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Free fatty acid (FFA) transport across the cardiomyocyte
plasma membrane is essential to proper cardiac function, but
the role of membrane proteins and FFA metabolism in FFA
transport remains unclear. Metabolism is thought to maintain
intracellular FFA at low levels, providing the driving force for
FFA transport, but intracellular FFA levels have not been
measured directly. We report the first measurements of the
intracellular unbound FFA concentrations (FFAi) in cardiom-
yocytes. The fluorescent indicator of FFA, ADIFAB (acrylo-
dan-labeled rat intestinal fatty acid-binding protein), was mi-
croinjected into isolated cardiomyocytes from wild type (WT)
and FAT/CD36 null C57B1/6 mice. Quantitative imaging of
ADIFAB fluorescence revealed the time courses of FFA influx
and efflux. For WTmice, rate constants for efflux (�0.02 s�1)
were twice influx, and steady state FFAi were more than 3-fold
larger than extracellular unbound FFA (FFAo). The concentra-
tion gradient and the initial rate of FFA influx saturated with
increasing FFAo. Similar characteristics were observed for
oleate, palmitate, and arachidonate. FAT/CD36 null cells re-
vealed similar characteristics, except that efflux was 2–3-fold
slower thanWT cells. Rate constants determined with intra-
cellular ADIFAB were confirmed by measurements of intracel-
lular pH. FFA uptake by suspensions of cardiomyocytes deter-
mined by monitoring FFAo using extracellular ADIFAB
confirmed the influx rate constants determined from FFAi

measurements and demonstrated that rates of FFA transport
and etomoxir-sensitive metabolism are regulated indepen-
dently. We conclude that FFA influx in cardiac myocytes is
mediated by a membrane pump whose transport rate con-
stants may be modulated by FAT/CD36.

Regulation of FFA3 transport across the cardiomyocyte
membrane is essential for cardiovascular health and dysregu-

lation may result in myocardial lipotoxicity (1). However, the
mechanisms governing FFA transport across cell membranes
are not well understood (2, 3). Proposedmechanisms include
rapid flip-flop through the lipid phase of the plasmamembrane
(4) or a protein-mediatedmechanism (2, 3, 5). Proteins reported
to be correlated with FFA transport in cardiac or muscle cells
include FAT/CD36, FABPpm, and FATP4 (6–10).
In previous studies of FFA transport we found virtually

identical characteristics in adipocytes and preadipocytes, sug-
gesting involvement of an unknown protein because FAT/
CD36, FABPpm, and FATP4 are expressed poorly or not at all
in preadipocytes (2, 11–13). Transport in these studies was
observed by imaging the concentration of intracellular un-
bound FFA (FFAi) (11, 12, 14). This allowed us to directly
monitor the movement of unbound FFA (FFAu) from the ex-
tracellular medium and into the cytosol.
Because FFA transport plays a vital role in the heart and

because our adipocyte/preadipocyte results raise the possibil-
ity that novel FFA transport mechanisms might exist in other
tissues, we have investigated FFA transport in cardiomyocytes
isolated from wild type (WT) adult C57BL/6 mice and FAT/
CD36�/� mice on the C57BL/6 background. We used several
methods to monitor FFA transport in this study, so that key
findings were confirmed independently of a specific method.
These methods included 1) quantitative imaging of FFAi us-
ing a sensor of FFA, ADIFAB (acrylodan-labeled rat intestinal
fatty acid-binding protein), 2) using the pH indicator
BCECF-AM (2�,7�-bis(2-carboxyethyl)-5-(and-6)-carboxy-
fluorescein, acetoxymethyl ester) to monitor FFA influx and
efflux, and 3) a new method to determine FFA uptake by
monitoring the extracellular unbound FFA concentration
(FFAo) using ADIFAB in the extracellular medium.
This study provides the first measurements of FFAi in car-

diac cells and the first direct measurements of FFA influx and
efflux across the cardiac plasma membrane. The results sug-
gest that FFAs are pumped into cardiomyocytes and that
FAT/CD36 interacts with the transporter/pump so that it
significantly modifies the rate of efflux and, to a lesser extent,
the rate of influx. The results significantly alter current views
of the mechanisms of FFA transport in cardiac myocytes and
may provide insights for understanding the role of FFA in
cardiac dysregulation.

EXPERIMENTAL PROCEDURES

Buffering the Extracellular Unbound FFA Concentration—
Measurements of FFA transport were performed by clamping
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FFAo at fixed values using complexes of FFA and BSA as de-
scribed previously (11). Complexes of FFA-BSA were pre-
pared by mixing aliquots of sodium salts (Nu-Chek Prep) of
the FFA from a 50 mM stock solution of the FFA in water plus
4 mM NaOH at 37 °C with a 300–900 �M BSA (Sigma) solu-
tion in Na-HEPES (20 mM HEPES, 140 mM NaCl, 5.5 mM glu-
cose, 5 mM KCl, 1 mM NaH2PO4, and 1 mM MgSO4 at pH 7.4)
also at 37 °C except for palmitate, which was prepared with its
stock alkaline solution raised to 70 °C. Unless otherwise stated
“BSA” indicates fatty acid-free BSA (fraction V, Sigma) and
was prepared as a solution in Na-HEPES. BSA concentrations
were determined by measuring absorption at 280 nm. For
experiments in which cells underwent metabolic inhibition
with oligomycin and 2-deoxyglucose, glucose was omitted
from Na-HEPES. The FFAu for each complex was determined
using ADIFAB (FFA Sciences, San Diego) as described previ-
ously (14, 15). Measuring FFAu directly is critical for correctly
interpreting transport results especially at high FFAo where
saturation of cellular FFA transport is most apparent and
where buffering of FFAo by BSA is weakest. Under weak buff-
ering conditions the actual FFAo may be smaller than calcu-
lated using BSA binding constants, thereby giving the appear-
ance of saturation.
Cardiac Myocyte Isolation—C57BL/6 mice (male, 8–25

weeks of age) were obtained from Jackson Laboratories (San
Diego, CA). FAT/CD36�/� mice (male, 8–25 weeks of age)
maintained on the C57BL/6 background and associated con-
trol mice were gifts from Dr. Nada Abumrad (Washington
University in St. Louis). Mice had ad libitum access to food
and water and were maintained on a 12-h light:12-h dark cy-
cle. Cardiac myocytes were isolated from adult mice by colla-
genase perfusion as described previously (16). Briefly, mice
were injected intraperitoneally with 100 units of heparin 20
min before administration of sodium pentobarbital (250
mg/kg intraperitoneally). The heart was arrested in ice-cold
Buffer A containing 120 mM NaCl, 5.4 mM KCl, 1.2 mM

MgSO4, 1.2 mM NaH2PO4, 5.5 mM glucose, 20 mM NaHCO3,
0.6 mM CaCl2, 10 mM 2,3-butanedione monoxime, and 5 mM

taurine, pH 7.5. The aorta was cannulated, and the heart un-
derwent retrograde perfusion with Buffer A without calcium.
The temperature of the perfusate was maintained at 37 °C and
gassed with 95% O2, 5% CO2 before use. After 4 min, the
buffer was changed to Buffer A plus 25 �M CaCl2 and 59
units/ml type II collagenase (Worthington) for 15 min, and
the coronary flow rate was set to 2.5 ml/min. The heart un-
derwent further digestion (5–10 min) in a shaker bath (90
rpm) at 37 °C in Buffer A plus 50 �M CaCl2, collagenase, and
1% BSA. Isolated cardiomyocytes were obtained from the di-
gested tissue after gentle trituration and centrifugation for 1
min at 500 � g. The calcium concentration of the cardiomyo-
cyte suspension was then increased in a stepwise fashion from
50 �M to 1 mM.
For measurements of FFA transport by microscopy, cells

were plated on laminin-coated glass coverslips (20–25 �g/ml)
in minimal essential medium (Sigma) plus 2.5% fetal bovine
serum and 1% penicillin/streptomycin and allowed to attach
for 1 h in an incubator (37 °C, 5% CO2). The medium was
then exchanged for minimal essential media plus 1% penicil-

lin/streptomycin (serum-free). For FFA uptake experiments
cells were maintained in suspension in Na-HEPES � 1 mM

CaCl2.
Fluorescence Microscopy and Microinjection—Fluorescence

microscopy and microinjection of cells with ADIFAB were
performed essentially as described previously (11) but with
improved microscopy and modifications to permit successful
microinjection in freshly isolated murine cardiac myocytes
(17). A Nikon Eclipse TE2000-U inverted fluorescent micro-
scope was used, primarily with a 40� S Fluor 40�/1.30 Oil
DIC H/N2 objective, a Lumen 200 fluorescence illumination
system, and a Photometrics Cascade II-512 EMCCD camera
for detection. A Sutter Lambda 10-2 device was used to con-
trol the excitation shutter and the excitation and emission
filters. Cells seeded on laminin-coated coverslips were placed
in a perfusion chamber (Warner RC-26G) and heated using a
Warner Instrument heating platform. Coverslips with at-
tached cardiac myocytes were washed twice with Na-HEPES,
and the buffer was then changed to Li-HEPES (20 mM HEPES,
140 mM LiCl, 5.5 mM glucose, 5 mM KCl, 1 mM NaH2PO4, and
1 mM MgSO4 at pH 7.4). Cardiac myocytes were microin-
jected (Eppendorf) with ADIFAB (400–800 �M in glucose-
free Li-HEPES). After microinjection, the coverslips were
washed with Na-HEPES followed by a 5-min incubation in
Na-HEPES plus 600 �M BSA followed by two additional
washes in Na-HEPES.
FFA influx into the cells was initiated by exchanging Na-

HEPES for a FFA-BSA complex at a defined FFAo (600 �M

BSA). Cells were excited at 380 nm, and images at 505 and
435 nm were collected at intervals of 10–20 s at the start of
influx, at 30 s when cells were approaching steady state, and at
40–50 s at steady state. Before efflux was initiated, the perfu-
sion chamber media was saved to determine FFAo by fluo-
rometry with ADIFAB (11). Efflux was initiated by exchang-
ing the FFA-BSA complex for 600 �M BSA in the perfusion
chamber. Images were collected at intervals of 10–20 s at the
start of efflux, at 30 s upon approaching steady state, and at
40 s at steady state. At completion, the medium was removed,
and the cells were washed twice with Na-HEPES before start-
ing the next transport cycle. Typically 1–3 cycles were ana-
lyzed per coverslip with 1–5 cells per field. Image processing
for evaluating the transport time course from changes in the
ADIFAB ratio images (Fig. 1) was performed as described pre-
viously (11, 18). The rise in the ADIFAB ratio during influx
and the decrease in the ADIFAB ratio during efflux were each
fit to a single exponential decay from which we obtained the
influx (kin) and efflux (kout) rate constants (in units of s�1),
respectively. Initial rates of influx and efflux were determined
from the rate of change of FFAi and are, therefore, presented
in units of nM/s.
For BCECF-AMmeasurements the cells were first loaded

with 2 �M BCECF-AM in Na-HEPES for 15 min before initi-
ating transport measurements. Cells were then incubated
with Na-HEPES � 600 �M BSA for 5 min and washed 7 times
with Na-HEPES. BCECF-AMmeasurements were performed
using a 20� Plan Apo 20�/0.75 DIC N2 objective, which al-
lowed more cells to be monitored than with the 40� objec-
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tive. Cells were excited at 440 and 485 nm, and emission was
measured at 530 nm.
Oligomycin Plus 2-Deoxyglucose Treatment and Inhibition

of FFA Oxidation—Cells attached to coverslips underwent
metabolic inhibition with 10 �g/ml oligomycin (Sigma) and
37 mM 2-deoxyglucose (Sigma) in Na-HEPES without glucose
for 30 min at 37 °C to deplete cellular ATP (11, 19, 20). Con-
trol experiments were performed by incubating cells in Na-
HEPES with glucose for 30 min. In a previous study we micro-
injected ADIFAB in a group of cells, measured transport,
added oligomycin and deoxyglucose, incubated for 60 min,
and then re-measured transport on the same cells (11). We
have since found that results were more consistent if cells
were treated before microinjection, possibly because of a
modification of ADIFAB during the 60-min incubation in the
presence of oligomycin and deoxyglucose (12). In the present
study we used different cells (on separate coverslips) to mea-
sure transport in ATP replete and in oligomycin-and deoxy-
glucose-treated cells. FFA oxidation was inhibited by incubat-
ing cardiac myocytes (1–2 � 105 cells/ml) with 10 �M

etomoxir (Sigma) for 15 min at 37 °C followed by washing
with Na-HEPES � 1 mM CaCl2.
Measuring FFA Uptake by Monitoring FFAo—In the mea-

surements for monitoring FFAi, in which cells were microin-
jected with ADIFAB, FFAo was clamped by using FFA-BSA
complexes with large BSA concentrations so that FFAo did
not change significantly during the FFA transport time
course. However, if BSA concentration is reduced sufficiently,
the amount of FFA that is transferred to the cells can be an
appreciable fraction of the total extracellular FFA pool. For
such weak buffering conditions, FFAo may decrease signifi-
cantly as FFA transfers from the extracellular FFA pool (BSA
bound and unbound FFA) to the cells. The time course of this
transfer of FFA to the cells, which represents FFA uptake
without washing, can be measured by using ADIFAB in the
extracellular medium to monitor FFAo. Because the calibra-
tion of extracellular ADIFAB in defined media is well estab-
lished (15), such measurements should provide a robust and
independent test of FFA transport characteristics.
FFA transfer to suspensions of cardiac myocytes was meas-

ured using cuvette fluorometry. An aqueous solution of 1.5 ml
containing 0.2 �M ADIFAB and an oleate-BSA complex in
Na-HEPES plus 1 mM CaCl2, in which the BSA concentration
was 10 �M, was added to a 10 � 10-mm glass cuvette. The
cuvette was placed in a magnetically stirred thermostated
(37 °C) cuvette holder of a Fluorolog 3 fluorometer (J-Y
Horiba). The ADIFAB fluorescence was excited at 386 nm,
and emission intensities at 505 and 432 nm were acquired
continuously every 8 s. Before monitoring FFA uptake, cells
were incubated with 600 �M BSA plus 1 mM CaCl2 for 5 min
and then washed twice with Na-HEPES plus 1 mM CaCl2. The
cardiac myocytes were resuspended at �5 � 104 cells/50 �l.
This volume of cells was added to the stirred ADIFAB plus
oleate (OA)-BSA-containing cuvette. The ratio of ADIFAB
505 to 432 nm intensities was monitored continuously to de-
termine OAo, and thereby the time course of uptake was
established.

The concentration of total FFA in the extracellular medium
during uptake was estimated using the measured FFAo and
the parameters for FFA binding to BSA measured previously
(21) from which we found,

�Ab�/�At� � M�FFAu�/�Kd � �FFAu�	 (Eq. 1)

where [Ab] 
 concentration of BSA bound FFA, [At] 
 total
concentration of BSA (protein),M 
 number of FFA binding
sites per BSA, Kd 
 dissociation constant for FFA, and [FFAu]
is the unbound concentration in equilibrium with BSA. Be-
cause total FFA �� FFAu, total FFA � Ab. For OA,M 
 7 and
at 37 °C, Kd 
 14 nM (22). The total OA was, therefore, calcu-
lated as

�OA� � 7�BSA��OAo�/�14 � �OAo�	 (Eq. 2)

Estimation of FFAi from Total Intracellular FFA and Total
Intracellular Lipid—FFAi was estimated from the concentra-
tion of total FFA transferred to the cells, as determined by
uptake (Equation 2) and the concentration of total intracellu-
lar lipid, as determined by Forsdahl and Larsen (23). The esti-
mate assumes, as in Ref, 24, that FFAi is in equilibrium with
total cellular FFA, which leads to,

�FFAi� � �FFA�/�1 � 0.8Kp�L�	 (Eq. 3)

where 0.8 is the volume (in liters) per mol of lipid (25), Kp is
the FFA/lipid partition coefficient, which for OA (26) is 4 �
105, and [L] is the molar lipid concentration.
Statistical Analysis—Tabulated results are presented as the

mean 
 S.E. Sample means were compared by t test. A runs
test (Prism 5, GraphPad software) was used to determine
whether the initial rate of influx versusOAo deviated signifi-
cantly (p � 0.05) from linearity.

RESULTS

FFA Transport in WT Cardiomyocytes Microinjected with
ADIFAB—FFA influx and efflux was monitored in car-
diomyocytes that retained their rod-shaped morphology
after microinjection with ADIFAB (Fig. 1A, panel 1).
Transport of FFA, in this case OA, was reflected in the
change of the false color fluorescence ratio images as intra-
cellular ADIFAB responded to the change in the concen-
tration of intracellular unbound oleate OAi (Fig. 1A).
Quantification of a series of such images was used to gen-
erate the OA transport time course (Fig. 1B). Influx was
manifested by the increase in OAi from base line to steady
state in �300 s followed by efflux as OAi returned to base
line after the concentration of extracellular unbound oleate
(OAo) was reduced to zero. Influx rate constants (kin) were
approximately half the efflux rate constants (kout). Moreover,
once OAi reached steady state, OAi became substantially
larger than OAo, and this OAi � OAo gradient was main-
tained until efflux was initiated. Similar transport characteris-
tics were found for palmitate and arachidonate (Table 1).
FFA Transport Monitored Using BCECF-AM—Transloca-

tion of FFA between the outside and inside surfaces of mem-
branes alters intracellular pH (pHi). BCECF-AM, the fluores-
cence pHi indicator, was used to monitor FFA membrane
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translocation in BCECF-AM-loaded cardiomyocytes (Fig. 2)
as described previously for cardiomyocytes and adipocytes
(11, 27, 34). Transport rate constants, (kin 
 0.0096 
 0.0009
s�1) and (kout 
 0.026 
 0.005 s�1), obtained from measure-
ments of pHi, were indistinguishable from those obtained
from OAi time courses in ADIFAB-loaded cells (Table 1). The
equivalence of rate constants from intracellular measure-
ments of pHi and FFAi supports the use of intracellular ADI-
FAB as an accurate indicator of FFA kinetics.
FFA Uptake—Intracellular ADIFAB might be affected by

unknown factors in the intracellular environment, and mea-
surements of single cells might not reflect accurately popula-
tion transport characteristics. We, therefore, used extracellu-

lar ADIFAB, where its calibration has been confirmed
extensively (15), to monitor the time course of FFA uptake by
suspensions of cardiomyocytes. The change in ADIFAB fluo-
rescence was used to determine the decrease in FFAo and,
therefore, the uptake of FFA from extracellular FFA-BSA
complexes to the cardiomyocytes (Fig. 3). In this representa-
tive experiment, the addition of �5 � 104 cardiomyocytes to
a cuvette containing ADIFAB and a weakly (BSA 
 10 �M)
buffered OA-BSA complex resulted in a decrease in OAo from
150 to �92 nM during the 1000-s period of this measurement.
The time course for the OA transfer was well described by
two components, a single exponential decay yielding a rate
constant of 0.011 
 0.0004 s�1 and an approximately linear
decay yielding a slope of 0.020 
 0.001 nM/s (Fig. 3A).
The rate constant for the initial portion of the time course

of uptake (0.011 s�1) is virtually the same as the values of
�0.01 s�1 obtained from the intracellular ADIFAB and
BCECF-AM experiments. The initial portion of the uptake
time course, therefore, likely reflects FFA influx (kin). The
equivalence of rate constants determined from intracellular
and extracellular measurements further supports intracellular
ADIFAB as a reliable indicator of FFA kinetics.
We suggest that the slower portion of the time course re-

flects metabolism of FFA. Treating cells with the CPT-1 in-
hibitor etomoxir resulted in a 5-fold reduction in the slope of
linear component of transfer, consistent with this component
representing FFA metabolism (Fig. 3, B and C). Moreover, the
rate constants and amplitudes of the fast component of up-
take (influx) were virtually identical in etomoxir-treated and
control cells. In addition, etomoxir had no effect on OAi as
measured in cells microinjected with ADIFAB (Fig. 3D).
These results indicate that rate constant for FFA translocation
and the initial flux of FFA across the plasma membrane are
decoupled from FFA metabolism.

FIGURE 1. FFA transport in a cardiomyocyte monitored by quantitative
imaging of intracellular unbound oleate. A, differential interference con-
trast and ratio fluorescence images of a cardiomyocyte microinjected with
ADIFAB at different times after changing OAo is shown. Panel 1 is a differen-
tial contrast image of a typical cardiomyocyte after ADIFAB microinjection.
Panels 2– 8 are ADIFAB fluorescence ratio (505/432 nm) images represented
in “false color” in which blue corresponds to low and red to high OAi, ac-
quired at select times during three transport cycles (numbered arrows indi-
cate where during the time course shown in B the images were acquired).
Panel 2 represents OAi at time 0 when OAo 
 0. At 100 s OAo was increased
to 74 nM, and panel 3 is at steady state after �350 s. After �1000 s the me-
dia was replaced so that OAo was clamped at 0 nM and OAi returned to base
line (panel 4). Panels 5– 8 represent the corresponding images for cycles 2
and 3. B, quantitation of complete time courses for the three cycles were
determined by whole cell averaging of OAi. OAo for each cycle is indicated
above the steady state levels.

TABLE 1
FFA transport parameters measured in WT cardiomyocytes
Numbers of transport cycles are indicated in parentheses. Results were obtained
using hearts from 14, 5, and 2 C57BL/6 mice for OA, arachidoniate, and
palmitate, respectively.

FFA kin kout FFAi/FFAo

s�1 s�1

OA 0.0096 
 0.0003 (154) 0.020 
 0.001 (115) 3.4 
 0.1 (154)
Arachidonate 0.0104 
 0.0007 (81) 0.021 
 0.002 (33) 3.9 
 0.1 (81)
Palmitate 0.013 
 0.001 (29) 0.025 
 0.002 (29) 4.2 
 0.3 (30)

FIGURE 2. Oleate transport cycle measured in BCECF-AM-loaded WT
cardiomyocytes. Oleate transport was measured by the change in pHi as
determined from the fluorescence responses in 18 BCECF-AM-loaded car-
diomyocytes. Time courses are shown for individual cells and the average of
all cells (bold line). Cells were initially clamped at OAo 
 0 nM. At �200 s an
OA-BSA complex was added with OAo 
 250 nM, leading to a decrease in
pHi that decayed with kin 
 0.0096 s�1. At �750 s OAo was again clamped to
0, resulting in a increase in pHi with kout 
 0.026 s�1.
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Cardiomyocytes Concentrate FFA—We observed FFAi �
FFAo gradients in adipocytes and preadipocytes and found
that metabolic inhibition reduced the gradients (11, 12).
Treatment of cardiomyocytes with the ATP reducing agents
oligomycin and 2-deoxyglucose also resulted in reduced gra-
dients (Fig. 4A). Gradients were not completely abolished, but
increasing the duration of treatment for more than 30 min,
which we found was required for complete ATP depletion of
adipocytes and preadipocytes (12), resulted in predominantly
nonviable cardiomyocytes. We investigated whether the
FFAi � FFAo gradient in cardiomyocytes was a function of
FFAo or total extracellular FFA by measuring transport with
OA-BSA complexes for which BSA was 300, 600, or 900 �M.
For each complex the corresponding total OA was adjusted so
that OAo was fixed at 50 nM. Essentially the same kin (data not
shown) and the same OAi (150 nM) at steady state was ob-
served for all three complexes, demonstrating that the initial
FFA influx rate and the OAi � OAo gradient are functions of
FFAo rather than extracellular total FFA (Fig. 4, B and C). In
these experiments (Fig. 4B) the total OA concentration was
increased 3-fold to maintain a constant OA:BSA ratio, and as
a consequence the total FFA gradient also increased 3-fold
(Fig. 4D) without, however, altering the FFA influx rate or the
FFAu gradient.
FFA Transport Is Saturable—The ability to generate a con-

centration gradient suggests that transport may be mediated

by a specific membrane protein and should, therefore, be sat-
urable with increasing FFAo. Measurements of OA transport,
in fact, revealed that the initial rate of influx (nM/s) saturated
and the FFAi/FFAo gradient decreased with increasing OAo

(Fig. 5). These transport kinetics were well described by a car-
rier model described previously (11, 24), which yielded a max-
imum influx velocity (Rmax) of �6 nM/s, and dissociation con-
stant (Ko) for binding to the extracellular face of the carrier of
�100 nM.
Influx and Efflux Rate Constants Decrease with Increas-

ing FFAo—The formation of an FFAi � FFAo concentration
gradient appears inconsistent with faster efflux than influx
(Table 1). Similar considerations for adipocytes led to the
finding that efflux rate constants decreased with increasing
FFAo and suggested that efflux might be regulated by an
FFAo sensing gate (11). We investigated the FFAo depen-
dence of efflux in cardiomyocytes by stimulating influx
with OAo � 150 nM and, after reaching steady state, efflux
was initiated by clamping OAo at levels between 0 and 20
nM. We observed that kout decreased by more than 4-fold
over this OAo range (Fig. 6A). In addition, we found that
kin decreased by �2-fold for OAo between 20 and 100 nM

(Fig. 6B). Because efflux decreases more rapidly than in-
flux, kout becomes slower than kin at FFAo � 0, thereby al-
lowing the formation of a gradient.

FIGURE 3. Monitoring FFA uptake differentiates transport from metabolism in cardiomyocytes. Cardiomyocytes (4.2 � 104) were added to a stirred
cuvette containing a weakly buffered OA-BSA complex (BSA 
 10 �M) and 0.2 �M ADIFAB. The ratio of 505 and 432-nm fluorescence intensities was mea-
sured every 8 s, from which OAo values were computed as described (15). A, comparison of oleate uptake by cardiomyocytes untreated (open boxes) and
treated (filled circles) with 10 �M etomoxir for 15 min is shown. For the first component of uptake, the rate constants 0.011 and 0.010 s�1 and the decrease in
OAo, 33.1 and 32.9 nM, were virtually identical for control and etomoxir treated cardiomyocytes. In contrast, the slope of the linear component decreased
5-fold, from 0.02 to 0.004 nM/s for etomoxir-treated cells. B, uptake data of A, represented as [OATotal], was calculated using Equation 2. C, etomoxir treat-
ment (filled bars) of microinjected cardiomyocytes does not affect OAi or kin for well buffered OAo (600 �M BSA). Results are from four etomoxir-treated and
untreated cells.
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FAT/CD36�/� Cardiomyocytes Reveal Slower FFA Efflux
than WT Cells—Our results for WT cardiomyocytes are con-
sistent with a membrane protein-mediated transport mecha-

nism. Previous studies have reported that FFA uptake in car-
diomyocytes is mediated at least in part by FAT/CD36 (3, 9).
Using ADIFAB microinjected cardiomyocytes isolated from
FAT/CD36�/� mice, we found that OA transport was con-
sistent with a saturable mechanism revealing FFAi � FFAo

gradients similar to WT cells (Fig. 7, A and B). Influx was not
significantly reduced in FAT/CD36�/� cells except for OAo 

20 nM, where kin was �50% slower than for WT cells (Fig.
7C). In contrast, kout was significantly slower in FAT/
CD36�/� as compared with WT cells for all OAo measured,
leading to a 2–3-fold reduction in the initial rate of efflux (Fig.
7D). These results indicate that the transport/pumping mech-
anism is largely intact in FAT/CD36�/� cells but raise the
possibility that CD36 interacts with the transporter to modu-
late FFA efflux and influx rate constants.

DISCUSSION

We have used quantitative imaging of FFAi to determine
the rate constants for FFA influx and efflux as well as the
steady state FFAi levels in isolated cardiomyocytes. The
measurements are consistent with FFA transport mediated
by a saturable pump whose efflux and influx rates are mod-
ulated by interaction with FAT/CD36. These results, ob-
tained using microinjected ADIFAB, were confirmed by
monitoring pHi using BCECF-AM and by measurements of
FFA uptake monitored using extracellular ADIFAB. The
results also indicate that the rate constant and initial rate
of FFA transport across the plasma membrane of cardio-

FIGURE 4. Oligomycin plus 2-deoxyglucose treatment decreases FFAi/FFAo. A, treatment of cardiomyocytes with 10 �g/ml oligomycin and 37 mM 2-de-
oxyglucose for 30 min reduced the gradient in cardiomyocytes. B, steady state FFAi is independent of total extracellular FFA as demonstrated using OA-BSA
complexes of 300, 600, and 900 �M BSA with total FFA adjusted so that OAo � 50 nM for each complex. The number of cells investigated in each case is
shown in parentheses. Results from B were used to determine the FFAu gradient (C) and total FFA gradient (D) as a function of BSA concentration. D, total
FFA gradients were calculated using Equation 3 and data from B.

FIGURE 5. FFA transport reveals saturation with increasing FFAo. Upper
panel, the initial rate of influx as a function of increasing OAo is shown.
Lower panel, shown is the concentration gradient OAi/OAo, also as a func-
tion of increasing OAo. Results for both panels were obtained from 154
transport cycles using cells derived from hearts isolated from 14 C57BL/6
mice. Five transport cycles were used per data point. Results of both panels
were well described (R2 
 0.85) by a carrier model (solid lines) with maxi-
mum velocity Rmax � 6 nM/s and a dissociation constant for binding to the
extracellular face of the carrier Ko � 100 nM.
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myocytes is highly regulated and is unaffected by inhibition
of fatty acid oxidation.
Previous studies have reported evidence for both protein

(29–32)- and non-protein (33, 34)-mediated transport in car-
diomyocytes. With the exception of Wu et al. (34), these stud-
ies involved measurements of uptake of radioactively labeled
FFA (29–33). For uptake to accurately reflect FFA transport,
it is essential that transport be stopped after the cells are
washed with albumin to remove extracellular FFA in the me-
dium. However, washing can remove virtually all (�98%) FFA
transported into cells (11, 12, 24) as is also evident from Figs.
1 and 2, which reveal that FFA are extracted from the car-
diomyocytes within 100 s after adding albumin. In addition, as
we discussed previously in Kampf et al. (12), determining that
transport is saturable with increasing FFAo depends critically
on the accuracy of FFAo at large values where buffering by
FFA-BSA complexes may fail. In previous studies (6, 30, 35,
36) FFAo were calculated using published FFA-BSA binding
affinities, and these calculated values were likely larger than
the actual FFAo, thereby possibly giving the appearance of
saturation. This is demonstrated in Fig. 3, where FFAo de-
creased significantly under weak, low BSA, buffering condi-
tions. To avoid these complications and to directly monitor
FFAi and FFAo levels, our studies used methods that allowed
continuous monitoring of FFA transport without the need for
removing extracellular FFA. This method also allowed direct
measurement of FFAo under both well buffered and weakly
buffered conditions.

Wu et al. (34) used BCECF-AM-loaded cardiomyocytes to
monitor FFA-mediated pHi changes and observed slower in-
flux (t1⁄2 � 300 s) but similar efflux times (t1⁄2 � 30 s) as in the
present study. The lack of transport saturation observed by
Wu et al., (34) we suggest likely resulted from using uncom-
plexed FFA and not measuring FFAo. Although Wu et al. (34)
concluded that transport was mediated by a lipid phase mech-
anism, lipid phase transport is �100-fold faster than in car-
diomyocytes (28). Moreover, dissociation is the rate-limiting
step in the proposed (34) lipid mechanism, whereas the virtu-
ally identical influx rate constants from ADIFAB (depends on
translocation and dissociation) and BCECF-AM (depends
on translocation only) measurements demonstrate (11) that
translocation, not dissociation, is rate-limiting for cardiomyo-
cytes. Flip-flop is also the rate-limiting step for FFA transport
across lipid vesicles but, as indicated above, is much faster
than in cardiomyocytes (28). Also, in contrast to lipid vesicles,
where rate constants are highly sensitive to the FFA molecular
species (18), we found that transport in cardiomyocytes re-
veals little or no dependence on FFA type (Table 1). These
differences as well as transport saturability and FFAu gradi-
ents, which are absent in lipid vesicles (37), indicate that FFA
transport across cardiomyocytes is unlikely to be mediated by
a lipid phase mechanism.
FFA Influx Is Mediated by an FFA Pump—Influx measure-

ments in cardiomyocytes microinjected with ADIFAB reveal
an FFAi � FFAo gradient that is reduced by treatment with
oligomycin plus 2-deoxyglucose (Fig. 4). Although ATP levels
were not determined in these cells, oligomycin plus 2-deoxy-
glucose are known to reduce ATP levels (11, 19, 20), which
suggests that an ATP-dependent pump may be the driving
force for cellular uptake of FFA. This conclusion might be
questioned because the FFAi determination depends upon
assumptions about the intracellular environment effect on
intracellular ADIFAB. Such issues were addressed in detail in
our studies of adipocyte transport (11), and we also obtained
evidence for a gradient in adipocytes using imaging mass
spectrometry (24). Nevertheless, we have in the present study
obtained evidence for an FFAi � FFAo gradient in cardiomyo-
cytes that is independent of intracellular ADIFAB. To do this
we assumed, as described in reference (24), that FFAi and to-
tal FFA in the intracellular lipid phase are in equilibrium,
which is governed by the lipid/water partition coefficient (Kp).
For the uptake results of Fig. 3, we estimated that the total
intracellular concentration of OA was 1.7 mM from the de-
crease in extracellular OA concentration (Fig. 3C) and the
cellular volume of 30 pl for a cardiac myocyte (38). These val-
ues together with the previously measured Kp for OA (4 � 105
(15)), a cellular lipid concentration of 23 mM (23), and Equa-
tion 3, predict OAi 
 231 nM. FFAo at steady state (�250 s in
Fig. 3A) was 118 nM, and therefore, OAi was twice OAo for the
experiment of Fig. 3. Thus, uptake measurements are also
consistent with an FFAi � FFAo gradient.

These results would seem to conflict with metabolism be-
ing the driving force for transporting FFA from blood into
cardiomyocytes, which would be expected to result in intra-
cellular total FFA � extracellular total FFA. Studies in cardiac
and skeletal muscle have indicated a total FFA concentration

FIGURE 6. Efflux and influx rate constants decrease with increasing
FFAo in cardiomyocytes. A, efflux rate constants were measured after initi-
ating influx by exposing cardiomyocytes to OAo 
 150 nM. Cells were al-
lowed to reach steady state, at which time OAi was �500 nM. At that point
the extracellular buffer containing OAo 
 150 nM was exchanged for a
buffer in which OAo was clamped at concentrations of 0, 10, and 20 nM, and
kout was determined. Data were obtained from three cells exposed to the
same complexes. B, influx rate constants (kin) were determined for increas-
ing OAo. Data were obtained from 154 transport cycles derived from car-
diomyocytes isolated from the hearts of 14 mice. An average of five trans-
port cycles per data point is shown.
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in blood that was 3–12-fold larger than in cardiac tissue (39,
40), suggesting that the driving force for FFA uptake was a
low tissue FFA maintained by FFA metabolism. For the mea-
surements of Fig. 3, the ratio of extracellular (62.6 �M) to cel-
lular (1.7 mM) total OA was �0.04 at the end of the first com-
ponent of transfer, the opposite of what has been observed in
cardiac and skeletal muscle (39). However, BSA was 10 �M in
the Fig. 3 study. For physiologic BSA (600 �M), the ratio of
extracellular (3.8 mM, corresponding to OAo 
 118 nM) to
cellular (1.7 mM) total OA would be �2.2, consistent with in
vivo results (39). These observations and those of Fig. 4 indi-
cate that the driving force for FFA transport is the unbound
rather than total FFA gradient.
To summarize, our results indicate that FFAs are rapidly

transported up a FFAu concentration gradient, and under
physiologic conditions, where FFAo is well buffered, FFAi is
maintained at a level that is 3–10-fold larger than FFAo. Un-
der these conditions the high FFAi levels provide a constant
reservoir of FFA so that FFAi are not rate-limiting for the rel-
atively slow rate of FFA metabolism. For these well-buffered
conditions, at steady state both FFAo and FFAi are unchang-
ing, whereas FFA metabolism mediates a net FFA flux into the
cells. We estimated the initial flux of total FFA using the data
of Fig. 5, upper panel, Equation 3, and a cardiomyocyte vol-

ume of 30 pl. This estimate yielded an initial flux that ranges
from 1 to 5 � 108 molecules of FFA/cell/s.
Cardiomyocyte FFA Transporter Characteristics May Be

Modulated by FAT/CD36—Transport characteristics of car-
diomyocytes revealed by the present studies are similar to but
not identical to those we reported previously for adipocytes
and preadipocytes (11, 12). Influx and efflux rate constants are
about 2–3-fold slower and the FFAi�FFAo gradients at least
50% larger in cardiac myocytes than in adipocytes and preadi-
pocytes. Transport in both types of cells is consistent with a
carrier model, albeit with differences in parameters that re-
flect the observed differences in transport characteristics. The
maximum influx rate (6 nM/s) and dissociation constant (100
nM) are about 50% smaller for the cardiac myocytes (Fig. 5)
than adipocytes. Although normal circulating FFAo are gener-
ally less than 3 nM (41, 42), cardiac specific lipoprotein lipase
activity may increase FFAo in the region immediately adjacent
to the cardiomyocyte. Goldberg and co-workers (43) have
demonstrated that lipoprotein lipase activity is important for
providing myocardial FFA. Albumin-bound FFA may be in-
sufficient possibly because circulating FFAo are low and
higher local FFAo are required for efficient myocardial func-
tion. Therefore, a Ko � 100 nM may be appropriate for myo-
cardial transport. This is similar to the mechanism we postu-

FIGURE 7. Oleate transport in FAT/CD36�/� and WT cardiomyocytes. A, initial rates of influx versus the OAo for FAT/CD36�/� cardiomyocytes were well
described by the carrier model (R2 
 0.78) with Rmax � 5 nM/s and Ko � 120 nM. The data were significantly nonlinear (p 
 0.045). B, OAi/OAo gradients for
WT (white) and FAT/CD36�/� (black) cardiomyocytes for increasing OAo are shown. C, initial rates of influx are shown. D, initial rates of efflux are shown.
Averages of N transport cycles are indicated in parentheses.
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lated for adipocytes under postprandial conditions where
adipocyte lipoprotein lipase activity presumably increases
FFAo levels to match the Ko � 150 nM of the adipocyte (11).

A similar protein may, therefore, be responsible for FFA
transport in adipocytes, cardiomyocytes, and preadipocytes.
Among the proteins reported to contribute to FFA uptake,
FAT/CD36 has been associated with uptake in both adipo-
cytes and cardiomyocytes (9, 44, 45). However, we found vir-
tually identical transport characteristics in adipocytes, which
express FAT/CD36, and preadipocytes, in which expression
of FAT/CD36 is �5% that of adipocytes (12, 13). Moreover,
FFA transport characteristics we observed in cardiomyocytes
obtained from FAT/CD36�/� mice are largely similar to
those fromWTmice (Fig. 7). Nevertheless, because in FAT/
CD36�/� mice efflux rates were reduced and influx was re-
duced when FFAo 
 20 nM, our results suggest that FAT/
CD36 may interact with the transporter. This reduction in
influx rates at low FFAo is consistent with previous results
examining the role of FAT/CD36 in cardiac FFA transport for
which FFAo was generally �20 nM (6). A possible mechanism
for modulation of transport by FAT/CD36 that would lead to
slower efflux in FAT/CD36�/� cells is through the gating
mechanism (Fig. 6). If FAT/CD36 were involved in maintain-
ing the gate in an open state at zero FFAo, then the absence of
FAT/CD36 expression would lead to slower efflux rates as
depicted in Fig. 7. Because no significant differences in trans-
port characteristics were observed between adipocytes and
preadipocytes, we suggest that the transporter-FAT/CD36
interaction is specific for cardiomyocytes.
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