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Abstract: Background: Glucose metabolism is an essential energy source for mammalian preimplantation embry-
onic development. Therefore, we aimed to analyze the expression of all 12 known glucose transporters (facilitated
solute carrier family 2, Slc2a) during early mouse embryo development. Methods: Gene and protein expression
of Slc2a transporters in oocytes and embryos were assessed by the TagMan gene expression assay and confocal
immunofluorescence, respectively. Results: Except for Slc2a2, the other 11 Slc2a transcripts were detected in 0o-
cytes. Transcripts of Slc2al, Slc2a3, Slc2a4, and Slc2a8 were the most enriched and detected in preimplantation
embryos. The transcription of other Slc2a isoforms was barely detectable or absent after fertilization; however,
they were detected in blastocysts, except for Slc2al10 and Slc2al13. Embryo culture in the simple defined medium
caused a reduction in transcription of Slc2al, Slc2a3, Slc2a4, and Slc2a8 in blastocyst; yet, amino acids partially
reversed this impaired transcription of Sic2al and Slc2a4. SLC2A1 and SLC2A4 proteins were detected at all em-
bryonic stages with nuclear accumulation in the embryos at the early cleavage stage. SLC2A3 and SLC2A8 were not
detected in embryos until the eight-cell stage. The cellular membrane localization of SLC2A1, SLC2A3, and SLC2A8
occurred after compaction and was characterized in blastocysts. SLC2A4 was evenly distributed in the cytoplasm
and nuclei without its characteristic membrane localization. Indinavir sulfate (a SLC2A4 inhibitor) decreased the
rate of development and prevented glucose utilization in embryos after compaction. These inhibitory activities were
partially reversed by exogenous insulin. Conclusion: The results unveil distinct expression patterns of individual
Slc2a glucose transporters during early embryo development. Taken together, they provide novel insights into the
understanding and management of glucose metabolic infertility in assisted-reproductive technologies (ART).

Keywords: Assisted reproductive technology, SLC2A, gene expression, glucose transporters, preimplantation em-
bryo

Introduction glucose [2]. Exposure to glucose improves de-

velopment, prevents apoptosis and is neces-

Glucose is an essential source of energy for
the metabolic needs of normal preimplanta-
tion embryonic development. Glucose uptake
occurs at all stages of development. In the
oocytes and embryos during the early preim-
plantation development, before compaction,
glucose consumption is low; therefore pyruvate
and lactate act as the major energy sources,
utilized via the Krebs cycle [1], while the eight-
cell-stage and post-compaction embryos use

sary for the transcription of certain genes [3-6].
Glucose is hydrophilic and must be transported
into the cell by dedicated transporters that are
encoded by genes known collectively as the sol-
ute carrier family 2 (SLC2A) (also known as the
glucose transporter gene family, GLUT) [7, 8].
Currently, 14 isoforms of SLC2A genes have
been identified in humans; SLC2A11 and
SLC2A14 are not reported in mice. These iso-
forms exhibit similar structural architecture,
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consisting of 12 transmembrane-spanning heli-
ces and an exofacial N-linked glycosylation site
[8, 9]. However, they differ in their tissue distri-
bution, cellular and sub-cellular localization,
Kinetic properties, and affinity for glucose and
other hexoses. SLC2A1 and SLC2A4 are the
most extensively studied SLC2A members in
mammalian tissues. SLC2A4 is the canonical
insulin-responsive glucose transporter and is
predominantly expressed in adult tissues [9,
10]. In reproduction, SLC2A1, SLC2A3, and
SLC2A8 are commonly recognized as the cru-
cial glucose transporters and are expressed in
the oocytes and preimplantation embryos of
mouse [11]. Individual knockout of these genes
is known to cause developmental impairments
[12-14]. However, the relative expression of
individual SLC2A isoforms has been reported
to vary among different developmental stages
[11], and their roles remain unclear.

The alterations in glucose transport and metab-
olism during the early stages of development
can affect long-term development and an ab-
normal environment can cause nutrient trans-
port dysfunction, leading to decreased fertility
and adverse fetal outcomes [15, 16]. Studies in
mice have shown that hyperglycemia in preim-
plantation embryos downregulates SLC2A, re-
sulting in lower intracellular glucose, abnormal
metabolism, and increased apoptosis at the
blastocyst stage [17]. In ART, the embryos cul-
tured under suboptimal conditions exhibit low-
ered development rates [18]. Additionally, dia-
betes is the most common pre-existing medical
condition in pregnant mothers, and despite the
advances in care, adverse outcomes are still
3-9 times higher in diabetic pregnancies than
in non-diabetic pregnancies [16]. However, the
detailed expression pattern and functional role
of these transporters in regulating glucose
uptake in the preimplantation embryos are still
largely unexplored.

The present study aimed to analyze the expres-
sion pattern of all known mouse SLC2A iso-
forms in the oocytes and preimplantation em-
bryos of mouse, with particular attention to
SLC2A4 and its roles during preimplantation.
Studies on the mechanisms of normal glucose
transport are critical to understand the distri-
bution and role of glucose transporters during
preimplantation under ART conditions in order
to improve outcomes in the increasingly meta-
bolic maternal environment.
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Material and methods
Animals

The use of animals complied with the guide-
lines of the Wenzhou Medical University, Zhe-
jiang Province, China and the Shanghai Institute
of Planned Parenthood Research for the Care
and Use of Animals for Scientific Purposes, and
was approved by the Institutional Animal Care
and Ethics Committee. Hybrid (DBA/He x
C57BL/6) mice were used in the experiments.

Embryo collection and culture

Six-week-old female mice were super ovulated
by the intraperitoneal injection of 5 IU pregnant
mare serum gonadotropin (Ningbo Second
Hormone Factory, Ningbo city, Zhejiang prov-
ince, China), followed by 5 IU of human chori-
onic gonadotrophin (hCG) after 48 h (Livzon,
Zhuhai, China). The females were either paired
with males of proven fertility or left unpaired.
Pregnancy was confirmed by the presence of a
copulation plug the following morning (day 1).
The oocytes or zygotes were recovered 18-20 h
post-hCG from unmated and mated females,
respectively, and freed from their cumulus cells
by brief exposure to 300 IU hyaluronidase (Sig-
ma-Aldrich, St Louis, MO). The two-, four-, and
eight-cell embryos and blastocysts were isolat-
ed from the oviducts and/or uterus of plug-pos-
itive female mice at 40, 60, 68, and 90 h after
hCG injection, respectively. The oocytes and
embryos were collected in HEPES-buffered
modified human tubal fluid medium. All compo-
nents of the media were of tissue culture grade
(Sigma-Aldrich); the media also contained 3
mg/mL bovine serum albumin (Sigma-Aldrich).
The one-cell embryos, 20 h post-hCG, were cul-
tured as a cohort of 10 embryos in 10 yL of
KSOM (Potassium simplex optimized medium)
medium in 60-well plates (LUX 5260; Nunc,
Naperville, IL) overlaid by approximately 2 mm
of heavy paraffin oil (Sigma-Aldrich) and incu-
bated at 37°C with 5% carbon dioxide. The
treatments were performed in KSOM medium
with/without the supplementation of (i) amino
acids: non-essential amino acids and essential
amino acids (Thermo Fisher Scientific); (ii) 10,
50, or 250 uM indinavir sulfate ((2S)-1-[(2S,4R)-
4-benzyl-2-hydroxy-5-[[(1S,2R)-2-hydroxy-2,3-di-
hydro-1H-inden-1-yllJamino]-5-oxopentyl]-N-tert-
butyl-4-(pyridin-3-ylmethyl)piperazine-2-carbo-
xamide sulfate) (Abcam, Cambridge UK) and/or
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(iii) 10 yg/mL bovine insulin (Sigma-Aldrich) for
up to 96 h.

Taq mangene expression assay

The RNA extraction and reverse transcription
were performed as described previously [19].
Briefly, the mouse brain RNA was extracted
using an RNeasy Mini kit (Qiagen) according to
the manufacturer’s instructions. A cohort of 20
oocytes and embryos collected from the repro-
ductive tracts and culture media were washed
in cold Dulbecco’s phosphate-buffered saline
to remove media and transferred at a minimal
volume to the RNA lysis buffer. This was fol-
lowed by three cycles of freezing in liquid nitro-
gen and thawing by vortexing. The RNA was
purified using the TURBO DNA-free kit accord-
ing to the instruction of the manufacturer
(Applied Biosystems/Ambion).

Reverse transcription was performed with 2.5
UM random decamers (Applied Biosystems/
Ambion). The cDNA equivalent to 1.5 oocytes or
embryos was amplified with TagMan probes by
polymerase chain reaction (PCR) according to
the manufacturer’s instructions: 10 min at
95°C, 40 cycles of denaturation for 15 s at
95°C, and extension/annealing for 1 min at
60°C in a LightCycler 480 (Roche Applied
Science). Positive controls consisted of the
genes of interest in the mouse brain (cDNA
equivalent to 20 ng brain tissue) and the inter-
nal housekeeper gene H2afz in the embryos.
Negative controls for all reactions included
those without reverse transcriptase or without
the RNA sample (to test for any RNA or DNA
contamination, respectively). The cDNA was
amplified by the TagMan gene expression
assay. The assessed genes are listed in Table
1. The Ct values were calculated by the system
software. The delta Ct values were a measure
of changes in the transcript of the tested gene
relative to that of the housekeeping gene H2afz
in the embryo. A plot of 2-(normalized DeltaCT) jg ghown.

Epi- and confocal immunofluorescence

Immunofluorescence was performed as previ-
ously described [20]. After fixation and block-
ing, the embryos were incubated overnight at
4°C with primary antibodies: 2 pg/mL rabbit
anti-SLC2A1, rabbit anti-SLC2A3, anti-SLC2A4,
and rabbit anti-SLC2A8 polyclonal 1gG (AbCaM)
or an equivalent concentration of isotype con-
trol immunoglobulin (negative control). The pri-
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mary antibodies were detected by incubating
with secondary antibodies coupled to FITC
(goat anti-rabbit FITC conjugated IgG) (Sigma)
for 1 h at room temperature. The nuclear DNA
was stained with 10 pg/mL Hoechst 33342
(Sigma). The slides were mounted with Vecta
Mount Solution (Vector Labs, CA, USA), and
photographed using a Nikon A1+ Confocal
Microscope System (Nikon, Tokyo, Japan).

Western blot

Fresh embryos were collected and washed
three times in cold PBS and then transferred to
extraction buffer containing Triton X-100 (Bio-
Rad), 24 mM deoxycholic acid, 0.2% (w/v) sodi-
um dodecyl sulfate (SDS), 20 mM NaF, 20 mM
Na,P,0,, 2 mM phenylmethanesulphonylfluo-
ride, 3.08 mM aprotinin, 42 mM leupeptin, and
2.91 mM pepstatin A (all from Sigma) in PBS.
Embryos were lyzed by three cycles of freezing
in liquid nitrogen and thawing (with vortexing)
and then were immediately subjected to
Western blot or stored at -80°C for future use.
The samples were diluted with Laemmli loading
buffer and separated on 4-20% Mini-PROTE-
AN® TGX™ Gel (BioRad) using Bio apparatus
(Bio-Rad, CA, USA). The proteins were trans-
ferred on Trans-Blot® Turbo™ Mini PVDF with
Trans-Blot Turbo Transfer System (Bio-Rad).
The membrane was incubated in 10 mL of
blocking buffer containing 2.5% (w/v) skim milk
powder (Diploma, New Zealand) and then
stained with 0.2 yg/mL rabbit anti-SLC2A4 1gG
at 4°C overnight on shaker. Primary antibody
was detected with 1:5000 Horse Radish Pe-
roxidase (HRP) conjugated secondary antibody
(Sigma) and detected using by Tanon 4200
Chemiluminescent Imaging System (Tanon,
China). The membrane was incubated in Super
Signal® West Femto (Pierce, Rockford, IL). The
membrane was stripped by incubation in 200
mM NaOH (Sigma) for 30 min at room tempera-
ture and reprobed with 0.1 pg/mL anti-rabbit
OCT4 polyclonal IgG (Abcam) or 0.1 pg/mL anti-
rabbit ACTIN IgG (Sigma).

D-glucose consumption assay in culture media

The concentration of D-glucose in the media
was determined using a glucose assay Kit
(Sigma-Aldrich) according to the manufactur-
er's instructions. This enzymatic method is
based on the consequent increase in nicotin-
amide adenine dinucleotide (NAD) content,
measured by the absorbance at 340 nm, which
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Table 1. TagMan® Gene Expression Assay of solute carrier family 2, facilitated glucose transporter

and reference gene

Gene name Gene Bank number Assay number :3::&% Agﬁgﬁn boE);]?jr;ry IOACZSt?gn
Slc2al NM_011400.3 MmO00441480_m1 4331182 73 89 1278
Slc2a2 NM_031197.2 MmO00446229_m1 4331182 61 9-10 1287
Slc2a3 NM_011401.4 MmO00441483_m1 4331182 87 34 626
Sic2a4 NM_009204.2 Mm00436609_g1 4331182 92 34 532
Slc2a5 NM_019741.3 MmO00600311_m1 4331182 95 7-8 1216
Slc2a6 NM_001177627.1 Mm00554217_m1 4331182 64 2-3 343
Sic2at NM_001085529.1 Mm01260619_m1 4351372 66 8-9 1057
Slc2a8 NM_019488.4 MmO00444634_m1 4331182 70 4-5 570
Slc2a9 NM_001012363.2 MmO00455122_m1 4331182 66 8-9 1031
Slc2a10 NM_130451.3 MmO01249519_m1 4331182 78 34 1547
Slc2all Not in mouse

Sic2al2 NM_178934.4 Mm00619244_m1 4331182 65 1-2 304
Slc2al3 NM_001033633.3 Mm01306489_m1 4331182 62 2-3 843
H2afz NM_016750.3 Mm02018760_g1 4331182 94 1-1 167

is directly proportional to glucose concentra-
tion. A reduction in glucose concentration in
the treatment media compared with that in the
media without the embryo represented glucose
consumption in the media; the medium was
collected from each treatment at 24, 48, 72,
and 96 h after zygote culture.

Statistical analyses

The statistical analyses were performed with
the SPSS version 22.0 software for Windows
(SPSS Inc., Chicago, IL, USA). The cell number,
normalized transcript number, and glucose
consumption rate were quantitatively analyzed
by the univariate analysis of variance. The de-
pendent variable, test treatments as the inde-
pendent variables, and experimental replicates
were incorporated in the model as a covariate.
The tests for main factor effects and interac-
tion effects were performed. The differences
between individual treatments were deter-
mined by multiple comparisons with the least
significance difference test. The development
rate of blastocysts and hatching blastocysts
was assessed by the binary logistic regression
analysis.

Results

Transcription of Slc2a genes in the oocyte and
preimplantation embryos of mouse

TagMan gene expression assay was used to
quantitatively assess the level of transcripts of
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12 members of SLC2A glucose transporter
family relative to the expression of the house-
keeping gene H2afz at different developmental
stages. The expression of the housekeeping
gene H2afz was relatively stable throughout
preimplantation and was employed as an inter-
nal reference [23]. All SLC2A isoforms, except
SLC2A2, were detected in the oocytes (Figure
1A). SLC2A2 and SLC2A13 were not identified
in the embryos throughout preimplantation,
whereas SLC2A1, SLC2A3, and SLC2AS8 tran-
scripts were detected in the embryos through-
out preimplantation (Figure 1B-F). SLC2A1 was
the most expressed SLC2A in the oocytes,
zygotes, and two- and four-cell embryos (Figure
1A-D); SLC2A8 was the most represented in
the eight-cell embryos; and SLC2A3 in the blas-
tocysts (Figure 1E, 1F). SLC2A5 and SLC2A12
were not observed in the embryos at the eight-
cell stage but were redetected in the blasto-
cysts (Figure 1B-E). SLC2A10 was detected in
the embryos during the early development
stages, except at the blastocyst stage (Figure
1B-E). SLC2A4 was not detected at the two-cell
stage but redetected from the four-cell to blas-
tocyst stages (Figure 1B-E). The transcripts of
SLC2A6, SLC2A7, and SLC2A9 were not detect-
ed in the early preimplantation embryos until
the blastocyst stage (Figure 1B-E). A compari-
son of expression of each SLC2A member at
different developmental stages revealed that
SLC2A1, SLC2A3, SLC2A4, and SLC2A8 were
the main SLC2A members expressed during
the early mouse embryo development. The tr-

Am J Transl Res 2019;11(6):3412-3425



Facilitated glucose transporters in mouse preimplantation embryo development

0000 ===
MeroOoONE

o

— — —

W sl

Relative expression to H2afz

11 == Qocyte

£

1 2 3 4 5 6 7
Slc2a

8 9 10 12

0.5+

13

0.4 == 2-cell embryo

0.3
0.24
0.1+

0.0

Relative expression to H2afz
]
0

7 8 9 10 12

0.07 -
0.06 A
0.05 4
0.04
0.03

0.02-
B _

== §-cell embryo T

Relative expression to H2afz

0.00

13

8 9 10 12

0.01
3 4 5 6 7

Slc2a

1 2

13

NOo12,
N 1.o-l == zygote
I 08
o 061
c 044
-8 0.2
@ - - - &
(0]
-
o
>
()]
)
=
E ’l’
&’ ool AL LI 1l
1.2 3 4 5 6 7 8 9 10 12 13
Sic2a
N 025+
& 0201 [ == 4-cell embryo
L o45)
2
C 0104
S 0.05
% £ = |
o
o
>
)
)
=
=
(_U ’l‘
Sg’ WIGVER. R
1 2 3 4 5 6 7 8 9 10 12 13
Slc2a

0.04 - ~

0.03 == Blastocyst

0.02 T

0.014 ﬂ

Relative expression to H2afz

0.00 T n

T T T T T T T T T

1 2 3 4 5 6 7 8 9 10 12 13
Slc2a

Figure 1. Expression of Slc2a genes in the oocytes and preimplantation embryos of the mouse by the TagMan gene
expression assay. The mean * S.E.M of the Slc2a members normalized to the relative transcript number of H2afz
in the oocytes (A), zygotes (B), two-cell embryos (C), four-cell embryos (D), eight-cell embryos (E), and blastocysts
(F) from four independent replicates. Each reaction is representative of RNA equivalent to 1.5 oocytes or embryos.
The expression of Sic2a in the brain tissue as a positive control was demonstrated in 11 isoforms of Sic2a genes,

except Slc2a7.

anscription of SLC2A1 gradually decreased,
whereas, that of SLC2A3 increased with devel-
opment. In contrast, SLC2A8 transcription was
relatively low in the embryos at the early cleav-
age stage, and significantly high in the eight-
cell stage embryos and blastocysts (Figure
1B-E).
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Embryo culture caused the reduction of Slc2a
transcription

Further study showed that the transcription of
Slc2al, Slc2a3, Slc2a4, and Slc2a8 was lower
in the blastocysts cultured in KSOM medium
compared with the blastocysts collected from

Am J Transl Res 2019;11(6):3412-3425
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Figure 2. The effect of embryo culture on Sic2a ex-
pression in the mouse blastocyst. The mean + S.E.M
of normalized expression of SLC2A in the blastocysts
derived from zygote stage in vitro culture in KSOM
with or without amino acids, compared to the blas-
tocyst collected from reproductive tracts (fresh blas-
tocyst), was analyzed by TagMan gene expression
assay. The data were representative of five indepen-
dent replicates, each with 10 blastocysts per treat-
ment. *P < 0.001, compared to corresponding fresh
blastocyst; **P < 0.01, compared to the correspond-
ing treatments without amino acids.

reproductive tract (fresh) (P < 0.001) (Figure 2).
This reduced expression was partially reversed
by the addition of both non-essential and es-
sential amino acids into KSOM medium for
Slc2al and Slc2a4 (P < 0.01), but not for Slc-
2a3 and Slc2a8 (Figure 2).

Expression of SLC2A proteins during preim-
plantation

Confocal immunofluorescence detected SLC-
2A1 and SLC2A4 in the oocytes and embryos
at all stages of preimplantation (Figure 3A, 3B).
SLC2A1 was evenly distributed in the oocytes
and zygotes. In two-cell embryos, more staining
was observed in the nuclei than in the cyto-
plasm. This nuclear expression was evident
until the eight-cell stage with a gradual de-
crease in the cytoplasm. The translocation of
the protein to the cellular membrane was char-
acteristic of the blastocyst (Figure 3A). SLC2A4
was of maternal origin with more staining in the
MIl chromosome (as indicated by an arrow,
(Figure 3B). It was evenly expressed in the
zygotes, excluding the nucleoli, and accumu-
lated in the nuclei of two-cell stage embryos
(Figure 3B). The protein was not translocated to
the membrane until the blastocyst stage
(Figure 3B). SLC2A3 and SLC28 were not de-
tected until the four-eight cell stage of embry-
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0s. SLC2A3 was evenly expressed in the cyto-
plasm and nuclei in the four- and eight-cell
embryos and a specific membrane staining was
observed in the blastocysts (Figure 3C). SL-
C2A8 cellular membrane localization was de-
tected in the blastocyst (Figure 3D). There was
no difference in expression of SLC2A1, SLC2A4,
SLC2A3 and SLC2A8 between inner cell mass
and trophectoderm cells (Figure 3A-D).

Roles of SLC2A4 during preimplantation

Indinavir is an HIV protease inhibitor that can
act as a potent inhibitor of SLC2A by binding to
the cytosolic domains of SLC2A, and SLC2A4-
mediated glucose transport is sensitive to this
compound with an IC_ of 50-100 uM [22-24].
The culture of zygotes in KSOM medium con-
taining 10-250 uM indinavir sulfate caused a
dose-dependent reduction in the rate of blasto-
cyst formation (P < 0.001) and hatching blasto-
cysts at 96 h (P < 0.001) (Figure 4A, 4B). A
higher dose of indinavir sulfate prevented 60%
of zygotes from developing into blastocysts in
the indinavir sulfate-supplemented medium,
and none of those derived blastocysts hatched
(Figure 4A). The treatment with indinavir sul-
fate also decreased the number of cells accu-
mulated in the blastocysts (P < 0.001) and
increased nucleus fragmentation in the derived
blastocysts (P < 0.01) (Figure 4B). The analysis
of developmental landmarks at 24 h intervals
of culture showed that indinavir sulfate did not
affect the rate of formation of two-, four-, and
eight-cell embryos (or morula) at 24, 48, and 72
h, compared with the corresponding rates in
control (Figure 4C). However, the total number
of cells accumulated in these embryos was
lower (P < 0.001) at 48, 72, and 96 h in a dose-
dependent manner (P < 0.05, P <0.001, and P
< 0.001, respectively) (Figure 4C).

The effect of indinavir sulfate on SLC2A4 ex-
pression in blastocyst

Epi-immunofluorescence showed that indinavir
sulfate reduced the staining of SLC2A4 protein
in the blastocyst in a dose-dependent manner
(P < 0.001) (Figure 5A, 5B). It reduced overall
level of the staining within ICM and trophoblast
cells of whole embryo rather than particular
cellular compartments, suggesting its role may
not be involved in membrane translocalization
of SLC2A4. Western blot detected SLC2A4 in
zygotes and blastocysts (Figure 5C). There was

Am J Transl Res 2019;11(6):3412-3425
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Figure 3. Expression of SLC2A in the oocytes and preimplantation embryos from the reproductive tract of mouse an-
alyzed by confocal microscopy. The images of SLC2A1, SLC2A3, SLC2A4, and SLC2A8 obtained by Hoechst 33342
staining of DNA are representative of 20 oocytes or embryos at different stages. Non-immune 1gG equivalent was
used as a negative control for the primary antibody (four-cell embryos and blastocysts as examples). Scale bar = 10

um for all images.

similar level of SLC2A4 in the in vivo-derived
blastocysts to the blastocysts derived from
zygote stage in KSOM medium, but markedly
reduced by indinavir sulfate (P < 0.001). In-
dinavir sulfate did not alter the expression of
embryonic pluripotent biomarker (OCT4), al-
though in vitro derived blastocysts had lower
level of OCT4 compared to the fresh blastocysts
(P < 0.01). OCT4 was a little detected in the
zygote stage.
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Exogenous insulin partially reversed indinavir
sulfate-mediated inhibition of SLC2A4 activity

We further hypothesized that the inhibitory
effect of indinavir sulfate on embryo develop-
ment occurred through the insulin-responsive
SLC2A members. Exogenous insulin alone did
not affect the rate of blastocyst formation and
the number of cells in the blastocyst formed
(Figure 6A). The addition of insulin in the media

Am J Transl Res 2019;11(6):3412-3425
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together with indinavir sulfate might have par-
tially reversed the indinavir sulfate-mediated
inhibition of blastocyst formation (P < 0.001)
and cell number (Figure 6A). To analyze glucose
uptake of the embryos, the glucose concentra-
tion in the culture media was measured by the
glucose consumption assay, and the proportion
of residual glucose was reported at several
time points (Figure 6B). The results showed
negligible changes in glucose concentration
prior to 48 h in the control and treatment me-
dia. A significant reduction in the glucose con-
centration occurred after 72 h of culture. In the
control media, approximately one-third of the
glucose was utilized by the zygotes after 72 h of
culture and only one third remained after 96 h
of culture. Indinavir sulfate prevented the em-
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bryo glucose uptake; this effect was clear after
72 h of treatment, and the residual glucose at
96 h of culture was almost two-fold higher in
the 250 uM indinavir sulfate-supplemented
media compared with that in control (P < 0.01).
This effect was also partially reversed by exog-
enous insulin treatment (P < 0.05).

Discussion

In the present study, the TagMan gene expres-
sion assay was carried out to analyze the
expression of all 12 known isoforms of the
mouse SLC2A glucose transporter in the
oocytes and embryos at each stage of preim-
plantation in the mouse. The most-expressed
SLC2A isoforms were Slc2al, Slc2a3, Slc2a4,
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Figure 5. The effect of indinavir sulfate on SLC2A4 in blastocyst. The whole-session epi-immunofluorescent images
of SLC2A4 staining (A) and intensity (B) in the blastocysts derived from hybrid zygotes in KSMO medium supplement-
ed with or without indinavir sulfate. The results were representative of three independent replicates with at least
30 embryos in each treatment. Negative control was the staining of non-immune IgG in blastocyst (medium only as
example). Scalar bar = 10 for all images. (C) Western blot analyzed the expression of SLC2A4 and OCT4 in zygotes,
fresh blastocyst (collected from reproductive tracts), and the blastocysts derived in KSOM medium or supplemented
with 250 yM indinavir sulfate from zygote stage. The results were representative of three independent replicates
with 70 embryos loaded in each lane. *P = 0.001, compared to fresh or medium-derived blastocysts. **P < 0.01,
compared to fresh blastocysts.

and Slc2a8 during mouse preimplantation
development. To the best of our knowledge, the
present study is the first to report the presence
of SLC2A1 and SLC2A4 proteins in the embryos
at all stages of preimplantation. We also ob-
served nuclear localization of these glucose
transporters in the embryos at the cleavage
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stage. SLC2A3 and SLC2A8 were not detected
until the four- to eight-cell embryo stages. The
characteristic cellular membrane staining was
initially visualized after compaction.

The deficiency of SLC2A1 results in glucose
transporter type 1 syndrome, causing embry-
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Figure 6. Effect of insulin on SLC2A4-dependent development and glucose consumption. A. The outcomes of blas-
tocyst formation and cell accumulation in blastocysts derived after zygote culture for 96 h in KSOM medium with
treatments including (1) with or without 10 yg/mL insulin and (2) with or without indinavir sulfate. The results are
representative of three independent replicates with at least 70 embryos for each treatment. P > 0.05 for the ef-
fect of insulin on blastocyst formation rate and cell number; P < 0.001 for indinavir sulfate; P < 0.05 for interaction
between indinavir sulfate and insulin. B. The proportion of glucose remaining in the culture media collected at four
developmental time points. The results are representative of six independent replicates. In each replicate, 30 uL of
media from five groups of same treatment were collected and stored at -20°C. The glucose assay was performed
after 96 h of culture.

onic malformations due to hyperglycemia in The transcription of Slc2a3 and Slc2a8 in-
maternal diabetes [14] and homozygous GL- creased during embryo development and was
UT1-null mice that do not survive beyond embry- significantly higher during compaction and
onic day 14 [25]. SLC2A1 plays an important blastocyst formation. This was consistent with
role in the survival of pre-implantation embryos their protein expression and localization during
[14, 25]. The SLC2A1 gene was the highest development, suggesting that they are the
expressed SLC2A isoform in the oocytes, and main glucose transporters participating in glu-
its transcription was similar to that of the cose utilization from compaction to complete
housekeeper gene H2afz. This gene can, there- embryo development. Slc2a3 mediates the
fore, be a potential biomarker to assess oocyte uptake of glucose, 2-deoxyglucose, galactose,
quality [26]. SLC2A1 expression was found mannose, xylose, and fucose, and probably
throughout the preimplantation development dehydroascorbate [28]. This protein is essen-
and translocated to the cellular membrane tial for post-implantation [29] and is lethal for
after compaction, suggesting that this isoform embryos [12]. In blastocysts, Slc2a3 is the
is responsible for constitutive or basal glucose most abundant SLC2A gene, suggesting that
uptake [6, 26, 27]. The presence of nuclear SLC2A3 may be involved in determining the
Slc2al in the embryos at the cleavage stage is metabolic priorities of the embryo [6]. Besides
interesting for future research. the fact that Slc2a8 deficiency in mice results
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in reproductive and growth impairments, Slc-
2a8 is suggested to have a constitutive and sig-
nificant role in glucose uptake [13, 30].

The Slc2a4 gene is predominantly expressed in
adult tissues responsible for the bulk of whole-
body glucose disposal [31, 32] and is a princi-
pal transporter isoform mediating insulin-stim-
ulated glucose uptake [33]. Slc2a4 has not
been reported in embryos at early stages of
preimplantation, except in the blastocysts of
mouse and rabbit [31]. To the best of our knowl-
edge, the present study is the first to report the
dynamic expression pattern of SLC2A4 mRNA
and SLC2A4 protein in the oocyte and embryos
at all stages of preimplantation. Maternal Slc-
2a4 mRNA was obviously degraded abruptly
after fertilization whereas the protein remained.
This reciprocal pattern of expression of tran-
scripts and protein is not paradoxical and is
particularly significant during the period of
maternal-zygotic transition [19]. Similar to that
of SLC2A1, SLC2A4 accumulation in the nuclei
of embryos at the cleavage stage indicates a
novel function of SLC2A4 that should be stud-
ied. Unlike the other SLC2A members, SLC2A4
did not exhibit the characteristic membrane
localization in the embryos, but it was primarily
localized intracellularly in the unstimulated
state. This indicates that it is redistributed in
the plasma membrane in response to acute
insulin and other stimuli [34]. A previous phar-
macological study with indinavir sulfate [38]
unveiled the roles of SLC2A4 during preimplan-
tation. Indinavir sulfate acts by binding to the
cytoplasmic glucose binding site of SLC2A4 to
prevent glucose transport [23], rather than
affecting SLC2A4 translocation. Indinavir, simi-
lar to all first-generation HIV protease inhibi-
tors, contains a core peptidomimetic structure
flanked by hydrophobic moieties and acts as a
potent non-competitive inhibitor of zero-trans
SLC2A4-mediated glucose transport. However,
it has a negligible effect on the activity of
SLC2A1 transporter [24]. The results of the
present study revealed that its inhibition result-
ed in ~60% cell loss without affecting the
developmental rate, suggesting the activity of
other SLC2A glucose transporters. However,
the developmental delay by indinavir was
observed from relatively early cleavage stages
(i.e., from the second to third embryonic cell
cycle (48 h of culture)), during which nuclear
SLC2A4 accumulation occurred. It should be
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noted that as a protease inhibitor, the pharma-
cological effects of indinavir on SLC2A4 activi-
ties may not be selective, particularly at the
higher dose. Therefore, the activities of SLC2A4
during the preimplantation development of
embryo warrants to be defined in the future
with powerful research tools.

Continued development of an embryo and the
establishment of implantation require glucose
as an energy source. SLC2A1 and SLC2A3 were
not expected to be insulin-stimulated glucose
transporters [35]. Their simultaneous presen-
ce, together with insulin-stimulated SLC2A4
and SLC2A8 [31, 33, 35] during preimplanta-
tion corresponds to the critical time of embryo
development when the embryonic fuel require-
ment switches from the oxidation of lactate and
pyruvate via the Krebs cycle to anaerobic
metabolism of glucose via glycolysis [1]. The
embryos can grow to the blastocyst stage in
simple media, at least partially, by autocrine
and paracrine mechanisms, as several auto-
crine factors (such as insulin-like growth factor
(IGF)-1 and IGF-2) are secreted by the embryos,
and their receptors are expressed in the preim-
plantation embryos [36]. The embryos alone do
not produce insulin, but exogenous insulin and
IGF-1 can increase the developmental rate by
improving blastocyst hatching and growing the
cell number per blastocyst when the mouse
embryos are cultured in simple media supple-
mented with glucose [37]. Insulin stimulates
glucose uptake into embryos by enriching the
concentration of SLC2A4 proteins in the plas-
ma membrane [34]. Indinavir preferably binds
to the cytosolic domain of SLC2A4 over SLC2A1,
thus decreasing glucose consumption by the
embryo. Given the presence of other SLC2A
transporters that are not sensitive to indinavir,
the influence of indinavir is relatively limited.

Moreover, exogenous insulin might not directly
reverse the action of indinavir against SLC2A4,
but rather induce a change in the cellular local-
ization of other insulin-responsive SLC2As,
possibly including SLC2A8. Therefore, the pres-
ence of two main insulin-responsive (SLC2A4
and SLC2A8) and two main insulin-non-respon-
sive (SLC2A1 and SLC2A3) glucose transport-
ers might help maintain normal glucose con-
sumption in the embryos. However, whether
indinavir affects other insulin-responsive or
non-responsive SLC2A glucose transporters
remains unclear. The dynamic expression pat-
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tern of SLC2A glucose transporters and their
regulatory mechanisms coinciding with embry-
onic development might allow flexibility during
embryo development in order to adapt to a
changing environment.

The present study demonstrated that the tran-
scription of SLC2A5, SLC2A6, SLC2A7, SLC2A9,
and SLC2A12 was relatively low or silent during
the early stages of preimplantation but resu-
med in the blastocyst stage. This indicates a
particular requirement for different types of
glucose transporters by the embryos in the
blastocyst stage, where the embryonic cell
lines are formed, and cell differentiation has
begun. To the best of our knowledge, the pres-
ent study is the first to report the transcription
of SLC2A5, SLC2A6, and SLC2A7 during mouse
preimplantation [11]. However, we observed
that the expression of several Slc2a isoforms,
such as SLC2A2 and SLC2A9, differed from
those reported previously [17].

Slc2a9 was not detectable until blastocyst
stage [38]. Although these differences could be
partially due to limitation of research technolo-
gy, the biological nature of these novelty war-
rants future study.

Present study showed that embryo culture,
though supplemented with amino acids, was
insufficient to maintain the Sic2a transcription.
Along with the clinical findings that metabolic
disorders (such as hyperglycemia) [17, 39]
affect fertility, ART outcomes suggest that the
creation of a novel culture system focusing on
the maintenance of glucose metabolism during
preimplantation development will be particu-
larly beneficial for metabolic-related infertility
in ART.

Conclusion

The present study summarized the expression
pattern of all known SLC2A glucose transporter
genes in the embryos at different developmen-
tal stages and mainly analyzed the role and
regulation of SLC2A4 during preimplantation
development in the mouse. It is understand-
able that the requirement of glucose metabo-
lism for the preimplantation development is
tightly regulated by the overall activities of mul-
tiple SLC2As, whereas the physiology of indi-
vidual SLC2A warrants further studies, particu-
larly, during the early cleavage stages where
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the embryonic genome activation occurs. This
study provides an insight into the mechanism
of glucose utilization and may help optimize
ART conditions during preimplantation develop-
ment in vitro.
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