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Maternal obesity has been reported to impair oocyte qual-
ity in mice, however, the underlying mechanisms remain
unclear. In the present study, by conducting a compara-
tive proteomic analysis, we identified a reduced expres-
sion of TIGAR (TP53-induced glycolysis and apoptosis
regulator) protein in ovulated oocytes from high-fat diet
(HFD)-fed mice. Specific depletion of TIGAR in mouse
oocytes results in the marked elevation of reactive oxygen
species (ROS) levels and the failure of meiotic apparatus
assembly. Importantly, forced expression of TIGAR in HFD
oocytes not only attenuates ROS production, but also
partly prevents spindle disorganization and chromosome
misalignment during meiosis. Meantime, we noted that
TIGAR knockdown in oocytes induces a strong activation
of autophagy, whereas overexpression of TIGAR signifi-
cantly reduces the LC3 accumulation in HFD oocytes. By
anti-oxidant treatment, we further demonstrated that
such an autophagic response is dependent on the TIGAR-
controlled ROS production. In summary, our data indicate
a role for TIGAR in modulating redox homeostasis during
oocyte maturation, and uncover that loss of TIGAR is a
critical pathway mediating the effects of maternal obesity
on oocyte quality. Molecular & Cellular Proteomics 17:
1354–1364, 2018. DOI: 10.1074/mcp.RA118.000620.

As the prevalence of obesity is increasing in all populations,
the proportion of reproductive age women who are becoming
overweight and obese is rising (1, 2). Substantial studies have
demonstrated that excessive body fat has a detrimental effect
on female fertility and pregnancy (3). For example, obesity is
associated with increased risks of infertility, miscarriage, con-
genital abnormalities in the offspring, and impaired pregnancy
success using assisted reproductive technologies (ART)1 (2,
4–8). Emerging evidence derived from oocyte donation and
embryo transfer experiments indicate poor oocyte quality ac-
counts, at least in part, for those defective phenotypes in
obese females (6, 10). We and others have reported that
maternal obesity impairs the developmental competence of

oocytes, resulting in meiotic anomalies, mitochondrial dys-
function, as well as oxidative stress (3, 6, 11). The major
sources of reactive oxygen species (ROS) production are
mitochondrial oxidative respiration (12, 13), where they are
generated because of release of electrons from the electron
transport chain (12, 14). However, excessive amounts of ROS
can be damaging to the cell, inducing DNA damage, lipid
oxidation, and, ultimately, cell death (15). Despite numerous
studies suggest that oxidative stress may be a link between
maternal obesity and oocyte quality, the potential factors
mediating this process remain to be explored.

TIGAR (TP53-induced glycolysis and apoptosis regulator)
was initially found to be a product of a p53 target gene, which
shares functional sequence similarities with the bisphospha-
tase domain of the bifunctional enzyme PFK-2/FBPase-2 (6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase) (16–
18). TIGAR has been demonstrated to act as a negative
regulator of glycolysis by lowering intracellular levels of fruc-
tose-2,6-bisphosphate, leading to the pentose phosphate
pathway (PPP) activation and NADPH production (16). TIGAR
was also found to protect glioma cells from hypoxia- and
ROS-induced cell death by stimulating mitochondrial energy
metabolism and oxygen consumption in a p53/TP53-inde-
pendent manner (19). A recent report showed that TIGAR has
a dual role in cancer cell survival through inhibiting both
apoptosis and autophagy in response to tumor chemotherapy
(20). It is interesting to note that PPP plays an important role
in controlling nuclear and cytoplasmic maturation of mamma-
lian oocytes (21–23). Inhibition of PPP modifies the pattern of
oxidation and mitochondrial fluctuation, resulting in impaired
meiotic progression in oocytes (24). Moreover, activity of glu-
cose 6-phosphate dehydrogenase (G6PDH), the rate-limiting
enzyme in PPP, has been widely used to evaluate the devel-
opmental competence of oocytes from different species (25).
However, to date, whether TIGAR functions during mamma-
lian oocyte development, and if so how it determines oocyte
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competence and even offspring phenotype, are completely
unknown.

In the present study, by performing a comparative pro-
teomic analysis, we identified a significant reduction of TIGAR
protein in matured oocytes from obese mice. We further in-
vestigated the role of TIGAR during mouse oocyte maturation
employing in vitro knockdown and overexpression assays.
Notably, forced expression of TIGAR could protect oocytes
from obese mice against oxidative stress and meiotic defects.

EXPERIMENTAL PROCEDURES

All chemicals and culture media were purchased from Sigma (St.
Louis, MO) unless stated otherwise.

Animals and Diet—All experiments were approved by the Animal
Care and Use Committee of Nanjing Medical University and were
performed in accordance with institutional guidelines. Female ICR
mice age 3 weeks were housed 5 per cage and given access to water
and fed either a high-fat diet (HFD) containing 35.8% fat, 20.7%
protein, and 35% carbohydrates (D12492; Research Diets, New
Brunswick, NJ), or a control diet (Control) containing 4.8% fat, 73.9%
carbohydrate, and 14.8% protein ad libitum. After 16 weeks of feed-
ing, body weights (33.6 � 1.3 g, n � 10 control versus 54.3 � 3.3 g,
n � 10 HFD; p � 0.05) and fasting serum glucose (92 � 6.9 mg/dL,
n � 10 control versus 140.7 � 2.8 mg/dL, n � 10 HFD; p � 0.05) were
significantly higher in mice fed a HFD compared with controls.

Antibodies—Rabbit polyclonal anti-TIGAR antibody (Cat#:
ab62533) was purchased from Abcam (Cambridge, MA); Mouse
monoclonal anti-�-tubulin-FITC antibody (Cat#: F2168) was pur-
chased from Sigma; Rabbit monoclonal anti-microtubule-associated
protein 1 light chain 3 (LC 3) antibody (Cat#: 3868S) was purchased
from Cell Signaling Technology (Danvers, MA). FITC-conjugated goat
anti-rabbit IgG was purchased from Thermo Fisher Scientific (Cat#
65–6111; Rockford, IL).

Oocyte Collection and Culture—Female mice were superovulated
with 5 IU Pregnant Mares Serum Gonadotropin (PMSG) by intraper-
itoneal injection, and 48 h later, cumulus-oocyte complexes were
collected by manual rupturing of antral follicles. With gentle washes
by pipetting, cumulus cells were removed and denuded GV oocytes
were obtained. For in vitro maturation, fully-grown GV oocytes were
cultured in M16 medium under mineral oil at 37 °C in a 5% CO2

incubator. To collect ovulated MII oocytes, mice received an injection
of 5 IU human Chorionic Gonadotropin (hCG) after PMSG priming.
Oocytes were retrieved from oviduct ampullae 13.5 h post-hCG, and
freed of cumulus cells by exposure to 1 mg/ml hyaluronidase.

LC-MS/MS Analysis—Samples were lysed and trypsin digested
according to our previous procedure (26, 27). Briefly, purified pep-
tides were loaded onto a trap column (75 �m�2 cm, Acclaim®
PepMap100 C18 column, 3 �m, 100 Å; DIONEX, Sunnyvale, CA), and
then separated with a reverse-phase analytical column (75 �m�25
cm, Acclaim® PepMap RSLC C18 column, 2 �m, 100 Å; DIONEX)
using a Proxeon Easy-nLC 1000 system. The effluent from LC column
was coupled directly to a LTQ OrbitrapVelos mass spectrometer
(Thermo Finnigan, San Jose, CA). The reverse-phase separation of
peptides was performed using the following mobile phase compo-
nents: 0.1% FA (buffer A) and 100% ACN, 0.1% FA (buffer B). The

gradient elution conditions (240 min total) were: 3% to 5% buffer B for
5 min; 5% to 30% buffer B for 205min ; 30% to 45% buffer B for 21
min; 45% to 90% buffer B for 1 min; and 90% buffer B for 8min. The
parameter settings for mass spectrometer were referred to our pub-
lished reports (26, 27).

Protein Identification and Quantification—Raw files were pro-
cessed using MaxQuant (Version 1.2.2.5) (28), and searched against
the mouse protein sequence database from UniProt (release
2013_12; 87187 sequences) (29), combined with the standard con-
taminants database embedded in MaxQuant. The false discovery rate
(FDR) of the identification was estimated by searching against the
databases with the reversed protein sequences. The FDR values for
peptide and protein were both set to 0.01. Enzyme specificity was full
cleavage by trypsin, with two maximum missed cleavage sites. The
minimum peptide length required was six amino acids. Carbamidom-
ethyl (C) was set as a fixed modification. Variable modifications in-
cluded Oxidation (M) and Acetyl (Protein N-term). The mass tolerance
for precursor ions was set to 20 ppm at the first search as applied in
Maxquant for initial mass recalibration. For the main search, the mass
tolerance for precursor ions was set to 6 ppm. The mass tolerance for
fragment ions was set to 0.5 Da. For label free quantification, protein
expression levels were estimated using the iBAQ (Intensity Based
Absolute Quantification) algorithm embedded in MaxQuant (30). In
brief, protein expression level was calculated by the sum of peak
intensities (normalized by the number of theoretically observable pep-
tides) of all peptides matching to the corresponding protein. The value
of iBAQ is proportional to the relative expression level of protein. We
further normalized the expression levels of each sample by dividing
each raw iBAQ value by the median value.

Bioinformatic Analysis—A volcano plot was constructed to better
visualize and identify the differentially expressed proteins between
groups. Hierarchical clustering analysis was carried out using
Cluster3.0 software (31), and a heat map was produced accompanied
by a dendrogram depicting the extent of similarity of protein expres-
sion among the samples. For the convenience of gene annotation,
corresponding Ensembl gene IDs of the differentially expressed pro-
teins were used for further bioinformatics analysis. To characterize
these genes, we tested them for enrichment of gene ontology (GO)
biological process, cellular component, and molecular function terms
by using DAVIDs Functional Annotation Chart tool (Version 6.8)(32). A
p value less than 0.05 was controlled for significant enrichment. An
important portion of enriched GO terms were selected to construct a
network with related proteins using Cytoscape.

Experimental Design and Statistical Rationale—Emerging evidence
supports that maternal obesity exerts its effects on embryo develop-
ment through the factors within the oocyte. To identify such potential
effectors, the high-throughput proteomics analysis was performed on
ovulated MII oocytes collected from HFD and control mice (300
oocytes from 15 mice for each sample). A total of four HFD biological
replicates and five control biological replicates were used. The un-
paired Student’s t test was used to compare mean values of each
protein between groups. For the identification of differentially ex-
pressed proteins, the cutoffs for the fold change and p value were set
to 1.5 and 0.05, respectively. For the cell biology assays, all experi-
ments were repeated three times and data were expressed as
mean � S.D. p � 0.05 was significant.

Plasmid Construction and mRNA Synthesis—Total RNA was ex-
tracted from 100 denuded oocytes using an Arcturus PicoPure RNA
isolation kit (Applied Biosystems, Foster City, CA), and the cDNA was
generated with QuantiTect Reverse Transcription kit (Qiagen, Hilden,
Germany). The following primers were used to amplify the CDS
sequence of TIGAR: forward primer, 5�-GGGGGCCGGCCCAGGCA-
AAGTGGTCCCAGAG-3�, and reverse primer, 5�-GGGGGCGCGCC-
AGCAGCAGAGGCCAAGTCC-3�. PCR products were purified, di-

1 The abbreviations used are: ART, assisted reproductive technol-
ogy; GV, germinal vesicle; MI, metaphase I; MII, metaphase II; Pb1,
first polar body; PMSG, pregnant mare serum gonadotropin; hCG,
human chorionic gonadotropin; LH, luteinising hormone; PI, pro-
pidium iodide; ROS, reactive oxygen species; HFD, high-fat diet;
NAC, N-acetyl-L-cystein.
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gested with FseI and AscI (New England Biolabs, Ipswich, MA), and
then cloned into the pCS2� vector. For the synthesis of TIGAR mRNA,
the TIGAR-pCS2� plasmids were linearized by SacII. Capped cRNAs
were produced using in vitro transcription with SP6 mMESSAGE
mMACHINE (Ambion, Carlsbad, CA) according to the manufacturer’s
instructions. Synthesized RNA was aliquoted and stored at �80 °C.

Knockdown and Overexpression Analysis—Microinjections of
siRNA or mRNA, with a Narishige (Tokyo, Japan) microinjector, were
used to knock down or overexpress TIGAR in mouse oocytes, re-
spectively. For overexpression experiments, 10 pl TIGAR mRNA so-
lution (10 ng/�l) was injected into cytoplasm of GV oocytes. The same
amount of RNase-free PBS was injected as control. For knockdown
experiments, TIGAR-targeting siRNA was diluted with water to give a
stock concentration of 1 mM, and 2.5 pl solution was injected. The
siRNA pairs used were as follows: 5�-GCGAUCUCACGAGGAC-
UAATT-3� (forward strand) and 5�-UUAGUCCUCGUGAGAUCG-
CTT-3� (reverse strand). A nonspecific siRNA as a negative control
was also used in the present study (forward strand: 5�-UUCUCCGA-
ACGUGUCACGUTT-3�; reverse strand: 5�-ACGUGACACGUUCGG-
AGAATT-3�).

The injected oocytes were arrested at GV stage in medium con-
taining 2.5 �M milrinone, a phosphodiesterase inhibitor that blocks
meiotic maturation, for 20 h, to allow time for siRNA-mediated knock-
down or to permit overexpression. Then oocytes were washed three
times in medium without milrinone, and in vitro cultured for the
experimental analysis.

Western Blotting—Pool of oocytes was lysed in Laemmli sample
buffer with protease inhibitor, heated at 100 °C for 5 min and sepa-
rated by sodium dodecyl sulfate- polyacrylamide gel electrophoresis
(SDS-PAGE). The separated proteins were transferred to polyvi-
nylidene fluoride (PVDF) membranes. After blocking in Tris-buffered
saline and containing 0.1% Tween 20 (TBST) with 5% skim milk for
1 h, the membranes were incubated with TIGAR antibodies (1:1000)
or LC3B antibodies (1:1000) at 4 °C overnight. Membranes were
washed in TBST three times, 10 min each, followed by incubation with
horseradish peroxidase (HRP)-conjugated secondary antibodies for
1 h at room temperature. Finally, the protein bands were visualized
using an ECL Plus Western blotting Detection System. The membrane
was then washed and reblotted with anti-�-actin (1:5000) antibody as
a loading control. All Western blotting experiments were repeated at
least three times.

Measurement of Intracellular ROS—Intracellular ROS levels were
determined by CM-H2DCFDA (Life Technologies, Invitrogen TM,
Carlsbad, CA, Cat#: C6827). CM-H2DCFDA was prepared in DMSO
prior to loading. Oocytes were incubated in M16 medium containing
5 mM CM-H2DCFDA for 30 min at 37 °C in a 5% CO2 incubator.
Following three washes in PBS, 5–10 oocytes were loaded on a slide
with a microdrop of medium, and immediately observed under a
Laser Scanning Confocal Microscope (LSM 710, Zeiss, Oberkochen,
Germany). Assays were performed in triplicates.

Immunofluorescence—Oocytes were fixed in 4% paraformalde-
hyde for 30 min, permeabilized in 0.5% Triton-X 100 for 20 min at
room temperature, then treated with blocking solution (1% BSA-
supplemented PBS) for 1 h. Oocytes were subjected to indirect
immunofluorescence staining by incubating overnight at 4 °C with
primary antibodies as follows: anti-TIGAR antibody (1:50, Abcam),
anti-LC3 antibody (1:200, CST), FITC-conjugated anti-tubulin anti-
body (1:200, Sigma). After washing three times, samples were incu-
bated with an appropriate secondary antibody for 1 h at room tem-
perature. Chromosomes were stained using propidium iodide (PI; red)
or Hoechst 33342 (blue) for 10 min. Finally, oocytes were mounted on
anti-fade medium (Vectashield, Burlingame, CA), and examined under
a Laser Scanning Confocal Microscope (LSM 710) equipped with the
40� objectives. ImageJ software (U.S. National Institutes of Health,

Bethesda, MD) was used to quantify the intensity of fluorescence as
described previously (33).

RESULTS

Comparative Proteomic Analysis of Ovulated Oocytes from
Control and Obese Mice—To establish an obese mouse
model, female mice were continuously fed with a high-fat diet
(HFD) or a normal diet (control) for 16 weeks beginning at 3
weeks of age. In this paper, these mice are termed “HFD
mice” and “control mice,” respectively. Accordingly, we call
their oocytes “HFD oocytes” and “control oocytes.” Substan-
tial evidence indicates that the effects of maternal obesity on
embryo/offspring development can be attributed to factors
within the oocyte (6). High-throughput proteomics technolo-
gies combining with advanced bioinformatics are extensively
used to identify essential proteins in cellular events and mo-
lecular signatures of diseases (34). Here, to identify such
potential effectors, liquid chromatography-tandem mass
spectrometry (LC-MS) analysis was performed on the ovu-
lated MII oocytes from control and HFD mice.

A total of 1142 proteins were identified, and 1137 proteins
were quantified in oocytes. Using a cut-off for the fold
change 	 1.5 and significance p values of � 0.05, 111 pro-
teins were identified as differentially expressed (DE) between
groups (supplemental Table S1) (35). Of them, 43 proteins
were up-regulated and 68 proteins were downregulated in
HFD oocytes compared with their controls (Fig. 1A–1B). To
obtain an overview of the function of DE proteins, gene on-
tology (GO) enrichment analysis was conducted (supplemen-
tal Table S2). Subcellular distribution of DE proteins was
annotated using GO with database for annotation, visualiza-
tion, and integrated discovery (DAVID). As shown in Fig. 1C,
the largest proportion of DE proteins identified was annotated
as cytoplasm (89), followed by nucleus (51), vesicle (43), and
mitochondrion (31). Major GO terms including the related
annotated proteins were also presented as a network. DE
proteins were found to be enriched in cytoskeletal regula-
tion, mitochondria-mediated events, and oxidation-reduc-
tion process (Fig. 1D).

Of these DE proteins, TIGAR (-1.9 fold change, p � 0.0079)
is of great interest because: (1) TIGAR is a mitochondrion
protein essential for cellular ROS homeostasis; (2) TIGAR
modulates PPP pathway, a critical metabolic pathway deter-
mining mammalian oocyte quality. Although TIGAR has been
reported to function in the control of redox status in several
cell types (15, 19), its role in mammalian oocytes remains
unknown. Moreover, to date, few factor(s) were identified to
induce the oxidative stress in HFD oocytes. Thus, we decided
to first focus on the functional exploration of TIGAR in mouse
oocytes.

Loss of TIGAR Protein in Oocytes from HFD Mice—To
validate the results of proteomic analysis, we further exam-
ined the TIGAR expression difference by Western blot analy-
sis, and found a 
60–70% reduction in HFD oocytes com-
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pared with control oocytes (Fig. 2A–2B). Quantitative analysis
based on staining also showed that the average fluorescence
intensity of TIGAR in HFD oocytes was significantly de-
creased relative to controls (Fig. 2C–2D), in line with the
Western blotting data.

Accompanying with germinal vesicle breakdown (GVBD),
fully-grown oocytes reinitiate meiosis. Microtubules organize
into the meiosis I (MI) spindle, chromosomes align at the
metaphase plate, and then oocytes proceed through MI divi-
sion. Following the emission of first polar body (Pb1), oocytes
are arrested at metaphase II (MII) awaiting fertilization. To
explore the potential function of TIGAR during oocyte matu-
ration, we then examined its subcellular distribution at distinct
stages. Immunostaining clearly showed that TIGAR predom-
inantly resides in the cytoplasm of GV oocytes. However, as

the oocytes enter meiosis, TIGAR becomes concentrated on
the spindle region from pre-metaphase I to metaphase II
stages (Fig. 2E, arrowheads). Such a specific distribution
pattern implies that TIGAR may be involved in regulation of
meiotic maturation. On this basis, the loss of TIGAR protein is
likely to be a contributory factor compromising oocyte quality
in obese mice.

Depletion of TIGAR Adversely Affects Meiotic Progres-
sion—To investigate the functional involvement of TIGAR in
oocyte meiosis, fully-grown oocytes were microinjected with
TIGAR-targeting siRNA (TIGAR-siRNA). This led to a signifi-
cant reduction of TIGAR protein based on Western blot
analysis (Fig. 3A–3B). Next, we evaluated how TIGAR
knockdown affects the maturational progression of mouse
oocytes. After 3 h in vitro-culture, both control and TIGAR-

FIG. 1. Proteomics analysis of ovulated oocytes from control and HFD mice. A, Heatmap of the differentially expressed proteins between
control and HFD groups. H1-H4: oocytes from HFD mice, C1-C5: oocytes from control mice. B, Volcano plot showing the quantitative protein
expression in oocytes from control and HFD mice. Proteins differentially expressed with fold change over 1.5 were marked in color. C,
Subcellular distribution of the differentially expressed proteins. D, Network of gene ontology and related differential proteins between control
and HFD mice in oocytes.
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siRNA oocytes resume meiosis normally, evidenced by the
similar GVBD rate (80.7 � 2.2% versus 89.2 � 1.5% control,
p 	 0.05; Fig. 3C). However, after 14 h, the ratio of Pb1
extrusion was significantly decreased in TIGAR-depleted
oocytes compared with controls (46.5 � 3.1% versus84.1 �

2.2% control, p � 0.05; Fig. 3D), with a high frequency of
symmetric division (3.3 � 0.5% versus19.6 � 2.5% control,
p � 0.05; Fig. 3E, pink asterisks). Together, these results
suggest that TIGAR is essential for oocyte maturation and
meiotic division.

TIGAR Modulates ROS Generation in Mouse Oocytes—
Numerous studies have shown that TIGAR is associated with
redox homeostasis in diverse cell types (15, 19, 36, 37).
Hence, here we wished to determine whether TIGAR expres-
sion is required for ROS generation during mouse oocyte
maturation. To do this, live oocytes were stained with CM-
H2DCFDA, a dye that fluoresces when oxidized by ROS, and
then examined under confocal microscope. Consistent with
our previous data (38), HFD oocytes showed significantly
more ROS than controls, as determined by mean fluores-

cence (Fig. 4Aa,c and 4B). Of note, we found that knockdown
of TIGAR resulted in the increased ROS content in both con-
trol and HFD oocytes (Fig. 4Ab,d and 4B). Moreover, to test
whether elevating TIGAR expression can ameliorate oxidative
stress in HFD oocytes, we carried out overexpression exper-
iments by injecting exogenous TIGAR mRNA into oocytes.
TIGAR overexpression had little effects on ROS content in
normal oocytes likely because of the low basal level (Fig.
4Ca,b-4D). By contrast, forced expression of TIGAR in HFD
oocytes strikingly reduced the ROS levels after in vitro matu-
ration (Fig. 4Cc,d-4D), providing additional support that loss
of TIGAR contributes to excessive ROS production in HFD
oocytes. Taken together, these results demonstrate that
TIGAR modulates redox homeostasis in mouse oocytes and
protects oocytes against oxidative stress under obese
environment.

Modulation of ROS by TIGAR Correlates with Autophagic
Response in Oocytes—ROS functions in the regulation of
many cellular responses, including autophagy-an adaptive
response to stress conditions such as nutrient starvation and

FIG. 2. Reduced TIGAR expression in oocytes from HFD mice. A, Western blot analysis confirmed the reduced TIGAR expression in
oocytes from HFD mice compared with controls (100 oocytes for each group). B, The ratio of TIGAR/Actin intensity from Western blotting
shown in A. Band intensity was calculated using ImageJ software, with actin as a loading control. C, Representative confocal sections of
control and HFD oocytes labeled with anti-TIGAR antibody (green) and counterstained with propidium iodide (red) for DNA are shown. D,
Quantification of TIGAR fluorescence shown in C (n � 15 for each group). E, Oocytes from control mice at GV, pre-metaphase I, metaphase
I, telophase I, and metaphase II stages were immunolabeled with anti-TIGAR antibody (green) and counterstained with propidium iodide to
visualize DNA (red). Arrowheads point to TIGAR signals. All experiments were repeated three times and representative images shown. Data
were expressed as mean � S.D. *p � 0.05. Scale bar: 20 �m.
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metabolic stress (39, 40). Therefore, we sought to check
whether changes in TIGAR expression and the consequent
modulation of ROS levels can affect autophagy in mouse
oocytes. Autophagy was monitored by evaluating the forma-
tion of autophagosomes, as measured in cells by the accu-
mulation of LC3 puncta by fluorescence microscopy. As ex-
pected, TIGAR knockdown led to a strong activation of
autophagy in either control or HFD oocytes (Fig. 5Aa,b,c,d-
5B), whereas TIGAR overexpression significantly reduced the
LC3 accumulation in HFD oocytes (Fig. 5Ac, e-5B). Immuno-
blotting also verified the elevated expression of LC3 protein in
HFD oocytes and TIGAR-depleted oocytes relative to controls
(Fig. 5C). The results indicate a very close correlation between
autophagic response and ROS elevation.

To further determine whether the autophagy induced in
TIGAR-depleted oocytes was dependent on the elevated
ROS, we modulated ROS levels directly by treatment with
N-acetyl-L-cystein (NAC), a direct scavenger of ROS. As
shown in Fig. 5D–5E, excessive ROS generation induced by
TIGAR knockdown was lowered by the anti-oxidant treat-
ment. NAC also could significantly reduce the ROS levels in
HFD oocytes with TIGAR knockdown (supplemental Fig. S1).

Correspondingly, the autophagic response was almost com-
pletely prevented by ROS scavenger (Fig. 5F–5G), indicating
that the changes in ROS levels seen after TIGAR depletion
may be responsible for the effects on autophagy. Altogether,
these observations support a notion that modulation of ROS
by TIGAR closely associates with autophagic response during
mouse oocyte maturation.

Proper Spindle Assembly and Chromosome Alignment in
Oocytes Requires TIGAR—The specific positioning of TIGAR
to the spindle region prompted us to ask whether TIGAR
functions in the assembly of meiotic apparatus in oocytes. For
this purpose, control and TIGAR-siRNA injected oocytes were
immunolabeled with anti-tubulin antibody to visualize the
spindle and counterstained with propidium iodide for chro-
mosomes. Confocal microscopy revealed that most control
oocytes at metaphase stage showed a typical barrel-shaped
spindle and well-aligned chromosomes at the equatorial plate
(Fig. 6Aa). In sharp contrast, a high frequency of spindle
defects and chromosome misalignment was detected when
TIGAR was depleted in oocytes (24.9 � 2.0 versus 7.5 � 1.8%
control, p � 0.05; Fig. 6Ab,c,d–6B), including multipolar
spindles, malformed spindles, and scattered chromosomes.

FIG. 3. Effects of TIGAR knockdown on maturational progression of mouse oocytes. Fully-grown oocytes microinjected with TIGAR-
siRNA were cultured in vitro to evaluate the maturational progression. A Negative control siRNA was injected as control. A, Knockdown of
endogenous TIGAR protein expression after TIGAR-siRNA injection was verified by Western blot analysis (100 oocytes were used for each
group). B, The ratio of TIGAR/Actin intensity from Western blotting shown in A. Band intensity was calculated using ImageJ software, with actin
as a loading control. All experiments were repeated three times and representative images shown. Quantitative analysis of GVBD rate (C) and
Pb1 extrusion rate (D) in control (n � 120) and TIGAR-KD (n � 122) oocytes. E, Phase-contrast images of control and TIGAR-siRNA injected
oocytes. Pink asterisks indicate the oocytes with apparent symmetrical division; blue arrowheads indicate the oocytes that fail to extrude polar
bodies. Data were expressed as mean � S.D. from three independent experiments. *p � 0.05. Scale bar, 80 �m.
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These data suggest that the proper assembly of meiotic ap-
paratus in oocytes requires TIGAR.

TIGAR Overexpression Ameliorates Meiotic Defects in
Oocytes from HFD Mice—Spindle/chromosome disorganiza-
tion was readily observed in HFD oocytes (6), which is thought
to be associated with excessive ROS. Considering the role of
TIGAR during oocyte meiosis, we wished to determine
whether elevating the TIGAR expression in HFD oocytes
could suppress those defective meiotic phenotypes. To do
this, TIGAR mRNA was microinjected into fully-grown HFD
oocytes, and then matured oocytes were stained for examin-
ing the meiotic apparatus. As shown in Fig. 7, 89.4 � 1.5% of
control oocytes exhibited normal spindle formation and chro-
mosome alignment (with only 10.6% abnormal); however
32.9 � 2.8% of HFD oocytes showed spindle defects or
misaligned chromosomes. Importantly, these anomalies were
significantly decreased by 
50% in HFD oocytes overexpress-
ing TIGAR. Collectively, these results suggest that overexpres-
sion of TIGAR lowers ROS levels in HFD oocytes and reduces
the penetrance of maternal obesity-induced meiotic defects.

DISCUSSION

Obesity is known to be associated with sub-optimal repro-
ductive performance in females. Oxidative stress caused by
elevated ROS is a hallmark characteristic of oocytes from
obese mice (3). Produced primarily in the mitochondria as a
byproduct of respiration, excessive ROS can damage cellular
proteins, lipids, and DNA (12, 13). Mammalian oocytes are
sensitive to redox imbalance (41), and excessive ROS ad-
versely influences oocyte maturation, fertilization, and subse-
quent embryo development (42, 43). In this study, by employ-
ing knockdown and overexpression experiments, we revealed
the function of TIGAR in ROS production in mouse oocytes
(Fig. 4). TIGAR has been shown to suppress glycolysis and
activate PPP in human cells, leading to the generation of
NADPH/GSH and removal of intracellular ROS (16, 44). Nota-
bly, oocyte itself has a poor glycolytic activity (21, 25, 45, 46),
whereas PPP within the oocytes is important for both nuclear
and cytoplasmic maturation as well as cleavage and blasto-
cyst development through the provision of substrates for pu-

FIG. 4. TIGAR is involved in ROS accumulation during mouse oocyte maturation. A, Representative images of CM-H2DCFDA fluores-
cence in Control, Control�TIGAR-siRNA, HFD, and HFD�TIGAR-siRNA oocytes. B, Quantitative analysis of fluorescence intensity shown in
A (n � 10 oocytes for each group). C, Representative images of CM-H2DCFDA fluorescence in Control, Control�TIGAR-mRNA, HFD, and
HFD�TIGAR-mRNA oocytes. D, Quantitative analysis of fluorescence intensity shown in C (n � 10 oocytes for each group). All experiments
were repeated three times and data were expressed as mean � S.D. *p � 0.05. Scale bar: 50 �m.
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FIG. 6. TIGAR knockdown disrupt
spindle assembly and chromosome
organization. A, Control and TIGAR-
siRNA-injected oocytes were stained
with anti-tubulin antibody to visualize
spindle (green) and counterstained with
propidium iodide to visualize chromo-
somes (red). Representative confocal
sections are shown. Normal oocytes (a)
present a bipolar barrel-shaped spindle
and well-aligned chromosomes on the
metaphase equator. Spindle defects (ar-
rows) and chromosomes misalignment
(arrowheads) were frequently observed in
TIGAR-siRNA injected oocytes (b-d). B,
Quantification of Control and TIGAR-
siRNA oocytes with abnormal spindle/
chromosomes. Data were expressed as
mean � S.D. from three independent ex-
periments in which at least 120 oocytes
were analyzed. *p � 0.05. Scale bar: 20
�m.

FIG. 5. TIGAR expression modulates the ROS-dependent autophagy accumulation in oocytes. A, Control, Control�TIGAR-siRNA, HFD,
HFD�TIGAR-siRNA, and HFD�TIGAR-mRNA oocytes were labeled with anti-LC3 antibody to visualize the autophagy (green) and counter-
stained with Hoechst 33342 for chromosomes (blue). Representative confocal sections are shown. Scale bar: 20 �m. B, Quantitative analysis
of LC3 fluorescence intensity shown in A (n � 20 oocytes for each group). C, Western blot analysis confirmed the increased LC3B expression
in TIGAR-siRNA oocytes and HFD oocytes compared with their controls (250 oocytes for each group). D, Representative images of
CM-H2DCFDA fluorescence in Control, Control�TIGAR-siRNA, and TIGAR-siRNA�NAC oocytes. Scale bar: 50 �m. E, Quantitative analysis
of fluorescence intensity shown in D (n � 9 oocytes for each group). F, Control, TIGAR-siRNA and TIGAR-siRNA�NAC oocytes were labeled
with anti-LC3 antibody to visualize the autophagy (green) and counterstained with Hoechst 33342 for chromosomes (blue). Representative
confocal sections are shown. Scale bar: 20 �m. G, Quantitative analysis of LC3 fluorescence intensity shown in F (n � 20 oocytes for each
group). All experiments were repeated three times and data were expressed as mean � S.D. *p � 0.05.
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rine synthesis and intra-oocyte redox state (21, 22). Impor-
tantly, our proteomic analysis demonstrated that TIGAR
protein level was dramatically reduced in HFD oocytes, and
ectopic expression of TIGAR was able to ameliorate the oxi-
dative stress in HFD oocytes (Fig. 2 and 4). These data sug-
gest that, on one hand, TIGAR participates in ROS clearance
during normal oocyte development; on the other hand, loss of
TIGAR is, at least in part, responsible for the ROS stress in
oocytes exposed to obese environment. However, the under-
lying mechanisms mediating this process remain to be inves-
tigated. In addition, we found that TIGAR knockdown in
oocytes induces autophagy activation dependent on the ele-
vated ROS signals (Fig. 5). Similarly, HFD oocytes with re-
duced TIGAR expression also showed strong LC3 accumu-
lation (Fig. 5). Autophagy, a mechanism that results in
lysosomal degradation of cytoplasmic constituents, is essen-
tial for oocyte maturation and embryonic development (47–
49). ROS has been identified as signaling molecules in various
pathways regulating both cell survival and cell death. In spe-
cific, ROS can activate autophagy through several distinct
mechanisms involving Atg4, catalase, and the mitochondrial
electron transport chain (50, 51). We therefore speculate that
the induction of autophagy in response to loss of TIGAR
functions a protective response to restrain ROS levels. These
results do not, however, preclude the existence of other
mechanisms that control autophagy activation in response to
maternal obesity. Besides, based on proteomic data, we re-
cently also identified a marked reduction of Stella protein in
oocytes from HFD mice (35). Stella is a maternal factor and
essential for the global epigenetic remodeling process that
occurs soon after fertilization (52, 53). We demonstrate that
Stella insufficiency in oocytes contributes to the maternal obe-

sity-associated epigenetic alterations and developmental de-
fects in embryos. Altogether, these findings indicate that the
differentially expressed proteins we discovered in this study
may mediate the differential effects of obesity on oocyte quality.

Accumulating evidence suggests that oxidative stress is
associated with the meiotic defects in oocytes (54). For ex-
ample, hydroxyl radical generated by the H2O2-driven Fenton
reaction adversely affects spindle formation and chromosome
alignment in mouse oocyte (55). Recently, oxidative stress
during meiotic prophase was shown to induce premature loss
of cohesion and chromosome segregation errors in oocytes
(56). In support of this conception, we simultaneously detected
the deficient meiotic apparatus and excessive ROS generation
in HFD oocytes (6, 38). Here we revealed that TIGAR depletion
in oocytes resulted in the spindle defects and chromosome
misalignment (Fig. 6). Strikingly, TIGAR overexpression could
partly prevent the maternal obesity-induced meiotic defects in
oocytes following the reduction of ROS levels (Fig. 7). These
data indicate that the role of TIGAR in the assembly of meiotic
structure may be associated with the control of redox state.
Intriguingly, we also observed the enrichment of TIGAR protein
on the spindle region during oocyte maturation (Fig. 2). Com-
bined with the disrupted meiotic progression in TIGAR-depleted
oocytes, we conclude that TIGAR is an essential regulator of
oocyte meiosis, which deserves further study.

In summary, well-balanced redox state and accurate con-
trol of spindle assembly and chromosome dynamics are the
critical determinants for oocyte competence. This study not
only uncovers the roles of TIGAR in these processes, but also
identifies TIGAR as a target that mediates the effects of ma-
ternal obesity on oocyte quality.

FIG. 7. TIGAR overexpression alleviates meiotic defects in oocytes from HFD mice. A, Control, HFD and HFD�TIGAR-mRNA oocytes
were stained with anti-tubulin antibody to visualize the spindle (green) and counterstained with propidium iodide to visualize chromosomes
(red). Representative confocal sections are shown. B, Quantification of Control, HFD and HFD�TIGAR-mRNA oocytes with spindle/chromo-
some defects in A. Data were expressed as mean � S.D. from three independent experiments in which at least 120 oocytes were analyzed.
*p � 0.05. Scale bar: 20 �m.
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