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‘The unidirectional fluxes of palmltdlc across the liver cell membranc and metabolic uptake rates were measured employing the

Itiple-indi dilution The following results were obtained: (1) Influx and nct uptake rates do not vary
pmpornonally to each other when albumin and palmitate concentrations arc varicd. <2) Efflux s significant for albumin
concentrations in the rangc hclwccn 1.5 and 500 uM. (3) At 150 oM albumin net uptake rates arc proportional to the total

(bound plus frce)

in the range from 10 to 600 xM; the dependence of influx rates on the

palmitate concentration is rather concave up. (4) When albumin and palmitate arc both varicd at an equlmolar ratio,

but with a at

pseudo-saturation appears in the net \Ipldkc rates; lhc lnllux rates also show P do-
the higher (5) The i ion is strongly infl
conccmraunns of the protein (1.5 pM) the il is icaliy

by albumin. At very low

1 albumin however, the i

cqual to the extracchalar one; at

(6) Saturation of nct uptake with respect to the i

is less than 2% of the cxtracellular one.

46 oM

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
per ion. The early of the invol of
a specific albumin receptor at tne surface of the liver

was not observe. with concentrations up to

been d that 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 perfused
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) propostional to influx
rates. In the first case, it is implied that influx is

cells {1-4] was later aband its

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
m!racellular spaces is low, replacement of free sub-
strate by di of the ait fatty acid 1

te-limiting for uptake [1,8}; in the second case, it is
implicitly or explicitly assumed tha: the ratios of influx
to efflux rates remain constani [2,%' The assumption
that influx is stricily rate-limiting i.: metabolism is
certainly incorrect. This was shown by Goresky et al.
[10] in the liver of anesthetized dogs, where the rate
for and bolism of tracer [1-

1B CInal

may become rate-limiting [4]. Moreover, it has alsc
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were measured by means of the

dilution technit From these stud-
ies it could be conciuded that, at least at physiological
albumin concentrations, uptake is not solely deter-
mined by the influx rate, but 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
efflux are fi of the ions of thc solute
on both sides of the [11,12). Experi [}

however, this is still an open question, because the
steady-state unidirectional fluxes have not yet been
measured in the perfused liver. The measurcmai: of

in and palmil at 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 pcrfusnon
with Krebs/Henseleit-bicart buffer

in and palmitate, leaving cnough time

these fluxes is precisely the scope of the present work.
Studies of this kind are best performed in the isolated
liver, where albumin and palmi

for the attainment of steady-state conditions, as judged
from oxygen uptake measurements.

be freely varied. The expenmental
ployed was the Iti dilution
described by Goresky and co-workers [10,13] for the
liver of the hetized dog and ad. d to the
hemoglobin-free perfused rat liver by the group of
Scholz [14). With this technique the transport of sev-
eral ds has been tigated in
the liver {10,14-18).

A minor part of the results described in thl; work
has already been published as a short
(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-
tum prior to the surgical removal of the liver under
pentobarbital anesthesia (50 mg/kg body weight). The
perfusion technique described by Scholz et 2l. [20] was
used. The perfusion fluid was Krebs/Henseleit-bi-
carbonate buffer (pH 7.4) saturated with an oxy-

The fractions of the effluent perfusate were divided
into two aliquots. One aliquot was used for the deter-
mination of *' albumin and [*H}water by means of
liquid scintillation sp y. [1-"*C]Palmitate was
extracted from the second aliquot according to Dole
and Meinertz [21]. From each fraction, an aliquot of
200 pl was extracted with 1.0 ml of a mixture contain-
ing 0.5 M HCI, n-heptane and isopropanol (0.1:1:4,
v/v). The mixture was vigorously shaken for 30 s. After
5 niin, 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 scintillation 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 lS dnphenyloxazole(PPO) plus 0.2 g/liter
2,2"-p-ph ] (POPOP). The
radloac(mly 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-'*Clpalmitate was determined
from the mjected and recovered ratios of [i-

gen/carbon dioxide mixture (95:5, v/v). It ined
fatty acid-free serum albumin (1.5 to 500 uM) and
palmitate (10 to 600 pM), according to the experimen-
tal protocol. The fluid was pumped tirrough a tempera-
tur lated (37°C) b before

14 Clpal to "l-albumin. The inj d Bipal
bumin radioactivity was assumed to be equal to the
recovered one [13].

entering the liver via a cannula inserted into the portal
vein. The effluent perfusale flowed past an oxygen
electrode before being d d, or, in i
cator dilution experiments, collected by a fraction col-
lector. The flow rate was adjusted to the metabolic
activity of the liver as judged from the venous oxygen
It varied b 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-indie
ip

dilution exp

Multiple-indicator dilution experiments were per-
formed by injecting 350 pl of a mixture containing
{1-"*CJpalmitate (2 uCi), '*I-alb (0.2 uCi) and
[*Hwater (20 xCi). In addition to labeled sub

The iiver perfusion apparatus and the fraction col-
lector for multiple-indicator dilution experiments were
built in he workshops of the University of Maringi
according to a model first developed in Munich in the
Institut fiir 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 (Sio Paulo, Brazil} and Reagen (Rio de Janeiro,
Brazil).

The f ing radiochemicals were d from
EL du Poni de Nemours & Co. (Boston, MA):
[*Hlwater (NET-001C, 25 mCi/g), [1-"“Clpalmitic acid
(NEC-075, 2-10 mCi/mmol; and NEC-075H, 40-60
an/mmol) 311.Albumin was purchased from the

the injected solution also contained fatty acid free

N | de Energia Nuclear (Sio Paulo,
Braz:l).
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Fig. 1 ill the relationships b the unidi-
rectional fluxes, binding in the intra- and extraceliular
spaces and metabolic transformation. Flow (F) is re-
stricted to the Jular space and palmi binds
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<
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Fig. 1. Schematic representation of the relations between the unidi-

ly to albumin (A) and i flularly to Z
protein (Z) and other constituents [1¢]. Only free
palmitate of either the extra- (C,;) or the intraceliular
Cy) the cell b M).
Free palmi b is I d by
the dissociation of the albumin-pal fex (A -
C) or the Z protein- palmna!c complex (Z- C) The
total (bound plus free) extra- and mlracellular palmi-

rectional fluxes across the cell membrane, binding in the int;a- and fate - are d by Ce a“f’ Cv
extracellular corgartments and metabolic Flow (F) The rate for influx
is restricted to the extracellutar space and palmitate binds extracellu- (k, ) etflux (k ) and metabolic transformation (k) are,
larly to albumin (A) and intracellularly to Z protein (Z) and other posite rate i of the
eonsllmenls Only free palmitate of either ‘l:: cee!;ltra- [{oi] ur( ;Ah)c rate for the p or 1

Free palmitate is by the iation of the mation of free palmitate (k,,, k», and k) with the

albumin-palmitate complex (A-C) or the Z pmtem-pnlmllale com-
plex (Z-C). The total {bound plus free) extra- and it

fractxon of free palmitate (i.e., Cg,/C or C,,/C)[IO).

palmitate concentrations are represented by C, and C;. respectively.
The measumble rate constants for influx (k,), efflux (k;) and

ion (k3) are rate constants, products
of the rate constant for the transport or metabolic transformation of
free palmitate (k, kg, and k) with the fraction of free palmitate
(ie., C¢/C, or Ci¢/C;) [10}. Frthermore, the rate constants for
transport or metabolic transformation of free palmitate are, respec-
tively, functions of the kinetic constants of the t.ansport system

(12.15-18) and of the enzymic system [22,23].

Calculations
The outflow profiles of labeled [1-'*Clpalmitate ob-
!amed from the mdlcalor-dlluuon -xpenmenls weie
loying the sp: i d variable tran-
sit-time model proposed by Goresky and co-workers
[10,13,17}. According to this model, the outflow pro-
fi'es of labeled [1-**Clpalmitate, O(¢), can be described
by a function which contains the outflow profile of a
b (Qelt) rep the hetero-
geneity of the sinusoidal transit times (7), the transit
time in the large vessels (), the ratio of intraceliular
to extracellular volumes of the liver (8'), and the
parameters for the transport across the plasma mem-
brane (k,, influx; &, efflux) and for metabolic seques-
tration (k) of labeled palmitate:

QU = Qerlt) expl — & 8'(2 = 1))+

+expl = (k2 + &304 = t)]
i el + k= k0T Qra(r 4 1)

= (kkq8'7)(t—1g=1)"""

1
BT e o

the rate

palmlme (ky, and k,,) are functwns of the kmehc
constants of the transport system [12,]5—18]. AmL fi-
nally, the rate for of
free palmitate (k) is a function of the kinetic con-
stants of acyl-coenzyme A synthetase as well as of the
metabolic state of the liver in terms of energy
metabolism and the availability of free coenzyme A
[22,23]. The dimensions of k, are ml perfusate per s
per ml intracellular water space™; and that of k, and
k are mi iniracellular phase per s per ml intraccHular
space [18).

Steady-state rates can be calcula:ed by mulnplyma
the rate by the cor
The rates that can be calculated are influx (F; = k,C,),
efflux (F,=k,C;) and net flux (metabolic transforma-
tion, F; =k4C)). C, can be determined as the logarith-
lTllC mean of the ponal and hepauc venous extracellu-

ing to Goresky et

al [24) and C; is the steady-state intracellular concen-
tration. The latter can be calcula!»d from C, and the
rate by the [18] ]:

k 1]
St @
The rate of metabohc transformation can also be
lated from the p differ-

ence and the mean transit times (z) of [*H]water and
Bi1-albumin [25):

(&)

C, and C, are the portal and venous palmitate concen-
tratlons, ively. 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
ides 2 mean of calculating the lic flux which

|s 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 palmi using

concentration is lowered (see Fig. 2C). The experi-
ments shown in Figs. 2A-2D were performed with
various palmitate concentrations, but the changes in
the outflow profiles are mainly due to the different
albumin concentrations. The curves in Fig. 2B, for

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
[1-"C]palmnate outflow profiles was a minimum. For

ing Eqn. 1, an reference curve is
needed as well as values for 7, and 8’. The reference
cutve used in this wurk was the outflow profile of
B!Lalb rpol t the experimental
points of the reference curve was performed by means
of a spline-function [26]. Values for t, and 8' were
derived from the superposition of the fracuonal out-
flow profiles of [*H}water and "' I-albumi

were oh d with 150 &M albumin and 300
#M palmi but they are r ive for all portal
palmitate conicentrations in the range from 10 to 600
uM, with only minor variations.
Since the expenma.nls were ali performed under
teady-stat i the of the inj d
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 van be
calculated according to Eqn. 3. The calculation of the
unidirectional fluxes and the intracellular palmitate
pools, howcver. cannot be made without more exten-

linear transformation proposed by Goresky [13]. The
superposmon of the [* H]wat;r and "*'I-albumin curves
was opti dbya least:

[13,26). The integral of Egn. 1 was Lalcumted by means
of Romberg’s algorithm [26). The time integrals and
the mean transit times of the fracuonal outtlow profiles
were d ined by the d rule with

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 Spector et al.
29].

Results

Typical outflow dilution curces of [1-'*Clpalmitate 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,
"'i-albumm and [*Hlwater, becomes equal to unity.
Ch ically, the {1-'"*Clpalmitate curve is always
d within the lope of the '*'l-albumin
curve. Figs. 2A and 2D illustrate the two extremes
found by changing the palmi and alb concen-

sive

Analysis and resolution of the [1-"Clpalmitate outflow
profiles

The fit of Eqn. 1 to the outflow profiles of [1-
“Clpalmitate is illustrated 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. 1. Table I allows a statistical evalua-
tion of the reproducibility of the values of ky, k, and
ky at vanous ions of and

The rate for influx, &, pre-
sents the lowest standard errors, but those of k; are
also relatively small. From the three parameters, &, is
the rate constant which can be detcrmmed wnh the
least precision, hut the d errors re-
main wnhm tolerable limits. The rate constants vary
considerably, especially & ,, which ranges from 0.038 to
1.30 ml intracellular phase per s per ml intracellular
space, depending on the experimental conditions. A
situation in which k5 > k,, meaning strict limitation of
net uptake by transport, was not observec. The maxi-
mal difference between both rate constants (k;/k, =
5.7) was found at 10 pM palmitate and 1.5 uM albu-
min.

Fig. 3A illustrates how Eqn. ], with optimized values
for 1, &', and the rate constants, describes a represen-
tative experimental outflow profile of [1-'*Clpalmitate.
The calculated curve (solid fine in Fig. 3A) is in good

trations, In Fig. 2A (500 4 M albumin; 500 uM paimi-
tate), extraction is low (19%) and the peak of the
labeled palmitate curve coincides with that of the la-
beled albumin carve. In Fig. 2D (1.5 xM albumin; 10
#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-"C]palrmtale curve relative to the '*)-al-
bumin curve is a general trend when the albumin

with the d outflow profile. Goresky
et al. {10} obtained similar good fits in experiments
performed in the liver from aneslhenzed dogs. The
model is, thus, a good app ion of the ph
cna following a pulse injection of labeled palmitate
into the liver. Fig. 3A also shows the resolution of the
ouiflew profile into its (a) the through
component, given by the first term in Eqn. 1, which is
the material that had no access to the intraceliular
space during a single passage through the liver; and,




(b) the exchanged component, given by the second
term in Eqn. 1, which corresponds to the material that
has entered the liver cells, but has escaped from
metabolic transformation. The significance of this frac-
tion can be evaluated more precisely by the type of
represzatation adopted in Fig. 3B, which shows the
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Due to the equivals b
and single injection in
{13,25], in the ab: of by the
liver, the cumulative outflow curves shown in Fig. 3B
tend asymptotically to values which reflect the steady-
state condnmns in the eﬂuenl perfusate in terms of the

indi dilution

1mif 4

cumulative owtflow, obtained by integration of the bulk The prop: of the
curves of Fig. 3A. Recovery of label at the venous components shorwn in Fig. 3B are valld for the specific
outflow is 61% and is attained within 40 s after injec- of the (150 pM
tion. The exch 39% of the lbumin; 300 xM pal In view of the pro-
recovered material. nounced changes in the outflow profiles of labeled
025
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Fig. 2. Qutflow prol'!es of [1-1C} and indicator under various conditions. Livers from fed rats were perfused with
Krebs/| te buffer (pH 74) alblu.nn and pnlmnale at the concentralions indicated below. In each experiment, irace
amounts oi[l-"'lpnlmume (o ©), P!-ulb and [*H}water ( ) were simultancously injected into the perfusate

prior to entering the liver. The effluent perfusalc was collech.d in 05-2 0-s fractions. The fractions of the injected radioactivity which appearcd
per second were plotted versus the time following injection. Key: (A) 500 1M albumin; 500 M palmitate; (B} 150 uM albumin; 300 uM
palmitase; (C) 10pM aibumin; 10 uM palmitaie; (D) 1.5 M albumin; 10 M palmitate.
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TABLE 1

Mean ralues of rate constants, extraction,
sets of experiments performed at various palmitate and albumin concentrations

The rate constants were obtained by fitting Zqn. 1 to the outflow profiles of labeled palmitate as described in Materials and Methads. The

dimensions of k, are ml perfusate per s per ml intraceliular water space; and those of k, and k; are ml intracellular phase per s per ml
intracellular space. The values represent the means +S.E.

and €, /C, values (equivalent 10 k, /[ 5 + k ;) for several

Portal Albumin  k ky ks C,/C, Single pass  Recovery Total
palmitate (uM) i throushout _exchanseg (%)
(M) (%) (%) (%)

10(n=3) 15 0.282+0011 0038+0.006 0.195+0042 1.29 +0.18 76.9+3.1 158423 74124 100.1

10(n=3 10 0300£0057 0446+0.156  0.507+0.105 034 +0.04 674423 168+3.9 16.1£3.1 1003
100(n=3) 15 0.1464£0012  0.240+0.099 0415:£0072 026 +0.06 509+1.2 344429 144429 9.7
200(n=3) 150 012240012 130 +0.11 065240012 0069+0007 309138 375+28 313411 9.7
350{n=3) 150 0.1241£0.023 09044045 06530084 008810017 356418 384484 25066 9
350(n=4) 350 0040+0.004 0447£009 0.798£0283 0048+0008 202+15 740+5.7 72434 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 ion, for the ved

the other extreme, 350 M albumin and 350 pM
palmitate, extraction is low, the throughput Ligh and
the C;/C, ratio very low. The exckanged 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

recovery (throughout and exchanged) and for the C;/C,
ratio. As expected from the variation of the rate con-
stants, the plopmuons between extracllon,

lhe recovery. The C;/C, is strongly mﬂncnced by the
ion, as can be d by com-
paring i with i 1

and h vary bly. From
the expenmems shown in Table 1. the condition 1.5
#M albumin anc 10 xM palmitate is one extreme: high
extraction, low throughput and a high C;/C, ratio. For

tions, but different albumin concentrations.

Table I 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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Fig. 3, Experimental and theoretical outflow profiles (A) and cumulative outflow curves (B) of [1- #Clpalmitate. The experimental [1-'*Clpalmi-

tate curve (@ ®) is that onc shown in Fig. 2B, with 150 uM albumin and 300 M palmitate in the perfusate. The solid lines ( )
tepresent the theoretical outflow profile (A) or the theoretical cumulative outflow curve (B), calculated according to Eqn. 1 with the following
parameters: ' = 2.11; 1y = 2.1 5; k= 0.127 ml perfusate per s per ml intracellular water space; k, = 0693 ml intracellular phase per s per ml
intracellular space; and, k,-0668 mi intraceliular phase per « per rt intracellular space. The dotted lines (-« «--+ ) represent the resolved
throughput component. which is given by the first term of Eqn. 1. The broken lines (- - - - - -] ) represent the exchanged component, given by the

second term in Eqn. 1.




rameter, but the tk } and the exch d com-
ponents were computed from Egn. 1, using nptimized
parameters. The sum of these components with the
extraction must approach 100% if Eqn. 1 is a good
description of the outflow profiles of [1-'*CJpalmitate.

Concentration dependences of unidirectional fluxes, net
flux and intracellular to extracellular ratio

The net flux can be computed independentiy from
the rate constants (F,) or from Eqn. 3 (F3*). In a series
of 43 experiments the mean ratio F,/F;* was equal to
1.11 + 0.04. One can expect that the difference be-
twzen F; and F3* increases when extraction is high,
because this also increases the number of sinusoids in
which the cells situated at the periver.ons zone do not
receive any palmitate. This is valid for the sinusoids
with high transit times [17). In fact, if one calculates
the mean F;/F;* ratio for those experiments in which
extraction was less than 50%, one arrives at a value of
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Fig. 4. Depend.nce of influx (F,), net uptake (F3), the ratio of intra-
to extracellular concentration (C, /C,) and_the raiio of efflux to
influx (F, / F,) on the extracellular palmitate c:incentration (C,)at a
fixed albumin concentration (0.15 mM). Valucs for the variables
were calculated according from the rate constants as described in
Materials and Methods. The rate constants were obtained by fitting
Eqn. | to the outflow profiles of [1-'*Clpalmitate, measured in 14
liver perfusion in which the ion of portal
palmitate was varied in the range between 10 und 600 uM and the
concentration of albumin was equal to 150 uM.
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Fig. 5. Dependence of influx (F,), nct uptike (7). the ratio of intra-
to extracellular concentration (C; /C,) and the ratio of efflux to
influx (F,/F,) on the extracellular palmitate concentration (C,)
with simultaneous variation of the palmitate and albumin concentra-
tions 4t an equimolar ratio. The values for the variables were
calculated from the rate constants as described in Materials and
Methods. The rate cunstants were obtained by fitting Eqn. 1 to the
outflow profiles of [1-"*Clpalmitate, mcasured in 15 liver perfusion
experiments in which the portal concentrations of palmitate and
albumin were simultaneously varicd in the range between 10 and 500
1M at an equimolar ratio

1.05 + 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 ost commonly employed experi-
mentai is: (a) variation of the ion of
the ligand at a fixed albumin concentration, and (b)
simultaneous variation of the corcentrations of both
ligand and albumin: at an equime!ar ratio [1-4,8]. Fig. 4
shows the results of the experiments with 150 uM
albumin and variable palmitate concentrations in the
range betwecn 10 and 600 ¢ M portal paimitate. The
values of influx rates, net uptakc rates, C;/C, and
Fy/F, were plotted versus the mean extracellular
palmitate concentration (C,). The relation 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 F./F; is 0.635 + 0.019 (1 = 14), indi-
cating that at 15¢ xM zlbumin, upiake is limited
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factors. The intra-
cellular concentration is much lower than the extracel-
lular one, the mean value of the C,/C, ratio being
equal to 0.084 + 0.007 (n = 14).

‘The results of the series of experiments in which the
concentrations of palmitate and albumin were varied at
an equimolar ratio are shown in Fig. 5. The same type
of representation as that in Flg 4 was adopted. F,
shows 2 kind of pseud as i found
for oleate by Weisiger et ai. [1). F, also shows pseudo-

By (umol » min) ¢ micell=)

G wM)
Fig. 7. Dependence of net uptake rates (Fy) on the intracellular
palmitate concentration (C;). Data from 39 liver perfusion experi-
ments, with albumin in the range between 1.5 and 500 pM and
portal extracellular palmitate in the range between 10 and 600 uM.
C; and F were culeulated from the rate constants as described in
Mnlcnals and Methads. The solid line is the fitted regression line.
with y = 0.031x-0.0184 (n = 39: r = 0.90).

saturation, however, instead of stabilizing at the high-
est i it d again. The

tion dependence of the F,/F, ratio also reveals com-
plexnlles Il increases initially with C,, but after a

Cet {wiv)

Ft {pmol « min=! s ml cet
¢
i

200 and 250 1M it decreases again.
The C; /C ratio, fi nally. decreases progtesswcly as the

jons are
raksed me lhe initial value of 0.34, at the lowest
ions (10 w21), it becomes
Ic=s than 0.02 at the highest concentratic s (500 M),

Dependence of influx on the equiiibrium free palmitate
concentration
In Fig. 6 the influx rates shown in Fig. 4 (fixed
alhumm and vanable palmitate) and Flg 5 (variable
and itate) were agamsl (he
equilibrium free i
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 measured in the constant ratio experi-
ments (O) are well below the majurity of the rates
measured in the consiant albumin cxperiments
(o ®). Moreover, the data points of the latter are

F1/Ces
Fig. 6. Rates of influx of palmitate as a function of the
tre. paimitate concentration (€°,). The free palmitate concentra-
tions were calculate as described in Mate: and Mcthads., The
data points are (a) from the series of experiments with constant
alburiin (152 xM) and variable palmitate concentrations (16:-600
#M in the portal vein; © -®) and (b) frum the suries of experi-
inents in which palmitaze and albumin were varied at an equimolar
ratio (10-550 M in the porial vein, O). (A) Fy versus C.y: (B) the

Hofstee plot, ic.. Fy versus Fy /Cyp.

a fi of the equilibrium fiec palmitate
conccntrauon The relation, however, is not Michaelian,
thc curve cannot be described by the simple
ich t as led by the Hof-
stee-plot in Fig, 6B. The constant ratio data (O), on
the other hand, deviate from the sa(nrauon curve,
except for those points ob! d at alt
tions close or equal to 150 uM.




Dependence of net uptake on intracellular palmitate

The intracellular concentration (C,) calculated ac-
cording to Eqn. 2 is an average over all cells. It
Tepresents 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 the intracellular palmitate
Concentration (C;). The highest intracellular concentra-
tion found was equal to 46 uM, 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 1M, esterification of palmitate to palmitoyl-CoA is
foughly 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
Wwhen 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 1M albumin, net uptake rates are propor-
tional to the total (bound plus free) extracellular palmi-
tate concentration in the range up to 500 pM; the
dependence of influx on the palmitate concentration is
Tather 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
fotal, free plus bound, intracellular palmitate concen-
tration,

The observation that paimitate efflux is significant
onfirms 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 uM). Another difference between
our study and that of Goresky et al. [10] is that experi-
Ments in the isolated liver allow calculation of influx,
?fﬂux and net uptake rates. This is difficult to perform
n 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 &, and k,.

The intracellular pools (C;) 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 uM
and for portal palmitate concentrations of 400 and 800
u#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 uM, 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 intr pool of palmil (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. 1). 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; is possibly the reason
for the linear relation between F, and C, in the
constant albumin experiments (Fig. 4). In fact, a con-
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stant refation betveen F, and C; and between C, and
C,, alse implies a constant proportion between F, and

‘Aﬁ important question which arises at this point
concerns the interpretation of the kinetics of influx.
The existence of a carrier system for long-c,ham fauy
acids seems 1o be well blished b;

is likely in the low concentraticn range, i.e., in the
initial upslope, because of the lower concentrations of
the albumin-fatty acid complex. This is true for both
experimentai protocols employec! in this work. How-
ever, the initial upslope of the .;onstant ratio experi-
ments should be much miorc affected than that of the

evidence, not only in the liver cells [6,7,30), bul also in
other types of mammalian cells [28,31,32]. The experi-
mental evidence inciudes the isolation of a protein that
bmds long-chain fa(ty acids, mcludlng oleate and
17 ity of t to i
sensitivity to specific antibodies [7,32] and Mlchae'nan
saturation kinetics for zero-trans influx rates with re-
spect to the free oleate concentration (7,32). In princi-
rle, thus, the saturation function of Fig. 6 is

of the higher
extraction, whxch may also lead to partial limitation by
flow. Limi h should de-
crease as the ion of

palmitate is raised from less thax 19 uM to 500 uM or
so. For this reason, it scems 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 ra(es of

di ion tend to i as the of

with previous expenmenta! i Hi con-
trasting with the evi ined by S 1 and
co-workers [6,32] with oleate in isolated cells, the data
pomts in Fig. 6 cannol be descnbed by the simple
Jis Mo in erperi-
ments) and are also not independent of the albumin
concextration (constant ratio experiments). In other
words, there is no inconditional correlation between
the nnﬂux rates and the calculated equilibrium free
The underlying

these obscrvations in the perfused liver may be very
complex. Two aspects will be examined here in some
detail: (a) the equilibrium free palmitate concentration
may not always be a good estimate for the true mean
free palmitate concentration along the si id:

Trans-effects have been gen-<iaily found to occur in
carrier mediated transport [11,12). When influx is mea-
sured under zero-trans conditions (i.e., when C;=0),
as ii has been done for oleate transport by Stremmel
and co-workers [6,22), trans-effects are absent and
Michaelian kinetics can be expected. Mlchaellan kinet-
ics can also be d when the i 1
tration remains constant [12] or when equilibrium ex-
change is being measured [16]. Under sleady-state con-
ditions, h , with the i
varying si ly with the flular one, as in
our experiments, the kinetics of influx becomes a func-
tlon of both the extra- and intracellular concentrations.

[4,31,33]; (b) since a carrier is probably involved, trans-
effects, i.e., acceleration or inhibition of the unidirec-
tional fluxes across the memorane, caused by the pres-
ence of the solute in the opposite side [11,12], can
occur. In both cascs, a hypothetical Michaelian satura-
tion curve would be distorted.

What the free palmitate concentration (C,,) con-
cerns, the equilibrium concentration is the only one
which can be calculated. Equilibsium is a

ly, it is y difficult, if not impossi-
blc, two eval the i lular free palmitate con-
centrations (i.c., C;). Only C; can be calculated. The
latter parameter varies differently in both experimental
protocols as C, is changed (see Figs. 4 and 5) and it is
highly probable that Cj; is also a complex functicn 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 expcnmeml proto-

assumption when the rate of dissociation is fast coni-

pared to influx. Stremmei and co-workers [6,32] have .

measured zero-trans influx rates in 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
cellutar space [6,32]. In the perfused liver, where the
extraceltuiar space is only half that of the cellular one,
extraction may be as high as 76% and dissociation ef
the albumir:-fatty acid complex may become rate-limit-
ing for influx [4,31]). If this occurs, lhe calculated equi-
librium-free palmi ti

cols, especially in the high range.

For all tllese reasons, thus, one cannot really expect
influx rates and the
equilibrium free palmitate concentrations in the per-
fused liver, inasmuch as other factors, such as limita-
tion by diffusion through an unstirred layer at the cell
surface [8] may additionally coniribute to the overall
kinetics.
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