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This diseussion of the acid-soluble phosphorus compounds
of the red blood cells goncerns chiefly their importance in the
acid=base squilibrium of the blood, and their probable role in the
intermediste phosphorus metebolism of the body. It is based upon
olinical and experimental studies of a variety of conditions where
large changes in concentratior of acid-goluble phosphorus in the
blood cells ave found, Exsmples from these studies sre presented
t0 demonstrate the changes which have been found agsociated with
rickets, bilateral nephrectomy, alkalosis of pyloric obstruction,
and different types of acidosis. 48 a basis for the interpretation
of the findings in these conditions, ocurrent concepts of the
glycolytic cyele in blood are sumuarized briefly; +the reactions of
the glycolytic process being responsible for the synthesis and hydro-
lysis of the organic phosphorus compounds with which these studies
are ooncerncd.

METEODS

Inorpanic end organic acid-soluble P wers determined by the
method of Figke and Subbarow {1}, with minor modifications (2).
Adenosinetriphosphate wus determined by the method of Loimann (3), the

"pyrophosphate® fraction cbtained by 7 minutes hydrolysis with boiling
¥/ HpS0, being multiplied by 1.5 to givé the value designated
wadenosinetriphosphate®” {4} Diphosphoglycerate was determined by the
mesbod of Rapoport {5)« Chlorides werse determined either by the method

of Ten Slyke and Sendroy (6), or by the method of Sendroy (7). CO, was

8 Ag’39
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devermined by the method of Van Slyke and Nei].l'. using the fectors

of Van Slyke and Sendroy {8}, Total base {(total inorganic cations)
was determined by the method of Levla and Guest (9)e DH was deter-
nined with the glass electrode. The per cent volume of 6slls in
hoparinized blood was determined by the method of Guest end Siler (10),
end the concentrations of cellular constituents were calceuleted ine
directly, by means of the cell volums, from values determined on:

whole bleod and semmum,.

DISTRIBUTION OF THE ACID-SOLUBLE PHOSPHORUS FRACTIONS

IN NORMAL HUMAN RED BLOOD CFLLS3

The following represent the usual ranges of concentrations
of inorganic P and four fractioms of the orgamic acid-goluble P found
in normal muman red blood cellsy

| Inorganic Pt ~usually between 1 and 3 mg. per 100 ce.
These values tend $0 be higher in infants and young animals than in
older subjects,

Organis acidegoluble Ps ~usually between 50 and 60 mg, per

100 co,, most often nearer 50 mg,

Adenosinetriphoapbate P2 ~usually bebween 9 and 12 mg. per

100 co., the averaze being near 10 mg,
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Hoxosephosphatest Bstimates of hexosephosphates in the

blood cells must be based upon indirect evidence, since these compounds
have not yot beon isclated in pure form from blood, Available deta
indicate, however, that both the monophosphate end diphosphate esters
are present in the blcod sells, and that theze together normally
account for approximately 15 mg. of phosphorus per 100 ¢o. of cells,

Diphosphoglycerate. ¢ normally mekes up about .’half of ths
organic acid-soluble P, i,e,, from 25 to 30 mg. per 100 0.

These figures are nesrly the same for the cells of dogs, but
are higher for the cells of rabbits and rats, the other species used

in the experimental gtudies which are sited here,

' THE GLYCOLYTIC CYCLE IN BLOOD.

The synthesis and hydrolysis of organic acid-soluble phosphorus
compounds in the red blood cells are accomplished by reactions which form
rart of the glycolytic cyele in blood. In this, the glycolytis process
hag an importent biologie function epart from the bresk-down of sugar:
namely, the regulation of the concentration at which these phosphorus

coupounds are earxfied in the blood under different conditions,

The schematic representation of the glycolytic oysle in blood
shown in Figure 1 is based upon theories of Eubdem, lieyerhof, Parnas,

Dische and others. The diagram is desigmed to illustrate the prineiple
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stepa in blood glycolysis as they may be desoribed ageording to
current ocncepts, and to show suue of the imterrslationships bhat
can ba traced between the phosphorus compounds subsequantly

discussed,

Glusose is represented going into, and lactic soid out
of, the oyele, while inorganic P may zo in either direction, A
resction 1 betwesn glucose and adanosinatriphﬁaphate yields hexoses
diphoéphéte and adenyiiabacid. Hexosediphosphate is maintained in
enzymatic equilibrium wi’ih two nols of triosephosphate., Reactions 2
between triosephosphate end pyruvic acid lead to the formation of
phosphoglycerio acid and 1a6‘aic z0ids Phosphoglyceric acid is con=
verted $o phosphopyruvic zcid, and this in turn reacts with adenyliec
acid in the resyntheasis 3of ademsinetriphoephate, tus completing
the oycle. The pyruvic acid liberated in this reastion rescts anew
with triosephospbate in the synthesis 2 of phosphoglyceric acid.
Adenosinetriphosphate 1s also formed by direct phosphorylation 4 of
adenylic acid from inorgsnic phosphate, This esterificatiocn 4 of
inorganic P is closely linked with $he reactions 2 between pyruvic
aeid and triosephosphate,

It is importent to note hers that all changes of organig
acid-soluble phosphorus which are $0 be discussed hinge upon the laste
named sot of resctions, The synthesis of adenosinetriphosphate by

direct phosphorylation of adenylic acid seems t0 be the only way in
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whioch phosphorus can enter this cyele, and the only means by which
the concensrations of the orgenic scidwsoluble phosphorus compounds
can be inereased, The hydrolysis of adenosinetriphosphate seeme b0
be ab least the most important route by which the phosphorus oonie

counds can be reduced, and phogphorus can leave the oycles

The concentrations of orgenic acid-goluble phosphorus in
the blood cells tus are neceasarily subject to the influence of
various factors affecting the glycolytic sysbem. One important factor
is the pH of the bloods In experiments with blocd in vitro, 1% has
been shown {4) thet even slight shifts in pH of the blood from normal
toward groater aclidity or slkalinity respectively favor the décomposi—
tion or the synthesis of diphosphoglyoerate in the cells. This effect
is seen in various types of acidosls, where the concentration of di-
phosphoglycerate in the blood ¢ells is reduced, and in alkalosis, whers
the diphosphoglycerato is increased. HAnother important factor influenge
ing the concentration of acid-soluble phogphorus in the cells appears
6 be the supply of phosphorus available. In nephritis and othex
conditions with impairment or suppression of rensl function, the inability
to oxorete waste endogenous phosphates leads $o the accumuletion of an
excess of inorganic phosphates in the blood; with this the concenbtration
of diphosphoglycerate in the cells ip greatly increaseds In rickets, on
the other hand, with lack of phoaphorus vie f£ind low concentrations of
organic soid-soluble phosphorus in the cells accompanying the well~knowm
decreases of inorganic phosphorus m both serum and cells. HRxamples of

these gonditions are presented in the following pagesd.
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RICKETS

. Figure 2 illusitrates changes in the concentrations of
different fractions of the asidegoluble phosphorus in the blood
cells of rabs found during the development of rickets induced by
a high Ca low P diet, and during the healing of vickets induced
by a single small dose of vitamin Dy The deta upon which this
chart. is based were derivad from approximately 260 :ats which wexre

used in previously reported experimente (11}

The values indicated by the starding points of the curves
are avereges of those found in normal 50 grem Tats, The dotied lines
repressnt average values found in the bloods of normal rats, fed a
aormal diet, during the age peﬁad soverad by the rickets sxperiments.
Note that during the first few days of this aze period the valuss for
inorganiec P and adenosinetriphosphate P increase, and thet the values
for organic acidescluble P and diphoaphoglycerate P decrease slowly;

tho latter values reecohing constant levels after about 25 days.

The sclid iines in the left helf of Figure 2 ropresend
averages of values found during the develomment of rickets, over a
poriod of 25 days., The solid limes in the right half of the chorb
ropresent averages of values found in rats condimued on the scme
rachitogenic digt, but glven a singls dose of 5 units irradiated

ergosterol on the 21st day of the dietary poeriod,
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DEVELOPHENT 2 The developmont of rickets in these rabs
was associated with deorsas;é in all fractions of the acid-soluble
phosphorus, During the first § days the concentrabtions of inorganio
P and adenosinetriphosphate P dropped abruptly to low levels and
ther remained gonstant through 25 days snd longers The orgenic
agidwsoluble P deoreased vrogresasively for sbout 20 days, bubt therse-
after remained constant, The decrease in the organic acidwesoluble
P was accounted for almost entirely, after the first few days, in
the diphosphoglycerate fraction which fell to about half its original

poncentraticn.

HEALIIG The single Rose of 5 units of vitamin D, given
on the 2lsy day of rachitcgenic’ diet, was just sufficient %0 induce
+++4 hoaling in the epiphyses, as shovn dYy line tests, but this dose
éaé'insuﬁ’icient 4o restore the rachitic condition eompletely t0 normal,
Folloving this doss of vitemin D, tho first and most siriking change
was the sharp increase in concentration cf diphesphozlycerate P in the
¢olls - and with it the orgenic acid-scluble P» The diphosphoglycerate
P increased %0 considerably above the expected noymal lovel and then,
about 7 days after the vitamin D wes given, decrsased egain to olightly
below that lsvel. The adenosinetriphosphate remained practically une
changed for sbout 7 days and then inereased; 1ts inorease coinciding
with the secondary decrease of the diphosphoglycerste. During the first
fow days after the vitamin D was given, the inorganic P in the serum

ross to about half 1%s normal concentration, but fell again after 5 or
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6 days. With this brief incroase of the inorganic P in tho serum,
the concentration of inorganic P in tho cells fell to zoro, rising
again only after about 7 days, All values were far below normal

22 days afbver the vitamin D was administereds

The timé relationships of these changes must be congidered
to be only approximate, bocause of tho varisbility found among Aiffe
srent groups of animals. The ssquence of the ohanges, however, dee
serves emphagis, During the development of rickets the incrganic P
and adenosinetriphosphote P fell cuickly to low concemtrations, while
the concemtrebion ¢f diphosphoglycerats decreassed slowly over a
longer period of time; with imitistion of healing, the diphospho«
glycerate inoreased first, the adenosinetriphosphate and inorganic P
in the cells later, Roocalling the reactions of the glycolytic oycls,
tho low concentrations of inorganic P and edencsinetriphosphate in
the ceolls found immediately Pfollowing the aduministration of vitamin D
can be explained as probebly dus to the synthesis of phosphoglycerate

procecding faster than inorganic P was supplied to the system.

NEPERECTOMY

In Figure 3 evreo reprczented chemical changes found in the
blood of a dog during 7 days following thoe »anoval of both kidneyas

The ohanges illustrated hore ars typleal of those which we have found,
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varying in magnitude, accompenying varying degrees of impairmend
or suppression of rencl function ip different clinical and experie

nental. condibions,

Pollowing the nephrschomy in this dog, the nonprotein
nitrogen in the blood inocreased ay a sboady rate, the iucrsase
through the 7 days being reopresented by a practically sbraight line,
The increase of inorgonic P was alnost as regular as ihat of the
nonproteln nitrogen. The concentratlon of organie acidw-soluble P
in the cellg increased from 50 to 297 wgz. per 100 co, Tais corresponds
to findings reported by Ashley and Guest (12). Hers, this increase
"is ocloasely acoountoed for at oach stage by changes in concentrastion of
the Qiphosphoglycerate P which increascd fron 35 to 78 mge. psr 100 co0e;
the increages in 028.P end DIiFGl.P being respectively 47 sud 43 ng.
por 100 coe It seans reasonzble 0 belleve that Hhe increase of
organio P in the ¢ells under such comdlitions im mainly influenced
by the excess of inorganic phosphates accumilabting in the blood dus

0o the failure of excretion of the waste endogehous phosphatos,

Tnring the 7 day period following the nephrectony, the ¢one
gentration of Cl in both sorum and cellas decrsased markedly., iore
we seo a reciprocal relationshilp existiag betwesn changes la concens
draticns of diphosphozlycerate and of ohloride in the cells, which

may bo seen again ip other conditions illustratod in Figures 4 t0 7.
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PYLORIC OBSIRUCTICN

Figure 4 illustrates changes found in the blood of a dog
during 5 days following pyloric obstruction. Here again is demonw
strated a striking veoiprocal relationship bedween changes of

chloride and diphosphoglycerate in the blood cells.

In this ocondition, as is well Inmown, losses of chloride
fron the body by womiting lead to pregressive decreases of chloride
in the bleod, only pertly compenseted by lncreages of bilearbonabes
The decrdeses of Cl in serum and cells, and increases of 002 in the
serum, shown in Figure 4, are typical of £indinga eommonly noted
in this condition. In similar experiments, Guest and Andrus (13)
previcusly foﬁnﬁ large increases in concentration of orgenic aclde
soluble P in the blocd cells, accomparying the decreases in concenw
tration of O in the eells.v Such changes egain are demenstrated in
Figure 4, and here the increases of organic acid—solubie P avre
closely accounted for at each stage Ly the parallel inoreases in the

diphoaphoglycsrate.

In their earlier studics Guest and Andvus (13} also showed
that in dogs with intestinzl obstruction the parenteral administration
of physiological sald solution nrevented the increases of organic
acid-goluble P in the blood eells, as well as preventing the decreases

of okloride in the dlood and the development of alkalosis.
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AIONIUM CHLORIDE ACIDOSIS

Pigure 5 demonstrztes ohanges found in blood cells and
serum during the develoiment of and recovery from armoniun chloride
aeidosis, This was a self-oxperiment by S. Rapoport, who took Ly
ucuth 25 gm. of ammonium ehloride on two sucocegeive days, and 12 gmn.
the third day, {The m‘,’cl wos aken in divided doses, in emterie
cocted tablets.) Tmmediately afier the blood sample wag taken at
the ond of the third day periody heo took 30 grams of 2 mixiure of
sodium and potassium phosphate. During the three day period in
which the 1{8401 wag taken, thers vas a mariked increase of Cl in
both gerunm and cells, the €O, ocontent of the serum decreased nearly
to half ise initial level, and the pH decreased from 7,37 to 7.06.
During the develomment of acidosis the concensration of orgsnic acide
soluble P in thoe oells decreased from 48 $0 32 mge. per 100 cc., and
this change was 2lmost exactly accounted for in the diphosphoglycerate
fraction,

Similar desreases in concentration of oxganic acid-soluble
P in the blood cells in ammoniwm chloride acidosis wore first demone
strated by Haldene {14), also in a aslfwexveriment., MHeldene found
that such acidesis as that described above, if left untrented, roquire
ed 7 to 10 days for full recovery, This was found also by Rapoport (15)
in a previous exporiment when he fivst identificd thess changes of the

organic¢ acid-goluble P in the diphocphoglycorate fractions Here,
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however, as shown in Figure 5, the ingestlon of the phosphate
was followed by rapid recovery, partly demonstrable at 5 hours,
and gomplete after 24 hours,

During the three day period of develomment of acldosis,
the excretion of both P and C1l in the urine increased to more than
double the normal rates During the two days following ingestion
of phosphate the urinary excretion of 0l decreased 0 considerably
less than nommal,

This and other observations have led to the c¢linical trial
of phosphate solutions in the trestment of certain types of acidosis,
One example, of an infant so treated, is cited in the next paragraph,

and more data on this subject will be reported later.

ACIDOSIS OF GASTROENTERITIS

Tigure 6 illustrates changes found in the blood of & onew
month old infant with severs acidosis and dehydration, dus Ho
enteritis of undetermined eticlogy. The condition was attendsd with
marked diawrhea; but no ve_miting; Stool ouliures were negative for
dysentery bacilli. In the chaxt are represented data from blood
aralyses mads daily or every second day during 11 days of ths recovery
period. The use of micro methods permitted these studies to be made

on sanples of 2 and 3 oc. of blood.
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In tho £irst blood somples exaninesd, b ‘G, coubant
of $10 SoNUR WOB ZeY Tl Cle DET ley the (2 ccsncentm‘bion wag

hich in both sorun oxd celis, the bigh f:’les(}ig robio indicating

o

8 very iow 3B; =ud the concegdrobion of orgomic zeidwsoluble ¥

in the colle wag roduced $0 30 mge. por 100 CCe

"’Le curves damnngtrate chimues 4o eoncenbrobions of CL
in gorwd aRd calls, 002 in the soman, wud crgenic acid-zoluble
P in the oolls, found in tho Dlood of tiis lnfent Curing 1l dayse
uigh edjustuente of e GO, o=d CL $o nommul ccnconiraticns, the
Ceonoambradicn of ovganic coideptluble ¥ in Fho collo TOSC DIOsSRessw
ivoly, recebing o comeenbraticn higher tion asmucl, cnd then roturns

ed 50 nomiale

Aa treainony, tho infant recoivad sald and glucosge
solubtions by continucus imbyuvencus drip, ond o blood trensfusion
an tho thind day. Sodiun dicarbonoto golubion was given intravenousw
ly the £izod snd sceeond doys in docos caleudatod 0 eorroct thoe
coldosis, bud only LalY the cxnootod incroanse in sorun w 13
chiainod sho firat daye. 4 phosphate sclusicon uad given by oouth
tho oecond and ShARd Gays; Shis oo stopped ot She ond of sis third
day when the orgenio celd-polublo P in the colla rouciied ¢ normal

conoenuTetlichle
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DIABEDIIC ACIDOL

W

Figure 7 iilusiruies bleod ehunsss found in she covers

e
L

2cidosis of disbebic otms, end Guring Tocovery fTow this conditid
Tooge chasrveticns wore wade on cn adult psbilent of $he wmediceld
gervice of the fincinnati Gonercl Hospitsl, whon we werc perniittod
o study by $he courtesy of Dr. M. Slonkenborn and Dry Os 4. ¥ills,

Tho potiant bad been in coms for sovernl Doure bofore cho wos

brouszht 30 dhe hogpitel apd the f£ivst cbservniions vere mude,

In the Dirst blood somplae, droun belors tresticnt wasd
siarted, She serun CG2 confont UnS 3.8 B 8%e DET le, and Tthe pH
was Ge843 the copcombration o©f Gl im the SoTws was 107 Me Gley
and in the celis 50 e 4. 36T le Tho consexbration of oz’ganié

agiG-o0luble ¥ in the cells was 22 nge por 100 C0ey ond $ho Qie

Wi

poogphoglycerate was 400 low for estinwmbion - 1o8s t$Han 3 Gge 1»6R

l(}o CClep probubly zeros

Initinl Prectment conslisted in the cdmiristration of insulin
and the conbinuouws introvencsus injection of physiclozic soald solutlicn.
ARBor 3 bours, She pH of 3he bleed gorugm wes found uzmehonsed, and the
other volues shoved only Siight chsnges. After § bours, whean the
Tindirgs on the accond blocd sanple uoro noted, 30 gme of sodium
bicexbonase wera siven inbrovensuslye Tuo bours eftor the soldium
bicarbonaie solution was aduninistered, the ssrun G0, wme Yound to be
incrooscd 0 17 Me 00 DOT lep cnd 1o pH 0 7043. Twolve hours

loter {L.0¢; 22 houro aftor the £irst bleod sample) the sorum (302
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contont was found to be increamsed still Purther, 0 37 Is €. per l.,
and the pH $0 7.65. Subsequently the €0, and pH values gradually
foll to normal., The curves representing orgenic acid-soluble P and
digmsphogiycerate concentrations in the ceils £ollow courses
parallel to each other, rising in the f£irst 22 hours, then falling
slightly at 48 hours, and thereaffer gradually rising %o normal
levels, Olinically, ths patient's condition appeared to be fairly
well restored to normal after 48 hours, but even at the end of the
fourth day %he waluss for organic phosphorus in the blood cells

were still sbnomnally low.

The changes of inorganic P and adenosinetriphosphatg,
olosely parallel, deserve special attention, In the first 24 hours
the concentration of inérganic P in the serum decreased to 0.6 mZe
per 100 co,, and in the colls decreased to zero. (The curve INORG, P
in Pig. 7 represents inorganic P in the whole blood.} During the
sans period the concentration of adenosinstriphosphate P in the cells
dearezsed from 12 to 6.5 mg. pez 100 co, On the fourth day the conm
centration of inorganic P in the ¢ells was still zero, and of
adenoginetriphosphete P, only 4.8 mg. per 100 c¢ce On the seventh day,
however, all values were normal, The decrease of inorganie P in the
blood ¢an be ascribed partly to the sffects of insulin, parbly to
concomitant eoffects of correcting the acidosis - offects whicsh favor
the résynthesis of organic phosohorus compounds in tissues as well as

in ths blood cells,
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During this pericd etriking changes in the urinery
-exoretion of phosphorus were found, During the first 4 hours
the vate of phosphorus excretion in the urine was extremely
high, but during the next 12 hours ﬁ deoreased rapidly and in
the second. 24 hour period there was practically no phosphorus
found in the urine, The wrinery phosphorus excrotion was
negligible throughout the remainder of the 7 day periocd represeonde

ed in the chart, but was normal on the tenth day,

Those ¢hanges in urinary phosphorus excretion, together
" with the fact Bthat the concentration of organic acid-soluble phose
‘phorua in the blood oells inoreased g0 slowly, sﬁggest dhat the
lsbils phosphorus Teserves of the patient had been exhausted by
ineroased excretion during the period of acidosis. During the
period ¢f recovery, the resynthesis of the orgenic phosphorus come
pounds in the blood and presumably also in tﬁe tissues kept the
congentration of both inorganic P and ademosinetriphosphate P in
the cells very low until the diphosphoglycerate was restored and a

certain equilibrium was reached between supply and demand.

Purther studiss are heing made t0 see whether under such
conditions the adninistration of phosgphate will hasten rssovery
fron disbedic acidosis and hasten the restorstion of the orgenic

phosphorus compounds in tte blood cells to normal,
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FLECTROLYTE EQUILIBRIVM OF THE BLOOD CELLS.

The data presented in Tables 1 and 2 show the close
agreement that mey bo obbained between the total anions and total
inorgenic cabtions of blood cells when the organic rhoaphorus cole
pounds are taken indo accounts The anien equivalencies of diphose
phogl:;rcerate in these blood samples wers ocalculated from exishing
date (16) on the titvation curve of this substance, Under Mothew
organic Pv is included the organic mcid-scluble phosphorus nod
deternined as diphosphioglycerate, Values assigned to this unident-
ified fraction were based on the titration Me of adenosinetriphose
phate {17). While this fraction is known to include other compounds
{mainly hexosephosphates}, the error introduced by acsuming it to be
all adsnosinetripﬁosphate is small, The equivalency of hemoglobin
was ocaloulated according to data of Hastings and oco-workers (18) on
dog hemoglobin, and data of Adair {19) on luman hemoglobin. The
bicarbonate wvalues were sorrssted for carbamte‘coz {20) and Lor
free 32003.

In the two columns of Table L are is.s’ced the cencentrations
of anions and inorganic ocations (total basa) in the cells of blood
samples drawn from a dog before and 2 days after pyloric obstruction,
The cohanges found in the second sample are simllar to those illustrate
ed in Figure 3, The sums of the anions in esch column differ fxcam the
values for ths inorganic cations by only & 3 per cent, and the diphos-
phoglycerate is shown to be the most important anion compensating for

the decrease of ohloxide l1lu the cells,
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In Table 2 are listed the concentrations of enions and

" ocakions in the ells of three of the blood semples drawn from

the diabetie patient represented in Figure 8. The blood samples
were drawn respectively before troetnent was started, L dey later
and 7 days later {the first, fourth and sevelrth samplss shown in
Figure 8.} In ocalculating the equivalenciss of the ketome acids,
it was assumed that Behydroxybutyric =cid made up 65 per cent of

. the total ketones determined in the Pirsht sample, and 75 per cent
of tho kotones in the second sample. In caloulating the anion
equivalency of the hemoglcbin in all samples {venous bleod)} it was
assuned that the oxygen saturation was 50 per cent. The oxygen
content of. the blood as drawn was pot determined in thess saniples,
as it was ir tho samples represented in Table 1. The saturation
was probably leas than 50 per cent in the Pirst sample, and more
in the othors. While these assumptions introduce some uncertainties,
such calculations adequately scrve the purpose of the present dipe
cuasion, In this exemple of disbebic acidosis, the decrozce in conw
centration of diphosphoglycerate is seen 40 be the most importand
aGjuatusnt compensating for tle incrsacuses of chlowvide and othor
anions in the blood gelis, The values foxr dotel base, low in the
Lirst sample, and high affer wecovery, ave iypical of values which
we have found in obhor cases, These data will be reported more

i‘ull;r in later comrmnications.
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- DISCUSSION

These ohgoxvations emphasize the importance of several
functions of tho organic acid-goluble phosphorus ccmpounds oi‘.
the red blood cells, Their participation in carbohydrate metabolism
has been described by various investigators .';'zhn have studied $helr
rele in the slycoly’cic'pmoesa. Less attention, hmxre&ér,’ .has been .
paid to other functions of these compourds which ars sugzested

more or less olearly by the resulbs of the studies here yeported.

That these compounds constitute a phosphorus reserve of
considsrable importance is suggested espesially by the observations
on pickets and acidosis. In rats glvan the high cﬁ low P diet, the

concentration of organie geid-soluble P in the blood cells decroased

R

graduslly during the evorutton of a phosphorus deficiency -in-$he-body—
and sise development & thoe rachi‘d”?eeéic condition. The findings in
acidosis suggest that the wellekmown incresse of phosphorus excretion
in the urine in this conditlon comes partly from the diphosphoglycervate

of the blood cells, Tha slow return to normal copcentration of thesé” &““3"“"‘-:
. ¢ t

N o~ v'\ ' M""’C' Al 0o

| coin_gounﬁs during reooveory Ifrom diebetic acidosis, where this rsserve
and probably elso that in other tissues was exhausted, hus been noted
in the description of Figure 8. In thoso conditions, therofore, the
concentration of diphosphoglycerate in the blood cells appesrs o be
an index of the stalse of the body with regurd to todal amcunts of

labile phogphorus evailable,
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Great lability of this Wpegerve® store of organic acide
soluble phosphorus cempounds in the blood cells in sbrorual cive
- cumsbances ig easily demonstrable in conditlons sueh as those
which have been cited here, This was slgo previocusly demonstrated
in experiments dealing with the effects of lavge doses of irradiated
ergostorol in rabbits {2} and irn studies of the decomposition of
diphosphoglycerate in acidified blood in vityo {4}« Evidence that
the organic scidw=soluble phosphorus campounds of the bleood cells
are normally in = state of flux, corbtimuously decemposed and ree
gynbhosized, hzs heen reported rocenbtly by Fevesy (21) who studied

- the fate of radicactive phosphorus token up by rormal blood cells,

/- 44'-

In the normal lmuman, snd in normel radbita, radiocactive phosphorus ( G“"/*"%i‘,é;l

“%

Va
rec

injected intrevenously was rapldly trensferred from the plasma ho
the organic phosphorus compounds of the blood esllis, Two hours
after the injection, a congiderable pert of the organlo.phcsphoms
in the blood cells was found $0 be revlaced by the Mlabelled® phoge
phorus{ Such findings sugzest that there is a contlnuous prssage of
inorgenic phoaphorus to and £fro between c¢ells and plasma, and thad
in the ceollg there occura & coniinucus esterificetiorn of incrgenic P
and hydrolysis of organioc P compounds, ievesy's data indicate that
through such processeos the orzenic phosphorus gompounds in the oells
may be completely "rejuvenated® (i,e., decomposed and resynthesized)

in 2/ hours oy less,

Along with their role as a labile phosphorus "reserve,
thoe organic acid-soluble phoaphorus compounds probaobly serve as

intermediary trangport substances for the transfer of phosphorus to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



gerve various neods of the body. The faot that the inoreased
excretion of phosphorus in the urine in agidosis is acoompanied

by a decrease in the concentration of dinhosphoglycerate in the
blood cells suggeste that this substance may act as a trangpord
substance for phcsphorus destined to be ezcreted by the kKidreys.
The Rast that the concentration of diphosploglycerats in the

bleod cells inoreaseos following suppression of repal function also
ney be oited as indirect evidence that such e Dfunction is served
by $his substance, The fact that the concentrations of organic
vhosphorus compounds in the blood cells of rabs on a rachitogenio
diet were closely related to the procesases of devalepment and
bealing of rickets may be placed in the same category of indirecd
ovidence that these substzncesm serve ag transport substances, in
this case to transfer phosphorus needed in ossificetion.s Robison
and go-~workers {22) hive suggented thet phosphorus utilized in bone
passes through an intermediatse esterification hefore it is zssinilete
ol by oasifying cartilage. An intermediate esterification of phoge
phorus in the biood also may semve in the transport of phesphorus

denatined for bone formation,

The importance of organic acid-soclublc phesphorus caumpounds
as non-diffusible anions in the blood c¢ells hag been the subject of
mich conjecture. In 1923, when Ven Siyko, Wu and McLean {23) swmmed

up the then determinable anions and cations iu horse blood cells and
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found a oopagiderable anion defiecit, they sSuggoested that thip
deficit probably lay in the unidentified phosphate esters,

Othoers also have found variable anion deficiis in similaxr

gtudieg of Iumzn blood cells in different conditions. The

data presented here in Tgblesl and 2 confirm ths surmise of

Van Slyke, %u and MoLean, and show that the most important of

the phosphate estoers, es an anion in the cells, is the diphospho-
glycerate, The anion szuivaleney of diphosphoglycerate in umsn
and dog blood cells is normally cround 30 m. eg. per kg. of waber)
in pabhologic conditions ite concentration may decrease nearly to
zoro or inereasse to more than double, Through these chenges, the
diphosphogiycerate compensctes for wide alterations in conceu-
tration of other anions and plays an Important nard in mainbaining

a state of egquilibrium betwoen the cations and anioms of thecalls,

The influence of diphosphoglyccrate, as a non~diffusible
anion in tho rod cells, upon the Donnan equilibritm will bo tronted
elsewherae, Suffice to report here, the thsoretical ratios for the
aissribution of tho diffusible ions C17, WO, , and H, calculated
from observed concentrations of diphosphoglycerate and hemogloblin
in the cells, sgree closely with rabios actually obsorved in normmel

states and in the conditions of acidosis and alkselosis nore described.

Again it shouid be noted that all such changes of diphoge
phoglycerate depend upon reactions of dhe glycolytic cyele, and upon
vaerious fsctors which influonce those reactions, These findings
tims bring the glycolytic process - an enzymatic syobem - into close
relationship with other mechanisms concermed in adjustments of the

acid~basgse equilibrium of the blood,
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COMNCIUSION

Phe organic acid-soluble phosphorug eampounds of +he
red biood cells constitube a labile phosphorus reserve of cone
siderable consequendce, spr&ing diverse functions. Readlly
synthesized and deconposed in the blﬁod through reactions of
the glyocolytic oycls, these compounds partiecipate in carbobydrate
netebolisnm and also in thie transfer of phosphorus in the body for
other ansbolie and ¢atzbolic processes, 48 non-diffusible anlons
in the eells, they play an importamb part in the maintencnce of
the acid~base equilibrium of the blood. The most luporbant of
these compouﬁia, both in its nommal concentration znd in the
magnitude of 4i%s chanzes in padholozgic conditions, is the divhose

. phoglycerate, The concehtration of diphosphoglycerate in the
blood célls ig increosged following impalmment or sunnression of
renal fundtion and after pylorio obsiruction; dscreased in
rickeds, amwonium chloride acidosis, acidosis in infants with

gastroenteritis, and in diabetic acldosis.
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THE GLYCOLYTIC CYCLE IN BLOOD

TRIOSEPHOSPHATE LACTIC ACID —>

HEXOSEDIPHOSPHATE 2 ~—> PHOSPHOGLYCERIC

T PYRUVIC ACID
—> GLUCOSE 1

PHOSPHOPYRUVIC !
ACID .
ADENOSINETRIPHOSPHATE —— 3 .

€ INORGANIC P/\ADENYLIC ACID

- P . b ey e e oy I

L Figa s Ly

The glycolytic cyele im bloed; o dogron Bosed wpon

current theorlies of leyorhol, Pormzg, Dicehe ond othors. -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



>

1 - ACID-SOLUBLE P in BLOOD OF RATS
i . M%(/)POCC- DEVELOPMENT anp HEALING OF RICKETS
ORGANIC
ACID-SOL. P 7 {X(re.., 5 UNITS
in GELLS 500 N\ e VITAMIN D
....................................... NORMAL
NORMAL =~~~ e, NORMAL
! 60- OAS. P
DIPHOSPHO- so: RACHITIC HEALING

“GLYCERATE P
in CELLS  — |u,
40

30-

TRIPHOSPHAT!
Pin CELLS\‘

. INoReANIG P01
| in SEROM > |
| in GELLS —2 |

ADENOSINE- 0.

T T r

5
RACHITOGENIC  DIET

Chenged of ne2d-g0luble P 1n tho Bloo? of oo aring

dovalomiont and hesling of pidkoba {continuoue lines)’ | )
in t1w Dlood of normol roto {dosiod lines} during

BLE SULIC T¢e LRILOU,

" Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Ho{™~gj-s NEPHREGTOMIZED DOG

80

704
P, N.PN.
mg./100cc.

60

504
N.P.N.
4004 40

N.P.N.
3001301

2001 INORG. P
—

1004

e ST

Chenvzop in tho blood of o don folloving the renoval

of both Hidners. J

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




| 110+ PYLORIC OBSTRUCTION ,
4 100, IN A DOG '
‘%: Cl, CO2 901 OAS. P f'
i meq/L |
i
70- .
DiPGLP
60+ Cl-s
50
; COz"s
; 401
! 4
‘ 30-
: P
: mg./100¢c.
! 20 CI'C i
L~ moRGP
] -W. BI. !
od, , . . . — DAYS AFTER '
0 i 2 3 4 5 OPERATION
T LT T e b .~
. Chanzes in tho blood of a doz following pylorie
3 i - cbo¥ructicn,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




- YA AR e [ e A Ll e

110 ]
-/—'"—__\’\‘\‘ CI—S i
1001 NH4Cl grams/ DAY l
25 25 12 ‘
°01 ] J { PHOSPHATE
75 30 grams
pH 801 l PH
. 7.04 701
60 _ |
Cl 4 |
m.eq./l. 50- Cl-¢
OAS.P
304 40- *
602” 1 COg2-s v
. m.eq. 204 301
DIPGI. P
1 04 20+ ;
¥ /100 |
mg. e o
1 ——— LINORG.P
ol

' ' ' 4 DAYS

O
N
o

Tigs e

Chanzee in dhe blocd of a mup during the dovelone
2eph of wcidosis induced by ibo ipgsobicon of

crmwpiin clloride, and durcipy veeovery I0llowing I
&
;

" 3ho ingestion of sodium »m} potegsiun phos heiCe”

T F— Ve

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




ACIDOSIS, with RECOVERY, From GASTROENTERITIS
N AN INFANT | MONTH OLD.
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nof DIABETIC COMA with RECOVERY
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TABLE 1,

CONCENTRATIONS OF ANIONS AND CATIONS IN BLOOD
CELLS OF A DOG, BEFORE AND AFTIR PYLORIC OBw

STRUCTION

. | 2 Deys

Before . After

meeqs por kge wyater
Chloride 6543 235
Bicarbonate 16,8 | 22.0
Eamoglobin | 41.8 375
Inorgenic P Sl 2 | A
Diphosphoglycerate | 33.5 | 6544
Othexr Orgenis P - 1104
Inorganic Cations 1636 169,2
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TABLE 2.

ANIONS AND CATIONS OF BLOOD CELLS IN
DIABETIC AQIDOSIS AND DURING RECOVIRY,

* ciga Reoovery

1 day |7 days

Me ©Q¢ DOr Kg. waber

Chloride 1147 | 65.6 83.3
Bicarbonate 4Le7 1 3041 16.9
Hemoglobin 49 51.2 3346
Inorgenic P 24 0 2.0
Diphosphoglycerate | & 0 1044 | 365
Other Organic P 110 | 1402 | 15.7
Kotone Acids %11.8 | & 1.1 0
Sun of Antens 19:5 | 1726 |188.0
Inorganic Cations 140.% | 175.2 }189,0

% These blood samples are the first, fourth
and seventh {last) represented in Figure 8.
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