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The series of experiments presented in this paper demonstrate certain
relationships in the progressive changes of sugar and phosphorus observed
in defibrinated blood incubated in vitro at 370 C. through periods of from
ten to twenty-four hours. The accompanying figures illustrate a pattern
of these changes which may be regarded as characteristic of normal bloods
and bloods of normal animals rendered hyperglycemic and hypoglycemic.
Similar studies of glycolysis and phosphorus relationships observed in
blood samples from children with a variety of diseases will be presented in
the succeeding paper.

Most of the evidence that phosphorus plays an essential r8le in the inter-
mediary carbohydrate metabolism of the animal body is based upon observa-
tions of shifts of phosphorus in the body and fluctuations in the excretion of
phosphorus which accompany the storage and burning of sugar. This subject
has been recently reviewed by Peters and Van Slyke (1931). It is generally
believed that there is formation of carbohydrate-phosphoric acid compounds
at certain stages in the processes of storage (as in the synthesis of glycogen) and
burning of sugar, but the actual isolation of such compounds from animal tissues
has proved difficult and the evidence that such compounds exist in the animal
body is for the most part indirect. Goodwin and Robison (1924) reported the
isolation of two phosphoric esters from the blood; one of these esters reduced
Fehling's solution. The existence of hexose-phosphoric acid compounds in
yeasts was demonstrated by Harden and his collaborators (1905-1923),
Robison (1922), Levene and Raymond (1928, 1929), and the r6le of phosphorus
in alcoholic fermentation of sugar by yeasts was clearly defined by Harden's
studies (1923). The manner in which phosphorus enters into the splitting of
sugar by yeast enzymes is better understood than are the processes by which
sugar is utilized in the animal body, but certain steps of the chemical mecha-
nisms in the respective organisms are probably closely analogous and much
that has been learned from the one has been profitably applied by a number of
investigators in studying the other.

The earliest suggestion that phosphorus might be concerned in blood
glycolysis appears to have been made by Rona and Doblin (1911), who seized

I An abstract of this paper was read at a meeting of the American Pediatric
Society, Montreal, June 18, 1930.
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BLOODGLYCOLYSIS. I

upon the observations of Lob (1911) that sodium phosphate when added to an
alkaline solution of glucose hastened the spontaneous destruction of the
glucose. Interrelationships between phosphorus and sugar in the blood during
glycolysis have been demonstrated in a number of investigations reported
by Rona and his collaborators (1911-1927), Bierry and Moquet (1924, 1925),
Lawaczeck (1924), Martland (1925), Martland, Hansman and Robison (1924),
Jost (1927), Engelhardt and Braunstein (1928), Barrenscheen and Hubner
(1930), Engelhardt and Ljubimowa (1930) and Roche and Roche (1927, 1929).
Briefly summarized, these investigations have demonstrated the following
points:

When freshly drawn blood is defibrinated and incubated, the blood sugar
progressively diminishes. During the first few hours the inorganic phosphorus
may diminish slightly or may remain at a stationary level. When glycolysis
slows, or stops, from lack of sugar, there is a rapid liberation of inorganic
phosphorus from the organic phosphorus compounds of the cells. There is
general concurrence in the explanation, as stated by Engelhardt and Braunstein
(1928) and by Roche and Roche (1929), that during blood glycolysis two main
reactions are going on: namely, synthesis of hexose-phosphoric acid esters as a
first step in glycolysis, and the hydrolysis of these esters. These reactions are
interrelated, but the hydrolysis may proceed independent of synthesis. Ac-
cording to the speed of the two reactions there is observed: 1, excess of syn-
thesis over hydrolysis, with fixation of the inorganic phosphorus in organic
form; 2, equality of the two reactions; 3, excess of hydrolysis over synthesis,
resulting in liberation of inorganic phosphorus.

The processes of glycolysis, ester-synthesis and ester-hydrolysis are affected
differently by various changes in the state of the blood. Most of the glycolysis
is due to the erythrocytes and is probably intracellular; hence, apart from the
chemical state of the blood, the number of cells in a given sample is an impor-
tant factor in glycolysis (Katayama (1926), Kawashima (1923), Barer (1931)).
No glycolysis takes place in the plasma or serum if precautions are taken to
avoid damage to the cells and the escape of their contents into the serum during
its preparation (Rona and Doblin (1911), Milne and Peters (1912), Kawashima
(1923)). Hemolysis of the blood with water stops glycolysis (Doyon and
Morel (1903), Rona and Doblin (1911)) and ester synthesis, but does not stop
phosphoric-ester hydrolysis (Martland, Hansman and Robison (1924), Lawa-
czeck (1924)). Dilution of blood with isotonic salt solution merely slows gly-
colysis. Dilution of the cells with serum or a phosphate mixture gives greater
glycolysis than equal dilution of the cells with NaCl or Ringer's solution
(Kawashima (1924)). The addition of glucose and phosphate in an appro-
priately buffered mixture to the whole blood gives greater synthesis of esters
and increased speed of glycolysis (Roche and Roche (1929)). The optimum
reaction for glycolysis is around pH 7.8-approximately the optimum for ester
synthesis. According to Martland (1925) and Rona and Iwasaki (1927),
ester synthesis and glycolysis take place only at an alkaline reaction, and are
slowed by a shift to below pH 7.3. Ester hydrolysis occurs over a greater
range than glycolysis, from pH 6.0 to 9.0, but in the absence of sugar, hydrolysis
is most rapid at around pH 8.0 (Rona and Iwasaki (1927)).

Discussion of the nature and distribution of the various phosphorus com-
pounds in blood may be found in the papers of Kay and Byrom (1927) and
in the recent review by Peters and Van Slyke (1931). Studies of the phos-
phorus distribution in the blood of dogs have been reported in this journal by
Guest and Andrus (1932). In normal blood the inorganic P has a slightly
lower concentration in the cells than in the plasma, while the organic acid-
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soluble P (the fraction designated " Ester-P " by Kay and Byrom) is practi-
cally confined to the cells, there being usually less than 0.5 mgm. per cent
present in the plasma.

METHODS

Blood samples were defibrinated with a glass rod or a wooden stick
and incubated at 370 C. in an Erlenmeyer flask with a rubber stopper.
At the intervals indicated, 1.0 or 2.0 cc. samples were removed for sugar
and phosphorus determinations, and the changing values thus determined
are shown graphically in the figures.

Sugar determinations were made using the Folin-Wu (1919) copper
solution and the molybdate solution modified by Folin (1926). Phos-
phorus determinations were made by the Fiske-Subbarow method
(1925).

Precautions to maintain sterility were not taken after suitable controls
had indicated that slight bacterial contamination did not alter the cycle of
chemical changes dealt with here. Mackenzie (1915), Katayama (1926)
and Falcon-Lesses (1927) found that slight bacterial contamination did
not affect the glycolytic rate.

RESULTS

Glycolysis and changes of phosphorus in normal blood. (Figures 1 and 2)
Glycolysis usually occurs in normal blood at a uniform rate of from

13 to 16 mgm. per cent loss of sugar per hour, continuing until there re-
mains a residual reducing substance equivalent to about 20 mgm. per cent
of sugar. See Figure 1. Sometimes the rate is slightly faster during the
first hour, and it may slow considerably during the last hour or two. The
residual substance apparently corresponds to the unidentified reducing
substance of the blood which is not fermented by yeast (Hiller, Linder
and Van Slyke (1925), Folin and Svedberg (1926)). When determined
by different methods this substance gives considerably different values;
Falcon-Lesses (1927) using Folin's (1926) copper solution for sugar deter-
mination found 6 to 8 mgm. per cent of non-glycolyzing reducing sub-
stance in blood. Whatever method of sugar determination is used, how-
ever, the relative changes which determine the rate of glycolysis are the
same. During the first few hours the inorganic phosphorus either re-
mains at a constant level or diminishes slightly. At the end of about 6
hours, when the sugar is exhausted the inorganic phosphorus rises sharply
and progressively to reach finally a concentration of 20 to 25 mgm. per
cent at about the 20th hour, after which time it changes very little.

The source of the inorganic phosphorus which is found increasing
rapidly after the 6th hour of incubation (as in Fig. 1) is demonstrated by
the more complete analyses of the succeeding experiment. In the exper-
iment shown in Figure 2, 150 cc. of blood from a normal man were defi-
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BLOODGLYCOLYSIS. I

brinated and incubated as usual. Values for the sugar content and the
distribution of phosphorus in the blood as the inorganic P, total acid-
soluble P and total P, were determined at the intervals indicated in Figure
2 over a period of 22 hours. Glycolysis in this blood averaged 13.5 mgm.
per cent loss of sugar per hour and was complete at about the 6th hour.
The inorganic P diminished slightly during the first 3 hours and rose
sharply after the 6th hour, this rise starting just before glycolysis was
completed. The total P and the acid soluble P were unchanged during
the 22 hours; it appears therefore that the acid-insoluble P (the difference
between these two values) is not affected during this period of incubation.

Sugar,

£15

0 Hour 5 10

FIG. 1. GLYCOLYSIS AND CHANGIES OF INORGANIC PHOSPHORUSIN NORMAL
HUMANBLOOD, DEFIBRINATED AND INCUBATIED AT 370 C.

The values for the organic acid-soluble P (" ester-phosphorus "), repre-
sented in the figure by the dotted curve, were obtained by subtracting
the inorganic P values from those of the total acid-soluble P, and it may
be seen from these changing values that the increase of the inorganic P
after the 6th hour is at the expense of the organic acid-soluble "ester-
phosphorus." Parallel measurements made on the serum showed that
the inorganic P escaped from the cells as rapidly as it was liberated from
the organic compounds, but for the sake of brevity this phase of the
problem is omitted from the present discussion.

According to theories advanced by the authors cited in the introduc-
tion the order of events visualized in these two figures is probably as

558



GEORGEMARTIN GUEST

follows. Through enzyme synthesis, free sugar is combined with free
inorganic phosphate to form hexose-phosphoric acid esters in the cells.
As the glycolytic enzyme (or enzymes) splits the sugar molecule (first to

[40
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FIG. 2. CHANGESIN PHOSPHORUSPARTITION DURING GLYCOLYSIS IN NOR-
MAL HUMANBLOOD, DEFIBRINATED AND INCUBATED AT 370 C.

two molecules of lactic acid) the phosphate is liberated to combine again
with sugar. Synthesis and hydrolysis in the blood are at first about
equal, and while sugar is present the concentration of inorganic P changes

-r_ .4- 1 0
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BLOODGLYCOLYSIS. I

very little. When the sugar is exhausted, the inorganic P increases
rapidly because of the continuous hydrolysis of the esters with no sugar
available for their resynthesis.

That the concentration of sugar in the blood has an important
bearing upon the time relationships of the changes thus observed is
demonstrated in the following experiments in which the sugar content of
different bloods was changed by the addition of sugar to the blood in
vitro, and by the administration of insulin to diminish the sugar content of
the blood in vivo.

The effect of changes in the sugar content of normal blood upon the order of
changes of inorganic phosphorus during glycolysis. (Figures 3 to 8,

inclusive)
Levulose was used in the experiments that follow because this sugar

gave somewhat more clear cut results than did glucose. There are,
however, only slight differences between the behavior of glucose and
levulose in such experiments as these.

In the experiment shown in Figure 3, 100 cc. of blood from a normal
man were defibrinated and incubated as usual. Sugar and inorganic P
determinations were made at the intervals indicated by the graphs
(Si and P1). At the 5th hour the blood was divided, and 30 cc. trans-
ferred to each of two flasks; to one was added 1.0 cc. of 6.0 per cent (ap-
proximate) levulose in 0.85 per cent NaCl solution, sufficient to elevate
the total sugar content in this blood from 36 mgm. per cent to 234 mgm.
per cent as shown (S2); the other flask received an equal amount of 0.85
per cent NaCl solution. Glycolysis of the added levulose (S2) went on
at practically the same rate as that at which the original blood sugar (SI)
had disappeared, and the inorganic phosphorus (P2) in this blood con-
tinued to diminish slowly up to the 11th hour when the experiment
was discontinued. In the blood sample to which no sugar was added, the
inorganic phosphorus (P1) rose sharply as soon as glycolysis was com-
pleted.

The above experiment was repeated, using a larger sample of blood
in order to continue the measurements over a longer period of time.
The blood was defibrinated and incubated as usual and determinations
of the sugar and inorganic P content were made at the intervals indicated
in Figure 4. At the 5th and 15th hours, 20 cc. of blood were removed
from the original flask to smaller flasks and levulose added to these
flasks in sufficient quantity to raise the sugar content of the blood in each
to the levels indicated by S2 and Ss. Glycolysis of the added sugar pro-
ceeded at nearly equal rates in each case. In the untreated blood the
inorganic P rose after the 6th hour, at which time the glycolysis was be-
coming considerably slower (SI). In the blood with added sugar (S2)
the inorganic phosphorus (P2) remained low and was rising only slowly
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from the 18th to the 20th hour. At the 15th hour the inorganic phos-
phorus (P1) in the untreated blood was above 17.5 mgm. per cent and in-
creased to 19.7 mgm. per cent at the 22nd hour. Following the addition
of levulose to the blood at the 15th hour, glycolysis proceeded at a regular
rate (S3) and the inorganic phosphorus (P2) in this blood diminished to
15.5 mgm. per cent at the 22nd hour when the experiment was discon-
tinued.

FIG. 3. LEVULOSE ADDED TO DEFIBRINATED HUMANBLOOD AT THE STH
HOUROF INCUBATION.

From these two experiments one may conclude that in normal blood
an excess of sugar, added in order to prolong the period of glycolysis,
delays the rise of the inorganic phosphorus. The fact that the addition
of sugar to the blood at the 15th hour caused the inorganic phosphorus
to diminish, instead of further increasing, indicates that the enzymes were
active and capable of ester-synthesis long after the glycolysis of the orig-
inal blood sugar was finished, and after ester-hydrolysis had increased the
inorganic phosphorus to a high level.
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BLOODGLYCOLYSIS. I

The curves Si and P1 in Figure 5 illustrate the time relationships be-
tween changes in sugar and inorganic phosphorus which were observed
during glycolysis in the blood of a normal rabbit. Another rabbit was
given 20 units of insulin to provoke a hypoglycemia, and a blood sample
was taken when the rabbit was having mild convulsions. The curves
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S2 and P2 represent glycolysis and ester-phosphorus hydrolysis observed
in this blood. The initial effect of insulin in animals is a depression of
the inorganic phosphorus of the blood (Wigglesworth, Woodrow, Smith
and Winter (1923), Harrop and Benedict (1924)), but Briggs, Koechig,
Doisy and Weber (1923) observed that in the stage of marked hypogly-
cemia and irritability (convulsions) the inorganic phosphorus tended to
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rise again above its original level. ' The changes illustrated by the curve
P2 in the figure offer an explanation for the findings of these authors.
Even in vivo, if the blood sugar is thus reduced by insulin, ester-phos-
phorus hydrolysis probably leads to an increase of the inorganic phos-
phorus of the blood when there is a lack of sugar available for resynthesis
of the esters.

In order to show definitely that the rapid ester-phosphorus hydrolysis
observed in this hypoglycemic blood was in fact due to the lack of sugar

M
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FIG. 5. GLYCOLYSIS AND CHANGESOF INORGANIC PHOSPHORUSIN DE-
FIBRINATED NORMALRABBIT'S BLOOD (S1 AND P1), AND IN THE BLOODOF A
RABBIT RENDEREDHYPOGLYCEMICBY INSULIN (S2 AND P2).

rather than to some effect attendant upon the insulin injection, sugar was
added in vitro to another sample of rabbit's blood that had been rendered
hypoglycemic in the same fashion; the result of this experiment is shown
in Figure 6. Twenty units of insulin given in divided doses to a rabbit
reduced the blood sugar content from 147 mgm. per cent to 24 mgm. per
cent. The animal was having mild convulsions when a sample of blood
was drawn from the heart. The blood sample (40 cc.) was defibrinated
and divided into two flasks; to one flask was added 0.5 cc. of 10 per cent
(approximate) levulose solution. The flasks were incubated as usual
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and sugar and inorganic phosphorus determinations were made at the in-
tervals indicated in Figure 6. In the blood in which the sugar content
was only 24 mgm. per cent, glycolysis was rapidly completed (S1) and the
inorganic P (P1) rose from the start of incubation; in the blood to which
levulose was added glycolysis occurred at a regular rate (S2) and the in-
organic phosphorus (P2), after a slight initial rise, remained low and was
increasing only slowly after the 11th hour.

Lo; .-
0 Hours 5 /0

FIG. 6. CHANGESOF SUGARAND INORGANIC PHOSPHORUSIN THE BLOOD
OF A RABBIT RENDEREDHYPOGLYCEMICBY INSULIN (SI AND P1), AND IN
THE SAMEBLOODWITH LEVULOSEADDED (S2 AND P2).

In Figures 7 and 8 are shown curves representing glycolysis and changes
of inorganic phosphorus in blood samples taken from two diabetic pa-
tients, one with high and the other with low blood sugar content. Both
patients had been receiving insulin and were under good dietary control
and appeared to be in a healthy state when these blood samples were
taken. In the first patient mild hyperglycemia was allowed to develop
by withholding insulin; there was marked glycosuria at the time the
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blood sample was taken, but no acetone appeared in the urine. The
blood sample taken at this time, with sugar content 292 mgm. per cent,
was defibrinated and incubated as usual; determinations of the sugar and
inorganic phosphorus made at intervals during a period of 18 hours gave
the results shown in Figure 7. From the second patient a blood sample
was taken after a dose of insulin had been given to induce a mild hypo-
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FIG. 7. GLYCOLYSIS AND CHANGESOF INORGANIC PHOSPHORUSIN THE
HYPERGLYCEMICBLOODOF A DIABETIC MAN.

glycemia. This blood sample, with sugar content 65 mgm. per cent, was
defibrinated and divided into two flasks (10 cc. in each), to one of which
was added 0.2 cc. of 10 per cent levulose, sufficient to elevate the blood
sugar to 260 mgm. per cent as shown by S2 in Figure 8. Glycolysis
occurred at practically the same rate in both samples (Si and 52). With
the completion of glycolysis in the sample to which no sugar was added,
the inorganic phosphorus (P1) rose sharply after the second hour, while

I
-.
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in the blood to which levulose was added the inorganic phosphorus (P2)
was progressively diminishing through the 6th hour when the experiment
was discontinued.
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FIG. 8. BLOODOF A DIABETIC CHILD RENDEREDHYPOGLYCEMICBY INSULIN:
ALONE (Si AND PI) AND WITH LEVULOSEADDED (S2 AND P2).

The effect of added phosphate upon blood glycolysis. (Figure 9)
In the foregoing experiments are demonstrated the effects of a changed

sugar concentration upon the changes of inorganic P in normal blood.
The effect of an increased inorganic phosphate concentration upon gly-
colysis is displayed in Figure 9. Fifty cc. of blood were taken from a
normal adult, defibrinated, and divided into two flasks. To one was
added 2.0 cc. of 0.85 per cent NaCl solution. To the other was added
2.0 cc. of 1.2 per cent (approximate) solution of Na2HP04- 12H20, sufficient
to elevate the inorganic phosphorus content of the blood from 3.1 to
17.8 mgm. per cent. In the blood sample with the added phosphate,
glycolysis occurred at a slightly faster rate (S2) than it did in the control
(S1), and in this sample the inorganic phosphorus (P2) was decreased more
during the first 4 hours than in the control (P1).
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0 . . . ./0. .° Hours 5 /O

FIG. 9. GLYCOLYSIS AND CHANGESOF INORGANIC PHOSPHORUSIN NOR-
MAL HUMANBLOOD (S2 AND P1) AND IN THE SAME BLOOD WITH NA2HPO4
ADDED(S2 AND P2).

SUMMARY

In normal defibrinated blood incubated at 370 C., glycolysis occurs
at a fairly constant rate, usually amounting to a loss of 13 to 16 mgm.
per cent per hour until there remains a residual reducing substance of
about 20 mgm. per cent. During the first few hours the inorganic phos-
phorus of the blood either remains at a constant level or diminishes
slightly. At the time the free sugar is exhausted (after 6 to 8 hours) the
inorganic phosphorus rises sharply and progressively to reach a concen-
tration of about 20 to 25 mgm. per cent at about the 15th hour. This
rise of the inorganic phosphorus is at the expense of the organic acid-
soluble phosphorus of the cells, generally designated "ester phosphorus."
The rise occurs very quickly in the hypoglycemic blood of insulinized
animals; it is delayed for several hours by the addition of an excess of
levulose or dextrose to both normal and hypoglycemic blood.
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