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We investiguted the kinetivs of palmitate upiake (na physlelogical tkeleal muscle preparation by using the isolated petfused rat hindguaner, When

- pletted againit the unbound plasma palmitate coneeniration, paimitate uplake dixplayed 4 simple Michaclis-Menten relation with 8 esleulated P

and Ky of 163 pmebmin™ @~ und 0.06 pmol+ ] *Y, respectively, Thexe rasulls show that, ux inv iselated eell syeienn, uplake of free fatly neidd
inperfuzed skelenl murele follows sutunition kineligs cuneistens with carrier-medivted membBrane transport af Mree Futy geids.

Free fanly weid; Mugele upinke

1. INTRODUCTION

Free fatty acids (FFA) are a major fuel source for
skeletal muscle. Studies in men and dogs have suggested
" a linear relationship between utilization of free fatty
" acids and the total FFA cancentration in plasma [1,2)
suggesting that uptake of FFA into muscle occurs by
passive diffusion. However, more than 99.9% of the
FFA are carried in plasma bound to albumin. Thus, ac-
cording to the traditional theoty of celiular uptake for

protein bound ligands, uptake of FFA should bedepen-

dent upon the unbound rather than the total FFA con-

centration. Along these lines, it has recently beenshown-

that FFA uptake in cultured hepatocytes, adipocytes
and cardiomyocytes is a saturable function of the un-
bound FFA concentration {3]. Such a relationship sug-
gests that transport across the cell membrane does not
follow simple diffusion. In accordance with such a
hypothesis, a fatty acid binding protein has been

isolated from the plasma membrane of hepatocytes [4], -

adipocytes [5] and cardiac myocytes {6] and addition of
antibodies to these binding proteins inhibits FFA up-
take [4-6] supgesting that fatty acid binding proteins
may function as carriers for FFA. Studies of
physiologically ‘intact muscle . preparations are,
however, lacking. The purpose of the present study was
‘to describe the kinetics for the uptake of FFA in an in-
tact physiological in vitro muscle preparation,

2. MATERIALS AND METHODS

2.1. Animal preparation - ‘
Male Wistar rats were maintained on a 12-h light/ddrk cycle and

received regular rat chow and water ad libitum. On the day of the ex-~
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~ periment, fed rats weighing between 180 and 220 g wers anesthetized

by an i.p. injection of sodinm pentabarbiiol (S mgs100 p body weight) |
und prepared surgically far hindquarter perfusion as previously
dexgribed [7). . ‘ : ;

2.1, Experimental procedirss ‘

The imitial perfusate (300 m1} consisied af Krebs-Henseleit salits
tlon, 1=3-day-old washed bavine eryihroeyles themataerit, 30%), $%
BSA (Cohn fraction ¥, Sigmia, St Leuis, MO), 6 mM glucose, varying
amaunts of albumin-bound palmitate (final perfusale concemiration
= 130-2200 umol) and JCO pb of albumin-bound {I-" Clpaimiate
{(New England Nuclear, Boston MA). No insulin was added. The per-
fusate (A7) was continuously gassed with a mixture of 35% oxygen,
3%y earbon dioxide and 629 nitrogen, which yielded an arterial pH

- valug of 7.4 and partial pressures for ¢arbon dioxide and oxygen of

25-30 mm Hg and 130-20¢ mm HG, respeetively,

" The first 25 ml of perfusate that passed through the hindquarter
was discarded, whereupon the perfusate was recirculated at a flow af
12.5 mi/min. After an equilibration period of 20 min, the bload was

“recirculated at the same flow rate for another 40 min during which

time resting arterial and venous perfusate samples were taken at 10, -
25 and 40 min, : s

2.3, Analyses, calctations and Staiistics
_ Samples for FFA (1.5 ml) were put in EGTA (30 ul, 206 mM, pH
7). centrifuged and the supernatant was frozen unti] analyzed for FFA
by the enzymatic method of Shimizu et al. {8] as modified by Klens
(9]. Duplicate 100 j1 wliquots of the perfusate plasima were mixed with
liquid “seintillation fluid (Maxifluor, 1.T. Baker, Deventer, The
Netherlands) and counted in a Packard liguld scintillation counter
model 2000 CA (Packard I nstrument Co., Downers Grove, 1L), Since -
FFA conceniration was very low in the absence of added palmitate
and since palmitate was the only fatty acid added, measured EFA ¢on-
centrations were taken to equal palmitate concentrations, L
To ascertain that the radioactivity in the plasma was due solely to
FFA, lipid extraction [10] and separation [11] were performed on a
subsample of perfusaie samples (1 = 5). The recovered palmitate frac-
tionl contained 98% of the total radioaclivity on the plate and that
amount corresponded {o more than 92% of the total radioaclivity
present in the plastha samples. Thus, allquots of the plasma were -

. counted directly and the total radioactlvity was used to calculats the

specific activity of palmitate in the perfusate, ‘
. Perfusate samples for the determination of pQp, pCO:, pH and
haemoglobin were collected anaeroblcally, placed on ice and

- measured with an ABL 30 acid base laboratory and an OSM2 hemox-

imeter (Radiometer, Copentiagen, Denmark), respectively.
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Fig. 1. Palminte nplake of perl’uswd hlndquarlerx as i I'uncwln af up-

baund palimiiite concentratian, Alseisin alva indleates (he  taree-

‘sponding tolal palmimte coneenirations from which the unbound

fraction was ¢aleulated by the stepwise equilibrivm methed (atbumin

cancentration = 510 uh). Each point represents the -u.emge upitke
vitfue-of one ral (n wl),

The equilibrivim  congeniration of unbownd  palmitate wils
eaiculnred by the stepwise equitibrium method as described by Speetor

¢t al. [i2] and Wosilail‘and MNagy [13). Palmiiate upinke was’

caleulared by multiplying e fractional uptake of palmitaie with the

perfusate plasma flow and the palmilate concentrition in arteriad per-

© fusate plasma, Oxygén uplake was caleulated by multiplying the

arteriovenous difference with the perfusate flow. Uptake valugs were
expressed per gram of perl’usctl musgle which was assumed to bc I/é
of body weight 11]

3. RESULTS |
Since values measured at 10, 25 and 40 min of rest did

not differ, mean values of the measurements are given

in the figures. Oxygen uptake was 24 = |
pmol g~ fh~! (n=35) which is a normal value for per-
fused rat hindquarter at rest (14]. When uptake of
" palmitate was plotted as a function of the calculated un-

1/uptike velocity

25 50 7% 100 125
[1/paimitate concentration, MM
Fig. 2. Lineweaver plot of the uptake veloclty as a function of the
palmitate concentration, The Vi B0d Knp of the relationship were
16,3 nmol min~" g~ ' and 0.06 umol* 1 * !, respectively (n =23). The
regressxon equation and correlation coefficient are: y = 0. 0035:( +
0.06: » = 0.96, P<0. 05
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Flg. 3. Cuprelnlic}n belweeh tatal palmiate eoncentration and the
palmitate upke (#=23), The regresslen equation and correlation -
coelfilent ure: » = L3¢ + 0,007; r = 0.8} 220,04, ‘

bound .pnlmitate“ concentration, uptake followed

" saturation kinetics and could consequently be fitted to

a Michaclis-Menten relationship (Fig. 1). By plotting
the inverse of the uptake velocity as a function of thein-
verse of the palmitate concentration, a straight line was
obtained (¢ =0.0035% + 0.06; r==‘0.96. £<0.05} which
yielded a Vnae of 16,3 nmol-min~"-g~! and an ap-
parent Ky of 0,06 umol - | =1 (Fig. 2). Similar values for |
the Vuas (19nimol  min " ''g~ ") and K, 0.08 gmol+ 1) .
were obtained when the data were fitted to a rectangular

“hyperbalic function as assessed by the computer pro-

gram ALL-FIT {15], The unbound palmitate concentra-
tion increases exponentially when total palmitate in-
creases and the albumin concentration is constant [12],
This explains why uptake plotted versus total palmitate
concentration follows different kinetics than when plot-
ted against the unbound palmitate concentration. When’
plotted against the total palmitate concentration, up-
take could be fitted to a straight linc relationship,
although levelling ot‘f as appatent at high concentra-

tions (Flg 3).

4, DlSCUSSION

For the first time, the present study shows that in in.
tact perfused skeletal musclé, uptake of free fatty acids
(FFA) follows saturation kinetics when plotted agamst
the unbound FFA concentration, The existence of
saturation kinetics between FFA uptake and unbound.
FFA concentration has recently. been documented in
isolated cell culiture systems. Thus, Sorrentino et al. [3]
showed that [‘H]oleate uptake into isolated
hepatocytes adipocytes and cardiac myocytes followed
saturation kinetics when the concentration of albumin
was In the physiological range. These data as well as the
data in the present study agree with the conventjional
theory for cellular uptake of protein bound ligand
which states that ligand uptake is a function of the un-
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baund ligand conceniration and that protein-bound
ligand serves as & reservoir for uptake by remalning in

constant equitibrium with the unbeund fraction. FFA

are bound ro albumin and under mos physiclogical
conditions less than 0.1% of the wtal FFA in plasma ia
unbound.

It is not knawn. whiere in the steps from the dissotia-

tien of free fatty acids from mibumin 1o oxidative
metabolism, the saturation o<eurs. Until recently,
transport ncross the plasma membrané was believed 10
be achieved by a simple process of passive diffusion
because of the lipid nature of the fatty acid molecule.
However, accumulared evidence suggesis that the
‘saturation may. oceur in the transport process itself,
Saturation  kinetics are charaeteristic for ° carrier-
mediated transport processes. Faity acid binding pro-
teins (FABP) have been isolated from the plasma mem-
brane of cells that have a high demand for fasty acid up-
~ take {4=6]. The 40-kDa FABP proteins that have been
isolated from the plasmz membrane of cultured

 hepatocytes, adipocytes and cardiac myocytes are -

remarkably similar [4-8]). They possess a high affinity
for long chain fatty acids and antibodies raised 1o this
class of membrane proteins inhibit both binding 10 the
plasma membrane and cellular influx of free fatty acids
in a dose-dependent fashion [5,6]. Thus, it appears that
at least part of the free fatty acid uptake is mediated by
a specific membrane protein, Evidence for the existence
of a FABP in the plasma membrane of skeletal muscle

cells is lacking. However, as in other cell types, func-

tionally similar  FABP have been located in the
cytoplasm of muscle celis [16]. Since the kinetics of free
fatty acid uptake are similar between cell types, it is
- likely that FABP are also located in the plasma mem-
brane of skeletal muscle cells.- If 50, these FABP may
-constitute functional FFA transporters and consequent-
ly be the structural basis behind the apparent sa:uration
type of kinetics for FFA uptake.

Previous studies of uptake aud/or turnover of FFA'

in humans and dogs have suggested a linear relationship
between total FFA concentration and FFA upiake or

turnover at rest and during exercise [1,2]. [four dataon |

palmitate uptake are plotted as a function of total FFA
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ther a linear relationship cn'n also be found [l’_is; 3,
- Huwever, since uptake oceurs from the small pool of

unbound FFA it is physiologically more relevant 1o plot
uptake versus the unbound concentration of FFA than
versus the toral FFA concentration. Furthermore, plots
ting againit the total FFA coneentration obscures the
taturable nature of the uptake, since the unbound con-

. cenration increases exponentially with an increase in

10tat coneentration,
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