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SUMMARY PAGE

THE PROBLEM

To investigate and define the role of the rate-limiting enzyme,
phosphofructokinase, and the high-energy phosphates in the meta-
bolic adaptation to chronic exposure to increased levels of carbon
dioxide as may be potentially found in Navy submarine and diving
facilities.

FINDINGS

Blood phosphofructokinase activity declined during the acute
phase of hypercapnia and increased during the chronic phase but
never reached control values. These changes paralleled the
biphasic response of blood pH. The high-energy phosphates were
not affected.

APPLICATIONS

Thege findings are of interest to cognizant personnel con-
cerned with toxicological aspects of increased carbon dioxide ex-
posure as found in Navy submarine and diving environments as
well as other hazards which might induce an acidosis such as hy-
perbaric hyperoxia.

ADMINISTRATIVE INFORMATION

This investigation was conducted as a part of Bureau of Medi-
cine and Surgery Research Work Unit MF12, 524.006-9028BA9K -
Time-Concentration Exposure Limits of COg in Submarine and
Navy Diving Facilities. The present report is No. 8 on this Work
Unit. It was approved for publication on 9 March 1971 and desig-
nated as SubMedRschLab Report No. 659.
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ABSTRACT

Phosphofructokinase activity and adenine nucleotide levels
were determined in blood of guinea pigs exposed to 15% COg in
21% O2, balance Ny, for varying periods of time up to one week.
Acute exposure produced a decrease in enzyme activity while the
chronic phase increased activity without attainment of control
values. These alterations in blood phosphofructokinase activity
strikingly paralleled the biphasic changes in blood pH during acute
and chronic hypercapnia. These findings demonstrate that blood
phosphofructokinase activity is capable of responding to "in vivo"
fluctuations in blood pH. ATP, ADP, AMP, and the energy charge
were virtually unchanged during both phases indicating that hyper-
capnia is characterized by conservation of high~energy phosphates.
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BIOCHEMISTRY OF SUBMARINE AND DIVING STRESS:

I The Effects of Chronic Hypercapnia on Blood Phosphofructokinaée
Activity and the Adenine Nucleotide System

The role of phosphofructokinase
(ATP:D-fructose-6-phosphate I-phos-
photransferase, EC 2.7.1.II) in the
regulation of glycolytic metabolism has
been the subject of intensive investiga-
tion. Many studies have indicated that
the enzyme reaction primarily respon-
sible for the Pasteur effect is phospho-
fructokinase (7, 11, 12). Mansour (8)
and Ui (17) has shown that phospho-
fructokinase activity is pH-dependent,
while Murphy (10) has suggested that
the inhibition of glycolysis seen ''in
vitro'' by decreasing erythrocyte pH
from 7.5 to 7.1 is mediated through the
enzyme phosphofructokinase. Further-
more, Lardy and Parks (6) reported
that an excess of ATPwas inhibitory to
the enzyme while Mansour (8) and
Passonneau and Lowry (12) demon-
strated an activation by ADP and AMP,

In a study of the effects of acute and
chronic respiratory acidosis induced by
exposure to 15% COg, Jacey and Schae-
fer (5) found an inhibition of blood gly-
colysis during the acute phase. In view
of this, the present investigation was .
undertaken to identify and define the ef-
fects of acute and chronic hypercapnia
on phosphofructokinase activity and the
adenine nucleotide system in blood.

METHODS

Male guinea pigs of the Hartley
strain weighing 350-450 grams were
exposed to 15% COg in 21% Oy, balance

No for varying periods of time up to a
week. Criteria for selection and de~
tails of exposure have been previously
described by Schaefer et al (14). After
the appropriate exposure period, all

experimental animals were anesthetized

in the COg atmosphere by an intraperi-
toneal injection of 40 mg sodium pento-
barbital/kg body wt. Blood was col-
lected from the abdominal aorta in
heparinized syringes while the animals
continued to breathe the 15% CO, mix-
ture through a fitted mask. Immedi-~
ately thereafter, an aliquot of blood was
precipitated with ice cold . 6M perchlo-
ric acid. The extract was then ana-
lyzed for ATP, ADP, and AMP content
utilizing the respective Boehringer*
test kits, Blood phosphofructokinase
activity was estimated according to the
method outlined by Boehringer (2) while
blood pH was determined with an In-
strumentation Laboratory pH and blood

gas analyzer.

. The energy charge was calculated

“according to Atkinson and Walton (1)

who defined it as (ATP+1/2ADP)/
(AMP+ADP+ATP),
RESULTS
The effects of acute and chronic hy-

percapnia induced by exposure to 15%
COy on blood phosphofructokinase ac-

*Boehringer Mannhein Corporation.




tivity and arterial pH are summarized
in Table 1.

. Acute hypercapnia produced a signi-
ficant decrease in enzyme activity dur-
ing the acute phase followed by a rise
in activity which never reached control
values during the chronic phase. The
changes in phosphofructokinase activity
mirror those of arterial pH. The cor-
relation coefficient for these two par-
ameters was calculated and found to be
.92. This relationship is depicted in
Figure 1.

The responses of the blood adenine
nucleotide system to acute and chronic
hypercapnia are shown in Table 2. A
Also depicted are the calculated energy
charges for the respective time peri-
ods. Acute hypercapnia had no influ-
ence upon the ATP, ADP, and AMP
levels and therefore no alterations in
the energy charge took place. How-

ever, during the middle portion of the
chronic phase (day 3}, a significant but
transient increase in ADP and AMP
concentration was seen. This occured
without change in ATP content hut pro-
duced a reduction in the energy charge. .
Values for all adenylate parameters
were at control levels by the end of the
experiment.

DISCUSSION

It is a well~known fact that the rate-
limiting steps of glycolysis are those
catalyzed by hexokinase, phosphofruc-
tokinase, and pyruvate kinase. Nor-
mally the glycolytic rate is mainly de-
termined by the rates of hexokinase and
phosphofructokinase while pyruvate
kinase keeps step. Since phosphofruc~
tokinase activity has been shown to be
pH-dependent, its activity should be
affected by hypercapnia with its pro-

TABLE 1. Effects of Prolonged Exposure to 15% CO, in 21% Og Balance Ng
on Blood Phosphofructokinase Activity and pH

Control | 1 Hour {6 Hours|{ 1 Day | 3 Days| 7 Days

Blood 5.57 |2.47% | 2.84* |3.61* |3.56% | 3, 74*.
Phosphofructokinase Activity | +.31 [+.31 .34 [£,26 [+.33 |+£.31
U/m1 (8) (10) €) (12) | (13 (12)

Arterial 7.387 |7.089% | 7,059* | 7,131*| 7.190%| 7,292%
pH 022 ([+.021 | +.012 {£017 {012 | £, 010
(8) (10) ) (12) | (13) (12)

Values are means £ SE. Number in parentheses equals number of animals.

*Statistically significant at the 5% level or better.




ESTIMATING EQUATION
Y=-48.728+ 7.289X
r=.s2

Blood Phosphofructokinase Activity U/mi

7.2

Arteriat pH

Fig. 1. Relationship between arterigl pH and blood phosphofructokinase activity in acute and chronic

hypercapnia, (values are means + SE).

found acidosis and accompanying inhibi-
tion of glycolysis (5). On the other
hand, however, it should be mentioned
that according to Hinterberger et al (4)
the initial phosphorylation of glucose
could be the reaction inhibited by acid
pH because glycolysis and hexokinase
activity seem to have the same pH-
dependence. This possibility, however,
is unlikely when the experiments of
Minakami and Yoshikawa (9) are con-
sidered. When the incubation medium
of human erythrocytes was acidified
from pH 7.4 to 7.1, these investigators
found the glycolytic intermediates be-

fore phosphofructokinase increased
while those after this step all decreased
with a concomitant reduction in lactate
production.

The striking correlation between ar-
terial pH and blood phosphofructokinase
activity points out the role of the degree
of acidosis in regulating this vital en-
zyme reaction. , During the acute phase
of hypercapnia when pH change is maxi-
mal, blood phosphofructokinase activity
is inhibited by 55%. With a trend to-
ward compensation of the respiratory
acidosis during the chronic phase,




TABLE 2. Responses of Blood Adenine Nucleotides and Energy Charge
~ to Prolonged Exposure to 15% CO5 in 21% O3, Balance Ny
Condition ATPmgh | ADPmg%h | AMP mg% | Energy Charge ‘
Mean 10.64 2,26 .80 .85 '
Control SE 1.16 .19 .07 .01 '
N (18) (18) (18) (18)
Mean 12.83 2.99 .83 .84
1 Hour SE 1.42 .29 .14 01
N (7 (0 (M (7
Mean 11.12 1.90 .83 .86
6 Hours SE 1.39 .18 .11 .02
N (8) (8) " (8) (8)
Mean 13.73 2,67 .87 .86
1 Day SE 1.91 .35 .18 .02
N (9) (&) &) )
Mean 11.19 4, 55* 1.19% . 718*%
3 Days SE 1.02 .19 .05 .01
N 9) 9) ) )
Mean 14,58 2.90 1.00 .85
7 Days SE 2,04 .27 .03 .01
N (8) ® (8) 8)

enzyme activity correspondingly in-
creases, but neither pH nor phospho-
fructokinase activity reach control
values. The biphasic changes in blood
phosphofructokinase activity during hy-
percapnia parallel those seen in blood
lactate content previously measured by
us under the same conditions of COg
exposure (5). These results indicate
that blood phosphofructokinase activity
is capable of responding to 'in vivo"

fluctuations of blood pH and in turn of
affecting the rate of glycolytic metab-
olism. ‘

The various components of the ade-
nylate system have been shown to influ-
ence the activity of phosphofructokinase
and must also be considered. ATP is
inhibitory to the enzyme (6) while ADP
and AMP are activators (8, 12). An
increase in erythrocyte ATP levels was




seen concomitant with a decrease in
erythrocyte phosphofructokinase activ-
ity by Timms and Mengel (16) in rats
exposed to hyperoxic conditions. Hy-
percapnia, acute or chronic, had no
discernible effects upon blood levels of
ATP, ADP, and AMP with the exception
of a transient rise in ADP and AMP at
the third day. Similar findings were
reported by Granholm and Siesj8 (3) in
the brain of cats acutely exposed to
various concentrations of CO9 up to a
level which produced arterial pCOy
values of 100 mm Hg. They observed
no changes in tissue ATP and ADP lev-
els or in creatine phosphate content.
Moreover, no changes in ATP and ADP
concentrations were noted by Minakami
and Yoshikawa (9) in erythrocytes in an
acidified medium. In the hypercapnic
situation inhibition of blood phospho-
fructokinase activity is apparently not
mediated through an excess of ATP
since the concentration of this cofactor
is unaffected.

The increases in ADP and AMP at
three days may be partially explained
by the findings of Tappan (15} and
Schaefer et al (13) that there are two
" populations of animals at this time
point in chronic hypercapnia. They
were able to distinguish between those
that are compensating and those that
are not. In the present study, no at-
tempt was made to separate the two
populations. It is apparent that further
investigation is required to clarify this
point. However, it must be pointed out
that increases in these parameters are
consistent with an activation of phos-
phofructokinase activity. No significant
differences are seen when the activity
of the enzyme after 3 days of exposure
is compared to either the activity at

1 day or at 7days. The ADP and AMP
levels are essentially at control values
at these two time points. It must be
concluded that the adenylate system
plays no major role in regulating phos-
phofructokinase activity in blood during
acute and chronic hypercapnia.

The energy charge of the adenylate
system has been proposed by Atkinson
and Walton (1) as a fundamental control
parameter of metabolism. This con-
cept implies that conservation of ATP
is a major feature of metabolic regula-
tion. The constancy of the values for
the energy charge during acute and
chronic hypercapnia coupled with the
observations of Tappan (15) that muscle
creatine phosphate levels are virtually
unaffected under the same conditions of
15% COg exposure would indicate that
hypercapnia is characterized by conser-
vation of high-energy phosphates. The
exact mechanism of this conservation is
unknown but changes in the rates of
synthesis as well as the rates of utili-
zation are factors to be considered.
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