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Summary

This study aimed to investigate the structural and metabolic changes in cumulus cells
of underweight women and their effects on oocyte maturation and fertilization. The
cytoplasmic ultrastructure was analyzed by electron microscopy, mitochondrial membrane
potential by immunofluorescence, and mitochondrial DNA copy number by relative
quantitative polymerase chain reaction. The expression of various proteins including the
oxidative stress-derived product 4-hydroxynonenal (4-HNE) and autophagy and apoptosis
markers such as Vps34, Atg-5, Beclin 1, Lc3-I, II, Bax, and Bcl-2 was assessed and compared
between groups. Oocyte maturation and fertilization rates were lower in underweight women
(P< 0.05), who presented with cumulus cells showing abnormal mitochondrial morphology
and increased cell autophagy. Compared with the mitochondrial DNA copies of the control
group, those of the underweight group increased but not significantly. The mitochondrial
membrane potential was similar between the groups (P= 0.8). Vps34, Atg-5, Lc3-II, Bax, and
Bcl-2 expression and 4-HNE levels were higher in the underweight group compared with the
control group (P< 0.01); however, the Bax/Bcl-2 ratio was lower in the underweight group
compared with the control group (P= 0.031). Additionally, Beclin 1 protein levels were higher
in the underweight group compared with the control group but without statistical significance.
In conclusion, malnutrition and other conditions in underweight women may adversely affect
ovulation, and the development, and fertilization of oocytes resulting from changes to the
intracellular structure of cumulus cells and metabolic processes. These changes may lead to
reduced fertility or unsatisfactory reproduction outcomes in women.

Introduction

Research on the nutritional status and social determinants of women of reproductive age in
China has revealed that the continuous development of the social economy has improved their
quality of life (Dong and Yin, 2018). Nevertheless, the prevalence of underweight women of
reproductive age that had been declining since 1991, has been increasing since 2004 (Song et al.,
2020). Chinese women aremore inclined to weigh less and to have an adequate understanding of
the harms of excess body weight; however, little information is known about the effects of low
body weight on the health of this population. Women who visit assisted reproductive centres
show great heterogeneity in terms of factors that may affect the outcome of assisted
reproduction such as body weight and age (Mintziori et al., 2020; Attali and Yogev, 2021).
Doctors typically recommend that overweight women lose enough weight to fall within the
normal range to achieve a more satisfactory pregnancy outcome (Hunter et al., 2021). However,
underweight women are not required to gain weight, and this suggests that medical staff may be
paying insufficient attention to the effect of being underweight on pregnancy outcomes.

The fertility of underweight women is lower compared with that of normal-weight women,
and being underweight may affect the hypothalamus–pituitary–ovary axis, possibly leading to
ovulation that reduces fertility and the production of abnormal oocytes (Rich-Edwards et al.,
2002). Additionally, underweight women are more likely to experience poor outcomes during
pregnancy (Boutari et al., 2020). This suggests that the metabolism of underweight women may
be disturbed, causing direct or indirect negative effects on oogenesis, ovulation, and even
subsequent embryological development.

During the earliest stages of follicle development, granulosa cells expand and surround the
oocytes. With the formation of the follicle lumen, granulosa cells gradually differentiate into two
types: mural granulosa cells distributed around the follicle lumen, and cumulus cells
surrounding the oocyte (Uyar et al., 2013). Cumulus cells and the oocyte interact through
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various methods such as gap junctions that transport proteins and
paracrine factors (Aardema et al., 2019). Moreover, cumulus cells
deliver small molecules to the oocyte that participate in the
maturation of its cytoplasm and nucleus and improve its
developmental potential. Furthermore, the oocyte can regulate
cumulus cell proliferation, diffusion, and metabolism by paracrine
factors (Hirao, 2012). One of the major determinants of oocyte
quality is the bidirectional interaction between cumulus cells and
the oocyte itself. If the metabolic function of an oocyte is disrupted,
its development and implant potential can be negatively affected
both in vivo and in vitro (Richani et al., 2021). Optimal glucose
metabolism is one of the necessary conditions for an ovum to
resume meiosis and cytoplasmic maturation, a process that
depends on both the cumulus cells and the oocyte (Sutton-
McDowall et al., 2010). However, women with low body weight
experience nutritional deficits and may have an abnormal glucose
metabolism. If cumulus cells malfunction because of a lack of
cellular energy, the growth and development of oocytes and early
embryos will be affected, reducing their fertility (Liu et al., 2018).
Nonetheless, few studies have connected the apoptosis of cumulus
cells to oocyte maturity and fertilization capacity.

Therefore, this study aimed to analyze the different parameters
impacting the cumulus cells of underweight women. We analyzed
the cytoplasmic ultrastructure, mitochondrial functionality, and
levels of oxidative stress products in cumulus cells. Moreover, we
quantified the expression of proteins associated with autophagy
and apoptosis in cumulus cells. These data revealed the structural
and metabolic changes in cumulus cells of underweight women,
informing the discussion on the effect of these changes on the
quality of oocytes.

Materials and methods

Ethical approval

All participants provided written informed consent for the use of
their cumulus cells and clinical data for this study. This study was
conducted in accordance with the Declaration of Helsinki (2013),
and was approved by the Ethics Council of Human Research
in XiamenMaternal and ChildHealth CareHospital, Fujian, China
(Approval Number: KY-2020–065–01).

Selection of the study population (volume-exclusion criteria)

We limited this study to women undergoing in vitro fertilization
and embryo transfer (IVF-ET) in our centre due to oviduct
complications. The fertilization method was short-term IVF in all
cases. According to a previous report on the Asian population
(WHO Expert Consultation, 2004), the optimal body mass index
(BMI) for women ranges from 18.5 kg/m2 to 22.9 kg/m2.
We included women with a BMI within this range in the control
group, while women with a BMI <18.5 kg/m2 were included in the
underweight group. Additionally, those with a BMI >22.9 kg/m2

were excluded from this study.

Collection of relevant clinical data

Data regarding age, basal hormone levels of the patients
[i.e. follicle-stimulating hormone (FSH) and anti-Müllerian hor-
mone (AMH) levels on days 2 and 3 of menstruation], stimulation
regimen of controlled ovarian hyperstimulation, sperm quality
(concentration, motility, morphology) were collected from the
electronic medical records database of our hospital.

In this study, we used the long-term protocol as the main
regimen for controlled ovarian hyperstimulation, and only a few
cases used the antagonist protocol and luteal phase protocol.
A long-term protocol implies that patients were treated with the
long-acting gonadotropin-releasing hormone agonist (GnRH-a)
triptorelin (3.75 mg, IPSEN, France) by subcutaneous injection,
and then exogenous gonadotrophins [recombinant FSH (rFSH):
Gonal-F, 75 IU, Merck Serono, Switzerland] were administered by
intramuscular injection, the gonadotrophin doses were based on
the condition of the patients, their endogenous hormone levels and
ultrasonography data. Human chorionic gonadotropin (hCG,
Merck Serono, Switzerland) was injected when at least two follicles
reached a diameter of 18 mm or three follicles reached a diameter
of 17 mm. An antagonist protocol implies that patients were
administered gonadotrophin between the third and fifth day of
the menstrual cycle. The dosage was determined according to the
criteria mentioned above (long-term protocol). When the
dominant follicle was ≥14 mm in diameter, or E2 ≥400 pg/ml,
0.25 mg/d GnRH antagonist (Cetrorelix Acetate, Swiss Serono
company) was administered by subcutaneous injection until
the day of triggering. The following procedures were similar to the
long-term protocol. A luteal phase protocol implies that after
the day of natural-cycle oocyte retrieval or the day of follicular
rupture as monitored by B-ultrasonography, exogenous gonado-
trophin (rFSH; Gonal-F, 75 IU, Merck Serono, Switzerland)
was administered by intramuscular injection. The dosage was
determined according to the criteria mentioned above (long-term
protocol). When at least two follicles reached a diameter of 18 mm
or three follicles reached a diameter of 17 mm, hCG was injected
for the triggering of ovulation. Oocytes were retrieved 34 h after
triggering ovulation by trans-virginal aspiration.

Data related to oocytes or embryo development including the
number of oocytes, maturation, fertilization, 2PN fertilization,
2PN cleavage, available cleavage embryos, blastocyst formation,
and available blastocysts were also collected. Among the above
indicators, fertilization means 1PN (pronucleus), 2PN or ≥3PN
can be observed in an oocyte at 17 ± 1 h post-insemination (at the
time of checking for fertilization), or subsequent cleavage can be
observed in a 0PN oocyte. The available cleavage embryos need to
have 6–12 blastomeres and no more than 25% cell fragment at Day
3 (observation at 68 ± 1 h post-insemination). The available
blastocysts must have at least three stages of blastocelic cavity,
with inner cell masses rated as A or B and trophectoderm rated as
A, B or C (Gardner and Schoolcraft, 1999; Alpha Scientists in
Reproductive Medicine and ESHRE Special Interest Group of
Embryology, 2011). As previously mentioned, all cases included in
this study were inseminated using short-term IVF. In other words,
the cumulus cells were removed 4–6 h after IVF insemination
on the day of oocyte retrieval, and the second polar body of each
oocyte was observed under a microscope to determine the
fertilization status initially. In this process, the number of mature
and immature oocytes can be recorded separately, as themorphology
of each oocyte can be clearly observed under the microscope.
Subsequently, the related rates were computed further using the
following formulas:

Oocyte maturation rate ¼ number of mature oocytes=

number of oocytes retrieved� 100%
(1)

Fertilization rate ¼ number of fertilized oocytes=

number of oocytes retrieved� 100%
(2)
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2PN fertilization rate ¼ number of 2PN fertilized oocytes=number

of oocytes retrieved � 100%

(3)

2PN cleavage rate ¼ number of 2PN cleavage oocytes=

number of 2PN fertilized oocytes� 100%

(4)

Available cleavage embryos rate ¼
number of available cleavage embryos=

number of 2PN cleavage� 100%

(5)

Blastocyst formation rate ¼ number of blastocyst formed=

number of cultured blastocysts � 100%
(6)

Available blastocysts rate ¼ number of available blastocysts=

number of cultured blastocysts� 100%

(7)

Considering the effect of semen quality on fertilization in IVF, the
concentration of semen and the proportion of sperm with
progressive motility (PR) in this study were all in the normal range,
and we did not strictly limit the proportion of sperm with normal
morphology. Our assessment of semen quality was based on the 5th
Edition of the WHO Laboratory Manual for the Examination and
Treatment of Human Semen (World Health Organization, 2010)

Collection of cumulus cells

Cumulus–oocyte complexes (COCs) were isolated from follicular
fluid, placed in a gamete buffer (Cook, McLean, Bloomington, USA),
rinsed, and briefly cultured for 5–10 min. Gelatinous cumulus cells
surrounding the COCwere cut using two syringes, rinsed three times
in normal saline, and washed to remove blood cells, tissue fragments,
and residual follicular fluid components. Cumulus cell samples,
obtained frommultiple oocytes of the same patient, were stored with
Fertilization Medium (Cook, McLean, Bloomington, USA) in a 5%
CO2 incubator at 37°C for 1–2 h before subsequent use.

Ultrastructural observations of cumulus cells

After three saline washes, cumulus cells were fixed in a 4%
glutaraldehyde solution for 24 h. They were then rinsed three times
with 0.1 M phosphate-buffered saline (PBS) at a pH of 7.4 followed
by a secondary fixation in 1% osmium acid. Subsequently, they
were dehydrated by an ethanol gradient, saturated with 100%
acetone, and embedded in epoxy resin. Tissue sections 70-nm thick
were spread on a copper screen and stained with lead citrate and
uranium hydrogen acetate; the ultrastructure of cumulus cells was
observed using a Tecnai G2 Spirit (FEI Company, Hillsboro, Ore,
USA) transmission electron microscope.

Detection of mitochondrial membrane potential in cumulus
cells (JC-1)

Cumulus cells were digested with trypsin for 1 min, washed twice
with PBS (centrifuged at 352 rcf for 3 min), and incubated in
Dulbecco’s modified eagle medium with 10% fetal bovine serum
for 6 h in a four-well plate. When the cells were adherent, the
culture medium was changed. At 24 h later, the adherent cells were

stained for JC-1 following the instructions of the mitochondrial
membrane potential detection kit (Beyotime, Shanghai, China).

The JC-1 stain working solution was prepared as follows: 50 μl
of JC-1 stock solution (200×) was diluted with 8 ml of ultra-pure
water (dilution ratio range: 1:160–200), fully dissolved, and mixed
by a vortex mixer, placed at room temperature for 1–2 min, and
mixed with 2ml of JC-1 stain buffer stock solution (5×) to form the
JC-1 stain working solution. For the buffer, 4ml of ultra-pure water
was mixed with 1 ml of buffer solution stock solution (5×) and the
buffer was put in an ice bath. For staining the adherent cells with
JC-1, PBS solution was used to wash the cells once, and the JC-1
staining working solution was added to cover the cell growth area;
the cells were incubated in a 5% CO2 incubator at 37°C for 20 min.
After the supernatant was removed, cells were washed twice with
JC-1 staining buffer working solution, and the appropriate amount
of fresh cell culture medium was added. Finally, the red and green
fluorescence intensities of the coloured cells were observed and
recorded under a laser confocal microscope (LSM880, Zeiss,
Oberkochen, Germany), and the ratio of red/green fluorescence
intensity was calculated. In this analysis, red represented J
aggregates that are indicative of high mitochondrial membrane
potential and strong activity, whereas green represented the J
monomer, indicative of low mitochondrial membrane potential
and weakened activity. The cumulus cells of each patient were
observed over three visual fields, and the mean fluorescence values
were recorded. To summarize, this method allowed us to evaluate
the mitochondrial functionality in cumulus cells.

Measuring mitochondrial DNA (mtDNA) from cumulus cells

Themitochondrial DNA (mtDNA) and internal reference genes in
both groups of samples were quantified using relative fluorescence
quantitative polymerase chain reaction (qPCR). After three washes
with saline serum, the cumulus cells were stored at −40°C. The
extraction of mtDNA was carried out according to the manufac-
turer’s instructions using the Rapid Blood Genomic DNA Isolation
Kit (Shanghai Biological Company, Shanghai, China). Then, the
mtDNA was eluted in 200 μl of eluate. The primer design for qPCR
was performed according to previous studies (Beijing Aegean Sea
Music Technology Co., Ltd, 2018; Zhang et al., 2021). Shanghai
Shenggong Biological Company was commissioned to synthesize
the primers. The primer sequences are presented in Table 1.

In this experiment, the reactionmixture contained a total volume
of 10 μl, comprised of 5 μl of TaqMan Fast qPCR Master Mix
(BBI, Roche, Switzerland), 0.2 μl each of forward and reverse
primers for the target and β-actin genes, probe in 0.2 μl, ddH2O
3.4 μl, and 1 μl of the template. Each primer and the probe were
diluted to a concentration of 10 μM (10 μmol/l). The 384-well
plate carrying the qPCR samples was placed in LightCycler480 II

Table 1. Primer sequences for the housekeeping and target genes

Name Sequences

Act-F2 5 0-GCCTCGCTGTCCACCTTCCA-3 0

Actin-R3 5 0-TTTTGTCAAGAAAGGGTGTAACGCA-3 0

Act-TZ2 5 0VIC-AAGCAGGAGTATGACGAGTCCG-MGB-3 0

Primer MTF 5 0-TGACCACCATCCTCCGTGAAAT-3 0

Primer MTR 5 0-ATCGTGATGTCTTATTTAAGGGGAA-3 0

MT-TZ 5 0-FAM-CAAGAGTGCTACTCTCCTCGCT-MGB-3 0
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(Roche, Switzerland) for real-time PCR. The cycling conditionswere
set to the following parameters: initial steps: 94°C for 3min, followed
by 45 cycles of 94°C for 5 s, 57°C for 15 s, and 72°C for 30 s.

Expression of protein markers of oxidative stress, autophagy,
and apoptosis in cumulus cells

To prepare the cell lysates, the cumulus cells were lysed with the
radioimmunoprecipitation assay lysis buffer (50 mM Tris-Cl, pH
7.4, 150mMNaCl, 0.1% SDS, 1%NP-40, 1% sodium deoxycholate,
1 mM phenylmethyl-sulfurylfluoride, 1 mg/ml pepstatin, 1 mg/ml
leupeptin, 1 mg/ml aprotinin, 1 mM NaF, and 1 mM Na3VO4),
while maintained on ice for 30 min. After being homogenized, the
samples were centrifuged at 15294 rcf at 4°C for 15min. All protein
concentrations were determined using the BCA Protein Assay
kit (Beyotime, Shanghai, China). Equal amounts of proteins (30 to
40 μg) were separated by electrophoretic sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and then transferred to a
0.22-μm pore size nitrocellulose blotting membrane (Pall Life
Sciences, USA). After being blocked with 5% skimmed milk, the
membranes were incubated overnight with primary antibodies
(Atg5, Lc3-I/II, Beclin 1, Cell Signaling Technologies, Danvers,
Massachusetts, USA; Vps34, ThermoFisher Scientific, Waltham,
MA, USA; 4-HNE, Abcam, Cambridgeshire, UK; Bax, Bcl-2,
Beyotime, Shanghai, China), then incubated with horseradish
peroxidase-conjugated secondary antibodies (ZSGB-BIO, Beijing,
China), the immunoreactive bands were subsequently visualized
with enhanced chemiluminescence, and the band intensity was
quantified.

Statistical analysis

Each experiment was repeated more than three times separately.
Statistical analyses were performed with Statistical Package for the
Social Sciences (SPSS) software version 19.0 (IBMCorp., Armonk,NY,
USA). Normally distributed data were analyzed using the Shapiro–
Wilk test and expressed as mean ± standard deviation. Non-normally
distributed data were expressed as median with interquartile range.
Comparisons between groups were analyzed with non-parametric
tests for two independent samples. Countable datawere analyzed using
the chi-squared test. Finally, the differences in protein expression levels
between the two groups were determined using the t-test for
independent samples. Statistical significance was set at P< 0.05.

Results

Basic patient information and gamete/embryo data

In this study, there were 20 and 21 participants in the underweight
and control groups, respectively. Apart from BMI (P< 0.001), there
were no statistical differences in age, basal FSH, AMH levels, regimen
distribution of controlled ovarian hyperstimulation, number of
oocytes retrieved, sperm concentration, the proportion of PR sperm
and the proportion of normal sperm morphology between the two
groups. The oocyte maturation and fertilization rates showed
statistically significant differences between groups (P< 0.05), whereas
the rates of 2PN fertilization, 2PN cleavage, available cleavage
embryos, blastocyst formation, and available blastocyst did not have
statistically significant differences between the two groups (Table 2).

Table 2. Baseline data, gamete and embryo development details of both groups of participants

Control Underweight group X2/t/Z P

n 21 20

Age (years) 30.71 ± 4.95 29.85 ± 3.30 0.654 0.517

BMIa 20.3 (19.45–21.65) 17.55 (16.43–18) 5.482 <0.001*

FSHa 6.98 (6.23–8.90) 7.26 (6.25–9.50) 0.522 0.602

AMHa 5.31 (1.93–13.07) 3.39 (2.09–5.52) 1.252 0.211

Regime of controlled ovarian hyperstimulation

Long-term protocol 18 14 3.478 0.176

Antagonist protocol 3 3

Luteal phase protocol 0 3

No. of oocytes retrieved 14.14 ± 6.98 13.20 ± 6.63 0.151 0.700

Concentration of the sperma 68 (35–110) 56.6 (43.5–87.75) −0.065 0.948

PR sperm (%) 45.95 ± 11.36 43.05 ± 10.61 1.234 0.273

Normal sperm morphology (%)a 12 (6–16) 12 (8.5–16) −0.27 0.787

Oocyte maturation rate 93.3% (277/297) 87.5% (231/264) 5.432 0.020*

Fertilization rate 86.2% (256/297) 78.4% (207/264) 5.877 0.015*

2PN fertilization rate 65% (193/297) 65.5% (173/264) 0.018 0.892

2PN cleavage rate 96.9% (187/193) 98.3% (170/173) 0.719 0.397

Available cleavage embryo rate 79.1% (148/187) 84.1% (143/170) 1.462 0.227

Blastocyst formation rate 67.3% (115/171) 69.9% (102/146) 0.249 0.618

Available blastocyst rate 50.9% (87/171) 50% (73/146) 0.024 0.876

aNon-normally distributed data, a non-parametric test was used; *P< 0.05.
AMH, anti-Müllerian hormone; BMI, body mass index; PR sperm, progressive sperm.
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Cytoplasmic ultrastructure of cumulus cells

After fixing, sectioning, and staining the two groups of cumulus
cell samples, we observed the intracellular ultrastructure through
electron microscopy and found differences in the morphology of
mitochondria and cytoplasmic autophagosomes. The mitochon-
drial cristae of the underweight group were swollen and empty,
while the matrix was trachychromatic and showed a zebra-like
mitochondrial pattern (present in 60.9% of the cell samples in
this group). Moreover, a higher number of autophagosomes
(i.e. autophagic lysosomes) could be seen in the cytoplasm of the
underweight group. By contrast, in most samples of the control
group (77.8%), the mitochondrial cristae were clear and the matrix
was normal (hypochromatic). Furthermore, a lower number of
autophagosomes was seen in the cytoplasm of the control group
(Figure 1).

Mitochondrial membrane potential in cumulus cells

After a brief in vitro culture of cumulus cells in both groups, we
used the mitochondrial membrane potential detection kit and
assessed the function of mitochondria by analyzing the differences
in mitochondrial activity. Fluorescence microscopy showed that,
although the red/green fluorescence ratio of the cells in the
underweight group was higher compared with that of the control
group, the difference was not statistically significant (P= 0.8).

These results indicated that themitochondrial function was similar
between the two groups after in vitro culture (Figure 2).

Relative quantification of mitochondrial DNA (mtDNA)

We performed relative quantification of mtDNA in both groups of
samples using qPCR, and these results are presented as fold-change
values. Our data showed that the median fold-change value for
mtDNA of the underweight group was 1.4489, whereas that of the
control group was 1.1221. The fold-change was greater in the
underweight group compared with the control group; however,
this difference was not statistically significant (P= 0.087; Figure 3).

Differences in oxidative stress, autophagy, and apoptosis-
related proteins in cumulus cells

To analyze the occurrence of biological events, such as oxidative
stress, autophagy, and apoptosis in cumulus cells, we selected
4-HNE, a product of mitochondrial oxidative stress, and various
autophagy and apoptosis-related proteins including Vps34,
Atg-5, Beclin 1, Lc3-II, Bax, and Bcl-2 as target proteins. Protein
expression levels in cumulus cells were detected by western
blotting. 4-HNE expression was higher in the underweight group
compared with the control group (P= 0.007). Protein expression
levels of Vps34, Atg-5, and Lc3-II were higher in the underweight
group compared with the control group (P= 0.002, P= 0.007, and

Figure 1. Electron micrographs of the ultrastructure of cumulus
cells in the underweight and control groups. (A–C) Ultrastructure
of cumulus cells under different magnifications in the control
group. (D–F) Ultrastructure of cumulus cells under different
magnifications in the underweight group. Micrographs (A) and
(D) have been magnified 3000 times (×3000), (B) and (E) have
been magnified 5000 times (×5000), while (C) and (F) have been
magnified 10,000 times (×10,000). AP, autophagosomes; LD, lipid
droplet; MC, mitochondria; N, nucleus. The white arrow refers to
cristae, the black arrow refers to the matrix, and ★ indicates a
transverse section of mitochondria.

Figure 2. Mitochondrial membrane potentials of cumulus cells
in the underweight and control groups. (A–C) Mitochondrial
membrane potential map of the cumulus cells in the control
group. (D–F) Mitochondrial membrane potential map of the
cumulus cells in the underweight group. (A) and (D) show the red
channel, (B) and (E) show the green channel, and (C) and (F) show
the superimposition of the two channels. The bar graph on the
right shows the comparison of the fluorescence ratio values of
each channel between the two groups.
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P= 0.005, respectively). The underweight group also showed an
increase in Beclin 1 protein expression; however, the difference
between the groups was not statistically significant (P= 0.634).
Finally, Bax and Bcl-2 expression levels were significantly higher in
the underweight group compared with the control group.
However, the Bax/Bcl-2 ratio was significantly lower in the
underweight group compared with the control group (P= 0.031;
Figure 4).

Discussion

In this study, baseline data regarding patients who underwent IVF-
ET in both groups were not significantly different, making the
groups suitable for comparison. As shown in Table 2, the oocyte
maturation and fertilization rates of patients in the underweight
group were significantly lower compared with those in the control
group. These data suggest that oocytes of underweight womenmay
have experienced developmental arrest, delayed maturation, or
other abnormalities that may have affected fertilization.

In the female reproductive system, the follicle microenviron-
ment is composed of follicular fluid, oocytes, and cumulus cells
(Hennet and Combelles, 2012). Furthermore, communication
between different components plays a key role in subsequent
development during oocyte maturation (Turathum et al., 2021).
The oocyte discharge, one of the main factors for correct oocyte
development, also affects natural female fertility and the potential
results of assisted reproductive pregnancy (Dumesic et al., 2015;
Biase and Kimble, 2018). Being underweight may be related to
malnutrition (Lahmann et al., 2016); therefore, malnutrition
may lead to oxidative stress and mitochondrial damage in heart
cells and surrounding tissues (Ferreira et al., 2016). Moreover,
malnutrition may affect the energy metabolism of the follicular
microenvironment, altering the structure of oocytes and cumulus
cells (Chen et al., 2012). When nutrients are insufficient, cumulus
cell mitochondria are the first to suffer quantitative and functional
changes. As mitochondria are the most important source of
cellular energy, these adverse changes may cause a physiological
dysfunction in cumulus cells and a loss of cell homeostasis, due to
an imbalance in pro- and antioxidant compounds. Consequently,
oocyte maturation, ovulation, and fertility would be inevitably
altered (Da Broi et al., 2018).

Oxidative metabolism in eukaryotes mainly occurs in the
mitochondria (Papa et al., 2012). This organelle is where sugar, fat,

and amino acids are eventually oxidized to release energy. The
cristae in the cytoplasm of normal mitochondria should be
relatively clear; in contrast, the underlying matrix of the inner
membrane should be lightly stained to ensure that the mitochon-
dria can undertake additional biochemical reactions. However, the
ultrastructure of cumulus cells in underweight women showed that
the mitochondrial cristae of some of their cells were swollen and
vacuolar, and the underlying matrix of the inner membrane
was deeply stained and even showed a ‘zebra-crossing’ pattern
(Figure 1). Considering that in addition to providing energy to
cells, mitochondria also participate in the metabolic regulation of
cell signalling, maintenance of calcium homeostasis, cell prolifer-
ation, differentiation, and apoptosis (Annesley and Fisher, 2019),
these changes at the mitochondrial level may have negative effects
on the activity and function of cumulus cells (Kansaku et al., 2018).

The membrane potential of the mitochondria is considered a
common and important indicator of its physiological and
functional status. Mitochondrial structures with higher membrane
potential are also considered complete and functionally active
(Perry et al., 2011). In a healthy mitochondrial membrane,
numerous negative charges are common. Moreover, when the
membrane potential is high, the fluorescent probe JC-1 can
accumulate in the mitochondrial matrix, forming a polymer and
emitting a bright red fluorescence (Perelman et al., 2012). In
contrast, when the membrane potential drops, the mitochondrial
inner membrane permeability increases, leading to depolarization.
In this case, JC-1 cannot accumulate and only exists as a monomer
that emits green fluorescence. The ratio of red/green fluorescence
is a measure of change in mitochondrial activity. Contrary to our
expectations, Figure 2 shows that the red/green fluorescence ratio
of the underweight groupwas slightly higher compared with that of
the control group; however, this difference between the two groups
was not significant. Similarly, as seen in Figure 3, the mtDNA copy
number of the underweight group was also higher compared with
that of the control group. As shown in Figure 1, some of the
mitochondria in the underweight group indeed underwent
morphological changes. Therefore, we hypothesized that cells of
the underweight group may have an increased mitochondrial
proliferation rate that may not be synchronized with cell
proliferation, to maintain energy supply. Moreover, minor
differences can also be due to the possibility that mitochondrial
membrane integrity and mtDNA copy number may also be
affected by various external factors, such as transient in vitro
culture or other compensatorymechanisms in the cell, especially in
the underweight group. An earlier report (Desquiret-Dumas et al.,
2017) showed that BMI was negatively correlated with mtDNA
copy number, similar to our results.

As the primary site of aerobic respiration within the cell, healthy
mitochondria constantly produce and decompose reactive oxygen
species (ROS), regulate their balance and concentration, and
ensure the correct functioning of the respiratory electron transport
chain. Therefore, mitochondria with abnormal structures may lose
their capacity to maintain this balance, and begin accumulating
ROS within the cell and releasing various oxidative stress products.
4-HNE is an endogenous oxidative stress marker derived from the
lipid peroxidation process of polyunsaturated fatty acids in
different tissues and cells (Li et al., 2022). Its production in
mitochondria leads to oxidative damage at a cellular level (Sharma
et al., 2022). Therefore, dysregulation of intracellular ROS
production results in the expression of 4-HNE. ROS could regulate
changes in mtDNA copy number, and the accumulation of ROS
may induce a compensatory increase in mtDNA to counter the

Figure 3. Relative quantification of mitochondrial DNA in underweight and control
groups. mtDNA, mitochondrial DNA.
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adverse effects of ROS (Skuratovskaia et al., 2018). As shown in
Figure 4, the expression of 4-HNE in the underweight group was
significantly higher compared with that in the control group. This
result indicates that oxidative stress was enhanced, and that ROS
had accumulated in cells, and this may explain the slight increase in
mtDNA copy number in this group.

Autophagy is a stress-induced biological process in which cells
degrade their internally damaged organelles, such as mitochondria
and endoplasmic reticulum fragments, large misfolded protein
complexes, and pathogens (Mizushima and Komatsu, 2011),
playing a key role in the maintenance of cellular homeostasis.
as nutrients and energy consumed during autophagy can be reused
in various cellular activities, the cell can survive under stressful
conditions. Therefore, in a scenario in which there is a lack of
nutrients and energy in themitochondria, the continuous synthesis
of mtDNA requires autophagy and other metabolites to prevent
excessive ROS, alleviate oxidative damage, and help cells and
mitochondria to maintain metabolic homeostasis (Pyo et al., 2013;
Medeiros et al., 2018; Medeiros and Graef, 2019). The autopha-
gosome usually performs autophagy. Autophagosomes, also
known as autophagy lysosomes, consist of a double membrane
that surrounds a small part of the cytoplasm that has the capacity to
digest its own contents enzymatically (Hollenstein and Kraft,
2020). When cells undergo pathological changes (i.e. atrophy),
autophagosome numbers increase. In addition to injury, the degree

of cellular autophagy may also be affected by the nutritional
conditions of the body (Corsetti et al., 2021). Therefore, autophagy
is inhibited in normal nutritional conditions; however, it is
promoted when nutrition is insufficient – a condition that
underweight women may face – by increasing the number or
activity of autophagosomes (Cuervo and Macian, 2012).

In addition to the morphological changes in mitochondria, we
observed higher autophagosome numbers in cumulus cells in the
underweight group compared with the control group (Figure 1).
Based on our electron microscopy results illustrated in Figure 1, we
determined the expression levels of autophagy-related proteins
from cumulus cells of both groups (Figure 4). The results showed
that the expression of autophagy-related proteins Vps34, Atg-5,
and Lc3II was significantly higher in the underweight group
compared with the control group, and the expression of Beclin 1
was slightly higher in the underweight group (although not
significantly different), indicating an increase in the number or
activity of autophagosomes in this group. We speculate that this
result may be related to the occurrence of malnutrition in some
underweight women.

Type II cellular autophagy cooperates with apoptosis to regulate
programmed cell death (D’Arcy, 2019). Conversely, in some cases,
autophagy can inhibit apoptosis, leading to cell survival. Generally,
autophagy induces cell death, either by cooperating with apoptosis
or inducing it as a backupmechanismwhen apoptotic mechanisms

Figure 4. Oxidative stress, autophagy, and apoptosis-
related protein expression quantified by western blotting
in the underweight and control groups. (A) Expression of
the oxidative stress product 4-HNE. (B) Expression of
autophagy-related proteins. (C) Expression of apoptosis-
related proteins. *P< 0.05, **P < 0.01.
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fail to be activated (Barth et al., 2010). The two mechanisms can be
activated by multiple stress stimuli. Moreover, they share multiple
regulatory molecules and even reciprocally coordinate their
bidirectional transformation (Maiuri et al., 2007). In this context,
the Bcl-2 protein family plays a critical role in the dual regulation of
apoptosis and autophagy (Boldura et al., 2021). In this study, we
measured the expression of the proapoptotic protein Bax and
antiapoptotic protein Bcl-2 in cumulus cells and calculated the
Bax/Bcl-2 ratio (Figure 4). Notably, this ratio was lower in
underweight women, indicating that antiapoptotic factors may
play a larger role in this group compared with proapoptotic factors.
Furthermore, the absolute expression of Bax and Bcl-2 was
significantly higher in underweight women. These data suggest
that the cumulus cells in these patients were under some type of
stress (i.e. nutrient deprivation), and, in this context, the cells were
trying to enhance their autophagic activity to preserve themselves.
Nevertheless, these cells showed a clear enhancement of apoptotic
processes.

Few studies have connected the apoptosis of cumulus cells to
oocytematurity and fertilization capacity (Høst et al., 2000). In this
study, the poor quality of the oocytes obtained from underweight
women was mainly reflected in the significantly lower oocyte
maturation and fertilization rates compared with those of the
control group participants (Table 2). Considering the bidirectional
regulation operating between cumulus cells and oocytes, we
speculate that the oocyte maturation events, and apoptotic
processes of cumulus cells are not only related but may also
reciprocally affect each other. When cumulus cells undergo
apoptosis and cannot maintain an effective dialogue with the
oocyte, the oocyte cannot successfully complete nuclear and
cytoplasmic maturation (Liu et al., 2015). In contrast, when the
oocyte does notmature for various reasons, the survival of cumulus
cells is also threatened. Therefore, both autophagy and apoptosis
determine the final fate of cumulus cells. This evidence, combined
with Bax and Bcl-2 data (Figure 4), supports the notion that,
although the oocyte maturity is low in underweight women, Bcl-2
may eventually lead to a stronger antiapoptotic effect because of
the balance between autophagy and apoptosis response in cumulus
cells. Indeed, the overall integrity of the cells is maintained but is
inevitably accompanied by some impaired functions that may
partially explain the results regarding oocyte quality.

In cumulus cells of the underweight group, we observed
undesirable changes in mitochondrial morphology, a slight
increase in their mtDNA copy number and mitochondrial
membrane potential, and significantly elevated 4-HNE levels.
These cells initiate both autophagy and apoptosis, increasing the
number of autophagosomes and upregulating Vps34, Beclin 1,
Atg-5, and Lc3 expression. Moreover, the expression of the
proapoptotic factor Bax and the antiapoptotic factor Bcl-2 was
significantly upregulated, and the effect of the latter was relatively
enhanced in underweight women.

This study has some limitations. First, when analyzing the
mitochondrial membrane potential, we used the same cell medium
in vitro, and this allowed cells from the underweight group to
receive adequate nutrition and energy supply. We then tested JC-1
once the cells were attached. These cells were subjected to natural
selection. A previous report found that cumulus cell mitochondrial
function was improved when the cells received adequate nutrients
(Silva et al., 2019). Therefore, we speculate that the reason for the
lack of a significant difference in the results of JC-1 detection
between the two groups was because of cellular compensatory
mechanisms and the above factors. Stronger conclusions may be

obtained if freshly collected cumulus cells were to be promptly
counted by flow cytometry. Second, different ovulation induction
regimens may lead to different effects on cumulus cells (Azizollahi
et al., 2021); however, as this study did not impose strict
restrictions on the enrolment conditions of patients due to the
small number of total cases available to us, the bias of some
confounding factors on the experimental results cannot be
excluded. Third, due to the limitation of experimental conditions,
this study mainly focused on the ultrastructure of cumulus cells
and their protein levels associated with different biochemical
events. More detailed and in-depth research was not conducted at
the cellular and molecular levels. Changes in the follicular
microenvironment in underweight women, such as changes in
the composition of follicular fluid and signal transmission between
cumulus cells and oocytes, require a more in-depth analysis in the
future.

Regarding clinical practice, we need to reconsider the following
question: independent of the type of conception (natural or
assisted), will gaining weight in preparation for pregnancy improve
fertility in underweight women? Currently, several studies support
this approach. For instance, appropriate weight gain before
pregnancy in underweight patients could achieve pregnancy
outcomes similar to those of patients with normal weight (Liu et al.,
2020). A preclinical study in mice (Zhu et al., 2020) found that,
after the surgical removal of white adipose tissue from around the
ovaries, these animals showed follicular dysplasia, increased
atresia, reduction of sex hormone levels in serum, and changes
in the expression of genes related to follicle development. However,
after receiving better culture conditions, the subsequent develop-
ment of the embryo was not further affected (Zhu et al., 2020).
These results support a prompt improvement of the poor
nutritional status in underweight women, demonstrating that a
proper amount of body fat may be beneficial to reproductive
function. Therefore, an optimal weight management strategy for
women should encompass both overweight/obese and under-
weight patients, encouraging and helping them to adopt a healthy
lifestyle, so as to adjust their BMI to within a suitable range for a
more favourable metabolic foundation for natural conception or
assisted reproduction.

To summarize, the results of this study suggested that
underweight women have a lower rate of oocyte maturation
and fertilization in comparison with women with a normal
BMI. Additionally, levels of oxidative stress products and
autophagy-related and apoptosis-related proteins were signifi-
cantly higher, cumulus cells with abnormal mitochondrial
morphology were present, and cell autophagy levels increased in
underweight women.
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