
Oxygenation and 

Ion Transport in Red Cells 

Abstract. Ion transport in red blood 
cells may depend on the binding of 2,3- 
diphosphoglycerate (DPG) to deoxy- 
hemoglobin. 

McManus (1) discusses the "surpris- 
ing" finding that deoxygenation of red 
cells leads to an increased rate of ion 
transport. This observation, originally 
made by Tosteson and Robertson (2), 
was interpreted in terms of changes in 
cell permeability. 

We suggest an alternative explanation 
based on our finding that 2,3-diphos- 
phoglycerate (DPG) and inositol hexa- 
phosphate (IHP), the major organic 
phosphate esters of mammalian and 
avian erythrocytes, respectively, are 
bound preferentially to the deoxygen- 
ated form of hemoglobin (3). In the 
case of DPG, binding at pH 7.3 in 
0.1M NaCl occurs only on deoxyhemo- 
globin in a ratio of 1 mole of DPG to 1 
mole of hemoglobin, while no interac- 
tion with oxyhemoglobin takes place 
at all (3). 

As a result, DPG and, in the case of 
avian red blood cells, IHP would be 
continually removed by hemoglobin un- 
der anaerobic conditions, thus stimulat- 
ing glucose uptake by the red cells to 
replenish the stores of free organic 
phosphate (4). Asakura et al. (5) have 
actually shown that, while the rate of 
glycolysis and the rate of formation of 
2,3-DPG is the same in human red cell 
suspensions in oxygen or in carbon 
monoxide, it is considerably greater in 
suspensions kept under nitrogen where 
the hemoglobin is in the deoxy form. 

The hypothesis that altered ion trans- 
port under anaerobic conditions is due 
to removal of DPG by deoxyhemo- 
globin and consequent stimulation of 
glycolysis is in agreement with two fur- 
ther observations: 

1) The aerobic incubation [by Toste- 
son (1, p. 1822)] of cells in the presence 
of respiratory inhibitors does not cause 
an increase in influx of potassium. 
Under these conditions, hemoglobin 
would be still in the oxygenated state 
and would therefore not interfere with 
the levels of free organic phosphate. 

2) It is equally significant that there 
is also no increase in sodium transport 
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2) It is equally significant that there 
is also no increase in sodium transport 
under completely anaerobic conditions, 
if they are created by incubation in 100 
percent CO (1). This again bears out 
the above interpretation, since carbon 
monoxy hemoglobin, like oxyhemo- 
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globin, will not bind polyphosphates 
under physiological conditions. 

Schacter (6) suggested to us that the 
red cells of ruminants with their negligi- 
ble content of DPG (7) should provide 
an ideal control for testing our proposal. 
Thus, in the case of sheep erythrocytes, 
for example, ion transport should not 
be affected by deoxygenation. 

The question of the mechanism 
whereby the level of free organic phos- 
phate esters such as DPG might con- 
trol normal ion transport, remains open, 
but it suggests a fruitful approach to 
this important problem. 

The dramatic effect of these com- 
pounds in lowering the oxygen affinity 
of hemoglobin to bring it into the nor- 
mal physiological range is probably but 
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to milk. 

Milk-induced abdominal cramps or 
diarrhea (probably caused by low levels 
of intestinal lactase, resultant maldiges- 
tion of the milk-sugar lactose, and a 
subsequent osmotic and fermentative 
diarrhea) are common in certain adult 
populations. We believe that this lactase 
deficiency in adults is genetically de- 
termined. 

Seventy percent of 20 healthy Ne- 
groes in Baltimore were lactose-intol- 
erant and had low lactase levels (1), and 
72 percent of 40 African Negroes in 
Uganda had low levels of intestinal lac- 
tase (2). A similar prevalence may exist 
in American Indians (3), Greek Cypri- 
ots (4), and Australian aboriginal chil- 
dren (5). By contrast, in adult Caucasian 
Americans the prevalence of lactase de- 
ficiency and intolerance to milk is prob- 
ably no greater than 5 to 10 percent 
(1,6). 

The milk-intolerant adults usually 
had been able to drink milk as in- 
fants, and milk-induced symptoms first 
occurred in adolescence or the early 
20's. Incidence of lactose-induced symp- 
toms in Negroes increases with advanc- 
ing age, suggesting a gradual decrease 
in lactase activity after weaning (7). 
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one example of the powerful regulatory 
role of these substances within the red 
cell. 
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Knowing that milk intolerance is 
common in adults in Formosa and that 
powdered milk is being exported there 
and to other Asian countries, we sur- 
veyed a group of healthy Orientals for 
prevalence of milk and lactose intoler- 
ance. We selected at random 20 healthy 
physicians and medical personnel (14 
men and 6 women, aged from 23 to 38 
years; mean, 31 years) for study. None 
were related or had gastrointestinal dis- 
ease (one had had a duodenal ulcer); 
three had asthma, hay fever, or known 

drug allergies; seven, natives of China 
(Formosa), had been in the United 
States 4 years (mean); three, born in 
the continental United States of Chinese 

parents, had never visited Asia; ten, na- 
tives of the Philippines, had lived in the 
United States 4 years (mean). The con- 
trol group, 20 healthy Caucasians, aged 
18 to 54 years (mean, 32.6) (1), were 
born in the continental United States. 

To test lactose tolerance we adminis- 
tered 50 g of lactose in 300 to 400 ml 
of water after a fast of at least 4 hours. 
Venous blood samples were obtained at 
0, 15, 30, 60, 90, and 120 minutes, and 
total reducing substances (blood sugar) 
were determined by a ferricyanide 
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Milk and Lactose Intolerance in Healthy Orientals 

Abstract. Nineteen of 20 healthy Oriental adults living in the United States 
developed abdominal cramps and diarrhea after ingesting an amount of lactose 
equivalent to that in one quart of milk; 14 reported similar symptoms after one 
or two glasses of milk; all had consumed milk as infants without having such 
symptoms. Two of 20 Caucasians tested were intolerant to milk and lactose. 
Many Orientals therefore may have a genetically determined lactase deficiency 
that may lead to intolerance to milk. Since lactase deficiency is also common 
among Negroes, the bulk of the world's adult population is probably intolerant 
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method adapted to the autoanalyzer. 
Normally, the blood sugar increases as 
the monosaccharide products of lactose 

digestion are absorbed, and no symp- 
toms are produced. The control subjects 
received 50 g of lactose per square 
meter of body surface (maximum of 
100 g). Increases of blood sugar with 
either 50- or 100-g tests are of similar 

magnitude in patients with "normal" 
lactase levels (8). 

Fourteen of the 20 Orientals stated 
that usually 1 to 4 hours after ingestion 
of one or two glasses of milk or of one 

portion of ice cream they experienced 
flatulence, abdominal bloating, abdom- 
inal cramping pain, or diarrhea; five had 
such violent symptoms that they avoided 
all milk products; the others could tol- 
erate small amounts of milk, as in cereal 
or coffee; all 20 had consumed milk 
without ill effect during infancy, and 
most began to notice milk intolerance 
in adolescence or in their early 20's; 
five, who later became milk-intolerant, 
remember drinking milk quite fre- 

quently during childhood; 13 had a 

parent or sibling with similar intoler- 
ance to milk. 

Lactose-tolerance tests produced 

symptoms in 30 minutes to 4 hours in 
19 of the 20 Orientals: 19 had abdom- 
inal bloating, flatulence, and diarrhea, 
varying from one to ten liquid bowel 
movements; 17 had abdominal pain and 

cramping. The symptoms result mainly 
from hypermotility and large amounts 
of fluid secreted into the bowel to 
maintain isotonicity by diluting the un- 

digested and unabsorbed lactose. The 

peak in blood sugar rises after the lac- 
tose loads are less than 26 mg per 100 
ml of blood in all 20 Orientals (Fig. 1) 
(mean rise, 14.5 mg per 100 ml), 
demonstrating that the lactose was not 

adequately hydrolyzed to glucose and 
galactose. 

The results in the healthy Caucasian 
American control group were quite 
different. Two were milk-intolerant and 
had lactose-induced symptoms. Blood 
sugar rose less than 26 mg per 100 ml 
in only 2 of the 20 (Fig. 1). The mean 
rise, excluding two diabetics, was 37.6 

mg per 100 ml. Another subject gave a 

family history of milk intolerance. 
From our study of a randomly se- 

lected population sample, we conclude 
that (i) milk and lactose intolerance 
are common in persons of Oriental ex- 
traction; and (ii) an inherited lactase 

deficiency presumably causes this milk 
intolerance. Possibly, there are two in- 
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