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The metabolic phenomenon of ketosis in dairy cows has remained ambiguous, casting
uncertainty over our understanding and its real implications. Ketosis, commonly defined as blood
B-hydroxy-butyrate (BHB) > 1.2 mM (i.e., hyperketonemia), has been observationally connected
to the onset of peripartal metabolic disorders (e.g., infectious diseases, fatty liver), and reduced
milk yield in dairy cows. Although BHB is currently used as standard biomarker for the prediction
of negative health and performance outcomes during the peripartum, the nature of this relationship
is ambiguous. In contraposition, recent discoveries in mammalian biology indicate BHB as
therapeutic metabolite (e.g., alleviation of inflammation and oxidative stress). Our overreaching
goal was to study the effects of BHB on dairy cow metabolism and health. In our first study, 6
multiparous (parity = 2.8 + 0.9) Holstein mid-lactation dairy cows (128 + 52 days in milk; DIM),
were enrolled in a study to evaluate a ketogenic diet using calcium butyrate (—CaBu—; a ruminal

ketone precursor) against an un-supplemented control (Control) in a crossover arrangement of



treatments. The CaBu resulted in nutritional ketosis (P < 0.05) with blood BHB levels of 0.2 mM
higher relative to Control. Although CaBu resulted in reduced dry matter intake (DMI; P < 0.05),
milk production was not affected (P > 0.40), and feed efficiencies were improved (P < 0.05)
relative to Control. No differences in glucose, NEFA, respiration rates, pain scores, or rectal
temperatures were observed between treatments. In the second experiment, 8 multiparous Holstein
(2.75 = 0.89) mid-lactation dairy cows (140 = 48 DIM), feed ad libitum, were enrolled in a in a
crossover arrangement of treatments. The aim of the study was to evaluate the effect of ketones by
intravenous infusion of either Na-BHB solution (2.5mM; EK) to sustain hyperketonemia —BHB
> 1.2 mM and < 3.0 mM—, or NaCl as a control (2.5mM; Control) over a 72h period. A systemic
lipopolysaccharide (LPS) challenge (E. coli 055:B5; 0,085 pg/kg BW,) was intravenously
administered at h 60 from infusion start. Cows sustained hyperketonemia throughout the 72h
experimental period (1.4 BHB mM vs. 0.7 BHB mM in EK vs. Control, respectively). While DMI
and milk production were not affected by the BHB infusion, the combination with the LPS
challenge resulted in reductions of 20.8% (P < 0.05) and 40.1%, (P = 0.14) for both measurements
in EK vs. Control, respectively. No differences were detected in the glucose and NEFA
concentrations, but insulin was higher 46.6% (P < 0.05) in EK group. Among the immune markers,
IL-1B was 30.8% higher (P < 0.05) in the EK group, and not differences were detected in TNFa.,
IL-10, CRP, and caspase-1. As expected, the LPS challenge induced increased respiration rates,
temperature, and pain scores over the time course of the evaluation (P < 0.001); however,
respiration rates tended to be reduced in 8.4% (P < 0.1) and rectal temperature increased in 0.3%
(P < 0.05) by the BHB treatment (P < 0.05). Our results are indicative that, in the absence of an
immune challenge, hyperketonemia results in no negative impact on cow productivity and health.
These data add support to our hypothesis that cofactors other than ketones may be necessary for
the development of negative trajectories of health and performance of lactating dairy cows. Future
studies will be required to confirm that BHB hyperketonemia metabolic effects could differ from

ketosis disorder in dairy cows.
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Chapter 1: Literature Review

Energy metabolism of dairy cows

1.1.1. Digestion of fiber and absorption

The energy metabolism in ruminants is supported by the role of microorganisms to
segregate the plant fiber components. The action of the microorganisms allows the host to extract
the essential nutrients from the forage through anaerobic fermentation (Annison and Bryden, 1998).
The enzymatic activity of the microorganisms allows them to break up the carbohydrate complexes
cellulose, hemicellulose, and starch into monosaccharides like glucose, xylose, and arabinose
(Baldwin and Allison, 1983; Domingues et al., 2016; Beauchemin et al., 2022). These monomers
once available for the microorganism will be metabolized to volatile fatty acids, CO,, CHa, traces

of dihydrogen (H>), and other compounds (Beauchemin et al., 2022).

The fermentation of the fiber is the primary source of energy used by rumen microbes to
supply their maintenance and growth (Baldwin and Allison, 1983). The monomers generated from
the fragmentation of the structural and not-structural polysaccharides are used by microorganisms
to be glycolyzed to produce pyruvate, the precursor used to produce the main VFA: acetate,
propionate, and butyrate. The partition of the monomers through different fermentation pathways
depends on the abundance of the microorganisms that encode each pathway, gene expression

enzyme activity, and kinetics (Hackmann et al., 2017; Beauchemin et al., 2022).

Volatile fatty acids provide nearly 70% of the metabolizable energy supply in ruminant
(Bergman, 1990). Propionate in ruminants acts as the main precursor for glucose synthesis in the
liver, supplying from 32% to 73% of glucose demands (Yao et al., 2017). Acetate is identified as
the major substrate for the novo synthesis of fats in the mammary gland and adipose tissue. Acetate

provides near of 45% of energy from VFA supplied to metabolism in a good feed animal (Urrutia
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et al., 2019). Butyrate is the least abundant of the major VFA with a molar proportion lower than
15% (DeFrain et al., 2004; Gorka et al., 2018).

The metabolization of VFA depends on different organs to be processed. Propionate is
removed mostly by the liver to synthesize glucose (Bergman, 1990). The acetate uptake is mediated
through lipogenesis that occurs mainly in peripheral tissues like adipose, mammary gland and
skeletal (Hanson and Ballard, 1967; Bergman, 1990; Osorio et al., 2016). A distinctive feature of
the butyrate is that 90% of its absorption is converted to ketone bodies (B-hydroxybutyrate -BHB-
and acetoacetate-AcAc-) in the walls of the rumen before entering the portal system to support the

cellular activity as an energy source (Bergman, 1990; DeFrain et al., 2004; Baldwin et al., 2018).

1.1.2. Digestion and absorption of dietary fats

The addition of dietary fat has gained interest to improve health and milk fat enrichment
with omega 3 fatty acid (Lock and Bauman, 2004; Bernal-Santos et al., 2010; Grossi et al., 2013;
Moallem, 2018). The degree of lipid supplementation range between 3 to 4% to a maximum of 6%
of DM as total lipid (—including the contained in the forages, grains, or supplements—; (Roche et
al., 2013; Bionaz et al., 2020). The inability to implement higher fat concentrations in diets is related
to the inhibition of fermentation caused by fatty acids (FA) (Jenkins, 1993). The FA can be toxic
because of its chemical properties that allow them to bind the bacteria’s surface, provoking the
disruption of the membrane, and annihilating the microorganisms, especially by unsaturated fatty
acids (Jenkins, 1993). The incorporation of dietary fats is a focus of importance nowadays because
of human nutrition concerns about consuming saturated fats from animal origin. However fatty acid
absorption post rumen fermentation without being hydrolyzed or bio-hydrogenated is hard to

succeed in ruminants (Bionaz et al., 2020).

Lipids once entered in the rumen suffer biohydrogenation or lipolysis to be used in de novo
syntheses by microorganisms. Biohydrogenation is considered a special protection to avoid damage
caused by UFA (Jenkins, 1993). The absorption of lipids post ruminal digest is composed mainly

of saturated NEFA, being 70% of them from dietary and de novo synthesis by microbiota, and small
2



and variable amounts (10-20%) from microbial phospholipids (Bauchart, 1993). The majority
(> 96%) of the medium-chain and long-chain FA present in the diet, or processed by microbiota,
are absorbed by the pre-stomachs and abomasum epithelium (Jenkins, 1993). In ruminants, most of
the FA flowing through the small intestine is in form of micelles or attached to food particles

(Bionaz et al., 2020).

1.1.3. Energy substrates in dairy cows

1.1.3.1. Glucose

Ruminants use mostly VFAs, lipids, ketone bodies, amino acids, and glycerol as the major
fuels (Randle, 1998; Abbas et al., 2020). However, as occurs in all mammalians, glucose is the main
fuel used by the metabolism and synthesis pathways (Aschenbach et al., 2010). Glucose can be
synthesized mainly from propionate, lactate, alanine, isobutyrate, valerate, glycerol, and other
amino acids by hepatic gluconeogenesis (Aschenbach et al., 2010), being propionate the main
source for the glucose synthesis in the liver (Young; Bell and Bauman, 1997; Yao et al., 2017).
Also, the glucose supply could be mediated by glycogen released from muscle and liver tissue (Hui
et al., 2020). Gluconeogenesis in the liver provides around 90% of the glucose needs in ruminants,
being of great relevance for tissues such as the brain, red blood cells, kidney, and mammary gland
(Bell and Bauman, 1997; Murray et al., 2009; Aschenbach et al., 2010; Abbas et al., 2020). The
glucose synthesis is closely monitored and controlled by endocrine actions and coordinated
according to the physiological states (Bell and Bauman, 1997; Hammon et al., 2009). Glucose is
vital for dairy cows not only for the regular metabolic activity but also because it is required for
lactogenesis as the main lactose precursor, the primary osmotic determinant in the milk volume

(Bell and Bauman, 1997; Abbas et al., 2020; White, 2020).

1.1.3.2.Lipids.

As alternate fuel, fats are also a relevant energy substrate. The major source of lipid

metabolism in dairy cows is related to VFA, where acetate and butyrate are the main precursors of
3



de novo synthesis (Bauman et al., 1970; Bergman, 1990). Acetate contributes between 70% and
80% of acetyl-groups for lipogenesis in adipose tissue, 15-30% in intramuscular reservoirs (Smith
& Grouse, 1984; N. L. Urrutia & Harvatine, 2017), and it is the major precursor for de novo
synthesis in the mammary gland (Osorio et al., 2016). Between 15% to 20% of the acetate absorbed
is used by the portal-drained viscera, with low liver uptake. Hepatic low acetate uptake is because
of the low liver expression of acetyl Co-A synthetase, hence the liver plays a role in lipogenesis
more related to phospholipids and monoglycerides synthesis (Benson & Emery, 1971; Jesse et al.,
1986; Wilson et al., 1992). Around 80% of the acetate uptake is used in lipogenesis by the skeletal,
mammary gland, and adipose tissue, being last one of the most important in lipid biosynthesis
(Bergman, 1990; Wilson et al., 1992). Acetate is a key precursor to stimulate lipid synthesis in
mammary gland cells, provides most of the carbon for de novo lipogenesis, and supports the
electron transport chain with approximately half of the reducing equivalents (NADPH) through the
isocitrate pathway in milk synthesis (Bauman et al., 1970; Jacobs et al., 2013).

1.1.4. Energy economy during the cow life cycle

Energy in dairy cows is distributed between growth, maintenance, pregnancy, and milk
production (National Research Council, 1980; Ddmmgen et al., 2009; Weiss, 2010; Allen, 2020).
The amount of energy available to distribute depends on diets, feed intake, digestibility of the diet,
and the losses related to the digestion process (Tyrrell and Moe, 1975; Weiss and Tebbe, 2019).
Maintenance metabolism represents around 75% of the intake energy distribution during the
lactation period (Coppock, 1985), considering all the energy used to compensate for the basal
metabolism and heat energy loss-related processes (National Research Council, 1980; Coppock,
1985). Maintenance energy partitioning is influenced by factors like diet, intake, environment, age,
activity, diseases, infections, sex, and breed as others (National Research Council, 1980; Coppock,
1985). But, in recent decades, the genetic selection for animals with higher milk production has
resulted in bigger animals with higher energy demands, in part, because of the higher weight of

internal organs for digestion and metabolism (Gruber et al., 2021).



The energy partitioning can be influenced by the presence of a conceptus, representing an
increase of 75% in the energy demand at the end of the gestation for a dairy cow compared to a
non-pregnant (Bauman and Bruce Currie, 1980). However, the greatest rate of mass accumulation
of the fetus occurs in the late period of pregnancy during the dry period, therefore, being
insignificant the competition between milk production and fetal growth (Bauman and Bruce Currie,
1980). Nevertheless, the physiological priorities for metabolizable energy are adjusted along the
period of lactation. Lactation energy demand is set as the main priority in the energy partitioning
during the first semester of lactation, a feature reverted during the second and third semesters, where
reproduction is considered the first physiological priority (Coppock, 1985). Milk synthesis
represents around 25% of the flux of net energy used by a dairy cow (Coppock, 1985; Andrew et
al., 1991). However, this parameter has been modified as the result of the genetic selection for
higher milk yields and higher feed intake capacity. This circumstance has increased the energy
intake resulting in higher energy expenditure in milk production but has reduced the energy
partition into body tissue in high genetic merit cows (National Research Council (U.S.).

Subcommittee on Dairy Cattle Nutrition., 2001; Yan et al., 2006; Gruber et al., 2021).

1.1.4.1. Regulation of nutrient partitioning during lactogenesis

Dairy cow metabolism is orientated to satisfy the lactogenesis energy demand during the
first semester of lactation. The energy diversion is mainly modulated by the action of the endocrine
system (Hart, 1983; Coppock, 1985). Cows through the transition period exhibit a reduction in the
insulin sensitivity in the adipose and muscle tissue, reducing the glucose uptake in those
extrahepatic tissues to favor milk production and guarantee the energy supply to the gravid uterus
(Zachut et al., 2013; Abuelo et al.,, 2016; Baumgard et al., 2017; Contreras et al., 2017).
Nevertheless, the homeorhetic adjustments toward calving do not induce insulin resistance in the
liver (Zachut et al., 2013). Abuelo et al., (2016) associated insulin resistance with alterations in the
oxidative status generated from inflammation faced by transient dairy cows. Using mice models le
Marchand-Brustel et al., (2003) described mechanisms associating TNFa, cellular stress, and
NEFAs as the causal factors of insulin resistance. The low sensitivity response in the insulin action
has been described in the reduction in the insulin receptor substrate one (IRS-1) phosphorylation

provoked by NEFA. This association results from the increasing levels of diacylglycerols and

5



ceramides and their effects blocking the insulin receptor-activated downstream pathway (Griffin et

al., 1999; Chavez et al., 2003).

The reduction in insulin levels during the transition period triggers fat mobilization
(Sordillo and Raphael, 2013). Using mice models Choi et al., (2010) described AKT and its role as
an antagonist of protein kinase A (PKA), the major lipolytic agonist, which in absence of AKT
(because of the low insulin activity) itis allowed to trigger the lipolysis. Aligned with this
mechanism, the energy metabolism also is equilibrated allowing the release of glucagon,
catecholamines, and growth hormone to increase the rate of gluconeogenesis, lipolysis, and

proteolysis (Hart, 1983; Xu et al., 2020).

Growth hormone modulates energy fragmentation in high-yielding dairy cows, diverting
glucose and fatty acids away from tissue deposition to be used as a source of energy for milk
synthesis (Bell & Bauman, 1997; Etherton & Bauman, 1998). In early lactation, growth hormone
affects insulin sensitivity in the liver, skeletal muscle, and adipose to beneficiate the energy
partitioning diverted to the mammary gland (Hart, 1983; Bell, 1995; Drackley, 1999; Block et al.,
2001). Parallel, it stimulates hepatic gluconeogenesis and lipolysis to supply the energy demand
generated under a negative balance (Drackley, 1999). Mohsin et al., (2022) associated growth
hormone as the trigger of lipid mobilization from adipose tissue that leads to hyperketonemia post-

partum.

Ketosis

1.1.5. Ketosis

Ketosis is currently considered as a metabolic disease caused by high BHB blood
concentration resulting from the negative energy balance faced by dairy cows in early lactation
(White, 2015; Zhang et al., 2016; Song et al., 2021). The energy deficiency is compensated by the
ramping up of NEFA mobilization to be oxidized by the liver, resulting not only in an ATP



production increase but also carrying out ketone bodies synthesis when the TCA cycle capacity is

exceeded (White, 2015).

Ketosis also referred to as hyperketonemia, is differentiated into two conditions (LeBlanc,
2015). Animals detected with BHB levels higher than 3 mmol/L are classified as suffering from
clinical ketosis (CK), while cows with levels in the range of 1.2 mmol/L and 3.0 mmol/L of BHB
are classified within subclinical ketosis (SCK Ospina et al., 2010d; McArt et al., 2012a). Clinical
ketosis is characterized by an increase in blood, urine, or milk ketone bodies in conjunction with
decreased appetite, weight loss, rapid body condition loss, dry manure, and decreased milk
production (Gordon et al., 2013). In exceptionally severe cases neurological signs such as leaning
or walking against the stall front, licking, or chewing (Gordon et al., 2013; McArt et al., 2013;
LeBlanc, 2015). However, despite CK having a concentration established that classifies the severity
of the affection, the threshold at which clinical signs occur is unclear because animals registering
CK levels may not show clinical signs (Gordon et al., 2013; LeBlanc, 2015). Therefore, this
metabolic disorder may be best described as hyperketonemia rather than trying to distinguish

clinical from subclinical (Gordon et al., 2013).

The prevalence of CK in the farms is lower compared to SCK, ranging between 3,7% to
11,6% (Vanholder et al., 2015). Meanwhile, SCK appearance in dairy farms has a prevalence in
herds between 11,2% and 47,2% (Benedet et al., 2019). Hyperketonemia has been detected
worldwide with a prevalence average of >20% (Overton et al., 2017), but in some cases can reach
as high as 80% in some dairy herds in North America (Duffield, 2000). Several researchers have
associated the buildup of BHB to a higher risk of peripartal disorders, lower reproduction activity,
and milk production (Chapinal et al., 2011, 2012a; McArt et al., 2012a, 2013; Suthar et al., 2013;
Overton et al., 2017). The elevated BHB concentrations around parturition is used in the farms as
a proxy for an increased risk of peripartal disorders like metritis, endometritis, retained placenta,
displaced abomasum, mastitis, high culling rates, lameness, and lower fertility (Drackley, 1999;
Dann et al., 2005; Dubuc et al., 2012; McArt et al., 2012a, 2013; Suthar et al., 2013; LeBlanc, 2015;
Benedet et al., 2019). Although much is known about the pathobiology of ketosis, there is still a
need to better understand the etiology and pathogenesis of the disease (Zhang et al., 2016).



1.1.6. History of ketosis

Ketosis has been deemed as a concern for the dairy industry for more than 170 years (Shaw,
1956). Back in 1849, ketosis was first described as “mania puerperalis” resulting from nervous
disturbances (Steffen, 1917; Udall, 1943). However, the disease was first time documented as a
high concentration of ketone bodies in blood and urine by Sjollema & van der Zande (1923). Their
report identified animals with acetone odor, lack of appetite, dry feces reduced milk yield, and
exited state (at lower odds) exhibiting a high concentration of ketones, especially BHB as the major
one. They ended up hypothesizing the etiology of ketosis resulting from functional changes in the
liver caused by some intoxication. Shaw, (1943) discussed hypoglycemic metabolism and linked it
to ketosis development as the explanation of the ramping milk production under low caloric intake
during early lactation. A physiological adaptation that later was elegantly defined as homeorhetic
changes by Bauman & Bruce Currie, (1980). According to Krebs (1966), this limited glucose
condition (e.g., starvation or diabetes disease) is subsequently followed by the rise in
gluconeogenesis activity and plasma-free fatty acids mobilization and paralleled by ramping ketone
bodies levels. This physiological adaptation to fuel tissues under low glucose conditions can differ
from pathological when the ketone bodies grossly surpassed requirements (Krebs, 1966). This
biochemical sign (Bergman, 1971) was questioned by Baird et al., (1968) appointing oxalacetate
availability as the missing metabolite diverting the fate of the energy flux towards ketogenesis

(figure 1).



Acetyl-Coenzyme A

/)xaloacetate ®)

Citrate + CoA AcAc + CoA
TCA Cycle BHB
Tissue Fueling Ketosis Disorder

Figure 1. Acetyl-Coenzyme A metabolic fates under regular and low physiological mitochondrial
levels of oxaloacetate.

**Adapted from Krebs, (1966)

Shaw, (1943) reported in his review that increasing ketones levels were frequently
accompanied by reproductive complications, which were later associated with early lactation by
scientists from Cornell University (Ospina et al., 2010a; b, 2013; McArt et al., 2013). During these
first twenty years of the twentieth century, several researchers have advocated their investigations
to elucidate the etiology and pathophysiology of the disease. In the last two decades, important
advances in knowledge were added establishing the cow-level cut-off points (CK and SCK levels),
the associations with postpartum health events affecting reproduction and milk performance, and
the cost-related implications (Overton et al., 2017). Also, efforts were made to introduce new
technologies related to expanding constituents' measurements in blood and milk (Overton et al.,
2017). Handheld ketone body meters are broadly available in the markets and used in farms to
detect blood concentrations as a routine monitoring tool for treatment decisions (Overton et al.,

2017). However, despite the research focused on the transition period over the last two decades, a
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great challenge remained to elucidate about the potential cause of ketosis (Zhang and Ametaj, 2020;

Horst et al., 2021).

1.1.7. Negative energy balance (NEB) in peripartal dairy cows.

High-yielding dairy cows experience a negative energy balance in early lactation because
feed intake can’t support the required energy for milk production and maintenance (Bell, 1995; de
Vries and Veerkamp, 2000). At the onset of lactation, the copious milk production increases the
glucose demand necessary for lactose synthesis, increasing the total energy requirements
approximately four-fold (Bauman and Bruce Currie, 1980) meanwhile the dry matter intake (DMI)
is reduced by one-third in the first week’s post-calving (McArt et al., 2013). In a study to detect
changes in milk composition associated with energy balance, de Vries & Veerkamp, (2000) found
that cows returned to positive energy balance until 41.5 days in milk (DIM). In a time set
description, cows reach the milking peak around week 3 or 4, whereas the net energy intake did not
peak until several weeks later, achieving zero net energy balance until the reduction in the milk

production dropped to less than 80% of the peak of production (Bauman and Bruce Currie, 1980).

To balance the energy deficit, cow’s metabolism orchestrates series of homeorhetic
changes necessary to support the physiological state (Bell and Bauman, 1997). In late pregnancy
and early lactation, cows face a reduction in glucose and insulin concentration, while the hepatic
glucose output is approximately increased two-fold, accompanied by an increasing concentration
of essential amino acids, L-lactate and glycerol in the blood (Aschenbach et al., 2010). Also, at the
onset of lactation, cows exhibit a reduction in insulin sensitivity, restricting the glucose uptake in
insulin-sensitive tissues to compensate for the energy deficiency (Bell, 1995; Zachut et al., 2013;
Bradford et al., 2015; Abuelo et al., 2016; Baumgard et al., 2017; Horst et al., 2021). The reduced
insulin status after parturition knocks off the glucose uptake into lipogenesis and favors glucose
uptake into the mammary gland, which is not affected by insulin action (Aschenbach et al., 2010)
and triggers the fat mobilization through lipolysis (Sordillo and Raphael, 2013). However, Bradford
et al., (2015) mentioned that exaggerated insulin resistance in transition cows may exacerbate lipid

mobilization and impair metabolic health.
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Several homeorhetic adaptations take place to release glucagon, catecholamines, and
growth hormone to increase the rate of gluconeogenesis, lipolysis, and proteolysis (Hart, 1983;
Bell, 1995; Xu et al., 2020). These homeorhetic controls alter the adipose tissue metabolism to
increase lipid mobilization to support a new physiological state (Bauman and Bruce Currie, 1980).
During late pregnancy and early lactation, catecholamines sensitivity increases several folds
coinciding with the increase in plasma NEFA concentration (Bauman and Bruce Currie, 1980).
Also, bovine somatotropin (growth hormone) promotes NEFA export from adipose tissue by
increasing the lipolytic response to -adrenergic signals and reducing the antilipolytic responses
to insulin (Baumgard et al., 2017). The hepatic gluconeogenesis and oxidation of fatty acids are
crucial to support the energy supply and milk synthesis in transition dairy cows (White, 2020).
Block et al., (2001) estimated that the mobilization of endogenous lipids met approximately one-

third of the cow’s energy requirements between parturition and the third week of lactation.

At the onset of the NEB, triglycerides are mobilized from the adipose tissue to the liver to
be oxidized to produce ATP. The severity of NEB is positively associated with circulating NEFA
levels (Bauman et al., 1988). When the lipids flux exceeds the TCA cycle capacity, a different fate
turns out, diverting the free fatty acids to be incompletely oxidated, generating ketone bodies or re-
esterified lipids (Li et al., 2012a; White, 2020). Added to this condition, the oxalacetate availability
regulates the synthesis of BHB, therefore under shortage conditions of this TCA cycle precursor,
the ketone bodies concentration ramps up (Ringseis et al., 2015). As a result, ketone bodies are
exported into circulation increasing the pool available to be metabolized (White, 2015). The
increasing AcAc and BHB levels in plasma and milk are correlated negatively to energy balance in
transition dairy cows (Xu et al., 2020). These ketone bodies can be used as an alternative fuel source
by extrahepatic tissues (Peterson et al., 2012), coinciding with the body fat mobilization and high

glucose requirements for lactose synthesis in early lactation (Xu et al., 2020).

Although increasing levels of NEFA and BHB in circulation are part of the necessary
adaptations to lactation, as it was mentioned before, the elevated levels have been associated with
a higher risk of negative health (Overton et al., 2017). Also, extreme lipid mobilization leads to
increased uptake of NEFAs triglyceride accumulation by the liver, which can be associated with
ketosis susceptibility (Drackley, 1999).
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1.1.8. Pathologies associated with ketosis

1.1.8.1. Endotoxicosis

According to Horst et al., (2019), intestinal permeability can influence inflammation,
rumen acidosis, decreased feed intake, and psychological stress in periparturient dairy cows. This
condition could result from rumen tissue remodeling and dietary switches faced by transition cows
(Goff and Horst, 1997; Mezzetti et al., 2021). During the transition period cows face a reduction of
rumen papillae length and volume because of the high forage diet and fetus growth (Dirksen and
Mayer, 1985; Kuhla, 2020b; Mezzetti et al., 2021). This condition reduces the rumen epithelia’s
capacity to absorb the VFAs, especially the lactate, which induces a pH drop (Goff and Horst, 1997;
Eckel and Ametaj, 2016). Also, after parturition cows are moved from high fiber to high
concentrates diet, a switch which is associated with negative gastrointestinal tract integrity because
of the abrupt pH change (Martens et al., 2012). These conditions are associated with rumen acidosis
and rumen epithelium damage that allows endotoxins to leak from the rumen lumen into circulation
(Abaker et al., 2017; Guo et al., 2017), facilitating the development of periparturient diseases
(Khafipour et al., 2009; Bradford et al., 2015; Eckel and Ametaj, 2016).

Cows under rumen acidosis caused by high-concentrate diets exhibit higher plasma LPS
concentration, higher levels of pro-inflammatory cytokines and acute phase proteins (Khafipour et
al., 2009; Dong et al., 2014; Guo et al., 2017; Wu et al., 2021). Liver infiltration of LPS derived
from the digestive tract during rumen acidosis is associated with hepatocyte impairment, liver
mitochondrial disruption by high oxidative stress, enhanced hepatic immune gene expression,
activated inflammatory signal pathways, and development of liver abscess (Nagaraja and
Chengappa, 1996; Abaker et al., 2017; Guo et al., 2017). However, these connections under acute
acidosis are difficult to detect (Guo et al., 2017) because free LPS translocated into hepatic portal
circulation can be detoxified by the liver before reaching the peripheral blood by the Kupffer cells
and its related immune response (Gozho et al., 2007; Vels et al., 2008).

Rumen acidosis does not have a direct association with NEFA and BHB levels (Oetzel,

2004). However, according to Mensching et al., (2021) the connection between rumen acidosis and
12



energy metabolism is possible because ruminitis affects lower feed intake, aggravating the energy
balance and therefore increasing the mobilization of free fatty acids. LeBlanc et al., (2005) found
that the timing and magnitude of circulating concentrations of NEFA and BHB are related to a
higher risk of abomasal displacement during the transition period. Dairy cows with NEFA > 0.5
mEq/L are associated with the development of displacement abomasum during the transition period
(Chapinal et al., 2011), and can present adipose tissue macrophage M1 infiltration resulting in an
inflammatory response (Contreras et al., 2015). Also, animals suffering SCK, have 3 to 8 times
increased odds of displacement abomasum (LeBlanc et al., 2005; Duffield et al., 2009; Ospina et
al., 2010a). According to Liang et al., (2017), left displacement abomasum has the greatest cost
associated with health disorders ($432-$639).

Endotoxicosis may also contribute to liver pathophysiology (Eckel and Ametaj, 2020).
Cows experiencing fatty liver have increased concentrations of tumor necrosis alpha (TNFa) serum
amyloid A (SAA), haptoglobin (Hp), NEFA, TG, cortisol, and cholesterol in the plasma (Ametaj
et al., 2005).

1.1.8.2. The associated effects of NEB on reproduction in peripartal dairy cows

Bacterial infections are common pathologies in early lactation (LeBlanc et al., 2011) and
are ranked as one of the most expensive health issues in the dairy industry (Liang et al., 2017;
Wankhade et al., 2017; Benedet et al., 2019). Lactating dairy cows with more than 28 kg of body
weight lost post-parturition, and facing metabolic, reproductive, or digestion disorders are
correlated with low cyclicity (Vercouteren et al., 2015). Negative energy balance faced during the
transition period is associated with decreased cyclicity as a result of changes in glucose, free fatty
acids, haptoglobin, insulin, insulin growth factor 1 (IGF-1), and luteinizing hormone (Butler, 2003;

Dubuc et al., 2012; Furukawa et al., 2021).

According to LeBlanc, (2015), ketosis has a profound negative impact on the farms’
reproduction performance. Cows experiencing ketosis during the first two weeks of lactation had a
reduced probability of pregnancy at the first insemination (Chapinal et al., 2012a; McArt et al.,
2012b; LeBlanc, 2015). Animals suffering SCK, have a 3-times greater risk of metritis (Duffield et
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al., 2009), increased chances of endometritis during week four of lactation (Hammon et al., 2006a;
Dubuc et al., 2010), 1,5-fold increased odds of endometritis at 35 DIM (Dubuc et al., 2012) and
1.8-times increased odds of culling before 60 DIM (Roberts et al., 2012). Oetzel, (2013) reported
reduced pregnancy rates by 150 DIM for cows that first developed their SCK earlier in lactation.

Nevertheless, (Rodriguez et al., (2022). determined that reproductive performance is not
associated with hyperketonemia unless cows are grouped in stratified milk production levels. In
their study, they exposed that cows with hyperketonemia and low milk production were the only
ones associated with reduced reproductive activity, meanwhile, cows with hyperketonemia and
high milk yields did not present reproductive performance differences compared to high milk

yielding non-hyperketonemic (Rodriguez et al., 2022).

1.1.9. Economic impact of hyperketonemia

The economic impact of hyperketonemia in dairy cows has been widely monitored in different
scenarios. According to (Benedet et al., 2019), many models from Europe and the United States
have integrated cost variables like milk production, health disorders related, to reproductive
performance, treatments, and some other values such labor and slaughter. In all the results exists a
negative impact, with average costs varying from $77 to $289 per case a year. Also, there is a higher
negative impact on the costs for primiparous than multiparous and the most important cost is related

to the negative effect on reproduction.

1.1.10. Treatment of ketosis in dairy cows.

Another important fact to add to the economic impact is the lack of options to be used for
treatment or even strategies to prevent this metabolic disorder (Mann et al., 2018; Capel et al.,
2021). Polypropylene glycol (PG) is the only available therapy well-documented to work positively
to attenuate the effect of hyperketonemia in the animal (McArt et al., 2011). The positive effects of

PG are related to improving hepatic gluconeogenesis, insulin sensitivity, and reduced NEFA
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oxidation. The supplementation of PG causes stimulus of gluconeogenesis by the metabolization of
PG to pyruvate through different reactions, which finally is used by the liver to synthesize
oxaloacetate and then to be moved in the TCA cycle to replenish the lack of this precursor in the
media (Zhang et al., 2020). Then can be hypothesized that the inclusion of PG in the system could
cause an alleviation in the lack of oxaloacetate allowing it to oxidize the acetyl-CoA originating
from FA into the TCA cycle. Dextrose is considered a second-line treatment for ketosis because
animals with severe affections with concurrent hypoglycemia can be beneficiated from the blood
glucose increasing concentrations after an intravenous bolus (Gordon et al., 2013). The decrease in
blood BHB levels caused by dextrose treatment works for less than 24h and must be repeated or

followed with another treatment for lasting effect (Wagner and Schimek, 2010).

Energy metabolism

1.1.11. Energy metabolism in the transition period

In a series of changes, the marked reduction in glucose concentration during the transition
period influences the lipids mobilization to compensate the energy imbalance (Bell and Bauman,
1997). As a result of this homeorhetic adaptation, free fatty acids (FFA) levels in the bloodstream
and liver content increase (Bergman, 1971; Luo et al., 2019). Within the liver, fatty acids are [-
oxidized to acetyl-CoA units to follow four possible fates (figure 2): (1) complete oxidation through
tricarboxylic acid cycle (TCA), (2) incomplete oxidation (ketogenesis), (3) TAG synthesis, packing
in very-low-density lipoprotein and exportation out of the liver (de novo synthesis), or (4) TAG
synthesis for storage as liver lipids (Bergman, 1971; Grummer, 1993). The FFA flux entering the
liver in transitioning cows can exceed TCA-cycle oxidation capacity during the lipid mobilization
peak. This condition favors the ramp-up in ketogenesis and TG deposition observed in transitioning

dairy cows (White, 2015).
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Figure 2. Major pathways of ketone body, free fatty acid metabolism and hepatic gluconeogenesis.

*The reaction shown by the dotted line does not occur in the liver.

1.1.12. Lipolysis

Hepatic FA oxidation provides the metabolism of three main functions: provision of acetyl-
CoA to be oxidized in the TCA, provision of alternative energy source in the form of ketone bodies
to the peripheral liver tissues and maximize the gluconeogenesis rates during glucose shortages
(Jesse et al., 1986). Mobilization of FFA from the adipose tissue stores is mediated by the activation
of hormone-sensitive lipase (Urrutia and Harvatine, 2017) while the glucagon to insulin ratio is
responsible for regulating the hepatic fatty acid oxidation in dairy cows (Jesse et al., 1986; Drackley
etal., 2001). To be oxidized, the fatty acids are activated in the hepatocyte cytoplasm by the addition
of a molecule of coenzyme A (Qi et al., 2022) by the membrane-bound fatty acid acyl-CoA
synthetases (Vanitallie and Nufert, 2003). These activated fatty acid esters are transported into
mitochondrial matrix via carnitine palmitoyltransferase-1 (CPT1) and cleaved by the
B-oxidation pathway. The end products of this pathway will be acetyl-CoA and reduced electron
carriers that can be used in ATP synthesis (Li et al., 2012a).
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1.1.13. Ketogenesis

Hyperketonemia may occur in all mammalian species and can be brought forth by
starvation, low carbohydrate diet, cold exposure, anesthesia, impaired liver function, hypoglycemia,
and endocrine and metabolic disorders (Bergman, 1971; Laffel, 1999). The ketone bodies,
Acetoacetate (AcAc), B-hydroxybutyrate (BHB), and Acetone, are compounds rich in energy
primarily synthesized in the rumen and liver of dairy cows (Krebs, 1966; Remond et al., 1995).
Non-hepatic peripheral tissues cannot directly utilize the FFAs because of the lack of expression of
the key mitochondrial enzyme: 3-hydroxymethylglutaryl-coenzyme A synthase (Newman and
Verdin, 2017; Qi et al., 2022). The BHB is the main ketone body circulating in the blood (Qi et al.,
2022).

1.1.13.1. Hepatic ketogenesis

Early lactation dairy cows deal with the increasing demand for gluconeogenesis associated
with copious milk synthesis (Bauman and Bruce Currie, 1980). This feature limits the availability
of glucose precursors and affects oxaloacetate production (Krebs, 1966; Baird et al., 1968). The
reduction in the oxalacetate pool generates an acetyl-CoA bottleneck at the entrance of the TCA.
This condition results because oxaloacetate, which in addition to acetyl-CoA, is one of the two
substrates required for the citrate synthase to produce citrate at the entrance of the TCA. The
reduced TCA activity favors the diversion of the excessive acetyl-CoA toward ketone synthesis

(Bergman, 1971; White, 2015).

Fatty acid oxidation (figure 3) can be mediated by the P-oxidation pathway in the
mitochondria to generate acetyl-CoA to be oxidized in the TCA cycle (Vanitallie and Nufert, 2003).
However, the fate of this metabolite can be diverted to generate aceto-acetyl CoA by the action of
3-keto thiolase (3-KT), which is the first step in ketogenesis. Downstream in the chain of reactions,
HMG-CoA is generated from aceto-acetyl CoA by mitochondrial HMG-CoA synthase (mHS). The
enzymatic activity of mHS can be stimulated in humans by starvation and high-fat diets, but reduced

by insulin (Serra et al., 1993). HMG-CoA also can be produced from ketogenic amino acids such
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as leucine, lysine, and tryptophan in a separate enzymatic process (Laffel, 1999). Subsequently,

HMG CoA is cleaved to release AcAc in a step mediated by HMG CoA lyase (HL).

Acetoacetyl CoA

lmHS
HL

HMG CoA ———> Acetoacetate

A
Acetyl- 3
CoA

.o
%r

Fatty acyl

l BDH1 Acetone

Acetone
BHB
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Figure 3. Ketone body synthesis in mitochondria. 3-ketothiolase (3-KT), HMGCoA synthase

(mHS), 3-hydroxy-3-methylglutaryl coenzyme A (HMGCoA), HMG CoA lyase (HL), B-hydroxy-
butyrate dehydrogenase-1 (BDH1).

The AcAc production inside mitochondria can have three fates: (1) enter the bloodstream,
(2) being spontaneously decarboxylated into CO; and acetone (both fat-soluble molecules defuse
out hepatocytes and removed out through ventilation), (3) or be reduced by B-hydroxybutyrate
dehydrogenase-1 (BDH-1) into BHB (Vanitallie and Nufert, 2003). Ruminant liver, in contrast to
non-ruminants, contains 80%-95% of BDH-1 located in the cytosol, whereas, in the rumen
epithelial, BDH-1 is 95% located in the mitochondria (Heitmann et al., 1987). The BDH-1 activity
modulates the reaction to reduce AcAc to BHB, requiring NADH in the process (Laffel, 1999).
Therefore, the ratio BHB to AcAc is dependent on the redox potential of the NADH to NAD" ratio
(Laffel, 1999) and can be used as a measurement to determine the redox state (Newman and Verdin,
2017). The BHB is a nonvolatile and chemically stable metabolite whose only metabolic fate is the
interconversion with AcAc (White & Venkatesh, 2011).
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(R) — 3 — Hydroxybutyrate + NAD* ——> Acetoacetate + NADH + H*

Figure 4. B-hydroxybutyrate dehydrogenase-1 ketone body synthesis reaction.

Ketogenesis is affected by different factors like glucose levels, BHB : AcAc, redox state
in hepatic and extrahepatic tissues, NEFA concentration, insulin : glucagon, and enzymatic
expression (Bergman, 1971; Heitmann et al., 1987; Newman and Verdin, 2017). The BHB is the
most predominant ketone body in all species but, its ratio BHB to AcAc differs between blood and
liver and becomes lower as the animal gets more ketotic (Bergman, 1971). In sheep, Bergman &
Kon (1964) reported that insulin, glucose, and propionic acid injections reduced AcAc production

rates and plasma AcAc concentrations.

1.1.13.2.Ruminal ketogenesis

In the rumen, butyrate uptake is mostly converted to BHB by the epithelial cells before
being released into the portal circulation (Weigand et al., 1972; Remond et al., 1995; Baldwin and
Jesse, 1996). According to Baldwin et al., (2018), this process is mediated by the butyrate activation
of the peroxisome proliferator—activated receptors (PPAR) in the epithelial cells of the rumen. This
activation causes the metabolization of the butyrate by the acid B-oxidation pathway (Baldwin et
al., 2018). The synthesis of ketone bodies in the epithelial cells of the rumen is allowed by the
expression of HMGCS2 (Novak et al., 2019), a required enzyme for ketogenesis (Qi et al., 2022).
Between 33% to 78% of the rumen’s butyrate is converted to ketone bodies (Weigand et al., 1972).
Under fed conditions, the gut is accounted as the major source of ketone bodies in ruminants
(Heitmann et al., 1987). Seely et al., (2021) reported the peak in the BHB blood concentrations after
four hours post-feeding. Nonetheless, during hyperketonemia, hepatic ketogenesis accounts for the

bulk of ketone body production, particularly in animals with reduced DMI (Bergman, 1971).

1.1.14. Ketolysis

Most of the tissues can use ketone bodies as an energy source, or in the case of the

mammary gland for fat synthesis (Bergman, 1971). However, BHB cannot be used as energy fuel
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by the liver (Bergman, 1971). Also, innate immune cells can use ketone bodies as an energy fuel
Puchalska et al., 2019). Using mice macrophages Puchalska et al., (2019), reported that these innate
cells do not express BHD-1, feature that impedes the BHB ketolysis but not the use of AcAc. Due
to the mass covered by the skeletal muscle, in humans, this tissue is considered the organ with the
highest fraction of total ketone body metabolism (Balasse & Féry, 1989; Laftel, 1999). It is possible
to hypothesize this concept in dairy cows since the skeletal muscle is also the largest organ (Sadri
et al., 2023). Using in vivo mice models, Hui et al., (2020) determined that skeletal muscle, heart,
small intestine, brain, and kidneys are the most BHB substrate consumers under ketogenic

conditions.

The rates of BDH-1 utilization and AcAc production are proportional to BDH-1
concentration (Kerner and Hoppel, 2004). The reduction of BHB to AcAc (figure 4) also depends
on the state of the cellular pool of NAD* (Williamson et al., 1967). Under reduced glucose
conditions, because the liver is oxidizing free fatty acids, the mitochondrial NADH : NAD" matrix
ratio increases. This condition generates a positive difference over the NADH : NAD" cytosol ratio
(Heitmann et al., 1987). Because ruminant liver BDH-1 is expressed mostly cytosolic, the reduced
NADH : NAD" ratio (higher concentration of NAD") favors the AcAc production (Heitmann et al.,
1987). In the final steps, AcAc is converted to aceto-acetyl-CoA, by the enzyme succinyl-CoA:3-
ketoacid CoA transferase (SCOT), and subsequently by methyl aceto-acetyl CoA thiolase (MAT).
This last step yields the cleavage of the acetyl group from the aceto-acetyl CoA releasing the acetyl
CoA (Laffel, 1999). The enzymatic activity of SCOT in mice can be downregulated by AcAc when
its concentrations are elevated conditions, a phenomenon responsible for increasing levels of BHB

despite constant rates of hepatic ketogenesis (Laffel, 1999).

1.1.15. The regulation of gluconeogenesis by BHB

Through human and mouse models has been determined that BHB inhibits
gluconeogenesis (Stubbs et al., 2017). Gluconeogenesis and glucose homeostasis is mainly
regulated by insulin and glucagon hormones (Aschenbach et al., 2010; Oh et al., 2013). During the

fed state, insulin decreases hepatic gluconeogenesis by activating the AKT Ser/Thr kinase and
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subsequent phosphorylation of forkhead box protein O1 (FOXO1). This action inhibits the FOXO1
nuclear translocation, resulting in reduced gluconeogenesis (Petersen and Shulman, 2018). On the
other hand, during the fasted state, glucagon promotes gluconeogenesis by activating peroxisome
proliferator-activated receptor gamma coactivator-la. (PGCla). This last activation interacts
downstream with FOXO1, promoting a genomic expression for the enzymatic synthesis of glucose
6-phosphatase (G6P) and phosphoenolpyruvate carboxykinase (PCK1). These metabolic
modulations result in the stimulation of gluconeogenesis in the liver (Petersen and Shulman, 2018).
In addition to this regulatory pathway, glucagon also induces dephosphorylation of the class II
histone deacetylases (HDACsSs). This dephosphorylation causes the translocation and deacetylation

of nuclear FOXO1, thereby beneficiating the promotion of gluconeogenesis (Mihaylova et al.,
2011).

The metabolic activity of BHB causes the inhibition of class I and Il HDACs (Bradshaw et al.,
2020; Hartman & Rho, 2014; B. Li et al., 2021). The HDAC inhibition increases the acetylation of
FOXOL1, thereby reduces its activity promoting gluconeogenic enzymes in the liver. As a result of
this process, BHB is associated with decreasing blood glucose levels (Newman and Verdin, 2017;
Bradshaw et al., 2020; Pan et al., 2022b). By inducing hyperketonemia in dairy cows with BHB
infusions, Zarrin et al., (2017) reported decreases plasma glucose concentrations. Interestingly, in
mice, the reduction in gluconeogenesis occurs only by signaling modulation of BHB, but not by

AcAc (Pan et al., 2022b).

Metabolic alterations in dairy cows affected by hyperketonemia

1.1.16. Nutritional immunomodulation

In immune cells, transitioning from an inactive state to an inflammatory and then post-
inflammatory state is accompanied by metabolic reprogramming (Bradshaw et al., 2020). The
metabolic switch is required to assure the cells have access to adequate energy and redox potential

(Bradshaw et al., 2020). Several authors have associated NEB in early lactation, higher NEFA and
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BHB, with a higher risk of negative health affections (McArt et al., 2013; Overton et al., 2017).
However, as it is discussed by Horst et al., (2021), this connection may fall into inadequacies of
rationale because this condition could also reflect normal metabolic adaptations or the metabolic
consequences from immune activations. Nevertheless, as was stated by Krebs, (1966), bovine

ketosis could be the shift from a “physiological” to a “pathological” state.

The tight connection interplayed between the immune system, nutrition, and metabolism
is necessary to balance the interventions mediated to protect the health during disease affections
(Bradshaw et al., 2020). The sentinel functions of the immune system not only consist of
mechanisms to protect against pathological conditions but also contribute to the regulation of
energy supply in the metabolism. Using mice models Loft et al., (2022) revealed how the
glucocorticoid receptor (GR) activation in the Kupffer cells (liver macrophage residents) can
regulate the ketogenesis in the liver by suppressing the expression of the cytokine TNFa.. According
to Loft et al., (2022), this condition highlights how a local-derived signal from an immune cell can
facilitate a switch from an anabolic to a catabolic condition. The mechanisms in the sentinel
function of the immune system are not only balanced by the action of pro- and anti-inflammatory
cytokines, but also by the nutritional status (Omenetti and Pizarro, 2015; Okawa et al., 2021).
Macrophages inflammatory-related M1 type utilizes mainly glycolysis, while immunosuppressive

M2 macrophages use fatty acid oxidization (Kelly and O’Neill, 2015).

1.1.17. Ketone bodies as immunomodulators of NRLP3

As was mentioned before, nutritional metabolic conditions can influence the immune
response tone. The BHB, besides being an alternative fuel, also is directly implicated in anti-
inflammatory immunomodulation. The activation of the NLRP3, a sensor presented mainly in
macrophages (later reviewed in extension) is affected by the nutritional metabolic status. It has been
reported that in human and mouse macrophages, BHB, but not AcAc, downregulates the activation
of this sensor (Youm et al., 2015; Kim et al., 2020). Kim et al., (2020) reported that in human
macrophages after being challenged with LPS in vitro, the high glucose conditions favored the pro-

inflammatory activation of the NLRP3. However, Kim et al., (2020) not only demonstrated the anti-
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inflammatory action of BHB, but they also reported that this BHB effect can be overridden by the

action of insulin.

1.1.18. The antioxidant effects of ketone bodies

The BHB has also been associated with anti-oxidative effects. High oxidative stress has
been reported in transition dairy cows (Sahoo et al., 2009; Sun et al., 2021) and is associated with
inflammation during this period (Sordillo and Mavangira, 2014). During ketogenesis, BHB
synthesis results in increasing cytoplasmic NADPH (Kashiwaya et al., 1997). This increase in
NADPH favors in the cytoplasm the reactive oxygen species (ROS) scavenging. Therefore, the
increasing levels of BHB modulate positively the antioxidant mediation (Stubbs et al., 2020a).
Another mechanism of cyto-protection to mitigate oxidative stress is mediated by BHB activating
the transcription factor Nrf2, and the inhibition of HDACs (Hartman & Rho, 2014; Meroni et al.,
2018). This feature induces the gene expression of heme oxygenase-1 (HO-1) conferring cellular
protection against antioxidative stress (Hartman and Rho, 2014; Meroni et al., 2018). However,
Jain & Mcvie, (1999) reported increasing levels of oxygen radicals and lipid peroxidation in human
red blood cells cultivated with AcAc, but not with BHB. Interestingly, the presence of BHB together
with AcAc, in equivalent proportions, did not influence the AcAc capacity to induce ROS and lipid
peroxidation (Jain & Mcvie, 1999).

1.1.19. Ketone bodies and HCAR2-mediated immunomodulation

Hydroxycarboxylic acid receptor 2 (HCAR?2) also known as G-protein coupled receptor
109A (GPR109A) can be activated by BHB (Kyoung Lee et al., 2020). GPR109A possesses the
ability to modulate the inflammatory tone reaction by inhibiting the activation of the transcriptional
regulator nuclear factor-kappa B (—NF-kB—; Thangaraju et al., 2009). The NF-xB is a pro-
inflammatory transcription factor that can induce the synthesis of TNFa, IL-6, IL-1p, activation of
the inflammasomes, and apoptosis signaling (Bradshaw et al., 2020; Stubbs et al., 2020a). The BHB
inhibits the NF-kB expression-mediated inflammation by binding GPR109A presented in
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macrophages (Bradshaw et al., 2020). Modulating the immune response after an LPS insult, Swartz
et al., (2021a) determined that mouse macrophages continuously exposed to BHB in cell culture
were polarized towards an anti-inflammatory tone even after receiving an S. uberis challenge.
Interestingly, GPR109A activation, mediated by an SCK concentration of BHB (1.2 mM) in bovine

neutrophils, modulated an increase in the chemotaxis activities in these cells (Carretta et al., 2020).

1.1.20. Immunomodulation in hyperketonemic dairy cows

Elevated BHB concentration is a frequent feature of early lactation in dairy cows (Overton
et al., 2017; Benedet et al., 2019). In recent research Swartz et al., (2021b), implementing BHB
infusions in dairy cows, they reported impairment in the immune defenses post mammary LPS
insult. In their results, the animals infused with BHB turned out with higher milk bacterial count,
reduced DMI, and milk yield. Zarrin et al., (2014) also reported that animals infused with BHB had
lower somatic cell counts (SCC), diminished influx of leukocytes into milk, and higher levels of
IL-10 mRNA post-LPS mammary challenge. Onizawa et al., (2022) reported that peripheral blood
mononuclear cells (PBMC) from dairy cattle, cultured in vitro, treated with BHB exhibited anti-
inflammatory immunomodulation after an LPS insult, while the ones treated with AcAc expressed
a pro-inflammatory modulation. Neutrophils isolated from periparturient cows under NEB with
elevated NEFA and BHB exhibited reduced chemotaxis and myeloperoxidase activity (Hammon et
al., 2006). Hoeben et al., (1997) reported a reduction in the oxidative burst capacity in
polymorphonuclear leucocytes (PMNL) from dairy cows after being exposed in vitro to SCK
metabolic doses. Using a different approach, Grinberg et al., (2008) isolated neutrophils from
producing dairy cows and pre-incubated them with BHB. After challenging these cells with E. coli,
they reported a reduction in the bactericidal capacities because of the diminished phagocytic and

extracellular trap capacities.
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1.1.21. Inflammation

Inflammation is an adaptive response triggered by noxious stimuli and conditions such as
infections, tissue injury, or signals of cellular stress (Medzhitov, 2008). The main task of innate
immunity is to generate a protective reaction against pathogen-associated molecular patterns
(PAMPs) from infectious agents such as bacteria and viruses (Roh and Sohn, 2018). Also,
inflammation can be triggered by damaged-associate molecular patterns (DAMPs) identified in
cellular stress factors (—e.g., reactive oxygen or nitrogen species—; (Goldsby et al., 2001; Roh and
Sohn, 2018). These specialized cells will do recognition, scavenging, and amplification of the
inflammatory response (Goldsby et al., 2001). The innate immune cells also will present, through
their major histocompatibility complex (MHC), the antigen structure to the adaptive immune cells.
In the case of B cells, their recognition of the antigen will be used to design the unique antibody for
future affections, while the T cells will improve the removal capacity of the antigen out the body

(Goldsby et al., 2001; Fischer et al., 2010).

1.1.21.1.  Cytokines associated with inflammation

Among the pro-inflammatory chemical mediators released by the immune cells are
cytokines such as tumor necrosis factor-alpha (TNFa) and interleukin one-beta (—IL-1p—;
Bradford et al., 2015). Cytokine IL-13 has biological functions like leukocytic pyrogen, fever
mediator, anorexigenic, and an acute-phase response activator factor (Van Miert, 2011; Kaneko et
al., 2019). This cytokine is also a potent inflammatory activator of neutrophils, monocytes, and
macrophages which can then produce other pro-inflammatory cytokines (Goldsby et al., 2001;
Bolon et al., 2004). Another pyrogenic pro-inflammatory cytokine is TNFa., primarily produced by
macrophages (Dinarello, 1999). This cytokine plays a role in fever response, inflammation,
anorexia, cell apoptosis, and regulates the switch from ‘‘antigen mode’’ to ‘‘inflammation mode’’
in the T cell differentiation, (Huang et al., 2000; Clark et al., 2005; Van Miert, 2011; You et al.,
2021). The TNFa and IL-1f are crucial for the induction of other cytokines (IL-6 and IL-8) and
agents such as platelet-activating factor, prostaglandins, leukotrienes, and nitric oxide (Van Miert,

2011).
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Both cytokines IL-1p and TNFa have also metabolic modulatory roles. Cytokine IL-1(3
inhibits glucose transporter GLUT-4 translocation to the plasma membrane, and reduces insulin-
stimulated glucose uptake and lipogenesis (Matsuki et al., 2003; Shi et al., 2019). On the other hand,
TNFa is a mediator of insulin resistance, a lipolysis stimulator, negative regulation of peroxisome
PPAR-y (a vital insulin-sensitizing nuclear receptor), and an inhibitor of lipoprotein lipase (LPL).
This cytokine also can inhibit the expression of fatty acid synthase, acetyl-CoA carboxylase (ACC),
glycerol 3-phosphate dehydrogenase (GPDH), and glucose receptor GLUT-4 (Popko et al., 2010;
Shi et al., 2019).

1.1.21.2.  Acute phase proteins associated with inflammation

Cytokines IL-1B and TNFa along with interferon-y are the principal mediators in the
release of acute phase proteins (APP) from the liver (Gruys et al., 2005; Van Miert, 2011). The APP
includes haptoglobin (Hp), lipopolysaccharide-binding protein (LBP), serum amyloid A (SAA),
and C-reactive protein (CRP) among others (Ramadori and Christ, 1999; Goldsby et al., 2001). In
the case of Hp, its synthesis is associated with the expression of CD136 on the cell surface of
hepatocytes, Kupffer cells, and tissue macrophages (MacKellar and Vigerust, 2016). The synthesis
of Hp is also induced by IL-1p and IL-6, but downregulated by TNF-a, IL-4, and interferon vy
(MacKellar and Vigerust, 2016). The Hp is bacteriostatic in nature by its ability to bind free
hemoglobin, a condition that causes iron levels to decrease leading to an inhibition of bacterial

growth (Eaton et al., 1982).

The LBP is a lipid-binding protein stimulated in response to the presence of LPS. This
protein can increase the sensitivity of PPR toll-like receptors (TLR) expressing cells (e.g.,
monocytes, macrophages, dendritic cells) by its affinity to bind the lipopolysaccharide membrane
of gram-negative bacteria (Tobias et al., 1989; Schroedl et al., 2001). A key step in the LPB immune
mediation is the presentation of the LBP-LPS complex to the CD14 protein (Meng et al., 2021).
CD14 protein is expressed on the cell membrane of the innate immune cells and contributes to the
recognition by the TLR of the LBP-LPS complex, triggering pro-inflammatory reactions (Meng et
al., 2021). The LBP-LPS complex also enhances phagocytosis and clearance of LPS from blood

(Le Roy et al., 2001). The SAA is described to bind lipopolysaccharide comparable to LBP
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(Schroedl et al., 2001). The SAA influences the immune response by acting asa
chemoattractant and mediates the migration of neutrophils and monocytes to the site of infection

(Abdallah et al., 2016).

The CRP was the first documented APP and was identified by being bound to the C-
terminal polysaccharide of a pneumococci bacteria (Tillett and Francis, 1930). It binds directly to
several microorganisms, degenerating cells, and cell remnants (Gruys et al., 2005). The CRP
activates the complement system by the classical C1q pathway, and acts as an opsonin (Gruys et
al., 2005). The APPs perform different acute phase responses among the different species.
Particularly, CRP is a constitutive serum protein in cattle without considerable changes in response
to injury while in dogs is the major APP whose concentration can increase 100-fold (Schroedl et

al., 2001).

1.1.21.3.  Cytokines under kyperketonemic conditions

Hyperketonemic cows can present higher concentrations of IL-6 and TNFa 4 weeks before
calving and during the week of the disease (Zhang et al., 2016). Trevisi et al., (2012) found that
animals after calving can exhibit a peak in IL-6 concentrations, with higher levels with low liver
function index. Using recombinant bovine TNFa, injected subcutaneously, Bradford et al., (2009)
detected evidence of alterations in the liver by promoting fatty acid uptake and storage and
decreasing fatty acid oxidation. Using a similar approach, Yuan et al., (2013) reported that TNFa
injection 7 days postpartum decreased milk yield and components by 15%-18%. (Bradford et al.,
2009) also found that injecting TNFa in late lactation dairy cows resulted in a promotion of TAG
accumulation in the liver. Hepatic lipidosis in cows is associated with ketosis, anorexia, reduced
rumen motility, displaced abomasum, weight loss, predisposition to infections, and diminished
fertility (Imhasly et al., 2014). Also, increasing levels of TNF-a is related to lower glucose-6-
phosphatase and phosphoenolpyruvate carboxykinase-1 gene expression, two genes required for

gluconeogenesis (Bradford et al., 2009).
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1.1.21.4.  Acute phase proteins under kyperketonemic conditions

Cows under hyperketonemia can exhibit higher concentrations of LBP, Hp, and SAA in
serum before parturition and post-calving (Abuajamieh et al., 2016; Zhang et al., 2016). Kovac et
al., (2009) established that NEFA and BHB have a significant correlation with Hp, meanwhile,
SAA correlates to NEFA levels in dairy cows. The SAA can increase up to 4.2 folds in
hyperketonemic cows compared to their healthy counterparts, while Hp can increase between 4 to
6-folds (Abuajamieh et al., 2016). Also, it is being documented that increasing levels of Hp during
the first week postpartum is a common risk for dairy cows (Alsemgeest et al., 1994; Dubuc et al.,
2010). The settlement of the acute phase reaction is described by SAA raising concentrations prior
eight weeks before calving, which continues elevated four weeks post-partum (Zhang et al., 2016).
Trevisi et al., (2012) reported not only an increase of Hp in all the cows post-calving but also
determined that animals with low liver functional index presented a marked increase. Animals
under hyperketonemic conditions also can manifest an increase ranging from 45% to 66% in LBP
concentrations compared to healthy cows after calving (Abuajamieh et al., 2016). These results
have associated the development of hyperketonemia is tied to systemic inflammation (Abuajamieh

et al., 2016; Zhang et al., 2016).

1.1.21.5. Inflammasome and pro-inflammatory signals.

A challenge to the health’s homeostasis may elicit an inflammatory response at the local
or systemic levels (Medzhitov, 2008). The innate immune system is the mechanism in charge to
protect health against signals of danger, including both pathogenic microorganisms and sterile
incursions such as metabolic perturbations (Tweedell et al., 2020; Zheng et al., 2020). The
recognition of these risk factors can be mediated not only by PRRs like toll-like receptors (e.g.,
TLR4), but also can be detected by the multiprotein complex called inflammasome (Malik and
Kanneganti, 2017; Lebreton et al., 2018; Zheng et al., 2020). Inflammasomes oligomerize to form
a platform in response to the sensing DAMPs or PAMPs (Sharma and Kanneganti, 2016; Kelley et
al., 2019). Five members of PRRs have been identified as NOD-like receptors (NLRs) (Kelley et
al., 2019). These sensors after being activated induce the conformation of a multicomplex protein
to serve as the platform required to activate caspase-1 protein (Malik and Kanneganti, 2017).
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Further, in the chain of events, caspase-1 induces the maturation of IL-1 and IL-18, which will
function as amplifiers of the inflammatory cascade (Malik and Kanneganti, 2017; Tweedell et al.,
2020). Activated caspase-1 can also cleave gasdermin-D, as a substrate that after being activated
forms pores in the cell membrane to execute pyroptosis, a form of cell apoptosis induction (Kelley
et al., 2019). The pores in the death cell also serve to spill the IL-1 and IL-18 to continue exerting
the inflammatory reaction (Tweedell et al., 2020).

The NLRP3 is a canonical inflammasome composed of a tripartite protein confirmed by an
amino-terminal pyrin domain (PYD), a central nucleotide-binding and oligomerization domain
(NOD), and a C-terminal leucine-rich repeat (LRR) domain (Franchi et al., 2009). The main
function of NLRP3 inflammasome is the maturation and the production of IL-1B via toll-like
receptor-nuclear factor kappa (Lebreton et al., 2018). The NLRP3 inflammasome can be assembled
in response to a vast range of distress signals like microbial cell wall components, nucleic acids,
pore-forming toxins, and endogenous danger signals like SAA, ATP, and uric acid crystals (Liang
et al., 2021; Sharma & Kanneganti, 2016). Cholesterol crystals, palmitic acid, and oxidized low-
density lipoprotein also are known to trigger NLRP3 in mouse primary macrophages and human
macrophage cell lines (Liang et al., 2021). NLRP3 activation has been connected to multiple classes
of lipids, including saturated fatty acids (SFAs), sphingolipids, ceramides, and bile acids (Liang et
al., 2021; Vandanmagsar et al., 2011). Nevertheless, monounsaturated and polyunsaturated fatty

acids can act as NLRP3 inhibitors in mice (Finucane et al., 2015; Shen et al., 2017).

The NLRP3 inflammasome is also an important mediator of diseases linked to insulin
resistance (Liang et al., 2021). In diet and genetically induced obese mice Stienstra et al., (2010)
found increased levels of caspase-1 and IL-1p activity in the adipose tissue. They also reported that
NLRP3 knockout in mice generated higher metabolic activity in the adipose cells. On the other
hand, they also reported that while using a caspase-1 antagonist, the animals presented higher
insulin sensitivity and fat oxidation capacities. Elevated mRNA expression of NLRP3 also
correlates with insulin resistance in human adipose tissue and with non-alcoholic fatty liver disease
(NAFLD) progression in humans (Vandanmagsar et al., 2011). The NLRP3 activation by lipids is
slow, requiring between 6 and 24 hours to reach maximal activity in mouse primary macrophages
and human THP-1 macrophage cell lines (Liang et al., 2021).
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1.1.22. Inflammasome signaling under hyperketonemic conditions

Onizawa et al., (2022) studied the effect of BHB and AcAc over the NLRP3 inflammasome
in dairy cow peripheral blood mononuclear cells (PBMC). They reported that the cells primmed
with LPS and treated with AcAc resulted in increasing pro-inflammatory expression of NLRP3 and
IL-1B. However, when these cells were treated with BHB, the pro-inflammatory expression was
suppressed. These results are in accordance with the results reported by Jain et al., (2003) who
incubated U937 monocytes (human immune cells line) with AcAc and BHB. They reported that

exogenous addition of AcAc, but not BHB, increases IL-6 secretion and ROS generation.

Shen et al., (2019) found that dairy cows under hyperketonemia exhibit a state of systemic
inflammation. They detected in the first week after calving of those cows elevated BHB, higher
TAG accumulation in the liver, higher expresion of pro-inflammatory cytokines (IL-18, IL-1f, and
TNFa), and lower levels of interleukin 10 (IL-10). Shen et al., (2019) also reported that
hyperketonemic cows expressed higher mRNA abundance of NLRP3 and caspase-1 along with
higher caspase-1 activity in the liver. The AcAc cultured bovine hepatocytes caused an increased
the secretion of IL-1B, IL-6, and TNFa in a dose-dependent manner (Li et al., 2016). The
inflammasome is not constitutively active in macrophages and requires a stimulant (DAMP or
PAMP) plus the specific efflux of potassium to trigger the protein complex activation (Gattorno et
al.,2007). Youm et al., (2015) reported that BHB inhibition of the NLRP3 activity can be mediated
mechanistically by preventing the K™ efflux and protein complex oligomerization. Rahman et al.,
(2014) concluded that BHB can polarize neutrophils and macrophages to an anti-inflammatory state

after bounding the receptor GPR109A in mice (Lukasova et al., 2011).
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Behavioral indicators in dairy cows

1.1.23. Feed intake in hyperketonemic dairy cows

In dairy cows feed intake is dramatically reduced before parturition and requires several
weeks to reach positive energy balance in high-yielding animals (Bauman and Bruce Currie, 1980;
Bell, 1995; de Vries and Veerkamp, 2000; Pérez-Béez et al., 2019). In addition to this negative
condition, before and after parturition, animals suffering hyperketonemia, are also impacted by a
reduction in the DMI (Duffield et al., 2009; Goldhawk et al., 2009; Zhang et al., 2016; Sun et al.,
2021). Goldhawk et al., (2009) determined that animals under SCK exhibited an alteration in their
feeding behavior with fewer visits and less time spent compared to the healthy animals. Pérez-
Béez et al., (2019) also determined that in the last three days before calving, for each 0.1% point
decreased in DMI, and for every Mcal decreased, the odds of having ketosis increased by 8% and
5%, respectively. Goldhawk et al., (2009) reported that for every ten minutes decreased in the time
spent at the feeder during one week before calving, the odds to develop SCK increased 1,9 times,

meanwhile for every kg reduced in DMI, the odds to develop SCK increased 2,2 times.

However, Zarrin et al., (2013) using continuous intravenous infusion of BHB did not
impact the DMI in the mid-lactating dairy cows. Rico et al., (2021) using calcium butyrate as a

ketogenic precursor reported a reduction in the DMI until BHB reached 5 mM blood levels.

1.1.23.1.  Appetite under hyperketonemic conditions.

The reduction in DMI, energy imbalance, and high levels of BHB early in lactation are the
key features of transitioning dairy cows. The improvement in the feed intake of cows at the onset
of lactation is a crucial step to decrease the risk of metabolic disorders. However, the mechanisms
which cause dysregulation in the energy balance during the transition period are not clearly

understood (Kuhla, 2020; Brown and Bradford, 2021).
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Appetite and satiety are in control over the central nervous system by signals from the
central and peripheral nervous systems converging to regulate food intake and energy expenditure
(Bradford et al., 2022; Masi et al., 2022). Because hunger and satiety are influenced by nutrients,
it has been hypothesized that hyperketonemic conditions (humans and rodents) could have a
specific role in the regulation of appetite (Masi et al., 2022). In rodents, Langhans et al., (1983)
reported that a subcutaneous BHB infusion generates an acute and sustained decrease in food
intake, but not when they were injected with AcAc. Also, an infusion of BHB in the third ventricle
of rodents’ brain cause a reduction in appetite (Davis et al., 1981). In humans, the use of exogenous
sources of BHB has been associated with lower appetite, delaying hunger and the desire to eat

(Stubbs et al., 2018).

Roekenes & Martins, (2021) mentioned that studies aimed to measure hunger feelings in
humans through different questionary methods have demonstrated that ketogenic diets are
associated with the diminished or absent feeling of hunger, reduced desire to eat, and decreased
appetite. The anorexigenic effect of BHB has been associated with several hypotheses, but the
reduction in ghrelin levels is the most likely explanation up to date (Stubbs et al., 2018; Deemer et
al., 2020; Masi et al., 2022). Nevertheless, the mechanism that leads to appetite suppression under
ketogenic conditions remains to be elucidated (Deemer et al., 2020; Roekenes and Martins, 2021;

Masi et al., 2022).

1.1.24. Milk production of hyperketonemic dairy cows.

The association of hyperketonemia with milk production is a paradox unresolved. Several
studies have reported reductions in milk production associated with hyperketonemia (Duffield et
al., 2009; McArt et al., 2013; Zhang et al., 2016; Sun et al., 2021). However, this is an inconsistent
result since several research have reported increasing milk yields in hyperketonemic animals
(Vanholder et al., 2015; Belay et al., 2017; Rathbun et al., 2017; Pifieiro et al., 2019). The ramping
NEFA flux in response to the NEB is associated not only with hepatic lipidosis but also with a
reduction in milk production and changes in the composition (de Vries and Veerkamp, 2000; McArt

et al., 2014; Kayano and Kataoka, 2015; White, 2015; Rodriguez et al., 2022). Pralle et al., (2021)
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reported that hyperketonemic animals not only had a reduction in milk production and protein
concentrations, but also increased fat concentrations and somatic cell count. The NEB is a risk
factor that increases its negative impact with the number of lactations (Ospina et al., 2010b; a;
Chapinal et al., 2012a; Kayano and Kataoka, 2015; Santschi et al., 2016). Also Rodriguez et al.,
(2022a) reported that the negative affection is associated with the week of detection. They reported
that only the animals detected with hyperketonemia during the first-week post-calving had a
reduction in the milk yield but not during the second week. Vanholder et al., (2015) suggested that
the higher milk-yielding cows observed in hyperketonemic may result because of the higher energy

demand for milk production.

The reduction in the milk production in hyperketonemic cows could be associated to high
oxidative stress in their mammary gland. Sun et al., 2021) reported high oxidative stress and pro-
inflammatory conditions in the mammary epithelium of hyperketonemic dairy cows. According to
(Sun et al., 2021), cows facing hyperketonemia displayed activation of NF-kB signaling, NLRP3
inflammasome, and the Bcl-2/caspase 9 apoptotic pathway. Also, they reported greater
proinflammatory cytokines (TNF-ca, IL-6, and IL-1f) in the mammary gland. These relevant
findings complement previous reports where hyperketonemic cows exhibit systemic oxidative
stress (Sahoo et al., 2009). Oxidative stress in high-yielding dairy cows causes inflammation of
the mammary gland and can cause a reduction of milk yield and negative effects on the milk

composition (Polawska et al., 2012).
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Chapter 2: The induction of nutritional ketosis in lactating dairy
cows using calcium butyrate: effects on lactation performance and

health

Introduction

Ketones are a secondary fuel synthesized in the rumen and liver in dairy cows (Krebs,
1966; Remond et al., 1995). During prolonged glucose shortages, ketone bodies fuel vital organs
like the brain and heart (Hui et al., 2020b), the epithelial cells of the rumen’s walls (Krehbiel et
al., 1992a; Remond et al., 1995), and sums to the pool of substrates used in milk lipogenesis
(Bionaz et al., 2020). Ruminal ketogenesis is a fed state condition resulting from the conversion
of butyrate into ketones bodies by the epithelial cells of the rumen’s walls (Krehbiel et al., 1992b;
Remond et al., 1995). On the contrary, liver ketogenesis is a homeostatic mechanism triggered to
support the lack of energy under prolonged negative energy balance (Bergman, 1971; Bauman and
Bruce Currie, 1980). Liver ketogenesis in dairy cows results from the partial lipid oxidation during

high-fat fluxes and depleted glucose conditions (Baird et al., 1968; Bergman, 1971; Laffel, 1999).

In addition to their roles as energy substrates, research in non-ruminants suggests that
ketones of dietary origin may exert health-promoting effects (Shaw et al., 2019; Poff et al., 2020;
Yurista et al., 2021). Mammalian studies providing exogenous B-hydroxybutyrate (BHB) have
found a pleiotropy in the metabolic effects such as anti-inflammatory (Youm et al., 2015;
Yamanashi etal., 2017; Kim et al., 2020; Thio et al., 2022), antioxidant (Haces et al., 2008; Meroni
et al., 2018; Stubbs et al., 2020a), lipolysis attenuation (Taggart et al., 2005), muscle glucose
uptake reduction (Maizels et al., 1977; Yamada et al., 2010), insulin sensitization (Park et al., 2011;
Myette-Coté et al., 2018), and the reduction of hepatic lipid accumulation reduction and reversal
of inflammation-driven kidney damage (Anders et al., 2018; Lee et al., 2020). Despite these
metabolite attributes, at the farm level, ramping levels of BHB in transitioning cows are considered
a proxy for reduced fertility and milk production, as well as the development of metabolic disorders

and infectious diseases (Chapinal et al., 2011, 2012a; McArt et al., 2012a, 2013; Roberts et al.,
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2012; Suthar et al., 2013; Abuajamieh et al., 2016). In practice, BHB is currently used as a major
predictor of poor performance and impaired health in transitioning dairy cows (Overton et al.,
2017). Nevertheless, its usefulness as a marker is limited, as evidence by the inability of BHB to
consistently predict negative outcomes (—i.e, no correlation or inverse association—; LeBlanc,
2015; Vanholder et al., 2015; Rodriguez et al., 2022). The observational entanglement of ketosis
with other concurrent peripartal metabolic conditions (e.g., hyperlipidemia, fatty liver,
hypocalcemia) undermines our ability to fully understand the roles of ketones on metabolism and

health.

Different in vitro studies point to BHB as an immunosuppressant factor at the cellular level
(Grinberg et al., 2008; Swartz et al., 2021a; Dong et al., 2022). However, the lack of in vivo models
to study BHB role per se has been the major obstacle in studying hyperketonemia (Drackley et al.,
1991). Previous studies using a ketogenic precursor in combination with feed restriction proved to
effectively induce ketogenesis (Mills et al., 1986; Drackley et al., 1991) but failed to isolate BHB
as the causal factor. Recent randomized controlled experimentation achieved the dissection of
hyperketonemia out of the peripartal homeorhetic adaptations (Zarrin et al., 2013, 2014; Swartz et
al., 2021b). In their research, negative trajectories in health and productivity were reported when
hyperketonemia was combined with an immune challenge, but not under hyperketonemic status.
These conditions suggest the necessity of external cofactors other than ketones to cause an
affection in the cow’s performance and health. By such circumstances, a window of the speculation
opens the possibility to explore the benefits associated to ketogenic diets observed in humans to

the dairy cows.

Nutritional ketosis (NK) is defined as a nutritionally induced metabolic state resulting in
BHB increasing concentrations regardless of the endogenous or exogenous induction (Poff et al.,
2020; Shaw et al., 2020). At the rumen epithelial cell level, butyrate is a common substrate for
ketogenesis, accounting for most BHB levels under non-negative energy balance conditions
(Krehbiel et al., 1992a; Remond et al., 1995). Based on this principle, our group has recently
evaluated the effects of intraruminal infusion of butyrate boluses in lactating dairy cows (Rico et
al., 2021; Ruiz-Gonzalez et al., 2022), and effectively increased BHB concentrations to the levels
commonly associated with subclinical and clinical ketosis (McArt et al., 2011). Such models may
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be a useful alternative to currently available ones, as they overcome the limitations that
confounding factors (e.g., negative energy balance and fatty liver) pose to the specific study of
ketosis and hyperketonemia. Following a continuous progression into practical use, the necessity
to evaluate the induction of nutritional ketosis and its effects has emerged. Therefore, herein we
aim to induce ketosis using a butyrate-based ketogenic diet, and to evaluate the implications of
acutely inducing nutritional ketosis on dairy cow performance, milk quality, and acute markers of

health.

Materials and methods

2.1.1. Animals, feeding, and husbandry

The experiment was conducted at University of Maryland Central Maryland Research and
Education Center (CMREC) dairy farm facility in Clarksville, MD. All procedures involving the
use of animals were approved in accordance with the regulations and guidelines established by the
University of Maryland Animal Care and Use Committee (Protocol 1830894-3). Six, mid-lactation
(128 £+ 52 DIM), multiparous (2.8 + 0.9 parity) Holstein cows (n = 6) were enrolled in this
study. Animals were moved to a tied stall barn 2 weeks before the beginning of the experiment
for proper acclimation to feeding and housing conditions. Cows were weighed (615.9 + 86.5
kg) and body condition score (BCS) was assessed (3.0 £ 0.3; scale, 1-5) at the end of the
acclimation period. Cows were milked twice daily at 630 and 1530 h, and were fed at 110%
of nutrient recommendations once daily (830 h) (Table 1). During the period of housing, the

tie-stall barn was continuously illuminated, and water was offered ad libitum.

Blood samples (10 mL) were collected by coccygeal venipuncture at 0, 2, 4, 8, 10, 12,
16, 24, and 48 h related to the first bolus. Samples collected at h 0, 24, and 48 were taken
before feeding the cows. Blood B-hydroxybutyrate (BHB) levels were measured with a ketone
strip handheld meter (Precision Xtra, Abbott Laboratories, Abbott Park, IL). Blood was kept on
ice for 30 min until centrifugation at 2,800 g for 15 min at 4°C. Plasma containing EDTA was

removed, immediately snap-frozen in dry ice, and stored at -80°C until being analyzed. Plasma
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was analyzed for glucose (Wako Chemicals, Richmond, VA) and NEFAs (Wako Chemicals).
Intra-and interassay coefficient of variation (CV) were 4.1% and 4.2%, 2.8% and 3.4% for glucose

and NEFA, respectively.

Table 1. Ingredient and nutrient composition of treatment diets.

Ingredient (% of DM) Amount
Corn silage 32.7%
Triticale silage 8.6%
Alfalfa haylage 9.3%
Ground corn 23.3%
Grain mix! 17.3%
Soybean meal 8.3%
Fat supplement? 0.4%

Chemical composition (% of DM)

Dry matter (%) 40.9
Crude protein 15.4
Acid detergent fiber 0.8
Amylase-treated neutral 1
detergent fiber

Lignin 19.2
Crude fat 33.4
Ash 3.0

'UMD CRMEC grain mix is composed of crude protein 29.7%, NDF 24.0%, digestible neutral
detergent fiber 18.3%, rumen digestible starch 3.12%, rumen soluble sugar 2.32%, fat, 4.0%, ash
20.6%, calcium 2.7%, phosphorus 0.3%, magnesium 1.1%, potassium 0.9%, sulfur 0.5%, sodium 2.6%,
chloride 1.6%, Met, 4.6%, Lys, 8.3%, manganese 182.133 mg/kg, zinc 182.1 mg/kg, copper 70.8 mg/kg,
iron 225.7 mg/kg, selenium 1.81 mg/kg, vitamin A 30.5 [U/g, vitamin E 239.5 iu/kg, monensin 59.6
g/ton (Cargill Animal Nutrition, Hagerstown, MD).

2 Megalac ® (Church & Dwight Co., Inc., Princeton, NJ). Blood sampling and plasma analyses
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2.1.2. Clinical QOutcomes

Feed intake was recorded daily subtracting the refusals from daily feeding TMR. Milk
yield (MY) was recorded at the parlor at each milking and summed by day. Milk quality (MQ)
was evaluated by collecting milk samples at every milking and mixed in a tube provided with
a preservative (Bronopol tablet; D&F Control Systems, San Ramon, CA). Samples were stored
at 4°C and inverted twice a day. All samples were shipped to a commercial laboratory (Lancaster
DHIA Laboratory, Manheim, PA) to quantify protein, fat, lactose, MUN, and somatic cell
count (SCC). Two days before the calcium butyrate bolus feeding started, DMI, MY, and MQ
were measured to be used as covariates in the statistical analysis. During the period of study,
rectal temperature (RT) and respiration rates (RR) were recorded within 1h post-CB1 and
CB2. The pain score was estimated using Gleerup et al., (2015) method. Briefly described,
this score calculates pain conditions by considering attention towards the surroundings, head
position, ear position, facial expression, response to approach, and back position of the dairy

COW.

2.1.3. Calculations

Energy-corrected milk (ECM) was calculated as described by (Hall, 2023) where ECM
(kg/d) = (0.25 x kg milk) + (12.2 x kg fat) + (7.7 x kg protein). 3.5% fat-corrected milk (FCM)
was calculated as: 3.5% FCM (kg/d) = (0.432 x kg milk) + (16.23 x kg fat) as described by (Linn,
2006). Feed efficiency was calculated as: daily milk (kg) / DMI (kg). Fat-corrected milk efficiency
was estimated as: FCM (kg) / DMI (kg). Energy-corrected milk efficiency was calculated as: ECM
(kg) / DMI (DMI). To calculate pain, all pain scores were transformed into categorical binary data
using a pain score of 3 as the cut-off point suggested by Gleerup et al., (2015) as the painful

condition for a dairy cow.
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2.1.4. Statistical analyses

All data were analyzed with SAS (version 9.3; SAS Institute Inc., Cary, NC). Analysis
of repeated measures for continuous variables was performed with the use of PROC-MIXED.
The model included the random effect of cow, the fixed effects of time relative to boluses,
period, treatment, and their interaction. Covariance structures for modeling repeated
autoregressive one (AR-1), unstructured (UN), variable components (VC), compound
symmetry (CS), and Toepliz (TOEP) were assigned and selected by the lowest Goodness-of-
fit test results. All data collected prior to the period of evaluations were averaged and tested
as a covariate to account for individual differences between cows. Backward elimination was
used to remove non-significant interactions when values in the model resulted in P > 0.25.
Treatment, time, time x treatment, and covariate were used in the model regardless of
significance. In all models, residuals were assessed for normality and outliers (PROC
UNIVARIATE). Least square means (LSM) test was used to calculate differences between
the effects on the model. All results are expressed as LSM and their standard errors unless stated

otherwise. Significance was declared at P <0.05 and trends at 0.05 <P < 0.10.

Results

2.1.5. Nutritional ketosis and BHB blood levels

The nutritional ketogenic effect of calcium butyrate resulted in a significant
increase in blood BHB levels (P = 0.03). The CaBu-treated group blood BHB registered
a higher concentration with a difference of 0.2 £ 0.03 mM compared to Control (figure 5A,
P = 0.03). The CaBu-treated animals reached peaks in the BHB levels 4 h post-CB1 (1.1 = 0.1,
mM, P = 0.01) and 8 h post-CB2 (0.9 = 0.1 mM, P = 0.05). During the period of study, no
differences were detected in the plasma glucose concentrations between the treatments
(figure SB P = 0.32). Plasma glucose concentrations were 65.0 £ 1.7 mg/dL and 67.6 £ 1.7
mg/dL for CaBu and Control, respectively (figure 5C). Plasma NEFAs concentrations did not
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differ between the groups (figure 5D, P =0.70) and were 76.1 + 6.8 umol and 74.7 + 6.8 umol for
CaBu and Control, respectively (figure SE).
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Figure 5. Nutritional ketosis is stimulated by feeding calcium butyrate. (A) Blood-BHB
concentrations, (B) Plasma glucose, (C) Plasma glucose overall treatment effect, (D) Plasma
NEFA, (E) Plasma NEFA overall treatment effect. At hours 0 and 8, calcium butyrate bolus
(4%DMI) CB1 and CB2 were fed, respectively. The calcium butyrate dose was calculated daily
after calculating the previous day DMI. Measurements at hours 24 and 48 were taken before
feeding the cows. Data presented as LSM. CaBu, Calcium Butyrate; SE, Standard error; Trt.,
Treatment; (*) P-value <0.05, () P-value 0.05 <P <0.10.

2.1.6. Feed intake, milk production, feed efficiency, and milk quality.

The CaBu-group had -2.9 + 1.1 kg/d of DMI (P = 0.01) compared to Control. The DMI

was 23.3 + 0.7 kg/d and 26.2 £+ 0.8 kg/d for CaBu and Control, respectively (figure 6A). No
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differences were detected between the groups in milk production, adjusted 3.5%FCM or ECM
(figure 6B, 6C, 6D, P> (0.25). All calculated energy efficiency resulted higher for the cows under
nutritional ketosis (P < 0.05). Energy efficiencies were 1.7 + 0.05 and 1.5 + 0.05, 1.8 + 0.06 and
1.6 £0.06, 1.6 = 0.05 and 1.4 + 0.05 for CaBu and Control in Milk /DMI, 3.5%FCM/DMI, and
ECM/DMI respectively. (figure 6E, 6F, 6G, P < 0.05).

No differences were detected in milk components between groups (Table 2; P> 0.15), but
a significant difference of 0.9 + 0.25 of higher somatic cell score (—SCS—) was detected in the
CaBu group (P =0.01).

Table 2. Milk composition of Holstein cows receiving ketogenic precursor calcium butyrate
(CaBu) or un-supplemented (Control).

LSM P value
Variable CaBu Control SEM Treatment Period Day  Trt.xDay Cov.
Fat (Kg) 1.54 1.54 0.02 0.95 <0.01  0.64 0.86 <0.01
Fat (%) 4.03 3.94 0.11 0.16 <0.01 0.38 0.69 0.27
Protein (Kg) 1.19 1.22 0.02 0.31 0.35 0.44 0.60 <0.05
Protein (%) 3.13 3.14 0.08 0.77 <0.01  0.06 0.59 0.99
Lactose (Kg) 1.86 1.91 0.02 0.22 0.57 0.28 0.66 <0.01
Lactose (%) 4.86 4.88 0.03 0.16 <0.05  0.07 0.14 0.42
SCS 16.4 15.5 0.40 <0.05 <0.05 0091 0.30 <0.05
MUN (mg/dL) 10.6 10.5 0.28 0.67 <0.01 <0.01 0.49 0.21

*SCS. Somatic cell score.

**MUN. Milk urea nitrogen.

2.1.7. Health parameters.

No differences were detected in RR and RT between groups (P > 0.30). The RR were
36.9 £ 1.9 and 39.7 + 1.9 breaths per minute (BPM) for CaBu and Control, respectively. The RT
were 100.6 = 0.1 and 100.6 + 0.1 °F for CaBu and Control, respectively. None of the records
detected painful results after Gleerup et al., (2015) methodology was followed.
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Figure 6. Nutritional ketosis effect on dairy cow’s performance. (A) Dry matter intake (DMI), (B) Milk production, (C) 3.5% fact-
corrected milk (3.5%FCM), (D) Energy corrected milk, (E) Feed efficiency milk over DMI, (F) Feed efficiency 3.5%FCM over DMI,
(G) Feed efficiency ECM over DMI. 3.5%FCM was calculated as 3.5% FCM (kg/d) = (0.432 x kg milk) + (16.23 x kg fat). ECM was
calculated as ECM (kg/d) = (0.25 x kg milk) + (12.2 x kg fat) + (7.7 x kg protein) Data presented as LSM. CaBu, Calcium Butyrate

treatment; SE, Standard error; Trt., Treatment; (*) P -value <0.05, (T) P-value 0.05 < P < 0.10.
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Discussion

The hyperketonemia mediated by high BHB concentration, and the sick health status
of ketosis are two distinct conditions. Several observational studies have associated high
BHB concentrations with reduced productivity and impaired health in dairy cows
(Overton et al., 2017). However, emerging knowledge supports BHB as a beneficial
metabolite to improve energy use (—i.e., marathons—; Poff et al., 2020), and as a
therapeutic treatment of diseases associated with inflammation and oxidative stress (—
i.e., alzheimer, epilepsy—; Zhu et al., 2022). Under this dichotomy, our study proposed
the use of nutritional ketosis as a model to test, in controlled randomized conditions, the
acute effects of increasing BHB levels in mid-lactating dairy cows. The supplementation
of calcium butyrate promoted the ketogenic action of butyrate on the epithelial cells of
the rumen’s walls (Remond et al., 1995) increasing the BHB concentration. This dietary
modification allowed us to modulate the expected nutritional ketosis (NK). The hallmark
of NK in humans is set in a range of plasma ketone levels between 0.5 and 3.0 mM
(Athinarayanan et al., 2019). However, for dairy cows, to the best of our knowledge, there
is not a parameter established for nutritional ketosis. Rather, all thresholds are set to

predict only negative outcomes (—>1.2 mM—; McArt et al., 2012a).

Ketosis disease in dairy cows is also categorized in an analog comparison to diabetes
mellitus types (Gulinski, 2021). Ketosis type 1 describes a glucose shortage,
hypoinsulinemia, and homeostatic conditions of active lipolysis and ketogenesis granting
the spare of glucose for milk synthesis (Zhang and Ametaj, 2020). Meanwhile, ketosis
type Il disease is concurrent with fatty liver disease, featured by hyperglycemia,
hyperinsulinemia, and some degree of insulin resistance (Zhang and Ametaj, 2020).
Nevertheless, none of these categories considers ruminal ketogenesis and its increasing
BHB levels as part of a pathological state. Not having recorded impaired health, nervous
ketone symptoms, painful conditions, or acute reduction in milk production confirms our
expected no detrimental effects associated with the increasing BHB concentration

recorded.
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Reduced glucose concentrations are associated with nutritional ketosis in humans
(Poff et al., 2020) and is likely explained by the action of BHB on gluconeogenesis
(Stubbs et al., 2017). Nevertheless, we did not detect any difference between the
treatments despite of the increasing BHB levels. Different studies have reported that
increasing butyrate either intravenous, ruminal, abomasal infused, or diet-supplemented
can cause a reduction in the glucose levels (Herrick et al., 2017, 2018; Urrutia et al., 2019;
Engelking et al., 2022), nevertheless, this is not consistent result (Herrick et al., 2018;
Izumi et al., 2019). Demigné et al., (1986) reported in vitro the inhibitory effect of
butyrate on the propionate uptake in the liver. Propionate is the major glucose regulator
in the cows' metabolism (Aschenbach et al., 2010), therefore its reduced liver uptake it is
expected to directly impact glucose concentrations. However, in our conditions, the net
butyrate intake and the BHB levels, thereby their modulatory effect on the glucose

concentration.

Lipolysis can be inhibited through the AMPK pathway by BHB agonist action on the
free fatty acid receptor GPR109A (Taggart et al., 2005; Lee et al., 2020). Nevertheless, plasma
NEFA concentrations were not altered by our ketogenic diet. NEFA concentrations also
can also be influenced by butyrate supplementation. Inconsistent results in butyrate
research have reported negative or no changes in NEFA concentration in either diet-
supplemented or ruminally infused evaluations (Herrick et al., 2017, 2018; Izumi et al.,
2019; Urrutia et al., 2019). So, the interaction of butyrate with lipid metabolism
modulation in dairy cows remains unclear (Engelking et al., 2022) and future studies are
required to better understand the implications of nutritional ketosis in plasma lipid

activity.

Ketogenic diets in mammals also associate the increasing levels of BHB with
reduced appetite (Davis et al., 1981; Langhans et al., 1983; Stubbs et al., 2018). Roekenes
& Martins, (2021) reported fewer hunger feelings, reduced desire to eat, and decreased appetite
from humans under nutritional ketosis. Although we recorded increasing levels of BHB and a
reduction in DMI, Urrutia et al., (2019), did not observe the same effect in DMI after fed
calcium butyrate at 2.5% DM and reported 0.9 mM plasma BHB concentration. The
reduction in DMI could also be explained by the low palatability link to butyrate (Rook
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et al., 1965; Bedford and Gong, 2018; Urrutia et al., 2019). Izumi et al., (2019) and
Engelking et al., (2022) did not report effects on DMI when calcium butyrate was
supplemented at doses < 2.0% DM. Therefore, it is possible to associate our higher dose

with implications in the TMR palatability.

Another factor to be considered in the reduction of DMI is the higher energy
density supplemented in non-isocaloric conditions by our ketogenic diet. The increasing
energy supplementation sourced from butyrate could have acted as a satiety signal in the
regulation of food intake (Simkins et al., 1965). However, the reduced DMI did not affected milk
production, therefore higher energy efficiencies were calculated in the CaBu-treated group. In this
regard, the modulatory effect mediated by the higher energy provided by our ketogenic diet most
likely affected the cow’s satiety and therefore DMI. Even though the non-isocaloric condition is
an undesirable design, it was a necessary step to evaluate the capacities of our model to increase

BHB.

The milk production responses from butyrate infusion studies vary (Rook et al.,
1965; Herrick et al., 2018). In this study, the unaffected milk production could have been
influenced by the use of mid-lactating cows. Conditions, like expected positive energy
balance and non-limiting glucose for milk synthesis could have confounded the increasing
butyrate effects on milk yield (Huhtanen et al., 1993). However, milk fat is component
commonly reported higher in hyperketonemic ruminants (Lisuzzo et al., 2022; Rodriguez
et al., 2022) and in cows ruminally infused with butyrate (Rook et al., 1965; Huhtanen et
al., 1993). But, we did not registered this change. Inconsistent results in milk fat have
been reported when butyrate is part of the TMR (Izumi et al., 2019; Urrutia et al., 2019),
suggesting a possible link to the method of supplementation. However, the increased
energy efficiencies in the cows under nutritional ketosis most likely explain the unaltered
milk fat in this study. The non-isocaloric ketogenic diet with a higher energy density
might have supplemented the requirements to maintain milk yield, and quality despite the

reduced DMI.
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Different aspects of our nutritional ketosis model in dairy cows have to be analyzed
for future studies. Ruminal microbiota gets perturbated by the infusion of butyrate (Li et
al., 2012b), and is highly likely that was affected by the dietary supplementation of CB
in our ketogenic diet. The volatile fatty acids contribute with approximately 70% to the
caloric requirement of ruminants (Bergman, 1990). So, their perturbation in our model
could influence cow’s productivity and health (Bedford and Gong, 2018). Also, butyrate
has an offensive odor that limits its palatability (Bedford and Gong, 2018; Urrutia et al.,
2019). Although we used a coated source of calcium butyrate, this condition could have

also limited our model.

Conclusion

The absence of aberrant health, unchanged milk production, and higher energy
efficiency suggest no detrimental effects associated with the induced nutritional ketosis.
In this regard, the nutritional ketosis model guaranteed the conditions necessary to study,
under controlled experimentation, the metabolic implications of BHB effects. The
unaffected performance outcomes also suggest a discrepancy between the BHB
hyperketonemia effects and its negative implications described in ketosis disorder. Future
evaluations with prolonged periods of study and isocaloric dietary conditions are going
to be required to establish nutritional ketosis as a model to study hyperketonemia in dairy

COWS.
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Chapter 3: The effects of a sustained intravenous p-hydroxy-
butyrate infusion in combination with a systemic immune

challenge in lactating dairy cows

Introduction

Although ketosis is a metabolic disorder first time described 100 years ago, its metabolic
implications and definitive treatment remain to be elucidated (Shaw, 1943; LeBlanc,
2015; Mann et al., 2018; Capel et al., 2021; Horst et al., 2021). Ketosis is a health affection
related to high concentrations of ketone bodies (Sjollema and Van Der Zande, 1923) with
hundreds of million-dollar toll only in the United States (McArt and Oetzel, 2015). From
a physiological perspective, the increasing concentration of BHB can be seen as a
metabolic sign of active fat and ketone bodies oxidation under depleted glucose
conditions (Krebs, 1966; Bergman, 1971; Bauman and Bruce Currie, 1980; Grohn et al., 1983).
However, increased BHB levels are associated with impaired health and decreased
performance in transitioning dairy cows (Overton et al., 2017). Despite of this connection,
the demarcation between the homeorhetic mechanism aimed at counterbalancing the
energy imbalance and the development of a metabolic disorder in early lactation has not
been elucidated (Krebs, 1966; Bergman, 1971; Zhang and Ametaj, 2020). Given our current
limited understanding of the mechanisms triggering this metabolic disorder, may be beyond our
current knowledge to judge whether BHB is a real affection, to propose solutions, or even to

calculate the costs associated.

Hyperketonemia is recognized at the farm level as a proxy for a higher incidence of
metabolic disorders like metritis, endometritis, retained placenta, displaced abomasum, poor
fertility, low milk production, and generalized inflammation (Drackley, 1999; Dann et al., 2005;
Chapinal et al., 2011, 2012a; McArt et al., 2012a, 2013; Roberts et al., 2012; Suthar et al., 2013;
LeBlanc, 2015; Abuajamieh et al., 2016; Overton et al., 2017; Benedet et al., 2019). However,

these associations might be full of inaccuracies (Horst et al., 2021a). The existence of paradoxes
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like animals with BHB levels considered with clinical ketosis without manifesting symptoms
(Gordon et al., 2013; LeBlanc, 2015), hyperketonemic cows producing more milk (Vanholder et
al., 2015; Belay et al., 2017; Rathbun et al., 2017; Pifieiro et al., 2019), inconsistent associations
with reduced fertility (Gross et al., 2011; Chapinal et al., 2012a; McArt et al., 2012a), and broad
evidence supporting BHB as a pleiotropic metabolite with anti-inflammatory and antioxidant
properties (Youm et al., 2015; Yamanashi et al., 2017; Kim et al., 2020) make clear the lack of

understanding about the role of BHB per se.

Undeniably, the ramping concentration of NEFA and BHB occurs concomitantly when
75% of the metabolic disorders and infectious diseases take place in the transitioning cows
(LeBlanc et al., 2006; Chapinal et al., 2011, 2012a). In vitro models have demonstrated a direct
immunosuppressant effect of BHB on the immune cells' cytokine release, chemotactic and
phagocytic activity (Hoeben et al., 1997; Hammon et al., 2006; Grinberg et al., 2008; Youm et al.,
2015; Swartz et al., 2021a; Dong et al., 2022; Onizawa et al., 2022a). Also In vivo studies with
isolated hyperketonemic conditions have reported immunosuppressant effects of BHB in the
immune response after being challenged in the mammary gland (Zarrin et al., 2014; Swartz et al.,
2021b). However, the role of BHB on lactating dairy cows’ performance and immune response to
systemic infectious agents under long-term hyperketonemic conditions remains unclear. In this
regard, we aimed in this study to elucidate the role of ketone bodies in lactating dairy cows'
metabolism and its implications on health, productivity, and behavior under regular and systemic

immunologically challenging conditions.

Materials and methods

3.1.1. Animals, feeding, and husbandry

The animal experiment was conducted at the University of Maryland Central Maryland
Research and Education Center (CMREC) dairy farm facility in Clarksville. All procedures
involving the use of animals were approved in accordance with the regulations and guidelines
established by the University of Maryland Animal Care and Use Committee (Protocol 1830894-

3). Six, mid-lactation (140 + 48 DIM), multiparous (2.75 % 0.89 parity) Holstein cows (n = 8)
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were enrolled in this study. Animals were moved into the tied stall barn 5 weeks before the
beginning of the experiment to guarantee optimal adaptation to the housing and experimental
feeding conditions. The day prior to the experimental period starts, all cows were weighed
(643.6 = 81.5 kg) and the body condition score (BCS) was evaluated (2.9 + 0.3; scale, 1-5).
Cows were taken to the parlor to be milked twice daily at 630 and 1530 h. Fed TMR was
provided fresh once daily (800 h) using a diet balanced to meet the requirements of a late
lactation cow producing 34.6 kg/d of milk and consuming 24.3 kg/d of dry matter (Table 3).
Using MAX TM System for Dairy software the TMR was formulated (Cargill ®,
Minneapolis, MN). The amount fed was adjusted for a minimum of 10% refusals. Samples of
the TMR were taken daily and stored at -20°C. A compilation of samples was prepared and shipped
to a commercial laboratory to be analyzed (Cumberland Valley Analytical Services —CVAS—,
Waynesboro, PA). Water was available ad libitum and during the entire period of evaluations

the housing barn was illuminated.

3.1.2. Experimental design and solution preparation

Cows were blocked by DIM and lactation, and then randomly assigned to one of the 2
infusion treatments in a 2 x 2 Latin square design. Treatments included intravenous infusion
of 2.5M 3-hydroxybutyric acid sodium salt (EK; BoxNutra™, Akron, OH; n=6) or 2.5M NaCl
solution (Control; Fisher Scientific, Pittsburgh, PA; n = 6). Periods of evaluations were 72 h in
length and separated by 14-d washout intervals. The saline solutions we prepared following
Swartz et al., (2021b) method. The EK solution was prepared by mixing 315.2g of BHB salt
per total volume of 1.0 L of distilled water to achieve 2.5M. Control solution was prepared by
mixing 146.1g of NaCl per total volume of 1.0 L of distilled water to achieve 2.5M. Both
solutions were stirred, pH corrected to 7.4, filtered with a 20um mesh paper filter, and
autoclaved at 121°C, 15 psi for 1h. The solutions were stored in 20 L sterile Nalgene jugs at

8°C until the trial started.
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Table 3. Ingredient and nutrient composition of treatment diets.

Ingredient (% of DM) Amount

Corn silage 32.7%
Triticale silage 8.6%
Alfalfa haylage 9.3%
Ground corn 23.3%
Grain mix! 17.3%
Soybean meal 8.3%
Fat supplement? 0.4%

Chemical composition (% of DM)

Dry matter (%) 433
Crude protein 17.4
Acid detergent fiber 0.7
Amylase-treated neutral

detergent fiber H
Lignin 18.4
Crude fat 31.3
Ash 2.7

"UMD CRMEC grain mix is composed of crude protein 29.7%, NDF 24.0%, digestible neutral
detergent fiber 18.3%, rumen digestible starch 3.12%, rumen soluble sugar 2.32%, fat, 4.0%, ash
20.6%, calcium 2.7%, phosphorus 0.3%, magnesium 1.1%, potassium 0.9%, sulfur 0.5%, sodium 2.6%,
chloride 1.6%, Met, 4.6%, Lys, 8.3%, manganese 182.133 mg/kg, zinc 182.1 mg/kg, copper 70.8 mg/kg,
iron 225.7 mg/kg, selenium 1.81 mg/kg, vitamin A 30.5 [U/g, vitamin E 239.5 iu/kg, monensin 59.6
g/ton (Cargill Animal Nutrition, Hagerstown, MD).

Megalac ® (Church & Dwight Co., Inc., Princeton, NJ).

3.1.3. Catheterization

The day before the infusions started, cows were contralateral-jugular catheterized. One

catheter was used for the continuous infusion and the second was for blood sampling. Cows
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were restrained in a chute and haltered to be immobilized. The area of installation was clipped
and cleaned with 70% ethanol once. Wearing sterile gloves, the jugular vein was occluded and
a 12G and 2-inch needle introducer (Neogen, Lexington, KY) was used to fill 25 cm of EPO gas-
sterilized Tygon tubing (Saint-Gobain Performance Plastics, Akron, OH). The introducer was
removed and fitted with an 18G Luer-Lok™ needle adapter (Exel International Inc, Tysons
Boulevard, VA). Flux was tested by drawing 1 mL of blood to confirm correct placement. The
catheter was flushed with 5 mL of 0.9% saline solution (Dechra Veterinary, Overland Park,
KS) and 2 mL of 1:10 heparinized saline solution (100 U/mL, Sagent, Schaumburg, IL) to
avoid clotting. The catheter was capped with an injectable plug Luer-Lok™cap (Exel International
Inc, Tysons Boulevard, VA). The external section of the catheter was fixed to the cow’s skin with
3M elastic adhesive tape (3M, Saint Paul, MN) and glued with Tag Cement (W.J. Ruscoe
Company, Akron, OH). Installed catheters were secured by wrapping them with Powerflex® tape
(Andover Health Care, Spartanburg, SC) around the neck. This procedure was repeated with the
contralateral jugular vein. To avoid any catheter removal, cows were restrained with halters instead

of collars for the period of evaluations.

3.1.4. Infusion, and blood sampling

Cows were continuously infused using Abbott XL. Plump pumps (Abbott Laboratories,
Chicago, IL) with an adapted cassette connected with a stainless-steel tip barbed adaptor
Bulkhead Fitting 6,5 mm (Fischer Scientific, Hampton, NH). Adaptor was designed to
connect an EPO sterilized silicon tube line placed inside the Nalgene jug filled with the
infusates. In the beginning blood samples were taken every 15 min during the first hour of
infusion and EK-treated cows’ infusion rates were regulated targeting the BHB concentration
between 1.2 and 1.8 mM. To maintain osmolar concentrations, Control infusion rates were
paired with EK average rates. After h 2, blood BHB concentration was tested every 4 h. To
collect blood, 3 mL were initially extracted and discarded to remove the heparin contained in
the catheter. After sample collection, to avoid clotting the catheter line was flushed with 5 mL
of 0.9% saline solution (Dechra Veterinary, Overland Park, KS) and filled with 1 mL of
1:1000 heparinized 0.9% saline solution (solution 10 U/mL; Sagent, Schaumburg, IL).
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To monitor blood BHB levels, blood was collected (10 mL) from the not infused
indwelled catheter at regular intervals and evaluated using a ketone strip handheld meter
(Precision Xtra, Abbott Laboratories, Abbott Park, IL). Blood samples were collected at -24,
0, 0.5, 1.5, 2, 6, 10, 24, 36, 48, 60, 60.1, 60.4, 61.5, 62, 66, and 72 h after the start of the
infusions. Blood was kept on ice and stored in tubes containing EDTA until centrifugation at
2,800 x g for 15 min at 4°C. Plasma was removed, immediately snap frozen in dry ice, and stored at

-80°C until being analyzed.

3.1.5. Liver Biopsies

Liver biopsies were collected following Hughes (1962) procedure. In brief, liver biopsies
were collected from the 10th intercostal space. The biopsy site was clipped and rinsed using water
and a brush from caudal to ventral. The incision area was prepared using alternating betadine
surgical scrub 3 times, starting from the center of the surgical site to the outside of the prepared
area in a circular manner. The area was then rinsed following the previous procedure but using
70% ethanol. Lidocaine (12 mL; PHOENIX, St Josepth, MO) was subcutaneously administered
at the center of the incision site. After 5 min, a 0.5-cm incision was made through the skin with a
scalpel. Using a custom trocar, approximately 1g of liver tissue was collected and snap-frozen in
liquid nitrogen immediately after collection. Biopsy sites were cleaned with hydrogen peroxide,
stapled, and sprayed with antiseptic (Alushield®, Neogen). Banamine® was i.v. administered via
the jugular catheter at 1ml/100 1b of BW. Staples were removed 10 days after the biopsies. All

samples were stored at -80°C.

3.1.6. Plasma analyses

Plasma was analyzed for glucose (Wako Chemicals, Richmond, VA), NEFAs (Wako
Chemicals) to determine concentrations using enzymatic colorimetric procedures. Insulin
(Mercodia, Uppsala, Sweden), C reactive protein (CRP; MyBioSource, San Diego, CA),
tumor necrotic alpha (TNFa; MyBioSource), and IL-1f (Fisher Scientific), interleukin 10 (IL-
10; Antibodies Online, Limerick, PA), were quantified using bovine-specific ELISA.
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Spectrophotometric measurements were conducted using a SpectraMax Plus 384 Microplate
Reader (Molecular Devices, San Jose, CA). The intra-and interassay coefficient of variation
(CV) were 5.0% and 4.0%, 4.0% and 7.1%, 3.3% and 3.2%, 3.5% and 3.5%, 3.7% and 3.7%, 5.1%
and 5.0%, 4.4% and 4.2% for glucose, NEFAs, insulin, CRP, TNFa, IL-1p, IL-10 respectively.

3.1.7. Liver Caspase-1 analysis

Liver protein caspase-1 levels were also quantified using bovine-specific ELISA
(Creative BioMart, Shirley, NY). Liver samples (25 pg) were homogenized and lysed using
bead mill homogenizer (VWR, Radnor, PA) in 500 pL of cell lysis buffer (Creative BioMart,
Shirley, NY). Samples were centrifugated at 15 000 rpm for 15 min at 4°C. Protein content was
determined with bicinchoninic acid (BCA) assay (Fisher Scientific). Then, 200ug of protein
were incubated with 4 mM of Ac-Y VAD-pNA substrate (2 uM final concentration) at 37°C for
2 h. Optical density was determined at 405 nm absorbance with a spectrophotometer (Molecular
Devices, San Jose, CA). Caspase-1 is reported as the relative activity of EK (n=5) versus control
(n=4).

3.1.8. LPS challenge.

At h 60 of infusion, all animals were subjected to an i.v. LPS challenge of Escherichia coli
055:B5 (Sigma Aldrich, St. Louis, MO). LPS was dissolved in sterile 0.9% saline solution to a
stock solution of 2 mg/mL 6 hours previous to be used, and stored at 4°C. All doses were prepared
in single syringes at a concentration of 0.085 pg/kg of BW. This solution was infused in a single
bolus dose through the jugular catheter. After the bolus infusion, SmL of 0.9% saline solution was

used to flush the catheter and 1mL of 1:1000 heparin was applied.
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3.1.9. Clinical QOutcomes

Feed intake was recorded daily subtracting the refusals from daily feeding TMR and
adjusted to dry matter (DMI). Milk yield (MY) was recorded at the parlor at each milking and
summed by day. Milk quality (MQ) was evaluated by collecting milk samples at every milking
and mixed in a tube provided with a preservative (Bronopol tablet; D&F Control Systems, San
Ramon, CA). Post-LPS challenge MY and MQ were only recorded during the 630h milking.
Samples were stored at 4°C and inverted twice a day. All samples were shipped to a commercial
laboratory (Lancaster DHIA Laboratory, Manheim, PA) to quantify protein, fat, lactose, MUN,
and somatic cell count (SCC). Two days before the infusion started, DMI, MY, and MQ were
measured to be used as covariates in the statistical analysis. At the beginning of the infusion,
rectal temperature (RT) and respiration rates (RR) were recorded every 6 h. After the LPS
challenge, RT and RR were evaluated every hour until complete the 72h period. The pain
score was calculated following Gleerup et al., (2015) method. Briefly described, this is a score
calculated by considering attention towards the surroundings, head position, ear position,

facial expression, response to approach, and back position.

3.1.10. Calculations

Energy-corrected milk (ECM) was calculated as described by (Hall, 2023) where ECM
(kg/d) = (0.25 x kg milk) + (12.2 x kg fat) + (7.7 x kg protein). 3.5% fat-corrected milk (FCM)
was calculated as: 3.5% FCM (kg/d) = (0.432 x kg milk) + (16.23 x kg fat) as described by (Linn,
2006). Feed efficiency was calculated as: daily milk (kg) / DMI (kg). Fat-corrected milk efficiency
was estimated as: FCM (kg) / DMI (kg). Energy-corrected milk efficiency was calculated as: ECM
(kg) / DMI (DMI). To calculate pain, all pain scores were transformed into categorical binary data
using a pain score of 3 as the cut-off point suggested by Gleerup et al., (2015) as the painful

condition for a dairy cow.
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3.1.11. Statistical analyses

All data were analyzed with SAS (version 9.3; SAS Institute Inc., Cary, NC). Analysis of
repeated measures for continuous variables was performed with the use of PROC-MIXED.
The mixed model included the random effect of cow, the fixed effects of time relative to
infusions, period, treatment, and their interaction. Analysis of repeated measures for the
categorical variables was performed with the use of PROC-GLIMMIX model including the
random effect of cow, the fixed effects of time relative to infusions, period, treatment, and
their interaction. Covariance structures for modeling repeated autoregressive one (AR-1),
unstructured (UN), variable components (VC), compound symmetry (CS), and Toepliz
(TOEP) were assigned and selected by the lowest Goodness-of-fit test results. All data
collected prior to the period of evaluations were averaged and tested as a covariate to account
for individual differences between cows. Backward elimination was used to remove non-
significant interactions when resulted values in the model were P > 0.25. Treatment, time,
treatment X time, and covariate were included into the model regardless of significance. In all
models, residuals were assessed for normality and outliers (PROC UNIVARIATE). To
improve residual distribution a transformation was made on SCC to somatic cell score (SCS =
log> (SCC/100,000) + 3) according to (Ali and Shook, 1980). Least square means (LSM) test
was used to calculate differences between the effects on the model. All results are expressed as
LSM and their standard errors unless stated otherwise. Significance was declared at P <0.05 and

trends at 0.05 < P <0.10.

Results

3.1.12. Hyperketonemia induction, BHB blood levels and infusion rate

The intravenous infusion of sodium-f-hydroxybutyrate resulted in a rapid and
sustained elevation of blood BHB levels relative to control (Figure 8, 2 <0.001). During
the period of study, blood BHB levels were 1.4 = 0.03 mM and 0.7 + 0.03 mM for EK and
Control, respectively (P <0.001). Hyperketonemia was sustained at the subclinical

threshold for ketosis prior to the LPS challenge, but interrupted following the LPS bolus
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(P <0.001). In the EK group, blood BHB levels decreased by 33% 1.5 h after receiving
the LPS bolus (0.9 £ 0.09 mM, P < 0.001) and remained low until h 62 (0.9 £ 0.09 mM, P
< 0.001). Infusion rates (IR) were ramped up 30% after h 61.5 (P<0.001) and kept higher
until the end of the study (P<0.001). Hyperketonemic levels were re-established until h
66 (1.6 £ 0.10 mM, P = 0.02). Similar to EK group, Control treatment blood BHB levels
tended to drop 1.5 h post-LPS bolus (0.5 = 0.09 mM, P = 0.09), were lower at hour 62 (0.4 +
0.09 mM, P <0.001), and ended at 0.5 + 0.09 mM ath 72 (P = 0.15).

3.1.13. Feed intake, milk production, milk quality, and feed efficiency

Dry matter intake (DMI) was not affected by the induced hyperketonemia until the
LPS challenge was performed. The DMI pre-LPS challenge was 21.4 + 0.9 kg/d and 21.3 +
0.9 kg/d for EK and Control, respectively (figure 9A). However, after the LPS challenge, not only
the DMI decreased for both treatments (P < 0.001) but also was 21% lower in the hyperketonemic
cows versus their counterparts (figure 9A, P = 0.09). No differences were detected between the
treatments in the milk production previous (P = 0.79) and after the immune challenge (P = 0.14).
Previous to the LPS challenge (figure 9B), milk production was 36.0 + 0.7 kg/d versus 35.7 + 0.7
kg/d, for EK and Control, respectively. Post-LPS challenge, milk production (only recorded during
the AM milking time) decreased to 9.0 + 2.4 kg in EK group compared to 15.5 &+ 2.0 kg for the
Control cows (figure 9B). Milk composition was not affected by hyperketonemia before the LPS
challenge (figure 9C, 9D, 9E, 9F, 9G, 9H) but differed in the fat and lactose proportion post-LPS
challenge (figure 9C, 9G). Fat % post-LPS challenge was 2.3 + 0.5 and 3.7+0.5 for EK and
Control, respectively (P = 0.10). In the case of lactose %, the levels post-LPS challenge were 6.1
+ 0.4 and 3.8 + 0.4 for EK and Control, respectively (P = 0.02). Previous to the immune challenge,
the adjusted cow’s milk production was not different between treatments (P > 0.55). However,
post-LPS challenge, 3.5%-fat-corrected milk (3.5% FCM) and energy-corrected milk (ECM) were
reduced by 18% in the EK compared to their counterparts (figure 10A, 10B; P <0.03). There were
no differences detected in the energy efficiencies between the treatments for feed efficiency, 3.5%

FCM efficiency, and ECM efficiency, before or post-LPS challenge (figure 10C, 10D, 10E).
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Figure 8. Hyperketonemia induction model in dairy cows. (A) Intravenous infusion rate, (B) blood
BHB levels, and (C) overall treatment effect. At h 60 i.v. E. coli LPS challenge (LPSC) was
performed. The light grey zone after h60 refers to the period of LPSC evaluation. Intravenous
infusion of Na-B-hydroxybutyric acid (EK, 2.5 M) or NaCl (Control, 2.5M) was continuously
administered for 72h. Blood BHB was measured in an hourly time set and infusion rates (IR) were
adjusted to maintain concentrations between 1.2 and 1.8 mM blood BHB levels. During the
period of study, the IR were 245.7£5.4 mL/h and 243.6+5.4 mL/h for EK and Control,
respectively. Control and EK infusion rates were paired. Cows were i.v. challenged with
Escherichia coli O55:B5 lipopolysaccharide, 0.085 pug/kg of BW. The dotted line represents SCK
blood BHB threshold. Data presented as LSM. EK, exogenous ketones; SCK, subclinical ketosis,
(*) P-value <0.05.
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Figure 9. Induced hyperketonemia on dairy cow’s production performance and milk quality. (A) DMI (Kg), (B) Milk production (Kg),
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(*) P -value <0.05, (1) P-value 0.05 < P < 0.10.
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Figure 10. Induced hyperketonemia on dairy cow’s energy efficiency performance. (A) 3.5%
FCM (Kg), (B) ECM (Kg), (C) Feed efficiency (Kg), (D) 3.5% FCM efficiency (Kg), (E) ECM
efficiency (Kg). 3.5% FCM, 3.5% fat-corrected milk; ECM, energy-corrected milk; DMI, dry
matter intake, EK, exogenous ketones. 3.5%FCM was calculated as 3.5% FCM (kg/d) = (0.432 x
kg milk) + (16.23 x kg fat). ECM was calculated as ECM (kg/d) = (0.25 x kg milk) + (12.2 x kg

fat) + (7.7 x kg protein). Data presented as LSM, (*) P -value <0.05, (1) P-value 0.05 < P <0.10.
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3.1.14. Plasma metabolites

Hyperketonemic conditions did not affect plasma glucose concentrations but those
had a tendency to differ over time (P = 0.10). Only at h 61.5 was the only time where higher
glucose plasma concentrations were detected in the EK group (2 <0.001). The LPS bolus caused
a depletion in the plasma glucose concentration for both groups. Glucose plasma
concentration pre-LPS challenge was 76.2 + 1.7 mg/dL and 76.0 + 1.7 mg/dL for EK and
Control, respectively (figure 11A, P = 0.91). Glucose plasma concentration, after the LPS
challenge (figure 11) decreased to 69.1 £ 2.2 mg/dL and 65.1 + 2.2 mg/dL for EK and Control
respectively (P < 0.001) but were not different between the treatments (P = 0.20).

Like glucose, plasma NEFA concentrations were not different between the groups (figure
11C, P = 0.32) but tended to be influenced by the time relative to the LPS challenge (P = 0.10).
Plasma NEFA concentration pre-LPS challenge were higher for EK group (92.5 + 5.1 pmol EK
versus 81.7 £ 5.3 umol Control, P = 0.05), however after the LPS bolus, both groups had a
reduction in the NEFA plasma circulation (P <0.001), but was not different between the treatments

(71.3 £5.6 umol EK versus 72.2 £ 5.7 umol Control, P = 0.89).

Hyperketonemic animals experienced higher concentrations of insulin during the course of
infusions (figure 11E, P-value = 0.04). The area under the curve (AUC) estimated for plasma
insulin concentration was also higher for the EK-treated group compared to their counterparts
(figure 11F, P = 0.02). Plasma insulin concentration was not different between the groups pre-
LPS challenge (1.06 += 0.2 pg/L EK versus 0.9 += 0.2 pg/L Control, P = 0.46), but post-LPS
challenge plasma insulin concentration increased in the EK group (1.43 + 0.2 pg/L EK versus 0.9
+ 0.2 pg/L Control, P = 0.04)
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Figure 11. Induced hyperketonemia on dairy cow’s energy metabolism. (A) Plasma glucose,
(B) Plasma glucose area under the curve (AUC), (C) Plasma NEFA, (D) NEFA AUC, (E) Plasma
insulin, (F) Plasma insulin AUC. The light grey zone after h 60 refers to the period of LPSC
evaluation. EK, exogenous ketones; LPSC, lipopolysaccharide challenge; NEFA, non-esterified

fatty acids. Data presented as LSM, (*) P -value <0.05, (T) P-value 0.05 < P < 0.10.
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Figure 12. Induced hyperketonemia on dairy cow’s immune activity. (A) Plasma tumor necrosis
factor alpha (TNFa), (B) Plasma TNFa area under the curve (AUC), (C) Plasma interleukin one
beta (IL-1p), (D) Plasma IL-1B AUC, (E) Plasma C reactive protein (CRP), (F) Plasma CRP AUC,
(G) Plasma interleukin 10 (IL-10), (H) Plasma IL-10 AUC. The light grey zone after h 60 refers
to the period of LPSC evaluation. EK, exogenous ketones, LPSC, lipopolysaccharide challenge.

Data presented as LSM, (*) P -value <0.05, (1) P-value 0.05 < P < 0.10.

3.1.15. Immune system action under hyperketonemic conditions

No differences were detected between treatments in plasma tumor necrosis factor-alpha

(TNFa) concentrations (P = 0.26), but the AUC tended to be higher in the Control group (P =

0.07). Plasma TNFa had an increase in response to the immune challenge, going from pre-LPS



challenge concentrations of 496.9 + 682.0 pg/mL versus 978.9 + 682.7 pg/mL to 3462.7 + 566.8
pg/mL versus 4345.4 =5 67.6 pg/mL post-LPS challenge for EK and Control, respectively (figure
12A, P <0.001).

Higher IL-1p plasma concentrations and higher AUC was estimated in the EK group
(figure 12C, 12D, P < 0.05). On average IL-1P plasma concentrations were 266.1 + 23.7 pg/mL
versus 203.5 = 23.4 pg/mL for EK and Control, respectively (P = 0.05). No differences in the IL-
1B plasma concentrations were detected between treatments pre versus post-LPS challenge (P =
0.36). Plasma IL-1f concentrations pre-LPS challenge were 254.0 + 36.5 pg/mL versus 177.4 £+
36.4 pg/mL for EK and Control, respectively (P = 0.13). Post-LPS challenge IL-1B plasma
concentrations were 272.7 + 29.4 pg/mL versus 215.9 + 29.2 pg/mL for EK and Control,
respectively (P = 0.16). The highest IL-1p plasma value was detected 2h post-LPS bolus in both
treatments (P =0.02). Plasma IL-1f plasma concentrations at 62 h were 379.4 & 54.7 pg/mL versus
333.3 + 54.6 pg/mL for EK and Control, respectively.

Plasma C-reactive protein (CRP) concentrations were not different between EK and
Control (figure 12E, P value = 0.40) but were depleted post-LPS challenge (P < 0.001). Plasma
CRP concentrations pre-LPS challenge were 273.7 + 11.6

120 - Trt.P=0.15
pg/mL versus 262.3 + 11.6 pg/mL for EK and Control, g, .o . T S
s 1.
respectively (P value = 0.51). Post-LPS challenge CRP %0.80 ] T
plasma concentrations decreased (P < 0.001) to 190.4 + 9.7 E 0.60 -
pg/mL versus 181.5 + 9.7 pg/mL for EK and Control, '720.40 ]
respectively (P = 0.55). % 0.20
O
0.00 .
Control EK

No differences were detected in IL-10 plasma
concentrations between the groups (figure 12G, P = 0.45). Figure 13. Induced hyper-

Plasma IL-10 pre-LPS challenge was 195.4 + 32.6 pg/mL ketonﬁemia on caspase-l liver
) protein expression. Data
versus 215 + 33.0 pg/mL for EK and Control, respectively  presented as EK =~ LSM

(P =0.58). Post-LPS challenge IL-10 plasma concentrations ~ normalized to fold change versus
CON, (*) P-value <0.05,

were 172.3 +26.5 pg/mL versus 202.2 £ 27.0 pg/mL for EK  (+) p_yalue 0.05 < P < 0.10.

and Control, respectively (P = 0.23).
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In liver tissue, at the end of the study, no differences were detected in the fold changes of

caspase-1 between the groups (figure 13, P value = 0.15).
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Figure 14. Induced hyperketonemia effects on dairy cow’s health. (A) Respiration rates, (B)
Overall treatment effect on respiration rate, (C) Rectal temperature, (D) Overall treatment effect
on rectal temperature, (E) Pain Score, (F) Overall treatment effect on pain score. EK, exogenous
ketones, LPSC, lipopolysaccharide challenge. Data presented as LSM, (*) P -value <0.05,
(T) P-value 0.05 < P <0.10.
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3.1.16. Health performance in hyperketonemic cows

During the period of study, the respiration rates (RR) tended to be lower in the
hyperketonemic group (figure 14A, 14B, P = 0.06). The registered RR was 39.3 + 1.4 BPM
versus 43.0 + 1.4 BPM for EK and Control, respectively. Rectal temperature (RT) also was
higher in the EK-treated group compared to control (figure 14C, 14D, P = 0.05). The RT
was 101.5 + 0.1°F versus 101.1 £ 0.1°F for EK and Control, respectively. The subjective
estimation of pain revealed no differences in the pain scores (PS) between the groups (figure
14E, 14F, P = 0.05). The PS were 0.95 £ 0.1 versus 0.8 = 0.1 for EK and Control,
respectively. Categorical analysis after transforming the PS results to a binary output using

PS > 3 cut-off revealed no differences between the treatments (P = 0.81).

Three EK-treated cows die within the first 5 hours post liver biopsies. Two animals
died in the first period and one in the second. Two animals had difficulty breathing, intense
teeth grinding, bloated ruminal cavity, and one case presented nose bleeding. Two animals
assigned to the control group in the second period also presented the same bloating but did
not die. The third animal did not show any of the previous symptoms and partial in situ

necropsy in this cow revealed no evident tissue damage or organ failure.

Discussion

Over the last two decades, several observational studies have pointed to BHB as the
standard to predict reduced performance and impaired health in peripartal dairy cows
(Overton et al., 2017; Benedet et al., 2019). Nevertheless, the simultaneous alterations in
several aspects of cow physiology complicate the interpretation of this relationship.
Physiological conditions related to energy insufficiency (e.g., high NEFA, low glucose and
insulin), tissue-level adaptations (e.g., rumen papillae modification, uterine involution),

inflammation (e.g., parturition), and a rapid increase in milk synthesis, are components of
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the metabolic transformation undergone by peripartal dairy cows (Bauman and Bruce
Currie, 1980; LeBlanc, 2008; Laarman et al., 2015; Hansen et al., 2017; Kuhla, 2020).
Coupled with these conditions, the ramping ketogenesis takes place concomitantly with the
occurrence of 75% of diseases in dairy cows (LeBlanc et al., 2006; Roberts et al., 2012).
So, under such circumstances, analysis aiming to determine the role of BHB with the
associated negative outcomes may result in misguided conclusions (Horst et al., 2021). Our
historic inability to dissect the contributions of factors inextricably related to ketone
synthesis has likely clouded our understanding of the actual effects of hyperketonemia
(Drackley et al., 1991; Horst et al., 2021). Therefore, the elucidation of whether the BHB
is a mere metabolic homeorhetic coincidence or a certain negative factor remains as one of

the major frontiers in the dairy industry.

Our model of study for 72 h allowed us to construct the necessary conditions to
evaluate the role of BHB in an approximated term to the resolution of a regular ketosis
affection (McArt et al., 2011). This scenario gave us the opportunity to test the ability of the
model to replicate the negative trajectories in health and milk production commonly
associated with BHB (Ospina et al., 2010c; b, 2013; McArt et al., 2013). The absence of
aberrant behavior in RR, RT, and PS previous to the LPS challenge, suggests a non-existent
deterioration in health that could be linked to hyperketonemia. Nevertheless, a tendency to
have lower RR and a significantly higher RT were recorded in hyperketonemic cows. Such
results can be inferred as not indicative of impaired health since the outputs were not
abnormal respiration rates (e.g., 24 - 56 BPM; Garner et al., 2017) or febrile (e.g., >103°F;
Benzaquen et al.,, 2007). Results on RR, RT, and PS post-challenge confirmed the
effectiveness of the LPS bolus triggering the immunomodulation but not evidenced an
alteration affected the hyperketonemia previous to the immune activation (Kvidera et al.,
2017; Chandler et al., 2022). However, given the absence of impaired health outcomes, it
seems likely that the effects associated with BHB may depend on the inflammatory status
rather than explicitly high BHB levels.
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While this study did no recorded any aberrant health behavior during the 12 h of
evaluation period of LPS challenge, determining the cause of the death of the three
hyperketonemic animals is beyond the scope of this investigation. However, the observed
difficulty in breathing may be associated with pulmonary dysfunction, resembling the
characteristics of acute respiratory distress syndrome (ARDS) or acute respiratory injury
(ALI). Previous studies have identified LPS as the principal causative factor of ARDS and
ALI which induce pathologic changes such as alveolar edema, marked infiltration by
neutrophils and macrophages, and destruction of pulmonary architecture (Brigham and
Meyrick, 1986; Yokoi et al., 1997). The increased release of reactive oxygen species (ROS)
within pulmonary endothelial cells, stimulated by the LPS, has been recognized as the main
cause of the disruption of the pulmonary endothelial barrier (Grinnell et al., 2012).
Immunosuppressed is a common feature observed in human cohorts with ARDS (Cortegiani
et al., 2018). It is plausible to speculate that hyperketonemic cows may have had a reduced
ability to resolve the acute inflammatory response triggered by the LPS bolus, however

future studies are required to evaluate this association.

The no detection of differences in DMI and milk production previous to the LPS
bolus defies the constant association of increasing BHB concentrations with decreased feed
intake and milk production (Chapinal et al., 2012a; b; McArt et al., 2012a). In contrast, once
the endotoxemia was triggered by the LPS bolus, the expected hypophagia and reduced milk
production (Kvidera et al., 2017; Horst et al., 2019a; Brown and Bradford, 2021) revealed
an exacerbated effect on the DMI and MY in the hyperketonemic cows. Despite the post-
LPS challenge a difference of 42% in milk yield was recorded in the hyperketonemic cows
compared to the Control, the lack of statistical power could have affected our statistical
analysis. These results could be explained by the relatively small sample size used in our

experimental design.

The effect of hyperketonemia in DMI and MY recorded in the hyperketonemic
group suggests a connection between energy metabolic status and inflammation. In
agreement with this hypothesis, Swartz et al., (2021b) reported an aggravated DMI and MY
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in cows receiving a sustained BHB infusion combined with an intramammary challenge.
Also, when Gross et al., (2020) grouped transitioning cows by glucose levels, they reported
elevated BHB in the low-glucose group, and slower DMI and MY recovery after
administering an intramammary challenge. Although BHB has been described as an appetite
suppressor (Langhans et al., 1983; Stubbs et al., 2018; Masi et al., 2022), the unaltered DMI
during the first two days of sustained hyperketonemia suggest no hypophagic effect exerted
by BHB post-challenge. The degree of reduction in milk production and appetite can also
be associated with the magnitude of the inflammatory conditions (Yuan et al., 2013;
Bradford and Swartz, 2020). During an endotoxemia modeled by LPS, non-ruminant studies
have suggested an immune-to-brain signaling on anorexic regulators mediated by cytokines,
prostaglandins, fever; and nutritional state (Elander et al., 2007; Lyons and Roche, 2018).
Therefore, a preconditioned inflammatory tone influenced by high BHB could explain the
acute DMI and MY reduction triggered by the LPS. But, future studies are required to

understand how these associations could be mediated.

In our results, we did not observe any difference between the treatments in plasma
glucose levels following the start of infusions. This finding opposes the expected decreasing
glucose observed in dairy cows (Zarrin et al., 2013; Swartz et al., 2021b) and other non-
ruminant species (Ari et al., 2019; Poff et al., 2020; Soto-Mota et al., 2022) after the
administration of exogenous BHB. It is unclear the cause for this result, but non-ruminant
studies have reported that whether the increasing BHB levels result from a ketogenic diet
or exogenous supplementation, the glucose levels are depleted in a BHB dose-dependent
condition (Kesl et al., 2016; Ma et al., 2018; Poff et al., 2020; Falkenhain et al., 2022). The
major effect of BHB in glucose regulation in non-ruminants is linked to reduced
gluconeogenesis (Poff et al., 2020; Falkenhain et al., 2022). This metabolic condition is
mostly explained by the signaling action of BHB selectively binding histone deacetylase-7
(HDACT7). This is a modulation that preserves downstream forkhead transcription factor
(FOXOL1) inactivated in the hepatocytes (Pan et al., 2022b). Activated FOXO1 promotes

the gene induction of Pckl and G6pc responsible for gluconeogenesis activity (Puigserver

69



et al., 2003). Nevertheless, despite recording a reduction in G6pc gene, Zarrin et al., (2013)

did not detect a statistical difference in the hyperketonemic cows after infusing BHB.

Having not recorded a reduction in glucose could be explained by the blood BHB
concentration reached in our model. The depleted glucose concentration reported by Swartz
et al., (2021b) was in conditions where BHB levels were approximately 30% above our
results. Therefore, it is possible to hypothesize that our BHB-infused levels could have not
impacted the liver gluconeogenic activity in a sufficient concentration to generate a
depletion in the glucose concentration. However, research about how dose dependent BHB
affects glucose levels or gluconeogenesis in dairy cows is scarce. So, future studies will

need to better understand the role of BHB in glucose homeostasis.

When exogenous ketone bodies are supplemented in non-ruminant species, reduced
lipolysis has been reported (Madison et al., 1964; Stubbs et al., 2017; Myette-Coté et al.,
2018; Evans et al., 2022; Heogild et al., 2023). In non-ruminants, the incorporation of
exogenous BHB is expected to cause an acute action on lipolysis (Poff et al., 2020)
modulating a homeostatic prevention of excessive ketogenesis (Taggart et al., 2005). The
anti-lipolytic effect of BHB is mediated after binding to the G protein-coupled receptor
109A (—GPR109A—; Newman and Verdin, 2017; Kurtz et al., 2021), reducing cAMP
concentrations, and decreased PKA-mediated activation of triglyceride lipases (Wanders
and Judd, 2011; Bendridi et al., 2022). Not having recorded the antilipolytic effect of BHB
is likely explained in the use of mid-lactation dairy cows because these animals were not
expected to undergo extensive lipolysis while being in a positive energy status. In similar
studies, using mid-lactation cows, Zarrin et al., (2013) did not detect differences in the
NEFA concentrations, but Swartz et al., (2021b) reported a tendency to be reduced in the
hyperketonemic cows. Using ketogenic intra-ruminal boluses (Ruiz-Gonzalez et al., 2022),
did not find differences in post-prandial NEFA concentrations, despite the increasing BHB
concentration. Therefore, it is unclear to what extent BHB can attenuate lipolysis in dairy

COWS.
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The increasing BHB resulted in higher insulin concentration in hyperketonemic
cows and exacerbated in both treatments after the LPS endotoxemic action. Increasing
exogenous BHB concentrations promote insulin secretion in a wide variety of non-ruminant
species (Jenkins et al., 1970; Biden and Taylor, 1983; Holdsworth et al., 2017) and in dairy
cows (Swartz et al., 2021b; Ruiz-Gonzalez et al., 2022). The proposed mechanism of action
by BHB is linked to an alteration in the B-cells causing an insulin secretion stimulus
(Madison et al., 1964). Under such conditions, the increased insulin concentration can cause
the attenuation of NEFA release and thereby avoid increasing ketone concentrations as a
compensatory mechanism (Madison et al., 1964). Post-LPS challenge, we observed a spike
in insulin concentration at h 66 coinciding with the nadir in NEFA concentrations. This
outcome is likely explained by the effective anti-lipolytic capacity of insulin (Froesch,
1967), and seconded by the documented increasing concentrations during endotoxemia

modulated with LPS in dairy cows (Kvidera et al., 2017).

The decreasing concentrations of BHB observed in both treatments post-LPS
challenge is a constant and unclear output found in the LPS endotoxemia modeled in dairy
cows (Burgos, 2000; Zarrin et al., 2013; Kvidera et al., 2017; Swartz et al., 2021b). Our
results indicated higher blood BHB removal in the hyperketonemic cows explained by the
increased infusion rates modified to retrieve the hyperketonemic conditions post-LPS bolus.
Kupfter cells are macrophages cells, residing in the liver with roles like sentinel screening,
immune response priming, and antigen’s clearance (Su et al., 2002; Ametaj et al., 2005;
Pérez-Hernandez et al., 2021). Since macrophages can oxidize acetoacetate but not BHB
(Puchalska et al., 2019) it is possible to hypothesize that under the high energy demand of
the modeled endotoxemia, BHB can fuel these cells. The highly demanding energy
conditions triggered by the LPS bolus (Kvidera et al., 2017) could prime the liver to play a
pivotal role in converting the exogenous BHB into AcAc (Cuenoud et al., 2020). A study
presented by Cox et al., (2016) reported a substrate preference by the skeletal-muscle cells
for higher BHB oxidation over glucose during high energy demand conditions. This pattern

of preference is associated with the higher BHB efficiency to fuel more ATP over glucose
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(Cox et al., 2016). However, future studies will be required to evaluate the role of BHB in

the immune cells fueling, especially under challenging conditions in dairy cows.

The use of LPS is a well-established experimental model of endotoxemia,
characterized for inducing inflammation in dairy cows (Burgos, 2000; Horst et al., 2019a;
Chandler et al., 2022). The increasing concentrations of TNFa after the LPS infusion reflect
a systemic and local activation of the innate and non-innate cells expressing pattern
recognition receptors (Eckel and Ametaj, 2016; Mohammad and Thiemermann, 2021).
Increasing TNFa concentrations were observed followed by temporal changes in the febrile
response post-LPS bolus, evidenced by the pyrogenic role of TNFa in dairy cows and
partially explained the increasing RT (Dinarello, 1999; You et al., 2021; Chandler et al.,
2022). However, no differences were detected in the RT between the treatments pre- or post-
LPS challenge, suggesting no apparent implications of BHB in the acute release of TNFa

and its modulation.

Previous literature has suggested BHB as an anti-inflammatory metabolite (Youm
et al., 2015; Yamanashi et al., 2017; Swartz et al., 2021a). However, we were not able to
detect these effects modulated in the hyperketonemic group. Increasing concentrations of
IL-1P are described as a pro-inflammatory tone in non-ruminants (Dinarello, 1999; Kaneko
et al., 2019b) and dairy cows (Trevisi et al., 2016; Kuhla, 2020). The higher IL-1f
concentrations registered over the time course of evaluations suggest increasing
inflammatory conditions linked to the higher BHB levels. A possible explanation is
associated with the predominant type of ketone body in the media. While BHB can attenuate
the inflammatory reaction, AcAc is viewed as a pro-inflammatory modulator (Onizawa et
al., 2022b). However, this association depends on the oxidation of BHB to AcAc, which is
regulated by the metabolic redox state, therefore link to the metabolic energy status (Laffel,
1999). The high energy demand triggered by the modeled endotoxemia could have primmed
the liver to actively oxidize BHB to AcAc, thereby turning the anti-inflammatory tone into

pro-inflammatory conditions. Future studies will be required to establish the possible
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associations between the type of ketone body and the immunomodulatory tone under

challenging conditions.

In addition to our findings, the higher IL-1f also could be linked to higher insulin
concentration. Dalmas, (2019) reported in vitro an acute insulin secretory stimulus in the
pancreatic B-cells mediated by exposure to IL-1f. Therefore, the increased the higher insulin
concentrations in the hyperketonemic cows could be associated with increasing pro-
inflammatory conditions, especially post-LPS bolus. Also, after recognizing a foreign agent,
NOD-like receptor-3 (NLRP3) activates the protein caspase-1 (Molla et al., 2020). This
activation in turn induces the maturation of IL-1p and its release (Lebreton et al., 2018;
Tweedell et al., 2020; Onizawa et al., 2022a). This mechanism of action is attenuated by the
BHB blocking the NLRP3 activation (Youm et al., 2015; Kim et al., 2020). However, this
anti-inflammatory action of BHB can be overridden by insulin (Kim et al., 2020). So,
despite having registered increased sustained hyperketonemia, the expected lower caspase-

1 from the liver was likely affected by the increased insulin post-LPS challenge.

The recorded CRP concentrations in our study were reduced progressively post-
LPS-bolus opposing our expectations from this positive APP (Gulhar et al., 2022). The
triggered action by the pro-inflammatory IL-1f and TNF-a stimulates the CRP release from
the liver (Gabay and Kushner, 1999; Saco and Bassols, 2023). Both cytokines were
increased in response to the LPS bolus in both treatments in this study, therefore a positive
CRP expression might have occurred. In humans, CRP concentration starts to rise after 4 h
to 6 h and peaks between h 36 h and h 50 (Gulhar et al., 2022). Studies, implementing acute
ruminal acidosis to modulate an LPS leaky-gut reported increasing CRP along several days
of evaluations, but not within an hour change (Emmanuel et al., 2008; Zebeli and Ametaj,
2009; Dong et al., 2011). During the initial hours of endotoxemia mediated by the LPS
leukopenia is a common feature (Kvidera et al., 2017; Chandler et al., 2022). Tavares et al.,
(2005) used a leukopenic-induced rat model to report decreased CRP concentration during
the initial 12 h post-LPS bolus reproducing a similar trend to our results. Therefore, the
expected increasing concentrations may have happened within a time range different from
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our time set of evaluations. Nevertheless, future studies will be required to document the

CRP concentration manifested under endotoxemia conditions.

One limitation of our study was the hypertonic confounding effect of the saline
infusions. Studies have suggested changes in the immune tone affected by infused saline
solutions under septic shock (Paydar et al., 2014; Semler and Rice, 2016; Gokcen et al.,
2018). High sodium saline concentrations are associated with suppression in the neutrophil-
mediated immune responses but also with an amplification of the macrophages’
inflammatory response (Jobin et al., 2021). In addition, the continued infused salts might
have altered the sodium ion concentration, a condition that could lead to hypernatremia and
metabolic alkalosis. None of those conditions were measured in the present study and
unfortunately, previous studies did not report blood pH or gases (Zarrin et al., 2013, 2014,
2017; Swartz et al., 2021b). Metabolic alkalosis predisposes cows to increased blood pH,
milk fever, and subclinical hypocalcemia (Goff, 2008). So, it is plausible to suggest all these
conditions have influenced the cow’s health in our study. To overcome these obstacles,
additional approaches will be required to assess the real role of BHB in dairy cows. Current
research using ruminal ketogenic precursors is in this direction (Rico et al., 2021; Ruiz-

Gonzalez et al., 2022; Barrientos-Blanco et al., 2023).

Conclusion

Through a randomized controlled trial, we successfully isolated hyperketonemia
from confounding events during the transition period. Under this condition, our model to
induce hyperketonemia allowed the evaluation of BHB as a causal factor and its metabolic
implications. Our findings demonstrated that the negative trajectories of reduced DMI and
milk production, associated with BHB, were only reproduced when hyperketonemia was
combined with the immune challenge. This finding highlights the need for additional
cofactors beyond BHB to exert the impaired DMI and productivity described in the ketosis

metabolic disorder. Future studies must focus on assessing the accuracy of the associations
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on health attributed to ketosis to further elucidate the real role of the ketone bodies in the

dairy cow’s metabolism.
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