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Abstract The factors determining fatty acid transfer across
the placenta are not fully understood. This study used a com-
bined experimental and computational modeling approach
to explore placental transfer of nonesterified fatty acids and
identify the rate-determining processes. Isolated perfused
human placenta was used to study the uptake and transfer of
Be- -fatty acids and the release of endogenous fatty acids.
Only 6.2 + 0.8% of the maternal "*C- -fatty acids taken up by
the placenta was delivered to the fetal circulation. Of the
unlabeled fatty acids released from endogenous lipid pools,
78 + 5% was recovered in the maternal circulation and 22 +
5% in the fetal circulation. Computational modeling indi-
cated that fatty acid metabolism was necessary to explain the
discrepancy between uptake and delivery of *C- -fatty acids.
Wlthout metabolism, the model overpredicts the fetal deliv-
ery of ¥C- fatty acids 15-fold. Metabolic rate was predlcted to
be the main determinant of uptake from the maternal circu-
lation. The microvillous membrane had a greater fatty acid
transport capacity than the basal membrane il This study
suggests that incorporation of fatty acids into placental lipid
pools may modulate their transfer to the fetus. Future work
needs to focus on the factors regulating fatty acid incorpora-
tion into lipid pools.—Perazzolo, S., B. Hirschmugl, C. Wadsack,
G. Desoye, R. M. Lewis, and B. G. Sengers. The influence
of placental metabolism on fatty acid transfer to the fetus.
J- Lipid Res. 2017. 58: 443-454.
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Long-chain fatty acids are essential for the development
of the fetal brain and visual system and as biosynthetic pre-
cursors for hormones (1). Impaired placental delivery of
fatty acids to the fetus may resultin developmental changes,
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with consequences for the life-long health of the offspring
(2). The mechanisms of fatty acid transfer to the fetus and
which of these mechanisms is likely to be rate determining
are not fully understood. In this study, placental fatty acid
transfer was investigated using placental perfusion in com-
bination with computational modeling.

The low solubility of fatty acids means that they are typi-
cally bound to carrier proteins (e.g., lipoproteins, albumin
in plasma, and specific fatty acid binding proteins within
the cytosol). Plasma albumin concentrations have been
shown to be an important determinant of placental fatty
acid transfer (3). Within the cytosol, fatty acid binding pro-
teins in the placenta include the heart type and the liver
type (4) to facilitate the cytosolic transfer (5). Fatty acids
transfer across the human placenta and follow an overall
concentration gradient, with concentrations higher in ma-
ternal plasma than in the fetal capillaries (6).

Between the maternal and the fetal blood, the syncytio-
trophoblast layer of the villous tree is considered the pri-
mary barrier to nutrients transfer through the human
placenta (6, 7). Membrane transport of fatty acids may oc-
cur by both simple (8) and facilitated diffusion (9). The
relative contribution of simple and facilitated diffusion of
fatty acids is disputed, but fatty acid transporters are found
in the maternal-facing microvillous plasma membrane
(MVM) of the syncytiotrophoblast and in the fetal-facing
basal membrane (BM) (10). These membrane transport-
ers include members of the fatty acid transport protein
family, the fatty acid binding protein plasma membrane,
and the fatty acid translocase/CD36 (11).

Membrane transport of nutrients is widely believed to be
a rate-determining step in their transfer, but in the heart, it
has been proposed that fatty acid uptake is determined by
metabolic rate within the cell (12). The first step in fatty
acid metabolism is conversion to acyl-CoA. This is mediated
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by long-chain fatty acid acyl-CoA synthetase in the cytosol
or, for the fatty acid transport protein family of mem-
brane transporters, is directly associated with the mem-
brane transport protein (13, 14). Acyl-CoA can then be
esterified into different lipid pools, triglycerides, phospho-
lipids, and cholesterol esters (15, 16); enter the $-oxidation
pathway (17, 18); or be used for the biosynthesis of eico-
sanoids (19). Because most fatty acids are converted to
Acyl-CoA in the cytosol, the fatty acid concentration would
be expected to be low. Placental metabolism poses a prob-
lem for fatty acid transfer because acyl-CoA and its prod-
ucts cannot easily be released to the fetal circulation. This
is analogous to an unresolved problem with placental glu-
cose transfer because glucose is normally converted to glu-
cose-6-phosphate as soon as it enters the cell trapping it
there (20). Glucose transferred to the placenta must some-
how bypass this process because there is no placental glu-
cose-6-phosphatese. However, the placenta does express
genes for enzymes that can release fatty acids from acyl-
CoA, triglyceride, and phospholipid pools (18, 21). It has
been suggested that glucose and fatty acid transfer may oc-
cur preferentially in regions of vascular syncytial mem-
brane where diffusion distance is low and metabolism may
be limited (22).

Compartmental modeling has provided insight into
the placental transfer of amino acids, in particular by
highlighting the role of amino acid metabolism (23—
25). Similarly, mathematical modeling could help inter-
pret the factors that affect fatty acid transfer because it
is currently not clear which of these is rate determining.
The aim of this study was to identify and evaluate the
main factors that determine fatty acid transfer across
the placenta by combining ex vivo placental perfusion
experiments and computational modeling of the result-
ing data.

MATERIALS AND METHODS

Placental ex vivo perfusion

Healthy women with uncomplicated pregnancies were asked to
participate in this study prior to elective caesarean sections. All
women provided written informed consent, and the study was ap-
proved by the ethics committee of the Medical University of Graz
(EK No. 24-529 ex 11/12).

For the six healthy placentas perfused in this study, maternal
BMI was (mean and SEM) 28.4 + 10.6 kg/m2, placental weight was
665 + 83 g, and gestation length was 38.8 + 0.4 weeks.

The perfusion method used in this study was previously de-
scribed by Schneider et al. (26). Briefly, within 20 min after deliv-
ery each placenta was examined in order to find a single intact
cotyledon. The corresponding artery and vein pair, supplying the
cotyledon, was cannulated, and the cotyledon was flushed imme-
diately with prewarmed perfusion medium. The perfusion me-
dium consists of phenol red free DMEM of 1g/1 glucose (Gibco)
and Earl’s buffer of 116.4 mmol/l NaCl, 5.4 mmol/1 KCI, 1.2
mmol/1 NaH,PO,, 0.8 mmol/1 MgSO,-7 H,O, 1.8 mmol/1 CaCl,,
26.2 mmol/l NaHCO3 mixed in a 3:1 ratio (Merck, Darmstadt,
Germany); 250 mg/1 amoxicillin (Sigma-Aldrich, Steinheim, Ger-
many); 10 g/1 dextran FP40 (Serva, Heidelberg, Germany); a total
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concentration of 11.1 mmol/1 glucose (Merck); and 5 g/I essen-
tially fatty acid-free BSA (Sigma-Aldrich, Seinheim, Germany).

The cannulated cotyledon was placed in the preheated (37°C)
perfusion chamber, and the fetal circulation flow rate was set to 4
ml/min. Thereafter, the maternal circulation was established at a
flow rate of 8.4 ml/min, and both circulations were kept in the
open circuit mode for 30 min. The maternal reservoir was
changed to 200 ml perfusion medium containing 0.5% essential
fatty acid-free BSA (Sigma-Aldrich, Schnelldorf, Germany) and
1?’C-fatty acid (37.2 pM 16:0, 40.5 pM 18:1, 1.6 pM 18:2 n6) (Sigma-
Aldrich, Schnelldorf, Germany) and unlabeled fatty acids (0.78
PM 20:4 n6, 0.2 pM 20:5 n3) (Sigma-Aldrich, Schnelldorf, Ger-
many). The fetal circulation contained 0.5% BSA as an acceptor
for fatty acids and was kept in open-circuit mode throughout the
experiment. The maternal perfusate was recirculated for 180 min.
Samples were taken from maternal artery and vein and from the
fetal vein at 0, 10, 20, 30, 60, 90, 120, 150, and 180 min. The ma-
ternal reservoir was changed to perfusion medium containing
0.5% BSA, and both circulations were kept open during this wash-
out phase. Sample collection was performed at 0, 10, 20, and 30
min during the washout phase. After removal of red blood cells,
the samples were stored at —80°C until analysis.

Fatty acid analysis by GC/MS

Lipid extracts from samples collected during the perfusion ex-
periment were extracted according to the method previously de-
scribed by Matyash et al. (27). Nonesterified fatty acids were
determined by Trace-DSQ GC/MS (Thermo Fisher Scientific,
Waltham, MA) on electron impact MS mode, as previously pub-
lished by Fuchs et al. (28).

The model development, parameter sensitivity, and analysis of
transfer mechanisms were first performed using data from an ini-
tial experiment with 90 min of 13C—fatty acid infusion followed by
a 30 min washout. Once the computational model was derived for
this case, the same modeling methodology was applied to estimate
the model parameters based on the data from the 180 min Pe-
fatty acid infusion + 30 min washout experiments (n = 6).

Uptake and delivery mass balance

Mass balance calculations for the placental system were carried
out using the experimental concentration data. Thus, for 1‘(/;C—fatty
acid:

bt
u= (cma — cmv)QMdt (Eq. 1)
0
oy
d= | cpQpdt (Eq. 2)
0

where u is the uptake by the placenta from the maternal circula-
tion; dis the amount of fatty acid delivered to the fetal circulation
(fetal delivery); ¢ (wmol/1) is the measured concentration; ma,
mv, and fv refer to the experimental maternal artery, maternal
vein, and the fetal vein measurements samgled over time, respec-
tively. Loy = 180 min is the experimental 1‘C—fatty qcid perfusion
time for the six experiments. The mass balance for 1‘)’C-fatty acid is
by, =u— d. If b =0, the entire amount of 12(}fatty acid taken up by
the placenta was delivered to the fetal circulation. If 4 > 0, a cer-
tain amount of 13C—fatty acid was taken up by the placenta but not
delivered to the fetal circulation and thus had to be retained by



the placenta. For the endogenous fatty acids, the net release from
the tissue was estimated as the sum of the amount of fatty acids
recovered in the maternal reservoir and the amount of fatty acids
recovered in the fetal efflux: 4,,,,= d — u. Thus, when 5> 0, a cer-
tain amount of endogenous fatty acid was released by the placen-
tal tissue.

Mathematical modeling

Based on the placental physiology and experimental setup, the
main compartments involved in fatty acid transfer included in the
model were (in order from maternal to fetal circulation) the ex-
perimental maternal reservoir R, the placental maternal intervil-
lous space M, the syncytiotrophoblast fatty acid pool § (i.e., those
intracellular fatty acids available for transport), and the feto-pla-
cental capillaries F. Connected to S, an additional compartment P
was added to account for the placental metabolism (Fig. 1). The
placental metabolism represented all metabolic pathways that
may occur in the placental tissue, including reversible and irre-
versible processes. We will refer to Pand the placental metabolism
as described here as the “metabolic pool.” This pool represents
the sum of fatty acids that have been subject to metabolic pro-
cesses, including esterification (into triglyceride, phospholipid,
and cholesteryl-ester pools) and irreversible loss such as biosyn-
thesis of eicosanoid or B-oxidation. The model configuration was
based on current understanding of maternal-to-fetal transfer of
fatty acids (29). The volume of each compartment was assumed
constant and well mixed. Concentrations in the model were de-
fined in accordance with the measured data, representing both
unbound fatty acids and those bound to carriers. The placental
metabolism was assumed to occur in the syncytiotrophoblast cyto-
sol. The resulting model is described by the following set of gov-
erning equations:

M (QuCr-QuCu — Jant)  (Eg. 9

N

%=VLS(JMVM It =~ Juee+ Tut) (. 5)
=) (Eq. 6)

% :%( ~QrCr +QpCrap+Jpm)  (Eg. D)

Concentrations C (wmol/1) and volumes V (liters) of the com-
partments are indicated with the relevant subscripts (with V,= V).
Chinp 1s the fetal umbilical artery input concentration, which was
zero in the experiments. Q,; (I/min) is the maternal circulation
flow. Qp (1/min) is the fetal circulation flow. [y (wmol/min)
and Jp; (wmol/min) are the net fluxes across the MVM and BM,
respectively. /... (wmol/min) and J,, (wmol/min) are the fluxes of
fatty acids from the pool § to the metabolic pool (accumulation
pathway) and from the metabolic pool back to pool S (release
pathway), respectively.

Membrane transport model

The membrane fluxes fy;,;and [z, were modeled to represent
a saturable bidirectional process. All different transport mecha-
nisms, including dissociation and binding steps, were lumped to-
gether in a single “apparent” transport process. For the sake of
simplicity, each fatty acid was considered independently (i.e.,

P

4Cr :L(_QMCR +QumCu ) without an explicit model of competition). The same functional
ar Vg (Eq. 3) form was assumed on both MVM and BM, as follows (30):
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Fig. 1.

Compartmental model schematic for fatty acid transfer across the placenta. Ris the maternal reservoir; M is the maternal intervil-

lous space; S is the syncytiotrophoblast fatty acid pool (intracellular fatty acids available for transport) and P is the metabolic pool, both
contained in the syncytiotrophoblast volume; and Fis the fetal compartment of the placenta, representing the fetal capillary volume. The
maternal circulation was perfused in closed circuit with flow Q)= 8.4 ml/min. Jy;y,and Jp, (wmol/min) are the net fluxes across the placen-
tal membranes MVM and BM, respectively. [, and [, (nmol/min) are the metabolic fluxes representing the accumulation and release due
to placental metabolism. The fetal circulation was perfused in an open circuit with flow Q= 4 ml/min.
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Cm Cy
Jymvm :UMVM[ - : (Eq. 8)
Kyvm +Cy Kpvm +Cs 1
o Cr .
=y . — (b . 9)
JBMm BM[ Koo+ Cs Ko +Cr q

The parameters vy and vgy (Lwmol/min) represent the maxi-
mum flux capacity of the respective membrane. Ky, and Ky,
(nmol/1) are the fatty acid dissociation constants for each mem-
brane, with Ky, = Kzy = K. Note that for K>> C this function re-
duces to a simple diffusive process. Thus, the fluxes are consistent
with the concentration gradient: when Jy;,; > 0 the net flux goes
from M to S; when Jpy, > 0 the net flux goes from Sto F.

Metabolic pool model

The metabolism fluxes [, and [, representing an enzymatic
cascade, were approximated as a single “apparent” metabolic pro-
cess with Michaelis-Menten kinetics. Thus:

v, C
]am; _ _/max,acc S ( E9~ 10)
Km,acc + CS
Vv, C -
]rel _ max,rel ~P (bq ]])
Km,rel + CP

where V,,,. and K, are the Michaelis-Menten parameters. For the
sake of simplicity, K, .., =K, ,» = K,,, assuming that accumulation into
the metabolic pool and release from the metabolic pool had the
same apparent kinetics. An estimate for K,, was 435 pumol/1 (31, 32).

13C-fatty acid modeling simulations

The model initial conditions were Cp(0) = ¢,,(0), with ¢,,, the
maternal artery measurements (corresponding to the concentra-
tion in the reservoir R). The initial '*C-fatty acid concentrations in
all other compartments were set at zero. The *C-fatty acid amount
used in the experiments were much lower than the metabolic K.
Thus, equations 10 and 11 can be simplified:

where k,,, (per minute) and k,,, (per minute) are linear rate
parameters, where the former represented the accumulation and
the latter the release metabolic pathway.

Endogenous (unlabeled) fatty acid modeling simulations

The model initial conditions for the maternal and fetal com-
partment were Cy(0) = c,,(0) and Ci(0) = ¢;,(0), respectively, with
¢,y the maternal vein measurements (representing the intervil-
lous space M) and ¢, the fetal vein measurements (representing
the fetal capillaries volume F). The initial concentration in the
reservoir Rwas set to zero for most of the endogenous fatty acids,
except for those that had been added in together with the “C-
fatty acid in the experiment at time zero (see MATERIALS AND
METHODS). The initial syncytiotrophoblast concentration was
Cs(0) = (€,n(0) + ¢4(0)) /2, as an estimated value according to the
overall gradient expected at time 0. In addition, it was assumed
that the endogenous pool was large, with Cp(0) >> K,, (33) and
Cp(0) >> C4(0). Thus, equations 10 and 11 can be simplified as:

_ Vmax,accCS NVmax,accCS —k
Jace = -

~ Cg, for K,, >> Cg
a,endo™S m S
lim,acc CS Km

(Eq. 14)

Vmax,relcl’ ~ Vmax,'relCP o
- — "r0,endo>
Km,'rel + CP CP

for Cp >>K,,

Jret =

(Eq. 15)

where k,,,4, (per minute) represents the accumulation metabolic
pathway as a linear rate. k,,,4, (tmol/l/min) represents the en-
dogenous metabolic release pathway as a constant rate.

Parameter estimation

The model parameter values are reported in Table 1, with
mass (kg) of the perfused cotyledon equated to the approxi-
mate total volume V,,, in liters (24). Volumes of M, S, and F
compartments were calculated based on volume fractions of 34,

Vv, C V, C
Jace = Kmax’a“ g ~ ma;;m $ = 0 racCss for Ky, >> Cg 15, and 7.5% of V,,, (24). The membrane dissociation constant
mace +C5 m K (equations 8 and 9) for different fatty acids were based on
representative values from the literature (Table 1). The set of
(Eq. 12) parameters to estimate was given by p,, = [Uyvvan Usys Boa, Eiiral
Vmax relCP Vmax relCP for the lsc_fatty acid and. by pmdo = [vi\.’ﬂﬁ'\l’ UMy ka,mdv, kv{),endu] for
Jrea = . o~ . =ky 4pqcCp, for K,, >>Cp the endogenous fatty acids. Considering the measurement ¢;
Kot +Cp Ko for the kth compartment and the ith time point and y,; as the
model predictions for the kth compartment made at time i, the
(Eq. 13) estimation of p was:
TABLE 1. Summary of the model parameter values
Parameter Value Unit Description
Ve 0.20 liters maternal reservoir volume
Vu 0.34V oy liters intervillous space volume
Vs=Vp 0.15V 4y liters syncytiotrophoblast volume
Vi 0.075V .y, liters fetal capillaries volume
Ou 0.0084 1/min maternal circulation flow
Qr 0.0040 1/min fetal circulation flow
K 0.22 pmol/1 dissociation constant for saturated fatty acid (44—46)
K 0.18 pmol/1 dissociation constant for mono-unsaturated fatty acid (44, 46-50)
K 0.15 pmol/1 dissociation constant for poly-unsaturated fatty acid (C< 20) (44, 46, 51)
K 0.06 pmol/1 dissociation constant for very long-chain poly-unsaturated (C = 20) (46)
K, 435 pwmol/1 metabolic pool accumulation and release affinity constant (31, 32)
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X = [tm, endo]

DPx= argpminzz_l [Zil (Ck,i - ﬁ’k,i)2

(Eq. 16)
with & = 3 compartments and m the total number of time-points.
Simulations and parameter estimations were implemented in
MATLAB2015a (The MathWorks, Inc., Natick, MA). The govern-
ing model equations were integrated over time using Runge-Kutta
4th-5th (MATLAB: Ode45). The minimization of equation 16 was
carried out using the Trust-Region-Reflective algorithm (MAT-
LAB: Isqnonlin). The integrals of equations 1 and 2 were solved
using the trapezoidal numerical integration (MATLAB: trapz).

Nonsaturable transport test

The impact of simple diffusion as opposed to a saturable trans-
port process on the overall transfer of fatty acid across the placen-
tal membranes was evaluated by modifying the membrane fluxes
from a saturable to a nonsaturated simple diffusive process. Thus:

Jyvmt =qamvm (Cyr —Cs) (Eg. 17)

Jem =q8m (Cu —Cs) (Eg. 18)

where gy and ggy, are the diffusion rate capacities of the mem-
branes (1/min). In addition, a model was tested using the satura-
ble form for Jyy (equation 8) and simple diffusion for Jy,
(equation 11).

Sensitivity analysis

The sensitivity analysis of the model was carried out in which
each parameter was varied in turn while all others were kept fixed

A a0 ; .

at their reference values (either best-fit estimates or as given in
Table 1) to evaluate the impact on the uptake and delivery for
"Cfatty acid and the maternal and fetal recovery for endogenous
fatty acids. An analysis of the controlling effects of the parameters
and mechanisms affecting uptake and transfer in the system was
carried out in which the MVM maximum rate v, was varied over
three orders of magnitude. For each fixed value of v, the other
parameters were fitted according to the criterion in equation 14
to determine the impact on the quality of fit of different combina-
tions of parameters.

Statistics

Statistical comparisons between two groups were performed us-
ing the unpaired #ttest. Statistical analysis of comparison among
multiple fatty acids was performed using one-way ANOVA (MAT-
LAB: multicompare) with Turkey-Kramer post hoc correction.
Statistical significance was assumed with when P =< 0.05. Data are
presented as mean values and SEM.

RESULTS

After an initial phase of approximately 10 min, the fetal
vein concentrations reached a steady state, whereas mater-
nal vein and reservoir concentrations gradually decreased
for 13C—fatty acid and increased for endogenous fatty acids
over time (Fig. 2A). In addition, the washout phase showed
a quick drop followed by another steady state both in ma-
ternal and fetal vein concentrations, in particular for the
endogenous fatty acids (Fig. 2B).

The proportion of 1?’C-fatty acid in the maternal reser-
voir taken up by the placenta was on average 61 + 10%, with
no significant difference between fatty acid (Fig. 3A). The
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placental 1?’C—fatty acid mass balance b was greater than
zero, and it was estimated that on average 93.8 + 0.8% of
the 13C—fatty acid taken up from the maternal circulation
was retained in the placenta; the remaining 6.2 + 0.8% was
delivered to the fetal circulation (Fig. 3B), with no statisti-
cal differences between fatty acids.

The endogenous fatty acids mass balance b was greater
than zero, demonstrating that a substantial net amount of
fatty acid was released by the placenta into the circulations.
On average, and summing both circulations, the measured
amount of palmitic acid (C16:0) was the highest (39 + 8%
of the total; P < 0.05), followed by linoleic acid (C18:6n2)
(26 + 8%), oleic acid (C18:1) (14 = 4%), and arachidonic
acid (C20:4n6) (10 +5%) (Fig. 4A). Excluding arachidonic
acid and eicosapentaenoic acid, which had been added in
the experiment, the average amount of endogenous fatty
acid released from the placental tissue and recovered in
the maternal circulation was 78 + 5% of the total, and the
remaining 22 + 5% was found in the fetal circulation. This
is reflected in the recovery of different endogenous fatty
acids (Fig. 4B).

Modeling results

The model predictions were found to correspond well to
the experimental data (R >0.8) (Fig. 2). The model could
not fit the experimental data without the metabolic pool
because the absence of metabolism would result in a 15-
fold overprediction of the fetal delivery of 1f%C-fatty acids.

The parameter estimation results are summarized in Fig.
5A. For the 1'%C-fatty acid, the MVM rate capacity vy, was
found to be much larger than vp,, on the BM by more than
two orders of magnitude. The accumulation rate k,,, was
found similar among 13C—fatty acid with an average value of
0.9 £ 0.1/min (results not shown). The release rate for B
fatty acid k,,, was found to be 0 for all C-fatty acid. The
results for the endogenous fatty acids are summarized in
Fig. 5B, where the MVM maximum rate capacity was two
orders of magnitude larger than that of the BM. The vy,
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was higher for the palmitic acid (C16:0) and linoleic acid
(C18:2n6) compared with the rest, except for oleic acid
and arachidonic acid (C20:4n6) (P< 0.01). vy, was higher
for palmitic acid compared with the rest (P < 0.01). The
accumulation pathway rate constant k,,,,, for the meta-
bolic pool was higher for a-linolenic acid (C18:3n3) com-
pared with the rest, except dihomo-y-linolenic acid
(C20:3n6) and eicosapentaenoic acid (C20:5n3) (P<0.01)
(Fig. 6A). The release pathway rate constant k., was the
highest for palmitic acid (C16:0) (P< 0.01), whereas oleic
acid (C18:1), linoleic acid (C18:2n6), and arachidonic acid
(C20:4n6) were larger than the rest of the fatty acids (P <
0.01) (Fig. 6B).

Nonsaturable membrane transport

The modified model with both the MVM and BM mem-
brane fluxes implemented as simple diffusive processes
(using equations 17 and 18 instead of equations 8 and 9)
could represent the experimental 13C—fatty acid data but
failed to do so for the endogenous fatty acids. In particular,
for the endogenous simulations, the “diffusive” model
could not follow the fetal vein steady state and the washout
phase (results not shown). Another “mixed” version of the
model was evaluated in which the MVM flux was kept as a
saturable mechanism (equation 8) and the BM as a simple
diffusive process (equation 18). This model could not fit
the endogenous fetal vein steady state (results not shown).
Therefore, implementing simple diffusion as the sole
mechanism in either membrane led to a worse fit of the
data.

Parameter sensitivity analysis and fitting procedure

The model sensitivity analysis in Fig. 7A suggested that
the uptake was sensitive to the metabolic pool accumula-
tion rate k, ,, for the 13C-fatty acid. Delivery to the fetus was
sensitive to changes in the fetal flow Qp the BM rate capac-
ity vpy, and the membrane parameter K. For the endoge-
nous fatty acids in Fig. 7B, the sensitivity analysis showed
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that the parameters that produced the largest effects on
the absolute amount of fatty acid released to the maternal
circulation were the metabolic incorporation and release
parameters &, .4, and k.4, and the reservoir volume Vj.
The fetal delivery instead reported sensitivity for the vy,
the metabolic accumulation rate &, .4, K, and Q. Similar
results were found for the other 13C—fatty acids (results not
shown).

The ability of the model to explain the experimental data
was investigated further by studying the interactions be-
tween different combinations of parameters (Fig. 8). vy,
was varied while the other parameters were fitted according
to equation 16, and the goodness-of-fit values of either the
maternal or fetal data were reported as R (red and orange
lines). The maternal-side data represent the uptake process,
and the fetal-side data represent the delivery. To the left of
the vertical dashed line, the uptake could not be fitted be-
cause the membrane transport capacity vy, was too low to
follow the experimental decrease in maternal concentrations
over time observed in Fig. 2A (i.e., even for the maximum
possible gradient across the MVM with syncytiotrophoblast
concentrations C; equal to zero). To the right, the uptake
was fitted well irrespective of the increasing values of vyn

which was compensated for by an increase in syncytiotro-
phoblast concentrations C; (lowering the MVM gradient)
via a reduction in the metabolic accumulation rate param-
eter k, .. Once the MVM uptake capacity was large enough,
it was no longer limiting, and uptake was determined by the
metabolic accumulation rate, which approached a constant
value. The fetal delivery became well fitted toward the right
when vy, fluctuations stabilized once sufficiently high syn-
cytiotrophoblast concentrations C; were available for BM
transport; further increases were irrelevant. The best fit
(vertical dotted line) was found on the right side in this
stable region. Thus, also considering that only 6.2% of the
total tracer taken up by the placenta was delivered to the
fetal circulation, fatty acid uptake was primarily controlled
by the rate of incorporation into the metabolic pool,
whereas the delivery was controlled by the combination of
metabolic pool and BM rate capacity.

DISCUSSION

This study presents a mathematical model that is able
to represent the experimental data for uptake and release
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of perfused exogenous '"C-fatty acids and the unlabeled
endogenous fatty acids. A key finding of the model was
that when modeling membrane transport alone the
model could not fit the experimental data because fetal
delivery would be overpredicted by a factor of 15. In or-
der for the model to work, it was necessary to model a
separate metabolic pool representing all metabolic pro-
cesses (i.e., incorporation of fatty acids into other lipid
pools as well catabolism). The model supported higher
permeability of the maternal side of the placenta to fatty
acids compared with the fetal side. The model suggested
that on the MVM the rates of the metabolic processes are
dominant in determining fatty acid uptake, whereas both
metabolic processes and basal membrane transport pro-
cesses are rate determining for placental fatty acid trans-
fer to the fetus.

Transport across placental membranes

The MVM was found to have a greater flux capacity than
the BM based on both the experimental data and model

450 Journal of Lipid Research Volume 58, 2017

simulations. This was supported by the observation that
78% of all endogenous fatty acids recovered were found in
the maternal reservoir even though this operated in closed
circuit (which would reduce net transfer due to reuptake).
The inequality between the MVM and BM membrane ca-
pacities could be due to differences in transport across the
membrane, such as differences in transporter activity.
However, it may also be due to factors that are not explicitly
included in the model but that are bundled in the model
parameter v, such as exchange area, diffusion across the
stroma, and endothelial permeability. Similarly, the disso-
ciation constant Kused to represent the saturation process
could implicitly account for the competition among fatty
acids (i.e., apparent K, is higher in the presence of com-
petitive substrates). Increasing the flows in the maternal
and fetal circulation was not predicted to influence placen-
tal fatty acid uptake, whereas fatty acid delivery to the fetus
was predicted to be sensitive to the fetal blood flow (Fig.
7B). However, this modeling prediction needs to be tested
by future experiments.
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There were a number of assumptions within the model
that are relevant to our understanding of the underlying
physiological processes. Membrane transport of fatty acids
was implemented within the model as a saturable process,
without excluding the potential contribution of simple dif-
fusion (which cannot be distinguished from facilitated
transport in the linear regime). Although we could not dis-
tinguish between simple and facilitated diffusion for the
13C—fatty acid, the quality of fit was reduced when models
based on pure simple diffusion were attempted for the en-
dogenous fatty acids. The model did not distinguish be-
tween membrane transport kinetics and the kinetics of
disassociation of insoluble fatty acids from binding proteins
in the plasma or cytosol. Depending on the physiological or
experimental system, the effects of albumin association and
dissociation on fatty acid transfer may need to be taken into
account explicitly (9, 12, 34, 35). Furthermore, other trans-
port processes may exist, including active and selective
transport systems (e.g., the recently discovered DHA trans-
porter [36]) and endocytotic uptake of lipoproteins (37).

Placental metabolism determines uptake of maternal fatty
acids

Our initial assumption was that the membrane transport
would be the rate-determining factor for placental fatty
acid uptake by the placenta. However, modeling of the ex-
perimental data suggests that fatty acid metabolism, not
membrane transport, is the main rate-determining factor.
This is because when membrane transport has a high ca-
pacity, the transmembrane gradient becomes small and
metabolism becomes the rate-determining driver of up-
take. A similar conclusion about the role of metabolism was
reached in a study of fatty acid uptake into cardiac myo-

cytes (12).

The influence of placental metabolism on fatty acid transfer

Placental metabolism may buffer the supply of fatty acids
to the fetal circulation

In contrast to the maternal side of the placenta, on the
fetal side the model predicts that both metabolism and
membrane transport influence the supply of fatty acids to
the fetus. This is because the placental-fetal transport ca-
pacity is lower than for maternal-placental transport. Al-
though transport capacity is more important on the fetal
side of the placenta, the driving force for fatty acid trans-
port is still the transmembrane fatty acid gradient, which is
determined by incorporation and release of fatty acids by
the metabolic pool. We suggest that the metabolic pool
may buffer the transfer of fatty acids to the fetal circulation.
This is supported by our observations of a relatively con-
stant steady state of the fetal vein fatty acid concentrations
irrespective of variations in the maternal concentrations.

The washout phase of the experiment provides impor-
tant support for the role of the metabolic pool and in par-
ticular the results for the endogenous fatty acids. When
switched to open-circuit perfusion, the maternal vein con-
centration dropped quickly and stabilized at the same level
as at the start of the experiment, when the maternal arte-
rial input concentration from the reservoir was zero. This
rapid drop, followed by a new equilibrium in output, is
only possible if the intracellular concentration that is read-
ily available for transport represents a very small fraction of
the total fatty acid in the tissue (whether free or incorpo-
rated within more complex lipid classes). This is in accor-
dance with a previous study in rat placenta, which estimated
that, during materno to fetal transfer, fatty acids pass
through a small placental compartment that accounts for
only 5% of the total placental free fatty acid (38).

The fetal response during washout displays a similar
drop and new equilibrium, whereas the only external

451



_VMVM
v
5 km
atn
k
4 !'E 4
3- -
p—
o,
o))
' —
E _ p—
1§ = — 4
o —_——'_'—1
g} -
o Q- e e e i
=R 10° 10" 10° 10* 10
[}]
4
2 ¢
6
= —— membrane - K
= s ——M.flow-Q,,
& 5| rfow-q i
O
e —Va
4 _VM
—V,
3| —V

B s — -
Y
5 Yom
K n
k
s rtra
3'_
2 S

—
(V]
Ol
c
©
i -
(&)
kel
o o= R ]
— 10° 10* 10° 10* 10
@
=
= D
% ® [——membrane-K|
<« _M.flow-QM
n.. S F.flow-Q,
O —V
< R

| —v,

—
3 _VF

Fold change in parameters

Fig. 7. Sensitivity analysis for the model parameters with respect to the total uptake and delivery of 13C—padmitic acid (""C-PA). The x axis
represents the fold change in parameters compared with the reference values. vy, and vy, are the maximum flux capacities of the MVM
and BM, respectively. k, ,, and k,,, are the accumulation and release rate constants for placental metabolism. Kis the fatty acid membrane
dissociation constant. Qy;and Qrare the maternal and fetal flow rates. Vg, V,;, Vs, and Vpare the volumes of the reservoir, maternal intervil-
lous, syncytiotrophoblast, and fetal capillary compartments, respectively. The y axis represents the change in the amount of either uptake or
delivery of YCPA. A: Analysis of the estimated parameters with respect to the uptake. B: Analysis of the model parameters with respect to the
uptake. C: Analysis for the estimated parameters with respect to the delivery. D: Analysis of the estimated parameters with respect to the

delivery.

change is the switch to open circuit perfusion on the mater-
nal side. The explanation provided by the model is that the
concentration of fatty acids available for transport in the
syncytiotrophoblast drops rapidly due to the increased
transport to the maternal side (most fatty acids diffuse out
the maternal side because it is the route of least resistance),
reducing the gradients driving BM transport. According to
our model scheme, the internal concentrations available
for transport are then sustained at a constant lower level by
release from the metabolic pool, and this concentration
determines the transport across the BM.

452 Journal of Lipid Research Volume 58, 2017

The model assumes the metabolic pool is located within
the syncytiotrophoblast because this is in direct contact with
the maternal plasma. However, we cannot exclude a role for
other placental cell types, and a recent study has suggested a
role for the cytotrophoblast in lipid metabolism (39). In the
current study, we obtained an initial estimation of the meta-
bolic activity in the placental tissue. Future studies are needed
to determine specifically which lipid pools the fatty acids
taken up by the placenta are incorporated into and the rate
of B-oxidation of these fatty acids. This may be of clinical rel-
evance because placental lipid metabolism is reported to be



Fig. 8. Experimental data can be represented over a
wide range of MVM transport capacities vy, as long
as the metabolic accumulation rate constant k%, is ad-
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altered in diabetic pregnancy (40, 41). Although the per-
fused placenta is a highly useful model, it must be remem-
bered that there will be many differences in vivo, including
the concentrations of maternal and fetal substrates and hor-
mones, which may both influence placental metabolism and
transport. Furthermore, in the perfusion model, the total
availability of fatty acids to the placenta are lower than in vivo
because we only perfused with a limited number of fatty acids
and therefore there will not be any release of fatty acids from
lipoproteins. Lower fatty acid availability could have influ-
enced the proportion of fatty acids entering the metabolic
pool; therefore, the metabolic capacity of this pool needs to
be investigated further.

Differences between fatty acids

There is preferential transfer of specific long-chain PUFAs
across the placenta, which is referred to as “biomagnifica-
tion” (42). It has been assumed that this is due to preferential
transport of long-chain PUFAs, but it may be that differential
metabolism underlies this process. The estimated endoge-
nous MVM and BM membrane transport capacities and met-
abolic rate parameters in the model displayed considerable
variation between fatty acids. The accumulation rate param-
eters in the model displayed the highest values for a-linolenic
acid (C18:3n3) and eicosapentaenoic acid (C20:5n3), which,
in combination with release, could indicate a tighter meta-
bolic control of their syncytiotrophoblast concentrations for
these omega-3 fatty acids. This is in accordance with results of
a recent cohort study in which the portions of linoleic acid
and o-linolenic acid as long-chain precursors were lower in
fetal than in maternal plasma (43), supporting our idea that
the metabolic pool may buffer the transfer of specific fatty
acids to the fetal circulation. These estimated parameters
clearly indicate biological variation in the underlying pro-
cesses but should not be overinterpreted because they incor-
porate a range of factors not explicitly captured within the
model.

p take is only determined by k,, which approaches a con-
10 stant value. Results are similar for the other fatty acids.
The fluctuations in vg, on the left are because this pa-
rameter cannot be fitted if the syncytiotrophoblast
concentrations available for transport C; are too low.

Conclusion

In summary, a combined computational-experimental
approach was adopted, highlighting the importance of the
metabolic pool in the placental transfer of fatty acid. We
propose that fatty acid uptake is regulated by metabolism
rather than microvillous membrane transport and that de-
livery of fatty acids to the fetus is determined by both me-
tabolism and basal membrane transfer. The modeling
framework can be extended further in the future as new
data become available to describe in more detail the meta-
bolic pathways and transport mechanisms involved, includ-
ing interactions and competition between fatty acids, which
were not included in this study. In particular, this should
be informed by more detailed experimental analysis of
metabolic subcompartments in placental tissue
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