decided to investigate whether there were any effects of
increased pH. on cardiac protein turnover. As a model,
we used the working (anterogradely perfused) rat heart
in vitro, because the cardiac output can be used to assess
the physiological viability of the preparation. We show
that increased pH. has dramatic effects on cardiac protein
turnover and suggest that this may be the result of an

increase in pHi. We discuss the possible relevance of
these results with respect to other interventions known to
affect cardiac protein turnover.

EXPERIMENTAL

Materials and animals
Materials and rats were from sources given previously

[8].

Perfusion buffers
Most perfusions were carried out with modified

Tyrode's solution equilibrated with 02 When Hepes was

buffer, a solution containing 10 mM-Hepes, 120 mM-
NaCl, 6 mM-KCl, 1 MM-MgCl2, 2 mM-CaCl2 and 5 mM-
glucose was adjusted at 22-25 °C to the desired pH by
using 10 M-NaOH and a pH-meter calibrated between
7.00 and 9.00. Solid NaCl was then added to give a total
Na+ concentration of 140 mm. When Tris was buffer, a

solution containing 10 mM-Tris base, 140 mM-NaCl,
6 mM-KCl, 1 mM-MgCl2, 2 mM-CaCl2 and 5 mM-glucose
was adjusted at 22-25 °C to the desired pH with 12 M-

HCI. Additionally, some perfusions were carried out
with Krebs-Henseleit bicarbonate-buffered saline [9]
(119 mM-NaCl, 25 mM-NaHCO3, 4.7 mM-KCl, 2.5 mM-
CaCl2, 1.2 mM-MgSO4, 1.2 mM-KH2PO4 and 5 mM-
glucose) equilibrated with 02: CO2 (19: 1) with a
measured pH of 7.40 at 37 'C.

Heart perfusions
After a retrograde pre-perfusion during which

cannulation was completed, hearts from 275-325 g fed
male rats were perfused anterogradely essentially as
described previously [10,11]. The buffer volume was
120 ml for protein-synthesis measurements and 100 ml
for protein-degradation measurements. The filling pres-
sure was 0.5 kPa and the aortic pressure was 7.0 kPa.
Cardiac output (i.e. the sum of aortic and coronary
flows) was monitored throughout. For protein-synthesis
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measurements, pre-perfusion buffers did not contain
amino acids but were otherwise identical with the
perfusion buffers. For protein-degradation measure-
ments, both buffers were the same. When required,
insulin and/or cycloheximide were added to both the
pre-perfusion and the perfusion buffers.

Ventricular protein synthesis was measured as
described in detail in [12,13]. Amino acids were
added after 10 min of anterograde perfusion.
[U-14C]Phenylalanine concentration was 0.4 mm (sp.
radioactivity 0.04 Ci/mol). At this concentration,
extracellular [U-'4C]phenylalanine specific radioactivity
rapidly equilibrates with that of phenylalanyl-tRNA
[14]. The remaining amino acids required for protein
synthesis were each present at 0.2 mm. Under these
conditions, protein synthesis is linear with time for 2 h
[12]. Hearts were 'freeze-clamped' in aluminium tongs
cooled in liquid N2 at 2 h after addition of amino acids
and were stored at -20°C until processing. Protein
degradation was measured by phenylalanine release in
the presence of 20 ,tM-cycloheximide [15] during 90 min
of anterograde perfusion by using an isotope-dilution
method [15,16].

Measurement of cardiac pH; by using I14CIDMO
Cardiac pHi was measured in perfusions with Krebs-

Henseleit buffer in the presence and absence of insulin
by using DMO [17]. Hearts were anterogradely perfused
with 100 ml of medium. After 40 min, [2-14C]DMO
(0.5 ml of 100 mM, 0.1 Ci/mol) was added. To half of the
perfusions, 3H20 (0.5 ml, containing 10 Ci) was added
after 70 min. To the remainder, [3H]inulin (0.05 ml,
containing 10,Ci) was added after 90 min. Hearts were
removed from the cannulae after 100 min, weighed and
homogenized in 5 ml of water. Trichloroacetic acid
(0.15 ml of 100%, w/v) was added, and protein was
removed by bench centrifugation. Samples of perfusate
were taken at the end of the perfusions. Heart super-
natants and perfusates were counted for radioactivity
by using a dual-isotope programme. Extracellular and
intracellular spaces were calculated, and hence the
distribution ratio ([DMO]i/[DMO]O) of [2-14C]DMO was
obtained. pHi was calculated from the equation [18]:

pH. = PKa+ log{IDO1 .(1 + lOPHo PKa> 1}

PKa was taken to be 6.28 [18] and pHo was 7.40.

Other methods
Protein was determined as in [19], with bovine

serum albumin as standard. For protein-degradation
experiments, heart dry weights were measured [15] and
were converted into protein equivalents by using a
protein/dry-weight ratio of 0.8 [8]. Metabolites were
measured in freeze-clamped hearts by standard
techniques [20]. Glucose uptake and lactate output were
measured as described elsewhere [10]. Results are
presented as means+S.E.M. Statistical significance was
determined by an unpaired Student's t test, with values
of P < 0.05 taken as being significant.

RESULTS
Effects of increasing pH. on cardiac performance

Cardiac outputs in hearts perfused at pH 8.4 or pH 8.9
were greater than at pH 7.4 (Table 1) because of greater

Table 1. Effects of pHo on aortic flow, coronary flow and cardiac
output

Hearts were perfused anterogradely as described in the
Experimental section. Measurements were made after
80 min of anterograde perfusion. Hepes was used to buffer
at pH 7.4, Hepes or Tris was used at pH 8.4 and Tris
was used at pH 8.9. Since insulin did not affect cardiac
performance (results not shown; see also [23]), results in
the absence and presence of insulin were combined.
Statistical significance versus perfusions at pH 7.4:
ap < 0.01, bP < 0.001.

Flow or output (ml/min per heart)

pHo n Aortic flow Coronary flow Cardiac output

7.4
8.4
8.9

15
19
6

34+2
55 + 4b
55 + 6b

15+1
16+ 1
16+2

49+ 2
72+ 5b
71 +8a

aortic flows. There were no significant differences in
flows in hearts perfused at pH 7.4 with either Krebs-
Henseleit buffer or with Hepes-buffered Tyrode's solution
(results not shown).

Effects of increasing pHo on protein synthesis in
perfused hearts

For Tyrode's solutions, all pH values given in this
paper refer to those at 22-25 'C. For Hepes, the pKa/0C
is -0.014. The pH of the Hepes solutions at 37 'C is thus
approx. 0.2-0.3 pH unit less than at 22-25 'C. Thus,
for the protein-synthesis experiments, perfusions with
Krebs-Henseleit buffer and Hepes-buffered Tyrode
solutions at pH 7.4 and 7.7 were used as controls. For
Tris, the pH/'C is -0.028 [21]. The pH of Tris-buffered
solutions at 37 'C is thus approx. 0.3-0.4 pH unit less
than at 22-25 'C. The possibility that buffer constitution
itself might be affecting protein synthesis was excluded
by 'overlapping' their pH values.
As shown in Table 2, perfusion with Krebs-Henseleit

solution, pH 7.4, and Hepes-buffered Tyrode's solution,
pH 7.4 or 7.7, gave similar (within 10- 15%) rates of
protein synthesis (thus excluding artefacts arising from
the temperature-dependence of buffer pH or buffer
constitution). The same was true for Hepes-buffered
Tyrode's solution, pH 8.4, and Tris-buffered Tyrode's
solution, pH 8.4 (Table 2). Protein synthesis was
progressively stimulated by increasing the pHo above
pH 7.4-7.7 (Table 2). At pH 8.9, the stimulation of
protein synthesis was similar to that produced by
maximally effective insulin concentrations. (In Krebs-
Henseleit buffer at pH 7.4, protein synthesis is
maximally stimulated by 0.1 munits of insulin/ml [22].)
Stimulation by increased pHo and by maximally effective
concentrations of insulin was not additive, the maximum
attainable being about 60%. It thus follows that the
proportional stimulation of protein synthesis by insulin
is pH-dependent.

Effects of increasing pH. on protein degradation in
perfused hearts
As in perfusions with Krebs-Henseleit buffer [15],

protein degradation was linear with time in hearts
perfused with Hepes at pH 7.4 (Fig. 1). Rates were
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Table 2. Effects of pHo and insulin on protein synthesis and glucose uptake

Hearts were perfused as described in the Experimental section. In Expt. I the insulin concentration was 10 munits/ml; in Expt.
2 it was 20 munits/ml. The extent of stimulation of protein synthesis compared with perfusions with Hepes, pH 7.4, is given in
parentheses as a percentage. Statistical significance for protein synthesis: ap < 0.05, bp < 0.01, cp < 0.001, versus perfusions at
pH 7.4 with Hepes buffer; dp < 0.01, ep < 0.001, versus perfusions with Krebs-Henseleit buffer at pH 7.4; fP < 0.001 versus
Hepes at pH 7.7. Statistical significance for glucose uptake: gP < 0.001 versus perfusions in the absence of insulin at the same
pH.

Protein synthesis
(nmol of phenylalanine incorporated/ Glucose uptake

Perfusion buffer h per mg of protein) (/tmol/h per heart)

Expt. 1
Hepes (pH 7.4)
Krebs-Henseleit (pH 7.4)
Hepes (pH 7.4) + insulin
Hepes (pH 7.7)
Hepes (pH 8.0)
Hepes (pH 8.0) + insulin
Hepes (pH 8.4)

Expt. 2
Hepes (pH 7.4)
Hepes (pH 8.4)
Hepes (pH 8.4) + insulin
Tris (pH 8.4)
Tris (pH 8.9)

0.62+0.01
0.68 ±0.02 (+ 10)o
0.96 + 0.03 (+ 56)C
0.72±0.02 (+ 16)b
0.77±0.01 (+25)ed
1.00±0.02 (+61)c.eef
0.91 ± 0.03 (+47)ce,f

0.54 +0.03
0.79+0.03 (+48)c
0.87 +0.04 (+ 62)c
0.76 +0.02 (+ 42)c
0.90 + 0.02 (+ 68)C

3
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Fig. 1. Effects of pHo on protein degradation
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Hearts were perfused and protein degradation was

measured as described in the Experimental section.
Conditions of pHo were as follows: *, Hepes (pH 7.4); 0,
Tris (pH 8.4); *, Tris (pH 8.9); A, Hepes (pH 7.4)+
25 munits of insulin/ml. Results are presented as means of
six to eight independent observations. For simplicity, S.E.M.
bars are shown only when there were significant differences
from perfusions with Hepes, pH 7.4 (0). For perfusions
with Tris, pH 8.4 (0), the values at 70 and 90 min were

significantly different from those for Hepes, pH 7.4 (0), at
P < 0.01. For perfusions with Tris, pH 8.9 (-), the values
at 50, 70 and 90 min were significantly different from
those for Hepes, pH 7.4-(0), at P < 0.01, P < 0.00 1 and

similar (about 1.3 ,umol of phenylalanine released/h per
g dry wt. in Fig. 1; see [15,23] for earlier results). Protein
degradation was progressively inhibited by increasing
pH. above pH 7.4. The rates of protein degradation at
pH 8.4 and pH 8.9 were not constant with time. If the
inhibition were to require an increase in pH in some
intracellular compartment such as the lysosomes, the
non-linearity may represent the time taken to alter the
pH in that compartment.
The effects of pH. 8.9 or of insulin (25 munits/ml)

at pH. 7.4 on protein degradation were very similar
(Fig. 1). (In Krebs-Henseleit buffer, pH 7.4, cardiac pro-
tein degradation was maximally inhibited by 0.1 munits
of insulin/ml [15].) Unlike perfusions with insulin with
Krebs-Henseleit buffer pH at 7.4 [15], the rate of protein
degradation in the presence of insulin in Hepes at pH 7.4
was not linear. We do not have any explanation of this
effect, unless it is related to buffer constitution.

Glucose uptake and lactate output of perfused hearts
Both glucose uptake (Table 2) and lactate output

(results not shown; see [10] for typical behaviour) were
significantly stimulated by insulin at pH. 7.4 or 8.0.
Increasing pHo alone did not significantly increase
glucose uptake (Table 2) or lactate output (results not
shown).

Adenine nucleotide and phosphocreatine concentrations
in perfused hearts

In order to detect any disturbances in energy
metabolism, perfused hearts used in protein-synthesis
experiments were assayed for adenine nucleotide and

P < 0.001 respectively. For perfusions with Hepes
(pH 7.4) + insulin (A), the values at 50, 70 and 90 min
were significantly different from those for Hepes, pH 7.4
(-), at P <0.001.
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Table 3. Adenine nucleotide and phosphocreatine contents in perfused hearts

Hearts were perfused anterogradely for a total of 130 min as described in the Experimental section. They were then freeze-
clamped. When it was present, the insulin concentration was 10 munits/ml. Statistical significance versus perfusions with Hepes,
pH 7.4: ap < 0.05, bp < 0.01, cp < 0.001.

Content (nmol/mg of protein)
Perfusion
buffer

Hepes (pH 7.4)
Hepes (pH 7.4) + insulin
Hepes (pH 8.0)
Hepes (pH 8.4)
Tris (pH 8.9)

n ATP

11
4
5
9
5

19.1 +0.9
16.8 +0.9
18.0+0.7
18.8 +0.6
17.4+0.9

ADP

6.3 + 0.3
3.9 +0.3C
4.7 +0.2
5.3 + 0.6
5.3 +0.2

AMP Phosphocreatine

0.88 + 0.09
0.63 + 0.03
0.74+0.09
0.87+0.13
0.93 + 0.09

21.4+1.3
22.1 + 1.4
27.1 + 1.1a
32.8 + 1.3c
36.4+ 0.6c

ATP/ADP

3.03 + 0.07
3.87 + 0.34b
3.84+0.14c
3.48 + 0.27
3.30 + 0.09a
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Fig. 2. Correlation between cardiac phosphocreatine contents
and rates of protein synthesis

Values for individual perfusions in Hepes- or Tris-buffered
Tyrode's solution from Expts. 1 (@) and 2 (U) (see Table
2) were plotted. For Expt. 1, r = 0.83, n = 18, P < 0.001.
For Expt. 2, r = 0.79, n = 21, P < 0.001.

phosphocreatine contents (Table 3). Phosphocreatine
contents were progressively increased by increasing
pHo. ATP was unaltered. Increasing pHo caused some
inconsistent decreases in ADP and increases in the ATP/
ADP ratio. ATP content was not detectably altered by
insulin, but ADP content was decreased, leading to an
increase in the ATP/ADP ratio, as we have shown
previously [13]. In these experiments in Hepes-buffered
Tyrode's solution, we did not observe any increase in
phosphocreatine content in the presence of insulin,
although we have seen increases in perfusions with
Krebs-Henseleit buffer [13].
Correlation between rates of protein synthesis and
phosphocreatine contents

There was a linear correlation (Fig. 2) between rates of
protein synthesis and terminal cardiac phosphocreatine
contents in perfusions with Tyrode's solutions in the
absence of insulin in both Expt. 1 and Expt. 2 (Table 2).
There were no consistent correlations between rates of
protein synthesis and ATP, ADP or AMP contents, or

with ATP/ADP ratios. Although such plots are of
interest, they should be interpreted with caution, since a
correlation does not indicate a cause.

Variation of pH, as a function of pHo as assessed by the
creatine kinase equilibrium

Details of the use of the creatine kinase equilibrium
to calculate the variation of cytoplasmic pH. as a
function of pHo are given in Fig. 3 legend. A plot
of a (= PH - PKeq.) against pH. was linear (r = 0.90,
P < 0.001, n = 10). The slope (= ApH,/ApHO) was
0.22, in good agreement with values obtained by others
using more direct measurements [6,7]. If the change in log
([ADP]tota1/[ATP]tota1) is small compared with the change
in log ([phosphocreatine]/[creatine]) (which is the case in
our experiments), then a plot of log ([phosphocreatine]/
[creatine]) versus pHo gives ApHC/ApHo. This plot (not
shown) has a slope of 0.19 (r = 0.89, P < 0.001, n = 10).
Knowing that pHi is 7.18 (see below) at a pHo of 7.4, the
value of pHc at a given pHo can be calculated from the
equation pH, = 7.18 +0.22 (pH.-7.4).
Steady-state pH; in the presence and absence of insulin

Extracellular space was 0.351 + 0.008 ml/g wet wt.
(n = 14), and the sum of the extracellular and intra-
cellular spaces was 0.801 +0.008 ml/g wet wt. (n = 14).
The DMO distribution ratio in the absence of insulin was
0.629+0.018 (n = 12), equivalent to a pHi of 7.18. This
agrees with more direct measurements of pH, at a pHo of
7.4 [6,7]. In the presence of 20 munits of insulin/ml the
DMO distribution ratio was 0.655 + 0.015 (n = 12),
equivalent to a pH, of 7.20. Thus insulin did not cause
any detectable change in overall cardiac pHi.

DISCUSSION

Magnitude of changes in pH; as a function of changes in
pHo
As we described in the Introduction, large changes in

the pHo of Tyrode's solutions induce relatively small
changes in pH, in cardiac tissue in vitro [6,7]. We do not
contend that changes in pHo of the magnitude used here
(1.5 pH units) are encountered physiologically, but
rather that small changes in pH, may lead to large effects
on protein turnover. With respect to the time course of
pH, change, steady-state pHi is attained after about
30 min in sheep Purkinje fibres [6]. In hearts perfused
through an intact coronary circulation, a steady-state
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Fig. 3. Dependence of pH; on pHo as assessed by the creatine

kinase equilibrium
Creatine kinase catalyses the following cytoplasmic
reaction [52,53], which is close to equilibrium in vivo:

Creatine +ATP = phosphocreatine +ADP + H+
Thus

K - [phosphocreatine] . [ADP], - [H ]c
Ke.q. = [creatine] - [ATP]e

If the whole heart total [ADP]/[ATP] ratios reflect cyto-
plasmic [ADP]/[ATP] ratios ([ATP]/[ADP] ratios in
respiring heart mitochondria are similar to the ratios given
in Table 3 [54]), and if other factors (such as [Mg2"], and
the proportion of adenine nucleotides bound to proteins)
remain constant, then:

pH,= K +log[phosphocreatine] \ log[ADP]t,talPHc = PKeq. + log [creatine]) + log AP]tt

Let

a= log. ([phosphocreatine] '~+ log ([ADPItotai
[creatine] ) ([ATP]t.tal)

Thus

PHcpKeq = °
a was calculated from results given in Table 3 and other
results (not shown) by using a value for creatine content of
87.5 nmol/mg of protein [55] and was plotted against pH0.

pH, might be achieved more rapidly. We started
measurements 20-25 min after exposure of the hearts to
the various pH0 buffers; thus a steady state should have
been attained.
The mechanism by which pH0 modulates pHi in vitro

should be considered. The Tyrode's solutions used here
and elsewhere [6,7] were nominally HCO3 /CO2-free,
thus preventing the operation of HCO3 -dependent pHi-
modulating systems [4,5]. A possible mechanism involves
the operation of the Na+/H+ antiporter [6,24], with H'1
leaving the cell in exchange for Na'0. In vivo, pHi
might reflect pH0 more closely when HCO3 -dependent

buffering systems will be operational. In acidosis induced
by injection of HCI or breathing an atmosphere
containing an increased partial pressure of C02, pH1
quite closely reflected pH0 [17].
We would have liked to have measured pHi more

directly during our perfusions. Unfortunately, micro-
electrode or indicator-dye methods are not suitable
in the beating heart. pH, can be measured by using
DMO. However, theoretical considerations show that, on
increasing pHo from 7.4 to 8.4, this method would not
discriminate between an unchanged normal pH1 of 7.18
and an expected pH, of 7.40. (The differences in total
cardiac DMO content would be less than 5 %). This
situation arises because pHi is likely to be much less than
8.4, and hence DMO in the extracellular space constitutes
a large proportion of the total heart DMO. The method
would discriminate between a pHi of 7.18 and 8.4, but we
would expect hearts to fail if such a large increase were
to occur. Wash-out experiments might be preferable, but
we have not done these as yet.

Possible mechanisms by which pH; and pHo might affect
protein turnover
The overall effects of increased pHi or pH. are to

produce a more positive nitrogen balance in the perfused
heart. For protein synthesis, it is probable that in our
acute experiments translation (rather than transcription
or RNA processing) is affected, since effects are observed
so rapidly. In cell-free translation systems, a sharp pH
optimum of 7.4 has been demonstrated [25]. If protein
degradation is in part lysosomal, intracellular alkalin-
ization may increase intralysosomal pH and hence inhibit
the process. Equally, the pH optima of any hypothetical
non-lysosomal proteases may be on the acidic side.
The effects that we have observed may not be the

direct result of an increase in pH. or pHi, since several
other cellular processes are pH-dependent (see the
Introduction). Perhaps most importantly, there are
complex relationships between intracellular and
extracellular HI, Na+ and Ca2l concentrations [7,26-28].
Changes in pHi alter intracellular Ca2l handling and
changes in pHo alter sarcolemmal Ca2l handling [7].
These alterations, combined with an increased sensitivity
of the myofibrillar ATPase to Ca2"i [29], probably cause
the increase in cardiac output and contractility observed
with increased pHi and pH.. It has been proposed
that increased Ca 2+ may stimulate protein synthesis.
However, perfusion of hearts with media containing
increased Ca2+0 (which results in increased Ca2+i) did not
alter rates of protein synthesis [30] or degradation [31],
although, in certain isolated-cell systems, Ca2+ has been
shown to stimulate synthesis [32].
The increase in heart volume work when pHo was

increased could affect protein turnover. However, an
increase in cardiac output itself induced by increasing the
filling pressure at a constant aortic pressure (presumably
mediated by an increase in Ca2+1) did not alter rates of
synthesis or degradation [23,33]. Furthermore, we have
observed stimulation of protein synthesis by increased
pHo in quiescent cardiac myocytes and in K+-arrested
retrogradely perfused hearts (S. J. Fuller, C. J. Gaitanaki
& P. H. Sugden, unpublished work).

In the perfused heart, protein synthesis is stimulated
and protein degradation is inhibited by the following:
insulin, non-carbohydrate fuels, increases in aortic
pressure or leucine (for reviews, see [34,35]). (In our

Vol. 259

177



S. J. Fuller, C. J. Gaitanaki and P. H. Sugden

hands, protein degradation is not inhibited by non-
carbohydrate fuels in the working rat heart [17], although
Chua et al. [36,37] have shown inhibition in the retro-
gradely perfused heart.) An attractive hypothesis is
that these interventions might cause an increase in pHi.
Insulin increases pHi in frog skeletal muscle (by 0.1-
0.3 unit) [38-40], cultured skeletal muscle cells [40a] and
rat adipocytes [41] by stimulation of Na+/H+ exchange
(reviewed in [2,5]; see also [42]). Its stimulation of frog
muscle glycolysis has been ascribed to this [43]. However,
others have not detected insulin-induced increases in
pHi. As discussed in [40], no insulin-induced alkalin-
ization could be detected in rat heart [44], fibroblasts
[45] or mammalian skeletal muscle [46], although it did
potentiate increases in pHi induced by growth factors or
thrombin in some cells [45,47]. We could not detect any
insulin-induced change in pHi in the perfused heart,
although measurements of global pHi might not detect
any subcellular pH changes and would not detect tran-
sients. Insulin does, however, have some effect on
membrane ion-transport systems, since it hyperpolarizes
mammalian heart and skeletal muscle [48-51]. Even if an
insulin-induced increase in pHi were responsible for its
effects on protein turnover, the hormone's effects cannot
be solely explained by modulation of pHi. Thus an
increase in pH. to pH 8.4 did not stimulate cardiac
glucose transport or lactate output (processes which are
insulin-sensitive), and insulin did not increase cardiac
output [23] or cardiac phosphocreatine contents in this
particular series of experiments (Table 3). Although our
findings may not be of direct relevance to insulin action,
we consider that, since the effects of pHo on protein
turnover are relatively large, their mechanism and
physiological importance merit further investigation.

This work was supported by grants from the U.K. Medical
Research Council and the Clinical Research Committee of The
National Heart and Chest Hospitals.

REFERENCES
1. Busa, W. B. & Nuccitelli, R. (1984) Am. J. Physiol. 246,

R409-R438
2. Moolenaar, W. H. (1986) Annu. Rev. Physiol. 48, 363-376
3. Busa, W. B. (1986) Annu. Rev. Physiol. 48, 389-402
4. Madshus, I. H. (1988) Biochem. J. 250, 1-8
5. Frelin, C., Vigne, P., Ladoux, A. & Lazdunski, M. (1988)

Eur. J. Biochem. 174, 3-14
6. Deitmer, J. W. & Ellis, D. (1980) J. Physiol. (London) 304,

471-478
7. Kim, D. & Smith, T. W. (1987) Am. J. Physiol. 253,

Cl 37-C 146
8. Preedy, V. R., Smith, D. M., Kearney, N. F. & Sugden,

P. H. (1984) Biochem. J. 222, 395-400
9. Krebs, H. A. & Henseleit, K. (1932) Hoppe-Seyler's Z.

Physiol. Chem. 210, 33-66
10. Sugden, P. H. & Smith, D. M. (1982) Biochem. J. 206,

473-479
11. Taegtmeyer, H., Hems, R. & Krebs, H. A. (1980) Biochem.

J. 186, 701-711
12. Smith, D. M. & Sugden, P. H. (1983) Biochem. J. 214,

497-502
13. Fuller, S. J. & Sugden, P. H. (1988) Am. J. Physiol. 255,

E537-E547
14. McKee, E. E., Cheung, J. Y., Rannels, D. E. & Morgan,

H. E. (1978) J. Biol. Chem. 253, 1030-1040

15. Sugden, P. H. & Smith, D. M. (1982) Biochem. J. 206,
467-472

16. Rubin, I. B. & Goldstein, G. (1970) Anal. Biochem. 33,
244-254

17. Waddell, W. J. & Butler, T. C. (1959) J. Clin. Invest. 38,
720-729

18. Moore, R. D., Fidelman, M. L., Hansen, J. C. & Otis,
J. N. (1982) in Intracellular pH: Its Measurement,
Regulation, and Utilization in Cellular Functions
(Nuccitelli, R. & Deamer, D. W., eds.), pp. 385-416, Alan
R. Liss, New York

19. Gornall, A. G., Bardawill, C. J. & David, M. M. (1949)
J. Biol. Chem. 177, 751-766

20. Bergmeyer, H. U. (ed.) (1974) Methods of Enzymatic
Analysis, Academic Press, New York, San Francisco and
London

21. Bates, R. G. & Bower, V. E. (1956) Anal. Chem. 28,
1322-1324

22. Fuller, S. J. & Sugden, P. H. (1986) FEBS Lett. 201,
246-250

23. Smith, D. M. & Sugden, P. H. (1983) Biochem. J. 210,
55-61

24. Ellis, D. & MacLeod, K. T. (1985) J. Physiol. (London)
359, 81-105

25. Winkler, M. M. (1982) in Intracellular pH: Its Measure-
ment, Regulation, and Utilization in Cellular Functions
(Nuccitelli, R. & Deamer, D. W., eds.), pp. 325-340, Alan
R. Liss, New York

26. Bers, D. M. & Ellis, D. (1982) Pfluigers Arch. 393, 171-178
27. Vaughan-Jones, R. D., Lederer, W. J. & Eisner, D. A.

(1983) Nature (London) 301, 522-524
28. Lazdunski, M., Frelin, C. & Vigne, P. (1985) J. Mol. Cell.

Cardiol. 17, 1029-1042
29. Fabiato, A. & Fabiato, F. (1978) J. Physiol. (London) 276,

233-255
30. Schreiber, S. S., Oratz, M., Rothschild, M. A. & Smith, D.

(1977) J. Mol. Cell. Cardiol. 9, 661-669
31. Gordon, E. E., Kira, Y., Demers, L. M. & Morgan, H. E.

(1986) Am. J. Physiol. 250, C932-C938
32. Chin, K.-V., Cade, C., Brostrom, C. O., Galuska, E. M.

& Brostrom, M. A. (1987) J. Biol. Chem. 262, 16509-
16514

33. Smith, D. M. & Sugden, P. H. (1983) Biochem. J. 216,
537-542

34. Morgan, H. E., Rannels, D. E. & McKee, E. E. (1979)
Handb. Physiol. Sect. 2: Cardiovasc. Syst. 1, 845-871

35. Morgan, H. E., Chua, B. H. L., Watson, P. A. & Russo,
L. (1986) in The Heart and Cardiovascular System
(Fozzard, H. A., Haber, E., Jennings, R. B., Katz, A. &
Morgan, H. E., eds.), vol. 2, pp. 931-947, Raven Press,
New York

36. Chua, B., Siehl, D. & Morgan, H. E. (1979) J. Biol. Chem.
254, 8358-8362

37. Chua, B., Kao, R., Rannels, D. E. & Morgan, H. E. (1979)
J. Biol. Chem. 254, 6617-6623

38. Moore, R. D. (1979) Biochem. Biophys. Res. Commun.
91, 900-904

39. Moore, R. D. & Gupta, R. K. (1980) Int. J. Quantum
Chem. Quantum Biol. Symp. 7, 83-92

40. Putnam, R. W. (1985) Am. J. Physiol. 248, C330-C336
40a. Klip, A., Ramlal, T. & Cragoe, E. J., Jr. (1986) Am. J.

Physiol. 250, C720-C728
41. Mukherjee, S. P. & Mukherjee, C. (1981) Ann. N.Y. Acad.

Sci. 372, 347-351
42. Moore, R. D. (1981) Biophys. J. 33, 203-210
43. Moore, R. D., Fidelman, M. L. & Seeholzer, S. H. (1979)

Biochem. Biophys. Res. Commun. 91, 905-910
44. Bailey, I. A., Radda, G. K., Seymour, A.-M. L. & Williams,

S. J. (1982) Biochim. Biophys. Acta 720, 17-27

1989

178



Increased pH and cardiac protein turnover

45. Moolenaar, W. H., Tsien, R. Y., van der Saag, P. T. & de
Laat, S. W. (1983) Nature (London) 304, 645-648

46. Meyer, R. A., Kushmerick, M. J., Dillon, P. F. & Brown,
T. R. (1983) Fed. Proc. Fed. Am. Soc. Exp. Biol. 42,
1248

47. l'Allemain, G., Paris, S. & Pouyssegur, J. (1984) J. Biol.
Chem. 259, 5809-5815

48. Zierler, K. L. (1957) Science 126, 1067-1068
49. Zierler, K. L. (1959) Am. J. Physiol. 197, 515-523
50. Moore, R. D. & Rabovsky, J. L. (1979) Am. J. Physiol.

236, C249-C254

51. LaManna, V. R. & Ferrier, G. R. (1981) Am. J. Physiol.
240, H636-H644

52. Lawson, J. W. R. & Veech, R. L. (1979) J. Biol. Chem.
254, 6528-6537

53. Newsholme, E. A. & Leech, A. R. (1983) Biochemistry for
the Medical Sciences, pp. 215-216, Wiley, Chichester

54. Kerbey, A. L., Radcliffe, P. M. & Randle, P. J. (1977)
Biochem. J. 164, 509-519

55. Flaim, K. E., Kochel, P. J., Kira, Y., Kobayashi, K., Fossel,
E. T. & Morgan, H. E. (1983) Am. J. Physiol. 245,
C133-C143

Received 18 August 1988/22 November 1988; accepted 6 December 1988

Vol. 259

179


