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SUM MARY

The purpose of this study was to determine whether chiamiges in long-chain free fatty acid

concentration would alter tue transport alid utilizatiomi of another orgamc higand that was

bound to human plasnua albumin. Ehirlich ascites cells were incubated in medium containing
human albumin, and the uptake of 2-(4’-hydroxyphenylazo)benzoic acid was measured rela-
tive to the free fatty acid concentration of tile mediunu. As the molar ratiot of free fatty acid

to albumin was raised from 1 to 4, hydroxyphenylazobenzoic acid uptake by thie cells in-
creased. Imi contrast, cells “loaded” with large quantities of fatty acid took up mio more
hvdroxvphlemivlazobemizoic acid from an albumin-free mediunu thuan did cells loaded witil omuly

small amoumits of fatty acid. Equilibrium dialysis binding measurenuemits indicated that time
binding capacity of ii uman albumin for Iuydroxyphlenylazobemuzoic acid decreased as tim o’
molar ratio of free fatty acid to albunuin was raised. Therefore, it is likely that the free fatty

acid-induced increase imi hydroxyphenylazobenzoic acid uptake by tile Ehirhich cells was olue

to displacenuent of this conupound from strong to weaker albunuin bimldimlg sites rather titan to

a direct effect of fatty acids on the cells. These results suggest thiat variations in tue molar

ratio of free fatty acid to albumin may influence the transport amid utihzatlo)ml of otimer al-
bumin-bound metabolit es or drugs.

INTROI)UCTION

Free fatty acid is thue form in �vhuicii fat is
transported from adipose tissue storage tie-

Pots to peripheral sites of utilization (1, 2).

Albumimi is the transport vehicle for FFA2
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in time plasma (3). Time l)lasma l”FA (,omicen-
tration cami vary comisiderablv over rela-

tively short periods of time, and values

ranging from 0.2 to 2.5 �.tEq nIl have been

observed in humans (4, 5). In additiomi to

F FA, albunuin serves as tIme plasma t vans-

port proteimi for nuetabolites such as uric
acid (6) and bilirubin (7), amid mam�v COtli-

momily used drugs. Examples of thit’ latter

ilidiude salicvlates (S), time coumarimi amiti-

coagulamits (0.)), digitalis (10), and elm loro-

phemioxyisobutyrate (11). Since the jthiam-

acid or acids; IIAI3A, 2-(4’-hvdroxvpheuivlaza -

1)eIIz(,ie aci(i
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macological effectiveness of these and many
other drugs depends in part upon binding to
albumin, it is important to investigate those

factors that may influence the binding

l)rocess. The effect of FFA concentration on
time utilization of another albumin-bound
organic ligand has not been examined thor-
oughly. However, there is evidence from
binding studies that chamiges in FFA con-
cemitration within physiological limits may
affect the transport of a second organic
ligand by albumin (8, 12, 13).

The purpose of this study was to deter-
mine whet.hmer changes in FFA concentration

would affect the utilization of another com-

pound that was transported by human

l)lasnm albumin. A model compound, 2-(4’-
hydroxyphenylazo)benzoic acid, was selected
for this introductory investigation because it
can be assayed rapidly by spectrophotom-

etry (14). Ehrhich ascites cells were employed
for the uptake studies. FFA metabolism huts

beemi investigated extensively in this model
system (15), amid we thought that this
imifornuation might permit. a more definitive
interpretation of the present findings. Our
data indicate tilat HABA uptake was altered

when the FFA to albumin nuolar ratio was
varied within the physiological range and
that this probably resulted from competition

for albumin binditig between HABA and

FFA.

MATERIALS ANt) METHODS

Crystalline human serum albumin was

purchased from Research Products Division,
Miles Laboratories. The protein i�’as ex-
tracted with activated charcoal to remove
inheremlt FFA (16), dialyzed, and adjusted

to the required salt concentratiomi and pH as

(lescribed previously (17). Fatty acids of the
highest purity available commerically were

purchased fromiu the Hormel Institute,

Austimi, Minn. Fl”A were added to albumin

solutions by incubation with fatty acid-
coated Cehite (18). FFA concentration was

measured by titration (19), and protein
concentration was determined by the biuret

method (20). HABA was purchased from

Dajac Laboratories, Borden Chemical Com-

pan�’. The absorbance spectrum and extinc-
tion coefficient of these dye preparations

were identical with those reported by Baxter
(14). All the solutions contained 132 m�r
NaC1, 4.9 m.u KC1, 1.2 m� i\1gSO4, and 16
mM sodium phosphate, pH 7.4. Absorbance
measurements were made with a Beckman
DU spectrophotometer in quartz cuvettes

having a 1-cm light path.

Ehrlich a,scit.es cells were transplanted,
harvested, and I)rePared as reported pre-

viously (21). The washed cells were suspended
in the phosphate-buffered salt. solution de-
scribed above, and cells were counted with
a clinical hemocvtometer and microscope
(21). Suspensions of Ehrhich cells were

incubated in 5 ml of medium containing
albumin and HABA imi a 37#{176}water bath with
shaking at SO oscillations/mm. Air served

as the gas phase. Appropriate control incuba-
tions containing no cells were preseiit in each
experiment. The incubation was terminated

by transferring the contents of each flask to

a chilled centrifuge tube and sedimenting

the cells at 0#{176}for 5 flllIi at 4000 X q. The
supernatant solutiomi was removed and
centrifuged again at 8000 X 1/, and aliquots

of this supernatant solution were assayed
spectrophotomet rically for HABA content
(14). HABA uptake was calculated by
difference, using tile appropriate medium
incubated withuout cells as the control. Ab-
sorbance measurememits were made at both

350 and 480 nnu, amid concentrations were

calculated from standards containing the

appropriate amount of albumin and various
anuounts of HABA. Idemitical results were

obtained when either set of readings was
employed. All the cell uptake data with
albunui n-contai ruing media are based upon

the 480 nm absorbance measurements. Incu-
bation of HABA with palmitate did not

alter the absorbance spectrum of the dye.
In additional experiments, aliquots of cells

were incubated initially for 5 mm at 23#{176}with
0.1 mu albumin solutions containiiig from 0

to 0.55 mu palmitate. After washing three
times with cold buffer solution (21), the
cells were incubated for 10 or 20 miii at 37#{176}
in protem-free nuedium containing either

0.057 or 0.107 mu HABA. Comutrol media

containing no cells also were incubated, and

HABA uptake was calculated as above, using

absorbance measurements made at 350 mum.
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The equilibrium dialysis techinique em-

ployed for the binding measurements was a
modification of the one described by Baxter
(22). Dialysis cells (model 250) and mem-
branes were purchased from Bel-Art Prod-

ucts, Pequannock, N. V. Before use, mem-
branes were placed in 200 nul of boiling

distilled water for 1 5 miii and then soaked
for 24-48 hr in an additional 200 ml of
distilled water at 23#{176}.Preliminary experi-
ments demonstrated that neither human
plasma albumin nor I)almitate-1-’4C passed
through these dialysis membranes at pH

7.4. Complete equilibration of HABA in this
j system occurred withimi 20 hr at 23#{176}.Small

quantities of HABA were adsorbed on the

dialysis membrane, and corrections were
made for this in the calculation of the binding

results. In a typical experiment, 6-13 dialysis
cells were loaded with 0.1 mu albumin in

one compartment, and a solution containing
0.06-1 .5 mu HABA was placed in the
second compartment.. Incubation w-as per-
formed at 23#{176}for 24 hmr in a water bath
incubator that was shaken at 40 oscillations/
mm. The HABA concentration in the

albumin-free compartment was measured
spectrophotometrically at 350 nm. The pH
of the solutions on both sides of the dialysis

#{149} membrane remained identical during incuba-
tion, indicating that. no appreciable Donnan
effect occurred. Therefore, corrections for the
Donnan effect were not made in these binding
experiments. The unbound HABA concen-

tration and the molar ratio of boumid HABA
to albumin were calculated, and the data
were analyzed by the method of Scatchard
(23).

RESULTS

Effect of FFA on HA BA uptake by Ehrlich

cells. Ehrhich cells took up HABA from
media containing albunuin arid from protein-

free media. In both cases, uptake increased

during the course of a 1-hr incubation.

HABA uptake was 3 times greater at 37#{176}

thaii at 0#{176}.The initial studies revealed that

the amount of HABA taken up at each time

point from media containing albumiui was

dependent upon the FFA to albumin molar

ratio. In order to investigate this observation

in greater detail, additional experiments

were performed using a 1-hr incubatiomi at

37#{176}.These conditions were selected because

tue HABA incorporatiomi �VaS large enough

to permit tile nueasurenuent of uptake by

TABLE 1

Effect of palm itate to albumin ;imolar ratio on HABA

vptake by Ehrlich cells

Ehrlich cells were imicubated in 5 nil of a medium

containing 132 m�m NaCl, 4.9 ni�n XCI, 1.2 nun

MgSO4, 16 m� sodium phosphate (p1-1 7.4), 0.064

n�m albumin, aumd 0.107 m�i IIABA. The palmitate

content of the medium was varied from 0 to 0.211

mM. Iumcubatioum was performed at. 37#{176}for 60 mini

with air as the gas phase. Each value is the nieaui ±

standard error of eight. separate determiuiat ions.

The difference between “FFA-free” albumin 101(1

the palmitate to albumin molar ratio) of 1.04 is not

significaumt (p > 0.1); that between FFA-free

albumin aumd the l)alnlitate to albumin molar rat I()

of 2.04 or 3.24 is significant (p < 0.01).

Palmitate to
albumin molar ratio HAB.� uptake

T.uiI�E 2

n,noles/1O#{176} cells

88± 8

76± I)

123 ± 10
178 ± 10

Effect of (lijierent fatty acids and albnmins

on HABA uptake by Ehrlich cells

The conditions of incubation were the same as

those described for Table 1, except that the FFA

concentration was either 0.064 or 0.21 m�. Each

value is the meaum ± standard error of five deter-

minat 101mM.

Fatty acid Albumin

HABA upta ke

il=1.0a � =3.3

nmoles/108 cells

134±3.1 221±1.7”

128 ± 2.2 158 ± 2.5”

117 ± 4.5 151 ± 9.2c

12’2±1.7 128±1.lc

83 ± 3.2 127 ± 14”

a Ratio in moles of FFA to albumin present in

the incubation medium.

“P < 0.01.
0.01 < p < 0.05.
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differences in nuedium HABA content and

because sufficient time was available to
niamuipulate large numbers of incubation

flasks. Tuible 1 illustrates the effect of the

1)alnuitate tO albumin molar ratio on HABA
uptake by tile cells. The molar ratio of

HABA to albumin was 1.67 in each medium.

Tilere � 110 sigmiificant difference in HABA
uptake from the FFA-free medium as com-

pare(l with the one in winch the palmitate
to albumin ratio was 1.04. However, HABA
tipt�tkt’ increased markedly wh#{236}enthe pal-
11uitItt(� to) albumin ratio was raised further.
As compared wit.hi the FFA-free medium,

HABA uptake was 39 % greater when the

I)alnuitate to albumin ratio was 2.08 and
102 � greater wliemi the ratio �vas 3.24.

Similar effects on HABA uptake were

produced by FFA other thmn palniitate amid
whmemm bovine albumin �y’is substituted for
hiumami albumin (Table 2). In this series of
experiments, there � a 65 #{182}�increase in
HABA uptake from media containing human
albumin whemm the I)almitate to albumin
molar ratio �yas 3.3 as compared with 1.0.

Oleate amid laurltte �tt molar ratios of 3.3

l)rodtuced increments in HABA uptake of
23 #{182}�and 29 #{182}�,respectively, as compared

w-lthl a molar ratio of 1.0. In contrast, only

a very small increase in HABA uptake

occurred wheml the medium-chain fatty acid

octammoate was tested umuder thiese conditions.

In media containing bovine albumin, palmi-
tate at a molar ratio of 3.3 produced a 53 %
imlcrease imi HABA uptake as compared with
a molar ratio of 1.0.

Table 3 illustrates tue effect of palmitate
omi HABA uptake at different HABA to
albumin molar ratios. The palmitate to
albunuimi molar ratio was either 0.8 or 3.3.
I midepemident ly of the jualniitate coiitent in

time mediunu, HABA uptake increased con-
siderablv as tile HABA to albumin molar

ratio was raised. However, at each HABA
to albunuin ratio, more HABA was taken up

when the larger amount of palmitate was

presemit.
A secomld factor regulating HABA uptake

was time amount of HABA-albumin complex

present in the imicubation medium. As show-n
iii Table 3, HABA uptake increased when

time concentratiomi of the HABA-albumin

TABLE 3

Effect of HABA to albumin molar ratio and albumin

concentration on FFA -induced increment in

HABA uptake

The conditions of incubation were the same as
those described in Table 1. In experiment 1, the

albumin concent rat ion remained constant and the

HABA concentration was raised so that the HABA

to albumin ratio varied from 0.83 to 3.33. The pal-

mitate concentration was either 51 or 211 MM. In
experiment 2, two different albumin concentra-

tions were employed. The HABA concentration

was varied concomitantly so that the HABA to

albumin molar ratio was 1.67 in both cases. Like-

wise, the palnuitate concenit ration was adjusted so

that the pahmitate to albumin molar ratio re-

mained either 0.8 or 3.3. Each value is the mean ±

standard error of six separate determinations. All

the mean values obtained when the palmitate to

albunuin molar ratio was 3.3 are significantly

larger than those obtained when the molar ratio

was 0.8 (p < 0.01).

Expt

Incubation
medium

HABA uptake

-

Al-
HABA

bumin
r = 0.8#{176} = 3.3

M11 nrnoles/1O’ cells

1 (34 53

64 107

64 213

11±0.7 47±2.8

50 ± 1.6 117 ± (3.4

114 ± 2.8 196 ± 2.5

2 80 133
240 400

95 ± 1.9 149 ± 4.0
139 ± 4.0 213 ± 5.3

a Pairnit ate to albumin molar ratio present in

the incubation medium.

complex was raised. This also occurred

independently of the anuount of palmitate
present. in the medium. However, at each

albumiui concentration, more HABA was

taken up when the palmit.ate to albumin
ratio was 3.3 thamu when it was 0.8.

HABA uptake relative to cell fatly acid

content. Did the FFA-induced increase in
HABA uptake result from an effect of fatty
acid on the ability of albumin to bind
HABA, or omi time cellular uptake process?

Previous studies show’ed that. FFA uptake
by Ehrlich cells increased markedly as the
FAA to albumin nuolar ratio was raised (15,

24). Therefore, thle increase in HABA uptake

could be secondary to thue presence of larger
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amounts of fatty acid associated withi the

cells. In order to examine the possibility of
a direct effect of FFA on the cells, the
following experiments were performed. Cells
were incubated briefly in albumin medium
containing either high or low palmitate coii-
cemutrations. The cells were isolated, washed

thoroughly, and resuspended in a protein-

free buffered sutlt solution (24). Cells lure-
pared in this way after incubation with

medium having a palmitate to albumin
molar ratio of 1 conttuuied only about S
nEq of newly incorporated fatty acid per 108

cells; those incubated with medium in which

the molar ratio was 5.5 contained about 175

nEq (24). Aliquots of these “loaded” cells

were incubated briefly in a second medium
containing HABA but no albumin. It was
necessary to use a protein-free medium for
the second incubation iii order to prevent
release of much of time newly incorporated
fatty acid from the cells (15, 21, 24). In

addition, the second incubation had to be
brief because newly incorporated fatty acids

are metabolized rapidly by Ehrlich cells
“loaded” in this way (24, 25). As shown in

Table 4, there w-as essentially no chuange in
HABA uptake when cells initially containing
large amounts of newly incorporated fatty

acid were compared with those containing

little or no newly incorporated fatty acid.
These observations suggest that tile FFA-
induced increase in HABA uptake probably
did not result primarily from an effect of
fatty acid on the cells.

Effect of FFA on HABA binding to human

serum albumin. Another possible explanation
for the FFA-induced increase in HABA up-

take was that FFA altered the affinity of
albumin for HABA, thereby making HABA
more available for uptake by tile cells.

Binding studies were performed in order to
test this possibility. Figure 1 illustrates the

differences in HABA binding to human
albumin relative to tile amount of palmitate
present in the medium. HABA binding was

decreased when the palmitate to albumin

molar ratio was 3 as compared with “FFA-

free” albumin, and it was decreased even

further when the palmitate to albumin molar

ratio was raised to 5.9. The binding isotherm

with FFA-free albumin was resolved by the

TABLE 4

Comparison of HABA uptake front pro/din -free

medium by Ehrlich cells loaded Wit/I different

amounts of palmitate

The cells were divided into two batches iii each

experiment. One batch (low FFA) was incubated

for 5 mini at 23#{176}in a medium containing 0.1 mM

albuminm and either no FFA ()r 0.1 ruM p:tlniiitate.

The other batch (high FFA) was incubated tinder

the sante condi t bus with cit her 0.4 m� or 0.55 m�n

palmit ate. Each cell preparation was washed three

times with the prot em-free buffered salt soltmtion

Aliquots of these cell suspensionms then were inicu-
bated for cit 11cr 10 or 20 nun at 37#{176}iii prot(itm-free

buffered salt. solution containing cit her 0.24 or

0.48 m�n HABA. In each experiment, the cells mmcii-

bated initially in medium comltaining lit tle or no

FFA were compared with those incubated initially

in medium C0fl t ai Hi ng a high FFA concen t rat 1(01.

Media containing no cells alsoi were incuhat ed as

controls, and IIABA uptake was calculated fr))m

the difference in absorbance of the flledia at 35()

nm. Each value is the mean ± standard error of

three determinations. Tile differences iii time mean

values are not significant.

Expt HABA#{176}
Incuba-

tion
timeb

HABA uptake

Low FFAC High FFA

,nit flhi? nmoles 1O� cells

1 0.24 10 12±0.9 13±0.2
2 0.48 10 36 ± 1.0 35 ± 1.0

3 0.48 10 45 ± 1.1 41 ± 1.0

4 0.48 20 61 ± 0.7 63 ± 0.7

1-IABA concentration in the second incuba-

tiomm medium. �io protein was presemlt in this

medium.

Period (if incubation in the niediunu contain-

ing IIABA.
FFA comitent of the nlediunl used for the pre-

liminary imlcubation. In experiments 1 and 2, tIle

low FFA medium contained 0.1 nmi palmitate and

the high FFA medium contained 0.4 mit palmit ate.

In experiments 3 and 4, the low FFA medium con-

tamed no palmitate and the high FFA medium
contained 0.55 mit palmitate.

Scatchard method (23) into a miiumum of

two components: n1k’1 = 2.4 X 10� �m

and mi2k’2 = 2.1 X 10� �m. This suggests tile
presence of at least two classes of HABA-

binding sites (23). When the palmitate to
albumimi molar ratio was 3, tIme bindimig iso-

therm also was resolved into a minimum of
two components: n1k’1 = 1.6 X 10� ii’ and



I

I

I

I

TABLE 5

516 SPECTOR ANI) IMIG

I

Fm. 1. Effect of palmitate concentration on

HABA binding to human serum albumin

Biniding was measured by equilibrium dialysis
at 23#{176}for 24 hr. The albumimi concentration was

0.1 mit, and the incubation media comitained 132

mM NaC1, 4.9 mit KC1, 1.2 mit MgSO4, 16 mit

sodium phosphate (p11 7.4), and various quantities

of HABA. A single l)reparation of defatted al-

bumin was used for these experiments. The top

most curve (�) represents data obtained with

“FFA-free” albumimm; the center curve (0), data

obtained when 0.3 mit palmitate was present;

amld the lowest curve (A), data obtained when 0.59

mit palmit.ate was present.. The symbol i� refers to

the IIABA to albumin molar ratio; C refers to the

molar comlcentration of unbound HABA.

n2k’2 = 2.0 X 10� .u’. Hence, tile major

change produced by the presence of palmitate
was a reduction in the contribution of the

stromiger compomient (primary class of sites)
to HABA binding. When the palmitate to
albumin molar ratio was 5.9, the binding
data could be fitted adequately by the

method of Scatchard to a straight line with

n1k1’ = 1.8 X 10� M’. This suggests that
the stronger class of HABA-binding sites was
not functional whemi this relatively large

quantity of palmitate was present. In con-
trast, HABA bimidimlg to the weaker secon-

dary sites still was not much affected.
Because of the poor resolution between

the data obtained with “FFA-free” albumin

and those with 3 moles of palmitate, we
performed additional binding studies in order
to determine the significance of the observed

differences. Results taken from a series of

experiments with palmitate and oleate are

listed in Table 5. Different preparations of

albumin were used for the palmitate and

oleate experiments. In general, the data sug-

gest that the affimiit.y of albumin for HABA

decreased progressively as the FFA to

Effect of FFA to albumin molar ratio on HABA binding to huntan serum albumin

The procedure employed for the binding measurements was identical with that described for Fig. 1.

Different “FFA-free” albumin preparations were employed for the palmitate and oleate experiments.

Each value for unbound HABA concentration is the mean ± standard error of six separate determina-

tions.

Fatty acid
FFA to albumin

molar ratio

Unbound HABA

v=0.9’ u2.5 �=5.0

.me X 10’

Palmitate 0
1.5

3.0

4.4

0.33±0.03

0.36±0.04

0.39±0.04

0.58±0.04c

0.96±0.07

1.17±0.12

1.26±0.10”

1.79±0.08

2.52±0.17

3.13±0.12”

3.22±0.19”

3.99±0.18c

Oleate 0
1.5

3.0

4.4

0.42±0.02

0.43±0.08

0.50 ± 0.04

0.57±0.01”

1.19±0.06

1.20±0.04

1.28 ± 0.04

1.43±0.04c

2.45±0.10

2.94±O.09e

2.90 ± 0.08’

3.38±0.17”

a Molar ratio of bound HABA to albumin.

Significance of the difference from the corresponding value obtained with “FFA-free” albumin is
0.01 < p < 0.05.

p < 0.01.
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albumin molar ratio) was raised. However,
only certain of time observed differences be-
tweemi FFA-free albumin and albumimi comi-

taimling 1”F’A were statistically sigmiificant.

\Vhiemi F’F’A-free albumin was compared with
albumin containing 1 .5 moles of FFA, onlly
time difference imi umibound HABA comicentra-
tiomi obtaimied at time highest HABA to
albumin molar ratio was significanmt. Imi con-

trast, all the differences between FF’A-free
albumimi and albumimi comitaining 4.4 moles

of F1”A were sigmiificant. With albumimi comi-
tainimig 3 moles of FFA, only three of thie
six values were significantly differemit from

those obtained with F’FA-free albumin at the

level of p < 0.05 or less.

DmscUssIoN

Time amoummt of HABA takemm up by
Ehrlich a.scites cells from media containimmg

albumimi was dependemit upon time FFA to
albumin molar ratio). No significant chamlge

in HABA uptake occurred whemi the palmi-
tate to albumimi molar ratio was raised from

0 to 1. However, a progressive increase in

HABA uptake occurred when the molar
ratio was increased from 1 to 4. Similar

effects were produced by oleate amid laurate,
but not by octanoate. Based upon indirect
experiments, it appears that tile FFA-

induced alteratiomus iii HABA uptake did
not result primarily from an effect of fatty
acid on the cells. On the other hamid, equi-

librium dialysis studies indicated that the
binding capacity of albumin for HABA

decreased as tile FFA to albumin molar ratio
was raised. Similar competitive effects for
bimiding to albumin have been observed

betweemi FFA and methyl orange (12),
azorubin (13), thyroxine (26), triiodothiy-
ronine (27), amid salicylates (8). Therefore,
it seems reasonable to suggest that time
FFA-imiduced increase in HABA uptake was

secondary to competition between HABA
amid FFA for albumin bindimig sites. Albumin
binds FFA mucii more tightly than HABA

(3, 17). Hence, it appears that when more
than 1 mole of FFA is bound, HABA is dis-

placed from stromig to weaker albumin bind-

ing sites, thereby increasimlg the availability

of HABA for uptake.

Time presemit studies were perfornue(1 ill

1’itI�() \Vithi an experimemmtal model systemmi

and a model ligammd. Timerefore, one nuust be

extremely cautious mi extrapolat immg t hmese

results to othler situations in which F’FA amid

a drug compete for albumimi binding sites. Omi

the otiler hiammd, tile possibilit�’ is suggested

that the effectiveness or metabolism of cer-

taimi aibumin-boumid drugs iii systems in

vitro mmmv be influetmced by FFA concentra-

tiomi. Commericallv available albumin prep-

aratiomis commtain quite variable amoumuts of

FFA (16). Hence, careful attention should

be paid to the F’FA comitemit of albumin thiat

is added to incubation media in vitro.

Moreover, the I)ossibility that I”FA added

to or accumulatimig in these media may in-

fluence time results obtaimmed with an albumin-

boumud drug must be commsidered.
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