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ABSTRACT 17 

 18 

We investigated whether exogenous pregnancy-associated plasma protein-A (PAPP-A) 19 

enhances the antioxidant role of insulin-like growth factor-1 (IGF-1) in bovine in vitro 20 

embryo production (IVP). We performed standard in vitro maturation (IVM) and in vitro 21 

culture (IVC) or added menadione to promote an oxidative stressed microenvironment 22 

and evaluated the antioxidant effect of IGF-1 alone or in combination with PAPP-A (IGF-23 

1/PAPP-A). In IVM, the treatments did not affect oocyte nuclear development, total GSH 24 

content, cumulus cell gene expression, and blastocyst yield. Nevertheless, IGF-1/PAPP-25 

A treatment prevented an increase in reactive oxygen species (ROS) and mitochondrial 26 

membrane potential (MMP) levels. In IVC, the treatments did not affect the total GSH 27 

content on blastocysts and IVC media, but IGF-1 and IGF-1/PAPP-A treatments increased 28 

blastocyst yield compared to the menadione group. In addition, IGF-1/PAPP-A treatment 29 



VERSION REVISED  

had lower ROS levels and regulated genes related to embryonic quality compared to the 30 

control and menadione groups. Overall, we showed that PAPP-A could enhance the 31 

antioxidant role of IGF-1 during IVP in cattle by avoiding higher ROS levels in oocytes 32 

and blastocysts and modulating the transcriptional abundance of genes involved in 33 

oxidative protection and embryonic quality. 34 

Keywords: Pappalysin, oxidative stress, ROS, cattle, insulin-like growth factor-1, gene 35 

expression. 36 

 37 

1. INTRODUCTION 38 

Reactive oxygen species (ROS) are produced as natural products of aerobic 39 

metabolism, even when cells are under basal conditions. Most ROS production is a natural 40 

result of the oxidative phosphorylation process that occurs in the mitochondrial electron 41 

transport chain to generate adenosine triphosphate (ATP)(Reviewed by Guerin et al., 42 

2001). However, excessive ROS levels have been associated with oxidative stress, which 43 

can cause lipid peroxidation, mitochondrial function damage, and DNA structure 44 

alterations. The latter has been demonstrated by events of base pair loss or fragmentation 45 

of the DNA core (Birben et al., 2012; Nasr-Esfahani et al., 1990; Noda et al., 1991; Richter 46 

et al., 1995; Roth, 2018). Some specific cells and/or conditions require higher ATP 47 

production, such as the oocytes and embryos during the early development stages 48 

(Chappel, 2013). Under physiological conditions, these cells rely on an antioxidant 49 

system that assures reduced and/or absence of any cell damage caused by increased ROS 50 

levels production. However, high ROS levels have been described in bovine oocytes 51 

submitted to in vitro maturation (IVM) and bovine blastocysts produced by in vitro 52 

embryo production (IVEP) (Dalvi et al., 2005; Morado et al., 2009), such high ROS levels 53 
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in in vitro conditions even have led to embryo development arrest at the 2-cell stage in 54 

mice (Nasr-Esfahani et al., 1990). 55 

Supporting the fact that an increase in ROS levels has harmful effects, two studies 56 

demonstrated that bovine embryos when cultured with menadione, a pro-oxidant stressor 57 

inducer of ROS production when under oxygen presence (Monks et al., 1992; Nutter et 58 

al., 1992), indeed resulted in decreased the blastocyst yield production and increased 59 

apoptotic cells number (de Assis et al., 2015; Moss et al., 2009). On the contrary, the 60 

insulin-like growth factor-1 (IGF-1) has shown a systemic antioxidant effect. (Higashi et 61 

al., 2010; Sukhanov et al., 2007). Corroborating with that, it has been demonstrated that 62 

IGF-1 media supplementation prevented menadione deleterious effects (Monks et al., 63 

1992; Nutter et al., 1992), although such effect seems to be independent of ROS 64 

concentrations in bovine embryo culture (Moss et al., 2009).  65 

The IGF-1 bioavailability system is regulated by IGF-binding proteins (IGFBPs), 66 

which decrease IGF-1 activity. Oppositely, the pregnancy-associated plasma protein-A 67 

(PAPP-A) increases IGF-1 availability and facilitates IGF-1 binding to its receptors 68 

(Froesch et al., 1985; Jones & Clemmons, 1995; Lawrence et al., 1999; LeRoith et al., 69 

1992). PAPP-A is mainly secreted by granulosa cells (Conover et al., 1999). It acts by 70 

cleaving IGFBP-2, IGFBP-4, and IGFBP-5 in many species’ tissues, including cattle 71 

(Laursen et al., 2007; Laursen et al., 2001; Mazerbourg et al., 2003; Mazerbourg & 72 

Monget, 2018; Monget et al., 2003; Rivera & Fortune, 2003). The relevance of its role in 73 

reproductive tissues has been demonstrated by producing knockout mice for PAPP-A 74 

presence, which resulted in reduced animal fertility, lower cumulus-oocyte complexes 75 

(COCs) quantification, and lower progesterone and estradiol levels during ovarian 76 

superovulation cycles (Laursen et al., 2001; Nyegaard et al., 2010). Because of that, 77 

PAPP-A has been used as a dominant follicle selection marker. Moreover, its 78 
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contributions to the reproductive field have not been limited to in vivo conditions. Under 79 

in vitro conditions, the presence of PAPP-A increased the IGF-1 availability in the COCs 80 

in vitro maturation media, which later in the blastocyst production was associated with 81 

modulation on genes involved with lipid metabolism, mitochondrial functionality, and 82 

blastocyst competence (Dellaqua et al., 2023; Giroto et al., 2019). 83 

Collectively, due to its physiological relevance, many studies have evaluated the 84 

effect of IGF-1 supplementation on ROS production during in vitro embryo production 85 

(IVEP), however, the results of these in vitro studies are controversial. Taking into 86 

consideration the IGF-1 bioavailability system, we hypothesize that the effect of IGF-1 87 

supplementation in the IVEP system might be enhanced by its association with PAPP-A. 88 

Therefore, our objective was to evaluate the antioxidant effect of IGF-1 associated with 89 

PAPP-A on the bovine embryo production system, regarding the oocyte and blastocyst 90 

quality. To the best of our knowledge, the synergist of PAPP-A and IGF-1 has not yet been 91 

investigated.  92 

 93 

2. MATERIALS AND METHODS 94 

Unless otherwise mentioned, all products were purchased from Sigma-Aldrich 95 

Co. (St. Louis, MO, USA) with high purity. 96 

 97 

2.1. Experimental design 98 

 To expand our understanding of the IGF-1/PAPP-A system involvement with 99 

oxidative stress, ROS production was induced in oocytes and embryos samples 100 

withmenadione treatment (5 µM), as previously described (Cavallari et al., 2019; Chen et 101 

al., 2017; de Assis et al., 2015; Moss et al., 2009). In a pilot experiment, the effect of 102 

PAPP-A alone on ROS concentration was investigated, however, no modulation was 103 
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observed in this parameter (data not shown) Therefore, this present study followed with 104 

PAPP-A associated with IGF-1 (Figure 1). 105 

FIGURE 1 106 

 107 

2.2. Cumulus-oocyte complex collection 108 

Ovaries from crossbred female cattle (Bos taurus indicus) were obtained in a 109 

slaughterhouse and transported to the laboratory in sodium chloride 0.9% at 36 °C. 110 

Follicles with a diameter of 2-8 mm were aspirated with an 18-gage needle and collected 111 

in a 15 mL conical tube. After sedimentation, COCs were collected and selected using a 112 

stereomicroscope. Only COCs with homogeneous cytoplasm and a compact multilayer 113 

of grade 1 and 2 cumulus were used for the experiments, as described by Stojkovic et al. 114 

(Stojkovic et al., 2001). 115 

 116 

2.3. In vitro maturation  117 

 The selected COCs were washed in buffered wash medium and randomly 118 

transferred to four-well dishes containing 10 µL/COC basic IVM medium, consisting of 119 

TCM199 with bicarbonate and Earle’s salts, recombinant follicular stimulating hormone 120 

(0.1 IU/mL solution; Gonal-f; Merck Serono, Bari, Italy), sodium pyruvate (22 µg/mL), 121 

amikacin (75 µg/mL), and fatty acid-free bovine serum albumin (BSA; 4 mg/mL). The 122 

basic IVM medium was used from the control group (C group). In addition, three other 123 

groups consisted of IVM medium supplemented with menadione (5 µM): only menadione 124 

(M group), menadione with IGF-1 (100 ng/mL, IGF-1 recombinant human; Life 125 

Technologies, Carlsbad, CA, USA; M/I group), or menadione with IGF-1 and PAPP-A 126 

(100 ng/mL, recombinant human Pappalysin-1; R&D Systems Inc., Minneapolis, MN, 127 

USA; M/I-P group) according to the experimental design (Figure 1a). After 24 hours at 128 



VERSION REVISED  

38.5 °C in humidified air with 5.5% CO2, the COCs were  submitted to cumulus cell 129 

removal, and oocyte and cumulus cell samples were collected separately for analysis. 130 

 131 

2.4. In vitro fertilization  132 

The presumptive matured COCs (not treated, basic IVM media) were washed 133 

three times with in vitro fertilization (IVF) medium and placed in plates with 90 µL of 134 

IVF medium (25 COCs/droplet) and covered with silicone oil (Quimesp Química, 135 

Guarulhos, São Paulo, Brazil). The IVF medium contained thyroid albumin-lactate-136 

pyruvate supplemented with BSA (6 mg/mL), pyruvate (22 μg/mL), amikacin (75 137 

μg/mL), heparin (30 µg/mL), and penicillamine–hypotaurine–epinephrine solution (20 138 

µM penicillamine, 10 µM hypotaurine, and 1 µM epinephrine). Nelore bull semen from 139 

a single ejaculation (CRV Lagoa, Sertãozinho, São Paulo, Brazil) was thawed at 37 °C 140 

for 30 s and spermatozoa were washed in a discontinuous gradient with BotuFIV Select 141 

SPERM® (Botupharma, Botucatu, Brazil) prepared by adding 45% to 90% BotuFIV 142 

Select SPERM® in a 1.5 mL centrifuge tube. The sperm samples were added to the top of 143 

the gradient and centrifuged at 3000 × g for 5 minutes (MiniSpin®; Eppendorf, Hamburg, 144 

Germany). The supernatant was then removed, and the sperm pellet obtained was counted 145 

in a Neubauer chamber. Sperm were resuspended in IVF medium to reach a final 146 

concentration of 1×106 cells/mL, and 7 µL were added to each IVF droplet and incubated 147 

for 18 hours at 38.5 °C in a saturated humidity atmosphere containing 5.5% CO2. 148 

Subsequently, the presumptive zygotes (PZ) were denuded of the remaining surrounding 149 

cumulus cells by vortexing and washed three times in Synthetic Oviduct Fluid (SOF) 150 

medium (Holm et al., 1999).  151 

  152 

2.5. In vitro culture 153 
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Embryo culture was performed in four-well dishes with 10 µL/PZ of IVC medium 154 

(SOF medium, sodium pyruvate (0.2 mM), BSA (5 mg/mL), and 2.5%; v/v fetal bovine 155 

serum). On day 4 post-IVF, all structures were transferred to a new culture medium as 156 

previously performed by Moss et al. (2009). All structures were placed in a new four dish 157 

containing IVC medium without supplementation (control, C group) or in wells 158 

supplemented with menadione (5 µM; M group), menadione with IGF-1 (100 ng/mL; M/I 159 

group) or menadione with IGF-1 and PAPP-A (100 ng/mL; M/I+P group), as shown in 160 

the experimental design (Figure 1b). On day 5, the structures were washed three times in 161 

IVC medium and transferred to a new four-well dish with IVC medium (without 162 

treatments) until day 7. All cultures were performed in a humidified and controlled 163 

atmosphere (5% CO2, 5% O2, and 90% N2) at 38.5 °C. Blastocyst yield was determined 164 

on day 7 after IVF and embryos were collected for analysis (Figure 1b). 165 

 166 

2.6. Transcript profile of cumulus cells and blastocysts 167 

Three out of six replicates were randomly selected for gene expression analysis of 168 

cumulus cell samples (n=3 samples/group). For blastocyst analysis, a sample was defined 169 

as a pool of three blastocysts (n=5 samples/group). 170 

Total RNA was extracted using the PicoPure™ RNA Isolation Kit (Applied 171 

Biosystem®, Foster City, CA, USA) according to the manufacturer’s protocol. After 172 

purification, the RNA samples were eluted in 12 μL of RNAse-free water. Total RNA 173 

(100 ng/reaction for cumulus cell samples and total RNA samples for embryos) was 174 

incubated with DNAse I (1 IU/µg; Invitrogen, São Paulo, Brazil) and then reverse 175 

transcribed with random primers according to the protocol of the High-Capacity Kit 176 

(Applied Biosystem®, Foster City, CA, USA). 177 
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Subsequently, the mRNA abundance of 96 genes (see Supplementary Table S1) 178 

was assessed in the cumulus cells and blastocysts samples. All analyzes were performed 179 

using the Biomark HD assay (Fluidigm, South San Francisco, CA, USA) as previously 180 

described (Dellaqua et al., 2023; Fontes et al., 2020; Franchi et al., 2019; Giroto et al., 181 

2019). The relative expression values for each gene were calculated with the ΔCt method 182 

and the data were normalized using the geometric mean values of the most stable 183 

reference genes for each cell type (NormFinder software tested). The geometric mean of 184 

the mRNA abundance of ACTB, GAPDH, PPIA, and RPL30 was used to normalize the 185 

blastocyst samples data, while ACTB, B2M, PPIA, and RPL30 were used for the cumulus 186 

cells data. 187 

 188 

2.7. Assessment of nuclear progression, mitochondrial activity, and intracellular 189 

reactive oxygen species in oocytes and embryos 190 

A combined fluorescent staining technique using Hoechst 33342, MitoTracker® 191 

Red CMXRos, and CellROX™ Green Reagent (Invitrogen) was used to determine the 192 

nuclear maturation stage, indirect mitochondrial inner membrane potential (MMP), and 193 

ROS concentration in oocytes, respectively. In the blastocyst samples, only the ROS 194 

concentrations of the non-expanded blastocysts were analyzed. 195 

After IVM, oocytes were denuded by vortexing and washed in phosphate-buffered 196 

saline (PBS; pH 7.2) containing 1 mg/mL polyvinylpyrrolidone (PBS-PVP). Next, 197 

oocytes were incubated with Hoechst (1 µg/mL), CellROX™ Green (5 µM), and 198 

MitoTracker® Red (0.5 µM). For blastocyst samples, CellROX™ Green (5 µM) and 199 

Hoechst (1 µg/mL) were used. In both sample types, the incubations were done for 30 200 

minutes at 5.5% CO2 and 38.5 °C. After, samples were washed three times in PBS-PVP 201 

and fixed with 4% paraformaldehyde for 15 minutes. Last, samples were washed three 202 
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times in PBS-PVP, placed in glycerol microdroplets on a microscope slide, covered with 203 

a coverslip, and analyzed with a Leica DM4500 epifluorescence microscope (Leica 204 

Camera AG, Wetzlar, Germany) to determine DNA nuclear progression and ROS and 205 

MMP fluorescence intensities. Images were acquired with LAS software using a camera 206 

attached to the microscope. Quantification of average pixel intensity was performed using 207 

Image J software (NIH, Bethesda, MD, USA) for ROS and MMP analysis. 208 

 209 

2.8. Glutathione total content determination 210 

Total GSH content was quantified using a recycling assay previously as described 211 

(Anderson, 1985). Two sample types were analyzed, cells and culture media samples. The 212 

cell samples were embryos (n=5 pools of 5 embryos/pool/group), denuded oocytes (n=5 213 

pools of 10 oocytes/pool/group), and cumulus cells (n=5 pools of cumulus cells from 10 214 

oocytes/pool/group) were stored in trichloroacetic acid (TCA) at -80 °C. The culture 215 

medium samples were IVM media, IVC media (Day 5), and IVC media (Day 7), all 216 

samples consisted of 20 µL volume (n=5 samples/group), which were stored at -80 °C 217 

and TCA was added immediately before the GSH assay. Each sample (except the medium 218 

samples) was vortexed and centrifuged at 10000 ×g for 20 s. Standards containing 1.56 219 

to 100 nmol/mL reduced GSH were prepared simultaneously with the samples in TCA. 220 

The samples and standards were stored on ice until they were loaded onto the microtiter 221 

plate. Then, 20 µL of each sample or standard was added to a 96-well microtiter plate, 222 

followed by 140 µL of NADPH (0.3 mM), 5 µL of sodium phosphate buffer (143 mM) 223 

with EDTA (6.3 mM), and 20 µL of DTNB (6 mM). All reagents were diluted in sodium 224 

phosphate buffer (143 mM) with EDTA (6.3 mM). The plate was incubated at 30 °C for 225 

5 minutes and then 15 µL of GSH reductase (4.0 IU/mL) was added. Immediately, the 226 
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plate was analyzed at 412 nm in a microplate reader (BioTek Instruments, Inc., Winooski, 227 

VT, USA) with 10 replicate measurements. 228 

 229 

2.9. Statistical analysis 230 

Meiosis progression and blastocyst rates were calculated as percentages and 231 

arcsine-transformed. All data were tested for normality using the Shapiro-Wilk test. The 232 

data of gene expression, total GSH content, MMP, and ROS fluorescent intensity, which 233 

showed a non-normal distribution, were log-transformed to achieve a normal distribution. 234 

For parametric data, analysis of variance (ANOVA) followed by the Tukey test was 235 

performed to compare means, and for non-parametric data, the Kruskal-Wallis test 236 

followed by the Wilcoxon test was performed to compare means. All data are expressed 237 

as mean ± standard error of the mean, and differences were considered significant when 238 

P ≤ 0.05. 239 

 240 

3. RESULTS 241 

3.1. Effects of IGF-1/PAPP-A treatment during bovine IVM 242 

When the treatments were performed during the IVM, no difference was observed 243 

regarding the percentage of oocytes that reached metaphase II and the blastocyst yield 244 

(Table 1). The total GSH content of the COCs, embryos, and IVM medium was also 245 

unaffected (Table 2). On the other hand, when analyzing oocyte samples, similar MMP 246 

levels were detected in the IGF-1/PAPP-A group (M/I+P) and the control group (C), 247 

which was lower compared to the menadione (M) and IGF-1 (M/I) groups (Figure 2b). In 248 

addition, the ROS levels in the oocyte samples from IGF-1/PAPP-A (M/I+P) were lower 249 

than menadione (M) and IGF-1 (M/I) groups, although, higher than the control group (C, 250 

Figure 2b). Concerning the transcripts abundance analysis, in the cumulus cells samples, 251 
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the VNN1 gene, a stress marker, was remarkably lower in the IGF-1 alone (M/I group) 252 

and it combined with PAPP-A (M/I+P group) when compared to the menadione group 253 

(M) (Figure 3). While, in the blastocyst samples, no difference was observed among the 254 

groups, although CDX2 appears to be more abundant in the control (C) and IGF-1/PAPP-255 

A (M/I+P) groups compared to the M and M/I groups (P=0.0847) and FOXO2 tended to 256 

be more abundant in the M/I+P group (P=0.0647; Figure S1). 257 

TABLE 1 258 

TABLE 2 259 

FIGURE 2 260 

FIGURE 3 261 

 262 

3.2. Effects of IGF-1/PAPP-A treatment during bovine IVC 263 

When the treatments were performed during the IVC, the blastocyst yield was 264 

higher in the IGF-1 alone (M/I) and it combined with PAPP-A (M/I+P) groups compared 265 

to the menadione (M) group (Figure 4b). Moreover, lower ROS levels were detected in 266 

the IGF-1/PAPP-A (M/I+P) group compared to control (C) and menadione (M) groups 267 

(Figure 4). Furthermore, the transcripts abundance of ACSL3, EGFR, HMOX1, IMPDH2, 268 

and SLC2A5 were higher in the IGF-1/PAPP-A group (M/I+P) compared to the 269 

menadione group (M; Figure 5). While no alteration was observed in the total GSH 270 

quantification in the IVC (D5 and D7) medium or the blastocysts samples (Table 3). 271 

FIGURE 4 272 

 273 

FIGURE 5 274 

 275 

TABLE 3 276 

 277 

 278 

4. DISCUSSION 279 

 280 
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In this study, we proposed a new strategy for the use of recombinant IGF-1 in the 281 

in vitro embryo production technology. For the first time, the association of recombinant 282 

PAPP-A with IGF-1 enhanced the antioxidant role of the latter when under the in vitro 283 

stressed microenvironment. The results show that exogenous IGF-1/PAPP-A, when added 284 

to the IVM media, prevents ROS and MMP levels increase in the oocyte after maturation. 285 

In addition, blastocysts derived from these oocytes had lower ROS levels. Moreover, 286 

when IGF-1/PAPP-A was added to the IVC media, it demonstrated an impressive 287 

modulation in the blastocyst transcriptional profile. 288 

Previous studies have presented conflicting results regarding the effects of ROS 289 

or IGF-1 on the oocyte nuclear stage (Ascari et al., 2017; Chen et al., 2017; Gomez et al., 290 

1993; LaRosa & Downs, 2006; Lorenzo et al., 1994; Reed et al., 1993; Rieger et al., 1998; 291 

Takami et al., 1999; Tamura et al., 2008; Yang et al., 2022). A study in rodents has shown 292 

a reduced progression in the oocyte nuclear maturation when they are under a stressful 293 

environment induced by menadione. In the same study, the authors demonstrated that the 294 

oocyte maturation progress until the MII stage could be restored by using an antioxidant 295 

agent,, such as melatonin (Chen et al., 2017). In disagreement with this data, in our study, 296 

the menadione treatment did not impair the oocyte nuclear maturation (Table 1). This 297 

same absence of menadione effect on meiosis progression was observed in murine COCs, 298 

which was demonstrated to be due to the protection effect of the cumulus cells (LaRosa 299 

& Downs, 2006). Therefore, the presence of cumulus cells surrounding the oocytes might 300 

be an explanation for the lack of effect of the menadione treatment in our study, although 301 

higher ROS levels were observed in these oocytes. 302 

Corroborating with this latter result, other studies also observed higher ROS levels 303 

in oocytes and embryos exposed to menadione treatment. And again, treatments with 304 

antioxidants, such as melatonin, were able to prevent it (Ascari et al., 2017; Cavallari et 305 
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al., 2019; Chen et al., 2017; de Assis et al., 2015; Moss et al., 2009). Although IGF-1 is 306 

classified as an antioxidant, a previous study demonstrated no effect of IGF-1 in 307 

modulating ROS levels (Yang et al., 2022). In the same way, our study showed no 308 

modulation of ROS levels by the IGF-1 group (M/I), however, when IGF-1 was 309 

associated with PAPP-A (M/I+P), the ROS levels in oocytes were significantly lower than 310 

in the menadione group. 311 

Interestingly, the quantification of ROS levels in blastocysts showed a similar 312 

pattern in the menadione-treated and control group, which might be due to the in vitro 313 

condition already being a stressful environment. Under these conditions, the IGF-314 

1/PAPP-A combination (M/I+P) resulted in lower ROS levels compared to the control 315 

and menadione groups. IGF-1 has been shown to lower systemic and vascular ROS 316 

concentrations while increasing total serum antioxidant activities and capacity, thereby 317 

reducing oxidative damage in the brain and liver of rodents (Garcia-Fernandez et al., 318 

2008; Higashi et al., 2010; Sukhanov et al., 2007). The discrepancy in the outcomes of 319 

using IGF-1 alone or combined with PAPP-A might be the key factor. As mentioned 320 

before, the IGFBPs decrease IGF-1 activity, and their expression is known to occur in 321 

oocytes and embryos during their development (Armstrong et al., 2002; Satrapa et al., 322 

2013; Sawai et al., 2005; Winger et al., 1997). Moreover, BSA and/or fetal bovine serum 323 

are often added to IVM and IVC media, and both supplements contain IGFBPs (Slaaby 324 

et al., 2008; Zheng et al., 2006). As proof of that, it has been shown that BSA presence in 325 

culture media reduces IGF-1/IGF-1R binding. In contrast, PAPP-A addition in bovine 326 

IVM media increases IGF-1-free concentrations, even with BSA supplementation (Giroto 327 

et al., 2019). Therefore, we suggest that PAPP-A presence is required to increase IGF-1 328 

activity to reduce ROS levels in bovine IVP systems. 329 
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Moreover, the increase in ROS levels has also been correlated to mitochondrial 330 

damage, which typically leads to lower MMP levels (Hao et al., 2011; Loor et al., 2010). 331 

On the other hand, MMP is generated by protons moving during ATP synthesis, which 332 

means that higher MMP has been associated with greater energy production (Cottet-333 

Rousselle et al., 2011). However, under unbalanced energy demand, the exponential 334 

increase in MMP levels leads to high ROS production (Lambert & Brand, 2009; Murphy, 335 

2009; Starkov, 2008), which even impairs ATP synthesis and results in detrimental effects 336 

in the cells (Berruyer et al., 2004; Miwa & Brand, 2003; Ramzan et al., 2010; Rottenberg 337 

et al., 2009; Starkov & Fiskum, 2003). Therefore, it is expected from normal cell function 338 

maintenance of MMP levels (Kaim & Dimroth, 1999; Korshunov et al., 1997; Ramzan et 339 

al., 2010; Rottenberg et al., 2009; Starkov & Fiskum, 2003). Regarding this correlation, 340 

it has been proposed that controlling the MMP might be a mechanism for mitochondrial 341 

ROS regulation. For instance, a 10 mV reduction in MMP was sufficient to eliminate 342 

approximately 70% of the ROS production by complex I (Miwa & Brand, 2003). It was 343 

observed in the present study high ROS levels in oocytes from M and M/I groups, which 344 

were associated with high MMP levels. This pattern might indicate a disbalance in the 345 

cells from these groups. However, higher ROS levels were detected in the M/P+I group 346 

compared to the control group, while the MMP level was similar in the M/P+I and C 347 

groups. Based on this, we suggest that the decrease of MMP levels by the IGF-1/PAPP-A 348 

association (M/I+P) could be a mechanism to reduce ROS levels in oocytes. 349 

Regarding the relative transcripts abundance analyzis, it appears that neither IGF-350 

1 (M/I) nor PAPP-A (M/I+P) affected cumulus cells compared to control or menadione. 351 

Except by VNN1, whose relative mRNA abundance was downregulated by IGF-1 (M/I) 352 

alone and in combination with PAPP-A (M/I+P) compared to the menadione group (M). 353 

VNN1 is a stress marker that modulates the release of glutathione (GSH) when cells are 354 
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exposed to oxidative stress (Berruyer et al., 2004; Nivet et al., 2013). GSH appears to be 355 

the most important protection against oxidative stress in oocytes and embryos (Feuerstein 356 

et al., 2007; Gardiner & Reed, 1994; Takahashi et al., 1993), and indeed studies have 357 

observed that the use of antioxidant substances during IVM or IVC leads to an inverse 358 

correlation between GSH and ROS levels (Kere et al., 2013; Kwak et al., 2012; Wang et 359 

al., 2014). However, the GSH levels analyzed in the present study were unaffected by the 360 

experimental conditions when quantified in the COCs, embryos, IVM, and IVC media. 361 

Interestingly, Sovernigo, et al. (2017) found that only some antioxidants in cattle show 362 

this inverse correlation between ROS and GSH levels, which might explain why our 363 

results showed that the IGF-1 is not directly related to the GSH pathway. 364 

Concerning the relative transcripts abundance in blastocysts, few genes were 365 

upregulated in the M/I+P compared to the M group. The modulated genes were IMPDH2 366 

and EGFR, which are related to cell replication, proliferation, and differentiation 367 

(Adamson & Wiley, 1997; Jackson et al., 1975; Kozhevnikova et al., 2012; Zimmermann 368 

et al., 1998); ACSL3, which plays a key role in lipid biosynthesis and has been shown to 369 

restore survival rates after vitrification of low-quality embryos (Mashek et al., 2007; 370 

Soupene & Kuypers, 2008; Valente et al., 2019); HMOX1 is reported to activate the 371 

transcriptional machinery that drives the induction of antioxidant genes (Lin et al., 2007), 372 

and SLC2A5 that is a membrane transporter which has a high specificity for fructose 373 

(Burant et al., 1992; Mueckler & Thorens, 2013). It is also known that SLC2A5 374 

transcription began at the time of bovine embryonic genome activation, suggesting that 375 

the early embryo is capable of transporting this energy substrate and that it may be 376 

associated, for example, with the production of ribose 5-phosphate, an essential precursor 377 

for nucleotide synthesis (Augustin et al., 2001).  378 

GRAPHICAL ABSTRACT 379 
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5. CONCLUSION  380 

Taking it all together, we suggest that PAPP-A might be a crucial factor for the antioxidant 381 

role of IGF-1 in bovine in vitro production. Only associated with PAPP-A that IGF-1 382 

prevented an increase in the ROS levels in oocytes and embryos under menadione-383 

induced stress. Furthermore, the combination of these proteins appears to activate 384 

pathways associated with repair processes, which we demonstrated to result in higher 385 

embryo quantity and quality. We conclude that IGF-1 needs PAPP-A association to act as 386 

an antioxidant factor in bovine oocytes and embryos produced in vitro. 387 
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Figure 1. Experimental design. Experiment 1: (a) Insulin-like growth factor-1 (IGF-1) 678 

and pregnancy associated plasma protein-A (PAPP-A) addition in bovine in vitro 679 

maturation (IVM). Immature cumulus-oocyte complexes (COCs) (50 COCs/group) were 680 

selected and randomly distributed among the groups: C (IVM medium), M (IVM medium 681 

+ menadione), M/I (IVM medium + menadione + IGF-1), and M/I+P (IVM medium + 682 

menadione + IGF-I + PAPP-A). The COCs were matured for 24 h, and then the oocytes 683 

were separated to cumulus cells mechanically or followed to in vitro fertilization (IVF) 684 

and culture (IVC) until day 7. The IVM medium was collected to assess the total 685 

glutathione (GSH) content. (b) IGF-1 and PAPP-A addition in bovine IVC. Experiment 686 

2: immature COCs (50 COCs/well) were selected and matured for 24 h, followed by IVF 687 

and IVC for 3 days in IVC medium. On day 4, all the structures were distributed among 688 

the groups: C (IVC medium), M (IVM medium + menadione), M/I (IVM medium + 689 

menadione + IGF-1), and M/l+P (IVM medium + menadione + IGF-/ + PAPP-A) and 690 

incubated for 24 h. On day 5, embryos were washed thrice in IVC medium and replaced 691 

in a four-well dish with the control IVC medium (without any treatment) until day 7. The 692 

IVC medium was collected at days 5 and 7 to assess the total GSH content. 693 

 694 

Figure 2. Effects of insulin-like growth factor-1 (IGF-1) with or without pregnancy-695 

associated plasma protein A (PAPP-A) on bovine cumulus-oocyte complex in vitro 696 

maturated in a stressed environment induced by menadione presence. The symbols + and 697 

- indicate presence and absence, respectively. (a) Representative image of oocytes stained 698 

by MitoTracker® Red CMXRos dye (red) and CellROX™ Green dye (green). (b) Pixels 699 

intensity of mitochondrial membrane potential (MMP) of oocytes (n=77-88 700 

oocytes/group; 5 replicates; p=0.0001) detected by MitoTracker® Red CMXRos dye and 701 

reactive oxygen species (ROS) (n=123-132 oocytes/group; 5 replicates; P= 0.0001) 702 

detected using CellROX™ Green dye. The symbols + and - indicate presence and 703 

absence, respectively. Data are presented as mean ± standard error of the mean. 704 

Differences were considered significant when P ≤ 0.05. Different letters indicate 705 

statistical differences. C: Control; M: Menadione; M/I: Menadione + IGF-1; M/I+P: 706 

Menadione + IGF-1 + PAPP-A. 707 

 708 

Figure 3. mRNA relative abundance of genes differently expressed in the cumulus cells. 709 

The symbols + and - indicate presence and absence, respectively. Target genes were 710 

normalized with the reference genes (ACTB, B2M, PPIA, and RPL30) geometric mean 711 

using the ΔCt method. Data are presented as fold change [2^(-ΔCt)] ± standard error of 712 

the mean. Differences were considered significant when P ≤ 0.05. Different letters 713 

indicate statistical differences. C: Control; M: Menadione; M/I: Menadione + IGF-1; 714 

M/I+P: Menadione + IGF-1 + PAPP-A. 715 

 716 

Figure 4. Effects of insulin-like growth factor-1 (IGF-1) with or without pregnancy 717 

associated plasma protein-A (PAPP-A) during bovine in vitro culture on embryo 718 

development of blastocysts submitted to the stressed environment induced by menadione 719 

presence on day 4 post-in vitro fertilization for 24 h. The symbols + and - indicate 720 

presence and absence, respectively. (A) Representative image of blastocycts stained by 721 

hoechst 33342 (blue) and CellROX™ Green dye (green) (B) Percentage rate of 722 

blastocysts produced at day 7 (4 replicates) and pixels intensity of reactive oxygen species 723 

(ROS) detected using CellROX™ Green dye in the blastocysts (n=20-724 

30/blastocysts/group; 4 replicates). Data are presented as mean ± standard error of the 725 

mean, and differences were considered significant when P ≤ 0.05. Different letters 726 
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indicate statistical differences. C: Control; M: Menadione; M/I: Menadione + IGF-1; 727 

M/I+P: Menadione + IGF-1 + PAPP-A. 728 

 729 

Figure 5. mRNA relative abundance of genes differently expressed in the blastocysts. 730 

The symbols + and - indicate presence and absence, respectively. Target genes were 731 

normalized with the reference genes (ACTB, GAPDH, PPIA, and RPL30) geometric mean 732 

using the 2^(-ΔCt) method. Data are presented as mean ± standard error of the mean. 733 

Differences were considered significant when P ≤ 0.05. Different letters indicate 734 

statistical differences. C: Control; M: Menadione; M/I: Menadione + IGF-1; M/I+P: 735 

Menadione + IGF-1 + PAPP-A. 736 

 737 

Figure 6. The proposed system with PAPP-A, a metalloprotease that cleaves the IGFBPs, 738 

as an enhancer of IGF-1 antioxidative role in IVP. The addition of IGF-1/PAPP-A in 739 

bovine IVM of COCs exposed to the stressed environment induced by menadione 740 

presence enhances the IGF-1 antioxidative role due to avoid the increased ROS 741 

concentration and controlling MMP levels in oocytes besides the downregulation of 742 

VNN1, a stress markers in cumulus cells. The IGF-1/PAPP-A association also showed to 743 

enhance the IGF-1 antioxidative role when applied in IVC. The proteins association 744 

increased the blastocyst yield and avoided the high ROS concentration in blastocysts 745 

besides modulated transcripts encoding proteins involved with antioxidative protection, 746 

lipid metabolism, and embryonic quality showing the PAPP-A is a feasible enhancer to 747 

IGF-1 antioxidative role. Red arrows: downregulation/decrease (P < 0.05); blue arrow: 748 

upregulation/increase (P > 0.05); green arrow: upregulation (0.1 > P > 0.05).  749 

 750 

TABLE LEGEND 751 

 752 

Table 1. Oocytes' nuclear stage and embryo development from COCs exposed to the 753 

stressed environment during IVM for 24 h with no treatment (M), IGF-1 (M/I), IGF-754 

1/PAPP-A (M/I+P), and control (C). 755 

 756 

C: control; IVM medium. 757 

M: IVM medium + menadione (5 µM);  758 

M/I: IVM medium + menadione + IGF-1 (100 ng/mL);  759 

M/I+P: IVM medium + menadione + IGF-1 + PAPP-A (100 ng/mL).   760 

Blastocyst yield: total of blastocysts/total of oocytes in IVM.   761 

Abbreviations: TII, telophase II; MII, metaphase II. 762 

Table 2. Total GSH content (mean ± SEM) in IVM medium and COCs submitted for 24h 763 

to the stressed environment with no treatment (M), IGF-1 (M/I), IGF-1/PAPP-A (M/I+P), 764 

and control (C). 765 

 766 

C: control; IVM medium. 767 

 M: IVM medium + menadione (5 µM);  768 

M/I: IVM medium + menadione + IGF-1 (100 ng/mL);  769 

M/I+P: IVM medium + menadione + IGF-1 + PAPP-A (100 ng/mL).   770 
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Cumulus cells pool: cumulus cells from 10 COCs; n = 5 pools/group. 771 

Medium samples: n = 5 samples of 20 µL. 772 

 Oocytes pool: 10 oocytes; n = 5 pools/group. 773 

Table 3. Total GSH content (mean ± SEM) in IVC medium on days 5 and 7 and blastocyst 774 

submitted for 24h to the stressed environment with no treatment (M), IGF-1 (M/I), IGF-775 

1/PAPP-A (M/I+P) and control (C). 776 

 777 

C: control; IVC medium. 778 

M: IVC medium + menadione (5 µM);  779 

M/I: IVC medium + menadione + IGF-1 (100 ng/mL);  780 

M/I+P: IVC medium + menadione + IGF-1 + PAPP-A (100 ng/mL);   781 

Blastocyst pool: 5 blastocysts; n = 5 pools/group. 782 

Medium samples: n = 5 samples of 20 µL. 783 

 784 


