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When the supply of oxygen to the interior of
living cells is reduced to a rate insufficient for their
current metabolic needs for oxygen, then various
cellular oxidation-reduction systems must shift
toward a more reduced state. Thus, as the oxy-
gen tension falls the “oxidation potential” (“Ex”)
decreases (1, 2), (the rate of decrease being a
complex and variable function of Po, and also of
the rate of energy utilization), and the various
redox systems shift toward their reduced forms
in a sequence determined by their inherent redox
characteristics (1), cytochrome oxidase, the cyto-
chromes and their dependent systems, flavopro-
teins and diphosphopyridine nucleotide (DPN).
The lowest potential in the “carrier” system is
that of DPN, which is the final electron donator
and functions also in the “metabolic” oxidative
systems; the rates of the oxidations of energy
metabolism are not affected until DPN is affected.

When the oxidative potential in the hypoxic
cell has diminished to the level of the potentials
of the “metabolic” systems, the first of these
DPN-coupled systems to become reversed will
be the one of potential closest to that of DPN:
DPNH,, the lactic dehydrogenase (LDH) system.

LDH
1) Pyruvate + DPNH, — Lactate + DPN

The fact that this system should shift toward the
reduced state at the same time as the final trans-
port system (DPN) appears to be an important
arrangement of potentials from the point of view
of the continuance of cell life during hypoxia.
This is because the end-product of reduction in
the LDH system is lactate, which has no other
function in metabolism. All the other metabolic
redox systems operate in series, so that the prod-
ucts of one system become the substrates of an-
other, or several other, systems; if oxidation in

1 Aided in part by a grant from the American Heart
Association.

one of these systems were to stop or slow down,
the whole process of energy metabolism would
be affected. The LDH system, however, is
unique in being “dead-end;” endogenous lactate
does not participate in any other equilibrium or
enter into any other reaction which would be af-
fected by its accumulation in the cell.?

Lactate is not the only product of a shift to the
right in the steady state depicted by equation 1).
Oxidized DPN also is produced from reduced
DPN. Under conditions of true oxygen deficiency
within the cell, then, as the oxidation of DPNH,
by molecular oxygen through the carrier system
falls off, oxidation of DPNH, by the LDH system
takes up. If this substitution for oxygen could
occur at a sufficient rate, the oxidative potential of
the cell medium would fall no further, and the
remainder of the oxidations of energy metabolism
could therefore continue, and life would be sus-
tained. If the systems at any other level of po-
tential had a significant poising effect, the fall of
“E,” might be checked (1), but in those cells
which have been studied this usually does not ap-
pear to be the case (1, 2), “Ep” falling to about
—0.180, that of LDH.

It is important to emphasize that the situations
envisaged by this reasoning do not include 1) com-
plete, or even nearly complete, absence of oxygen
(which would halt the succinic system), or 2) the
possible toxic effects of unlimited lactate and acid
accumulation. It is true that most mammalian
tissues cease to function or die in the total absence
of oxygen. However, the survival of animals and
human patients during a great variety of lesser
hypoxic states, especially during cardiopulmonary

2 This assertion is not dependent solely on the failure
to discover any other lactate reaction in mammalian tis-
sues up to the present time (3), but is confirmed by the
close parallelism of specific activities of lactate and py-

ruvate from living tissue following exhibition of iso-
tope-tagged pyruvate (4, 5).
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disease, may be attributable to the existence of
“anaerobic metabolism” such as that described
above. It has been known for many years that
lactate is produced in hypoxic states (6, 7) in in-
tact animals.

If the rate at which this anaerobic metabolism
occurs in intact animals during a particular period
could be estimated, it would be possible to deduce
in essential metabolic terms the extent to which
oxygen supply was inadequate to meet tissue de-
mands. Hill, Long, and Lupton (8), Jervell (9),
and others have attempted to make such estimates
from the total amount of lactate produced. How-
ever, only after their work was published was the
LDH system described as an equilibrium as shown
in equation 7). It is obvious from this equation
that it is not theoretically possible to use lactate
alone for estimating changes in DPN : DPNH,, un-
less pyruvate could be assumed to remain un-
changed at all times. Otherwise, one of the four
factors in the system will have been omitted from
consideration, and some inexplicable changes in
- lactate production might be expected to occur. It
is not surprising, therefore, to find that a number
of conditions other than the state of oxidation of
DPN can lead to lactate production in the absence
of hypoxia (10-13). Such nonhypoxic lactate
production precludes the use of lactate alone as a
quantitative estimate of the anaerobic metabolism
brought on by hypoxia.

If all the elements of equation 1) are properly
used, on the other hand, an exact understanding
of the relationship between metabolism and oxy-
gen supply should be possible. If equation 1) is
written in its mass action form, the following ex-
pression is obtained:

2) [Lactate] = [Pyruvate] X K'[%Df')pﬂl\%‘]

This form clearly illustrates the dependence of
lactate production upon two separate factors: pyru-
K [DPNH,]
[DPN]
supply. It may, therefore, be suggested on a theo-
retical basis that all instances of lactate production
by tissues can be divided into three types: lactate
production due to (a) inadequacy of oxygen sup-
ply relative to metabolic needs, i.e., change in the

factor K ELE[%S—NI:IJL] alone; (b) change in pyru-

vate and , or the adequacy of oxygen
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vate production alone; and (c¢) changes in both
factors simultaneously.

For all practical purposes (@) does not seem to
occur, in our experience, in dogs, goats or human
patients, although an occasional experiment may
approximate it, presumably merely as one form
of group (¢). It becomes important, however, to
distinguish lactate changes due to (b) from those
due to (c).

This has been done by studying a tissue or an
animal at two points in time with respect to the
quantities of pyruvate and lactate present. An
expected lactate value for an experimental period
[DPNH.]

[DPN]
obtained at a control time, t,, plus the observed
pyruvate change, P, — P,. In other words, it is
initially assumed for the purpose of determining
the theoretical change in lactate resulting only
from the change in pyruvate that no hypoxia oc-
curred between t, and t,. If the amount of change
in lactate actually observed is equal to this, then
it is concluded that all the lactate produced is ac-
counted for simply by the change in pyruvate.
If the amount of change in lactate actually ob-
served exceeds this predicted value, AL, then the
assumption of no hypoxia was incorrect; but the
“excess lactate” obtained by difference [(L, —
L,) — AL] can be present only because a change in
K [DPNH,]

[DPN]
ure of this change. The final equation for calcu-
lating this theoretical fraction of the total concen-
tration change, the “excess lactate” or XL, is de-
rived in the appendix and is as follows:

3) XL=(Ln—Lo)_(Pn—Po)(Lo/Po)

where L, and L, are experimental and control
lactate concentrations, P, and P, experimental and
control concentrations of pyruvate, respectively.

In order to examine the pertinence of this theo-
retical quantity, XL, to body physiology, human
subjects and animals were subjected to a group
of conditions which were known to produce lac-
tate accumulation without, insofar as it can be
determined, any effect on oxygen supply. The
simplest and most direct of these was infu-
sion of pyruvate. Infusion of glucose represents
a similar stimulus but one which more nearly
imitates physiologic changes which may take place

ty is calculated from the figure for K

has occurred, and serves as a meas-
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naturally. The third, hyperventilation and alka-
losis, was studied both because it produces the
most striking lactate accumulations and because
pH changes are complicating factors in most
studies of hypoxia.

METHODS

Blood samples from human subjects were collected as
previously described (14). Briefly, an indwelling ar-
terial needle was inserted into a brachial artery under
local anesthesia, and blood was allowed to flow rapidly
through a short length of plastic tubing directly into a
weighed tube of ice cold 10 per cent trichloracetic acid
in 0.5 N HCl. Lactate and pyruvate analyses were car-
ried out in triplicate as previously described (14); each
recorded figure represents the mean of all analyses on
two blood samples collected in rapid succession. Re-
producibility of successively drawn samples during a
steady state was about 0.5 per cent for lactate and 1.0
per cent for pyruvate. Blood samples were collected
from dogs in the same manner except that each arterial
sample was accompanied by a similarly collected sample
of mixed venous blood from a wide-bore brass cannula
inserted through the jugular vein into the right ventricle of
the heart. Blood water content was determined with each
sample and all concentrations are given in millimoles per
liter of blood water. Blood oxygen determinations were
carried out either manometrically in the Van Slyke ap-
paratus, or spectrophotometrically (15). The pH of
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blood samples was determined with a glass electrode at
37° C. after collection in sodium fluoride and preservation
in ice for about an hour.

‘Oxygen consumption rates were calculated from the
minute volume of inspired air delivered from a spirom-
eter and the oxygen, carbon dioxide, and nitrogen con-
tents of expired air as determined with the standard
Haldane apparatus. Control samples were taken after
an hour of rest. Animals were anesthetized with 20 mg.
chloralose per Kg., although the present results have
been duplicated in animals under pentobarbital anes-
thesia when arterial oxygen saturation was normal.

RESULTS

Infusing sodium pyruvate solutions having pH
7.0 or 7.4 led to a considerable alkalinizing effect.
Such infusions had previously been given by
Bueding and Goldfarb (16) and tacitly compared,
presumably, with control infusions of sodium
chloride. The proper control infusate, however,
should be sodium bicarbonate solution (17, 18)
which has an effect, as shown in Figure 1 (curves
A and B), essentially identical with that of sodium
pyruvate. From this observation it might be con-
cluded that pyruvate infusion, in fact, has no spe-
cific effect on blood lactate, but only the effect of
an alkalinizing salt. The same effects on blood
pyruvate and pH were elicited with 0.10 M sodium
pyruvate solutions at infusion rates between 1 and
4 ml. per minute (0.2 to 0.4 mM per minute) for
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Absence of change in oxygen consumption and on
oxygen saturation of arterial (96.2 per cent) and right
ventricular blood (70.9 per cent) gave no evidence of
hypoxia.
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TABLE I
Effect of intravenous infusion of acidic pyruvate solutions in dogs on blood lactate and pyruvate concentrations*

Procedure Lactate Pyruvate XLt pH Vost S¥o,t
mM/L. mM/L. mM/L. ml./min. %
Control 0.695 0.120 0 7.41 66 74
Infusion 3.788 0.648 0.033 7.40 65 76
Recovery 0.709 0.121 0.008 7.40 65 73
Control 0.722 0.143 0 7.39 88 72
Infusion 2.090 0.410 0.023 741 89 75
Recovery 0.730 0.144 0.003 7.41 90 75
Control 0.652 0.125 0 7.40 92 75
Infusion 4.920 0.946 0 7.40 90 77
Recovery 0.700 0.133 0.006 7.38 90 74
Control 0.820 0.128 0 7.42 71 71
Infusion 2.876 0.453 0 7.39 74 74
Recovery 0.815 0.127 0 7.42 73 71
Control 0.871 0.142 0 7.38 102 76
Infusion 3.720 0.600 0.039 7.40 102 78
Recovery 0.860 0.138 0.014 7.39 100 74

* Only experiments with unaltered blood pH are shown.

Values marked ‘‘infusion’’ were obtained 5 minutes after

stopping the infusion ; “recovery’’ values were obtained 30 minutes later.

t XL = Excess lactate.
Vo, = Oxygen consumption.
S¥,, = Mixed venous blood oxygen saturation.

TABLE 1I

Arterial blood lactate and pyruvate concentrations 15 min-
utes after intravenous infusions of 10 per cent glucose solutions
for 30 minutes in human subjects, and dogs anesthetized with
chloralose, showing no calculated excess lactate formation (X L)

Subject

Procedure Lactate Pyruvate XL

mM/L. mM/L. mM/L.

Human

Control 0.542 0.132 0

Glucose, 1.V. 0.655 0.157 0.010
Human

Control 0.481 0.125 0

Glucose, I.V. 0.580 0.149 0.006
Human

Control 0.511 0.127 0

Glucose, I.V. 0.699 0.170 0.016
Human

Control | 0.420 0.119 0

Glucose, 1.V. 0.510 0.144 0
Dog

Control 0.924 0.131 0

Glucose, I.V. 1.357 0.191 0.013
Dog

Control 0.775 0.123 0

Glucose, I.V. 1.248 0.194 0.023
Dog

Control 0.784 0.119 0

Glucose, I1.V. 1.154 0.176 0

periods of time from 5 to 20 minutes. The sudden
single injections of very large quantities, as previ-
ously done (16), were considered difficult to in-
terpret, so that continuous infusions were em-
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F1. 3. TyricaL CHANGES IN OxYGEN CONSUMPTION
AND IN BLooD LACTATE, PYRUVATE, AND PH IN A HuMAN
Susject DuriNG Two PEriops oF VOLUNTARY HYPER-
VENTILATION

Ventilatory volume was increased 4.2- and 3.4-fold, re-
spectively. There was no significant change in oxygen
consumption or in brachial arterial oxygen saturation
(95.7 per cent to 96.9 per cent) or pulmonary arterial
saturation (70.2 per cent to 72.6 per cent) during the
procedure to suggest the presence of hypoxia. Values
of excess lactate for each sampling time lie on the zero
line, the maximum value being 0.033 mM per L.
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ployed instead. It subsequently proved to be pos-
sible to give continuous intravenous infusions of
pyruvate to dogs without altering blood pH. The
infusates consisted of 0.5 molar pyruvic acid buf-
fered at pH between 5.0 and 6.0 When this was
done, neither blood lactate nor pyruvate rose dur-
ing infusions at the previous rates. However,
when larger amounts were given [rates between
2 and 5 ml. per minute (0.5 to 2.5 mM per min-
ute) ], the great capacity of the body to absorb
pyruvate apparently could be overloaded and blood
pyruvate made to rise. The experiments in which
this was accomplished without change in blood
pH are shown in Figure 2 and Table I. It was
found that tissue lactate production followed the
rise in body pyruvate. Rates of oxygen consump-
tion remained constant if blood pH remained con-
stant; mixed venous blood oxygen saturation did
not fall. Hypoxia of the severity which might
lead to these large lactate accumulations, therefore,
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did not appear to be present. The blood pyruvate
levels fell promptly following cessation of pyruvate
infusion.

Table II shows the effects of infusion of 500 ml.
of 10 per cent glucose into human subjects in 30
minutes. The animals received a similar amount
(1 Gm. per Kg. body weight) in 30 minutes.
The results are in agreement with those previously
published (19); both lactate and pyruvate con-
centrations rose, and the ratio of the two, changed
only slightly. '

Figure 3 and Table III show the increase in
blood lactate which resulted from voluntary hy-
perventilation in human subjects. From the
measurements of rate of oxygen consumption
(Vo) it is clear that no measurable reduction oc-
curred in the rate of delivery of oxygen per minute
to the tissues, and that no O,-debt was contracted.
In two instances mixed venous blood was sampled
from the pulmonary artery during the hyperven-

TABLE IIT
Effect of voluntary hyperventilation for 15 minutes in human subjects *

Procedure Lactate Pyruvate XL pH Vo, S%o,

mM/L. mM/L. ml./min. %

1) Control 0.696 0.135 0 7.40 252 74

Ventilation X 3.49 0.999 0.195 0 7.47 280 77

Recovery 1 1.799 0.343 0.029 7.43 250 75

Recovery 2 0.675 0.130 0 741 255 73

2) Control 0.772 0.131 0 7.39 287 72

Ventilation X 4.60 1.241 0.207 0.021 7.53 316 78

Recovery 1 2.099 0.347 0.052 7.40 280 72

Recovery 2 0.683 0.116 0 7.40 295 74
3) Control 0.582 0.124 0 7.42 312
Ventilation X 3.05 0.643 0.137 0 7.50 327
Recovery 1 0.991 0.204 0.033 7.41 310
Recovery 2 0.570 0.143 0 7.40 330
4) Control 0.629 0.125 (1] 7.40 195
Ventilation X 4.01 0.940 0.182 0.025 7.51 220
Recovery 1 1.877 0.361 . 0.063 7.42 200
Recovery 2 0.650 0.126 0.016 7.40 204
5) Control 0.560 0.132 0 7.41 251
5% COq., Vent. X 4.20 0.565 0.129 0.018 7.39 267
Recovery 1 0.559 0.131 0 741 242
Recovery 2 0.563 0.132 0 7.41 242
6) Control 0.607 0.142 0 7.40 275
5% CO., Vent. X 3.56 0.608 0.145 0 7.40 296
Recovery 1 0.620 0.140 0.021 7.41 270
Recovery 2 0.615 0.141 0.016 7.40 275

* Arterial blood lactate, pyruvate, pH, oxygen consumption (Vo,) and mixed venous blood oxygen saturation (S¥o,)
were measured, and excess lactate (XL) calculated as described. Two additional hyperventilation periods are given in

Figure 1. In Ex

riments 5 and 6 hyperventilation was induced with 5 per cent CO. in 20 per cent Os, 75 per cent No.

Values marked ‘“hyperventilation’ were obtained at the end of the forced breathing period; ‘‘Recovery 1" is the peak
value of pyruvate; ‘‘Recovery 2" values obtained 45 minutes after cessation of hyperventilation.
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TABLE IV
Effect of threefold increase in pump-controlled pulmonary ventilation in dogs upon blood lactate and pyruvate concentrations

Procedure Lactate Pyruvate XL* pH Vos* STo,*

mM/L. mM/L. ml./min. %

1) Control 0.724 0.120 0 7.41 60 75
Hyperventilation 2.460 0.402 0.032 7.67 67 82
Recovery 1 3.657 0.590 0.093 7.39 62 77
Recovery 2 0.680 0.113 0 7.40 64 75

2) Control 0.655 0.129 0 7.38 96 74
Hyperventilation 1.840 0.361 0.006 7.49 104 79
Recovery 1 2.789 0.542 0.034 7.40 93 75
Recovery 2 0.650 0.127 0.005 7.39 95 75

3) Control 0.789 0.127 0 7.36 71 70
Hyperventilation 1.092 0.175 0.004 7.52 79 77
Recovery 1 2.009 0.324 0.005 7.38 70 77
Recovery 2 0.776 0.125 0 7.36 70 72
4) Control 0.851 0.133 0 7.41 67 75
Hypervent.—1009%, O. 2.052 0.318 0.016 7.54 74 90
Recovery 1 3.657 0.560 0.076 7.41 68 78
Recovery 2 0.857 0.133 0 7.41 69 76

5) Control 0.898 0.112 0 7.42 98 72
Hypervent.—100%, O, 2.751 0.337 0.048 7.59 107 89
Recovery 1 3.421 0.412 0.118 7.41 98 80
Recovery 2 0.901 0.111 0.011 7.41 96 74

6) Control 0.750 0.139 0 7.38 82 74
Hypervent.—5% CO, 0.720 0.131 0 7.36 82 87
Recovery 1 0.729 0.133 0 7.38 82 80
Recovery 2 0.745 0.137 0 7.39 83 75

7) Control 0.689 0.141 0 7.42 109 71
Hypervent.—95% 0., 5% CO. 0.605 0.122 0 7.40 111 91
Recovery 1 0.670 0.135 0 7.43 113 80
Recovery 2 0.662 0.133 0 7.43 113 76

* See Table I for identification of these abbreviations.

tilation ; the oxygen saturations show no decrease
in the mean Po, of blood draining body tissues,
and cardiac output was not diminished. Although
it, therefore, seems very unlikely that hypoxia was
produced by the hyperventilation, lactate produc-
tion was, nevertheless, very prominent. An in-
crease in muscular exertion occurred with volun-
tary hyperventilation, however, and this may ac-
count for the lactate production.

Table IV, on the other hand, shows that simi-
lar results were obtained in dogs which were pas-
sively hyperventilated by means of a respiratory
pump; in each instance minute volume of respira-
tion was increased threefold over the normal rest-
ing value by first doubling tidal volume and then
adjusting the respiratory rate, during repeated col-
lections of expired air. Again no auxiliary evi-
dence of oxygen deficiency could be found to ac-
count for the lactate production. Indeed, im-
proved oxygenation, as in Experiments 4 and 5,

failed to prevent the lactic acidemia. If blood pH
was prevented from rising, however, by inclusion
of 5 per cent carbon dioxide in the gas mixture
inspired, lactate accumulation failed to occur dur-
ing the hyperventilation as shown in Experiments
6 and 7 of Table III and Experiments 6 and 7 of
Table IV. The rate of lactate accumulation
showed no clear quantitative relationship to the
amount of rise of blood pH in these experiments.

The maximum value of blood pyruvate was
reached in all experiments after the end of hyper-
ventilation when normal breathing had resumed.
The time of the peak varied from 8 to 28 minutes
following the resumption of normal breathing, with
a mean time of 14 minutes. Timing of the lactate
changes was the same.

The outstanding correlation revealed in these
data is that between blood concentrations of lac-
tate and of pyruvate. The amount of change in
pyruvate was, of course, quite different from that
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in lactate concentration, but the two bore a con-
sistent straight line relationship during their al-
terations (in any one individual) so that the ratio
changed little.

Methods of collecting, preserving and analysing
blood for lactate and pyruvate have varied con-
siderably in the past. It is difficult to rule out the
possibility that the methods used have greatly af-
fected some of the results published, and these
should be considered in detail.

The present techniques have yielded the fol-
lowing basal concentrations in arterial blood of
69 normal human subjects: lactate, 0.618 mM per
L. blood H,0 (¢ = 0.077) ; pyruvate, 0.142 mM
per L. blood H,0O (o =0.026) ; lactate-pyruvate
ratio, 4.24 (o = 0.44). These values differ con-
siderably from those in previous reports.

DISCUSSION

Mean resting human blood pyruvate values of
0.045 to 0.085 mM per L. (20), 0.088 (21), 0.116
(19), and 0.114 (22) have been reported. Periph-
eral venous blood was used, with varying degrees
of care in rapidity of denaturation. Bueding and
Wortis (23) believed pyruvate decreased rapidly
in shed blood, changes being significant within a
few seconds. We have confirmed this finding
(14).

Corresponding values for blood lactate have
been reported to be 1.11 mM per L. (13), 145
(24), 1.54 (25), and 1.13 mM per L. (21). Af-
ter the development of the precise and highly spe-
cific analytical method of Barker and Summerson
(26), mean values of 0.887 mM per L. (27), 1.03
(22), and 0.667 mM per L. (28) were reported.

Mean resting lactate-pyruvate ratios have been
134 (2), 13.2 (21), 9.3 (19), 11.3 (21), and
10.6 (28). It has been stated that the “basal state”
does not give the lowest lactate-pyruvate ratio and
that fairly vigorous walking produces no increase
in it (19), or in lactate (13).

In the present study, using arterial blood and
no lapse of time between sampling and denatura-
tion of the blood, quite different conclusions have
been arived at. Measurements by these tech-
niques have shown arterial blood lactate and lac-
tate-pyruvate ratio to increase immediately (in less
than one minute) on the mildest exertion (29),
although analysis of venous blood does not reveal
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this change. Our data on the resting state indi-
cate that bed rest and the nearest possible approach
to basal conditions yields the lowest body lactate
and lactate-pyruvate ratio, and these minimal ref-
erence values are much lower than previously re-
ported. Lactate, pyruvate, and the lactate-pyru-
vate ratio always fell during the resting control
periods of one and one-half to two and one-half
hours, and a plateau was usually reached in one
hour. The average fall in lactate concentration
in 32 human subjects was 0.320 mM per L. H,O,
of pyruvate, 0.021 mM per L., and of the lactate-
pyruvate ratio, 2.60.

It has been shown that any delay in the denatu-
ration of blood causes much lower pyruvate and
somewhat higher lactate concentrations, with very
significantly higher ratios of lactate to pyruvate
than appear to exist in the body (14). We have
found that fluoride significantly accelerates the im-
mediate disappearance of pyruvate from shed
blood and the rise of the lactate-pyruvate ratio.
TIodoacetate produces a rise in blood pyruvate with
time in vitro and, therefore, an artifactual depres-
sion of the lactate-pyruvate ratio. The greatest
difference in results, however, is produced by the
use of peripheral venous blood, an error which has
been pointed out previously (30-32). It must be
recognized that these values may reflect purely
local events in the limb as much as they reflect
changes in total body lactate and pyruvate. Dur-
ing changing levels the error may be 100 per cent
or more. In 15 of our normal basal subjects, blood
drawn from a vein by the method of Friedemann,
Haugen, and Kmieciak (21) gave a mean lactate
concentration of 1.222 mM per L. blood H,O (¢ =
0.354), as compared with a simultaneous value of
0.643 (o =0.079) by the present method, and a
mean pyruvate concentration of 0.119 mM per L.
(o = 0.049), as compared with 0.146 (¢ = 0.026).

The present data were obtained with these
technical improvements and appear to demonstrate
a rather marked lactate production in the body in
response to slight changes in body pH, glucose and
pyruvate in the complete absence of oxygen lack.
They also suggest the mechanism for this occur-
rence, as outlined in the introduction. One of the
two factors affecting the body lactate content is
the tissue oxygen deficiency factor; the other,
however, is pyruvate concentration, which may
change considerably in the absence of any oxygen
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lack, as illustrated in the present data. This is
demonstrated most simply by changing pyruvate
artificially by infusing this substance. One of the
most potent gross stimuli to endogenous pyruvate
production in the intact body, however, appears
to be a change in acid-base balance. Since pyru-
vate levels are the resultant of a great number of
different chemical equilibria in the body, it is not
possible to quantitate the various causes for pyru-
vate change during hypocapnia. Whatever may
be the detailed reasons, when pyruvate does change
it is possible to predict from equation 2) that lac-
tate will change also, and that it will change by an
amount which can be derived from the equation (if
hypoxia is absent). Equation 2), of course, states
that the ratio of lactate to pyruvate should re-
main constant during the interval under study if
hypoxia is absent. Some change in the lactate-
pyruvate ratio did occur in the present experi-
ments, although it seems very small.

Only if no change in the lactate-pyruvate ratio
had occurred could the significance mentioned be
assigned to this observation. If some change did
occur, it would then be impossible to know in any
real terms how significant this might be. One
could only say, in that case, that the equilibrium of
equation 1) was being displaced to the right to
some unknown extent. The total rate of this shift
might be very great for even such a small distor-
tion of the lactate-pyruvate ratio as seen in the
present experiments, or it might be negligible.
Rates of change of “excess lactate” concentrations
in all the experiments reported here, when multi-
plied by the volume of total body water and by a
factor of 11.2 to convert millimoles to oxygen
equivalents (29), constitute less than 0.1 per cent
of the rate of oxygen consumption. This appears
to be negligible, and the essential constancy of
K ——[8;’[1:11\11-1]2] in the present experiments is reli-
ably confirmed. Under other conditions the “ex-
cess lactate” has proved to be of very significant
proportions relative to oxygen consumption, but
this situation is physiologically quite different and
is dealt with separately (29).

The constancy of these relationships in the pres-
ent experiments has some important implications
with respect to metabolic studies generally in man
and intact animals, when blood analysis must be
employed. The lactic dehydrogenase system lies
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within the cells, but concentrations were meas-
ured in these subjects in the blood. In the alka-
linization experiments, therefore, the arterial blood
lactate eoncentrations appear to have changed in
a manner which accurately reflected the mean of
theoretical intracellular changes in the body as
calculated above. Passive diffusion across cell
membranes (although not identical concentrations
in intracellular and extracellular fluids) has previ-
ously been proposed for these ions (14, 33). In
the pyruvate infusion experiments, moreover, the
primary pyruvate change occurred in the blood
and must have effected secondarily a change
within the cells which then altered lactate concen-
tration, first intracellularly and subsequently in
the blood. Despite this double transit across cell
membranes, blood lactate still followed blood py-
ruvate rather faithfully.® Such small amounts of
calculated “excess lactate” as were present may
represent lags in diffusion equilibration.

Lactate production theoretically is not con-
trolled exclusively by the adequacy of cellular oxy-
genation, and is demonstrably affected to a very
significant extent by the pyruvate changes of over-
ventilation or pH alterations of the body, of blood
glucose changes and probably other stimuli. It
would, therefore, seem quite inadvisable to draw
any conclusions about tissue oxygen supply from
determinations of lactate alone. Hyperventilation
in human subjects has previously been noted to be
associated with lactic acidemia (13, 17), but mus-
cular exertion also occurred, and no clear explana-
tion for the finding was apparent. Similar effects
of pH on tissue lactate production may be de-
duced from data reported in the heart-lung prepa-
ration (34) in isolated limb preparations (35),
and in intact dogs (18, 36). Our findings aug-
ment these data and suggest that the changes in
lactate may be interpreted as responses to pyruvate
accumulation.

The pH effect, however, is only one of several
general conditions leading to lactate accumulation
without hypoxia. Himwich (10) reviewed the
effect of administering various carbohydrates in

8Even in pieces of excised tissue, devoid of circula-
tion altogether, a double transit path in the same sense
appears to lead to only about 15 per cent difference in
specific activity of lactate and isotope-tagged pyruvate
in the incubation medium (4) and close parallelism dur-
ing changing activity (5).
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producing lactic acidemia. Rises in blood lactate
in human subjects due to glucose administration
have been studied more recently by Bueding, Stein,
Wortis, and Goldfarb (11, 16) and many others.
The work cited likewise demonstrated a pyruvic
acid accumulation of corresponding magnitude
resulting from glucose injection.

Epinephrine causes increased lactate production
by muscle (10) which is not due to diminished
blood flow (37) or altered arteriovenous oxygen
difference (38), and produces lactate accumulation
(12). Again, pyruvate accumulation is known
to occur as a result of epinephrine injection (39).

In view of the significant changes in carbohy-
drate metabolism resulting from pH change (40,
41), it appears possible as an interrelation of the
diverse events listed above that all the stimuli men-
tioned produce pyruvate accumulation through
effects on the processes of carbohydrate metabo-
lism which they have in common.

However this may be, it is suggested from the
present studies that lactate accumulation ensues as
a result of its tendency to'maintain equilibrium with
the pyruvate present, and the equations derived for
this relationship appear to suggest that experi-
mental lactate changes fit the concept satisfactorily.
With further investigation such a concept might
help to clarify the complex relationship between
tissue oxygen deficiency and lactic acid production.

Considering the rapidity with which lactic acid
accumulation may be brought about, this phenome-
non observed during hyperventilation represents
a mechanism for quickly reducing body bicarbo-
nate as an adjustment to alkalosis. We have seen
several human subjects with pathological hyper-
ventilation who replaced half or more of their se-
rum bicarbonate with lactate in the course of sev-
eral hours. Considering the fact that 10 to 12
mM per L. of lactic acid may at times be found
to accumulate within a few minutes, this mecha-
nism of acid-base homeostasis can have almost as
great rapidity of response as carbon dioxide ten-
sion itself. If a patient’s primary derangement is
respiratory alkalosis, the LDH mechanism of tis-
sue acid production would appear to be the only
immediate compensatory response available.

SUMMARY AND CONCLUSIONS

1. Small and large accumulations of lactate
were produced in human subjects and animals by
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methods which would not be expected to induce
hypoxia: hyperventilation and infusion of bicarbo-
nate, pyruvate or glucose. Arterial and mixed
venous blood oxygen saturations and rates of oxy-
gen consumption gave no indication that any de-
tectable hypoxia was induced by the procedures.

2. Simultaneous accumulations of pyruvate oc-
curred in each instance.

3. ‘The lactate changes were found to correspond
closely to those of pyruvate according to equations
derived for steady state of the lactic dehydrogenase
system and absence of hypoxia.

4. It is concluded that production of lactate by
tissues in intact man and animals has no necessary
significance with respect to hypoxia of the tissues.

5. A calculated fraction of any total lactate
change (“excess lactate”) is theoretically not sub-
ject to the error of nonhypoxic production and ap-
pears experimentally to be essentially zero through-
out wide fluctuations of total lactate induced by
nonhypoxic stimuli.

6. The data suggest that changes in blood con-
centrations of pyruvate and lactate in intact man
and animals, when estimated by the methods de-
scribed, closely approximate those occurring at
the loci of the enzyme lactic dehydrogenase, i.e.,
within tissue cells.

APPENDIX

The lactic dehydrogenase system may be depicted by:
1) CsHO; + DPNHH* —/— C;H,0; + DPN
or by the mass action form:
2) [Pyruvate] X [DPNHH*] = K[Lactate] X [DPN]
which may be rearranged to show the two physiologic
factors affecting lactate concentration at any time t,:

_ [DPNH*H],
[Lactate], = [P yruvate]., X K—[B—m]o—

The difference in lactate between t, and any other time ty,
provided there is no hypoxia, will be:
4) [Lactate]. — [Lactate], = [Pyruvate],

[DPNH.],
XK r5pNT,

Substituting from equation 3) the value obtained by solving
K [DPNH,],.
[DPN], °

5) [Lactate]. — [Lactate], = [Pyruvate],

3)

— [Pyruvate],

for

[Lactate],
[Pyruvate],

The difference between the value of L, — L, predicted
from equation 5) on the assumption that no true hypoxia

— [Pyruvate], X
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occurred within the cells, and the value of L, — L, actually
observed to occur is the ‘‘excess lactate:”

6)

XL = AL — AL

and in terms of measurable quantities (all concentrations):

7

XL=(Ln_Lo)_(Pn_ o)(Lo/Po)

A sample calculation gives the following result:

1

10.

11.

12.

Basal blood lactate = 0.550 mM per L.

Basal blood pyruvate = 0.135 mM per L.
Experimental lactate value = 2.680 mM per L.
Experimental pyruvate value = 0.409 mM per L.

0.550

XL = (2.680 — 0.550) — (0.409 — 0.135) (O 135

= 2.130 — 1.115

XL = 1.015 mM per L.
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