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ABSTRACT

For dairy cattle, the first several weeks of lactation
represent the highest-risk period in their lives after
their own neonatal period. Although more than 50%
of cows during this period are estimated to suffer from
at least one subclinical disorder, the complicated ad-
mixture of normal adaptations to lactation, infectious
challenges, and metabolic disorders has made it dif-
ficult to determine which physiological processes are
adaptive and which are pathological during this time.
Subacute inflammation, a condition that has been well
documented in obesity, has been a subject of great
interest among dairy cattle physiologists in the past
decade. Many studies have now clearly shown that es-
sentially all cows experience some degree of systemic
inflammation in the several days after parturition. The
magnitude and likely persistence of the inflammatory
state varies widely among cows, and several studies
have linked the degree of postpartum inflammation to
increased disease risk and decreased whole-lactation
milk production. In addition to these associations,
enhancing postpartum inflammation with repeated
subacute administration of cytokines has impaired
productivity and markers of health, whereas targeted
use of nonsteroidal anti-inflammatory drugs during this
window of time has enhanced whole-lactation produc-
tivity in several studies. Despite these findings, many
questions remain about postpartum inflammation, in-
cluding which organs are key initiators of this state and
what signaling molecules are responsible for systemic
and tissue-specific inflammatory states. Continued in
vivo work should help clarify the degree to which mild
postpartum inflammation is adaptive and whether the
targeted use of anti-inflammatory drugs or nutrients
can improve the health and productivity of dairy cows.
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INTRODUCTION

The onset of lactation is a critical time for any dam.
Lactogenesis, uterine involution, and the accompany-
ing changes in endocrine and metabolic states create a
unique set of adaptive challenges, and these challenges
are particularly dramatic for the dairy cow. It is not
uncommon for the 2 short weeks after parturition to
account for 50% of morbidity on a dairy farm, and
disease-related culling in early lactation remains a ma-
jor problem from both economic and animal welfare
perspectives.

In his influential review article, Drackley (1999)
argued that the biology underlying the transition to
lactation was the “final frontier” in our understanding
of the dairy cow. This prescient assertion remains true
today; although the field has made progress in alleviat-
ing clinical hypocalcemia, most other disorders com-
mon during the transition period remain as prevalent
now as they were 20 yr ago (Goff, 2006; USDA, 2009).
Rather than attempting to define the state of transition
cow biology as a whole, the purpose of this review is to
focus on inflammation as an emerging aspect of transi-
tion cow biology. Our goal is to summarize the current
understanding of this phenomenon, how it contributes
to physiology and pathology in early lactation, and to
highlight critical questions that remain unanswered.

THE MOLECULAR KINDLING FOR INFLAMMATION

Inflammation is an evolutionarily conserved response
underlying many physiological and pathological pro-
cesses. In response to stimuli associated with infection
and tissue injury, components of innate and adaptive
immunity initiate coordinated responses and trigger
inflammation (Medzhitov, 2008). Ideally, inflammation
helps the body adapt to and overcome adverse stimuli,
with the goal of restoring homeostasis. As inflamma-
tion has received increasing attention among biologists
in recent decades, 2 somewhat distinct processes have
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been identified that we will refer to as acute and sub-
acute inflammation.

Acute Inflammation

Classic signs of inflammation are redness, swelling,
heat, and pain. In response to acute inflammatory
stimuli, the body increases the expression and release
of inflammatory mediators including cytokines, chemo-
kines, adhesion molecules, eicosanoids, and complement
proteins (Newton and Dixit, 2012). These molecules
form complex regulatory networks to promote increased
blood flow to the infected tissue, immune cell infiltra-
tion and activation, and systemic responses, including
increased body temperature, increased heart rate, and
decreased appetite (Dantzer and Kelley, 2007). Cyto-
kines such as tumor necrosis factor o (TNFa), 1L-103,
and IL-6 are produced by many cell types, especially
macrophages and mast cells. They play important roles
in the inflammatory response by activating leukocytes
and endothelial cells as well as triggering the acute-
phase response (Bannerman et al., 2009).

Much inflammation research has naturally focused
on immune cells. However, most cell types across organ
systems express receptors for inflammatory cytokines,
and these parenchymal cells mediate many of the sys-
temic responses to immune activation. For example, cy-
tokines released by immune cells during infection travel
through the bloodstream and stimulate prostaglandin
E, production in endothelial cells, which in turn acts
on neurons in the preoptic area of the brain to increase
the set point for core body temperature (Nakamura,
2011). This mechanism for fever induction, which in-
volves cross-talk between immune and nonimmune cells
of various lineages, is similar to many inflammatory
response cascades.

One key secondary response to inflammation is the
acute-phase response. Produced in greatest quantity by
the liver, acute-phase proteins include haptoglobin, ce-
ruloplasmin, serum amyloid A, and C-reactive protein.
Proteins involved in the acute-phase response are gen-
erally found in very low abundance in the bloodstream,
but their concentrations are greatly elevated during sys-
temic inflammation. At the same time, other proteins
typically secreted by the liver (e.g., albumin) decline
in concentration and therefore are sometimes known
as negative acute-phase reactants. The importance of
some acute-phase proteins in response to infection is
somewhat unclear, but they have gained widespread
acceptance as inflammation markers (Ceciliani et al.,
2012).

The most costly inflammatory disease in dairy cows is
mastitis, which commonly results from microbial infec-
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tion of the mammary gland (Bannerman et al., 2009).
If the infection is caused by gram-negative bacteria,
LPS released from the bacterial outer membrane is
the main pathogen component initiating inflammatory
responses (Hogan and Smith, 2003). The subsequent
production of pro-inflammatory cytokines induced by
LPS (Schukken et al., 2011) elicits the migration of
leukocytes (primarily neutrophils) to the site of infec-
tion. After they reach the afflicted tissue, neutrophils
become activated and release the toxic contents of their
granules, including reactive oxygen species, reactive ni-
trogen species, and proteases. These potent effectors are
important in facilitating pathogen clearance, but they
may also promote the breakdown of the blood—milk
barrier and induce mammary epithelial tissue dam-
age (Schukken et al., 2011). The reduced number and
activity of secretory cells consequently contributes to
decreased milk synthesis and secretion (Ballou, 2012).
In addition to mastitis, uterine infections are common
in early lactation. Essentially all cows have bacterial
contamination of the uterus within 3 wk after calving,
and the majority have at least one form of pathology of
the reproductive tract (LeBlanc et al., 2011).

Although a controlled inflammatory process nor-
mally leads to recovery from infection, uncontrolled
(e.g., sepsis) or chronic inflammatory conditions can be
detrimental. Therefore, in an ideal acute inflammatory
response, a rapid resolution phase following elimina-
tion of the infectious agents is necessary (Medzhitov,
2008). Important resolving signals include anti-inflam-
matory cytokines such as IL-10 (Fiorentino et al., 1991;
Banchereau et al., 2012) and n-3 (omega-3) fatty acid
derivatives such as resolvins and protectins (Spite et
al., 2014).

Subacute Inflammation

Although dramatic elevation of inflammatory signals
can induce a cytokine storm and even tissue dam-
age, subacute inflammation causes mild increases in
inflammatory mediators that contribute to chronic
and progressive changes in tissue function. Low-grade
chronic inflammation occurs in a wide variety of dis-
eases, including obesity and type 2 diabetes in humans.
The chronic inflammation associated with metabolic
disorders is also referred to as metabolic inflammation
(Hotamisligil, 2006). Unlike classical inflammation that
is induced by infection and injury and then resolves,
subacute inflammation is associated with tissue mal-
function. In obesity, for example, subacute inflamma-
tion is initiated by excess nutrients in metabolic tissues
(Gregor and Hotamisligil, 2011). This response eventu-
ally activates multiple types of immune cells and leads
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Figure 1. Multiple signals converge to drive inflammatory transcription. A variety of extracellular metabolites, hormones, and microbial
products trigger inflammatory responses. Nonesterified fatty acids can promote reactive oxygen species (ROS) production associated with mi-
tochondrial metabolism and can activate pattern recognition receptors (PRR). Molecules associated with pathogens, including LPS, flagellin,
and (3-glucan, are potent triggers for PRR activation. Cytokine receptors (CR) and certain G-protein receptors (GPR) mediate the effects of
inflammatory cytokines and eicosanoids, respectively. The uncoupled protein response (UPR) associated with endoplasmic reticulum stress can
contribute to inflammation both directly and indirectly, via calcium-mediated promotion of ROS escape from mitochondria. These signals are
integrated largely through the activation of 2 key transcription factors: activator protein 1 (AP-1, also known as Jun) and nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB). Activation of AP-1 occurs when c-Jun NH2-terminal kinase (JNK) is activated by upstream
kinases, resulting in phosphorylation (P) of c-Jun. Phosphorylated c-Jun translocates to the nucleus and forms a heterodimer with c-Fos to
create the AP-1 transcription factor. Activation of NF-kB occurs when upstream kinases phosphorylate inhibitor of kappa B (IkB), leading to
its degradation and releasing NF-kB for translocation to the nucleus. Inflammatory transcriptional programs differ by organ and cell type, but

several key target gene families are denoted as examples. Color version available online.

to an unresolved tissue inflammatory response, which
often disrupts metabolism by mechanisms such as in-
hibiting insulin action (Gregor and Hotamisligil, 2011).

Common Signaling Mechanisms

Although acute and subacute inflammation induce
different responses, they share most signaling path-
ways. In fact, the line between “hot” and “cold” inflam-
mation, as some have referred to the different forms
(Calay and Hotamisligil, 2013), is most often defined by
the magnitude of the signals generated and the relative
sensitivity of various physiological responses, rather
than by distinct signaling mechanisms.

A key aspect of inflammatory signaling is its integra-
tive nature. Many studies have documented additive
or even synergistic effects of diverse pro-inflammatory
signals when administered to cells or animals simul-
taneously (Sonti et al., 1996; Yoshioka et al., 2002).

Through the use of cell culture and genetically altered
mouse models, several important endocrine, para-
crine, and autocrine inflammatory signals have been
identified, with a relatively solid understanding of the
downstream signal transduction pathways that result
in activation of inflammatory transcription programs
(Figure 1).

Among the most ancient components of the im-
mune system are pattern recognition receptors (PRR)
that bind to chemicals associated with broad classes
of pathogens (Takeuchi and Akira, 2010); these com-
pounds are referred to as pathogen-associated molecular
patterns. The PRR include toll-like receptors (TLR),
C-lectin receptors (activated by fungal molecules), and
nucleotide-binding oligomerization domain (NOD)-like
receptors (activated by intracellular bacteria). Al-
though these receptors have been characterized by their
response to pathogen-associated molecular patterns,
some members are promiscuous receptors that can be
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activated by ligands not affiliated with pathogens at
all. Notably, physiologically relevant ligands of TLR4
(commonly referred to as the LPS receptor) include
saturated fatty acids (Mamedova et al., 2013), which
are greatly elevated in early lactation.

Pro-inflammatory cytokines and eicosanoids are
critical mediators of the inflammatory escalation car-
ried out by the immune system upon recognition of
infectious signals (Tisoncik et al., 2012; Hardwick et
al., 2013). Although immune cells are often involved
in release of these signals, receptors for cytokines and
eicosanoids are broadly expressed, allowing these com-
pounds to influence nearly all tissues (Elsasser et al.,
2008; Garlanda et al., 2013).

Cytokine receptors, G-protein-coupled eicosanoid
receptors, and PRR are heterogeneous in structure and
in the ligands to which they respond, but the signal-
ing cascades downstream of these receptors neverthe-
less converge (Gregor and Hotamisligil, 2011; Ji et al.,
2012). Signals are integrated through kinase cascades
that affect the activity of inhibitor of kappa kinase
(IKK) isoforms. Activation of IKK, in turn, triggers
phosphorylation and degradation of inhibitor of kappa
B (IrB) isoforms, allowing the subsequent transloca-
tion of nuclear factor (NF)-kB into the nucleus to trig-
ger inflammatory transcriptional responses (Hoffmann
and Baltimore, 2006).

Another central inflammatory signaling cascade is
mediated by c-Jun NHy-terminal kinase (JNK). A
member of the mitogen-activated protein kinase fam-
ily with a variety of downstream targets, JNK is most
commonly associated with the transcription factor
activator protein 1 (Vallerie and Hotamisligil, 2010).
Activation of JNK signaling can occur in a variety
of ways. Among them, endoplasmic reticulum (ER)
stress and oxidative stress are likely to be important
in transition dairy cows. Exposure to high concentra-
tions of fatty acids, especially saturated fatty acids, can
disrupt ER membranes and cause a stress response, at
least in nonruminant cells (Wei et al., 2009; Mamedova
et al., 2013). Disrupted ER function results in several
problems, including release of stored calcium from the
organelle and impaired protein folding. Protein misfold-
ing triggers the aptly named unfolded protein response
(UPR), which activates signaling cascades that are
tightly interwoven with a variety of inflammatory path-
ways, including JNK (Darling and Cook, 2014). The
calcium released from stressed ER contributes to oxida-
tive stress, another problem associated with excessive
lipid burden (Wei et al., 2009). Although some release
of reactive oxygen species (ROS) by mitochondria is
normal, disruptions in mitochondrial membranes, along
with increased mitochondrial lipid flux, can greatly
increase cytoplasmic ROS concentrations (Begriche et
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al., 2006). Elevated ROS, in turn, can activate JNK
signaling (Imoto et al., 2006). The role of ER stress and
the UPR in transition cow metabolic disorders was re-
viewed recently by Ringseis and colleagues (2015), and
readers are directed to that paper for a more in-depth
discussion of this complex area.

A final layer of integration can occur between tran-
scription factors at adjacent binding sites on promoter
regions; such integration can lead to a dramatic in-
duction of transcriptional responses (Glass and Saijo,
2010). Cell-specific responses to integrated inflamma-
tory signaling are extremely diverse and contribute to
both normal physiology and pathological conditions
(Baker et al., 2011; Garlanda et al., 2013).

It should be noted that inflammatory stimuli interact
with a much broader set of signaling pathways than
those shown in Figure 1. Inflammatory signals can
interact with metabolic, translational, and cell cycle
regulatory molecules independent of JNK and NF-kB.
Furthermore, recent research suggests that acute and
subacute levels of inflammatory stimuli may induce some
distinct inflammatory signals. In contrast to high-dose
LPS that induced a robust and transient expression of
proinflammatory mediators in macrophages by activat-
ing the classical NF-kB pathway, low-dose LPS failed
to activate NF-kB. Instead, it selectively activated the
transcription factor CCAAT /enhancer-binding protein
d and removed nuclear repressors on the promoter re-
gions of proinflammatory mediators, leading to a mild
and sustained inflammation (Maitra et al., 2011). In
an attempt to reveal the dynamics of these cellular
pathways, Sung and colleagues (2014) examined LPS-
induced NF-kB activity in single macrophages. They
observed that subcritical doses of LPS induce predomi-
nantly negative feedback genes, preventing a sufficient
response in the macrophage, whereas in response to
high doses of LPS, amplification of NF-kB becomes a
dominant positive feedback loop, which overcomes the
negative feedback signals and enables a robust immune
response. This exciting work demonstrated that the
switch from predominantly NF-kB negative feedback
to positive feedback enabled the cells to discriminate
among various levels of LPS (Sung et al., 2014).

THE COMPLEX BIOLOGY OF THE TRANSITION
DAIRY COW

A complete understanding of transition cow biology
requires a truly integrative perspective. Compared with
the late-gestation cow, the postpartum cow displays
obvious changes in behavior, particularly in feeding be-
havior (Grant and Albright, 1995; Huzzey et al., 2005).
Less visible but critically important shifts in physiology
include altered blood flow patterns (Lomax and Baird,
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1983) and tissue growth (liver and mammary; Andrew
et al.,, 1994) as well as tissue catabolism (adipose,
muscle, and bone; McNamara, 2012; von Soosten et
al., 2012). Focusing more tightly, alterations in circulat-
ing metabolites, hormones, and neuroendocrine factors
reflect the homeorhetic changes that support and drive
alterations in metabolic flux and tissue function (Bell,
1995; Ingvartsen, 2006; Kuhla et al., 2011). Major
shifts in immune cell populations and function occur
simultaneously (Mallard et al., 1998; Sordillo and St-
reicher, 2002). Finally, transcriptional (Loor, 2010) and
perhaps even epigenetic (Singh et al., 2012) changes
underlie these systemic responses at the cellular level.
Readers new to this field are encouraged to refer to the
excellent reviews cited above for a more comprehensive
overview of the metabolic, immunological, and endo-
crine changes in the transition period. The remainder
of this review will focus on the evidence regarding the
role of inflammation in these adaptations.

PREVALENCE AND CAUSES OF INFLAMMATION
DURING THE TRANSITION TO LACTATION

The presence of an inflammatory state in the post-
partum period has been documented in several species,
including cattle (Humblet et al., 2006), mice (Gregor
et al., 2013), pigs (Rosenbaum et al., 2012a,b), and hu-
mans (DiSilvestro, 1986). An acute-phase response in
postpartum dairy cows is particularly well established.
Although early studies focused on associations between
inflammatory markers and diseases such as mastitis
and metritis, numerous studies in the past decade have
demonstrated that inflammatory and positive acute-
phase mediators are elevated in the days after parturi-
tion, even in the absence of disease (Bionaz et al., 2007;
Huzzey et al., 2009; Graugnard et al., 2012; Mullins et
al., 2012; Akbar et al., 2015). One recent study (Qu et
al., 2014), in which 161 transition cows were monitored,
found that the acute-phase protein haptoglobin was el-
evated in serum around parturition, even in cows that
were apparently healthy, but cows that experienced
diseases or calving difficulties had significantly greater
concentrations compared with healthy animals.

Damage to uterine tissue during parturition leads to
inflammation that likely contributes to the systemic
condition. To monitor inflammation in the reproduc-
tive tract, we used the cytobrush technique to collect
cervical samples comprised of endometrial and inflam-
matory cells on d 7 and 42 postpartum in 40 multipa-
rous cows (Yuan et al., 2015). As expected, uterine
neutrophil populations and the transcript abundance of
1L-6, IL-8, neutrophil myeloperoxidase, and neutrophil
elastase genes were much greater in samples collected
on d 7 than in those from d 42, reflecting neutrophil
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infiltration and increased production of proinflamma-
tory mediators in the uterus immediately after calving.

In addition to the uterus, tissue transcript profiling
has revealed inflammatory states in liver and adipose
tissue in the first week of lactation (Loor et al., 2005;
Sadri et al., 2010; Saremi et al., 2012; Gessner et al.,
2013). Furthermore, a study of 240 multiparous cows
demonstrated that elevated plasma haptoglobin con-
centrations from 2 to 8 d postpartum were associated
with enhanced innate immune responses (Nightingale
et al., 2015). These findings provide evidence that,
at least in the most affected cows, high acute-phase
protein concentrations are associated with a systemic
inflammatory state and not simply liver inflammation.

Feeding high-grain diets to dairy cows alters the en-
vironment and microbiota in the gut, leading to the
release of large amounts of LPS from bacteria, and sub-
sequently induces inflammatory responses. Emmanuel
et al. (2008) reported that feeding increasing propor-
tions of barley grain decreased feed intake and rumen
pH and increased ruminal LPS concentrations by more
than 10-fold in lactating dairy cows. This response
was associated with elevated plasma concentrations
of acute-phase proteins, indicating that systemic in-
flammation occurred. Although this subacute ruminal
acidosis induction model is more extreme than what
most cows would experience on a dairy, the sudden
shift from dry-cow diets to high-grain lactation diets
could cause similar responses (Gott et al., 2015). Some
recent evidence suggests that even relatively short-term
feed withdrawal can induce an acute-phase response
(Marques et al., 2012), possibly through disruption
of gut barrier function (Pearce et al., 2013), which is
particularly relevant given the erratic feeding behavior
of periparturient cows. The combination of an altered
rumen environment and a more “leaky” gut, particu-
larly in heat stress conditions, may contribute to LPS-
induced inflammation during this time.

Other potential contributors to periparturient inflam-
mation are more speculative but nonetheless warrant
consideration. Limited evidence from rodent studies
suggests that psychosocial stress, often induced by iso-
lation or immobilization, can promote liver inflamma-
tion, oxidative stress, and hepatocyte apoptosis (Depke
et al., 2009). These links are thought to be mediated
largely through glucocorticoid and catecholamine sig-
naling originating in the central nervous system (Chida
et al., 2006). This area of investigation is worth men-
tioning because of the many social stressors for cows
during the transition to lactation, although there has
been little concrete evidence that minimizing group
disruptions can improve health or production outcomes
when stocking rates are appropriate (Silva et al., 2013).
Another potential contributor to systemic inflamma-
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tion is heat stress. Increases in inflammatory cytokines
have been reported following heat stress in 2 studies
with dairy cattle (Tao et al., 2013; Zhang et al., 2014).
The biology of heat stress is complex enough that it
is difficult to separate direct and indirect responses,
but one possible link is the heat shock protein family.
These proteins serve as molecular chaperones and are
upregulated to promote normal protein folding during
heat stress; when released extracellularly, though, they
also serve as ligands for the PRR TLR2 and TLRA4,
which can drive inflammatory responses (Galloway et
al., 2008). In fact, TLR4 plays a critical protective role
in survival after heatstroke in mice (Dehbi et al., 2012),
indicating that some aspect of the heat stress response
does activate this receptor. Heat stress also may con-
tribute to inflammation indirectly by promoting gut
leakiness, as demonstrated in monogastric species
(Pearce et al., 2013).

In addition to the triggers above, at least some early-
lactation cows have an obvious cause of inflammation
in the form of clinical or subclinical infections. Infec-
tious diseases are more prevalent in early lactation than
in other parts of the production cycle (Steeneveld et al.,
2008; Dubuc et al., 2010), and both uterine (Huzzey et

Social Cay
stress €Choy,
Un Iles
ROS
Oxidative
stress

BRADFORD ETAL.

al., 2009; Akbar et al., 2014) and mammary (Hoeben
et al., 2000) infections can result in systemic inflam-
mation.

It is apparent that inflammatory signaling is elevated
in several organs in the postpartum cow, with no ob-
vious focal organ (Figure 2). This growing body of
evidence suggests that either the processes of parturi-
tion and galactopoiesis induce inflammation directly
or that infections (or LPS absorption) affect far more
postpartum cows than is currently recognized. Unlike
the inflammation associated with acute infection, the
postpartum inflammatory state is often low grade
without the classical signs of inflammation, which is
consistent with the concept of metabolic inflammation
(Hotamisligil, 2006); however, the signal(s) that are key
to initiating this inflammatory state remain unclear
and may vary by organ.

Eicosanoids

As a family of signaling molecules produced by oxida-
tion of long-chain fatty acids, eicosanoids exert complex
control over inflammation and can either enhance (as
do certain types of prostaglandins, thromboxanes, and

Heat stress

JHSP

Uterine involution

\ * { Metritis
e
Cytokines
Eicosanoids
LPS
MLl i Mastitis

Figure 2. Diverse stressors may contribute to systemic inflammation. The wide variety of signals that converge to drive inflammatory pro-
cesses (Figure 1) is derived from a broad list of systemic stressors. Social stress and heat stress can promote inflammatory transcription patterns
via autonomic catecholamine release and bloodborne heat shock proteins (HSP), respectively. Tissue damage associated with parturition and
subsequent uterine involution, as well as infections such as metritis and mastitis, result in leukocyte activation and release of inflammatory
cytokines and eicosanoids. Various dietary and environmental conditions can decrease barrier function of the gut, allowing translocation of LPS
into the bloodstream. Excess circulating lipids and low antioxidant status are associated with oxidative stress, which occurs when free radicals
cause chain reactions, thus producing reactive oxygen species (ROS) that promote inflammation. Color version available online.
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leukotrienes) or resolve (as do resolvins, protectins, and
maresins) inflammatory responses depending on their
types and the timing of production (Sordillo et al.,
2009). In a recent study (Yuan et al., 2013), we mea-
sured plasma concentrations of 16 different eicosanoids
in the first week of lactation. We found that concentra-
tions of pro-inflammatory eicosanoids, including cer-
tain types of prostaglandins and thromboxanes, were
elevated around parturition and decreased during the
first week of lactation, whereas pro-resolving metabo-
lites, such as resolvin D2 and 7-maresin 1, increased
after parturition. Therefore, in addition to supporting
the previous findings that cows experience increased
inflammation immediately postpartum, these data also
demonstrated an increase in anti-inflammatory signals
during the resolution of inflammation as lactation pro-
ceeds. We also found that low-dose administration of
TNFa did not significantly influence pro-inflammatory
eicosanoid concentrations but did prevent the increase
in anti-inflammatory species during the critical first
week postpartum (Yuan et al., 2013).

Lipids and Oxidative Metabolites

Lipid peroxides are potential mediators that link el-
evated plasma lipids in early lactation to inflammation.
Lipid peroxides are produced when intracellular lipids
encounter ROS such as hydrogen peroxide. Some ROS
are always produced in the liver; however, events oc-
curring in early lactation likely contribute to enhanced
ROS production. One adaptation to increasing delivery
of NEFA to the liver in early lactation is an increase
in the capacity of peroxisomal oxidation (Grum et al.,
1996), an alternative pathway for FA oxidation. En-
hanced peroxisomal oxidation increases the total oxida-
tive capacity of the hepatocyte. The first step in this
pathway, however, produces hydrogen peroxide rather
than nicotinamide adenine dinucleotide (NADH), so it
contributes to ROS production to a greater extent than
mitochondrial oxidation. Increased ROS production in
early lactation cows, coupled with increased NEFA con-
centration, increases lipid peroxide formation. Another
key source of ROS in the transition period is phago-
cytic leukocytes, particularly in uterine tissue (Sordillo
et al., 2009).

The proposed links between body fat mobilization
and oxidative stress provide a possible means of con-
necting the well-established risks of excessive body con-
dition at calving (Morrow, 1976; Ingvartsen, 2006) to
inflammatory mechanisms, and several studies have be-
gun to evaluate this link. Contreras et al. (2012) clearly
showed that increasing concentrations of physiological
NEFA mixtures increased ROS in bovine endothelial
cells but had mixed effects on inflammatory mediators,
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including reductions in expression of some inflammatory
cytokines. Likewise, in vivo observations of the role of
oxidative stress in inflammatory conditions have been
inconsistent. Both the transition to lactation and high
body condition are associated with increased plasma
markers of lipid peroxidation (Bernabucci et al., 2005),
and dairy cows with fatty liver had lower antioxidant
status and higher hepatic lipid peroxide concentrations
than healthy cows (Mudron et al., 1999). Regarding
the link to inflammation, however, studies have failed
to consistently link excessive body condition (Akbar et
al., 2015) or plasma NEFA concentration (Gessner et
al., 2013; Nightingale et al., 2015) with elevated hepatic
inflammation. Such studies are admittedly difficult to
compare, because differences in antioxidant status of
cows across studies likely contributes greatly to the
degree of oxidative stress experienced (Sordillo et al.,
2009). At this time, there is no convincing link between
mobilized body lipids and systemic inflammation in the
periparturient cow, the other problems associated with
hyperlipidemia and oxidative stress notwithstanding.
Oxidative stress is likely to interfere with resolution
of inflammation, and links between excess lipids and
the persistence of postpartum inflammation need to be
evaluated.

Pro-Inflammatory Cytokines

Although a variety of circulating inflammatory mark-
ers are elevated in the immediate postpartum period,
serum inflammatory cytokine concentrations are often
suppressed in healthy cows during this time compared
with prepartum time points (Ishikawa et al., 2004;
Schoenberg et al., 2011). Still, a substantial proportion
of transition cows are not healthy, and activation of
the immune system by infections during this period is
thought to lead to an exaggerated cytokine response
(Sordillo et al., 1995), which can promote systemic
inflammation and delay the resolving phase of the im-
mune response.

THE ROLE OF SUBACUTE INFLAMMATION
IN TRANSITION DISORDERS

Inflammation Directly Affects Metabolic Function

Immune activation involves large and rapid increases
in leukocyte populations and activity and, as a result,
numerous tissues must alter their metabolism to pro-
vide or spare fuels needed to support the increased
immune activities (Wolowczuk et al., 2008). Many im-
mune cells, such as neutrophils and macrophages, rely
heavily on circulating glucose to meet their metabolic
needs, which can divert large amounts of nutrients that
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could be used for production and normal physiological
function. One mechanism driving this reallocation of
resources is insulin resistance, which is directly induced
by inflammatory signals (Odegaard and Chawla, 2012).
Exaggerated insulin resistance in transition cows may
exacerbate lipid mobilization and impair metabolic
health (Ohtsuka et al., 2001; Zachut et al., 2013).

The association between inflammation and peripar-
turient diseases is well established. Ametaj et al. (2005)
reported that plasma concentrations of inflammatory
markers, including the positive acute-phase proteins
haptoglobin and serum amyloid A, were elevated in
cows that developed fatty liver. Similarly, Ohtsuka et
al. (2001) observed increased serum TNFa activity
in cows with moderate to severe fatty liver. A larger
retrospective study of cows on 3 commercial Italian
dairies suggested that liver inflammation is associated
with a problematic transition to lactation (Bertoni et
al., 2008). Cows were classified in quartiles for degree of
liver inflammation primarily based on plasma concen-
trations of acute-phase proteins. Those cows with the
strongest inflammatory profiles were at 8-fold greater
risk for experiencing one or more transition disorders,
had lower plasma calcium concentrations, took longer
to rebreed, and produced less milk in the first month of
lactation (Bertoni et al., 2008). Similar links between
acute-phase proteins and periparturient diseases have
been reported in numerous studies, often before clinical
signs are apparent (Huzzey et al., 2009; Dubuc et al.,
2010; Qu et al., 2014).

Although strong links have been established between
inflammatory markers and periparturient diseases, the
interpretation of such associative data is difficult. It
is possible that inflammation contributes to the eti-
ology of some common early-lactation disorders, and
the chronology of events in some studies does suggest
this, but it is also possible that undiagnosed subclinical
conditions cause an increase in inflammatory mediators
before disease diagnosis; in this scenario, the inflamma-
tory state is an effect of the disease rather than a cause.
The impact of inflammation on metabolic function of
transition dairy cows has been directly assessed follow-
ing exogenous administration of inflammatory agents
in several studies. Interpretation of these findings is
complicated by various routes of administration, doses,
and agents.

Transient Acute Inflammatory Challenges.
Among the most careful assessments of the metabolic
responses to an acute mammary inflammatory event
was carried out by Waldron et al. (2006). The study
was designed to evaluate whether mastitis induced by
gram-negative bacteria could directly lead to common
periparturient metabolic disorders. Cows in early lacta-
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tion were challenged with intramammary administra-
tion of 100 pg of LPS and closely monitored for the
subsequent 8 h. This treatment induced acute systemic
inflammation, resulting in a 3°C increase in rectal tem-
perature, a 29% increase in heart rate, and a 15-fold
increase in plasma cortisol concentrations. Contrary to
expectations, this inflammatory challenge increased the
rate of glucose appearance (a proxy for hepatic glucose
release) in the face of a 3-fold increase in plasma insulin
concentration, and metabolites associated with meta-
bolic disease were largely unaffected (Waldron et al.,
2006). Not surprisingly, the authors concluded that this
model of inflammation does not directly impair meta-
bolic function but, as they pointed out, this approach
was intended to model only the very early stages of
mastitis. The increase in plasma glucose rate of appear-
ance in this early stage likely reflects acute glycogenoly-
sis (Virkaméaki and Yki-Jarvinen, 1995), which would
not be sustained chronically. Nevertheless, the findings
of Waldron and colleagues (2006) suggest that peri-
parturient cows could recover metabolic homeostasis
following an acute but transient inflammatory event.
Sustained Subacute Inflammatory Challenges.
One key hypothesis drawn from the obesity research
community has been that the metabolic risks associ-
ated with excessive body condition at calving may
be caused by immune cell infiltration of adipose tis-
sue (Ji et al., 2014). To evaluate whether stable but
low-level secretion of inflammatory cytokines disrupts
metabolic function, we used osmotic minipumps to de-
liver bovine TNFa continuously into a subcutaneous
adipose depot of late-lactation cows for 7 d (Martel
et al., 2014). The dose and duration of treatment in
this experiment matched that of a previous study that
had been shown to disrupt metabolism (Bradford et al.,
2009); treatments differed only in method and site of
administration. Contrary to our hypothesis, consistent
delivery of TNFa into the adipose depot site did not
alter metabolic function in any quantifiable manner, as
feed intake, glucose production, and plasma metabolite
concentrations were all similar across treatments. Part
of the reason for this lack of response may have been
the slow rate of delivery by minipump infusion, which
may not have been sufficient to trigger the cytokine
storm necessary to drive systemic effects. However,
we also observed a dramatic increase in protein abun-
dance of the anti-inflammatory cytokine IL-10 in the
contralateral adipose depot. This surprising finding
demonstrated that the lack of response to this infusion
protocol was not simply a passive process but rather
(at least in part) the result of mechanisms that counter-
act the inflammatory signal (Martel et al., 2014). It is
not clear whether the periparturient cow has a similar
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ability to counteract subacute inflammatory stressors.
Combined with recent reports documenting the very
limited quantity of immune cells found in the adipose
tissue of lactating dairy cows (Akter et al., 2012),
however, these findings have decreased our enthusiasm
for an adipose-centric model of inflammation in transi-
tion cows. Perhaps it is not surprising that dairy cows,
with a typical body fat content of ~20% at parturition
(von Soosten et al., 2012), may not show the degree of
adipose tissue inflammation observed in human obesity,
where body fat can often exceed 40% (Kern et al., 2001;
Cinti et al., 2005) for years.

Repeated Transient Inflammatory Challenges.
In the first evaluation of the effects of systemic delivery
of a recombinant cytokine to lactating cows, Kushibiki
et al. (2003) injected subacute doses of TNFa once
daily by subcutaneous injection during mid-lactation.
This treatment decreased feed intake by 34%, elevated
plasma NEFA concentrations, and increased markers
of oxidative stress. Using a similar approach with a
slightly lower dose, we reported that daily subcuta-
neous injection of recombinant bovine TNFa for 7 d
doubled liver triglyceride content in late-lactation dairy
cows, and we detected evidence of transcriptional al-
terations in the liver promoting fatty acid uptake and
storage and decreased fatty acid oxidation (Bradford
et al., 2009). In a third study with a similar design,
Yuan et al. (2013) reported that TNFa treatment in
early-lactation cows decreased feed intake by 18% and
increased the incidence of ketosis by 3-fold, although
liver TG concentrations and other lipid metabolism
markers were unaffected. Using a different approach,
Trevisi and colleagues (2009) orally administered
interferon-av daily during the final 2 wk of gestation,
which elevated acute-phase proteins after parturition.
Compared with controls, treated cows had significantly
increased plasma BHBA concentrations and decreased
serum retinol during the transition to lactation. These
studies all supported the hypothesis that repeated sub-
acute inflammatory challenges can disrupt homeostasis
and promote metabolic disorders in lactating cows.

Summary of Inflammatory Effects on Meta-
bolic Function. Current evidence of the direct effects
of inflammation on metabolic function in lactating
dairy cattle is summarized in Figure 3. Although nei-
ther transient acute inflammation nor continuous ad-
ministration of inflammatory mediators has disrupted
metabolic homeostasis, 4 separate studies have now
demonstrated that repeated boluses of inflammatory
agents, even at very low doses, can promote metabolic
dysfunction through suppression of DMI, alteration of
postabsorptive metabolism, or both. This model aligns
with the “multiple hit” hypothesis that has been pro-
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posed for the etiology of human fatty liver disease (Tilg
and Moschen, 2010).

Inflammation Can Impair Milk Production

Immune system activation is an energy-demanding
process that necessitates a reallocation of nutrients and
energy from dispensable functions such as growth and
production. Using the fruit fly Drosophila as a model,
DiAngelo et al. (2009) demonstrated that activation
of the toll inflammatory pathway in the fat body, the
major immune and lipid storage organ of the fruit fly,
suppressed insulin signaling throughout the organism
and subsequently decreased nutrient stores and growth.
Similarly, overexpression of NF-kB increased energy
expenditure and prevented BW gain in mice (Tang et
al., 2010). These and other studies (Mireles et al., 2005)
suggest that inflammation repartitions nutrient utiliza-
tion and decreases energy available for productive uses.

In dairy cows, both observational and controlled
studies have supported the hypothesis that inflam-
mation decreases milk production. One metric that
has been used in associative studies is paraoxonase, a
liver-derived bloodborne antioxidant that is potently
suppressed by a variety of inflammatory stimuli (a
negative acute-phase protein). Transition cows with
high paraoxonase concentrations, in addition to having
lesser concentrations of positive acute-phase proteins
and reactive oxygen metabolites, produced 1,971 kg
more milk (24%) over 305 d than those in the lowest
quartile for paraoxonase (Bionaz et al., 2007). Bertoni
et al. (2008) reported that cows in the highest quartile
for a composite index of inflammatory markers pro-
duced 20% less milk during the first month of lactation
than those in the lowest quartile. Similarly, postpartum
plasma concentrations of haptoglobin greater than 1.1
g/L were associated with a 947-kg decrease in 305-d
mature-equivalent milk yield (Huzzey et al., 2012).

We recently reported that TNFa injection during
the first 7 d of lactation at 1.5 or 3.0 pg/kg of BW
decreased the yield of milk and milk components by
15 to 18% (Yuan et al., 2013). In mid-lactation cows,
a similar TNFo administration protocol caused a 15%
reduction in milk yield (Kushibiki et al., 2003). A large
number of studies have demonstrated the negative ef-
fect of intramammary LPS, often at doses sufficient to
cause acute inflammation, on milk production (Ballou,
2012). Because the immune system of the cow responds
to these challenges as if they signaled infection, de-
creased milk production in response to inflammatory
mediators reflects a resource allocation tradeoff. In
these scenarios, the dam sacrifices some milk yield
(and, evolutionarily, offspring fitness) in exchange for
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Figure 3. Summary of metabolic responses to exogenous inflammatory agents in lactating dairy cows. (A) Single acute inflammatory events
are often resolved quickly, and there is little evidence that systemic metabolism is disrupted in these scenarios. (B) Chronic administration of
very low doses of inflammatory agents can result in an anti-inflammatory response to prevent a cytokine storm and maintain homeostasis. (C)
Repeated inflammatory insults, even at low doses, can alter metabolic homeostasis. Color version available online.

survival and the potential to have future offspring (Bal-
lou, 2012). Whether or not this conserved response con-
fers fitness in the controlled setting of a dairy farm with
a readily available nutrient supply, however, is unclear.
Furthermore, because few studies have assessed mam-
mary tissue-level responses to inflammatory stimuli,
the exact mechanisms underlying decreased milk yield
in response to inflammation remain poorly documented
in the cow.
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REQUIREMENTS AND ADAPTIVE ROLES
FOR INFLAMMATORY PATHWAYS
IN THE TRANSITION COW

Despite the deleterious effects of excessive inflamma-
tion, a certain degree of inflammation is likely necessary
to support physiological adaptations in the transition
period. One key role of inflammation in the transition
cow is to facilitate parturition. Parturition is character-
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ized by a massive influx of macrophages and neutrophils
into the myometrium; this proinflammatory environ-
ment promotes dilation of the cervix, contraction of the
uterus, rupture of the fetal membranes, and expulsion
of the placenta (Challis et al., 2009; van Engelen et al.,
2009). Cyclo-oxygenase-mediated production of pros-
taglandin F,, is required to trigger oxytocin receptor
expression in the uterus, which is in turn required for
oxytocin-induced parturient uterine contractions (Sugi-
moto et al., 1997). Indeed, the nonsteroidal anti-inflam-
matory drug (NSAID) aspirin can disrupt parturition
(Lewis and Schulman, 1973; Williams and Vane, 1975).
Flunixin meglumine, another NSAID, was shown to in-
crease the risk of retained placenta following Caesarean
section (Waelchli et al., 1999) and normal parturition
(Duffield et al., 2009). Additional evidence for the role
of inflammation in placental detachment comes from a
recent publication documenting decreased expression of
a variety of inflammatory mediators in retained utero-
placental tissues compared with placental tissue that
was expelled normally (Boro et al., 2014).

Perhaps the most recognized benefit of inflammation
is its role in clearance of pathogens and resolution of
infections. Given that the incidence of infections in-
creases dramatically in early lactation, activation of in-
flammatory pathways may help cows fight off diseases.
Inflammation is a key tool used by the innate immune
system as well as an activating factor for the adaptive
immune system (Newton and Dixit, 2012). Genetically
altered mouse models provide the clearest demonstra-
tion of the essentiality of inflammatory signaling for
immune defense; for example, influenza is more lethal
in mice deficient in I1-13 than in wild types (Kozak
et al.,, 1995), TNF« receptor deficiency dramatically
increases mortality following listeria infection (Pfeffer
et al., 1993), and TLR4 deletion increases susceptibility
to pneumococcal infection (Malley et al., 2003). Even
transgenic introduction of n-3 desaturase activity in
mice, providing the capacity for endogenous n-3 fatty
acid synthesis, is sufficient to increase susceptibility to
tuberculosis infection (Bonilla et al., 2010). In addi-
tion to being a key stimulus driving pathogen clear-
ance mechanisms, inflammation was recently shown
to contribute to wound healing (Liu et al., 2014). The
inflammatory eicosanoid 12-HHT promotes keratino-
cyte migration to close the wound, a process that is
inhibited by aspirin.

One key mechanism that supports copious milk syn-
thesis and secretion in dairy cows is insulin resistance,
which diverts the nutrients away from peripheral adi-
pose tissue and muscle to the mammary gland (Bell,
1995). The mechanisms initiating this adaptive insulin
resistance in early lactation are not clear. Because
inflammation of muscle and adipose tissue is tightly
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linked to insulin resistance in many metabolic scenarios
(Odegaard and Chawla, 2013), it is possible that en-
dogenous inflammation in early lactation is needed to
promote insulin resistance and protect metabolic ho-
meostasis as nutrient demands for the mammary gland
increase.

To investigate the role of inflammatory pathways in
promoting homeorhetic adaptations, we treated cows
with the NSAID sodium salicylate (SS) for the first
7 d of lactation (Farney et al., 2013a). Although SS
only mildly suppressed the inflammatory mediators
measured in liver and plasma during treatment, pro-
inflammatory eicosanoids in plasma dramatically in-
creased after cessation of SS treatment, suggesting that
our treatment regimen did alter inflammatory signal-
ing. Furthermore, we observed clear effects on nutrient
metabolism. Among the most interesting findings was
that SS decreased plasma glucose concentration. Given
the negligible net uptake of glucose from the ruminant
gut (Allen et al., 2005), SS-induced hypoglycemia must
have been caused by some combination of decreased
gluconeogenesis and increased clearance of circulating
glucose. The decrease in plasma glucose was not ex-
plained by altered milk lactose secretion (1.25 vs. 1.26
+ 0.06 kg/d; P = 0.90), suggesting that the mammary
gland was not likely the cause of this change. Insulin
concentrations were decreased in SS-treated cows on
d 7 compared with controls, which is consistent with
the decline in plasma glucose concentration. Because
insulin concentration did not point to an increase in
insulin-dependent glucose uptake, we next used the
revised quantitative insulin sensitivity check index
(RQUICKI; Holtenius and Holtenius, 2007) to assess
whether altered insulin sensitivity may have influenced
glucose utilization rate with SS. The RQUICKI esti-
mate of insulin sensitivity was significantly elevated by
SS on d 7, coincident with the decline in plasma glu-
cose concentration. The findings suggest that SS may
have increased insulin sensitivity, promoting excessive
glucose utilization in peripheral tissues and (or) sup-
pressing gluconeogenesis, leading to hypoglycemia. We
therefore proposed that inflammation-induced insulin
resistance may be adaptive during early lactation and
may help clarify why the links between inflammation
and metabolism are evolutionarily conserved (Farney
et al., 2013a).

Other evidence suggests that inflammation is a mech-
anism for regulating nutrient partitioning and energy
balance. In obesity, for example, increased inflamma-
tion may act as a feedback response to promote energy
expenditure and limit further energy accumulation
(Tang et al., 2010). Conversely, a decrease in inflam-
mation under caloric restriction contributes to energy
savings (Ye and Keller, 2010). Given the dramatic al-
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terations in nutrient demand during the transition to
lactation, inflammation likely plays an unappreciated
role in the homeorhetic shifts in metabolism required
for a successful transition period.

Finally, numerous studies have now identified critical
roles that inflammatory signals play in normal tissue
development and remodeling. Prenatal liver develop-
ment and tissue regeneration following partial hepa-
tectomy are clearly driven in part by inflammatory
transcriptional programs (Seki et al., 2012), although
it is unclear whether liver hyperplasia in early lacta-
tion is likewise inflammation-dependent. A large body
of work details the central role of inflammatory signals
in mammary gland development, lactogenesis, galacto-
poiesis, and involution (Vorbach et al., 2006; Ngrgaard
et al., 2008; Watson, 2009). In fact, a transgenic mouse
model with decreased mammary NF-kB signaling had
impaired prepartum proliferation of mammary epithe-
lial cells, ultimately resulting in the starvation of pups
from lack of milk (Cao et al., 2001). Perhaps most
surprisingly, despite the large amount of research on
pathological forms of adipose tissue inflammation, 3 ge-
netically altered mouse models with disrupted adipose
tissue inflammatory signaling all suffered from forms of
lipodystrophy, including massive ectopic lipid storage
and leaky gut, because of impaired adipogenesis (Wer-
nstedt Asterholm et al., 2014). These many effects of
inflammatory signals place these pathways in a central
role in developmental physiology, not simply during
disease challenges.

Is Rapid Resolution of Postpartum Inflammation
a Critical Factor?

Although several relatively large-scale studies have
investigated associations between early-lactation mark-
ers of inflammation and outcomes such as subsequent
disease, fertility, and productivity, these studies gen-
erally have relied on a single blood sample collected
during a 1- to 2-wk period at the beginning of lacta-
tion. The balance between necessary and maladaptive
aspects of inflammation during this time, however,
suggests that a simple demarcation between normal
and inflamed cows is likely too simplistic. Rather, we
propose that the intensity and timing of inflammation
in combination with the timing of its resolution may
be more critical than whether or not an inflammatory
state occurs at all.

The concept that failure of resolution is a large con-
tributor to the pathology of inflammatory disorders
has been well accepted in the biomedical literature. To
name a few examples, delayed resolution has been im-
plicated in the etiology of obesity, metabolic syndrome
(Monteiro and Azevedo, 2010), and cancer (Coussens
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and Werb, 2002), and numerous reviews have been
written on the problem of nonresolution and its corre-
sponding mechanisms (Nathan and Ding, 2010; Serhan,
2011). Some results that support this premise in dairy
cattle have been presented in our preceding discussion
of inflammation; repeated low-dose administration of
TNFa in early lactation delayed the increase of anti-
inflammatory eicosanoids responsible for resolution of
inflammation (Yuan et al., 2013). Conversely, mainte-
nance of metabolic homeostasis was associated with
rapid resolution of inflammation in early-lactation cows
challenged with intramammary LPS (Waldron et al.,
2006). Some observational studies that have associated
the postpartum acute-phase response with negative
lactation outcomes have also documented a delayed
resolution of inflammation in cows with greater peak
concentrations of inflammatory markers, most notably
Bionaz et al. (2007).

We hypothesize that rapid resolution of postpartum
inflammation, rather than its complete avoidance, may
allow for optimal adaptation to lactation (Figure 4).
More large-scale observational studies with repeated
samples collected over time will be required to assess
whether this model accurately predicts health and pro-
duction outcomes in dairy cattle.

CONTROLLING THE FIRE: APPROACHES
TO MODULATE INFLAMMATION

Nonsteroidal Anti-Inflammatory Drugs

One approach to understanding the effects of transi-
tion cow inflammation has been to block these signals
using NSAID. This class of drugs has been heavily
studied across species, providing the advantage of hav-
ing relatively well-established modes of action. There-
fore, although off-target effects cannot be ruled out,

= /I
s AN\
E = ‘ Negative energy balance
g E Metabolic disease
» o g 2ga
2 S resolution Infertility
=

Rapid

m resolution Metabolic adaptation
E)K‘f\ ”'J ¥ Normal estrus cycles
Parturition Peak lactation

Figure 4. Hypothesized responses to resolved and unresolved in-
flammation in early-lactation dairy cows. Visualization of typical time
courses of slowly resolved or quickly resolved inflammation, along with
proposed production outcomes resulting from these different profiles.
Color version available online.
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NSAID provide an opportunity to directly investigate
the effects of suppressing endogenous inflammation in
the transition cow.

Flunizin Meglumine. One of the most common
NSAID tested on the transition dairy cow is flunixin
meglumine, which has had varying effects. One study
indicated that uterine involution was accelerated by fl-
unixin meglumine treatment during metritis (Amiridis
et al., 2001), but another showed no beneficial effects,
either systemically or in the reproductive tract (Dril-
lich et al., 2007). Most relevant to this review, Shwartz
et al. (2009) showed no benefit from administration of
flunixin meglumine for the first 3 d of lactation.

Salicylates. Salicylic acids (extracts of willow bark)
have been utilized for therapeutic purposes for almost
2,000 yr, but the mechanisms underlying their anti-in-
flammatory effects continue to be revealed. Salicylate,
at concentrations below 1 mM (Hawley et al., 2012),
works primarily by inhibiting IKK-§ activity, prevent-
ing phosphorylation and cleavage of IkB, thereby al-
lowing this protein to keep NF-kB sequestered in the
cytosol to prevent inflammatory transcriptional activ-
ity (Kopp and Ghosh, 1994; Pierce et al., 1996). Most
other NSAID, in contrast, directly inhibit cyclooxygen-
ase activity (Tegeder et al., 2001) and do not neces-
sarily induce the same metabolic effects as salicylate
(Yuan et al., 2001).

The pharmacology of SS and acetylsalicylic acid (as-
pirin) are relatively well described in cattle and these
NSAID have a serum half-life of approximately 30 min
(Gingerich et al., 1975; Coetzee et al., 2007). Despite
rapid clearance, multiple studies have demonstrated
that early-lactation administration of salicylates can
improve long-term milk yield responses. In an initial
study, Bertoni et al. (2004) administered aspirin or a
placebo to 11 cows/treatment for the first 5 d postpar-
tum and monitored milk production through d 126 of
lactation. Peak milk yield tended to increase with aspi-
rin treatment. The same group subsequently conducted
a similar study with 23 cows/treatment and found that
aspirin treatment during the first 5 d of lactation in-
creased milk yield through d 60 of lactation, with a
13% increase in peak milk yield (Trevisi and Bertoni,
2008). These studies were the first to demonstrate the
potential for anti-inflammatory treatments to increase
milk yield for a sustained period.

We recently reported results from a study with 78
Holstein cows assigned to control or SS treatment 12
to 36 h after calving continuing through d 7 of lacta-
tion (Farney et al., 2013a). Salicylate was delivered in
drinking water, providing 123 £+ 6 g/cow daily. Milk
production was unaffected during the week of SS
treatment, but by wk 3 of lactation, SS-treated cows
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produced significantly more milk fat than controls. To
gain insight into sustained responses to treatment, we
used DHIA records to quantify 305-d yields of milk
and milk components. Milk yield was 2,470 kg greater
over the lactation in parity 3+ SS cows compared with
controls (21% increase), although milk yield tended to
decrease by 8% in primiparous cows treated with SS.
Furthermore, parity 3+ SS cows produced 30% more
milk fat over the lactation and tended to produce 14%
more protein than controls in this parity group.

Surprisingly, the production responses to SS appar-
ently were not a result of improved metabolic func-
tion. Our hypothesis was that SS would improve liver
function and decrease fat mobilization, but SS-treated
cows displayed decreased plasma glucose and increased
plasma NEFA and BHBA concentrations in early lacta-
tion (Farney et al., 2013b).

Other NSAID. Numerous NSAID have been evalu-
ated for the treatment of mastitis, and in general they
are effective at reducing body temperatures but do not
appear to decrease the severity of the infection (Morkoc
et al., 1993). One intriguing finding was that meloxicam
treatment during mastitis decreased the risk of removal
from the herd by 58% in the 45 wk following treat-
ment (McDougall et al., 2009). Carprofen was shown to
partially alleviate the decrease in ruminal contractions
during mastitis (Vangroenweghe et al., 2005), which
could help prevent a subsequent displaced abomasum.
Similarly, meloxicam administration 1 d after assisted
calving increased time spent eating in the subsequent
24 h (Newby et al., 2013). In general, though, short-
term responses to NSAID treatment during inflamma-
tion have been unimpressive (Priest et al., 2013; Meier
et al., 2014).

Potential Risks of NSAID Use. The potential
utility of NSAID treatments in early lactation must be
weighed against possible risks to animal health and the
food supply. As discussed in the section above about
requirements for inflammatory pathways, suppressing
inflammation runs the risk of disrupting parturition
and placental expulsion as well as slowing immune re-
sponses to infection. With appropriate timing, dosing,
and drug selection, problems with retained placenta
can be avoided (Farney et al., 2013b; Newby et al.,
2014). Likewise, co-administration of NSAID with
antibiotic treatment for mastitis does not necessarily
appear to disrupt immune activation (Vangroenweghe
et al., 2005) or increase disease recurrence (McDougall
et al., 2009).

Beyond the potential adverse effects of disrupting
normal inflammation, drug residues in milk and meat
are a concern. Salicylates, although short-lived, have
come under some scrutiny because of purported links
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with Reye’s syndrome, and a 24-h withdrawal period
has been recommended for both milk and meat (Da-
mian et al., 1997). Many other NSAID have established
milk withdrawal times that often extend 3 to 5 d after
treatment ends, creating logistic and financial barriers
to broader use of NSAID for postpartum inflammation.

LPS Vaccination

A recent study (Zebeli et al., 2013) reported that
repeated oral administration of LPS around calving
improved the profile of plasma metabolites. The au-
thors administered LPS at increasing doses and showed
that treated cows had greater plasma concentrations of
glucose and insulin and decreased NEFA and BHBA
concentrations, findings consistent with reduced body
fat mobilization. Lipopolysaccharide administration
did not affect DMI, plasma cortisol, serum amyloid
A, or haptoglobin (Ametaj et al., 2012). It is possible
that oral LPS treatment induced an immune refractory
state, known as LPS tolerance, resulting in a reduced
inflammatory response to subsequent LPS exposure. In-
deed, pretreatment of the udder with a low dose of LPS
protected against experimental FEscherichia coli masti-
tis (Petzl et al., 2012). Molecular mechanisms of LPS
tolerance have been detailed, and this response serves
to prevent excessive inflammation (Ziegler-Heitbrock,
1995). The efficacy of the oral LPS tolerance protocol
suggests that LPS (or co-agonists for TLR4) may be a
key contributor to the periparturient inflammation.

Bioactive Fatty Acids

Bioactive FA are important for the normal physi-
ological function of animals. The n-3 class of FA in-
cludes a-linolenic acid, eicosapentaenoic acid (EPA),
and docosahexaenoic acid (DHA), and the latter 2 are
known to suppress inflammatory pathways. Several
recent studies have evaluated the use of flaxseed or fish
oil-derived products to increase dietary supply of n-3
FA, and anti-inflammatory effects have been clearly
demonstrated in cows (Greco et al., 2015). Lessard et
al. (2003) reported that feeding transition cows with
flaxseed (a source of a-linolenic acid) increased se-
rum n-3 FA concentrations; on d 5 postpartum, the
lymphocyte proliferative response of cows fed flaxseed
was reduced compared with cows that received n-6 FA
supplements, suggesting that an anti-inflammatory ef-
fect was achieved. On the other hand, Silvestre and
colleagues (2011) attempted to promote immune func-
tion in the transition period by supplementing calcium
salts of n-6 FA instead of n-3 FA. Increasing the ratio
of n-6 to n-3 FA increased the production of hydrogen
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peroxide and phagocytosis of bacteria by neutrophils
and increased plasma concentrations of acute-phase
proteins. Although increased neutrophil function may
improve the ability of immune system to fight off infec-
tion, elevated acute-phase protein markers are a sign of
subacute inflammation, which could impair metabolic
function (Bertoni et al., 2008; Bradford et al., 2009).
Therefore, further studies are needed to investigate if
such an approach benefits clinical outcomes of transi-
tion cows.

Antioxidants

Dietary antioxidants, notably vitamin E and sele-
nium, are important for their ability to neutralize ROS,
thereby impeding the progression toward inflammation.
This is particularly important in cows with high BCS at
parturition because of their increased risk of oxidative
stress (Bernabucci et al., 2005). Plasma concentrations
of vitamin E decrease through the transition period
(Weiss et al., 1990a), and low antioxidant status is as-
sociated with transition cow disorders (Mudron et al.,
1997; LeBlanc et al., 2004). Supplementing vitamin E
prepartum improves antioxidant status (Weiss et al.,
1990b). Multiple studies have shown that supplement-
ing vitamin E in excess of traditional recommendations
decreases the incidence and severity of clinical mastitis
(Smith et al., 1984; Weiss et al., 1990b; Politis, 2012).
A meta-analysis also showed that supplemental vitamin
E is effective at preventing retained placenta (Bourne
et al., 2007).

Transition cow studies using antioxidants as treat-
ments have looked almost exclusively at effects on
infectious disorders such as mastitis and metritis. In ro-
dent models, however, studies have demonstrated that
antioxidants improve metabolic function in animals
challenged with high-fat diets (Mao et al., 2010) and
endotoxin (Sakaguchi and Furusawa, 2006). In a phase
3 clinical trial, vitamin E supplementation significantly
improved liver health in steatohepatitis patients com-
pared with a placebo (Sanyal et al., 2010). Therefore,
antioxidants may have the potential to improve not
only immunity but also metabolic health of transition
cows (Bertoni et al., 2015).

SMOLDERING QUESTIONS

Our goal in this review has been to provide a road-
map to an intriguing portion of the “final frontier” of
dairy cow biology, but much work remains to be done.
Key remaining questions surrounding inflammation in
early lactation include the following:
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e Does immunosuppression in the transition pe-
riod contribute to elevated inflammation, or vice
versa? Or are apparent relationships coincidental?

e What is the prevalence and duration of subacute
inflammation in transition cows? What are the
most important tissue sources of inflammatory
molecules during the transition period?

e Mechanistically, how does subacute inflammation
increase the risk of transition cow disorders?

e Does subacute inflammation directly affect mam-
mary gland function and, subsequently, milk syn-
thesis?

e Given the necessary role of inflammation in normal
physiological function, should we inhibit inflam-
mation in early lactation? How can we promote a
healthy degree of inflammation while minimizing
the pathological aspects?

e To what extent does the timing and duration of
the resolving phase of inflammation contribute to
pathology in transition cows?

e Can we develop nutritional strategies that selec-
tively inhibit excessive inflammation while en-
hancing immune function?

CONCLUSIONS

It is now apparent that most dairy cattle, and
perhaps most mammals, experience subacute inflam-
mation for at least the first several days postpartum.
Although more research is needed to evaluate the most
common initiators of this inflammatory state, different
lines of evidence suggest that signals derived from the
uterus, mammary gland, gut, and nervous system may
all contribute. Some degree of inflammation during this
period is clearly important for normal function of the
reproductive system, for immunity, and possibly for
homeorhetic shifts in metabolism, but both prospec-
tive and controlled studies (using both pro- and anti-
inflammatory agents) suggest that a slightly elevated
degree of inflammation can impair whole-lactation
productivity of cows. These findings lead us to pro-
pose that treatment of postpartum inflammation with
nutrients or pharmaceutical agents is worth exploring
further, even though such approaches must be designed
carefully to avoid disrupting the necessary roles of in-
flammatory signals. Improved tools for early diagnosis
of cows with above-average inflammatory status, par-
ticularly cowside diagnostic assays, would improve our
ability to evaluate whether targeted treatment of el-
evated systemic inflammation leads to better outcomes
than blanket treatments. Defining and promoting a
healthy degree of inflammation in transition cows may
allow the dairy industry to limit transition disorders
while improving productivity.
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