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Transport and metabolism of pa!mitate in the rat liver. 
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The unidirectional fluxes of palmitate across the liver cell membrane and metabolic uptake rates were m:asured employing the 
multiple-indicator dilution technique. The following rcsuhs were obtained: (I) Influx and net uptake rates do not vary 
proportionally to each other when albumin and palmitate conccntratlor,~ arc varlcd. ~2) Effiux ;s significant for albumin 
concentrations in the range between !.5 and 500 ~M. (3) At 150/tM albumin net uptake rates arc proportional to the total 
(bound plus free) extracellular palmitate concentration in the range from 10 to 600/~M; the dependence of influx rates on the 
palmitatc concentration is rather concave up. (4) When albumin and palmitate are both varied at an equimolar ratio, 
pseudo-saturation appears in the net uptake rates; the influx rates also show pseudo-saturation, but with a declining tendency at 
the higher concentrations. (5) The intracellular palmitate concentration is strongly influenced by albumin. At very low 
concentrations of the protein (I.5 /tM) the intracenular concentration is practically equal to the cxtraccllular one; at 
physiological albumin concentrations, however, the intraccllular paZmitate concentration is less !ban 2% of the extracellular one. 
(6) Saturation of net uptake with respect to the intraccllular palmitate concentration was not obscrvc~ with conccntratio~ up to 
46 p.M. 

Introduction 

The uptake of fatty acids and of other albumin- 
bound substances by the liver cells has been the subject 
of intense investigation in the last years. Two main 
interrelated questions have been under discussion: the 
limiting factors for net uptake and the mechanism of 
permeation. The early conjecture of the involvement of 
a specific albumin receptor at the surface of the liver 
cells [ I -4]  was later abandoned, because its existence 
could not be confirmed [5]. More accurate modeling of 
the overall uptake process revealed that the kinetics of 
uptake could also be explained, partly at least, by 
extracellular events far from the cell surface. In the 
case of a whole organ, where the ratio of extra- to 
intracellular spaces is low, replacement of free sub- 
strate by dissociation of the albumin-fatty acid complex 
may become rate-llmiting [4]. Moreover, it has als.~ 
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been demonstrated that permeation of the cell mem- 
brane occurs by means of a carrier which binds and 
transports the free form of long-chain fatty acids [6,7], 
a fact which also influences the overall uptake kinetics. 

In most studies on fatty acids uptake in the peffused 
liver, influx has not been measured directly. Net up- 
take rates have been measured instead and assumed to 
be (a) equal to or at least (b) proportional to influx 
rates. In the first case, it is implied ti~at influx is 
rate-limiting for uptake [1,8]; in the second case, it is 
implicitly or explicitly assumed that the ratios of influx 
to efflux rates remain constant [2,,)' The assumption 
that influx is stric;ly rate-limiting 1. ~ metabolism is 
certainly incorrect. This was shown I~ Goresky et al. 
[10] in the liver of anesthetized dogs, where the rate 
constants for transp....-t and metabolism of tracer [ l-  
t4C]palmitate were meas,:red by means of the 
muRiple-indicator dilution technique. From these stud- 
ies it could be concluded that, at least at physiological 
albumin concentrations, uptake is not solely deter- 
mined by the influx rate, hut tha'~ intracellular factors 
are equally important. Proportionality between influx 
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and efflux is also unlikely under steady-state condi- 
tions, especially in the case of carrier mediated trans- 
port [10], where the kinetic constants for influx and 
effiux are functions ef the concentrations of the solute 
on both sides of the membrane [11,12]. Experimentally, 
however, this is still an open question, because the 
steady-state unidirectional fluxes have not yet been 
measured in the perfused liver. The mcasur~.~c~l: ~f 
these fluxes is precisely the scope of the present work. 
Studies of this kind are best performed in the isolated 
liver, where albumin and palmitate concentrations can 
be freely varied. The experimental procedure em- 
ployed was the multiple-indicator dilution technique 
described by Goresky and co-workers [10,13] for the 
liver of the apesthctized dog and adapted to the 
hemoglobin-free perfused rat liver by the group of 
Scholz [14]. With this technique the transport of sev- 
eral compounds has been successfully investigated in 
the liver [10,14-18]. 

A minor part of the results described in this work 
has already been published as a short communication 
[191. 

Materials and Methods 

Hemoglobin-free liver perfusion 
Male albino rats (Wistar strain; 220-300 g) received 

a standard laboratory diet (Purina) and water ad libi- 
turn prior to the surgical removal of the liver under 
pentobarbital anesthesia (50 mg/kg body weight). The 
perfusion technique described by Scholz et al. [20] was 
used. The peffusion fluid was Krebs/Henseleit-bi- 
carbonate buffer (pH 7.4) saturated with an oxy- 
gen/carbon dioxide mixture (95:5, v/v). it contained 
fatty acid-free serum albumin (1.5 to 500 p.M) and 
palmitate (10 to 600 izM), according to the experimen- 
tal protocol. The fluid was pumped through a tempera- 
ture-regulated (37°C) membrane oxygenator before 
entering the liver via a cannula inserted into the portal 
vein. The effluent perfusate flowed past an oxygen 
electrode before being discarded, or, in multiple-indi- 
cator dilution experiments, collected by a fraction col- 
lector. The flow rate was adjusted to the metabolic 
activity of the liver as jt, dged from the venous oxygen 
concentration. It varied between 4 and 5 ml/min per g, 
but was constant in each individual experiment. Viabil- 
ity of the livers was judged from rates of oxygen up- 
take. 

Multiple-indicator dilution experiments 
Multiple-indicator dilution experiments were per- 

formed by injecting 350 /.tl of a mixture containing 
[l-t4C]palmitate (2 tzCi), 13tl-albumin (0.2 gCi) and 
[3H]water (20 ~tCi). In addition to labeled substances, 
the injected solution also contained fatty acid free 

albumin and palmitate at concentrations equal to those 
in the influent perfusate. The effluent perfusate was 
collected in 0.5- to 2.0-s fractions over a period of 90 s 
following injection by means of a especially designed 
fraction collector [14]. Injections were performed be- 
tween 6 and 12 min after the onset of the perfusion 
with Krebs/Henseleit-bicarbonate buffer containing 
unlabc!ed albumin and p.~|mitat6, leaving cno~:g', time 
for the attainment of steady-state conditions, as judged 
from oxygen uptake measurements. 

Analytical 
The fractions of the effluent perfusate were divided 

into two aliquots. One aliquot was used for the deter- 
mination of 1311 albumin and [3H]water by means of 
liquid scintillation spectrometry. [1-~4C]Palmitate was 
extracted from the second aliquot according to Dole 
and Meinertz [21]. From each fraction, an aliquot of 
200/tl was extracted with 1.0 ml of a mixture contain- 
ing 0.5 M HCI, n-beptane and isopropanol (0.1 : 1:4, 
v/v). The mixture was vigorously shaken for 30 s. After 
5 rain, 0.4 ml water and 0.6 ml n-heptane were added. 
After shaking the resulting mixture, 0.7 ml of the upper 
phase were pipetted into scintillate!on vials for radioac- 
tivity measurement. The scintillation solution con- 
tained toluol/Triton X-100 (10:5.5, v/v) and 5.0 
g/liter of 1,5-diphenyloxazole(PPO) plus 0.2 g/liter 
2,2'-p-phenylene-bis[5-phenyloxazole] (POPOP). The 
radioactivity in the perfusate was expressed as the 
fraction of the total radioactivity of each labeled sub- 
stance injected that was recovered per second. The 
amount of injected [1-J4C]palmitate was determined 
from the injected and recovered ratios of [i- 
14C]palmitate to 13tl-albumin. The injected 13tl-al- 
bumin radioactivity was assumed to be equal to the 
recovered one [13]. 

Material 
The liver perfusion apparatus and the fraction col- 

lector for multiple-indicator dilution experiments were 
built in he workshops of the University of Maringfi 
according to a model first developed in Munich in the 
Institut ffir Physiologische Chemie [14]. Fatty acid-free 
bovine serum albumin was purchased from Sigma 
Chemical Company (St. Louis, MO). The reagent grade 
chemicals were from Merck (Darmstadt, F.R.G.), Carlo 
Erba (S~o Paulo, Brazil) and Reagen (Rio de Janeiro, 
Brazil). 

The following radiochemicals were purchased from 
E.I. du Pont de Nemours & Co. (Boston, MA): 
[3H]water (NET-001C, 25 mCi/g), [l-14C]palmitic acid 
(NEC-075, 2-10 mCi/mmol; and NEC-075H, 40-60 
mCi/mmol). 1311-Albumin was purchased from the 
Comissio Nacional de Energia Nuclear (Sio Paulo, 
Brazil). 
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Fig. I. Schematic representation of the relations between the anidi- 
~¢ctlonal fluxes across the cell membrane, binding in the in::a- and 
extracellular co~l~artments and metabolic transformation, Flow (F) 
is restricted m the cxtracellalar space and palmitate binds ¢xtracellu- 
larly to albumin (A) and intraceliolarly to Z protein (Z) and other 
constituents. Only free palmitate of either the extra- tCcf) or the 
intracellular (Cit) compartments permeates the cell membrane (M). 
Free palmitate is constantly regenerated by the dissociation of the 
albumin-palmitate complex (A.C) or the Z protcin-palmitate com- 
plex (Z'C). The total (bound plus free) extra- and intracellular 
palmitate concentrations are represented by C~ and C i. respectively. 
The measurable rate constants for influx (kl)0 efflux (k 2) and 
metabolic transformation (k 3) are composite rate constants, products 
of the fate constant ~or the transport or metabolic transformation of 
free palmitate (kll, k22 and k33)with the fraction of free palmitate 
(i.e., Cet/Ce or Cif/Ci) [10]. F:Irthermora, the rate constants for 
transport or metabolic transformation of free palmitate are, respec- 
tively, functions of the kinetic constants of the t.aosport system 

[12o15-18] and of the enzymic system [22,23]. 

Calculations 
The outflow profiles of labeled [l-t4C]palmitate ob- 

tained from the indicator-dilution experiments were 
analyzed employing the space-distriboted variable tran- 
sit-time model proposed by Goresky and co-workers 
[10,13,17]. According to this model, the outflow pro- 
file~ of labeled [l-~4C]palmitate, Q(t), can be described 
by a function which contains the outflow profile of a 
reference substance (Q,~t[t]) representing the hetero- 
geneity of the sinusoidal transit times (~-), the transit 
time in the large vessels (to), the ratio of intraceilular 
to extracellular volumes of the liver (0'), and the 
parameters for the transport across the plasma mem- 
brane (k i, influx; k 2, efflux) and for metabolic seques- 
tration ( k f l  of labeled palmitate: 

Q(t ) = Qrct(t ) exp[- k 10'( t - to )] + 

+ exp[ - (k 2 + k.~)(t - to) ] 

• [ ~ - " , ~ t ( k ~ .  + k . , -  ~ , o ' ) , j  o.~,( . . . . .  ) 

=~, (ktk20'~')r'(t-to-~r) n-i  
,,)'- I ( n ! ) ( n  - !)! d~" (I )  
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Fig. 1 illustrates the relationships between the unidi- 
rectional fluxes, binding in the intra- and extracellular 
spaces and metabolic transformation. Flow ( F )  is re- 
stricted to the extracellular space and palmitate binds 
extracellularly to albumin (A) and intracellularly to Z 
protein (Z) and other constituents [10]. Only free 
palmitate of either the extra- (Ccf) or the intracellular 
(Cit) compartments permeates the cell membrane (M). 
Free palmitate, however, is constantly regenerated by 
me dis.~ociation of the albumin-pelmitate complex (A-  
C) or the Z protein-palmitatc complex (Z.  C). The 
total (bound plus free) extra- and intracellular palmi- 
tate concentrations are represented by C e and C i, 
respectively. The measurable rate constants for influx 
(kl) ,  etflux (k 2) and metabolic transformation ( k f l  an:, 
consequently, composite rate constants, products of the 
rate constant for the transport or metabolic transfor- 
mation of free palmitate ( k . ,  k22 and k33) with the 
fraction cf free palmitate (i.e., C=f/¢e  or C ~ / C  i) [10]. 
Furthermore, the rate constants for transport of free 
palmitate (k u and k ~ )  are functions of the kinetic 
constants of the transport system [12,15-18]. And, fi- 
nally, the rate constant for metabolic transformation of 
free palmitate (k~0  is a function of the kinetic con- 
stants of acTI-cuenzyme A synthetase as well as of the 
metabolic state of the liver in terms of energy 
metabolism and the availability of free ceenzwne A 
[22,23]. The dimensions of k I are ml perfasate per  s 
per ml intracellular water space t ;  and that of k 2 and 
k j  are ml intracellular phase per s per ml intracellular 
space [18]. 

Steady-state rates can he calculated by multiplying 
the rate constants by the corresponding concentrations. 
The rates that can be calculated are influx ( F  t = knCe), 
effiux ( F  2 = k 2 C  i) and net flux (metabolic transforma- 
tion, F 3 = k3Ci). C e can be determined as the logarith- 
mic mean of the portal and hepatic venous extracellu- 
lar concentrations, calculated according to Goresky et  
al. [24] and C i is the steady-state intracellular concen- 
tration. The latter can be calculated from C e and the 
rate constants by the following expression [18]: 

t2) 

The rate of metabolic transformation can also he 
calculated from the portal-venous concentration differ- 
ence and the mean transit times O) of [3H]water and 
i3il.albumin [25]: 

cp - c,. 
F~ = 7,=~, - t~b (3) 

Cp and C~ are the portal and venous paimitate concen- 
trations, respectively. All rates calculated from the rate 
constants or from Eqn. 3 are referred to the intra- 
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cellular water space. It should be noted that Eqn. 3 
provides a mean of  calculating the metabolic flux which 
is independent of  Goresky's model. 

The rate constants for influx, efflux and metabolic 
sequestration were obtained by fitting Eqn. 1 to the 
fractional outflow profiles of  labeled palmitate using 
an iterative non-linear least-squares procedure [26,27]. 
Iteration was continued until the sum of  squares of  the 
differences between the experimental and calculated 
[lJ4C]palmitate outflow profiles was a minimum. For 
calculating Eqn. 1, an extravascular reference curve is 
needed as well as values for t o and 0'. The reference 
curve used in this work was the outflow profile of 
13:l-albumin. Interpolation between the experimental 
points of the reference curve was performed by means 
of a spline-function [26]. Values for t. and 0' were 
derived from the superposition of the fractional out- 
flow profiles of [3H]water and i.~t I-albumin, following a 

linear transformation proposed by Goresky [13]. The 
superposition of the [3H]wat~:r and 131 l-albumin curves 
was optimized by a non-linear least-squares procedure 
[13,26]. The integral of Eqn. 1 was calculated b?," means 
of Romberg's algorithm [26]. Th~ time integrals and 
the mean transit times of the fractional outflow profiles 
were determined by the trapezoid role with monocxpo- 
nential extrapolation to infinite time [26]. The equilib- 
rium free palmitate concentrations were calculated ac- 
cording to the algorithm of Abumrad et al. [28], using 
the equilibrium constants measured by Specter et al. 
[291. 

Results 

Typical outflow diluHon curces of [ 1-14C/palmitate and 
indicators 

Fig. 2 illustrates the outflow profiles from four typi- 
ca: palmitate experiments performed with various albu- 
min and palmitate concentrations. All curves were 
normalized by dividing the amount of radioactivity 
recovered in each fraction by the injected radioactivity 
and by the collection time interval. When normalized 
in this way, the area under each of the indicator curves, 
13~i-albumin and [3H]water, becomes equal to unity. 
Characteristically, the [IJ4C[palmitatc curve is always 
contained within the envelope of the s311-albumin 
curve. Figs. 2A and 2D illustrate the two extremes 
found by changing the palmitate and albumin concen- 
trations. In Fig. 2A (500 p.M albumin; 500 p.M palmi- 
rate), extraction is low (19%) and the peak of the 
labeled palmitate curve coincides with that of the la- 
beled albumin curve, in Fig. 2D (1.5 p.M albumin; 10 
p.M palmitate), the extraction is high (80%) and the 
peak of the labeled palmitate curve precedes that of 
labeled albumin by two seconds. This shift in the peak 
of the [l-t4C]palmitat¢ curve relative to the 13Jl-al- 
bumin crave is a general trend when the albumin 

concentration is lowered (see Fig. 2C). The experi- 
ments shown in Figs. 2A-2D were performed with 
various palmitate concentrations, hut the changes in 
the outflow profiles are mainly due to the different 
albumin concentrations. The curves in Fig. 2B, for 
example, were obtained with 150 p.M albumin and 300 
p.M palmitate, but they are representative for all portal 
palmitate concentrations in the range from 10 to 600 
p.M, with only minor variations. 

Since the experiments were all performed under 
steady-state conditions, the extraction of the injected 
tracer is proportional to the portal-venous concentra- 
tion difference. From the latter and the mean transit 
times of the indicators, the rate of  net uptake ~;an be 
calculated according to Eqn. 3. The calculation of  the 
unidirectional fluxes and the intracellular palmitate 
pools, however, cannot be made without more exten- 
sive mathematical modeling. 

Analysis and resolution of  the [!- I4C]palmitate outflow 
profiles 

The fit of Eqn. 1 to the outflow profiles of [l- 
14C]palmitate is illustr;ltcd in Table 1 and Fig. 2. A 
short description of the meaning of the parameters in 
Eqn. 1 can be found in Materials and Methods and in 
the legend to Fig. I. Table 1 allows a statistical evalua- 
tion of the reproducibility of the values of k I, k 2 and 
k 3 at various combinations of palmitate and albumin 
concentrations. The rate constant for influx, k t, pre- 
sents the lowest standard errors, but those of k s are 
also relatively small. From the three parameters, k 2 is 
the rate constant which can be determined with the 
least precision, but the standard errors generally re- 
main within tol¢:rable limits. The rate constants vary 
considerably, especially k2, which raoges from 0.038 to 
!.30 ml intracellular phase per s per ml intracellular 
space, depending on the experimental conditions. A 
situation in which k 3 ~, k2, meaning strict limitation of 
net uptake by transport, was not observec~. The maxi- 
mal difference between both rate constants (k3 /k  2 = 
5.7) was found at 10/~M palmitate and 1.5 p.M albu- 
min. 

Fig. 3A illustrates how Eqn. l, with optimized values 
for t 0, 0', and the rate constants, describes a represen- 
tative experimental outflow profile of  [l-14C]palmitate. 
The calculated curve (solid line in Fig. 3A) is in good 
agreement with the measured outflow profile. Goresky 
et al. [10] obtained similar good fits in experiments 
performed in the liver from anesthetized dogs. The 
model is, thus, a good approximation of the phenom- 
ena following a pulse injection of labeled palmitate 
into the liver. Fig. 3A also shows the resolution of  the 
outflow profile into its components: (a) the throughput 
component, givep by the first term in Eqn. 1, which is 
the material that had no access to tile intraceliular 
space during a single passage through the liver; and, 



(b) the exchanged component, given by the second 
term in Eqn. I, which corresponds to the material that 
has entered the liver cells, but has escaped from 
metabolic tlansformation. The significance of this frac- 
tion can be evaluated more precisely by the type of 
rep~'e,~tttation adopted in Fig. 3B, which shows the 
cumulative o,tflow, obtained by integration of the 
curves of F,g. 3A. Recovery of label at the venous 
outfl~v is 61% and is attained within 40 s after injec- 
tion. The exchanged component represents 39% of the 
recovered material. 
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Due to the equivalence between continuous infusion 
and single injection in indicator-dilution experiments 
[13,25], in the absence of palmitate production by the 
liver, the cumulative outflow curves shown in Fig. 3B 
tend asymptotically to -values which reflect the steady- 
state conditions in the efluent perfusate in terms of the 
bulk palmitat¢ concentration. The proportions of the 
components shown in Fig. 3B are valid for the specific 
experimental conditions of the experiment (150 p.M 
albumin; 300 /zM palmitate), in view of the pro- 
nounced changes in the outflow profiles of labeled 
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TABLE I 
Mean ralues of rate con~tanr~ extracti.~n, exchanged component, throughput component, and C i/C~ rahws (equiralen! to k!/[;<2 + k.:]) for sereral 
sets of eapetiments performed at carious palm±tare and albumin concentrations 

The rate constants were obtained by fitting Zqn. I to the outflow profiles of labeled palm±tare as described in Materials and Methods. The 
dimensions of k I are ml pedusate per s per ml intracellular water space; and those of k 2 and k 3 are ml intrucellular phase per s per ml 
intracellular space. The values represent the means ±S.E. 

Portal Albumin k t k2 k 3 C i / C c Single pass Recovery Total 
palm±tare (p.M) extraction throughput exchanged (%) 
(/~M) (%) (%) (%) 

10(n= 3) 1.5 0.282+0.011 0.038 ± 0.006 0.195±0.042 1.29 +0.18 76.9:1:3.1 15.8±2.3 7.4 ± 2.4 100.1 
10(n= 3) 10 0.300+0.057 0.446+0.156 0.507 ~ 0.105 0.34 ±0.04 67.4+2.3 16.84-3.9 16.1+3.1 100.3 

100(n = 3) 15 0 .146±0012 0.240±0.099 0.415+0.072 0.26 4.0.06 50.9±1.2 34 .4±2.9  14.4+2.9 99.7 
200 (n = 3) 150 0.122 + 0.012 1.30 ±0.11 0.652+0.012 0.069+0.007 30.9+3.8 37 .5±2.8  31.3+!.1 99.7 
350(n=3) 150 0.1244-0.023 0.9044-0.45 0.6534-0.084 0.088+0.017 35.64.1.8 38A4.8.4 25.0+6.6 99 
350(n =4) 350 0.040 ± 0.004 0.447 4. {~.09 0.7984-0.283 0.048:]:0.(108 20.2±1.5 74.04.5.7 7.24-3.4 101.4 

palmitate shown in Fig. 2, which reflect in the rate 
constants as shown in Table I, one can also expect 
alterations in the relative proportions of the through- 
put and exchanged components. To illustrate this, 
Table I shows, in addition to the computed rate con- 
stants, mean values for extraction, for the resolved 
recovery (throughput and exchanged) and for the C~/C~ 
ratio. As expected from the variation of the rate con- 
stants, the proportions between extraction, throughput 
and exchanged components vary considerably. From 
the experiments shown in Table I, the condition 1.5 
t~ M albumin and 10 p M  palmitate is one extreme: high 
extraction, low throughput and a high C i / C  ~ ratio. For 

the other extreme, 350 /zM albumin and 350 p M  
palmitate, extraction is low, the thro,~ghput high and 
the C i /C  e ratio very low. The excl~anged component is 
similar for these two extremes, but for the low albumin 
condition it performs 31.5% of the recovery; and in the 
high albumin condition it amounts to less than 10% of 
the recovery. The CI/C~ is strongly influenced by the 
albumin concentration, as can be concluded by com- 
paring experiments with identical palmitate concentra- 
tions, but different albumin concentrations. 

Table l also presents the sum of extraction plus the 
two components of the recovery, which is in all cases 
very close to 100%. Extraction is an experimental pa- 
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second term in Eqn. I. . . 
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rameter, but the throughput and the exchanged com- 
ponents were computed from Eqn. I, using op*imized 
parameters. The sum of these components with the 
extraction must approach 100% if Eqn. 1 is a good 

description of the outflow profiles of [I-‘JC]palmitate. 

Concenrratiou dependences of unidirectional fluxes, net 
frux and inlracehdar to exlracehkar ratio 

The net flux can be computed independentiy from 
the rate constants (F3) or from Eqn. 3 (F3*). In a series 

of 43 experiments the mean ratio F3:,/F2* was equal to 
1.11 5 0.04. One can expect that the difference be- 

hv?en FS and F;” increases when extraction is high, 

because this also increases the number of sinusoids in 

which the cells situated at the perivet,nns zone do not 

receive any palmitate. This is valid for the sinusoids 

with high transit times [17]. In fact, if one calculates 

the mean FJFF ratio for those experiments in which 
extraction was less :han 50%. one arrives at a value of 

r”s 

C. ImMt 

Fig. 4. DependLnce of influx W,), net uptake WA). the ratio of intra- 

to extrncellul~r concentration tC, /C,) and the raiio of eftlux IO 

influx t F2 /F,) on the extrrcelhdar palmbate c .ncentmlion tC,) at a 

fixed albumin concentration (0.15 mhl). Valuer for the variables 

were calculaled according from the rate constan~‘i as described in 

Malerials and Methods. The We consMrIs were obtained by tilling 

Eqn. I to the outflow pmtites of [I-“Clpalmitale. measured in 14 

liver perfusion experiments in which the concentration of pwtal 

palmbale was varied in the range between IO dnd 6Ml CM and the 

concenWation of albumin was equal to 150 pht. 

C. IrnMl 
Fig. 5 Dependence of influx t F, ), nut up.;Ls i F ,A the r&o of intra- 

to extracellular concentralion tC. /C..) and the ratio of efllux to 

influx (F,/F,) on the extracell& ~abnitate concenlratioo tC,) 

uith simulraneouP vartation of the palmbate and albumm mncentra- 

lions .a sn equoo&rr ratio. The values for the vsriabkr were 

calculated from the ra!e coostents iis Jaribcd in Mrderiafs awl 

Methods. The rate constants were obtained by Wing Eqn. I to Ihe 

uutttow profiles of [I- W)palmif.!z. oieawred in IS liver perfusion 

experimenls in which the ponol concemralions of p;llmitate and 

albumm were simulmneously varied in the range between IO and MO 

~_LM at an oquimolar rntin 

1.05 at 0.05 (n = 37). Agreement between both values is 

thus within reasonable limits. 

The kinetics of palmitate influx was analyzed by 

means of the two most commonly employed experi- 
mental protoco!s: (a) variation of the concentration of 
the ligand at a fiied albumin concentration, and fbj 
Flmultaneous variation of the concentrations of both 

ligand and albumin a: an equ;mc!er ra:io [l-4,81. Fig. 4 

shows the results of the experiments with 150 gM 

albumin and variable palmitate ccnceutrations in the 
range between IO and 600 pM portal palmitate. The 

values of influx rates, net uptake rates, C/C, and 
F,/F, were plotted versus the mean extracellular 
palmitate concentration CC,). The *elation between the 

net uptake rates and C, is approximately linear, but 

that between the influx rates and C, is rather concave 

up. Fig. 4 also reveals a more or less constant ratio of 

efflux to influx and a constant proportion between the 

intra- and extracellular concentrations (top panel). The 
mean value for FJF, is O.ti35 f 0.019 (13 = 14), indi- 

cating that at 15P pM albc;;.ia, uptake is limited 
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predominantly by intracellular factors. The intra- ;s-  
cellular conccntrat inn is much lower than the cxtracel- 
lular one, the mean value of the C+/C~ ratio being : i 2+ 
equal to 0.084 + 0.007 (n = 14). 

The results of the series of  experiments in which the 
concentrat ions of palmitate attd albumin were varied at E og- 

an equimolar  ratio are shown in Fig. 5. The same type 
of  representation as that  in Fig. 4 was adopted• F 3 E 0 6- 
shows a kind of  pseudo-saturation,  as previously found 
for oleate by Weisiger et ai. [1]. F n also shows pseudo- 

,70: 
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Fig. ft. Rates of influx o[ palmitalc as a function of the equilibriam 
1l¢ palmitatc coneentralior. ((½:). The free palmilate coneentla- 
tion~ were calculate as described in Malerial~ and Mcth,~d~. The 
data ~ints are (a) from the .series of experiments with constant 
albumin (15.q /zM) and variable palmitate concentrations (11',-600 
pM in Ihc poIlal vein: e - - - o )  and (b) fitlln the s;:rics of experi- 
inents in which palmilaee and albumin were varied at an cquimolar 
rallo (10-550 p.M in tbe porlal vein. O). (A) F t versus Ccf: (B) the 

Ho[ste¢ ploL i.e., F t versus F I ~Col. 

• ° °  

• • 

:. 

~b ;'s 2~ 2's 3'o 3's ~'o A 
c; (uM) 

Fig. 7. Dependence of "let uptake rates (F:~) on the intraeellular 
palmitct¢ concentration (Ci). Data from 39 liver perfusion experi- 
ments, with albumin in the range between 1.5 and 500 p,M and 
Ix)tlal exlraeellular palmitat¢ in the range between IO and 600 p.M. 
C~ and F3 were calculated from the rate constants as described in 
Materials and Methods. The solid line is the' fitted regression line, 

with y = 0.03Ix-0.0184 (n = 39: r = 0.g0). 

saturation,  however, instead of  stabilizing at the high- 
est concentrat ions il decreases again. The concentra-  
tion dependence  of  the F2/F I rat io also reveals com- 
plexities. It increases initially with C~, but  af ter  a 
maximum between 200 and  250/~M it decreases again. 
The Ci/C c ratio, finally, decreases progressively as the 
extracellular palmitate-albumin concentra t ions  are 
raised. From the initial value of  0.34, at  the lowest 
p~;Imitate-albumin concentrat ions (10/ . t? t) ,  it becomes 
less than 0.02 at the highest concent ladt ,  ,~ (5~a9./~M). 

Dependence of  bzJlltr on the equilibrium free palmifate 
concentration 

In Fig. 6 the influx rates shown in Fig. 4 (fixed 
albumin and  variable palmitate) and  Fig. 5 (variable 
albumin arid palmitate)  were represented against  the 
equilibrium free palmitate concentrat ion,  calculated as 
described in Materials and Methods. Fig. 6 allows a 
direct comparison of  the rates of  influx obtained in 
both experimental  protocols. It is clear that  the maxi- 
mal influx rates measurG:d in the constant  rat io experi- 
ments ( O )  are well below the majurity of the r~te:i 
measured  in the constant  ~lbum;n exper iments  
( o - - o ) .  Moreover,  the data  points of the latter are 
a saturable function of the equilibrium fiee palmitate 
concentrat ion.  The relation, however, is not Michaelian, 
i.e., the curve cannot  be described by the simple 
Michaelis-Menten equation,  as revealed by the Hof- 
stee-plot in Fig. 6B. The constant ratio da ta  (O) ,  on 
the other  hand,  deviate from the saturat ion curve, 
except for those points obtained at albumin concentra-  
tions c lo~  or equal to 150 p.M. 



Dependence of net uptake on intracellular palmitate 
The intracellular concentration (C,) calculated ac­

cording to Eqn. 2 is an average over all cells. It 
represents the sum of free + protein-bound palmitate 
and also constitutes an average over all intracellular 
Compartments (cytosol, mitochondria, etc). In Fig. 7, 
rates of palmitate uptake (F,) for 39 perfusion experi­
ments were plotted against ihe intracellular palmitate 
concentration (C j ). The highest intracellular concentra­
tion found was equal to 46 }.'M, or 28.3 nmol per gram 
liver. The data show considerable dispersion. The 
straight line is the fitted regression line, with a correla­
tion coefficient of 0.90. It seems that in the range up to 
46 }.'M, esterification of palmitate to palmitoyl-CoA is 
roughly proportional to the total intracellular concen­
tration. 

Discussion 

The main results obtained in this work can be sum­
marized as follows: (1) Influx and net uptake rates of 
palmitate do not vary proportionally to each other 
when the albumin or palmitate concentrations are var­
ied. (2) Efflux of palmitate is significant for all albumin 
concentrations in the range between 1.5 and 500 }.'M. 
(3) At 150 }.'M albumin, net uptake rates are propor­
tional to the total (bound plus free) extracellular palmi­
tate concentration in the range up to 500 }.'M; the 
dependence of influx on the palmitate concentration is 
rather concave up. (4) When albumin and palmitate 
are both varied at an equimolar ratio, pseudo-satura­
tion appears in both net uptake and influx rates; the 
influx rates, however, tend to decrease again at higher 
concentrations. (5) As expected, the intracellular 
Palmitate concentration depends on albumin. At very 
low concentrations of the protein (1.5 }.'M) the intra­
cellular concentration is practically equal to the extra­
cellular one in spite of the intracellular removal pro­
cess; at physiological albumin concentrations, however, 
the intracellular palmitate concentration is less than 
2% of the extracellular one. (6) The rates of metabolic 
transformation are approximately proportional to the 
total, free plus bound, intracellular palmitate concen­
tration. 

The observation that palmitate efflux is significant 
COnfirms the early study of Goresky et al. [10] in the 
liver of anesthetized dogs and with albumin concentra­
tions in the physiological range. Our study reveals, in 
addition, that this occurs even at very low albumin 
Concentrations (1.5 }.'M). Another difference between 
OUr study and that of Goresky et al. [10] is that experi­
ments in the isolated liver allow calculation of influx, 
efflux and net uptake rates. This is difficult to perform 
in the anesthetized animal, because a number of fatty 
acids is present and the rate constants measured for 
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the labelled species reflect the interference of all other 
analogues present in the circulation. 

The lack of proportionality between influx and net 
uptake found in this work, especially when the albumin 
concentration was varied, speaks against the use of net 
uptake rates in place of influx rates when studying 
transport phenomena [1-4,8,9]. Actually, the kinetics 
of influx and net uptake may be completely different 
(Figs. 4 and 5). In the past, however, transport equa­
tions have been fitted to net uptake curves [1], theoret­
ical influx curves have been compared to net uptake 
data [4,8] and, more recently, change in net uptake 
rates, measured at different membrane potentials, have 
been attributed to changes solely in influx rates [9]. 
However, especially in the latter case, it seems reason­
able to expect changes in both k 1 and k 2' 

The intracellular pools (C j ) used in this study are 
calculated parameters and it seems appropriate at this 
point to compare these calculated values with experi­
mental data in the literature. Cooper et al. [34] have 
recently measured intracellular pools under various 
conditions. At an albumin concentration of 200 }.'M 
and for portal palmitate concentrations of 400 and 800 
}.'M they found intracellular palmitate pools of 15 and 
31.8 nmol per gram liver, respectively. We have not 
performed experiments under exactly the same condi­
tions, but data from the series of experiments with 150 
}.'M albumin in the perfusate can be used for compari­
son. For portal palmitate concentrations of 300, 360, 
440, 550 and 600 }.'M, the calculations yielded intra­
cellular pools of 13.3, 15.9, 18.2, 24.3, and 28.3 nmol/g, 
respectively. Our calculated values are, thus, within the 
same range as those determined experimentally [34], a 
further favourable indication of the reliability of the 
rate constants determined employing the model of 
Goresky [10]. The other favourable indication, as al­
ready mentioned in Results, is the agreement between 
the net uptake rates calculated from the rate constants 
and from Eqn. 3, the latter being independent of 
Goresky's model. 

The proportionality between net uptake (F,) and 
the intracellular pool of palmitate (C,) is a phe­
nomenon which must be interpreted considering bind­
ing of palmitate to intracellular sites. The intracellular 
concentration, C" calculated according to Eqn. 2, rep­
resents an average over all cells and over all intra­
cellular compartments and includes both free and 
bound palmitate (see Fig. I). The free palmitate con­
centration is certainly much lower than the total con­
centration. A saturable function should only be ex­
pected if F, were plotted against the intracellular free 
palmitate concentration, because the free form is prob­
ably the substrate for the enzymatic system. The pro­
portionality between F, and C j is possibly the reason 
for the linear relation between F, and Ce in the 
constant albumin experiments (Fig. 4). In fact, a con-
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stant relation between F 3 and C i and between C© and 
Ct, also implies a constant proportion between F 3 and 
C~. 

Au important question which arises at this point 
concerns the interpretation of the k~netics of influx. 
The existence of a carr~er system for long-chain fatty 
acids seems to be well established by experimental 
evidence, not only in the liver ceils [6,7,30], but also in 
other types of mammalian cells [28,31,32]. The experi- 
menta~ evidence includes the isolation of a protein that 
binds long-chain fatty acids, including oleate ant~ 
palmitate [7], sensitivity of transport to inhibitors [28], 
sensitivity to specific antibodies [7,32] and Miehae!ian 
saturation kinetics for zero-trans influx rates with re- 
spect to the free oleate concentration [7,32]. In princi- 
ple~ thus, *,he saturation function of Fig. 6 is consistent 
with previous experimental evidence. However, con- 
trasting with the evidence obtained by Stremmel and 
co-workers [6,32] with oleate in isolated cells, the data 
points in Fig. 6 cannot be described by the simple 
Michaelis-Meatvn equation (constant albumin e>,peri- 
meets) and are also not independent of the albumin 
concentration (constant ratio experiments). In other 
words, there is no inconditional correlation between 
the influx rates and the calculated equilibrium free 
palmitate concentrations. The phenomena underlying 
these obseJvations in the perfused liver may be ve~ 
complex. Two aspects will be examined here in bomc 
detail: (a) the equilibrium free palmitate concentration 
may not always be a good estimate for the true mean 
free palmitate concentration along the sinusoids 
[4,31.33]; (b) since a carrier is probably involved, t r~s-  
effects, i.e., acceleration or inhibition of the unidirec- 
tional fluxes across the membrane, caused by the pres- 
ence of the solute in the opposite side [11,12], can 
occur. In both cases, a hypothetical Michaelian satura- 
tion curve would be distorted. 

What the free palmJtate concentration (C~f) con- 
cerns, the equilibrium concentration is the only one 
which can be calculated. Equilibrium is a reasonable 
assumption when the rate of dissociation is fast color- 
pared to influx. Stremme| and co-workers [6,32] have. 
measured zero-trans influx ra*.e~ it, cell suspensions 
with dissociation rates exceeding the rates of influx by 
two orders of magnitude. Additionally, during the mea- 
surement of the initial rates, only a relatively small 
fraction of the fatty acid had been transported into the 
cellular sp~,ce [6,32]. In the perfused liver, where the 
extracellular space is only half that of the cellular one, 
extraction may be as high as 76% and dissociation ef 
the albumin-fatty acid complex may become rate-limit- 
ing for influx [4,31]. If tl~s occurs, the calculated equi- 
librium-free palm~tate concentrations are ova,esti- 
mated and the data points of F~ versus C d will de- 
scribe a curve shifted to the right relative to the tru,." 
concentration dependence. Limitation by dissociation / 

is likely in the low concentratien range, i.e., in the 
initial upslope, because of the I~,ver concentrations of 
the albumin-fatty acid complex. This is true for both 
e .xgerimentai protocols employee" in this work. How- 
ever, the initial upslope of the ,~onstant ratio experi- 
ments should be much more affected than that of the 
constant albumin experiments be~2use of the higher 
extraction, which may also lead to partial limitation by 
flow. Limitation by dissociation, however, should de- 
crease progressively as the concentration of complexed 
palmitate is raised from less than 10 ttM to 500/tM or 
so. For this reason, it seems unlikely that the quite 
different final tendencies of the data points in both 
experimental protocols are due to limitation of influx 
by dissociation, because in both cases the rates of 
dissociation tend to increase as the concentration of 
palmitate increases. 

Trans-effects have been get~.~t'ally found to occur in 
carrier mediated transport [11,12]. When influx is mea- 
sured under zero-trans conditions (i.e., when C i = 0), 
as it has been done for oleate transport by Stremmel 
and co-workers [6,32], trans-effects are absent and 
Michaelian kinetics can be expected. Michaelian kinet- 
ics can also be expected when the intracellular concen- 
tration remains constant [12] or when equilibrium ex- 
change is being measured [16]. Under steady-state con- 
ditions, however, with the intracellular concentration 
varying simultaneously with the extracellular one, as in 
our experiments, the kinetics of influx becomes a func- 
tion of both the extra- and intracellular concentrations. 
Unfortunately, it is extremely difficult, if not impossi. 
ble. two evaluate the intracellular free palmitate con- 
centrations (i.e., C,r). Only C i can [~ calculated. The 
latter parameter varies differently in both exper~.mentdi 
protocols as C c is changed (see Figs. 4 and 5) and it is 
highly probable that C u is also a complex functh)n of 
the experimental conditions. If trans-effects are pre- 
sent, consequently, their influence on the influx kinet- 
ics should not be the same in both experimental proto- 
cols, especially in the high concentration range. 

For all these reasons, thus, one cannot really expect 
inconditional correlation between influx rates and the 
equillbrium free palmitate concentrations in the per- 
fused liver, inasmuch as other factors, such as limita- 
tin)) by diffusion through an unstirred layer at the cell 
surface [8] may additionally comri~.ute to the overall 
kinetics. 
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