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Abstract

Background:

Elevated levels of ketones, especially B-Hydroxybutyrate (BHB), have been proposed to impact
several essential mechanisms in the immune system. This is mainly suggested through the anti-
inflammatory properties observed in studies on elevated BHB concentrations in mice and cell
cultures. Inflammation is considered the essential mechanism of the innate immune response, a
response against harmful pathogens and well as essential for damaged tissue repair and
regeneration. While beneficial in the short term, excessive inflammation can lead to a state of
chronic inflammation, linked to several important diseases. Some of these diseases are
cardiovascular diseases, cancer, autoimmune diseases, and several neurodegenerative diseases.
With BHB implicated in several mechanisms central to the inflammation process, three

suggested interactions are highly important for this project.

1) BHB inhibiting NLRP3 inflammasome activation through interactions with potassium efflux
channels and reactive oxygen species (ROS). This negatively impacts the maturation of pro-

inflammatory cytokines IL-1p and 1L-18.

2) BHB as an HDAC inhibitor that can upregulate expression of molecules protecting against

oxidative stress or directly impact the NF-xB subunits through phosphorylation.
3) BHB acting as a GPR109a agonist, a mechanism proven to reduce colon inflammation.

Aim: The goal of the project is to examine if four bolus injections of different BHB-containing

solutions can reduce the severity of acute systemic inflammation in mice treated with LPS.

Methods: 26 transgenic mice were sorted into four groups, all given a different amount of BHB.
Group 1, the control, was only given a saline solution with 0 mM BHB. Group 2 was given 5
mmol/kg BHB solution (Low). Group 3 was given 10 mmol/kg BHB solution (Medium), and
group 4 was given 15 mmol/kg BHB (High). The severity of the inflammation caused by LPS
was measured through in vivo imaging of NF-xB activity and cytokine profiling from plasma

samples.

Results: While a substantial NF-xB activity was observed through in vivo imaging, no dose-
dependent relationship between BHB and NF-«B activity was found. Male mice on average

were found to exhibit a higher NF-kB activity compared to the female mice. Data from cytokine



profiling showed a greater IFN-y concentration in plasma samples from the male mice
compared to those from females. A weak but significant dose-dependent effect of BHB on IL-
10 and IL-6 were found.

Conclusion: We did not observe a reduction in NF-kB activity in any of the groups given BHB.
With BHB theorized to inhibit NLRP3i activation, it was expected to see a dose-dependent
reduction of IL-1B and IL-18. Instead, a dose-dependent increase in IL-6 and IL-10 was

observed.
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1 Introduction and theory

The immune system is a highly regulated complex system necessary for individuals to protect
themselves from harm. However, when dysregulated, it can cause more harm than good.
Dysregulation of inflammation has been linked to several diseases and is widely considered the
most significant underlying death factor in today’s modern world (Furman et al., 2019). Plenty
of studies have linked the dysregulation of inflammation to obesity, resulting in the common
understanding that consuming less fat and living a healthier lifestyle reduces the risk of
inflammation-related diseases. However, there is one diet that instead of trying to avoid fatty
food, instead focuses on it. The so-called Keto-diet (KD) is a diet focused on obtaining most of
your caloric intake through fat and heavily restricting the consumption of carbohydrates. The
ketogenic diet has gained a lot of popularity in the last decade primarily due to evidence
showing its short-term benefits to weight loss, among other advantages such as a decrease in
blood pressure, glycosylated hemoglobin and triglyceride levels, as well as higher levels of
high-density lipoprotein (Batch et al., 2020). With B-hydroxybutyrate (BHB) being the most
common ketone observed during KD, the hypothesis is that BHB is the main driver behind
these observations. While short-term advantages have been observed, long-term effects are less
studied. Currently, there is a lack of research suggesting long-term health benefits of KD.
Therefore, several health organizations recommend that individuals with liver, pancreas,
thyroid, or gallbladder conditions avoid strict diets such as KD, which can cause extra stress on
the body.

By injecting BHB into mice, the effects of BHB can be studied in a vacuum without relying on
KD or starvation. This way, any potential effects BHB has on inflammation will be observed
without KD and starvation being a factor. To measure and quantify the effect BHB exerts on
inflammation, reporter mice with luciferase under the control of NF-«B will be used. NF-xB is
a protein of vital importance in regulating the transcription of several cytokines and proteins

necessary for inflammation.

1.1 Whatis inflammation?

While the immune system differentiates between self and not self, it also differentiates between

non-dangerous and dangerous (Matzinger, 1994). This differentiation allows symbiotic



relationships with commensal bacteria while detecting potentially harmful pathogens. To sense
all the dangerous invading agents, the innate immune system relies on a large family of pattern
recognition receptors, abbreviated PRRs. These receptors recognize structures highly conserved
in pathogens called pathogen-associated-molecular patterns (PAMPs) or molecules called
danger-associated molecular patterns (DAMPSs). Examples of PAMPs are the conserved
structures such as cytosine-phosphate-guanine motifs, heat shock proteins (HSP),
peptidoglycans (PGN), and lipopolysaccharides (LPS) (Kany et al., 2019). DAMPs are
intracellular or nucleic acids typically not found outside the cell. Examples are degraded
extracellular matrixes like biglycan, heparan, uric acid, and adenosine triphosphate (ATP) from
the cytosol (Roh & Sohn, 2018).

As PRRs are a vast family of receptors, they are usually categorized into four smaller
subfamilies: Toll-like receptors (TLR) located on the cell surface or within endosomes.
Two intracellular subfamilies of cytosolic sensors; NOD-like receptors (NLR) & RIG-like
receptors (RLR), and lastly, C-type lectin receptors (CLR), helicases that primarily sense
viruses (Luigi Franchi et al., 2009). These are implicated in inflammatory pathways and
intracellular signaling, resulting in the activation of kappa-light-chain-enhancer of activated B
cells (NF-xB), a regulator for transcription of many critical inflammatory genes. These genes
lead to the induction of pro-inflammatory mediators, including cytokines such as Interleukin-
1/2/6/8/12 (IL-1/2/6/8/12), tumor necrosis factor-alpha (TNF-a) and type 1 interferons (INFs),
chemokines such as Interleukin-18 and several inflammatory mediators in different innate
immune cells (Lawrence, 2009). These inflammatory mediators can then potentiate the
inflammation reaction through autocrine, paracrine and in some cases endocrine actions (J.-M.
Zhang & J. An, 2007).

In response to infection or injury, resident cells in the tissue secrete vasoactive amines leading
to vasodilation and increased vascular permeability. Vasodilation is the process in which the
smooth muscle in the wall of the arteries or veins relaxes, opening the blood vessels and
increasing blood flow to the area. Vasoactive amines such as histamine, prostaglandins, and
leukotrienes cause contraction of endothelium cells. Contraction of endothelium cells leads to
increased vascular permeability, letting plasma flow into the interstitial space. Large proteins
in the bloodstream can then leak out to and water follows due to the oncotic pressure. Specific
cytokines and inflammatory mediators stimulate the expression of adhesion molecules on
vascular endothelial cells allowing leukocytes to attach to the endothelial cells and then migrate

to the site of inflammation, where they degranulate and phagocytize the pathogens. While these
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processes only happen at the inflammation site, some released cytokines such as IL-1 and IL-6
can affect the hypothalamus leading to a system-wide increase of body temperature (fever),
while TNF-a can interfere with the regulation of energy balance suppressing appetite (de Kloet
etal., 2011).

The inflammation process usually ends with the release of anti-inflammatory mediators and/or
the end of proinflammatory mediators when the problem is alleviated. These acute
inflammations usually last hours until days. A chronic condition can occur when the
inflammation response is constantly activated, resulting in inflammation that can last months
until years (Roma et al., 2021). Failure to eliminate the causing agent, reoccurring acute
inflammations, normal components of the body getting recognized as foreign antigens, or
defects in cells responsible for mediating inflammation are the most common reasons for

chronic inflammation (Pahwa R, 2022).

1) Infection / Injury 2) Inflammation 3) Healing
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Figure 1.1 - Inflammation simplified in three stages:

First an injury or infection leads to resident cells secrete vasoactive amines leading to
vasodilation and increased vascular permeability. Plasma flows into the injured/infected area
and inflammation occurs. Leukocytes enter the site of inflammation and try to clear the area of
pathogens through phagocytosis. Secreted pro-inflammatory cytokines help recruit more
immune cells to the inflammation site. Once the causing agent is dealt with and the damaged
tissue is removed, anti-inflammatory cytokines help down regulating the response inflammation
response allowing the body to focus on healing.

Once the inflammation goes from acute to chronic, a shift in cells at the inflammation site
happens. The composition of white blood cells shifts over to mononuclear leukocytes, such as

macrophages and lymphocytes, instead of the short-lived neutrophils (Roma et al., 2021). This



persistent inflammation response will damage nearby healthy tissue over time. Today it is
commonly recognized that chronic inflammatory diseases are the most significant cause of
death (Furman et al., 2019). In that context, research into understanding all the mechanisms and

interactions involved is important.

1.1.1 Chronic inflammation and diseases

Plenty of research on the relationship between inflammation and diseases, risk factors and
treatments has been done. Most focusing on lifestyle and diets. Some of the most common risk
factors that promote low-grade chronic inflammation are as follows: age, obesity, stress & sleep

disorders, as well as low sex hormones.

An increase in the concentration of circulating pro-inflammatory markers are associated with
chronic inflammations and many of the diseases it may cause. As individual ages, such an
increase in the concentration of circulating pro-inflammatory markers is observed, even in
healthy individuals. The exact mechanism of why aging causes an increase in circulating pro-
inflammatory molecules is yet to be fully understood. A combination of oxidative damage,
declining sex hormone levels after menopause/andropause and an increase of adipose tissue is
suggested as the primary drivers (Singh & Newman, 2011). To this day the causality between
these markers and diseases are discussed. A question frequently asked is whether the increase
in pro-inflammatory molecules is due to stressors or simply due to dysregulation of the immune

system that comes with age.

The accumulation of adipose tissue (body fat), either through aging or through an unhealthy
lifestyle, has been linked to chronic inflammation. Obesity, the accumulation of excessive fat
due to an imbalance between energy intake and expenditure, is a core characteristic of metabolic
syndrome (Ellulu et al., 2017). Metabolic syndrome is a cluster of risk factors specific to
cardiovascular disease. Adipose tissue synthesizes and secrete pro- and anti-inflammatory
molecules, such as the adipokines; leptin, adiponectin & resistin as well as chemokines &

cytokines (Fantuzzi, 2005). Adipokines are proteins produced by adipocytes (fat cells).

Leptin, a small protein mainly produced by the adipocytes, has been linked to massive obesity
in humans with mutations in the genes coding for leptin or the leptin receptors (Clément et al.,
1998). The suggested reason is leptin’s central role in controlling appetite (Maffei et al., 1996).

This causes a compounding problem with excessive adipose tissue resulting in more secretion



of leptin, leading to a further increase in adipose tissue. As well as being implicated in the
regulation of hunger, leptins have also been shown to exhibit effects on inflammatory
responses. In vitro as well as animal experiments have shown that leptin stimulates modulation
of T cell-derived cytokines, upregulating the secretion of several pro-inflammatory cytokines
(Fantuzzi & Faggioni, 2000).

Adiponectin is the adipokine that circulates at the highest concentrations and is best known for
its role in insulin sensitivity but also inhibits certain inflammatory processes (Bettowski, 2003).
In contrast to leptin, adiponectin levels are not shown to increase in obese subjects, rather there
is a tendency to observe lower levels of adiponectin in subjects with excess adipose tissue
compared to leaner ones (Chandran et al., 2003). While it is suggested that TNF-a secreted by
adipocytes is what downregulates synthesis of adiponectin, adiponectin has also been shown to
downregulate synthesis and activation of TNF-a (Masaki et al., 2004). As well as its interactions
with TNF-a, adiponectin has also been shown to stimulate the production of the anti-
inflammatory cytokine IL-10 & IL-1RA in humans (Wolf et al., 2004). IL-1RA is a protein that
binds to the IL-1 Receptor, negatively regulating IL-1 signaling, an important pathway in
inflammation. With excess fat strongly implicated in the dysregulation of the immune system,
it makes sense that a change in diet or exercise is the focus when discussing methods to prevent

chronic inflammation.

Another common risk factor is stress, an umbrella term that includes everything from feeling
distressed to physical events leading to physiological responses such as activation of the
autonomic nervous system. While being more difficult to quantify and examine compared to
age and obesity, several studies have shown evidence of a connection between mental stress
and elevated levels of circulating pro-inflammatory cytokines such as I1L-6, TNF-a, and I1L-13
(Marsland et al., 2017). Sleep disorder and its effect on inflammation is another risk factor hard
to quantify as different studies use and value different markers. Some studies have shown both
increases in circulating pro-inflammatory markers as well as no significant difference when
reducing participants sleep by 50% (Irwin et al., 2016; Irwin et al., 2015). Yet there is a
consensus among researchers that sleep deprivation is linked to elevated levels of systemic

inflammation.

In most studies that focus on inflammation, a gender effect is observed. This difference is
mainly ascribed to a difference in sex hormones. Testosterone is the main sex hormone for
males, while females have both estrogen and progesterone. While they all help regulate the
immune system, they impact different mechanisms with regard to inflammation. Estrogen is a
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potent anti-inflammatory hormone, proven to enhance the expression of 1kB-a (Xing et al.,
2012), a protein with the function to inhibit NF-«B transcription, which is a central regulator of
pro-inflammatory genes. Testosterone, while less potent, has been shown to inhibit adipose
tissue from expressing adipokines and cytokines such as TNF-a, IL-6 and IL-1 (Bianchi, 2019).

1.1.2 How is inflammation linked to diseases?

It is quite clear that risk factors that all impact the immune system can lead to a higher risk of
an unbalanced state, with a chance of causing chronic inflammation. Chronic inflammation is
linked to a wide variety of diseases, such as cardiovascular diseases, diabetes, Alzheimer’s
disease, cancer among many more. Taking a look at World Health Organization’s overview of
the top 10 causes of death from 2019, diseases heavily linked to chronic inflammation are the
leading causes (W.H.O., 2020).

Cardiovascular diseases (CVDs) are often categorized as a state of chronic inflammation of the
blood vessels associated with elevated levels of pro-inflammatory markers such as IFN-y, IL-
1B, IL-6, and TNF-o (Tian et al., 2014). These pro-inflammatory cytokines can cause
atherosclerosis, the hardening of the arteries due to the build-up of plaques, an abnormal tissue

on a body part or organ (Amin et al., 2020).

Cytokines take a role in regulating, proliferation, cell migration, cell differentiation, cell death
and immune cell activation. For instance, TNF-o has been shown to stimulate anti-apoptotic
genes allowing cells to avoid apoptosis-inducing tumor cell survival. Tumorigenesis, the initial
formation of a tumor within the body, has a higher probability of occurring with elevated levels
of TNF-a as it triggers production of genotoxic molecules leading to DNA damage. IL-6 is
another cytokine involved in tumorigenesis through its growth- and antiapoptotic-promoting
factors (Kabel, 2014). IL-1p has been shown to be expressed in an increased concentration in
patients with breast cancer and is considered an important biomarker to predict the risk of the
patient developing breast cancer bone metastasis (Sirotkovic-Skerlev et al., 2012) (Tulotta &
Ottewell, 2018).

While aging is considered one of the greatest risk factors of these neurodegenerative disorders,
studies focusing on chronic neuroinflammation, have found clear links between several

neurodegenerative disorders, such as Alzheimer’s disease and Parkinson disease and the



accumulation of several pro-inflammatory cytokines in cerebrospinal fluid (Herrero et al., 2015;
Mogi et al., 1994).

1.2 NF-kB

Nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-xB) is a family of
transcriptional regulatory protein complexes that regulate a large array of crucial genes involved
in the immune system and cell defense. The family consists of five subunits; p50, p52,
p65/RelA, RelB, and c-Rel that occur in various homo- and hetero-dimers with the most
common NF-xB being a hetero-dimer of p50 and p65 (Grimm & Baeuerle, 1993). In non-
stimulated cells, NF-xkB dimers are found latent in the cytoplasm, sequestered by interactions
with different inhibitory proteins depending on the subunits making up the dimer. The most
studied inhibitory proteins are the inhibitor-of-nuclear-factor-kappa-B-family (IxB-family),
most notably the IkB-a protein and precursor proteins of the subunits p5S0 and p52 (p105 and
p100). These precursor proteins contain a C-terminal resembling that of IkB proteins, giving
them NF-«B inhibitory properties (Sun, 2011).

1.2.1 NF-kB pathways

Activation of the NF-kB is commonly split into two signal pathways, the canonical, and the
non-canonical (alternative) pathway. While both pathways lead to a NF-kB dimer free from its
inhibitory protein through phosphorylation of the inhibitory protein, there are some important

differences.

The canonical pathway relies on a scaffolding protein called NF-xB essential modulator
(NEMO) and two kinase subunits IkK-a and IkK-f3, binding together to make an IxK-complex.
Upon stimuli from ligands and various cytokine receptors, transduction signals activate the kK-
complex, leading to the phosphorylation of the inhibitory protein IkB-a. The formation of a
ubiquitin chain on the inhibitory protein marks it for proteasomal degradation, ultimately
leading to the dissociation of NF-«kB from IxB-a (Schrofelbauer et al., 2012; Sun & Ley, 2008).
These liberated NF-kB units translocate from the cytoplasm into the nucleus. In the nucleus,
NF-kB binds to DNA and turns on transcriptional factors that induce specific gene expression.

Notable immune receptors involved in the canonical NF-kB pathway are: Pattern Recognition



receptors (PRRs) such as Toll-like receptors (TLRs) & NOD-like receptors (NLR), B-cell
receptors, T-cell receptors (TCR) and Tumor Necrosis Factor receptors (TNFR) (Zhang & Sun,
2015).

TNFR

TLR IL1-R

m &
Degraded IkB

NF-kB complex

) psiorel

Nucleus

NF-kB complex Transcription
P50) p65/c-Rel

YOG Promoter PQE EL  Created in BioRender.com

Figure 1.2 - The canonical NF-«B pathway:

Illustration of how binding of a ligand to TLR/IL1-R/TNFR, transduction signalling leads to
the activation of the IkK-complex consisting of NEMO and IkK-o. and IkK-p. The active IkK-
complex then phosphorylate the inhibitory protein IkB, resulting in a ubiquitin chain that marks
the inhibitory protein for proteasomal degradation. The degradation of IkB liberate NF-«B.
Liberated NF-xB then translocate into the nucleus where it binds to DNA and induce specific
gene transcription.

In contrast to the canonical pathway, the non-canonical only responds to very specific stimuli
and does not rely on an IxK-complex. Instead, this pathway relies on NF-kB-inducing-Kinase
(NIK) activating IkK-ao leading phosphorylation of the p100’s IkB-like C-terminals (Xiao et al.,
2001). This ubiquitination leads to partial proteolysis, resulting in a p52/RelB NF-xB dimer
free to translocate into the nucleus.



While the non-canonical pathway has been implicated in immune regulation, and some
inflammatory diseases such as autoimmunity (Sun, 2017), this experiment use
lipopolysaccharide (LPS) to induce acute inflammation in mice. A bacterial toxin found on the
outer membrane of most gram-negative bacteria, and a known TLR4 agonist, leading to the
activation of the canonical NF-xB pathway (Nunes-Alves, 2014). Hence going forward, the

focus will be on the canonical pathway.

1.2.2 NF-kB agonist

As mentioned, a wide variety of stimuli activate the canonical NF-xB pathway. While not all
the pathways are the same, generally binding of a ligand to one of these receptors starts a signal
transduction. The signal transduction leads to activation of the IxK-complex, and the
degradation of the inhibitor protein IkB resulting in the translocation of NF-xB into the nucleus
and transcription of NF-kB target genes. The main difference between the different receptors is
which agonist starts the signal transduction pathway and what signal transducing adaptor

proteins (STAPS) that are recruited.

For ligands such as LPS, IL-1p, and IL-18 binding to their respective receptor, activation of the
IxK-complex occurs through the TLR pathway (O'Neill & Bowie, 2007). A central adaptor
protein involved in this pathway is Myeloid differentiation primary response gene 88 (MyD88).
MyD88 is a universal adaptor protein used by almost all the TLR receptors and some specific
cytokine receptors (O'Neill & Bowie, 2007). Once MyD88 is recruited, intracellular signal
transduction involving IL-1R-associated kinase 4 (IRAK4), IL-1R-associated kinase 1
(IRAK1) and tumor-necrosis-factor-receptor-associated factor 6 (TRAF6) results in activated
IkK-complex with the help of Transforming-growth-factor-beta-activated kinase (TAK1)
(Figure 1.2) (Hayden & Ghosh, 2014; O'Neill & Bowie, 2007).

When ligands such as TNF-a bind to TNFR, the signal transduction pathway relies on adaptor
protein tumor necrosis factor receptor type 1-associated death domain protein (TRADD) to
interact with receptor-interacting protein kinase 1 (RIP1). With the help of TAK1, the IkK-
complex can then be activated. This pathway can also stimulate cell death through apoptosis or
necroptosis (Hayden & Ghosh, 2014; Pistorio et al., 2022).



1.2.3 NF-kB regulated gene expression

Once NF-xB translocate to the nucleus, it can activate the transcription of a wide array of genes.
The transcription of these genes results in small proteins central to inflammation. These small
secreted proteins are released by many different cells upon stimuli, with the predominant
producers being T-cells and macrophages (J. M. Zhang & J. An, 2007). NF-xB plays a vital
role by inducing a vital transcription factor of M1 macrophages, the most classically activated
macrophage known for producing high levels of pro-inflammatory cytokines such as IL-1, IL-
6, IL-12, IL-18, TNF-a as well as several chemokines (Wang et al., 2014).

NF-kB regulated gene expression also includes cell cycle regulators and anti-apoptotic factors,
as well as increased cell proliferation, morphogenesis, and cell differentiation (T. Liu et al.,
2017). However, we will focus on the interaction between NF-kB, NLRP3 inflammasome
(NLRP3i) leading to the maturation of pro-1L-1p and pro-1L-18

1.3 Inflammasome NLRP3

Inflammasomes are a group of intracellular multi-protein complex that assembles in response
to either PAMPs or DAMPs in several cells, with the main characterization of activating
inflammatory cysteine-dependent aspartate-directed protease (caspase) (Kumar et al., 2011).
These inflammatory caspases promote the maturation of the cytokines IL-1p and IL-18, as well

as induce a type of cell death known as pyroptosis (Broz & Dixit, 2016).

NLRP3 inflammasome (NLRP3i) consists of a ligand-sensing receptor from the NLR family
called NLRP3, an adapter protein called apoptosis-associated speck-like protein containing a
CARD (ASC), and pro-caspase 1 (Broz & Dixit, 2016). As with any pro-inflammatory
processes, its activation must be strictly regulated, and NLRP3i is no exception. Generally,
NLRP3i activation requires two steps, often referred to as priming (step 1) and protein-complex
assembly (step 2) (Paik et al., 2021). The priming occurs when pathogens are being recognized
by PRRs such as TLRs, TNFs or specific cytokine receptors and have two main functions. The
first function is to upregulate the transcription of pro-interleukins and ligand-sensing receptor
NLRP3 through the NF-«B pathway. The second function of priming is the induction of

posttranslational modifications of the NLRP3 to a stable inactive state (Swanson et al., 2019).
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Protein complex assembly (step 2) occurs following a wide variety of unrelated stimuli from
PAMPs, DAMPs, pore-forming toxins, ATP, pathogen-associated RNA, particulate matter, or
bacterial toxins (Kelley et al., 2019; Paik et al., 2021). Upon stimuli, the inflammasome
receptors oligomerize and recruit pro-caspase 1 through ASC. This stimulates the pro-caspase
1, resulting in its conversion to active caspase 1, responsible for cleaving pro-1L-1p and pro-
IL-18 resulting in active mature IL-1p and IL-18 able to be secreted from the cell (Schroder &
Tschopp, 2010).

The only unifying factor of these activators is that they all induce cellular stress, which NLRP3
senses (Paik et al., 2021). While not precisely understood, several non-mutually exclusive
activators and upstream signals have been suggested. The most common ones are ionic flux,
reactive oxygen species (ROS), and mitochondrial dysfunction (Kelley et al., 2019; Swanson
et al., 2019). Potassium-ion (K*) efflux and ROS are two activators of particular interest as

BHB has been shown to interact with these (Figure 1.4).

1.3.1 Potassium efflux

While there is an abundance of data on NLRP3 activators, there is also plenty of contradicting
data on the suggested activators. When it comes to K* efflux, it is commonly seen as the most
robust event involved in activating NLRP3i. This is due to studies showing that K* efflux can
activate the inflammasome by itself and that higher extracellular concentrations of K™ can
inhibit the activation of NLRP3i (Mufioz-Planillo et al., 2013; Perregaux & Gabel, 1994).

The idea that K* efflux was necessary for NLRP3i activation was however contradicted, when
it was shown that mutant NLRP3 mouse macrophages were able to activate the inflammasome
following LPS stimulation without the occurrence of K* efflux. The suggestion was a pathway
involving Na* influx instead (Mufioz-Planillo et al., 2013). Further examining mice cells,
Mufioz-Planillo and colleagues proved that reducing extracellular Na* resulted in a dose-
dependent inhibitory effect of the NLRP3i activation induced by a K*-free medium. Thus, they
concluded that Na* influx can impact NLRP3i activation independently of K* efflux but that

Na* influx is not necessary for the activation of NLRP3i (Mufioz-Planillo et al., 2013).
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1.3.2 ROS

Reactive oxygen species (ROS) are oxygen-containing molecules generated during oxidative
mitochondrial metabolisms but can also be greatly increased as a cellular response to
environmental stressors (Pizzino etal., 2017; Ray et al., 2012). Even though cells have a cellular
antioxidant capacity, a state known as oxidative stress can occur either through an increase in
ROS or when the cell cannot detoxify these reactive products. While ROS are important for
redox homeostasis, proper cardiovascular function, and the immune system, prolonged
oxidative stress can cause cellular damage and play a role in the onset or progression of several
diseases (Roma et al., 2017; Taniyama & Griendling, 2003).

1.3.3 Cytosolic ROS

Due to contradicting evidence in research on the importance of ROS in NLRP3i activation, its
importance is somewhat controversial. ROS was considered a common upstream event of
NLRP3i activation. With the idea that most NLRP3 stimuli result in the induction of ROS, and
research showing caspase-1 activation being ROS dependent (Cruz et al., 2007; Dostert et al.,
2008; L. Franchi et al., 2009). A study inhibiting NADPH oxidase in mice and human cells, the
enzyme assumed to be the primary source of ROS production, they found that NLRP3i
activation was unimpacted. Thus questioning the importance of cytosolic ROS in NLRP3i

activation (van Bruggen et al., 2010).

More recent studies link inflammasome activation in the brain, kidney, heart, and testis to ROS-
mediated pathways (Minutoli et al., 2016). These findings were supported by a head injury mice
model examining the regulation of NLRP3i activation by NADPH. NOX2 knockout mice were
used, and a reduction in NLRP3 in the cerebral cortex was observed. With no observable
changes found in the umbilical vein endothelium, they then concluded that cytosolic ROS might
have a tissue-specific role when it comes to activating NLRP3i (Ma et al., 2017).

1.3.4 Mitochondrial ROS

ROS is also a by-product of mitochondrial respiration. Mitochondrial ROS (mtROS) was first
implicated in NLRP3i activation when a study utilizing blockade of critical cellular processes
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led to the accumulation of mtROS producing damaged mitochondria and activation of the
NLRP3i (Zhou et al., 2011). By treating mice macrophages with mitochondrial-targeted
antioxidants, LPS, and ATP, dose-dependent inhibition of caspase-1 activation and IL-1f

secretion were observed (Nakahira et al., 2011).

A link between released mitochondrial DNA (mtDNA) and NLRP3i activation was observed
when research investigating inflammasome activity in Chlamydia pneumoniae (CP) infected
mice. They found that oxidized mtDNA was able to bind to NLRP3 and activate the
inflammasome (Shimada et al., 2012). Strengthening the idea that mtROS might play an
important role in NLRP3i activation, as previous studies showed a mtROS dependent release
of mtDNA into the cytosol (Nakahira et al., 2011).

However, there are also studies showing no link between mtROS and NLRP3i activation.
Mufoz-Planillo and colleagues found no change in priming or activation of NLRP3i when using

ROS scavengers to inhibit cellular redox states (Mufioz-Planillo et al., 2013).

1.4 Ketogenic diet

The ketogenic diet was a diet introduced early nineteen hundred to help treat epilepsy. A few
years prior, a study on the effect of intermittent starvation on epilepsy had been done and
reported less severe seizures during the treatment. Interestingly it was observed that increased
levels of circulating acetone and B-hydroxybutyric acid appeared both in starving subjects and
subjects on a diet with a low amount of carbohydrates and high amounts of fat. A new diet
based on this information was suggested. This diet, named ketogenic diet was tried and showed
great success in helping individuals control their seizures (Wheless, 2008). As data on ketogenic
diet increased, some studies reported behavior and cognitive improvement in subjects treated
with ketogenic diet (Angeloni et al., 2020). In recent years more interest in studies aimed at

understanding and mapping these effects has increased.

In most projects observing the effects of ketogenic diet, overall energy intake from
carbohydrates is limited to under 5% (usually 2-4%), while fat accounts for 90% of the energy,
with the remaining from proteins (Rusek et al., 2019; Utamek-Koziot et al., 2019). As the body
does not receive enough carbohydrates from the diet, more fatty acids are released into
circulation from adipose tissue and metabolized to ketones in the liver through a process called

ketogenesis. This increased production of ketone provides an alternative energy source that
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most organs can utilize. Notable organs able to utilize ketones are the brain, heart, and muscles.
Ketogenesis is considered a very important survival mechanism that allows the body to switch
to stored fat as an energy source during periods of starvation.

As an effect of either starvation or a ketogenic diet, insulin levels drop, glucagon secretion
increases, and together with other metabolic hormones, triglycerides in fat cells break down
into fatty acids through lipolysis. These fatty acids enter circulation and are brought to the
mitochondria of liver cells by transferase CPT-1. In the mitochondria of the liver cells, the fatty

acids are broken down into acetyl-CoA through mitochondrial f-oxidation.

Since the liver cells lack essential enzymes to utilize ketones, some of the acetyl-CoA is
oxidized in the tricarboxylic acid cycle (TCA) to produce ATP. The amount of fatty acid-
derived acetyl-CoA produced through B-oxidation exceeds what the liver can use, and the
excess acetyl-CoA is condensed to Acetoacetyl-CoA with the help of an enzyme called
Thiolase. Acetoacetyl-CoA is further converted to 3-hydroxy-3-methylglutaryl CoA (HMG-
CoA) with the help of HMG-CoA synthase, an enzyme stimulated by the glucagon and
downregulated by insulin (Cantrell CB, 2022). HMG-CoA is then converted to the first ketone;
acetoacetate, with the help of HMG-CoA lyase. Acetoacetate is mainly converted to [-
hydroxybutyrate (BHB) with the help of B-hydroxybutyrate dehydrogenase (BDH1). Some
acetoacetate goes through decarboxylation and produce acetone (Evans et al., 2017) (Dhillion
KK, 2022) (Fletcher et al., 2019).

Once the circulating ketones, BHB and to a lesser extent acetoacetate, reach ketone favoring
extrahepatic tissue such as the brain, skeletal muscle, and the heart, BHB is first converted back
to acetoacetate by BDH1. Then acetoacetate gets converted to Acetyl-CoA with the help of
succinyl-CoA:3-ketoacyl-CoA transferase (SCOT). The acetyl-CoA can then be oxidized by
the TCA cycle to produce energy (22 ATP per ketone molecule) (Evans et al., 2017). The steps

of ketogenesis and utilization of BHB in organs are visually represented in Figure 1.3 below.
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Figure 1.3 — Ketogenesis:

[llustration of ketogenesis in the liver, the transport of BHB to ketone favouring extrahepatic
tissue and the process where BHB is converted back into Acetyl-CoA for energy through the
TCA.

While the synthesis of ketones is considered well-known, the exact details of how BHB and
acetoacetate enter circulation and is transported into different cells are less understood. Some
research suggests that monocarboxylate transporter (MCTs) might be the key to how BHB is
exported from the liver and transported into target cells. MCTs are plasma membrane
transporters that catalyze proton-linked transport of molecules with a carboxylate group across
membranes, such as BHB. For transport out of the hepatocyte, MCT Slc16a6 is suggested to be
vital in the process (Hugo et al., 2012), while MCT1 and MCT2 have been shown to carry BHB

into the brain across the blood-brain barrier (Pellerin et al., 2005)

1.5 B-hydroxybutyrate, more than just an energy molecule

In addition to working as fuel, the ketone BHB has also been shown to exhibit cellular signaling
functions. Currently, there are several indirect and direct mechanisms BHB has been suggested
to be involved in. Some examples are epigenetic regulation through HDAC inhibition,
regulation of ion channels, and G-protein receptor interactions, all with implications in
inflammation (J. C. Newman & E. Verdin, 2017).
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1.5.1 BHB as an HDAC inhibitor

Histone deacetylases (HDACs) and histone acetyltransferase (HATS) are two counteracting
families of enzymes involved in the deacetylation and acetylation of histones and some non-
histone proteins. HATS typically stimulate transcriptional activation by acetylation of lysine
residues of histone tails, creating a more relaxed chromatin-like structure. This relaxed
chromatin-like structure increases the accessibility of target gene promoters. HDACs do the
opposite. As the name indicates, it represses transcriptional activation by removing the acetyl
groups from the same lysine residues, resulting in a more compact chromatin structure which
typically will repress transcription (Elmallah & Micheau, 2019). This balance between HATS
and HDAC is a critical epigenetic regulator that regulates gene expression through “opening”

or “closing” the chromatin structure.

In vitro experiments on human embryonic kidney cells and in vivo experiments on mice showed
BHB increasing histone acetylation in a dose-dependent matter. In human embryonic kidney
cells, HDAC1, HDAC3, HDAC4 were 50% inhibited (1C50) by BHB concentrations previously
observed in humans (> 5,3 mM), while IC50 for HDAC6 was significantly higher at 48,4 mM
(Shimazu et al., 2013). Several tissue samples from different organs in mice with increased
circulating BHB showed a significant increase in acetylation. Further mRNA analysis showed
an increased protein expression of mitochondrial superoxide dismutase (Mn-SOD), Forkhead
box O3 (FOXO3), and catalase, in line with the increased histone acetylation observed at the
Foxo3a and MT2 promoters (Shimazu et al., 2013). Mn-SOD, FOXO3. and catalase are proven
to protect against oxidative stress and reactive oxygen species by having an antiapoptotic role
(Stefanetti et al., 2018). Mn-SOD primary function is to clear mtROS, while FOXO3 takes a
vital part in substrate metabolism, and catalase catalyzes the decomposition of hydrogen

peroxides.

As previously mentioned, HDACS/HATS can also deacetylate/acetylate non-histone proteins.
Two such non-histone protein of interest are the NF-xB subunit p65 (RelA) and NF-kB subunit
p50, which together make up the “classic NF-kB”, the most studied NF-kB dimer. With several
acetylation points discovered on p65, the interaction between HAT p300 and HDAC 3 at some
of these acetylation points have shown to regulate both DNA and IkB-a binding (Calao et al.,
2008). Inhibition of either enzyme impacts the balance, with HDAC 3 inhibitors leading to more
acetylated p65 and enhanced NF-kB activity through increased DNA binding and less 1kB-a
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binding. While HDAC3 inhibition by BHB has been examined and proven, a direct link
between p65 acetylation and BHB is yet to be observed.

1.5.2 BHB as GPR109a agonist

G-protein-coupled cell surface receptors (GPCR) are one of three major cell surface categories
we find in all eukaryotes. GPCR consists of trimeric G-proteins that detect molecules outside
the cell and activate cellular responses. Upon activation by an agonist, GPCR stabilizes and
conforms, allowing it to act like a guanine nucleotide exchange factor (GEF). The GPCR
interacts with G-proteins and induces a significant conformational change in the G-protein due
to GDP being exchanged with GTP. The a-subunit dissociates from the p-y-complex, and
previously hidden areas get exposed, allowing the subunits to separately mediate downstream
signals activities (Weis & Kobilka, 2018).

Hydroxycarboxylic acid receptor 2 (HCAR?2), also known as GPR109a. is a G-protein-coupled
cell surface receptor expressed various cell types. In adipocytes, immune cells, and colonic
epithelial cells, GPR109a has been found to mediate anti-inflammatory effects (Graff et al.,
2016). While first being identified as a nicotinic acid receptor, it has been shown to also be
activated by BHB (Taggart et al., 2005; Tunaru et al., 2003).

A connection between inflammation or colon cancer and GPR109a was suggested after colon
cells in humans with colon cancer and mice model of colon cancer showed a reduction in
GPR109a expression (Thangaraju et al., 2009). Later, activation of GPR109a was suggested to
result in colonic macrophages and dendritic cells inducing differentiation of regular T-cells and
T cells producing the anti-inflammatory cytokine IL-10. Furthermore, niacrl knockout mice
(niacrl being the gene coding for GPR109a) were confirmed to be more susceptible to the
development of colonic inflammation and colon cancer, strongly linking GPR109a to

inflammation and inflammation-derived conditions such as cancer (Singh et al., 2014).
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1.5.3 BHB regulating potassium channels.

When a series of in vitro experiments on cell cultures proved BHB’s ability to inhibit NLRP3i
from activating, the suggested mechanisms were the inhibition of the potassium efflux through
interactions with the potassium ion channel (Guo et al., 2015). Additional experiments to
exclude this being a side effect of other known BHB properties, such as HDAC inhibition or
binding to G-protein coupled receptors were conducted. Trichostatin A was used as an HDAC
inhibitor but did not impact the NLRP3i activation in LPS-primed macrophages. Neither was
any impact found when using niacin, a known GPR109a agonist, on LPS-primed macrophages
(Youm et al., 2015).

The hypothesis that BHB inhibited NLRP3i activation through inhibition of potassium efflux
was further strengthened when it was shown to prevent intracellular potassium decline. LPS-
primed cell cultures treated with known agonists for the potassium efflux channel showed less

reduction in intracellular potassium levels when BHB was introduced (Youm et al., 2015).

1.6 Interactions between NF-kB, NLRP3i and BHB

With a better understanding of NF-kB, NLRP3i, and BHB, interactions between them become
more apparent. When bacterial toxins such as LPS bind to TLRs and signal through the TLR
pathway, NF-xB gets activated, and NF-xB dependent gene transcription occurs. The NF-xB
dependent transcription of Pro-IL-1B, Pro-IL-18, and NLRP3 is often referred to as priming,
the first step in activating the NLRP3 inflammasome.

K* efflux and ROS are some triggers resulting in the second step of NLRP3i activation (protein-
complex assembly), where NLRP3i components oligomerize, resulting in the activation of pro-
caspasel and cleavage of pro-IL-1p and pro-1L-18 to mature IL-1p and IL-18. With BHB’s
potential to inhibit K* efflux and upregulate anti-oxidative genes, it is theorized that injections

of BHB could inhibit NLRP3i activation by downregulating these triggers.
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Figure 1.4— Visual representation of the interactions between NF-xB, NLRP3i, and BHB:

Visual illustration of how NF-kB activation is vital in the priming of NLRP3i (Step 1) and how
activation of NLRP3i through K* efflux and ROS is impacted by BHB (Step 2). The NLRP3i-
dependent maturation of Pro-Caspasel to Caspase 1 is important to maturate Pro-IL-1/ and
Pro-1L-18. By inhibiting K™ efflux or reducing oxidative stress caused by ROS, BHB
downregulates the two commonly suggested mechanisms involved in the complex assembly of
NLRP3i. This results in less secretion of the two pro-inflammatory cytokines IL-14 and IL-18

Additionally, by inhibiting NLRP3i activation, reduced maturation of IL-1p and IL-18 is
theorized to downregulate NF-kB activation through a positive feedback loop involving IL-1R
and IL-18R. Two cytokine receptors known to activate NF-xB through the TLR pathway. To

measure these interactions, NF-xB activity and inflammatory markers will be measured.

1.7 The use of transgenic mice to measure NF-kB activity

Several methods are available to measure and quantify the NF-«B activity in research. The most
common methods are through quantifying NF-xB target gene products such as cytokines or
MRNA levels. This is commonly done through Western blotting, immunoassay, or gPCR.
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Another method is the use of a reporter gene producing an enzyme (reporter protein) allowing

us to monitor the NF-xB gene expression.

In this experiment, multiplex immunoassay is used to perform a cytokine profiling, allowing us
to measure cytokine concentrations in the blood. Transgenic mice with a reporter gene
producing an enzyme under the control of NF-kB will allow us to measure in vivo real-time
NF-xB activity.

The mice selected were 3x-kB-luc-transgenic mice, sometimes also referred to as Luc2-reporter
mice. Luc2-reporter mice are a transgenic C57BL/6J breed generated by microinjections of the
3x-B-luc plasmid linearized with Hindlll and Bgll into the Pronuclei of zygotes taken from
superovulated female mice (Carlsen et al., 2002). These transgenic mice have a luciferase
coding gene incorporated on three NF-xB response elements, resulting in a strong NF-xB

regulated expression of luciferase in all cells (Carlsen et al., 2002).

LPS
TLR

\ Luciferin /N
NF-«xB |
Promoter o\ Reporter 7 2

Figure 1.5 — Transcription of reporter gene:

A visual representation of how LPS result in NF-«B activation and transcription of our Luc2
promoter gene.

By injecting luciferin into the transgenic mice, a reaction between luciferin and NF-xB
regulated luciferase results in oxyluciferin and light (Figure 1.6). This light emitted from the
reaction can then be measured using highly sensitive cameras allowing for real-time in vivo

measuring of localized NF-«xB activity.
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Figure 1.6 — Luciferin-luciferase reaction:

The reaction shows how luciferin and luciferase result in oxyluciferin, amp and light. This light

is what will be measured through in vivo imaging. This figure is gathered from Gold

Biotechnology’s webpage *.

1 https://commercio.nyc3.digitaloceanspaces.com/goldbio-2018/pages/luciferase%20reaction%20-%20paint.jpg

1.8 Aim

Many studies have supported the hypothesis that BHB affects inflammation, and connection
between BHB, NF-«xB, and NLRP3i have been demonstrated. However, most research is either
done on mice on a ketogenic diet or in cell cultures. We wanted to explore if injections of BHB
influenced inflammation in mice induced by LPS. LPS is often used to create strong and acute
inflammation in mice. This approach allowed us to observe the effects of BHB without residual
effects from dieting or other factors that could affect the results. Additionally, dose-dependent
interactions were easier to observe, as it is assumed that injecting BHB gives higher control

over the final BHB concentration.

To our knowledge, no similar experiments have so far been conducted,thus we regarded this
experiment as a pilot study. Some small-scale experiments were carried out to help us clarify

uncertainties.

The main aim of the experiment was to examine if BHB administered to mice via the

intraperitoneal route (IP) affected inflammation induced by LPS.
Sub aims:

1) Establish a robust method for assessing BHB in blood samples from C56BL/6J mice
to determine the concentration of BHB in blood at different time points following
bolus IP injections of BHB.
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2) Investigate if NF-xB activity is affected by BHB by injecting four different BHB
doses into LPS-treated luc2-repoter mice and measuring NF-kB activity through in
Vivo imaging.

3) Investigate how the inflammatory markers IL-1p, IL-6, IL-10, 11-18, IFN-y, and TNF-

a in blood are impacted by BHB in LPS-treated mice through multiplex immunoassay.
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2 Methods

For this thesis, both in vitro & in vivo experiments involving laboratory mice were conducted.
Before injecting different amounts of BHB into the selected mice and measuring NF-«xB
activity, several small-scale experiments had to be carried out. These experiments were mainly
focused on: Genotyping the offspring from bred in advance, observing BHB blood
concentration over time after bolus BHB injections, and comparing the accuracy and precision
of two methods used to measure BHB. These two methods were an assay kit from
Neogen|Megazyme and a handheld tool from Abbot. After conducting these smaller
experiments, NF-kB activity in NF-kB-luc transgenic C57BL/J mice could be measured. Due
to the nature of the experiment involving animal testing, each aspect had to comply with the
European guidelines on animal research as well as be approved by Mattilsynet: The Norwegian
Food Safety Authority. This experiment was given FOTS ID 28945. All materials, solutions

and instruments used during the project can be found in appendix 1.

2.1 Experimental setup

105 C57BL/J mice were bred using heterozygous NF-kB-luc progenitors and wild-types,
resulting in 75 transgenic offspring. Only 24 transgenic mice were needed in this project, as the
experiment was planned to include four groups with n=6 transgenic mice in each (three females
and three males). The breeding resulted in more transgenic offspring than expected, and due to
the layout of the litters, the use of n=26 transgenic mice was favorable. All the groups ended
up with age-matched mice and at least three males and three females. Group 3 & 4 included

one additional male mouse (See figure 6.1 for a visual representation).

The mice were housed in individually ventilated cages, ranging from 2-5 mice per cage
depending on their gender and litter to avoid conflicts of dominance. Each cage included a
running wheel, bedding (wood shavings), a piece of paper used for nesting. and a wooden
chewing stick. Once a day, the cages would be observed by certified personnel looking for any
signs of fighting or discomfort in the mice. When deemed necessary, the cage would be cleaned,
and the bedding, paper and chewing stick would be replaced. Until all the mice were between
16 and 21 weeks, they were kept in an animal facility where the temperature and moisture were

closely monitored and controlled. This animal facility also included a housing room with 12
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hours light/dark cycles. The temperature was held around 25 °C and the relative humidity was
set to around 50%. All mice were fed the same standard chow and water in ab libitum during

the experiment.

Genotyped
mice
|
n=6 n=6 n=7 n=7
Group 1: Group 2: Group 3: Group 4:
Control Low dose Medium dose High dose

Figure 2.1 — Visual representation of the four groups given different dose BHB:

Group 1: Control was given a control solution. Group 2: Low dose was given 5 mmol/kg BHB.
Group 3: Medium dose was given 10 mmol/kg BHB and Group 4: High dose was given 15
mmol/kg BHB.

Figure 2.2 is a visual representation of the timeline, including the uncertainties examined

through small-scale experiments.

Stage 1 Stage 2 Stage 3 Stage 4
Establish a robust Determine how BHB Investigate if NF-kB _ Investigate how six
method for assessing concentrations behave activity is affected by inflammatory markers in
BHB after injections BHB blood are impacted by
BHB
+ Megazyme Kit: Mouse plasma * Inject non transgenic mice witha BHB  + Induce acute inflammation through LPS + Cytokine profiling through the use of
interference test solution and measure blood BHB injections. Inject four diffrent groups with  multiplex immonoassay on blood
concentration at diffrent timepoints diffrent amount of BHB. Measure NF-kB samples extracted after in vive imaging
+ Compare Megazyme kit and Freestyle activity through in vivo imaging

precision Neo

* Evaluate best method for measuring
BHB

Figure 2.2 — Visual representation of the experiment:

The experiment can be sectioned into four stages. Stage 1 was to establish a robust method for
measuring blood BHB concentrations in mice. To accomplish this, several small-scale
experiments were done with two different methods of measuring BHB concentrations. Once a
robust method for measuring blood BHB concentrations in mice was established, the next stage
was the creation of a timeline mapping blood BHB concentrations in mice after BHB injections.
This timeline was then used to decide optimal timings for injecting the transgenic mice with
LPS, BHB, and luciferin. In stage 3, transgenic mice were injected with LPS, different doses of
BHB, and luciferin. NF-kB activity was then measured through in vivo imaging to investigate
how the activity is affected by BHB. Stage 4, the last stage, was analyzing six inflammatory
markers from blood samples taken at the end of stage 3.
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2.2 Megazyme Assay Kit: Mouse plasma interference test

In the weeks leading up to the final experiment, we had to be acquainted with our selected
methods of measuring BHB in blood and mice plasma. For measuring BHB in mice plasma, an
assay kit from Megazyme (K-HDBA) was selected due to its affordability, availability, and

amount of tests it would allow us to perform.

The Megazyme Assay Kit uses colorimetric methods to determine the amount of BHB in the
sample (up to 1.2 pug BHB per assay). Two enzymatic processes are utilized to determine the
BHB concentrations. Two redox reactions catalyzed by 3-hydroxybutyrate dehydrogenase and
diaphorase result in an INT-formazan product that can then be measured using a MicroAssay

Absorbance reader.

D-3-Hydroxybutyrate

3-hydroxybutyrate NAD’
dehydrogenase
NADH

H’ + Acetoacetate

diaphorase INT

NAD’ + INT-formazan

Figure 2.3 — The enzymatic processes used by Megazyme Assay Kit:

First, 3-hydroxybutyrate dehydrogenase (3-HBDH) catalyzes the reaction where BHB is
oxidized to acetoacetate. The second enzyme, diaphorase catalyzes the second reaction where
iodonitrotetrazolium chloride (INT) is reduced to a formazan product. Since this is a
stoichiometric reaction, all the reactants are consumed when the reaction is completed. BHB
concentration can be calculated by measuring the amount of INT-formazan. The picture is

gathered from the Megazyme product page *.

! https://www.Megazyme.com/d-3-hydroxybutyric-acid-beta-hydroxybutyrate-assay-kit
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However, this kit’s commercial purpose is mainly to measure D-hydroxybutyric acid in eggs
and other food-related products. After contacting the technical support team at Megazyme, it
was confirmed that this kit has never been used to test mice plasma. A interference test was

necessary to ensure no interference between mouse plasma and the kit.

To do the interference test, plasma was extracted from a random adult non-transgenic mouse.
This was done by using a 23G needle containing 90 uL EDTA and cardiac puncture. The
content of the needles was then emptied into an Eppendorf tube. To separate the plasma and
serum, the Eppendorf tube was spun at 1500 x G in a chilled centrifuge for 10 min. A 96-well
microplate was prepared with 10 pL distilled water in wells Al and B1, 5 pl standard solution
from the kit + 5 pl distilled water in the wells A2 and B2, 10 pl Plasma in well A3 and B3, and
5 pl standard solution + 5 ul plasma in wells A4 and B4. See Figure 2.4 for a visual

representation of the plate layout.
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Figure 2.4 - Visual representation of plate layout:
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In wells marked B (Al & B1) no sample or standard was added. In wells marked with St. (A2
& B2) standard solution was added. In the wells marked PI. (A3 & B3) plasma samples were
added. Lastly in the wells marked S. PI. (A4 & B4) standard solution and plasma samples
were added.

272 pL of premade master mix (200 pL dH20, 50 pL buffer, 20 uL NADY/INT, and 2 pL
Diaphorase) was pipetted into each well, and the microplate was placed on a microplate shaker
for 2 min. After 2 min, the absorbance at 492 nm was read using a MicroAssay Absorbance
reader. This reading was referred to as A:. The final reaction was then catalyzed by adding 2 pl
3-Bhydroxybutyrate dehydrogenase in all wells. The absorbance was then read in two min
intervals, starting at 4 min, then 6 min and 8 min etc. This was done to ensure the completion

of the reaction, and if completed by 6 min, this absorbance was then noted down as A..
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However, if the reaction was not completed by 6 min and the readings still showed a change in
absorbance, the measuring would continue until no change was found, and then that absorbance
would be noted down as A; instead.

2.3  Comparing and evaluating Megazyme Assay Kit and Freestyle Precision Neo

FreeStyle Precision Neo (FPN) is a 2-in-1 diagnostic tool aimed at diabetics that allows them
to test both blood sugar and BHB concentration. By using special strips, Abbott advertises that
the tool can measure values up to 8 mM BHB in blood. However, accuracy and precision is
not mentioned. An experiment where FPN was compared against the Megazyme kit was done
with the aim of getting an indication of the accuracy and precision of FPN.

900 pL blood was extracted from a random non-transgenic mouse and then terminated. This
was done by using a 23G needle containing 90 pL EDTA and cardiac puncture. -
Hydroxybutyrate-salt (BHB-sodium) purchased from Sigma-Aldrich was used to create a 600
mM BHB solution. To create the 600 mM BHB solution, 378,3 mg BHB-sodium was weighed
and dissolved in 5 mL pL 0.9% NaCl saline solution. Some of this stem solution was then
diluted to create 300 mM and 150 mM BHB solutions.

2 UL of the BHB solutions were added to Eppendorf tubes containing 198 uL blood, resulting
in three blood samples with theoretically estimated BHB concentrations of 6 mM, 3 mM, and
1.5 mM BHB. The BHB concentrations in the blood samples were then measured using FPN.
Plasma from the blood samples was then extracted using the same methods as before and
analyzed using the Megazyme kit and FPN. The measured concentrations were then compared

against each other.

To test the linearity and precision of FPN, blood from another random non-transgenic mouse
was extracted using the same method as before. A new 1200 mM BHB solution was made using
756.6 g BHB-sodium and 5 mL 0.9% NacCl saline solution. A 12 mM BHB solution was created
by diluting the 1200 mM BHB solution over several steps.

20 pL blood was pipetted into 5 different Eppendorf tubes. 20 pL 12 mM BHB solution was
then added and mixed thoroughly in the first tube marked with “6 mM”. 20 pL sample from

this tube was pipetted into a new Eppendorf tube marked “3 mM”. This step was done two more
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times, until a series of blood samples, all theoretically having 6 mM, 3 mM, 1.5 mM, 0.75 mM,

and 0 mM BHB were made. The BHB concentration was then measured using FPN.

2.4  Mapping timeline of BHB concentration in blood

Due to the lack of literature on how blood BHB concentration behaves after bolus IP injections
of BHB, an experiment with the goal of exploring exactly this was carried out. M. S Yum and
colleagues gave bolus IP injection of 20 mmol/kg R-3-Hydroxybutyric acid sodium salt (BHB-
sodium) and sampled blood 15 min after the injections. The recorded blood BHB concentration
15 min after injection was measured and calculated to be 4,54 £ 1.99 mM (M. S. Yum et al.,
2012). Together with other studies such as (Kraeuter et al., 2020) also injecting 20 mmol/kg
intraperitoneally without any mention of complications, the decision was to inject the mice with
22 mmol/kg BHB, aiming to achieve supraphysiological plasma BHB concentrations around
4-7 mM.

A BHB solution at 2,75M was created by adding BHB-sodium to a 0,9% NaCl Saline solution.
Three males & three females, random non-transgenic mice ranging from 16-18 weeks, were
weighed, and marked on their tails. The baseline BHB concentration was measured using FPN
before injecting each mouse with 22 mmol/kg in a staggered fashion. Blood concentration was
measured using FPN at 0,15, 30, 45, 60, 75, 120, and 240 minutes after the initial injection.
This was done by making a small incision in the tail, allowing a tiny blood drop to be extracted
from the tail vein. The tail was then carefully massaged to reopen the incisions each time a new
drop of blood was needed.

Measured BHB concentrations were higher than expected, and some were outside the range of
what FPN could measure. Combined with the mice showing discomfort, two new solutions with
significantly lower concentrations were made by further diluting the BHB solution. The
experiment was redone with six new non-transgenic mice. This time four males and two females
aged 16-18 weeks were randomly selected and injected with either 3.2 mmol/kg or 1.6
mmol/kg. Blood BHB concentrations were then measured at 0, 15, 30, 45, 60, and 75 min using
FPN.
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2.5 Invivo measuring of NF-kB activity

At week 18 of the project, all selected transgenic mice (n=26) were within the preferred age
group (15-25 weeks). By injecting lipopolysaccharide (LPS), a surface membrane component
found on most gram-negative bacteria, an acute inflammatory response was triggered. The LPS
used in this experiment was purchased from Sigma-Aldrich (Serotype 055:B5). In-Vivo-
Imaging-System (IVI1S) produced by PerkinElmer, Massachusetts, USA was used to quantify
the acute inflammation by measuring the bioluminescence of the transgenic mice. This
instrument is capable of measuring both fluorescent and bioluminescent emissions with its

extremely sensitive CCD camera.

With our hypothesis that BHB can bind to GPR109a as well as generally impact NF-
kB/NLRP3i activation, custom regions of interest (ROI) were made when performing in vivo
imaging. Two regions were created: ROl 1, a region on the upper abdominal area mainly
focusing on the liver, and ROI 2, a region on the lower abdominal area focusing on the intestines
(illustrated in Figure 2.5)

Figure 2.5 -ROI 1 and ROI 2:

Two areas were selected for in vivo imaging. ROl 1 Focuses on measuring NF-xB activity in
the liver, while ROI 2 focuses on measuring NF-kB activity in the intestine.

Before the experiment could start, three new BHB solutions at 1.875 M, 1.250 M, and 0.625M
were made. The mice were all weighted, individually marked, and then shaved on their thorax-
abdominal area to ensure maximal light emission from internal organs through the luciferin-
luciferase reaction resulting in bioluminescence. Due to time constraints, this experiment was
conducted over two days, using 16 mice on the first day and the remaining 10 on the second

day.
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The right amount of LPS (100 pL/25g mouse) was calculated and added to individual 1ml
syringes with a 25G needle and warmed to room temperature. The LPS was warmed up to room
temperature to minimize stress during injections. 3-4 mice were placed into an anesthesia
chamber connected to a High-Flow vaporizer containing Isoflurane. The groups of mice were
then injected intraperitoneally with LPS in a staggered fashion, 15 minutes between each group,

and then put back into their initial cages.

The correct amount of BHB doses (0, 5, 10, 15 mmol/kg) were calculated and then added into
individual 1ml syringes with 25G needles and warmed to room temperature. 40 min past the
LPS injection, the groups were reintroduced into the anesthesia chamber and anesthetized.
When 45 min had passed since the initial IP injection of LPS, the corresponding dose of BHB

solution was given through IP injections, and the mice were then placed back into their cage.

The correct dose of luciferin (200 puL /25g mouse) was then calculated and added into 1m
syringes with 25G needles and warmed to room temperature. Approximately 10 min before the
2 hours mark since the initial IP injection of LPS, the mice were anesthetized and injected with
luciferin intraperitoneally. The mice were then gently placed inside the I1VIS. The mice were
placed on their backs at predestined locations so that their stomachs were facing the camera and
snouts were in the inlets connected to the High-Flow Vaporizer. Extra caution was taken during
this step to make sure the correct position of the mice. This is done to ensure they stay under
anesthesia for accurate images, but also due to the health of the animals. It is easy to place the
mice too far into the inlets, risking contact between the glass tubes surrounding the inlets and
their eyes. The bioluminescence was measured over 60 sec using a computer connected to the
IVIS running a program called Living Image. The data was first compiled into interactive

pictures and then exported to a document. The mice were then placed back into their cages.

Luciferin was then injected again at 3 hours and 50 minutes, and IVIS imaging was taken 10
min later (4 hours from the initial LPS injection). When all measurements were done (5 hours
past the initial LPS injection), the mice were terminated, and blood samples were collected.

Figure 2.6 shows a visual representation of the experiment’s timeline.

30



LPS In vivo In vivo Termination &

injection imaging imaging bloodsampling
. 1 hours 3 hours
45 min 50 min 50 m/nl 1
0 min T 2 hours 4 hours 5 Hours
Start BHB Luciferin Luciferin End
injection injection injection

Figure 2.6 — Timeline of experiment:

Once all preparations were conducted, the experiment could start. Before every injection the
mice were placed under anaesthesia. Between the injections the mice were place back into their
cages.

To prepare the mice for termination, each mouse was injected with a ZRF cocktail, a strong
sedative mix containing Zoletil Forte, Xylazin, and Fentanyl citrate. This was done in the same
staggered fashion as LPS. Using 25G needle and 1ml syringe containing 90 uL EDTA, cardiac
puncture was performed, and 50-900 pL blood was extracted from the heart (The aim was to
extract 900 pL from all mice). The blood was then transferred to Eppendorf tubes and placed
on ice. Cervical dislocation was used to euthanize the mice after the blood sampling was
finished. Blood samples were centrifuged at 1500 x G 4°C for 10 min to extract plasma. The
supernatant (plasma) was then pipetted over to new Eppendorf tubes and stored at -20°C in a

freezer until further use.

2.6 Cytokine profiling through multiplex immunoassay

Cytokine profiling is commonly performed by multiplex immunoassays, which allow for
measurements of several proteins/cytokines from the same plasma sample. Although multiplex
immunoassay requires more reagents and expensive machinery, the upside is that several
cytokines can be measured at the same time. In the end, less plasma is needed, and the total

time ends up being a lot less.

ProcartaPlex™ Multiplex Immunoassay from Invitrogen was purchased from ThermoFischer

(PPX-06). Explained in their own word how the kit works.

“ProcartaPlex incorporate magnetic microsphere technology licensed from Luminex™
to enable the simultaneous detection and quantification of multiple protein targets in

diverse matrices. ...”.
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ProcartaPlex panel configuration allows users to customize multiplex immunoassays, selecting
from over 600 analytes either from humans, rats, mice, non-primates (NHP), canines, or
porcupines. A mouse kit for TNF-a, IL-6, IL-1p, IL-10, IL-18 and IFN-y were chosen for this
project. These six were chosen based on compatibility (not all markers can be measured in the

same kit) and hypothesized to be most likely affected by introducing BHB through IP injection.

The ProcartaPlex™ multiplex immunoassay kit came as a bundle of a ProcartaPlex Mouse
Basic Kit (EPX010-20440-901) and a mouse cytokine simplex kit for each cytokine (See
appendix 1). An additional ProcartaPlex Mouse Basic Kit and ProcartaPlex Mouse IL-6
Simplex kit were ordered. This extra kit was used to find a dilution factor that best allow us to
observe and measure the six different cytokines within the same standard curve. IL-6 was
chosen due to previous experience, showing it to be the cytokine with the highest observed

numbers during LPS-induced acute inflammation.

Before using ProcartaPlex Mouse Basic Kit and ProcartaPlex Mouse IL-6 Simplex kit to
compare different dilutions, some preparations had to be done. The wash buffer in the basic Kit
needed to be diluted from 10X to 1X using double distilled water (ddH20). The IL-6 detection
antibody mix from the IL-6 Simplex kit had to be diluted from 50X to 1X using Detection Ab
diluent from the mouse basic kit. Lastly, the antigen standard had to be made in advance and
diluted. This was done in a 15-step process detailed in the manual that came with the basic kit.
The last preparation needed was the creation of a plate map, outlining what well includes plasma
samples from mouse, blank or standard. Once all preparations were done, a multistep process
based on the five basic steps of sandwich-based assay workflow could begin. These five steps

are illustrated in Figure 2.7.

Firstly, a solution containing small (6.6 u) magnetic beads was added to each marked well on a
96-well flat bottom plate. These microsphere magnetic beads are coupled with specific capture

antibody and stained with a corresponding fluorescent dye.

When samples or standards are introduced in the next step, the capture antibody can immobilize
the targeted analytes after incubating for an appropriate time. Six samples, at eight different
dilutions ranging from F=2 to F=256, were added, and the 96-well flat bottom plate was then

incubated on a shaker for 120 min.

The third step is the introduction of 1X detection antibodies created during the preparation

stages. These biotinylated detection antibodies are analyte-specific and binds to the analyte in
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a way that creates the antibody-analyte—antibody sandwich-like structure that the method is

named after.

In the 4" step, Streptavidin-Phycoerythrin conjugate (SAPE) gets introduced into each well
binding to the biotin, completing the bead complex and acting as indirect immunofluorescent
staining. In conjunction with the stained magnetic microsphere bead, this allows for detection,
sorting and measurement when the beads pass through a cytometric bead array, like Bio-Plex
200.

The 5" and final is measuring the stained beads using Bio-Plex 200 (a flow cytometry analyzer).
The data was compiled and exported into excel documents for further analysis. Between each
of these five steps, the 96-well flat bottom plate got placed on a handheld magnetic plate washer

and washed three times using 1X wash buffer made during the preparation stages.

Biotin \
- sAPE A
’ Biotinylated -
Capture antibody. ::;glyet‘e —~ detection amibodygk—-"*}q.

Step 1 Step 2 Step 3 Step 4

Step 5 Created in BioRender.com bio

Figure 2.7 — 5 steps of sandwich-based immunoassay:

This figure illustrates the five main steps of sandwich-based immunoassays. Step 1 is to
dispense color-coded beads with analytic-specific capture antibodies into each well. Step 2 is
the introduction of samples to each well and incubate so the analytic specific capture antibodies
can bind to their target analyte. Step 3, Biotinylated detection antibodies are added. These
antibodies bind to the target analyte. Step 4, SAPE (reporter dye) gets added. The biotinylated
ends on the detection antibody allow SAPE to connect with the bead complex. Step 5 is the
measurements of the bead-analyte-antibody-reporter dye-complex using a flow cytometry
analyzer.
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When all six cytokines were measured at the same time, some necessary changes were made.
Each kit came with cytokine-specific 50X bead solution and 50X detection antibody mix. To
create a 1X bead solution and a 1X detection antibody mix usable for all six cytokines at the
same time, the six different solutions were combined and then diluted to one 1X-multi bead
mix as instructed by the accompanied protocol. When samples were added, all samples had a
dilution factor of F=16. This was decided from a earlier experiment where several dilution
factors were tested on IL-6 (Figure 4.1).

2.7 Data analyses

Data collected from VIS and Bio-Plex 200 were compiled into an excel document and sorted.
The sorted data was then imported to R-studio, and several analytical methods were used. To
check if the data met all model assumptions, Shapiro-Wilks test was used to see if the data was
normal distributed, and Barlett’s test was used to test for equal variance. If these assumptions
were not met, data transformations using either log transformation or natural log transformation

were applied and checked for normal distribution and equal variance.

If the assumptions of normal distribution and equal variance were met, analysis of variance
(ANOVA) was performed to look for any group or gender effect. Linear regression was used
to examine how one variable affects the other (How the amount of BHB injected affected
different cytokines).

The significance level was set at 0=0.05, meaning p-values < 0.05 was considered significant.

Data and results with no significance or specific interest have been compiled in Appendix 2.
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3 Results

The goal of the thesis was to test the potential anti-inflammatory effects of BHB injections
through measurements of NF-kB activity and cytokine profiling. Before injecting BHB into the
mice, several small-scale experiments were done to investigate uncertainties. With no data on
how plasma or blood BHB concentrations would behave after a bolus BHB IP injection, it was
vital that we examined how long BHB would circulate in the blood and when the concentrations
would be at their highest. Examining this, would allow us to perform injections at the right time,
resulting in the greatest observable effects. Before examining how BHB would behave after a
bolus BHB injection, the best method for measuring BHB concentrations in the mice had to be

evaluated.

3.1 Establishing method for assessing BHB in blood by comparing two different
methods

The first method investigated was the use of an assay kit from Megazyme. It was essential to
test for potential interference between mouse plasma and the reagents in the kit. This was done

according to the recommendation from Neogen|Megazyme support staff.

Using a MicroAssay Absorbance reader, the absorbance was first read after adding samples and
master mix in each well. This absorbance was then noted down as Al. A2 was the absorbance
measured at six minutes after adding 3-B-hydroxybutyrate dehydrogenase to each well and
making sure that the reaction was complete. The change in absorbance was noted and then
compared between the different samples to look for any interaction between mouse plasma and
the kit. Table 3.1 shows the average A1, A2, AA, and the calculated BHB concentration of the
four samples. By comparing calculated BHB concentration between standard and spiked
plasma, any interference can be quantified and evaluated if significant. A sample with only

plasma is also added to evaluate if the plasma had an initial BHB concentration.

35



Table 3.1 Megazyme Assay Kit interference test

This table shows average results of two parallels after doing interference test using spiked
mice plasma (plasma and standard solution from the kit), Standard solution, mice plasma and
blanks. Absorbance was measured at 492 nm using MicroAssay absorbance reader. Marked
results (*) are results lower than the linear range of the kit.

Blank  Spiked Plasma Standard Plasma
Al (Absorbance at start) 0,107 0,126 0,100 0,102
A2 (Absorbance at 6 min) 0,135 0,335 0,279 0,150
Change in absorbance (AA) 0,028 0,209 0,179 0,048
Calculated BHB [mg/ml] 0,035 0,030 0,008*
Calculated BHB [mM] 0,345 0,288 0,077*

With the wells containing master mix & samples having variable baseline absorbance (Al),
determining the baseline is necessary to calculate the change in absorbance after starting the
reactions by adding 3-B-hydroxybutyrate dehydrogenase. Using the change in absorbance
measured between Al and A2 (AA) in the standard and the spiked plasma sample, the

concentration of BHB could be calculated in millimolar using two formulas.

1: BHB [mg/ml] = Sdsample , Gtandard [mg/ml] * Dilution factor

AAstandard

mg
2: BHB [mM] = 2121 /mil

= * 1000
104,105 g/mol

With a calculated difference of 0,06 mM between the spiked sample and the standard solution,
it was concluded that there was no significant interference between mice plasma and the
Megazyme Kit. During the testing of the Kit, it was found to be extremely sensitive to methods
of pipetting, often with bubbles appearing and impacting the absorbance readings. At the same
time, the kit relies on time-sensitive enzymatic reactions, making the kit less desirable to use

than first assumed.

The second method of measuring BHB concentrations was a handheld diagnostic tool from
Abbot called FreeStyle Precision Neo (FPN). The purpose of this tool is for diabetics to measure
BHB concentrations in blood quickly from a small blood sample (=5 ul).
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To compare the Megazyme kit and FPN, blood spiked with a known amount of BHB and diluted
with saline was measured using FPN. Plasma was then extracted from the samples and
measured with both FPN and the Megazyme kit. The measured values were plotted into a graph
against the expected BHB concentration (Figure 3.1). The result showed lower observed
concentrations than what was theoretically expected. This disparity between theoretical and
observed concentrations did however not impact the validity of the test aimed at comparing the
two methods. Comparing blood BHB concentration measured with FPN and the plasma BHB
concentrations measured with the Megazyme Kit, the difference was at most 0,315 mM.

BHB concentration in blood and plasma measured with FPN and MegaZyme assay Kit
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Figure 3.1 - Blood and plasma samples spiked with a known amount of BHB:

The three different lines represent the three different measurements done on blood or plasma
spiked with a known amount of BHB. Green line are BHB concentrations in plasma measured
using FPN. Red line are BHB concentrations in blood measured using FPN. Blue line are BHB
concentrations in plasma measured using Megazyme.

When introducing supraphysiological BHB concentrations, the 0.315 mM difference is

tolerated. With the goal to compare the effect of four different doses of BHB, the accuracy of

the tool becomes less important, and the precision becomes the primary factor. To evaluate the
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precision of FPN, a new dilution series was made, and the linearity of observations was
examined using linear regression.

During these tests, it became apparent that the amount of saline solution added to the spiked
blood samples had a negative impact on the accuracy of FPN. Adjusting for the amount saline
solution in each sample, the observed results came closer to the theoretical ones. These adjusted
values can be seen in Table 3.2 and plotted against the theoretical estimated values in Figure
3.2. Linear regression on the adjusted data proved a significant linear relationship (p-value <
0.01) between the adjusted values and expected values. With a linear relationship established,

any concentration measured with FPN was assumed to have the same accuracy.

Table 3.2 Adjusted BHB concentrations:

Measured BHB concentrations with FPN in blood adjusted for saline added in each sample and then
compared with originally observed and theoretical values.

Adjusted BHB concentrations 0,2 mM 0,62mM 168mM 2,81 mM 4,98 mM
Theoretical Concentration 0,1 mM 0,75mM 150mM 3,00 mM 6,00 mM
Originally measured 0,2 mM 060mM 1,60mM 2,55 mM 4,15 mM

concentrations

BHB concentration in blood measured with FPN and adjusted for saline
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Figure 3.2 - Adjusted BHB concentrations measured by FPN against theoretically estimated
BHB concentrations:

The blue line represents the linear regression line with a p-value > 0.001 suggesting the FPN
tool measures in a linear fashion.
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From these results, it was concluded that FPN was accurate enough when used in blood and
that the tool behaves in a linear fashion. Additionally, the fact that FPN only required a small
drop of blood (=5 ul) and a few seconds to measure the BHB concentration made it all clearer

that it was the right tool to use.

3.2 Mapping timeline of BHB concentration in blood following a BHB injection

After deciding the best best method for measuring BHB, the investigation into how the BHB
concentration behaves after injections and the relationship between mmol/kg given and
observed concentration could proceed. Six non-transgenic C57BL/J6 mice were injected with

22 mmol/kg and BHB blood concentrations were measured over a period of four hours (Figure
3.3).

BHB concentration in blood after injecting 22 mmol/kg BHB
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Figure 3.3 - Timeline of BHB concentration after injecting 22 mmol/kg BHB

The red line indicates average values for all mice, with the dashed line illustrating the upper
BHB concentration possible to measure using FPN. No concentration measured at 15 or 30
min was under this limit and resulted in the instrument giving error code “Hi”.
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With most of the early measurements showing “Hi”, it is safe to assume that these
concentrations were over 8 mM. After 45-75 min from the initial BHB injection most
measurements were within the range, and once measurable, the concentrations decreased

relatively rapidly and ending up at 1-2 mM after two to four hours.

The measured BHB concentrations differ drastically from the previously mentioned experiment
(M.-S. Yum et al., 2012) used as the baseline to calculate the BHB doses. 22 mmol/kg BHB
injections were theorized to result in a blood BHB concentration of a maximum 4-7 mM. With
these results however, it is reasonably to assume the concentration exceeded 8 mM for a

substantial time.

Shortly after the injection, discomfort was observed in all the mice. This was expressed through
reduced motor functions, closed eyelids, and hunched backs. These signs were subjectively
more severe in females, with their measured concentrations also being higher (mouse 2,4 & 6).
After 1-2 hours most mice showed signs of recovery and after six hours the first two mice were
back to normal functions. 24 hours after initial BHB injections, all mice except two had fully

recovered. These two mice were then terminated (mouse 2 & 6).

With introducing stress through potentially harmful injections being against project's purpose,
the BHB doses were reduced. Six new mice were injected with either 3,2 mmol/kg or 1,6

mmol/kg. The result is plotted in Figure 3.4.

BHB concentration in blood after injecting 3.2 or 1.6 mmol/kg BHB
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Figure 3.4 - Timeline of BHB concentration after injecting 3.2 mmol/kg and 1.6 mmol/kg BHB
solution:

The blue line represents the average BHB concentration measured from mice given 3.2
mmol/kg BHB and the red line represents the average BHB concentration measured from
mice given 1.6 mmol/kg.
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With no measurements exceeding the limit of FPN, a continuous graph shows a clear rise in

blood BHB concentration within the first 15 min. At 30 min, the concentration had decreased

almost back to baseline before leveling out slightly higher than baseline.

3.3 BHBs effect on /In vivo NF-kB activity

Following the in vivo imaging, the data on NF-xB mediated light emitted from both ROI 1 and

ROI 2 were analyzed (Figure 3.5). No significant difference between the groups given different

BHB doses were found. Neither was any dose-dependent relationship between NF-«xB activity

and the amount of BHB injected found. However, the data shows a strong NF-«B activity in

the liver (ROI1), with the measured radiance increasing from 2 to 4 hours, as expected.

Comparatively, the NF-kB activity measured from ROI 2, focusing on the lower abdomen and

intestines, shows a much weaker NF-«xB activity.

Nf-kB activity measured from ROl 1 & 2

Time B4 2h B9 4h

RO

ROl 2

1.5e+07

1.0e+07

5.0e+06

Nf-kB activity (photons/s)/{{cm™*2/sr)

- wl !

0.0e+00 1

-

s ==

Control Low Medium High

Control

Low Medium High

Figure 3.5 — NF-«B activity measured from ROI 1 and ROI2 at two & four hours after initial LPS

injection grouped by dosage:

NF-xB activity measured in (photons/s)/(cm? /sr). The data is grouped by the four different doses
BHB injected through a single IP injection. Control - 0 mmol/kg BHB, Low - 5 mmol/kg BHB,
Medium - 10 mmol/kg BHB and High - 15 mmol/kg . The whiskers extend to the largest and lowest
values observed in each group, excluding outliers which are represented as dots outside the
whiskers. Each box represents the interval where 50% of the data resides, with 25% above and 25%

below the median line in the box.
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Focusing on ROI 1 while grouping based on genders (Figure 3.6), a significant gender-based
difference was found (p-value < 0.01). In in vivo images taken at both two and four hours

showed a significantly higher NF-«B activity in male mice compared to female mice.

Nf-kB measured from ROI 1 based on gender
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Figure 3.6 - NF-xB activity measured from ROI 1 at 2 and 4 hours after initial LPS injection grouped by
genders:

Average radiance measured in Photons/ S/

cm?/sr
differences between the groups are illustrated as ** (p-value < 0.01). The whiskers extend to the largest and
lowest values observed in each group, excluding outliers which are represented as dots outside the whiskers.
Each box represents the interval where 50% of the data resides, with 25% above and 25% below the median
line in the box.

used as measurement of NF-«B activity. The significant
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3.4 Cytokine profiling through multiplex immunoassay

To investigate potential differences or relationships between the groups given different amount
of BHB, multiplex immunoassay was used to perform cytokine profiling. During the blood
extraction, complications occurred with mouse #24, causing the mouse to pass before enough

blood had been extracted. Results from mouse #24 were therefore excluded for further analysis.

The concentration of each cytokine was quantified using Bio Plex 200. One cytokine, IL-18,
was not quantified due to the concentration being too low for detection in any of the samples.
Additionally, Well E3, containing samples from mouse #5 did not yield any measurable results.
This could potentially be due to a weak contact with the magnetic plate, resulting in all beads

being washed out during the washing process.

After analyzing the data, significantly higher IFN-y concentrations were found in the males than
in females. IL-6 concentrations in mice given 15 mmol/kg BHB were significantly higher than
in mice given 5 mmol/kg BHB, and in mice given a control solution (0 mmol/kg BHB).
Additionally, significantly higher IL-10 concentrations were found in mice given 15 mmol/kg
BHB than the mice given 5 mmol/kg BHB, 10 mmol/kg BHB and mice given a control solution
(Figure 3.7).
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Figure 3.7 — IL6, IL 10 and IFN-y concentration measured in pg/ml:

Visual representation of the three cytokines where a significant group or gender effect was found. The
significance is annotated with * (p-value < 0.05) or ** (p-value < 0.01). Boxplot A illustrates the
significantly higher concentration of IFN-y observed in all male mice compared to all females. Boxplot
B illustrates the significant higher measured IL-6 concentrations in the group given high dose BHB
compared to the groups given low dose and control. Boxplot C illustrates the significantly higher
measured IL-10 concentrations in the group given a high dose of BHB compared to those given a low

dose, medium dose, or a control.

Red dots are measurements from female mice, and green triangles are measurements from male mice.
The whiskers extend to the largest and lowest values observed in each group, excluding outliers which
are represented as dots outside the whiskers. Each box represents the interval where 50% of the data
resides, with 25% above and 25% below the median.

44



To examine if measured cytokine concentrations (Ln(pg/ml) could be explained by the

amount of BHB injected (mmol/kg), linear regression was used. A significant linear relationship
between the amount of BHB injected and cytokine concentration was found for both IL-6 and
IL-10 (Figure 3.8). R-squared (R?) explains to what degree changes in the amount of BHB given
explain changes in measured cytokines concentrations. While a significant linear relationship,
relatively low R? means that much of the variability in measured IL-6 & IL-10 concentration is

not explained by our linear regression model.
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Figure 3.8 - Measured cytokines explained by BHB given:

The amount of BHB given (the independent variable) and measured IL-6 (A) and IL-10(B) (the
dependent variable). The blue line illustrates the linear regression line, a line that best fits the
linear relationship. Red circles illustrated measurements taken from female mice, and blue
triangles illustrated measurements taken from male mice.
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4  Discussion

Even though BHB’s ability to inhibit NLRP3i activation on LPS mice has previously been
demonstrated (Youm et al., 2015), no results suggesting a lower NF-kB activity or inhibition
of pro-IL-1B and pro-1l-18 maturation were found. Analyzing data from in vivo imaging and
cytokine profiling, some significant gender and group effect were found. Male mice were
observed to have significantly stronger NF-«xB activity in response to LPS injections compared
to female mice. Significant linear relationships between the amount BHB injected and the two

cytokines 1L-10 and 11-6 were also observed.

During the project, different doses of BHB were injected. The first injections of 22 mmol/kg
BHB evoked intense discomfort and stress in the mice. As the objective was to investigate
potential anti-inflammatory effects, introducing stress through harmful injections was against
its purpose. The visual discomfort when injecting BHB was not expected, so previously
calculated doses were adjusted before measuring NF-kB activity and performing cytokine
profiling. The low dose was reduced to 5 mmol/kg, the medium dose was reduced to 10
mmol/kg, and the high dose was reduced to 15 mmol/kg. When injecting these BHB doses 45
min after the initial LPS injections, no further discomfort was observed.

Due to these results, the focus of the discussion will be:

e Potential harm from BHB injections
e Significant gender and group effects

e Design of experiment and methodological consideration

4.1 BHB doses, potential harm

After weighing six non-transgenic mice and calculating BHB doses, injections were done
intraperitoneally. Discomfort was observed following the injections and concentrations
measured with FPN showed higher blood BHB concentrations than expected. Based on our
results after injecting BHB and a previous study where young humans were given exogenous
B-hydroxybutyrate salt supplementations (Stefan et al., 2021), an assumption was made. This

assumption was that the BHB concentration in blood increases rapidly depending on the dose

46



and peaks between 15-30 min. After the peak, the concentration decreases almost as rapid but

evens out at concentrations higher than baseline for several hours.

A concern when planning the experiment was the potential detrimental side effects when
inducing supraphysiological concentrations of BHB. Natural occurring concentrations of BHB
during an intense workout or during two-day fasting are normally 1-2 mM, while consistent
values slightly over 2 mM have been observed in humans following a strict ketogenic diet
almost devoid of carbohydrates (John C. Newman & Eric Verdin, 2017). Studies on long-term
fasting in obese humans have shown concentrations as high as 6 mM after prolonged starvation
(38 days) (Owen et al., 1969). Since the plan was to induce supraphysiological BHB
concentration, a concern was the potential of inducing ketoacidosis in the mice as a side effect.

4.1.1 Ketoacidosis

Ketoacidosis a life-threatening situation often related to diabetics or people struggling with
alcoholism. Often described as an overload of ketones present in your blood. This however is a
massive oversimplification. Diabetic ketoacidosis (DKA) is mostly caused by insulin deficit
and an increase in plasma glucagon levels. Gluconeogenesis in the liver increases significantly,
while the utilization of glucose decreases in muscles, liver, and adipose tissue. With the
decreasing amount of insulin, glucose struggles with entering cells, and as a response, the body
starts breaking down lipids in adipose tissue as well as muscle proteins. This is done as glucose
can no longer act as the primary energy source. The breakdown of lipids creates fatty acids, and
these free fatty acids go through B-oxidation in the liver, creating Acetyl-CoA. Through
ketogenesis, the production of ketones such as BHB and acetoacetate occurs. Very much like

what happens to an individual on the keto-diet or fasting.

These ketones are then used as energy sources, and up to 80% of the total energy is theorized
to come from ketogenesis during insulin deficiency (Fedorovich et al., 2018). These ketones
accumulate at a rate significantly higher than what the body handles through utilization or renal
elimination. In some situations, elevated concentrations of ketones have been shown to reach
20-25 mM in subjects with DKA (Fedorovich et al., 2018).
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4.1.1.1 Hyperketonemia and hyperglycemia

Hyperketonemia, a state of highly elevated ketone blood levels linked with a decrease in
bicarbonate (HCO-), which often results in acidemia, a state where blood pH levels are below
7.35. Some early research attributes this to the fact that hydroxybutyric acid fully dissipates,
resulting in the release of H+ that then can bind to the bicarbonate (Laffel, 1999). After looking
into every step included in DKA, Green and Bishop suggested that metabolic acidosis is not
caused by the acidic nature of ketones but rather by several steps involved in ketogenesis that
produce free protons (H) (Green & Bishop, 2019). With triacylglycerol hydrolysis, fatty acid
activation, p-oxidation of FFA, and an increase in coenzyme A synthesis all producing free
protons, they argued that these processes were more likely to be the cause of acidosis observed
during DKA. During ketogenesis, BHB the conjugate base form of B-hydroxybutyric acid is
produced from acetoacetate, another conjugate base (see figure 5.4 Ketogenesis). With the
ketones appearing in their base form, it is rather obvious that the original hypothesis is likely
wrong and that the ketones produced likely are not the cause of the acidosis observed during

hyperketonemia.

Hyperglycemia on the other hand, is a state where blood sugar levels are significantly elevated
that can occur during DKA when the glucose in the blood is unable to be metabolized. The high
blood glucose levels create an osmolar gradient. The osmolar gradient, coupled with
hypertonicity and acidosis, drive potassium out of the intracellular space, leading to
hyperkalemia. This a medical term describing elevated potassium levels in blood over the

normal (Umpierrez et al., 2002).

The BHB doses used in our experiment were created by p-hydroxybutyrate-sodium-salt (BHB-
sodium) (H6501) purchased from Sigma-Aldrich dissolved in 0.9% NaCl saline. When fully
dissolved, the result is a solution with BHB and natrium-ions. No significant metabolic acidosis
was expected to occur after BHB injections due to no H* from the dissipation of pB-
hydroxybutyric acid or free protons from ketogenesis. Ketoacidosis from hyperketonemia was
therefore not considered a potential risk. With the mice all healthy, having ad libitum access to
standard chow and assumedly normal insulin production, hyperglycemia was also not

considered a potential risk.

Although ketoacidosis was not considered a risk, substantial discomfort was still observed in
the mice injected with 22 mmol/kg BHB leading to further investigation of BHB-sodium being

potentially toxic.
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4.1.2 Toxicity of BHB-sodium

A recent study investigating the toxicity of BHB-sodium used a stepwise increase or decrease
in the amount of BHB-sodium given to mice. This was done so an effective dose range and
potential lethal threshold could be investigated. Increasing the dose to 300 mg/day from 150
mg/day increased the severity of onset illness 2.2-fold and increased the mortality rate by 50%
(from 30.4 to 87.5%) (Weckx et al., 2021). Doses such as 180 mg/day and 225 mg/day were
also tried, showing an increase in severity. Their conclusion was that 150 mg/day BHB-sodium

given through subcutaneous bolus injections were close to the toxic threshold of BHB-sodium.

Tracking BHB concentration over time, a quick increase in blood BHB levels were observed,
as well as a rapid decline. This suggests that BHB was relatively quickly removed from
circulation, leaving the accompanying Na* to potentially circulate longer, resulting in acid/base
imbalance. The fact that intracellular uptake and metabolism of BHB requires protons as co-

factors, this might contribute to the acid/base imbalance (Felmlee et al., 2020)

Comparing the amount of BHB given in the experiment done by Weckx and colleagues with
our own, a 25g mouse injected with 22 mmol/kg BHB solution would be given a total of 50 mg
BHB-sodium. That is less than half the suggested toxic threshold (Weckx et al., 2021).
Importantly there is a distinctive difference in the method of injection in our experiment. Instead
of using subcutaneous injections, intraperitoneal (IP) injections were used. This is noteworthy
due to the fact that IP injections often have higher absolute bioavailability compared to
subcutaneous injections (Al Shoyaib et al., 2019). Due to higher absolute bioavailability, a
smaller IP injection of BHB could potentially lead to the same circulating concentration as a
bigger subcutaneous, meaning our injections might have been closer to the toxic threshold than

assumed.

22 mmol/kg BHB solution also equals 506 mg/kg Na*. LD50 for injecting mice with NaCl is
2602 mg/kg (Information, 2022). This is five times more circulating Na* than introduced
through 22 mmol/kg BHB injections. This, coupled with the fact that research discussing
complications of introducing Na+ and CI- through 0.9% NaCl saline solution, mainly focus on
hyperchloremia and hyperchloremic acidosis (Li et al., 2016). The concentration was assumed
to be nontoxic in this regard. However, in retrospect, the effect of hypernatremia should have

been investigated more.
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4.1.3 Hypernatremia: Increased circulating Na* levels impacting lon difference, Na* Influx,
and acting pro-inflammatory

Assuming extracellular fluids (ECF) make up 20% of a mouse’s bodyweight, a 25-gram mouse
has 5 ml ECF. Measurements on several strands of mice have shown plasma sodium
concentration around 140-160 mM when eating a regular salt diet (Mérillat et al., 2009). Rough
calculations estimating the change of plasma sodium after injecting 22 mmol/kg BHB solution
results in an estimated plasma concentration of around 240 mM. In humans, this would be
defined as extreme hypernatremia associated with a mortality rate over 60% (Arambewela et
al., 2016).

With higher doses of BHB meaning more Na*, higher doses of BHB results in a higher risk of
hypernatremia. The hypothesis that hypernatremia might have occurred is supported when our
results are compared to a clinical study where immune stimulation responses was examined in
patients with sepsis. They observed higher TNF-o, IL-6, and IL-10 in patients acquiring
hypernatremia compared to those with sustained eunatremia (Lin et al., 2022). The same two
cytokines found to significant have linear relationship with the amount of BHB given (IL-6 &
IL-10).

The Stewart approach to acid-base balance is a method focused on three variables: Strong ion
difference (SID), total concentration of weak acids (Arot), and partial pressure of carbon dioxide
(rCO2). Using this method, it becomes clear that an increase in SID or reduction of Aot results
in a higher pH in the blood. With a big enough change leading to metabolic alkalosis (Morgan,
2009). Going back to the experiment done by Weckx and colleagues, where they measured pH
in the blood, mice given 150 mg/day or more BHB-sodium showed signs of alkalosis (Weckx
et al., 2021). This observed alkalosis could be explained by the sudden increase of circulatory

Na*-ions following a bolus injection of BHB-sodium, increasing the SID.

In hindsight, closely monitoring the blood pH levels in mice after injecting BHB or using
additional BHB-salt bound to calcium or magnesium could have given valuable additional data.
This additional data would help when assessing to what degree the potential alkalosis is caused
by sudden influx of circulating Na*. Plenty of data suggest that sodium is implicated in NLRP3i
activation through Na" influx and through increasing the intracellular osmolarity. The increase
in intracellular osmolarity results in cellular swelling and a decrease in K*, much like that of K*
efflux (Schorn et al., 2011). The choice of using BHB-sodium might have turned out to be an

unfortunate choice when examining the interactions between BHB and inflammation. In
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retrospect, we now know that the use of several different BHB salts could give a better grasp

of the interaction between the sodium and the inflammatory processes measured.

Traditionally, Na* accumulation in tissue has been focused on the kidney, where increased
levels of electrolytes have been found to impact expression of phagocytes, known stimulators
of inflammatory T-cells (Chessa et al., 2016; Hochheiser et al., 2013). There are several studies
suggesting that changes in osmolarity might be part of ancient danger signaling in other tissue
as well. With the accumulation of Na* being observed in the skin of humans and other animals,
research using high salt conditions on skin cells found that these conditions impaired the
development of anti-inflammatory macrophage activation needed for tissue repair and instead
promoted inflammatory responses (Binger et al., 2015; Ivanova et al., 1978; Szabé & Magyar,
1982; Wiig et al., 2013). This can also be seen with T-cells, where high local Na* content affects
the activation of T-cells. This results in increased production of TH17 and the restoration of IL-
2-producing T-cells suppressed by anti-inflammatory cytokines such as IL-4 or IL-10 (Binger
et al., 2015; Loomis et al., 2001). With hypernatremia sometimes being a secondary effect of
infections (Krdlicka et al., 2020), the occurrence of hypertonic salty microenvironments might
be a beneficial response against microbial pathogens. With Na* especially taking a big part in

strengthening the skin barrier (Schatz et al., 2017).

As much as we tried to optimize the timing of BHB injections to have a maximal effect, the
result showed a rapid increase and decrease in blood BHB concentration after the injections.
While the NF-«B activity model takes this somewhat into account, there is a high probability
that the cytokine profiling of blood samples taken 4 hours and 15 min after BHB injections does
not take this into account. Thus, any effects BHB potentially exert on the inflammation process
is not captured, but rather the effect of metabolic alkalosis caused by hypernatremia or potential

pro-inflammatory effects from high levels of circulating Na™.

4.2 Group and gender effect observed through NF-kB activity and Cytokine Profiling

Other previous experiments on C57BL/6J mice given IP injection of LPS and euthanized at 1,
3, 6, 12, and 24 hours after initial LPS injection showed clear peaks at the 1-hour mark when
IL-6, IL-10, and TNF-a were measured using LiquiChip ™ technology. The only cytokine
measured with a different trend was IFN-y, which increased slowly and peaked at 12 hours (J.

Liu et al., 2017). Studies looking at IL-1f in adult mice show a rapid increase in the first hour
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and a peak around 4 hours after subcutaneous LPS injections (Cusumano et al., 1997). IP
injections generally have higher bioavailability (Al Shoyaib et al., 2019). It is reasonable to
assume that the time until peak plasma levels of IL-1p is considerably faster when treating mice
with IP LPS injections. Based on these results and assumptions derived from our own BHB -
timeline experiment, the optimal time of BHB injection was determined to be around 45 min
after LPS injection. This was done to optimize the potential effect BHB could have on the acute
inflammation caused by LPS.

Pictures taken with VIS showed a clear activation of NF-«xB in both ROI 1 and ROI 2 as well
at two hours, and with a significant increase in activity at taken at four. No group effect between
BHB dose and NF-xB activity was found, but ROI 1 focusing on the liver showed significant
gender differences.

4.2.1 Gender difference impacting NF-kB activity

LPS has been shown to induce a slightly greater response in male mice. When both female and
male mice were injected with a lethal dose of 20 mg/kg LPS the female mice were shown to be
more resilient through higher survival rate and significantly longer onset until fatality (Ivan et
al., 2021). Gender differences in mice immune responses are documented as early as 1972
(Eidinger & Garrett, 1972), and today it is widely agreed that mammals express sexual
dimorphism in both innate and adaptive immune responses. The interaction between the
immune system and secreted sex hormones from endocrine glands is suggested as the main
driver. Female sex hormones produced in the ovary placenta, such as estrogen and progesterone,
stimulate the innate and adaptive immune response differently than testosterone, mainly
produced in the testis. While sex hormones often are the focus when discussing sexual
dimorphism observed in immune responses between genders, differences in innate immune

responses in mammals suggest that some of the difference might be germline encoded.

Data collected from adult humans, rodents, and cell cultures confirm that TLR4 expression on
macrophages is greater in males than females (Klein & Flanagan, 2016). In this project, LPS
was used to induce systemic inflammation and activate NF-xB gene expression. CD14, a
pattern-recognizing receptor, binds to LPS, and MD-2, a lymphocyte antigen, creates a complex
with TLR4 allowing for LPS to bind and stimulate downstream adaptor molecules, and starting

signal pathways converging at NF-kB (Yesudhas et al., 2014). Macrophages, the most abundant
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liver immune cell, and males expressing more TLR4 is likely one of the explaining factors in
the significant gender difference in NF-kB expression measured through in vivo imaging for
ROI 1.

As mentioned earlier, sex hormones are often considered the biggest driver for observation
showing higher immunocompetence in females. While often linked to differences in the
adaptive immune response, estrogen has also been shown to have a strong influence on NF-kB
signaling. Several mechanisms are suggested for this nonclassical anti-inflammatory effect. The
most common suggestions are inhibition of NF-xB DNA binding, induction of 1xB expression,
or direct protein-to-protein interaction (Chadwick et al., 2005). The estrogen E2 (estradiol) has
been shown to inhibit the inflammatory effects of LPS. Studies on LPS-treated mice cells
showed that E2 blocks the intracellular transport of NF-xB (Ghisletti et al., 2005). Similar
experiments on rat cells showed E2 also promoting the production of IkB-a, reducing levels of
phosphorylated IxB-o. creating a negative feedback loop (Xing et al., 2012). The hormonal
difference in the mice is another likely factor in the observed gender differences when

measuring the NF-kB activity.

4.2.2 Cytokine profiling

A clear gender difference was observed in NF-kB activity, however when analyzing the data
from the immunoassay, only a significant gender difference for IFN-y concentrations were
observed. Significant gender differences in several pro-inflammatory cytokines have been
observed previously in similar experiments treating mice with LPS (Aulock et al., 2007; Kuo,
2016). When specifically looking at IFN-y, most studies show a higher response in females than
males, with some not finding a significant difference at all. The commonly suggested
mechanism behind the difference often observed is the fact that naive CD4+ cells in female
produce mostly IFN-y upon specific stimulation, while the same cells in males tend to produce
more IL-17 (Zhang et al., 2012). Additionally, the female sex hormone E2 can upregulate
expression of the IFN-y gene (Fox et al., 1991). While theory suggests that females produce
more IFN-y than males, our findings show a significantly higher IFN-y concentration in male
mice, rather than in the female mice. The interactions resulting in IFN-y production when
treating mice with LPS are likely more complex and the suggested mechanisms leading to

higher IFN-y concentrations in females might not be the dominating ones. This is supported by
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others also observing a higher IFN-y in male mice rather than in the female mice when treating
mice with LPS (Erickson et al., 2018).

4.3 Design of experiment and methodological consideration

4.3.1 The breeding process

At the start of the project, non-transgenic homozygotes were bred with transgenic
heterozygotes. The result was 105 offspring, out of which 75 were transgenic. The probability
of getting 75 transgenic offspring when breeding a heterozygote with wildtype is close to zero,
questioning if at some point, two heterozygotes’ mice bred. If this was the case, it might impact
the results through the “gene dosage effect”.

When discussing this potential issue with people having prior experience using the same breed
of luc2-transgenic mice, homozygotes transgenic mice were assumed and partly proven to have
a 100% mortality rate. In the case of two heterozygous breeding, no homozygote transgenic
mice would be expected to survive long enough to impact the results of the experiment.

Considering this, the results of our breeding were no longer statistically impossible.

4.3.2 Impact of using both genders

The aim was to investigate if NF-kB activity was affected by BHB, but our result only showed
a significant gender difference in NF-xB activity. While somewhat interesting, limiting our

experiment to one gender would most likely have been beneficial.

The effect of significantly higher NF-xB activity in male mice compared to female mice also
results in higher variability within each group. With the increased spread in measured NF-xB
activity (variability), our ability to detect significant group effects is reduced. Excluding a
gender could result in less variability, but it also greatly reduces our sample size. To avoid this,
some studies use male mice only. This is done to avoid variability caused by gender differences,
such as different sex hormones. The reason male mice are selected over female, is the inherent

variability between female mice due to the estrous cycle.
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4.3.3 The Megazyme kit

The first small-scale experiment carried out was to test sample interference between mouse
plasma and the Megazyme Kkit. These tests were done with no pre-existing experience with the
kits or protocols and with limited experience handling some of the tools. Time was therefore
invested to fully understanding each step of the protocol, testing them out, and improving them

when necessary.

When getting acquainted with the Megazyme kit, some obstacles appeared when following the
accompanying instructions. The main obstacle resulted from the fact that the buffer in the kit
was prone to make bubbles, impacting the absorbance readings. Several methods were tried to
overcome this issue. In the end, the most effective solution was premixing several of the

reagents into a master mix and then use a single pipette in every step.

This introduced additional time investments, and the accompanying instructions made it clear
that the enzymatic process is time sensitive. It states that the readings must be done at two and
six min after adding the reagents. A test to examine what happens if these instructions are not
followed was done by testing the absorbance of the master mix over one hour. The absorbance
at 492 nm did not change at all the first 15 min, leaving us with some wriggle room. It was
concluded that pre-making the master mix and carefully pipetting with a single pipette did not

negatively impact the results. Even though it took a little longer.

With only a 0.005 mg/ml difference between the spiked sample and the standard, it was decided
that there was no significant interference between mouse plasma and the Megazyme kit. When
getting acquainted with the protocol, more significant differences attributed to the bubbles or

issues with pipetting were observed.

Overall, the method was still time-consuming. With each sample tested requiring 10 pL plasma,
a minimum of 20 pL blood would be needed when assuming 50-55% of whole blood is plasma.
In reality, more than 20 pL would be needed, as each sample would include a parallel, and some

redundancy would also be necessary.

Using the Megazyme kit to measure BHB concentrations at eight different time points
following BHB injections would not have been compliant with the European guidelines on
animal research regarding the maximal volume of blood sampled from mice without fluid
replacement. With the Megazyme kit not ideal for measuring several concentrations from

samples taken in a short period (<24 hours), a handheld diagnostic tool was suggested. Several
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diagnostic tools were researched, and Freestyle Precision Neo from Abbot was chosen because

it was readily available and within the budget.

4.3.4 FreeStyle Precision Neo

Due to FPN being a diagnostic tool aimed at people with diabetics, its usability to measure
blood BHB concentration in mice was not documented. Uncertainties about the accuracy and
precision of FPN measurements meant that tests were necessary to examine this precisely.

Creating a set of blood and plasma samples by adding BHB solutions was done in order to
compare the results from FPN with the Megazyme kit. The Megazyme kit was considered the
“golden standard”, as the improved protocol allowed consistent and accurate results.

Comparing our two methods of measuring BHB concentration, no impactful difference was
observed between blood BHB concentration measured with FPN and plasma BHB

concentrations measured with Megazyme.

Further tests showed that FPN’s accuracy was negatively impacted by the saline in the BHB
solution used to spike the blood sample. After adjusting for the saline in each sample, linear
regression proved a significant linear relationship, and it was concluded that the accuracy of
FPN was consistent between 0-8 mM. With FPN only requiring a small blood sample (=5 pl)
to measure the BHB concentrations in seconds, made it the obvious choice going forward.

4.3.5 BHB solutions

During the tests aimed at comparing FPN with the Megazyme kit, measured concentrations
differed from the theoretically calculated BHB concentrations. The measured concentration in
our samples was consistently lower than what was expected. This was mainly attributed to the
methods used to create our BHB solutions. At first, BHB-sodium was weighted to the nearest
milligram in a plastic container. The BHB-sodium powder was then transferred to a beaker, and
0,9% NaCl Saline solution was added. With the BHB-sodium powder having small grains, some
residue was left in the plastic container used for measuring. In addition, the volume of the BHB-

sodium was not accounted for when adding 0,9% NaCl Saline solution.
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Several adjustments were made in the subsequent tests to reduce the disparity between

measured and expected concentration.

When creating the BHB solution, a larger solution was created to reduce any effects from
potential inaccuracies in the weighting. The BHB-sodium was added directly to a graduated
cylinder, and saline solution was carefully added until the correct volume was observed. The
cylinder was periodically placed on a shaker while adding the saline solution to ensure the full
dissolvement of BHB-sodium. These adjustments yielded significantly closer measured

concentrations to the expected ones.

4.3.6 Invivo imaging to measure NF-kB activity.

NF-xB activity in LPS-treated C57BL/6 mice has been shown to be fluctuating over time.
Sakai and colleagues found that when treating C57BL/6 mice with LPS, nuclear translocation
of NF-«xB occurred within 10 min and that the activity reached its peak at 25 min past LPS
stimulation. Following the first peak, a second and third peak was observed approximately 80
& 160 min later (Sakai et al., 2017).

This fluctuation in NF-kB activity could be a problem when wanting to examine the strength of
the NF-kB activity. However, it was not of concern in our Luc2-reporter mice. Luciferase is a
cytosolic protein, meaning the NF-«kB regulated synthesis of luciferase occurs relatively
quickly. Luciferase also has a half-time of around 160 min (Heo et al., 2019). This means that
LPS-stimulated NF-xB activation results in a relatively quick synthesis of luciferase that

accumulates over time.

The in vivo images taken at two and four hours does therefore not show a snapshot of the NF-
kB activity but instead gives an indication of the overall activity up to the time the in vivo
imaging is done. Theoretically, any impact on the NF-«B activity happening in the first two
hours, is expected to be reflected in the data from in vivo imaging at two hours. Similarly, any
impact on the activity during the last 4-hour period is expected to be observable in the in vivo
image taken at four hours, with NF-kB activity during the first 2 hours having less impact due

to luciferase degrading over time.
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4.3.7 Cytokine Profiling

4.3.7.1  Excluding datapoints

During cytokine profiling, some cytokines were not detected due to the bead number being too
low in the well. When the bead number was under a certain value, the cytokine concentration
would not be calculated and instead be reported as error (OOR <). These data points were then
excluded from any further analysis.

While equal sample size in every group is not an assumption made in ANOVA, sample size
does play an important role when examining significant differences. With a sample size of six
or seven in each group, any excluded samples have a relatively big impact. Generally, a bigger
sample size is preferred as the variability of sampling distribution tends to decrease and analyses
become more statistically significant. In other word, there is less chance our results happened
by coincidence. By also excluding samples with concentrations too low to calculate, we are
excluding samples that likely would have had low concentrations, further impacting the data.

To avoid this, concentrations with error (OOR<) could have been changed to the lowest
quantifiable concentration instead of being excluded. The use of parallel samples is also
something that could reduce the risk of samples with quantifiable data points. The use of parallel
samples was discussed, but due to the number of samples measured, there were not enough

reagents and purchasing another set of ProcartaPlex kits was not within the budget.

4.3.7.2  The matrix effect

When extracting blood for cytokine profiling, an uneven amount of blood was extracted from
each mouse. This caused each blood sample to be diluted differently by the EDTA already
added to each syringe. Our solution was to adjust for this difference in dilution. After extracting
plasma from the blood samples, both the plasma and red blood cells were measured. Based on
some rough calculations and an assumption that EDTA would remain in the supernatant
(Plasma), the values were adjusted according to the EDTA dilution. While the goal of this was
to minimize any effects of the different dilutions, these adjustments introduced even more

uncertainty through something called the matrix effect.
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When performing IL-6 cytokine profiling on different dilutions, an effect called the matrix
effect occurred (Figure 4.1). The matrix effect happens due to biological samples haveing many
components, such as proteins, carbohydrates, and phospholipids, that interfere with the binding
of the antibodies. Therefore, more diluted samples often lead to better binding affinity, and
hence it is often smart to map the matrix effect before doing the final analysis. Figure 4.1 shows
the 1L-6 concentration measured from different dilution series of six samples. The measured
IL-6 concentration increased significantly until the samples were diluted by a factor of 16.
Dilutions of I1L-6 past a factor of 16 did not affect the result nearly as much as the dilutions did

up to 16.

In practice, this means that samples with different dilutions often result in different
concentrations. Without mapping the matrix effect, the results should not be used to confirm
absolute values. Checking the matrix effect for every single cytokine is both expensive and
time-consuming, however if all the samples are diluted by the same factor, the results can be
used comparatively.

Measured IL6 concentrations using diffrent dilution factors

75000 -

Mouse
1
1 F&T

- 3

\/ —+ 2FaT

3
3F&T

50000 -

Measured concentration [pg/ml]

25000 -

0 20 40 60 20 100 120 140 160 180 200 220 240 260
Dilution factor [F]

Figure 4.1 — Measured IL-6 concentration using different dilution factors [F]:

Samples from three different mouse (1,2 & 3). F&T is noted on samples that were frozen with liquid
nitrogen and then thawed again. No significant difference in how the samples behaved can be observed.

As mentioned, a varying amount of blood was extracted from each mouse. While most blood

samples were around 500-600 L, the total sample size ranged from 50-900 pL. This led to a
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wide spectrum of dilutions. It is impossible to determine how the different dilutions is affected
by the matrix effect, and therefore any conclusion drawn from the cytokine profiling must be

met with some skepticism.
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5 Summary and conclusion

No data supporting the hypothesis that BHB acts anti-inflammatory was found. No reduction
in IL-1B or IL-18 concentration indicates that our BHB injections were not able to inhibit
NLRP3i activation at a significant level. Measured NF-xB activity showed no significant
difference between the groups. Therefore, the hypothesis that BHB could reduce inflammation
due to the phosphorylation of NF-kB-subunits or by binding to GPR109a could not be
confirmed. Instead, a significant gender difference in NF-«kB activity was found. Additionally,
a linear dose-dependent relationship between the amount of BHB injected and I1L-10 and 1I-6

concentrations were observed.

6 Future perspectives

While no data confirming the hypothesis was found, it raised several interesting questions. The
use of different or additional BHB salts could give valuable data when investigating the
potential impacts of introducing a huge influx of Na*. With literature suggesting Na* influx as
a mechanism able to activate NLRP3i, any BHB injections involving Na* should be avoided

when investigating BHBs anti-inflammatory properties.

To further investigate any potential alkalosis or hypernatremia caused by BHB injections. PH-
values in blood and circulatory Na* should be measured at several time points following bolus
IP injections of BHB. This could help determine if it was indeed the sodium in BHB-sodium

that caused the discomfort observed when injecting higher doses in the mice.

With the data clearly showing a significant gender difference observed in NF-xB activity, the
use of only one gender could reduce this variance by eliminating any variance caused by a
difference in gender. Less variance results in a higher chance of significant findings. Increasing

the sample size to further reduce variance is another suggestion for any further studies.
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Appendix 1 — Materials and instruments

Chemicals and reagents

Chemical nhame

Obtained from

Catalogue No.

DL-B-hydroxybutyric acid sodium salt
Ethylenediamine tetraacetic acid
Lipopolysaccharide (Escherichia coli O55:B5)
IsoFlo® Vet. (Isoflurane liquid form)
D-Luciferin Firefly

Zoletil Forte

Rompun Vet. (Xylazin)

Fentadon Vet. (Fentanyl citrate)

Kits

Kit name

Sigma-Aldrich, Missouri, USA
Sigma-Aldrich, Missouri, USA
Sigma-Aldrich, Missouri, USA
Zoetis Belgium S.A, Belgium
Biosynth, Switzerland

Virbac, Norway

Bayer Animal Health, Germany

Dechra Veterinary Producs AS,
Norway

Obtained from

H6501
03690
L2880
002185
L-8200

Catalogue No.

D-3-hydroxybutyric acid assay kit

IL-1 beta Mouse ProcartaPlex™ Simplex Kit
IL-6 Mouse ProcartaPlex™ Simplex Kit
IL-10 Mouse ProcartaPlex™ Simplex Kit
IL-18 Mouse ProcartaPlex™ Simplex Kit
INF gamma Mouse ProcartaPlex™

Simplex Kit

TNF alpha Mouse ProcartaPlex™
Simplex Kit

ProcartaPlex™ Mouse Basic Kit

NeoGen|Megazyme, Ireland

ThermoFischer, Massachusetts, USA

ThermoFischer, Massachusetts, USA

ThermoFischer, Massachusetts, USA

ThermoFischer, Massachusetts, USA

ThermoFischer, Massachusetts, USA

ThermoFischer, Massachusetts, USA

ThermoFischer, Massachusetts, USA

K-HDBA

EPXO01A-
26002-901

EPXO01A-
20603-901

EPXO01A-
20614-901

EPXO01A-
20618-901

EPX01A-
20606-901

EPXO01A-
20607-901

EPXO01A-
20440-901
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Instruments and software

Product Obtained from Software
FreeStyle Precision Neo Abbot Norge AS, Norway =
IVIS Lumina Il PerkinElmer, Massachusetts, USA Living Image®

XGI-8 High-Flow vaporizer
Bio-Plex 200

SpectraMax M2e

Manuals

Product

PerkinElmer, Massachusetts, USA
Bio-Rad, California, USA

Marshall Scientific, Hampton, USA

Manual (URL)

Bio-Plex Manager
Software 6.1

SoftMax Pro 7.1

Megazyme Assay Protocol

Bio-Plex 200 System
Hardware Instruction Manual

Bio-Plex Manager Software
6.2 User Guide

https://www.Megazyme.com/documents/Assay Protocol/K-

HDBA DATA.pdf

https://rai.unam.mx/manuales/umyp Manual Bioplex.pdf

https://www.bio-

rad.com/webroot/web/pdf/Isr/literature/10022815.pdf
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Appendix 2 Additional data

Raw data from Cytokine profiling

Gender

Male
Male
Male
Male
Female
Female
Female
Female
Female
Female
Male
Male
Male
Male
Female
Female
Male
Male
Male
Male
Male
Male
Female
Female
Female
Female

Cage
ID
326

326
326
326
325
325
325
325
325
325
327
327
303
303
343
343
309
309
309
306
306
306
307
307
307
307

Age
(Weeks)
17

17
17
17
17
17
17
17
17
17
17
17
21
21
21
21
21
21
21
21
21
21
21
21
21
21

Group

Control
High
Medium
Low
Control
High
Medium
Low
Control
High
Medium
Low
Control
High
Medium
Low
Control
High
Medium
High
Medium
Low
Control
High
Medium
Low

BHB given
(milimol/Kg)

0
15
10

5

0
15
10

5

0
15
10

5

0
15
10

5

0
15
10
15
10

5

0
15
10

5

IFN
gamma
329,84

166,06
41,92
75,1

39,41
77,07
75,94
34,58
135,18
418,44
371,47
300,63
121,62
198,72
177,46
96,78
320,35
161,72
332,73
255,29
178,55
90,44

51,38
39,09

TNF
alpha
196,44
237,78
31,57
50,56

72,83

89,86
175,33
410,78

62,12
135,03
247,56

35,71
123,12
230,88

105,7
185,97

50,56

105,7

330,89
248,53

IL6

126951,77
361151,22
89431
42714,62

200185,21
132142,16
188600,57

40897,65
229969,13
289457,98
322328,15

46717,26
180511,93
115875,39

30630,16

52992,82
323519,14
128443,07
211520,37
124206,35
110713,25

57180,54

48373,42

IL1
beta
38,54
43,25
15,75
28,56

24,54
18,83
32,41

43,25
39,74
86,24
30,5
15,75
65,12
24,54
4,5
62,5
16,54
29,86
18,83
15,75
36,73

18,83

IL10

328,85
2314,75
1043,74

370,08

1009,75
622,83
1571,61
317,5
1678,42
551,9
347,66
429,13
640,44
526,87
121,51
259,93
2348,08
436,45
1564,92
271,57
244,31
355,15

483,69

72



Cytokine profiling: Additional figures

Observed IFN-y concentrations
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Observed TNF-a concentrations
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Observed IL-10 concentrations
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Raw data from /n vivo measuring of NF-kB activity

Mouse
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Gender

Male
Male
Male
Male
Female
Female
Female
Female
Female
Female
Male
Male
Male
Male
Female
Female
Male
Male
Male
Male
Male
Male
Female
Female
Female
Female

Cage Age
ID (Weeks)
326 17
326 17
326 17
326 17
325 17
325 17
325 17
325 17
325 17
325 17
327 17
327 17
303 21
303 21
343 21
343 21
309 21
309 21
309 21
306 21
306 21
306 21
307 21
307 21
307 21
307 21

Group

Control
High
Medium
Low
Control
High
Medium
Low
Control
High
Medium
Low
Control
High
Medium
Low
Control
High
Medium
High
Medium
Low
Control
High
Medium
Low

BHB given
(milimol/Kg)

15
10

wn

15
10

15
10

(8]

15
10

(8]

15
10
15
10

15
10

Avg
radiance
Liver 2H

1,88E+06
1,56E+06
6,88E+05
3,03E+06
6,66E+05
2,15E+05
8,51E+05
5,41E+05
6,85E+05
6,23E+05
8,26E+05
8,30E+05
1,17E+06
1,25E+06
5,17E+05
9,39E+05
1,53E+06
1,90E+06
1,96E+06
2,61E+06
9,98E+05
1,62E+06
1,26E+06
1,13E+06
1,12E+06
1,15E+06

Avg
radiance
Liver 4H

5,45E+06
1,57E+07
5,84E+06
6,00E+05
1,73E+06
2,93E+06
3,26E+06
1,69E+06
1,51E+06
5,57E+05
8,73E+06
2,95E+06
2,58E+06
6,61E+06
1,68E+06
2,28E+06
3,82E+06
8,46E+06
9,84E+06
1,49E+07
4,87E+06
4,07E+06
2,81E+06
1,01E+06
3,23E+06
2,65E+06

Avg
radiance
Abdomen
2H
2,03E+05
1,93E+05
1,48E+05
2,28E+05
2,59E+05
7,05E+04
2,31E+05
1,70E+05
2,51E+05
4,26E+05
1,21E+05
1,63E+05
1,71E+05
1,80E+05
1,94E+05
3,36E+05
1,37E+05
1,85E+05
2,02E+05
1,50E+05
2,27E+05
3,08E+05
5,08E+05
2,70E+05
2,01E+05
3,08E+05

Avg
radiance
Abdomen
4H
2,74E+05
9,41E+05
5,08E+05
4,52E+04
3,64E+05
5,89E+05
5,64E+05
4,25E+05
7,29E+05
2,69E+05
7,58E+05
3,27E+05
3,39E+05
7,74E+05
4,53E+05
5,80E+05
2,10E+05
3,68E+05
3,91E+05
5,49E+05
5,25E+05
3,88E+05
8,12E+05
1,53E+05
3,79E+05
4,54E+05
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In vivo measuring of NF-kB activity: Additional figures

Nf-kB activity measured from ROI 1 at 4 hours
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NF-kB activity (photonss/s)/(cm” 2/sr)

Nf-kB activity measured from ROI 2 at 4 hours
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