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INTRODUCTION

The placenta is an endocrine organ with a high metabolic
demand. It produces several hormones that are essential for a
normal pregnancy outcome (1). Furthermore, several pregnancy
complications, such as fetal growth restriction, preeclampsia,
and gestational diabetes, are associated with abnormal placental
endocrine function (2-6). The processes are complex, illus-
trated by a maternofetal glucose transfer that depends on the
density of glucose transporters (GLUT), primarily in the rate-
limiting basal membrane of the placenta (7). The expression
of GLUT1 (8, 9), GLUT4, and GLUT9 (9) is increased in dia-
betic pregnancies and this expression is also associated with
fetal birth weight (9). In vitro experiments have however
identified an inverse relationship between the expression of
glucose and GLUT1 (8), and, consequently, hyperglycemia
per se does not seem to explain the in vivo observations men-
tioned earlier. Increasing evidence supports lactate as an im-
portant energy source in fetoplacental energy production
(10, 11). Interestingly, a higher concentration of lactate is
found in fetal circulation than in maternal circulation (11).
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This inverse concentration gradient compared with glucose is
driven by 2 monocarboxylic transporters—MCT1 and MCT4
(12) (Figure 1A). Overall, we know little about the physiology
and involvement in pathophysiology of these pathways in
the placenta.

The MCTs have previously been shown to be important
mediators of in vivo lactate production seen in hyperpolarized
B¢ magnetic resonance spectroscopy studies of both preclinical
models and in humans (14), which in turn have been shown to be
directly linked to pathophysiological conditions such as diabetes,
where an upregulated lactate production has been observed in
the heart, liver, and kidneys (15-17).

Ex vivo angiography can elucidate vascular structures 3-
dimensionally with simultaneous estimation of intravascular
volume of the placenta (13). To yield direct metabolic informa-
tion on glucose metabolism in the placenta, we here propose to
add metabolic imaging using hyperpolarized B¢ spectroscopy to
the placental angiography.

Hyperpolarized [1-'°C]-pyruvate magnetic resonance
imaging (MRI) allows imaging of the glycolytic pathway,
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resulting in maps of pyruvate and its derivatives: lactate, ala-
nine, and bicarbonate. This method has recently been used to
noninvasively examine the fetoplacental transport and utili-
zation of these substances in chinchillas (18), followed by a
hyperpolarized [1—13C]—pyruvate MRI study in placentas of
naive and diseased pregnant rats (19). We hypothesize that
the pyruvate metabolism can be imaged in the human pla-
centa with the same technique. In this feasibility study, we
aimed to introduce hyperpolarized 13C-labeled MRI as a
novel method for the examination of glucose metabolism in
human placentas perfused ex vivo.

METHODS

Placental Preparation

We included 3 normal placentas from elective caesarean sections
conducted at term of pregnancy with no suspicion of placenta
dysfunction, the placentas were anonymized, and no information
was obtained on the mother, about the pregnancy, or the child.
Immediately after delivery, the 3 placentas were placed on a cloth
on top of ice and brought to the MRI research laboratory. Within
30 minutes, the umbilical cord was cut at about 5cm from the
placenta and the 2 umbilical arteries were cannulated (Figure
1C), flushed with heparinized saline (5°C, 5000 UI/L), and con-
nected to the perfusion system.

Ex Vivo Placenta Perfusion System

The in-house-developed perfusion system as illustrated in Figure 1B
was feasible for a single cotyledon (20, 21) and the whole pla-
centa (22) perfusion. The system comprised a centrifugal pump
(BioMedicus Medtronic Bio-Console 540; Medtronic, Minneapolis,
MN), giving 1-70 mL/min of Krebs-Henseleit buffer, heated to 37°
C, and oxygenated with carbogen (95% 0,/5% CO,) using a Medos
Hilite 1000 neonatal oxygenator (Xenios, Heilbronn, Germany).
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Blood outflow

The 3 placentas were immersed in a Styrofoam box with the
Krebs-Henseleit buffer solution, and 2 artery adaptors were con-
nected to extension line as illustrated in Figure 1D. The perfusate
entered the placental circulation through the arteries and left it
through the umbilical vein, into the box from where it re-entered
the loop by mean of suction.

Magnetic Resonance Imaging

Imaging was performed on a 3T Signa HDx MRI scanner (GE
Healthcare, Milwaukee, WI) equipped with a 2 element "H array
coil (GE Healthcare) and Clamshell >C transmit coil (Rapid
Biomedical GmbH, Rimpar, Germany). The perfusion chamber
with the placenta was placed in the scanner isocenter such that
the middle of the organ coincided with the radiofrequency center
of both coils. The placental anatomy was found using a T2-
weighted PROPELLER MRI sequence, using the following param-
eters: T2-PROPELLER: repetition time (TR) = 7.4 seconds, echo
time = 92 milliseconds, flip angle = 142°, field of view =
260 x 260 mmz, matrix = 256 X 256, long-axis slices = 10, and
slice thickness = 4 mm, averages = 4.

The placental pyruvate metabolism was visualized using
hyperpolarized [1—13C]pyruvate magnetic resonance spectros-
copy within 1-2hours after delivery. 'H anatomical MRI was
performed to allow placement of a 10° slice-selective 13C free in-
ductive decay spectroscopy time series with a 1-second TR and
180 interleaves, spectral width 5000Hz and 2048 number of
points, covering the full placenta. The hyperpolarized B¢ experi-
ments were performed subsequent to a 9-mL injection of 80mM
hyperpolarized [1-3C] pyruvate into the perfusion system over a
period of 5seconds. The 13C free inductive decay spectroscopy
was analyzed using an in-house general linear model approach
in Matlab 2018b (The MathWorks Inc., Natick, Massachusetts).
The [1-'>C]lactate AUC signal was normalized by the [1-13C]py—
ruvate AUC signal. MRI acquisition was initiated just before the
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Gene Forward Primer Sequence
RPL22 5'- GGAGCAAGAGCAAGATCACC-3’
LDHA 5'-GAAAGCTGTCATGGGCTGAT-3’
MCT1 5 TGGATGGAGAGGAAGCTTTCTAAT-3’
MCT4 5'-CACGGCATCGTCACCAACT-3’

Reverse Primer Sequence
5 TGTTAGCAACTACGCGCAAC-3’
5-GTGGACATTTTICCCACTGCT-3’
5-CACACCAGATTTTCCAGCTTTC-3’
5'-ACAGCCTGGATAGCAACGTACAT-3’

[1-'3C]-pyruvate injection and continued for 2-3 minutes.
Lastly, perfusion was assessed using dynamic contrast-enhanced
MRI following an injection of 0.3-mL Dotarem, using a 3D fast
gradient echo DISCO sequence having the following parameters:
TR= 1.9 seconds, echo time = 1.8 milliseconds, flip angle = 30°,
field of view = 300 x 300 x 300 mm3, and matrix = 256 x 256.

qPCR and Activity Assay

Following the magnetic resonance examination, tissue samples
(N = 3) were taken from the placentas; the samples were taken at
random from the full placenta, with no specific action initiated
to ensure visually similar tissue. This approach was used to get a
more representative image of the potential heterogeneity.
Placental tissues were used for analyzing the lactate dehydrogen-
ase (LDH) activity as well as the mRNA expression of LDH and
MCT1 and MCT4. To ensure activity measurement, tissues were
instantly frozen in liquid nitrogen and stored at —80°C.

PLACENTA 1

PLACENTA 2

MRI T2
PROPELLER

DCE MRI

Barium Sulphate
Perfusion
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LDH Activity Assay

The assay was performed according to the manufacturer’s
instructions with few alterations (Sigma-Aldrich, Copenhagen,
Denmark). In brief, the placenta tissue was homogenized in an
assay buffer. The homogenate was centrifuged, and the assay
was performed on the resultant supernatant. Analysis was per-
formed in 384-well plates in a microplate reader (SYNERGY H1;
Biotek, Aarhus, Denmark). Absorbance reading was performed at
the highest peak in the absorbance spectrum (462 nm). Activity
measurements were normalized to protein amount in the LDH
sample solution. Protein quantification was measured by using a
Qubit 3.0 flourometer (Fisher Scientific, Wilmington, DE).

Quantitative Real-Time PCR

Placental tissue was homogenized, and total RNA was isolated
using a Nucleospin RNA II kit (Stratagene; AH Diagnostics,
Aarhus, Denmark) following the manufacturer’s instructions.

PLACENTA 3
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RNA concentration was confirmed by the use of a Qubit 3.0
flourometer. CDNA synthesis was performed with RevertAid First
Strand c¢DNA synthesis kit (Thermo Scientific). gPCR was per-
formed using SYBR Green qPCR Master Mix according to manu-
facturer’s instructions (Stratagene). In brief, 100 ng of cDNA was
used as template for PCR amplification, and the specificity of
products was confirmed by using the melting curve analysis.
Real-time qPCR was performed on an Agilent Ariamx real-time
system (Agilent Technologies, Santa Clara, CA). The primers used
for qPCR are shown in Table 1.

RESULTS

Contrast-enhanced and noncontrast-enhanced MRI, as well as
barium sulfate perfusion, revealed individual cotyledons in all 3
placentas, however, with a heterogeneous appearance (Figure 2),
indicating low perfusion in some parts of the placenta and high
perfusion in other parts. In placenta 2, this might be associated to
different perfusion of the 2 parts supplied each of the 2 umbilical
arteries. Similar trends were observed with the placenta blood
perfusion, mean transit time and vascular volume (volume of
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distribution; Figure 3, Table 2). With respect to these hemody-
namic changes, the metabolic [1—13C]—pyruvate profiles differed as
expressed by the lactate-to-pyruvate ratios (placenta 2 < placenta
1 < placenta 3) as shown in Table 2. To determine the origin of the
observed metabolic changes, gene expression and LDH activity
assays were performed on randomly sampled biopsies from the 3
different placentas. A tendency toward a lower LDH activity in
placenta 2 than in placenta 1 and placenta 3 was observed.
Similarly, MCT1 expression was not reduced in placenta 2 com-
pared with that in the placentas 1 and 3. MCT4 and LDH expres-
sions was not different (Table 2).

DISCUSSION

The main finding in this study was the ability to distinguish he-
modynamic and metabolic features of the human placenta ex
vivo, using hyperpolarized [1-'>C]-pyruvate MRI as a feasible
approach. These findings indicate that even with an almost-iden-
tical overall hemodynamic response, local heterogeneous varia-
tions, imposed during the preparation procedure, result in large
variations in the placental metabolic profile. The metabolic
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Mean Lactate AUC
Perfusion MTT VoD Pyruvate AUC
mL/100
mL/Min s mL/100 mL Ratio
Placenta 1 40.8 31.2 17.8 0.034
Placenta 2 41.1 14.6 9.5 0.018
Placenta 3 43.8 32.6 23.0 0.052

LDH
Activity LDH mRNA MCT1 MCT4
LDH/RPL22 MCT1/RPL22 MCT4/RPL22
U/pg Ratio Ratio Ratio
15¢3 = 11e3 0.19 = 0.09 1.6+1.4 0.02 =0.01
2e3 * 1e3 0.06 = 0.03 1.5+04 0.01 =0.01
14e3 = 11e3  0.12=0.11 22+0.6 0.01 = 0.02

Abbreviations: MTT, mean perfusion, mean transit time; VoD, volume of distribution; AUC, lactate-to-pyruvate area under curve ratio. Ex Vivo Biopsy
Assays. Lactate dehydrogenase (LDH) Activity and LDH mRNA Expression. Monocarboxylate transporter (MCT) 1 and MCT4 mRNA Expression.

profile was found to be very closely related to the mean transit
time and the blood volume (volume of distribution), which as
such indicate that the metabolic profile is directly related to the
delivery of nutrients and pyruvate to the tissue. The heterogene-
ous metabolic patterns were confirmed by random sampling
biopsies, supporting the use of hyperpolarized MRI as a novel
method to provide additional information on placenta function.
With a seemingly higher LDH activity in placenta 1 and placenta
3 than in placenta 2, this study also suggests of a relationship
between vascular volume and metabolic conversion of pyruvate.
Taken together, these support further investigations by means of
this new tool to improve our understanding about the placenta
and the alterations in function associated with pregnancy com-
plications, as well as potential therapeutic effects. A potential li-
mitation is the low perfusion rate used in the placentas. Previous
reports have used higher perfusions rates (250 mL/min) for
whole-placenta perfusion (22), which could in part result in
higher metabolic conversion. However, this can be contradicted
by the fact that maternal and fetal sides have very distinct differ-
ences in blood and, thus, could impose reactions and as such
high perfusion rates is not necessarily a good option in all cases.
The variation seen in this study is likely originating from the
preparation procedures, insufficient perfusion, and/or variation
in the time from C-section to perfusion and perfusion time, rather
than reflecting an actual difference in the placenta perfusion and
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