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Abstract

Reactive oxygen species (ROS) may accumulate within oocytes during in vitro maturation (IVM) which is
related to oocyte poor quality and decreased embryo development. Resveratrol (R) has been shown to
protect  against  oxidative  damage  but  has  limited  water  solubility,  so  its  inclusions  with  methyl-β-
cyclodextrin (CD) improve its solubility. This study evaluated the effect of resveratrol-cyclodextrin (R-CD)
complex  during  IVM  on  oxidative  stress  and  their  competence  to  become  blastocyst  after  in  vitro
fertilization. In Experiment 1, cumulus oocyte complexes (COCs) from Bos indicus cattle were collected
from a local slaughterhouse and matured in vitro either without (control) or with R-CD (1, 10, 20, 40 μM).
The  presence  of  ROS  was  assessed  using  2′,7′-dichlorodihydrofluorescein  diacetate  staining,  while
glutathione (GSH) levels were determined using Cell Tracker Blue fluorescent staining. In Experiment 2,
COCs were matured in vitro with R-CD, fertilized and cultured until d 7 to assess embryonic development.
All  the  R-CD concentrations  showed reduced intracellular  ROS levels  compared to  control  (P<0.01).
Intracellular levels of GSH were significantly higher with R1-CD and R10-CD (P<0.01) compared to the
other  treatments.  On  the  other  hand,  oocytes  matured  with  R10-CD  had  a  significantly  higher
blastocysts rate than other treatments. In conclusion, 10 μM R-CD complex during IVM improves bovine
oocyte  quality  from  Bos  indicus by  decreasing  ROS  levels  and  increasing  intracellular  GSH
concentrations, resulting in greater blastocyst development.
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Introduction

Despite the great efforts to emulate in vivo conditions during in vitro gamete and embryo culture, these
processes are still exposed to several potential reactive oxygen species (ROS)-inducing factors such as
cryopreservation, oxygen concentration during  in vitro manipulation, culture medium, and visible light,
among others.  The accumulation of ROS leads to oxidative stress,  negatively impacting the oocytes
compared with those produced in vivo1,2. 

Increased ROS levels can induce DNA damage and mitochondrial  damage, contributing to metabolic
oxidative  stress,  genomic  instability,  mitochondrial  alterations,  embryo  development  retardation,  and
arrest, and possibly aberrant apoptosis3,4. To modulate the generation of extracellular ROS, antioxidant
molecules  have  been  used  to  supplement  in  vitro maturation  (IVM)  media2.  Glutathione  (GSH)  is  a
natural antioxidant present in gametes and is known to protect cells from oxidative damage and regulate
intracellular redox balance5. In bovine oocyte, GSH has been reported as a biochemical marker of quality6

Therefore,  intracellular  levels  of  GSH  and  ROS  play  a  crucial  role  during  oocyte  maturation  and
subsequent embryo development. 

Oxidative stress can be evaluated using one of three approaches: Direct measurement of the ROS using
specific probes, measurement of the resulting damage to biomolecules such as lipids, DNA or protein; or
evaluation of  antioxidant  defenses by measuring the levels  of  antioxidant  enzymes and other  redox
molecules that counterbalance ROS. Various tests can be employed to assess oxidative damage. For
instance,  the measurement  of  intracellular  production of  ROS using the oxidation of  the fluorescent
probe 2’,7’-Dichlorodihydrofluorescein diacetate,  the Comet Assay and 8-Hydroxydeoxyguanosine (8-
OHdG)  levels  for  DNA  damage.  Additionally,  antioxidant  defense  mechanisms  can  be  assessed  by
analyzing  the  enzymatic  activity  of  catalase,  glutathione,  superoxide  dismutase,  as  well  as  through
antioxidant  capacity  assays  such  as  oxygen  radical  antioxidant  capacity  (ORAC),  Trolox  equivalent
antioxidant capacity (TEAC), and total antioxidant capacity (TAC)7.

The beneficial actions of resveratrol (R) have increased due to its wide variety of biological properties. R
(3,4,5-trihydroxy-trans-stilbene)  is  an antioxidant  found in blueberries,  blackberries,  and peanuts,  but
more importantly in red grapes8. Several reports in oocytes from pigs9,  cattle10-12 and goats13,  indicate
that the use of R (using DMSO or Ethanol as vehicle) during IVM at concentrations of 0.1 to 10 µM
increases  intracellular  GSH levels  in  mature  oocytes,  and  decreases  ROS levels,  enhancing  oocytes
quality and leading to improved blastocyst rates. Furthermore, concentrations between 1-10 µM during
IVM seem to promote cytoplasmatic maturation, decrease apoptosis-related gene expression9,10,14, and 2
and 20 µM R enhance SIRT1 protein expression, improve the cortical granule distribution and increasing
the  rate  of  normal  fertilization15.  Different  results  have  been  reported  at  20  and  40  µM  R,  where
supplementation  during  IVM  significantly  reduced  the  percentage  of  oocytes  that  reached  the  MII
stage16. The previous results indicate the existence of species-specific differences in oocyte maturation
and embryonic development in response to different R concentrations, which may be attributed to the
species-to-species variation in sensitivity of oocytes to R.

Cyclodextrins,  particularly  methyl-β-cyclodextrin,  have  been  characterized  by  the  capability  to  form
inclusion  complexes  with  a  wide  variety  of  chemical  species  and  have  been  used  to  improve  the
solubility of drugs, vitamins, and food colorants. The main property of methyl-β-cyclodextrin is that its
central cavity is hydrophobic, while the rims of the surrounding walls are hydrophilic17. This hydrophobic
cavity forms inclusion complexes with a wide range of organic and inorganic guest molecules, improving
the bioavailability and stability of R in the pharmaceutical18, cosmeceutical19 and food industries20. 

R  is  sparingly  soluble  in  water  and  is  chemically  unstable,  degrading  when  exposed  to  high
temperatures21,  pH changes,  or certain types of enzymes22,  which may be responsible for its limited
absorption upon oral  administration in some experiments23.  Therefore,  the formation of  an inclusion
complex  with  R  may  represent  a  promising  strategy  to  improve  in  vitro embryo  production  by
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maintaining the functional  integrity under culture conditions and enhancing its solubility  and cellular
uptake. 

Therefore,  the aim of  the present study was to evaluate the effect  of  different  R-CD concentrations
during IVM of cumulus-oocyte complexes (COCs) on oxidative stress and their competence to become
blastocyst  after  in  vitro fertilization.  Different  concentrations were select  due to the dose-dependent
effect of R on oocyte and embryo development, and to determine whether higher concentrations of R
with CD during IVM would have beneficial or detrimental impact on subsequent embryonic development.

Material and methods

Unless otherwise stated, all chemicals and media were purchased from Sigma Chemical Co. R stock
solutions  were  dissolved  with  7%  methyl-β-cyclodextrin  in  acetone/  water  (1:1,  v/v)24,25.  The  final
concentration of CD in IVM media was 0.001%.

Recovery and IVM of cumulus-oocyte complexes (COCs)

Immature COCs derived from Bos indicus cows with homogenous cytoplasm and intact and compact
cumulus cells were obtained by manually aspirating follicles between 3-8 mm in diameter from post-
mortem  ovaries.  A  total  of  889  COCs  were  washed  twice  with  TCM-199  (Gibco,  11150-059,  Life
Technologies, Grand Island, NY, USA) containing Hank salts. Groups of 12-20 COCs were matured in 70
µl of maturation media, supplemented with 0.2 mM sodium pyruvate, 6 mg/mL bovine serum albumin
free of fatty acids (BSA EFAF), 3% fetal bovine serum (FBS, Gibco 25030081, Life Technologies), 100 UI/
mL penicillin,  100 µg/mL Streptomycin,  and 0.25 µg/mL Amphotericin-B,  5 µg/mL epidermal growth
factor (EGF) and 1 µg/mL pFSH, covered with mineral oil and incubated at 38.5 °C, 5 % CO2 in air with
90 % humidity for 24 h. Different concentrations of R (1, 10, 20, and 40 μM) in complex with CD (R-CD)
were  used  during  IVM  and  each  treatment  group  was  matured  in  individual  wells  to  avoid  cross-
contamination. In a previous publication, it was evaluated a group with CD (control+, as the vehicle) and a
group without R-CD complex (control-). No significant effect on the blastocyst rates on d 7, 8, and 9 pi
was observed among control groups26. Therefore, in this study, were compared the results against the
control, since it is the group without antioxidant supplementation and dissolvent.

Measurement of intracellular ROS and GSH levels

Intracellular production of ROS in matured oocytes was determined by the oxidation of the fluorescent 2’,
7’-Dichlorodihydrofluorescein  diacetate  probe  (H2DCFDA,  Invitrogen  corporation,  Carlsbad,  CA,  USA),
while  intracellular  GSH  level  was  determined  by  4-chloromethyl-6,8-difluoro-7-hydroxycoumarin
(CellTracker Blue; CMF2HC; Invitrogen corporation) by methods described previously9,13. Briefly, after 24 h
of maturation, groups of 10-12 matured oocytes from each treatment group were gently vortexed for
2 min in 500 µL media to remove cumulus cells and incubated with 10 µM H2DCFDA and 10 µM CMF2HC
for 15 min in the dark. Finally, oocytes were washed in Dulbecco’s PBSs (DPBS, Invitrogen Corporation)
and placed on slides in 10 µL droplets in groups of 4-5 oocytes, and the fluorescence was observed in a
Nikon eclipse 80i Fluorescence microscope equipped with a B-2E/C filter (λExcitation: 494nm) and UV2
filter (λExcitation:370 nm) for H2DCFDA and CMF2HC, respectively. 

The resulting fluorescence images of each oocyte were recorded as TIFF files and quantified using by
Image-J software (Version 1.49v; National Institutes of Health, Bethesda, MD, USA). For each oocyte, a
region of interest (ROI) was manually defined to include the entire cell area. The total fluorescence was
calculated as the sum of pixel intensities within the ROI27.  Background levels were determined using
oocytes that were not exposed to either resveratrol or the fluorescent probe, serving as internal controls
The fluorescence intensity (FI) images were normalized by calculating the ratio between each treatment
groups and the mean fluorescence value of the control group (without R-CD)9,13. 
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In vitro fertilization

After 24 h of maturation with different concentrations of R-CD, a different set of in vitro matured COCs
were  washed  and  transferred  in  groups  of  15-20  COCs  to  50  µL  fertilization  medium  (FERT-TALP
medium) supplemented with 6 mg/mL fatty acid-free BSA,10 µg/mL Heparin, 1mM Hipotaurin, 250 mM
Epinephrine,  2 mM  Penicillamine,  100UI/mL  Penicillin,  100  µg/mL  Streptomycin  and  0.25  µg/mL
Amphotericin-B covered with mineral oil. Straws of commercially frozen sperm from a single creole bull
previously tested for IVF were thawed at 37 °C for 60 s and motile spermatozoa were obtained by a
density gradient All Grad® (Life Global Group, Soundview Rd, Guilford, USA). Spermatozoa were washed
and  the  concentration  was  adjusted  to  2  x  106 spermatozoa/mL.  Gametes  were  co-incubated  for
18-22 h at 38.5 °C under 5 % CO2 in air at 90 % humidity28.

In vitro embryo culture

After gamete co-culture, presumptive zygotes were manually denuded and cultured in 70 µL of synthetic
oviductal  fluid  (SOF)29,  supplemented  with  5% FBS under  mineral  oil.  Groups  of  15-20  presumptive
zygotes were cultured for 7 d under 5 % CO2, 5 % O2, and 90 % humidity. Media renewal was performed on
d 3 and 6 post insemination (pi). Cleavage rate (for 2-cells and ≥ 4-cells) was recorded on d 3 pi and
cumulative blastocyst yield was recorded on d 7 pi.

Experimental design

In experiment 1, four different concentrations of R (Sigma R5010, Sigma-Aldrich Inc, St. Louis, MO, USA),
were tested during IVM: I) without antioxidant supplementation and dissolvent (Control), II) R 1 µM (R1-
CD), III) R 10 µM (R10-CD), IV) R 20 µM (R20-CD), and V) R 40 µM (R40-CD). Levels of ROS and GSH
were measured through oocyte fluorescence intensity observed by fluorescence microscope. For these,
210 COCs were used in four different replicates.

In experiment 2,  the effect of the same concentrations of R as on Exp 1 were tested during IVM to
determine the subsequent embryonic developmental capacity. For this experiment 679 COCs were used
in seven replicates.

Statistical analysis

Levels of ROS and GSH in the oocytes were analysed in arbitrary fluorescence units (pixels/oocyte) on a
scale of 0-1 arbitrary unit.  All  data were analysed using Statgraphics Centurion XVI (Version 16.2.04,
StatPoint Technologies Inc., Warrenton, VA). Prior to statistical testing, Percentage data of cleavage and
embryonic yield were evaluated for normality by analysing standardized skewness and kurtosis values
for each treatment group. Values within the range of -2 to +2 were considered acceptable to assume
approximate  normal  distribution.  Statistical  analyses  were  performed  using  one-way  analysis  of
variance (ANOVA), given the robustness of this test to moderate deviations from normality in balanced
designs, followed by Fisher’s LSD Test. Data were presented as mean ± SEM and P<0.05 was considered
statistically significant.

Results

Effect of R-CD during in vitro maturation of bovine oocyte on ROS and GSH levels

To assess whether exposure to R (0, 1, 10, 20, and 40 µM) during oocyte maturation would affect ROS
and GSH levels in bovine oocytes, 426 COCs were used. Intracellular ROS levels in mature oocytes were
similar among R-CD treated groups (R1-CD: 0.66 ± 0.04, R10-CD: 0.55 ± 0.04, R20-CD: 0.62 ± 0.04 and
R40-CD: 0.64 ± 0.04 pixels/oocyte), but all of them were statistically different to oocyte in control group
(1 ± 0.04 pixel/oocyte, P<0.01).
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On the other hand, intracellular levels of GSH were significantly higher in the R1-CD group (1.4 ± 0.06
pixels/oocyte,  P<0.01)  compared  to  R20-CD (1.2  ±  0.06  pixels/oocyte),  R40-CD (1.27  ±  0.05  pixels/
oocyte) and control group (1 ± 0.06 pixel/oocyte, P<0.01). However, there was no significant difference in
GSH levels between R1-CD and R10-CD (1.31 ± 0.06 pixels/oocyte) groups (Figures 1 and 2).

Figure 1. Epifluorescence photographs of in vitro matured bovine oocytes

a) With no treatment (Control) and R-CD 10 µM; b) Stained with 2’7’- dichlorodihydrofluorescein diacetate (H2DCFDA) to detect reactive oxygen
species (ROS). c) With no treatment (Control) and R-CD 10 µM; d) Stained with CellTracker Blue to determine the level of intracellular glutathione

(GSH).

https://cienciaspecuarias.inifap.gob.mx/ Revista Mexicana de Ciencias Pecuarias Article 5 / 12

https://cienciaspecuarias.inifap.gob.mx/


Figure 2. Effect of R-CD on intracellular ROS and GSH levels during bovine oocyte maturation

Bars represent the relative level of fluorescence normalized to control. Results are expressed as mean ± SEM. 
a.b,c Different superscripts letters indicate significant differences (P<0.01) between groups. 

Developmental competence of bovine oocytes in vitro matured in the presence of R-CD

To examine the  impact  of  R  concentrations (0,  1,  10,  20,  and 40 µM)  during  oocyte  maturation  on
subsequent  embryo  development,  679  COCs  were  used.  R10-CD  showed  a  significantly  higher
blastocysts rate (51 ± 3.3 %) compared to R1-CD (39 ± 4.8 %), R20-CD (39 ± 3.3 %), R40-CD (33 ± 3.2 %)
and control (38 ± 3.6 %). However, cleavage rates on d 3 pi did not differ significantly between R-CD
groups (P>0.05), except for R1-CD (the cleavage rates for 2-cells and ≥ 4-cells were 76.3 ± 3.8 % and
80.8 ± 3.5 %, respectively) compared to control group (the cleavage rates for 2-cells and ≥ 4-cells were
84.9 ± 3.6 % and 90.6 ± 3.3 %, respectively) (P<0.01, Table 1).

Table 1. Effect of R-CD supplementation during in vitro maturation on cleavage and blastocyst rates
Cleavage rates day 3 Blastocyst rate

Treatment N Total cleavage (Mean ± SEM) ≥ 4 -cell (Mean ± SEM) Day 7 (Mean ± SEM)
Control 125 106 (84.9 ± 3.6) bc 97 (90.6 ± 3.3) a 45 (37.9 ± 3.6) a

R1-CD 114 87 (76.3 ± 3.8) a 71 (80.8 ± 3.5) b 44 (38.8 ± 3.8) a

R10-CD 145 125 (92.5 ± 3.3) c 112 (89.8 ± 3.1) ab 74 (51.3 ± 3.3) b

R20-CD 142 115 (81 ± 3.3) ab 94 (81.7 ± 3.1) ab 56 (39.0 ± 3.3) a

R40-CD 153 124 (81.2 ± 3.2) ab 110 (88.3 ± 3.0) ab 51 (33.2 ± 3.2) a

Cleavage rates on days 3 pi and embryos that developed to the blastocyst stage on days 7 pi (in vitro fertilization=Day 0) derived from experimental
groups: I) without antioxidant supplementation and dissolvent (Control) II) resveratrol 1µM (R1-CD) III) resveratrol 10 µM (R10-CD) IV) resveratrol 20

µM (R20-CD) V) resveratrol 40 µM (R40-CD).
Results are expressed as mean ± SEM of seven replicates. Both cleavage and blastocyst rates were calculated based on the total number of

presumptive zygotes cultured (N).
abc Different superscripts letters indicate significant differences (P<0.01) between groups.

Discussion

The fluorescence detected by H2DCFDA is dependent on esterase activity. Previous studies found that
esterase activity showed no significant differences between immature and mature oocytes or with the
different  treatments  used.  Therefore,  the  differences  observed  using  the  H2DCFDA  assay  can  be
attributed to ROS production30. 
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The results  showed that  supplementation of  R-CD during IVM decreased ROS levels  and increased
intracellular GSH levels in mature oocytes compared to control. Similar results have been reported in
bovine10,31, porcine9 and goat13 implemented 0.5 to 10.0 µM of R dissolved in dimethyl sulfoxide (DMSO)
during  oocyte  maturation,  enhancing  the  quality  of  oocytes  that  consequently  lead  to  improved
blastocysts rates. These positive effects on the oocyte developmental capacity of R could result from
their chemical structure. Its greater number of hydroxyl groups and the presence of double bonds on its
structure  allows  it  to  conjugate  the  electrons  more  delocalized  permitting  R  to  have  the  ability  to
neutralize  free  radicals  such  as  hydroxyl  radical  (OH•),  superoxide  radical  (LOO•),  superoxide  anion
radical (O2•-), singlet oxygen (1O2), and nitrogen oxide (NO•)32. 

On the other hand, GSH is known to protect cells from oxidative damage and regulate intracellular redox
balance. In oocytes, GSH has been mainly related to antioxidative properties and protection against ROS
activity improving oocyte quality and increasing blastocyst rates33,34. R supplementation during IVM has
been shown to promote cytoplasmic maturation in mature oocytes by increasing the intracellular GSH
levels, which could contribute to beneficial effects of R on the quality of oocytes, that consequently lead
to  an  improved  embryonic  development10,13.  These  results  are  also  confirmed  by  previous  studies
reporting that  R is  a good ROS scavenger since it  increases GSH levels  in  vitro mature oocytes10,35.
Therefore, the results suggest that  in vitro matured oocytes with R-CD have better quality, which will
contribute to improving subsequent embryonic development.

Furthermore, it was observed that supplementation of 10 µM R-CD during IVM resulted in a significantly
higher blastocyst rate. This result is by other studies that reported an improvement of the developmental
competence of embryos which oocytes were supplemented during IVM with different concentrations
(0.1-10 µM) of R in different species including bovine10,31), porcine9 and caprine13,36. Conversely, the results
of the present experiment differ with those reported by Pocar et al16 using bovine oocyte. They observed
that  concentrations  of  R  of  20  and  40  µM  reduced  the  percentage  of  oocytes  that  reached  the
metaphase II  stage after 24 h of culture,  which suggested that high concentrations of R could have
detrimental  effects  on  oocyte  maturation.  Interestingly,  the  present  study  revealed  that  higher
concentrations of R-CD (20 and 40 µM) showed a beneficial effect on ROS production and increased
GSH levels but did not negatively affect neither cleavage rate nor embryo development. Similar result
reported that in porcine oocytes treated with 10 µM R dissolved in DMSO during IVM, reduced ROS level
but no differences were found in blastocyst rate compared with control9.  This suggest that possible
differences might be due to the different species, or the fact that some species have more sensitivity to
R, or to variations in embryo production system mixture of FBS and BSA, while other studies reported
that maturation media were supplemented only with FBS10,13,31.

As mentioned above, the sum of reduction in ROS levels and increase in GSH levels would be important
for oocyte developmental competence, but it is not the only parameter, because higher concentrations of
R-CD did  not  improve  embryonic  development.  R  has  been shown to  directly  inhibit  cAMP-specific
phosphodiesterases (PDE), increasing cAMP levels, which leads to the activation of AMPK and Sirt137.
The use of PDE inhibitors can delay the resumption of meiosis and slow kinetics in cumulus expansion,
prolonging  gap  junctional  communication  between  the  cumulus  cell  and  the  oocyte  during  meiotic
resumption. This can improve the cytoplasmic maturation of the oocyte and enhance its developmental
capacity38. 

In addition, R has been reported to upregulate SIRT 1 expression, enhance cortical granule distribution,
and increase ATP content and mitochondrial membrane potential in maturated oocytes15. SIRT1 plays a
role in regulating cell  proliferation,  apoptosis and metabolism, including mitochondrial  biosynthesis39.
These  results  suggest  that  R  promotes  mitochondrial  function,  facilitating  proper  cortical  granule
arrangement  in  oocytes  and  improving  fertilization  outcomes,  which  is  associated  with  oocytes
competence and quality40.  The higher  blastocyst  rates observed in  this  study with the 10 µM R-CD
complex  may  be  attributed  to  its  positive  effects  on  oocyte  cytoplasmic  quality,  thereby  enhancing
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oocyte developmental potential. However, further studies will be required to fully elucidate the cellular
and molecular mechanisms of R-CD on oocytes during IVM.

Moreover, the results obtained with R in the IVM media for the in vitro production of bovine embryos, are
not in concordance with the recommended concentration based on previous literature. These differences
might be due to differences in R diluents used10,41. Routinely, both DMSO and ethanol have been used in
previous work as organic solvents to increase the solubility of the R9,13,42. However, these diluents are well
known to have embryotoxic effects in both in vivo and in vitro conditions. Normal DMSO concentrations
for dissolving compounds range from 0.01 to 1 %. Adler  et al43 proved that DMSO and ethanol have
cytotoxic effects at  concentrations as low as 0.125 % and 1.07 % respectively.  It  is  known that  R is
meagerly soluble in water; has low bioavailability, is chemically unstable, and could be degraded when it
is exposed to high temperatures21, pH changes, or certain types of enzymes22, which may be responsible
for its limited absorption upon oral administration23. 

Previously, the properties of CD to encapsulate R was stated by this research group25. It was observed
that  oocytes  treated  with  R-CD  during  IVM  had  lower  expression  of  the  pro-apoptotic  gene  BAX
compared to the control, suggesting an antiapoptotic effect on oocytes. Moreover, the R-CD inclusion
was found to increase the antioxidant activity of R and provide further stability, which could enhance its
beneficial effects44. This phenomenon may explain why high concentrations of R do not have detrimental
effects on oocyte maturation, unlike previous studies where DMSO was used as the solvent. However, it
suggests that  a concentration of  10 µM of  R when used with CD during IVM of  bovine embryos is
adequate to obtain higher blastocyst production. This could be because the R-CD complex can deliver R
slowly, allowing low concentrations to be present for longer periods. Moreover, it was reported that R-CD
complex  stimulates  lipolysis  in  bovine  embryos  obtained  from  oocytes  matured  with  R,  inducing  a
positive effect on the expression of genes related to lipid metabolism25. 

Conclusions and implications

The present study demonstrates that the inclusion of the resveratrol-cyclodextrin complex during in vitro
maturation enhances the antioxidant  capacity  of  bovine oocytes derived from  Bos indicus cattle  by
reducing  reactive  oxygen  species  levels  and  increasing  glutathione  concentrations.  Notably,
supplementation with 10 µM resveratrol-cyclodextrin during  in vitro maturation significantly improved
oocyte developmental competence, as evidenced by a higher blastocyst rate. This finding underscores
the pivotal role of oocyte quality in the in vitro production of bovine embryos. However, further research is
needed  to  elucidate  the  molecular  mechanisms  underlying  the  beneficial  effects  of  resveratrol-
cyclodextrin on oocyte developmental competence.
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