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Abstract. The transition from pregnancy to lactation (i.e. the transition period) is a time of significant metabolic

challenge, with a several-fold increase in a cow’s requirement for energy, protein and minerals within days of calving.
A successful transition involves the initiation and coordination of changes inmultiple tissues that facilitate the provision of
these nutrients to the cow and, more specifically, to themammary gland, often at the considerable expense of other tissues.

Failure to coordinate the necessary changes effectively results in transition period maladaptation, which can broadly be
grouped into three categories: (1) negative energy balance and metabolic diseases associated with energy metabolism;
(2) immune dysfunction and inflammation; and (3) metabolic diseases associated with mineral deficiency. Because
reinitiation of ovarian activity, follicle recruitment, ovulation, fertilisation and, potentially, even maternal recognition of

pregnancy and implantation occur against the backdrop of this metabolic and immunological disturbance in early
lactation, the role of nutrition in ensuring a smooth transition between the pregnant and lactating state is important. In this
paper we integrate recent research findingswith previous knowledge of the interaction between transition cowmetabolism

and nutrition and reproductive outcomes, and offer new insights into key elements of successful cowmanagement to avoid
transition ‘maladaptation’ and improve pregnancy rates.

Additional keywords: energy balance, exosomes, immunity, inflammation, metabolic disease, NSAIDs.

Introduction

Coincident with increasing milk production through genetic and

husbandry advances, reproductive efficiency in dairy cows has
been in decline for more than 20 years (Roche et al. 2000, 2011;
Royal et al. 2000): cows take longer to return to oestrus, exhibit

poorer signs of oestrus, may have poorer conception rates and have
greater embryo loss (Lucy 2001; Roche et al. 2011). The reasons
underlying the negative association between milk production and

fertility are complex and multifactorial, but physiological changes
to support the supply of nutrients to the mammary gland, at the
expense of other tissues, are implicated (Lucy 2001; Chagas et al.
2009; Lucy et al. 2009; Friggens et al. 2010). This is consistent

with the negative genetic correlation betweenmilk production and
health (Uribe et al. 1995; Pryce et al. 1997; Ingvartsen et al. 2003)

and milk production and reproduction (Berry et al. 2003). How-
ever, the negative association is not universal (Bello et al. 2012).

For example, Cummins et al. (2012a, 2012b, 2012c) reported
divergent fertility phenotypes with similar milk production, and
there is evidence of fertility improving following the inclusion of

a fertility subindex in multiple countries’ national breeding
objectives (Berry et al. 2014).

For dairy cows, high reproductive efficiency requires a

successful pregnancy within 3 (seasonal production system) to
4 (non-seasonal production system) months after calving (De
Vries 2006; Roche et al. 2000). Achieving this requires the quick
resolution of a range of physiological, endocrine and tissue

remodelling processes during a particularly nutrient-demanding
and physiologically and immunologically challenging period.

*John Roche was the invited contributor. Other authors are listed alphabetically.
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Therefore, failure to ‘transition’ effectively between the preg-
nant and lactating state has implications for reproductive

success.

The transition period: adapting to the onset of lactation

During the 6- to 8-week period between late pregnancy and early
lactation, commonly referred to as the ‘transition period’, sig-

nificant metabolic adaptations occur in all mammals; however,
intensive selection for milk production in the modern dairy cow
has resulted in even more extreme physiological changes to
ensure nutrient supply to the mammary gland is prioritised

above other tissues. For example, at 4 days after calving, a cow
producing 30 kgmilk requires 2.7-, 4.5- and 2.0-fold the amount
of glucose, fatty acids (FAs) and amino acids, respectively, than

she did 4 days before calving, and that is just for milk production
(Bell 1995). In fact, because of the metabolic requirements of
the gland, particularly in early lactation, it has been suggested

that the cow should be considered an appendage to the mam-
mary gland, rather than vice versa (Bauman et al. 2006).
Nutrient requirements of non-mammary tissues also undergoing
peripartal hypertrophy to supply the mammary gland with

nutrients (e.g. liver, intestine) add to the metabolic challenge.
Fulfilling the abrupt increase in nutrient requirements at the

onset of lactation requires major changes to multiple tissues in a

very short time. Mobilisation of body fat is extreme for 10–15
days after calving (Fig. 1); this is achieved by a combination of
increased lipolysis and decreased rates of lipogenesis and FA re-

esterification in adipose tissue and the net release of FA and
glycerol into the bloodstream (Bell 1995; Drackley 1999; Drack-
ley et al. 2001; Roche et al. 2009). The homeorhetic changes

required to achieve this tissuemobilisation appear to be primarily
under genetic control (McNamara and Hillers 1986; McNamara
1991), with nutrition during the first 5 weeks of lactation having
very little effect (McCarthy et al. 2007; Roche 2007; Roche et al.

2006, 2009). Plasma FAs are efficiently used for mammary
triacylglycerol (TAG) synthesis and can be oxidised in most
non-mammary tissues. In addition, glycerol is a readily assimi-

lated precursor for hepatic gluconeogenesis (Roche et al. 2013a).
Mechanisms of a moremoderate mobilisation of amino acids

from so-called ‘labile tissue protein reserves’ are less well

understood. However, evidence points to suppression of protein
synthesis and possibly increased proteolysis in skeletal muscle
(Bell et al. 2000). There is speculation that there may be some
diversion of amino acids from splanchnic tissue synthesis in the

immediate post-partum period and the secretion of export
proteins to support much of the suddenly increased hepatic
requirement for glucogenic substrate for at least a few days after

calving (Bell et al. 2000; Roche et al. 2013a). However, recent
studies of substrates used for hepatic gluconeogenesis in the
early post-partum period do not support this speculation (Larsen

and Kristensen 2012).
The onset of lactation places such a large demand on

mechanisms involved in maintaining calcium homeostasis that

most cows develop some degree of hypocalcaemia at calving. In
some cases, plasma calcium concentrations become too low to
support nerve and muscle function, resulting in parturient
paresis or milk fever (Goff and Horst 1997a). Adaptations to

increase the blood supply of calcium very soon after calving

include increased intestinal active transport, increased resorp-
tion of bone stores and decreased urinary excretion of calcium
(Horst et al. 2005).

The concept of homeorhesis (Bauman and Currie 1980)
implies the agency of endocrine or neuroendocrine factors
capable of responding to physiological and environmental
changes and of simultaneously affecting disparate metabolic

functions in multiple tissues. Roche et al. (2013a) provide a full
review of the homeorhetic and homeostatic regulation of physi-
ological changes associated with the transition from pregnancy

to lactation. Briefly, the transition dairy cow uncouples the
somatotropic axis (Lucy et al. 2009;Grala et al. 2011), has lower
insulin production and greater insulin resistance (Lucy 2001;

Chagas et al. 2009) and is in an increased state of subacute or
chronic inflammation (Bradford et al. 2015). All these condi-
tions are, to some degree, interdependent and occur to ensure

that glucose, in particular, is partitioned to the mammary gland
at the expense of other tissues (e.g. muscle, immune cells).
Phenotypically, these metabolic changes result in a greater
degree and duration of body condition loss in early lactation

and, as a result, a greater risk of metabolic diseases associated
with excessive loss of condition (e.g. ketosis, fatty liver).

As well as affecting metabolic health, the transition period is

also the period of greatest risk for infectious diseases, with the
risk of mastitis and metritis greatly increased in the weeks
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Fig. 1. (a) Early lactation body condition score (BCS) profile and (b) the

daily rate of change in BCS. Cows are in negative energy balance for 42 days

after calving, but the rate of BCS loss is very high for the first 10–20 days and

declines rapidly thereafter. BCSwasmeasured using a 10-point scale, where

1 is emaciated and 10 is obese (Roche et al. 2004). Adapted fromRoche et al.

(2007b).
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immediately after calving; these diseases have implications for
reproduction (LeBlanc 2008). Despite this, almost as if to scuttle

the proverbial ‘reproduction ship’ before it sets sail, the func-
tionality of the innate immune system is diminished during the
weeks immediately before and after calving, with a well-

reported reduction in the number and effectiveness of immune
cells in blood (Goff and Horst 1997a; Heiser et al. 2015;
Crookenden et al. 2016a). There is also a relationship between

metabolic state and peripartum immune function (Contreras and
Sordillo 2011; Sordillo and Raphael 2013; Bradford et al. 2015;
Crookenden et al. 2016b, 2017; Sordillo 2016), wherein the
functioning of the immune system of cows in metabolic distress

is further reduced.
In summary, the diverse and yet orchestrated nature of the

metabolic adaptations to support lactation involvesmany tissues

(i.e. homeorhesis; see Bauman and Currie 1980). If any of the
adaptation processes are compromised, this can result in a
cascade of metabolic problems, reduce the functionality of the

immune system, exacerbate the controlled peripartum inflam-
mation, increase the risk of metabolic and infectious diseases
and even result in death. The purpose of this review is to
integrate recent research findings with previous knowledge of

the interaction between transition cowmetabolism and nutrition
and reproductive outcomes, and to offer some new insights into
key elements of successful management of the cow to avoid

transition ‘maladaptation’.

Physiological processes underpinning fertility and
subfertility as they relate to the transition period

The chain of reproduction events between when a cow calves

and recalves is long and complex, but can, for all intents and
purposes, be split in two when considering the transition period
(see Roche et al. 2011): (1) preovulatory reproductive failure,
with transition cow metabolic state and nutrition potentially

affecting the timing of return to oestrus; and (2) postovulatory
reproductive failure, when the transition cow metabolic state
and nutrition may affect oocyte quality, fertilisation, embryo

survival and implantation.

Preovulatory reproductive failure

Preovulatory reproductive failure is primarily a function of the

timing of return to oestrus post partum. An early resumption of
oestrous cycles following calving is important, because delays
result in reduced conception and pregnancy rates. Thatcher and

Wilcox (1973) reported a quadratic decline in services per con-
ception with increasing numbers of recorded oestrous cycles
before 60 days in milk. Recently, a greater failure of embryos to
reach the 7 day blastocyst stage if not previously detected in

oestrus was identified compared with contemporaries on a second
or later oestrous cycle (D. Berg, unpubl. data). Therefore, the
effects of metabolic changes during the transition between preg-

nancy and lactation on the processes underpinning preovulatory
reproductive failure must be understood (Santos et al. 2016).

Postovulatory reproductive failure

Postovulatory reproductive failure is amajor component of poor
reproductive performance in dairy cows, but again can

potentially be divided into two categories: (1) maternal–embryo
interaction; and (2) early blastocyst stage failure.

Historically, reproductive failure was accepted as a failure at
the level of maternal–embryo communication. Fertilisation
rates of approximately 90% were expected (Diskin 2008) but,

based on an average calving rate of 55%, Sreenan and Diskin
(1986) calculated an embryonic and fetalmortality rate (excluding
fertilisation failure) of approximately 40% for ‘fertile’ cows and

55% for ‘subfertile’ cows. They estimated that 70–80% of the loss
occurred between Days 8 and 16 after insemination. These early
findings have been substantiated (Walker et al. 2012; Wiltbank
et al. 2016). Using transcriptomic analyses of endometrium

harvested from fertile and subfertile dairy cow strains, Walker
et al. (2012) provided support for this proposed timing of embryo
loss, at least in the North American Holstein–Friesian breed. The

collective results indicate that reproductive failurewas primarily a
result of a failure at the maternal recognition and implantation
stage, implicating the uterine environment in reproductive failure

(Walker et al. 2012). These changes may relate to differences in
progesterone profiles between the different dairy cow strains
investigated (Meier et al.2009), because progesterone is a primary
driver of endometrial gene expression and conceptus elongation

(Forde et al. 2009; Spencer et al. 2016), and could be the result of
either inadequate production or increased hepatic metabolism.

More recently however, our team identified that the critical

period for early embryo loss in the fertile strain mentioned
previously (i.e. moderate-producing cows in New Zealand) was
in the first week after fertilisation, with approximately 66% of

the embryos ultimately lost, non-viable by Day 7 (D. Berg,
unpubl. obs.). These results implicate factors associated with
oocyte quality, follicle development and possibly oviducal

environment in fertilisation failure (Sartori et al. 2010).
Differences in the timing of embryo loss point to different

reasons for early embryo loss, which is consistent with the
inferior follicular development, progesterone production and

uterine environment reported by Cummins et al. (2012b) in a
subfertile strain of dairy cow. Nevertheless, considering that the
timing of reinitiation of follicular waves post partum, the

recruitment of the dominant follicle and the development of
the oocyte ultimately fertilised, as well as uterine involution
and the resolution of any infection or inflammation, all occur

during the transition period for many cows, it is reasonable to
assume that any perturbation to dairy cowmetabolic or immuno-
logical state will increase the risk of postovulatory reproductive
failure (Leroy et al. 2005, 2008; Lonergan 2011). The contribu-

tion of features of transition cow maladaptation to reproduction
and best practice management guidelines to improve the likeli-
hood of postovulatory reproductive success are discussed below.

‘Maladaptation’ during the transition period and its role in
reproductive failure

The transition period, although short, is when most metabolic
and infectious diseases occur during the dairy production cycle

(Roche et al. 2013a). These diseases are a result of the cow’s
physiological processes failing to adapt to increased nutritional
requirements for lactation and is referred to as transition period
‘maladaptation’.

Fertility and the transition dairy cow Reproduction, Fertility and Development 87



Metabolic diseases are complex disorders that occur when
the cow’s ability to adjust to a major physiological change (e.g.

pregnancy to lactation) is compromised. They have been a
persistent problem for farmers for centuries, with milk fever,
for example, first documented in 1793 in Germany (Schultz

1971) and ketosis reported in the US as early as 1849 (Udall
1943). Most metabolic disorders stem from nutritional inade-
quacy or a failure to prime metabolic processes for the change

from pregnancy demands to lactational demands. In compari-
son, infectious diseases generally reflect an inability of the
cow’s immune system to withstand a bacterial or viral chal-
lenge. A focus of any transition cowmanagement programmust

be to ensure that peripartum disease (i.e. both clinical and
subclinical) is minimised, thereby maximising the likelihood
of an early return to oestrus and a successful pregnancy

outcome.
The orchestrated changes to cow physiology during the

transition period are complex and provide several ‘opportu-

nities’ for ‘maladaptation’ (Thatcher et al. 2011). Nevertheless,
they can be grouped into three broad subject areas, which will
allow us to directly discuss their interaction with reproduction:
(1) negative energy balance (NEB) and metabolic diseases

associated with energy metabolism; (2) immune dysfunction
and inflammation; and (3) metabolic diseases associated with
mineral deficiency.

Early lactation NEB and metabolic diseases associated with
energy metabolism

Because of the asynchronous increase in energy demands rela-
tive to supply after calving, most cows mobilise a large amount

of adipose tissue during the first 2–4 months of lactation (Roche
et al. 2009) andmost especially during the first 10–20 days after
calving (Fig. 1; Roche et al. 2007b). This results in high FA
concentrations circulating in the blood during early lactation.

High blood FAs can lead to metabolic diseases associated with a
failure to fully oxidise FAs, most notably ketosis and hepatic
lipidosis.

Ketone bodies are intermediaries in the breakdown of FAs
and can accumulate in the blood when large amounts of body fat
are mobilised and there is insufficient carbohydrate to facilitate

b-oxidation. The clinical state of this disease is referred to as
ketosis and is defined by blood concentrations of b-hydroxybu-
tyrate (BHB) .2mM, with hyperketonaemia or ‘subclinical
ketosis’ defined as blood BHB concentrations between .1.2

and 1.4mM (Duffield et al. 2009; Gordon et al. 2013).
There are three types of ketosis. Type I ketosis is a result of an

unexpected drop in drymatter (DM) intake, particularly in high-

producing cows (spontaneous ketosis). This type of ketosis can
be prevented by ensuring cows are adequately fed or by ensuring
any feed restriction is imposed gradually (e.g. over a week).

Reducing milking frequency may also reduce the risk of Type I
ketosis (Kay et al. 2013).

Type II ketosis occurs to a degree in all cows 3–4 weeks after

calving, but the clinical condition generally occurs in over-
conditioned cows and can occur during the first 10 days after
calving: the risk of Type II ketosis doubles when calving body
condition score (BCS; a measure of fatness, with low values

indicating emaciation and higher scores indicating obesity)
increases from 5.5 to 6.0 over a 10-point scale (Gillund et al.

2001). Prevention should be through feeding management in
late lactation and during the non-lactating period before calving
(Roche et al. 2015). Mature cows should be fed to achieve a

calving BCS of 5.0 (10-point scale) at calving (Roche et al.

2009).
The third type of ketosis is silage ketosis. In addition to the

two main types of ketosis, cows can also get ketosis from
consuming poor-quality silage. Silage that has undergone a
secondary fermentation will increase blood BHB concentrations
and the risk of ketosis. Such silage should not be fed to transition

dairy cows.
Hepatic lipidosis is ametabolic disorder that occurs when the

hepatic uptake of FAs exceeds their oxidation and secretion by

the liver. When this happens, fat is re-esterified to TAG and
released into the circulation as very low-density lipoprotein.
During periods of NEB, hepatic capacity for FA re-esterification

increases in the dairy cow. However, the export rate from
the liver remains low; as a result, TAG accumulates within the
hepatocyte. This is commonly referred to as fatty liver disease
(Bobe et al. 2004).

Effects on reproductive function

Although the literature is consistent that dairy cow reproductive
function is compromised as the severity of NEB increases

(Roche et al. 2009) and when BHB (Raboisson et al. 2014; Shin
et al. 2015) andTAG (Bobe et al. 2004) thresholds are exceeded,
it is often not possible to separate the effects of blood FA con-
centration from those of blood BHB and liver TAG concentra-

tions. Therefore, we discuss the effect of NEB as a general state
that is likely to include high blood FA and BHB concentrations
and high liver TAG concentrations, but where appropriate will

refer to the actual metabolic diseases.
The timing of BCS loss (NEB), high blood FA and ketone

body concentrations and high liver TAG concentrations coin-

cide with the reinitiation of ovarian activity, the development of
the follicles that will provide oocytes for fertilisation, the
involution and remodelling of the uterine and oviducal struc-
tures and, for many cows (particularly those in seasonal calving

systems where the aim is to rebreed within 80 days of parturi-
tion), fertilisation, blastocyst and even post-hatching conceptus
growth and development.

Because of the coincidental occurrence of these processes
and metabolic states, NEB, BHB and liver TAG can affect both
pre- and postovulatory reproductive function (Villa-Godoy et al.

1990; Mackey et al. 2000; Diskin et al. 2003; Pushpakumara
et al. 2003; Chapinal et al. 2012; Shin et al. 2015; Lüttgenau
et al. 2016). For example, early lactation energy balance is

negatively associated with the duration of the post-partum
anoestrous interval (PPAI), with longer durations to first ovula-
tion associated with increasingly severe NEB (Diskin et al.

2003; Patton et al. 2007; Roche et al. 2007a; Garnsworthy et al.

2008), and positively associated with pregnancy rate to first and
subsequent inseminations (Diskin et al. 2003; Roche et al. 2009;
Walsh et al. 2011). Similarly, calving to first service interval

increased and the odds of a successful pregnancy to first service
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diminished with blood BHB concentrations .1.4mM and FA
concentrations .1.0mM in early lactation (Raboisson et al.

2014).
There are many reasons for the negative effects of NEB and

metabolite concentrations reflective of maladaptation to lacta-

tion on reproductive function. For example, follicle growth and
size is reduced duringNEB and follicles emerging after theNEB
nadir, rather than before, have greater growth and diameter,

enhanced oestradiol production and are more likely to ovulate
(Beam and Butler 1999; Diskin et al. 2003). In comparison, the
dominant follicle in cows in NEB had to be larger to establish
blood oestradiol concentrations capable of triggering ovulation,

which was therefore delayed (Beam 1995). Because oocytes
from large and aged follicles are less fertile, this is, at least in
part, the reason NEB reduces subsequent conception rates, even

if the animal has returned to positive energy balance. Physio-
logically, NEB manifests itself in delayed ovarian activity by
impinging on the pulsatile secretion of LH, reducing follicular

responsiveness to LH and FSH and ultimately by suppressing
follicular oestradiol production (Diskin et al. 2003).

The physiological mechanisms by which NEB may affect
follicle development are not completely understood, but are

postulated to involve insulin-like growth factor (IGF) 1. IGF1
has been reported to alter follicle sensitivity to gonadotrophins
(Garnsworthy et al. 2008) and oocyte quality (Lucy 2001), and

has been implicated in uterine receptivity and embryo implan-
tation (Robinson et al. 2000). NEB in early lactation has also
been reported to alter the IGF system in the oviduct and

endometrium (Fenwick et al. 2008; Wathes et al. 2009), poten-
tially affecting uterine receptivity and embryo implantation.
Robinson et al. (2000) reported that components of the IGF

system were differentially expressed in the uterus and that
factors that affect the expression of this systemmay alter uterine
function through modulation of uterine glandular activity and
the development of uterine caruncles. From the collated data, it

is reasonable to conclude that factors that result in disturbances
within the IGF system are detrimental to follicle and embryo
development, and perhaps provide a mechanism for reduced

fertility in these animals (Roche et al. 2011).
In addition to the effects of energy balance on follicle

development, time to first ovulation and oocyte or embryo

quality, NEB in early lactation can alter the necessary post-
partum uterine inflammatory response (Bromfield et al. 2015;
Bicalho et al. 2017; Sheldon et al. 2017a, 2017b), thereby
delaying uterine repair (Wathes et al. 2009), reducing innate

immune response (van Knegsel et al. 2007) and delaying the
elimination of bacteria from the uterus (Lewis 1997), increasing
the risk of metritis and endometritis (Duffield et al. 2009;

Compton et al. 2015).
In summary, early lactation NEB has been implicated in both

pre- and postovulatory reproductive failure because a more

severe NEB increases the duration of PPAI, reduces the quality
of the ensuing oocyte and delays the full involution and resolu-
tion of the post partum uterus. This manifests itself in an

extended PPAI and lower submission and 6- and 12-week
pregnancy rates. Therefore, an aim of transition cow manage-
ment must be to minimise the extent and duration of early
lactation NEB.

Managing early lactation NEB to prevent metabolic diseases
associated with energy metabolism and improve
reproductive function

The aetiology of metabolic diseases associated with energy
metabolism is complex and multifactorial, but central to their
occurrence is the excessive mobilisation of adipose reserves

before calving and during early lactation, and a failure of the
cow to rapidly increase intake after calving (DM intake (DMI)).
Thresholds for blood FA concentrations before (0.3–0.4mM)

and after (0.7–1.0mM) calving and BHB concentrations after
calving (1.2–1.4mM) have been reported that, when exceeded,
reduce fertility (McArt et al. 2013; Raboisson et al. 2014). Two
factors are particularly important in ensuring these thresholds

are not breached: (1) calving BCS; and (2) precalving feeding
level.

The positive effect of calving BCS on fertility outcomes has

been well established for decades, with a linear decline in PPAI
and a linear increase in pregnancy rate reported with increasing
calving BCS andBCS at the time of insemination (Buckley et al.

2003; Roche et al. 2009). Calving BCS does not affect precal-
ving blood FA concentrations (Roche et al. 2013b, 2015), but
post-calving BCS loss, blood FA and BHB concentrations and

liver TAG all increase with increasing calving BCS (Akbar et al.
2015; Roche et al. 2013b). For example, Roche et al. (2013b)
reported that 40% of cows that calved at BCS 5.5 (10-point
scale; Roche et al. 2004) were hyperketonaemic and mean herd

blood FA concentrations were 0.93mM after calving, compared
with 0%of cows and 0.71mMblood FA concentrations for cows
that calved at BCS 4.5. Therefore, managing BCS in late

lactation and during the non-lactating period to ensure that cows
are not overconditioned at calving (i.e. calve at BCS 5.0 on a
10-point scale;,3.0 on a five-point scale; Roche et al. 2004) is a

key factor in balancing the risk of post-calving metabolic
diseases and maximising the odds of a successful reproduction
event (Dann et al. 2006; Roche et al. 2017).

Although highlighting that post-partumNEB (i.e. high blood

FAs) and the inability to completely oxidise FAs (i.e. high blood
BHB) are important to reproductive function, the threshold for
blood FA concentrations before calving reported by Raboisson

et al. (2014) highlighted that NEBbefore calving also negatively
affects reproductive function. This is consistentwith the positive
relationship between prepartum blood FA and BHB concentra-

tions and the incidence of metabolic diseases post partum (Dyk
1995; Sheehy et al. 2017), and supports the long-held premise
that DMI must be maximised before calving (Boutflour 1928;

Hutton and Parker 1973; Bertics et al. 1992; Grummer 1995).
However, such a recommendation is inconsistent with more
recent research reporting a reduction in post-partum liver TAG
and blood FA and BHB concentrations in dairy cows that have

undergone a controlled restriction before calving, despite an
increase in precalving blood FA concentrations (Douglas et al.
2006; Loor et al. 2006; Janovick et al. 2011; Roche et al. 2005,

2015).
The apparent conflict between epidemiological or associa-

tive reports about the negative effect of precalving FA concen-

trations on reproduction outcomes and the positive effect of a
managed reduction in DMI before calving on metabolic health
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probably relates to the difference between correlation and
causation. Where there is a positive correlation between pre-

and post-calving blood FA concentrations, it is likely that
whatever caused the precalving rise in blood FAs (i.e. the drop
in DMI before calving) has also contributed to the rise in post-

calving FAs and BHB in the blood (i.e. correlation). This
hypothesis is supported by behavioural research undertaken by
Huzzey et al. (2007) and Goldhawk et al. (2009), who reported

that cows that got either metritis (Huzzey et al. 2007) or ketosis
(Goldhawk et al. 2009) after calving had reduced time spent
eating and DMI before calving. These observations indicate that
the animals were ‘unwell’ before calving, but it was only with

the stress of lactation that the diseases became clinical.
We contend that it is not the reduced DMI and elevated blood

FAs before calving that cause post-calving disease and the

negative effect on reproduction. It is more likely that there is a
common cause for both the drop in precalvingDMI (i.e. elevated
precalving blood FAs) and the post-calving diseases. In fact, it is

increasingly recognised that a controlled NEB in the weeks
before calving (,90% metabolisable energy requirements)
results in lower blood FAs and BHB and liver TAG after calving
(Douglas et al. 2006; Loor et al. 2006; Janovick and Drackley

2010; Roche et al. 2015), increases the capacity of the liver for
b-oxidation and gluconeogenesis while lowering ketogenesis
(Loor et al. 2006) and improves the immune state (Lange et al.

2016). These features should, in fact, improve the metabolic
state and increase the likelihood of a successful reproduction
outcome in moderate to overconditioned cows (Thatcher et al.

2011). That said, the effect of a controlled NEB before calving
on reproduction outcomes has not been evaluated. Further
research is required to evaluate the role of precalving feeding

level on the relationship among post-partum metabolic and
immunological state and reproductive function.

Summary

The severity and duration of the post-calving NEB is important

for reproduction, with higher blood FA and BHB and liver TAG
concentrations all associated with a lower likelihood of preg-
nancy. Therefore, minimising the post-calving NEB to ensure

blood FA and BHB concentrations are below 1.0 and 1.4mM
respectively (Raboisson et al. 2014) will likely increase repro-
ductive success. Ensuring that cows are neither too thin nor too

fat at calving is a very important component of managing BCS
loss and blood FA and BHB concentrations. Furthermore, a
controlled NEB before calving reduces the concentrations of

FAs and BHB in the blood and TAG in the liver. These meta-
bolic changes would be expected to increase the chance of a
successful pregnancy, but further research is required to eval-
uate this management strategy at sufficient scale to measure

reproduction outcomes.

Immune dysfunction and chronic inflammation

Broadly speaking, the immune system can be separated into two

branches, the innate and adaptive responses, which, together,
provide a coordinated response against infectious challenge.
The innate system provides the fast first-line of defence using
epithelial barriers, antimicrobial substances and various cell

types, such as neutrophils, macrophages, dendritic cells and
natural killer cells. The adaptive immune response differs from

the innate immune response in that it takes time to develop
(following antigen exposure), is highly specific and results in
immunological memory. The adaptive immune system consists

of antigen-presenting cells and antibody-producing B and T
lymphocytes, which communicate with each other and cells of
the innate system either through direct cell contact or via soluble

factors (i.e. cytokines). Research over the past decade has
revealed that the innate immune system is closely linked to the
adaptive immune response, and that cells of the innate arm
interact with and inform cells of the adaptive immune response

(Mantovani et al. 2011).
Despite its necessity to life, the immune system is impaired

during the transition period because of physical, hormonal and

metabolic stresses associated with gestation, parturition and the
onset of lactation (Kehrli et al. 1989; Cai et al.1994;Mallard et al.
1997). Numerous studies have reported decreases in immune cell

numbers in the blood (Park et al. 1992), reduced gene expression
for immune components (Crookenden et al. 2016a; Madsen et al.
2002) and impaired chemotactic and phagocytic capabilities
around parturition compared with mid- to late lactation (Shuster

et al. 1996;Mehrzad et al. 2001; Heiser et al. 2015). For example,
lymphocyte numbers decrease around parturition as a function of
reduced proliferation (Kehrli et al. 1989).

The early lactation state of NEB is often characterised by
impaired neutrophil function (Kehrli and Goff 1989; Kehrli
et al. 1989; Burvenich et al. 2007; Crookenden et al. 2016a,

2016b), including trafficking, phagocytosis and killing capacity.
In support of this, there is in vitro evidence indicating that a
marked elevation in blood FA and BHB concentrations is a

causative factor in immune suppression (Suriyasathaporn et al.

2000; Scalia et al. 2006). However, seminal research using
mastectomised cows compared with intact cows indicated that
the event of parturition and the associated metabolic and

hormonal changes also contribute to the immune dysfunction
(Kimura et al. 1999, 2002; Nonnecke et al. 2003), but that the
lactation-induced NEB after calving sustains the suppression of

immune cell function and the heightened inflammation
response. Our own recent work has been aimed at identifying
and understanding the underlying immune mechanisms (Heiser

et al. 2015; Crookenden et al. 2016a, 2016b) and their interplay
with nutrition and metabolism (Lange et al. 2016; Crookenden
et al. 2017).

In addition to the immune system’s defensive role, the

transition period and, in particular, the early post-partum period
are accompanied by an inflammatory state. This is, at least to
some extent, a part of the natural physiological changes occur-

ring in the periparturient period, but can also extend into a
pathological condition (Bradford et al. 2015). The inflammatory
process is characterised, in part, by excessive prostaglandin

production; hence, one management strategy that has been
hypothesised to reduce the chronic inflammation evident during
the transition period and have potential benefits for reproductive

function is the use of non-steroidal anti-inflammatory drugs
(NSAIDs), with considerable interest in the role of salicylate
(aspirin) in improving early lactation health, production and
reproduction (Bradford et al. 2015).
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Effects on reproductive function

Although there is limited information available in cattle, it is
well established that immunity plays a direct and central role in

successful reproduction (Walker et al. 2010; Hansen 2013; Fair
2015). Further, there is an indirect link between immunity and
successful reproduction, because cows affected by mastitis and

endometritis, a direct consequence of an under-performing
immune system, are less likely to get pregnant (Sheldon et al.

2002; Hammon et al. 2006; Bromfield et al. 2015; Pinedo et al.

2016). Fair (2015) reported that preovulatory follicle differen-
tiation and luteinisation are characterised by three phases of
immune cell infiltration and that follicle development stage had
a profound effect on the expression of genes in immune-related

pathways in those tissues. Further, the immune system is inte-
grally involved in follicle luteinisation and ovulation, sperm
transport and maternal recognition of pregnancy (Fair 2015).

Walker et al. (2010) reported that a key difference between
identified fertile and subfertile strains of dairy cattle was in
transcriptomic differences in immune tolerance genes in the

endometrium during the pregnancy recognition phase. There-
fore, a well-functioning immune system during the transition
from pregnancy to lactation is essential to avoid the risk of

infectious diseases, in the reinitiation of reproductive processes,
during sperm transport and in preparing the uterus for pregnancy
(Hansen 2013).

Improving post-partum immune function may involve nutri-

tional strategies, such asmanaging NEB and blood FA and BHB
concentrations post partum (see discussion above) and the use of
micronutrients (vitamin and trace minerals) to promote antioxi-

dant activity. Furthermore, strategic use of NSAIDs, immune
enhancing agents and control of peripartum blood calcium
concentrations (Sordillo and Raphael 2013; Bradford et al.

2015; Sordillo 2016) have all been investigated.

Use of micronutrients to enhance immune function

There is evidence that supplementation of the diet with anti-
oxidants (e.g. vitamin E or a-tocopherol, selenium, vitamin A or

b-carotene or retinol and vitamin C) is a practical way of
enhancing immune cell function and decreasing inflammation
(Sordillo et al. 2009). It was also recently reported that sup-

plementation with rumen-protected omega-3 polyunsaturated
fatty acids (PUFA) plus vitamin E from �21 through to þ21
days relative to parturition resulted in lower post-partum blood

concentrations of FA, BHB and bilirubin and greater
a-tocopherol concentrations, indicating an overall improvement
in liver function and attenuated inflammatory response post

partum (Trevisi et al. 2011). Although ingested PUFA are
substantially hydrogenated in the rumen, there is evidence that
dietary supplementation with omega-3-rich oils during the
peripartal period can enhance the concentrations of eicosa-

pentaenoic acid and docosahexaenoic acid in liver phospholi-
pids and adipose tissue TAG (Ballou et al. 2009), highlighting
significant rumen escape of these FAs.

Use of NSAIDs

To improve the transition between pregnancy and lactation from
an inflammatory state perspective, several studies have

described the results of treating cows with different types of
NSAIDs after calving; however, the results have been incon-

sistent. For example, Bertoni et al. (2004), in the first published
study using an NSAID (acetylsalicylate) to dampen the peri-
partum inflammatory state, reported a positive effect of treat-

ment during the first 5 days post partum on milk production and
more favourable indices of inflammatory status (e.g. lower
haptoglobin) during the first 4 weeks post partum. Farney et al.

(2013) treated cows with acetylsalicylate just after calving for 1
week and, although milk production was not affected during the
week of treatment, the NSAID-treated group produced more
milk fat by Week 3 of lactation. From a reproduction perspec-

tive, Trevisi andBertoni (2008) reported a significant increase in
first service conception rates after salicylate treatment during
the first 5 days after calving. However, treatment with salicylate

before calving increased the severity of the inflammation, slo-
wed post-partum recovery and decreased reproductive perfor-
mance (Grossi et al. 2013). Inconsistent results have also been

reported with other NSAIDs (Van Hecken et al. 2000;
McDougall et al. 2009, 2016; Richards et al. 2009; Shwartz et al.
2009; Jeremejeva et al. 2012; Priest et al. 2013; Meier et al.
2014; Newby et al. 2017). There is evidence that under certain

circumstances, but not others, treating early lactation cows with
an NSAID may increase the chance of a successful pregnancy.
Future research must focus on defining the exact criteria under

which cows are likely to benefit from NSAID administration.
NSAIDs act to inhibit the biosynthesis of prostaglandins

(Felson 2016) via inhibition of the two isoforms of prostaglandin

endoperoxide H-synthase (PGHS; also known as cyclo-oxygenase
(COX)-1 and -2). COX-1 is constitutively expressed in most
mammalian cells (Smith et al. 1996), whereas COX-2 is usually

induced by inflammatory stimuli (Williams et al. 1999; Smith
et al. 2000). This mode of action makes NSAIDs a candidate
management tool that could improve animal health through the
transition period, including by improving uterine health. It is

important to note that aspirin (salicylate) itself acts slightly
differently from the other NSAIDs, because it binds irreversibly
to the active site of the enzyme(s) and hence inactivates the

enzyme(s). Other NSAIDs bind reversibly to the enzyme(s) to
different extents. Moreover, aspirin can also have actions to
suppress nuclear factor-kB activity, whereas the other NSAIDs

act solely via inhibition of COX enzymes.

Use of immune-enhancing agents

Another potential strategy is the use of the commercially

available immune stimulant, Imrestor (Elanco, Indianapolis, IN,
USA). The active ingredient in Imrestor is the cytokine bovine
granulocyte colony-stimulating factor (G-CSF), which reg-

ulates the growth and differentiation of neutrophil precursor
cells within the bone marrow. As well as a peripartum immune
restorative agent, the role of granulocyte–macrophage colony-

stimulating factor (GM-CSF) has been extensively investigated
by the Hansen laboratory in the US, establishing a role for
GM-CSF in improving fertility in vitro and during embryo

transfer (Loureiro et al. 2009; Block et al. 2011; Kannampuzha-
Francis et al. 2015; Siqueira et al. 2017).

Recent studies have been conducted using a two-dose regime
of 15mg pegbovigrastim at ,7 days before the anticipated
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calving date and then within 24 h of calving (Kimura et al. 2014;
McDougall et al. 2017; Ruiz et al. 2017). BothMcDougall et al.

(2017) and Kimura et al. (2014) reported that the number of
neutrophils increased markedly and remained elevated after
calving in treated cows; the release of myeloperoxidase from

the neutrophils was also greater, indicating both improved
neutrophil number and function. In the study of Ruiz et al.

(2017), cows treated with Imrestor had a 25% reduction in the

incidence of clinical mastitis and untreated cows had 4.6%
greater odds of having a retained placenta. Although the
Imrestor-treated cows had 16.4% greater odds of being diag-
nosed with metritis within 21 days of calving and a 17.1%

increase in the incidence of early metritis, there was a 5.8%
greater chance of them being inseminated within 100 days after
calving (Ruiz et al. 2017). These results indicate a direct effect

of improving neutrophil number and function during the transi-
tion period on uterine health and possibly time to insemination.
However, further research is required to determine the effects of

Imrestor on uterine health and reproduction.

Summary

A functioning immune system as cows transition from preg-

nancy to a lactating state is a crucial component in preventing
disease, initiating follicular development and in the actual fer-
tilisation and maternal recognition stages of pregnancy. How-
ever, as part of the parturition event, the innate immune system

becomes dysfunctional, with a reduction in the numbers and
function of protective components, like neutrophils and lym-
phocytes, but exaggerated activity of inflammatory elements.

Recent research efforts have targeted immune restorative pro-
ducts while dulling the post-partum inflammation with variable
success. Further research is needed to understand the effects of

enhanced immune function and reduced inflammation on
reproduction outcomes.

Metabolic diseases associated with mineral deficiencies

Mineral deficiencies can be either primary or secondary and

their effects on reproduction can be either direct or indirect. In
general, primary mineral deficiencies result from a lack of a
particular mineral in the diet. In comparison, secondary mineral

deficiencies are the result of some other compound in the diet,
often another mineral, which interferes with the absorption of
the deficient element (e.g. sulfur, molybdenum, iron and calci-
um in the diet reduce the absorption of copper). Although a

deficiency in many minerals can cause a reduction in repro-
ductive function, the mineral element most notably ‘deficient’
during the transition period is calcium, with the metabolic dis-

ease resulting from its inadequacy termed hypocalcaemia or,
more commonly, milk fever.

Hypocalcaemia can be the result of both a primary and

secondary mineral deficiency, with low dietary magnesium
and/or high dietary potassium reducing the absorption of calci-
um from the diet, a lack of dietary calcium after calving reducing

the availability of calcium for absorption or a failure of the cow
to adequately upregulate the eucalcaemic processes necessary to
meet the calcium requirements of colostrogenesis; all will result
in low blood calcium immediately before or after calving.

Metabolic definitions of hypocalcaemia vary, but blood calcium
concentrations ,1.4mM are generally regarded as clinically

hypocalcaemic, whereas blood calcium ,1.9–2.1mM is
defined as subclinically hypocalcaemic (Roche et al. 2013a).

Effects on reproductive function

Although there is only limited information of a direct effect of
periparturient hypocalcaemia on reproductive function, indirect
effects on smooth muscle function (Curtis et al. 1985; Martinez

et al. 2014), dystocia and retained fetal membranes (Curtis et al.
1985), uterine involution (Heppelmann et al. 2015) and neu-
trophil function (Martinez et al. 2012, 2014) are well docu-
mented and would be expected to affect reproduction.

Consistent with this effect, Caixeta et al. (2017) reported a delay
in the resumption of ovarian activity after calving and a longer
PPAI in hypocalcaemic cows, as well as a 50% reduction in

pregnancy to first service (63% for eucalcaemic vs 31% for
subclinical hypocalcaemic). Among cows at low risk of devel-
oping metritis, those with subclinical hypocalcaemia had a

greater incidence of metritis (40.7%) than eucalcaemic cows
(14.3%; Martinez et al. 2012). Therefore, we are confident that
anything that increases the risk of hypocalcaemia is likely to

reduce the likelihood of a successful pregnancy.
Although almost all cows undergo some degree of hypocal-

caemia around parturition, there are effective management
strategies to limit the severity of the drop in blood calcium

and the duration of hypocalcaemic event.

Management of dietary magnesium

Magnesium intake is arguably the single greatest dietary

factor determining the risk of milk fever (Lean et al. 2006;
Roche and Berry 2006). Magnesium is essential for the efficient
absorption and resorption of calcium; therefore, cows that have

low bloodmagnesium around calving aremore likely to getmilk
fever. In an analysis of 30 years of data from DairyNZ No. 2
Dairy, milk fever prevalence dropped from more than 10% to
less than 5% following the introduction of precalving magne-

sium supplementation in the late 1970s–early 1980s (Roche and
Berry 2006). In addition, Roche et al. (2002) reported that
supplementation with magnesium sulfate and magnesium chlo-

ride was more effective than supplementation with magnesium
oxide in maintaining periparturient eucalcaemia, despite a lack
of effects of differences in dietary potassium and dietary cation–

anion difference (DCAD). However, the use of these supple-
ments is not practical on all farms.

Management of dietary calcium

Cows absorb only as much calcium as they require and it
takes several days for a cow to alter the proportion of calcium
she absorbs from her diet (Braithwaite 1974). When the cow

calves and her requirements for calcium increase rapidly, she
often cannot increase the proportion of dietary calcium absorbed
sufficiently or quickly enough, and milk fever occurs.

Because of this relationship between dietary calcium and
calcium absorption, traditional recommendations have been to
feed a low-calcium diet before calving. In theory this will
stimulate the cow to absorb a higher proportion of calcium from
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her diet, such that when she calves and is fed a high-calcium diet
she will absorb enough calcium to prevent milk fever. This

strategy has been demonstrated to be effective on-farm (Wiggers
et al. 1975).However, it is very difficult to reduce dietary calcium
low enough during the dry period to sufficiently stimulate

calcium absorption after calving to prevent milk fever. In
comparison, Oetzel (1991) and Lean et al. (2006) noted that very
low and very high levels of dietary calcium prepartum prevented

milk fever, with the greatest risk of milk fever occurring between
0.5% and 2.0% DM calcium.

Compared with dry cows, the provision of supplementary
calcium to colostrum cows, along with magnesium supplemen-

tation, will aid in the prevention ofmilk fever (Roche et al. 2002,
2003a).

Management of dietary potassium

Dietary potassium also contributes to the prevalence of milk
fever, but the effect is not consistent across dairy systems.
Research undertaken primarily in the US suggests that potassium

is the primary nutritional factor contributing to milk fever
through its effect on DCAD (Goff and Horst 1997b). Because
of this, high-potassium forages should be minimised in the

weeks before calving (NRC 2001). However, if this contraindi-
cation were appropriate for pasture-fed cows, 100% of cows
would get milk fever due to the high potassium content of
temperate pastures. In contrast, the incidence of milk fever in

pasture-based herds is low (McDougall 2001), andNewZealand
data indicated no difference in blood calcium around calving
when cows were fed pastures varying from 3.3% to 4.2% DM

potassium, the natural range evident in productive temperate
pastures (Roche et al. 2002). This does not mean that potassium
is unimportant. Potassium interferes with the absorption of

magnesium in the rumen and, because magnesium is important
for calcium absorption, thereby increases the risk of milk fever.
However, potassium is secondary in importance to magnesium
supplementation.

Management of dietary phosphorus

Feeds that are high in phosphorus increase the risk of milk
fever by interfering with the renal activation of vitamin D

(Kichura et al. 1982; Reinhardt et al. 1988). Therefore, feeds
that are high in phosphorus (e.g. palm kernel extract, distillers
grains) should be used with caution in the weeks before calving,

particularly in herds prone to milk fever.

Dietary cation–anion difference

The DCAD is calculated from the amount of potassium,

sodium, chlorine and sulfur in the diet, adjusting for their atomic
mass and valence. The proportion of these minerals in the diet
affects the acidity and alkalinity of the blood (blood pH; Stewart

1983). Blood pH affects calcium absorption from the intestine
and bone calcium homeostasis (Roche et al. 2007c; van Mosel
et al. 1993) through increased tissue sensitivity to parathyroid

hormone and greater circulating concentrations of 1,25-(OH)2-
vitamin D (Goff et al. 2014). Blood pH drops significantly when
DCAD is ,0 mEq kg�1 DM and calcium absorption from the
small intestine increases (Roche et al. 2003b, 2007c). Such a low

DCAD is generally not achievable when high-potassium fresh
forages are a significant part of the ration. However, lowering

the DCAD through removal of potassium from the ration where
practically possible facilitates the use of practical levels of
anionic salts and will improve calcium absorption, thereby

reducing the risk of milk fever in some circumstances.

Summary

Every cow undergoes a degree of hypocalcaemia at calving, but

the severity and duration vary; it is these factors and not the
presence of hypocalcaemia per se that appear to implicate
hypocalcaemia in reproductive failure (Caixeta et al. 2017).
There are numerous nutritional management strategies to

maintain eucalcaemia during the transition from pregnancy to
lactation, but management of dietary magnesium, calcium,
potassium and phosphorus content during the weeks before

calving can be particularly effective.

Exosomes as a potential future technology to enhance
transition cow metabolic function

A new and exciting technology that could revolutionise both the

identification of cows that have failed to transition well between
the pregnant and lactating states or provide the vehicle for
solution delivery lies in the understanding of exosomal

signalling.
Exosomes are membrane-bound nanovesicles ranging from

30 to 120 nm in size. They are formed by inward budding of

early endosomes to become multivesicular endosomes in the
cytoplasm (Valadi et al. 2007). After fusion with the plasma
membrane, they are released as exosomes into the extracellular

space and/or into the circulation.
Exosomes can affect target cell function (e.g. membrane

trafficking, cell proliferation and angiogenesis) following the
uptake of their cargo (e.g. proteins, mRNA and microRNA

(miRNA)), making them important intercellular messengers
(Valadi et al. 2007). These characteristics of exosomes strengthen
their potential utility in the treatment of diseases or subfertility,

by using them for targeted delivery of drugs or silencing RNA
(i.e. miRNA) to affected cells and organs (Sohel et al. 2013;
Burns et al. 2016; Lee et al. 2016; Lopera-Vasquez et al. 2017;

Shahabipour et al. 2017).
Due to the nature of their formation, exosomes provide

important functional information on the propagating cell,
including the oviduct (Lopera-Vasquez et al. 2016, 2017) and

the uterus–conceptus complex (Burns et al. 2016). Recent
studies of the roles of exosomes in cows have indicated that
they have potential as indicators of fertility status (Mitchell et al.

2016) and disease state (Crookenden et al. 2016b). The mechan-
isms by which exosomes target specific cell types are still
unclear, but further research will expose their prognostic and

diagnostic potential.
In addition to a role as biomarkers, exosomes may be able to

overcome some of the previously discussed insults caused by

transition cow maladaptation. For example, exosome-derived
miRNAs are differentially expressed in the follicular fluid of
younger (,31 years) compared with older (.38 years) women,
and are important regulators of gene expression during oocyte
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maturation and both follicular and embryo development (Diez-
Fraile et al. 2014; Lopera-Vásquez et al. 2016, 2017; Virant-Klun

et al. 2016). da Silveira et al. (2014) have also reported the
presence of exosomalmiRNAs in equine follicular fluid that can
regulate members of the transforming growth factor b/bone
morphogenetic protein signalling pathway in granulosa cells.
Exosomal signalling is also important during embryo implanta-
tion, for communication between the conceptus and the uterine

wall, and exosomes have a role in immune regulation during
early pregnancy, as demonstrated in ewes (Ruiz-González et al.
2015).

This research highlights exosomal formation, trafficking and

actions in target cells as potential mechanisms for understanding
and affecting reproduction in dairy cows. Therefore, exosomes
may be used in future technologies to diagnose and/or improve

disease status and fertility status in dairy cows. As mentioned
earlier, exosomes have been exploited as a vehicle for drug
delivery (Munagala et al. 2016), including anti-inflammatory

agents (e.g. curcumin), to activated myeloid cells in vivo (Sun
et al. 2010), as well as the delivery of chemotherapeutic agents
to target and inhibit cancerous cell proliferation in vivo (Yao
et al. 2013). Although studies of the utility of exosomes as

carriers for therapeutic agents are in their infancy, the potential
use of exosomes for targeted delivery of pharmaceutical and
nutritional agents is a promising novel strategy to overcome

subfertility resulting from transition period maladaptation.

Conclusions

Our knowledge of the biochemical and molecular processes
associated with transitioning between pregnant and lactating

states has increased markedly during the past 20 years (Roche
et al. 2013a). Key problems associated with maladaptation
during the transition can be grouped into diseases associated
with energy metabolism, immune function and mineral defi-

ciencies. Our knowledge of how transition period ‘maladapta-
tion’ in all these areas negatively affects pre- and postovulatory
reproductive processes has also increased, but there is further

work to do to separate correlation from causation, thereby suc-
cessfully targeting the root of the problem. There has already
been a paradigm shift in how we approach precalving energy

balance in optimally conditioned dairy cows to better manage
post-calving NEB, metabolic disease and inflammatory state.
Nevertheless, these approaches need to be tested at scale to
determine whether they have a positive effect on reproductive

variables. Further research into immune-enhancing compounds
and NSAIDs will add greatly to the resolution of uterine
remodelling and infectious diseases. The frontier lies in nano-

particle biomarkers and delivery mechanisms that will facilitate
the targeting of specific tissues for support rather than a broad-
spectrum approach to whole-animal medicine.

Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgements

The authors acknowledge the generous financial support of New Zealand

dairy farmers through DairyNZ Inc. (Grant no. RD1404 and RD1405)

and the Ministry for Business, Innovation, and Employment, New Zealand

(Grant no. DRCX1302).

References

Akbar, H., Grala, T. M., Vailati Riboni, M., Cardoso, F. C., Verkerk, G.,

McGowan, J., Macdonald, K., Webster, J., Schutz, K., Meier, S.,

Matthews, L., Roche, J. R., and Loor, J. J. (2015). Body condition score

at calving affects systemic and hepatic transcriptome indicators of

inflammation and nutrient metabolism in grazing dairy cows. J. Dairy

Sci. 98, 1019–1032. doi:10.3168/JDS.2014-8584

Ballou, M. A., Gomes, R. C., Juchem, S. O., and DePeters, E. J. (2009).

Effects of dietary supplemental fish oil during the peripartum period on

blood metabolites and hepatic fatty acid compositions and total triacyl-

glycerol concentrations of multiparous Holstein cows. J. Dairy Sci. 92,

657–669. doi:10.3168/JDS.2008-1196

Bauman, D. E., and Currie, B. W. (1980). Partitioning of Nutrients during

pregnancy and lactation: a review of mechanisms involving homeostasis

and homeorhesis. J. Dairy Sci. 63, 1514–1529. doi:10.3168/JDS.S0022-

0302(80)83111-0

Bauman, D. E., Mather, I. H., Wall, R. J., and Lock, A. L. (2006). Major

advances associated with the biosynthesis of milk. J. Dairy Sci. 89,

1235–1243. doi:10.3168/JDS.S0022-0302(06)72192-0

Beam, S. W. (1995). Follicular development in postpartum cattle. Ph.D.

Thesis, Cornell University, Ithaca, NY.

Beam, S. W., and Butler, W. R. (1999). Effects of energy balance on

follicular development and first ovulation in postpartum dairy cows.

J. Reprod. Fertil. Suppl. 54, 411–424.

Bell, A.W. (1995). Early lactation regulation of organic nutrientmetabolism

during transition from late pregnancy to early lactation. J. Anim. Sci. 73,

2804–2819. doi:10.2527/1995.7392804X

Bell, A.W., Burhans,W. S., and Overton, T. R. (2000). Protein nutrition in late

pregnancy, maternal protein reserves and lactation performance in dairy

cows. Proc. Nutr. Soc. 59, 119–126. doi:10.1017/S0029665100000148

Bello, N. M., Stevenson, J. S., and Tempelman, R. J. (2012). Milk production

and reproductive performance: modern interdisciplinary insights into an

enduring axiom. J.Dairy Sci. 95, 5461–5475. doi:10.3168/JDS.2012-5564

Berry, D. P., Buckley, F., Dillon, P., Evans, R. D., Rath, M., and Veerkamp,

R. F. (2003). Genetic relationships among body condition score, body

weight, milk yield, and fertility in dairy cows. J. Dairy Sci. 86,

2193–2204. doi:10.3168/JDS.S0022-0302(03)73809-0

Berry, D. P., Wall, E., and Pryce, J. E. (2014). Genetics and genomics of

reproductive performance in dairy and beef cattle. Animal 8(Suppl 1),

105–121. doi:10.1017/S1751731114000743

Bertics, S. J., Grummer, R. R., Cadorniga-Valino, C., and Stoddard, E. E.

(1992). Effect of prepartum dry matter intake on liver triglyceride

concentration and early lactation. J. Dairy Sci. 75, 1914–1922.

doi:10.3168/JDS.S0022-0302(92)77951-X

Bertoni, G., Trevisi, E., and Piccioli-Cappelli, F. (2004). Effects of acetyl-

salicylate used in post-calving of dairy cows. Vet. Res. Commun. 28,

217–219. doi:10.1023/B:VERC.0000045410.86004.03

Bicalho, M. L. S., Marques, E. C., Gilbert, R. O., and Bicalho, R. C. (2017).

The association of plasma glucose, BHBA, and NEFA with postpartum

uterine diseases, fertility, and milk production of Holstein dairy cows.

Theriogenology 88, 270–282. doi:10.1016/J.THERIOGENOLOGY.

2016.09.036

Block, J., Hansen, P. J., Loureiro, B., andBonilla, L. (2011). Improving post-

transfer survival of bovine embryos produced in vitro: actions of insulin-

like growth factor-1, colony stimulating factor-2 and hyaluronan.

Theriogenology 76, 1602–1609. doi:10.1016/J.THERIOGENOLOGY.

2011.07.025

Bobe, G., Young, J. W., and Beitz, D. C. (2004). Invited review: pathology,

etiology, prevention, and treatment of fatty liver in dairy cows. J. Dairy

Sci. 87, 3105–3124. doi:10.3168/JDS.S0022-0302(04)73446-3

94 Reproduction, Fertility and Development J. R. Roche et al.

http://dx.doi.org/10.3168/JDS.2014-8584
http://dx.doi.org/10.3168/JDS.2008-1196
http://dx.doi.org/10.3168/JDS.S0022-0302(80)83111-0
http://dx.doi.org/10.3168/JDS.S0022-0302(80)83111-0
http://dx.doi.org/10.3168/JDS.S0022-0302(06)72192-0
http://dx.doi.org/10.2527/1995.7392804X
http://dx.doi.org/10.1017/S0029665100000148
http://dx.doi.org/10.3168/JDS.2012-5564
http://dx.doi.org/10.3168/JDS.S0022-0302(03)73809-0
http://dx.doi.org/10.1017/S1751731114000743
http://dx.doi.org/10.3168/JDS.S0022-0302(92)77951-X
http://dx.doi.org/10.1023/B:VERC.0000045410.86004.03
http://dx.doi.org/10.1016/J.THERIOGENOLOGY.2016.09.036
http://dx.doi.org/10.1016/J.THERIOGENOLOGY.2016.09.036
http://dx.doi.org/10.1016/J.THERIOGENOLOGY.2011.07.025
http://dx.doi.org/10.1016/J.THERIOGENOLOGY.2011.07.025
http://dx.doi.org/10.3168/JDS.S0022-0302(04)73446-3


Boutflour, R. B. (1928). Limiting factors in the feeding and management of

milch cows. In ‘Report of theWorld’s Dairy Congress’, 26 June–12 July

1928, London, UK. pp. 15–20.

Bradford, B. J., Yuan, K., Farney, J. K., Mamedova, L. K., and Carpenter, A. J.

(2015). Inflammationduring the transition to lactation: newadventureswith

an old flame. J. Dairy Sci. 98, 6631–6650. doi:10.3168/JDS.2015-9683

Braithwaite, G. D. (1974). The effect of changes of dietary calcium

concentration on calcium metabolism in sheep. Br. J. Nutr. 31,

319–331. doi:10.1079/BJN19740040

Bromfield, J. J., Santos, J. E. P., Block, J.,Williams, R. S., and Sheldon, I.M.

(2015). Uterine infection: linking infection and innate immunity with

infertility in the high-producing dairy cow. J. Anim. Sci. 93, 2021–2033.

doi:10.2527/JAS.2014-8496

Buckley, F., O’Sullivan, K., Mee, J. F., Evans, R. D., and Dillon, P. (2003).

Relationships among milk yield, body condition, cow weight, and

reproduction in spring-calved Holstein–Friesians. J. Dairy Sci. 86,

2308–2319. doi:10.3168/JDS.S0022-0302(03)73823-5

Burns, G. W., Brooks, K. E., and Spencer, T. E. (2016). Extracellular

vesicles originate from the conceptus and uterus during early pregnancy

in sheep. Biol. Reprod. 94, 56. doi:10.1095/BIOLREPROD.115.134973

Burvenich, C., Bannerman, D. D., Lippolis, J. D., Peelman, L., Nonnecke,

B. J., Kehrli, M. E., and Paape, M. J. (2007). Cumulative physiological

events influence the inflammatory response of the bovine udder to

Escherichia coli infections during the transition period. J. Dairy Sci.

90, E39–E54. doi:10.3168/JDS.2006-696

Cai, T. Q., Weston, P. G., Lund, L. A., Brodie, B., McKenna, D. J., and

Wagner, W. C. (1994). Association between neutrophil functions and

periparturient disorders in cows. Am. J. Vet. Res. 55, 934–943.

Caixeta, L. S., Ospina, P. A., Capel, M. B., and Nydam, D. V. (2017).

Association between subclinical hypocalcemia in the first 3 days of

lactation and reproductive performance of dairy cows. Theriogenology

94, 1–7. doi:10.1016/J.THERIOGENOLOGY.2017.01.039

Chagas, L. M., Lucy,M. C., Back, P. J., Blache, D., Lee, J. M., Gore, P. J. S.,

Sheahan, A. J., and Roche, J. R. (2009). Insulin resistance in divergent

strains of Holstein–Friesian dairy cows offered fresh pasture and

increasing amounts of concentrate in early lactation. J. Dairy Sci. 92,

216–222. doi:10.3168/JDS.2008-1329

Chapinal,N., LeBlanc, S. J., Carson,M.E., Leslie,K.E.,Godden, S., Capel,M.,

Santos, J. E. P., Overton, M. W., and Duffield, T. F. (2012). Herd-level

association of serummetabolites in the transition period with disease, milk

production, and early lactation reproductive performance. J. Dairy Sci. 95,

5676–5682. doi:10.3168/JDS.2011-5132

Compton, C., Young, L., and McDougall, S. (2015). Subclinical ketosis in

post-partum dairy cows fed a predominantly pasture-based diet: defining

cut-points for diagnosis using concentrations of beta-hydroxybutyrate

in blood and determining prevalence. N. Z. Vet. J. 63, 241–248.

doi:10.1080/00480169.2014.999841

Contreras, G. A., and Sordillo, L. M. (2011). Lipid mobilization and

inflammatory responses during the transition period of dairy cows.

Comp. Immunol. Microbiol. Infect. Dis. 34, 281–289. doi:10.1016/

J.CIMID.2011.01.004

Crookenden, M. A., Heiser, A., Murray, A., Dukkipati, V. S. R., Kay, J. K.,

Loor, J. J., Meier, S., Mitchell, M. D., Moyes, K. M., Walker, C. G., and

Roche, J. R. (2016a). Parturition in dairy cows temporarily alters the

expression of genes in circulating neutrophils. J. Dairy Sci. 99,

6470–6483. doi:10.3168/JDS.2015-10877

Crookenden,M. A.,Walker, C. G., Peiris, H., Koh, Y., Heiser, A., Loor, J. J.,

Moyes, K. M., Murray, A., Dukkipati, V. S. R., Kay, J. K., Meier, S.,

Roche, J. R., and Mitchell, M. D. (2016b). Proteins from circulating

exosomes representmetabolic state in transition dairy cows. J. Dairy Sci.

99, 7661–7668. doi:10.3168/JDS.2015-10786

Crookenden, M. A., Walker, C. G., Heiser, A., Murray, A., Dukkipati, V. S.

R., Kay, J. K., Meier, S., Moyes, K. M., Mitchell, M. D., Loor, J. J., and

Roche, J. R. (2017). Effects of precalving body condition and prepartum

feeding level on gene expression in circulating neutrophils. J. Dairy Sci.

100, 2310–2322. doi:10.3168/JDS.2016-12105

Cummins, S. B., Lonergan, P., Evans, A. C. O., Berry, D. P., Evans, R. D.,

and Butler, S. T. (2012a). Genetic merit for fertility traits in Holstein

cows: I. Production characteristics and reproductive efficiency in a

pasture-based system. J. Dairy Sci. 95, 1310–1322. doi:10.3168/JDS.

2011-4742

Cummins, S. B., Lonergan, P., Evans, A. C. O., and Butler, S. T. (2012b).

Genetic merit for fertility traits in Holstein cows: II. Ovarian follicular

and corpus luteum dynamics, reproductive hormones, and estrus behav-

ior. J. Dairy Sci. 95, 3698–3710. doi:10.3168/JDS.2011-4976

Cummins, S. B., Waters, S. M., Evans, A. C. O., Lonergan, P., and Butler,

S. T. (2012c). Genetic merit for fertility traits in Holstein cows: III.

Hepatic expression of somatotropic axis genes during pregnancy and

lactation. J. Dairy Sci. 95, 3711–3721. doi:10.3168/JDS.2011-4977

Curtis, C. R., Erb, H. N., Sniffen, C. J., Smith, R. D., and Kronfeld, D. S.

(1985). Path analysis of dry period nutrition, postpartum metabolic and

reproductive disorders, and mastitis in Holstein cows. J. Dairy Sci. 68,

2347–2360. doi:10.3168/JDS.S0022-0302(85)81109-7

da Silveira, J. C., Carnevale, E. M., Winger, Q. A., and Bouma, G. J. (2014).

Regulation of ACVR1 and ID2 by cell-secreted exosomes during follicle

maturation in the mare. Reprod. Biol. Endocrinol. 12, 44. doi:10.1186/

1477-7827-12-44

Dann, H.M., Litherland, N. B., Underwood, J. P., Bionaz,M., D’Angelo, A.,

McFadden, J. W., and Drackley, J. K. (2006). Diets during far-off and

close-up dry periods affect periparturient metabolism and lactation in

multiparous cows. J. Dairy Sci. 89, 3563–3577. doi:10.3168/JDS.

S0022-0302(06)72396-7

De Vries, A. (2006). Economic value of pregnancy in dairy cattle. J. Dairy

Sci. 89, 3876–3885. doi:10.3168/JDS.S0022-0302(06)72430-4

Diez-Fraile, A., Lammens, T., Tilleman, K., Witkowski, W., Verhasselt, B.,

De Sutter, P., Benoit, Y., Espeel, M., and D’Herde, K. (2014). Age-

associated differential microRNA levels in human follicular fluid reveal

pathways potentially determining fertility and success of in vitro fertiliza-

tion.Hum. Fertil. (Camb.) 17, 90–98. doi:10.3109/14647273.2014.897006

Diskin, M. G. (2008). Reproductive management of dairy cows: a review

(Part II). Ir. Vet. J. 61, 403–411.

Diskin, M. G., Mackey, D. R., Roche, J. F., and Sreenan, J. M. (2003).

Effects of nutrition and metabolic status on circulating hormones and

ovarian follicle development in cattle. Anim. Reprod. Sci. 78, 345–370.

doi:10.1016/S0378-4320(03)00099-X

Douglas, G. N., Overton, T. R., Bateman, H. G., Dann, H. M., and Drackley,

J. K. (2006). Prepartal plane of nutrition, regardless of dietary energy

source, affects periparturient metabolism and dry matter intake in

Holstein cows. J. Dairy Sci. 89, 2141–2157. doi:10.3168/JDS.S0022-

0302(06)72285-8

Drackley, J. K. (1999). Biology of dairy cows during the transition period:

the final frontier? J. Dairy Sci. 82, 2259–2273. doi:10.3168/JDS.S0022-

0302(99)75474-3

Drackley, J. K., Overton, T. R., and Douglas, G. N. (2001). Adaptations of

glucose and long-chain fatty acid metabolism in liver of dairy cows

during the periparturient period. J. Dairy Sci. 84, E100–E112.

doi:10.3168/JDS.S0022-0302(01)70204-4

Duffield, T. F., Lissemore, K. D., McBride, B. W., and Leslie, K. E. (2009).

Impact of hyperketonemia in early lactation dairy cows on health and

production. J. Dairy Sci. 92, 571–580. doi:10.3168/JDS.2008-1507

Dyk, P. B. (1995). The association of pre-partum non-esterified fatty acids

and body condition with peripartum health problems on 95 Michigan

dairy farms. MSc Thesis, Michigan State University, Ann Arbor.

Fair, T. (2015). The contribution of the maternal immune system to the

establishment of pregnancy in cattle. Front. Immunol. 6, 1–8.

doi:10.3389/FIMMU.2015.00007

Fertility and the transition dairy cow Reproduction, Fertility and Development 95

http://dx.doi.org/10.3168/JDS.2015-9683
http://dx.doi.org/10.1079/BJN19740040
http://dx.doi.org/10.2527/JAS.2014-8496
http://dx.doi.org/10.3168/JDS.S0022-0302(03)73823-5
http://dx.doi.org/10.1095/BIOLREPROD.115.134973
http://dx.doi.org/10.3168/JDS.2006-696
http://dx.doi.org/10.1016/J.THERIOGENOLOGY.2017.01.039
http://dx.doi.org/10.3168/JDS.2008-1329
http://dx.doi.org/10.3168/JDS.2011-5132
http://dx.doi.org/10.1080/00480169.2014.999841
http://dx.doi.org/10.1016/J.CIMID.2011.01.004
http://dx.doi.org/10.1016/J.CIMID.2011.01.004
http://dx.doi.org/10.3168/JDS.2015-10877
http://dx.doi.org/10.3168/JDS.2015-10786
http://dx.doi.org/10.3168/JDS.2016-12105
http://dx.doi.org/10.3168/JDS.2011-4742
http://dx.doi.org/10.3168/JDS.2011-4742
http://dx.doi.org/10.3168/JDS.2011-4976
http://dx.doi.org/10.3168/JDS.2011-4977
http://dx.doi.org/10.3168/JDS.S0022-0302(85)81109-7
http://dx.doi.org/10.1186/1477-7827-12-44
http://dx.doi.org/10.1186/1477-7827-12-44
http://dx.doi.org/10.3168/JDS.S0022-0302(06)72396-7
http://dx.doi.org/10.3168/JDS.S0022-0302(06)72396-7
http://dx.doi.org/10.3168/JDS.S0022-0302(06)72430-4
http://dx.doi.org/10.3109/14647273.2014.897006
http://dx.doi.org/10.1016/S0378-4320(03)00099-X
http://dx.doi.org/10.3168/JDS.S0022-0302(06)72285-8
http://dx.doi.org/10.3168/JDS.S0022-0302(06)72285-8
http://dx.doi.org/10.3168/JDS.S0022-0302(99)75474-3
http://dx.doi.org/10.3168/JDS.S0022-0302(99)75474-3
http://dx.doi.org/10.3168/JDS.S0022-0302(01)70204-4
http://dx.doi.org/10.3168/JDS.2008-1507
http://dx.doi.org/10.3389/FIMMU.2015.00007


Farney, J. K., Mamedova, L. K., Coetzee, J. F., Minton, J. E., Hollis, L. C.,

and Bradford, B. J. (2013). Sodium salicylate treatment in early lactation

increases whole-lactation milk and milk fat yield in mature dairy cows.

J. Dairy Sci. 96, 7709–7718. doi:10.3168/JDS.2013-7088

Felson, D. T. (2016). Safety of nonsteroidal antiinflammatory drugs.

N. Engl. J. Med. 375, 2595–2596. doi:10.1056/NEJME1614257

Fenwick, M. A., Fitzpatrick, R., Kenny, D. A., Diskin, M. G., Patton, J.,

Murphy, J. J., and Wathes, D. C. (2008). Interrelationships between

negative energy balance (NEB) and IGF regulation in liver of lactating

dairy cows. Domest. Anim. Endocrinol. 34, 31–44. doi:10.1016/

J.DOMANIEND.2006.10.002

Forde, N., Carter, F., Fair, T., Crowe,M. A., Evans, A. C. O., Spencer, T. E.,

Bazer, F.W.,McBride, R., Boland,M. P., O’Gaora, P., Lonergan, P., and

Roche, J. F. (2009). Progesterone-regulated changes in endometrial gene

expression contribute to advanced conceptus development in cattle.Biol.

Reprod. 81, 784–794. doi:10.1095/BIOLREPROD.108.074336

Friggens, N. C., Disenhaus, C., and Petit, H. V. (2010). Nutritional sub-

fertility in the dairy cow: towards improved reproductive management

through a better biological understanding. Animal 4, 1197–1213.

doi:10.1017/S1751731109991601

Garnsworthy, P. C., Sinclair, K. D., and Webb, R. (2008). Integration of

physiological mechanisms that influence fertility in dairy cows. Animal

2, 1144–1152. doi:10.1017/S1751731108002358
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Lüttgenau, J., Purschke, S., Tsousis, G., Bruckmaier, R. M., and Bollwein, H.

(2016). Body condition loss and increased serum levels of nonesterified

fatty acids enhance progesterone levels at estrus and reduce estrous

activity and insemination rates in postpartum dairy cows. Theriogenology

85, 656–663. doi:10.1016/J.THERIOGENOLOGY.2015.10.003

Mackey,D.R.,Wylie,A.R.G., Sreenan, J.M., Roche, J. F., andDiskin,M.G.

(2000). The effect of acute nutritional change on follicle wave turnover,

gonadotropin, and steroid concentration in beef heifers. J. Anim. Sci. 78,

429–442. doi:10.2527/2000.782429X

Madsen, S.A.,Weber, P. S.D., andBurton, J. L. (2002).Altered expression of

cellular genes in neutrophils of periparturient dairy cows. Vet. Immunol.

Immunopathol. 86, 159–175. doi:10.1016/S0165-2427(02)00020-X

Mallard, B. A., Wagter, L. C., Ireland, M. J., and Dekkers, J. C. M. (1997).

Effects of growth hormone, insulin-like growth factor-I, and cortisol on

periparturient antibody response profiles of dairy cattle. Vet. Immunol.

Immunopathol. 60, 61–76. doi:10.1016/S0165-2427(97)00118-9

Mantovani, A., Cassatella, M. A., Costantini, C., and Jaillon, S. (2011).

Neutrophils in the activation and regulation of innate and adaptive

immunity. Nat. Rev. Immunol. 11, 519–531. doi:10.1038/NRI3024

Martinez, N., Risco, C. A., Lima, F. S., Bisinotto, R. S., Greco, L. F., Ribeiro,

E. S., Maunsell, F., Galvão, K., and Santos, J. E. P. (2012). Evaluation of

peripartal calcium status, energetic profile, and neutrophil function in

dairy cows at low or high risk of developing uterine disease. J. Dairy Sci.

95, 7158–7172. doi:10.3168/JDS.2012-5812

Martinez, N., Sinedino, L. D. P., Bisinotto, R. S., Ribeiro, E. S., Gomes,

G. C., Lima, F. S., Greco, L. F., Risco, C. A., Galvão, K. N., Taylor-

Rodriguez, D., Driver, J. P., Thatcher,W.W., and Santos, J. E. P. (2014).

Effect of induced subclinical hypocalcemia on physiological responses

and neutrophil function in dairy cows. J. Dairy Sci. 97, 874–887.

doi:10.3168/JDS.2013-7408

McArt, J. A. A., Nydam, D. V., Oetzel, G. R., Overton, T. R., and Ospina,

P. A. (2013). Elevated non-esterified fatty acids and b-hydroxybutyrate

and their association with transition dairy cow performance. Vet. J. 198,

560–570. doi:10.1016/J.TVJL.2013.08.011

McCarthy, S., Berry, D. P., Dillon, P., Rath, M., and Horan, B. (2007).

Influence of Holstein–Friesian strain and feed system on body weight

and body condition score lactation profiles. J. Dairy Sci. 90, 1859–1869.

doi:10.3168/JDS.2006-501

McDougall, S. (2001). Effects of periparturient diseases and conditions on

the reproductive performance of New Zealand dairy cows. N. Z. Vet. J.

49, 60–67. doi:10.1080/00480169.2001.36204

McDougall, S., Bryan, M. A., and Tiddy, R. M. (2009). Effect of treatment

with the nonsteroidal antiinflammatory meloxicam on milk production,

somatic cell count, probability of re-treatment, and culling of dairy cows

with mild clinical mastitis. J. Dairy Sci. 92, 4421–4431. doi:10.3168/

JDS.2009-2284

McDougall, S., Abbeloos, E., Piepers, S., Rao, A. S., Astiz, S., vanWerven, T.,
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Pérez, V.M., Kannampuzha-Francis, J., Pohler, K.G., Rivera, R.M., and

Hansen, P. J. (2017). Colony-stimulating factor 2 acts fromDays 5 to 7 of

development to modify programming of the bovine conceptus at Day 86

of gestation. Biol. Reprod. 96, 743–757. doi:10.1093/BIOLRE/IOX018

Smith, W. L., Garavito, R. M., and DeWitt, D. L. (1996). Prostaglandin

endoperoxide H synthases (cyclooxygenases)-1 and -2. J. Biol. Chem.

271, 33157–33160. doi:10.1074/JBC.271.52.33157

Smith, W. L., DeWitt, D. L., and Garavito, R. M. (2000). Cyclooxygenases:

structural, cellular, and molecular biology. Annu. Rev. Biochem. 69,

145–182. doi:10.1146/ANNUREV.BIOCHEM.69.1.145

Sohel,M.M.H.,Hoelker,M.,Noferesti, S. S., Salilew-Wondim,D., Tholen, E.,

Looft, C., Rings, F., Uddin, M. J., Spencer, T. E., Schellander, K., and

Tesfaye, D. (2013). Exosomal and non-exosomal transport of extra-cellular

microRNAs in follicular fluid: implications for bovine oocyte developmen-

tal competence. PLoS One 8, e78505. doi:10.1371/JOURNAL.PONE.

0078505

Sordillo, L. M. (2016). Nutritional strategies to optimize dairy cattle

immunity. J. Dairy Sci. 99, 4967–4982. doi:10.3168/JDS.2015-10354

Sordillo, L. M., and Raphael, W. (2013). Significance of metabolic stress,

lipid mobilization, and inflammation on transition cow disorders. Vet.

Clin. North Am. Food Anim. Pract. 29, 267–278. doi:10.1016/J.CVFA.

2013.03.002

Sordillo, L.M., Contreras, G. A., and Aitken, S. L. (2009).Metabolic factors

affecting the inflammatory response of periparturient dairy cows. Anim.

Health Res. Rev. 10, 53–63. doi:10.1017/S1466252309990016

Spencer, T. E., Forde, N., and Lonergan, P. (2016). The role of progesterone

and conceptus-derived factors in uterine biology during early pregnancy

in ruminants1. J. Dairy Sci. 99, 5941–5950. doi:10.3168/JDS.2015-

10070

Sreenan, J., and Diskin, M. (1986). The extent and timing of embryonic

mortality in the cow. In ‘Embryonic Mortality in FarmAnimals’. (Eds J.

Sreenan and M. Diskin.) pp. 1–11. (Martinus Nijhoff Publishers:

Amsterdam.)

Fertility and the transition dairy cow Reproduction, Fertility and Development 99

http://dx.doi.org/10.3168/JDS.2006-729
http://dx.doi.org/10.1017/S0022029906002123
http://dx.doi.org/10.3168/JDS.2009-2431
http://dx.doi.org/10.1071/AN10162
http://dx.doi.org/10.1071/AN10162
http://dx.doi.org/10.3168/JDS.2013-6600
http://dx.doi.org/10.3168/JDS.2014-9269
http://dx.doi.org/10.3168/JDS.2014-9269
http://dx.doi.org/10.3168/JDS.2016-11591
http://dx.doi.org/10.3168/JDS.2016-11591
http://dx.doi.org/10.1017/S1357729800051845
http://dx.doi.org/10.3168/JDS.2016-12003
http://dx.doi.org/10.1530/REP-14-0538
http://dx.doi.org/10.1016/J.THERIOGENOLOGY.2016.04.038
http://dx.doi.org/10.1071/RD09221
http://dx.doi.org/10.3168/JDS.S0022-0302(06)72078-1
http://dx.doi.org/10.1002/JCP.25766
http://dx.doi.org/10.3168/JDS.2016-11206
http://dx.doi.org/10.3168/JDS.2016-11206
http://dx.doi.org/10.1530/REP.0.1230837
http://dx.doi.org/10.3168/JDS.2017-13135
http://dx.doi.org/10.1016/J.JRI.2016.07.002
http://dx.doi.org/10.1016/J.THERIOGENOLOGY.2015.03.014
http://dx.doi.org/10.3168/JDS.2008-1581
http://dx.doi.org/10.3168/JDS.2008-1581
http://dx.doi.org/10.1093/BIOLRE/IOX018
http://dx.doi.org/10.1074/JBC.271.52.33157
http://dx.doi.org/10.1146/ANNUREV.BIOCHEM.69.1.145
http://dx.doi.org/10.1371/JOURNAL.PONE.0078505
http://dx.doi.org/10.1371/JOURNAL.PONE.0078505
http://dx.doi.org/10.3168/JDS.2015-10354
http://dx.doi.org/10.1016/J.CVFA.2013.03.002
http://dx.doi.org/10.1016/J.CVFA.2013.03.002
http://dx.doi.org/10.1017/S1466252309990016
http://dx.doi.org/10.3168/JDS.2015-10070
http://dx.doi.org/10.3168/JDS.2015-10070


Stewart, P. A. (1983). Modern quantitative acid-base chemistry. Can. J.

Physiol. Pharmacol. 61, 1444–1461. doi:10.1139/Y83-207

Sun, D., Zhuang, X., Xiang, X., Liu, Y., Zhang, S., Liu, C., Barnes, S.,

Grizzle, W., Miller, D., and Zhang, H.-G. (2010). A novel nanoparticle

drug delivery system: the anti-inflammatory activity of curcumin is

enhanced when encapsulated in exosomes. Mol. Ther. 18, 1606–1614.

doi:10.1038/MT.2010.105

Suriyasathaporn,W., Heuer, C., Noordhuizen-Stassen, E. N., and Schukken,

Y. H. (2000). Hyperketonemia and the impairment of udder defense: a

review. Vet. Res. 31, 397–412. doi:10.1051/VETRES:2000128

Thatcher,W.W., andWilcox, C. J. (1973). Postpartum estrus as an indicator

of reproductive status in the dairy cow. J. Dairy Sci. 56, 608–610.

doi:10.3168/JDS.S0022-0302(73)85227-0

Thatcher, W., Santos, J. E. P., and Staples, C. R. (2011). Dietary manipula-

tions to improve embryonic survival in cattle. Theriogenology 76,

1619–1631. doi:10.1016/J.THERIOGENOLOGY.2011.06.005

Trevisi, E., and Bertoni, G. (2008). Attenuation with acetylsalicylate

treatments of inflammatory conditions in periparturient dairy cows. In

‘Aspirin and Health Research Progress’. (Ed. P. I. Quinn.) pp. 22–37.

(Nova Science Publishers: Hauppauge, NY.)

Trevisi, E., Grossi, P., Cappelli, F. P., Cogrossi, S., and Bertoni, G. (2011).

Attenuation of inflammatory response phenomena in periparturient

dairy cows by the administration of an v3 rumen protected supplement

containing vitamin E. Ital. J. Anim. Sci. 2011, 277–286.

Udall, D. (1943). ‘The Practice of Veterinary Medicine’, 4th edn. (Cornell

University: Ithaca, NY.)

Uribe, H. A., Kennedy, B. W., Martin, S. W., and Kelton, D. F. (1995).

Genetic parameters for common health disorders of Holstein cows.

J. Dairy Sci. 78, 421–430. doi:10.3168/JDS.S0022-0302(95)76651-6

Valadi, H., Ekström, K., Bossios, A., Sjöstrand, M., Lee, J. J., and Lötvall,
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