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Abstract 

Unexplained heifer subfertility is a resource drain on beef production, negatively effecting 

production efficiencies. Animals that do not conceive within a breeding season and those conceive 

late result in lighter calves and less return on investment for producers upon weaning and 

marketing. The ability to detect and avoid heifers that fail to become pregnant, or become pregnant 

late, would improve the efficiency of beef production. 

In biomarker discovery, highly accessible animal samples are preferable such as in blood, 

saliva, and urine. The objectives of this study were to identify the differences in plasma 

immunoglobulin levels and metabolomic signatures at different stages of heifer development. To 

accomplish this, the relative immunoglobulin G (IgG) levels in the blood plasma were tested using 

SDS-PAGE and Western blot between Bos taurus beef heifers that conceived to first service AI 

and those that conceived late or not at all in the breeding season (1stAI, n=12; LBred, n=12). There 

was no significant difference in the levels of IgG1 between heifers that established pregnancy to 

first-service AI and those that established pregnancy late in the breeding season. However, IgG2 

levels were significantly higher in heifers that established pregnancy to first service AI.  

In the second study, blood plasma metabolomic profiles generated by gas chromatography- 

mass spectrometry (GC-MS) were compared for Bos taurus beef heifers that conceived to AI 

(fertile, n=6) and heifers that conceived late or not at all (subfertile, n=6) at weaning and for a 

subset of the same heifers 30 days prior to AI (fertile n=3, subfertile n=4). At weaning, six 

metabolites were present at significantly lower levels in fertile heifers compared to subfertile 

heifers, including arabitol, glycolic acid, indole-3-lactate, indole-3-propionic acid, and palmitoleic 

acid. Three metabolites were present at significantly higher levels in fertile heifers, including lactic 
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acid, maltose, and nicotinamide. Thirty days prior to AI, four metabolites were differentially 

abundant. In fertile heifers, tryptophan was at higher levels, and palmitoleic acid, triethanolamine, 

and 9-myristoleate were at lower levels. Five metabolites changed levels significantly over time 

within cohorts, including palmitoleic acid, 1,5-anhydroglucitol, capric acid, myristic acid, and 

isolinoleic acid.  

For the third study, metabolomic profiles were generated for blood plasma and follicular 

fluid from beef heifers that either conceived at AI or remained non-pregnant following fixed time 

artificial insemination and 60-day exposure to fertile bulls (fertile, n=8; subfertile, n=5). Fourteen 

differentially abundant metabolites were identified in follicular fluid, including arachidonic acid 

and ascorbic acid and four were identified in blood plasma, including fucose and lactic acid. 

Fucose and pipecolinic acid showed medium correlation between blood plasma and follicular fluid 

and high ROC-AUC values in blood plasma. In plasma and follicular fluid of post-breeding season 

animals, identified metabolites were related to reactive oxygen species, energy metabolism, and 

cell growth and proliferation. Correlation of plasma and follicular fluid profiles suggests that two 

differentially abundant metabolites in plasma may be tightly correlated enough to follicular fluid 

to serve as diagnostic of the follicular state; however, these statistical results need to be specifically 

and carefully validated with a targeted study. 
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Chapter I: Review of Literature 

I.I. Cattle production and production systems in the United States 

The livestock industry in the US was reported to employ upwards of 263,551 people in 

direct or support roles on livestock farms [https://www.ers.usda.gov/topics/farm-economy/farm-

labor/#size]. The USDA (United States Department of Agriculture) reported in 2022 that the 

population of cattle (including both beef and dairy animals) numbered 98.8 million head. In beef 

and dairy systems, some animals are retained and developed for breeding, as bulls and replacement 

heifers, while others are developed for meat production. Animals culled for health and production 

reasons also are used for meat production (USDA, 2022a). In 2022, 4.15 million beef heifers and 

3.75 dairy heifers were retained for breeding (USDA, 2022a). Overall cash receipts for the 

marketing of cattle and calves in the United States, as reported by the USDA in 2021, totaled $72.9 

billion (USDA, 2022b). Additionally, the USDA Agriculture Resource Management Survey 

(ARMS) reported that farms showed an overall loss of $812 (USD) yearly from the sale of breeding 

livestock, representing unrecovered financial investment when selling breeding animals (USDA, 

2021) (https://my.data.ers.usda.gov/arms/data-analysis ). 

In the United States there are defined differences and separation between beef production 

and dairy production but this is not globally true. Culled dairy animals and male calves from dairy 

bloodlines are the main source of beef production in many other parts of the world (Berry, 2021). 

Experiments have found that cross-breeding dairy and beef breeds does not compromise the quality 

of meat produced, and it has been suggested that crossing dairy into beef dams could result in 

greater weaning weights for calves, potentially due to the higher milk production of the cross-bred 

dams (Coleman et al., 2023). It has also been suggested that weaning rate and calving rate may be 

greater in dairy x beef cross animals, though a reason for this is not entirely clear (Nelson et al., 
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1982). However this process of cross-breeding is highly dependent on the benefit it can provide to 

a dairy system, namely increased income over cost of breeding (Pereira et al., 2022). As such, 

research into cattle in the US is segmented along these production lines. Dairy cattle are intensively 

managed and selected for milk production while beef breeds are selected and managed for growth 

and carcass quality. This high selective intensity, especially in breeds specialized for dairy 

production, has greatly increased yields for production. However, this selection intensity may have 

also increased the fertility issues that cattle face at a commiserate rate (Kadri et al., 2014; NAHMS, 

2014). While both sectors of the industry struggle with these fertility issues, the research presented 

here represents specifically research within the beef sector. 

 

In the US, an average of 40.6% of beef cows are culled for being non-pregnant or for having 

lost a confirmed pregnancy (NAHMS, 2020) and 15% of heifers will fail to conceive during the 

breeding season and are culled [reviewed by (Moorey and Biase, 2020)]. This would suggest that 

between 0.623 million head of beef heifers will reproductively fail while 0.563 million head of 

dairy heifers will reproductively fail. While some of the financial resources used to develop and 

maintain these animals can be recouped when the animal is culled/sold, it is overall more likely 

that there is a net loss to a producer when a breeding animal is removed (USDA, 2021). While 

input costs for heifer development will dictate the net amount of loss an individual producer will 

suffer with each reproductive failure, it has been suggested that for every 1% increase in pregnancy 

failure rate there is a loss of $6.25 per head exposed (Mercadante et al., 2020). Heifers, retained 

and developed for replacement into beef herds, are one of the largest assets a production system 

can have and also represent one of the largest losses a production system can suffer when heifers 

fail to conceive (Moorey and Biase, 2020). Additionally, this reproductive failure represents not 
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just economic loss but the loss of other inputs such as feed, forage, and pharmaceuticals. By 

reducing the incidence of reproductive failure, these resource losses could be reduced, increasing 

efficiency and sustainability of the beef sector. 

I.II. Heifer development and selection 

Studies have shown a link between the mechanics of a first breeding season for heifers and 

for her lifetime productivity, thus development of a heifer from birth to first breeding is important 

to ensuring her fitness for breeding (Moorey and Biase, 2020). Herd levels fluctuate over time, 

due to changes in cattle prices and environmental changes like droughts and drought-easing. Heifer 

retainment rates also change in response to these factors, as well as in response to low performance 

of older breeding cows in a herd (Hughes, 2013). Heifers must be selected from calf crops for 

further development, be subjected to the correct nutritional plane to reach between 55-70% of 

mature body weight prior to their first breeding (Dickinson et al., 2019), and have the correct health 

program applied before her first breeding season (ACES; Mejia et al., 1999). The long generational 

interval of cattle means that under optimum conditions, heifers will be 24 months on average (Bos 

taurus) (Engelken, 2008) or potentially older (Bos indicus) (Cardoso et al., 2020) prior to their 

first parturition. Costs for developing heifers vary depending on the geographical region and 

production system (Hughes, 2013; Boyer et al., 2020). Depending upon the analysis, it has been 

calculated that a heifer must undergo three to four successful breeding seasons (Hindman et al., 

2022) before the cost of her development is matched by the income generated. Other studies have 

suggested that six seasons are preferable to actually produce profit from a breeding female 

(Moorey and Biase, 2020). Boyer et al., in 2020 published an analysis of the profitability of beef 

cattle, raised on endophyte infected tall fescue, over an assumed 11-year production life span, 

noting a cost of $889-$894 (USD) to develop a heifer from dam-breeding to heifer breeding in 
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Tennessee. This review also included analysis of how many calves were necessary for a heifer to 

recover the cost of her development. Boyer et al. notes that if a heifer does not miss a breeding 

season, ~6 calves would recoup her development costs. However, loss of even one breeding season 

increased the necessary number of calves to ~8 (Boyer et al., 2020; Moorey and Biase, 2020). 

Animal selection is a multifaceted decision, dependent on many factors. Phenotypic factors 

like age, weight, body condition score, and reproductive tract score are often considered for 

selection. Estimated breeding value (EBV) and expected progeny difference (EPD) are two 

potential measures of animal value to a breeding system. EBV is the relative value of a particular 

animal in a particular trait (i.e. milking ability or RFI) half of which can hypothetically be passed 

on to their offspring (Martin et al., 2021). EBVs are generated from both the animal in question 

and its relatives. An EPD is a measure of how a particular animal’s offspring are expected to 

perform in a trait when compared to a second animal’s offspring in the same trait in relation to the 

mean of the same trait within the breed. A producer may know the EBV of a particular heifer or 

know the EPD of the dam or sire that she came from and make a decision to retain her because of 

those measures. 

I.II.I. Age 

Age, maturity, and environment play a large role in reproduction and it is commonly 

accepted that females must reach a particular percentage of mature body size before initiating 

puberty and regular reproductive cycling (Senger, 2012). To an extent, a producer can influence 

onset of puberty with diet, feeding, and average daily gain (Schubach et al., 2019) although there 

is also a breed dependent effect on puberty that has not been fully elucidated (Wolfe et al., 1990; 

Canovas et al., 2014). It is also important to avoid excess adiposity (also called over-conditioning) 

which can lead to reduced fertility (Gonzalez-Maldonado et al., 2017; Silvestris et al., 2018). 
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Certain environmental factors can also effect pubertal attainment, as demonstrated by the effect of 

parasite load and ivermectin treatment in dairy cattle (Mejia et al., 1999). 

It has been suggested that heifers allowed to pass through 3 successive estrous cycles have 

greater chance of establishing pregnancy than heifers bred upon first or pubertal estrus (Byerley et 

al., 1987). More recent studies have suggested that a greater number of estrous cycles passed prior 

to first breeding may be reflected by greater rebreeding rates in the second breeding season and 

not necessarily breeding success in the first season (Roberts et al., 2019). Dickinson et al. 

demonstrated that heifers over 368 days old had 87.5% chance of successful conception while 

those that were younger than 368 days old had only a 12.5% chance of the same (Dickinson et al., 

2019). Conception to artificial insemination (AI) was closely linked with age, with increasing age 

in days being correlated with increasing odds of successful pregnancy to AI (Hindman et al., 2022). 

This is in agreement with a study by Marella et al. (2021) which showed that AI-sired heifers had 

greater first-service pregnancy rates than their bull-sired sisters, most likely due to the greater 

maturity of AI-sired females though age at conception was not affected by sire type. A study 

performed in dairy cattle specifically bred for low or high fertility phenotypes found that high 

fertility heifers achieved puberty earlier than low fertility heifers (Meier et al., 2021). In some 

cases, a heifer’s reproductive maturity can be manipulated with exposure to reproductive hormones 

such as progestins or prostaglandins (Wood-Follis et al., 2004; Monn et al., 2019). 

I.II.II. Weight 

The amount of mass that an animal must attain prior to puberty may be controlled by many 

factors, but in cattle it is suggested that puberty will be attained at 50% of body weight (Senger, 

2012). However, animals will achieve puberty at a range of weights and ages (Canovas et al., 

2014). Weight at breeding for heifers is recommended to be between 55-65% mature cow body 
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weight (ACES; Berger and Funston, 2013; Arthington and Moriel, 2021). Heifers managed to be 

at ~50% at the start of the breeding season compared to those managed to be ~60% are less likely 

to pubertal at the start of the breeding season (Funston and Deutscher, 2004). However, these 

lighter heifers may be equally fertile, as there are no significant differences in pregnancy rates 

between the two cohorts at the end of the breeding season (Funston and Deutscher, 2004). There 

are likely genetic factors involved in puberty attainment age as a study of dairy heifers found that 

despite not showing differences in body weight, heifers with greater fertility achieved puberty at 

younger ages (Meier et al., 2021). It is believed that signaling molecules such as leptin (Senger, 

2012; Cardoso et al., 2020) insulin like growth factor 1, and insulin may play a role in signaling 

that an animal has reached appropriate body mass for puberty (Cardoso et al., 2020).  

Dickinson et al. found that weight at weaning had very little effect on breeding outcomes 

(pregnant to AI, pregnant to natural service, not pregnant at end of season), when considered as a 

selection tool for replacement heifers (Dickinson et al., 2019). However, Hindman et al. that found 

that average daily gain (ADG) and weight at breeding were significantly linked to success of first 

AI (Hindman et al., 2022). These results support the important role of nutritional management 

post-weaning to achieve puberty onset prior to the first breeding season. Meier et al. as well found 

that body weight was significantly different between high-fertility EBV heifers and low-fertility 

EBV heifers by 21 months of age, due to differences in ADG between the two cohorts (Meier et 

al., 2021). While not measured as often as factors such as BCS and RTS, frame score and pelvic 

measurements are important metrics for maturity and must be considered with weight, as animals 

with larger frames require more time to achieve sufficient body weight for cycling (Hindman et 

al., 2022).  
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Weight can negatively impact reproduction and there are linkages between obesity and 

inflammatory states. Adipose tissue acts as an endocrine organ, secreting factors called adipokines, 

amongst which are TNFα, IL-6 (Silvestris et al., 2018) and leptin (Cardoso et al., 2020). Phillips 

et al. (2018) found that low-performing Bos taurus beef heifers had higher expression of mRNA 

transcripts for TNFα and IL-6 in their peripheral white blood cells (pWBCs) when compared to 

high-performing beef heifers though they did not note any significant differences in body weight 

and BCS. Vailati-Riboni et al. (2016) found that dairy cattle with higher BCS in the periparturient 

phase also had higher expression of genes for IL-6 and TNFα in subcutaneous adipose tissue. 

Studies in humans have linked obesity to inflammation as well, and reduction in reproductive 

efficiency (Silvestris et al., 2018). High percentage body fat has been linked to dysmenorrhea and 

oligomenorrhea in humans, as well as altered steroidogenesis at the ovarian levels and reduced 

feed intake [ as reviewed by (Silvestris et al., 2018)]. Another study in humans linked obesity to 

higher levels of high-sensitivity C-reactive protein (hsCRP) and high-sensitivity interleukin 6 

(hsIL-6), leading to chronic low-grade inflammation (Cussotto et al., 2020). In the same study, 

hsCRP and hsIL-6 was negatively correlated with plasma levels of tryptophan and indole-related 

metabolites (Cussotto et al., 2020). 

I.II.III. Body condition score 

Along with body weight, body condition scoring (BCS) is a common metric for judging 

health and fitness of cattle. In dairy cattle, the scale is 1 to 5, with increments of 0.25 (Ishler et al., 

2016). In beef cattle the score is from 1 to 9 and usually whole numbers are assigned, though 

occasionally increments of 0.5 are seen (Wilke et al., 2023). BCS is a judgement of relative 

‘fatness’ of an animal based upon the exposure of certain skeletal markers, such as pin bones and 
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ribs (Ishler et al., 2016). In both scoring systems, a score of 1 means an animal is emaciated, while 

a high score means an animal is over-conditioned or obese (Ishler et al., 2016;Wilke et al., 2023). 

It has been widely shown that animals are most reproductively successful when their BCS 

is not at either extreme, being over- or under-conditioned. Marques et al. (2022) found that in beef 

heifers and cows a BCS less than 4 had a significantly negative effect on conception rates. This is 

in agreement with Guzman et al. (2016) that found beef females were more reproductively 

successful when BCS was between 4-6. Marrella et al. (2021) is also in agreement with this data, 

showing that animals with a BCS of 5-6 have a greater chance at conception following a first 

parturition and lactation. Liles et al. (2022) also agrees with the positive effect of BCS on 

pregnancy rates, as there was a positive correlation of BCS in their study with pregnancy 

attainment to AI breeding. On the contrary, BCS is not a good prognostic indicator for breeding 

success when the BCS 5-6 guideline is met (Dickinson et al., 2019) and was not different between 

high-fertility EBV heifers and low-fertility EBV dairy heifers (Meier et al., 2021). 

I.II.IV. Reproductive tract score 

Reproductive tract scoring (RTS), like BCS, is a measure of the maturity and cyclic status 

of structures relating to reproduction in females. As described by Rosenkrans and Hardin (2003), 

a score of 1 for an RTS describes a female that is reproductively immature, having no uterine tone 

or palpable ovarian structures. A RTS 2 heifer would have no uterine tone and follicles of less than 

8mm; an RTS of 3 would have slight uterine tone and follicles of 8-10 mm. Heifers with a score 

of 1-3 are considered prepubertal. RTS 4 describes a female with good uterine tone, horn diameter 

of 30 mm or more, and palpable follicles of greater than 10 mm on the ovary; and RTS 5 has a 

palpable corpus luteum on the ovary (Rosenkrans and Hardin, 2003). 
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Gutierrez et al. (2014) showed in a several year study that heifers with an RTS of 3 had a 

7.6% higher chance of establishing pregnancy following AI when compared to heifers with an RTS 

of 2 or lower. Heifers of RTS 4 and 5 were 16.9% and 23.9%, respectively, more likely to establish 

pregnancy to AI than heifers of RTS 2 or lower (Gutierrez et al., 2014). In the same study, it was 

shown that animals with RTS of 1-2 had greater chances of establishing pregnancy when exposed 

to a bull and that heifers with higher RTS earlier in the breeding season were less likely to be non-

pregnant at the end of the breeding season (Gutierrez et al., 2014). Dickinson et al. (2019) showed 

that RTS failed to fully predict animals that conceived to AI compared to those that conceived to 

natural service bulls or non-pregnant at the end of the breeding season, this along with BCS and 

age at AI. This is supported by Hindman et al. (2022) who found no differences between RTS in 

heifers that conceived to AI and all others in their study, however this similarity was suggested to 

be due to producer selection. Holms et al. (2015) showed that reproductive tract score is predictive 

of success in the first breeding season and in the second breeding season but may not be predictive 

of long term reproductive success. In this same study, body weight and age were not different 

between RTS categories (Holm et al., 2015).  

I.III. Reproductive management programs for beef and dairy  

With the advent of assisted reproduction technologies there are several possibilities for how 

a heifer can become pregnant, such as AI, natural service (NS) by a bull, or embryo transfer (ET). 

The extent to which these technologies are utilized is highly dependent on type of production 

system (i.e. dairy versus beef) and upon the herd size in question (small herds, 1-49 head; medium 

herds, 50-199 head; large herds, 200+ head) as larger herds are more likely to utilize assisted 

reproductive technologies (ARTs) (NAHMS, 2020). The USDA National Animal Health 

Monitoring System (NAHMS) reported that only 15.1% of first-calf heifers in beef production 
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were bred using both AI and NS bulls. It reported that 95.5% of beef cows were bred solely to 

bulls and 5.2% were bred to AI and to NS bulls (NAHMS, 2020). Additionally, 58.7% of 

production systems did not identify as using a defined breeding season (separation of males and 

females for at least 30 days out of a year) (NAHMS, 2020). Without a defined breeding season 

many ARTs are not accessible to producers. In beef production systems, only 37.5% of production 

systems use at least one reproductive technology such as ES, AI, pregnancy diagnosis, pelvic 

measurements, BCS, semen evaluation, or embryo transfer (NAHMS, 2020). This is in contrast to 

the majority of dairy systems, in which 89.3% of systems use any AI, 46% use strictly AI, and 

43.4% use AI and natural service (NAHMS, 2014). Additionally, dairy systems are much more 

likely to utilize pregnancy diagnosis to ensure conception of cows and heifers, 98.8% of dairy 

production systems in 2014 reported using some kind of pregnancy diagnostics, 70.6% by rectal 

palpation, 44.1% by ultrasound, and 91.7% either rectal palpation or ultrasound (NAHMS, 2014). 

I.III.I. Bull breeding 

Bull breeding, as the ‘traditional’ breeding system for cattle production is mostly defined 

by how it is not an ART. Notably, many production systems use natural service and do not have 

defined breeding seasons (58.7% in beef production), suggesting that in these systems the bulls 

are maintained with the breeding cows throughout the year and allowed to breed whenever a cow 

or heifer is in estrus regardless of season. If this system is well-managed, there is no reason it is 

not a viable option for producers. However, bull power must be carefully managed to avoid 

decreases in calf crops due to poor bull to cow ratios, and inbreeding depression must be avoided 

by either changing the bull or in not retaining replacement females from the producer’s own dams 

(NAHMS, 2020). Bull breeding can also be combined with defined breeding seasons, simply by 

maintaining bulls and females separately for at least 30 days out of the year (NAHMS, 2020). This 
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system conveys the benefits of a defined breeding season on calf crop (more uniform calf crops at 

sale and more uniform nutritional and health management programs for the herd) without the 

added cost of AI equipment, labor, and facilities (NAHMS, 2017). Bull breeding can be leveraged 

with synchronization protocols as well, where females are exposed to progestins and 

prostaglandins to synchronize estrous cycles prior to a period of exposure to a bull with the intent 

of increasing earlier conception in the breeding season (Baruselli et al., 2018). However, this 

practice is not widespread within the US. 

I.III.II Artificial insemination and estrous synchronization 

AI is more widely used in the dairy industry than the beef industry (98.8% in dairy, 11.6% 

in beef). This wide gap is created mostly by the more intensive handling of dairy cattle, higher 

culling rates (30% in dairy, 13% in beef), and the overall greater infrastructure available on dairy 

farms (NAHMS, 2017). AI requires greater labor and higher skill from a producer, however it can 

improve breeding and production programs by reducing bull power, integrating sires of great 

genetic merit and the introduction of specific traits (maternal traits or terminal traits) (NAHMS, 

2017). It should be noted however that financial comparisons between natural service systems and 

ART systems (ES-AI) can be a net zero, especially if there are no genetic gains by using AI (such 

as increased weaning weight or increased carcass quality) (Hall, 2019). 

Estrous synchronization (alternatively called estrus synchronization, ES) involves 

exogenous manipulation of the natural hormone cycle of female animals. There are numerous ways 

to synchronize estrous, some using only one factor and some using numerous. Exogenous 

hormones used in estrous synchronization include prostaglandins like PGF2a, progestins 

(progesterone or analogs), and GnRH or analogs (Marques et al., 2022). ES can be utilized in 

natural service systems but most usually is combined with AI (Xu et al., 1998). Types of AI include 
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fixed-time AI (FTAI), estrus detection and AI (E-AI) and a combination of estrus detection and 

timed AI (E-TAI) (Xu et al., 1998). Estrus detection can be done simply, using observation, 

detector animals, or detection technologies like painting, mounting patches, or with more 

sophisticated and technological methods like pressure sensors and radio transmissions (Xu et al., 

1998). Baruselli et al. (2018) suggests that use of estrous synchronization in conjunction with 

timed AI followed by exposure to a natural service bull (ES-TAI-NS) can increase pregnancy rates 

at the end of the breeding season when compared to estrous synchronization with heat detect and 

AI (ES-ED-AI) and natural service only (NS). This is due to the fact that ES increases the number 

of cycles an animal can complete within a breeding season and TAI removes human error in 

diagnosing estrus behavior  (Baruselli et al., 2018).  

In addition to estrus detection, other determinations can be made at breeding or AI to 

determine the likelihood an animal is in estrus, such as elevated rectal temperature which in two 

studies was positively correlated with pregnancy to AI rates in both Bos taurus and Bos indicus 

cattle (Liles et al., 2022).  

I.IV. Cattle reproductive failure 

Reproductive success in production animals can be defined as establishment of pregnancy 

and production of a live offspring following gestation. Depending on species (puberty attainment, 

gestation length) and production system (dairy, beef), the definition of reproductive efficiency 

changes. However, reproduction and failures of reproduction are complex and multi-trait 

processes.  

I.IV.I Endogenous causes of reproductive failure 

Endogenous factors affecting reproductive success can arise from numerous factors 

including genetic, epigenetic, and metabolic. Arishima et al. showed a linkage between repeat 
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breeding (failure to establish pregnancy after repeated confirmed inseminations) and a single-

nucleotide polymorphism (SNP) upstream of the FOXP3 gene on the maternal X chromosome in 

Japanese Black cattle (Arishima et al., 2017) which was hypothesized to be due to the interaction 

of FOXP3 with the appropriate function of Treg cells. In humans, polycystic ovary syndrome 

(PCOS)is a complex and multifaceted endocrine-related dysfunction that can alter fertility (Zhao 

et al., 2012; Jozkowiak et al., 2022; Tian-Min et al., 2022). Symptoms and etiologies of PCOS are 

highly variable, including hyperinsulinemia, hyperandrogenism, ovarian resistance to 

gonadotropins, and altered ratios of LH and FSH (Jozkowiak et al., 2022). Interestingly, a small 

population of cattle have been discovered with high androgen levels present in follicular fluid, 

with altered expression of AMH and genes relating to cell proliferation (McFee et al., 2021). In 

this same subpopulation of animals, it was judged that they tended to be less fertile, but the 

reduction was not statistically significant (Summers et al., 2014). Indoleamine 2,3-deoxygenase 

(IDO) is a rate limiting enzyme in the tryptophan-kynurenine pathway and this pathway is 

suggested to be impacted in obesity and PCOS (Zhao et al., 2012; Cussotto et al., 2020) as well as 

in infection or inflammation (Cussotto et al., 2020; Zhao et al., 2020). IDO is also linked to 

pregnancy establishment, specifically within the MRP period (maternal recognition of pregnancy) 

and alters trophoblastic proliferation, migration, and invasion (Zong et al., 2016). Dysregulation 

of IDO has been linked to recurrent spontaneous abortion in humans (Zong et al., 2016) and repeat 

breeding in Holstein dairy cattle (Funeshima et al., 2021). Other amino acids and amino acid 

metabolism pathways have been linked to successful reproduction, such as lysine in cattle 

(Kusama et al., 2022) and histidine in human follicular fluid (Huang et al., 2022a). It has been 

suggested that levels of amino acids within the uterine lumen is important for successful pregnancy 

attainment (Meier et al., 2014). It has also been suggested that size of the corpus luteum formed in 
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ovulation may have an effect (via produced levels of progesterone) on these amino acid levels 

within the uterine lumen as well as affecting expression of genes relating to amino acid metabolism 

and transport (Franca et al., 2017). 

I.IV.II. Exogenous causes of reproductive failure 

Reproduction as a high-energy process is affected by the environment and exogenous 

factors like heat stress (Diaz et al., 2021), toxins (Henley et al., 2021; Sabry et al., 2022), and 

infectious disease (Singh et al., 2004; NAHMS, 2020).  

Plant based estrogens (phytoestrogens) and estrogenic homologs (such as bisphenyl A) can 

act as endocrine disrupting chemicals (EDC) and have been found to affect reproduction in male 

and female subjects (Jozkowiak et al., 2022). Bisphenols (BPA, BPF, BPS) are a class of chemicals 

commonly used in plastics and plastic products (Jozkowiak et al., 2022; Sabry et al., 2022) and 

were shown to induce higher levels of mitochondrial stress and activation of antioxidant genes in 

bovine granulosa cells, though protein expression of antioxidant enzymes was not as heavily 

effected (Sabry et al., 2022). Studies have also shown the disrupting effect of chemicals like 

phthalates, also used in plastics, and glyphosate, a chemical commonly found in pesticides 

(Jozkowiak et al., 2022).  

In cattle, one of the most common toxicological and environmental factors encountered is 

tall fescue (Schedonorus arundinaceus) and its symbiotic endophyte Epichloë coenophiala (Lucas 

et al., 2021). Tall fescue is one of the most common cool season forages grown in the Eastern 

regions of North America and commonly used globally in temperate climates (Stuedemann and 

Hoveland, 1988). However, endophyte colonization of tall fescue can have severe negative effects 

on animal performance. A long noted and studied phenomenon called fescue toxicosis 

(Stuedemann and Hoveland, 1988) caused by the production of ergot alkaloids by the endophyte, 
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which are more highly produced when a stand is stressed (Lucas et al., 2021). Clinical symptoms 

include exacerbating heat stress due to altered hair coat shedding, vasoconstriction and necrosis of 

extremities and visceral adipose tissue (Stuedemann and Hoveland, 1988; Lucas et al., 2021).  

Heat stress is another well-documented deregulator of reproduction, that results in lower 

pregnancy rates. Cattle under heat stress have been shown to produce oocytes of lower overall 

quality when under heat stress compared to being at temperature neutral conditions (Diaz et al., 

2021). As previously stated, heat stress can also be exacerbated by interactions with tall fescue 

grazing (Lucas et al., 2021).  

Cattle can also suffer reproductive failure from infection or exposure to disease. 

Tritrichomonas foetus is a protozoan parasite that bulls can become permanently infected with that 

they then spread through sexual contact to females (NAHMS, 2020), which then can lead to female 

infertility and late-term abortion (Singh et al., 2004) a condition termed trichomoniasis. Piersanti 

et al. (2019) showed in an in vitro study that exposure of granulosa cells and cumulus-oocyte-

complexes to LPS (lipopolysaccharide) had a significant effect on the transcript levels of 92 genes 

related to oocyte health. 

I.V. Predictive biomarkers 

Discussed above are numerous and multi-faceted ways that endogenous and exogenous 

factors can affect fertility, however many of them do not have apparent and readily visible effects 

outside of reproductive failure. When a heifer suffers even her first reproductive failure, she has 

already reached 13-14 months old (Bos taurus) and has already significantly cost the developer 

resources and time (Boyer et al., 2020). Thus, it is desirable to discover and validate biomarkers 

for high-performing and fertile female animals to avoid some of the losses accrued with conceptive 

failure. The World Health Organization (WHO) has defined a biomarker as “any substance, 
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structure or process that can be measured in the body or its products and influence or predict the 

incidence of outcome or disease.” (2001). Biomarkers can be directly related to genetic structures, 

such as in SNPs (Arishima et al., 2017; Stegemiller et al., 2021; Mora-Palazuelos et al., 2022), 

related to transcript expression of genes, expression of genes into functional proteins (Kusama et 

al., 2022), and related to circulating levels of metabolites (Tian-Min et al., 2022). The rest of this 

review will discuss various studies in light of potential biomarker discovery for reproductive 

failure. 

I.VI. Plasma immunoglobulins as predictive of reproductive performance 

I.VI.I. Interactions of reproduction and immunity 

Reproduction and fertility are intrinsically linked with immune response and inflammation. 

Inflammatory signals are integral to the regular cycling of females (such as the activity of the 

cytokine TNFα in luteolysis) (Senger, 2012) and maternal immune recognition of an allogenic 

fetus for correct establishment of pregnancy (Tsuda et al., 2021). 

Innate immunity is the first line of defense of an organism and is ‘un-targeted’ and ‘un-

adaptive’ as cells of the innate immune system respond to commonly expressed molecular patterns 

present on the surface of common pathogens (Janeway et al., 2001). Upon activation, cells of the 

innate immune system secrete cytokines to signal for continuing immune response (Janeway et al., 

2001). Cytokines are small molecules that act as cellular messengers and trigger inflammatory and 

immune responses (Berger, 2000). Cytokines can be broadly grouped into Th1 (inflammatory, such 

as IFNy, IL6, and TNFa) and Th2 (anti-inflammatory, IL10, IL4, IL13) (Berger, 2000). 

Some pathogens can rapidly evolve to escape the pattern recognition ability of the innate 

immune system, or like viruses, do not express such patterns at all (Janeway et al., 2001). The 

adaptive immune system has evolved to capture and react to these pathogens. This process begins 
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with dendritic cells encountering and capturing a pathogenic cell. The dendritic cell then undergoes 

maturation into an antigen-presenting cell (APC) and begins to alter lymphocytes. Lymphocytes 

arise from bone-marrow (B-lymphocytes/B-cells) and the thymus (T-lymphocytes, T-cells).  B-

cells are more closely linked with antibody-mediated response and humoral immune response and 

T-cells are more closely linked with cell-mediated immune response. Mature B and T cells are 

programmed by dendritic cells to be specifically reactive to whatever antigen they are presented 

with and secrete cytokines[as covered by (Janeway et al., 2001)].  

B-cells produce and secrete glycoprotein antibodies upon activation, antibodies that are 

highly specific for the same antigens as their parent B-cell (Janeway et al., 2001). These secreted 

antibodies are free versions of B-cell antigen receptors (Janeway et al., 2001). Antibodies are 

capable of binding to pathogens and toxins and marking them for opsonization (destruction) or 

simply blocking them from binding to cells. The FC chain of the antibody can also trigger 

complement activation to remove the pathogen via renal podocytes (Janeway et al., 2001). 

Cytokines are broadly grouped by activity, either being pro-inflammatory or anti-

inflammatory (Berger, 2000). Th1 cytokines are broadly speaking inflammatory (IL6, TNFa, 

IFNy) and Th2 cytokines are broadly speaking anti-inflammatory (IL10, IL13, IL4) (Berger, 2000). 

If there is too much of one set of cytokines present, side effects of tissue damage (Th1) or the 

blocking of microbicidal activity (Th2) can be observed (Berger, 2000). Thus, a balance of 

Th1/Th2 response is desirable.   

I.VI.II. The Th1/Th2 response in pregnancy 

In early pregnancy, the Th1/Th2 cytokine environment is altered, with downregulation of 

the Th1 response and an upregulation of the Th2 response (Corpron et al., 2021). Pre-eclampsia, a 

hypertension related syndrome of human pregnancy, has been related back to alterations in the 
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Th1/Th2 cytokine balance and inflammatory cytokine production, such as SNPs present in 

inflammatory cytokines like TNFα and IL-6 (Mora-Palazuelos et al., 2022). Th1-dominated 

immune response (inflammatory) is implicated in poor placentation and the exacerbated 

inflammatory response that characterizes pre-eclampsia (Mora-Palazuelos et al., 2022). 

Progesterone levels may be important to controlling the Th1/Th2 balance, as progesterone 

supplementation to PBMC (peripheral blood mononuclear cells) cultures reduced the production 

of inflammatory signals and increased the production of anti-inflammatory ones (Raghupathy et 

al., 2005; Raghupathy, 2013). 

In cattle, it has been shown that PBMC under the influence of interferon tau (IFNτ) 

increased production of IL-10 (Th2) in animals that correctly established pregnancy compared to 

animals with early embryonic death and animals that did not conceive (Shirasuna et al. 2012). In 

this same study, production of TNFα (Th1) by PBMC was steady in animals that established 

pregnancy, suffered early embryonic death, or did not conceive (Shirasuna et al., 2012). Phillips et 

al. (2018) found increased levels of IL6 and TNFα mRNA in the pWBCs of beef heifers that failed 

to conceive when compared to fertile controls. In humans, adipocyte-produced TNFα has been 

related to obesity-impacted fertility issues (Silvestris et al., 2018). 

I.VI.III. Immunoglobulin relation to Th1/Th2 response 

As previously discussed, B-cells (as cells of the adaptive immune system) produce 

antibodies upon activation by cytokines (Janeway et al., 2001). Antibodies produced by B-cells 

can then bind to antigens and activate the complement system, tag antigens for opsonization, or 

prevent antigens from binding to target cells (Janeway et al. 2001). Immunoglobulin G (IgG) 

occurs in four subclasses (IgG1, IgG2, IgG3, IgG4) and is the most abundant antibody in serum 

(Vidarsson et al., 2014). IgG1 is related to the Th2 response and IgG2 to the Th1 response (Corpron 
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et al., 2021; Hernandez-Davies et al., 2022). As the IgG subclasses maintain relatively stable 

fractions to one another in a healthy state (Vidarsson et al., 2014) an IgG2/IgG1 ratio of greater 

than 1 can be defined as activation of a Th1 response and increased TNFα and INFγ increased the 

ratio of IgG2/IgG1 (Rittipornlertrak et al., 2022). A higher ratio of IgG2 to IgG1 was demonstrated 

by Corpron et al. to be negatively correlated to establishment of pregnancy to AI service in 

primiparous and multiparous beef cattle (Corpron et al., 2021). Ratios of IgG2 to IgG1 have also 

been suggested to be prognostic of disease risk in the periparturient period, due to the altered 

IgG1/IgG2 balance created by onset of lactation (Tsai et al., 2021).  

I.VII. Metabolomics 

I.VII.I. What is a metabolome? 

-Omics is the study of global populations of biologically significant molecules (Conesa and 

Beck, 2019) and includes the fields of genomics, metagenomics, epigenomics, transcriptomics, 

proteomics, metabolomics, and lipidomics (Chakraborty et al., 2022). At the conception of the 

technique, usually only one form of assay was the research focus (for example, metabolomics) and 

created single-omics data, but in recent years multi-omics data, or the combination of assays (for 

example transcriptomics and metabolomics (Tian-Min et al., 2022)) is more commonly generated 

(Conesa and Beck, 2019). Metabolomics is the global study of small molecular weight molecules 

present in biofluids like plasma, urine, or serum, or within tissues or cells (Wishart, 2005). 

Metabolomics can be applied either in untargeted discovery studies (Phillips et al., 2018) or in 

highly targeted studies focused on a specific chemical class of metabolites (Cussotto et al., 2020). 

There are a number of potential platforms that can be used in a metabolomics study each with 

advantages and disadvantages that must be taken into account [as reviewed by (Blaurock et al., 

2022)]. Proton nuclear magnetic resonance (1H-NMR) analyzes metabolites by the characteristic 
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shifts of functional groups and provides quantitative data but is insensitive to molecules present in 

very small quantities. High performance liquid chromatography mass spectrometry (HPLC-MS) 

is the most commonly used system in metabolomics and utilizes a solvent and stationary phase to 

separate metabolites and mass spectrometry to detect metabolites. HPLC-MS is broadly sensitive 

as well, with a wide linear dynamic range. However, the solvent phase can theoretically interfere 

with proper observation of metabolites. Gas chromatography mass spectrometry (GC-MS) uses 

small sample sizes and does not require high volumes of liquid solvent like HPLC-MS. GC-MS is 

also highly sensitive to small concentrations of metabolites and can be applied in targeted and 

untargeted studies, however it only provides qualitative information. (Blaurock et al., 2022). 

I.VII.II. Metabolome use in biomedical sciences 

Metabolomics has been utilized in numerous fields and types of study, and has been often 

applied to studies of disease and healthy states (Wishart, 2005; Zhao et al., 2012; Hailemariam et 

al., 2014; Broughton-Neiswanger et al., 2020; Arshad et al., 2022; Tian-Min et al., 2022; Zhang et 

al., 2022b); toxicological studies (Broughton-Neiswanger et al., 2020; Gaskins et al., 2021; Hou 

et al., 2022; Hwang et al., 2022); and studies of biological states (Guo and Tao, 2018; Bai et al., 

2020; Funeshima et al., 2021; Huang et al., 2022a). 

As discussed by Wishart, metabolomic profiling to diagnose the failure of transplantation 

has shown diagnostic promise as changes in metabolites may be precursors to other signals of 

rejection (Wishart, 2005). Similarly Tian-Min et al. performed a study of miRNA profiles and 

metabolomic profiles in patients with PCOS and found 157 miRNAs and 31 metabolites changed 

between case profiles when compared to healthy controls (Tian-Min et al., 2022). Hailemariam et 

al. showed metabolomic profile changes related to the development of postpartum diseases like 

metritis and mastitis in dairy cattle (Hailemariam et al., 2014). In this study, changes in 
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metabolomic profiles were noted as early as 4 weeks prepartum which was suggested to be used 

as a marker of risk for the development of such conditions (Hailemariam et al., 2014). 

In women undergoing ART (assisted reproduction techniques) environmental exposure to 

nitrous oxide, particulate matter, and black carbon (common air pollutants in urban areas) were 

correlated to changes in metabolite profiles of follicular fluid and success of ART procedures 

(Hwang et al., 2022). Gaskins et al. utilized serum metabolomics to examine the chance of live 

birth from ART with air pollution as a factor, finding changes in metabolite profiles related to 

exposure to air pollution, including alterations in tryptophan metabolism (Gaskins et al., 2021). 

Fatty liver disease has severe impacts on dairy cattle production in the postpartum period 

and is difficult to diagnose (Zhang et al., 2022b). Using urine, feces, and serum metabolomic 

profiling in conjunction with liver biopsies it was shown that 10 metabolites were significantly 

changed between fatty liver disease animals and healthy animals (Zhang et al., 2022b). It has been 

suggested that metabolomic profiles and changes in profiles may be affected by breed or breed-

type, as shown in Hu et al. (2022) that studied metabolomic changes in Inner-Mongolia Sanhe 

cattle and Holstein cattle exposed to acute cold stress.  

I.VII.III. Metabolomics in female fertility 

Biomarkers are of the most use when present in an easily accessible location. Blood is the 

most readily available tissue and has been shown to be descriptive of certain tissues in dysbiosis 

(Basu et al., 2021). Previously, transcriptomic analysis of pWBC populations has been 

discriminatory of heifer reproductive potential both at weaning and at AI (Dickinson et al., 2018; 

Banerjee et al., 2023). Expression of IDO in pWBC has been linked to reduced kynurenine levels 

in plasma of subfertile cows (Funeshima et al., 2021) and a well-known metabolite-organ 

interaction that can be used for diagnostics would be blood glucose levels be descriptive of 
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pancreatic β-cell health. The blood-follicle barrier (BFB) shows differences in permeability 

throughout development and may be altered in reproductive disease and dysfunction (Siu and 

Cheng, 2012). The BFB is passively selective against molecules greater than 500 kDa (Siu and 

Cheng, 2012) but also actively selective against some proteins, such as inter-alpha-trypsin inhibitor 

protein which is not found inside the follicle prior to the ovulatory GnRH surge even though it is 

225 kDa (Powers et al., 1995). This was shown to be due to the activity of NO (nitric oxide) that 

can also be increased under oxidative stress conditions (Abdoon et al., 2023) that may suggest that 

increased stress and increased nitric oxide could affect the permeability and accessibility of the 

ovarian follicle. Metabolite passage over the BFB is most likely passive due to the similarities of 

electrolytes between plasma/serum and follicular fluid (Gosden et al., 1988) with a blockade of 

diffusion of metabolites back out of the follicle. However, there may also be active transport of 

some metabolites over the BFB, such as boron which is greater in follicular fluid than in serum 

despite its low molecular weight (10 Da) (Zhang et al., 2022a). It has been suggested that there are 

structural and permeability/selectivity differences in the BFB in a mouse model of PCOS (Zhou et 

al., 2008). 

I.VII.III.a. Blood plasma 

Polycystic ovary syndrome (PCOS) is a multi-trait, multi-system endocrine disruption of 

normal ovarian function. Zhao et al. (2012) explored blood plasma metabolite profiles of women 

with PCOS compared to healthy controls. This study showed upregulation of lactate, ornithine, 

tryptophan, and low-density lipoprotein, suggesting alterations to carbohydrate, protein, and lipid 

metabolisms in PCOS (Zhao et al., 2012). Also, in humans, the relationship of indole metabolites 

(tryptophan, serotonin, kynurenine, indole-3-lactate, etc.) in blood plasma were explored in 
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relation to obesity and chronic low-grade inflammation, showing a negative correlation between 

inflammation and tryptophan in plasma (Cussotto et al., 2020).  

I.VII.III.b. Plasma and follicular fluid 

Follicular fluid is formed by extrusion of plasma through the basement membrane of the 

follicle, secretions from the granulosa, and from the oocyte itself, and is an important medium for 

oocyte health and development (Horn et al., 2022). As such, follicular fluid is a common medium 

for metabolomic studies in humans, less for biomarker discovery and more for elucidating 

underlying changes in metabolism. Depending on the platform utilized, the number of identified 

features and the number of overlapped features varies. Also dependent on platform is which 

biofluid is more feature dense (Hood et al., 2022). Hood et al. (2022) utilized two types of 

platforms and identified 1,928 features and 1,149 features that overlapped between follicular fluid 

and serum. In cattle, a study utilized ultra-high performance liquid chromatography procedures 

and identified 38 features in follicular fluid and 50 features in serum and 32 overlapped (Horn et 

al., 2022). More direct studies of particular metabolites and ions such as β-hydroxybutyrate, 

sodium, and NEFAs have been performed between plasma and follicular fluid as well (Leroy et 

al., 2004). In human studies, Xia et al. found differences in the follicular fluid of women with 

successful IVF cycles when compared to women with repeated failure of IVF, including elevated 

levels of cysteine, lysine, and ornithine (Xia et al., 2014). Huang et al. applied follicular fluid 

metabolomics to study the differences between a younger cohort of women undergoing ART and 

an older cohort; amongst their findings was an elevated level of histidine in older women’s 

follicular fluid (Huang et al., 2022a). 

I.VII.IV. Metabolomics in agriculture and livestock sciences 
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Phillips et al. (2018) used plasma metabolomic profiling to examine the differences 

between high-performing (fertile) and low-performing (infertile) cross-bred beef heifers. In this 

study, levels of the amino acids tryptophan, kynurenine, lysine, histidine, cystine, and ornithine 

were lower in infertile animals when compared to fertile animals at the time of AI (Phillips et al., 

2018). Kusama et al. (2022) used linked proteomic analysis with serum metabolomic profiling to 

study successful or non-successful fetal implantation in cattle, finding an alteration in the 

expression levels of a protein related to intracellular trafficking and in some amino acids, like 

serine, phenylalanine, alanine, and lysine. On day 20 of this study, serum levels of lysine were 

higher in successful animals (Kusama et al., 2022). 

As failure to breed in livestock species, especially cattle can have high economic 

consequences for producers (Boyer et al., 2020), there is considerable research into predicting, 

preventing, and selecting high performing females. Fernandez-Hernandez et al. (2022) compared 

equine follicular fluid from post-mortem ovaries to two common IVM medias using metabolomic 

processes with intent to improve the makeup of IVM/IVF media to be more similar to the intrinsic 

growth media of follicular fluid. Bai et al. (2020) used follicular fluid analysis of dairy cattle to 

study the difference between cows in lactational anestrous and healthy controls. Fourteen 

metabolites were significantly altered between groups, including glutamine and arachidonic acid 

(Bai et al., 2020). Repeat breeding is an issue in dairy cattle (multiple confirmed inseminations but 

no pregnancy) and has been linked by plasma metabolomic profiling to tryptophan metabolism via 

the metabolite kynurenine that was decreased in repeat breeders (Funeshima et al., 2021) which is 

in agreement with Phillips et al. (2018) that also found decreased levels of kynurenine in low-

performing beef heifers. In the same study, arachidonic acid levels were found at lower levels in 

repeat breeding cohort compared to the healthy controls (Funeshima et al., 2021). Guo and Tao 
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(2018) showed metabolomic changes in bovine plasma in the early part of pregnancy, with changes 

in profiles between AI and Day 17 of pregnancy, AI and Day 45 of pregnancy, but no significant 

difference between Day 17 and Day 45 by OPLS-DA modeling.  

Obesity has been shown to be a disrupter of female fertility (Silvestris et al., 2018) and 

studies in cattle have shown that high BCS can have negative effects on pregnancy rates (Guzman 

et al., 2016; Marrella et al., 2021; Marques et al., 2022). Horn et al. studied the differences in serum 

and follicular fluid metabolomes in lactating beef cattle with divergent BCS, discovering changes 

in serum relating to BCS, but perhaps a buffering effect of the follicle against those changes as 

there were no significant changes in follicular fluid in response to BCS (Horn et al., 2022). 

In swine, Fletcher et al. (2022) used saliva, urine, and serum metabolomic profiles to study 

differences between high-fertility sows (high litter numbers) and low-fertility sows (low litter 

numbers), showing altered amino acid, fatty acid, and steroid hormone metabolism between high-

fertility animals and low- fertility animals including down-regulated kynurenine in saliva and 

down regulated histamine in serum of high fertility sows, as well as upregulated tryptophan in 

serum of highly fertile sows. This study also suggests that urine metabolite profiles may out-

perform salivary or serum metabolite profiles for predictive accuracy based on PLS-DA modelling 

(Fletcher et al., 2022). Mo et al. (2021) reported 18 metabolites at different levels in follicular fluid 

from atretic and healthy follicles, including altered levels of amino acids and lipids. 

I.VIII. Impacts conclusions, and implications 

It has been shown that, while useful tools for making selection decisions, age, weight, BCS, 

and RTS are not perfect prognostic tools to select the most fertile females and as such, biomarkers 

and selection tools with greater predictive accuracy are needed in animal production. Identification 

of biomarkers at early time points (i.e. weaning) in heifer development would benefit producers 
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by identifying fertile heifers prior to investment in her development, growth, and first breeding 

season. Along with biomarkers for development and fertility, biomarkers for health and wellness 

could provide benefit to cattle producers by identifying animals with subclinical disease and 

dysbiosis. 

Numerous studies have linked immune response and inflammation to pregnancy, validating 

the study of immunological markers as biomarkers for fertility. Highly available antibodies in 

circulation are desirable as metrics of fertility and subclinical disease but have not yet been 

validated in beef heifers. 

Metabolite profiles in both plasma and follicular fluid have been shown to be altered under 

healthy and disease states, and between animals that are fertile and those that are subfertile. 

However, many of these studies have been done at or after breeding, reducing the utility of their 

findings as biomarkers due to the late time point, though the findings are still biologically relevant. 

Ideally, easily testable biomarkers for fertility can be found at earlier time points, such as weaning 

or some months prior to AI. Biomarkers that were accurate and specific in such time points could 

help to reduce waste in animal development, as producers can cull less fertile heifers, and increase 

sustainability by increasing the number of animals produced with the same resources.  
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Chapter II: Plasma Immunoglobulins as Biomarkers of Pregnancy to First Service AI in Bos 

taurus Beef Heifers 

II.I. Abstract 

Immune status is closely and intimately linked to the establishment of pregnancy. 

Activation of the innate immune system or the adaptive immune system and dysregulation of the 

Th1/Th2 cytokine balance has been linked to reproductive failure in humans and animals. This 

study sought to determine whether highly abundant plasma immunoglobulins can serve as easily 

accessible biomarkers for reproductive performance in beef heifers when tested shortly before AI. 

Sixty-two virgin heifers were estrous synchronized and bred by heat detection and AI, and blood 

samples were taken at the start of the estrous synchronization period. Twelve heifers each were 

chosen for further testing due to establishing pregnancy to first service AI or for conceiving late or 

not at all during the breeding season. Blood plasma levels of IgG1 and IgG2 were tested using 

SDS-PAGE and Western blotting methods. In heifers that established pregnancy to first AI, there 

were significantly higher levels of IgG2. There was no significant difference in levels of IgG1 

between cohorts. Receiver operating characteristic (ROC) analysis of IgG1 returned area under the 

curve (AUC) values of less than 0.75. ROC analysis of IgG2 returned AUC of 0.8125. These results 

suggest that heifers more likely to establish pregnancy to AI have greater antibody levels in plasma. 

Considering previous research, this may indicate that high-performing heifers may have greater 

immune response ability than low-performing heifers. 
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II.II. Introduction 

Heifer development in beef and dairy cattle production systems can have large financial 

impacts (Boyer et al., 2020). Should a cow or heifer fail to conceive, it extends the number of 

successful breeding seasons that she must complete before she becomes a net profit for a producer 

(Boyer et al., 2020). While most beef animals in the US are bred by natural service bulls (NAHMS, 

2020) estrous synchronization and artificial insemination in conjunction with natural service bulls 

can be utilized to increase overall pregnancy rates (Hall, 2019). This is due to the effect of estrous 

synchronization hormones ‘kick-starting’ estrous cyclicity in non-cyclic and prepubertal animals 

prior to the breeding season (Monn et al., 2019; Boyer et al., 2020). Increased pregnancy rates are 

desirable to decrease the cost of each pregnancy whether bred by natural service bulls, AI, or a 

combination (Hall, 2019). 

Correct estrous cycling and conception are closely linked with inflammation (Senger, 

2012) and immune response (Tsuda et al., 2021). Alterations in the maternal immune response are 

critical for proper recognition and subsequent tolerance of allogenic fetuses (Tsuda et al., 2021) 

and dysbiosis in this system of immunomodulation has been linked to reproductive syndromes like 

preeclampsia (Mora-Palazuelos et al., 2022).  

Immunity in mammals is formed by interactions of the innate and adaptive immune 

systems (Janeway et al., 2001). Cells of the innate immune system secrete cytokines upon 

activation which then alters the activity of cells of the adaptive immune system (Janeway et al., 

2001). Cytokines are proteinaceous cellular messengers broadly classified as pro-inflammatory or 

anti-inflammatory (Berger, 2000). Upon activation by cytokines of the innate immune system, 

plasma B-cells (also called B-lymphocytes) secrete antibodies with high specificity to antigens 

(Janeway et al., 2001). Immunoglobulins are glycoprotein-based antibodies secreted by B-cells 
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and Immunoglobulin G (IgG) is the most common antibody in circulating blood (Vidarsson et al., 

2014). 

Cytokines are produced by cells of the immune system and canonically are grouped by 

being Th1 (pro-inflammatory) and Th2 (anti-inflammatory) (Berger, 2000). The balance of Th1 

and Th2 cytokines is important for health and immune response as alterations of this balance can 

cause tissue damage (as in an unchecked Th1 response) and block anti-microbial activity (an 

unchecked Th2 response) (Berger, 2000). Pregnancy is a Th2-dominated state (Corpron et al., 

2021) and high Th1 response is undesirable in reproduction (Corpron et al., 2021; Mora-Palazuelos 

et al., 2022). 

IgG occurs in four isoforms (IgG1, IgG2, IgG3, IgG4) numbered in order of prevalence; 

immunoglobulin isotypes also maintain steady ratios to one another in healthy states (Vidarsson et 

al., 2014). IgG1 has been shown to be related to the Th2-cytokine response and IgG2 to the Th1-

cytokine response (Corpron et al., 2021; Rittipornlertrak et al., 2022). Plasma immunoglobulin 

testing is a frequent metric to show competence and activation of an antibody-mediated immune 

response (Reverter et al., 2021; Rittipornlertrak et al., 2022). It has previously been suggested that 

measurements of relative levels of IgG1 and IgG2 can be descriptive of animal disease risk (Tsai 

et al., 2021) and of post-partum fertility (Corpron et al., 2021). By measuring the altered ratio of 

IgG1 to IgG2, it is proposed that an altered Th1/Th2 response can be inferred (Corpron et al., 

2021). A ratio of IgG2/IgG1>1 is suggestive of a switch to a Th1 immune response 

(Rittipornlertrak et al., 2022) and is undesirable for pregnancy establishment (Corpron et al., 

2021). Immunoglobulins would make ideal biomarkers as they are prevalent in general circulation 

and IgG1 and IgG2 have 21-day half-lives (Vidarsson et al., 2014), the same as average cattle 

estrous cycles (Senger, 2012). 
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It is hypothesized that heifers with increased levels of immunoglobulins will show a low-

performing reproductive phenotype compared to heifers with reduced levels of immunoglobulins. 

The objective was to determine whether or not plasma levels of IgG1 and IgG2 were correlated 

with reproductive outcomes in Bos taurus beef heifers. Plasma was tested from heifers that 

established pregnancy to first service AI (1stAI) and those that did not conceive on first service 

(LBred). Western blotting was utilized to quantitate IgG1 and IgG2 in the plasma from beef heifers 

of both groups. 

II.III. Materials and Methods 

II.III.a. Animal care and use  

All animal-related activities were reviewed and approved by the Institutional Animal Care 

and Use Committee of Auburn University (IACUC protocol #2021-3968). Heifers were 

maintained at the North Auburn Beef Unit managed by the Auburn University College of 

Veterinary Medicine. 

II.III.b. Phenotypic measures 

Heifer age was collected by unit staff and later accessed by researchers. On Day 0 of the 

experimental timeline, heifer’s body weight (BW), reproductive tract score (RTS), and pelvic 

measurements (PA) were collected. RTS was measured via transrectal palpation by a single trained 

technician. The pelvic area was measured as pelvic height and pelvic width using calipers inserted 

transrectally. Pelvic area and RTS were measured by a single, trained technician on all animals. 

II.III.c. Estrous synchronization and artificial insemination  
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Figure 2.1: Experimental timeline and timeline of 7+7 estrous synchronization and artificial 

insemination protocol. AI- artificial insemination, BW-body weight, CIDR-controlled internal 

drug release, GnRH-gonadotropin releasing hormone, HD- heat detect, PA- pelvic area, PC- 

pregnancy check, PG- prostaglandin, RTS- reproductive tract score. 

 

Heifers were estrous synchronized utilizing a 7 + 7 synchronization protocol. On Day 5 of 

the study, heifers were injected with a prostaglandin analog (Lutalyse®, Zoetis) and a controlled 

internal drug release device (EZI-Breed CIDR®, Zoetis) containing progesterone was 

transvaginally inserted. On Day 12, heifers were injected with a GnRH analog (Cystorelin®, 

Boehringer Ingelheim). On Day 19, heifers had CIDRs removed, an injection of prostaglandin 

analog, and estrus detection devices (EstrotectTM Breeding Indicators) were applied. Heifers were 

observed for activation of estrus patches. On Day 21, artificial insemination began. On Day 22, 

due to management reasons, heifers that had not activated estrus patches were AI-bred and injected 

with an GnRH analog. Heifers were bred by four trained inseminators using one straw of semen 

from two bulls of proven fertility.   

II.III.d. Pregnancy determination  

On day 72 of the experiment, heifers were checked for pregnancy to AI via transrectal 

ultrasound. Ultrasound was performed by trained technicians, and animals were categorized as 

conceived to first service AI (1stAI) or not-pregnant to first service AI (LBred). Heifers had been 

briefly exposed to natural service bulls for 60 days starting 14 days after the end of AI the period.  

II.III.e. Sample collection 

Samples were collected at the start of the estrous synchronization protocol (Day 5). Whole 

blood samples were collected by jugular venipuncture with an 18G needle into a 10 mL EDTA 
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vacutainers (BD, Franklin Lakes, NJ, USA). Tubes were immediately inverted ten times and placed 

on ice until further processing. Blood plasma was separated from the whole blood via 

centrifugation at 1500 g for 10 minutes at 4°C. Plasma was then stored at -80°C until further 

handling. 

II.III.f. Protein quantification 

Blood plasma was thawed at 4°C, followed by dilution using 1x PBS into a 10x working 

dilution (10 µl of plasma and 90 µl of PBS) and into a 100x quantification dilution (10 µl of 10x 

working dilution with 90 µl of PBS). 

To determine the total protein content of plasma samples a PierceTM BCA Protein Assay 

Kit (ThermoFisher catalog #23227) was utilized. For quantification, 10 µl of 100x dilution was 

combined with 200 µl of working reagent in a clear bottomed 96-well plate (Greiner Bio One 

catalog #655 180). The plate was agitated briefly to ensure a complete combination of sample and 

working reagent and then incubated at 37°C for 30 minutes. Plate was read with a 456 nm 

wavelength on an automated plate reader (EMax® Plus, Molecular Devices) using a pre-loaded 

BCA assay program (SoftMaxPro 6.5.1, Molecular Devices). Samples were run in duplicate, and 

the assay was repeated until intra-sample CVs were less than 5%. Assay R2s were required to be 

above 0.995. 

II.III.g. SDS-PAGE sample preparation, blot transfer, total protein staining 

Plasma samples for SDS-PAGE were prepared by diluting 10X in 1x PBS and SDS-Laemli 

loading buffer (4X) was added. Samples were then incubated at 95°C for 7 minutes and then 

vortexed briefly. A total of 15 µg of protein from each plasma sample was then loaded per well on 

an 8% SDS-PAGE gel. Gel makeup and set up protocols are available in Appendix 1. Inclusion 

of 2,2,2-trichloroethanol in 8% SDS-PAGE gel allowed for total protein visualization. Gels were 
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then electrophoresed at 80 mA for 2 hours (20 mA/gel) in 1x running buffer (25 mmol/L Tris, 192 

mmol/L glycine, and 0.1% w/v SDS). Upon completion, gels were removed from sandwich and 

placed in ddH2O until activated by ultraviolet exposure. Images of protein load were captured 

using a ChemiDoc XRS+ imager. Gels were then equilibrated in transfer buffer until loaded into 

transfer sandwich.  

Gels were transferred using wet transfer techniques onto low-fluorescence PVDF 

membranes activated in methanol. Transfer took place at room temperature for 16 hours in 1x 

transfer buffer (25 mmol Tris, 192 mmol glycine, and 10% v/v methanol). Post-transfer, 

membranes were moved to ddH2O and exposed to ChemiDoc XRS+ imager to determine transfer 

of protein from gel to membrane. Upon capture of total protein images, membranes were moved 

to wash buffer [1x TBS-T (0.1% Tween-20 v/v)] and stored at 4°C until use. 

II.III.h. Western Blot- blocking, probe, quantification 

Membranes were blocked overnight at 4°C in 5% BSA in 1x TBS-T (0.1% Tween-20 v/v) 

and exposed to antibodies diluted in blocking buffer for 1 hour at room temperature with gentle 

agitation. IgG1-HRP (NovusBio catalog # NB783) was diluted 1:10000 (v/v) and IgG2-HRP 

(NovusBio catalog #NB788) was diluted 1:2000 (v/v) in the blocking buffer. 

Upon finishing exposure to antibodies, membranes were washed 3-4 times in wash buffer 

for 5 minutes each time with gentle agitation. Membranes were incubated with ECL reagent (Azure 

Biosystems catalog #AC2103) for 30 seconds (IgG1) and 1 minute (IgG2). Images were captured 

using the auto-exposure feature of cSeries Capture Software (Azure Biosystems) on an Azure 

Biosystems c400 imager with sensitivity set to normal and a marker (colorimetric) image captured 

for each membrane. 

II.III.i. Statistical analysis 
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Phenotypic measures of age at AI, body weight, pelvic area, and RTS were analyzed using 

non-paired Student’s t-test with a Welch’s correction in Prism v6.  

Densitometry of images was captured using ImageJ (NIH). Measures of immunoglobulins 

were normalized to total protein with the equation POIlane/LClane=normalized valuelane as suggested 

by Aldridge et al. (2008). A control sample was used on each blot to normalize samples between 

membranes. Prism v6 was used to perform statistical tests and generate graphs. Two-tailed Mann-

Whitney non-parametric test was used to determine statistical significance between median ranks 

of cohorts. Significance was set at p ≤ 0.05.  

Receiver operating characteristics (ROC) curves were generated for antibody levels to 

determine their diagnostic ability, with curves determined to be significant at p ≤ 0.05. 

II.IV. Results 

II.IV.a. Pregnancy determination 

Pregnancy was determined for cohort of 62 head via transrectal ultrasound by a trained 

technician. From animals pregnant to first service AI (1stAI) (n=25) and those not detected as 

pregnant at first pregnancy checking (n=36), 24 animals (1stAI, n=12; LBred n=12) were 

randomly selected for plasma immunoglobulin testing. 

II.IV.b. Phenotypic measures 

There were no significant differences in body weight, pelvic area, RTS, or age at AI when 

tested by Student’s t-test (p > 0.05, Table 2.1). Graphs of phenotypic measures are in Figure 2.2. 

All sampled animals were of RTS 4-5. 

 

Table 2.1: P-value and standard deviation of phenotypic measures of 1stAI (n=12) and LBred 

(n=12) animals by Student’s t-test. BW- body weight in kilograms; RTS- reproductive tract score. 

(*) denotes values with p-value ≤ 0.05. 
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Figure 2.2: Phenotypic measures of 1stAI (n=12) and LBred (n=12) animals. A) Body weight in 

kilograms; B) Pelvic Area in centimeters squared; C) RTS- reproductive tract score; D) Age at AI 

in days. (*) represents p-value ≤ 0.05 by Student’s t-test. 

 

II.IV.c. Protein quantification 

Levels of total protein in bovine blood plasma ranged from 72.40 µg/µl to 119.8 µg/µl with 

a mean and standard deviation of 88.92 ± 12.55 µg/µl. 

Total protein content of plasma samples was checked by BCA assay and was not 

significantly different between 1stAI and LBred animals (p = 0.884). The LBred cohort had mean 

total protein content of 88.53 µg/µl with a standard deviation in content of ± 10.82 µg/µl. The 
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1stAI cohort had a mean total protein content of 89.31 µg/µl with a standard deviation of ± 14.56 

µg/µl. The total protein levels of cohorts are shown in Figure 2.3. 

 

 

Figure 2.3: Mean and standard deviation of total plasma protein measures for 1stAI (n=12) and 

LBred (n=12) animals in µg/µl. (*) denotes p-value ≤ 0.05 by Student’s t-test. 

 

II.IV.d. Relative Comparison of IgG levels 

Representative images of total protein staining, chemiluminescent, and colorimetric 

staining are in Appendix 2. Protein of interest was normalized by total protein and to a loading 

control sample and levels are expressed as relative densitometric units (DU). There was no 

significant difference between IgG1 levels between cohorts, with 1stAI having 1.06 ± 0.59 DU 

and LBred having 1.35 ± 0.55 DU (p=0.239). IgG2 levels were significantly higher in 1stAI heifers 

(2.54 ± 0.84) when compared to LBred heifers (1.78 ± 0.36, p = 0.008). Relative levels of IgG1 

and IgG2 in cohorts are shown in Figure 2.4. 
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Figure 2.4: Relative levels of IgG1 and IgG2 in LBred (n=12) and 1stAI (n=12) cohorts. (**) 

denotes p ≤ 0.01 by Mann-Whitney U test. 

 

Levels of IgG1 and IgG2 were examined using ROC analysis. AUC for IgG1 was 0.646 

and non-significant (p > 0.05). AUC for IgG2 was 0.813 and was significant (p = 0.009) with a 

95% confidence interval of 0.625 to 0.9998. ROC curves for IgG1 and IgG2 are shown in Figure 

2.5. 

 

Figure 2.5: ROC curve of IgG1 and IgG2 levels. (*) denotes a p ≤ 0.05 of ROC curve. 

 

II.V. Discussion 
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There was no significant difference in measures of body weight, pelvic area, age at AI or 

reproductive tract score between 1stAI and LBred cohorts. These phenotypic results agree with 

numerous other studies that could not discriminate between high-performing and low-performing 

heifers based solely on phenotypic measures (Gutierrez et al., 2014; Dickinson et al., 2019; 

Hindman et al., 2022). Plasma total protein levels were not significantly different between cohorts 

in this study. 

The data collected does not support the stated hypothesis. IgG2 levels were higher in the 

1stAI cohort when compared to the LBred heifers. Additionally, AUC value for IgG2 was 0.8125, 

suggesting that increased IgG2 (total immunoglobulin) levels could serve as a decent diagnostic 

marker for fertility when measured prior to estrous synchronization. Immunoglobulin levels 

following estrous synchronization and antibody reaction to exogenous hormones was not 

examined in this study. IgG1 levels were not significantly different between cohorts. 

Previously, it has been suggested that immunoglobulin ratios in general circulation could 

be utilized to determine the postpartum disease risk (Tsai et al., 2021) and rebreeding chance 

(Corpron et al., 2021) of cattle. These studies were predicated on the preferential transfer of IgG1 

to mammary secretions in early lactation (Corpron et al., 2021) and utilized a gold nanoparticle 

sensor (Tsai et al., 2021) and ELISA (Corpron et al., 2021). As virgin heifers are not in lactation, 

the alterations in IgG1/IgG2 ratios are likely to be less extreme than post-partum animals. Testing 

of immunoglobulins is traditionally how activation of the adaptive immune system is quantified 

(Reverter et al., 2021; Rittipornlertrak et al., 2022) and could be utilized to determine the immune 

challenge a heifer might be under in the periconception period. 

Previous research has suggested differences in animal performance based on the measure 

of immune competence, defined as the interaction of antibody mediated immune response and cell 
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mediated immune response (Reverter et al., 2021). Reverter et al. suggested a negative relationship 

between carcass traits and immune competence traits in steers and non-bred heifers (Reverter et. 

Al., 2021). A study in Holstein heifers bred for low or high fertility breeding value (EBV) showed 

that animals with high immune competency values had higher ADG and lower age at puberty 

(Grala et al., 2022). The same study suggested that animals with low immune response measures 

had a greater calving to first ovulation interval when compared to cows with higher immune 

response measures (Grala et al., 2022). Another study saw a significantly higher ADG with high 

antibody mediated immune response in Holstein heifers raised on grazing system (Aleri et al., 

2015). These results may suggest that the higher IgG2 levels in 1stAI heifers are representative of 

a greater antibody mediated immune response.  

Further validation of this theory should be pursued. Immune competency has been 

suggested to be somewhat heritable (Reverter et al., 2021) which might mean it could be utilized 

as a selection tool for high-performing animals. Utilized in conjunction with fertility selection 

factors and phenotypic factors (like ADG and age within a cohort), immune response testing could 

prove to be a powerful tool to help combat idiopathic infertility in heifers. However, for this to be 

readily available to producers, simple chute-side tests should be developed and made available to 

producers. This study utilized SDS-PAGE and western blotting which are qualitative rather than 

quantitative, so absolute levels of immunoglobulins assayed could not be determined. Further 

testing and validation utilizing larger cohorts and quantitative processes such as ELISA should be 

pursued.  

II.VI. Implications and Conclusions 

In this study, IgG2 was higher in fertile heifers compared to subfertile heifers and there 

was no difference in levels of IgG1 between cohorts. With the relationship of IgG2 to inflammatory 
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response, it can be theorized that fertile heifers have greater pro-inflammatory response than 

subfertile animals. IgG2 also showed high AUC values, suggesting it can serve as a prognostic 

factor of fertility in heifers tested before estrous synchronization. 

Unexplained heifer infertility could greatly benefit from the diagnostic ability of 

immunoglobulin levels. Use of immunoglobulins could also be utilized, potentially, to determine 

subclinical disease or dysregulation of cytokine balances increasing disease-risk outside of the 

breeding season. Additionally, it has been suggested that immune response and competence may 

be moderately heritable and has been linked to production traits. Further study to determine 

heritability of immune competence and its effect on reproduction should be pursued. Continued 

study and validation should be pursued in more nulliparous animals and larger cohorts with 

different technologies. Research focus should be on development of colorimetric, chute side assays 

for producers and discovery of important detection time points as earlier detection of subfertility 

will benefit producers.  
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Chapter III: Plasma Metabolomics at Weaning and 30 Days Prior to Breeding in Subfertile and 

Fertile Bos Taurus Beef Heifers 

III.I. Abstract 

Subfertility in beef heifers is a major drain of resources for producers and total costs for 

heifer development cannot be fully recouped if she fails to conceive. Metabolomics is the study of 

populations of small molecules in tissues and biofluids. These small molecules are precursors and 

products of metabolic processes and changes in metabolites have been suggested to describe 

alterations in metabolic enzymes. Metabolomic profiles can potentially discriminate between 

healthy and disease states and fertile and subfertile states. In this study, we aimed to identify plasma 

metabolomic differences between fertile and subfertile beef heifers at weaning and one month prior 

to breeding (30DP-AI). For this purpose, blood samples were collected from twelve Angus-

Simmental heifers (n=6 fertile; n=6 subfertile) at weaning and seven heifers (n=3 fertile; n=4 

subfertile) at 30DP-AI. Blood plasma samples were analyzed by gas chromatography coupled to 

time-of flight mass spectrometry (GC-TOF-MS) for primary metabolism metabolites.  Multiple 

Student’s t-tests identified metabolites that were present at significantly different levels between 

the cohorts. At weaning, nine metabolites including arabitol, nicotinamide, and palmitoleic acid 

were at significantly different levels in fertile animals when compared to subfertile. At 30DP-AI, 

four metabolites, including palmitoleic acid and tryptophan were significantly different between 

the subfertile and fertile animals. Time series analysis was performed between weaning and 30DP-

AI, with phenotype (subfertile or fertile) as a covariate. Five metabolites were identified as 

changing significantly between weaning and 30DP-AI in one of the phenotypes, including 1,5-

anhydroglucitol and palmitoleic acid. Metabolites found to be significant at weaning are linked to 

energy metabolism and stress metabolism. One metabolite discovered to be at significantly 
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different levels in the fertile and subfertile group at weaning remained at different levels at the 

30DP-AI. These results suggest that metabolites may be able to serve as biomarkers for 

reproductive potential or reproductive success in beef cattle when tested prior to breeding or at 

weaning. Additionally, analysis of changes in metabolomic profiles between time points could help 

inform of changes in animal metabolism over time.  
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III.II. Introduction 

It has been discussed previously that phenotypic measures, such as BCS and RTS, and 

growth measures such as weaning weight and age at AI do not provide complete predictive power 

of reproductive ability (Dickinson et al., 2019). A heifer or a cow failing to conceive exacts a 

financial toll on producers as it increases the time needed for her to fully recoup the cost of her 

development (Boyer et al., 2020). Easily acquired biomarkers could supplement phenotypic 

metrics and combat reproductive inefficiency in production animals. Studies have examined 

genomic variation (Arishima et al., 2017; Stegemiller et al., 2021), transcriptomic variation 

(Dickinson et al., 2018), metabolomic variation (Phillips et al., 2018; Funeshima et al., 2021), and 

physiological variation at the moment of AI (Liles et al., 2022) in an attempt to determine intrinsic 

and extrinsic factors leading to reproductive success or failure. 

Metabolomics, as the study of global populations of small molecules in biofluids and 

tissues, often representing precursors and products of important metabolic processes (Wishart, 

2005), has shown potential in discriminating differences between fertile and subfertile states in 

humans and production species (Blaurock et al., 2022; Fletcher et al., 2022).  

In women, plasma metabolomic profiling had the ability to differentiate between different 

phenotypes of polycystic ovary syndrome (PCOS) and between PCOS and a healthy control state 

(Zhao et al., 2012). Gaskins et al. leveraged serum metabolites to judge the effect of nitrous oxide, 

particulate matter, and black carbon upon chance of live birth in women undergoing assisted 

reproduction techniques (ART), finding alterations in amino acid metabolism, oxidant and 

antioxidant balance, and vitamin B3 metabolism (niacin) (Gaskins et al., 2021). In cattle, 

metabolite profiles in plasma found significant changes between Day 0 (insemination) and Day 17 

and Day 45 of pregnancy (Guo and Tao, 2018). A study that combined serum metabolite profiles 
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with global proteomics also found altered metabolite profiles between cattle that established a 

successful pregnancy following embryo transfer and those that suffered an early embryonic loss 

(Kusama et al., 2022). Phillips et al. showed metabolomic profiles differed in virgin beef heifers 

at AI depending on AI success and establishment of pregnancy (Phillips et al., 2018). In high 

producing dairy cattle, repeat breeding (failure to establish pregnancy after repeated confirmed 

inseminations) is a major drain of resources in dairy production (Funeshima et al., 2021). In a 

recent study, plasma metabolomic profiles were found to have differences between repeat breeding 

animals and healthy control animals, as well as altered expression of genes related to amino acid 

metabolism (Funeshima et al., 2021). Furthermore, Hailemariam et al. explored metabolomic 

differences between healthy dairy cattle and those that developed post-partum disorders like 

metritis and mastitis, finding that differences in metabolite profiles could be detected as early as 4 

weeks prepartum (Hailemariam et al., 2014). Fletcher et al. showed serum, urine, and salivary 

metabolome differences between sows with high-litter capacity when compared to sows with low 

litter capacity (Fletcher et al., 2022).  

From previous research, it is hypothesized that there will be differences in metabolomic 

profiles between subfertile and fertile heifers when generated at weaning and at a time point prior 

to breeding. The objective of the current study was to generate plasma metabolomic profiles in 

Bos taurus beef heifers at weaning and 30 days prior to AI. Using the same animals in both time 

points can determine if metabolites differentially expressed at weaning may remain differentially 

abundant at a time prior to breeding. As well, whether differentially abundant metabolites can 

predict fertility or whether there are differences in animal development shown by metabolomic 

profiles.  

III.III. Materials and methods 
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III.III.a. Animal care and use 

All animal-related protocols were reviewed and approved by the Institutional Animal Care 

and Use Committee of Auburn University (IACUC protocol #2019-3591). 

III.III.b. Growth and development 

Heifers were born to Angus and Angus-Simmental dams at the Auburn University Black 

Belt Research and Extension Center between in the fall of 2019 and were weaned in spring of 

2020. Following weaning, heifers were maintained on pastures with tall fescue, dallis grass, and 

clover while being offered soyhull:corn gluten (50:50) supplement and ryegrass hay. 

III.III.c. Phenotypic assessment 

Measurements of adjusted birth weight (BiW), adjusted weaning weight (WW), and 

adjusted yearling weight (YW) were collected and archived by staff of the Auburn University 

Research and Experiment Center and accessed later by researchers. Heifer age at AI was calculated 

from records maintained by the staff of the experiment station. Body condition score (BCS) was 

collected on sampling days and judged by a single, trained observer. Reproductive tract score 

(RTS) was determined by rectal palpation by a trained veterinarian 30 days prior to AI breeding 

(30DP-AI). 

III.III.d. Estrous synchronization, artificial insemination, bull exposure 

Heifers were subjected to a Select Synch + CIDR® with TAI for breeding. Briefly, heifers 

were injected with an analog of GnRH (Cystorelin®, Boehringer Ingelheim, Ingelheim am Rhein, 

Germany) on Day 0 of the protocol and had a progestin infused CIDR (controlled internal drug 

release) inserted transvaginally. On Day 7 of the protocol, CIDR® (Zoetis, Parsippany-Troy Hills, 

NJ, USA) was removed and each heifer was injected with an analog for prostaglandin F2α 

(Lutalyse®, Zoetis, Parsippany-Troy Hills, NJ, USA). Heifers were bred on detection of standing 
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estrus between Day 7 and Day 10, those heifers that had not responded to estrous synchronization 

by Day 10 were bred at 84 hours post prostaglandin shot and received an injection of GnRH at 84 

hours. Heifers were inseminated by one trained technician, each with a single straw of semen from 

a bull of proven fertility. Fourteen days after artificial insemination, heifers were exposed to natural 

service bulls for 81 days. Bulls were examined for breeding soundness thirty days prior to the 

breeding season and deemed ‘satisfactory’. 

III.III.e. Phenotypic categorization, pregnancy checking 

At 75 days and 168 days post-artificial insemination, heifers were examined by trained 

veterinarian for pregnancy using transrectal ultrasound and transrectal palpation, respectively. 

Animals were classified as AI-conception or Recheck at 75 days post-artificial insemination. In 

this work, these groups are classified as Fertile and Subfertile, respectively.  

III.III.f. Blood draw and plasma isolation 

Samples were collected from heifers at weaning and then from a subset of heifers at 30DP-

AI. Whole blood was collected with 18G needle (BD, Franklin Lakes, NJ, USA) by jugular 

venipuncture into 10mL EDTA tubes (BD, Franklin Lakes, NJ, USA), immediately inverted 10 

times and placed on ice until transport back to laboratory. EDTA tubes were centrifuged at 1500 g 

at 4° C for 10 minutes to isolate plasma and buffy coat from red blood cells. 500 µL of plasma was 

collected into a cryotube and stored at -80° C until further testing. Samples were submitted to West 

Coast Metabolomics Center (UC-Davis) for primary metabolism, untargeted metabolomics. 
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Figure 3.1: Timeline of cohort handling and sampling points for breeding herd. AI- artificial 

insemination; PC- pregnancy check. 

 

III.III.g. Metabolomic profiling 

Samples (total n=19) were submitted for metabolomic profiling of primary metabolism 

metabolites using untargeted gas chromatography-time of flight-mass spectrometry (GC-TOF-

MS) by the West Coast Metabolomics Center at UC-Davis. This process was completed on an 

Agilent 6890 GC equipped with a Gerstel automatic liner exchange system (ALEX; Gerstel, 

Muehlheim, Germany) and a cold injection system (CIS) also produced by the Gerstel corporation. 

Injection volume and speed was 0.5 µl and 10 µl/s, respectively. The chromatographic parameters 

were: column was a Restek corporation Rtx-5Sil MS (30m length x 0.25mm internal diameter) 

with a film of 0.25µm film of 95% dimethyl/ 5% diphenylpolysiloxane; mobile phase was helium 

with a 1mL/min flow rate. Oven temperatures were held constant at 50° C for 1 minute and then 

ramped at 20° C/ min to 330° C and held constant for 5 minutes. Mass spectrometry data was 

collected with a Leco Pegasus IV mass spectrometer with unit mass resolution at 17 spectra/sec 

from 80-500 Da at -70 eV ionization energy. Raw data was processed using ChromaTOF v2.32 

and absolute spectra intensities were further processed using filtering algorithms in BinBase, a 

metabolomics database. Quantification is reported as peak height with the unique ion as the default 

rather than peak area. Binned data was finally normalized and scaled to reduce potential bias 

caused by sample handling and run variability. 

III.III.h. Statistical analysis 

From raw data, annotated metabolites were selected for further analysis. The online tool 

MetaboAnalyst 5.0 was utilized for analysis of metabolomic profiles (Pang et al., 2021). To reduce 

variability created by sample preparation and to weight metabolites equally despite inherent 
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differences in concentration data was normalized by sum and scaled by mean centering and 

dividing by the square root of the standard deviation of each variable. In MetaboAnalyst 5.0, this 

scaling option is referred to as Pareto-scaling. The module Statistical Analysis [one-factor] 

performed Student’s t-tests between groups with correction for multiple tests by false discovery 

rate (FDR). Results of the t-tests were deemed significant if raw p ≤ 0.05. Principal Component 

Analysis plots (PCA) were generated to determine overall structure of the data and Partial Least 

Squares-Discriminant Analysis (PLS-DA) plots were utilized to visualize separation capability of 

metabolomic profiles. PLS-DA models were verified by the accuracy of 5 components and Q2 

values. 

The Biomarker Analysis module of MetaboAnalyst 5.0 was used to generate ROC-AUC 

(receiver operating characteristic-area under curve) analysis for metabolites. Data was again sum 

normalized and Pareto-scaled within MetaboAnalyst 5.0. Univariate ROC curve analysis was used 

to determine AUC values of each metabolite alone with 95% confidence intervals and was only 

reported for t-tests with a p-value ≤ 0.05.  

The Pathway Analysis module was utilized to determine pathway hits of significant 

metabolites. Due to low differentially abundant metabolites at 30DP-AI, metabolites from both 

time points were compiled and submitted to pathway analysis together. This module combines 

enrichment analysis and pathway topology analysis. Fisher’s Exact Test was utilized for 

enrichment and the pre-loaded Bos taurus pathway library was used for reference. KEGG (Kyoto 

Encyclopedia of Genes and Genomes) pathway analysis was utilized to determine downstream 

fate of identified metabolites. Additionally, KEGG Pathway Database 

(https://www.genome.jp/kegg/pathway.html) was utilized to specifically query metabolites that did 

not present resulting pathways in MetaboAnalyst 5.0. 
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For analysis of metabolites significantly impacted between weaning and RTS time points, 

the MetaboAnalyst module Statistical Analysis [metadata table] was utilized. This module allows 

for the definition of data tables by multiple factors. For this analysis, data was defined by 

phenotype (subfertile or fertile), collection point (weaning or 30DP-AI), and subject ID (animal 1-

7). Metabolomic profiles were compiled for animals (n=7) that were represented in both time 

points and then sum normalized and Pareto-scaled. Instead of Student’s t-test, this module utilizes 

a linear regression model with consideration of the metadata of interest, in this case for phenotype, 

to identify differentially abundant metabolites. Significant metabolites were declared at a raw p ≤ 

0.05. 

III.III.i. Prism procedures 

Prism v6.01 was utilized to analyze phenotypic data. Adjusted birth weight, adjusted 

weaning weight and adjusted yearling weight were transformed into kilograms, and age at AI was 

calculated from birth date and date of AI. RTS and BCS were reported as categorical variables 

(score of 1 to 5; and score of 1 to 9; respectively). Data were checked for normal distribution using 

a Shapiro-Wilk test. To determine differences between study cohorts, a Student’s t-test was 

utilized. Significance of phenotypic measures was declared if p ≤ 0.05. Metabolites determined to 

be significant in MetaboAnalyst 5.0 were imported to Prism v6.01 to generate graphs of expression 

level.  

III.IV. Results 

III.IV.a. Phenotypic characterization and pregnancy checking 

At 75 days post-AI, heifers were checked for pregnancy. Overall pregnancy rates for the 

breeding herd were 7.14% of heifers non-pregnant and 92.86% heifers were pregnant at the end of 

the breeding season. Of the samples collected at weaning, 6 animals were chosen as being pregnant 
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to AI (fertile) and 6 animals were chosen for being non-pregnant at 75 days (subfertile). From the 

twelve heifers collected at weaning, a subset of seven were further tested at 30DP-AI (n=4 

subfertile; n=3 fertile). 

For adjusted birth weight, adjusted weaning weight, adjusted yearling weight, age at AI, 

RTS, and BCS there was no significant difference (p > 0.05) between groups when examined with 

an unpaired t-test. BCS range for selected heifers was from 5-6 and RTS range for selected heifers 

was 3-5. Mean and standard deviations of phenotypic measures are presented in Table 3.1 and 

Figure 3.2.  

Table 3.1: Mean and standard deviation and p-value from t-test for phenotypic and growth 

characteristics of fertile and subfertile animals (subfertile n=6; fertile n=6). Adj BiW- adjusted 

birth weight (kg); Adj WW- adjusted weaning weight (kg), Adj YW- adjusted yearling weight 

(kg), age at AI (days), RTS- reproductive tract score, BCS- body condition score. Columns 

marked with * (subfertile n=4, fertile n=3). (†) denotes p-value ≤ 0.05. 

 
 

 

Figure 3.2: Mean and standard deviation of phenotypic measures. Adjusted birth weights in 

kilograms (A), 205-day adjusted weaning weight in kilograms (B), and adjusted yearling weight 

in kilograms (C), age at AI in days (D), body condition score (E) and reproductive tract score (F) 
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for fertile and subfertile cohorts. Significant differences between cohorts denoted by (*) when 

tested by Student’s t-test. Panel A-B, subfertile n=6 and fertile n=6. Panel C-F, subfertile n=4 and 

fertile n=3. 

 

III.IV.b. Metabolomic profiling 

In raw data, 423 unique metabolite peaks were identified and quantifiable. 146 metabolites 

were annotated. For further analysis, the 277 non-annotated metabolites were removed from the 

data and only annotated metabolites were examined for differential abundance. 

III.IV.c. Metabolite differences at weaning 

When analyzed by Student’s t-test, nine metabolites were found to be significantly different 

between subfertile (n=6) and fertile (n=6) groups by raw p-value (p≤0.05). No metabolites were 

significant by false discovery rate (FDR). Arabitol, indole-3-propionic acid, glycolic acid, lyxitol, 

indole-3-lactate, and palmitoleic acid were present at lower levels in fertile animals at weaning. 

Lactic acid, maltose, and nicotinamide were present at higher levels in fertile animals at weaning. 

Significant metabolites and p-values are listed in Table 3.2 and visualized in Figure 3.3. 

  



68 

 

Table 3.2: Significant metabolites at weaning in subfertile heifers (n=6) when compared to fertile 

heifers (n=6) when analyzed by t-test (p < 0.05). FDR- false discovery rate; AUC- area under the 

curve; Log2(FC)- log2 fold change. 

 

 

 

Figure 3.3: Relative levels of significant metabolites at weaning in subfertile (n=6) and fertile 

(n=6) heifers when analyzed by t-test (p ≤ 0.05). 
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Principle component analysis was utilized to show the intrinsic separation tendency of 

metabolomic profiles while partial least squares discriminant analysis was performed to increase 

the separation of cohorts and identify highly discriminatory metabolites. PCA score plots and PLS-

DA score plots were generated to visualize the grouping of phenotypic cohorts, as shown in Figure 

3.4. PCA failed to fully separate subfertile and fertile groups while PLS-DA showed greater 

separation between subfertile and fertile cohorts with little overlap. 

 

 

Figure 3.4: Score plots from Principal Component Analysis (Panel A) and Partial Least Squares- 

Discriminant Analysis (Panel B) of subfertile (SF, n=6) and fertile (F, n=6) animals at weaning. 

 

To determine the fit characteristics of the PLS-DA model, cross-validation was reported 

from five components  (Figure 3.5). The averaged accuracy of the five components was 0.73333, 

R2 of the same was 0.8846 and Q2 was 0.1451.  
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Figure 3.5: Cross-validation statistics presented as a bar plot of R2 and Q2 and accuracy values. 
 

To determine potential diagnostic ability of metabolites at weaning, ROC-AUC analysis 

was performed. AUC values of significant metabolites ranged between 0.778 (lyxitol and maltose) 

to 1 (arabitol). AUC values for all metabolites are in Table 3.3, representative graphs of AUC 

curves in Figure 3.6.  

 

Figure 3.6: Representative ROC curves of indole-3-lactate and lactic acid from profiles at 

weaning. 

 

III.IV.d. Differences in metabolite levels at 30DP-AI 
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Reproductive tract scoring was performed 30 days prior to artificial insemination (30DP-

AI). Four metabolites were discovered at significantly different levels in the fertile and subfertile 

heifers, tryptophan, palmitoleic acid, triethanolamine, and 9-myristoleate when analyzed by t-test 

and considered by raw p-value (p ≤ 0.05). No metabolite was significant by FDR. Tryptophan was 

present at higher levels in fertile animals. Palmitoleic acid, triethanolamine, and 9-myristoleate 

were present at lower levels in fertile animals. Significant metabolites and p-values of t-tests are 

listed in Table 3.3, relative levels of significant metabolites are in Figure 3.7. 
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Table 3.3: Significant metabolites at 30DP-AI in subfertile heifers (n=4) when compared to 

fertile heifers (n=3) when analyzed by t-test (p < 0.05). FDR- false discovery rate; AUC- area 

under the curve; log2(FC)- log2 fold change.

 

 

Figure 3.7: Relative levels of significant metabolites at 30DP-AI in subfertile (n=4) and fertile 

(n=3) heifers by t-test (p ≤ 0.05). 

 

PCA score and PLS-DA score plots (Figure 3.8) were generated to visualize separation 

between subfertile and fertile cohorts. PCA failed to separate cohorts and PLS-DA had no overlap 

in cohorts when compared.  
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Figure 3.8: Principal Component Analysis (Panel A) and Partial Least Squares- Discriminant 

Analysis (Panel B) of subfertile (SF, n=4) and fertile (F, n=3) cohorts tested at 30DP-AI. 

 

Fit diagnostics of PLS-DA model were examined using cross-validation of 3 components 

due to low sample numbers. The accuracy of this test was 0.375, R2 was 0.8244 and Q2 was -

2.5511. Visualization of the fit diagnostics is shown in Figure 3.9. 

 

 

Figure 3.9: Cross-validation statistics of PLS-DA generated from 30DP-AI profiles presented as 

a bar plot of R2 and Q2 and accuracy values. 
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Diagnostic capability of metabolites was determined by ROC-AUC analysis. AUC values 

ranged from 0.917 to 1. All AUC values are listed in Table 3.3, representative graphs are shown 

in Figure 3.10. 

 

Figure 3.10: Representative ROC curves of tryptophan and palmitoleic acid from 30DP-AI 

profiles. 
 

III.IV.e. Pathway analysis 

Due to the low number of differentially abundant metabolites found at 30DP-AI and 

weaning the metabolites were compiled and submitted for pathways analysis together. No pathway 

was significantly impacted when considered by Holm’s adjusted p-value (> 0.05). Pentose and 

glucuronate interconversions was the only pathway to have more than one metabolite associated 

with it. Tryptophan was involved with two pathways, tryptophan metabolism and aminoacyl-tRNA 

biosynthesis. The full list of pathways identified through mapping is in Table 3.4. 
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Table 3.4: Pathways from weaning and 30DP-AI metabolites, with raw-p value, Holm’s 

adjusted p-value, and metabolite mapped within the pathway.

 
 

III.IV.f. Changes in metabolite levels from weaning to 30DP-AI 

A linear model was utilized for time series analysis. This model analyzes changes in 

metabolites within cohorts over time before comparing those changes between cohorts. A 

metabolite is labeled as significant if there is a difference in the changes over time between cohorts. 

In the time series analysis (subfertile n=4, fertile n=3), 5 metabolites were identified as being 

significantly changed between weaning and 30DP-AI within either the subfertile or fertile cohorts, 

including palmitoleic acid, 1,5-anhydroglucitol, capric acid, myristic acid, and isolinoleic acid. No 

metabolite was significant by adjusted p-value. Significant metabolites are listed in Table 3.5. 
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Table 3.5: Raw p-value, adjusted p-value and log2 fold change of metabolites significant in time 

series (subfertile, n=4; fertile, n=3) (p < 0.05). 

 

Palmitoleic acid was also significantly altered in weaning and 30DP-AI timepoints. 

Visualization of metabolite changes over time is shown in Figure 3.11. Palmitoleic acid, 1,5-

anhydroglucitol, capric acid, and myristic acid were greater in subfertile animals at both time 

points; isolinoleic acid was higher in fertile heifers at both time points. Capric acid and palmitoleic 

acid decreased in subfertile heifers between timepoints while remaining at steady relative levels in 

fertile heifers. 1,5-anhydroglucitol remained at steady levels in subfertile heifers while increasing 

in fertile heifers between timepoints. Myristic acid decreased in both cohorts over time. Isolinoleic 

acid decreased in fertile heifers and increased in subfertile heifers between timepoints. 
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Figure 3.11: Relative levels at weaning and 30DP-AI of significant metabolites in subfertile (n=4) 

and fertile (n=3) in time series analysis (raw p ≤ 0.05). 

 

III.V. Discussion 

III.V.a. Phenotypics 

In this study, phenotypic measures of BCS, RTS, age at AI (days), and adjusted weights for 

birth, weaning, and AI were analyzed and there was no significant difference in measures for 

subfertile or fertile animals. This agrees with numerous other studies that found little diagnostic 

power to phenotypic measures. Dickinson et al. found that age at weaning and weaning weight did 

not affect heifer fertility (Dickinson et al., 2019). RTS, as a measure of maturity of the reproductive 

tract, is an important metric for determining fertility potential and is ranked from 1 to 5 (1, 

immature and non-cycling; 5, mature and cycling) (Gutierrez et al., 2014). In this study, all animals 

had a range of RTS of 3-5. Additionally, there was no difference in BCS between fertile (4.17 ± 

0.75) and subfertile animals (5.50 ± 0.55), p = 0.809. This is in agreement with Meier et al. 2021 

which found that in animals bred for diverging fertility, there was no significant interaction of BCS 

with fertility (Meier et al., 2021). Because there were no significant differences in phenotypic 
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measures, they were not considered covariates for metabolite profile analysis and excluded from 

further analysis. 

III.V.b. Weaning metabolites and pathways 

At weaning, nine metabolites were altered between fertile and subfertile animals. The 

significant metabolites were enriched for five metabolic pathways. None of the pathways was 

considered significantly impacted by alterations of the metabolite in question.  

Nicotinamide, maltose, and arabitol have all been related to weaning stress in swine at 

weaning (Li et al., 2018) (Jiang et al., 2020). 

Nicotinamide is involved with the nicotinate and nicotinamide metabolism pathway and 

was lower in subfertile animals at weaning. Nicotinamide is related to niacin and is a precursor to 

NAD+ and NADP (Pollard et al., 2022) which are central factors of cellular metabolism (Li et al., 

2018). Nicotinamide biosynthesis is related to tryptophan metabolism as de novo synthesis from 

tryptophan is the primary pathway for synthesis in vertebrates (Belenky et al., 2007). The 

conversion rate of tryptophan to nicotinamide has been suggested to be altered in periods of feed 

restriction, even if tryptophan is present in sufficient levels in food (Shibata et al., 2014). Post 

puberty, higher levels of NAD+ are linked to improved oocyte quality and embryonic development 

in some livestock species (Pollard et al., 2022). Interestingly, plasma levels of two other tryptophan 

metabolites, indole-3-propionic acid and indole-3-lactic acid, were increased in subfertile animals 

at weaning. In monogastric models, bacterium production of indole-3-lactic acid had anti-

inflammatory effects, reducing the production of IL-8 (Meng et al., 2020). Additionally, indole-3-

propionic acid is suggested to be anti-inflammatory, and higher serum levels are suggested to be 

related to survival of septic patients (Huang et al., 2022b). Indole metabolism has been suggested 

to be related to inflammation; indole-3-lactic acid and indole-3-propionic acid are (in 
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monogastrics) dietary indoles that can interact with the aryl-hydrocarbon receptor (AHR), 

potentially affecting inflammation in the gut (Stone and Williams, 2023). A study performed in 

adult, obese humans found indole-3-lactic acid and indole-3-propionic acid in plasma to be 

decreased compared to healthy weight controls (Cussotto et al., 2020). 

From review of KEGG pathways, lactic acid is related to pyruvate metabolism, 

glycolysis/gluconeogenesis, and nicotinate and nicotinamide metabolism. In ruminant animals, 

lactic acid is a natural product of rumen metabolism and often is produced in rapidly acidifying 

conditions (Mackenzie, 1967). In the present study, lactic acid was present at higher levels in the 

fertile animals. In piglets exposed to chronic LPS at weaning, lactic acid was increased in serum 

(though this was attributed to higher gut leakage) (Yu et al., 2022).  

Palmitoleic acid, a long chain fatty acid, was higher in subfertile animals and was mapped 

to occur within the fatty acid degradation pathway. Palmitoleic acid was also found to be higher in 

the colonic digesta of weaning stressed piglets (Li et al., 2018) and was also present in higher 

amounts in the serum of dairy cows in the early stages of fatty liver disease, suggesting a 

dysregulation of fatty acid synthesis pathways in negative energy balance (Zhang et al., 2022b). 

While not significant, palmitoleic acid was amongst the fatty acids in serum queried in a study of 

high fertility dairy cattle in comparison to low fertility dairy cattle; ROC analysis of fatty acid 

profiles of serum returned a 0.879 AUC value in this study (Moore et al., 2017). 

III.V.c. Metabolites and pathways altered at 30DP-AI 

At 30DP-AI, four metabolites were different between subfertile and fertile animals. Only 

three pathways were indicated by mapping metabolites, none of which was significantly impacted 

by the metabolites in question. Palmitoleic acid was enriched for fatty acid degradation and 

tryptophan was associated with tryptophan metabolism and aminoacyl-tRNA biosynthesis. 
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Previously, our lab created metabolomic profiles for fertile and subfertile heifers at AI, 

finding fifteen metabolites significantly altered between cohorts (Phillips et al., 2018). Amongst 

the fifteen metabolites altered between fertile and subfertile animals, tryptophan was present at 

lower levels in subfertile animals (Phillips et al. 2018) which is in agreement with the current study 

performed 30 days prior to AI. Amino acid levels in the periconception period have been linked to 

successful conception and implantation in cattle (Meier et al., 2014; Franca et al., 2017) and amino 

acid metabolism is closely associated with immune response and activation of innate immunity 

(Zhao et al., 2020). 

Tryptophan metabolism has been implicated to be altered in cases of exposure to 

atmospheric contamination like nitrous oxide, particulate matter, and black carbon in human 

women (Gaskins et al., 2021). In swine, higher tryptophan in serum was noted in a cohort of high 

fertility sows when compared to a cohort of low fertility sows (Fletcher et al., 2022). Indoleamine-

2,3-deoxygenase (IDO) is a rate limiting enzyme that occurs in tryptophan metabolism, governing 

the breakdown of tryptophan into kynurenine and is also responsive to IFNτ in PBMCs (Funeshima 

et al., 2021). Kynurenine levels were found to significantly lower in repeat breeding dairy cattle 

compared to healthy dairy cattle, suggesting that dysregulation of IDO activity and tryptophan 

metabolism may affect conception and pregnancy establishment (Funeshima et al., 2021). IDO-

regulated breakdown of tryptophan is also implicated to have immunomodulatory activity in the 

peri-implantation period (Mohapatra et al., 2020). Levels of tryptophan metabolites (tryptophan, 

kynurenine, serotonin, indole-3-lactic acid, and indole-3-propionic acid) were found to be 

decreased in cases of obesity-linked chronic inflammation and negatively correlated to plasma 

levels of inflammatory markers (Cussotto et al., 2020). 
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Palmitoleic acid was lower in fertile animals at 30DP-AI as well as at weaning. As 

previously described, palmitoleic acid has been linked to fatty liver disease in dairy cattle (Zhang 

et al., 2022b). Palmitoleic acid in vitro has also been suggested to increase adipogenesis in bovine 

skeletal muscle satellite cells (Zhang et al., 2021).  

9-myristoleate (also myristoleic acid) is a medium-chain fatty acid and part of fatty acid 

biosynthesis and degradation, present at lower levels in fertile samples. Previously, 9-myristoleate 

has been found to be lower in the follicular fluid of dairy cattle with higher fertility EBVs however 

it was not altered in blood plasma (Moore et al., 2017). There are linkages between levels of 

myristoleic acid and bone metabolism and activation of NFATc1 levels (Kwon et al., 2015). GH 

(growth hormone) polymorphism has been linked to fatty acid profile in subcutaneous fat in 

Japanese black cattle (Matsuhashi et al., 2011), and depending on protein source in feed, 

intramuscular fat profile of PUFA can be affected (Segers et al., 2011). NFATc1 has linkages to 

age at first calving in Nellore animals (Dubon et al., 2021) and may be linked to the effect of GnRH 

on cells (Armstrong et al., 2009). 

III.V.d. Time series analysis 

To examine the changes in subfertile and fertile heifers over time, a time series analysis 

was performed on the seven animals that appeared in both time points (n=4 subfertile, n=3 fertile). 

Palmitoleic acid was again differentially abundant in this analysis and was always higher in 

subfertile animals. Subfertile animals showed a decrease in levels between weaning and 30DP-AI 

while fertile animals did not show a large change between the two timepoints.  

Capric acid (also decanoic acid) was consistently higher in subfertile animals but showed 

a substantial decrease in subfertile animals between timepoints. Myristic acid was more elevated 

in subfertile animals in both timepoints and showed a decrease in both cohorts over time. 
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Isolinoleic acid was higher in fertile animals in both time points but decreased in fertile animals 

and increased in subfertile animals over time. Capric and myristic acid are medium chain fatty 

acids; isolinoleic acid and palmitoleic acid are long-chain fatty acids. Capric acid is a medium 

chain fatty acid that in monogastrics is supplied from the diet (Lee et al., 2016). Capric acid 

supplementation has been suggested to alter profiles of steroidogenic hormones and steroidogenic 

enzymes in a rat model of PCOS (Lee et al., 2016). Fatty acid profiles in milk production have 

been suggested to be affected by genetic background of animals (Shi et al., 2020) and 

supplementation of MCFA (medium chain fatty acids) to transition dairy cattle has been suggested 

to affect immune response in the transition period (Wang et al., 2023). Supplementation of MCFAs 

also changed bile acid profiles in the transition period, which could be linked to decreased liver 

function (Wang et al., 2023). This change in fatty acids could be linked to diet. Supplementation 

of fatty acids may have an effect on reproduction, as suggested by changes in follicular size and 

potential embryonic loss (Elis et al., 2016). 

Interestingly, palmitoleic acid is present in both time points (weaning and 30DP-AI). 

Combined with the results from time series analysis, this may suggest that free fatty acid 

metabolism is linked to the fertility phenotypes observed in this study. Whether this difference in 

fatty acids is due to external factors, such as a difference in animal choice of diet, or internal factors 

like differences in liver metabolism and creation of fatty acids cannot be answered in the current 

data set. Tryptophan has been previously identified as also differentially abundant at AI by (Phillips 

et al., 2018). While tryptophan was not differentially abundant in the weaning time point, 

nicotinamide was differentially abundant at weaning and the two pathways are closely linked. Two 

other tryptophan metabolites, indole-3-lactic acid and indole-3-propionic acid were also 
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differentially abundant at weaning. Tryptophan and its metabolites plays a role in immune response 

and inflammation. 

III.VI. Conclusion and Implications 

This study demonstrates fertile and subfertile beef heifers have differentially abundant 

metabolites in blood plasma at weaning. Early selection of highly fertile heifers would greatly 

benefit producers, so exploring these metabolites as being descriptive of later performance would 

be beneficial. At 30 days prior to AI, heifers were tested again, and one metabolite was again 

differentially abundant, and the essential amino acid tryptophan showed differential abundance, 

which agrees with previous studies. With consideration of other differentially abundant 

metabolites in this study discovered in time series analysis, liver function and metabolism of fatty 

acids is implicated in development of fertility. However, these results require more intensive study 

in larger cohorts over more sampling time periods. 
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Chapter IV: Metabolomic Analysis of Bovine Plasma and Ovarian Follicular Fluid Post-Breeding 

in Subfertile and Fertile Cross-bred Beef Heifers 

IV.I. Abstract 

Unexplained subfertility in cattle is a widespread phenomenon that affects up to 15% of 

cattle bred within a single season. While the mechanisms behind this lowered fertility are not yet 

fully elucidated, one theory is a high rate of early embryonic loss in cattle. Early embryonic loss 

can arise from a wide range of issues, including uterine receptivity and embryonic competence. As 

the in vivo maturation medium of oocyte development, follicular fluid is a prime candidate for 

detecting and exploring mechanisms for oocyte competence and development. This study aimed 

to identify differentially abundant metabolites in blood plasma and ovarian follicular fluid 

collected from beef heifers of differing fertility status, either fertile or subfertile. To gather this 

information, Bos taurus crossbred heifers were subjected to estrous synchronization and fixed-

time artificial insemination (AI) protocol (7-Day CO-synch + CIDR). Heifers pregnant to AI were 

classified as fertile (n=8). Any heifers that remained non-pregnant following AI were exposed to 

a bull of proven fertility for 61 days and evaluated for pregnancy 34 days after the end of bull 

exposure. The non-pregnant heifers following AI and natural service were classified as subfertile 

(n=5). Pregnancies were terminated in fertile heifers, and heifers from both groups were allowed 

to resume normal cyclicity prior to collection of blood plasma and follicular fluid from ovaries. 

Plasma and follicular fluid were subjected to untargeted metabolomic profiling utilizing a GC-

TOF-MS platform. After normalization, metabolomic profiles were analyzed via Principal 

Component Analysis and Student’s t-test to show underlying data structure and to elucidate 

significant differences in metabolite abundance. Fourteen metabolites were differentially abundant 

in the follicular fluid of fertile and subfertile animals (p ≤ 0.05) including deoxycholic acid, alpha-
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tocopherol, arachidonic acid, and pimelic acid. In blood plasma, 4 metabolites were at different 

levels in subfertile and fertile animals (p ≤ 0.05), including lactic acid and fucose. Additionally, 

Pearson correlation procedures were performed to determine whether there was a significant 

relationship between metabolites in plasma and those in follicular fluid. As the medium of oocyte 

growth and maturation in vivo follicular fluid represents an opportunity to explore the mechanisms 

behind differential oocyte competence and potentially early embryonic loss. This study shows 

differences in follicular fluid in un-synchronized animals, suggesting underlying physiological 

processes unrelated to point in the estrous cycle. However, further study with larger cohorts and 

integration of profile information with oocyte development studies is required to fully validate 

these metabolites and pathways.  
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IV.II. Introduction 

The problem of idiopathic and unexplained subfertility can affect the economic 

sustainability of beef production (Boyer et al., 2020). Missed pregnancies increase development 

costs and number of parturitions required for a cow to produce profit or to ‘break even’ on her 

development costs (Boyer et al., 2020). A considerable amount of research has been conducted to 

address the phenomenon of unexplained heifer subfertility. 

The ovarian follicle is the location of development for the oocyte. It comprises the 

developing oocyte, granulosa cells (mural and cumulus), a basement membrane, and theca cells 

that abut the ovarian stromal tissue (Senger, 2012). As a follicle develops, it begins to accumulate 

fluid in an antrum, aptly referred to as follicular fluid (Senger, 2012). The follicular fluid is the in 

vivo maturation matrix for oocytes, produced as an extrudate from general circulation and from 

granulosa cell secretions within the follicle (Leroy et al., 2004). Follicular fluid may also be 

representative of the crosstalk between granulosa (mural and cumulus) and the oocyte itself, as 

follicular fluid is rich in extracellular vesicles (Andronico et al., 2019). Hormone levels (including 

steroid hormones, glycoprotein hormones, and growth factors), biochemical properties, and amino 

acid content of follicular fluid have all been explored in search of descriptive factors of oocyte 

competence [reviewed by (Revelli et al., 2009)]. However, no highly descriptive and easily 

accessible factors have yet been identified, leading to embryo ‘over-production’ in clinical settings, 

and reliance on visual features to grade embryo quality (Revelli et al., 2009). 

Signaling factors within the follicle (presumably mediated by follicular fluid) are altered 

by metabolic and physiological states. miRNA populations within follicular fluid have been noted 

to be altered by lactation status in dairy cattle (Hailay et al., 2019) and similar studies have shown 

differences in follicular fluid metabolite profiles due to lactational status (Forde et al., 2016). Horn 
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et al. (2022) also explored follicular fluid metabolomic profiles of beef cattle in thin (BCS=4), 

moderate (BCS=6), and fat (BCS>8) conditions (Horn et al., 2022). 

Throughout the estrous cycle, changing levels of progesterone from the corpus luteum have 

been suggested to alter the milieu of general circulation, oviductal fluids, and uterine luminal 

fluids, including fatty acids and amino acids (Hugentobler et al., 2010). Correlation between 

certain plasma-borne metabolites and follicular fluid metabolites has been shown to be related to 

the size of the follicle (Leroy et al., 2004). Follicular fluid from dairy cows noted to have low 

fertility potential had altered amino acid levels compared to dairy cows of higher fertility potential  

(Moore et al., 2017). Additionally, follicular fluid has been noted to be a dynamic fluid with 

changes related to the state of the follicle (healthy or atretic) (Mo et al., 2021) and state of the 

estrus cycle (Orsi et al., 2005). 

Numerous studies have examined the relationship between follicular fluid and reproductive 

outcomes, both in humans and in animal species. Amino acid profiles have been compared between 

follicular fluid and IVF media; as well as oocyte interaction with those amino acids when 

supplemented in IVF media (Hong and Lee, 2007). Another study utilized amino acid 

supplementation in IVF media to study the metabolic differences between highly competent 

oocytes and lowly competent oocytes (Hemmings et al., 2012). PCOS (polycystic ovary syndrome) 

pathogenesis has been suggested to alter the amino acid profiles of follicular fluid (Zhang et al., 

2014) and integrated -omics study of PCOS patients follicular fluid (miRNA-Seq and 

metabolomics) found 31 metabolites significantly different between control and PCOS patients 

(Tian-Min et al., 2022). Metabolomic profiling of follicular fluid from patients undergoing IVF 

showed discriminatory separation based on successful outcomes of the IVF procedure (Xia et al., 

2014). 
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It is hypothesized that there will be metabolites differentially abundant between the 

follicular fluid of subfertile heifers and fertile heifers. The objective of this study was to utilize 

tandem blood plasma and follicular fluid samples from Bos taurus beef heifers (subfertile n=5, 

fertile n=8) to explore global and ovarian metabolomic profile differences between subfertile and 

fertile cohorts. By utilizing blood plasma and follicular fluid collected at the same time from the 

same animals, correlation of metabolites between biofluids was possible, to determine whether or 

not blood metabolites could be descriptive of follicular environment. 

IV.III. Materials and methods 

IV.III.a. Animal care and use 

All procedures with live animals were reviewed and approved by the Institutional Animal Care 

and Use Committee of Auburn University (IACUC protocol #2021-3591). Heifers were 

maintained on the project for a total of 117 days. 

IV.III.b. Estrous synchronization, breeding, pregnancy check 

Experimental Cohort 1: 

Heifers (n=3) originated from the breeding herd maintained at the North Auburn Beef Unit 

(NABU). NABU heifers were born in the spring of 2020 and managed for initial breeding in spring 

of 2021 at ~14 months old. Estrous synchronization was Select Synch + CIDR® protocol with 

estrus detection and AI for 72 ± 2 hr. Briefly, at Day 0, heifers were administered exogenous GnRH 

analog (Cystorelin®, Boehringer Ingelheim) and a controlled internal drug release device 

containing progesterone (EZI-Breed CIDR®, Zoetis) was applied. On Day 7 of the protocol, CIDRs 

were removed, and exogenous prostaglandin F2α analog (Lutalyse®, Zoetis) was injected. Heifers 

were observed for standing estrus for 72 ± 2 hr. and bred to AI 12 hours after first observed estrus 

behavior. Following AI, heifers were exposed to bulls of proven fertility for 60 days. Following 
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spring breeding season, heifers were checked for pregnancy and found to be non-pregnant but were 

retained for fall breeding. Procedures for fall breeding season were the same as for spring, with 

heifers synchronized utilizing a Select Synch + CIDR® protocol with estrus detection. Following 

AI breeding, heifers were again exposed to a bull for 60 days and checked for pregnancy at the 

end of the breeding season. Upon being classified as non-pregnant following the second breeding 

season, heifers were enrolled as subfertile in the current study and moved from the North Auburn 

Beef Unit to the Wilson Beef Teaching Center. Heifers were maintained without exposure to bulls 

on concrete flooring and cardboard shavings with access to pasture. Heifers were maintained on 

Bermuda grass hay and 30% soyhull pellet, 30% corn gluten meal pellet, 20% cracked corn, and 

20% distiller’s grains diet near ad libitum until harvest. 

Experimental Cohort 2: 

Forty-eight cross-bred Bos taurus beef heifers were born in the spring of 2021 at four private 

production systems in North Alabama and purchased by Auburn University researchers post-

weaning. Heifers were brought to the Auburn University Wilson Beef Teaching Center pastures in 

December 2021 and maintained until transported to E.V. Smith Research Center (Macon County, 

Alabama) in January 2022. Heifers were maintained at E.V. Smith pastures on research trial from 

January until April when they were estrous synchronized and bred by FTAI. Heifers were estrous 

synchronized utilizing a 7-day CIDR® +PG protocol. Briefly, heifers were injected with Fertagyl® 

(Merck Animal Health) on Day 0 of the protocol, and a controlled internal drug release device 

containing progesterone (EZI-Breed CIDR®, Zoetis) was inserted. On Day 7 of the protocol, 

CIDRs were removed, and Lutalyse® (Zoetis) was injected. At 54 ± 2 hours post-PG injection, 

heifers were bred by fixed-time artificial insemination (FTAI). AI was performed by a single 

trained technician utilizing a single straw of semen from two bulls of proven fertility. Bulls were 
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evenly distributed amongst heifers. Following FTAI, heifers were removed to pastures at the 

Wilson Beef Teaching Center until pregnancy checking at 41 days after first service AI. Heifers 

were checked for pregnancy via transrectal ultrasound by a trained technician and classified as 

pregnant to first service or non-pregnant. Heifers classified as pregnant were either retained as 

fertile controls (n = 8) or sold as pregnant replacement heifers. Fertile control pregnancies were 

aborted on the day of pregnancy checks with Lutalyse® (Zoetis). Heifers classified as non-pregnant 

were retained for natural service bull exposure and were kept on concrete flooring, bare dirt corral, 

and cardboard bedding. Heifers and bulls were provided twice a day with Bermuda grass hay. Bull 

exposure lasted from May 2022 until July 2022, providing 61 days with bulls of proven fertility. 

At the end of the bull-exposure period, heifers were switched to a 30% soyhull pellet, 30% corn 

gluten meal pellet, 20% cracked corn, and 20% distiller’s grains diet and fed for near ad libitum 

access until harvest. Fertile controls and infertile animals from Experimental Cohort 1 were not 

exposed to bulls for the rest of the experimental period. Heifers (n=20) that were not pregnant at 

first check were checked for pregnancy at days 20, 40, and 60 of bull exposure. Additionally, 

heifers were pregnancy checked 13 and 34 days after the end of bull exposure. Two heifers were 

deemed subfertile from this cohort at the end of the experiment, being open at all pregnancy 

checks. 

 

Figure 4.1: Experiment timeline from first pregnancy check for the first AI. A) is the timeline for 

fertile controls from Cohort 2 and subfertile heifers from Cohort 1; B) for the subfertile heifers in 

Cohort 2. Days marked in Panel B indicate pregnancy checks. 
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IV.III.c. Harvest 

Heifers were separated into three cohorts and slaughtered on three separate days. In 

Slaughter 1, two fertiles and two subfertiles were sacrificed. Slaughter 2 had four fertiles and one 

subfertile. Slaughter 3 had the last two fertiles and two subfertiles.  

IV.III.d. Phenotypic characterization 

Heifer body weights, BCS, and RTS were collected prior to first-service AI. Final body 

weights were collected prior to slaughter and feed withdrawal. 

IV.III.e. Sample collection, submission to WCMC 

Whole blood was captured in EDTA blood vacutainers (BD, Franklin Lakes, NJ, USA) 

from jugular directly following exsanguination. Tissues relevant to study design were collected by 

kill floor workers and delivered to researchers no more than 45 minutes after completion of 

exsanguination. Before sample collection, some factors were collected about reproductively 

relevant tissues: uterine body length, uterine horn length, and uterine horn diameter were measured 

by two technicians. Ovary weight was measured prior to aspiration.  

Blood samples 

Whole blood samples were immediately inverted at least 10 times after collection and 

stored on ice until further processing. Samples were centrifuged at 1500 g for 15 minutes at 4° C 

to separate plasma which was aliquoted and frozen at -80° C until further analysis. 

Follicular fluid 

Ovaries were maintained at room temperature in 0.8% saline from the kill floor to the 

laboratory. Upon decanting from saline, ovaries were examined by a practiced investigator for 

abnormalities or pathologies. Using a short-bevel, 18 G needle (BD, Franklin Lakes, NJ, USA), 

follicular fluid from all follicles 2mm to 6mm were collected via aspiration into a 10 mL syringe. 
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Follicular fluid was centrifuged at 500 g for 5 minutes. The supernatant was then collected into 

cryovials and snap frozen in liquid nitrogen. Samples were stored at -80oC until used for 

metabolomic profiling.  

Generation of metabolomic profiles 

Follicular fluid samples and plasma samples (n=8 fertile, n=5 subfertile) were submitted 

to West Coast Metabolomics Center (UC-Davis; Davis, California) for untargeted, primary 

metabolism via GC-TOF-MS. At WCMC, samples were processed on an Agilent 6890 gas 

chromatograph linked with a Leco Pegasus IV mass spectrometer with mass resolution set at 17 

spectra/sec from 80-500 Da at -70 eV ionization energy. The column was an Rtx-5Sil MS (Restek 

corporation) that was 30 m long with an 0.25 µm interior diameter and a 0.25 µm film (95% 

dimethyl/5%diphenylpolysiloxane). The chromatograph was equipped with an Gerstel automatic 

liner exchange system (ALEX; Gerstel, Muehlheim, Germany) and a cold injection system (CIS) 

also produced by the Gerstel corporation. Injection volume was 0.5 µL. Column temperature was 

50° C to 330° C with a flow rate of 1 mL/min and oven temperature 50° C for 1 minute and ramped 

by 20° C per minute until 330° C and then held constant for 5 minutes. Data was collected by Leco 

ChromaTOF v2.32. Data was normalized by peak heights to reduce variation caused by run 

differences. Metabolites were identified using the BinBase algorithm. 

IV.III.f. Statistical analysis 

Relative levels of metabolites are reported as peak heights. Metabolomic profiles were 

submitted to the online metabolomics software MetaboAnalyst v5.0 (Pang et al., 2021).  To control 

for discrepancies created by different slaughter dates, data was batch corrected in MetaboAnalyst 

using the ComBat procedure (Johnson et al., 2007).  
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The module Statistical Analysis [one factor] was used to perform statistical analysis. Batch 

corrected data was submitted to MetaboAnalyst and not filtered due to low sample numbers. Sum 

normalization and Pareto-scaling (mean centered and divided by the square root of standard 

deviation of each variable) were used to reduce variability between metabolite concentrations. 

Student’s t-test was used to search for different levels between metabolites with p ≤ 0.05 being 

declared significant. Principal Component Analysis (PCA) was utilized for data structure 

visualization and Partial Least Squares Discriminant Analysis (PLS-DA) models were generated 

to increase the differences between cohorts. PLS-DA models were validated by cross validation 

utilizing 5 components and analysis of Q2 values. Receiver operating characteristics-area under 

the curve (ROC-AUC) analysis was performed to determine the potential diagnostic ability of 

metabolites. AUC values were calculated from the biofluid of discovery (i.e. only in follicular fluid 

for metabolites discovered in follicular fluid). Utilizing R version 4.2.2, plasma profiles and 

follicular fluid profiles were subjected to Pearson correlation analysis using the R package, 

metabolomicsR (Han and Liang, 2022). For correlation analysis, data was Pareto-scaled but not 

sum normalized. Prism v6 was utilized for statistical tests of phenotypic measures and 

visualization of metabolites. Phenotypic measures of body weight, tract length, horn diameter, 

largest follicle size, and cumulus-oocyte-complex (COC) count were analyzed using an unpaired 

Student’s t-test with Welch’s correction for unequal standard deviation with significance set at p ≤ 

0.05. Metabolites for visualization were either Pareto-scaled and sum normalized for graphs of 

relative levels between cohorts, or only sum normalized for visualizations of biofluid correlation. 

The venn diagram was generated using Microsoft PowerPoint (Microsoft Corporation). 

IV.IV. Results 

IV.IV.a. Phenotypic measures 
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From the 48 heifers of Experimental Cohort 2, 95.8% were pregnant and 4.2% were non-

pregnant at the end of AI and NS breeding.  

The body weight of heifers was collected prior to sacrifice. Tract length and horn diameter 

were measured prior to sample collection and after examination for gross pathologies by two 

technicians. Largest follicle size was measured prior to aspiration and did not include potentially 

cystic follicles. Number of COCs collected was reported by two technicians during searching. 

There was no statistically significant difference in phenotypic measures collected for subfertile 

and fertile animals. Mean ± SD and p-values of phenotypic measures are shown in Table 4.1. 

 

Table 4.1: Mean and standard deviation of phenotypic measures in subfertile (n=5) and fertile 

(n=8) animals and p-value of t-test. BW at harvest- body weight at harvest, COCs- cumulus oocyte 

complex.

 
 

IV.IV.b. Plasma and follicular fluid metabolomic profiles  

Metabolomic profiles were generated for plasma and follicular fluid from subfertile (n=5) 

and fertile (n=8) heifers. In plasma profiles, 284 unique metabolite peaks were identified and 126 

metabolites were annotated. In follicular fluid, 491 peaks were identified and 182 metabolites were 

annotated. When annotated metabolites were considered, 7 metabolites were unique to plasma, 

119 metabolites were shared between plasma and follicular fluid, and 63 metabolites were unique 

to follicular fluid (Figure 2). 
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Figure 4.2: Distribution of annotated metabolites between plasma and follicular fluid. 

 

Prior to analysis, metabolites were normalized to remove batch effect. Visualization of 

correction is in Appendix 3. 

Fourteen metabolites were present at differential levels in follicular fluid and four 

metabolites in plasma (p ≤ 0.05) (Table 4.2). In follicular fluid, 3-amino-2-piperidone, ascorbic 

acid, N-methylethanolamine, and parabanic acid were lower in fertile animals compared to 

subfertile animals. 5-methylthioadenosine, alpha-aminoadipic acid, alpha-tocopherol, 

aminomalonic acid, arachidonic acid, deoxycholic acid, glucose-6-phosphate, methanolphosphate, 

pimelic acid, and trans-4-hydroxyproline were higher in follicular fluid of fertile animals. In 

plasma, lactic acid was higher in fertile animals; fucose, glycerol-alpha-phosphate, and pipecolinic 

acid was lower in fertile animals. Metabolites, p-value, false discovery rate (FDR), area under the 
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curve (AUC), log2 fold change, and biofluid of discovery are shown in Table 4.2. Relative levels 

of significant metabolites are shown in Figure 4.3, in both biofluids. 

 

Table 4.2: Metabolites significant by Students t-test in follicular fluid, p-value, false discovery 

rate, log fold change,  and direction of expression in fertile controls. 

 

 

Table 4.3: Metabolites significant by Students t-test in blood plasma, p-value, false discovery rate, 

log fold change, and direction of expression in fertile controls. 

 

                                                            

                    .    .    .    .                       

                  .    .    .    .                        

                  .    .    .    .                         

                  .    .    .    .                   

                  .    .    .    .                   

                  .    .    .    .                   

                    .    .    .    .                

                  .    .    .    .                   

                  .    .    .    .                      

                  .    .    .    .                    

                    .    .    .    .                       

                    .    .    .    .                

                  .    .    .    .               

                  .    .    .    .                         

                                                            

           .    .    .    .         

           .    .    .    .                           

         .    .    .    .             

           .    .    .    .                   



97 

 

 

 

 

   

   

   

   

   

   



98 

 

Figure 4.3: Relative expression levels of significant metabolites by t-test (p-value ≤ 0.05) in 

subfertile (circle) and fertile (square) animals. Biofluid (follicular fluid or plasma) shown on x-

axis. Panel A-M; metabolites identified at significantly different levels in follicular fluid; Panel N-

R; metabolites identified at significantly different levels in plasma. 

 

For pathway analysis, metabolites from plasma and follicular fluid were combined for 

mapping and submitted to MetaboAnalyst Pathway Analysis module. 12 pathways were identified 

from 18 metabolites. 9 metabolites did not associate to any pathways in MetaboAnalyst and were 

explored through other resources. Pathways identified from the significant metabolites are shown 

in Table 4.3. 

 

Table 4.4: Pathways identified to be impacted by significant metabolites in follicular fluid and 

plasma. Raw p-value and Holm’s adjusted p-value shown for each pathway. 

 

 

Unsupervised Principal Component Analysis was utilized to determine underlying 

structures or separation tendency of the metabolomic profiles. For both follicular fluid and plasma, 

PCA plots failed to separate subfertile and fertile cohorts (Figure 4.4A, 4.4B). Partial Least 

Squares-Discriminant Analysis modeling was utilized to increase separation tendency of the data. 
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For the follicular fluid, cohorts grouped with no overlap of samples (Figure 4.4C) but plasma 

samples showed considerable overlap even in the PLS-DA model (Figure 4.4D). 

 

 

 

Figure 4.4: PCA score plot for follicular fluid (Panel A) and plasma (Panel B). PLS-DA score 

plots for follicular fluid (Panel C) and for plasma (Panel D). 

 

PLS-DA models were checked by cross-validation and fit statistics are reported for 5 

components. In the follicular fluid PLS-DA accuracy averaged from 5 components was 0.36667, 

R2 of the same was 0.8859 and Q2 was -0.6328. In the PLS-DA for plasma profiles, accuracy 

                     

  

        

  



100 

 

averaged from 5 components was 0.5867, R2 was 0.7648 and Q2 was -0.0539. Results of cross 

validation shown in Figure 4.5.  

 

Figure 4.5: Cross-validation results of PLS-DA models generated by plasma and follicular fluid 

profiles. Panel A) follicular fluid; Panel B) plasma. 

 

IV.IV.c Correlation 

Using the RStudio package metabolomicsR, Pearson correlation of metabolites between 

plasma and follicular fluid was performed. From 126 metabolites in plasma and 182 metabolites 

in follicular fluid, 119 were present in both biofluids and correlated. Sixteen metabolites showed 

a significant correlation between plasma and follicular fluid (p ≤ 0.05). Two metabolites were 

negatively correlated and fourteen were positively correlated. Table 4.4 shows metabolites with 

significant correlations and correlation patterns of significant metabolites identified at different 

levels. 
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Table 4.5: Metabolites with significant correlation between plasma and follicular fluid and 

correlation coefficient, by p-value.  

 

 

 

For visualization, representative metabolites were sum normalized without scaling to rank 

metabolites equally between follicular fluid and plasma and plotted using Prism v6. Representative 

graphs of plasma and follicular fluid levels are shown in Figure 4.6. 
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Figure 4.6: Representative graphs of metabolites with significant correlations (Panel A-D) and 

non-significant correlations (Panel E-F). Plasma values (circle) and follicular fluid values (square). 

 

IV.V. Discussion 

IV.V.a. Phenotypic variables 

Phenotypic measures of body weight, tract length, horn diameter, largest follicle size, and 

number of collected COCs were compared for subfertile and fertile animals. There were no 

significant differences between subfertile and fertile animals.  

IV.V.b. Metabolites 
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Plasma and follicular fluid profiles were analyzed independently of one another but 

utilizing identical workflows. To correct for variation introduced by samples being collected on 

separate days, profiles were batch corrected prior to normalization and scaling. The analysis 

identified four metabolites as being present at significantly different levels in plasma in the fertile 

and subfertile heifers, those being glycerol-alpha-phosphate, fucose, lactic acid, and pipecolinic 

acid. Fourteen metabolites were significant in follicular fluid between the two groups. 3-amino-2-

piperidone, ascorbic acid, N-methylethanolamine, and parabanic acid were present at lower levels 

in the fertile heifer’s follicular fluid. Glucose-6-phosphate, aminomalonic acid, alpha-tocopherol, 

methanolphosphate, alpha-aminoadipic acid, trans-4-hydroxyproline, 5-methylthioadenosine, 

pimelic acid, arachidonic acid, and deoxycholic acid were present at higher levels in the follicular 

fluid of the fertile animals. 

Alpha-tocopherol, also known as Vitamin E, is involved in the processes of vitamin 

digestion and absorption, ferroptosis, and ubiquinone/terpenoid-quinone biosynthesis and was 

present at higher levels in the follicular fluid of fertile animals. In IVF experiments, Vitamin E 

supplementation has been suggested to increase cleavage and blastocyst formation due to 

antioxidant properties and reduction of ROS (Silva et al., 2015). In vivo, an experiment showed 

dairy cows with Vitamin E supplementation in the peripartum period decreased AI services to 

conception without altering milk factors (Baldi et al., 2000). This could suggest higher ROS in 

subfertile animals compared to fertile animals, or greater ability to respond to ROS in fertile 

animals. 

Arachidonic acid is related to the pathways of arachidonic metabolism and biosynthesis of 

unsaturated fatty acids and is an upstream metabolite to prostaglandins, including prostaglandin 

F2α and PGE, key hormones in estrous cycling. Arachidonic acid was higher in the follicular fluid 
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of fertile animals compared to subfertile animals. This is in contrast to Bai et al. (2020) that found 

arachidonic acid being higher in the follicular fluid of cows in lactational anestrous compared to 

cyclic controls (Bai et al., 2020). However, this result is roughly in agreement with a study that 

found arachidonic acid higher in the follicular fluid of virgin heifers and non-lactating post-partum 

cows compared to lactating cows (Forde et al., 2016). Arachidonic acid levels were also found to 

be higher in the follicular fluid of women with PCOS compared to healthy age matched controls 

(Lai et al., 2022). Lai and colleagues also suggested that alterations in fatty acid metabolism in 

follicular fluid was related to inflammation in granulosa cells. Inflammation is not necessarily a 

bad thing to find in the ovary, as inflammatory signals like prostaglandins and TNFα are involved 

in processes like ovulation and luteolysis (Senger, 2012). With such differing results from different 

studies, it is difficult to determine the ultimate meaning of the differences in arachidonic acid levels 

in the current study. 

Two metabolites significant in this study were linked to the pathway of lysine degradation. 

Pipecolinic acid (also called pipecolic acid) was significantly lower in the plasma of fertile animals 

compared to subfertile animals, with the same pattern of presence in follicular fluid, though it was 

not a significant difference. Interestingly, pipecolinic acid levels were somewhat correlated 

between plasma and follicular fluid (r = 0.688, p = 0.009). Pipecolinic acid supplementation to 

IVF medium is suggested to have improved the developmental competence of mouse oocytes 

through reduction of mitochondrial activity and reduced ROS species in embryos (Treleaven et al., 

2021). 

Alpha-aminoadipic acid was also mapped to be part of the lysine degradation pathway and 

was higher in the follicular fluid of fertile animals with a similar pattern of presence in plasma, but 

not significant. In contrast, a study performed in lactating cattle found that alpha-aminoadipic acid 
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was higher in follicular fluid compared to post-partum cows that were dried off immediately after 

parturition and primiparous heifers (Forde et al., 2016). As well, in a study of PCOS follicular 

fluid, alpha-aminoadipic acid was higher in patients compared to controls (Chang et al., 2017). 

These results from published literature suggest that increased levels of alpha-aminoadipic acid 

might be linked to reduced fertility, while the results gathered by this study would state the 

opposite. However, it is important to consider that in the current study, fertile animals were 

harvested three months after phenotypic categorization and may have entered a period of lower 

fertility, increasing alpha-aminoadipic acid in their follicular fluid. 

Ascorbic acid was lower in the follicular fluid of fertile animals and related to the pathways 

of ascorbate and alderate metabolism, glutathione metabolism, HIF-1 signaling pathway, and 

vitamin digestion and absorption. This is in contrast to in vitro fertilization results on porcine 

oocytes that found increased ascorbic acid supplementation increased glutathione levels and 

reduced oxidative stress marker (Kere et al., 2013) and reduced or prevented DNA damage 

(Tatemoto et al., 2001).  

Deoxycholic acid is a bile acid with a structure similar to cholesterol (Sanchez-Guijo et al., 

2016) and related to the pathways of bile acid secretion and secondary bile acid synthesis. 

Deoxycholic acid was higher in the follicular fluid of fertile animals. It has been suggested that 

bile acids are naturally present in follicular fluid (Sanchez-Guijo et al., 2016) and that their levels 

may be descriptive of healthy or atretic state (Wei et al., 2022). Deoxycholic acid was noted to be 

higher in healthy follicles compared to atretic ones (Wei et al., 2022) however it is not clear what 

function bile acids play in follicular dynamics. 

Glucose-6-phosphate is an intermediate energy metabolite present in starch and sucrose 

metabolism, inositol phosphate metabolism, and glycolysis/gluconeogenesis. Additionally, 
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glucose-6-phosphate interacts with NAD+ as part of the nicotinamide and nicotinic acid pathway, 

is involved in glutathione metabolism, and is part of the pentose phosphate pathway. It was present 

at higher levels in the follicular fluid of fertile animals compared to subfertile animals. Glucose-

6-phosphate dehydrogenase (G6PD) catalyzes the reduction of glucose-6-phosphate to D-

Glucono-1,5-lactone 6-phosphate in the pentose phosphate pathway and the reaction of NADP+ 

to NADPH in the glutathione pathway. G6PD activity in cumulus granulosa may impact oocyte 

maturation, as silencing of this enzyme led to reduced maturation competency and increased 

oxidative stress markers in cocultured oocytes (Xie et al., 2018). Glucose-6-phosphate 

dehydrogenase is also implicated in atresia in ewe follicular dynamics, being highest in small 

healthy follicles and reducing with increased atresia and follicular size (Ortega-Camarillo et al., 

2009). Glucose-6-phosphate is part of the inositol phosphate pathway, one that was noted to be 

changed between day 0 and day 17/day 45 of pregnancy (Guo and Tao, 2018) potentially showing 

an effect of steroid hormones on this pathway in reproductively important tissues. 

Fucose was present at lower levels in the plasma of fertile animals compared to subfertile 

animals and showed significant correlation between follicular fluid and plasma (r = 0.678, p = 

0.011). Fucose showed the same distribution in follicular fluid as in plasma, however levels were 

not significant in follicular fluid (p = 0.067). Fucose is part of fructose and mannose metabolism 

as well as amino sugar and nucleotide sugar metabolism. Fucosylation (connection of a fucose to 

a protein) is a common modification of glycoproteins (Lin et al., 2010). Additionally, fucose levels 

in urine have been suggested to be related to inflammation in a mouse model of Crohn’s Disease 

(Lin et al., 2010). 

5-methylthioadenosine (MTA) was higher in the follicular fluid of fertile animals and is 

part of cysteine and methionine metabolism. 5-methylthioadenosine may be closely related to cell 
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cycle activity through the enzyme methylthioadenosine phosphorylase (MTAP) (Sunkara et al., 

1985). MTAP is increased in cells shortly before the DNA synthesis stage and loss of MTAP 

expression in cells is linked to increased tumorigenesis and metastasis (Sunkara et al., 1985). This 

is in contrast to MTA itself which can limit proliferation and increase apoptosis of cells (Li et al., 

2019). When mouse ovaries were stimulated by FSH, 5-methylthioadenosine was present at higher 

levels than in ovaries of unstimulated controls (Sun et al., 2018). This might suggest that there is 

a difference in granulosa metabolism and apoptotic states between fertile and subfertile animals. 

Two metabolites were discovered to be involved in glycerophospholipid metabolism. N-

methylethanolamine, which was lower in the follicular fluid of fertile animals, and glycerol-alpha-

phosphate, which was lower in the plasma of fertile animals. N-methylethanolamine was found to 

be higher in the serum of cattle that developed mastitis postpartum (Zandkarimi et al., 2018). This 

might suggest alterations in N-methylethanolamine could be predictive of future inflammation or 

infection. In plasma samples, glycerol-alpha-phosphate was present at lower levels in fertile 

animals. Glycerolipid metabolism in the follicle was suggested to be discriminatory between 

women with repeated failure of IVF and those considered healthy controls (Batushansky et al., 

2020). 

Parabanic acid is potentially related to purine metabolism and was lower in the follicular 

fluid of fertile animals. Parabanic acid may be descriptive of the ROS status of a follicle, as it can 

be formed from guanine and uracil by exposure to reactive oxygen species (Jena and Mishra, 2012; 

Iida et al., 2017). Also potentially related to oxidative stress in the follicle is 3-amino-2-piperidone 

which was present at lower levels in follicular fluid of fertile animals. 3-amino-2-piperidone is 

potentially related to ornithine metabolism, and in a study of COVID-19 patients was present at 

higher levels in serum in relation to increased IL-6 and CRP (Li et al., 2021). 
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Pimelic acid and trans-4-hydroxyproline were higher in the follicular fluid of fertile 

animals. Pimelic acid is related to biotin metabolism which is related to keratin synthesis. Biotin 

supplementation to cattle has been suggested to reduce lameness and increase fertility (Wilde, 

2006). Trans-4-hydroxyproline is also involved in structural proteins, being a core factor in 

collagen synthesis and is conditionally related to arginine and ornithine metabolism (Wu et al., 

2011). Addition of proline (a metabolic precursor to trans-4-hydroxyproline) to IVF media was 

suggested to improve embryo health in mice (Treleaven et al., 2021). Trans-4-hydroxyproline has 

been found to be increased in the follicular fluid of older women undergoing IVF procedures 

(Huang et al., 2022a). Higher levels of these two factors in follicular fluid could suggest that fertile 

animals had greater breakdown of connective tissues in the ovary at the time of collection, or 

greater turnover in connective tissue of the ovary compared to subfertile animals. 

Lactic acid levels were present at higher levels in the plasma of fertile animals compared 

to subfertile animals, while being higher in the follicular fluid of subfertile animals than in the 

fertile animals. Lactic acid is a core energy substrate of cellular metabolism and is part of 

glycolysis/gluconeogenesis and pyruvate metabolism. Pyruvate presence in follicular fluid has 

previously been positively correlated with developmental capability of oocytes (Alves et al., 2019). 

It has been suggested that lower lactic acid presence in plasma could be diagnostic of subclinical 

ketosis (Sun et al., 2014). Additionally, lactic acid levels in circulation can easily be increased by 

high stress (Frese et al., 2016). It is important to recall that this blood plasma sample was collected 

from the jugular upon exsanguination. Animals had been deprived of food for at least 12 hours 

prior to slaughter and were in unfamiliar surroundings. These stressors could be the cause of altered 

levels of lactic acid, considering the broad range of values in both subfertile and fertile animals. 
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Of the above discussed metabolites, alpha-tocopherol, ascorbic acid, glucose-6-phosphate, 

parabanic acid, and 3-amino-2-piperidone were related to levels of reactive oxygen species and 

oxidative stress levels in cells while fucose, alpha-aminoadipic acid, and N-methylethanolamine 

have been linked to inflammation. Success of in vitro fertilization has been suggested to be related 

to levels of pipecolinic acid and alpha-tocopherol. Glycerolipid metabolism has been suggested to 

be linked to successful IVF procedures. Two metabolites were potentially linked to cell cycles and 

cell health and potentially follicular atresia, those being the bile acid deoxycholic acid and 5-

methylthioadenosine. Trans-4-hydroxyproline and pimelic acid are linked to connective tissue, 

either through collagen or keratin homeostasis. Lactic acid was an interesting finding in this study, 

however due to the circumstances of harvest, the discrepancies in lactic acid could be due to higher 

numbers of fertile animals, or differences in when samples were collected that was not entirely 

corrected for by batch correction. 

Reactive oxygen species creation is a normal part of cell metabolism as is the production 

of antioxidants by the cell to counteract ROS effects (Sabry et al., 2022). The balance of 

antioxidants and ROS species is important for cellular health and continued proper functioning 

(Sabry et al., 2022). Metabolites related to reactive oxygen species and antioxidant balance could 

implicate that these processes are dysregulated in subfertile animals, leading to imbalance of these 

factors in the ovary and decreased production/maturation of fertile oocytes. Inflammatory factors 

are also key to regulation of reproduction and the ovary. TNFα, an inflammatory cytokine, is part 

of the luteolytic cascade (Senger, 2012) and IL-6 stimulation in the uterus has been implicated in 

endometrial remodeling for pregnancy establishment (Schjenken et al., 2021). As such, relation of 

certain metabolites to inflammatory response is interesting, but needs to be more deeply explored 

at the ovarian and follicular level. 
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This study shows interesting results both in follicular fluid and in blood plasma. While no 

metabolites were significant in both biofluids, pipecolinic acid and fucose showed medium 

correlation between biofluids (r > 0.60, p ≤ 0.05). When ROC-AUC analysis was performed on 

batch corrected results, pipecolinic acid had an AUC of 0.900 and fucose had an AUC of 0.850. 

This result suggests that pipecolinic acid and fucose could serve as descriptive of the fertility state 

of the ovary but could be tested for in blood plasma. However, this needs to be validated with 

intensive study and repeated measures. While these results point to interesting processes and 

physiological states that should be more deeply explored, the limitations of this study should be 

noted and understood. To ensure enough subfertile animals were collected it was necessary to 

include three heifers (Experimental Cohort 1) with the two heifers identified from Cohort 2. The 

heifers from Cohort 1 were older and offered more opportunities for establishing pregnancy than 

the younger heifers of Cohort 2. However, inclusion of these older heifers could also be a strength 

of this study, increasing the variability in production systems and bloodlines represented by the 

animals collected. Additionally, the heifers that were identified as fertile were retained and 

harvested at the same time as the subfertile animals. While this created greater uniformity in 

sample collection days by reducing the number of days and increasing the number of samples 

processed within a day, it should be noted that these samples were collected and tested several 

months past the point at which they were deemed fertile.  

IV.VI. Implications and conclusions 

The above results suggest that reproductive failure can begin at the ovarian level in the 

follicular environment. Metabolites, as precursors and products of cellular metabolism could be 

descriptive of follicular environments incapable of producing highly fertile oocytes. Metabolite 

levels are likely descriptive of both circulating metabolites from general metabolism as well as 
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local metabolism, being secreted by thecal and granulosa cells as well as the oocyte itself. An 

interesting relationship between some metabolites in plasma and follicular fluid warrants closer 

study. Potentially, such closer study could be done with ovum pickup procedures and repeated 

measurements of the same animals, increasing statistical power of correlation and giving a 

temporal description of the relationship between follicular fluid and plasma as well as a moment 

to moment one. 

These results could also be informative for improving in vitro fertilization procedures, if 

the underlying metabolites critical for proper oocyte maturation are identified. Several studies have 

utilized parallel analysis of follicular fluid and synthetic maturation medias. In vitro matured 

oocytes often lack the developmental competence of in vivo derived or naturally occurring 

pregnancies. However, natural mating and IVD embryos are not always available or attainable, so 

increasing the efficiency and success rate of IVM/IVF is desirable, not only in cattle but also in 

humans and other species. 
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Appendix 1: SDS-PAGE procedures 

SDS-PAGE sample preparation, gel preparation, and blot transfer 

Plasma samples were diluted 10x in 1x PBS and combined with a 4x Laemli loading buffer (42% 

glycerol; 16.8% 1.5 M Tris-HCl, pH 6.8; 41.1% ddH20; 8.42% SDS (w/v); bromophenol blue) and 

incubated at 95° C for seven minutes and then vortexed briefly. Samples were prepared to load 15 

µg of total protein. An 8% SDS-PAGE was prepared within a Hoefer sandwich set up (4 gels) 

utilizing a 1 mm spacer between plates and a comb with 20 wells. The gels were prepared following 

the protocol given in Table A.1.1 for resolving and stacking gel, respectively. 

Table A.1.1: 8% SDS-PAGE resolving and stacking gel. 

 

Once the resolving gel was poured into the cast, water-saturated isobutanol was placed over the 

resolving gel to prevent dehydration of the upper gel. The resolving gels were matured for 45 

minutes at room temperature. The stacking gels were matured at room temperature for 1 hour 

before the combs were removed and samples were loaded. 

Gels were run at 80 mA for 2 hours (20 mA/gel) in 1x running buffer (25 mmol/L Tris, 192 mmol/L 

glycine, and 0.1% w/v SDS). Upon completion of the run, gels were removed from the sandwich 
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and placed in ddH2O. Total protein load was quantified by 2,2,2- trichloroethanol hybridization 

with tryptophan and images were captured using a ChemiDoc XRS+ imager after five minute 

ultraviolet exposure. Gels were then equilibrated in 1x Tris-glycine/methanol until loaded into a 

transfer sandwich.  

Gels were transferred using wet transfer techniques onto low-fluorescence PVDF membranes 

activated in methanol. The transfer took place at room temperature for 16 hours in 1x transfer 

buffer (25 mmol/L Tris, 192 mmol/L glycine, and 10% v/v methanol). Post-transfer, membranes 

were moved to ddH2O and exposed to a ChemiDoc XRS+ imager to determine protein transfer 

from the gel to the membrane. Upon capturing total protein images, membranes were moved to 

wash buffer [1x TBS-T (0.1% Tween-20 v/v)] and stored at 4°C until further work. 
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Appendix 2: Representative blot images 

 

Figure A.2.1: Representative image of total protein staining via TCE inclusion and UV activation. 

Protein ladder on far left; Lane 1, control sample; Lane 2-10, LBred heifers; Lane 11-19, 1stAI 

heifers. 

 

Figure A.2.2: Representative merged image of chemiluminescent IgG1 visualization and 

colorimetric ladder visualization. 150 kDa form and 50 kDa fragment combined for densitometric 

analysis. Protein ladder on far left; Lane 1, control sample; Lane 2-10, LBred heifers; Lane 11-19, 

1stAI heifers. 
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Figure A.2.3: Representative image of chemiluminescent IgG1 visualization. 150 kDa form and 

50 kDa fragment combined for densitometric analysis.  Lane 1, control sample; Lane 2-10, LBred 

heifers; Lane 11-19, 1stAI heifers. 
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Appendix 3: Batch correction images for follicular fluid and plasma 

 

Figure A.3.1: PCA plots of before normalization and after batch correction for follicular fluid 

(Panel A) and blood plasma (Panel B). 

 

 

  

 

      

 


