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Summary. In previous studies it was found that renal cortical slices from
rats with induced metabolic acidosis have an increased capacity to produce
glucose, whereas cortical slices from rats with metabolic alkalosis manifest de-
creased gluconeogenesis. To evaluate the relative influence of extracellular
fluid pH, [HCO3-], and carbon dioxide tension on renal gluconeogenesis, we
observed glucose production by cortex from rats with induced respiratory
acidosis, and by cortex taken from normal animals and incubated in acid and
alkaline media.

Wefound glucose production to be increased in cortex from rats with re-
spiratory acidosis, as is the case in metabolic acidosis. Glucose production
by slices from normal rats was increased in media made acidic by reducing
[HCO,-], and decreased in media made alkaline by raising [HCOj-]. These
effects were evident whether the gluconeogenic substrate employed was gluta-
mine, glutamate, a-ketoglutarate, or oxalacetate. Glucose production was
also increased in media made acidic by raising CO2 tension and decreased in
media made alkaline by reducing CO2 tension. These data indicate that
both in vivo and in vitro, pH, rather than CO2 tension or [HCO3-], is the
most important acid-base variable affecting renal gluconeogenesis.

The findings suggest that a decrease in extracellular fluid pH enhances renal
gluconeogenesis through direct stimulation of one of the rate-limiting reac-
tions involved in the conversion of oxalacetate to glucose. Wehypothesize
that the resultant increase in the rate of removal of glutamate, a precursor of
oxalacetate, may constitute an important step in the mechanism by which
acidosis increases renal ammonia production.

Introduction

Recent studies have demonstrated that renal cor-
tical slices from rats with induced metabolic aci-
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strate; we therefore postulated that metabolic aci-
dosis and alkalosis affect a rate-limiting reaction
involved in the conversion of oxalacetate to glu-
cose. Since both pH and [HCO,-] of extracellu-
lar fluid (ECF) are reduced in metabolic acidosis,
the change in either of these variables could be
responsible for the observed stimulation of renal
gluconeogenesis. To evaluate this point, we have
studied the gluconeogenic capacity of renal cortex
taken from animals with respiratory acidosis, a
state in which pH is reduced and [HCO,-] is nor-
mal or elevated. It has been found that respira-
tory acidosis produces a significant increase in
renal gluconeogenic capacity, suggesting that pH,
rather than [HCO,-] or [H2CO0], is the im-
portant acid-base determinant of renal gluconeo-
genesis.

Alteration of acid-base status in vivo may influ-
ence renal gluconeogenesis in two ways. First,
it may influence renal gluconeogenic capacity in-
directly, possibly through an extrarenal hormonal
mechanism or by alterations in the plasma concen-
tration of glucose precursors. Second, changes
in the acid-base composition of extracellular fluid
may have a direct effect on renal gluconeogenic
capacity. To evaluate the latter possibility, we
have studied the effects of variations in pH,
[HCO3-], and carbon dioxide tension (Pco2) of
the incubation medium on glucose production by
renal slices. It has been found that changes in
media pH influence gluconeogenesis in the same
manner as do similar changes in extracellular pH
in vivo. This would suggest that changes in ex-
tracellular fluid pH in vivo may well have a direct
effect on renal gluconeogenesis.

Methods

Male Sprague-Dawley rats (Holtzman) weighing 200
to 350 g were used in all experiments. For studies re-
quiring adrenalectomized animals, bilateral adrenalec-
tomy was performed with the rats under ether anes-
thesia 4 days before initiation of the experimental
protocol.

In vivo respiratory acidosis

Experimental animals were kept in plastic tents con-
tinuously flushed with a gas mixture composed of 20%7o
02, 10% C02, and 70% N2. Tents flushed with air were
used for control animals. To exclude possible variations
in caloric intake, we deprived both control and ex-
perimental animals of solid food and removed them from
their tents twice a day for 10 to 15 minutes to be tube

fed 10 ml of a 20%o glucose solution. When adrenalec-
tomized animals were used, this solution also contained
75 mMNaCl. Animals were treated in this manner
for 48 hours, after which they were sacrificed. Renal
cortical slices were prepared, and glucose production by
the slices was determined as previously described (3).
All incubations were carried out at pH 7.40 in Krebs-
Ringer bicarbonate buffer containing 24 mMbicarbonate
and 10 mMa-ketoglutarate.

In 7itro studies

In all in vitro studies, renal cortical slices from nor-
mal rats on an ad libitum Purina chow diet were used.
Slices from several animals were pooled, and gluconeo-
genesis was studied as previously outlined (3), with
modifications to be described. In all studies 150-mg
portions of sliced cortex from the same pool were incu-
bated for 2 hours in several different media, in which
the concentrations of [HCOi-], [H2C08], and/or pH had
been varied by altering the amount of NaHCO: added to
the media and/or the C02 concentration in the gas phase.
Media sodium concentration was maintained constant
at 144 mEq per L by varying the concentration of NaCl.

Effect of changing bicarbonate concentration. To
evaluate the effect of changes in pH in vitro produced
by varying [HCOS-], we incubated slices in different
media in which bicarbonate concentration was 12 (aci-
dotic), 24 (control), or 48 mmoles per L (alkalotic).
All flasks contained a single substrate (10 mMglutamine,
glutamate, a-ketoglutarate, or oxalacetate), and the media
were equilibrated before incubation with a gas mixture
containing 95% 02 and 5%o C02.

Effect of changing Pco2. The influence of changes
in pH in vitro, produced by varying Pco2, was studied
by incubating slices in flasks containing the standard
media ([HCOi-] 24 mM) that had been flushed with a
gas mixture containing 10%o (acidotic), 5%o (control),
or 2io C02 (alkalotic) before incubation. All gas mix-
tures also contained 80%o 02 with the balance being N2.
Slices from the same pool were also incubated in media
in which a similar degree of acidity or alkalinity had
been produced by varying the [HC03-O while keeping the
[H2C03] constant as described in the preceding section.
All flasks contained 10 mMa-ketoglutarate as substrate.
pH determinations of the media were made on samples
obtained anaerobically 10 to 20 minutes before the end
of incubation.

Isohydric studies

Studies were performed in which the effect of changes
in Pco2 and [HCO3S- on renal gluconeogenesis was de-
termined, independent of variations in pH. Slices were
incubated in five different media in which pH was held
constant at 7.4, while Pco2 and [HCOi-I were propor-
tionally varied over a wide range (see Figure 1). All
flasks contained 10 mM a-ketoglutarate as substrate.
Media pH was determined before incubation and 10 to 20
minutes before the end of an incubation. The average of
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TABLE I

Glucose production from ketoglutarate by renal coritical slices from rats with induced respiratory acidosis,

Control Respiratory acidosis

Glucose Plasma Glucose Plasma
Experiment n production [HCOa-] n production [HCOs-J

pmoles/g dry mEqIL smoles/g dry mEq/L
wt/90 min. wt/90 min

Intact rats 6 257 dt 19* 22.6 1 1.7 7 351t ± 26 31.4t i: 1.8
Adrenalectomized rats

Experiment A 4 221 + 14 5 267t :1 17
Experiment B 4 205 : 9 24.1 :1 2.3 4 246t 4 10 35.5t ±t 0.66
A+B 8 213 8 9 257t46

* Standard error.
t Significantly different from control, p < 0.05.
t Significantly different from control, p < 0.01.

these measurements was taken as the pH of the media
during incubation.

Results
In vivo respiratory acidosis

The effect of in vivo respiratory acidosis on re-

nal glucose production from a-ketoglutarate in
vitro is summarized in Table I. Slices from ani-
mals with respiratory acidosis were found to pro-

duce significantly more glucose than slices from
animals without respiratory acidosis. This was

observed in both intact and adrenalectomized
animals.

In vitro studies

Effect of changing bicarbonate concentration.
Table II summarizes'the influence of changes in
media pH produced by varying [HCO3-] ("meta-
bolic" acidosis and alkalosis) on renal glucose
production from glutamate, glutamine, a-ketoglu-
tarate, or oxalacetate. Acidosis significantly in-
creased glucose production from glutamine, glu-
tamate, a-ketoglutarate,'and oxalacetate; alkalosis

significantly decreased glucose production from
each of these substrates.

Effect of changing Pco2. The effects on gluco-
neogenesis of alterations in media pH produced by
varying Pco2 ("respiratory" acidosis and alkalo-
sis) are summarized in Table III, and are com-

pared to the effects of similar alterations' of media
pH produced by varying [HCOf-] ("metabolic"
acidosis and alkalosis). Respiratory acidosis sig-
nificantly increased gluconeogenesis from a-keto-
glutarate (p < 0.001), and respiratory alkalosis
produced a significant decrease (p < 0.001).
Despite similar degrees of alteration of media pH,
glucose production in metabolic acidosis was sig-
nificantly 'greater than in respiratory acidosis
(p < 0.05). Also, metabolic alkalosis reduced
gluconeogenesis more than did respiratory alkalo-
sis (p < 0.02) despite similar elevations of pH.

Isohydric studies

The influence of proportional (isohydric)
changes of media [H2CO0] and [HCO3-] on renal

LE II

The effect of changes in medium pH produced by varying medium [HC03-] on glucose production
by renal cortical slices from normal rats

Glucose production

Control (7.4) Acidotic (7.1) Alkalotic (7.7)

Substrate No. of No. of No. of
(10 mM) flasks Mean :4 SE flasks Mean + SE flasks Mean 4 SE

;smoles/g dry pmoles/g dry jtmoles/g dry
wt/2 hours wt/2 hours wl/2 hours

Glutamine 53 78.6 i 2.4 48 139* i 5.0 28 60* 4 3.9
Glutamate 52 134 :1: 5.1 44 150t i 6.5 18 72* ± 5.0
a-Ketoglutarate 54 184 i 7.7 51 246* ± 11.7 45 104* i 6.0
Oxalacetate 55 100 4 6.1 49 121* i 5.6 23 72* ± 6.0

*Significantly different from control, p < 0.01.
1 Significantly different from control, p < 0.05.
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TABLE III

Comparison of the effects of changes in medium pHproduced by varying [HCO3-] or PCo2 on glucose
production from a-ketoglutarate by renal cortical slices from normal rats

No. of
flasks Glucose production Observed pH

min Hg, mEqIL Jsmoesfg dry wt/2 hours
Experiment 1

Control-
(Pco2 40, [HCO5-] 24) 18 181 zh 7.7 7.43 i 0.02

Metabolic acidosis
(Pco2 40, [HC03-] 12) 22 257* ± 10.0 7.12* i: 0.03

Respiratory Acidosis
(Pco2 80, [HCO37] 24) 22 226* 1: 9.9 7.14* :1 0.02

Experiment 2
Control

(Pco2 40, [HCO3-] 24) 16 228 : 17.0 7.48 ± 0.05
Metabolic alkalosis

(Pco2 40, [HCO3-] 48) 22 76.5* ± 9.6 7.88* ± 0.04
Respiratory alkalosis

(Pco2 20, [HCO3-] 24) 22 123* + 9.9 7.81* :1 0.04

* Significantly different from control, p < 0.01.

glucose production from a-ketoglutarate is shown
in Figure 1. Glucose production on the ordinate
is plotted against bicarbonate concentration (lower
scale) and carbonic acid concentration (upper
scale) on the abscissa. Each point is the mean
(± standard error) of 12 or 13 observations. The
mean observed pH is shown for each group. In
spite of similar media pH in all groups, gluconeo-
genesis increased as [HCO5-] and [H2COS] were
proportionally decreased. For instance, glucose
production was significantly greater (p < 0.01)
at [HCO,-] 14.5 mmoles per L and [H2CO0]
0.634 mmole per L (pH 7.41) than it was at
[HCO5-] 50.2 and [H2CO3] 2.37 (pH 7.44).

[HICO,] mM/L

..375.i4 1.18 2.37 3.64
270

(7.40)1

0 (7.4 1)

GLUCOSE .
PRODUCTION 230

,uM/% dy ./2 hm.
.M/i~swI.2I }40(7.44)

1(7.42)

190
10 20 30 40 50 60 70 80

BICARBONATE CONCENTRATION (mM/L)

FIG. 1. THE EFFECT OF PROPORTIONAL (ISOHYDRIC)
CHANGESIN MEDIUM [H2COS] AND [HCOS] ON GLUCOSE
PRODUCTION FROM a-KETOGLUTARATE BY RENAL CORTICAL
SLICES FROM NORMALRATS. Figures in parentheses are
the mean observed pH. Bars indicate ± 1 SEM.

Discussion

In previous studies renal cortex from rats with
metabolic acidosis was found to have an increased
capacity for glucose production. The present ex-
periments demonstrate that this is also true for
cortex from animals with respiratory acidosis,
indicating that pH per se, rather than [HCO3-]
or Pco2, is the most important acid-base variable
of ECF affecting renal gluconeogenesis. The
mechanism by which in vivo changes in ECF pH
influence renal gluconeogenesis was not determined
in these studies. Since changes in circulating
hormones, plasma substrate concentrations, renal
cortical blood flow, or other physiological variables
may take place when extracellular pH is modified
in Zvvo, the observed change in renal gluconeo-
genesis may be only indirectly related to pH.
The effect of respiratory acidosis is not mediated
through changes in adrenal cortical activity, since
it is also demonstrable in adrenalectomized animals.

The changes in renal glucose production found
when ECF pH was acutely varied in vitro were
qualitatively similar to those. noted during in tivo
acidosis or alkalosis. The results of the in vitro
experiments suggest a direct effect of acid-base
status on renal gluconeogenesis. Since in vitro
changes in ECFpH produced by varying [HCO3-j
and in vitro changes in ECFpH produced by vary-
ing Pco2 have similar effects on renal gluconeo-
genesis, these studies also suggest that ECF pH
per se, rather than [HCO3-1 or Pco9, is the im-

1175



KAMM, FUISZ, GOODMAN,AND CAHILL

portant acid-base variable controlling renal glucose
production.

The observation that renal cortical slices from
acidotic animals produce more glucose from glu-
tamine, glutamate, a-ketoglutarate, and oxalacetate
than do slices from control animals (3) suggests
that there is increased activity of one of the po-
tentially rate-limiting reactions between oxalace-
tate and glucose. The mechanism of the presumed
enhancement in enzyme activity is difficult to
establish when ECF pH is varied in sivo. The
enhanced deamidation and transamination of glu-
tamine during acidosis in vsivo (4-6) generate
increased gluconeogenic substrate in the form of
glutamate and a-ketoglutarate. This increase in
glutamate and a-ketoglutarate might then, by
sequential substrate induction, increase the ac-
tivity of enzymatic reactions farther along the
pathway to glucose. However, increased degra-
dation of glutamine cannot be invoked to explain
the results of our in vitro studies, in which glu-
cose production from oxalacetate was increased
when slices from normal animals were incubated
in acidotic media in the absence of glutamine.
These in itro studies suggest that the enhanced
renal gluconeogenesis in acidosis is due to direct
stimulation of one of the enzymatic steps between
oxalacetate and glucose, rather than to substrate
induction of gluconeogenic enzymes secondary to
increased degradation of glutamine.

An increase in enzyme activity may be due
either to enhanced enzyme synthesis or to in-
creased activation of existing enzyme. The en-
hanced activation of existing enzyme could be the
result of increased conversion of inactive enzyme
to an active form or of changes in the concentra-
tion of activators, cofactors, or inhibitors of the
reaction. The present studies do not indicate
whether the enhanced gluconeogenic capacity of
renal cortex from acidotic animals is due to in-
creased in vivo synthesis of a rate-limiting gluco-
neogenic enzyme, or to in vivo activation of exist-
ing enzyme. Neither is it known whether the in-
creased glucose production by normal renal cor-
tex incubated in acidotic media is due to enhanced
in vitro enzyme synthesis or to in vitro activation
of existing enzyme. It is possible that the stimu-
latory effect of in vivo acidosis on renal gluconeo-
genesis, which is not evident until the animal has
been acidotic for more than 12 hours (3), is due

to a gradual increase in enzyme synthesis; whereas
the stimulatory effect of in vitro acidosis on renal
gluconeogenesis, which is evident during a 2-hour
incubation in acidotic medium, is due to rapid ac-
tivation of previously existing enzyme.

Although changing ECF pH in vitro by vary-
ing [HCO.-], and altering pH in vitro by modi-
fying Pco2, had qualitatively similar effects on re-
nal cortical glucose production, quantitative dif-
ferences were observed. Changes in pH produced
by varying [HCO,-] resulted in greater increases
during acidosis and greater decreases in glucose
production during alkalosis than were noted after
similar changes in pH produced by varying Pco2.
When pH was held constant at 7.4 over a wide
range of [HCO3-] and Pco2, gluconeogenesis was
found to vary independently of pH, increasing as
Pco2 and [HCO3-] were proportionally decreased.
A comparison of gluconeogenesis during meta-
bolic acidosis with that during respiratory acidosis
indicates that a proportional decrease in Pco, and
[HCO3-] isohydrically at pH 7.1 also enhances
glucose production. Similarly the studies made
during metabolic and respiratory alkalosis demon-
strate that gluconeogenesis also increases when
Pco2 and [HCO3-] are proportionally decreased
at pH 7.8 (Table III).

In a bicarbonate buffer system there are three
variables: pH, [HCO-3], and Pco2. It is not
possible to hold two of these variables constant
while studying the effects of the third. Despite
this, it seems clear from the present in vitro stud-
ies that renal cortical glucose production is at least
in part controlled by media pH per se. The spe-
cific effects of Pco2 or [HCO3-], however, are
poorly defined. Although renal glucose produc-
tion is enhanced when [HCO3-] is decreased and
Pco2 held constant, this increase may be secondary
to the associated decrease in pH. Conversely, al-
though renal gluconeogenesis is diminished by a
fall in Pco2 when [HCO,-] is held constant, this
decrease may be due to the associated rise in pH.
The only definite statement than can be made con-
cerning the effects of Pco2 and [HCO3-] is that
renal glucose production increases when these
parameters are proportionally decreased and pH is
held constant.

The present experiments demonstrate that renal
gluconeogenesis is stimulated by respiratory as
well as metabolic acidosis. It has been suggested
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that the increase in renal ammonium production
known to occur during metabolic acidosis may be
secondary to enhanced renal gluconeogenesis (3).
Although the effects of respiratory acidosis
on renal ammonium production are less well
established, the studies of Aber and co-workers
in man (7, 8) and Schwartz, Brackett, and
Cohen in the dog (9), which demonstrate in-
creased ammonium excretion during acute or
chronic hypercapnia, are consistent with the
hypothesis of an integral relation between renal
gluconeogenesis and renal ammonia production in
respiratory as well as metabolic acidosis. The
recent demonstration by Aber, Morris, and Housley
(10) of a correlation between in vivo renal glu-
cose production and the bidirectional release of
ammonium by the kidney in patients with chronic
pulmonary disease lends further support to this
hypothesis. The effect of hypercapnia on am-
monium excretion in the rat was studied by Carter,
Seldin, and Teng (11), who noted a significant
increase in ammonium excretion during the first 2
days of hypercapnia. Thus, our in vivo studies,
performed after 48 hours of hypercapnia, presum-
ably were done with renal cortical slices from rats
with enhanced ammonium excretion. Carter and
his associates also noted a much smaller increase
in ammonium excretion during respiratory acido-
sis as compared with metabolic acidosis, an ob-
servation consistent with the present in vitro
studies in which reduction of pH by lowering
media [HCO,-] regularly caused a greater stimu-
lation of renal gluconeogenesis than did an equiva-
lent reduction of pH achieved by raising Pco2.
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