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This work helps to determine the extent of immune system involvement in the
adaptive response to subacute ruminal acidosis (SARA) in three parts. The first (Chapter
2) uses non-lactating cows to study specific changes in inflammatory protein expression
in which SARA is created. The second (Chapter 3), uses the same model as Chapter 2.
However, in this case, lactating cows are used to help establish the time course for
adaptation to acidosis. The third part (Chapter 4) delineates the genomic changes that
occur in the rumen epithelium when a therapeutic intervention is introduced using
exogenous supplemental butyrate.
In the first experiment, the expression of the extracellular matrix (ECM) proteins
type IV collagen and laminin β1 decreased, and the monocarboxylate transporter MCT1,
increased during the acidotic challenge. Nuclear factor of activated T-cells, NFATc2,
and tumour necrosis factor alpha (TNF-α) decreased while interleukin-1 beta (IL-1β)
increased during the experimental treatment period.

Chapter 3 measured lipopolysaccharide (LPS) and its carrier, LPS binding
protein, LBP, which were found to be elevated due to SARA. Moreover, NFATc2 was
reduced during this period.
Exogenous butyrate resulted in increased plasma LBP, plasma beta hydroxyl
butyrate (BHBA), and ruminal butyrate. Milk parameters (total protein and fat) were
unaffected by treatment, as were rumen LPS, acetate, valerate, isovalerate, and
isobutyrate.

Moreover, exogenous butyrate increased gene transcription of genes

involved in non-specific host defences (NHSD) such as mucin, and remodelling (RM),
such as matrix metallopeptidase 16 (MMP16), and decreased the transcription of genes of
the immune response (IR), such as nuclear factor kappa B2 (NFκB2).
Together, these three experiments have demonstrated that although wound healing
is mediated by the immune system in more severe models of epithelial damage, our
model of SARA did not involve full-thickness, penetrating lesions and hence did not
involve the systemic immune system to such a degree than was previously thought. In
addition, we were able to demonstrate that the addition of butyrate to this model of graininduced acidosis was beneficial, as it decreased the local inflammatory response and
helped

the

epithelium

adapt

to

its

harsher

environment.
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CHAPTER 1. LITERATURE REVIEW

1.1. General Introduction and the Pathogenesis of SARA

As the degree to which milk production has increased in recent years, higher
energy diets for dairy cattle using easily fermentable grains has increased proportionately.
High grain (HG) diets (65% grain) offer more readily available fermentation by-products
such as volatile fatty acids (VFAs) which are used by ruminants for energy production.
However, HG diet-fed cattle are at an increased risk for the development of ruminal
acidosis, as VFA production can easily exceed the animal’s ability for absorption (Penner
et al., 2011). Subacute ruminal acidosis (SARA), diagnosed when rumen pH drops
below 5.6 for more than 3 hours per day (Alzahal et al., 2011), is a common occurrence
in dairy cows; an estimated 20% of all lactating dairy cows have this disease (Plaizier et
al., 2008). Although the precise etiology of SARA remains somewhat elusive, cows so
affected display significant morbidity, and present decreased feed efficiency and
decreased milk production (Plaizier et al., 2008).

If SARA develops into chronic

metabolic acidosis, hepatic abnormalities, diarrhea, and laminitis can be seen (Plaizier et
al., 2008). SARA’s financial impact can be as much $1.12 USD/cow/day (Oetzel, 1999).
Pathogenesis of SARA
The reduction in rumen pH that is typically seen in SARA occurs when the
accumulation of VFA and lactic acid is not adequately buffered (Plaizier et al., 2008).
Indeed, the provision of a higher grain to fibre ratio to cattle, in addition to reducing feed
1

particle size, reduces the extent of mastication and hence does not allow for adequate
saliva production. In dairy cows, saliva contains a high level of bicarbonate, which acts
as an effective buffer to rumen pH fluctuations under normal circumstances (Ametaj et
al., 2009).
Decreased dry matter intake (DMI) has been implicated as an additional indicator
of SARA in dairy cows (Plaizier et al., 2008). It has been speculated that the reasons for
DMI depressions can include reductions in fibre digestibility, VFA overproduction, and
consequent increases in ruminal osmolarity (Allen, 2000). A number of studies on graininduced SARA have shown increases in plasma acute phase proteins (Gozho et al., 2006,
2007; Gozho et al., 2005).

The acute phase proteins detected in these studies are

produced as a result of pathogen stimulation of pro-inflammatory cytokine production in
the local and peripheral circulation (Gozho et al., 2005). The effects of disease-induced
depression of feed intake have been well documented (Dionissopoulos et al., 2001;
Dionissopoulos et al., 2006a; Kleen et al., 2003).
Diarrhea is also a well-known consequence of SARA as it has been observed
extensively in large and small dairy herds with confirmed cases (Kleen et al., 2003;
Nocek, 1997). In addition, feces that appear more foamy with extensive gas are typical
of such cases of ruminal acidosis, since reducing dietary fibre hastens the passage of
ruminal feedstuffs to the distal portions of the digestive tract, resulting in extensive
hindgut fermentation and hence the production of volatile organic compounds (Garrett et
al., 1999; Nordlund et al., 2004).

2

SARA has also been implicated in the development of laminitis in dairy cows.
Laminitis, defined as an intra-dermal inflammation in the lamina of cattle, has been noted
in early lactation cows and in intensive feedlot operations (Greenough et al., 1990;
Nocek, 1997). These authors hypothesized that ruminal pH depressions must somehow
be causing the translocation of bacteria across the ruminal epithelium, where they make
their way to peripheral tissues and secrete reactive inflammatory agents which cause local
interruptions in blood flow. The ensuing ischemia results in necrosis of lamellar tissue
and chronic inflammation (Nocek, 1997). We propose that the translocation of bacteria
across the epithelium occurs as per the following schematic:

Figure 1.0. Proposed mechanism of pathogen attachment and infiltration of the rumen
mucosal epithelium.

3

Similarly, SARA is associated with liver abscesses (Dirksen, 1985; Plaizier et al.,
2008).

As proposed in the figure above, liver abscesses are likely caused by the

translocation of Fusobacterium necrophorum and Arcanobacterium pyogenes to the liver
via the portal circulation (Kleen et al., 2003). In addition to the liver abscesses, these
invading microbes can further spread throughout the circulation, where they have been
known to cause multi-system organ failure and death (Enemark, 2008).
Adapting to SARA
Clinically, as ruminal VFA production increases and acidic load further burdens
the gastrointestinal system, physiological homeostasis must be maintained, suggesting an
adaptive response.

For some time it has been known that chronic, increased VFA

production leads to changes in the rumen epithelial milieu, prompting new tissue
generation and adaptation in order to meet the increased absorption demands (Gabel et
al., 2002; Mentschel et al., 2001). Whenever such physiological events take place, they
usually proceed at the expense of other bodily systems (Elsasser et al., 2008). It is the
precise triggers of these nutrient-partitioning events that are not well characterized and
merit further investigation.
Previous experiments have shown that one of the principle methods by which
the rumen adapts to the increased VFA production is by increasing papillae size and thus
the total absorptive surface area of the rumen in dairy cows (Gabel et al., 2002). Goodlad
(1981) showed that this results in an overall increase in cell number, and thus papillae
hyperplasia. In addition, changes in rumen epithelial integrity are seen in SARA which
4

may allow the migration of microbes across the normally protective barrier and possibly
transform a localized immune response into a systemic one (Nagaraja et al., 2007). The
migration of microbes and more importantly their antigenic components to the systemic
circulation could thus result in a marked increase of circulatory pro-inflammatory
cytokines (Khafipour et al., 2009b).
Although diseases affecting cattle are well characterized, the biochemical
pathways responsible for the various etiologies are not. By studying these pathways, we
can better understand the biochemical and perhaps the genomic factors that lead to
disease. Currently, it is not known whether changes in gastric integrity are the result of
immune-mediated events or due to other changes in gene expression. However, increases
in grain intake lead to a large and sudden increase in ruminal gram negative bacterial load
(Motoi et al., 1993). As obligate anaerobes, gram negative bacteria such as E. coli thrive
under these conditions. As a result, Lipopolysaccharide (LPS), derived and shed from the
cell walls of such bacteria, significantly increase both in the rumen and in the systemic
circulation (Motoi et al., 1993). A partial explanation could be that increases in acidity,
coupled with LPS, work together to damage the rumen, cause the initial local
inflammatory reaction, and initiate an immune-mediated cascade that will eventually lead
to antigen clearance, ruminal wound healing, and the reestablishment of metabolic
homeostasis (Thibault et al., 2010). While the severity of rumenitis derived from acute
acidosis has been described for some time (Scanlan et al., 1983; Sweeney et al., 1989),
rumenitis as a complication of SARA seems to be much less severe (Gozho et al., 2007;
Gozho et al., 2005; Kleen et al., 2003; Steele et al., 2011a). As a result, immunological
5

or metabolic changes are inherently more difficult to detect as they are likely limited in
extent and in scope. Hence, a knowledge gap exists for SARA, on which this work is
based.
1.2. The Immune Response

One of the key control points in the modulation of the immune system during an
immunological insult is the generation and action of eicosanoids.

Eicosanoids are

derived from 20 carbon polyunsaturated fatty acids (PUFA), usually arachidonic acid
(AA), and are comprised of prostaglandins (PG), thromboxanes (TX), and leukotrienes
(LT) (Lewis et al., 1990; Tilley et al., 2001). Ecosanoid biosynthesis and points of
control are of interest in the context of this review, since they represent potential control
or modulation points. These branch points are summarized in Figure 1.1.
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Figure 1.1. Outline of the pathway of eicosanoid synthesis from
arachidonic
acid.
COX,
cyclooxygenase;
HPETE,
hydroperoxyeicosatetraenoic acid; LOX, lipoxygenase; LT, leukotriene;
PG, prostaglandin; TX, thromboxane. Adapted from Calder (2006).
Depending on the circumstance or macromolecular environment, eicosanoids can
have opposing or potentiating effects on the immune response (Alvarez et al., 2010).
Blocking both COX-1 and COX-2 with non-steroidal anti-inflammatory drugs
(NSAIDS), results in a decrease in inflammation with the consequence that certain
prostaglandins necessary for maintaining the integrity of the gastroepithelial mucous
layer are also reduced (Wallace, 2008). The effect of such a blockade is the principle
causative agent in the morbidity of NSAID gastrointestinal (GI) toxicity in humans and
animals (Gierse et al., 2002). Contrary to the protective effect of some of the PGs, LT
appearance during the initial stages of inflammation is considered to be pro-inflammatory
7

and likely plays a central role in the pathogenesis of inflammatory bowel disease and
possibly rumenitis in ruminant animals (Calder, 2006; Cook, 2011). Unfortunately, data
on the etiology and the causality of rumenitis is extremely limited. Clearly, it can be seen
that modulation of the immune system cascade can have beneficial effects on the
outcome of health in both humans and animals.

As a result, the levels of the

inflammation-promoting eicosanoids TXB2, LTB4, certain PGs, and LTE4 may be
reduced, helping to attenuate the inflammatory response and potentially damaging effects
of chronic immune system stimulation. Being able to selectively modulate the immune
response with a naturally occurring substance, such as butyrate, is at the core of this
thesis (Jiang et al., 2010; Rees et al., 2006).
The ability to reduce or modulate the severity of the immune response is critical
to our understanding of how subacute inflammatory conditions such as SARA exert their
negative effects. A reduction in the duration and the extent of the immune response can
have beneficial effects since nutrient partitioning favouring immune cell recruitment and
growth can be limited (Rees et al., 2006; Saltzman, 2002). Since the reduction of proinflammatory cytokines such as IL-1β, IL-6, and TNF-α can reduce the length and
severity of the immune response (Troutman et al., 2012), it follows that limiting this
response with naturally occurring substances in sub-clinical disease can have beneficial
effects.
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1.3. Modulation of the Immune Response at the Genomic Level

An understanding of the molecular mechanisms involved in rumen epithelial
remodelling in subclinical disease would be incomplete without an exploration of
inflammatory events at the genomic level. The question that invariably arises centres on
the principle effectors or transcription factors that mediate the immune cascade. A
review of the literature reveals that the two very important transcription factors are
nuclear factor κB (NF-κB) and the peroxisome proliferator activated receptor types
(PPARs) (Calder, 2008; Hoffmann et al., 2006). NF-κB, originally studied as a promoter
of the maturation of lymphocytes (Oeckinghaus et al., 2011) has been found to have a
much broader scope of action. NF-κB is found to be present in promoter sequences of
pro-inflammatory cytokines, the inflammatory enzyme COX-2, and in leukocyte
adhesion molecules (Perkins, 2007; Sigal, 2006). Because of its importance, it can be
seen how NF-κB and its cofactors will likely be targets for immunomodulatory agents
(Gupta et al., 2010). A diagrammatic representation of the NF-κB pathway is represented
below in Figure 1.2:

9

Figure 1.2. NF-κB signaling pathway. IKK, inhibitor of nuclear factor kappa B kinase
subunit α/β/γ; Hsp90, heat shock protein 90; cdc37, hsp90 co-chaperone cell-cycle
division protein 37; IκBα, NFκB inhibitor α; p50/p65, NFκB1/RelA DNA binding
Briefly, stimulation
by bacterial
or viralfrom
antigens,
cytokines,
and reactive oxygen species
transcription
factor complex.
Adapted
Kumar
et al (2004).
IKK (an NF-κB kinase) phosphorylates the inhibitory subunit of the NF-κB complex,
IκBα, prompting its dissociation from the p50/p65 NF-κB complex. Once free of its
inhibitory factors, NF-κB traverses the nuclear envelope and begins the inflammatory
cascade (Hoffmann et al., 2006).
PPAR-γ is also an important transcription factor in gastrointestinal inflammation.
However, its effects are thought to act in an opposing manner to that of NF-κB, as an
10

anti-inflammatory agent (Guri et al., 2010).

Most evidence of the anti-inflammatory

effect of PPAR-γ comes from the study of interactions between inflammatory mediators
in experimental disease.

Indeed, PPAR-γ was found to possess anti-inflammatory

properties in models of inflammatory bowel disease, cancer, and sepsis (Araujo et al.,
2012; Groeger et al., 2010; Pishvaian et al., 2012). It is likely that PPAR-γ inhibits NFκB activation by interfering with the phosphorylation of IκB, preventing its degradation
and the subsequent translocation of the NF-κB complex to the nucleus (Paterniti et al.,
2013).

1.4. Wound Healing

Although studies on rumen physiology in general are numerous and extensive,
data on how the rumen responds to and heals following injury is scarce. However, since
all epithelial tissues share a common developmental ancestry, it is reasonable to assume
that healing in the rumen is similar to healing in other epithelial tissues, particularly the
gastrointestinal tract.
Aside from its role in the transport of nutrients from the luminal environment, the
gastrointestinal tract is replete with epithelial cells whose other essential role is a barrier
to limit the entry of potentially pathogenic organisms into the body (Hopkins et al., 2007;
Laukoetter et al., 2006). If damage to the epithelium has taken place, then a controlled
and choreographed series of healing events take place which combine hemostasis, cell
migration, proliferation, differentiation, and remodelling (Ariel et al., 2013; Casey,
11

2012). Though there seems to be some debate regarding the role of the immune system
in mediating these events, evidence exists for its involvement from studies demonstrating
the modulation of specific signalling pathways such as the toll-like receptor (TLR) (Chen
et al., 2012). In addition, novel factors such as regulatory peptides and butyrate have
demonstrated the ability to alter downstream signalling events in the wounded epithelium
(Demidova-Rice et al., 2012; Stechmiller, 2010). It is therefore important to examine
some of the key mediators in these processes by reviewing their roles in modulating the
expression of barrier molecules and wound healing specifics.

1.4.1. The Rumen Epithelium as a Barrier

The rumen epithelium is composed of four distinct layers or strata: The corneum,
the granulosum, spinosum, and basale (Marshall et al., 1969). The corneum is a highly
keratinized layer where most keratinized cells eventually migrate and are sloughed off at
regular intervals. This layer likely acts as a barrier to mechanical damage from rumen
content abrasion. According to Graham and Simmons (2005), most of the integrity of the
barrier function of the rumen papillae is facilitated by junctional complexes localized
mainly in the stratum granulosum and to a lesser extent, the stratum spinosum.

The

authors also note the presence of columnar cells of the stratum basale, which is similar to
more distal absorptive epithelia like the distal ileum and proximal colon (Laukoetter et
al., 2008). The basale layer is the most metabolically active of the strata, and as a
columnar strata, is the first to respond to an insult by epithelial restitution (Cario et al.,
12

2000a). It is clear then, that the barrier function of the papillae layers must be maintained
in order to preserve metabolic homeostasis in the face of new immunological or dietary
challenges. In addition to the junctional complexes, there are other elements of the
rumen epithelium that function together to enhance its integrity, such as a continually
proliferating cell base, mucus secretions, and elements of the innate immune system such
as secretory immunoglobulins and peptide complexes (Wachtershauser et al., 2000b).
Tight junctional complexes regulate the passive transport of solutes and fluids from the
luminal compartment and at the same time must facilitate the movement of nutrients via
association with transporters linking the apical and basolateral surfaces (Aschenbach et
al., 2011; Penner et al., 2009a; Penner et al., 2011).

Equally important in the

maintenance of barrier integrity are the adherens junctions, which strengthen the
attachment and fidelity of adjacent cells (Gao et al., 2002; Laukoetter et al., 2006).
Examples of such complexes are the adhesion molecules, cadherins, and their effectors
(Suzuki et al., 2001). It is clear that in order for an organism to survive especially in the
face of immunological and metabolic challenges, the structure and function of this
permeability barrier must be preserved.

1.4.2. Wound Healing Specifics

The epithelial tissues are under constant attack from pathogenic organisms and
yet must allow the transport of nutrients from the luminal areas to the circulation where
they can best be used. In addition, as soon as a portion of the epithelium is damaged,
13

repair must be effected as soon as possible, both to restore metabolic homeostasis and to
prevent the establishment of disease (Eming et al., 2007; Schreml et al., 2010b).
Compounding this problem is the local change in pH that is part of the etiology of many
diseases. For example, it has been shown that enzymes and growth factors function
within a specific pH window, and so changes to this parameter can affect the rate of
wound healing (Schreml et al., 2010a). In addition, since low ruminal pH has been
shown to lead to chronic inflammation, to our knowledge, the effects of low ruminal pH
changes that accompany SARA on wound healing have not been explored.
Wound healing of epithelial tissues is accepted to proceed in three general steps.
1. Inflammation and migration of existing cells around the wound margins to close the
wound space, 2. Proliferation of basal cells, and 3. Differentiation or remodelling so that
the tissue can re-establish its functionality (Heinlin et al., 2010). It is perhaps the third
step that has received the most attention, since the restitution of functionality can be of
principle concern to tissues mainly involved in nutrient exchange. As we shall see, all
three of these steps are choreographed by specific regulatory agents known generally as
chemokines, cytokines and growth factors (Werner et al., 2003).

1.4.2.1. Inflammation

The initial stage of wound healing can last up to one week, is characterized by
acute inflammation, and is mediated by a wide variety of complex interactions among
14

specific growth factors and cytokines. A comprehensive review of the interplay of these
factors including their temporal expression can be found in numerous sources (Barrientos
et al., 2008; Behm et al., 2012; Vogt et al., 2000; Werner et al., 2003). To achieve the
goal of the initial inflammatory response, cytokines and chemokines are secreted by a
variety of cell types to promote the recruitment of inflammatory effector cells to the site
of injury (Kushner, 2006). Inflammation is responsible for the timely activation of
downstream signalling events that will ultimately lead to cellular proliferation, removal
of damaged cells and cellular debris, and help ensure host survival through the restoration
of hemostasis (Schreml et al., 2010b). If the wound is severe enough, hypoxic conditions
characterize the injured area and result in the continued production of reactive oxygen
species (ROS), lock the area into a continuous state of inflammation and prevent the
progression to repair (Schafer et al., 2008).
The unique conditions imposed by inflammation can trace their origins in the
transcriptional regulation of growth factors and cytokines that mediate the entire process.
For example, keratinocyte growth factor (KGF) increases peroxiredoxin 6, a gene
specifically triggered during the oxidative respiratory burst response of injury following
infection (Chowdhury et al., 2009; Schafer et al., 2008; Yang et al., 2007). In this way,
the expression of many growth factors and cytokines is regulated by the temporal
appearance of upstream signalling molecules, for example, interleukin-1 (IL-1) and
interleukin-6 (IL-6) during inflammation and the wound healing process. In addition,
cells of the immune system themselves affect gene expression of downstream mediators
of wound healing such as transforming growth factor beta 1 (TGFβ1) (Yang et al., 2013).
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Upon injury, signals from damaged cells such as ROS, transduce their message through
signal molecules of mothers against decapentaplegic (SMAD), which regulate the
expression of TGFβ1 (Maitra et al., 2009; Rhyu et al., 2005). Thus, TGFβ1 serves as a
signal molecule to phagocytes to clear the affected area of damaged cells.
In order for the smooth transition from inflammation to wound healing to occur, a
balance must be achieved between pro- and anti-inflammatory factors (Butterfield et al.,
2006; Keane et al., 2002). Under most physiological conditions, the first cytokines to be
released as a result of injury or the presence of pathogenic organisms are IL-1β, TNF-α,
and IL-6 (Dinarello, 1997; Kondo et al., 2009; Strober et al., 2011).

This pro-

inflammatory signalling cascade is immediate and is proportional to the level of the
insult, resulting in phagocyte recruitment, secretion of metallopeptidases to degrade the
extracellular matrix (ECM), and in the clearance of pathogens and damaged cells from
the area (Behm et al., 2012; Strober et al., 2011). The recruitment of inflammatory cells
is in turn dependent on their ability to migrate within a specific extracellular matrix of
glycoproteins, whose architecture is dictated by intracellular and basal adhesion
molecules (Murray et al., 2011; Schultz et al., 2009). These molecules are directly
influenced by pro-inflammatory cytokine secretion and the presence of the cysteine-based
(CXC) family of chemokines, which together allow leukocyte accumulation in wounded
tissues, again in response to insult or injury (Yates et al., 2010; Znalesniak et al., 2010).
In addition to their role in inflammatory cell recruitment, CXCR proteins present yet
another level of control of the inflammatory process by enhancing the expression of gap
and tight junctions, which in turn serve specific epithelial barrier functions and modulate
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intracellular communication between cells within tissues (Milsom et al., 2011; Znalesniak
et al., 2010).

CXCR chemokines can thus modulate the expression of TGFβ1, a

necessary step in the progression to the proliferative phase of wound healing.

1.4.2.2. Proliferative Phase

The proliferative phase of wound healing is defined by wound closure and is
earmarked by new tissue formation, new and temporary ECM deposition, and the
provision of a new blood supply, termed neo-vascularization (Guo et al., 2010). The
method by which many of these signals are received by effector cells is the subject of this
section.

Extracellular signals are communicated to the necessary gene components

through cell surface molecules on damaged epithelium, endothelium, and effector cells
by toll-like receptors (TLRs) (Dasu et al., 2012; Ioannou et al., 2010). Among other
pleiotropic effects, TLR activation marks a switch from a pro-inflammatory state to one
in which new tissue is formed through the activation of downstream signalling of growth
factors such as epidermal growth factor (EGF), fibroblast growth factor (FGF), TGFβ1,
endothelial growth factor (VEGF), and peroxisome-proliferator activated receptors
(PPARs).
The TLR cascade is mediated mainly by signalling intermediates such as myeloid
differentiation primary response gene 88 (MyD88), interleukin-1 receptor associated
kinase (IRAK), and TNF-associated factor (TRAF), although others may be involved
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such as the interleukin-4 (IL-4) signalling pathway in macrophages (Franzenburg et al.,
2012; Takeda et al., 2004). IL-4 signalling has been implicated in new collagen synthesis
on the basal side of newly synthesized epithelium (Aoudjehane et al., 2008). Interleukin6 (IL-6) expression has also been shown to help facilitate this process, as it has been
reported to induce TGFβ1 and promote re-epithelialization, ECM deposition, migration
and proliferation of fibroblasts, granulation tissue formation, and finally wound
marginalization (Gilliver et al., 2006; Lin et al., 2003). TGF-β1 is generally accepted to
promote wound healing in epithelial tissues, although reports to the contrary have also
been published (Hori et al., 2012).
The EGF family of growth factors are instrumental for the maintenance and
growth of wounded tissues, especially epithelium, and more specifically, keratinocytes.
EGFs work through activator protein-1 (AP1) and signal transducer and activator of
transcription group (STAT) to promote wound marginalization, and help wounded tissues
transition to the remodelling phase (Han et al., 2012; Schnidar et al., 2009; Shi et al.,
2005). The FGF-associated family of growth factors is primarily responsible for
fibroblast migration and proliferation in the extracellular matrix of wounded tissues.
Moreover, FGF aids in the migration of epithelium from wound margins and remodelling
of the ECM (Clark et al., 2011; Dignass et al., 1994; Strutz et al., 2002).

PPARs

are

highly expressed during the wound healing process by marginal keratinocytes. PPARs
stimulate marginal cell migration and decrease apoptosis of existing cells (Michalik et al.,
2006, 2007; Wahli, 2002).

Now that inflammation has been controlled and the
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appropriate cells have been reconstituted, the restoration of functionality can begin
through tissue remodelling.

1.4.2.3. Remodelling Phase

In the previous two sections, the first two steps of wound healing were described.
These two steps, inflammation and proliferation, are responsible mainly for the survival
of the host. By initiating a resolute inflammatory response followed by proliferation of
marginal cells and wound closure, the host can ensure pathogen neutralization and host
endurance.

However, these mechanisms by themselves do not necessarily restore

functionality to the injured tissue. The third mechanism, remodelling, results in changes
in the wound milieu in which the accumulated granulation tissue is “remodelled” to
restore function (Mantovani et al., 2013).

As before, the remodelling phase is

characterized by distinct molecular players with specific functions.
To restore functionality, epithelial tissues must have a solid foundation on which
to build and maintain their spatial organization. Such a foundation in the sub-epithelial
layers is the ECM. In order to increase ECM integrity, it is first contracted, partially
degraded, and then subsequently cross-linked by fibroblasts in a process mediated by
metallopeptidases (MMPs) (Ko et al., 2010; Pardo et al., 2006).

MMPs are iron

containing proteases that are specifically charged with the degradation of the ECM during
the remodelling process and are mainly secreted by fibroblasts, although MMPs have
been known to be present in secretions of epithelial cells, macrophages, and neutrophils
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(Gilles et al., 2001; O'Brien et al., 2002).

The principal end result of MMP-mediated

remodelling is the conversion of the elastic collagen type I, to the rigid forms, type III/IV
(Gill et al., 2008; Stevens et al., 2012). Upstream regulation of MMP activity is via
tissue inhibitors of metallopeptidase (TIMP), which are immediately regulated by
cytokines, chemokines, and growth factors (Nagase et al., 2006; Visse et al., 2003). For
example, TGFβ1 and basal-cell adhesion molecule (BCAM) are known to increase MMP
activity through SMAD-like pathways and are negatively regulated by pro-inflammatory
cytokines (Zong et al., 2012). This makes sense, since remodelling must occur late
during the wound healing process, to avoid conflict with the inflammatory response.
The cysteine-based ligands (CXCL10/11) are chemokines also produced late
during the wound healing process by newly formed epithelium, likely at some point in
the late proliferative and early remodelling phase (Kouroumalis et al., 2005; Proost et al.,
2004; Wang et al., 2010).

Interaction with their receptor, CXCR3 on migrating

fibroblasts, signals an end to granulation tissue formation and helps initiate remodelling
through fibroblast-mediated ECM contraction, cross-linking, and maturation (Bonacchi et
al., 2001; Yates et al., 2010; Yates et al., 2007).
Wound healing has been shown to be a complex series of events that has evolved
over evolutionary terms to ensure host survival both by addressing the immediate
concerns of pathogenic organisms, and by the restoration of functionality. Through the
continued understanding of the many factors involved in the wound healing cascade,
therapeutic interventions can be designed which target epithelial barrier integrity,
resolution of inflammation, and the enhancement of wound viability.
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1.5. Butyrate as a Therapeutic Agent for Gastrointestinal Disease

1.5.1. Background

In many parts of the gastrointestinal tract of monogastric animals and ruminants,
SCFA, and in particular butyrate, is the main metabolic fuel and is largely provided
through the fermentation of dietary fibre by commensally active microbes. A lack of
butyrate as a result of low fibre intake, decreased β-oxidation, or ineffective fibre
fermentation is associated with epithelial inflammation resulting in a compromised
epithelial barrier, wounding, and infection. To this end, a number of studies have shown
promise in the direct supplementation of butyrate to absorptive epithelia for the treatment
of inflammatory gastrointestinal disease. This section will focus on butyrate as a control
point and therapeutic agent in the treatment of gut inflammation.
The ratio of one SCFA to the total pool can be highly influenced by diet and can
be a prognostic indicator of a metabolic disorder. Indeed, the fermentability of the fibre
source from which the SCFA are derived is a key determinant in their production. For
example, insoluble fibre such as cellulose and lignin can be resistant to bacterial
fermentation, while soluble fibre, such as pectin and carbohydrates such as sugars and
starch, are highly amenable to fermentation (Perrin et al., 2001; Zhao et al., 2012).
Butyrate, an important energy source in the gut of ruminants and monogasgtrics, is
produced in greatest quantities when the levels of fermentable grains are high.
Conversely, when the dietary levels of cellulose are relatively high, butyrate
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concentration is much lower (Lupton, 2004; Penner et al., 2011). Hence, the fibre source
is an important consideration when decisions on nutrient sources must be made as it can
modulate the relative SCFA pool.
In

humans

under

normal

physiological

conditions,

hindgut

butyrate

concentrations can be as high as 18 mM (Muir et al., 1998) and in ruminants, the butyrate
concentration in the rumen has been reported to reach 11-19 mM (Steele et al., 2012;
Sutton et al., 2003). Not only has butyrate been shown to have beneficial effects in
ameliorating the negative implications of inflammatory bowel disease, but is a necessary
substrate for GIT homeostasis; low levels of dietary butyrate can have severe
consequences (Burgess, 2012). Where butyrate levels have been shown to be clinically
low, supplementation with butyryl esters such as tributyrin have been used successfully
as therapeutic agents, particularly in individuals with chronic inflammation and loss of
function in the absorptive surfaces of the gut (de Conti et al., 2012; Heidor et al., 2012;
Leonel et al., 2012; Miyoshi et al., 2011; Vinolo et al., 2012; Wachtershauser et al.,
2000a) and only recently to determine its effect on rumen gene expression (Baldwin et
al., 2012). Hence, the rationale for the provision of butyrate in such conditions is sound
and based on considerable scientific evidence.

1.5.2. Epithelial Absorption of Butyrate

Earlier, it was mentioned that butyrate is perhaps the most important of the SCFA
as an energy source for a wide variety of cell types in the GIT of both ruminants and non22

ruminants. However, the mechanisms for the transport of butyrate across the epithelial
surface for use as a metabolic fuel were not discussed.

Here, evidence for the

incorporation of butyrate into the cell’s metabolic functions is presented.
The transport of all SCFA across the gastric epithelium is dose-dependent (Penner
et al., 2011; Topping et al., 2001). That is, the luminal concentration of the individual
SCFA will determine the rate at which it is transported across the epithelium to be used
by the individual cells. At pH levels lower than their pKa, the individual SCFA are
uncharged and as such, rapidly diffuse across the epithelial barrier. However, in the
charged state, SCFA transport is an active process, and usually involves anion exchange
with HCO3- or cation exchange with Na+ (Aschenbach et al., 2009; Binder, 2010).
Despite acidotic conditions in the rumen, where pH can drop below 5.8, the SCFA are
actively transported, as a great proportion are charged, owing to their pKa. Once inside
the cell, the SCFA undergo oxidative metabolism, and are used as building blocks for the
formation of downstream metabolites. Na+-H+ exchangers on the basolateral side of the
epithelium are continually active to compensate for an ever evolving intracellular pH. If
the production of SCFA falls below maintenance levels or if SCFA production exceeds
the transport capacity of the epithelium, then disease usually follows (Aschenbach et al.,
2011; Penner et al., 2011).
Butyrate is the preferred fuel for many gastro-epithelial cells, in particular,
colonic epithelia and rumen epithelia (Kristensen et al., 2004; Wachtershauser et al.,
2000a). In rumen epithelial cells, approximately 90% of butyrate is metabolized (Penner
et al., 2011). Once inside the cell, butyrate is metabolized in a process known as the
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Lynn cycle (Leschelle et al., 2000; Li, 2011), and undergoes β-oxidation to form acetylCoA which subsequently enters the ketogenic pathway. Two enzymes, in step, are
responsible for the conversion of acetyl-CoA to the ketogenic intermediate, 3-hydroxy, 3methylglutaryl CoA (HMG-CoA):

Acetyl CoA acetyl transferase (ACAT) and 3-

hydroxy, 3-methylglutaryl CoA synthase (HMGCS) (Penner et al., 2011). HMG-CoA is
then converted into acetoacetate and β-hydroxybutyrate (BHBA) by HMG-CoA lyase
(Baldwin, 1998) BHBA can then be used locally, or by peripheral tissues for energy
production . It is important to note that in non-ruminants, the primary production of
ketone bodies occurs in the liver; an indicator of butyrate metabolism is the presence of
β-hydroxybutyrate (BHB) in blood (Ploger et al., 2012; Quiroz-Rocha et al., 2010; Zebeli
et al., 2011). In ruminants, most transported butyrate is used locally as fuel or in the
synthesis of milk fat (Bauman et al., 2003).

1.5.3. Pathological Effects of Butyrate

SCFA and in particular butyrate, has been shown to aid in the maintenance of
physiological homeostasis in the GIT through a balance between proliferation, apoptosis,
differentiation, and increases in local blood flow (Hamer et al., 2008; Kristensen et al.,
2004).

Indeed, butyrate has been associated with the apoptosis of colonic tumour

epithelial cells in vitro and has the opposite effect in normal cells (Mariadason et al.,
2001; Wilson et al., 2010). It can thus be inferred that butyrate is an essential component
of the wound healing process. However, the molecular mechanisms by which these
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effects are controlled are not very well understood. Currently it is known that butyrate
supplementation increases proliferation of normal epithelium and decreases the
proliferation of neoplastic colorectal epithelial cells (Fung et al., 2011). Hence, the use of
butyrate both as a therapeutic and prophylactic agent in the treatment of inflammatory
conditions in the gut can clearly be seen.
In ruminants, it is reasonable to assume that increased ruminal butyrate can be
used to facilitate the adaptation to differing dietary environments and to changes in the
distribution of differing microbial populations. Since the local microenvironment of the
rumen can change in relation to the pathogenicity and distribution of microbes, it follows
that part of the adaptive or beneficial effects of butyrate can be related to increased
epithelial barrier integrity through non-specific host defences and the reinforcement of
existing junctional complexes. Most studies using exogenous butyrate cite reductions in
inflammatory events as indices for successful treatment regimens (Russo et al., 2012;
Segain et al., 2000; Thibault et al., 2010).

1.6. Summary and Hypothesis

In order to facilitate the nutritional and energy requirements of more intensive
livestock operations, the development and usage of energy dense, high grain (HG) diets
has become a necessity, and has increased in scope to meet these demands (Owens et al.,
1998). One of the advantages of using an HG diet lies in its composition of rapidly
fermentable carbohydrates, resulting in the production of a greater number and variety of
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SCFA which can be used by ruminants for energy substrates. In addition, the more
readily accessible grain-derived starch provides a medium on which microbes thrive.
The increased production of SCFA and microbial load overwhelm the ruminant’s natural
buffering capacity, putting it at risk for the development of SARA. SARA is diagnosed
when the rumen pH drops below 5.6 for more than three hours per day, and is a common
occurrence in dairy cows. Recent estimates place the incidence of SARA in dairy cows
at approximately 20% (AlZahal et al., 2007a; Stone, 2004). If left unchecked, SARA
may develop into metabolic acidosis and can result in hepatic abnormalities, diarrhea,
transient tissue ischemia, rumen epithelial damage, followed by local and systemic
inflammation (Enemark, 2008; Plaizier et al., 2008). The financial impact of SARA can
be as much as $1.12 USD/cow/day for milk production losses alone, excluding the cost of
veterinary treatment (Oetzel, 1999). Revealing the causes of SARA would thus be
extremely beneficial as it would allow the mapping of the metabolic pathways involved
and thus may facilitate the creation or augmentation of specific and targeted treatments
for this costly disease.
Diet-induced increases in SCFA production and bacterial load appear to proceed
at the expense of metabolic homeostasis in SARA (Baldwin et al., 2000), yet nutrient
absorption still manages to take place, albeit at a markedly reduced rate.

This

phenomenon suggests that energy and nutrients are being diverted from other
physiological systems in order to mitigate the negative effects of the initial inflammatory
reaction and the apparent nutrient partitioning events of the immune response due to
chronic SCFA overproduction (Gabel et al., 2002). The initial inflammatory response
26

frequently presents as anorexia and reduced feed intake, and is common in animals under
disease stress (Dionissopoulos et al., 2001).

Inflammatory mediators such as

prostaglandins help induce catabolism in the disease state, and indeed the cytokine
interleukin-1 (IL-1), which was identified in our animal model of SARA along with other
pro-inflammatory cytokines, has been directly linked to protein catabolic events in
skeletal muscle (Mutsvangwa et al., 2004). Cytokines (namely IL-1, IL-6, and TNF-α )
typically exert their effects by signaling proteolysis in skeletal muscle and inhibiting the
anabolic effects of insulin and insulin-like growth factor type 1 (IGF-1) (Dionissopoulos
et al., 2006b). Because butyrate has been previously shown to reduce some of the
damaging effects of chronic immune system stimulation and is easily administered as a
feed additive, it was fed as a therapeutic agent to reduce the extent of damage caused by
SARA.

Butyrate is one of the most abundant gastrointestinal (GIT) SCFA with

remarkable metabolic properties. Butyrate is known to enhance GIT epithelial integrity,
stimulate epithelial cell maturation, reduces the LPS-mediated inflammatory response,
and helps to control disorders of the GIT (Guilloteau et al., 2010; Maa et al., 2010; Ni et
al., 2010).
The objectives of the studies defined in this thesis are thus twofold: 1) To
understand the molecular mechanisms involved in SARA and rumenitis, and 2) To
determine if butyrate supplementation mitigates the negative inflammatory events
associated with SARA. To address these objectives, it is hypothesized that there is an
immune response involved in the recovery from SARA and that exogenous butyrate
supplementation will lessen the length and severity of this response by reducing the
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extent of immune system stimulation, and by enhancing the capability and integrity of the
epithelial barrier in the rumen through genomic changes.
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CHAPTER 2. ADAPTATION TO HIGH GRAIN DIETS PROCEEDS THROUGH
MINIMAL IMMUNE SYSTEM STIMULATION AND DIFFERENCES IN
EXTRACELLULAR MATRIX PROTEIN EXPRESSION IN A MODEL OF
SUBACUTE RUMINAL ACIDOSIS IN NON-LACTATING DAIRY COWS1

2.1. Abstract

Subacute Ruminal Acidosis (SARA) is a metabolic disorder affecting
approximately 20% of all dairy cattle in North America. Although the presence of SARA
has been described for some time, the etiology of the disorder remains uncertain. For
example, many animals diagnosed with SARA seem to remodel and adapt their
epithelium to accommodate the stresses imposed by SARA, but not before exacting a
significant health and economic toll. Specifically, a search is on in which a desire to
identify the system and associated pathways that are causative agents in the progression
and development of SARA is evident. We hypothesize that adaptation to SARA is
facilitated by the immune system. In order to answer this question, 4 mature, nonlactating dairy cattle were transitioned from a High Fiber (HF; 0% grain) diet to High
Grain (HG; 65% grain) diet. Having fed the HG diet for three weeks, the cattle were then
transitioned back to the HF diet for an additional three weeks to facilitate adaptation.
SARA was diagnosed by pH data only during the first week and not during the remaining
weeks, indicating that adaptation to the HG diet took place within one week. In this
study, significant (p<0.05) extracellular matrix protein changes (COL4A1, LAMB1) were
1

Dionissopoulos, L. et al, (2012). Am J Anim Vet Sci 7 (2) 84-91.
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seen during this study indicating a change in matrix architecture to facilitate adaptation.
In addition, similar significant (p<0.05) patterns of expression of inflammatory cytokines
and mediators of the LPS-mediated toll-like receptor pathway were seen. These results
indicate that the immune system is involved in the adaptation of the rumen epithelium to
a HG diet, but to a lesser extent than was previously thought. This is the first time an
attempt has been made to link the immune system and wound healing in the adaptation of
the bovine rumen to a HG diet.

2.2. Introduction

As the degree to which milk production has increased in recent years, higher
energy diets for dairy cattle using easily fermentable grains has increased proportionately.
High grain (HG) diets (≥65% grain) offer more readily available fermentation byproducts such as SCFA which are used by ruminants for energy production. However,
HG diet-fed cattle are at an increased risk for the development of ruminal acidosis, as
SCFA production can easily exceed the animal’s ability for absorption. Subacute ruminal
acidosis (SARA), diagnosed when rumen pH drops below 5.6 for more than 3 hours per
day, is a common occurrence in dairy cows; an estimated 20% of all dairy cows have this
disorder. Although the precise etiology of SARA remains somewhat elusive, cows so
affected display significant morbidity, and present decreased feed efficiency and
decreased milk production (Plaizier et al., 2008).

If SARA develops into chronic

metabolic acidosis, hepatic abnormalities, diarrhea, altered blood flow to visceral organs,
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and finally multi-system organ failure can be seen. SARA’s financial impact can be as
much $1.12 USD/cow/day (Oetzel, 1999).
Clinically, as ruminal VFA production increases and acidic load further burdens
an overworked gastrointestinal system, physiological homeostasis must be maintained,
suggesting an adaptive response.

For some time it has been known that chronic,

increased VFA production leads to changes in the rumen epithelial milieu, prompting
new tissue generation and adaptation in order to meet the increased absorption demands
(Gabel et al., 2002; Mentschel et al., 2001). Whenever such bio-physiological events take
place, they usually proceed at the expense of other bodily systems. It is the precise
triggers of these nutrient-partitioning events that are not well characterized and merit
further investigation.
Previous experiments have shown that one of the principle methods by which the
rumen adapts to the increased VFA production is by increasing the total absorptive
surface area of the rumen in dairy cows (Gabel et al., 2002). Delving deeper into the
molecular mechanisms behind this phenomenon, we can see that papillae proliferation
remains the same, but cellular turnover increases (Goodlad, 1981). This results in an
overall increase in cell number, and thus papillae hyperplasia. In addition, changes in
rumen epithelial integrity are seen in SARA (Steele et al., 2011a) which allow the
migration of microbes across the normally protective barrier and help transform a
localized immune response to a systemic one (Nagaraja et al., 2007). The migration of
microbes and more importantly their antigenic components to the systemic circulation
results in a marked increase of circulatory pro-inflammatory cytokines (Khafipour et al.,
2009b).
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Although many disorders affecting cattle are well characterized, the biochemical
pathways responsible for the various etiologies are not. By studying these pathways, we
can better understand the biochemical and perhaps the genetic factors that lead to
disorders such as SARA. Currently it is not known whether changes in rumen integrity
are the result of immune-mediated events or due to other changes in gene expression.
However, it has been known for some time that increases in grain intake lead to a large
and sudden increase in ruminal gram negative bacterial load (Motoi et al., 1993). The
harder to digest saccharides derived from cellulose-based HF diets is a less preferred
substrate than the more bioavailable sugars derived from fermentable HG diets for
bacteria. As obligate anaerobes, gram negative bacteria such as E. coli thrive under these
conditions. As a result, lipopolysaccharide (LPS) levels, derived and shed from the cell
walls of such bacteria, can significantly increase in the rumen and in the systemic
circulation (Motoi et al., 1993). Increases in acidity, coupled with LPS work together to
damage the rumen, cause the initial local inflammatory reaction (Gozho et al., 2005), and
initiate an immune-mediated cascade that will eventually lead to antigen clearance,
ruminal wound healing, and the reestablishment of metabolic homeostasis (Thibault et
al., 2010).
In order to help characterize the molecular mechanisms surrounding the
inflammatory response, a model of SARA has been established in our laboratory.
Recently, we (Steele et al., 2011b) demonstrated distinct differences and adaptation in
cows fed high grain diets versus cows fed high forage diets.

The adaptation and

subsequent remodelling in the HG group was demonstrated morphologically after
examining histological data from rumen papillae biopsies. During the initial course of
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SARA, distinct damage to the absorptive layers of the rumen was observed (Steele et al.,
2011a).

Examination of the gross pathology revealed epithelial sloughing, with

adaptation following within the weeks that followed. Epithelial degradation is associated
with loss of function. In subsequent studies in our laboratory, it has been shown that
cows exposed to an acidotic diet undergo adaptation and the reestablishment of
homeostasis through changes in rumen epithelial integrity and structure (Steele et al.,
2011b). An examination of the cell types present in the new areas indicated that scar
formation was kept to a minimum and that actual healing of the erosions had taken place.
These events signify that not only proliferative mechanisms were at work, but that the
cells had differentiated into their functional progeny.
The objectives of this study are 1) to understand the molecular mechanisms by
which the non-lactating cow rumen adapts to facilitate a HG diet and 2) to determine the
extent of immune system involvement in this process. We hypothesize that the effect of
feeding a HG diet on the adaptation of the rumen epithelia was mediated by the immune
system by examination of key mediators known to influence or are necessary in the
healing of the gastric epithelia following acidotic injury.
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2.3. Materials and Methods

2.3.1. Animals and management

The specifics of the experimental treatments involved in this study have been
described previously (Steele et al., 2011b). Briefly, four non-lactating Holstein cows
(760 ± 30 kg BW) were used to detect a 30% treatment difference with 80% statistical
power (Berndtson, 1991). Prior to the commencement of the experiment, all protocols
were reviewed and approved by the University of Guelph Animal Care Committee using
endpoints set forth by the Canadian Council on Animal Care. One week prior to the start
of the study, the animals were fed a high forage (HF) diet mainly of dry hay (90.6% dry
matter, 114 g crude protein/kg dry matter, 600 g neutral detergent fiber/kg dry matter,
and 69 g starch/kg dry matter). The duration of the experiment lasted 7 weeks. During
the experimental period, the animals were fed either a the HF diet, or a high grain diet
(35% chopped hay/65% mixed grain which was composed of 88.9% dry matter, 117 g
crude protein/kg dry matter, 307 g neutral detergent fiber/kg dry matter, 504 g nonfiber
carbohydrate/kg dry matter, and 409 g starch/kg dry matter. The chopped hay was fed in
equal portions at 08:00 and 16:00. The grain pelleted diet (40% ground wheat, 40%
ground barley, 20% ground corn) was fed in three equal portions at 08:00, 12:00, and
16:00 in order to induce acidosis. This feeding strategy has previously been described by
our laboratory (Keunen et al., 2002), and meets the energy and protein requirements
recommended by the National Research Council (NRC, 2001).
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Just prior to transitioning from the HF to the HG diet, a baseline set of
measurements were taken (Day 0). Following the administration of the HG diet for three
weeks, the animals were switched back to the HF diet, in order to demonstrate physical
adaptation of the rumen to diets of differing grain levels.

In order to confirm the

development and the diagnosis of SARA, rumen pH was measured during the last 2 days
of each experimental week (AlZahal et al., 2007b).

2.3.2. Rumen papillae biopsies, RNA and protein extraction

Papillae were harvested from the ventral sac of the rumen at the end of
experimental weeks 0, 1, 3, 4, and 6 based on methods previously described (Kelly et al.,
1993). After partially evacuating the rumen of its fluid and solid contents, approximately
150 mg of papillae was cut from the rumen wall with surgical scissors. This tissue was
subsequently washed 20 times in ice-cold PBS, placed in liquid nitrogen, and then stored
at -80 °C until the RNA and protein could be isolated.
Total RNA was isolated as previously described by Steele et al., (2012) using an
RNeasy midi kit (Qiagen, Missisauga, Ontario, Canada).

RNA concentration was

determined using a NanoDrop (ND-1000, NanoDrop Technologies, Wilmington DE).
RNA was subsequently treated with a DNase (Invitrogen, Burlington, Ontario, Canada)
and its quality was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies
Inc., Palo Alto, CA) and the RNA 6000 Nano kit (Caliper Life Sciences, Mountain View,
CA). Five microgram aliquots of RNA were used to create cDNA. Quantitative (qPCR)
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using iTaq SYBR Green (Bio-Rad Laboratories) qPCR analysis was performed in
duplicate using the ABI Prism 7000 (Applied Biosystems). The gene symbol, name,
accession number, sequence, amplicon size, and primer efficiency is presented in Table
2.1. Primers were chosen based upon a similar model of SARA and immune function in
our laboratory.

All primers were exon-spanning, and were designed using

NCBI/PrimerBLAST Primer Express (http://www.ncbi.nlm.nih.gov/tools/primer-blast/)
and bovine sequences listed in GenBank (National Center for Biotechnology Information,
Bethesda, MD). All amplification products were verified using BLASTN in NCBI, and
their dissociation curves were generated at the end of amplification to verify the presence
of a single product. On the basis of previous experimental protocols (Steele et al., 2011a),
GAPDH was determined to be the most stable housekeeping gene in the rumen papillae
and was thus used in this study. For each week, the relative mRNA expression of genes
was calculated using the inverse of qPCR efficiency raised to Delta Ct (ΔCt) using the
Pfaffl method (Pfaffl et al., 2004). The HF cattle values were pooled for each
experimental week to create a control value to which each HG sample was normalized for
determination of relative mRNA expression, as previously described (Xue et al., 2010).
Total protein from rumen papillae samples was extracted using the ReadyPrep
Protein Extraction Kit (Bio-Rad Laboratories). Tissue was homogenized and centrifuged
at 13,000g for 25 min at 4°C. The total protein concentrations were determined using the
Bio-Rad Protein Assay Kit. Electrophoresis of proteins was performed using glycerolbased SDS-polyacrylamide gels (12%) and subsequently transferred to polyvinylidene
diﬂuoride membranes (Millipore). Immunoblotting was carried out using the SNAP i.d.
System vacuum (www.Millipore.com). Using a similar rationale as was done with qPCR,
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the protein targets were chosen based upon results obtained using a similar model of
SARA and immune function in our laboratory. All primary antibodies were obtained
from Santa Cruz Biotechnology (www.scbt.com) (EGF, cat #sc-1343; NFATC2, cat. #sc13034; ATPS, cat #49162; COL4A1, cat. #sc-9301; FN1, cat. #sc-6952; LAMB1, cat.
#sc-23410; MCT1, cat #sc50325.

After incubation with the necessary secondary

antibodies, targets were detected using the enhanced chemiluminescence method (ECL
Advance Western Blotting Detection Kit; GE/Amersham,), visualized using the
ChemiGenius2 Bioimaging system (Syngene; Cambridge, United Kingdom), and
quantified (Gene Tools software; PerkinElmer). For quality control purposes, equal
loading was confirmed using alpha tubulin as a control (cat. #sc-31782).

2.3.3. Statistical analysis

In order to detect relevant statistical treatment-induced differences in protein and
RNA expression, the mixed model of SAS was used (SAS, 2004) using the following
model:

Yij = µ + Wi + Dj + (D x P)ij + εij where

Ykl is the dependent variable
µ is the overall mean
Wk is the fixed effect of week (I = 1, 2, 3, 4, 5, 6)
Dl is the fixed effect of forage/grain (j = 1, 2)
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W x D is the week x forage/grain level [(ij) = 1, 2, 3, 4, 5, 6]
εkl is the random residual error

This model accounts for the repeated measures on each cow using previously described
methodologies (Wang, 2004).

2.4. Results

In a previous study using this model, Steele et al, (2011b) showed the successful
sub-clinical reduction in rumen pH (<5.8 for greater than 3 hours per day) using a high
grain diet. In addition, they suggest that the decreases in pH were due mainly to the
overproduction of SCFAs. In order to demonstrate a physiological adaptation to this
condition, we see in this study that the monocarboxylate transporter, MCT1, increases 1.7
fold when the HG diet was applied, and returned to normal when the HG diet was
discontinued (P<0.05; Table 2.2, part I).

2.4.1. Protein expression

The expression of the different proteins tested in this study is presented in Table
2.2, part I. Of the proteins tested for immune-reactivity, the extracellular matrix (ECM)
proteins collagen IV and laminin, and the transporter protein (MCT1) significantly
changed over time (P<.05) and thus a positive treatment-effect was demonstrated. In
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addition, the time course of EGF expression seems to correlate with the expression of
COL4A1, ATPS, and NFATc2. FN1 did not show a correlation with any of the proteins
tested (Table 2.2, part II).

However, the down regulation seen with COL4A1 did

correlate with NFATC2 and EGF (P<0.05).

2.4.2. qPCR

mRNA expression is presented in Table 2.3, part I. All the transcription factors
and cytokines tested in this study peaked between weeks 2-3 and showed similar
responses (P<0.05) during the time course of this experiment. Of particular note is that
the expression of the pro-inflammatory cytokines TNFA and IL1 seem to mirror the
expression of the other immune system factors tested. Differential expression of the
ECM proteins did not differ over time. However, all mRNA expression seemed to follow
the same pattern. A correlational examination of mRNA expression reveals a direct
relationship between members or affiliates of the TLR4 pathway (Table 2.3, part II).
Such members include, but are not limited to, IL1, TNFα, IRAK1, and BCL10. In
addition, the up or down regulation of the ECM genes were significantly correlated to
one another (LAMB1, COL4A1, and FN1).
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2.5. Discussion

This study was conducted to determine the extent to which the immune system
plays a role in the ability of the bovine rumen epithelium to adapt to a HG challenge.
High grain, typically fed to increase production in the most cost-effective way, results in
some untoward side effects. Among the costliest and most severe is the development of
sub-acute ruminal acidosis or SARA. Part of the problem lies in its inherent difficulty of
detection. An animal affected with SARA can be either misdiagnosed or go undiagnosed
for a very long time. This clinical condition can weigh heavily in production dollars.
The most recent estimates of the cost of SARA run as high as $1.20/USD/Day/cow
(Oetzel, 1999; Plaizier et al., 2008). Although the presence of SARA has been known for
some time, the molecular mechanisms that foster its development remain unknown. By
studying these mechanisms and the systems that govern them, we can better understand
the etiology of this disorder and hopefully develop viable treatment modalities to combat
it.
As with all tissues, wound healing in the rumen following an acidotic challenge
likely proceeds in the same way. That is, it is made up of three distinct time-dependent
phases: Inflammation, proliferation, and remodeling (Schreml et al., 2010b). How long
each phase lasts depends on the severity of the insult that was the initiating factor. For
example, in the gastrointestinal tract, full-thickness, transmural wounds take the longest
to heal. In addition, the presence of microbial pathogens may further lengthen the time a
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wound healing process. Most importantly, the success of a healed tissue depends on its
functionality, i.e., the prevention of scar tissue formation and normal tissue restitution
(Menke et al., 2007). In our model, microscopic images revealed that the extent of
damage to the rumen following a HG challenge was limited to epithelial sloughing and to
a lesser extent tight junction degradation (Steele et al., 2011a); this sloughing was
restored with an epithelium that was adapted to accommodate the HG challenge. Since
the rumen epithelium became slightly permeable, it is possible that some microorganisms
penetrated to the submucosal layers, since elevated levels of lipopolysaccharide binding
protein (LPSBP) were detected using the same model in subsequent experiments (Li et
al., 2012; Steele et al., 2012).
Because of the limited extent of pathogenic organisms and LPS infiltration, the
inflammatory phase of the wound healing cascade was extremely limited. However, PCR
data indicates the only cytokine which was increased in response to the HG challenge
was IL1 and its correlate IRAK1, which is consistent with a small, local inflammatory
reaction. This small increase in IL1 likely involved the recruitment of local inflammatory
cells in order to clear any pathogenic organisms. Yet contrary to what might be expected,
both TNFα and NFATC2 were decreased significantly during the same period.

In

addition to its effects as a proinflammatory cytokine, TNFα is associated with the
modulation of metaloproteinases which degrade and contribute to matrix remodeling
(Han et al., 2001). Moreover, in this context, NFATC2 is associated with the integrity
and barrier function of the rumen epithelium by modifying the turnover rate of gap/tight
junction proteins (Crabtree et al., 2002). Since type IV collagen and laminin 1 are
present in mature functional tissue, their degradation must proceed in harmony with the
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relaxation of tight junction integrity if tissue remodeling is to take place. In Tables 2.2
and 2.3, part I, the rate of collagen IV expression is seen to decrease over time and starts
well into the period delineated by the HG challenge. These results agree with the cascade
mediators that were assayed. It appears that these degradation events are necessary in
order to firstly degrade, and then remodel the extracellular matrix upon which the
epithelium rests. Furthermore, the Pearson correlation tables (Tables 2.2 and 2.3, part II)
indicate a significant degree of association between energy availability and the ECM
proteins collagen IV, fibronectin 1, and laminin β1. This architectural rearrangement
must be a necessary step in the adaptation or remodeling of the rumen epithelium to HG
diets. Interestingly, although not specifically affected by treatment, many factors assayed
either by immunoblotting or qPCR were significantly correlated. This result is evident in
the relationships indicated for the matrix proteins, cytokines, and members of the LPSmediated TLR4 signal cascade that were seen in a previous study (Steele et al., 2011b).
Part of the remodeling or adaptation in this model involved the necessary
upregulation of transporters that regulate pH and the influx of SCFAs produced as a
result of the rapid increase in highly fermentable grains from the HG diet. Table 2.2, part
I indicates that the levels of the monocarboxylate transporter MCT1 was immediately
increased upon administration of the HG diet, and returned to normal slightly thereafter.
This result agrees with previous experiments by Steele et al, (2011a; 2012; 2011b) who
found that butyrate (a monocarboxylate anion) levels rapidly increase the first week
following a HG challenge and steadily decrease over time.
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2.6. Conclusion

Prior to the commencement of this experiment, we hypothesized that the epithelial
remodeling that was seen previously was mediated by the immune system. Indeed, we
saw several inflammatory mediators respond to the treatment in addition to the
remodeling of the ECM to accommodate the HG diet. However, the response from the
immune system was extremely limited as compared to other experimental models of
wound healing in the gastrointestinal system. Results in this study indicate that the
inflammatory response was limited to local effects. Evidently, the remodeling or
adaptation that was seen in this model is a muted form of the wound healing cascade and
a function of the sub-clinical nature of this disorder. Ultimately, the local response serves
to prepare the rumen epithelium for adaptation to a HG diet.
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Table 2.1. qRT-PCR Primer Information.
Gene
Symbol

GenBank accession

Primer (5'-3')

ATP5A1

NM_174684.2

F-GGCCATGAAACAGGTGGCAGG
R-GCTCAGTCAAACGCACACCACG

BCL10

NM_001078028.1

COL4A1

NM_001166511.1

FN1

NM_001163778.1

IKKA/CHUK

NM_174021.2

IL1

NM_174093.1

IRAK1

NM_001040555.1

LAMB1

NM_001206519.1

PCNA

NM_001034494.1

TNFA

NM_173966.2

NFATC2

XM_608872.3

GAPDH

NM_001034034.1

Amplicon Size (bp)

Efficiency (%)

78

97

92

89

104

87

78

93

120

94

145

87

98

85

89

91

99

89

135

91

F-ACGGCGGCCAGCAGATGATT
R-AGCATGTTAGGCTGGCTCTTGTCT

110

98

F-TGGAAAGGCCATCACCATCT
R-CCCACTTGATGTTGGCAG

129

84

F-CAAAGGACTGGATACCCTGGTCGAA
R-GGCTCACAGCTGCTACATTTCAGTC
F-GAGTCCAGGGTTTCCAGGCGAC
R-CCCAACGGTCCCGTGCCAAT
F-CCAGCACAGCCACTTCCGTG
R-GGGCGTCAGGTGCTGTGGTC
F-GAATCTCTGGAACAGCGCGCAA
R-ACCATCTCCGTGCTGTCGCT
F-TGAACCGAGAAGTGGTGTTCTGCAT
R-CAGCTGCAGGGTGGGCGTAT
F-GTGGATCAACCGCAACGCCC
R-GGGAGGGTGCCAAGCAGTGA
F-ACGACATTTGCTCCAAACCGCC
R-AGCTGGACGGAATGTCTTGAAGGT
F-CGTGAACCTCACCAGCATGTCCA
R-AGTGCCAACGTGTCCGCGTTAT
F-CCCTCCATCAACAGCCCTCTGG
R-TGATGTCGGCTACAACGTGGGC
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Table 2.2. (I) Protein expression values and contrast significance levels for cattle fed either the high-forage (HF) diet or the highgrain (HG) diet. Asterisks represent values differing significantly from baseline (P< 0.05) (II) Pearson correlation table for proteins
in section I. Asterisks represent differing significance levels (*=P<0.05; **=P<0.01; ***=P<0.001). Cows (n=4) were fed the
baseline HF diet for one week (period A), the HG diet for 3 weeks (period BC) and then returned to the HF diet (period DE) for three
additional weeks.
I

LAMB1
FN1
EGF
COL4A1
ATPS
NFATC2
MCT1

Baseline
A

High Grain
B
C

Week 0

Week 1

Week 3

2.59
0.38
1.92
10.09
4.62
2.47
1.93

2.69
0.11
1.45
7.21
4.34
1.29*
3.26*

1.17*
0.73
2.61
6.67*
3.79
2.26
1.82

II

LAMB1
LAMB1
FN1
EGF
COL4A1
ATPS
NFATC2
MCT1

*
*

High Forage
D
E
Week Week
5
6
1.53
1.31*
0.15
0.25
2.15
1.44
4.81*
3.96*
2.53
2.62
1.93
1.57
1.19
1.83
FN1

EGF

*
**
**
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P (Interaction)
SE

A vs.
BCDE

A vs.
BC

A vs.
DE

0.44
0.13
0.42
1.56
0.99
0.37
0.35

0.08
0.67
0.97
0.01
0.22
0.11
0.82

0.23
0.82
0.77
0.06
0.62
0.14
0.19

0.05
0.32
0.72
0.01
0.09
0.13
0.37

COL4A1
*

ATPS
*

*

**
***

***
*

**
*

NFATC2 MCT1
**
*
**

*

BC
vs.
DE
0.25
0.14
0.43
0.06
0.12
0.94
0.02

Table 2.3. (I) Least square means qPCR expression values and contrast significance levels from cows fed either the HF or HG diet.
Asterisks represent values differing significantly from baseline (P< 0.05) (II) Pearson correlation table for genes in section I.
Asterisks represent differing significance levels (*=P<0.05; **=P<0.01; ***=P<0.001). Cows (n=4) were fed the baseline HF diet for
one week (period A), the HG diet for 3 weeks (period BC) and then returned to the HF diet (period DE) for three additional weeks.

I

Baseline
A
Week 0

LAMB1
FN1
EGF
COL4A1
ATPS
NFATC2
PCNA
IRAK1
IL1
TNFA
BCL10

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

High Grain
B
C
Week
Week
1
3
0.98
1.15
1.07
1.36
0.83
0.80
1.10
1.24
0.94
0.96
0.62*
0.87
0.83
0.95
0.76
0.90
0.51
3.10*
0.64*
1.07
0.76
0.99

High Forage
D
E
Week
Week 4
6
0.96
0.89
0.87
0.90
1.13
0.59
1.20
1.22
1.23
1.22
1.05
0.84
0.95
1.05
1.16
1.01
3.12*
2.58
1.08
0.80
1.32
1.02
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P (Interaction)
SE

A vs.
BCDE

A vs.
BC

A vs.
DE

BC vs.
DE

0.44
0.17
0.16
0.21
0.17
0.08
0.10
0.11
0.78
0.13
0.14

0.96
0.81
0.28
0.25
0.57
0.16
0.58
0.73
0.11
0.40
0.85

0.51
0.33
0.27
0.34
0.75
0.04
0.31
0.18
0.36
0.28
0.43

0.45
0.58
0.40
0.25
0.19
0.64
0.99
0.45
0.05
0.65
0.27

0.09
0.08
0.73
0.79
0.05
0.04
0.21
0.02
0.16
0.42
0.03

II
LAMB1
LAMB1
FN1
EGF
COL4A1
ATPS
NFATC2
PCNA
IRAK1
IL1
TNFA
BCL10

FN1
***

EGF

***
***

ATPS

NFATC2

*
***

**
*

**
**

COL4A1
***
**

**

PCNA

*

***
*
***
**
*
**

***
*
*
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*

**

**
**

*

IRAK1

**
***
***
*
**

IL1

**
*

*
*
**
***

**
**

TNFA
**
**
*
*
**
*
**
**
*

BCL10

**
***
*
***
**
*

CHAPTER 3. A CHARACTERIZATION OF INFLAMMATORY AND
STRUCTURAL MARKERS WITHIN THE RUMEN EPITHELIUM DURING
GRAIN-INDUCED RUMINAL ACIDOSIS IN LACTATING DAIRY CATTLE2

3.1. Abstract

The objective of this study was to characterize the mRNA and protein expression
of inflammatory and structural genes in the rumen epithelium during grain-induced
ruminal acidosis in lactating dairy cattle.

A total of 16 rumen-fistulated, lactating

Holstein dairy cattle (618 ± 35 kg of body weight, 221 ± 32 days in milk) were used in a
randomized complete block design study. All cattle were initially fed a high-forage diet
(HF; 88.9% of dry matter) and after a baseline (wk 0) measurement, half of the cattle
were randomly assigned and transitioned to a high-concentrate diet (HC; 62.2% of dry
matter) which was fed for 3 weeks (weeks 1, 2 and 3). Continuous ruminal pH, ruminal
LPS and plasma LPS-binding protein were measured each week followed by a rumen
papillae biopsy used for mRNA and protein quantification. After the baseline period,
ruminal LPS was higher in HC compared to HF cattle (28851 ± 6905 vs. 5771 ± 3042
EU/ml). There was no difference in mRNA expression of inflammatory and structure
genes in rumen papillae between HF and HC cattle during all weeks. With regard to
protein expression, there was a down regulation (P = 0.02) of nuclear factor of activated
T-cells cytoplasmic 2 (NFATc2) expression during weeks 1, 2 and 3; however, all other
inflammatory markers within the rumen epithelium were unchanged by treatment. These
results suggest that although grain-induced ruminal acidosis leads to characteristic whole2

Dionissopoulos, L. et al, (2012). Am J Anim Vet Sci 7 (3) 141-148.
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animal inflammatory response, only marginal changes in inflammatory and structural
gene and protein expression in the rumen epithelium were detected.

3.2. Introduction

To meet the demands of milk production in early lactation, it has become
common to feed dairy cattle diets rich in rapidly fermentable carbohydrates. When cattle
are fed rapidly fermentable diets, typically achieved by high inclusion levels of grains,
the rate of ruminal acid production may exceed the rate of ruminal absorption and
buffering, causing a digestive disorder termed ruminal acidosis. The subacute form of
ruminal acidosis, termed SARA, has become common in North American dairy
production systems and is typically diagnosed when ruminal pH drops below 5.6 for
more than three hours per day (AlZahal et al., 2007b). Subacute ruminal acidosis has
been shown to depress ruminal fiber digestion, feed intake, milk production, and milk fat
and has become a significant economic issue in our dairy industry (Plaizier et al., 2008).
Dairy cattle health and welfare can be compromised by grain-induced SARA as it
has been associated with rumenitis, bloat, liver abscesses, and laminitis (Plaizier et al.,
2008). A more recent finding is that grain-induced SARA causes an increase in the
concentration of acute phase proteins such as serum amyloid A (SAA) and haptoglobin
(Hp) in peripheral blood, indicative of a systemic inflammatory response (Gozho et al.,
2007; Plaizier et al., 2008). The whole-animal inflammatory response during graininduced SARA is thought to be initiated through altered permeability of the rumen
epithelium (RE) (Penner et al., 2011), which enables the transmigration of microbes and
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immunogenic compounds into the portal circulation. The structural transformations and
inflammation of the RE during grain-induced SARA have been characterized (Steele et
al., 2011b), but the precise molecular mechanisms triggering these events are unknown.
It has been known for some time that increases in grain intake lead to a large and
sudden increase in ruminal gram negative bacterial load (Motoi et al., 1993) and it has
recently been shown that there is an increase in lysis of gram-negative bacteria, causing
an increase in ruminal LPS during grain-induced ruminal acidosis, which may be
triggering a localized inflammation of the RE (Gozho et al., 2007; Nagaraja et al., 2007).
Consequently, increases in acidity coupled with LPS, may work together to damage the
RE, thereby initiating a local inflammatory response that will eventually lead to antigen
clearance, wound healing, and the reestablishment of homeostasis (Thibault et al., 2010).
Currently, it is not known whether changes in RE integrity are the result of immunemediated events corresponding to changes in gene and protein expression. A review of
the literature reveals that one of the most ubiquitous and important transcription factors
controlling the expression of pro-inflammatory cytokine and chemokine genes is nuclear
factor κB (NF-κB) (Calder, 2008; Hoffmann et al., 2006). It has been extensively
characterized that LPS interacts with toll-like receptors (TLR), thereby activating
mitogen-activated protein kinases and subsequently nuclear NF-κB. It is possible that the
elevation in ruminal LPS could be triggering an immune response during grain-induced
SARA; therefore, an examination of expression patterns of cytokines and chemokines
involved in this immune-modulatory cascade is warranted.
Recent efforts investigating the molecular adaptation of the RE during SARA in
dairy cattle have focused on characterizing the expression profiles of metabolic and
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transporter genes at the mRNA level (Penner et al., 2011; Penner et al., 2009b; Steele et
al., 2012; Steele et al., 2011b). There is a scarcity of information regarding the expression
of key inflammatory pathways at both the mRNA and protein levels in lactating dairy
cows, though.

By studying inflammatory pathways, we can better understand the

biochemical and perhaps the genetic factors that lead to disease.
In chapter 2, the effects of a high grain challenge on immune parameters in SARA
was determined. These cows were not only non-lactating dairy cows, but they were not
pregnant, and so the hormonal changes as a result of pregnancy would likely not
confound the immune response. Based on the findings of chapter 2, we wondered if the
same results on the limited extent on immune system involvement in SARA could be
seen in lactating dairy cows. Therefore, the aim of this study is to characterize the
mRNA and protein expression of key inflammatory and structural gene targets during
grain-induced SARA in lactating dairy cows. We hypothesized that the grain-induced
ruminal acidosis in lactating dairy cattle is associated with the differential mRNA and
protein expression of inflammatory genes in the RE.

3.3. Materials and Methods

3.3.1. Animals, Experimental Treatments, and Feeding

The outline of the experimental design and treatments has been described
previously by Steele et al. (2012). In brief, sixteen multiparous, rumen-cannulated,
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lactating Holstein dairy cows (618 ± 35kg of BW, 221 ± 32 DIM, mean ± SD) housed in
a tie-stall facility at the Ponsonby Dairy Research Station were used in this study
(University of Guelph, Guelph, Ontario, Canada). All experimental procedures were
approved by the University of Guelph Animal Care Committee in accordance with the
Canadian Council on Animal Care (C.C.A.C, 1993).
All cattle were gradually transitioned to a high-forage diet (HF; 88.9% hay, 6.7%
grain pellet, 4.4% supplement % of DM; 16.2% CP, 46.9% NDF, 27.9% NFC, 7.4%
starch) five weeks preceding the experiment. The protein supplement and hay were fed at
0800 h and 1600 h in equal allotments, and a grain mix (40% ground wheat, 40% ground
barley, 20% ground corn) was fed at 0800, 1200, and 1600 h, also in equal allotments. To
maintain the consistency of dietary intake between cattle, the concentrate portion was fed
in plastic trays, and all leftovers were introduced into the rumen via the fistula if animals
did not consume it within 60 min post feeding. At the end of week 0, the cattle were
randomly assigned to be maintained on the control group (HF) diet or transitioned to a
high-concentrate diet (HC; 37.8% hay, 57.8% grain pellet, 4.4% supplement % of DM;
14.5% CP, 32.3% NDF, 46.0% NFC, 27.9% starch). The transition to the HC diet was
conducted in gradual increments over five days and HC cattle were fed the diet until the
end of week 3.

3.3.2. Physiological Measurements

Physiological measurements were performed during the final two days of each
week (weeks 0, 1, 2 and 3). For the last 48 h of each experimental week (weeks 0, 1, 2
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and 3), ruminal pH was recorded in the ventral sac as described previously by our
research group (AlZahal et al., 2007b). Ruminal fluid samples were collected at 1600 h
for the last two days of each experimental week and assessed in duplicate for ruminal
SCFA concentration by gas chromatography as previously described (Steele et al., 2012).
Another portion of the rumen fluid sample was processed for determination of free LPS
concentrations in HC cattle by a chromogenic Limulus amoebocyte lysate (LAL) endpoint assay (QCL-1000, Lonza Group Ltd., Basel, Switzerland) as described by Gozho et
al., (2005). To monitor blood LPS-binding protein (LBP) concentration, a 14-gauge
catheter (Becton Dickinson Angiocath, Franklin, NJ) was inserted into one jugular vein
of each cow under local anaesthesia in the morning before blood collection. Blood
samples were collected at 800 h and 1600 h during the final day of each experimental
week from HF and HC cattle. Immediately after collection, blood samples were put on
ice, centrifuged at 3000g for 15 min and frozen at -20oC until analysis. The concentration
of LBP in plasma was determined in duplicate using previously described methods
(Gozho et al., 2005).

3.3.3. Rumen Papillae Biopsies for mRNA and Protein Quantification

Rumen papillae were biopsied from the ruminal ventral sac at the end of weeks 0,
1, 2 and 3 (0700 h) based upon previously developed methodology (Steele et al., 2011a;
Steele et al., 2011b). In brief, the reticulo-rumen contents were partially evacuated to
facilitate the retraction of the ventral sac. Rumen papillae were excised (150 mg) using

53

surgical scissors each week from previously un-biopsied sites, and washed 20 times in
ice-cold PBS (pH 7.4) (Steele et al., 2011a; Steele et al., 2011b).
Rumen papillae were snap-frozen in liquid nitrogen, then stored at -80oC until
total RNA or protein could be isolated. The target genes to assess immune changes in the
RE included interleukin-1 (IL1), interleukin-1 receptor-associated kinase 1 (IRAK1),
nuclear factor of activated T-cells cytoplasmic 2 (NFATC2), tumor necrosis factor-alpha
(TNFA), interleukin 6 (IL6) and nuclear factor kappa B (NFKB), B-Cell
lymphoma/leukemia 10 (BCL10), and inhibitor of nuclear factor kappa-B kinase subunit
alpha (IKKA). In addition, collagen alpha-1-IV chain (COL4A1), fibronectin (FN1),
laminin subunit beta-1 (LAMB1) were assessed as markers for changes in rumen
epithelial structure.
Total RNA was isolated as previously described by Steele et al., (2012) using an
RNeasy midi kit (Qiagen, Missisauga, Ontario, Canada), and the concentration was
determined using a NanoDrop (ND-1000, NanoDrop Technologies, Wilmington DE).
RNA was then treated with DNase (Invitrogen, Burlington, Ontario, Canada) prior to
assessing the quality using an Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Palo
Alto, CA) and the RNA 6000 Nano kit (Caliper Life Sciences, Mountain View, CA).
After RNA isolation and quality assessment, samples (5 µg each) were reversetranscribed before iTaq SYBR Green (Bio-Rad Laboratories) qPCR analysis in duplicate
using an ABI Prism 7000 (Applied Biosystems). The sequences, R2, standard curve slope,
and primer efficiencies of primers are presented in Table 3.1. Exon-spanning primers for
target

genes

were

designed

using

NCBI/PrimerBLAST

Primer

Express

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and bovine sequences listed in
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GenBank (National Center for Biotechnology Information, Bethesda, MD). The
amplicons of all primers designed for this study were verified using BLASTN in NCBI,
and dissociation curves were generated at the end of amplification to verify the presence
of a single product. On the basis of previous experimental protocols (Steele et al., 2011a),
GAPD was determined to be the most stable housekeeping gene in the rumen papillae
and was therefore used in this study. For each week, the relative mRNA expression of
genes was calculated using the inverse of qPCR efficiency raised to Delta Ct (Pfaffl et al.,
2004). The HF cattle were pooled for each week to create a control value to which each
HC sample was normalized for determination of relative mRNA expression, as
previously described (Xue et al., 2010).
Total protein from rumen papillae samples was extracted by the addition of a lysis
buffer (ReadyPrep Protein Extraction Kit; Bio-Rad Laboratories) before homogenization
and centrifugation at 13,000g for 25 min at 4°C. Protein concentrations were determined
using the Bio-Rad Protein Assay Kit. Proteins were resolved using glycerol-based SDSpolyacrylamide gels (12%) and transferred to polyvinylidene diﬂuoride membranes
(Millipore), and immunoblotting was carried out using the SNAP i.d. System vacuum
(www.Millipore.com). All primary antibodies were obtained from Santa Cruz
Biotechnology (www.scbt.com) (IL1, cat. #sc-7884; IRAK1, cat. #sc-7883; NFATC2,
cat. #sc-13034; TNFA, cat #sc-1351; BCL10, cat. #sc-5611; IKKA, cat. #sc-7120;
COL4A1, cat. #sc-9301; FN1, cat. #sc-6952; LAMB1, cat. #sc-23410;PCNA, cat. #sc7907, IL6, cat. #sc-1265, NFKB, cat. #sc-1190). After incubation with the appropriate
secondary

antibodies,

chemiluminescence

the

method

complexes
(ECL

were

Advance
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detected
Western

using

Blotting

the

enhanced

Detection

Kit;

GE/Amersham,), visualized using the ChemiGenius2 Bioimaging system (Syngene;
Cambridge, United Kingdom), and quantified (Gene Tools software; PerkinElmer). Equal
loading was confirmed using alpha tubulin as a control (cat. #sc-31782).

3.3.4. Statistical Analysis

Data was generated weekly using methods previously described (Steele et al.,
2012). The data analysis for this paper was generated using [SAS/STAT] software,
Version 9.1 of the SAS System for Windows. Copyright © 2002-2003, SAS Institute
Inc.:

Yijk = µ + Di + Tj + (D × T)ij + Bk + εijk,

where Yijk is the dependent variable, µ is the overall mean, Di is the fixed effect of diet (i
= 1, 2), Tj is the fixed effect of time or week (j = 1,.., 4), (D × T)ij is the effect of the
interaction of diet by time (ij=1,.., 8), Bk is the fixed effect of block or phase (k = 1, 2),
and εijk is the random residual error. Diet, time, and block were considered fixed effects
and week of experiment was used as a repeated measurement with cow as the subject.
Cow was subjected to covariance structures and the covariance structure that gave the
smallest Bayesian information criterion was used. As described previously, the Helmert
contrasts (week 0 vs. 123, week 1 vs. 23 and week 2 vs. 3) were used to evaluate
significant changes due to treatment. The PROC MIXED of SAS was used to analyze the
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relative gene expression for HC cattle (generated relatively to HF cattle) with time
(week) and block (phase) as fixed effects. The HC relative gene expression values
different from 1 were determined using T-statistics.

3.4. Results

3.4.1. Physiological Measurements

As reported in Steele et al.,(2012), dramatic differences in ruminal pH were
evident between HC and HF cattle during experimental weeks 1, 2 and 3. In summary,
the mean and minimum daily ruminal pH was lower (P < 0.01) in HC cattle compared to
the HF cattle during experimental weeks 1, 2 and 3. The daily minimal ruminal pH
reached levels below pH 5.0 for each experimental week in HC cattle, indicative of a
severe state of SARA. Week 1 was marked by the largest change in ruminal pH (P <
0.01) as HC cattle displayed 760 ± 71 min/d and 1139 ± 57 min/d below 5.6 and 6.0,
respectively. As expected, total SCFA concentration was greater (P < 0.05) in HC
compared with HF cattle during weeks 1, 2 and 3 (Steele et al., 2012).
With respect to ruminal and blood inflammatory markers, ruminal LPS
significantly increased (P < 0.05) in concentration from week 0 (4121 ± 478 EU/mL)
through weeks 1 (20649 ± 522 EU/mL), 2 (21854 ± 694 EU/mL) and 3 (32310 ± 728
EU/mL) in HC cattle. LBP was higher (P < 0.05) in HC cattle compared to HF cattle in
the morning sampling (15.4 vs. 11.1 ± 1.1 µg/mL); however, there were no differences
due to treatment detected during the 1600h sampling.
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3.4.2. Gene Expression

The mRNA and protein expression of the all genes is presented in Tables 3.2 and
3.3, respectively. There was no differential expression of mRNA of target genes between
HF and HC cattle at any time during this experiment. Accordingly, there were minimal
changes in the expression of all but one target protein. The relative protein expression of
NFATc2 was upregulated (P = 0.02) by 2-fold in HC cattle compared to HF cattle.

3.5. Discussion

The aim of this study was to investigate how the RE responds to the onset of
grain-induced ruminal acidosis by characterizing the expression of immune-regulatory
and structural genes. A comprehensive description of the nutritional model used to
induce SARA by HC feeding in this study has previously been described by Steele et al.,
(2012). The form of ruminal acidosis detected in this study (760 ± 71 min/d below
ruminal pH 5.6 in cattle fed HC diet) was severe compared to previous studies which
have evaluated the effect of SARA on the RE and whole animal inflammation in the
dairy cow (Gozho et al., 2006, 2007; Gozho et al., 2005; Khafipour et al., 2009a, b;
Steele et al., 2011a; Steele et al., 2011b).
It has been well established that gram-negative bacteria thrive in a carbohydrate
rich environment. Therefore, a concerted overgrowth of ruminal gram-negative bacteria
which shed LPS from their cell walls causes a rise in ruminal LPS. It is possible that a
buildup of ruminal LPS can react locally on the RE or transmigrate through the RE, thus
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causing systemic inflammation (Khafipour et al., 2009b). The ruminal LPS in HC cattle
was six times greater during weeks 1, 2 and 3 compared to the baseline week (25310 ±
478 EU/mL vs. 4121 ± 478 EU/mL). However, the concentration of ruminal LPS in
acidotic cattle reported in our study was lower than several studies.

For example,

Khafipour et al., (2009a, b) and Li et al., (2012) reported ruminal LPS concentrations
higher than 100,000 EU/ml in spite of it being a more moderate form of SARA. Several
factors may play a role in this discrepancy, such as time of sampling, total feed intake,
rumen volume and physiological state of the dairy cow.

Nevertheless, the ruminal

acidosis reported in this study was associated with an accumulation of ruminal LPS that
may modulate an immune response locally in the RE or enter portal circulation and exert
its effects systemically.
Free LPS is delivered from its place of origin to antigen presenting cells such as
macrophages by the soluble acute phase protein LBP (Muta et al., 2001). As such, LBP
is partially responsible for the initiation of the immune response following gram-negative
bacterial overgrowth in the rumen. Since LBP levels are elevated by large circulating
amounts of LPS, it is conceivable that following a SARA challenge, LBP levels may
indeed increase (Chen et al., 2003; Gozho et al., 2007). In our model, this is what
accompanied changes in rumen LPS, which is in agreement with similar experimental
models in dairy cattle that report elevated LBP (Khafipour et al., 2009b; Zebeli et al.,
2009) and other acute phase proteins such as SAA and HP (Kleen et al., 2003; Plaizier et
al., 2008).
With regard to the RE, it has been widely established that increasing dietary
rapidly fermentable carbohydrate alters RE proliferation (Goodlad, 1978), gene
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expression (Steele et al., 2011b) and structure (Steele et al., 2011a). It is becoming
increasingly clearer that each response can have a different cause and time course which
ultimately impacts RE function. To examine the responsiveness of the RE during a
grain-induced SARA in this study, the relative expression value of mRNA and protein of
key targets involved in immune-regulatory and structural repair pathways were
determined. This study marks the first time that these immune-modulatory genes have
been shown to be expressed in the RE during SARA. However, based on our results,
there were minimal changes in the expression of genes involved in innate immunity and
epithelial re-modeling.
We can propose that adaptation to a high grain challenge proceeds through
minimal activation of a local immune response in the RE. The only marker which
showed an upregulation of protein expression due to the HC diet was NFATC2. This
growth factor is widely expressed in digestive tissues (Wang et al., 2011) and belongs to
a family of proteins responsible for the activation of T-cells (Maitra et al., 2009).
Ultimately responding to modulation of the calcium/calcineurin signaling network,
NFATC2 is normally found in a phosphorylated and inactive form in the cytosol and
once dephosphorylated, only translocates to the nucleus upon T cell receptor (Horsley et
al., 2002) and TLR4 stimulation (Zanoni et al., 2009). Within the nucleus, NFATc2
becomes a member of the nuclear factor of activated T cells transcription complex
(Aliprantis et al., 2010; Sitara et al., 2010). This complex not only plays a central role in
inducing gene transcription during the immune response, but has been implicated as a
necessary factor in the growth and differentiation of a number of tissues following a
physiological insult (Santini et al., 2001). For example, macrophage presentation of

60

NFATc2 may facilitate the migration and subsequent activation of cells such as
fibroblasts to stimulate wound healing (Lemaitre et al., 2003; Sitara et al., 2010). Not
surprisingly, mRNA levels of NFATc2 did not indicate treatment differences as protein
expression levels do not always coincide with gene expression (Gry et al., 2009).
Although NFATc2 protein expression was increased due to treatment, there were
marginal changes and variation in other genes due to treatment. It is important to note
that measurement of the relative expression patterns of LPS/TLR-mediated immuneregulatory pathways may not be indicative of general immune system stimulation.
Indeed, the enhancement of an immune response through this pathway relies on a
complex interplay of intermediates whose ability to transduce the signal into a
downstream effect may only rely on their various states of phosphorylation and not on
relative expression differences (Hoffmann et al., 2006). Furthermore, the time-course of
these immune-molecular events may occur in the first hours of SARA (Cario et al.,
2000b). In addition, there was a large variation in gene expression values between
animals, which coincides with many studies that note large variation in RE structure
(Ellis et al., 2012) and function (Penner et al., 2009b) between individual animals. In the
future, assessing the expression of genes in immune cell types will be important to
facilitate more cell specific outcomes.
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3.6. Conclusion

A number of studies have been published indicating increases in LPS and the
upregulation of acute phase proteins. However, this study was the first to our knowledge
to directly characterize the expression of localized immune targets in the RE during the
adaptation to an HC diet. In this experiment, it has been shown that adaptation was
mediated by the immune system to a lesser extent than was previously thought based on
gene expression profiling of targets involved in the innate immune system. Based on this
research study, future research investigating the localized innate immune response of the
RE during grain-induced SARA should consider evaluation of the time course of the
response of the grain challenge and the specific immune cell types of the RE.
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Table 3.1. Primers for quantitative real time PCR (qPCR).
Gene
Symbol

Name

GenBank accession Primer (5'-3')

BCL10

B-cell CLL/lymphoma
10

NM_001078028.1

F-CAAAGGACTGGATACCCTGGTCGAA

Amplicon Size (bp) Efficiency (%)

92

89

104

87

78

93

120

94

145

87

98

85

89

91

135

91

110

98

129

84

R-GGCTCACAGCTGCTACATTTCAGTC
COL4A1

Bos taurus collagen,
type IV, alpha 1

NM_001166511.1

F-GAGTCCAGGGTTTCCAGGCGAC
R-CCCAACGGTCCCGTGCCAAT

FN1

fibronectin 1

NM_001163778.1

F-CCAGCACAGCCACTTCCGTG
R-GGGCGTCAGGTGCTGTGGTC

IKKA/CHUK

conserved helix-loophelix ubiquitous kinase

NM_174021.2

F-GAATCTCTGGAACAGCGCGCAA

R-ACCATCTCCGTGCTGTCGCT
IL1

interleukin 1, beta

NM_174093.1

F-TGAACCGAGAAGTGGTGTTCTGCAT
R-CAGCTGCAGGGTGGGCGTAT

IRAK1

interleukin-1 receptorassociated kinase 1

NM_001040555.1

F-GTGGATCAACCGCAACGCCC

R-GGGAGGGTGCCAAGCAGTGA
LAMB1

laminin, beta 1

NM_001206519.1

F-ACGACATTTGCTCCAAACCGCC
R-AGCTGGACGGAATGTCTTGAAGGT

TNFA

tumor necrosis factor

NM_173966.2

NFATC2

nuclear factor of
activated T-cells,
cytoplasmic, calcineurin- XM_608872.3
dependent 2, transcript
variant 3

F-CCCTCCATCAACAGCCCTCTGG
R-TGATGTCGGCTACAACGTGGGC

GAPDH

glyceraldehyde-3phosphate
dehydrogenase

NM_001034034.1

F-ACGGCGGCCAGCAGATGATT
R-AGCATGTTAGGCTGGCTCTTGTCT

F-TGGAAAGGCCATCACCATCT

R-CCCACTTGATGTTGGCAG
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Table 3.2. Least square means of fold change of the expression of genes in rumen tissue
from cattle fed the high-concentrate diet (HC) relative to cattle fed high-forage diet (HF).
All cows (n = 16) received HF diet during wk 0 and then assigned either HC (n = 8) or
HF (n= 8) diet. Gene expression values for HF cattle were normalized to 1 within each
week individually

Gene Expression Fold Change From HC Relative to HF
Gene
wk 0
wk 1
wk 2
wk 3
Immune
IKKA
0.96
0.74
0.82
0.90
IL1
0.73
0.66
0.73
0.72
NFATc2
0.86
1.17
1.23
0.94
IRAK1
0.89
0.90
1.02
1.07
TNFA
0.85
1.27
1.38
0.82
BCL10
0.76
0.78
0.79
1.08
Structural
LAMB1
0.86
1.17
1.23
0.94
COL4
1.06
0.92
0.91
1.05
FN1
0.85
0.74
0.82
0.90

SE

P (Interaction)
0 vs 123 1 vs 23

2 vs 3

0.10
0.15
0.15
0.14
0.22
0.12

0.27
0.89
0.43
0.35
0.55
0.40

0.34
0.76
0.54
0.24
0.73
0.34

0.61
0.96
0.35
0.71
0.42
0.12

0.15
0.14
0.11

0.19
0.50
0.83

0.68
0.67
0.39

0.21
0.42
0.65

Table 3.3. Expression of proteins in rumen tissue from cattle fed the high-concentrate diet (HC)
relative to cattle fed high-forage diet (HF). All cows (n = 16) received HF diet during wk 0 and
then assigned either HC (n = 8) or HF (n= 8) diet.
Protein
Immune
IKKA
IL6
NFATc2
NFKB
TNFA
Bcl10
Structural
LAMB1
COL4
FN1
Tub

wk 0

Control
wk 1
wk 2

wk 3

wk 0

SARA
wk 1
wk 2

wk 3

0.58
0.74
1.43
1.08
0.62
0.92

0.63
0.71
1.01
1.08
0.72
0.69

0.64
0.87
1.12
1.30
0.77
0.80

0.69
0.95
1.17
1.51
0.68
0.79

0.49
0.78
0.77
1.27
0.59
0.79

0.45
0.64
1.44
1.80
0.58
0.45

0.61
0.88
2.33
1.85
0.71
0.64

0.66
0.96
2.49
2.38
0.70
0.70

0.12
0.12
0.50
0.47
0.10
0.14

0.95
0.70
0.02
0.33
0.85
0.86

0.33
0.54
0.25
0.99
0.37
0.57

0.96
0.99
0.90
0.63
0.61
0.76

1.04
1.80
1.08
2.47

1.17
1.69
0.88
2.55

1.84
1.99
1.13
2.29

1.65
1.95
1.10
1.97

1.10
1.62
0.69
2.39

1.02
1.20
0.65
2.92

1.36
1.88
0.75
2.57

1.33
1.17
1.09
2.66

0.30
0.32
0.20
0.41

0.30
0.44
0.38
0.27

0.51
0.93
0.88
0.82

0.70
0.16
0.15
0.48
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SE

P (Interaction)
0 vs 123 1 vs 23

2 vs 3

CHAPTER 4. BUTYRATE INFUSION MODULATES THE EXPRESSION OF
GENES INVOLVED IN THE ESTABLISHMENT AND MAINTENANCE OF
NON-SPECIFIC HOST DEFENSES, MATRIX REMODELLING, AND THE
IMMUNE RESPONSE IN THE RUMEN EPITHELIUM OF COWS AFFLICTED
WITH SUBACUTE RUMINAL ACIDOSIS (SARA)3

4.1. Abstract

Subacute ruminal acidosis (SARA) is a disorder in cattle which can lead to
chronic inflammation in the rumen epithelium, known as rumenitis. Butyrate has been
shown to attenuate some of the detrimental effects of inflammatory gastro-enteric
disorders but the molecular mechanisms mediated by butyrate have not been defined.
The objective of this study was to define the inflammatory-related genomic changes
responsible for the beneficial effects of butyrate in the rumen epithelium.
Experimentally, 16 fistulated dairy cows at mid-lactation were fed a SARA-inducing
(45% non-fiber carbohydrate) diet which commenced 2 days prior to the beginning of
treatment and which continued throughout the experiment. Cows were then evenly
divided into treatment groups where a carrier with (n = 8) or without (n = 8)
supplemental butyrate (2.5% initial DM intake) was deposited into the rumen daily for 7
days.

The minimum rumen pH was higher in cows with supplemental butyrate

(4.96±0.09 to 5.20±0.05, P = 0.040), but mean pH, maximum pH, and the duration for
which rumen pH was below 5.6 was unaffected. Free plasma lipopolysaccharide (LPS)
concentration was unaffected by treatment as was the concentration of serum amyloid A
(SAA), although the LPS binding protein (LBP) concentration was increased by the
3

Dionissopoulos, L. et al, (2013). Am J Anim Vet Sci 8 (1) 8-27.

65

addition of butyrate to the rumen (6.91±0.29 to 7.93±0.29 μg/mL, P = 0.024). Of the
rumen short chain fatty acids (SCFA) tested, only butyrate showed a pronounced
treatment effect, rising from 8.60±0.94 to 21.60±0.94 mM (P ≤ 0.0001). Plasma betahydroxybutyrate

(BHBA)

concentration

also

increased

(799.50±265.24

to

3261.63±265.24 μM, P ≤ 0.001). Butyrate infusion did not affect milk parameters (total
fat, lactose, and total protein); however, when related to dry matter intake, milk
production efficiency was increased (P = 0.035). Microarray and qRT-PCR analyses of
rumen papillae biopsies collected on day 7 found that butyrate administration affected (P
≤ 0.05) the expression of genes involved in non-specific host defense (NSHD),
remodeling or adaptation (RM), and immune response (IR). Of the 49 genes tested by
qRT-PCR, 9 (LCN2, MMP1, MUC16, GPX2, CSTA, FUT1, SERPINE2, BCAM,
RAC3) were upregulated, 20 (MTOR, AKIRIN2, NFKBIZ, NFKB2, ACVR2A, LAMB1,
FRS2, PPARD, LBP, NEDD4L, SGK1, DEDD2, MAP3K8, PARD6B, PLIN2, ADA,
HPGD, FMO5, BMP6, TCHH) were downregulated, and 20 were unchanged due to
butyrate administration in the proximal gastrointestinal tract. These results demonstrate
the potential protective effect and molecular mechanisms involved in a novel butyrate
treatment for inflammatory gastrointestinal conditions.

4.2. Introduction
SARA is a chronic pathological inflammatory condition of the rumen, affecting
approximately 20% of all dairy cattle in North America (Garrett et al., 1999). Although
attempts to define the etiology of SARA have gained headway in the past 10 years, its
precise mechanisms remain uncertain. Due primarily to the microbial fermentation to
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SCFA of soluble starch of high grain diets, SARA can lead to liver abscesses, laminitis,
and acute inflammation of the rumen epithelium (Kleen et al., 2003; Plaizier et al., 2008).
SARA does this by causing a sloughing of the rumen epithelium, compromising
epithelial integrity (Steele et al., 2011a). Despite the fact that the transmigration of
microbes across the rumen wall has been documented in cases of SARA, we have shown
that this effect involves the immune system, although the extent of immune system
stimulation is limited to local events, and is not detectable systemically (Dionissopoulos
et al., 2012a; Dionissopoulos et al., 2012b).

Experimentally, we have shown that

adaptation to a SARA diet takes place within three weeks (Steele et al., 2011a), and
previous experiments have shown that one of the principle methods by which the rumen
adapts to an acidotic diet is by increasing papillae size and thus the total absorptive
surface area of the rumen (Gabel et al., 2002), by increasing cellular turnover, and by an
overall increase in total epithelial cell number (Goodlad, 1981).
There is strong evidence to support the involvement of butyrate in both normal
and pathological conditions of the gastrointestinal tract (GIT) in both humans and
experimental animals (Guilloteau et al., 2010).

Roediger (1990), found a direct

correlation between the severity of ulcerative colitis and the levels of butyrate. Since
butyrate has been previously shown to be an important energy source for the GIT
(Ahmad et al., 2000), we can speculate that low butyrate levels lead to an energydeficient state (low ATP) and low metabolic rate in the rumen. These effects may
culminate in the promotion of apoptosis and hence the degradation of the epithelial
barrier.

Indeed, butyrate can directly stimulate epithelial cell proliferation and

differentiation (Aoyama et al., 2010; Zhang et al., 2010), both events which are hallmarks
67

of the healing and restoration of normal function following an immunological insult. The
ability to reduce or modulate the severity of the immune response is critical to our
understanding of how sub-acute inflammatory conditions such as SARA exert their
negative effects. A reduction in the duration and the extent of the immune response can
have beneficial effects since nutrient partitioning favouring immune cell recruitment and
growth can be limited (Dionissopoulos et al., 2006a). In addition, reductions in the
magnitude and severity of the immune response have been shown to favour wound
healing and remodelling following injury (Eming et al., 2007). Since the reduction of
pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α can reduce the length and
severity of the immune response (Johnson, 1997), it follows that limiting such a response
with naturally occurring substances in sub-clinical disease can have beneficial effects.
An understanding of the molecular mechanisms involved in rumen epithelial
remodelling in sub-clinical disease would be incomplete without an exploration of
inflammatory events at the gene expression level. The question that invariably arises
centres around the principle effectors or transcription factors that mediate the immune
cascade, which are known to be nuclear factor κB (NF-κB/p50/p65) and peroxisome
proliferator activated receptors (PPARs) in such a setting (Calder, 2008; Hoffmann et al.,
2006). NF-κB, originally studied as a promoter of lymphocyte maturation (Kumar et al.,
2004), has been found to have a much broader scope of action. NF-κB is found to be
present in promoter sequences of pro-inflammatory cytokines, the inflammatory enzyme
COX-2, and in leukocyte adhesion molecules (Sigal 2006; Perkins 2007). Because of its
importance, it can be seen how NF-κB and its cofactors will likely be targets for future
immune-modulatory agents such as butyrate (Jobin et al., 2000a, b; Kinoshita et al., 2002;
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Zhang et al., 2006). Briefly, stimulation by bacterial or viral antigens, cytokines, and
reactive oxygen species (ROS), IKK (an NF-κB kinase) phosphorylates the inhibitory
subunit of the NF-κB complex, IκBα, prompting its dissociation from the p50/p65 NF-κB
complex. Once free of its inhibitory complex, NF-κB traverses the nuclear envelope and
begins the inflammatory cascade (Hoffmann et al., 2006).
PPARs are also important transcription factors in gastrointestinal inflammation.
However, their effects are thought to act in an opposing manner to that of NF-κB as antiinflammatory agents (Guri et al., 2010). Most evidence of the anti-inflammatory effect
of PPARs comes from studies where subjects with advanced inflammatory bowel
diseases generally show decreased levels of PPAR-γ mRNA expression (Desreumaux et
al., 1999). More strikingly, in experimental mouse models, treatment with a PPAR-γ
receptor agonist reduced symptoms of colitis (Desreumaux et al., 2001). Moreover,
butyrate has been shown to stimulate the production of PPAR-γ in cell lines (Kinoshita et
al., 2002). Perhaps most importantly is the suggestion that PPAR-γ inhibits NF-κB
activation by interfering with the phosphorylation of IκB, preventing its degradation and
the subsequent translocation of the NF-κB complex to the nucleus (Haegeman, 2003;
Ross et al., 1999; Vanden Berghe et al., 2003).
We hypothesize that the addition of exogenous butyrate in cows afflicted with
SARA will lessen the extent of immune system stimulation, will help the rumen adapt to
a high grain/high energy diet, and through adaptation, support changes to an epithelial
barrier that is more resistant to insult or injury by pathogenic organisms to meet new
metabolic demands. The goal of the experimentation described in this article is to
characterize the mechanisms involved in rumen epithelial remodelling and, through
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butyrate supplementation, lessen the severity and extent of the negative effects of SARA.
Here we outline the data relating the immune response (IR), rumen epithelial remodelling
(RM), and non-specific host defence (NSHD) in SARA cows supplemented with
butyrate.

4.3. Materials and Methods
4.3.1. Animals, Treatments, and Diet
Sixteen mid-lactation, rumen cannulated (Duffield, 1999) primiparous, and
multiparous Holstein cows on a mid-lactation total mixed ration (TMR) diet were
selected and blocked by days in milk (DIM). Prior to the experiment, total dry matter
intake (DMI) and milk production were recorded for 7 days. Two days before the start of
the study, a concentrate mix was added to the TMR to increase the non-fiber
carbohydrate (NFC) to 45.0% in 2 equal increments. According to previously published
results, a NFC of 45% would be sufficient to induce SARA in this study (Steele et al.,
2012). Each increment was 50% of the total amount of concentrate needed to increase
the NFC to 45.0%. The composition of the diet is presented in Table 4.1.
At the start of the 7-day experiment, each cow was randomly assigned to one of
two treatments.

Butyrate cows (n=8) received a ruminal dosing of butyrate

(ProformixTM, Probiotech Inc., Saint-Hyacinthe, QC) while Control cows received no
supplemental butyrate but did receive carrier. The butyrate powder (50% butyric acid,
sodium bicarbonate, lime) was dosed at a rate of 2.5% of pre-trial DMI, at 10.00h and
13.30h daily, to coincide with regular daily feeding times.
70

4.3.2. Rumen SCFA, LPS, and pH
Rumen fluid was collected approximately 3 hours after the afternoon feeding
from the ventral sac and squeezed through 4 layers of cheesecloth and frozen for analysis
of total SCFA by gas chromatography (Steele et al., 2012). Another sample of rumen
fluid was analyzed fresh for total free LPS using the chromogenic Limulus amoebocyte
lysate end-point assay (Lonza Group LTD., Basel, Switzerland) as previously described
(Dionissopoulos et al., 2012b; Gozho et al., 2005).

Rumen pH was recorded

continuously for the last two days of the trial using a pH recording system and protocols
established by our laboratory (AlZahal et al., 2007b).

4.3.3. Plasma BHBA, LBP, and SAA
On days 1 and 7, blood was sampled through the tailhead at 16.30h. After
collection, the blood was placed on ice until spun at 3000 x g and stored at -20 °C until
further processing could take place. Plasma LBP was assayed according to established
protocols (Khafipour et al., 2009b). Plasma BHBA was determined by the Animal
Health Laboratory (AHL, University of Guelph, Guelph, Ontario) using the method of
Williamson et al. (Williamson et al., 1962). Serum amyloid A (SAA) protein levels were
determined by enzyme-linked immuno assay using a multi-species SAA kit (TriDelta
Development, Ltd, Maynooth, County Kildare, Ireland).
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4.3.4. Dry Matter Intake (DMI), Daily Milk Production, Milk Component Analysis
DMI and milk production was calculated daily for each cow on the study. All
cows were milked at 05.30h and 16.00h daily and their milk production numbers were
pooled to establish a total daily milk production value. Milk protein and fat were
determined spectroscopically by the CanWest DHI Laboratory (Guelph, Ontario). These
values were compiled to yield an average weekly DMI, production value, and milk
component analysis.

4.3.5. Rumen Papillae Biopsies for Microarray and qRT-PCR
Rumen papillae were harvested from the rumen ventral sac at the end of
experimental day 7 (Steele et al., 2012). Briefly, the rumen contents were partially
evacuated to help access and retraction of the rumen ventral sac. Approximately 150 mg
of papillae was cut from the rumen and washed 20 times in ice-cold PBS, then placed in a
stabilization agent (RNAlaterTM, Qiagen, Hilden, GmbH) until the RNA could be
isolated. Total RNA was isolated as previously described by Steele et al., (2012) using
an RNeasy midi kit (Qiagen, Mississauga, Ontario, Canada). The concentration of RNA
was determined using a NanoDrop (ND-1000, NanoDrop Technologies, Wilmington
DE). To enhance the purity of the RNA, it was treated with DNase (Invitrogen,
Burlington, Ontario, Canada) and its quality was determined using an Agilent 2100
Bioanalyzer (Agilent Technologies Inc., Palo Alto, CA, and the RNA 6000 Nano kit
(Caliper Life Sciences, Mountain View, CA). The RNA was then prepared for either
microarray analysis, to determine the global expression pattern of genes, or for qRT-

72

PCR, to confirm the relative expression of any genes (Steele et al., 2011b) involved in
epithelial RM, the IR, or the NSHD. Where possible, primers were designed to span
exon-exon

junctions

using

NCBI/PrimerBLAST

Primer

Express

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and were verified as specific to the
bovine genome using GenBank (National Center for Biotechnology Information,
Bethesda, MD). All primer amplicons were confirmed by BLASTN in NCBI, as well as
through the generation of dissociation curves to support the fidelity of single product
amplification (Steele et al., 2011a), using GAPDH as the housekeeping gene.

The

stability of GAPDH amplicons were confirmed by low variance (mean Ct = 20.85;
variance = 0.10). Primer information including sequences can be found in Appendix 1.
Any treatment imposed differences in mRNA expression was determined using the
inverse of qPCR efficiency raised to Delta Ct (Pfaffl et al., 2004). The expression values
of the Control cows were pooled and expression differences were determined through the
comparison of individual Butyrate group values to this index as described previously
using a Student’s t-test (Xue et al., 2010). Finally, all differentially expressed genes were
subjected to analysis with the Ingenuity Pathway Analysis (IPA) tool (Ingenuity, Inc.,
Redwood City, CA) in cooperation with the University of Kentucky (Lexington, KY).
The methodologies employed herein have been previously published (Steele et al.,
2011b).

It is important to note however that

to determine the significance of

differentially expressed genes in this study, the data derived from the microarray analysis
was subjected to a pre–screen of 95% confidence and a false discovery rate of 0.1
according to the methods of Benjamini (Reiner et al., 2003).
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4.3.6. Statistical Analysis
Measurements unrelated to the microarray or qRT-PCR analysis were analyzed
using the MIXED procedure of SAS (SAS, 2004) using a previously described model
(Steele et al., 2012):

Yij = μ + Di + Tj + (D x T)ij + εij,

where Yij is the dependent variable, μ is the variable mean, Di denotes the fixed effect of
diet (i = 1, 2), Tj is the fixed effect of time or day (j = 1,.., 7), (D x T)ij is the diet by time
interaction (ij = 1,...,14), and εij represents the random residual error. Both diet and time
were analyzed as fixed effects and day was analyzed as a repeated measurement with cow
as the subject. The subject cow was treated to covariance structure measurements; the
covariance structure resulting in the smallest Bayesian information criterion was used in
this analysis.

4.4. Results
4.4.1. Physiological Parameters
Table 4.1 represents the analysis of the diet which was formulated for this study.
Both the Control and Butyrate groups received the same diet with the exception of
supplemental butyrate in the treatment group.
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Total rumen SCFA were analyzed for all animals and the data is presented in
Table 4.2. Total SCFA levels differed significantly only on day 1 of the study and were
higher in the Butyrate group (92.76 vs. 78.87 mM ± 4.51; P = 0.04). However, as
expected, total volatile butyrate levels were dramatically higher in the Butyrate group
both on day 1 (22.60 vs. 9.88 mM ± 0.94, P ≤ 0.0001) and day 7 (21.60 vs. 8.60 mM ±
0.94, P≤ 0.0001).
Total plasma LBP and free rumen LPS levels are also presented in Table 4.2.
Plasma LBP levels were significantly higher in the Butyrate vs. the Control group on day
7 of the study (7.93 vs. 6.91 μg/mL ± 0.29; P = 0.024). Free LPS did not differ
significantly for either treatment day between groups.
Also as expected, plasma BHBA levels were increased significantly due to
treatment (Table 4.2). On day 1, Control vs. Butyrate levels were 909.50 vs. 4201.13 μM
± 265.24 (P ≤ 0.001) and on day 7 of the study, levels of BHBA rose significantly from
799.50 to 3261.63 μM ± 265.24 (P ≤ 0.001). Data for the serum acute phase protein SAA
is presented in Table 4.2. No treatment differences were seen (P > 0.05).
As indicated in the previous section, the effect of butyrate supplementation was
examined on pH parameters in the rumen (Table 4.3). The minimum rumen pH reached
during the time course of this study was lower in the Control group than the Butyrate
group (4.96 ± 0.09 vs. 5.20 ± 0.05; P = 0.04). However, the addition of exogenous
butyrate had no effect on the mean pH, max pH, the duration at which pH was below 5.6,
or the area under the pH curve (P > 0.05).
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DMI, milk production, and production efficiency are presented in Table 4.4.
Addition of exogenous dietary butyrate significantly lowered the DMI of the animals
(17.41 vs. 24.40 kg/day ± 0.77; P ≤ 0.0001). Daily milk production was unaffected by
treatment: 41.93 kg/day ± 2.50 in the Control group to 34.74 kg/day ± 2.50 in the
Butyrate group (P > 0.05). Interestingly, the daily milk production ratio, defined as the
daily milk production vs. DMI, was significantly higher in the Butyrate group than in the
Control group (1.96 vs. 1.67 ± 0.09; P = 0.035).

4.4.2. Microarray Screen, qRT-PCR, and Pathway Analysis
Gene expression results along with fold changes are presented in Table 4.5.
Microarray data indicated the significant differential expression of 831 genes (Appendix
2). These genes were screened in turn for involvement in NSHD, RM, and IR pathways.
Of the 49 genes selected for further analysis, 29 were confirmed significantly
differentially expressed by qRT-PCR. Nine genes were found to be upregulated, 20 were
downregulated, and 20 were unaffected by butyrate supplementation. In turn, these genes
were analyzed and placed into context-specific NSHD, RM, and IR pathways, Figure 4.1
and Table 4.6.

4.5. Discussion
It has been shown that adaptation to energy-dense, high carbohydrate diets in
dairy cows is facilitated by structural changes in the rumen favouring extracellular matrix
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remodelling (Steele et al., 2011a).

This effect does not always follow a profound

inflammatory phase, and it was determined that favourable adaptive changes in the rumen
take place beginning 1 week after a high grain challenge. The aim of the current study
was to determine the efficacy of butyrate supplementation in ameliorating the negative
ruminal effects induced by feeding a high carbohydrate to lactating dairy cows.

In

addition, since the effects of SARA on rumen physiological dynamics have been reported
(Keunen et al., 2002; Penner et al., 2007), we sought to determine the effects of butyrate
treatment on milk production, milk components, pH, SCFA, SCFA metabolism, the
effects on NSHD, and evidence for an IR.

4.5.1. Physiological Parameters
We previously reported pH results in cows fed a high grain diet that are in
agreement with the current study (Steele et al., 2012). Of note however, is the effect of
supplemental butyrate on minimum pH reported; the rumen of cows in the Control group
reached a lower pH than did the Butyrate group. Since butyrate itself is a weak acid, it is
unlikely that buffering by its conjugate base would be responsible for this effect.
However, it is possible that butyrate altered the metabolic flux of the rumen, favouring
the neutralization of H+ through the efflux of bicarbonate. Similar effects have been
reported (Aschenbach et al., 2010; Kristensen et al., 1998; Penner et al., 2009a).
A high dietary carbohydrate load such as that seen in this study is expected to
favour ketogenesis. In the rumen, SCFA are created as the result of fermentation by
resident microbes and are metabolized within the site of absorption in the epithelia of the
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rumen, prior to making their appearance as substrates in the general tissue beds
(Bergman, 1990; Kristensen et al., 1998). The ensuing hyperketonemia and ketosis can
be confirmed through plasma analysis of BHBA levels (Penner et al., 2009b). Indeed,
plasma BHBA levels were raised considerably in the Butyrate group as expected, which
confirmed experimental ketosis.

This had a direct effect on DMI, which was

substantially lower in the Butyrate group; the effects of high SCFA levels on increasing
satiety and decreasing appetite have been documented previously (Arora et al., 2011; Lin
et al., 2012). And although supplemental butyrate had no effect on daily milk production,
milk fat, or milk protein, the efficiency of milk production was higher in the Butyrate
cows. These results appear to be a function of a decreased DMI. The fact that the milk
parameters differed in grain content from previous studies is likely due to the lower
energy density of the current SARA diet (Keunen et al., 2002; Lykos et al., 1997).
In such a carbohydrate-rich diet, both commensal and pathogenic microbes thrive.
This is because such microbes can use the more readily available sugars as a preferential
metabolic substrate (Gozho et al., 2005; Motoi et al., 1993; Thibault et al., 2010).
Although the grain level in our study was not as high as that previously reported, the 45%
NFC is sufficient to promote the growth of gram negative bacteria, which is correlated
with the levels of rumen LPS (Zebeli et al., 2009). Although the LPS levels in this study
are in relative agreement with those published earlier (Khafipour et al., 2009a, b; Li et al.,
2012), it is not clear whether they are in sufficient concentration to favour transmigration
and to trigger an immune response. In order for such a response to exist, free LPS must
be transported to effector cells of the immune system by the soluble acute phase protein,
LBP (Muta et al., 2001). Here we report that butyrate supplementation increases plasma
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levels of LBP. However, this effect may be muted by the addition of butyrate, as several
groups have reported reductions in the downstream effects of LPS-mediated induction of
the immune system (Chakravortty et al., 2000; Huuskonen et al., 2004; Morikawa et al.,
2004; Ni et al., 2010) under similar conditions. In addition, SAA, also an acute phase
protein, was unaffected by the addition of butyrate. Together, the data for LPS, LBP, and
SAA contradict earlier findings using similar models (Dionissopoulos et al., 2012a;
Dionissopoulos et al., 2012b), that although SARA can have profound effects on the
physiology of the rumen, the bacterial overgrowth that typically occurs is not sufficient
enough to result in a systemic inflammatory response. The tissue signals generated as a
result of SARA at the site of tissue damage (Steele et al., 2011a) likely act locally in an
autocrine or paracrine manner.
4.5.2. Gene Expression and Pathway Analysis
The rumen epithelium is part of a remarkable system that is meant to facilitate
nutrient absorption and to function as a barrier to disease-causing organisms.(Henrikson
et al., 1971). The molecular mechanisms responsible for the effects of rumen recovery or
adaptation following SARA-mediated epithelial damage have not been determined. In
addition, since butyrate has been shown to be beneficial in models of gastrointestinal
disease in a variety of species (Borthakur et al., 2008; Hamer et al., 2008; Huuskonen et
al., 2004; Segain et al., 2000; Thibault et al., 2010), we sought to determine the efficacy
of exogenous butyrate administration by studying changes in rumen epithelial gene
expression. To this end, a microarray analysis followed by qRT-PCR confirmation was
completed based on information from existing databases to determine the importance of
any affected metabolic pathways at the molecular level. In this study it was found that
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the observed changes in gene expression could be grouped into three categories: 1.
NSHD genes (LCN2, MMP1, MUC16, GPX2, CSTA, FUT1, SERPINE2, PARD6B,
ADA, HPGD, and TCHH), 2. RM Genes (BCAM, RAC3, MTOR, ACVR2A, LAMB1,
FRS2, PPARD, DEDD2, and BMP6), and 3. Genes involved in the IR (NFKBIZ,
NFKB2, LBP, NEDD4L, MAP3K8, and PLIN2). The individual genes, gene expression,
role, and contextual meaning are presented in Table 4.6.
NSHD genes are involved in conferring general protection to the organism and
can take the form of increased barrier integrity, mucin production, and reduced pathogen
viability or attachment (Canonica, 2005). For example, by acting to sequester soluble
Fe3+ from microbial siderophores, increased LCN2 expression can reduce the rate of
microbial growth (Flo et al., 2004; Schmidt-Ott et al., 2007). Increased CSTA and GPX2
expression promote the maintenance and integrity of epithelial tight junctions (Blaydon et
al., 2011) and limit the damaging effects of reactive oxygen species secreted by
microorganisms (Brigelius-Flohe et al., 2012). As such, they prevent the infiltration of
potentially pathogenic bacteria into the deeper epithelial layers.

Mucous layers are

known lubricating barriers in epithelial cells and are a necessary component in the
prevention of pathogen attachment (Perez et al., 2008). FUT1 is an epithelial cell-surface
receptor for pathogenic strains of E. coli and changes in its expression are thought to
modulate pathogen attachment to epithelial cells (Wang et al., 2012; Yan et al., 2003) as
is the expression of SERPINE2 (Luo et al., 2011). MUC16 which was highly elevated in
this study is a glycosylated matrix protein known to provide a protective role in epithelial
tissues (Perez et al., 2008).

PARD6B is one of a group of genes responsible for

attachment and polarity of epithelial cells to basolateral membranes (Suzuki et al., 2001).
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In this study, PARD6B was downregulated which is in agreement with Gao et al, (2002)
who found an inverse correlation between PARD6B expression and tight junction
integrity.

ADA is a ubiquitous enzyme which is needed for the development and

maintenance of the immune system (Wilson et al., 1991).

In studies where ADA

expression was repressed or suppressed entirely, the immune response was limited and
under full suppression, forms the biological basis for severe combined immunodeficiency
(SCID) mice (Martin et al., 1981; Wilson et al., 1991). ADA was reduced in our study
helping to reduce the extent and severity of the immune response. HPGD, an enzyme
responsible for prostaglandin metabolism, was reduced in our study. Prostaglandins can
have diverse roles depending on the presence of disease. For example, cyclooxygenase-1
(COX1) is constitutively expressed in a normal gastrointestinal tract and is responsible
for the expression of protective prostaglandins, namely PGE2. COX2 is inducible and its
expression rapidly increases in response to pathogenic stimuli (Cho et al., 2006; Wallace,
2008). It follows then that the lower expression of HPGD seen in this study can lead to
protective effects in the rumen by controlling inflammation and helping to maintain
levels of COX1 metabolites.
Genes involved in remodelling or adaptations are those that are responsible for the
degradation of the extracellular matrix, its reorganization, cellular movement, signalling,
and adaptation to new metabolic requirements. The particulars of ECM reorganization
with respect to wound healing have been previously reviewed (Schreml et al., 2010b).
Briefly, ECM reorganization follows a tightly choreographed series of events initiated by
the degradation of existing ECM proteins, followed by clearance, the deposition of a new
matrix milieu, and proliferation and differentiation of epithelial cells favouring the new
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conditions.

MMP1 (+21.6) is a matrix metallopeptidase secreted by sub-epithelial

fibroblasts in response to the need for a rearrangement of extracellular architecture in
response to injury, growth, or adaptation (Birkedal-Hansen et al., 1993; Pendas et al.,
1997; Pendas et al., 1996). These events involve a wide variety of genes. In this study,
BCAM (a receptor for matrix proteins) was elevated in addition to RAC3, which together
aid in the remodelling process (Eyler et al., 2006; Haataja et al., 2002). It is unknown
how long the early phases of remodeling occur in rumen epithelium. However, evidence
from this study suggests that on the day the biopsies were taken for analysis, the animals
were still in the early phase of remodeling. This can be seen in the downregulation of
LAMB1 (Taniguchi et al., 2009), BMP6 (Kaiser et al., 1998), ACVR2A (Lebrun et al.,
1999; Tsuchida et al., 2004), PPARD (Tan et al., 2007), TCHH (Steinert et al., 2003), and
in the downregulation of MTOR, which has been shown to be necessary for ECM
degradation (Ong et al., 2007; Sarbassov et al., 2004). In a similar fashion, FRS2, which
plays an integral role in cellular adhesion and growth (Norambuena et al., 2011; Ong et
al., 2000), was downregulated and thus likely contributed to the degradation and
reorganization of the ECM. Finally, during the adaptive process, recovering healthy
epithelium is induced to proliferate.
downregulated in this study.

An anti-proliferative factor, DEDD2 was

Apoptosis is usually seen in polymorphonuclear cells

following the inflammatory phase of wound healing in skin models (Eming et al., 2007;
Lee et al., 2002).
IR genes are general indicators of immune system status and stimulation. Indeed,
a continued and prolonged immune response such as that seen in SARA, can be
detrimental to the growth and maintenance of an organism. In fact, the partitioning of
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nutrients for the execution of an immune response is well known (Dionissopoulos et al.,
2001; Li et al., 2006; Meazza et al., 2004). One of the most important ways in which
tissues regulate the immune response is through the activation or suppression of NF-κB
signalling pathways (Gilmore, 2006). In this study, all genes in the IR category were
downregulated by the addition of exogenous butyrate.

Most of these are upstream

effectors of NF-κB (AKIRIN2, NFKBIZ, NFKB2) (Al-Sadi et al., 2010; Cowland et al.,
2006; Goto et al., 2008; Totzke et al., 2006). Others such as LBP (- 2.0-fold), require
binding of free LPS to its receptor, TLR4 for downstream signalling events to take place
(Gray et al., 1993). In addition, Li et al (Li et al., 2011) were able to determine that
NEDD4L is a positive regulator of NF-κB which is in agreement with our results.
Similarly, the ability of MAP3K8 and PLIN2 to activate the NF-κB pathway has been
documented (Chan et al., 2005; Cismasiu et al., 2009; Mattos et al., 2010). These direct
relationships are supported by results presented here.
All expression data was compiled and analyzed for pathway interactions using the
Ingenuity Systems TM KEGG database (Tanabe et al., 2012; Zhou, 2013). As in Table
4.6, the PCR data was placed in the three functional categories of NSHD, RM, and IR
and hypothetical pathway diagrams were constructed for each based on experimental
findings of the response to LPS and exogenous butyrate following a grain challenge.
These figures clearly demonstrate the central role of butyrate in our experimental model.
Figure 4A indicates the beneficial effects of Butyrate on NHSD. Figure 4B represents
the effect of butyrate on the modulation of the rumen epithelial extracellular matrix
(ECM), and Figure 4C shows the downregulation of the immune response to LPS
following butyrate administration.

Butyrate has been well known as a histone
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deacetylase (HDAC) inhibitor and its effects in attenuating inflammatory conditions have
been hypothesized to be the result of modulation of the NF-κB signalling cascade at
multiple levels (Miyoshi et al., 2011). TLR4/NF-κB controls the expression of many
inflammatory genes (Figure 1C), and so it makes sense that it can serve as a control point
for limiting the IR (Suuronen et al., 2003). Indeed, several studies have reported a
decrease in the TLR4/NF-κB response to LPS following butyrate administration
(Huuskonen et al., 2004; Wu et al., 2012). In addition to reductions in NF-κB family
genes, we propose that butyrate limits the extent of the immune response to LPS by
reducing the expression of additional genes shown to be effectors of the IR. Although we
have placed the effects of butyrate in three different categories, it was our intent to
demonstrate that butyrate mediates its beneficial effects through the differential
expression of multiple genes related to NSHD, remodelling, and the IR within epithelial
cells exposed to LPS.
To our knowledge, this type of analysis has not been conducted on rumen
epithelium adapting to an acidotic diet in response to exogenous butyrate. As with any
new therapeutic intervention, it is not known if its administration will have negative
effects on the well-being on the host. This type of approach allows the quantification of
such findings and demonstrates the viability of butyrate supplementation in the treatment
of SARA in response to a high grain/high energy diet.
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4.6. Conclusion
Although the data presented here indicated that butyrate supplementation had
little effect on milk parameters and pH, it can be seen that the extent of the immune
response in SARA is further limited by reductions in the expression of the acute phase
protein, LPS.

In addition, gene expression data clearly shows the enhancement of

preparative and compensatory mechanisms in SARA facilitated by butyrate.

The

advanced pathways explored here represent potential biomarkers and indicate the
pervasive and yet benign nature of butyrate supplementation.

It can be seen that

exogenous butyrate reduces the expression of key inflammatory markers, enhances nonspecific cellular defences to microorganisms, and the remodelling of the ECM to favour
adaptation to a high grain/high energy environment.
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Table 4.1. Diet fed to lactating Holstein dairy cows with or without
supplemental butyrate.
Ingredient

%DM

Corn silage

22.9

Haylage, 1st cut

22.9

Straw

5.1

High moisture corn

16.7

Protein supplement

15.8

Grain supplement

16.4

Barley grain

60.0

Corn grain

20.0

Wheat grain

20.0

Formulated (Calculated) Analysis
DM, %

52.6

CP, % of DM

15.9

EE, % of DM

3.4

Starch, % of DM

24.5

NDF, % of DM

33.7

Forage NDF, %NDF

75.2

NFC, % of DM

44.0
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Table 4.2. Rumen SCFA, plasma BHBA, plasma LBP, rumen LPS, and SAA concentrations
with (Butyrate group) or without (Control group) 2.5% butyrate, DMI. Values are expressed as
means ± SEM; n = 8 per Control or Butyrate group. P values represent comparison between
treatments on individual days.
Day 1

Day 7

P value

Control

Butyrate Control

Butyrate SEM

Day 1

Day 7

Total SCFA
(mM)

78.87

92.76

81.82

87.59

4.51

0.04

0.37

Acetate

38.20

40.40

39.20

36.40

1.90

0.41

0.31

Propionate

25.80

23.90

27.70

24.40

2.70

0.62

0.40

Isobutyrate

1.70

2.20

2.50

1.90

0.29

0.23

0.18

Butyrate

9.88

22.60

8.60

21.60

0.94

≤0.0001 ≤0.0001

Isovalerate

1.02

1.21

1.12

1.06

0.08

0.11

0.62

Valerate

2.27

2.51

2.67

2.27

0.24

0.50

0.26

BHBA (μM)

909

4201

799

3261

265

≤0.001

≤0.001

LBP (μg/mL)

6.68

6.80

6.91

7.93

0.29

0.766

0.024

LPS (EU/mL)

52723

28892

14425

7517

8485

0.057

0.570

SAA (ng/mL)

305

322

358

384

27

0.67

0.51
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Table 4.3. Effect of butyrate on rumen pH in Holstein cows with (Butyrate
group) or without (Control group) butyrate supplementation at 2.5% DMI.
Time in minutes/day; AUC = area under the curve in pH ≤ 5.6 x
minutes/day.
Treatment

Butyrate

Control

P value

Min

5.20 ± 0.05

4.96 ± 0.09

0.04

Mean

5.67 ± 0.04

5.66 ± 0.06

0.89

Max

6.36 ± 0.11

6.55 ± 0.16

0.27

Time pH ≤ 5.6

536 ± 89

598 ± 97

0.65

AUC

87 ± 26

168 ± 40

0.11
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Table 4.4. Dry matter intake, daily milk production, and daily milk production ratio.
*The milk production ratio is adjusted for variations in dry matter intake related to
treatment effects and indicates that the butyrate group was more efficient in the
production of milk than was the control group.
Control Butyrate SEM

P-value

Dry Matter Intake, DMI (kg/day)

24.40

17.41

0.77

≤0.0001

Daily Milk, DMP Production (kg/day)

41.93

34.74

2.50

0.0617

Daily Milk Production Ratio, MPR
(DMP/DMI)*

1.67

1.96

0.09

0.0354
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Table 4.5. Relative gene expression in rumen papillae from cows treated with or without butyrate.
Symbol

Entrez Gene Name

Fold Change

P-value

LCN2

lipocalin 2

27.0

0.000

MMP1

matrix metallopeptidase 1

21.6

0.002

MUC16

mucin 16, cell surface associated

14.9

0.001

GPX2

glutathione peroxidase 2 (gastrointestinal)

10.4

0.000

CSTA

cystatin A (stefin A)

7.1

0.000

FUT1

fucosyltransferase 1

4.3

0.000

SERPINE2

serpin peptidase inhibitor, clade E member 2

3.7

0.000

BCAM

basal cell adhesion molecule

1.5

0.006

RAC3

ras-related C3 botulinum toxin substrate 3

1.4

0.044

MTOR

mechanistic target of rapamycin

-1.4

0.027

AKIRIN2

akirin 2

-1.7

0.000

NFKBIZ

nuclear factor of kappa light polypeptide gene enhancer inhibitor zeta

-1.7

0.001

ACVR2A

activin A receptor, type IIA

-1.7

0.001

LAMB1

laminin, beta 1

-1.7

0.020

FRS2

fibroblast growth factor receptor substrate 2

-1.8

0.001

PPARD

peroxisome proliferator-activated receptor delta

-1.8

0.000

NFKB2

nuclear factor of kappa b light polypeptide gene enhancer 2

-2.0

0.001

LBP

lipopolysaccharide binding protein

-2.0

0.006

NEDD4L

E3 ubiquitin protein ligase

-2.1

0.000

SGK1

serum/glucocorticoid regulated kinase 1

-2.3

0.001

DEDD2

death effector domain containing 2

-2.6

0.000

MAP3K8

mitogen-activated protein kinase kinase kinase 8

-2.6

0.001

PARD6B

par-6 partitioning defective 6 homolog beta

-2.6

0.000

PLIN2

perilipin 2

-2.9

0.000

ADA

adenosine deaminase

-3.3

0.000

HPGD

hydroxyprostaglandin dehydrogenase 15-(NAD)

-3.3

0.000
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FMO5

flavin containing monooxygenase 5

-3.4

0.000

BMP6

bone morphogenetic protein 6

-3.7

0.000

TCHH

Trichohyalin

-5.0

0.000

CD14/TLR4/LY96

TLR4 Receptor Complex

unchanged

ns

EGF

epidermal growth factor

unchanged

ns

EGFR

epidermal growth factor receptor

unchanged

ns

ERK1/2

extracellular signal related kinase 1/2

unchanged

ns

Fgf

fibroblast growth factor

unchanged

ns

Fgfr

fibroblast growth factor receptor

unchanged

ns

FN1

fibronectin 1

unchanged

ns

IGFBP7

IGF binding protein 7

unchanged

ns

IL10

interleukin 10

unchanged

ns

LY96

lymphocyte antigen 96

unchanged

ns

MIF

macrophage migration inhibitory factor

unchanged

ns

MLST8

MTOR associated protein

unchanged

ns

NFKB1

nuclear factor of kappa light polypeptide gene enhancer 1

unchanged

ns

PTGS1

prostaglandin-endoperoxide synthase 1

unchanged

ns

PTGS2

prostaglandin-endoperoxide synthase 2

unchanged

ns

SMAD1

mothers against decapentaplegic homolog 1

unchanged

ns

STAT6

signal transducer and activator of transcription 6, interleukin-4 induced

unchanged

ns

TGFB1I1

transforming growth factor beta-1-induced transcript 1

unchanged

ns

TLR4

toll-like receptor 4

unchanged

ns

TNFRSF6B

Tumor necrosis factor receptor superfamily member 6B

unchanged

ns
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Table 4.6. Gene expression results and interpretation. *Biological interpretation in lieu of experimental model. Abbreviations: NSHD,
non-specific host defense; Remodel, remodeling of cellular architecture; Other, non-categorized; IR, immune response; ECM, extracellular
matrix; ROS, reactive oxygen species; PG, prostaglandins; NF-κB, nuclear factor kappa B; TGF-β, transforming growth factor type beta;
TLR4, toll-like receptor 4.
Category

Symbol

Fold

Contextual

Change

Meaning*

Function

Ref.
(Flo et al., 2004; SchmidtOtt et al., 2007)

NSHD

LCN2

Iron sequestration from bacteria

27.0

↓ bacterial growth

RM

MMP1

ECM remodeling; degradation of ECM

21.6

Adaptation

NSHD

MUC16

Mucous production and protection of epithelium

14.9

↓ bacterial attachment

(Perez et al., 2008)

NSHD

GPX2

Protection against bacterial production of ROS in rumen

10.4

↓ bacterial attachment

(Brigelius-Flohe et al.,
2012)

NSHD

CSTA

Promotes cell-cell adhesion

7.1

↓ bacterial pathogenicity

(Blaydon et al., 2011)

NSHD

FUT1

Regulates pathogen attachment to epithelium

4.3

↓ bacterial attachment

(Wang et al., 2012; Yan et
al., 2003)

NSHD

SERPINE2

Serine protease providing resistance to bacterial colonization

3.7

↓bacterial attachment

(Luo et al., 2011)

RM

BCAM

ECM receptor

1.5

Adaptation

(Eyler et al., 2006)

RM

RAC3

Cell growth, reorganization of the cytoskeleton

1.4

Adaptation

(Haataja et al., 2002)

RM

MTOR

Various; reorganization of the cytoskeleton

-1.4

Adaptation

(Sarbassov et al., 2004)
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(Pendas et al., 1996)

IR

AKIRIN2

Downstream TLR4 effector; regulates NF-κB

-1.7

Adaptation ↓IR

(Goto et al., 2008)

IR

NFKBIZ

NF-κB regulator

-1.7

Adaptation ↓IR

(Cowland et al., 2006;
Totzke et al., 2006)

RM

ACVR2A

Reorganization of the cytoskeleton; downregulates immune response

-1.7

Adaptation ↓IR

(Lebrun et al., 1999;
Tsuchida et al., 2004)

RM

LAMB1

ECM protein necessary for signaling and structural integrity

-1.7

Adaptation

(Taniguchi et al., 2009)

RM

FRS2

ECM reorganization; FGF receptor signalling

-1.8

Adaptation

(Ong et al., 2000)

RM

PPARD

ECM reorganization

-1.8

Adaptation

(Tan et al., 2007)

IR

NFKB2

NF-κB regulator

-2.0

Adaptation ↓IR

(Al-Sadi et al., 2010)

IR

LBP

Mediator of LPS activity

-2.0

Adaptation ↓IR

(Gray et al., 1993)

IR

NEDD4L

Negative regulator of TGF-β signaling

-2.1

Adaptation ↓IR

(Kuratomi et al., 2005)

Other

SGK1

Na+ channel regulator

-2.3

Unknown

(Grahammer et al., 2006)

RM

DEDD2

ECM/cellular remodeling; low levels decrease apoptosis

-2.6

Adaptation

(Lee et al., 2002)

IR

MAP3K8

Various; low levels decrease immune response

-2.6

Adaptation ↓IR

NSHD

PARD6B

Cell polarization; low levels may increase tight junction integrity

-2.6

Adaptation

IR

PLIN2

Maintenance of adipose tissue; may decrease macrophage recruitment

-2.9

Unknown ↓IR

(Hao et al., 2011)

NSHD

ADA

Maintenance of the immune system

-3.3

Adaptation ↓IR

(Wilson et al., 1991)

NSHD

HPGD

Metabolism of PG; low levels maintain protective PG

-3.3

Adaptation
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(Hatziapostolou et al.,
2011; Miyoshi et al.,
1991)
(Yamanaka et al., 2003)

(Cho et al., 2006)

Other

FMO5

Metabolism of drugs, pesticides, xenobiotics

-3.4

Unknown

(Janmohamed et al., 2001)

RM

BMP6

Matrix growth factor; low levels may aid reepithelialisation

-3.7

Adaptation

(Kaiser et al., 1998)

NSHD

TCHH

Keratin filament-associated protein; low levels prevent rigidity of ECM

-5.0

Adaptation

(Steinert et al., 2003)
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(A)

(B)
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(C)

Figure 4.1. Context-specific pathway analysis of genes upregulated (green) or
downregulated (red) due to the addition of exogenous butyrate at 2.5% DMI. Panels A,
B, and C represent genes involved in Non-Specific Host Defense (NSHD), remodeling,
or the Immune Response (IR) respectively. Genes coloured gray indicate no change while
those in white are present as proposed pathway intermediates where necessary, but were
not represented in the analysis
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CHAPTER 5. GENERAL DISCUSSION
One of the questions raised by this thesis was whether the immune system is
involved in the molecular-based adaptations to SARA. It was assumed that since SARA
produces typical wounding lesions, and that the immune system is involved in the process
of wound healing, then some degree of immune system contribution to these events takes
place. Indeed, our laboratory showed recently that upon the addition of high grain
supplements to cows, significant morphological changes (epithelial sloughing, tight
junction reinforcement) had ocurred, suggestive of a healing process (Dionissopoulos et
al., 2012a; Dionissopoulos et al., 2012b; Steele et al., 2009; Steele et al., 2011a; Steele et
al., 2011b). The issue was to make the distinction between a normal physiological
adaptive process and wound healing following an immunological insult and to determine
if the addition of exogenous butyrate could attenuate these negative effects of high grain
diets following the diagnosis of SARA.

5.1. Immune System Involvement in SARA

The first two experiments of this thesis were instrumental in determining the
extent of immune system involvement in the pathogenesis of SARA. This was because
they allowed repeated measurements to be made on indicators of immune system
stimulation in a model which compared a high fibre diet to a high grain diet, which is
known to induce acidotic lesions in ruminants. In addition, the first experiment perfomed
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analyses in non-lactating and non-pregnant dairy cows, while the second study looked at
the same effects in their lactating dairy counterparts. As this was the first in a series of
experiments on SARA, we did not want to impose the additional stresses of pregnancy
and lactation on these cows, due to the severity of the protocol.

Moreover, the

immunosuppressive nature of pregnancy in such cows has been known for some time
(Fisher et al., 1985), so the introduction of confounding variables would not have been
ideal. Indeed, it was determined that this was the only way to sort out the effects of a
high grain diet from the stresses of pregnancy, for example, the variations in the
hypothalamic-pituitary-adrenal axis (Bilby et al., 2004; Perry et al., 2002). In these
datasets, the levels of local inflammatory markers such as NFATc2 and TNF-α were
downregulated, and IL-1 was upregulated, as was LPS due to SARA. These effects
indicate that although detectable, their relative expression differences were not indicators
of a generalized immune response to a pathogen, as other studies note a marked burst of
pro-inflammatory cytokine release during such an event (Barrientos et al., 2008;
Cuschieri et al., 2004; Eming et al., 2007).
Laminin β1 and collagen IV are key components of the extracellular matrix
during normal conditions and their expression decreases during remodelling and latephase inflammation (Schultz et al., 2009). Such changes are common and the relative
composition of ECM components can change depending on the nature and condition of
the environmental stimuli immediately surrounding their architecture. In Chapter 2 and
3, laminin β1 and collagen IV decreased in the ruminal epithelium during the first week
following exposure to a high grain diet, consistent with published reports on the relative
changes of ECM components during remodelling (Guo et al., 2010; O'Brien et al., 2002).
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We reported increases in LPS without concommittant increases in plasma LBP
due to treatment. Although considered to be an acute phase protein during systemic
inflammatory events, LBP levels may not necessarily reflect changes in LPS (Anisimova
et al., 2011). In the absence of significant levels of circulating LPS, the level of LBP
may rise or may remain steady, acting as a mobile receptor and therefore a sink for
transmigratory LPS. Since we did not detect plasma changes in LBP, we conclude that
although epithelial damage was seen in this model of SARA, no transmural migration of
LPS occurred and hence did not stimulate a systemic inflammatory response. It is
concluded therefore, that despite modest immune system involvement in the adaptation to
SARA, the degree to which a concerted inflammatory response orchestrated subsequent
healing events in the ruminal epithelium is indeed minimal. As we reported in Chapter 4
however, significant changes to mechanisms involved in prolonging the immune
response were significantly reduced, and factors which help mediate remodelling and
non-specific host defenses are enhanced.

5.2. Enhancing Rumen Epithelial Adaptation to SARA with Exogenous Butyrate

In Chapter 4 cows were fed a diet known to induce SARA and exogenous
butyrate was applied as a therapeutic agent to determine if genomic and metabolic
changes could be detected as indicators of its effectiveness.
We did not see any changes in milk fat, protein, or milk production, despite
increases in plasma BHBA and ruminal butyrate levels. The high levels of plasma
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BHBA and ruminal butyrate levels indicate that butyrate and its metabolites were being
adequately transported across the epithelium.

The levels of plasma BHBA were

consistent with a diagnosis of ketosis (Duffield, 2000; Duffield et al., 1997), which
correlated with our observation of decreased dry matter intake.
Chapter 4 indicated that there did not seem to be an appreciable acute phase
response as no change in blood SAA or ruminal LPS was detected. This is a beneficial
result as it may indicate that there was a decrease in the potential for LPS transmigration
despite unchanged LPS levels. As mentioned earlier, high levels of LBP may indicate a
decrease in the presence of LPS.

LBP is a mobile receptor for LPS and as such

sequesters the free form from the circulation. It is conceivable then that high levels of
LBP are correlated with low levels of LPS due to exogenous butyrate treatment in our
model of SARA.
The reason for a lack of an acute inflammatory response that accompanies typical
wound healing events becomes even clearer when an examination of the effects of
butyrate supplementation on the immune response is examined.

In this study, the

transcriptomic reaction to butyrate supplementaton on inflammation revealed modulation
of key signalling pathways resulting in a reduction in the magnitude of the proinflammatory response. This finding supports those of the first two experiments where
the emphasis of adaptation to a high grain diet was placed on remodelling rather than
inflammation. This exaggerated response due to butyrate treatment is made obvious by a
decrease in key inflammatory response genes and an increase in genes involved in
remodelling. In addition, this final experiment demonstrated that the transcription of
genes involved in reinforcing non-specific host defenses was significantly increased.
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Together, the beneficial effects of exogenous butyrate administration to SARA cows are
clearly demonstrated.

5.3. Conclusions

The main objectives of this thesis were to assess the extent of immmune system
stimulation and wound healing in SARA and to determine whether supplemental butyrate
would alleviate detrimental effects of chronic inflammation and acidosis and enhance
healing in the rumen epithelium. The first two experiments (Chapters 2 and 3) indicated
that the extent of immune system involvement in the adaptation to high grain diets was
minimal and that these changes accompanied differences in extracellular matrix protein
expression analagous to existing observations on wound healing. The last experiment
(Chapter 4) demonstrated that not only was butyrate a viable therapeutic intervention for
the treatment of SARA, but experimental pathways were suggested which linked the
results to gene expression.

5.4. Future Directions

In recent years, much literature has been published on the effects of high grain
diets on metabolic consequences.

However, only recently has this repertoire been

supplemented by studies examining genomic changes as a result of disease. To our
knowledge, this was the first study to characterize the extent of immune system
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involvement in SARA and the successful application of this class of therapeutic agent in
its treatment. The results presented here are a starting point for future studies where
opportunities exist to explore the direct effect of treatments for SARA. For example,
many potential control points and pathways were presented, any one of which could
represent treatments for inflammatory conditions such as inflammatory bowel disease and
metabolic disorders such as dyslipidemia. Here, we presented data substantiating the
hypothesis regarding the effects of butyrate on gene expression. However, we used only
one dosage of butyrate which was based upon previous studies where butyrate was
infused into the rumen.

No dose response for butyrate on gene expression was

established, and so this would be good starting point for future work in this area. As with
any applied therapy, a side effect and safety profile must be established prior to its
acceptance into the general therapeutic interventional repertoire of practitioners.
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Appendix 1. Primer design for qRT-PCR analysis. Primer efficiency was calculated
using the formula E = -1 + 10(-1/slope) x 100; the slope was derived from the PCR 5point standard curve (R2 ≥ 0.99).
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Appendix 2. List of the top differentially-expressed genes from the microarray screen.
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ENSBTAT00000035892
ENSBTAT00000008911
ENSBTAT00000014489
NM_001080309
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pvalue(treatment)
6.13064E-08
4.17465E-08
2.30141E-07
2.07329E-07
1.54066E-07
1.37196E-07
3.62057E-07
3.45011E-07
3.61847E-07
4.30278E-07
5.73959E-07
8.64388E-07
8.87102E-07
8.47245E-07
1.02371E-06
1.12062E-06
1.43722E-06
1.27379E-06
1.43483E-06
1.39112E-06
1.52724E-06
1.66647E-06
1.71691E-06
1.99822E-06
1.95698E-06
2.12197E-06
2.21872E-06
2.4385E-06
2.88657E-06
3.11117E-06
3.11123E-06
2.81313E-06
3.2125E-06
3.84237E-06
3.61805E-06
3.74811E-06
3.84785E-06
4.17472E-06

Stepup(pvalue(treatment))
0.000820678
0.000820678
0.00102693
0.00102693
0.00102693
0.00102693
0.00107704
0.00107704
0.00107704
0.00115198
0.00139697
0.00169646
0.00169646
0.00169646
0.00182719
0.00187515
0.00192394
0.00192394
0.00192394
0.00192394
0.00194708
0.00199856
0.00199856
0.00213993
0.00213993
0.00218506
0.00220007
0.00233164
0.00244991
0.00244991
0.00244991
0.00244991
0.00245738
0.0026415
0.0026415
0.0026415
0.0026415
0.00272609

LOC539067
MLST8
CYP51A1
LOC614478
MIF
FAM13A1
PAPSS2
USP2
LOC514364
DRG2
EIF4H
GTF3C6
ARNT
GNS
NCLN
QSOX1
DDIT4
SERPINE2
TRPM6
ACAT1
ATIC
LOC525947
NOV
CYP1A1
PSME4
EPCAM
ETFA
INSIG1
ENO1
ARHGDIA
RMND5A
RCC1
MGC134282
RRM2
CCT7
COG4
ANKRD22
PKM2
LMNB1
NEDD4L
PLIN2

BC149364
NM_001035411
NM_001025319
ENSBTAT00000004199
NM_001033608
NM_174692
NM_001076075
NM_001046263
ENSBTAT00000061546
NM_001014865
NM_001075752
ENSBTAT00000022058
NM_173993
NM_001075562
NM_001075955
NM_001102074
NM_001075922
NM_174669
ENSBTAT00000046932
NM_001046075
NM_001075254
NM_001046279
NM_001102382
ENSBTAT00000061300
ENSBTAT00000027001
NM_001035290
NM_001075822
NM_001077909
NM_174049
NM_176650
ENSBTAT00000028174
NM_001105408
NM_001038581
ENSBTAT00000010802
NM_001046171
NM_001034583
NM_001081579
BT030503
NM_001103295
ENSBTAT00000018334
NM_173980
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4.65656E-06
4.63415E-06
4.86643E-06
5.06712E-06
4.96419E-06
5.6883E-06
5.67188E-06
5.70169E-06
6.60452E-06
7.03079E-06
7.20885E-06
7.57801E-06
8.23785E-06
8.29605E-06
7.81147E-06
8.34559E-06
8.7457E-06
8.85443E-06
8.79154E-06
9.4093E-06
9.37799E-06
9.61349E-06
9.61295E-06
9.7786E-06
0.00001047
1.10246E-05
1.09263E-05
1.07839E-05
1.11852E-05
1.14361E-05
1.15464E-05
1.25908E-05
1.34551E-05
1.34675E-05
1.37286E-05
1.40417E-05
0.000014299
1.49458E-05
1.53423E-05
1.58965E-05
0.000015878

0.0028993
0.0028993
0.00294917
0.00294917
0.00294917
0.00311533
0.00311533
0.00311533
0.00353646
0.00369089
0.00371159
0.00382804
0.00385235
0.00385235
0.00385235
0.00385235
0.00388622
0.00388622
0.00388622
0.00389973
0.00389973
0.00389973
0.00389973
0.0039075
0.00412224
0.0041572
0.0041572
0.0041572
0.00415919
0.00417747
0.00417747
0.00443545
0.00462262
0.00462262
0.00465259
0.00469923
0.00472625
0.00487979
0.00494891
0.00500702
0.00500702

DKC1
LOC523874
MGC165715
MUC16
FHL1
GPI
MAP1LC3A
NIPAL3
RASSF3
STAT6
TMSB4X
GYG2
KLHL7
PSTK
ABHD12
SAT1
NOP14
PORCN
RNF34
SGK1
TMEM17
PRSS53
FAM108B1
PANX1
SLC25A33
RCBTB2
DHX9
ETFDH
FRS2
RPIA
TTBK2
CHD3
MLXIPL
EWSR1
TCHH
LOC100298629
TMSB4X
BCAM
FMO5
PARD6B
MAPRE3

NM_001105395
ENSBTAT00000007791
NM_001102129
FN600737
NM_001113259
NM_001040471
NM_001046175
NM_001193122
NM_001192886
ENSBTAT00000008311
NM_001002885
ENSBTAT00000017744
NM_001076037
BC151821
NM_001078116
NM_001034333
NM_001098996
NM_001101208
NM_001014858
NM_001102033
NM_001083433
ENSBTAT00000044725
NM_001101278
HM036582
NM_001076002
NM_001192991
NM_174036
NM_001077130
ENSBTAT00000025495
NM_001035433
ENSBTAT00000008483
ENSBTAT00000019119
ENSBTAT00000012060
NM_001109800
ENSBTAT00000004040
XM_002689166
NM_001113231
NM_174741
NM_001101304
NM_001098104
NM_001075917
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1.61733E-05
0.000016522
0.000016377
1.71715E-05
1.89286E-05
1.91939E-05
1.92936E-05
1.80607E-05
1.85743E-05
1.80802E-05
1.90144E-05
1.99272E-05
1.99135E-05
1.97095E-05
2.03784E-05
2.07515E-05
2.17589E-05
2.17476E-05
2.10494E-05
2.13604E-05
2.17783E-05
2.20115E-05
2.29201E-05
2.34561E-05
2.36029E-05
2.39783E-05
2.54018E-05
2.53237E-05
2.50041E-05
2.49247E-05
0.000024761
2.56695E-05
2.64106E-05
2.82048E-05
2.91182E-05
3.09839E-05
3.15188E-05
0.000033847
3.44585E-05
3.53891E-05
3.60478E-05

0.00502662
0.00502662
0.00502662
0.00516554
0.00527955
0.00527955
0.00527955
0.00527955
0.00527955
0.00527955
0.00527955
0.00528229
0.00528229
0.00528229
0.00534893
0.00539397
0.0053988
0.0053988
0.0053988
0.0053988
0.0053988
0.00540655
0.00557854
0.00564215
0.00564215
0.00568115
0.00576341
0.00576341
0.00576341
0.00576341
0.00576341
0.00577521
0.00589243
0.00621395
0.00633805
0.00668978
0.00675082
0.00713532
0.00720748
0.00734475
0.00736723

MINA
FRY
P2RY6
ITFG3
FKBP14
HCFC2
WDR19
HPGD
LOC515877
DUOXA2
GNA13
KLHDC3
PHF13
RBM19
SMYD2
SNN
TRERF1
WIPI2
ATP1B1
GPX2
KCNG3
NCOA4
RDH11
DEDD2
MEF2D
COPG
DMKN
TSC22D2
FBXO33
PFKFB4
SNRPD3
PER1
ACADS
ATF5
CA12
KCTD9
RAB11A
SLC27A2
ADA
AGPAT3
AKIRIN2

NM_001015675
ENSBTAT00000035734
NM_001192295
NM_001075318
NM_001076391
NM_001192948
ENSBTAT00000019294
NM_001034419
ENSBTAT00000004108
ENSBTAT00000021606
XM_002696232
NM_001014966
ENSBTAT00000020441
NM_001045955
NM_001076364
NM_001113722
ENSBTAT00000020376
NM_001046129
NM_001035334
NM_001163139
ENSBTAT00000046307
NM_001075868
ENSBTAT00000002535
NM_001076017
XM_002685968
NM_001037815
NM_001082463
NM_001144101
ENSBTAT00000008982
NM_001192835
NM_001076479
ENSBTAT00000005076
NM_001034401
NM_001192422
ENSBTAT00000025837
NM_001102269
NM_001038162
NM_001192863
NM_173887
NM_001038046
NM_001110087
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3.59996E-05
3.66518E-05
3.69877E-05
0.000037717
3.83798E-05
3.88457E-05
3.99709E-05
4.14137E-05
4.24898E-05
4.62109E-05
4.65805E-05
4.46767E-05
4.61188E-05
4.68938E-05
0.000045331
4.52611E-05
4.51819E-05
4.42903E-05
4.73046E-05
0.000048836
0.000048966
4.89561E-05
5.05121E-05
5.15629E-05
5.26446E-05
5.31147E-05
5.39439E-05
5.37154E-05
5.59194E-05
5.56314E-05
5.52414E-05
5.80614E-05
5.95123E-05
6.06031E-05
5.97282E-05
5.99562E-05
6.02697E-05
6.00795E-05
6.35303E-05
6.28432E-05
6.28987E-05

0.00736723
0.00739009
0.00739009
0.00747998
0.00755546
0.00759135
0.00775464
0.00797676
0.00812557
0.00836993
0.00836993
0.00836993
0.00836993
0.00836993
0.00836993
0.00836993
0.00836993
0.00836993
0.00838733
0.00851277
0.00851277
0.00851277
0.0087249
0.00884931
0.00897742
0.00900026
0.00902651
0.00902651
0.00918485
0.00918485
0.00918485
0.00942108
0.00948846
0.00948846
0.00948846
0.00948846
0.00948846
0.00948846
0.00949223
0.00949223
0.00949223

BLM
BRD3
CA4
CPSF3L
CREBL2
ENTPD5
LEO1
MGC148679
MTHFD1L
PER2
RNF145
SLC22A5
SLC26A3
TGDS
TNFRSF6B
ARL6
KCNK5
LOC540061
AKAP8
DHX57
CSTA
ACSS2
RFX3
LOC100336471
NR6A1
GOLGB1
IL28RA
ITPA
BREH1
CACNA2D1
EIF5
SRSF6
GCN1L1
ING3
INTS4
LRRC8E
MMP1
PLK2
PLLP
PRSS22
SMARCD1

ENSBTAT00000027057
NM_001076873
NM_173897
NM_001101108
NM_001076088
NM_001192752
NM_001082604
NM_001109790
NM_001076018
NM_001192317
NM_001102168
NM_001046502
NM_001083676
NM_001101159
NM_001101306
NM_001075782
ENSBTAT00000014756
NM_001046467
NM_001102072
ENSBTAT00000019540
NM_001167824
NM_001105339
ENSBTAT00000001085
XM_002687995
ENSBTAT00000052227
ENSBTAT00000011669
NM_001191497
NM_001076282
NM_001012287
ENSBTAT00000061175
NM_001193223
NM_001035272
ENSBTAT00000023117
NM_001192944
BC109487
ENSBTAT00000005636
NM_174112
NM_001192245
NM_001099123
ENSBTAT00000021967
NM_001038559
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6.73594E-05
6.73058E-05
6.32479E-05
6.76356E-05
6.16129E-05
6.63608E-05
6.66276E-05
0.000066842
0.000062706
6.46009E-05
6.72792E-05
6.48226E-05
6.38501E-05
6.70188E-05
6.20078E-05
6.92824E-05
6.86605E-05
6.89998E-05
6.98452E-05
7.01094E-05
7.25179E-05
7.55718E-05
7.62002E-05
7.71875E-05
7.72263E-05
7.92481E-05
7.91624E-05
7.88161E-05
8.01467E-05
7.98969E-05
8.40145E-05
8.38443E-05
8.81348E-05
8.50654E-05
8.78483E-05
8.68984E-05
8.81361E-05
8.62295E-05
8.54759E-05
8.72528E-05
8.78209E-05

0.00949223
0.00949223
0.00949223
0.00949223
0.00949223
0.00949223
0.00949223
0.00949223
0.00949223
0.00949223
0.00949223
0.00949223
0.00949223
0.00949223
0.00949223
0.0095123
0.0095123
0.0095123
0.00952812
0.00952812
0.00980567
0.0101673
0.0102005
0.0102355
0.0102355
0.0102996
0.0102996
0.0102996
0.0103162
0.0103162
0.0106603
0.0106603
0.0106772
0.0106772
0.0106772
0.0106772
0.0106772
0.0106772
0.0106772
0.0106772
0.0106772

SYNE1
CSRNP1
FCHSD1
NUP93
GAPDH
DDX39
AUH
ATP8A1
LOC781146
MYBBP1A
THG1L
ZFX
ZNF483
BPGM
MTHFD1L
PSAT1
C2CD2
SERPINB10
FAM117A
TSTA3
CDHR2
LOC789845
SMAD1
PPM1B
USP38
ACAD9
LOC505719
HSD17B11
IPMK
MCOLN1
TBX19
SEMA4G
LOC538580
MGC157368
TUFT1
LOC532081
SRSF1
PPTC7
PELI1
NLGN2
CDCA7

ENSBTAT00000012328
NM_001098035
ENSBTAT00000021194
NM_001098921
NM_001034034
NM_001034752
NM_001105436
NM_174838
NM_001080336
ENSBTAT00000009771
NM_001080233
NM_177490
NM_001105423
NM_001035402
NM_001076018
NM_001102150
NM_001192676
NM_001098925
NM_001101070
NM_001046139
NM_001192304
ENSBTAT00000027966
NM_001076223
NM_174430
NM_001102167
NM_001078076
NM_001045924
NM_001046286
NM_001035462
NM_001166132
NM_001075663
NM_001101117
BC134461
NM_001083801
NM_174479
ENSBTAT00000061569
NM_001076394
NM_001192610
NM_001078004
NM_001191242
NM_001037488
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8.73503E-05
8.88446E-05
8.96308E-05
9.02952E-05
0.00009126
9.20142E-05
9.38337E-05
9.57409E-05
9.70864E-05
9.57907E-05
9.72801E-05
9.71956E-05
9.60825E-05
9.82491E-05
9.93572E-05
9.92246E-05
0.000100687
0.000102049
0.000103331
0.000103428
0.000105074
0.000104486
0.000105198
0.000106613
0.000107132
0.000108044
0.000107636
0.000112547
0.000112848
0.000114552
0.000115137
0.000117117
0.000118463
0.000118301
0.000118743
0.000120214
0.00012022
0.0001207
0.000124129
0.000124821
0.000127228

0.0106772
0.0107146
0.0107609
0.0107923
0.0108591
0.0109004
0.0110559
0.0110829
0.0110829
0.0110829
0.0110829
0.0110829
0.0110829
0.0111459
0.0111769
0.0111769
0.011279
0.011384
0.0113954
0.0113954
0.0114027
0.0114027
0.0114027
0.0115094
0.0115191
0.0115246
0.0115246
0.0118948
0.0118948
0.012027
0.0120412
0.0122007
0.0122273
0.0122273
0.0122273
0.0122849
0.0122849
0.0122871
0.0125883
0.0126107
0.01271

MITF
FKTN
LRRC8D
OGFRL1
SLC25A21
PLD1
SMAD7
CLPTM1L
LIFR
S100A16
GABARAPL2
AGPAT9
FKBP10
LOC784440
POLR2A
IMPDH1
C23H6ORF105
SAP130
CYP26A1
GCNT3
SLC46A1
BCL10
FMO4
MAPK13
MRPL27
RTN4
GPSM2
LOC508439
REPS1
SPNS2
VPS52
ZDHHC3
CDC20
PRKCDBP
LAMC3
SCD
LASS3
PDXK
LOC513500
RBBP9
NKX2-3

NM_001001150
ENSBTAT00000013538
NM_001083741
ENSBTAT00000021778
NM_001015587
NM_001102001
NM_001192865
NM_001082426
NM_001192263
NM_001075218
NM_174675
NM_001192514
NM_001046403
ENSBTAT00000015513
XM_876181
NM_001077841
BC109489
ENSBTAT00000050755
NM_001101185
NM_205809
NM_001079585
NM_001078028
NM_001192230
NM_001014947
NM_001037453
NM_001113221
ENSBTAT00000022762
ENSBTAT00000042854
NM_001193011
ENSBTAT00000009765
NM_001193060
NM_001075278
NM_001082436
NM_001083401
ENSBTAT00000023245
NM_173959
NM_001099389
NM_001075651
BC149330
NM_001083424
NM_001034676
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0.000127172
0.000127879
0.000131354
0.000134213
0.000134859
0.000136175
0.000135916
0.000138335
0.00013781
0.000137941
0.00014167
0.000142536
0.000145319
0.000146542
0.000146718
0.00014742
0.000148193
0.000148671
0.000150385
0.000150309
0.000150995
0.000157041
0.000157069
0.000158105
0.000158584
0.000159964
0.000164752
0.000164562
0.000163853
0.000165055
0.0001634
0.000163554
0.000166621
0.000171113
0.000172022
0.000173588
0.000174762
0.000174552
0.000177065
0.000177321
0.0001782

0.01271
0.0127276
0.0130249
0.0132594
0.0132742
0.0133059
0.0133059
0.0133224
0.0133224
0.0133224
0.0135947
0.013629
0.0137965
0.0138313
0.0138313
0.0138487
0.0138689
0.0138689
0.0139317
0.0139317
0.0139399
0.0144014
0.0144014
0.0144414
0.0144414
0.0145177
0.0146325
0.0146325
0.0146325
0.0146325
0.0146325
0.0146325
0.0147226
0.0149713
0.0150018
0.0150892
0.0150932
0.0150932
0.0151674
0.0151674
0.0151941

PVRL2
STX16
ACO1
RABGEF1
ADAL
NDFIP2
FBXO8
BNIP3
LOC539246
FOXN1
PPP3CA
UBE2H
DCTD
LOC507513
MCRS1
WDR77
MPDU1
SFPQ
HMG20B
TSKU
STAT4
SRPX
PARVA
SCARB1
CPT1A
MAP3K6
NUMBL
STON2
MCM4
HNRNPM
PLCXD2
BET1
MRTO4
KDELR2
TXLNA
RAB7B
SEPT2
LOC510317
ZNF346
ZBTB43
SRM

NM_001075210
ENSBTAT00000005055
NM_001075591
NM_174591
NM_001075577
ENSBTAT00000018911
NM_001015667
NM_001076366
ENSBTAT00000028639
NM_001192452
NM_174787
NM_001037614
NM_001101292
XM_584137
NM_001075666
NM_001015584
NM_001075179
ENSBTAT00000021719
NM_001038054
NM_001103268
BC134769
NM_001040489
NM_001099144
NM_174597
ENSBTAT00000029336
NM_001193236
NM_001076834
NM_001191218
NM_001075158
NM_001191223
ENSBTAT00000016779
NM_001099157
NM_001083399
NM_001079779
ENSBTAT00000017100
NM_001078013
NM_001046092
ENSBTAT00000022110
NM_001105405
NM_001024503
ENSBTAT00000006978
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0.000179893
0.000180042
0.000182181
0.000181691
0.000183302
0.000184706
0.000186369
0.00018837
0.000187553
0.000191029
0.000191049
0.000190472
0.000192249
0.000194058
0.00019441
0.000194017
0.000195561
0.000201301
0.000202395
0.000204278
0.00020643
0.0002077
0.00020995
0.000210709
0.000213736
0.000218491
0.00022134
0.000221963
0.000223697
0.000227081
0.000226747
0.000233107
0.000233635
0.000236669
0.000240316
0.000242993
0.000244329
0.000246863
0.00024924
0.00025148
0.000252649

0.015254
0.015254
0.0153382
0.0153382
0.0153841
0.0154535
0.0155441
0.0155655
0.0155655
0.0155943
0.0155943
0.0155943
0.0156446
0.0156775
0.0156775
0.0156775
0.015723
0.016136
0.0161753
0.0162772
0.0163998
0.0164519
0.0165811
0.0165921
0.0167811
0.0171043
0.017275
0.017275
0.0173596
0.0175206
0.0175206
0.0179229
0.0179229
0.0181039
0.0183305
0.0184819
0.0185309
0.0186702
0.0187969
0.0189126
0.0189473

DNASE1L1
MUT
SLC46A2
TUBA1D
CHI3L1
LOC617219
MLF1
ARMC8
ATXN7L3B
CCNE1
CKAP2
FTSJ1
MFGE8
MFSD5
MTX1
PKIA
PLK1
PPAPDC2
SAMD8
POLR2H
CADPS2
ZFP64
PLA2G4E
SRSF2
SRSF9
PSMA7
PPP5C
AMOT
GALE
GGH
SKP2
S100A2
MOXD1
NUDT17
PFKL
MMP1
MYO1B
DHPS
ZNF23
SCPEP1
SOSTDC1

NM_001038634
NM_173939
NM_001024519
NM_001046410
NM_001080219
ENSBTAT00000055876
NM_001038158
NM_001046458
NM_001078161
NM_001192776
NM_001098032
NM_001077934
NM_176610
NM_001075340
NM_001040608
NM_001037620
NM_001038173
NM_001024573
ENSBTAT00000011368
NM_001192065
NM_001102055
NM_001103287
ENSBTAT00000036104
NM_001034318
NM_001083398
NM_001034233
NM_001192249
ENSBTAT00000040247
BC102185
NM_001105394
NM_001102052
NM_001034367
ENSBTAT00000025923
NM_001083383
NM_001080244
NM_174112
NM_001102199
NM_001003657
ENSBTAT00000017540
NM_001045909
NM_001046265
137

0.000253911
0.00026003
0.000260526
0.000259331
0.000261783
0.000263494
0.000263586
0.000270577
0.000269232
0.000271924
0.000269722
0.000268145
0.000272966
0.000266974
0.000273452
0.000268194
0.000273976
0.000271873
0.000272957
0.000276864
0.000279974
0.000279769
0.000284779
0.000286888
0.000286992
0.000289288
0.000291122
0.000295335
0.00029404
0.000294982
0.000296238
0.000297226
0.000300343
0.000301317
0.000304718
0.000309246
0.000309698
0.000311631
0.000312048
0.000316749
0.000318295

0.0189887
0.0193215
0.0193215
0.0193215
0.0193611
0.0193873
0.0193873
0.0194567
0.0194567
0.0194567
0.0194567
0.0194567
0.0194567
0.0194567
0.0194567
0.0194567
0.0194567
0.0194567
0.0194567
0.0196097
0.0197256
0.0197256
0.0200115
0.0200617
0.0200617
0.0201696
0.0202447
0.0203789
0.0203789
0.0203789
0.0203887
0.0204042
0.0205654
0.0205795
0.0207588
0.0209913
0.0209913
0.021044
0.021044
0.0213073
0.0213577

VSNL1
LOC540312
POP5
COTL1
C6H4orf34
GPBP1L1
NLRC5
SPATA6
GABARAPL1
MXI1
TMED3
ZBTB1
AKIRIN1
SRRT
UCK2
CXCL5
DDX27
IFRD2
LOC100298456
LOC100298939
LOC617657
SIGMAR1
SURF2
C13H20ORF108
FA2H
LIG4
RNF31
SLC25A15
UGT2B10
YWHAB
SAP30L
AACS
BBS10
FUCA1
SERHL2
TTC5
ZC3H4
CLCN3
DSC1
LOC518393
DUOX1

NM_174490
ENSBTAT00000011843
NM_001075312
NM_001046593
BC112607
ENSBTAT00000011603
ENSBTAT00000007129
NM_001046371
NM_001033616
NM_001076331
NM_001081609
NM_001193001
NM_001101236
NM_001083708
NM_001192812
NM_174300
NM_001080271
NM_001077012
XM_002688400
XM_002699432
XM_002697165
NM_001034655
ENSBTAT00000000051
NM_001080278
NM_001192455
NM_001191126
NM_001101918
NM_001046326
NM_001046354
NM_174794
NM_001191372
NM_001163929
ENSBTAT00000005798
NM_001046035
ENSBTAT00000021944
NM_001075464
ENSBTAT00000012237
NM_001193003
NM_174044
ENSBTAT00000052588
ENSBTAT00000021618
138

0.000322802
0.00032405
0.000324616
0.000325478
0.000335474
0.00033773
0.000340373
0.000343058
0.000345614
0.000344737
0.000347073
0.000347195
0.000349048
0.000351292
0.000351719
0.000361001
0.000361921
0.000358386
0.000360104
0.00035775
0.000356422
0.00036068
0.000361417
0.000372527
0.000371895
0.000370229
0.000371482
0.000369158
0.000368757
0.000368547
0.000380534
0.000399532
0.000398793
0.000398328
0.000398276
0.000398228
0.000396609
0.000406468
0.00040654
0.000405205
0.000409777

0.0215521
0.0215656
0.0215656
0.0215694
0.0221223
0.0222068
0.0222807
0.0224017
0.0224528
0.0224528
0.0224528
0.0224528
0.0225182
0.0225277
0.0225277
0.0226395
0.0226395
0.0226395
0.0226395
0.0226395
0.0226395
0.0226395
0.0226395
0.022928
0.022928
0.022928
0.022928
0.022928
0.022928
0.022928
0.0233671
0.0242006
0.0242006
0.0242006
0.0242006
0.0242006
0.0242006
0.0244591
0.0244591
0.0244591
0.0245475

POU2F3
SPIRE2
TARSL2
SLC19A1
CEP70
KLK10
MAL
POLR2E
PPIL1
RPS6KA5
RPL7L1
UBE2R2
KRT5
ASPM
INTS6
NDEL1
NEDD9
NPEPPS
PKP4
INSR
NOB1
NUMB
FAM82A2
LOC514244
NFYC
NUP205
TOE1
EIF3I
OR6K2
P2RX7
KIF20A
LOC100336247
MCM5
PADI1
SSRP1
TMX3
TRMT1
EFNA5
TP53BP1
GALNT6
CCNB1

ENSBTAT00000028444
ENSBTAT00000001541
NM_001102089
NM_001076453
ENSBTAT00000050229
NM_001075890
NM_001075428
NM_001038093
NM_001014869
NM_001192023
ENSBTAT00000005214
ENSBTAT00000000925
BC149167
ENSBTAT00000010340
ENSBTAT00000003868
NM_001191246
BC149241
NM_001193159
NM_001191491
ENSBTAT00000016858
NM_183083
NM_001101951
NM_001075679
ENSBTAT00000016684
NM_001034598
NM_001130931
NM_001075594
NM_001015628
XM_002685878
ENSBTAT00000011779
NM_001046288
XM_002707128
NM_001075290
NM_001101272
NM_001101041
NM_001102289
ENSBTAT00000025736
NM_001076432
BC149858
NM_001015534
NM_001045872
139

0.000411031
0.000410431
0.000411677
0.000413189
0.000417131
0.00042045
0.000420544
0.000417194
0.000420272
0.000418465
0.00042509
0.00043148
0.000433479
0.000439398
0.000439657
0.000439546
0.000440597
0.000438706
0.000438346
0.000444928
0.000449317
0.000451263
0.000454475
0.000456942
0.000459604
0.000461655
0.000461885
0.000467701
0.000468249
0.000471817
0.000476015
0.000478432
0.00047859
0.000476642
0.00047832
0.000478825
0.000475913
0.000487552
0.000489183
0.000492312
0.000493501

0.0245475
0.0245475
0.0245475
0.0245829
0.0246913
0.0246913
0.0246913
0.0246913
0.0246913
0.0246913
0.0249036
0.0252227
0.0252844
0.025368
0.025368
0.025368
0.025368
0.025368
0.025368
0.0255623
0.0257592
0.0258155
0.0259439
0.0260292
0.0261252
0.0261255
0.0261255
0.0262818
0.0262818
0.0264267
0.0264321
0.0264321
0.0264321
0.0264321
0.0264321
0.0264321
0.0264321
0.0268585
0.026893
0.0270096
0.0270194

RBL2
COPS7B
ANXA3
ERRFI1
PSEN1
PLAU
CYP2S1
DFFA
GINS4
MGA
STK38L
MEAF6
RAB27B
DKFZP761E198
LYZ1
CASC3
ILF3
CEP57L1
SNRNP40
ZSWIM4
ALS2CR13
LOC100296555
PRPS2
LACTB2
MAP2K6
POLR2A
NBEAL1
SLC12A7
CSNK2A1
LOC100297344
SLC15A4
LCOR
NUDT4
LRP8
PALLD
SIN3A
B3GALT6
C10H15orf23
STK17B
LOC533324
TAP1

NM_001098073
NM_001046612
NM_001035325
NM_001077930
NM_174721
NM_174147
NM_001100366
NM_001075342
NM_001082460
NM_001191402
NM_001101092
NM_001024572
NM_174738
NM_001014877
NM_001077829
NM_001098069
ENSBTAT00000018818
NM_001046244
NM_001046382
ENSBTAT00000003278
ENSBTAT00000024963
XM_002702203
NM_001114152
NM_001076045
NM_001034045
XM_876181
NM_001103173
ENSBTAT00000039197
NM_174635
XM_002691313
NM_001101927
ENSBTAT00000005261
NM_001081618
NM_001097565
NM_001193170
ENSBTAT00000013167
ENSBTAT00000057493
NM_001038055
NM_001038080
ENSBTAT00000044582
NM_001098058
140

0.000495203
0.000498819
0.000502447
0.000501785
0.000501835
0.000509151
0.000513133
0.000514676
0.000513895
0.000511669
0.000515439
0.000519502
0.000518656
0.000520539
0.000521598
0.000523848
0.000525137
0.000528693
0.000529765
0.000529784
0.000531951
0.000535879
0.000535021
0.000539035
0.00053923
0.000538206
0.000543124
0.000542438
0.000550124
0.000548409
0.000550212
0.000552038
0.000555654
0.000560367
0.000559532
0.00056522
0.000566533
0.000573729
0.000575223
0.000580217
0.00058111

0.0270573
0.0271993
0.0272308
0.0272308
0.0272308
0.0275384
0.0275997
0.0275997
0.0275997
0.0275997
0.0275997
0.0277064
0.0277064
0.0277065
0.0277078
0.0277481
0.0277481
0.0277571
0.0277571
0.0277571
0.0278162
0.0279126
0.0279126
0.0279242
0.0279242
0.0279242
0.0280174
0.0280174
0.02822
0.02822
0.02822
0.0282595
0.0283903
0.0285222
0.0285222
0.0287147
0.0287269
0.0290368
0.0290574
0.0291896
0.0291896

AIMP2
ZNF154
AMACR
CA1
HOPX
HTRA1
SNX12
PCGF3
SLC25A36
ASNS
INVS
OSBPL1A
ZC3H12A
C4H7orf53
E2F8
TPPP
WDR26
LOC789894
MGC139026
NR1D1
PPIP5K2
SLC39A8
S100A9
S100Z
FOXO4
DHCR7
TOB1
AQP5
CCDC94
PB1
LOC100296588
ANKRD56
C19H17ORF39
HCFC1
LOC524974
BCORL1
LOC538782
PRKAA2
ADAMTS3
CLEC3A
PER2

NM_001075813
NM_001076277
ENSBTAT00000029075
NM_001075466
NM_174097
ENSBTAT00000011042
NM_001103257
NM_001046567
NM_001192254
NM_001075653
NM_001077983
ENSBTAT00000007419
NM_001102187
BC142316
NM_001191234
NM_173976
NM_001077059
ENSBTAT00000010440
NM_001083778
NM_001078100
NM_001191152
ENSBTAT00000007448
NM_001046328
ENSBTAT00000026904
NM_001101277
NM_001014927
NM_001077075
NM_001191160
NM_001075691
ENSBTAT00000019672
XM_002705653
ENSBTAT00000056788
ENSBTAT00000011595
ENSBTAT00000015793
ENSBTAT00000019225
ENSBTAT00000006527
NM_001076128
ENSBTAT00000024965
NM_001192797
NM_174633
NM_001192317
141

0.000586692
0.000586663
0.000589335
0.000590435
0.000591817
0.000592847
0.000591657
0.000594339
0.000595874
0.000601173
0.000604983
0.000603456
0.000604689
0.000610518
0.00060828
0.000611445
0.000609393
0.000618724
0.000618358
0.000613204
0.000617324
0.000614431
0.000620014
0.000621852
0.000624922
0.000627715
0.000626676
0.000631747
0.000636246
0.000638652
0.000645282
0.000650526
0.000655555
0.000655019
0.000659605
0.000664236
0.000663227
0.00066635
0.000672471
0.000672067
0.000674123

0.0293598
0.0293598
0.0293931
0.0293931
0.0293931
0.0293931
0.0293931
0.0294127
0.0294342
0.0296412
0.0296652
0.0296652
0.0296652
0.029764
0.029764
0.029764
0.029764
0.0297939
0.0297939
0.0297939
0.0297939
0.0297939
0.0298018
0.0298366
0.0299303
0.0299569
0.0299569
0.0300957
0.0302561
0.0303167
0.0305772
0.0307713
0.0308999
0.0308999
0.0310362
0.0311446
0.0311446
0.0311891
0.0312795
0.0312795
0.0312795

TMEM30B
TOB2
DDOST
KLHL18
KIF2A
LOC787241
MORC2
SUSD1
TBPL1
GMDS
LDHA
MED11
LONRF3
REEP5
PITX1
PTHLH
TNPO1
CPEB4
RPN1
INTS7
RNF44
BRWD3
E2F1
LATS1
EPC2
SMYD4
CYP3A4
NOP56
KRT5
LRRC59
ARHGEF10L
KLK12
GTF2F1
HSPA12B
WWC1
BAG1
FBXO30
LIPG
TXNRD1
EIF2C2
PUS1

ENSBTAT00000022215
NM_001083387
NM_001101073
NM_001102043
NM_001077073
ENSBTAT00000017351
ENSBTAT00000013140
ENSBTAT00000043830
NM_001076290
NM_001080331
NM_174099
NM_001038084
NM_001191134
NM_001046605
ENSBTAT00000006039
NM_174753
NM_001076540
BC153292
NM_001082605
NM_001076044
NM_001192713
ENSBTAT00000021597
ENSBTAT00000005182
NM_001192866
NM_001192242
ENSBTAT00000012805
NM_001099367
NM_001033622
NM_001008663
NM_001034578
NM_001046297
NM_001193190
NM_001015527
NM_001102027
ENSBTAT00000055308
NM_001076291
ENSBTAT00000007075
ENSBTAT00000046631
NM_174625
NM_205794
BC116104
142

0.00067335
0.000671258
0.000678986
0.0006829
0.000684402
0.000694087
0.000691231
0.000693532
0.000692091
0.000696289
0.000702543
0.000701996
0.000705951
0.000704993
0.000710939
0.000709075
0.00070975
0.000713798
0.000714061
0.00071644
0.000719961
0.000729411
0.000728407
0.000727324
0.000733523
0.000734112
0.000738073
0.000737347
0.00074253
0.000742044
0.000745234
0.000744383
0.000749289
0.000747171
0.000748216
0.000764065
0.00076313
0.00077438
0.000773388
0.0007793
0.000777617

0.0312795
0.0312795
0.0314507
0.0315773
0.0315922
0.0318198
0.0318198
0.0318198
0.0318198
0.0318662
0.0320429
0.0320429
0.032089
0.032089
0.032152
0.032152
0.032152
0.0321844
0.0321844
0.0322374
0.0323415
0.0325475
0.0325475
0.0325475
0.0326211
0.0326211
0.0326619
0.0326619
0.0327508
0.0327508
0.0327621
0.0327621
0.032779
0.032779
0.032779
0.0333165
0.0333165
0.0336566
0.0336566
0.0337063
0.0337063

ZNF746
CARD6
LOC100301295
LOC540919
LOC100301420
TMEM8A
AMN1
PARK2
CYP1B1
DRG1
IPO13
PA2G4
MTIF2
FASN
SCEL
TMSB10
SRI
BCL2L15
DEXI
MAGI1
LOC618617
SCRN1
YWHAZ
DMTF1
BDKRB2
GABRP
LRIG2
NAT10
PCNA
SAR1B
SLC25A12
WASL
ZNF750
ATP6V1G1
BRMS1
CTHRC1
MARS
UBE2C
CDA
DCUN1D4
NHLRC2

NM_001035341
NM_001192521
XR_083986
ENSBTAT00000014362
XM_002683613
NM_001098907
NM_001075858
FJ555560
NM_001192294
NM_001034691
NM_001105390
NM_001034699
NM_174393
NM_001012669
NM_001102332
NM_174623
NM_001075350
NM_001075417
NM_001191169
ENSBTAT00000013997
ENSBTAT00000018321
NM_001110803
NM_174814
BC148929
NM_001192126
NM_001015618
NM_001192860
NM_001098031
NM_001034494
NM_001035315
NM_001101194
NM_174219
NM_001081533
NM_174245
NM_001076404
NM_001081536
NM_001038091
NM_001037449
NM_001193110
NM_001076100
NM_001083723
143

0.000779223
0.000782454
0.000781719
0.000783348
0.000791724
0.000790979
0.000793686
0.000805548
0.000809493
0.0008121
0.000808934
0.000810918
0.000816545
0.000818262
0.000833404
0.000833976
0.000841746
0.00084817
0.000849016
0.000847295
0.000854622
0.000855445
0.000855431
0.000858524
0.000866781
0.000872209
0.000872208
0.000867957
0.00087666
0.00086873
0.000875494
0.000867312
0.000876243
0.000881919
0.000884772
0.000885752
0.000885042
0.000885781
0.000888903
0.000890359
0.000895666

0.0337063
0.033718
0.033718
0.033718
0.0339693
0.0339693
0.033999
0.034452
0.034457
0.034457
0.034457
0.034457
0.0345908
0.0346088
0.0351094
0.0351094
0.0353763
0.0354613
0.0354613
0.0354613
0.0355634
0.0355634
0.0355634
0.0356361
0.0358333
0.0358333
0.0358333
0.0358333
0.0358333
0.0358333
0.0358333
0.0358333
0.0358333
0.0359319
0.0359319
0.0359319
0.0359319
0.0359319
0.0360039
0.0360084
0.0361684

APIP
HIP1R
LOC516064
TBC1D15
UFSP2
ZNF518A
ESPL1
RUVBL1
MAP3K14
FZD7
EIF6
EFNA3
SPTLC3
MRPS21
PMVK
ACSL3
ADAT1
ATP5G1
PON2
QRICH1
SEPHS1
VPS13D
SEC14L1
ACTR8
ELOVL7
MAGEB4
WWP1
ABHD1
MPZL3
WDR45
STK38
GGTA1
PRKD2
ESRP2
APLP2
ATG9B
BCL2L14
CD276
FAM53C
FOXJ2
HERC4

NM_001075352
ENSBTAT00000028783
ENSBTAT00000007523
ENSBTAT00000030419
NM_001076477
ENSBTAT00000051963
BC111664
NM_001101076
NM_001192178
NM_001144091
NM_174830
NM_001105429
ENSBTAT00000018946
NM_001113307
NM_001046151
ENSBTAT00000022939
NM_001081620
NM_176649
NM_001013588
NM_001098015
NM_001075316
NM_001192767
NM_001101975
NM_001076361
NM_001078042
ENSBTAT00000017054
NM_001037463
NM_001035094
NM_001098051
NM_001076151
NM_001081602
NM_177511
ENSBTAT00000020721
ENSBTAT00000005736
ENSBTAT00000021524
ENSBTAT00000043813
NM_001015544
ENSBTAT00000026300
BC114114
NM_001192770
NM_001076894
144

0.000899243
0.000903262
0.000904798
0.00090225
0.00090608
0.000904145
0.000909238
0.000908009
0.000912818
0.000914507
0.000917668
0.000919991
0.000923566
0.000930891
0.000933324
0.000946597
0.000938435
0.00094337
0.00094031
0.000943403
0.000937841
0.000946273
0.000949025
0.000959062
0.000959149
0.000960042
0.000964183
0.000969093
0.000972929
0.000972929
0.000984264
0.000997244
0.000997619
0.00100294
0.00102771
0.00102081
0.00100811
0.00102311
0.00101337
0.00103003
0.0010185

0.0362067
0.0362067
0.0362067
0.0362067
0.0362067
0.0362067
0.0362247
0.0362247
0.0363133
0.0363265
0.0363981
0.0364363
0.0365238
0.0367592
0.036801
0.0368897
0.0368897
0.0368897
0.0368897
0.0368897
0.0368897
0.0368897
0.0369306
0.0371971
0.0371971
0.0371971
0.0373036
0.0374394
0.0374795
0.0374795
0.0378616
0.0382654
0.0382654
0.0384144
0.0384615
0.0384615
0.0384615
0.0384615
0.0384615
0.0384615
0.0384615

LOC527744
LRIG3
MRPS26
P4HB
PAFAH1B3
PDZD3
PKD2
PRKCZ
SULT1B1
PTP4A3
DNMT1
HK2
LDLRAD3
AHR
FAM175B
IARS
SMAD9
TFPT
LOC615510
TM4SF18
BOP1
CAPG
MLLT1
PLBD1
ABHD5
DPF3
SEPT10
VAV3
MCL1
PDK2
LOC614423
BNC2
SBSN
DARS
WBP4
NT5C3L
CMC1
IL1R1
PLS1
RPP38
B4GALT5

XM_002694482
ENSBTAT00000002883
NM_001034514
NM_174135
NM_174665
NM_001034664
NM_001046312
NM_001077833
NM_001075823
NM_001083766
NM_182651
ENSBTAT00000060994
NM_001192619
ENSBTAT00000010187
NM_001166587
NM_001101069
NM_001076928
NM_001075274
ENSBTAT00000061381
NM_001034287
ENSBTAT00000012938
NM_178574
NM_001192025
NM_001166298
NM_001076063
ENSBTAT00000035798
NM_001046176
ENSBTAT00000033596
NM_001099206
NM_001159481
XR_083813
ENSBTAT00000057275
NM_001104997
NM_001035085
NM_001075251
NM_001075515
NM_001076548
ENSBTAT00000006938
NM_001103299
NM_001038085
ENSBTAT00000016760
145

0.00102968
0.00101136
0.00101812
0.00102692
0.00102334
0.00101585
0.00102002
0.00101908
0.00102424
0.00103504
0.00104281
0.00104194
0.0010424
0.00105131
0.00105199
0.00105156
0.00104914
0.00105384
0.0010559
0.00106039
0.00106409
0.00107109
0.00107188
0.00107354
0.00108774
0.00109137
0.00110101
0.00110599
0.00111833
0.00111969
0.00112493
0.00113369
0.00114026
0.00114322
0.0011471
0.00114865
0.00116104
0.00116065
0.00115837
0.00115735
0.00116663

0.0384615
0.0384615
0.0384615
0.0384615
0.0384615
0.0384615
0.0384615
0.0384615
0.0384615
0.0385949
0.0386424
0.0386424
0.0386424
0.0387412
0.0387412
0.0387412
0.0387412
0.038756
0.0387785
0.03889
0.0389725
0.0391506
0.0391506
0.0391536
0.0395142
0.0395925
0.0398881
0.0400146
0.0403466
0.0403466
0.040481
0.0407413
0.0409225
0.0409738
0.0410577
0.0410586
0.0412809
0.0412809
0.0412809
0.0412809
0.0413808

POGLUT1
LXN
C4H7orf25
LIMK2
RIN1
PGM2L1
TERC
MEF2A
UHRF1
SULF2
MIR7-2
CEP135
KLF12
PSMC5
SLC35F2
OVOL2
PRODH
RAN
BTRC
PSPC1
AADACL3
ATG2B
TPM2
WDR59
LOC787895
NRIP1
FCGRT
B3GNT3
INTS1
TFRC
LOC100302388
MAMSTR
NFIC
ARMC6
C21H14ORF129
GEMIN4
IL27RA
ADCY7
UGT2A3
SAMD12
PIGO

NM_001014903
NM_001080340
BC116043
NM_001038098
NM_001192217
NM_001098984
NR_001576
NM_001083638
NM_001103098
NM_001192938
NR_031017
NM_001075406
NM_001191270
NM_174441
ENSBTAT00000004769
ENSBTAT00000011067
NM_001075185
NM_001034705
NM_001083475
NM_001075277
ENSBTAT00000020432
ENSBTAT00000030514
NM_001010995
NM_001101130
XM_002686079
XM_603300
NM_176657
NM_001098473
NM_001191470
ENSBTAT00000046421
NM_001163000
NM_001195011
NM_001024574
NM_001098966
NM_001078056
ENSBTAT00000017819
NM_001098028
NM_174230
NM_001098944
NM_001191180
ENSBTAT00000061353
146

0.00116694
0.00116982
0.00117306
0.00117528
0.00117391
0.00118147
0.00118624
0.00118873
0.00118945
0.00120533
0.00121052
0.00121571
0.00121895
0.00121702
0.00122006
0.00122848
0.00122981
0.00123062
0.00123315
0.00123515
0.00124589
0.00124486
0.00125236
0.00125163
0.0012558
0.001258
0.0012611
0.00126565
0.00127027
0.00127085
0.00127412
0.00127776
0.00127849
0.00128807
0.0012864
0.00128961
0.00128853
0.00130161
0.00130042
0.00130449
0.00131568

0.0413808
0.0414279
0.0414568
0.0414568
0.0414568
0.0415656
0.0416788
0.0416821
0.0416821
0.0421833
0.0423097
0.0423795
0.0423795
0.0423795
0.0423795
0.0425676
0.0425676
0.0425676
0.0426001
0.0426143
0.0428742
0.0428742
0.0429865
0.0429865
0.0430494
0.0430695
0.0430864
0.0431658
0.0431784
0.0431784
0.0431799
0.0432184
0.0432184
0.0433752
0.0433752
0.0433752
0.0433752
0.0436146
0.0436146
0.0436565
0.0439759

ARHGAP42
CELSR1
CKAP4
IFIH1
ITFG2
LOC786620
NAPG
GKAP1
POLR2G
PHF1
H2B
UBR1
IPO4
CLK3
MCM7
PAQR3
ZRANB1
ANAPC1
TBCE
LTBR
ARL6IP5
LDHB
SLC20A2
UFSP1
AARS
EGLN3
AMPD2
CASC1
CYBASC3
FIBP
NAGPA
PLEKHM3
ELP2
BHLHB9
UBL3
ATG13
RTP3
TTR
KRTAP11-1
LOC538658
LOC615557

ENSBTAT00000005797
ENSBTAT00000010571
ENSBTAT00000015804
ENSBTAT00000010703
NM_174562
NM_001105641
NM_001046022
NM_001040573
NM_001015633
NM_001098914
ENSBTAT00000046019
ENSBTAT00000028086
NM_001083661
NM_001034248
NM_001025345
ENSBTAT00000011702
NM_001101114
ENSBTAT00000040371
NM_001038032
NM_001103228
NM_001014891
NM_174100
NM_001080280
BC149805
NM_001101075
NM_001101164
NM_001143856
NM_001046282
NM_001099149
NM_001075482
ENSBTAT00000010385
ENSBTAT00000010299
NM_001143864
XM_002699792
NM_001038144
NM_001076812
EU848419
NM_173967
NM_001080740
ENSBTAT00000010002
ENSBTAT00000017243
147

0.0013274
0.00131965
0.00132763
0.00132506
0.00131978
0.00132528
0.00132323
0.00133218
0.00133734
0.00135057
0.00136399
0.00136631
0.00137935
0.00138605
0.00138511
0.00138341
0.00138987
0.00139561
0.00140018
0.00140496
0.00141543
0.0014138
0.00141108
0.0014139
0.00142542
0.00142386
0.00143457
0.0014393
0.00143686
0.00143779
0.0014381
0.00143433
0.0014431
0.00144827
0.00144743
0.00145134
0.00145855
0.00145825
0.00146246
0.0014646
0.00146401

0.0439907
0.0439907
0.0439907
0.0439907
0.0439907
0.0439907
0.0439907
0.044087
0.0442031
0.0445482
0.0448625
0.0448838
0.0452564
0.0453096
0.0453096
0.0453096
0.0453794
0.0455113
0.0456046
0.0457047
0.0458225
0.0458225
0.0458225
0.0458225
0.0460346
0.0460346
0.0461491
0.0461491
0.0461491
0.0461491
0.0461491
0.0461491
0.0461603
0.0462152
0.0462152
0.046258
0.0463773
0.0463773
0.0464
0.0464
0.0464

NFKBIZ
NSMAF
ABI3BP
GAS8
GDE1
LSM3
SCMH1
SCN9A
SERTAD2
TTLL12
KRT5
QRSL1
CAMK2N1
CCDC117
PHLDA2
DNM2
SLC7A5
AVPI1
CNST
USPL1
KIF11
LOC783349
PABPC4
SRSF7
TFAP4
TLE3
TRIP10
UNC5B
MAP1LC3B
LOC519307
ITGB1BP2
SUCLG2
CDCA2
KIF2C
MRPL54
UGT1A1
DHX40
PCDH1
TMEM126B
ACD
LMO4

NM_174726
NM_001192229
BC149944
NM_001097569
NM_001034686
NM_001037487
NM_001192986
NM_001110787
ENSBTAT00000033010
NM_001075510
BC149167
NM_001046336
NM_001114520
NM_001105634
NM_001076521
NM_001099369
NM_174613
NM_001034760
NM_001105256
ENSBTAT00000001562
NM_001192185
XM_002692968
NM_001083724
NM_001034277
NM_001101215
NM_001193206
NM_001081530
NM_001099029
NM_001001169
ENSBTAT00000021301
BC123684
NM_001034639
NM_001046194
NM_001101147
NM_001035105
NM_001105636
NM_001076897
NM_001083655
ENSBTAT00000027441
ENSBTAT00000025159
NM_001034751
148

0.00146619
0.00146823
0.00147647
0.00148472
0.00148822
0.0014886
0.00148024
0.00148273
0.00148209
0.00148925
0.00149596
0.0014977
0.00150941
0.00151908
0.00152968
0.00153721
0.00153676
0.00154199
0.00154209
0.00154276
0.0015557
0.00155195
0.00155287
0.00155418
0.00154629
0.00155448
0.00155142
0.00155778
0.00156114
0.00156473
0.001567
0.00157479
0.00158095
0.00158291
0.00158794
0.00158965
0.00159332
0.00159506
0.00159859
0.00160483
0.00160435

0.0464
0.0464095
0.0466149
0.0466335
0.0466335
0.0466335
0.0466335
0.0466335
0.0466335
0.0466335
0.0467888
0.0467888
0.0470997
0.0473461
0.0475525
0.0475789
0.0475789
0.0475856
0.0475856
0.0475856
0.047601
0.047601
0.047601
0.047601
0.047601
0.047601
0.047601
0.0476101
0.0476583
0.0477137
0.0477283
0.0479113
0.048044
0.048049
0.0481446
0.0481446
0.0481991
0.0481991
0.0482514
0.0483307
0.0483307

CHP
HOOK1
SYNRG
TMEM140
MAP4K2
SMCHD1
LOC618247
LOC100337008
SLC23A1
DNA2
PTPN2
SYTL4
NPAT
AHDC1

NM_001075576
ENSBTAT00000033420
NM_001102152
NM_001105373
ENSBTAT00000001378
ENSBTAT00000003904
ENSBTAT00000029261
XM_002684641
ENSBTAT00000010823
NM_001192802
NM_001035431
NM_001192433
ENSBTAT00000013589
ENSBTAT00000061325

149

0.00161043
0.00162266
0.00164102
0.00164407
0.00165281
0.00165526
0.00165854
0.00166517
0.00166497
0.00167694
0.00167846
0.00167678
0.00168369
0.00168841

0.0483907
0.0487034
0.0491806
0.0491806
0.0493871
0.0494049
0.0494479
0.049535
0.049535
0.0497645
0.0497645
0.0497645
0.0498643
0.0499491

