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Abstract

Dietary supplementation is the most feasible method to improve oocyte function and developmental potential in vivo. During three 
experiments, oocytes were collected from maturing, dominant follicles of older mares to determine whether short-term dietary 
supplements can alter oocyte metabolic function, lipid composition, and developmental potential. Over approximately 8 weeks, 
control mares were fed hay (CON) or hay and grain products (COB). Treated mares received supplements designed for equine 
wellness and gastrointestinal health, flaxseed oil, and a proprietary blend of fatty acid and antioxidant support (reproductive support 
supplement (RSS)) intended to increase antioxidant activity and lipid oxidation. RSS was modified for individual experiments with 
additional antioxidants or altered concentrations of n-3 to n-6 fatty acids. Oocytes from mares supplemented with RSS when 
compared to COB had higher basal oxygen consumption, indicative of higher aerobic metabolism, and proportionately more aerobic 
to anaerobic metabolism. In the second experiment, oocytes collected from the same mares prior to (CON) and after approximately 8 
weeks of RSS supplementation had significantly reduced oocyte lipid abundance. In the final experiment, COB was compared to RSS 
supplementation, including RSS modified to proportionately reduce n-3 fatty acids and increase n-6 fatty acids. The ability of 
sperm-injected oocytes to develop into blastocysts was higher for RSS, regardless of fatty acid content, than for COB. We 
demonstrated that short-term diet supplementation can directly affect oocyte function in older mares, resulting in oocytes with 
increased metabolic activity, reduced lipid content, and increased developmental potential.
Reproduction (2022) 163 183–198

Introduction

Oocyte viability is essential for female fertility. Maternal 
factors can affect oocyte quality, potentially by causing 
alterations in oocyte metabolism (Babayev & Seli 2015). 
Substrate preferences, lipid content, and metabolism 
vary among species, with oocyte lipid content affecting 
its reliance on the oxidation of carbohydrates or fatty 
acids (Dunning et  al. 2014, Dalbies-Tran et  al. 2020). 
Energy needed for oocyte development and maturation 
is primarily produced through aerobic mitochondrial 
metabolism (Ben-Meir et al. 2015, Cecchino et al. 2018). 
Mitochondria do not replicate until after blastocyst 
formation in several species, including the horse and 
human; therefore, mitochondria within the oocyte are 
responsible for providing energy during early embryo 
development (May-Panloup et al. 2007, Spikings et al. 
2007, Wai et al. 2010, Hashimoto et al. 2017, Hendriks 
et al. 2019).

After the initiation of antral formation, approximately 
2 months are required for the growth of the human oocyte 
and the development of the follicle to the ovulatory stage 
(Williams & Erickson 2012). The timeframe in the mare 
is likely similar, although not documented. Our ability 
to improve oocyte quality in vivo is limited. However, 
specific treatments or nutraceuticals can be used to 
target the follicle and oocyte during this growth phase. 
Although studies have reported some success with 
dietary supplementation (Nehra et  al. 2012, Ben-Meir 
et al. 2015), no specific recommendations are available 
for women undergoing assisted reproductive technology 
(ART) procedures (Cecchino et  al. 2018, Gaskins & 
Chavarro 2018), and less guidance is available for mares. 
Distribution of nutrients to the oocyte is complicated by 
dependence on the surrounding follicle (Richani et al. 
2021). Granulosa cells line the ovarian follicle and have 
an essential role in metabolism and transport of nutrients 
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from systemic circulation to follicular fluid, providing 
a local environment for the developing oocyte (Siu & 
Cheng 2013). Cumulus cells, which surround the oocyte, 
acquire and channel nutrients to the oocyte through 
cellular projections (Richani et al. 2021), convert energy 
forms for the oocyte, and potentially protect the oocyte 
from high levels of lipids (Aardema et al. 2013, Lolicato 
et al. 2015). Granulosa and cumulus cell metabolism is 
directly associated with oocyte metabolism (Cecchino 
et al. 2018). In women, granulosa cell oxidative stress 
is related to impaired oocyte quality and developmental 
potential (Jančar et al. 2007, Karuputhula et al. 2013). 
The development of microsensors that can measure 
real-time fluctuations in oxygen and pH allows us the 
ability to deduce single-oocyte aerobic and anaerobic 
metabolism and quantify them as oxygen consumption 
rate (OCR) and extracellular acidification rate (ECAR), 
respectively (Obeidat et al. 2018, 2019). Utilizing this 
technology, we recently confirmed less-efficient aerobic 
and anaerobic metabolism in oocytes collected from the 
dominant, maturing follicles of old compared to young 
mares, and impaired oocyte metabolism was associated 
with a significant reduction in developmental potential 
(Catandi et  al. 2019, 2021). The effect of diet on the 
metabolism of individual oocytes has not been studied.

Dietary supplementation of antioxidants and 
polyunsaturated fatty acids (PUFAs), specifically long-
chain omega-3 (n-3) fatty acids (FAs), has been studied 
in some species; but minimal information is available 
for the horse. Dietary antioxidants could counteract the 
effects of oxidative stress, and they have been associated 
with improved fertility in mice (Ben-Meir et  al. 2015, 
Meldrum et al. 2016). The positive and negative effects 
of dietary n-3 PUFAs on female reproductive outcomes 
have been disputed (Gaskins & Chavarro 2018, 
Zarezadeh et  al. 2019). The simplest primary form of 
dietary n-3 PUFA found in vegetable oils is α-linolenic 
acid (C18:3), which is an essential FA that can be 
converted to other long-chain, n-3 PUFAs including 
eicosapentaenoic acid (C20:5) and docosahexaenoic 
acid (DHA; C22:6) through desaturation and elongation 
reactions (Das 2006). However, these reactions can 
be inefficient with competitive inhibition of the rate-
limiting enzymes, delta-6-desaturases; this can occur 
with high dietary omega-6 (n-6) PUFAs, such as linoleic 
acid (C18:2) (Zarezadeh et  al. 2019). The natural 
equine diet is based on grazing and is composed of 
approximately 83% n-3 PUFA and 17% n-6 PUFA 
present in oils derived from leaves (Hallebeek & Beynen 
2002, Frape 2004). Such PUFA composition is similar to 
the Mediterranean human diet, which is characterized 
by a higher ratio of n-3 to n-6 PUFA, with the ingestion 
of less carbohydrate-rich foods and more fruits and 
vegetables (de Lorgeril & Salen 2012, Broughton & 
Moley 2017), and improved embryo quality for patients 
undergoing ART procedures (Kermack et  al. 2020). 
The modern equine diet commonly includes grain 

supplementation. Feeding a hay-based diet with 3 kg of 
cereal-based concentrate results in an inversion of FA 
content to approximately 5% n-3 PUFAs and 95% n-6 
PUFAs (Hallebeek & Beynen 2002). These findings are 
consistent with the Western human diet characterized 
by high intake of cereal grains and more n-6 relative 
to n-3 PUFAs (Nehra et  al. 2012, Hess & Ross-Jones 
2014, Dhungana et al. 2016). The extent that absolute 
vs relative dietary content of n-3 and n-6 PUFAs affects 
fertility is yet to be determined. Diets considered ‘healthy’ 
(high consumption of vegetables, fruits, nuts, and meat) 
vs ‘unhealthy’ (high intake of solid oil, processed and 
junk food) resulted in the recovery of more metaphase 
II oocytes and higher chances of pregnancy after ART 
in women (Jahangirifar et  al. 2019). Diet effects are 
likely systemic and multifactorial, with overall diet or 
complex supplementation having a greater impact on 
reproductive outcomes than individual nutrients.

In the present study, we used older mares to examine 
the hypothesis that dietary supplements fed for a 
limited time would affect oocyte metabolic function, 
lipid composition, and developmental potential. More 
specifically, we determined whether supplementation 
of compounds designed to promote overall wellness 
and cellular health would alter the follicle and oocyte 
destined for ovulation. We further elucidated the 
extent that altering antioxidants or n-3 vs n-6 PUFA in 
supplements would affect the oocyte.

Materials and methods

Animals, diet supplementation, and 
experimental designs

Colorado State University’s Institutional Animal Care and Use 
Committee approved all the procedures performed in this study. 
Three experiments were performed with similar groups of non-
lactating mares of light-horse breeds during three consecutive 
breeding seasons. Some mares were used during multiple 
seasons. For all experiments, groups of non-lactating mares 
were housed in adjacent dry lots with sheds, mineral blocks, 
and water ad libitum; grass/alfalfa mix hay obtained from the 
same source in different years was fed at approximately 2% 
body weight (BW) daily. Nutritional and mycotoxin analyses 
of representative hay samples were performed and resulted in 
14% crude protein, 1.8% crude fat, 14.5% crude fiber and 
were mycotoxin free. Diet additions were fed daily in the 
morning in individual pens to assure consumption.

Dietary supplements for the experiments were obtained 
from the same source (Platinum Performance, Inc., Buellton, 
CA, USA). All treatment groups received supplements 
designed to support equine wellness and gastrointestinal 
health (GI, Platinum Performance® GI (147 g), a combination 
of vitamins, trace minerals, amino acids, antioxidants, n-3 
PUFA, probiotics, and prebiotics) and a proprietary blend 
of fatty acid and antioxidant support (reproductive support 
supplement, RSS) that was modified for individual experiments 
(Table 1). Grain and pelleted feed were manufactured by one 
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source (Nutrena®, Cargill, Inc., Minneapolis, MN, USA) and 
were purchased from local sources.

Three experiments were performed to evaluate the effect of 
feeding supplements to support reproduction in older mares, 
with some variation in treatment groups to test different 
types of compounds and reproductive endpoints. In the first 
experiment, oocyte metabolic function was assessed after 
feeding dietary supplement with additional antioxidants. In 
the second experiment, oocyte lipid profiles were assessed 
before and after feeding the diet supplement. In the third 
experiment, oocyte developmental potential was compared 
after supplementation with and without altering the relative 
abundance of omega-3 vs omega-6 PUFAs. The experimental 
design for each experiment is summarized in Fig. 1.

In Experiment 1 (metabolic function), mares were provided 
group-specific feeding regimes for 8–13 weeks before samples 
were collected in July and August to assess granulosa cell, 
oocyte, and early embryo metabolic function. Twenty mares 
between 13 and 23 years (mean age of 18.5 years) and 485 
and 670 kg BW were paired by age and body type. One mare 
from each pair was randomly assigned to one of two groups, 

with the other mare assigned to the remaining group. Although 
each group contained one 13-year-old mare, the remaining 
mares were older (≥17 years). The control group (COB, mean 
age of 18.6 years) received 450 g of a mix of corn, oats, 
and barley (Nutrena® C.O.B.) topped with 60 mL of corn oil 
(Mazola®, ACH Food Companies, Inc., Memphis, TN, USA), 
representing approximately 10% of the daily caloric intake. 
The relative n-6 to n-3 PUFA ratio of the COB supplementations 
was approximately 42:1. The treatment group of mares (RSS1, 
mean age of 18.5 years) was fed approximately equicaloric 
commercial supplements including GI and RSS at 25.5 g 
daily (Table 1). In addition, flaxseed and natural vitamin E 
(d-alpha-tocopherol acetate) oil (healthy weight oil (60 mL)) 
supplied additional n-3 PUFA, providing a relative n-6 to n-3 
PUFA ratio of 0.3:1. Specific antioxidants (coenzyme Q10 
(CoQ), 500 mg; pterostilbene, 500 mg; pyrroloquinoline  
quinone, 40 mg) were also provided to the treatment group 
(RSS1, Table 1).

For Experiment 2 (lipid profiles), oocytes, follicular fluid, 
and blood were collected from mares in May or June (pre-
treatment). The mares were then fed supplements for 8–10 

Table 1 Experiments 1–3 with groups, dietary components, daily amount fed to mares, and basic experimental designs.

Experimental groups Dietary component Amount Design

Exp 1: metabolic function Two groups of mares were fed a control diet (COB) or supplemented 
diet (RSS1) for approximately 8 weeks prior to sample collection.

 COB Corn, oat, barley blenda 450 g
Corn oil 60 mL

 RSS1 GI supplementb 147 g
Flaxseed oilc 60 mL
Repro support supplementd 25.5 g
Pterostilbene 500 mg
Coenzyme Q10 500 mg
Pyrroloquinoline quinone 40 mg 

Exp 2: lipid profiles Samples were collected from single group of mares prior to any diet 
supplementation (control, CON) and after 8 weeks of feeding RSS2.

 CON Pretreatment sample 0
 RSS2g GI supplement 147 g

Flaxseed oil 60 mL
Repro support supplement 51 g
SafeChoice (pelleted feed) 680 g
Grain mix with molasses 227 g

Contemporary samples Contemporary samples to Exp 2 were collected from four mares prior 
to and after 8 weeks of CoQ. Samples were assessed for an effect of 
time; no direct comparisons were made. 

 CONQ Pretreatment sample 0
 CoQg Coenzyme Q10 500 mg
Exp 3f: developmental potential Three groups of mares were fed a control diet (COB), RSS3 (same as 

RSS2), or RSS3M in which RSS3 was modified by reducing n -3 fatty 
acids and increasing n -6 fatty acids.

 COB Same as COB, Exp 1
 RSS3 Same as RSS2 without pelleted 

feed and grain mix
 RSS3M GI supplement 147 g

Corn oil 60 mL
Repro support supplement 

without DHAe
50 g

aProvided 5.04 g linoleic acid (LA) and 0.19 g alpha-linolenic acid (ALA); bPlatinum Performance® GI, Platinum Performance Inc., Buellton, CA; 
cHealthy Weight, Platinum Performance Inc. provided 8.46 g LA, 30.8 g ALA, and 480 IU d-alpha-tocopherol acetate; dReproductive support 
supplement proprietary blend, Platinum Performance Inc. provided ALA, docosahexaenoic acid (DHA), ascorbic acid, acetyl-l-carnitine, 
l-carnitine tartrate, and d-alpha-tocopherol acetate; eProprietary blend, Platinum Performance Inc. provided ALA, ascorbic acid, acetyl-l-
carnitine, l-carnitine tartrate, and d-alpha-tocopherol acetate; fOocytes collected during Experiment 1 (COB and RSS1) were also used to assess 
oocyte developmental potential in Experiment 3; gPost-treatment sample.
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weeks before post-treatment samples from the same mares were 
collected in August. Oocyte lipid composition in addition to 
follicular and systemic concentrations of lipids and l-carnitine 
was determined pre- and post-supplementation from nine 
mares (16–22 years, mean age of 18.7 years, and 472 and 577 
kg BW). For this experiment, mares were supplemented daily 
with GI, RSS (51 g), and 60 mL of flaxseed oil (RSS2, Table 1). 
The supplements were mixed with a pelleted complete feed 
(Nutrena® SafeChoice Original, 14% crude protein, 7% crude 
fat, 680 g) and a mixed grain blend with molasses (Nutrena® 
Rocky Mountain Sweet Feed, 8% protein and 2% fat, 227 g) to 
increase palatability.

During the same period of time, a contemporary group of 
four mares (16–22 years, mean age of 18.7 years, 453–568 kg 
BW) were maintained on the same hay diet and in the same 
housing conditions as mares in Experiment 2, but they were 
supplemented only with an antioxidant (CoQ, 500 mg daily) 
and no other dietary additives (Table 1). Oocyte metabolite 
content was also assessed for these mares to determine 
whether oocyte composition was altered over time in mares 
that were not given the RSS. No direct statistical comparisons 
were made between the treated mares in Experiment 2 and in 
this contemporary group of mares.

For Experiment 3 (developmental competence), oocytes 
were obtained from the mares in Experiment 1 or were obtained 
from additional groups of mares fed varying proportions of n-3 
and n-6 PUFAs. For these mares, supplements were provided 
for 8–17 weeks before oocytes were collected and injected 

with sperm to assess developmental potential. Fifteen mares 
aged 18–24 years (mean age of 20.6 years, 440–610 kg BW) 
were grouped by age and then randomly assigned to one of 
three groups. The control group of mares (COB, n  = 5, mean 
age of 20.4 years) received corn, oats, and barley, and corn 
oil supplements (Table 1). The second group of mares (n = 5, 
mean age of 20.4 years) received RSS3 (same supplements as 
RSS2 in Experiment 2), with a relative n-6 to n-3 PUFA ratio of 
0.3:1. For the third group of mares (RSS3M, n = 5, mean age of 
20.8 years), the supplements were modified by removing DHA 
from RSS and flaxseed oil was replaced with corn oil, reducing 
n-3 PUFAs and increasing n-6 PUFAs in the diet to n-6 to n-3 
PUFA ratio of 2.1:1 (Table 1).

Oocyte collection and maturation

Oocytes were collected from dominant, follicular-phase 
follicles to provide consistency in the stage of development 
and evaluation of oocytes which were destined to ovulate 
naturally. Follicular maturation was induced during the 
follicular phase when a dominant follicle ≥35 mm in diameter 
and endometrial edema were observed using ultrasonography. 
Induction occurred from the administration of human chorionic 
gonadotropin (2000 IU, i.v.; Chorulon, Merck Animal Health, 
Madison, NJ, USA) and deslorelin acetate in an aqueous base 
(0.75 mg, i.m.; Precision Pharmacy, Bakersfield, CA, USA) in 
Experiments 1 and 2 and histrelin in aqueous base (0.5 mg, 
i.m., Doc Lane, Lexington, KY, USA) in Experiment 3. Cumulus 

Figure 1 General experimental design. Control (CON) diets included only hay (Experiment 2) or hay and grain products (Experiments 1 and 3). 
Reproductive support supplements (RSS*, RSS**, and RSS***) differed as described in Table 1. Samples were collected after ≥8 weeks of 
supplementation of matched groups of mares in Experiments 1 and 3. In Experiment 2, samples were collected from the same mares pre- (CON) 
and post-supplementation (RSS**). Representative images of an oocyte, early embryo (day 2), and blastocyst are shown from a treatment mare 
(RSS**). The number of mares per group is shown within the horse icons.
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oocyte complexes (COCs) were collected by transvaginal, 
ultrasound-guided follicular aspiration of dominant follicles 
at 16 ± 2 h after induction in Experiment 1 and at 20 ± 2 
h in Experiments 2 and 3 as described previously (Carnevale 
2016). Recovered COCs were incubated in media (TCM199 
with Earle’s salts (GibcoTM, Thermo Fisher Scientific) with 
10% fetal bovine serum (FBS), 25 µg/mL of gentamicin, 
and 0.2 mM pyruvate) at 38.2°C in an atmosphere of 5% 
CO2 and air for 26 ± 2 h in Experiment 1 and 22 ± 2 h in 
Experiment 3. After maturation, oocytes were stripped of 
cumulus cells by sequential pipetting in a 3-(N-morpholino)
propanesulfonic acid (MOPS)-buffered medium (G-MOPS, 
Vitrolife, Englewood, CO, USA) with 0.04% BSA (Sigma–
Aldrich) and hyaluronidase (200 IU/mL; Sigma–Aldrich). For 
electrochemical measurements of basal and maximal OCR 
and ECAR in Experiment 1, oocytes were moved to a MOPS-
buffered medium (G-MOPS) with 0.04% BSA at 38.2°C until 
the assay. In Experiment 2, recovered oocytes were stripped 
of cumulus cells as described above, carefully evaluated to 
confirm complete removal of cumulus cells, fixed in 100 μL 
of 50% methanol solution, snap-frozen in liquid nitrogen, and 
stored at −80°C until mass spectrometry analyses.

Granulosa cell collection, OCR, and reactive oxygen 
species production assays

In Experiment 1, granulosa cells were collected at the time of 
oocyte recoveries. For mitochondrial OCR and ROS release 
data collection, granulosa cells (COB, n = 7 and RSS1, 
n = 5) were separated from the follicular aspirates, suspended 
in flush solution (Vigro Complete Flush Solution, Vetoquinol, 
Fort Worth, TX, USA), and pelleted for further use. The flush 
solution supernatant was aspirated, and granulosa cells were 
resuspended and washed in mitochondrial respiration medium 
(MiR05) containing 0.5 mM EGTA, 3 mM MgCl2, 60 mM  
lactobionic acid, 20 mM taurine, 10 mM KH2PO4, 20 mM 
HEPES, and 110 mM d-sucrose. Cells were resuspended 
and washed twice by pulling 1000 μL of cells from the 
flush solution and placing them in a 2-mL eppendorf tube 
containing 1000 μL of MiR05. Cells were then mechanically 
washed by pipetting up and down before being pelleted and 
washed again in a separate eppendorf tube containing 1000 
μL of MiR05. The entire cell suspension was added to a 2-mL 
chamber in an Oxygraph-2k high-resolution respirometer 
(Oroboros Instruments, Innsbruck, Austria). OCR was 
monitored in real-time by resolving changes in the negative 
time derivative of the chamber oxygen concentration signal. 
This signal was normalized to the protein concentration 
of the granulosa cell pellet that was collected at the end of 
experiments. Respirometry chambers were maintained at 37°C 
under atmospheric oxygen concentration (100–200 µM O2). 
Basal OCR (respiration of intact cells supported by endogenous 
substrates) was measured prior to permeabilization of cell 
membrane with digitonin (15 µg/mL) to provide mitochondrial 
access to cell impermeable substrates. Mitochondrial 
respiratory flux and maximal OCR were stimulated by the 
addition of multiple substrates in the following sequence: 1 mM  
malate, 5 mM pyruvate, 2.5 mM ADP, 10 mM glutamate, and 

10 mM succinate as previously described (Chicco et al. 2018). 
For the determination of ROS release, 10 µM of Amplex Red 
and horseradish peroxidase, at a final concentration of 1 U/
mL, were added to the oxygraph chamber after the addition 
of granulosa cells for fluorescence measurement. Horseradish 
peroxidase combines with hydrogen peroxide (H2O2, a 
membrane-permeable ROS species) and irreversibly oxidizes 
Amplex Red to resorufin (Ex/Em 571/585 nm) while reducing 
H2O2 to two equivalents of H2O (Goo et al. 2013). ROS data 
are presented as the rate of release per second.

In vitro embryo production

Frozen-thawed semen from a single ejaculate from one stallion 
was used for sperm injections. Approximately, one-tenth of a 
0.25-mL straw of frozen semen was cut under liquid nitrogen 
and thawed directly in 1 mL of MOPS-buffered medium 
(G-MOPS) with 0.04% BSA at 38.2°C; one sperm was selected 
and prepared for sperm injection as previously described 
(Gonzalez-Castro & Carnevale 2018). Intracytoplasmic sperm 
injection (ICSI) was performed in a MOPS-buffered medium 
(G-MOPS) with 0.04% BSA using a micromanipulator 
(Narishige Group, Amityville, NY, USA) and a piezo-driven 
injection system (Prime Tech, Ibaraki, Japan). After sperm 
injection, presumptive zygotes were placed into an embryo 
culture medium (global®, LifeGlobal Group, Guilford, CT, 
USA) with 10% FBS in individual 30-μL droplets under paraffin 
oil (OVOIL™, Vitrolife) and incubated at 38.2°C in 5% O2, 7% 
CO2, and 88% N2.

In Experiment 1, 2 days after ICSI (46–57 h, mean of 52.2 h), 
early embryos with normal morphology and two to eight cells 
(mean of four cells) were used for the measurement of basal 
OCR (COB, n = 11 and RSS1, n = 12). A set of early embryos 
were stimulated for maximal OCR (COB, n = 6 and RSS1, n = 6). 
Additional embryos were cultured in Experiments 1 (COB, 
n = 13 and RSS1, n = 12) and 3 (COB, n = 19; RSS3, n = 15; 
and RSS3M, n = 24) to determine blastocyst development 
rates. These embryos were moved 5 days after ICSI into 
individual 30-µL droplets of a second culture medium (global® 
for fertilization, LifeGlobal Group) with 10% FBS. Embryos 
were observed daily until blastocyst formation or degeneration 
(Carnevale & Metcalf 2019).

Oocyte and early embryo OCR and ECAR assays

Metabolic analyses of oocytes (COB, n = 4 and RSS1, n = 4) 
and early embryos in Experiment 1 were performed using a 
microchamber with electrochemical-based oxygen and pH 
sensors as described in detail (Obeidat et  al. 2019). Before 
each oocyte or early embryo assay, the microchamber was 
filled with 120 μL of MOPS-buffered medium (G-MOPS) with 
0.04% BSA, overlaid with 120 μL of paraffin oil (OVOIL™) 
to limit the chamber from atmospheric oxygen diffusion. The 
three-electrode system for the oxygen sensor was connected 
to a potentiostat (Quadstat EA 164H, eDAQ Inc., Colorado 
Springs, CO, USA) that applied −0.6 V to the sensor and 
monitored the decrease in oxygen reduction current over 
time. The pH sensor was connected to a custom-made Ina333 
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instrumentation amplifier circuit that measured the change 
in voltage. The starting oxygen concentration and pH of 
the medium were measured as baseline current. After that, 
individual oocytes or early embryos were transferred into the 
microchamber.

Calculations of sample OCR and ECAR were based on the 
rates of change for oxygen and pH, respectively, from baseline 
values over time. Initially, basal OCR was assayed for 5 min, 
followed by basal ECAR assessment for 2 min. Three titrations 
of 1 µM of carbonyl cyanide m-chlorophenyl hydrazone 
(CCCP), a mitochondria uncoupler that stimulates maximal 
oxygen consumption, were performed for oocyte and early 
embryos, with OCR measurements for 5 min after each CCCP 
addition. Maximal OCR was defined as the highest observed 
value during CCCP titrations. An additional measurement 
for oocyte ECAR was determined after the first addition of 
CCCP, as an indication of the oocyte’s ability to use anaerobic 
pathways when mitochondrial energy production is limited. 
After metabolic readings, individual oocytes were stored at 
−80°C until mtDNA quantification.

Oocyte mitochondrial DNA content absolute 
quantification

Mitochondrial DNA (mtDNA) content of single oocyte (COB, 
n = 16 and RSS1, n = 18) was quantified by real-time PCR 
(qPCR) as previously described (Pasquariello et  al. 2019, 
Catandi et  al. 2021). Kits and supplies from one source 
(Qiagen) were used unless noted. Briefly, DNA extraction of 
individual oocytes was performed using the QIAamp DNA 
micro kit according to the manufacturer’s protocol with the 
addition of carrier RNA (1 µg) to each sample. The DNA 
sample was eluted with 50 μL of buffer AE (supplied with the 
kit) and analyzed for qPCR using an absolute quantification 
assay. To this end, quantification standards were prepared; 
a 1096-bp fragment of the I-rRNA region of equine mtDNA 
was amplified by PCR using the LongRange PCR Kit and 
the primer pair 5’-AGCAATTTCGGTTGGGGTGA-3’ and 
5’-GCTCGGTTGGTTTCGGCTAA-3’. The fragment was 
then purified using the Qiaquick PCR purification kit and 
cloned using the Qiagen PCR cloning kit. Plasmid DNA 
containing the amplified mtDNA fragment was purified from 
bacteria using the Qiaprep miniprep kit. A standard curve 
was generated by using seven 10-fold serial dilutions (107 
to 10 copies), and standard curve correlation coefficients 
were greater than 0.98. Real-time quantitative PCR using 
the primer pair 5’-ATGGTTTGTGCTACTGCTCG-3’ and 
5’-GCCCTAACCCTGGCCTTAAC-3’ was run in triplicate for 
each standard dilution and sample in 10-μL reaction using 
PowerUp SYBR Green master mix (Applied Biosystems), a 
LightCycler 480II (Roche Applied Science). The program of 
amplification was set as follows: 50°−C for 2 min for the 
first cycle, 95°C for 2 min for the second cycle, 95°C for 
15 s, and 60°C for 1 min for 40 cycles; a melting curve was 
run to assess the specificity of the primers. Samples and  
standard curve were run on the same plate. Copy numbers 
of mtDNA in each oocyte were generated from the equation 

of Ct value against copy number for the corresponding  
standard curve.

Oocyte metabolomics analyses by liquid 
chromatography coupled to mass spectrometry

Metabolites in oocytes (RSS2, n = 9 pre- and post-
supplementation) were first extracted by adding 400 μL of 
100% liquid chromatography-mass spectrometry (LCMS)-
grade methanol to each sample while still frozen. The 
samples were then shaken for 1 h at 4°C. The samples were 
sonicated in a cold bath for 30 min, shaken again for 1 h at 
4°C, and sonicated in a cold bath for 30 min. The samples 
were centrifuged briefly, and all 500 μL of sample was dried 
completely with nitrogen and resuspended in 60 μL of 1:1 
methanol/toluene. A quality control (QC) sample was pooled 
by taking 15 μL per sample.

Five microliters of extract were injected onto ACQUITY 
UPLC system (Waters, Milford, MA, USA) in randomized order 
with a QC injection after every six samples. Separation was 
achieved using ACQUITY UPLC CSH Phenyl Hexyl column 
(1.7 μM, 1.0 × 100 mm) (Waters), using a gradient from solvent 
A (water, 2 mM ammonium formate) to solvent B (acetonitrile, 
0.1% formic acid). Injections were made in 99% A, held at 
99% A for 1 min, ramped to 98% B over 12 min, held at 98% 
B for 3 min, and then returned to starting conditions over 
0.05 min, and allowed to re-equilibrate for 3.95 min, with 
a 200 μL/min constant flow rate. The column and samples 
were held at 65°C and 6°C, respectively. The column eluent 
was infused into a Xevo G2-XS Q-TOF-MS (Waters) with an 
electrospray source in positive mode, scanning 50–1200 m/z 
at 0.2 s per scan, alternating between MS (6 V collision energy) 
and MSE mode (15–30 V ramp). Calibration was performed 
using sodium formate with 1 ppm mass accuracy. The capillary 
voltage was held at 700 V, source temperature at 140°C, and 
nitrogen desolvation temperature at 600°C with a desolvation 
gas flow rate of 1000 L/h.

Raw mass spectrometry data were processed using an 
R-based workflow for feature detection, retention time 
alignment, feature grouping, peak filling, and feature 
clustering. RAMClustR version 1.1.0 in R version 3.6.3 was 
used to normalize, filter, and group features into spectra. 
XCMS (Smith et al. 2006, Tautenhahn et al. 2008) output data 
were transferred to ramclustR object using the rc.get.xcms.
data function. Feature data were extracted using the xcms 
featureValues function; features that failed to demonstrate 
signal intensity of at least three-fold greater in QC samples 
than in blanks were removed from the feature dataset 
(3642 of 24,810 features were removed). Features with 
missing values were replaced with small values simulating 
noise. For each feature, the minimum detected value was 
multiplied by 0.1. Noise was then added using a factor of 
0.1. The absolute value was used to fill the noise values to 
ensure that only non-negative values were carried forward. 
Variance in quality control samples was described using the 
rc.qc function within ramclustR. Features were normalized 
by linear regression of run order vs qc feature intensities to 
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account for instrument signal intensity drift. Only features 
with a regression P -values less than 0.05 and an r-squared 
greater than 0.1 were corrected. Features were additionally 
normalized to the total extracted ion signal to account for 
differences in total solute concentration. Normalized peak 
areas for individual metabolites were compared between  
pre- and post-supplementation paired samples; within each 
lipid category, individual metabolites were summed to obtain 
a peak area for the total normalized abundance for each  
lipid category.

Follicular fluid and blood collection and analyses

In Experiment 2, plasma and follicular fluid were collected 
for triglyceride, fatty acid, and l-carnitine assays (RSS2, n = 9 
RSS2 pre- and post-supplementation). To prevent cellular and 
blood contamination of follicular fluid samples, the aspiration 
needle was not rinsed with media and was inserted into the 
central antrum of the follicle before approximately 5 mL of 
follicular fluid were gently aspirated into a collection tube. 
The follicular fluid was aliquoted and stored at −80°C until 
assays. Blood was collected by jugular venipuncture prior to 
morning feeding and centrifuged at 200 g for 10 min at room 
temperature; supernatant was recentrifuged at 1500 g for 10 
min at room temperature, then aliquoted, and stored at −80°C 
until assays.

Triglyceride concentrations in plasma and follicular 
fluid samples were determined using a colorimetric assay 
kit (Cayman Chemicals) according to kit instructions. The 
96-well, non-treated microplate (Thermo Fisher Scientific) 
was read at 540-nm absorbance on a Synergy 2 microplate 
reader (Biotek). All samples were assayed on a single 
plate. The intra-assay coefficient of variation was 1.35%, 
and the minimal detectable concentration was 1 mg/dL. 
Concentrations of free fatty acids in plasma and follicular 
fluid were determined with a colorimetric assay kit (Bioassay 
Systems, Hayward, CA) according to the manufacturer’s 
instructions. The 96-well microplate was read at 570-nm 
absorbance using the same microplate reader. The intra-assay 
coefficient of variation was 3.84%, and the sensitivity was 7 
µM. l-Carnitine concentrations in plasma and follicular fluid 
were determined with a colorimetric assay kit (BioVision) 
following the kit instructions. The 96-well microplate was 
read at 570-nm absorbance with the same equipment. The 
intra-assay coefficient of variation was 2.14%, and the limit of 
detection was 10 µM.

Statistical analysis

Statistical analyses were completed using GraphPad Prism 
8.0.2 (GraphPad Software, Inc.). Student’s t-tests were used to 
compare continuous data in Experiment 1 and Fisher’s exact 
tests and chi-square tests were used to compare cleavage 
and blastocyst rates in Experiments 1 and 3. In Experiment 2, 
ANOVA with Kenward–Roger degrees of freedom and false 
discovery rate adjustments was used to compare metabolite 
abundance in pre- and post-supplementation oocytes; paired 
t-tests and Wilcoxon tests were used to compare continuous 
data. Values of P < 0.05 were considered significant, and 

P ≤ 0.1 was considered trending toward significance. Results 
are presented as mean ± s.e.m.

Results

Experiment 1: effect of diet supplementation on cell 
metabolic function

Mares were supplemented with grain (COB, corn, oats, 
and barley) or RSS with additional antioxidants (RSS1) 
prior to the assessment of aerobic metabolism, based 
on OCR, or anaerobic metabolism, based on ECAR, of 
granulosa cells, oocytes, and early cleavage embryos.

Supplementations did not significantly affect 
granulosa cell aerobic metabolism or ROS production 
(Fig. 2A, B, C, D and E). However, the production of 
ROS relative to aerobic metabolism (ROS/OCR) was 
higher (P = 0.03) for mares fed grain than the RSS under 
substrate-stimulated respiration, indicating that a higher 
proportion of oxygen consumption resulted in ROS 
production than in the generation of ATP (Fig. 2F).

Basal, but not maximal, aerobic metabolism was 
lower (P = 0.008) for oocytes collected from mares 
fed grain than the RSS (Fig. 3A and B). Mitochondrial 
efficiency, representing the proportion of maximal cell 
respiratory capacity used during basal metabolism 
(basal OCR/maximal OCR), was lower (P = 0.02) when 
mares were fed grain than the diet support supplement 
(Fig. 3C). However, mitochondrial reserve capacity 

Figure 2 Granulosa cell aerobic metabolism, based on oxygen 
consumption rate (OCR), and production of reactive oxygen species 
(ROS) under basal and stimulated conditions from older mares 
supplemented with grain and corn oil (COB) or complex nutrients to 
support health and reproductive function (RSS1). (A) Basal OCR, (B) 
maximal (stimulated) OCR, (C) ROS formation under basal 
conditions, (D) ROS formation under stimulated conditions, (E) 
proportion of basal OCR related to ROS production, and (F) 
proportion of maximal OCR related to ROS production (COB, n = 7; 
RSS1, n = 5). Barcharts present means ± s.e.m. Different superscripts 
indicate differences (a,b;, P < 0.05) or a tendency to differ (c,d;  
P ≤ 0.1). Supplement components are listed in Table 1.
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(maximal OCR–basal OCR) was similar (P = 0.3) 
between the groups, suggesting that the oocytes were 
capable of similar responses to energy demands (Fig. 
3D). As aerobic respiration occurs in mitochondria, 
mitochondria DNA copy numbers were analyzed as an 
indicator of the number of mitochondria within oocytes. 
However, in contrast to metabolic activity, mtDNA were 
higher (P = 0.04) in oocytes from mares fed grain than 
the RSS (Fig. 3E). Oocyte basal anaerobic metabolism, 
based on the ECAR, did not differ between groups (Fig. 
4A); although when stimulated, maximal anaerobic 
metabolism was higher (P = 0.04) for oocytes from 

mares fed the support supplement when compared to 
grains (Fig. 4B). Oocytes from mares fed grains used 
proportionately more (P = 0.006) anaerobic to aerobic 
metabolism (based on ratios of ECAR/OCR and reflecting 
the glycolytic rate to oxidative phosphorylation rate) 
(Fig. 4C). No significant differences were observed for 
the metabolic activity of early embryos resulting from 
ICSI of oocytes from mares supplemented with grains 
or RSS (Supplementary Fig. 1A and B, see section on 
supplementary materials given at the end of this article). 
In total, the results of the first experiment demonstrate 
differences in mitochondrial function in the oocytes 
from old mares fed grain products or provided nutrients 
for reproductive support.

Experiment 2: effects of diet supplement on systemic, 
follicular, and oocyte lipid concentrations

Oocyte metabolome and systemic and follicular 
concentrations of lipids were assessed for mares prior to 
and after being fed RSS2. A total of 1585 metabolites were 
assessed in oocytes; 441 metabolites differed (n = 211,  
P  < 0.05) or tended to differ (n = 230, P ≤ 0.1) in oocytes 
that were collected before when compared to after diet 
supplementation with most differences observed in 
lipids (n = 802 total lipid metabolites, n = 118, P  < 0.05 
and n = 139, P ≤ 0.1). Differences in lipid abundance 
were primarily noted for glycerolipids (Fig. 5A), 
although generally species of lipids were consistently 
less abundant in oocytes collected after than before 
diet supplementation. Normalized abundance of total 
triglycerides, glycerophospholipids, diacylglycerols, 
free fatty acids, sphingomyelins, cholesteryl esters, 
glycerophosphocholines, and glycerophosphoserines 
were significantly higher before when compared to 
after supplementation (Fig. 6). In a contemporary group 
of mares consuming only CoQ in addition to hay, lipid 
content and normalized abundance of lipid categories 
did not differ before or after feeding the antioxidant (CoQ) 
during the same time interval (Figs 5B and 6). Results 
from this contemporary group of mares demonstrate that 
oocyte lipid content did not change over time when the 
RSS was not fed. Therefore, dietary supplementations 
resulted in changes in oocyte composition, most notably 
in lipid abundance. Oocyte metabolites affected by the 
diet supplements are presented in Supplementary Tables 
1 and 2.

Systemic and follicular fluid concentrations of 
lipids were assessed before and after feeding the diet 
supplement. Control (pre-supplement) concentrations of 
triglycerides and free fatty acids were higher in plasma 
than in follicular fluid. Diet supplementation resulted 
in reduced (P < 0.01) concentrations of follicular fluid 
triglycerides and plasma fatty acids (Fig. 7A and B). 
Concentrations of l-carnitine in plasma and follicular 
fluid did not significantly differ with fluid type or diet 
supplementation (Fig. 7C).

Figure 3 Aerobic metabolism, based on oxygen consumption rate 
(OCR), and DNA copy numbers in metaphase II oocytes from older 
mares supplemented with grain and corn oil (COB) or complex 
nutrients to support health and reproductive function (RSS1). (A) 
Basal OCR, (B) maximal OCR, (C) mitochondrial efficiency (basal 
OCR/max OCR), (D) mitochondrial reserve capacity (max OCR–basal 
OCR) (COB, n = 4; RSS1, n = 4), and (E) quantification of mtDNA 
copy number (COB, n = 16; RSS1, n = 18). Barcharts present  
means ± s.e.m. Different superscripts indicate differences at P < 0.05.

Figure 4 Anaerobic metabolism, based on extracellular acidification 
rate (ECAR), of metaphase II oocytes from older mares supplemented 
with grain and corn oil (COB) or complex nutrients to support health 
and reproductive function (RSS1). (A) Basal ECAR, (B) ECAR after first 
addition of CCCP (COB, n = 9; RSS1, n = 8), and (C) proportion of 
basal anaerobic to aerobic metabolism (COB, n = 4; RSS1, n = 4). 
Barcharts present mean ± s.e.m. Different superscripts indicate 
differences at P < 0.05.
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Experiment 3: effect of maternal diet on oocyte 
developmental potential

Oocyte developmental potential to the blastocyst stage 
was assessed between grain-fed control mares and 
mares fed RSS with additional antioxidants or with 
variable levels of omega-3 vs omega-6 fatty acids (see 
RSS for Experiments 1 and 3, Table 1). Cleavage rates 
of sperm-injected oocytes at 1 or 2 days after ICSI were 
similar for mares provided a grain supplement (12/13, 
92%) or the RSS with additional antioxidants (11/12, 
92%) (Fig. 8A); however, more blastocysts developed 

per sperm-injected oocytes by day 7 or 8 after ICSI 
for mares supplemented with the RSS than with grains 
(7/12, 58% and 2/13, 15%, respectively, P = 0.04) 
(Fig. 8A). When fatty acid concentrations were varied, 
cleavage rates were not significantly different among 
groups (Fig. 8B). The number of blastocysts per injected 
oocyte was similar for oocytes from mares fed the RSSs, 
regardless of omega-3 and omega-6 fatty acid content, 
but higher (P ≤ 0.02) than for mares supplemented with 
grain (supplement with omega-3 fatty acids, 6/15, 40%; 
supplement with substitution of n-3 with n-6 fatty acids, 
10/24, 42%; and grain supplementation, 1/19, 5%) (Fig. 
8B). The results demonstrate that dietary components 
significantly affected the potential of oocytes to reach 
the blastocyst stage of development.

Discussion

The extent that diet supplements can affect female 
fertility is dependent on their potential to influence 
reproductive tissues directly or indirectly, with the oocyte 
being one of the most important and difficult of cells to 
impact. In the present study, we examined the potential 
of dietary supplements, designed to support health 
and reproductive function and fed for approximately 
2 months, to affect oocyte metabolic function, lipid 
content, and developmental potential in older mares. 
We used the mare, a monogastric large animal with an 
easily manipulated reproductive tract, for our studies. 
Maternal aging has a marked effect on mare reproductive 
efficiency, with a decline beginning in the early teen 
years (Ginther 1992). Although many mares will cycle 
into their 20s, their fertility is poor and associated 
with a decline in oocyte developmental competence 
(Carnevale & Ginther 1995). Considering the similarities 
between the mare and woman in follicular development 
(e.g. monovular, long follicular phase, similar follicle 
wave patterns, decades-long reproductive lifespans) 
and age-associated changes in reproduction, the mare 
represents an applicable model for reproductive aging 
in women (Carnevale 2008, Carnevale et al. 2020) and 
vice versa.

ARTs are often used in mares and women to produce 
offspring from subfertile females. However, in both 
species, oocyte developmental potential can be low, 
especially in older oocyte donors (Navot et  al. 1991, 
Carnevale & Ginther 1995), and assisted reproductive 
procedures are costly and not always practicable. Diet 
supplementation represents a feasible approach in vivo 
to improve female reproductive outcomes, especially 
if developmental ability of the oocyte that is destined 
to ovulate can be improved. Specific compounds have 
been studied for their effect on reproductive parameters, 
although more information is available for women than 
mares. However, our primary goal was to determine if and 
to what extent the follicle and oocyte could be impacted 
by dietary supplements and not to study individual 

Figure 5 Volcano plots illustrating lipid categories in oocytes from 
older mares (A) pre- and post-supplementation with complex 
nutrients to support health and reproductive function (RSS2, n = 9) 
and (B) pre- and post-supplementation with coenzyme Q10 (n = 4). 
Negative log2(fc) indicates lipids that were reduced in oocytes 
post-diet supplementation, while positive log2(fc) indicates lipids that 
were elevated in post-diet supplementation oocytes. The horizontal 
bars indicate significance at P < 0.05 (solid line) and P < 0.1  
(dotted line).
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components, as nutrient function can be codependent 
and synergistic. The base diet for the studies was hay 
of a quality consistent with that fed to mares under 
maintenance conditions and for reproductively active 
mares. Treatment groups were provided a nutritional 
foundation of vitamins, minerals, pre-, and probiotics for 
digestive support, and proprietary RSSs with additional 
antioxidant and cell metabolic support nutrients. Some 
of these nutrients have been reported to improve stallion 
semen quality, including d-alpha-tocopheryl acetate, 
n-3 PUFAs, and l-carnitine (Deichsel et al. 2008, Contri 
et al. 2011, Schmid-Lausigk & Aurich 2014, Ruiz et al. 
2021). The effects of these compounds on gamete quality 
in the mare have not been definitively assessed. Our 
study used multiple and novel endpoints to demonstrate 
that the dietary intervention resulted in both systemic 
and follicular effects, culminating in oocytes from older 
mares having significant changes in metabolic function, 
lipid composition, and developmental potential.

The follicle and associated cells support the oocyte 
and can provide an indication of oocyte quality. Elevated 
follicular concentrations of ROS can reflect the active 
metabolism of a healthy follicle (Zarezadeh et al. 2019); 
however, excessive levels of ROS are unfavorable for 
oocyte quality and embryo development, as observed 
for obesity, diabetes, and aging in women (Jančar et al. 
2007, Karuputhula et  al. 2013, Gu et  al. 2015, Lai 
et  al. 2018). The primary difference that we observed 

when older mares were fed a RSS with additional 
antioxidants instead of grain was a significant decrease 
in ROS production relative to aerobic metabolism in 
granulosa cells. Reduced ROS production by granulosa 
cells could indicate a healthier follicular environment 
for oocyte development and maturation, as oxidative 
stress has a major negative impact on female fertility 
and oocyte health (Devine et al. 2012). In this study, we 
only examined aerobic metabolism, although the extent 
that aerobic vs anaerobic metabolism is used by equine 
granulosa cells is not known. In the pig, another species 
having oocytes with abundant lipids, granulosa cells 
generate energy mostly via anaerobic glycolysis (Kansaku 
et al. 2017). Further studies are needed to determine the 
metabolic preferences of equine granulosa cells.

We used novel microsensors to examine aerobic 
and anaerobic metabolism in single oocyte and early 
embryos (Obeidat et al. 2018, 2019). Oocytes primarily 
generate energy through mitochondrial aerobic 
metabolism, resulting in the consumption of oxygen 
(May-Panloup et al. 2007). Aerobic metabolism, under 
physiological conditions, is controlled by energy demand 
and can be measured as basal OCR. The maximal 
aerobic metabolic potential provides information 
as to how much aerobic energy can be produced; it 
can be measured after the addition of mitochondrial 
uncoupler agents (Brand & Nicholls 2011). In the 
present study, oocyte basal aerobic metabolism was 

Figure 6 Normalized abundance of total (A) 
triglycerides, (B) glycerophospholipids, (C) 
diacylglycerols, (D) acylcarnitines, (E) free fatty 
acids, (F) sphingomyelins, (G) cholesteryl 
esters, (H) glycerophosphocholines, and (I) 
glycerophosphoserines in oocytes from older 
mares pre- (white bars) and post-
supplementation with RSS2 (black bars; n = 9) 
and pre- (dark gray bars) and post-
supplementation with coenzyme Q10 (light 
gray bars; n = 4). Barcharts represent  
means ± s.e.m. Different superscripts for pre- 
and post-supplementation with RSS2 indicate 
differences (a,b; P < 0.05 or c,d; P < 0.1). No 
significant differences were observed pre- and 
post-supplementation with coenzyme Q10.
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significantly higher for oocytes from mares fed the 
RSS than those fed grain, with aerobic metabolism 
of oocytes from supplemented mares comparable to 
the same endpoint in oocytes from young mares in a 
previous study (Catandi et  al. 2021). In agreement 
with the previous study ( Catandi et  al. 2021), higher 
oocyte aerobic metabolic activity was associated with 

more oocytes capable of developing into blastocysts. 
Although basal aerobic metabolism was reduced in 
grain-fed mares, maximal aerobic metabolism was 
similar between the two groups. Consequently, oocytes 
from mares fed grain had a similar potential to produce 
energy through aerobic metabolism; however, they 
were using significantly less of their energy potential 
under basal conditions than oocytes from mares fed the 
RSS. In intact cells, basal mitochondrial metabolism is 
limited by substrate availability and regulated by energy 
demand (Brand & Nicholls 2011). Reduced basal 
oxygen consumption in oocytes from mares fed grain 
supplements may, therefore, be associated with altered 
energy sensing cellular mechanisms, such as AMP-
activated protein kinase (AMPK). This enzyme senses 
energy status and regulates anabolic and catabolic 
pathways to equilibrate ATP production and substrate 
consumption inside the cell and to regulate progression 
of oocyte maturation (Abdulhasan et  al. 2017, Yang 
et  al. 2020). In oocytes, AMPK activity is altered by 
maternal metabolic dysfunctions, such as diabetes 
(Ratchford et al. 2007), and can be influenced by diet, 
although precise mechanisms have not been elucidated 
(Gu et al. 2015). Oocyte AMPK activity was not assayed 
in this study, but we speculate that diet supplementation 
with grains could have a negative impact, as seen with 
high-fat diets in multiple other tissues (Lindholm et al. 
2013). In addition, ingredients in the RSS could have 
had a positive impact on AMPK function in oocytes, as 
seen after stimulation of lipid metabolism or addition of 
l-carnitine to oocyte in vitro maturation (Downs et al. 
2009, Downs 2015). Higher oocyte basal mitochondrial 
metabolism and reduced lipid abundance observed 
after diet supplementation with the RSS are consistent 
with this postulation.

Basal anaerobic metabolism (based on ECAR) was 
similar for the two groups, indicating that the grain-
fed mares’ oocytes did not try to compensate for lower 
aerobic metabolism by increasing anaerobic energy 
production. It remains unclear whether oocytes have 
the ability to recognize limitations in mitochondrial 
energy production and compensate by increasing their 
reliance on anaerobic glycolysis, as observed in muscle 
cells during intense exercise and hypoxia (Bowtell et al. 
2014). Regardless, almost 90% of the energy produced 
in equine oocytes is provided by aerobic pathways 
(Lewis et  al. 2020), and thus, anaerobic energy 
production would likely not be enough to compensate 
for mitochondrial dysfunction. Ultimately, this suggests 
that the oocytes from the mares that were provided 
the RSS had overall higher energy production than 
those fed grains. In addition, oocytes from mares fed 
the diet supplement were capable of more stimulated 
anaerobic metabolism, suggesting better metabolic 
flexibility to produce energy. Overall, oocytes from the 
grain-fed mares performed more anaerobic glycolysis 
as a proportion of their total energy production when 

Figure 7 Concentrations of (A) triglycerides, (B) free fatty acids, and 
(C) l-carnitine in plasma and follicular fluid from older mares (n = 9) 
pre- and post-supplementation with complex nutrients to support 
health and reproductive function (RSS2). Barcharts represent  
means ± s.e.m. Different superscripts between pre- and post-
supplementation for plasma or for follicular fluid represent 
differences (a,b; P < 0.05 and c,d; P < 0.1); different superscripts for 
the same endpoint between plasma and follicular fluid indicate 
significance (A,B; P < 0.05).

Figure 8 Embryonic development rates after intracytoplasmic sperm 
injection (ICSI). Cleavage rates (≥2 cell embryos per sperm-injected 
oocytes by 2 days after ICSI) and blastocyst rates (number of 
blastocysts per sperm-injected oocytes) for (A) oocytes from mares 
supplemented with grains (COB,  n = 13) or a reproductive support 
supplement with additional antioxidants (RSS1, n = 12) and (B) 
oocytes from mares supplemented with grains (COB, n =19) or 
reproductive support supplements with n-3 PUFA (RSS3, n = 15) or 
with the substitution of n-3 PUFA with n-6 PUFA (RSS3M, n = 24). 
Bars with different superscripts differed (a,b; P < 0.05 or c,d; P < 0.1) 
for the same endpoint.
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compared to oocytes from mares fed the support 
supplement. This metabolic adaptation could affect 
embryo development, as the oocytes are using more of 
their glucose and pyruvate reserves when they should be 
more dependent on β-oxidation for energy production 
(Lewis et al. 2020).

Copy numbers of mtDNA were determined as an 
estimate of oocyte mitochondrial numbers, although 
the association between mtDNA copy numbers and 
oocyte metabolic potential is not well known. In the 
present study, mtDNA copy numbers were significantly 
higher in oocytes from mares fed grain than the RSS, 
although basal aerobic metabolism was higher in 
the latter. Oocytes are not able to activate mitophagy 
in response to mitochondrial damage (Boudoures 
et  al. 2017); therefore, mitochondrial dysfunction and 
metabolic stress can lead to an abnormal, compensatory 
increase in mtDNA copy numbers (DiMauro & Schon 
2003, Meldrum et al. 2016). In a previous study from 
our group, oocytes obtained from young vs old mares 
had higher basal and maximal aerobic metabolism, 
although no difference was noted for mtDNA copy 
numbers, confirming that oocyte mtDNA content is 
not indicative of mitochondrial function or oocyte 
quality (Catandi et al. 2021). Our results are consistent 
with findings in women. Mature oocytes from young 
women have fewer mtDNA copy numbers but greater 
mitochondrial membrane potential when compared to 
oocytes from older women (Pasquariello et  al. 2019), 
further supporting that mtDNA copy numbers and 
mitochondria activity are not positively related.

Fatty acids have been suggested to be the primary 
substrate for oxidative energy production in equine 
oocytes (Lewis et al. 2020). The RSS provided additional 
PUFAs and l-carnitine. Within mitochondria, l-carnitine 
is essential for fatty acid β-oxidation, acting as a 
co-factor in the rate-limiting step involving the transport 
of activated fatty acids into mitochondria (Dunning & 
Robker 2012). Additional dietary lipids may serve as an 
energy reserve for the oocyte; however, supplementation 
of these fatty acids alone has been associated with more 
negative than positive effects on oocyte quality in other 
species (Zarezadeh et al. 2019). Short-term l-carnitine 
supplementation to ewes does not affect follicular 
development and ovulation, while l-carnitine combined 
with long-chain fatty acid supplementation improves 
the number and size of preovulatory follicles and 
ovulation rates (El-Shahat & Abo-El maaty 2010). Thus, 
there seems to be a synergistic effect of l-carnitine and 
fatty acids on the ovine ovaries and developing follicles. 
As lipid content varies in oocytes from different species 
(Dunning et al. 2014), the extent that fatty acids are used 
as an energy substrate for the oocyte and the impact of 
l-carnitine could vary.

In the first experiment, the RSS had additional 
antioxidants to offset the potential effects of aging, 
including CoQ10, pterostilbene, and PQQ. Aging 

impairs the expression of enzymes involved in the 
natural production of CoQ10 in multiple tissues, 
including follicular cells (Ben-Meir et  al. 2015), and 
dietary supplementation with CoQ10 is associated 
with improved oocyte mitochondrial function and 
developmental potential for aged mice (Ben-Meir et al. 
2015). Pterostilbene is associated with lowering the 
effects of oxidative stress in aging, and murine oocyte 
quality and maturation rates improve when supplemented 
during in vitro maturation (Li et  al. 2018, Ullah et  al. 
2018). PQQ is a natural antioxidant that has been 
associated with improved reproductive performance 
when supplemented to female mice (Steinberg et  al. 
2003). In our study, a positive synergistic effect of the 
antioxidants with other components of the RSS could 
have occurred. However, results from all experiments 
strongly support that the overall diet supplement was 
the primary factor affecting oocytes, regardless of the 
addition of antioxidants.

In the second experiment, lipid content was 
compared for oocytes from the same mares prior to and 
after approximately 8 weeks of feeding RSS mixed with 
a pelleted complete feed and grain mix (RSS2). Oocyte 
lipid composition was altered after supplementation, 
with a pronounced reduction in triglyceride abundance. 
Lipids may serve as the main substrate for aerobic 
energy production during oocyte maturation, as glucose 
is mostly directed for anaerobic energy production 
(Lewis et al. 2020). Systemic and follicular triglyceride 
concentrations were consistent with a previous study 
from our group using the same methodology and 
follicle category (Sessions-Bresnahan et al. 2016), with 
TG concentrations higher in plasma when compared 
to follicular fluid, although this relationship was not 
consistent with other equine studies (Collins et  al. 
1997, Satué et al. 2019). Triglyceride concentrations in 
follicular fluid were reduced after diet supplementation, 
although a similar decline was not noted in systemic 
concentrations. However, the diet supplement caused 
a significant decline in systemic free fatty acids. 
Omega-3 PUFA supplementation has been associated 
with systemic hypolipidemic effects (Madsen et  al. 
1999), but it did not affect fatty acid concentrations 
in the serum of pregnant and lactating mares (Hodge 
et  al. 2017). The concentrations of l-carnitine in the 
present study were consistent with previous reports in 
equine follicular fluid and plasma (Foster et  al. 1988, 
Zeyner & Harmeyer 1999, Fernández-Hernández et al. 
2020). A short-term increase in systemic l-carnitine 
occurs after oral ingestion in horses; however, plasma 
concentrations are only increased for a few hours after 
ingestion (Zeyner & Harmeyer 1999). We collected 
blood samples in the morning prior to the consumption 
of supplements, potentially missing any transitory 
increase in systemic l-carnitine; however, follicular fluid 
samples were collected in the late morning or early 
afternoon after supplements were fed in the morning. 
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Therefore, although the results demonstrate that dietary 
supplementation altered oocyte lipid content, further 
studies are needed to determine if the effect was 
primarily caused by follicular or systemic alterations.

Basal and maximal OCR from early embryos were 
consistently higher than values observed for oocytes, as 
noted in a previous study (Catandi et al. 2021). During 
early embryonic development, mitochondrial numbers 
do not change (Hendriks et al. 2019), but the organelles 
go through morphological changes from the immature 
stage present in oocytes to more active stages (Bavister 
& Squirrell 2000, Van Blerkom 2011). However, no 
differences were observed between diet groups for 
day-2 embryo aerobic metabolism.

In the present experiments, oocyte developmental 
potential was determined by cleavage and blastocyst 
formation after ICSI. In our first experiment, cleavage and 
blastocyst rates were compared for mares that were fed 
grain or the diet supplement with additional antioxidants. 
Cleavage rates were not significantly different between 
groups, consistent with our previous finding when 
comparing cleavage rates after ICSI for young and 
old mares (Catandi et  al. 2021). However, blastocyst 
formation was significantly improved for mares fed RSS 
when compared to grain. Considering the mean age of 
the mares (18.5 years), the blastocyst rate for mares fed 
the RSS (58%) was high when compared to rates obtained 
in a previous study using frozen-thawed sperm from the 
same stallion for ICSI (21% for old mares, ≥20 years and 
48% for young mares, ≤14 years) (Catandi et al. 2021). 
In the final experiment, the developmental potential of 
oocytes from mares fed grain was compared to mares 
fed the RSS or the same supplement after the substitution 
of most of the n-3 PUFAs with n-6 PUFAs. Regardless of 
the PUFA content, mares provided the diet supplement 
had similar cleavage and blastocyst formation rates. In 
agreement with these findings, embryonic development 
rates after in vitro fertilization of oocytes from dairy 
cows supplemented with n-3 PUFA for 3 months were 
higher when compared to cows fed a control diet but 
not different from cows supplemented with n-6 PUFA 
(Zachut et al. 2010). However, mares fed grain tended 
to have lower cleavage rate and had a significantly 
lower blastocyst formation rate, demonstrating that the 
final concentration of n-3 or n-6 PUFA is not as crucial 
as other ingredients in the dietary supplementation for 
improving the developmental potential of oocytes from 
older mares.

In the current study, we did not try to identify 
the effect of one single nutrient on mare follicular 
metabolism and oocyte developmental potential. 
Instead, we compared supplementation with grain 
products, which remain popular feed ingredients in the 
equine industry and the Western human diet, to feed 
ingredients designed to support overall wellness and 
potentially support reproduction and mitochondrial 
function. Because we used a complex of nutrients, 

we cannot differentiate individual vs synergistic 
effects of supplement components on the associated 
differences in oocyte metabolic function and lipid 
composition. We are also unsure of the extent that the 
complex nutrients were beneficial as opposed to even 
a limited amount of grain was detrimental to oocyte 
metabolism and developmental potential. However, 
we clearly observed that the diet components had a 
substantive effect on oocyte composition, metabolic 
function, and developmental potential. Consequently, 
we demonstrated that short-term diet additives can 
affect reproductive function at the cellular level in older 
mares, providing a feasible method and model to study 
the interaction of diet and reproduction in the female. 
Our results suggest that diet has the potential to alter 
reproductive outcomes in mares by ultimately having a 
direct effect on the ovarian follicle and oocyte.
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