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ABSTRACT

There are several constraints to of the sustainability of the livestock industries in different
areas of the world. The two most obvious hurdles to high dairy production are diseases during
the transition period and heat stress (HS). Despite decades of research, the actual pathologies of
ketosis and HS remain poorly understood. In the US, it was estimated that the economic losses
from ketosis is $360/cow/cycle, and to HS was ~ $900 million per year. Thus, both severely
jeopardize the competitiveness of animal agriculture. Regardless of the herd size, HS and ketosis
affect every dairy region in the country. The biological investigations of ketosis and HS have
been studied for more than 50 years, but the negative impacts of both are as severe today as they

were 30 years ago.

In the current dissertation, ketosis in dairy cows and HS in pigs and steers were
investigated to better understand the biology and etiology of both disorders. Study 1 (Chapter 2)
was conducted to characterize biomarkers of inflammation during the transition period in healthy
and clinically diagnosed ketotic cows. The results indicated that circulating NEFA and BHBA
were increased and milk yield was decreased in ketotic relative to healthy cows. In addition, pre-
calving circulating LPS was increased twofold in cows that were diagnosed with ketosis post-
calving compared to healthy cows, but no LPS differences were detected post-partum. Post-
calving LPB, SAA and Hp were increased when compared with their healthy counterparts. Our
data suggest the development of ketosis may be intimately linked to inflammation and our
selection criteria suggest that intestinal permeability may be the origin of maladaptation to

lactation.

In Study 2 (Chapter 3) we investigated the effects of a mineral supplement (zinc amino

acid complex) on temporal biomarkers of intestinal integrity and intestinal morphology in heat-
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stressed steers. As expected, HS increased thermal indices and decreased feed intake. However,
steers supplemented with zinc amino acid complex had decreased rectal temperature, improved
biomarkers of leaky gut (haptoglobin, and LBP), altered intestinal morphology (decreasing
duodenum villi width, increasing jejunum villi height and jejunum and ileum villi height:crypt
depth), and improvement in some of the blood gas variables relative to steers supplemented with
zinc sulfate. Altogether, the findings of Study 2 demonstrated that a Zn-amino acid complex may

mediate some of the negative effects of HS in a growing ruminant model.

Study 3 (Chapter 4) investigated the temporal pattern of metabolic variables and
biomarkers associated with intestinal barrier dysfunction during recovery from HS in pigs.
Similar to Study 2, HS increased thermal indices and decreased feed intake. Circulating glucose
decreased during HS and remained low for 3 d following HS. The insulin:feed intake tended to
be increased during HS, and LBP increased linearly during HS recovery. In addition, HS
decreased villous height in both jejunum and ileum but intestinal morphology mostly returned to
normal following 3 days of recovery. The results of this study confirmed the negative effects of
HS on thermal indices, inflammatory biomarkers, and intestinal morphology; however, it
suggests that intestinal integrity was restored fairly quickly, but the acute phase protein response

increased with time following HS exposure.

In conclusion, the results of the aforementioned studies indicate a negative association of
impaired gut integrity with the incidence of ketosis in transitioning dairy cows and performance
in heat-stressed steers and pigs. A better understanding of the relative contribution of the
intestinal barrier dysfunction to ketosis and heat-induced effects on metabolism and gut
morphology is a prerequisite for designing targeted strategies to alleviate the negative

consequences of ketosis and HS on farm animals’ productivity.



CHAPTER 1. LITERATURE REVIEW

Introduction

Advances in dairy cattle productivity during the last century are remarkable, as modern
dairy cows can produce more than ten times what their ancestors did just seven decades ago and
the annual rate of milk yield increase is not diminishing (Collier et al., 2005). In addition to
simply synthesizing more, the efficiency of producing milk has also markedly improved.
Consequently, the inputs (e.g., feed, electricity, labor, barn space, etc) necessary for making milk
and the generated waste products per unit of milk produced have obviously decreased. This
improved production efficiency is critical for sustaining farm economics, consciousness
environmental stewardship and for satiating a growing global appetite for high quality protein.
Likewise, suboptimal milk yield limits the U.S. dairy industry’s productive competitiveness,
marginalizes efforts to reduce inputs into food production, and increases animal agriculture’s
carbon footprint. There are a variety of situations in a cow’s production cycle when nutrient
utilization is reprioritized from milk synthesis towards agriculturally unproductive purposes.
Two well-known examples that markedly reduce milk production are heat stress (HS) and the
metabolic maladaptation to lactation (i.e., ketosis) following calving. While the metabolism of
ketosis and HS has been studied for more than 40 years, the actual pathologies of both remain
poorly understood. Suboptimal feed intake, experienced during both metabolic disorders, is
unable to fully explain the decrease in productivity. In other words, the initial insult in the
cascade of events ultimately reducing milk synthesis in both heat-stressed and ketotic cows has

not been identified.



Transition period

The “transition period” in dairy cows is one of the most critical periods (from a health,
production, and profitability point of view) during the whole production cycle (Overton and
Yasui, 2014). The transition period is arbitrarily defined as 3 weeks before parturition to 3 weeks
post-parturition (Drackley, 1999). During this time, cows are more susceptible to metabolic
disorders such as milk fever, displaced abomasum, metritis, mastitis, and ketosis (LeBlanc,
2010). Furthermore, many studies have indicated that even ostensibly healthy cows have
increased biomarkers of inflammation post-calving (Table 1).

In 1999, Drackley deemed the transition period as a “final frontier” in understanding the
biology of dairy cattle, and he summarized several reasons contributing to lack of knowledge in
transition cow biology. Firstly, research in the past focused on the dry period and established
lactation (> 14 days in milk) and avoided studying the transition period because of the rapid
physiological changes and high variation in responses within cows which creates difficulties in
accurately determining the true responses to a dietary changes. Additionally, the pen-movements
and frequent occurrence of metabolic disorders in the first 3 weeks of lactation create logistic
difficulties and statistically undesirable variation. Lack of baseline measurements also makes the
detecting of the experimental responses and their analysis more difficult and thus previous
305ME or genetic merit for production is frequently utilized for which to balance or covariately
adjust. Furthermore, cows in the transition period are often moved from one barn to another and
thus treatment is often confounded with different environments. Due to the aforementioned
reasons, large and often unreasonable numbers of cows are needed to detect differences in

experiments designed to evaluate dietary or pharmaceutical treatments. In the last few years,



more research has been conducted in order to explain metabolic changes during the transition
period.

Identifying strategies to continue advances in lactation performance has been a global
goal for over a century. Nutritional approaches targeting digestion and nutrient absorption,
maintenance requirements, and the partial efficiency of nutrient use for milk synthesis are
heavily influenced by management, yet they are minor sources of the wide variation among
animals consuming a similar diet and contribute little to the historical gains in performance and
productive efficiency (Gordon et al., 1995; Reynolds, 2004). In contrast, the principal reason for
the annual increase in milk yield per cow is nutrient partitioning (Bauman and Currie, 1980;
Collier et al., 2005). Nutrient partitioning can be broadly described as a change in tissue/system
priority at a given plane of nutrition. Mechanisms responsible for altered nutrient partitioning
include both homeostatic and long-term homeorhetic adaptations which likely incorporate most
tissues and physiological systems. Some of these homeorhetic changes are mediated by changes
in circulating anabolic and catabolic hormones, hormone membrane receptors, and intracellular
signaling pathways. The coordinated change in how tissues and systems are re-prioritized
includes a plethora of hormones and almost certainly includes hormones that have not been

discovered yet.

The finely tuned metabolic modifications that elite cows use to outperform their herd
mates are exaggerated during periods of insufficient feed intake. One well-described
homeorhetic nutrient partitioning strategy is the “glucose sparing” effect utilized during negative

energy balance (NEB) in order to prioritize the physiological state of lactation.



Early lactation dairy cattle enter a unique physiological state during which they are
unable to consume enough nutrients to meet maintenance and milk production costs and animals
typically enter into NEB (Drackley, 1999). Negative energy balance is associated with a variety
of metabolic changes that are implemented to support the dominant physiological condition of
lactation (Bauman and Currie, 1980). Marked alterations in all post-absorptive metabolism
ensure partitioning of dietary and tissue derived nutrients towards the mammary gland during

NEB (Bauman and Currie, 1980).

During NEB, somatotropin promotes non-esterified fatty acid (NEFA) export from
adipose tissue by accentuating the lipolytic response to -adrenergic signals and by inhibiting
insulin-mediated lipogenesis and glucose utilization (Bauman and Vernon, 1993). Reduction in
systemic insulin sensitivity coupled with a decrease in circulating blood insulin concentrations
allows for adipose lipolysis and NEFA mobilization (Bauman and Currie, 1980). Not
surprisingly, reduced circulating insulin concentration is also a key mediating factor by which
high producing cows partition nutrients away from storage and towards mammary utilization.
Increased circulating NEFA are typical in “transitioning” and malnourished cows and represent
(along with NEFA-derived ketones) a significant source of energy for both peripheral tissues and
the mammary gland as well as milk fat precursors for cows in NEB. The severity of calculated
NEB is positively associated with circulating NEFA levels (Dunshea et al., 1989), and it is
generally believed a concentration dependent relationship exists between NEFA delivery, tissue
NEFA uptake, and NEFA oxidation (Armstrong et al., 1961). The magnitude of NEB, and thus
lipid mobilization, in large part explains why cows lose considerable amounts (> 50 kg) of body

weight during early lactation.



Post-absorptive carbohydrate metabolism is also distinctly altered by NEB, again largely
due to reduced insulin action. During either early lactation or inadequate nutrient intake, glucose
is partitioned towards the mammary gland and glucose contribution as a fuel source to extra-
mammary tissues is decreased (Bell, 1995). Insulin reduced effectiveness at stimulating muscle
glucose uptake has been observed in lactating compared to non-lactating animals. The early
lactation or NEB induced hypoglycemia accentuates catecholamine adipose lipolytic
effectiveness (Clutter et al., 1981). This is a key “glucose sparing” mechanism because elevated
NEFA levels decrease skeletal muscle glucose uptake and oxidation, and this is referred to as the
“Randle Effect” (Randle, 1998). The fact that insulin simultaneously orchestrates both
carbohydrate and lipid metabolism explains why there is a reciprocal relationship between
glucose and NEFA oxidation. Ultimately, these are homeorhetic adaptations to maximize milk
synthesis at the expense of tissue accretion (Bauman and Curie, 1980). A cow in NEB is
considered “metabolically flexible” because extra-mammary tissue can use alternative fuels
(NEFA and ketone bodies) in order to furnish the glucose required by the mammary gland to

support copious milk production.

As mentioned above, after calving cows are not able to consume as much feed to
compensate for the nutrient demands of copious milk synthesis and maintenance and thus enter
into NEB (Goff and Horst, 1997; Drackley, 1999; Herdt, 2000). As a result, many physiological
changes such as decreased insulin sensitivity allow adipose tissue mobilization, which provides
NEFA and ketones as an energy source for extra hepatic tissue. The endocrine system, via
hormone sensitive lipase, stimulates fat mobilization into glycerol (works as a back bone for
glucose synthesis) and NEFA (for energy; Ingvartsen and Moyes, 2015). NEFA in the

bloodstream gets transported to the liver and follows one of three routes: 1) energy production



via complete oxidation through the TCA cycle; 2) partial oxidation to produce ketone bodies
(acetone, acetoacetic acid, and beta-hydroxybutyric acid (BHBA); 3) re-esterification to form
triglycerides (TAGSs), which are either exported as very low density lipoprotein (VLDL) to
deliver fatty acids extra-hepatic tissue or they are “stored” in the liver (Ingvartsen, 2006;
Ingvartsen and Moyes, 2013; McArt et al., 2013). Understanding the biology in the transition

period will presumably help producers improve herd health status, production, and profitability.

Fatty liver

Fatty liver disease occurs mainly within a few weeks after calving (Grummer, 1993), and
fatty liver reduces productivity and reproductive performance (Winsing et al., 1997). Fatty liver
is defined as when the percentages of hepatic TAG deteriorates overall cow performance (i.e.,
production, reproduction, health, and well-being; Wensing et al., 1997; Bobe et al., 2004). It was
estimated that 40% of cows experience moderate fatty liver following calving (Bobe et al.,
2004). The ruminant liver has limited ability to oxidize or export the large amount of NEFAS
mobilized from adipose tissue during NEB (Gross et al., 2003). Consequently, NEFAs may
cause TAGs to accumulate and lead to fatty liver (Fig. 1; Grummer, 1993; Drackley, 1999).
Bobe and colleagues (2004) differentiate fatty liver into four categories: 1) normal (liver TAG
<1% of wet weight), 2) mild (liver TAG 1-5 % of wet weight), 3) moderate (liver TAG 5-10 %
of wet weight), and 4) severe (liver TAG >10 % of wet weight). Kapp et al. (1979) and Morrow
et al. (1979) characterize fatty livers as being larger and more swollen with pale yellow
appearance. Usually the histological changes for a cow having fatty liver includes bigger
hepatocytes, fatty cysts in liver parenchyma, mitochondrial damage, and shrinkage in the nuclei
volume (Bobe et al., 2014). The importance of fatty liver disease is highlighted by association

with many other metabolic disorders during NEB (as shown in Table 2).



Ketosis

Fatty liver and ketosis are two main metabolic disorders highly correlated with each other
and occur after calving in dairy cows (Ingvartsen, 2006). Ketosis is one of the most prevalent
metabolic disorders for dairy farmers in the US during the transition period (Oetzel, 2007).
Ketosis is associated with other disorders (i.e., displaced abomasum, mastitis, metritis, etc),
decreases milk yield, and increases culling rate and death (Littledike et al., 1981; Duffield et al.,
2009). Ketosis is arbitrarily defined as blood BHBA levels greater than 1.2 mmol/l (Bobe et al.,
2004; Drackley 1999; Voyvoda and Erdogan, 2010). Circulating BHBA levels are used to
classify the severity of ketosis, with 1.2-2.9 mmol/l BHBA considered subclinical ketosis
(Oetzel, 2004; McArt et al., 2012). Cows with subclinical ketosis have a higher incidence (> 8
times) of displaced abomasum (LeBlanc et al., 2005). Levels of BHBA > 3 mmol/l is considered
clinical ketosis (Oetzel, 2004; McArt et al., 2012) which is associated with a 25% drop in milk
yield (Lucey et al., 1986; Rajala-Shultz et al., 1999; Seifi et al., 2007). The incidence of clinical
ketosis in the United States is estimated to be about 20% (Ingvartsen, 2006; Van Saun and
Sniffen, 2014). Drackley et al. (2001) and Garro et al. (2014) reported ketosis is a result of an
imbalance in energy demand, excessive adipose tissue mobilization, and increased ketone body
production (acetone, acetoacetate, and BHBA) in the hepatic tissue. In fact, oxaloacetate in cows
during the transition period will be utilized for gluconeogenesis (in the cytosol). In line with this,
less oxaloacetate will be available in the mitochondria to associate with acetyl-CoA,; so, the later
will be shifted for ketone body production (Katoh et al., 2002). Drackley et al. (1992) indicated
that TAG accumulation in the liver coupled with low levels of glycogen were related to an
increased incidence of ketosis. In addition, West (1990) indicated that there is a strong positive

correlation between fatty liver and the incidence of ketosis. Recently, White (2015) reported the



incidence of ketosis causes an estimated loss of about $360/cow/production cycle, and this loss
includes both direct losses (i.e., reduced milk production, treatment costs, etc.) and indirect
losses (i.e., increased incidence of other disorders, labor, decreased reproductive performance,

etc.).

Heat stress

There are several constraints to the sustainability of global animal agriculture, and this is
especially true in the arid and semi-arid regions of the world. The most obvious limits to high
production in these regions are climate and water availability. High ambient temperature,
especially when coupled with elevated humidity, imposes severe thermal stress and reduces
performance in all agriculturally important species (Baumgard and Rhoads, 2013; Belhad]
Slimen et al., 2015). Heat stress interferes with animal comfort and suppresses productive
efficiency (Fuquay, 1981; Strong et al., 2015). During periods of HS, animals initiate major
thermo-regulatory adaptations in order to maintain euthermia and prevent negative consequences
or even death from heat exhaustion. The result of HS is that the full genetic potential of animals
is often not achieved. Heat stress affects many production parameters either directly (i.e.,
decreased milk yield, increased mortality, etc.) or indirectly (i.e., via decreased feed intake
(Collier et al., 2006; Adin et al., 2009; Hansen 2009; Baumgard and Rhoads 2012, 2013;
Mahjoubi et al., 2014). Thus, the combination of both direct and indirect effects of HS have

serious negative effects on the animal production sector.

The world population has increased to about 7.2 billion in 2014 and is expected to be 9.4
billion by 2050 (Population Reference Bureau, 2014). Most of the increase in population is

expected to occur in tropical and subtropical areas of the world (Roush, 1994). The quick



population boom in hot areas will create an increasing demand on many resources which might
threaten regional and even worldwide food security (Thornton, 2010; Baumgard et al., 2012;
Baumgard and Rhoads, 2013). The dairy industry has experienced production gains because of
improvements in nutrition, animal health, management, genetics, and housing (Ingvartsen and
Moyes, 2015). Although there is a lot of research still investigating how to maximize the
quantity and the quality of food produced, there are still some detrimental factors (i.e., HS)
limiting the aforementioned goals. It is well-known that selecting animals based on productivity
increases their metabolic heat production which makes them less heat resistant. In other words,

increased production decreases heat tolerance (Spiers et al., 2004; Brown-Brandl et al., 2004).

Fully understanding how HS influences animal agriculture requires the consideration of
three main components: 1) the environmental conditions, 2) the animal thermal
sensitivity/tolerance, and 3) available resources to employ heat mitigation and management
strategies (Brown-Brandl, 2009). Many reports indicate the global surface temperature is
expected to increase (IPCC, 2007; Luber and McGeehin, 2008). In fact, Nardone et al. (2010)
reported the earth temperature is expected to be increased 1.1-6.4°C by 2100. Environmental
research, particularly HS and its implications should be prioritized in order to ameliorate its
negative effects of future climate change. Conducting more HS research is the foundation of
better understanding thermal biology; a prerequisite in developing more effective strategies to

maximize food production in inhospitable environments.

Every living organism has its own optimal environmental conditions, even within the
same species, the ideal conditions can differ because it is influenced by many factors such as age,

sex, body weight, production, insulation, acclimation, physiological state, genetic makeup.
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(Yousef, 1985; Kingma et al., 2012). Animals housed under optimum environmental conditions
(also known as thermo-neutral zone; TNZ) will achieve or be close to achieving their genetic
potential. According to ITUPS (2001) the “TNZ is the range of ambient temperature at which
temperature regulation is achieved only by control of sensible heat loss (via convection,
conduction, or radiation) without regulatory changes in metabolic heat production or evaporative
heat loss).” Any deviation from TNZ will cause either cold stress (when the ambient temperature
becomes below the lower critical temperature) or HS (when ambient temperature becomes above
the upper critical temperature; UCT). Thus, environments that are outside of the TNZ will
reduce nutrient utilization into valuable products as animals will prioritize euthermia instead of

production.

Excessive heat exposure can be lethal. In 2006, a heat wave in California resulted in a
death of more than 30,000 dairy cows (CDFA, 2006). Animals exposed to HS try to use
behavioral and physiological means such as increasing water intake and seeking shade in order to
maintain homeostasis despite the surrounding environment (Kaliber et al., 2015). Collier et al.
(2012) reported the two main strategies used by cows in order to get rid of the excess
temperature are either sensible (convection, conduction, and radiation) or evaporative heat loss
(panting and sweating). During periods of high temperatures, animals use every possible way of

heat dissipation such as sensible and insensible heat loss to maintain normothermia.

Sensible routes for heat loss become unbeneficial when the ambient air temperature
increases to or exceeds the animal’s body temperature (Collier et al., 2012). Thus, evaporative
heat loss is the only route of heat dissipation when ambient temperatures exceed body

temperature. Panting and sweating are used by cows as an evaporative way of cooling (Collier et
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al., 2012). Reducing body temperature in pigs is even more difficult due to an underdeveloped
thermoregulatory system, inability to lose heat via sweat (keratinized sweat glands), the presence
of a thick fat layer, and intensive metabolism (Wolp et al., 2012). If the animal body temperature
exceeds the UCT, it can cause life threating problems. In lactating dairy cows, the effect of HS is
thought to begins when the ambient temperature exceeds 21°C (Hahn, 1999), while in finishing

pigs HS begins at 25°C (Renaudeau et al., 2007).

Heat stress negatively impacts a variety of dairy production parameters including milk
yield, milk quality and composition, rumen health, growth and reproduction, and is a significant
financial burden (~$900 million/year for dairy in the U.S. alone; St. Pierre et al., 2003). The
mechanistic basis for environmental-induced hyperthermia milk yield losses involves multiple
systems. First, an altered endocrine profile including reciprocal changes in circulating anabolic
and catabolic hormones (Table 3) certainly contributes (Collier et al., 2006; Bernabucci et al.,
2010; Baumgard and Rhoads, 2012). Second, HS impacts numerous intracellular signaling
pathways responsible for maintenance, productivity and survival (Collier et al., 2008).

Employing these survival adaptations repartitions nutrients away from productive purposes.

Heat-stressed animals reduce feed intake, ostensibly as a survival strategy as digesting
and processing nutrients generates heat, especially in ruminants (i.e., thermic effect of feed,;
Collin et al., 2001; West, 2003). It has traditionally been assumed that inadequate feed intake
caused by the thermal load was responsible for decreased milk production (Fuquay, 1981; West,
2003; Strong et al., 2015). However, recent results challenge this dogma and have demonstrated
disparate slopes in feed intake and milk yield responses to a cyclical heat load pattern (Shwartz

et al., 2009). This led to the hypothesis that HS reduces milk synthesis by both direct and indirect
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(via reduced feed intake) mechanisms. To examine this hypothesis, a series of pair-feeding
experiments were designed aimed at evaluating thermal stress while eliminating the confounding
effects of dissimilar nutrient intake. These experiments demonstrate that reduced feed intake
only explains approximately 35-50% of the decreased milk yield during environmental-induced

hyperthermia (Rhoads et al., 2009; Wheelock et al., 2010; Baumgard et al., 2011).

The remaining “direct” effects of HS are explained by the fact that heat-stressed animals
exploit novel homeorhetic strategies to direct metabolic and fuel selection priorities independent
of nutrient intake or energy balance. Alterations in systemic physiology support a shift in
metabolism, stemming from coordinated interactions at whole-body and tissue specific levels.
Such changes are characterized by increased basal and stimulated circulating insulin
concentration in addition to the apparent lack of basal adipose tissue lipid mobilization coupled
with reduced adipocyte responsiveness to lipolytic stimuli. Hepatic and skeletal muscle cellular
bioenergetics also exhibit clear differences in carbohydrate production and use, respectively, due
to HS. The apparent dichotomy in intermediary metabolism between the 2 tissue types may stem
from factors such as tricarboxylic acid (TCA) cycle substrate flux and mitochondrial respiration.
Thus, the HS response markedly alters post-absorptive carbohydrate, lipid, and protein
metabolism through coordinated changes in fuel supply and utilization across tissues in a manner
distinct from commonly recognizable changes that occur in animals on a reduced plane of
nutrition (Baumgard and Rhoads, 2013). Perhaps most intriguing is that the coordinated
systemic, cellular and molecular changes appear conserved across physiological states and
amongst different ruminant and monogastric species. Ultimately, these changes result in the
reprioritization systemic fuel selection during HS, which may be important for whole-body

metabolism and overall physiological adaptation to hyperthermia.
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Nutrient partitioning during heat stress

Heat stress conditions modify the way the body uses carbohydrates, proteins, and lipids.
Carbohydrates are the main source of energy in monogastrics. Energy is produced from
carbohydrates by glycolysis, TCA cycle, and oxidative phosphorylation (Belhadj Slimen et al.,
2015). Plasma glucose levels under HS are decreased in some species such as cats (Lee and
Scott, 1916), cattle (Itoh et al., 1998; Settivari et al., 2007; O’Brien et al., 2010), pigs (Marple et
al., 1974; Prunier et al., 1997), poultry (Bobek et al., 1997; Lin et al., 2000), sheep (Achmadi et
al., 1993), and rabbits (Marder et al., 1990). In contrast, some studies indicated HS actually
increased blood glucose levels in pigs (Becker et al., 1992; Pearce et al., 2013a) and cows
(Ronchi et al., 1999; Shwartz et al., 2009; Wheelock et al., 2010). This increased glucose might
be due to the upregulation of glycogenolysis and/or gluconeogenesis (Rowel et al., 1968; Collins
et al., 1980; Febbraio, 2001). The inconsistencies between the studies also might be due to
different nutrition, HS severity, or the experimental model. In addition, Wheelock et al. (2008)
and O’Brien et al. (2008) reported HS upregulates pyruvate carboxylase which is an enzyme that
regulates gluconeogenesis through alanine and lactate. Streffer (1988), Elsasser et al. (2009), and
Baumgard and Rhoads (2013) have reported blood lactate increased under HS conditions.
Increased lactate might suggest glucose is being produced by the Cori cycle (Belhadj Slimen et

al., 2015).

One of the first and most important strategies animals utilize to maintain their body
temperature during HS is a reduction in feed intake. Decreased feed intake will reduce the
amount of heat produced by feed utilization and metabolism (metabolic heat production; Collin
et al., 2001; West, 2003; Baumgard and Rhoads, 2013). Underfed animals use adipose tissue

mobilization to compensate for energy deficiency. Interestingly, despite increased stress
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hormones (i.e., epinephrine, cortisol, and glucagon; Beede and Collier, 1986), fat oxidation is
reduced in different species under HS conditions as indicated by decreased plasma NEFA (Sano
et al., 1983; Ronchi et al., 1999; Sanders et al., 2009; Shwartz et al., 2009; Pearce et al., 2011;
Rhoads et al., 2009; Wheelock et al., 2010; Baumgard and Rhoads, 2013). Our group and others
have shown that there is an elevation in insulin levels (a potent anti-lipolytic hormone) under HS
conditions (Wheelock et al., 2010; O’Brien et al., 2010; Pearce et al., 2013a; Baumgard and
Rhoads, 2013). The insulin elevation limits adipose mobilization and prevents animals to enlist
glucose for milk production or muscle accretion. Hyperinsulinemia or increased insulin
sensitivity might be one of the strategies to decrease heat production as glucose oxidation is
more efficient at producing ATP than adipose tissue (Baumgard and Rhoads, 2007; Belhad]
Slimen et al., 2015). Geraert et al. (1996), Collin et al. (2001), and Brown-Brandl et al. (2004)
have reported that body fat accumulation was increased for chickens and pigs when reared under
HS conditions.

Heat stress affects protein metabolism by decreasing protein deposition and increasing
proteolysis (Geraert et al., 1996; Temim et al., 2000; Wheelock et al., 2010; Rhoads et al., 2013).
Muscle breakdown increases blood urea nitrogen, which is used as an indicator of protein
catabolism (Ronchi et al., 1999; Shwartz et al., 2009; Pearce et al., 2013a). Other protein
catabolism biomarkers are increased under HS conditions as well such as Nt-methylihistidine,
creatine, and creatinine (Schneider et al., 1988; Yoshizawa et al., 1997; Yunianto et al., 1997;
Pearce et al., 2013a). It is suggested that muscle breakdown during HS is important for glucose
production through gluconeogenesis (Rhoads et al., 2013; Belhadj Selmin, et al., 2015) or to

supply the amino acid building blocks for acute phase protein synthesis (Rhoads et al., 2013).
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Heat stress effect on gut integrity

Under HS conditions, blood vessels dilate in cutaneous tissue, which allows blood flow
to redistribute towards the skin to increase sensible heat loss (Hansen, 2009; Hillman, 2009). On
the other hand, the blood vessels in non-cutaneous tissues (i.e., splanchnic tissues) constrict to
maintain a constant blood pressure (Rowel, 1968; Cransall and Gonzélez-Alonso, 2010). Johnson
and Proppe (1996) and Hall et al. (2001) indicated HS decreases central blood volume which
means less blood is delivered to the splanchnic tissues. Because the blood is the nutrient and
oxygen transporter, its reduced flow can result in inadequate nutrient delivery and hypoxia for
the epithelial cells lining the intestines. Unfortunately, the epithelial cells of the intestines are
very sensitive to hypoxia, resulting in intestinal atrophy and deterioration which leads to hyper-

permeable gut (i.e., leaky gut; Kregel et al., 1988; Hall et al., 1999).

The terms “tight” or “permeable” for the intestinal epithelial cells were used to describe
gut permeability in 1972 (Fromter and Diamond, 1972). Leaky gut allows infiltration of foreign
materials (including toxins) into the bloodstream and causes local and systemic immune
activation (Hall et al., 2001; Andrade et al., 2015). Welsh et al. (1998) reported that many factors
affect the “tightness” of epithelial cells; such as cytokines, osmotic stress, anti-inflammatory
agents, and feed restriction. The intestinal epithelium, composed of many cell types, helps in
nutrient absorption and protects against pathogen invasion (Podolsky and Babyatsky, 1995). The
intestinal cells are highly dynamic and renewed every 3-5 days (Karam, 1999) by proliferation of
stem cells and migration from the intestinal crypt to the tip of the villous (Potten, 1997; Karam,
1999). The intestinal lumen is the first defense line against bacteria where digestive enzymes
secreted from the stomach, pancreas, and liver help to degrade bacteria and antigens (Martin-

Venegas et al., 2006; Blikslager et al., 2007). The second defense line is mucus produced by
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epithelial goblet cells, the epithelium serves as a sensor and a signal to resident innate immune-
related cells in the mucosa (Blikslager et al., 2007). When pathogens invade, the innate immune-
related cells of the mucosa layer recruits and regulate the function of innate and adaptive
immune system elements, which is essential to decrease and ameliorate infection (Blikslager et
al., 2007). The final defense line is the columnar monolayer epithelial cells lining the intestines
and intraepithelial junctional complexes (have a barrier functions) (Mandel et al., 1993;

Blikslager et al., 2007; Barreau and Sawada, 2013; Hugot, 2014).

The intestinal epithelial cells are attached to each other by four major junctional
complexes: tight junctions (TJ), adhesion junctions (AJ), desmosomes (DE), and gap junctions
(Barreau and Hugot, 2014). The aforementioned complexes have a critical role in regulating
paracellular transportation, as they allow the infiltration of water, nutrients, and ions. On the
other hand, they prevent the passage of larger molecules (i.e., Lipopolysaccharide (LPS),
pathogens, antigens) under normal conditions (Bjarnason, 1994; Podolsky, 1999; Schneeberger
and Lynch, 2004; Turner, 2009; Sawada, 2013). Lipopolysaccharide is an endotoxin present at
the outermost membrane of the Gram-negative bacterial that has two phospholipid membranes to
protect itself. It is now known that the TJ proteins have a complex protein composition relative
to the other junctional complexes and they composed of at least 40 different proteins (i.e.,
occluding and claudin are the dominant ones; Yamazai et al., 2008; Anderson and Van lItallie,
2009). The TJ proteins determine the selectivity of infiltrated substances, and any modification
in these proteins changes the permeability of TJs (Furuse et al., 1998; Simon et al., 1999; Van
Itallie et al., 2001; Amasheh et al., 2002; Heller et al., 2005; Prasad et al., 2005). In addition,
paracellular permeability occurs via two pathways: either the pores which are developed by the

expression of some claudin proteins or non-pore pathway through the cytoskeletal destruction
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(de Punder and Pruimboom, 2015). Epithelial cells are connected with each other at the top edge
by a band formed from the actin cytoskeleton and works as an epithelial barrier (Yang et al.,
2007) A cascade of signal transduction regulates TJ barrier function (Shen et al., 2006) which
mostly depends on actin cytoskeleton that requires the activation of myosin light chain kinase
(MLCK; Ma et al., 1999; Berglund et al., 2001; Zolotarevsky et al., 2002; Wang et al., 2005).
Myosin light chain kinase can be activated by different factors such as protein kinase C (PKC;
Kamm and Stull, 2001), hypoxia inducible factor-1a (HIF-1a; Qi et al., 2011), or by cytokines
such as TNF-a, INF-y, IL-8, and IL-1pB (Al-Sadi et al., 2008; de Punder and Pruimboom, 2015).
Activated MLCK phosphorylate the regulatory myosin light chain (MLC) which allows the
myosin-actin binding. Myosin-actin interaction leads to cytoskeletal contraction of the epithelial
cells and thus increased permeability. In fact, Yang et al. (2007) found HS treatment upregulated
the phosphorylation of PKC and MLCK which induced intestinal epithelial barrier dysfunction.
In agreement, we and others have demonstrated HS compromised barrier function (Lambert et
al., 2002; Dokladny et al., 2006; Pearce et al., 2013b, Sanz-Fernandez et al., 2014).

Under HS conditions, gut inflammation begins as soon as the pathogens associated
molecular pattern (PAMPS) binds to toll-like receptor 4 (TLR4; de Punder and Pruimboom,
2015). The most familiar PAMP and the primary ligand for TLR4 is LPS (Fig. 2; Marshall,
2005; Frisard et al., 2015). Lipopolysaccharide can be defined as the major cell wall component
of the Gram negative bacteria which is normally found in the gut, since the microbes in the gut
are the major source of this Gram negative bacteria (Andreasen et al., 2008). Lipopolysaccharide
is usually released from the bacterial cells either during infection or bacterial lysis (Andreasen et
al., 2008; de Punder and Pruimboom, 2015). Lipopolysaccharide infiltration during HS into the

bloodstream was first observed by Graber et al. (1971). Following this observation, an enormous
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amount of studies began to focus more on LPS infiltration to the bloodstream under HS
conditions. Kelly et al. (2012) concluded that LPS can be translocated from the intestinal lumen
site into the submucosa transcellularly (via chylomicrons or M-cells; Jung et al., 2010) or
paracellularly due to loosening in the TJ proteins (i.e., occludin, claudin, tricellulin, and
junctional adhesion molecules). Understanding the biology and mechanisms of how HS
jeopardizes animal performance, therefore, is critical in developing compatible approaches (i.e.,
genetic, managerial, nutritional, and pharmaceutical) to ameliorate current challenges facing
animal production and future mitigating strategies to improve animal well-being, performance,

and economics.

Zinc feeding in heat stress

There is an increasing body of literature investigating the potential beneficial effects of
feed supplements under HS conditions. One possible strategy to ameliorate the effects of HS is
micronutrient supplementation to the feed. Trace minerals have an important role in the proper
functioning of some enzymes, and the lack of some minerals decreases the efficiency of the
immune system (Jeffery and Forsberg, 2007; Spears and Weiss, 2008). For instance, zinc (Zn),
copper, manganese, and selenium are widely used as feed supplements in dairy cows (Overton
and Yasui, 2014) and there is interest in determining if they can ameliorate some of the negative
consequences of HS.

Zinc has been studied for almost a century, and it was first described as a requirement in
rats by Todd and colleagues (1934). Currently, it is well known that Zn has pivotal roles for
more than 300 enzymes and more than 2,000 transcription factors (Prasad, 1993; Prasad and

Snell, 2009; Swecker, 2014). In the intestines, Zn-dependent transcription factors regulate genes
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involved in intestinal stem cell proliferation and regionalization in the gut (Noah et al., 2011).
Additionally, Zn has a vital role in immune cell proliferation, differentiation, and apoptosis
(Dardene, 2002; Haase et al., 2006). Zinc works as an antioxidant and is involved in the most
important biochemical interactions such as regeneration of tissues, protein synthesis, gene
transcription (via the Zn finger motif), and proliferation of immune cells (Jeffery et al., 2007;
Eze et al., 2015). Also, Zn is part of many metalloenzymes such as copper-Zn superoxide
dismutase (SOD) enzyme, which has a very important role in clearing reactive oxygen species
(ROS; Saker, 2006). Additionally, Zn serves an important role in carbonic anhydrase, alkaline
phosphatase, and RNA polymerase (Prasad, 1993).

Prasad and Kucuk (2002) indicated that Zn deficiency increased oxidative damage of cell
membranes caused by ROS. In addition, Vela and colleagues (2015) have reported Zn deficiency
is associated with increased intestinal apoptosis, inflammation, and edema. Other studies
indicated that Zn deficiency deteriorates intestinal functionality by decreasing the length of the
small intestine and shortening jejunum villi in rats (Southon et al., 1984, 1985).

Moreover, because Zn is essential for intestinal cells proliferation, particularly the
intestinal stem cells (Umar, 2010) it appears to play a key role in intestinal physiology. Stem
cells are differentiated into absorptive (i.e., enterocytes) or secretory cells (i.e., goblet cells,
enteroendocrine cells, paneth cells). Zinc deficiency decreases cell proliferation and thus mucin
produced by goblet cells which has a protective role against intestinal pathogens (Southon et al.,
1985; Umar, 2010). Other studies indicated Zn supplementation has a beneficial effect on
intestinal integrity by maintaining membrane structure, function, and crypt cell proliferation

(Duff and Ettarh, 2002; Vela et al., 2015). Caine et al. (2009) reported that Zn supplementation



20

improved intestinal defense mechanisms in sows by upregulating lymphocytes in the jejunum
and ileum. Thus, it appears Zn could beneficially affect the GIT via multiple modes of action.

Generally, Zn deficiency is associated with impaired response of the immune system to
bacterial, fungal, parasitic and viral infections, and increased anemia and erythrocyte fragility
(Pekarek et al., 1977, Shankar and Prasad, 1998, Van Eeckhout et al., 1976 and Wellinghausen,
2001; Eze et al., 2015; Vela et al., 2015). The symptoms of severe Zn deficiency include
improper immune function, diarrhea, dermatitis, alopecia, and frequent infection (Shankar and
Prasad, 1998). The effect of Zn supplementation of different species diets are summarized in
Table 4.

Zinc absorption occurs primarily in the small intestine (Wang and Zhou, 2010). There are
many factors that affect intestinal Zn absorption such as an animal’s age, amount of Zn
consumed, the amount of other minerals in the diet, and the form of Zn consumed (i.e., organic
vs. inorganic; Miller et al., 1967; Carroll and Forsberg, 2007).

Kellogg et al. (2004) investigated the effect of feeding Zn methionine on lactation
performance and udder health, and they concluded that somatic cell count (SCC) was reduced
with Zn methionine supplementation. Cope et al. (2009) reported that cows fed supplemented Zn
had greater milk yield and lower SCC and milk amyloid A concentrations. In another study
conducted on dairy cows by Sobhanirad et al. (2010), Zn treated cows tended to produce more
milk with less SCC.

Moreover, many experiments have reported the importance of Zn to ameliorate effects of
HS. It was recently reported that supplemented Zn improved intestinal integrity in acute and
chronically HS pigs (Sanz-Fernandez et al., 2014; Pearce et al., 2015). Alam et al. (2014)

indicated that dietary Zn has an essential role in maintaining a healthy intestinal barrier. In
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addition, an in vitro study conducted by Sargeant et al. (2011) suggested that Zn oxide reduced
inflammation and thus maintained normal gut function. Zinc supplementation ameliorated the
response of chronic stress caused by bacterial infusion in mice (Garcia et al., 1996). In addition,
Zn supplementation improved body weight, feed efficiency, carcass traits, and immune
parameters for HS broiler chickens (Kucuk et al., 2003; Chand et al., 2014). Ménner and Wang
(1991) have shown that layer hens become more heat resistant and increased their upper critical
temperature from 34 to 42 weeks of age following Zn bacitracin supplementation. Furthermore,
Zn sulfate improved production parameters in laying Japanese quail (i.e., feed intake, feed
efficiency, nutrient digestibility, egg production, and egg quality) during HS (Sahin and Kucuk,
2003). The aforementioned studies suggest that Zn has a pivotal role in removing the negative
consequences of HS regardless of its form.

The form Zn supplementation in the diet (i.e., Zn sulfate, Zn oxide, Zn chloride, Zn
acetate vs. Zn amino acid chelate) is one of the factors affecting its absorptive efficiency by
enterocytes. In fact, some studies showed that organic Zn outperformed and was more
bioavailable compared with inorganic Zn (Greene et al., 1988; Spears, 1986; Wedekind et al.,
1992; Rabiee et al., 2010). In contrast, other studies reported Zn form has no effect on its
absorption (Hill et al., 1986; Pimentel et al., 1991; Paulicks et al., 2011; Suo et al., 2015).

The absorption of complexed Zn (CZ; Zn bound to an amino acid) begins at the stomach
where the pH is low. The acidic environment of the abomasum in ruminants breaks the amine
bond of the protein that attaches the Zn and charges it with a positive charge on the amine moiety
(NH3"; Ashmead, 2012). The positive charge allows CZ to form a bond with negatively charged
absorptive transport molecules in the stomach and initiates CZ transportation through the

abomasum into the bloodstream by active transport (White et al., 1973; Ashmead, 2012). The
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aforementioned mechanisms were confirmed by a number of studies that indicated CZ can be
directly absorbed by epithelial cells of the stomach compared with Zn from inorganic sources
such as Zn sulfate in pigs (Kornegay et al., 1993; Kim, 2007). Furthermore, the intestinal
absorption of Zn from CZ was more pronounced when compared with its inorganic counterparts
(Kim, 2007). Despite the alkaline environment of the proximal intestinal lumen, the brush border
microenvironment remains acidic which helps in positively charging the amine group and
allowing active transportation of CZ again (Ashmead, 2012). In contrast, inorganic Zn forms an
insoluble compound in the intestines and becomes unavailable for absorption (Ashmead and
Graff, 1985). In addition, Swecker (2014) reported that organic trace minerals tend to be more
efficiently absorbed than inorganic Zn due to less chance of forming mineral antagonism. The
previous point explains the benefits of supplementing Zn in an organic form and illustrates that
CZ might be more available for absorption than inorganic Zn. According to our knowledge, no

previous studies exist on the effect of CZ supplementation in heat stressed ruminants.

Immune system response

The intestines contain a large number of microbes (Yi et al., 1999). Gram-negative
bacteria are well characterized and known as the major source of endotoxin which is a key
contributor to systemic inflammation (Doung et al., 2011; Chang et al., 2015). Endotoxin elicits
a well-characterized robust immune response in animals, but there is recent appreciation for its
marked alteration of host metabolism (independent of overt immune modulation) in multiple
laboratory models and humans. Following injury or inflammation, the liver secretes acute phase
proteins (APP). Acute phase proteins, produced mainly by hepatocytes, have major roles during
inflammation (Table 5). They are involved in pathogen opsonization, toxic substance removal,

and regulation of immune system response to inflammation (Petersen et al., 2004; Ceciliani et
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al., 2012). Upon LPS infiltration into the bloodstream, LPS-binding protein (LBP), which is an
acute phase protein secreted from the liver and considered an important biomarker for bacterial
translocation (Vesterbacka et al., 2015), binds to the lipid A portion of LPS (the active toxic
portion of LPS) and transfers it to its receptors located on the immune cells (Mani et al., 2012).
Cluster of differentiation 14 (CD14) then recognizes and attaches LPS to extracellular Toll-like
receptor 4 (TLR4) and myeloid differentiation protein 2 (MD-2; Mani et al., 2012). Following
this, an initiation of the immune cell signaling occurs, which in turn up-regulates gene

transcription of nuclear factor kB (NF-kB; Fukata et al., 2009) as illustrated in Fig. 3 and 4.

The activated TLR4 increases secretion of pro- and anti-inflammatory cytokines and
chemokines (Marshall, 2005; de Punder and Pruimboom, 2015). Cytokines activate and recruit
innate immune cells and adhesion molecules which direct inflammatory cells into the intestinal
lumen (Blikslager et al., 2007). Further, the cytokines stimulate the acute APP secretion by the
hepatocytes (Yoshioka et al., 1998; Jensen and Whitehead, 1998; Takeuchi and Akira, 2010;

Chang et al., 2015).

Interestingly, during ketosis TAG accumulation in the liver has negative consequences on
hepatic structure as mentioned earlier in the fatty liver section. Fatty liver attenuates the liver
ability to secrete APP such as haptoglobin and serum amyloid A (Katoh 2002; Bobe et al., 2004).
In addition, Suriyasathaporn et al. (2000) reported that high NEFA and BHBA in vitro

compromised functionality of the immune system.

Summary
Metabolic maladaptation to lactation (ketosis) and HS are two of the most economically

important pathologies in the dairy industry and both severely jeopardize the competitiveness of
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global animal agriculture. Heat stress and ketosis affect herds of all sizes and every dairy region
in the country and world. The biology of ketosis and HS has been thoroughly studied for almost
a half century, but the negative impacts of both (from an animal welfare and fiscal perspective)
are as severe today as they were 30 years ago. We suggest, based upon the literature and on our
supporting evidence, that LPS is the common culprit etiological origin of both metabolic

disorders.
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Table 8. Ingredients and composition of nutrients, DM%

Ingredient, % ocz' 40CZ°
Corn grain, cracked 42.4 43.4
Corn silage 13.9 14.2
Complexed zinc (CZ) pellets 43.7 42.4

Nutrients, %

Dry matter (DM), % 72.6 70.8

Crude protein (CP), % 15.73 16.29
Acid detergent fiber, % 14.54 14.95
Neutral detergent fiber, % 23.15 23.97
Ash-free neutral detergent fiber, % 22.19 23.12
Lignin (sulfuric acid), % 1.59 1.49
Lignin (%NDF), % 6.64 6.14
Acid detergent insoluble crude protein (%CP), % 6.90 6.18
Acid detergent insoluble crude protein (%DM), % 0.94 1.00
Neutral detergent insoluble crude protein (%CP), % 10.28 10.27
Neutral detergent insoluble crude protein (%DM), % 1.79 1.87
Soluble protein (%CP), % 30.76 30.95
Ether extract, % 5.01 5.07
Ash, % 5.85 591
Calcium, % 0.88 0.85
Phosphorous, % 0.39 0.40
Magnesium, % 0.20 0.22
Potassium, % 0.86 0.93
Sulfur, % 0.26 0.32
Manganese, ppm 99.19 91.81
Zinc, ppm 108.46 113.43
Copper, ppm 15.55 14.65
Iron, ppm 228.70 507.28
Sodium, % 0.13 0.12
Chlorine, % 0.26 0.25
Molybdenum, ppm 0.54 0.55
Selenium, ppm 0.54 0.55
Cobalt, ppm 1.38 1.58

10CZ had 0.04% Zn sulfate
240CZ had 0.02% Zn sulfate, and 0.07% CZ
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Table 9. Water analysis at the beginning and at the end of the project

Item Pre-project Post-project
Nitrate-N, ppm 1.28 1.97
pH 9.13 8.72
Calcium, ppm 97.376 53.003
Magnesium, ppm 6.249 7.799
Phosphorous, ppm 0.086 0.103
Potassium, ppm 3.597 2.765
Copper, ppm 0.021 0.02
Iron, ppm 0.085 0.054
Zinc, ppm 0.128 0.034
Sodium, ppm 41.068 21.776
Manganese, ppm 0.003 0.005
Chloride, ppm 60 51
Sulfate, ppm 101.964 86.598
Total dissolved solids, ppm 355 310
Water hardness, ppm 269 164
Hardness Extremely hard water  Soft water

Grains per gallon 16 10




Table 10. Effects of feeding 75 mg/kg Zn from ZnSO4 (0CZ) and 35 mg/kg Zn from ZnSO4 + 40 mg/kg Zn from Zn amino acid complex (40CZ) on DMI and vitals

Contrasts

Treatments P-value Ctrl vs. Ctrl vs. 0CZ vs. 0CZHS vs.  0CZPF vs. HS vs.

Parameter ~ Ctrl!  0CZPF° 0CZHS® 40CZPF* 40CZHS® SEM Trt® Day  Trt*Day 40CZHS  0CZHS 40CZ 40CZHS 40CZPF PF
DMI, kg 4.2% 3.3 3.3 35° 3.6° 0.2 <001 <0.01 0.65 0.03 <0.01 0.09 0.19 0.26 0.92
DMI, P1%  102.0°  77.4° 77.0° 85.0° 85.1° 80  <0.01 <0.01 0.26 <0.01 <0.01 0.04 0.13 0.16 0.98
Tr', °C 38.9° 38.8° 39.8° 38.9° 39.6 0.1  <0.01 <0.01 <0.01 <0.01 <0.01 0.74 0.21 0.08 <0.01
0700h 38.8  38.7° 39,52 38.9° 39.3° 0.1  <0.01 <0.01 <0.01 <0.01 <0.01 0.59 0.18 0.04 <0.01
1200h 38.9° 38.7° 39.7° 38.8° 39.5° 0.1 <001 <0.01 <0.01 <0.01 <0.01 0.77 0.28 0.50 <0.01
1900h 39.0° 38.9° 40.2° 39.1° 40.1° 01 <001 <0.01 0.29 <0.01 <0.01 0.56 0.42 0.10 <0.01
Ts, °C 30.1° 29.6™ 37.4° 29.3° 37.3 03  <0.01 <0.01 <0.01 <0.01 <0.01 0.33 0.70 0.32 <0.01
0700h 29.5° 29.5° 35.42 29.3° 35.2% 03 <001 <0.01 <0.01 <0.01 <0.01 0.45 0.51 0.69 <0.01
1200h 30.6° 30.7° 37.9° 30.2° 37.7° 04  <0.01 <0.01 <0.01 <0.01 <0.01 0.42 0.77 0.40 <0.01
1900h 30.2° 29.2° 38.9° 28.6° 38.9° 03  <0.01 0.04 <0.01 <0.01 <0.01 0.33 0.94 0.15 <0.01
RR®, bpm 89" 74° 1132 86" 115 3 <0.01 <0.01 0.09 <0.01 <0.01 0.01 0.57 <0.01 <0.01
0700h 89° 78° 104 88’ 107° 3 <0.01 <0.01 <0.01 <0.01 <0.01 0.04 0.50 0.02 <0.01
1200h 90° 81° 115° 90" 1128 3 <0.01 <0.01 0.41 <0.01 <0.01 0.34 0.63 0.07 <0.01
1900h 90° 66¢ 120° 81° 126° 3 <0.01 0.30 0.60 <0.01 <0.01 <0.01 0.12 <0.01 <0.01

Control steers under thermoneutral conditions (20.2+1.4°C) that received 75ppm of Zn in the form of ZnSO,
“Steers under thermoneutral conditions (20.2+1.4°C) that received 75 ppm of Zn in the form of ZnSO, and were pair-fed to the 0CZHS treatment

3Steers under cyclical heat stress conditions (27.1+1.5°C to 35.0+2.9°C) that received 75 ppm of Zn in the form of ZnSQ,
“Steers under thermoneutral conditions (20.2+1.4°C) that received 40 ppm of Zn as ZnAA and 35 ppm of the Zn as ZnSO, in their diet and were pair-fed to the 40CZHS treatment

®Steers under cyclical heat stress conditions (27.1+1.5°C to 35.0+2.9°C) that received 40 ppm of Zn as ZnAA and 35 ppm of the Zn as ZnSQO, in their diet

Treatment

"Rectal temperature
8Skin temperature
°Respiration rate

abep<(.05

L0T









Table 13. Effects of feeding 75 mg/kg Zn from ZnSO4 (0CZ) and 35 mg/kg Zn from ZnSO4 + 40 mg/kg Zn from Zn amino acid complex (40CZ) on intestinal morphology

Contrasts
Treatments P-value Ctrlvs. 40  Ctrl vs. 0CZ vs. 0CZHSvs.  0CZPF vs. HS vs.

Parameter Ctrl* 0CZPF 0CZHS®  40CZPF*  40CZHS’ SEM Trt CZHS 0CZHS 40CZ 40CZHS 40CZPF PF
Duodenum

Height, um 894.44 900.70 882.48 977.20 939.71 68.54 0.87 0.64 0.90 0.33 0.55 0.43 0.68

Width, um 390.12 394.11 425.10 362.42 367.09 21.26 0.25 0.45 0.25 0.04 0.05 0.30 0.40

Depth, pm 1007.99 867.18 957.56 910.66 960.31 71.01 0.69 0.64 0.62 0.74 0.98 0.67 0.33

H:D* 0.94 1.09 0.95 111 1.05 0.13 0.83 0.54 0.93 0.62 0.58 0.88 0.46

GCAY%** 3.8 1.5% 3.9 2.3” 3.1 0.7 0.06 0.44 0.94 0.97 0.42 0.44 0.02
Jejunum

Height, um 1041.79% 952.39Y 926.05¥  1006.55" 1159.79% 59.90 0.06 0.16 0.17 0.02 <0.01 0.54 0.30

Width, um 352.53 381.28 384.37 338.41 359.86 18.31 0.38 0.77 0.21 0.08 0.34 0.12 0.51

Depth, pm 970.53 968.71 916.58 949.83 897.66 64.06 0.89 0.41 0.54 0.77 0.83 0.84 0.42

H:D 1.10¥ 1.00¥ 1.03¥ 1.08Y 1.32% 0.08 0.06 0.06 0.50 0.03 0.01 0.48 0.11

GCA% 2.1% 0.7° 2.2 1.1> 2.5 05 0.04 0.46 0.85 0.45 0.59 0.59 <0.01
lleum

Height, um 980.96 913.46 938.17 981.30 1045.28 50.20 0.40 0.36 0.54 0.09 0.13 0.35 0.38

Width, um 368.13 343.63 344.91 350.00 380.16 19.30 0.59 0.66 0.39 0.29 0.20 0.82 0.42

H:D 1.04 1.02 0.91 0.99 113 0.08 0.46 0.45 0.27 0.26 0.07 0.83 0.57

Depth, pm 956.78 936.12 1052.46  1000.02 958.41 65.61 0.73 0.98 0.30 0.82 0.31 0.50 0.82

GCA% 2.4% 0.9 3.1° 1.5% 3.2° 0.6 0.04 0.32 0.38 0.59 0.94 0.50 <0.01
Colon

GCA% 8.8 5.7 8.8 3.2 75 1.7 0.15 0.57 0.99 0.27 0.59 0.33 0.04

*Villus height:crypt depth

**Goblet cell area; expressed as a percentage of epithelial area

Control steers under thermoneutral conditions (20.2+1.4°C) that received 75ppm of Zn in the form of ZnSO,

%Steers under thermoneutral conditions (20.2+1.4°C) that received 75 ppm of Zn in the form of ZnSO, and were pair-fed to the 0CZHS treatment

3Steers under cyclical heat stress conditions (27.1+1.5°C to 35.0£2.9°C) that received 75 ppm of Zn in the form of ZnSQ,

“Steers under thermoneutral conditions (20.2+1.4°C) that received 40 ppm of Zn as ZnAA and 35 ppm of the Zn as ZnSQ, in their diet and were pair-fed to the 40CZHS treatment
SSteers under cyclical heat stress conditions (27.1+1.5°C to 35.0+2.9°C) that received 40 ppm of Zn as ZnAA and 35 ppm of the Zn as ZnSQy, in their diet

abep<(.05, *¥20.05<P<0.10

0Tt
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Figure 6. Effects of feeding 75 mg/kg Zn from ZnSO4 (0CZ) and 35 mg/kg Zn from ZnSO4 + 40
mg/kg Zn from complexed zinc (40CZ) on rectal temperature by day in growing steers exposed

to thermoneutral or cyclical heat stress conditions
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Figure 7. Effects of feeding 75 mg/kg Zn from ZnSO4 (0CZ) and 35 mg/kg Zn from ZnSO4 + 40
mg/kg Zn from complexed zinc (40CZ) on circulating insulin by day in growing steers exposed

to thermoneutral or cyclical heat stress conditions
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Figure 8. Effects of feeding 75 mg/kg Zn from ZnSO4 (0CZ) and 35 mg/kg Zn from ZnSO4 + 40
mg/kg Zn from complexed zinc (40CZ) on circulating serum amyloid A by day in growing

steers exposed to thermoneutral or cyclical heat stress conditions
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Figure 9. Effects of feeding 75 mg/kg Zn from ZnSO4 (0CZ) and 35 mg/kg Zn from ZnSO4 + 40
mg/kg Zn from complexed zinc (40CZ) on circulating lipopolysaccharide binding protein by day

in growing steers exposed to thermoneutral or cyclical heat stress conditions
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Figure 10. Effects of feeding 75 mg/kg Zn from ZnSO4 (0CZ) and 35 mg/kg Zn from ZnSO4 +
40 mg/kg Zn from complexed zinc (40CZ) on circulating haptoglobin by day in growing steers

exposed to thermoneutral or cyclical heat stress conditions
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CHAPTER 4. THE EFFECT OF RECOVERY TIME FROM HEAT STRESS ON
CIRCULATING BIOENERGETIC VARIABLES AND BIOMARKERS OF LEAKY GUT

M. Abuajamieh,* E. J. Laughlin,* A. Kaiser,* S. M. Lei,* S. K. Stoakes,* E. J. Mayorga,* J. T.
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*Department of Animal Science, lowa State University, Ames 50014
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Abstract

Heat stress (HS) reduces animal productivity and jeopardizes health. The metabolic
consequences of HS are atypical (i.e., hyperinsulinemia) considering the animal's nutritional and
energetic status and a compromised intestinal barrier may be the origin of the pathophysiological
consequences of HS. However, the temporal pattern of metabolic and leaky-gut variables during
HS recovery is not well-understood. Female pigs (n=32; 19.5 + 0.5 kg BW) were sacrificed
following exposure to one of four environmental protocols: 1) constant thermoneutral conditions
(TN; 24.2 £ 0.5°C and 57.2 + 5.6% RH), 2) no TN recovery following 3 d of HS (0D), 3) 3 d of
TN recovery post 3 d of HS (3D), and 4) 7 d of TN recovery post 3 d of HS (7D). The HS
protocol was cyclical (33.6 £ 1.8 to 37.4 £ 2.1°C, 29.5 + 5.3% RH). Pigs in all environmental
protocols were fed ad libitum. Blood was collected during sacrifice and intestinal samples were
obtained posthaste following death. During the heat load, HS increased rectal temperature
(1.2°C; P < 0.01), respiration rate (2.5 fold; P < 0.01) and skin temperature (4.7°C; P < 0.01),

and decreased feed intake (32.2%; P < 0.01) and growth (32.5%; P < 0.01) compared to TN
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controls. Blood glucose was decreased (10%; P = 0.03) for the OD and 3D pigs, but returned to
TN levels in the 7D exposed pigs. Recovery length did not affect circulating NEFA (P = 0.74)
insulin (P = 0.96) or the insulin:glucose (P=0.80). However, the insulin:feed intake tended to be
increased in the OD compared to the TN and 7D groups (44 and 41%; P = 0.07 and P = 0.09,
respectively). Lipopolysaccharide binding-protein was not different in the OD compared to the
TN pigs, but markedly increased (P = 0.01) with advancing recovery time; 2.1 and 2.5 fold in
3D and 7D pigs compared to TN controls, respectively. Jejunum villous height was or tended to
be decreased in the OD, and 3D pigs, compared to the TN pigs (17, 12%; P = 0.02, P = 0.09,
respectively). lleum villous height decreased (11%; P = 0.05) for OD pigs relative to TN-
controls. In summary, HS altered intestinal morphology and although these presumably negative
anatomical changes were mostly “recovered” within 7 days the recovery period was associated

with progressively increased biomarkers of leaky gut.

Key words: Heat stress, recovery, pigs, inflammation, intestinal barrier

Introduction

Heat stress (HS) negatively affects economically important animal agriculture variables
like growth, lactation, gestation, feed intake and meat/milk quality (Bhattacharya and Hussain
1974; Christon, 1988; Zhang et al., 2012). Therefore, HS is a key obstacle to efficient global
food production and is an economic and food security issue in developing countries (Baumgard
and Rhoads, 2012). In an effort to maximize radiant heat dissipation during HS, blood is directed
from the splanchnic tissues to the periphery (Crandall and Gonzélez-Alonso, 2010) and
insufficient nutrient and oxygen supply to intestinal tissue causes hypoxia which is thought to

compromise intestinal barrier function (Hall et al., 1999). Hypoxia-induced damage allows for
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luminal content to infiltrate the intestinal barrier, and if severe enough this can exceed the liver’s
detoxification capacity causing systemic endotoxemia. Indeed, we and others have demonstrated
decreased barrier function due to HS in rodents and pigs (Lambert et al., 2002; Dokladny et al.,
2006; Sanz-Fernandez et al., 2014; Pearce et al., 2013b, 2014, 2015). Many of the mal-nutrient
partitioning and negative consequences of HS on traditional production traits are thought to
originate from a damaged intestinal barrier (Baumgard and Rhoads, 2013). However, the
physiological and metabolic responses following the HS insult are not well-understood and this
is especially true for intestinal morphology and biomarkers of leaky gut. Thus, objectives of the
current project were to investigate the temporal pattern of metabolic variables and biomarkers

associated with intestinal barrier dysfunction during recovery from HS in a large-animal model.

Materials and methods

Animals

lowa State University Institutional Animal Care and Use Committee approved all
procedures involving animals, which took place at the lowa State University Swine Nutrition
research facility. Thirty-two female pigs (19.5 + 0.5 kg body weight; BW) were randomly
assigned to 1 of 4 environmental protocols (8 pigs/protocol). Pigs were housed in 1 of 2
environmentally-controlled rooms (either thermoneutral or heat stress) throughout the project at
the lowa State University Swine Nutrition Farm in Ames, IA. Ambient temperature protocols
included either constant thermoneutral conditions (TN; 24.2 £ 0.5°C and 57.2 =+ 5.6% RH) or
diurnal HS conditions (cyclical 33.6 £ 1.8°C from 1800-0700 h to 37.4 + 2.1°C from 0700-1800
h; average RH of 29.5 + 5.3%). Environmental treatments included 1) constant TN conditions
(TN), 2) no TN recovery following 3 d of HS (0OD), 3) three days of TN recovery following 3

days of HS (3D), and 4) seven days of TN recovery following 3 days of HS (7D). All pigs were
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fed ad libitum a standard diet consisting mainly of ground corn and soybean meal formulated to
meet or exceed the nutrient requirements (NRC, 2012; Table 14). Body weights were obtained at
the beginning of the study, at the initiation and end of the heat protocol, and at sacrifice. Feed
intake (FI) was measured daily. Rectal temperature (Tr), respiration rate (RR), and skin
temperature (Ts) were measured daily at 0600, 1200 and 1800 h. All pigs were euthanized at the

end of their respective environmental protocol via captive bolt followed by exsanguination.

Serum and plasma analysis

Blood samples were harvested during euthanasia (i.e., blood obtained during
exsanguination) and plasma was kept frozen at -20°C until analysis. Plasma insulin, non-
esterified fatty acids (NEFA), glucose, and lipopolysaccharide binding protein (LBP) were
determined using commercially available kits validated for use in our laboratory (insulin,
Mercodia AB, Uppsala, Sweden; NEFA, Wako Chemicals USA, Richmond, VA; glucose, Wako

Chemicals USA Inc., Richmond, VA; LBP, Hycult Biotech, Uden, Netherlands).

Post mortem tissue collection and analysis

One section of jejunum measuring 20-30 cm was collected about 92 cm distal to the
pyloric sphincter. A segment of the ileum, measuring 20-30 cm, was collected approximately 15
cm proximal to the ileocecal junction, and one segment of descending colon, measuring 20-30
cm, was collected circa 35 cm proximal to the rectum. Jejunum, ileum, and colon segments were
flushed with cold phosphate-buffered saline to remove intestinal content, fixed in 10% neutral
buffered formalin and submitted to the lowa State University Veterinary Diagnostic Laboratory
for sectioning and periodic acid-Schiff (PAS) staining for goblet cell area quantification and

histology. One slide per pig per tissue was generated. Using a microscope (Leica® DMI3000 B
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Inverted Microscope, Bannockburn, IL) with an attached camera (QImaging® 12-bit QICAM
Fast 1394, Surrey, BC), five images per section of intestine were obtained at 50x magnification.
All image processing and quantification was done using ImageJ 1.48v (National Institutes of
Health, USA). An intestinal nutrient absorption index was calculated using the equation used by
Trevisi et al. (2014): M index = [(villous width x villous height) + ((villous width/2) + (crypt

width/2))?- (villous width /2)?] /((villous width/2) + (crypt width/2))>.

The entire liver was collected, diced, and mixed before obtaining a ~50 g sample which
was snap frozen in liquid nitrogen at -80°C until further analysis. A portion of the liver sample
was submitted to the lowa State Meat Science Laboratory for liver moisture and fat
determination. The sample was pulverized using liquid nitrogen, weighed, fully dried, cooled,
and then reweighed. The weight loss was calculated as moisture content. The sample was then
used for total lipid determination using a Soxhlet fat extractor. Heart and spleen were collected,

weighed and then discarded.

Statistical analysis

Effects of environmental treatment (TN, OD, 3D, and 7D), day and treatment by day
interaction were assessed using PROC MIXED (SAS 9.4 Inst. Inc., Cary, NC). A repeated
measures analysis with an autoregressive covariance structure and day as the repeated effect was
used to determine effects of treatment, day, and treatment by day interaction (i.e., FI and vitals).
For each variable, the residuals’ distribution was tested for normality and logarithmic
transformation was performed when necessary. Single measurements (blood parameters,
morphology and organ weights) were analyzed using the ANOVA procedure of SAS. Preplanned

contrasts were used to evaluate the effects of recovery period for the TN vs. HS, TN vs. 0D, TN
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vs. 3D, and TN vs. 7D using the CONTRAST statement of SAS. Results are reported as

LSmeans and considered different when P < 0.05 and a tendency was defined as 0.05 <P <0.10.

Results

As expected, HS markedly increased Tr, RR, and Ts (1.2°C, 2.5 fold, and 4.7°C,
respectively; P < 0.01; Table 15; Fig. 12) relative to TN pigs. During the recovery period, Tr and
RR were similar between TN, 3D, and 7D pigs. During the pre-HS period, FI was unexplainably
increased in the OD and 3D compared to the TN and 7D treatments (P < 0.01; Table 16; Fig.
13A), despite initial body weight being similar (19.5 kg; Table 16) amongst treatments. Thus,
FI during HS and post-HS was also calculated as a percentage of the pre-HS FI for each
environmental treatment. Pigs assigned to all of the HS protocols had reduced FI (32.2%)
compared with their TN counterparts (P < 0.01; Table 16; Fig. 13B). During the recovery period,
FI increased (Table 16; Fig. 13A) for both 3D and 7D treatments compared with their FI during
HS, and by the 3" day of recovery was similar (P = 0.46; Fig. 13A) to their pre-HS FI. However,
FI during the recovery period remained decreased (P < 0.01; 22%) in the 3D and 7D pigs
compared to the TN controls (Table 16; Fig. 13B). HS decreased ADG (32.5%; P < 0.01; Fig.
14) compared to pre-HS, but the 3D and 7D HS pigs had a large increase (160%) in ADG during
the immediate 24 h of recovery. Overall ADG during the recovery period for the 3D and 7D pigs

was similar to pre-HS exposure (P > 0.10; Fig. 14).

Circulating glucose was decreased (10%; P = 0.03; Table 17) in OD and 3D pigs
compared to the TN pigs, but there were no differences in glucose content between TN and 7D
pigs (P = 0.17; Table 17). Interestingly, LBP concentrations were numerically (P= 0.13; Table

17; Fig. 15) increased in the OD compared to the TN pigs and were increased (2.1 and 2.5 fold; P
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= 0.01; Table 17; Fig. 15) for the 3D and 7D pigs respectively, compared with the TN pigs. The
ratio of LBP to feed intake was similar for 0D, 3D, and 7D treatments but was increased 2.5-fold
in all HS treatments relative to TN pigs (P < 0.01; Table 17). Despite the marked decrease in
nutrient intake during HS, there were no treatment differences in circulating insulin, or NEFA
(Table 17). The OD pigs tended to have an increased insulin:FI when compared to TN pigs (44%;

P =0.07; Table 17), but this variable did not differ between 3D, 7D and TN pigs (Table 17).

Compared to TN counterparts, 3D pigs had increased liver as a percentage of body
weight (~ 10%; P = 0.04; Table 18). Moreover, both spleen weight and spleen as a percentage of
body weight tended to be decreased (~ 17%; P = 0.07; Table 18) for OD pigs compared to TN
pigs. No other treatment differences were detected for liver weight, liver fat, liver moisture, heart

weight, and heart as a percentage of body weight (Table 18).

Jejunum villous height was decreased, tended to be decreased, or was similar in 0D, 3D,
and 7D pigs relative to TN controls (17, and 12%; P = 0.02, and P = 0.09, respectively; Table
19; Fig. 16). lleum villous height tended to be decreased for OD pigs relative to TN but was
similar between TN, 3D, and 7D treatments (11%; P = 0.07; Table 19; Fig. 16). Overall, jejunum
and colon goblet cell area was decreased for 3D pigs in comparison with TN (43 and 41%; P =
0.01 and P < 0.01, respectively; Table 19). In addition, ileum goblet cell area tended to be
decreased or was decreased for the 0D, 3D, and 7D pigs compared to TN pigs (27, 25, and 33%;
P =0.07, P =0.09, and P = 0.02, respectively; Table 19). Jejunum and colon goblet cell area
were similar in TN, 0D, and 7D pigs (Table 19). Furthermore, HS decreased jejunum mucosal
surface area relative to TN pigs (P = 0.03; Table 19; Fig. 17) and tended to decrease it in the

ileum for the OD pigs relative to the TN (P = 0.10; Table 19).
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Discussion

Despite improvements in farm management (e.g., barn construction, utilizing cooling
strategies), farm-animal production remains suboptimal during the warm summer months. The
negative consequences of HS include the reduction of both quantity and quality of the final
products, which decreases production of nutritious food for human consumption and thus
threatens global food security (Baumgard and Rhoads, 2012). The mechanism(s) governing the
negative effects of HS on productivity have been intensely studied and convincing evidence
suggests that a compromised intestinal barrier is the initial insult responsible for the
pathophysiology of thermal stress (Baumgard and Rhoads, 2013). However, the biology of how
animals recover from HS has received considerably less attention and this is particularly true
from an intestinal physiology perspective. ldentifying strategies aimed at accelerating
recuperation following HS could potentially help ameliorate seasonal production losses. In the
current study, our objectives were to investigate the temporal pattern of physiological, metabolic

and leaky gut variables during recovery from a 3 day cyclical HS event in pigs.

Pigs exposed to the 3 day HS protocol had markedly increased body thermal indices,
indicating substantial heat load was successfully implemented. During HS, FI decreases and this
is presumably a survival strategy and behavioral response to decrease metabolic heat production.
Thus as expected, HS caused an immediate reduction in FI (32.2 %), and FI gradually increased
during the recovery period, however FI in pigs that had experienced HS did not recover to the FI
level of TN pigs. Mechanisms responsible for the residual blunted appetite following HS is not
known, but the lack of full recovery in FI likely has large implications to important on-farm

economic variables. ADG was decreased (32.5%; P < 0.05; Fig. 14) during HS but despite
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reduced FI post-HS, ADG was similar to pre-HS conditions during d2-7 of the recovery period.
Interestingly, maximum ADG was observed during the immediate 24 h following HS, but the
constituents of that increase in body weight are not known but likely include both gut fill and

hyperhydration.

Heat stress causes a hypercatabolic state (increase in catabolic hormones, loss of body
weight, etc.), yet we and others have previously demonstrated increased insulin (an acute
anabolic signal) and decreased adipose tissue mobilization during HS (Baumgard and Rhoads,
2013; Pearce et al., 2013a; Sanz-Fernandez et al., 2015b). In the current study, circulating
glucose decreased during HS and this agrees with previous reports (Becker et al., 1992; Sanz-
Fernandez et al., 2015a,b). Interestingly, mild hypoglycemia remained for at least 3 days
following HS but euglycemia returned by the 7" day of recovery. Reasons for the
aforementioned temporal pattern in blood glucose are not clear, but one explanation could be the
increased glucose requirement by the immune system which had been activated during the HS
load, as the immune system becomes an obligate glucose utilizer when stimulated (Maciver et
al., 2008). Despite marked reductions in nutrient intake, circulating NEFA, insulin and the
insulin:glucose were similar in pigs from all environmental protocols (Table 17); however, the
insulin:FI tended to be increased (43%) for OD pigs in comparison with both TN and 7D pigs.
The increased ratio demonstrates 0D pigs were likely secreting more insulin per unit of feed
consumed, and this agrees with many reports in pigs (Pearce et al., 2013a; Sanz-Fernandez et al.,
2015b) and other species (Baumgard and Rhoads, 2013) demonstrating that heat-stressed animals
have increased variables of insulin secretion. The increased insulin is energetically difficult to

explain but is either directly or indirectly caused by LPS (derived from the GIT) as we have
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demonstrated that IV infused LPS acutely and markedly increases circulating insulin in pigs and

ruminants (Stoakes et al., 2015a,b).

Acute phase proteins, produced mainly by hepatocytes, play a major role during
inflammation (Gabay and Kushner, 1999; Petersen et al., 2004) and are involved in pathogen
opsonization, toxic substance removal, and regulation of the immune system response to
inflammation (Ceciliani et al., 2012). Lipopolysaccharide binding protein is an important acute
phase protein produced in response to endotoxin infiltration and it is responsible for recognizing
and clearing LPS via the toll-like receptor 4 (TLR-4; Vreugdenhil et al., 2003; Lu et al., 2008;
Schumann, 2011). In the current study, LBP increased (2.1 and 2.5 fold for the 3D and 7D pigs,
respectively) compared with TN. The reason for increases in 3D and 7D but not OD pigs is
unclear, but may be due to a lag in acute phase response. In fact, we have recently reported a
progressive decrease in LBP during a 12 h acute heat stress (Pearce et al., 2015) and Colley and
others (1983) did not observe an increase in acute phase proteins after different type of surgeries
(unilateral hernias, cholecystectomy, varicose vein ligation, lymph node biopsy, partial
colectomy, spinal fusion, and hip replacement) until 6-8 h post-operation with a peak response
occurring 48 h post-surgery. Moreover, in the current study all four treatments were under
different planes of nutrition at the time of blood sampling, and the acute phase protein response
is blunted, yet active, during undernutrition (Doherty et al., 1993; Reid et al., 2002).
Consequently, the LBP to FI ratio reveals increased LBP:FI in all 3 HS treatments relative to TN
pigs, with no difference amongst HS treatments. Synthesis of LBP, and acute phase proteins in
general, is energetically expensive and the increased LBP per unit of feed intake for HS pigs in

the current study demonstrates a priority to produce LBP despite a reduced plane of nutrition.



127

The gut mucosal barrier is responsible for nutrient and water absorption while
simultaneously preventing endotoxin, antigen and bacterial translocation. Intestinal
morphological structure is important for nutrient utilization and absorption, as longer villi are
indicators of a healthy gut (Langhout et al. 1999; Yasar and Forbes 1999; Hou et al., 2012; Yang
et al., 2014). Further, many studies indicate a positive correlation between longer villi height and
pig production performance (Zijlstra et al.,, 1996; Mekbungwan and Yamauchi, 2004). A
conserved and general response to HS is decreased blood delivery to splanchnic tissues. Reduced
nutrient supply causes intestinal epithelial cell hypoxia which alters intestinal morphology, and
increases intestinal permeability (Yan et al., 2006; Pearce et al., 2013b). Consequently, intestinal
morphological changes such as shorter villi and deeper crypts can be used as a broad marker of
increased permeability and endotoxin (i.e., LPS) infiltration (Hall et al., 2001; Xu et al., 2003;
Yu et al., 2010; Hou et al., 2012; Ashraf et al., 2013). Consistent with this, the present results
demonstrate decreased villous height in both jejunum and ileum for the 0D pigs in comparison
with their TN counterparts. However, ileum villous height recovered in the 3D and jejunum villi
returned to normal height in the 7D pigs. Reasons why different segments of the small intestine
responded differently to heat stress is not clear, but broadly agree with a recent report indicating
that there are regional differences within the small intestine in response to HS in poultry
(Varasteh et al., 2015). Further, the temporal pattern of intestinal morphological changes in our
study agrees with a previous report indicating that it requires about 6 days for intestinal physical
characteristics to recover from HS (Liu et al., 2009). The relatively prompt recovery is not
surprising because the half-life of intestinal cells is approximately 3 days (Karam, 1999) and
intestinal epithelial cells are rapidly repaired following an injury (Blikslager et al., 2007;

Grootjans et al., 2011). In fact, intestinal epithelial cells have been reported to return to their
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baseline integrity by ~ 3 h after ischemia or HS injury (Grootjans et al., 2011; Oliver et al.,
2012). Heat stress also decreases enterocyte proliferation which contributes to shorter villi and a
reduced mucosal surface area (Sandikci et al., 2004). In the present experiment, HS decreased or
tended to decrease jejunum and ileum mucosal surface area in pigs not allowed to recover from
HS. The decreased mucosal surface area remained evident in the jejunum throughout recovery
period, but the ileum mucosal surface area recovered to TN levels within 3D. It is not clear why
there appears to be differences in the persistency of HS-induced damage between segments of
the small intestine. Regardless, it appears the gastrointestinal tract recuperates quickly following
heat damage, and continued or residual intestinal barrier dysfunction is likely not responsible for
poor productivity following heat stress.

Goblet cells are involved in intestinal protection and maintaining a healthy intestinal
mucosa (Masuda et al., 2003; Deng et al., 2012), as the mucus secreted by goblet cells forms a
semi-aqueous barrier which contributes to maintaining gut integrity (Matovelo et al., 1989;
Smirnova et al., 2003). In the current project, jejunum and colon goblet cell area did not differ
between the TN and the 0D and 7D pigs. Intriguingly, HS decreased goblet cell area in the ileum
for all HS treatments and for 3D pigs in jejunum and colon relative to the TN pigs. These results
somewhat agree with rodent studies (Castagliuolo et al., 1996; Liu et al., 2012), and broilers
jejunum (Ashraf et al., 2013) indicating that HS reduces goblet cells. However, the effects of HS
on intestinal goblet cells are not clear as others have reported that a short term HS (6d) increased
goblet cell but that a longer term HS (12 d) decreased goblet cell numbers (Deng et al., 2012). In
addition, Ashraf et al. (2013) reported HS increased goblet cells in the ileum and decreased it in
the jejunum. Further, Pearce et al. (2015) indicated that HS increased mucin 2 abundance

(produced by goblet cells) in the ileum. Reasons for the confusing temporal pattern in relation to
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HS in goblet cell number are not clear, but could represent a lingering “healing” response that
needs further investigation.

In summary, results of the current study demonstrate that HS markedly decreased both Fli
and ADG. Heat stress clearly negatively impacted intestinal villi morphology but most variables
had recovered by the 7" day following HS. Interestingly, circulating LBP markedly and
progressively increased following HS suggesting that the inflammatory and acute phase protein
response remains robust for at least a week following an intense heat load. Why this was not

associated with decreased growth during the recovery period is not clear.
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Table 14. Ingredient percentage and chemical composition of diet for growing pigs (as-fed
basis)

Item %

Ingredient, %
Corn 62.70
Soybean meal 24.16
DDGS* 10.00
SCE 45-30° 2.25
Moncalcium phosphate 0.38
Lysine 0.37
DL-Metionine 0.08
Therionine 0.06

Diet composition
Dry matter 87.15
Crude protein 18.92
Crude fat 4.56
Crude fiber 3.56
Ash 4.62

!Distilled dried grains with soluble

*Premix contains: 8.8% of Fe, 8.8% of Zn, 4.0% of Mn, 1.6% of Cu, 600 mg/kg of I, 133 mg/kg of Se,
1,360,776 1U/kg of vitamin A, 249,475 1U/kg of vitamin D3, 7,257 1U/kg of vitamin E, 4.5 mg/kg of
vitamin B12, 363 mg/kg of Menadione, 680 mg/kg of Riboflavin, 2,721 mg/kg of D-Pantothenic acid, 3,425
mg/kg of Niacin, 308 mg/kg of Ethoxyquin



Table 15. Effect of recovery period length on body thermal indices

Treatment P-value Contrasts
Parameter TN! oD* 3D° 7D* SEM® Trt D TrixD TN vs. HS® TN vs. 0D TN vs. 3D TN vs. 7D
Rectal temperature, °C
Pre-HS 39.7%° 395° 39.7° 39.7% <0.1 002 052 082 0.17 <0.01 0.89 0.77
HS’ 39.6° 40.8* 40.8* 40.7° <0.1 <0.01 <0.01 0.03 <0.01 <0.01 <0.01 <0.01
3d post-HS? 39.6 - 39.6 395 <0.1 019 0.05 0.82 0.74 - 0.52 0.23
4d-7d post-HS® 39.5 - - 396 <0.1 058 030 0.40 - - - 0.58
Respiration rate, breaths/min
Pre-HS 53 62 60 57 3 011 0.01 0.19 0.04 0.03 0.06 0.35
HS 53  135°  138% 129° 4 <0.01 <001 <0.01 <0.01 <0.01 <0.01 <0.01
3d post-HS 54 - 58 51 2 0.17 <0.01 091 0.94 - 0.31 0.38
4d-7d post-HS 58 - - 52 3 010 0.08 0.28 - - - 0.10
Skin temperature, °C
Pre-HS 36.3° 369 362° 359° <01 <001 0.87 053 <0.01 0.81 0.09 0.72
HS 36.2° 41.1*  41.0*° 40.7*° 0.2 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
3d post-HS 36.6° - 36.9° 359° 02 <001 <001 <0.01 0.26 - 0.39 <0.01
4d-7d post-HS 36.8 - - 36.1 0.2 002 0.03 0.35 - - - 0.02

'Pigs under thermoneutral (TN) conditions (24.2 + 0.5°C; n = 8)

No thermoneutral recovery following 3 d of cyclical HS (33.6 + 1.8°C to 37.4 + 2.1°C)
*Three days of TN recovery post 3 days of cyclical HS (33.6 + 1.8°C to 37.4 + 2.1°C)
*Seven days of TN recovery post 3 days of cyclical HS (33.6 + 1.8°C to 37.4 + 2.1°C)
*Standard error of the mean

®0rthogonal contrast statement: [TN] vs. [0D, 3D, 7D]

"Thermal indices during 3 d of HS

#Thermal indices during first 3 d of recovery

*Thermal indices in last 4 days of recovery

2Pp<().05

GET



Table 16. Effects of recovery period's length on feed intake variables in growing pigs

Treatment P-value Contrasts
Parameter TN? 0D* 3D° 7D* SEM® Trt TN vs. HS® TN vs. 0D TN vs. 3D TN vs. 7D
Initial body weight, kg 19.3 19.5 19.2 19.9 0.5 0.80 0.70 0.79 0.91 0.42
Feed intake, kg/d
Pre-HS 1.20° 1.45°% 1.47° 1.26" 0.05 <0.01 <0.01 <0.01 <0.01 0.39
HS’ 1.25°% 1.05" 1.07° 0.91° 0.05 0.03 <0.01 0.01 0.03 <0.01
3d post-HS® 1.40° - 1.43° 1.15° 0.10 <0.01 0.09 - 0.66 <0.01
4d-7d post-HS® 1.48 - - 1.29 0.10 0.08 - - - 0.08
Fl as a % of Pre-HS
HS, % 104.7° 72.7° 72.9° 71.9° 3.3 <0.01 <0.01 <0.01 <0.01 <0.01
3d post-HS, % 117.3° - 99.1° 91.2° 4.0 <0.01  <0.01 - <0.01 <0.01
4d-7d post-HS, % 123.8 - - 101.6 5.0 <0.01 - - - <0.01

'Pigs under thermoneutral (TN) conditions (24.2 + 0.5°C; n = 8)

’No thermoneutral recovery following 3 d of cyclical HS (33.6 + 1.8°C to 37.4 + 2.1°C)
*Three days of TN recovery post 3 days of cyclical HS (33.6 + 1.8°C to 37.4 + 2.1°C)
*Seven days of TN recovery post 3 days of cyclical HS (33.6 + 1.8°C to 37.4 + 2.1°C)
>Standard error of the mean

®Orthogonal contrast statement: [TN] vs. [0D, 3D, 7D]

"Feed intake during 3 d of HS

®Feed intake during first 3 d of recovery

%Feed intake in last 4 days of recovery

2p<0.05
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Table 17. Effects of recovery period length on blood bioenergetics in growing pigs

Treatment P-value Contrasts
Parameter TN! 0D? 3D° 7D* SEM® Trt TNvs.HS® TNvs.OD TNvs.3D  TNvs. 7D
Glucose, mg/dl 129° 117° 116° 123% 3 0.03 <0.01 0.01 <0.01 0.17
LBP, ug/ml 9.25° 1547 19.40% 22.81°  2.79 0.01 <0.01 0.13 0.01 <0.01
LBP/FI 5.9° 14.1° 13.1° 17.0° 39 <0.01 <0.01 <0.01 <0.01 <0.01
Insulin, pg/I 0.17 0.18 0.17 0.16 0.02 0.96 0.93 0.79 0.86 0.82
Insulin:FI 11.1 16.0 11.9 11.3 2.0 0.22 0.37 0.07 0.79 0.93
Insulin:glucose 13.0 15.2 15.2 13.0 21 0.80 0.56 0.48 0.48 0.99
NEFA, mEg/I 66 62 69 63 5 0.74 0.73 0.51 0.75 0.60

IPigs under thermoneutral (TN) conditions (24.2 + 0.5°C; n = 8)

’No thermoneutral recovery following 3 d of cyclical HS (33.6 + 1.8°C to 37.4 + 2.1°C)
*Three days of TN recovery post 3 days of cyclical HS (33.6 + 1.8°C to 37.4 + 2.1°C)
*Seven days of TN recovery post 3 days of cyclical HS (33.6 + 1.8°C to 37.4 + 2.1°C)
>Standard error of the mean

®Orthogonal contrast statement: [TN] vs. [0D, 3D, 7D]

2p<0.05

LET



Table 18. Effect of recovery time on organ parameters

Treatment P-value Contrasts
Parameter TN! 0D? 3D° 7D* SEM® Trt TNvs.HS® TNvs.0OD TNvs.3D TNvs. 7D
Liver, g 764 729 806 739 26 0.17 0.84 0.35 0.25 0.49
Liver:body weight 2.37° 2.33° 2.59° 2.39° 0.06 0.04 0.41 0.61 0.02 0.83
Liver fat, % 1.28 1.46 1.22 1.30 0.09 0.28 0.64 0.16 0.63 0.86
Liver moisture, % 72.4 72.2 72.6 72.8 0.2 0.29 0.69 0.48 0.62 0.24
Spleen, g 76* 62" 74 77 4 0.07 0.30 0.03 0.72 0.91
Spleen:body weight 0.24* 0.2Y 0.24* 0.25* 0.01 0.07 0.55 0.05 0.96 0.55
Heart, g 165 158 163 153 5 0.39 0.25 0.35 0.78 0.12
Heart:body weight 0.51 0.50 0.52 0.50 0.01 0.62 0.70 0.56 0.68 0.44

'Pigs under thermoneutral (TN) conditions (24.2 + 0.5°C; n = 8)

’No thermoneutral recovery following 3 d of cyclical HS (33.6 + 1.8°C to 37.4 + 2.1°C)
*Three days of TN recovery post 3 days of cyclical HS (33.6 + 1.8°C to 37.4 + 2.1°C)
*Seven days of TN recovery post 3 days of cyclical HS (33.6 + 1.8°C to 37.4 + 2.1°C)

SStandard error of the mean
®Orthogonal contrast statement: [TN] vs. [0D, 3D, 7D]
*bp<(.05, *¥0.05<P<0.10
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Table 19. Effects of recovery time on intestinal morphological characteristics

Treatments P-value Contrasts
Parameter TN! oD* 3D° 7D* SEM Trt TNvs.HS® TNvsOD TNvs3D TNvs7D
Intestinal Parameters
Jejunum
Villous height, zm 579 483 509 544 28 0.11 0.05 0.02 0.09 0.39
Villous width, zm 177 189 178 198 10 0.41 0.34 0.41 0.95 0.15
Crypt depth, um 466 417 412 449 21 0.23 0.11 0.11 0.08 0.55
Villus height:crypt depth 1.3 12 12 1.2 0.1 0.78 0.44 0.33 0.76 0.53
Goblet cell area, %° 3.9% 3.8 22" 33® 0.5 0.05 0.14 0.92 0.01 0.34
Mucosal surface area, M index’ 3.68 3.07 327 321 0.19 0.16 0.03 0.03 0.14 0.09
lleum
Villous height, um 364 323" 370" 385° 15 0.05 0.79 0.07 0.79 0.34
Villous width, zm 187 216 181 193 11 0.15 0.46 0.07 0.69 0.72
Crypt depth, um 350 362 357 376 23 0.87 0.57 0.72 0.82 0.43
Villus height:crypt depth 1.1 09 11 11 0.1 0.57 0.56 0.23 0.94 0.89
Goblet cell area, %° 6.3 46 4T 42 0.6 0.11 0.02 0.07 0.09 0.02
Mucosal surface area, M index 2.38 217 241 2.38 0.09 0.21 0.56 0.10 0.80 0.99
Colon
Goblet cell area, %° 12.1° 121%  7.1° 97 1.0 <0.01 0.05 0.98 <0.01 0.11

'Pigs were reared in constant thermoneutral conditions (24.2°C and 57.2% RH)

?Pigs had no recovery following 72 h of cyclical HS (33.6 to 37.4°C, 29.5% RH)

*Pigs had three d of TN recovery post 72 h of cyclical HS (33.6 to 37.4°C, 29.5% RH)

*Pigs had three d of TN recovery post 72 h of cyclical HS (33.6 to 37.4°C, 29.5% RH)

*Orthogonal contrast statement: [TN] vs. [0D, 3D, 7D]

SExpressed as % of epithelial area

"M index = [(villous width x villous height) + ((villous width/2) + (crypt width/2))? (villous width /2)?] /((villous width/2) + (crypt width/2))?
*b\/alues within a row with differing superscripts denote differences (P < 0.05) between treatments.

6€T
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Figure 12. Effects of thermal protocols on (A) rectal temperature, (B) respiration rate, and (C)
skin temperature during the whole project (Thermoneutral temperature 24.2°C and 57.2% RH),
cyclical heat stress (HS; 33.6 = 1.8°C to 37.4 £ 2.1°C), and recovery period (Thermoneutral

temperature 24.2°C and 57.2% RH). The data are shown as the LSmean + SEM
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Figure 13. Feed intake (A) and Feed intake as a percentage of Pre-HS (B) during the whole
project (Thermoneutral temperature 24.2°C and 57.2% RH), cyclical heat stress (HS; 33.6 £
1.8°C to 37.4 £ 2.1°C), and recovery period (Thermoneutral temperature 24.2°C and 57.2% RH;

Treatments 3D and 7D). The data are shown as the LSmean + SEM.
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Figure 14. Average daily gain (ADG) for treatments within different periods of heat stress and
recover. Pre-HS represents ADG before HS begins for all treatments, HS period represents ADG
under HS conditions for treatments 0D, 3D, and 7D, d1 recovery represents ADG during the first
day of recovery (under TN conditions) for treatments 3D and 7D, d3 recovery represents ADG
during 3 days of recovery for treatment 3D, d7 recovery represents ADG during 7 days of
recovery for treatment 7D. The data are shown as the LSmean + SEM. #° represents differences

(P <0.05)
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Figure 15. Effect of thermal protocol on lipopolysaccharide binding protein for TN (constant
thermoneutral conditions (24.2+0.5°C and 57.2+5.6% RH), 0D (no TN recovery following 3 d of
HS), 3D (3 d of TN recovery post 3 d of HS, and 7D (7 d of TN recovery post 3 d of HS (7D).
The HS protocol was cyclical (33.6£1.8 to 37.4+2.1°C, 29.5+5.3% RH). The data are shown as

the LSmean + SEM. ®° represents differences (P < 0.05)
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Figure 16. Effect of thermal protocol on jejunum and ileum villi height for TN (constant
thermoneutral conditions (24.2+0.5°C and 57.2+5.6% RH), OD (no TN recovery following 3 d of
HS), 3D (3 d of TN recovery post 3 d of HS, and 7D (7 d of TN recovery post 3 d of HS (7D).
The HS protocol was cyclical (33.6+£1.8 to 37.4+2.1°C, 29.5£5.3% RH). The data are shown as
the LSmean = SEM. 2° represents differences (P < 0.05). *¥ represents tendencies (0.05 < P <

0.10).
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Figure 17. Mucosal surface area of the jejunum (M index) for the TN and HS treatments (0D,
3D, and 7D). M index was calculated using the equation used by Trevisi et al, (2014): M index =
[(villous width x villous height) + ((villous width/2) + (crypt width/2))?- (villous width /2)?]
/((villous width/2) + (crypt width/2))?. The data are shown as the LSmean + SEM. #° represents

differences (P < 0.05)
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CHAPTER 5. INTEGRATIVE SUMMARY

Despite the global focus on heat stress and intensive research aimed at better
understanding the biology of thermal stress farm animal productivity remains severely depressed
during the warm summer months. This is especially true in countries that lack the resources to
mitigate the environment. Similarly to environmental constraints, ketosis is one of the most
prevalent metabolic disorders for dairy farmers which also limit efficient production of highly
nutritious food for human consumption. The incidence of ketosis is highly associated with other
metabolic disorders such as displaced abomasum, mastitis, and metritis. In addition, ketosis
decreases milk production and increases culling rates. The aforementioned points summarize the
importance of why identifying strategies to minimize the negative consequences of heat stress
and ketosis are critical to efficient production. We believe that a compromised intestinal barrier
plays a key etiological role and may be largely responsible for reduced productivity in both heat

stress and during maladaptation to lactation.

In the current project, ketotic cows had increased circulating markers of leaky gut and
inflammation both pre-calving and post-calving, and these data suggest the development of
ketosis may be intimately tied to intestinal barrier dysfunction. We believe compromised
intestinal integrity in the transition cow may be caused by either rapid changes in diet (i.e.,
increased fermentable carbohydrates following calving), suboptimal feed intake or inflammatory
cytokines derived from distally damaged tissue, which have been shown to increase intestinal
permeability in laboratory models. Additionally, we and others have previously demonstrated
leaky gut causes inflammation and an acute phase response in monogastric models. Thus, our

experimental design and selection criteria (eliminating mastitic, metritic and otherwise unhealthy
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cows from the data set) suggest intestinal permeability may play a pivotal role in the

development of ketosis.

In 2006, a heat wave in California resulted in the death of more than 30,000 dairy cows.
In addition to death, heat stress negatively impacts a variety of dairy production parameters
including milk yield, milk quality and composition, rumen health, growth, and reproduction, and
is a significant financial burden. Animals use behavioral and physiological methods in order to
dissipate heat and maintain a stable body temperature. Unfortunately, these strategies are usually
insufficient for animals under acute HS which might lead to serious performance reduction and
/or even death. Heat stress decreases the blood delivered to the splanchnic tissues as it is directed
into the periphery to get rid of heat, and this results in intestinal malnutrition and hypoxia. As a
result, intestinal cells decrease their ability to differentiate and proliferate which might lead to

shorter villi.

In the current project, we studied the effect of supplemental Zn on blood bioenergetics,
biomarkers of inflammation and intestinal morphological changes in HS steers. There is an
increasing body of literature investigating the beneficial effects of feed supplements under HS
conditions. The results obtained in the current study revealed there are beneficial effects of
adding CZ to the diet of heat-stressed steers. Diet supplementation with CZ might be a good
strategy to decrease the negative consequences of heat stress as it reduced Tr, decreased insulin
secretion as indicated by decreased insulin:DMI, decreased inflammatory biomarkers such as
Hp, improved blood gas variables, and intestinal characteristics by increasing the villi height and
the villi height:crypt depth. Collectively, results from this project demonstrated that Zn, as a Zn

amino acid complex, improves many key biomarkers of intestinal integrity during HS.



149

In the last study, we investigated the temporal pattern of metabolic variables and
biomarkers associated with intestinal barrier dysfunction during recovery from HS in a porcine
model. The biology of how animals recover from HS has received considerably less attention,
and this is particularly true from an intestinal physiology perspective. Identifying strategies
aimed at accelerating recuperation following HS could help ameliorate seasonal production
losses. The results suggest HS increased the body thermal indices (Tr, RR, and Ts) and decreased
both FI and ADG. The 24 h post-HS showed the highest ADG, likely due to increased water and
feed consumption. Circulating glucose decreased during HS which might be explained by
increased glucose requirement by the immune system which had been activated during the HS
load. LBP:FI increased in all HS treatments, indicating potential lingering effects of
inflammation. However, insulin:feed tended to be increased during HS but this ratio returned to
normal by 7 d post-HS. Also, intestinal morphology results indicated HS had negative
consequences on the intestinal characteristics; however, intestines were partially and completely
restored 3 d and 7 d after HS, respectively. These data taken together indicate by d 7 of recovery,
some negative consequences of HS are restored (insulin:FI, morphology, ADG) with incomplete

restoration of others (LBP:FI and FI).

Altogether, the current study suggests that ketosis and heat stress may share the same etiology
(i.e., decreased gut integrity). However, more research is still needed to either prevent (i.e.,
development of a genetically resistant animals) or treat (via drugs, nutrition, feed additives,
buildings design) the negative consequences of both ketosis and heat stress. Current research in
the HS field has positively influenced animal production systems, however more investigations

are still needed.
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