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INTRAERYTHROCYTIC ADAPTATION TO ANEMIA* 
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Abstract The role of erythrocyte 2.3-diphosphoglyc- 
erate (2.3-DPG) in increasing the availability of 
hemoglobin oxygen in anemia was investigated. 
Measurements of 2.3-DPG and of oxygen dissocia- 
tion ( P d  were carried out on 57 normal subjects 
and 114 subjects with anemia. Twenty normal non- 
smoking males had a mean hemoglobin of 15.3 g 
per 100 ml, a mean DPG of 4.83 mM and a mean 
P,,, of 27.1 mm of mercury. Twenty normal non- 
smoking females had a mean hemoglobin lower by 
2.6 g per 100 ml, a DPG higher by 0.5 mM and a 
PI, increased by 0.4 mm of mercury DPG. P,, rose 

NEhfIA, by lowering the o x y g e m q i n g  cdpaci- A ty of the blood, reduces the supply of oxygen 
to tissues. However. the fact that symptoms re- 
sulting h n i  anemia are often minimal or ab- 
sent suggests the existence of mechanisms that 
compensate for the decrease in  arterial blood 
oxygen content. One of these mechanisms iii- 
volves a reduced affinity of hemogfoliin for oxy- 
gen, mediated I)y an increase in redcel l  2.3- 
diphosphoglycerite (P,3-DPC).'-J The role of  
this mechanism in the adaptation to anemia i s  the topic 
of this report. 

METIIOW 

progressively with decreasing hernoglobin con- 
centrations. For each gram of hemoglobin fall, there 
was a DPG increase of about 0.23 mM and a P, 
increase of about 0.30 mm of mercury. Increases in 
adenosine triphosphate also occurred but, because 
of the smaller amount involved, had less effect 
on the oxygen dissociation curve. A rise in inor- 
ganic phosphate level had no demonstrable effect. 
but in vivo pH changes appear of considerable impor- 
tance. It was calculated that DPG-induced changes in 
hemoglobin affinity for oxygen may cqmpensate for 
up to half the oxygen deficit in anemia. 

vacutubes containing 1 mg of heparin per milliliter 
o f  blood. In patients undergoing heinodialysis, am- 
ples were obtained ininiediately before dialysis. 
Hemdob in  concentrdtion was determined as 
cyanmethemoglobin, A microhenuitwrit was relid 
from capilla~y tubes after centrifugation on the 
Clay-.'Ldams outocrit for 15 niiniiter at 14.49O x g. 
Ret icu lgter  were couhted as the percentage o f  
2000 red e l l s .  For estimates of the rate of epthrn- 
poiesis. tbe reticulocyte cnunt was corrected on the 
basis of red-cell count and hne-marrow mihintion 
time,' except that in patients with rend disease, a 
normal mafuration time was assumed. 
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Table 1. Separation of Extract into Fnctiom. 
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saalr: 
Narl rubjecll: 

L13csonsmoken 20 15.32 f 1.02 4.13 2 0.33 
F e m J c m n s m o ~ m  20 12.68 = 0.96 S28 f 0.u) 
MJr smokers IO 15.50 t 0.94 5.14 20.59 

Wid uremia 
W-1 uremia 20 7.88 tr.l.38 6.77f 1.19 

N a n d  malts 7 -  16.01 f 1.11 S.48 f 0.27 

M prrienir: 20 7.62 = IS 6.62 +O.M 
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h a n k  pawnis: 22 8.33 = 23s 7.4s t. 1.22 
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deoxygenated blood and the oxycen tension (PO,) of 
tbe mixture is directly measured by m m s  of a PO, 
electrode. Hemoglobin &nib for oxygen taken 
Erom the 0,-Hb dissociation curve at pH 7.4 was 
arprrzscd HS tlie P,, (7.4) - tti.it i s ,  Po, in milli- 
meters of niercriry required for per cent mtumtio~i 
d the blood with oxygen at pH 9 7.4. 

RrsuLts 
The 20 nonsmoking normal niirles at IC. level had 

a artem hemoglobin of 15.32 g per 100 ml, P mean 
DPC of 4.R3 11151 and a mem P, of 27.1 mm of 
memar). (T.il)le 1). In 9 iioiwiioking femles the 
mean hcnioclo1)in was lower 1)) 2.6 g per 100 1111. 

*- b l a d  n i k r  Ikn ruhoc) rtd cdls was CUMtd k a u w  
h Ik W- 

phm- 
du -sly used warh iw WIT- cauud r 
cs*uy d DPG and ATP. ud pl;ivru &xr nu( Eonma 

pau- 

0.n t w 
0.80 t 0.17 

1.68 t 440 
0 . m ~ a t 9  

t.uta4~ 

27.1 r0 .8  1 . 1 2 ~ 0 . 1 7  1262026 
27.5 2 0.9. I . t5=0.16 I D t 0 . 1 4  
27.0 = 1.3 Y .30 = 0. IO I f 3  t0 .24 
29. I 2 I .6 t .75 = 0.53 LOI t 0.63 

30.2 2 1.9 1.79 2 0.7 I 19s t u 2  

0.94 t 6119 26.5 2 0.2 1.1520.13 ow20.12 
1 . 3 2 t F 7  28.9= 1.4 159 : 0.46 IJ7 f 0.3J 

J J f t & 4 S  29.2 : 2.3 1.64 t 0.39 IJZ f 0.56 
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T&le 3. Regression Equations and Correlation Coefficients . 
for All 171 Subjects Studied. 

muuro* W A m  srrro*.o c- 
m a w  TUNC* 
Emwn m n w P  

Frvtion 3 (Dffii--0.244 hcmqbbin+ 8.88 Z 1.03 4.6U 
Friction 4 (ATP) = -0.066 hcmqbbin + 1.92 t 0.S7 +SI 
Fnclion 2 -4.072bemqlobin+2.24 t 0 , 3 9  4 . 5 5 5  
Flvtion 5 - 4 .071  h c m q M n  + 2.29 t G.56 4.418 
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5 CQOOI. Flgun 2. Data in Medellin Subjects. 

phosphatecontaining fractions to hemog1ol)in con- gen.1-' This effect is evident when the P, curve of 
centration (Table 3). All frictions showed a sic- hemoglobin in red-cell hemolysates is compared to 
nifirant correlation (p less than 0.01) with I#,,,. that of hemoglobin stripped of its organic phoc 
More than 80 per c m t  of the increased phosphate phates,' and in the P, measurements on the om!m+ 
in the four fiwtions listed was actaunt& for by DPC. phosphate-depleted rcd cvlls of stored blood in 
urd ATP. Although the l ~ ~ e n ~ y e  inc.reme in red- n'tro." Of more physiologic importance I s  the demon- 
cell ATP was scaly greater than that of DPC, the stration that organic phosphates increase in vivo in 
ATP rise on a mofar basis was less than a third of response to hypoxia and that this rise is nssociated 
the DPG increase. with a heightened availability of oxygen to tissues. 

The possible relation between uteriid pH and A fall in blood oxygen content due to decreased 
changes in red-cell organic phosplute level was oxygen loading at high altitudes was shown to be 
evaluated in the Medellin female patients. Any associated with a r a m s p n d i n p  rise in both DPC 
change in pH values in these patients was inciden- and P,.r-" In patients with cardiac disease associ- 
td since they had been selected on the h i s  of ated with decreased cardiac output, pmpensuton 
anemia alone. That a relation existed between pH increases in both DPG and P, have Ixen demon- 
and 2,SDPC is shown in Figure 44. In view of strdted.ls The regulation of red-cell DPC; content 
this, an attempt \vas made to show the effect of pH has thus come to be recognized as dii j i r i p u r u u r i  

d o n e  by correction of each DPG level for &e ex- adaptive mechanism to combat tissue hypoxia.'S*" 
pec-ted change related to anemia (Fig. JB). A similar In the present study the effect of decreased con- 
correctjon is made in the P,, level for expected centrations of hemoglobin on. DPC md P, was 

+htlnges relilted to anemia (Fig. K). It is seen that examined over a wide mnge of hemoglobin concen- ( \en the pH is 7.1, the changes in DPC and P, tration. The two groups investigated were consid- 
', .'c those expected from the decree of anemia; ered separitely. not becxuse of the ultitude 

however, will1 iwidosis. the chaiiws in Pm ilnd DPG differences. which had little effect, but I>ec;iiise 
failed to rmch the level predicted whereas with the determinations. illthougli carried out by the 
dkalosis, the level of P,, and DPC exceeds the'lev- ram+ investigiltors. were under somewhut differcnt 
e1 predicted from anemia alone. lalmratory conditions. XornuI men itild women pro- 

bided a base line for compirison with anemic s i i b  
Ihscvsszos jects. A higher niean DPC \vas found in feaiulrs as 

that ownicr  phos- compared yith males in armrd with two previous 
aniW of heninglobin for oxy- gmt~ys of suhjtx-tr studied,'Lm lnit at wrianre w i t h  

one 0ther.W Sirwe the hernoglol~in level in u'oiiieii 
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migun 4. Effect of pH in Medellin Females. 
In A DPG h l  is related to h Vivo pH. In B !tu difference 
h t r m n  muat OPG and DPG kvet prcdcted on the bass 
ol tho subject's hemoglobin concen!ration is n la~ed  to in 

from the DPG level is related to in vivo pH. 
In C the dillcrcncc &tween actual P, and that predicted 
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is lower than that in men, the reciprwal increase in 
DPG appeared cmsistent with the effect ohserved 
in subjects with  eater degrees of iineniiit. The re- 
gression climes relating hemoglobin to DPC or P, 
were similar in male and f e d e  anemic stibjecb. 

Anemia is well known to be associated with a 
decreased affinity of hemoglobin for oxygen.l7-*l 
These increases are confirmed in the  present study, 
and their interrelations with changes in red-cvll 
organic phosphates are demonstmted. Thus, in the 
Seattle pirtients, for every Wam per IOO ml of h e m e  
globin decrease, there is a DPG increase of about 
0.23 mXf and a P, increase of about 0.30 mm of 
mercury. For each milliniole increase in DPG, there 
was a corresponding rise of about 1.25 mm of mer- 
cuy  in the P, ATP was also increased, but on a 
molar basis was about P third of the DPC increaTe. 
Other organic phosphates in the red ce l l  also in- 
crease with anemia, but sinre these increases are 
much smaller than those of DPG or ATP (Table 2). 
they prohbly have little effect in modifying h e m e  

1 

t 

globin affinity For oxygen. 
The  rise of these glycolytic intermediates (s con- 

sistent with the f i s t  that red-cell glycolysis is stimu- 
lated by deoxygefiation.".m It has been suggested 
that the Lnielxring-hpoport shunt is an alternate to 
the conversion of 1,SDPG to Sphosphog~yc-erate 
and that reciyroc-dl chmges may occur between the 
levels of A T P  and DPC;.z+" However, our studies of 
n o d  subjects at high altihide: and of patients in 
cardiac failure" and the current report of people 
with anemia all demonstmte increues in both com- 
pounds and thus reflect an overall stimulation of 
glycolysis. This stimulation may be the result of a' 
rise in deoxygenated hemoglobin, which, by hind- 
ing more organic phospllilte than oxyhen>oglol)in, 
lowers the fret organic phosphate in the cell; alter- 
nately, it has been silggested that intracellular pH 
changes may deet the activity of rcd-cell enzymes 
and after the DPC 1evel.n However. there can be 

'little doiibt that when there is a rise in the relative 
amount of deoxygenated hemoglobin in venous 
blood, there i s  Jso I rise in rrd-rull organic phos- 
phates. 

E x ~ c e l l u L u  inorganic phosphate levels may also 
have role in efiulitting rcd-crll glycolysis nnd 
thus In mntmlling the level of intermcdiiite com- 
pounds such as ATP.# This c5rc.t \vas not demon- 
strable in the SD patients with rend anemia (Tulle 
2), in which, despite an crvenpt increase in pI*snu 
inorgank phosphate to 7.4 mSf. no significant 
d i f femx~ was foiind in A T P  or DPC levels as 
compared to a riiiifhr gmup of pittients with nnn- 
renal reg!enerdtive uncmia whose ptanw inorganic 
phosphate lwets were nonwl. 

Un&iil)tcdly, iiiiiiiy \ ~ i i ~ h l ~ ~  influence the cnr- 
relation Intween l i e i i ~ l o l ~ i i i  and DPC or P,. 
Smoking, wliir-h is kiiown tn dTwt the P, cume. 
was cuni inn l  in a gr1~11) of iitlienvise naniu! SIIL 
jer-ts (Ti~lile 2). S i w c  the IIW.III \;IIIIL.S for DPC; iiiid 

. 

P, in these sniakers did not differ significantly 
from h s e  of the normal subjects. making H'S 

not &en into ronsiderition in the  shidy nf iineiiiic 
sul)jer-ti. Another imssilde c-iiise of v;iriation is the 
ace of the red-cell population. Edwards ;ind Rigas- 
found h t  young cells separated hy ccnhifiiKation had 
a P, of 33.5 nim of mercury ~LF cvittpitred with 2i 
mm in older cdls.  Becriiise of this obsenution, SUB 
jecb with-hemolytic anemia a. defined by a reticir- 
la.* output of more than twice I)iISi\I d t l e s  were 
excluded from the present study. Likewise, patients 
with enzyme and hemoglobin a1)normiilities as- 
sociated with altered p, were excluded. 

Changes in pH are known to affect the P, curve, 
a shift toward the right acvompnnying acidosis, and 
one t 0 w ; u d  the left accompanying a l k i h i s  (the 
Bohr effect). Previous workers have ulsa shown that . 
severe acidosis ciuses a decre;lse, and alkalosis an 
incrraK in DPf2.S Studies demonstmted such 
effects in patients in whom pH chances had not 
been susp&ted on clinical groiincls (Fig. 4). Even 
thou& the response to pH change oc'curs almost 
instantaneously whereas thilt to DPG liiu P IiiiIf-time 
of about six hours, the degree of correbition ob- 
served in this study is impressive and siipports the 
fact t J u t  DPG concentriition is su1,jec.t to the c m i -  
bined effect of hetiloglobin concentmtioii iind in 
vivo pH. The regulating effc:: ..I Z'r." ' .. 
to be the prime inechilnism for modifying henio- 
globin sanity in adjusting oxygen supply to tissue 
needs. 
The importance of a shift in O,-Hb dissociation 

curve in determining Po, tension in the tissue capil- 
laries is shown in Figtire 5. For instance, a sul)ject 
with a henloglobin concentration of T.5 g per IO0 

Figure 5. Effects of Anemia on P, 
The m a l  c u m  is shorn at the top. and the antmc 
curve below. The dashed line IS the unshifted curve. and 
the sold line indicates !he changes in 8lllncty for oxytjen 
obstmed. If wnous oxygen remans at 39 2 mm 01 mcrcu. 
ry. I h e  shift in the curye permits an increased oxygen ex- 
tractmoo from 2.5 to 3.5 vol per  cent. I f  Ihe required 5 tal 
per cent were exlracted. oxygen lentlon would be at 296 

vol p e r  cenl 
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ml and rin iinsliifted curve would release only 5.5 
vol per cent of oxygen to m;\intitin a nonid  end- 
Hsstie cupiIIap. Po, of iiiiii of niercury. A shifted 
cuwe, ;LC observed in these studies, yields an oxy- 
gen release of 3.2 vol per cent. A nornwl release of 
5 vol per cent either requires an increase in cardiac 
output of Ej p e r  cent Jx)ve  nonllid or a lowering in 
end-tissue c-Jpill;wy Po, to 29.6 inn1 of mercury. In 
the absence of a shift. the release of S vol per cent 
of oxygen woiild necessitate doubling the cardiac 
output or loweriilg hirther Pv to 26 111111 of mer- 
cury. Thus, a sliift of the O,-H4, dissociation cuwe 
to the right exphins the relatively slight Bcreiise in 
mrdiac output and decrease 'in mixed venous PO, 
observed in nnei~~ic  patientsafi as well as the niini- 
mal symptonutoloyy of moderate anemia. 
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