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FFA at  the start of the exercise, without sig- 
nificant change of the plasma protein, inor- 
ganic P and glucose levels, shows that the de- 
crease of FFA cannot be explained by a dilu- 
tion of the plasma, or by a sudden release of 
insulin. From the 2 metabolic parameters 
which change rapidly during work, namely o?: 
uptake and lactate level, the effect of increas- 
ed metabolism was excluded by the experi- 
ments carried out on resting dogs with lactate 
infusions. 

In  view of the demonstrated interrelation- 
ship between blood lactate and plasma FFA, 
it would be advisable, whenever a change of 
blood lactate is to be expected, to measure the 
concentration of lactic acid in the blood in 
addition to the FFA. At low resting levels 
of blood lactate a slight rise, for instance from 
7 to 2 0  mg/100 ml, causes a considerable drop 
in FFA, from 1.0 to 0.55 meq/l. Whether 
this is the result of a competition between the 
lactate anion and FFA for the albumin car- 
rier, or a direct metabolic effect on the release 
of FFA in the adipose tissue, remains to be 
shown. 

Summary. Treadmill experiments were 
carried out on dogs with indwelling arterial 

and venous catheters. The plasma free fatty 
acids level rapidly decreases during exercise, 
due to the rise of the blood lactic acid con- 
centration, as was shown by lactic acid infu- 
sions in resting dogs. A logarithmic correla- 
tion was found between plasma free fatty acid 
and blood lactic acid concentration. 

1. Fredrickson, D. S., Gordon, R. S., Jr., Physiol. 

2. Fritz, I. B., ibid., 1961, v41, 52. 
3.  Andres, R., Cader, G., Zierler, K. L., J .  Clin. 

Invest., 1956, v35, 671. 
4. Issekutz, B., Jr., Spitzer, J. J., PROC. SOC. 

Em. BIOL. AND MED., 1960, vlO5, 21. 
5. Friedberg, S. J., Harlan, W. R., Jr., Trout, 

D. L., Estes, E. H., Jr., J .  Clin. Invest., 1960, v39, 
215. 

6. Issekutz, B., Jr., Rodahl, K., J .  Appl. Physiol., 
1961, v16, 606. 

7. Dole, V. P., Meinertz, H., 3. Biol. Chem., 
1960, v235, 2595. 

8. Strom, G., Actu Physiol. Scand., 1949, v17, 
440. 

9. Mehl, J. W., J .  Biol. Chem., 1945, vlS7, 173. 
10. Chen, P. S., Jr., Toribara, T. Y., Warner, H., 

Rev., 1958, v38, 585. 

J .  Anal. Chem., 1956, v28, 1756. 

Received February 12, 1962. P.S.E.B.M., 1962, vl10.  
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Plasma albumin appears to have an impor- 
tant regulatory function in cell metabolism. 
Thus, Fritz et aZ.(6) observed that plasma 
albumin stimulates the oxidation of palmitate- 
1-C14 by skeletal muscle in vitro in concentra- 
tions lower than one micromole of albumin 
per 7 micromoles of palmitate, but inhibits 
this oxidation at higher concentrations. Helin- 
ski and Cooper(8) observed that plasma al- 
bumin is an essential component for oxida- 
tive phosphorylation of sucrose, succinate, 
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beta-hydroxybutyrate and some other sub- 
strates by rat liver mitochondria, and Sacktor 
et aL(13)  made similar observations with 
mitochondria from insect flight muscle. Glinos 
(4) observed that the albumin level in blood 
plasma of the rat and its changes after partial 
hepatectomy constitute an important regula- 
tory factor for liver growth and regeneration. 

The aim of the present investigation was 
to obtain quantitative data concerning the 
action of blood plasma and of plasma albumin 
on rate of tissue and cell metabolism in vitro. 
We chose to use blood cells and palmitate-1- 

Service. C14 as cell-substrate system for this study 
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because (a) observations of Fritz et al. ( 6 ) ,  of 
Shipp et a!.( 15), and of others indicate that 
to some extent the same basic interactions and 
processes will exist between plasma albumin, 
fatty acids and any tissue cells, whether these 
are muscle, liver, heart, or blood cells; (b) 
none of the usual tissue cells can be freed so 
completely and in such a short time from the 
plasma albumin present in intercellular space 
without any particular damage to the tissue 
cells as blood cells can; (c) interactions be- 
tween plasma albumin and long-chain fatty 
acids alone ( 5 ) , or between plasma albumin 
fatty acids and red blood cells(2,7,9), have 
already been intensively investigated by many 
authors using various methods. 

Nucleated erythrocytes in bone marrow are 
apparently capable of performing most of the 
metabolic react ions character is tic of nucleated 
cells in other tissues. After loss of the nu- 
cleus, some of these reactions are lost and 
others are no longer intact. However, James 
et aZ.( 11) have observed that blood cells are 
able to synthesize fatty acids, Mines et aZ. 
(12) have reported that blood cells incor- 
porate fatty acids into phosphatides, and 
Hrachovec et al. ( 10) have reported that blood 
cells oxidize palmitate- 1-C14 to C1402. These 
observations indicate that blood cells are a 
suitable material for our proposed study. 

Methods. All experiments reported here 
were performed according to the same basic 
pattern: U'ashed blood cells were incu- 
bated at  room temperature (around 23' 
to 24°C) with palmitate-l-C1-' in Conway 
microdiffusion units. Tnto the outer well were 
added: (a )  2.0 ml of an approximately 1 0 3  
suspension of washed blood cells, (b) 1.0 ml 
of a 0.04 mhl solution of palmitate-l-cl' in 
Tyrode-phosphate medium, and (c) 1.0 ml of 
diluted blood plasma, or 1.0 ml of Tyrode- 
phosphate medium. Therefore the final con- 
centrations in the total suspension medium 
were 0.01 mM for ~ a l m i t a t e - 1 - C ~ ~  and ap- 
proximately 5 %  for blood cells. 

A small removable stainless steel cup con- 
taining one ml of 10% KOH solution was 
inserted into the center well of each of the 
microdiffusion units to capture the C1402 
evolved during incubation ; all the microdif- 
fusion units were then closed at the same time. 

In each experiment there were (a) 2 or 3 con- 
trol units containing only palmitate-1-CI4 and 
no blood cells, (b) 2 or 3 other units contain- 
ing ~ a 1 m i t a t e - l - C ~ ~  with washed blood cells 
only, and (c) 6 to 8 experimental units con- 
taining ~a1rni ta te- l -C~~ with washed blood 
cells in presence of various concentrations of 
blood plasma or plasma albumin. 

After an incubation period of exactly 2 or 
3 hours, the microdiffusion units were opened, 
and in each unit the removable cup (contain- 
ing the evolved C1402) was replaced by 
another cup with 10% KOH; the microdif- 
fusion units were then closed again for a new 
period of incubation. Usually collections from 
several consecutive incubation periods were 
analyzed for evolved C1*02. The pH of the 
incubating Tyrode-phosphate medium was 
checked with the Beckman pH meter before 
incubation and then again after incubation 
and was found within the range of pH 7.2 to 
7.4. On the basis of the mean data obtained, 
the instantaneous rate of C1402 evolution was 
plotted against time. For each new experi- 
ment the microdiffusion units were carefully 
washed in cleaning solution, rinsed abun- 
dantly with double-distilled water, and dried. 
All the microdiffusion units were gently agi- 
tated during incubation in order to prevent 
sedimentation of blood cells to the bottom of 
the incubation wells, which would decrease 
the amount of C1402 evolved. 

The C1402 evolved during each period of 
incubation and captured in 10% KOH was 
precipitated with an excess of 1 M BaC12 and 
the BaC1403 was recovered and assayed for 
radioactivity . Is0 tope measurements were 
carried out with the Automatic Scaler Unit, 
model 161A, from Nuclear-Chicago Corp. ; 
the background was about 16 to 18 counts 
per minute. Radioactivity was usually meas- 
ured as the time required for 6,400 counts. 

The blood of 
normal, adult, fasting male rats weighing be- 
tween 300 and 400 g and killed by decapita- 
tion, was collected into about 10 ml of modi- 
fied Tyrode-phosphate medium, prepared 
with double-distilled water (NaCl - 0.137 M; 
KCl - 0.004 &I; Na2HPO4 buffered to pH 7.4 
- 0.01 M), and containing 10 units of he- 
parin. The collected blood was centrifuged 

Preparation of blood cells. 
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TABLE I. Effect of Homologous Blood Plasma on Oxidation at Room Temperature of 0.01 mM Palmi- 
tate-1-8' by Blood Cells (5% Concentration) Washed by the Short Procedure. 

I Evolved C'O," 1 

No plasma Time 
(hr) 2 0 X  4 0 X  8Ox 1 6 0 x  3 2 0 x  640X 1280X 2560X added 

Final dilutions of the added homologous blood plasma : 

0-2 4 6 2 3  7 8 2  5 1 2 4 k  9 2 3 8 k 1 7  3 9 8 2 2 8  5 9 7 2 3 9  8 3 5 2 6 1  9 4 7 k  77 1 0 1 0 2  85 
2-4 65 -+5 1 1 5 k  9 281 k 1 8  3 7 4 2 2 5  6 1 6 2 4 5  8 6 0 2 6 9  1096+89 1 1 2 8 2  92 1294+ 97 
4-6 106 &B 194 +15 356 k 2 3  540 2 3 9  784 k 6 3  936 ,+75 1280 k 9 8  1416 k 1 2 9  1542 2 1 2 6  

* Counts/min. for BaO'O, precipitate, representing difference between experimental and blood cell- 
free control. 

and the supernatant plasma was retained for 
later experimentation. The blood cells were 
then suspended in 20 volumes of Tyrode- 
phosphate medium and centrifuged again. 
After this second centrifugation the blood 
cells were resuspended in 20 volumes of the 
same medium and divided into 2 equal por- 
tions. 

With the first portion a third centrifugation 
was performed immediately; the supernatant 
was discarded and the cells were suspended 
and centrifuged again in 20 volumes of the 
same medium. After this fourth centrifuga- 
tion, a 10% suspension of washed blood cells 
was prepared, which then was incubated with 
~a1mi ta te - l -C~~ and also used for an estimate 
of the erythrocyte concentration by a photo- 
metric determination of total hemoglobin. In 
all experiments related in Table I the blood 
cells were washed in this way. 

The second portion of blood cells was 
treated in exactly the same way as the first 
one, except that the cells were left in the Ty- 
rode-phosphate medium for 24 hours before 
the third centrifugation. In all experiments 
related in Table I1 the blood cells were 
washed in this way. 

Preparation of the substrate. Palmitic-l- 
C14 acid (specific activity 1.99 millicuries/ 
millimole, from Nuclear-Chicago Corp.) was 
stored dissolved in benzene. An aliquot of the 
benzene solution was then pipetted into a 
small volumetric flask and evaporated in a 
mild stream of air. Palmitic acid is then neu- 
tralized with 0.01 M KOH solution in slight 
excess, dissolved at 75°C and adjusted with 
Tyrode-phosphate medium to the concentra- 
tion of 0.04 mM and pH 7.4. Aliquots of 
this solution are used for incubation with 
blood cells; a new solution of ~ a l m i t a t e - 1 - C ~ ~  
is prepared for each experiment . 

ResuZts. It was repeatedly verified that 
the amount of the evolved C1402 is the same 
in all the microdiffusion units, if exactly the 
same amount of blood cells is incubated with 
exactly the same amount of ~a1mitate- l -C~~.  
If, however, inhibitory substances such as di- 
luted blood plasma are added to some of the 
microdiffusion units, then the amount of 
C1402 evolved decreases in those units, as 
compared to the amount evolved in units 
where no inhibitory substances are added. 
Each of the values given in the accompany- 
ing tables is the mean of 8 to 10 determina- 
tions. 

Table I presents data on oxidation of 0.01 
mM of ~a lmi ta te -1-C~~ by 5% suspensions of 
blood cells washed by the short first proce- 
dure, and incubated for 3 two-hour periods in 
the presence of 8 different dilutions of ho- 
mologous blood plasma. Comparison of the 
first and ninth columns in Table I shows that 
washed blood cells oxidize palmitate about 20 
times faster in the absence than in the pres- 
ence of 20-times diluted blood plasma. With 
higher dilutions of blood plasma, higher rates 
of palmitate oxidation are observed, but even 
with 128Gtimes diluted blood plasma (and 
possibly with higher dilutions) the rate of 
palmitate oxidation is still not as high as 
when no plasma at all is added. 

Table I1 presents data from experiments 
similar to those in Table I, except that the 
time lag between the second and third centri- 
fugations was 24 hours for the experiments of 
Table 11, whereas i t  was about 15 minutes for 
the experiments of Table I. Comparison of 
the data in the last columns of Tables I and 
I1 shows that the mere suspension of washed 
blood cells in isotonic medium for 24 hours 
has nearly doubled their initial rate of palmi- 
tate oxidation. This might be explained by 
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inhibitory factors that are bound to the blood 
cells and leave them very slowly during wash- 
ing, i.e., over a period of several hours. 

Table I1  further shows that in the period of 
incubation between 2 and 4 hours the rate of 
palmitate oxidation is highest when 1280- 
times diluted plasma is added, and decreases 
to the right (with higher dilutions of blood 
plasma), as well as to the left (with lower di- 
lutions of blood plasma). These maximal 
values become even more pronounced during 
the period between 4 and 6 hours when the 
rate of palmitate oxidation is highest with 
the 320-times diluted plasma and again de- 
creases at both higher and lower concentra- 
tions. A possible explanation of these ob- 
servations might be that (a) the substances 
in blood plasma that are inhibitory in high 
concentrations are stimulatory in low con- 
centrations; (b) these substances are in equi- 
librium with the same substances bound in 
vivo to blood cells in such a high amount (and 
diffusing in vitro into the outside medium so 
slowly) that this amount does not decrease 
below inhibitory level even after repeated 
washing, unless the washed blood cells stay 
for several hours in isotonic medium; (c) 
even after a new addition of these substances 
in stimulatory concentration (as in experi- 
ments of Table 11, when 1280-times, 640- 
times and 320-times diluted plasma was 
added) it takes several hours for their stimu- 
latory action to come to full effect. 

Table I11 presents data from experiments 
on oxidation of 0.01 mM ~ a l m i t a t e - 1 - C ~ ~  by 
a 3% suspension of blood cells washed by the 
short procedure and incubated for 4 three- 
hour periods in the presence of 4 different 
concentrations of bovine plasma albumin. 
The data show that addition of plasma albu- 
min in increasing concentrations decreases the 
rate of palmitate oxidation by washed blood 
cells. Moreover, in all 5 columns of Table I11 
the amount of evolved Cl4OZ reaches its maxi- 
mal values either in the period of incubation 
between 3 and 6 hours or between 6 and 9 
hours, then decreases again during the next 
period of incubation. 

Experimental data from Table I11 were 
used for construction of curves 1 to 5 in Fig. 
1, representing the instantaneous rate of 
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TABLE 111. Effect of Bovine Plasma Albumin on Oxidation at Room Temperature of 0.01 mhiZ 
Palmitate-1-C" by Blood Cells ( 3Y0 Concentration) Washed by the Short Procedure. 

Evolved C140,* \ 

Time (hr) .08 .02 .005 ,00125 No albumin added 
Concentrations of albumin in mM : 

0- 3 135 2 11 356 2 29 6 3 4 2  43 890 2 59 1085 2 73 
3- 6 7 1 5 2 5 3  19402138 22752147 25702153 2787 2129  
6- 9 1 9 9 4 2  95 1785 2 83 1560 2 91 1419 75 1 2 3 4 2  79 
9-12 1385 2 68 8 1 2 2  71 505 -c 49 327 35 2 0 9 2  26 

Ratio of albumin in mM to palmitate in mM 
8 : l  2 : l  %:l % : I  0 : l  

* Counts/min. fo r  Ba040, precipitate, representing diff erewe between experimental and 
blood cell-free control. 

CI4O2 evolution, and data from Table I for 
construction of curves a to d, also in Fig. 1. 
The same construction procedure illustrated 
with curve 2, based on data from the second 
column of Table 111, was also applied for all 
the other curves; dotted lines are extrapola- 
tions. 

Dervichian(3) observed that 100 g of 
blood cells can rapidly adsorb 2 0 0  to 400 mg 
of fatty acids from the solution before hemoly- 
sis takes place. In our experiments, the ra- 
tio of 0.01 mM palmitate to 5 %  suspension 
of blood cells is only about 1 f / 2  to 3% of this 
saturation ratio. The fact that the rate of 
P O 2  evolution rises rapidly to its maximal 

0 
Incubation fume ( h o w $ )  

FIG. 1. Curves of instantaneous rate of 040, evo- 
lution during incubation of palmitate-l-C14 with 
washed blood cells, as constructed from data in 
the 5 columns of Table 111, fo r  curves 1 to 5 a i d  
in the first 4 columns of Table I, for curves a to d. 
The construction process is  illustrated with curve 
2, based on data from the second column of Table 
111; dotted lines are extrapolations. All curves 
are corrected to a blood cell concentration of 59'0. 

value, as Fig. 1 demonstrates, would then ap- 
pear to be due to rapid adsorption of the pal- 
mitate molecules on washed blood cells, con- 
stituting the first step of their oxidation, 
which then starts for all the molecules a t  ap- 
proximately the same time. The subsequent 
early decline in C402 evolution is explained 
by the fact that only the first carbon of the 
palmitate molecules is labeled, whereas the 
whole molecule can be used as a source of en- 
ergy and gradually cleared of acetyl frag- 
ments until completely degraded. 

When the washed blood cells are incubated 
with palmitate-1-C14 in the absence of plasma 
albumin (or of blood plasma or any other in- 
hibitory substances), then the peak of P4O2 
evolution is high and is reached in a very 
short time (curve 5 ,  Fig. l ) ,  indicating that 
in the absence of inhibitory substances the 
speed of palmitate oxidation is very rapid. In 
the presence of plasma albumin in increasing 
concentrations, the speed of palmitate-1 -CI4 
oxidation gradually decreases ; consequently, 
the peak of CI4O2 evolution also decreases 
and is reached after an increasingly longer 
time (curves 1 to 4, Fig. 1). 

Discussion. Our results show that (a) 
blood plasma, even when diluted several hun- 
dred times, has an inhibitory action on palmi- 
tate oxidation by washed blood cells; (b) 
plasma albumin is one of the substances con- 
tributing to this inhibitory action of blood 
plasma; (c) under certain experimental con- 
ditions and with very high dilutions of blood 
plasma, its inhibitory action is replaced by a 
stimulatory one. 

The first step of the action of albumin on 
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palmitate oxidation by blood cells appears to 
be closely related to the “protein-coating” of 
blood cells. Thus, Hewitt(9) observed that 
the so-called “anti-sphering factor,” the pres- 
ence of which on the red cell surface is neces- 
sary for its disk shape, is identical with the 
carbohydrate-poor fraction of plasma albu- 
min, and that its removal by adsorption 
changes red cell disks into spheres, whereas 
the carbohydrate-rich iraction of plasma al- 
bumin shows very little activity. Furchgott 
( 7 )  observed that this active, carbohydrate- 
poor fraction of plasma albumin can be de- 
prived of its “anti-sphering activity’’ by addi- 
tion of traces of palmitic acid or oleic acid. 
Furchgott ( 7 )  also observed that plasma al- 
bumin is in equilibrium between blood plasma 
and the red cells, which take up plasma albu- 
min to the extent of approximately 800 mg 
per 100 ml of cells; when the plasma is 
washed away, this albumin goes into a new 
equilibrium between the cells and the saline 
medium. This is in accordance with earlier 
observations by Scott ( 14) that dilution of 
blood with an isotonic medium causes the 
blood corpuscles to lose protein as well as 
non-protein nitrogen. Later Bellis and Scott 
(1) found that upon addition of isotonic sa- 
line to whole blood in vitro, total protein of 
the plasma became greater than it was in the 
original plasma, indicating that some protein 
entered the blood plasma from the corpuscles. 

Fatty acids are known to have hemolytic 
action, but the concentrations of palmitate-l- 
C14 (0.01 mM) which we used in our meta- 
bolic studies are only about 275 of the mini- 
mum concentrations of fatty acids required to 
produce hemolysis at  pH 7.4 (3) .  Davis and 
Dubos( 2 )  observed that plasma albumin pro- 
tects washed red blood cells against the hemo- 
lytic action of oleic acid, and that each mole- 
cule of albumin binds about 3 to 6 molecules 
of oleic acid tightly enough to prevent this 
hemolytic action. This ratio is in accordance 
with later and more detailed observations of 
Goodman(5) who reported that there are 3 
types of binding sites, with 3 different asso- 
ciation constants, on each molecule of plasma 
albumin, binding 2 molecules of fatty acids 
very tightly, seven molecules less tightly, and 
20 molecules very weakly. It is interesting 

that in the experiments reported here, the 
320-times diluted blood plasma contains 
plasma albumin in about 0.00114 mM concen- 
tration, which with 0.01 mM ~almi ta te -1-C~~ 
gives the concentration ratio of approximately 
1 : 7, and that it is at these concentrations that 
the maximal stimulatory effect is observed 
(Table 11). 

The regulatory action of plasma albumin in 
cell metabolism (inhibitory at high concentra- 
tions, stimulatory at low ones) probably is 
related largely to changes in its concentration 
equilibrium between various compartments 
inside and outside the cell. Thus, intracellu- 
lar plasma albumin, which is an essential 
component for oxidative phosphorylation by 
cell mitochondria (8,13), appears to be in 
equilibrium with plasma albumin in the inter- 
cellular space. On the other hand, isotope 
tracer studies also indicate that albumin of 
blood plasma is in equilibrium with albumin 
in the intercellular space, where it is in part 
bound to the tissue cells. It can be consid- 
ered that the regulatory action of plasma al- 
bumin in the cell metabolism of other sub- 
strates (8) is dependent on its concentration 
equilibrium between the inside and the out- 
side of the cell, or perhaps an adsorption 
equilibrium between the cells and the environ- 
ment, in a manner similar to its action on 
palmitate oxidation by blood cells. 

Sncnzmary. Washed blood cells from nor- 
mal, fasting adult rats were incubated with 
palmitate-1-C1’ in the presence of increasing 
dilutions of homologous blood plasma, or in 
the presence of various concentrations of bo- 
vine plasma albumin. It has been observed 
that (a) blood plasma, even when diluted sev- 
eral hundred times, has an inhibitory action 
on palmitate oxidation by washed blood cells; 
( b )  plasma albumin is one of the substances 
contributing to this inhibitory action of blood 
plasma; (c) under certain experimental con- 
ditions involving very high dilutions of blood 
plasma, its action is stimulatory rather than 
inhibitory. The data from several consecu- 
tive periods of incubation were used for con- 
struction of skewed bell-shaped curves of in- 
stantaneous C1J02 evolution; they are steep 
and high in the absence of plasma albumin, 
but flatten out in its presence. The results 
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are discussed in relation to the action of 
plasma albumin on cell metabolism and to 
interactions between fatty acids, plasma al- 
bumin, and red blood cells. 
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Vascular resistance has been observed to 
increase markedly at  low perfusion flow rates 
in the whole animal( 1,2) and in isolated tis- 
sues(3-5). It has been postulated that as 
flow is further diminished, the increase in 
resistance may proceed to total occlusion of 
small arterial vessels once a critical pressure 
has been reached ( 6 ) .  Recent investigations 
have been concerned with the magnitude of 
this pressure at  which blood flow is reduced 
to zero(7-10). Results have shown that if 
a positive arteriovenous pressure difference is 
found at  zero flow it is produced by extravas- 
cular pressure acting as a collapsing force on 
blood vessels(8,9). It was considered of in- 
terest to extend these earlier observations to 
incorporate the visceral circulation. 

Methods. The perfusion technics used 
have been previously reported ( 7-9,11,12 ) . 

*Research completed in part at Univ. of Minne- 
sota, Dept. of Physiology, supported by grant from 
Life Insurance Medical Research Fund. 

Adult dogs intravenously anesthetized with 
sodium pentobarbital, 30 mg/kg, were used 
in 8 perfusion experiments. A loop of the 
small intestine was carefully dissected free, 
together with its connection to the superior 
mesenteric artery and aorta, and perfused in 
a retrograde fashion via the aorta, the tip of 
the perfusion cannula positioned just distal 
to the origin of the superior mesenteric ar- 
tery. This procedure permitted transfer of 
the intestine to the perfusion apparatus with- 
out interruption of blood flow. Great care 
was taken to avoid severing arterial vessels 
so that all blood perfused tissue and drained 
through a large severed mesenteric vein. In- 
testines were transferred to the perfusion ap- 
paratus, suspended on a strain gauge weigh- 
ing device(l3) and perfused with a sigma- 
motor pump at the highest flow compatible 
with the isogravimetric state. Blood for the 
intestinal perfusion circuit was obtained from 
a pump-lung apparatus( 8,9), or anesthetized 




