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Abstract

Individuals living with depression and anxiety show systemic increases of the bacterial
endotoxin lipopolysaccharide (LPS), which induces an inflammatory cascade, resulting in negative
effects across the gut-brain axis (GBA). LPS administration in mice has previously been used as a
rodent model of depression/anxiety. Flaxseed (FS) contains key bioactives, including an omega-3
fatty-acid, dietary fibre, and a poly-phenolic compound which all may attenuate the effects of LPS
through modulation of the GBA. The objectives of this thesis were to examine the effects of LPS
on the GBA in C57BI/6 mice and to determine if dietary supplementation with FS and/or FS oil
(FO) provided protection against the LPS challenge. The LPS-induced negative effects across the
GBA were partially attenuated by dietary supplementation with FS, but not FO, through changes
in microbiota composition/function and systemic-/neuro-inflammation. Therefore, the potential

benefits of FS are independent of the oil or are synergistic of all bioactives.
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Chapter 1. Introduction

The burdens of mental illnesses (e.g. depression, anxiety) are estimated to cost roughly $51
billion per year to the Canadian economy?. While approximately half of the economic burden to
Canada is due to healthcare costs associated with mental illness, the remaining half is comprised
of factors including decreased quality of life, and decreased work productivity'2. In 2017 it was
estimated that 1 in 10 Canadians aged 15-24 were experiencing some form of depression?, while
2.5% of Canadians over the age of 15 reported symptoms common in generalized anxiety
disorder®. Importantly, over the COVID-19 pandemic, mental health has been further deteriorated®,
implying an increased need for both systematic and scientific intervention.

Depression and anxiety, linked through common co-morbidity®, are associated with an
increase in inflammation in the brain (henceforth, neuroinflammation)”°. Neuroinflammation can
arise from various sources (e.g. stress, infection), and results in an increased activation of
microglia, thus producing pro-inflammatory cytokines (e.g. IL-1B, TNF-a, IL-6)°. This has been
further linked to changes across the gut-brain axis (GBA), which refers to the bi-directional link
between the gastrointestinal tract and the central nervous system (CNS):12. This gut-brain
connection is highlighted by the co-morbidity of mental (i.e. depression, anxiety) and intestinal
illnesses (i.e. ulcerative colitis, abdominal pain, diarrhea)*314. In individuals living with depression
or anxiety, there is a proposed connection between dysbiosis of the gut microbiota and
neuroinflammation in the brain'®, emphasizing the microbiota-gut-brain axis (MGBA)%. Despite
many hypothesized interactions between the GBA'/, this thesis will be focusing on communication
through the bacterial endotoxin lipopolysaccharide (LPS).

LPS is a component of the cell wall of Gram-negative bacteria, and is increased in the

plasma of individuals living with depression or anxiety*®. Consequently, in humans, endotoxin



(LPS) administration has been established to induce depression'®, with one instance of endotoxin-
induced anxiety?. The implication of LPS is far greater than depression and anxiety alone, as it is
also increased in neurodegenerative diseases such as Alzheimer’s?!, and Parkinson’s?>?3, Thus,
attenuating the impact of LPS on the GBA may be important in attenuating mental illnesses and
neurodegenerative diseases. Diet is an important factor when discussing mental illnesses since
poor nutrition has been identified as a potential confounding factor in these disorders?+?. In this
thesis, 1 will be investigating the potential benefits of dietary supplementation with flaxseed (FS)

and flaxseed oil (FO) on the GBA in LPS-challenged mice.



Chapter 2. Literature review

2.1 LPS and its role in inflammation

Bacterial LPS is commonly extracted from members of the Enterobacteriaceae family,
primarily E. coli and Salmonella as their outer membranes are comprised of roughly 75% LPS?,
Different serotypes of LPS may induce alternative effects on inflammation?’, however the general
mechanism remains the same. LPS is the ligand for toll-like-receptor-4 (TLR-4), the binding of
which induces an innate immune response through the NF-xB pathway?® (Figure 1). Briefly,
following the LPS/TLR-4 binding, there are two potential pathways: MyD88-dependent and
MyD88-independent. The MyD88-dependent pathway involves production of pro-inflammatory
cytokines (IL-1B, TNF-a, IL-6) both through NF-«B activation and other pathways. The MyD88-
independent pathway involves the production of type 1 interferons (e.g. IFN-B). Importantly, the
anti-inflammatory cytokine IL-10 can be produced through either of the above pathways either

through TNF-o. 2° or through 1L-27%,

LPS o
|

TLR4

: .er. Cal il

-

|
MyD88 dependant I MyD88 independant )

pathway pathway
Pro—inﬂamrnatory Type1 Interferons
cytokines (e.g IFN-B)
BT Shankka
_:t_;ﬁ er;?,m;‘rm l' L-26
*TNF-a — |L-10
Alexander et al,, 2021/ _ J

Figure 2-1. Downstream pathways following binding of LPS to its receptor TLR4
Figure adapted from?2,



Similar to the effects of LPS administration in humans'®, LPS administration in murine
models is established to induce negative effects in the brain 313 and systemically3336, The effects
of LPS administration on the gut have not been examined in a human context, however in murine
models, there are known negative effects on the gut®’-3°, however the effects on the gut microbiota
are still underexplored*®4%, The majority of studies investigating the effects of LPS on aspects the
GBA have been conducted with in vivo and in vitro rodent models, and thus will be the focus of

this literature review.

2.2 LPS and the microbiota, intestinal inflammation and barrier integrity

2.2.1 The role of the gut as the source and target of LPS

A dysbiotic intestinal microbiota has been observed in individuals living with mental
illnesses suggesting a possible target site for therapeutic interventions*?. Importantly, a fecal
transplantation study (transferring feces from individuals living with depression to microbiota-
deficient rats) showed an increase in depressive- and anxiety-like behaviours, linking mental
illness to gut dysbiosis*3. Microbial dysbiosis is defined as an imbalance of the gut microbiota, and
generally refers to a decrease in commensal or beneficial microbes and an increase in harmful or
inflammatory microbes*, which is highly relevant in relation to the co-morbidity of gut and brain
diseases®®. A dysbiotic microbiota often displays reduced diversity, specifically, a- and B-
diversities. a-diversity is described as the species richness (number of different microbial species)
and/or evenness (distribution of microbe abundance)®. R-diversity is defined as the change in
diversities between samples/environments®. Inflammation in the intestine results in microbial

dysbiosis driven by increased abundance of Enterobacteriaceae for example*®#’, resulting in



increased presence of LPS within the gut. This increased LPS can cause damage to the epithelium,
resulting in an increase in intestinal permeability and systemic inflammation“,

There is also evidence that LPS can influence the microbiota composition. For example, in
one study, an intraperitoneal (i.p) LPS administration in male C57BI1/6 mice induced a decrease in
a-diversity, along with significantly different B-diversity*!. This LPS-induced microbial dysbiosis
was also associated with specific microbial changes, such as decreased abundance of
Actinobacteria and Firmicutes and increased abundance of Alloprevotella and Butyricimonas®..
Another study in hamsters suggested that the impact of i.p LPS on the immune system are
independent of the gut microbiota?®, however, this may be related to the different sources of LPS;
E. coli*! vs Salmonella enterica®. A third study involving i.p LPS (from E. coli) in piglets also
showed a decrease in o-diversity and a significant difference in B-diversity, highlighted by
increases in Enterobacteriaceae and decreases in Clostridium and Lachnospira®®. Taken together,
there is some evidence of an effect of i.p LPS on the gut microbiota in mice and piglets, however

there is limited overlap in specific taxonomic changes, likely related to species differences.

2.2.2 Implication of LPS in intestinal health

In avariety of animal models, i.p LPS has been shown to negatively impact intestinal health
through factors such as intestinal barrier integrity, morphological changes, and inflammation.
Intestinal barrier integrity is a critical measure of intestinal health, since when permeability is
increased, there may be an increased paracellular translocation of immune-stimulating and
potentially pathological bacterial metabolites and endotoxins (i.e. LPS)%C. Tight junctions (TJ) are
regulators of paracellular transport, and generally force nutrients and ions to cross through
transcellular mechanisms®. Studies in in vivo models (mice, rats, piglets) show that i.p LPS

decreases both the protein373849.51-53 and gene3® expression of TJs (occludin, claudin and zonula-



occludens-1 (ZO-1)) in the colon and small intestine. TJs are affected in a TLR-4 dependant
manner (expressed on the basolateral surface of enterocytes®*) through activation of the MyD88-
dependant pathway®°. The MyD88-dependant pathway results in an increase of pro-inflammatory
cytokines as described above (section 2.1) (i.e. IL-1B, TNF-a, IFN-y, IL-6), which have all been
documented to be increased following i.p LPS in a variety of models3849.51,56-58,

The importance of the gut, specifically the microbiota and intestinal health have been
outlined here as important in the response to LPS. These changes discussed, including the altered
microbiota, and increased intestinal permeability, may suggest an increase in systemic
inflammation through increased translocation of LPS across the gut barrier. Therefore,
interventions which may attenuate the negative effects in the gut may result in benefits across the

GBA to attenuate neuroinflammation and mental health disorders.

2.3 Acute and chronic systemic immune responses to LPS

Systemic inflammation is an important aspect of mental illness®*%, especially as a meta-
analysis described an association between systemic inflammation and depressive symptoms across
15 studies®’. Consequently, i.p LPS is well established to induce systemic inflammation36:62-64,
For example, 6-8 week old male CD-1 mice were subjected to a single i.p injection of LPS, and
there was evidence of increased pro-inflammatory cytokines (IL-1B, TNF-a) in the serum 28-
hours post-injection®*. To examine the more acute impact of i.p LPS on systemic inflammation, 6-
8 week old CD-1 male and female mice were given a i.p injection of 1 mg/kg LPS, then euthanized
2 hours post-injection®. They found increased splenic concentrations of IL-18, TNF-a and IL-6,
indicating an increase in systemic inflammation, which was further increased in the male mice
compared to female mice. Similarly, in 8 week old C57BI1/6 male mice, they found an increased in

serum TNF-a 1-hour following 3 mg/kg LPS i.p injection®. This increase in systemic



inflammation is a result of monocyte activation®, through mechanisms described previously
(Section 2.1). Therefore, i.p LPS induces systemic inflammation as measured by serum and splenic
cytokines. This increase in systemic inflammation may be linked to an increase in
neuroinflammation36:67.68 highlighting the importance of interventions that may attenuate these

LPS-induced negative effects systemically and in the brain.

2.4 Neuroinflammation and the effects of LPS on the brain

Neuroinflammation is highly relevant when discussing mental illnesses, specifically
depression and anxiety. Many brain regions are potentially implicated in mental illnesses, but of
most relevance in this thesis are the hippocampus (HIP) and the prefrontal cortex (PFC), both of
which are implicated in depression®®7? and anxiety’>’2. The established effects of i.p LPS injection
on the brain include the induction of neuroinflammation, generally characterized by an increase in
pro-inflammatory cytokines (i.e IL-1B, TNF-a) in the HIP and PFC3%33.7374 To elaborate, in one
study, 8 week old C57BI/6 male mice were given an i.p injection of 1 mg/kg LPS and euthanized
~26 hours post-injection, and there was evidence of increased IL-1p and TNFa in the frontal
cortex, and increased IL-1B and IL-6 in the HIP"3. In aged (2-years old) C57BI/6 male mice, an i.p
injection of 0.15 mg/kg LPS increased IL-1f, TNF-a, IL-6 and IFN-y 24-48 hours post-injection
in the HIP and PFC3., Thirdly, a study with male Sprague-Dawley rats involved chronic i.p LPS
(0.5 mg/kg every 2 days for a total of 7 injections), and 48-hours after the last injection, there was
evidence of increased IL-1B, TNF-a and IL-6 in both the HIP and PFC"4. These pro-inflammatory
cytokines are produced by glial cells within the brain (i.e. astrocytes and microglia)’ following
binding of LPS to TLR-4 (enriched in microglial cells)’®’". Importantly, LPS has been shown to

increase blood brain barrier (BBB) permeability®*3578 which could lead to increased LPS



translocation into the brain, increased presence of systemic-derived cytokines in the brain, and
increased microglial activation. The specific role of microglia in mental illnesses are still
controversial but there could be relations to microglia-neuron interactions™ and the kynurenine
pathways®, but these are out of the scope of this thesis. Therefore, LPS effectively induces
neuroinflammation, a symptom characteristic of depression/anxiety’=°, suggesting a requirement

for therapeutics to alleviate the LPS-driven effects across the GBA.

2.5 Diet as potential modulator of LPS effects on the GBA: Flaxseed as a target food

2.5.1 Flaxseed and its components

Flaxseed (Linum usitatissimum) (FS) is an oilseed comprised of 40% oil (~40g/100g), over
half of which is the n3-polyunsaturated fatty acid (n3-PUFA) a-linolenic acid (ALA) (50-62%),
25-30% dietary fibre, and 1-2% polyphenolic lignan , secoisolariciresinol diglucoside (SDG) 812,
Each of these individual bioactives have anti-inflammatory and/or antioxidant effects as described

in this section, and can modulate aspects of the GBA, such as the gut microbiota.

2.5.2 Role of n3-PUFAs on the gut microbiota composition and function

Omega-3 fatty acids, or n3-PUFAs as described henceforth, are long-chain fatty acids that
have are associated with various health benefits®3. There is evidence that n3-PUFAs can modulate
the gut microbiota composition. Increased microbial a-diversity has been observed in some
studies®4®5, with microbial B-diversity commonly changed®+#°. Although there are differences
based on model, sex, dose etc., there are consistent increases in Bacteroidetesd486:87
Lactobacillus®+-8, and Lachnospiraceae®* 8, and decreases in Firmicutes®® 28 These studies

involved supplementation with fish oils which include the n3-PUFAs eicosapentaenoic acid (EPA)



and docosahexaenoic acid (DHA). FS derived n3-PUFAs, specifically ALA, can be converted into
DHA and EPA within the body (Figure 2). Despite low conversion rates of ALA to EPA and DHA
(0.2-7%) dependant on factors such as species, dose, age and sex %%, there remains evidence that

FS oil (FO) can also modulate the diversity and composition of the intestinal microbiota.
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Figure 2-2. Metabolism of ALA into EPA and DHA.
An asterix suggests a rate-limiting step.

To elaborate, female C57BI/6 mice fed with 3.67% FO for 3 weeks showed no change in
a- nor B- diversity, however there were a few specific taxonomic changes such as increased
Parabacteroides and Deferribacterales®. In another study, C57BI/6 male mice fed high fat diets
supplemented with 18.4% FO (45% energy from fat, 35% energy from FO) (~552mg/day for 8
weeks), demonstrated both significantly increased o-diversity, a clear difference in B-diversity,
decreased levels of Firmicutes and Clostridiales, and increased levels of Allobaculum and
Coreobacteriaceae®®. FO supplementation has also been shown to decrease Firmicutes and
increase Bacteroidetes in a mouse model of diabetes mellitus®®.

Only one study to date has examined the effects of n3-PUFA supplementation on tight
junctions in the gut. In this study, following induction of intestinal dysbiosis by ceftriaxone

sodium, mice were given a daily gavage of either 30, 60 or 90 mg of n3-PUFAs for 3 weeks, and



the 90 mg administered mice had increased occludin (tight junction protein) in the ileum,
suggesting a beneficial impact on the integrity of the barrier®®. Therefore, mechanistically FO may
have beneficial impacts on the gut integrity and the microbiota community composition, which

may attenuate the negative effects induced by LPS.

2.5.3 Implication of n3-PUFAs on systemic inflammation

As highlighted in section 2.1, when LPS translocates across the gut barrier, there is an
increase in systemic inflammation. With the potential increase in gut barrier integrity with n3-
PUFAs (section 2.5.2), this may relate to a decrease in systemic inflammation due to a decrease in
LPS crossing the gut barrier. To elaborate on this link, in the study investigating different doses of
n3-PUFAs in the previous section, they also found that the 90 mg dose was sufficient to decrease
serum IL-1pB, TNF-a and increase 1L-108. Another previously described paper with 1% EPA or
DHA supplementation, found a decrease in serum LPS which highlights the potential benefits of
n3-PUFA supplementation®. With FO supplementation, studies have shown potentially anti-
inflammatory effects® %8, For example, one study used a post-partum model of depression in
Sprague-Dawley rats, and found that FO supplementation (43.2 mg/day for 15 days) decreased
serum IL-1B, TNF-a and IL-6, suggesting an anti-inflammatory effect of FO%. Another study
using Sprague-Dawley rats with drug (streptozotocin-nicotinamide) induced diabetes, showed
decreased plasma concentrations of these same cytokines with 10% FO supplementation®.
Therefore, n3-PUFAs may have beneficial anti-inflammatory effects systemically, which may

attenuate the LPS-induced systemic inflammation.
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2.5.4 Role of n3-PUFAs in modulating neuroinflammation

In relation to the potential benefits on the gut, n3-PUFAs are also characterized by having
beneficial effects in the brain. The fish oils, EPA and DHA, are well characterized to combat the
negative effects of i.p LPS in the brain3.7374%, The study in aged C57BI/6 mice (section 2.4.1)
also involved supplementation of 50ul of fish oil daily for 26 weeks, and resulted in decreased IL-
1B, and TNF-o. in both the HIP and PFC3L. A study in 8-week old C57BI/6 male mice gave mice a
daily gavage of 50 pl of fish oil for 2 weeks followed by i.p injection of LPS (Section 2.4.1), and
again there was significant attenuation of IL-1B, TNF-a and IL-6 in the frontal cortex and HIP"3.
A study from the same group following the same experimental design (measuring different
outcomes aside from inflammation) demonstrated the same findings (decreased IL-1f, TNF-a, IL-
6)%. Lastly, a study in Sprague-Dawley rats (Section 2.4.1) had supplemented their mice with 1.5
g/kg of fish oil per day for 3 weeks (2 latter weeks overlapping with LPS challenge), and they
found decreased IL-1pB and IL-6 in both the PFC and HIP"4. Importantly, none of these studies
discuss attenuation of inflammation in the serum. Therefore, current research has shown that fish
oil derived n3-PUFAs have anti-inflammatory effects in the brain, however no study to date has
examined the anti-inflammatory potential of FO. Nonetheless, these positive effects on the HIP

and PFC may translate to potential therapeutic effects of n3-PUFAs with respect to mental illness.

2.5.5 FS fibre and gut microbiota composition and function

FS fibre is rich in fermentable non-digestible carbohydrates and is comprised of roughly
2/3 insoluble and 1/3 soluble fibre!®. This fibre is primarily digested in the large intestine where
it is fermented into short chain fatty acids (SCFAs) such as acetate, butyrate and propionate!®! by

intestinal commensal bacteria'®. Many taxonomic groups of bacteria are involved in fibre
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fermentation, notable groups include Bifidobacteria, Prevotella, Alistipes, Roseburia and
Lactobacillus amongst many others!%. SCFAs are associated with beneficial health effects, in
particular, anti-inflammatory effects via suppression of pro-inflammatory cytokines (e.g. IL-6,
TNF-a). Locally (in the gut), SCFAs have been described to help maintain intestinal barrier
integrity, and decrease inflammation®* through binding to G protein-coupled receptors (GPRs),
specifically GPR 41 and 43 which results in decreased inflammatory effects'%. There has not been
much research on the isolated effects of FS fibre, however one study has shown that FS fibre is
capable of modulating the gut microbiota compared to a high fat diet shown by changes in -
diversity, and increasing certain taxonomic groups such as Actinobacteria, Verrucomicrobia,
Bifidobacterium, Lactobacillus'®. They also noted increased butyrate with FS fibre
supplementation, but no effect on the other SCFAs'%, Other studies using in vitro models of fibre
fermentation show that FS fibre effectively increases SCFA levels'®1%, The primary function of
interest of the gut microbiota with respect to fibre supplementation is SCFA production, which is
shown to be increased with FS fibre supplementation. Therefore, dietary fibre is an important
aspect of FS, as it can modulate the gut microbiota, and increase SCFA concentrations which could

potentially attenuate systemic- and neuro-inflammation.

2.5.6 FS fibre and systemic-/neuro-inflammation

The relationship between dietary fibre and the brain may be related to the production of
SCFAs, which specifically attenuates microglia activation/function?®®11, SCFAs that reach
systemic circulation can cross the BBB through monocarboxylate transporters (MCTs), after
which they have widespread beneficial effects such as reduced inflammatory signaling by glial

cells and increasing the BBB integrity’%*. In a study where butyrate was given as a pre-treatment
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to LPS-exposed rat primary microglial and hippocampal slice cultures, butyrate successfully
prevented the LPS-induced inflammation, thus suggesting that in vitro, butyrate could attenuate
neuroinflammation®*2, This was verified by an in vivo study which showed a significant attenuation
of LPS-induced inflammation in aged Balb/c mice given butyrate supplementation!®. Although
no study has explicitly examined the effects of FS fibre on either systemic or neuroinflammation,

we can extrapolate from the known benefits of SCFA.

2.5.7 FS-derived SDG and the gut microbiota composition and function

FS is the richest source of the plant lignan secoisolariciresinol diglucoside (SDG)
consisting of ~1g/100g FS depending on the cultivart!4. The effects of SDG on the fecal and cecal
microbiota have been examined in female C57BI/6 mice®. The mice received 0.15% SDG dietary
supplementation (physiologically relevant dose) for 3 weeks, and at the surface level there were
no differences in a- nor B- diversity, although there was increased abundance of Mucispirillum and
Ruminococcus. Interestingly, short-term (10 days) oral administration of a synthetic version of
SDG (LGM2605) further altered the cecal microbiota shown by changes in B-diversity®.
LGM2605 induced changes at the phylum level by increasing Bacteroidetes and Proteobacteria,
and decreasing Firmicutes'*®.

The changes in microbiota composition also may relate to changes in microbiota function,
most abundantly through metabolism of SDG into its downstream metabolites enterolactone
(ENL) and enterodiol (END)%%6, SDG and its metabolites have been shown to have beneficial
effects on the cardiovascular system, mental stress, and have anti-diabetic and anti-cancer
effects!!®, The potential benefits of SDG may be more impactful in females since ENL and END

are phytoestrogens; compounds that can bind with the estrogen receptor®'’. Therefore, SDG is
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capable of altering the gut microbiota, and produces downstream metabolites which may induce

beneficial effects.

2.5.8 Role of FS-derived SDG on systemic-/neuro- inflammation

The effects of daily SDG (oral gavage, 1.2 — 4.8 mg/day) for 21 days were investigated in
chronically-stressed ovariectomized ICR mice, and determined that SDG was capable of reducing
proinflammatory IL-1B and IL-6 in the frontal cortex, suggesting an anti-inflammatory effect!!8,
Interestingly, a more recent study examined the effects of a single dose of SDG (4mg/mouse) on
LPS-induced blood brain barrier (BBB) permeability and TNF-a induced neuroinflammation in
mice, and showed that SDG is capable of attenuating LPS-induced BBB permeability and TNF-a-
induced immune cell infiltration across the BBB®. This increase in BBB integrity by SDG also
decreased the translocation of inflammatory signals to the brain, thus attenuating the
neuroinflammatory state®. These studies thus suggest an anti-inflammatory role of SDG in mice,
which could lead to attenuation of LPS-induced neuroinflammation. However, these studies
utilized a dose of SDG (4mg/mouse) that is more than the amount achievable from FS
consumption. Typically, in animal model FS is supplemented into diets at a level of 10% which is
equivalent to ~ 2 tablespoons per day for humans. This supplementation level of FS would deliver
approximately 0.3mg SDG/day/mouse. Therefore, although these studies are promising, it is still
unknown if SDG at concentrations achievable by diet could lead to the reduced neuroinflammation

and improved BBB integrity.
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2.5.9 The effects of whole FS on the gut microbiota composition and function

No studies have examined the effects of whole FS supplementation on the murine GBA,
however, one study demonstrated changes to the gut microbiota given 10% FS (~ 120 mg oil, 75
mg fibre, 4.5 mg SDG/day for 3 weeks) dietary supplementation in male C57BI/6 mice!®. Whole
FS-supplementation had no significant effect on the a-diversity, however the B-diversity was
significantly changed!!®. They found an increase in butyrate-producing bacteria (Roseburia), and
a near elimination of Akkermansia muciniphila (present in the mucus layer, and generally a
beneficial bacteria’?®). A similar study with 10% FS dietary supplementation in female C57BI/6
mice, showed an increase in a-diversity and significantly different B-diversity®*. Specific
taxonomic changes also include increased Roseburia and Lactobacillus and Coriobacteriaceae,
the latter two which may be indicative of sex-dependant effects.

In addition to the effects of FS supplementation on the gut microbiota, there was also
evidence of increased SCFA concentrations in male mice!'®, however there is no evidence in
female mice. Therefore, whole FS can modulate the mouse microbiota (both male and female),
increase SCFA production (male), which may suggest a potential benefit of FS dietary

supplementation across the GBA.

2.5.10 Role of whole FS on systemic-/neuro-inflammation

Although no studies have shown the effects of whole FS on the rodent GBA, one study has
shown anti-depressive/anxiolytic effects given FS supplementation. In a chronic stress study
supplementing Sprague-Dawley rats with either 10% FO (~ 750 mg oil/day for 4 weeks) or 20%
whole ground FS (~ 600 mg oil, 375 mg fibre, 22.5 mg SDG/day for 4 weeks), there was an

attenuation of depressive-like behaviours®’. These anti-depressive-like behaviours may be
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indicative of anti-inflammatory effects, however in this study they only examined the effects of
FS and FO on brain derived neurotrophic factor (BDNF) and discovered no significant effects. To
my knowledge, there are no studies investigating the effects of whole ground FS supplementation
directly on systemic or brain inflammation. The increase in ENL and END previously described
may be a key feature however, as in vivo analysis of human blood lymphocytes showed that ENL
and END decreased activation of the NF-xB pathway'?. Therefore, the effects of whole FS on the
murine GBA have yet to be thoroughly investigated with respect to the GBA, however there

remains potential for critical gut-brain communications.
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Chapter 3. Rationale, Hypotheses, and Objectives
3.1 Rationale:

Mental illnesses, specifically depression and anxiety are an increasingly growing problem
in Canada, highlighted in the past two years with the COVID-19 pandemic. These problems are
likely exacerbated by the lack of resources available, including the availability of family doctors.
Thus, the requirement for scientific interventions of mental illnesses is very high, which suggests
the need for an easily accessible option.

In a rodent model of depression and anxiety, specifically through i.p administration of LPS,
the effects on anxiety/depressive-like behaviours is variable between studies and is affected by
many factors including LPS source, dose, mouse strain, age, etc3141.73122123  Therefore, it is
important to validate the LPS response in C57BI/6 male mice. Additionally, there has not been
previous research investigating the involvement of the GBA in LPS-induced neuroinflammation,
specifically highlighting the potential link between LPS-induced gut dysbiosis and
neuroinflammation. Understanding these interactions will allow us to identify key therapeutic
targets for mental illnesses.

Diet has been indicated as a factor in mental illnesses in children and adolescents*?4. This
is highly relevant especially in young adults, who may just be starting to have some food
independency and choice. Health Canada’s food guide recommends eating more plant-based
foods, such as nuts and seeds and FS is a readily available crop in Canada, and has been shown to
beneficially alter the gut and the microbiota in C57BI/6 mice®*'°, FO has been shown to
beneficially alter systemic inflammation and depressive-like behaviours®. Therefore, FS may be
an accessible source of food which may attenuate some of the effects of mental illness across the

GBA.
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To date, no studies have examined the ability of FS and FO to attenuate depression/anxiety
via modulation of the GBA. Based on the evidence that fish oil can effectively attenuate LPS-
induced neuroinflammation (2.5.4), while purified FS fractions (FO (2.5.4) and SDG (2.5.8)) have
been shown to induce beneficial anti-inflammatory/anti-depressant/anxiolytic effects, this MSc
research thesis will determine the impact of whole ground FS and its purified FO on the mouse

GBA.

3.2 Overall Thesis Hypotheses

Based on the knowledge gaps identified in the literature review and rationale above, it is
hypothesized that:

1. Mice injected with a single dose of LPS (i.p) will develop symptoms of sickness and
anxious/depressive-like behaviours driven in part through modulation of the GBA
(microbial dysbiosis, and systemic and neuroinflammation).

2. Mice consuming FS- and FO-supplemented diets will display an attenuated response to
LPS, in part through modulation of the GBA (microbiota, systemic and
neuroinflammation)

3. Mice consuming diets supplemented with FS will have a greater attenuation of the LPS-
induced negative effects compared to mice consuming FO alone, due to the combined

effects of dietary fibre, lignans, and ALA-rich FO.
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3.3 Overall Thesis Objectives

To address my first hypothesis, in Study 1 I will

1. Examine the effects of an acute i.p administration of LPS in C57BI/6 male mice on the
GBA, including sickness and depressive-/anxiety-like behaviours, gut microbiota
composition, systemic inflammation, and HIP and PFC neuroinflammation.

2. Determine if there is a relationship between LPS-induced neuroinflammation and gut
microbiota dysbiosis by correlating changes in diversity and taxa abundances with
behaviours and inflammatory cytokine expression.

To address my second and third hypotheses, in Study 2 | will

1. Measure the LPS response (systemic inflammation, neuroinflammation, and sickness
behaviours) in mice fed control, FS or FO diets and determine the role of the gut microbiota
(composition and function) in the diet-induced effects.

2. Compare the outcomes of FS and FO on the LPS-induced negative effects to determine if

FS induces additive effects compared to FO.
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Chapter 4: The effects of i.p LPS on the GBA and depressive-/anxiety-like behaviours in
male C57BI/6 mice
4.1 Introduction

Mental illnesses are highly prevalent in Canada, with 50% of individuals by the age of 40
living with (or had lived with) a mental illness?, with the greatest representation in individuals
between the ages of 15-24%2°, The COVID-19 pandemic has further worsened mental health,
specifically depression and anxiety® indicating an increased need for systematic and scientific
intervention. Mental illnesses such as depression and anxiety, linked by common co-morbidity®,
are known to induce negative effects across the bi-directional gut-brain axis (GBA), highlighted
by dysbiosis of the gut'® and increased inflammation in the brain (neuroinflammation)’.
Similarly, mouse models of depression and anxiety such as the immune activation model, through
I.p injection of the bacterial endotoxin LPS, have been shown to induce negative effects across the
GBA41’65'73.

In the gut, i.p LPS in male piglets has been shown to negatively impact the gut microbiota
through decreased diversity and increased relative abundance of harmful bacteria such as E.coli*.
Systemically, i.p LPS in male CD-1 mice resulted in increased pro-inflammatory cytokines (IL-
1B, TNF-a) in the serum®, In the brain, many studies in male C57BI/6 mice highlight increased
pro-inflammatory cytokines in key brain regions implicated in depression and anxiety such as the
HIP and PFC3%7374, Despite the LPS-induced negative changes in the across the GBA, no study
has investigated the link between the effects of i.p LPS on the gut and the brain. Therefore, the
goal of this study was to determine if there is an association between LPS-induced
neuroinflammation and microbial dysbiosis to establish potential therapeutic targets for mental

well-being.
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In this study, we hypothesized that mice administered i.p LPS will exhibit characteristics
similar to depression and anxiety, highlighted by microbial dysbiosis, systemic, and
neuroinflammation and anxiety- and depressive-like behaviours. Consequently, the objectives of
this study were to 1) characterize the effects (microbiota, systemic and neuro-inflammation), and
phenotypic and behaviour responses of an acute LPS (i.p.) administration in C57BI/6 male mice;

and 2) Determine if there were relationships between the LPS-induced effects in the gut and brain.

4.2 Methods:

4.2.1 LPS preparation

LPS from Escherichia coli 026:B6 (Sigma, L3755-100MG) was dissolved in 0.9% sodium
chloride saline (Fresenius Kabi Canada, 02395150), to create a of 5 mg/mL stock solution. The
stock solution was aliquoted into DNAse, RNAse-free microcentrifuge tubes, and stored at -80°C
until needed. On the day of injection, one aliquot was removed from the freezer and diluted to 0.2

mg/mL with the 0.9% sodium chloride saline mentioned previously.

4.2.2 Animals and study design

Male C57BI/6 mice (5 weeks old) were purchased from Charles River, (Kingston, NY,
USA), and were acclimatized for 2 weeks on a modified, purified AIN-93G basal diet (BD) with
7% corn oil (see Table 3 for composition). The mice were individually caged with corn cob
bedding and cotton nesting material and had access to food and water ad libidum. The mice were
maintained on a 12 hr:12 hr light:dark cycle, with room temperature at 23°C, and humidity at 40%.
All experimental conditions were reviewed and approved by the uOttawa Animal Care Committee

(Animal use protocol: #HSe-2857-R3).
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Figure 4-1. Experimental design Study 1.

After acclimatization, 24 mice were randomized by BW into 2 experimental groups 1) LPS,
or 2) saline (SAL) and given an intraperitoneal (i.p.) injection of 1 mg/kg BW LPS or an equal
volume of SAL. The old nests were removed, and 2 new squares of nesting material were added
to the front of the cages. The mice were monitored at defined timepoints throughout the day to
measure i) sickness behaviours, ii) BW loss, iii) diet intake, and iv) nest building behaviours, as
described below. Twenty-four hours following injection, mice underwent two behaviour tests each
(one depressive-like and one anxiety-like), either the open field test (OFT) + splash test (ST), or
the elevated plus maze (EPM) + tail suspension test (TST), as described below. Forty-eight hours
following injection, the mice were euthanized by decapitation and blood and tissues were collected

and stored for later molecular analyses, as described below.

4.2.3 Analysis of Sickness behaviours

Sickness is the first response to systemic inflammation'?8, thus, sickness behaviours were
assessed as a potential primary outcome that could be attenuated by future dietary interventions. It
is also important to monitor the sickness of mice following LPS injection to ensure the sickness
does not coincide with the behaviour tests. In this study, three measures of sickness were assessed

i) Diet intake and BW loss, ii) sickness behaviour scores, and iii) nest building behaviours.
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4.2.3.1 Diet and BW measures:

Approximately 30 minutes prior to injection, BW and diet were weighed using an
electronic balance. The BW and diet remaining was weighed at 8-, 24-, and 48-hours post-
injection. Diet intake was calculated by Diet weight (pre-injection) — Diet weight (8-, 24- or 48-

hours post-injection). The percent BW change was calculated by (BW2-BW1)/BW1 * 100.

4.2.3.2 Sickness behaviour scores

Following the methods outlined by Kolmogorova et al., 2017, the mice were closely
monitored, and select sickness behaviours were recorded 30 minutes, 2, 4, 6, 8, 12, and 24 hours
post-injection. The behaviours measured include pilo-erection (hair standing up), lethargy (slow-
moving), ptosis (squinted eyes), and huddling (hunched back). The behaviours were scored based
on the presence (1) or absence (0) by two blinded observers, and the score for each mouse was

considered an average of both observers.

4.2.3.3 Nest building scores

Nest building is a natural behaviour for mice, and is said to estimate the integrity of
hippocampal functions??8, and is an indicator of sickness following LPS injection'?®. Immediately
before injection of LPS or SAL, the used cotton nesting material was removed and discarded. Two
new pieces of cotton nesting material were added to the front of the cage, and videos of the nests
were recorded 8- and 24- hours post-injection. The videos were scored by two blinded observers
with focus on 4 key attributes: i) nesting material shredding, ii) nest shape, iii) nest location, iv)

nest walls. The maximum score is 6.5. The scoring system is outlined in the appendix (Table S1).
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4.2.4 Anxiety-like behaviour tests:

4.2.4.1 Open field test:

The open field test (OFT) is often used to assess the fear of open spaces which is
reminiscent of anxiety-like behaviours'®, Mice were habituated in for a minimum of 30 minutes
at 100 lux in their home cage in a quiet room adjacent to the testing room. The light in the testing
room was set to 300 lux. A mouse was placed in the centre an empty white box with no lid (45cm
x 45 cm x 45 cm). The mice were automatically tracked using Ethovision XT 15 (Noldus) for 10
minutes, after which the mice were returned to their respective cages in their housing room. The
resulting data was analysed to determine the following: time spent in the centre of the box, time

spent in the corners of the box, total distance travelled, and latency to enter centre/corners.

4.2.4.2 Elevated Plus Maze:

The elevated plus maze (EPM) is characteristically used to assess exploratory
behaviours and the fear of open space, which are reminiscent of anxiety-like behaviours in
rodents®*!. The EPM apparatus has 2 perpendicular and intersecting platforms (~6cm wide and
~75cm in length) with an open space where they meet, and is set up ~74cm off the ground. Two
of the arms (1 cross-section) are open platforms, the other two arms were enclosed with ~20cm
tall walls. Prior to testing, the mice were habituated in the room adjacent to the testing room for a
minimum of 30 minutes at 100 lux in their home cage. A mouse was placed into the centre of the
EPM apparatus and were automatically tracked using Ethovision XT 15 (Noldus) for 10 minutes,
which determines time spent in the open vs closed arms, latency to enter each arm, and total
distance moved. Mice were then immediately returned to their respective home cage in their

housing room.
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4.2.5 Depressive-like behaviour tests

4.2.5.1 Splash Test:

The splash test (ST) is used to measure grooming (cleaning itself) which is reminiscent of
depressive-like behviours 132, Mice were habituated in their cages for minimum 30 minutes in the
testing room. A spray bottle was prepared with mouse drinking water instead of a 10% sucrose
solution to minimize the potential for sucrose-induced changes in the microbiota. A mouse was
quickly, yet forcefully sprayed twice with water on its lower back (one spray on either side of the
tail), then was transferred to a clean cage in front of a video camera. The mice were recorded for
10 minutes, then moved back to their respective cages. The videos were scored by two trained and
blinded observers using the BORIS software (University of Torino), which resulted in the
following outputs: total time spent grooming, latency to groom. A secondary metric was also
assessed in these videos, specifically rearing (mouse is on two legs), which is a measure of
exploratory behaviour and may be reminiscent of anxiety-like behaviours. The rearing was scored
similar to the grooming, and resulted in the following outputs: total rearing time, latency to rear,

and mean duration of grooming. total rearing time, latency to rear mean duration of rearing,

4.2.5.2 Tail Suspension Test:

The tail suspension test (TST) is a measure of behavioural despair, which is reminiscent of
depressive-like behaviours 133, Mice were habituated for minimum 30 minutes in the testing room.
The tail of the mice were put through a small plastic tube (~2cm long) to prevent the mice from
escaping, the mice were then attached to the tail suspension interface cabinet (Med Associates,

DIG-735) with a piece of tape on the upper third of the tail. The mice were kept on the apparatus
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for 6 minutes, after which they were returned to their respective cages. The interface cabinet and
the load cell amplifier (Med Associates, ENV-505TS) provided the data which could determine
the mobility and immobility time, where increased immobility time was indicative of an increase

in depressive-like behaviours®?,

4.2.6 HIP and mPFC isolation:

After euthanasia by decapitation, the brain was promptly isolated. With the brain on a
chilled surface, the olfactory bulbs were removed and discarded. A 1 mm section of the frontal
cortex (prefrontal cortex) was excised and stored in a microcentrifuge tube on dry ice. To extract
the hippocampi, the cerebellum was removed and stored, and the brain was then cut to separate
the two hemispheres. With the medial surface facing up, the midbrain, striatum and thalamus were
peeled back to reveal the HIP which was then collected and stored in a microcentrifuge tube on
dry ice. This procedure was completed for both hemispheres of the brain, then tissues were stored

at -80°C until further analysis.

4.2.7 HIP and mPFC mRNA expression:
4.2.7.1 RNA extractions

RNA was extracted and purified using Total RNA Purification Plus Kit (Norgen Biotek,
#48400). Five 5 ceramic beads (VWR, #10158-554) were placed into reinforced bead mill tubes
(VWR, #10158-556), and 300 ul of Buffer RL was added, containing 0.01% 2-mercaptoethanol.
One HIP or the mPFC was added to each of the bead mill tubes, then samples were run in a Bead
Mill 24 (Fisherbrand, #15340163) for 25 seconds at 2500 RPM. The homogenate was then

transferred to an RNAse free microcentrifuge tube and centrifuged for 2 minutes at 2000 RPM.
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The supernatant was transferred to the genomic DNA (gDNA) removal columns and was
centrifuged for 2 minutes at 8000 RPM. For every 100 pL of flow-through, 60 pl of 100% ethanol
was added, and the RNA was isolated using the RNA purification columns, and the columns were
centrifuged for 1 minutes at 6000 RPM. Following RNA isolation, 400 pl of wash solution A was
added to the column and centrifuged for 1 minute at 6000 RPM, this process was repeated a total
of three times. Purified RNA was then eluted using 22 pl of elution solution A, and RNA
concentration and quality was measured by Nanodrop (Thermo scientific, #ND-ONE-W). RNA

was stored at -80°C until further use.

4.2.7.2 Complementary DNA preparation:

The purified RNA was used to prepare complementary DNA (cDNA) using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, #4368814). A master mix was
created with 10X RT buffer, 25X dNTP mix (100 mM), 10X RT random primers, Multiscribe
reverse transcriptase, and nuclease free water. The master mix was added to 0.2 mL PCR tubes
(Eppendorf, #951010006), followed by 1 pg of RNA. The cDNA was synthesized in a T100
Thermal cycler (Bio-rad, #1861096) with the following program: 10 minutes at 25°C, 120 minutes
at 37°C, and 5 minutes at 85°C. The resultant cDNA was diluted (1:10) with nuclease free water

and stored at -20°C until further use.

4.2.7.3 Quantitative PCR
Quantitative PCR (qPCR) was performed using the CFX96 Touch (Bio-rad CFX96) real
time system. A master mix was created using SYBR green (Applied Biosystems, 4#367659), 10

mM primers (Table 4-1), and nuclease free water, and 6 pul was added to each well of a Low-
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Profile, Semi-Skirted Hard-Shell, PCR Plate (Bio-rad, #HSL9601). The RNA was added to the
respective wells (4 ul), then the plate was sealed using the Microseal ‘B’ adhesive seal (Bio-rad,
#MSB1001). Relative gene expression was then calculated using the AACq method, using the
housekeeping gene RPLPO as a baseline.

Table 4-1. Primers used for gPCR for measurement of relative gene expression.

Gene Forward Primer 5’ to 3’ Reverse Primer 5’ to 3’

RPLPO | ACTGGTCTAGGACCCGAGAAG TCTGACCTCTGTTCCACCCT

IL-1p | AGTTGACGGACCCCAAAAG GGACTACTCTCGTAGGTCGA
TNF-a | CATCTTCTCAAAATTCGAGTGACAA | CCCAACATGGAACAGATGAGGGT

4.2.8 Cecal DNA extractions

Cecum content was collected at euthanasia and immediately placed in a pre-chilled
microcentrifuge tube on dry ice then was stored at -80°C. Cecal DNA was extracted using QlAamp
Fast DNA Stool Mini Kit (Qiagen #51604, Germany) with the recommended protocol. Briefly,
small portions of cecal content (~50 mg) were placed into reinforced bead mill tubes (VWR,
#10158-556) containing five 5 ceramic beads (VWR, #10158-554) and 1 mL of InhibitEX buffer
and were placed into a Bead Mill 24 (Fisherbrand, #15340163). Samples were homogenized for 1
minute at 4,000 x g (more if required), after which the homogenates were transferred to G-tube
microcentrifuge tubes (VWR, #21150-486) and incubated on a hot plate (Fisher Scientific, Isotemp
#11-715-125D) at 95°C for 6 minutes. The samples were vortexed for 15 seconds at high speed,
then centrifuged at RT for 2 minutes at 14,000 RPM, then 600 pl of the supernatant was placed
into a new G-tube containing 25 pul of proteinase K. The new G-tubes were vortexed for 15 seconds,
then 600 ul of Buffer AL was added, followed by another 15 second vortex. The samples were
then incubated at 70°C for 10 minutes, then 600 ul of 100% ethanol was added, and then vortexed
for 15 seconds. Next, 600 ul of lysate was added to the QIAamp spin columns and were centrifuged

at RT for 1 minute at 14,000 RPM, the filtrate was discarded. This was repeated until all the lysate
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had passed through the filter. Buffer AW1 (500 ul) was added to each of the spin columns,
followed by centrifugation for 1 minute at 14,000 RPM. The spin columns were carefully
transferred to new collection tubes, then 500 ul buffer AW2 was added, and the spin columns were
centrifuged for 3 minutes at 14,000 RPM. The empty spin columns were transferred to a new
collection tube and were centrifuged for 3 minutes at 14,000 RPM. Spin columns were transferred
to fully labeled microcentrifuge tube and 10-20 ul of buffer ATE (depending on size of sample)
was added directly onto the spin column membrane (with care taken not to touch the membrane).
Spin columns were incubated for 1 minute at RT, followed by centrifugation for 1 minute at 14,000
RPM. DNA concentration and quality was measured by nanodrop. DNA concentration was

confirmed using the Quant-iT PicoGreen dsDNA Assay kit (Thermo Fisher Scientific, #P11496)

4.2.9 PicoGreen measurement of DNA concentration

To ensure accurate DNA concentrations for 16S library preparation, the Quant-iT
PicoGreen dsDNA Assay kit was used as per the manufacturer’s instructions. Briefly, 20X TE
buffer was diluted (1:20) to make 1X TE buffer. DNA standards were made by a 1:50 diluted in
1X TE buffer (Table 4-2). In a 96-well black plate with a clear bottom (Millipore Sigma, #
CLS3603PP), 99 ul of 1X TE was added to each well (excluding standards), followed by adding
1 ul of sample DNA and 100 pl of standards to their respective wells. PicoGreen was diluted 1:200,
and was added to each well (100 ul). The plate was covered in tinfoil and incubated for 5 minutes
at RT, with gentle shaking by hand in the last 30 seconds. The fluorescence was read in a Spark

Multimode Microplate Reader (Tecan, Switzerland).
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Table 4-2. Standard curve for Quant-iT PicoGreen dsDNA Assay Kit.

Standard Volume of 1 X TE Volume of Stock Concentration
DNA (2 pg/ml)
Standard 1 0 500 2 pg/ml
Standard 2 100 400 1.6 ug/mi
Standard 3 200 300 1.2 pg/ml
Standard 4 350 150 0.6 png/ml
Standard 5 450 50 0.2 pg/ml
Standard 6 475 25 0.1 ug/ml
Standard 7 495 5 0.02 pug/mi
Standard 8 499.5 0.5 0.002 pg/ml
blank 500 0 0 ug/ml

4.2.10 16S library preparation:

The 16S rRNA library (V3-V4 regions) was prepared following Illumina guidelines. DNA
(extracted in section (4.2.8), was normalized to 5ng/ml with 10 mM TRIS (pH 8.5) based on the
concentrations determined by PicoGreen (4.2.9). Of the normalized DNA, 2.5 ul (12.5 ng) was
combined with 5 pl of Amplicon PCR Forward Primer (1 uM), 5 pLL of Amplicon PCR Reverse
Primer (1 uM) (Table 4-3), and 12.5 pL 2x KAPA HiFi HotStart ReadyMix (Cedarlane #
07958935001) in a hard shell 96-well 0.2 ml low-profile PCR plate (Bio-Rad, #HSL9601). The
plate was sealed with Microseal ‘B’ PCR plate sealing film (Bio-Rad, #MSB1001), and put in a
thermal cycler with the following program: 95°C for 3 minutes, 25 cycles of (95°C for 30 seconds,
55°C for 30 seconds, 72°C for 30 seconds), then 72°C for 5 minutes. The PCR product was verified

on a 1.5% agarose gel.

Table 4-3. 16S Amplicon PCR Primer Sequences
Primer Sequence (5’ to 3°)

16S Amplicon PCR Forward Primer TCGTCGGCAGCGTCAGATGTGTATAAGA
GACAGCCTACGGGNGGCWGCAG
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16S Amplicon PCR Reverse Primer GTCTCGTGGGCTCGGAGATGTGTATAAG
AGACAGGACTACHVGGGTATCTAATCC

The amplified 16S V3-V4 region was then purified using AMPure XP beads (Beckman
Coulter Genomics, Cat # A63881). Specifically, using a multichannel pipette, all of the PCR
product from the previous step was transferred to a hard shell 96-well 0.2 ml high-profile PCR
plate (Bio-Rad, #HSS9601), 20 pul of the AMPure XP beads (RT) were added to each well and
mixed well by pipetting. The plate was covered with a plate seal (Bio basic, #TB418), briefly (and
carefully) mixed by vortex, centrifuged for 1 minute at 1,000 x g, and incubated at RT for 5
minutes. The plate was placed on a magnetic stand (Life Technologies, #AM10027) for 2 minutes
until supernatant was clear. With the plate on the magnetic stand, the supernatant was discarded
by multichannel pipette. The beads were washed by adding 200 ul of 80% ethanol to each well,
then incubated on the magnetic plate for 30 seconds, the supernatant was then discarded. This wash
was repeated once more. The beads were left to air dry on the magnetic stand for 10 minutes, after
which the plate was taken off the magnet, and 52.5 ul of 10 mM Tris pH 8.5 was added to each
well, and was mixed by pipetting until the beads were fully resuspended. The plate was incubated
at RT for 2 minutes, then returned to the magnetic stand and once the supernatant was clear (~2
minutes), 50 pl was transferred to a new low-profile PCR plate, and was stored at -20°C until the
next day

Dual indices and Illumina sequencing adaptors were then added to the purified 16S V3-V4
regions, by transferring 5 pl of sample from the previous step into a new low-profile PCR plate,
then adding 5 pl of Nextera XT index primer 1, and 5 pl of Nextera XT index primer 2 to their
respective wells (Table 4-4). Next, 25 ul of 2x KAPA HiFi HotStart ReadyMix was added to each

well, followed by 10 pl of PCR grade water (Thermo Fisher Scientific, #10977015), and the
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contents of the well were mixed well by pipetting. The plate was sealed with Microseal ‘A’ Sealing
Film (Bio-Rad, #MSA5001, and centrifuged for 1 minute at 1,000 x g at RT. The plate was then
put into a thermal cycler with the following program: 95°C for 3 minutes, 8 cycles of (95°C for 30
seconds, 55°C for 30 seconds, 72°C for 30 seconds), then 72°C for 5 minutes. The PCR product
was washed using AMPure XP beads and 2 ethanol washes as described above. After air-drying
the beads for 10 minutes, the plate was removed from the magnetic stand, and the beads were
resuspended in 27.5 of 10 mM Tris. The plate was returned to the magnetic stand for 2 minutes

until the supernatant had cleared, and 25 ul of the supernatant was transferred to a new low-profile

PCR plate.

Table 4-4. Index Kits used in lllumina 16S sequencing
Index Kit Catologue number
Nextera XT Index Kit #FC-131-1001

Nextera XT Index Kit v2 Set C #FC-131-2003
Nextera XT Index Kit v2 Set D #FC-131-2004

DNA concentration of all samples were measured by PicoGreen assay as described
previously (4.2.9) and were normalized based on the standard curve to 4 nM with 10 mM Tris.
Following normalization, 5 pl from each well was pooled in a microcentrifuge tube and the DNA
concentration was confirmed using Qubit as described by the manufacturer (Life Technologies,
MANO0002325|MP32850 Revision: A.0). Briefly, in a 500 pl Qubit tube, 198 ul of Qubit solution
and 2 ul of pooled DNA were mixed, then read on the Qubit machine, the pooled library was
further diluted with 10 mM Tris if required. The 4 nM pooled DNA was then denatured by adding
5 wl of the pooled library in a new microcentrifuge tube with 5 pl of 0.2 N NaOH. The solution
was briefly vortexed and centrifuged for 1 minute at 280 x g at RT, then was left to incubate at RT
for 5 minutes. Pre-chilled hybridization buffer (HT1) (900 ul) was added to the denatured DNA

library (20 pM denatured library in 1 mM NaOH) and placed on ice until next dilution.
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The denatured DNA library was further diluted to 4 pM by mixing 120 pl of 20pM
denatured DNA library and 480 nl of pre-chilled HT1 in a new microcentrifuge tube, then placed
on ice. The 10 nM PhiX library (Illumina, #FC-110-3001) was diluted to 4 nM by combining 2 pl
of the 10 nM PhiX library with 3 pl of 10 mM Tris. This library was denatured by mixing 5 pl of
4 nM PhiX and 5 pl of 0.2N NaOH, briefly vortexed and incubated at RT for 5 minutes. The PhiX
library was diluted to 20 pM by adding 990 ul of pre-chilled HT1 to the denatured 4 nM PhiX
library. This library was further diluted to 4 pM by combining 120 pul of 20 pM denatured PhiX
library and 480 ul of pre-chilled HT1. In a microcentrifuge tube, 90 ul of the denatured 4 pM PhiX
library and 510 pl of the denatured 4 pM amplicon library prepared previously were combined and
incubated at 96°C for 2 minutes. The tube was inverted several times following incubation and
kept in an ice water bath for 5 minutes. The samples were then loaded into the Miseq reagent kit
V3 600 cycle cartridge (Illumina, MS-102-3003), and placed in the Illumina Miseq (Illumina,

Miseq) for sequencing.

4.2.11 Post-Sequencing Metagenomics

The resultant dual-index paired-end reads were analyzed using Qiime2 (version 2022.2)
134 specifically the sequences were subjected to quality control specifically denoising and
chimaera filtering using the Divisive Amplicon Denoising Algorithm 2 (DADA2) Qiime2
plugin®®®. Resultant features were aligned with MAFFT# and the phylogenetic tree was generated
using FastTree analysis'®®. The resulting taxonomy was classified using GreenGenes classifier
13.8 and the sklearn naive Bayes classifier'#3145147, Features were filtered to include only features
with a minimum of 500 frequency and 5 samples. Alpha diversity metrics (Shannon’s Diversity*4°,

Faith’s Phylogenetic Diversity!®°, and Observed Features), and a Beta diversity metric (Bray-
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Curtis®®?) were analysed using the Qiime2 core-metric method at a sampling depth of 34000. The
Bray-Curtis differences were assessed by PERMANOVA'* in Qiime2. Taxa-bar plots of relative
abundances were created for visualization in GraphPad Prism 9 (v9.4.0). The differential
enrichment of taxonomic groups were assessed by Linear discriminant analysis effect size analysis

(LEfSe) 1% through the Galaxy Server (https://huttenhower.sph.harvard.edu/galaxy/).

4.2.12 Serum Isolation and Multiplex

Immediately following blood collection at euthanasia, blood was kept at room temperature
to allow clotting, then put on ice before centrifugation. The blood was centrifuged for 10 minutes
at 10,000 x g at 4°C, after which the supernatant (serum) was collected and separated into 50 pl
aliquots and stored at -80°C until use.

The serum concentrations of IL-1p, TNF-a, and IL-10 were measured by a custom
Milliplex Mouse High Sensitivity T Cell Magnetic Bead Panel (Millipore, #MHSTCMAG-70K-
03), as per the manufacturer’s instructions. Briefly, the lyophilized serum matrix (Millipore,
#MXMSM-11) was re-constituted (10 minutes) with 2.0 mL assay buffer (Millipore, #L-AB) and
mixed well. To prepare the antibody-immobilized beads, each individual vial of beads (Anti-
Mouse IL-1B bead (Millipore, #MIL1B-MAG), Anti-Mouse TNF-a. (Millipore, #MCYTNFA-
MAG), Anti-Mouse IL-10 (Millipore, #MI1L10-MAG)) was sonicated for 30 seconds, vortexed for
1 minute, then 60 ul was added to the provided mixing bottle, followed by 2.82 mL of assay buffer.
The beads were mixed well by vortex. The standards were made by first reconstituting the High
Sensitivity T Cell Standard (Millipore, #MHSTC-8070) with 250 pl of serum matrix, inverted
several times to mix, then vortexed for 10 seconds. After 10 minutes, the standard (Standard 1)

was transferred to a microcentrifuge tube, and a serial dilution was prepared by adding 50 pl of
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Standard 1 and 150 ul serum matrix to a new microcentrifuge tube (Standard 2), this process was
repeated until Standard 7 was made. The wash buffer was prepared by mixing the 60 ul of 10X
wash buffer (Millipore, #L-WB) with 540 pl of MilliQ water. In the provided 96-well plate, at RT
(all reagents should be at RT), 200 pul of wash buffer was added to each well by multichannel
pipette, the plate was sealed and mixed on a plate shaker at 600 RPM for 10 minutes. The wash
buffer was decanted by inverting the plate and lightly tapping it onto paper towels. To the
appropriate wells, 50 ul of each standard or control was added, followed by 25 ul of assay buffer
to all the sample wells, then 25 ul of neat serum. The mixing bottle containing the beads was
vortexed, and 25 pul was added to all wells, after which the plate was sealed, covered in aluminium
foil, and incubated overnight (18 hours) with shaking at 4°C.

The next day, the plate was placed on a magnetic plate, and the well contents were gently
removed by inverting then drying on paper towels (while attached to the magnetic plate). The plate
was then washed three times by removing the plate from the magnetic stand, adding 200 pl of
wash buffer to each well, shaking for 30 seconds (600 RPM) at RT, reattaching the plate to the
magnet and allowing the beads to settle for 1 minute. The well contents were then decanted as
described above, and the wash was repeated twice more. Following the washes, 25 pl of the
detection antibodies (Millipore, #MHCTC-1070) were added to each well, and the plate was
sealed, covered in aluminium foil, and incubated for 1 hour with shaking at RT. Next, 25 ul of
Streptavidin-Phycoerythrin (Millipore, #L-SAPE3) was added to each well, and the plate was
sealed, covered in aluminium foil, and incubated for 30 minutes with shaking at RT. With the plate
on the magnetic stand, the well contents were decanted, and the plate was washed 3 times as
discussed above. To each well, 150 pl of Drive Fluid PLUS (Thermo Fisher, #4050030) was added,

and the beads were resuspended by shaking for 5 minutes at RT. The plate was then read by the
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Bio-Plex MAGPIX Multiplex Reader (Bio-Rad), and data was acquired with Bioplex manager

software (Bio-Rad, #171015001) and was presented as concentration (pg/mL).

4.2.13 Statistical analysis

Unless specified, all the statistical tests were performed in GraphPad Prism 9 (v9.4.0). BW
changes were analyzed with unpaired t-tests at each time point. Sickness scores were analyzed by
repeated measure (RM) two-way ANOVA with Sidak’s post-hoc test. The nest building and the
behaviour tests were also analyzed by unpaired t-test. The diversity metrics were analyzed through
Qiime2, specifically, the a-diversity was analyzed by Kruskal-Wallis test by ranks, and the -
diversity was analyzed by PERMANOVA. The taxonomy was analyzed using LEfSe analysis

through the Galaxy server (https://huttenhower.sph.harvard.edu/galaxy/) with an LDA threshold

of 2, and p-value cut-off of 0.05. Measures of systemic inflammation (relative spleen weight,
serum cytokines) were analyzed by unpaired t-test. Similarly, the gene expression in the brain was
analyzed by unpaired t-test after transforming the data by square root to normalize based of the

Kolmogorov-Smirnov distance. Correlations were performed using the Spearman method.

4.3 Results:

4.3.1 LPS negatively impacted BW and DI in the 24-hours post-injection

Mice body weight (BW) was measured prior to injection, and the %BW change at 8-, 24-,
and 48- hours post-injection, compared to time 0, was calculated. As shown in Figure 4-2A, there
was a significant effect of time and treatment on BW loss such that mice that received LPS, had
significant BW loss at the 8- (P<0.05) and 24-hour (P<0.0001) timepoints, compared to the SAL
mice. At 48-hours post-injection, the LPS mice had recovered from their BW loss (P=0.0734). The
diet intake (DI) of the mice was also measured at the time points mentioned above. As shown in

Figure 4-2B, there was a significant effect of time and treatment on DI such that mice that received
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LPS consumed significant less diet at 24-hours post-injection compared to the SAL mice
(P<0.0001). At 48-hours post-injection, the LPS mice had the same DI as the SAL mice suggesting
they had recovered at this point. The DI prior to injection was 3.061 + 0.057g (data not shown),
similar to the 24-hour SAL mice (3.033 + 0.102g), suggesting the SAL injection had no effects on
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Figure 4-2. The effects of i.p LPS on body weight (BW) and diet intake (DI) in the 48-hours
post-injection.

A. Percent BW change. B. Diet intake (g). BW data was analyzed by unpaired t-tests at each time
point (n=12/group). DI Data was analyzed by mixed-effects two-way ANOVA with Sidék’s post-
hoc test (n=11-12/group). * (P<0.05), **** (P<0.0001)

4.3.2 LPS injection resulted in an increase in sickness behaviours

Sickness behaviours were measured at specific time points (0.5, 2, 4, 6, 8, 24 hours post-
injection), and included four specific behaviours; 1. Lethargy (slow moving), 2. Huddling (arched
back), 3. Piloerection (hair sticking up), 4. Ptosis (Squinted eyes). There was a significant effect
of time on sickness behaviour, with the greatest sickness score (mice were most sick) at 4-6 hours
post-injection (Figure 4-3A). There was an overall increase in sickness score with LPS challenge
(P<0.05), although there was only significance between LPS and SAL at 12-hours post-injection

(P<0.05) (Figure 4-3A). When assessed indivdiually, lethargy, huddling, and ptosis was
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significantly increased by time and LPS (P<0.05), however, piloerection (Figure 4-3D) was not
significantly increased by LPS (P=0.12).

A additional measure of sickness behaviour (nest quality scores) was measured at 2 time
points (8 and 24 hours post-injection) (Figure 4-4). Unpaired t-tests showed a significant difference

between SAL and LPS mice at 8-hours post-injeciton, but not at 24-hours post-injection (P=0.754).
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Figure 4-3. Specific sickness behaviours following i.p LPS challenge.

A. Total sickness scores for the 24-hours post-injection. B. Lethargy. C. Huddling. D. Piloerection.
E. Ptosis. Data was analyzed by repeated measures (RM) two-way ANOVA, and the total sickness
score was further analyzed by Sidak’s post-hoc test (n=12/group). * (P<0.05).
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Figure 4-4. Nesting scores for SAL and LPS mice in the 24-hours post-injection.
Nesting score was analyzed by unpaired t-tests at each time point (n=12/group). * (P<0.05).

4.3.3 LPS did not consistently induce depressive- or anxiety-like behaviours

Twenty-four hours post-injection of SAL or LPS, depressive and anxiety-like behaviours
were measured. Anxiety-like behaviours (measured by open field test (OFT) and elevated plus
maze (EPM)) were not affected by LPS challenge (Figure 4-5A-D). Specifically, in the OFT, there
were no differences in time spent in the corners (P=0.6922), or total distance moved (P=0.6371)
(Figure 4-5A,B). In the EPM, there were no differences in time spent in the closed arm (P=0.7919),
or total distance moved (P=0.1257) (Figure 4-5C,D). Depressive-like behaviours (measured by the
splash test and tail suspension test (TST)) were generally unaffected by LPS challenge (Figure 4-
5E-H). In the splash test, there was no difference in total grooming time (P=0.4930), however there
was a significant decrease in total rearing time (P<0.05), which is more representative of anxiety-
like behaviours (Figure 4-5E,F). In the TST, there were no differences in either immobility

(P=0.9502), or mobility (P=0.5743) time (Figure 4-5G,H).
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Figure 4-5. The effects of LPS on depressive- and anxiety-like behaviours.

A-B. Open field test, (A. Time spent in corners, B. Distance moved). C-D. Elevated plus maze (C.
Time spent in closed arm, D. Distance moved). E-F. Splash test (E. Total grooming time, F. Total
rearing time). G-H. Tail suspension test (G. Immobility time, H. Mobility time). Data was
analyzed by unpaired t-test (n=6/group). * (P<0.05).

4.3.4 Administration of i.p LPS resulted in changes to the cecal microbiota diversity and
composition

The cecal microbiota a-diversity was assessed using the Shannon diversity metric, Faith’s
phylogenetic diversity (PD) metric, and pielou’s evenness metric. Neither Shannon diversity
(P=0.094) nor Faith’s PD (P=0.862) were affected by LPS challenge, however Pielou’s evenness
was significantly greater in the LPS-challenged mice (P<0.05) (Figure 4-6A-C). The cecal bray-
curtis B-diversity, was significantly different in the LPS mice compared to the SAL mice

(PERMANOVA g<0.05).
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Figure 4-6. Effect of LPS on cecal microbiota diversity.

A-C. Alpha diversity metrics (A. Shannon diversity, B. Faith’s phylogenetic diversity, C. Pielou’s
Evenness). D. Bray-Curtis beta diversity visualized by principal component analysis (PCoA). The
a-diversity data was analyzed by Kruskal-Wallis test by ranks. The pB-diversity data was analyzed
by PERMANOVA.

In addition to the measures of a-diversity and B-diversity, the cecal microbiota was also
examined for changes in specific taxonomic ranks (Figure 4-7A-B; Table 4-5). There was a
decrease in Bacteroidetes at the phylum level following LPS challenge (Figure 4-7A), and there
were a few changes at the genus level (Figure 4-7B). Specifically, LPS-challenged mice exhibited

increased Roseburia and Ruminococcaceae, and decreased rc4-4, and Herbaspirillum amongst a

few other changes (Table 4-5).
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Figure 4-7. Taxa-specific effects of LPS on the cecal microbiota.

A. Relative abundance at the phylum level. B. Relative abundance at the genus level. C-D. Lefse
plots showing the effect of LPS on the cecal microbiota (C: Phylum level changes, D: Genus level
changes). The legend in the taxa bar plots includes taxonomic groups with relative abundance
greater than 1%. (n=12/group).
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Table 4-5. Relative abundance of the cecal microbiota in SAL and LPS mice.

Relative abundance (%) £ SEM

Taxonomy
SAL LPS

Bacteroidetes 47.88 +1.528 4497 +1.222
g__Parabacteroides 8.429 + 1.306 8.232+£0.811
g__Bacteroides 12.38 £1.378 13.87 £0.711
f_S24-7,9__ 26.63 +1.823 22.39 +0.848
Firmicutes 34.18 £ 2.019 39.02 +£1.716
f__Ruminococcaceae; g__ 2.257 £0.299 3.39+0.214
0__ Clostridiales; f__ 3.791+£0.390 5.56 £ 0.532
f__Ruminococcaceae; g 3.410 £0.240 4.88 + 0.405
g__Sporobacter 0.870 £0.159 1.35+0.225
g__Defluviitalea 0.609 + 0.048 0.882 +0.076
f__Lachnospiraceae; g_ 2.203£0.197 2.56 + 0.100
g_ Dorea 0.825 +0.104 0.883 £ 0.103
g__ Oscillospira 0.334 £ 0.052 0.414 £ 0.141
g_ rc4-4 1.021 +0.239 0.167 £ 0.050
f__Streptococcaceae; g__ 0.236 £ 0.040 0.321 + 0.086
g__Clostridium 0.262 + 0.040 0.453 £ 0.166
f__Peptosteptococcaceae; g 0.107 £ 0.048 0.295 +0.141
g__Roseburia 0.089 +0.031 0.233 +0.053
g__Lactobacillus 0.238 +0.118 0.390 +0.144
Verrucomicrobia 8.23 £ 0.549 9.31+0.679
g__Akkermansia 8.156 + 0.546 9.213+0.677
Proteobacteria 6.13 + 2.246 3.10+£1.780
0__RF32;f 6.025 + 2.226 3.007 £ 1.766
Deferribacteres 3.27+£0.312 3.37+£0.353
g__Mucispirillum 3.24 £ 0.308 3.32£0.352
Tenericutes 0.217 £0.211 0.159 £ 0.153
g__Anaeroplasma 0.215+£0.209 0.159 £0.153

Mean relative abundance (% + SEM) of taxonomic groups in the cecal microbiota at the Phylum
level (grey), or the order, family, or genus level (white) with mean abundance greater than 0.2%
in either group (n=12/group).
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4.3.5 LPS had differential effects on systemic inflammation 48-hours post-injection

Forty-eight hours post-injection, mice were euthanized and blood and spleen were
collected, and serum was isolated. Systemic inflammation was measured by multiplex, and serum
levels of IL-1B3, TNF-a and IL-10 were assessed (Table 4-6). Serum IL-1f in both the SAL and
LPS mice was below the minimum detectable limit. Serum TNF-a and IL-10 were increased with
LPS but not significantly (P>0.05). As a gross measure of systemic inflammation, spleen weight

relative to BW was significantly increased with LPS challenge (splenomegaly).

Table 4-6. Measures of systemic inflammation.

Measure SAL LPS p-value
Serum IL-1B (pg/ml) | <4.4 <4.4 N/A
Serum TNF-a (pg/ml) | 8.466 + 1.346 10.62 + 1.268 0.2583
Serum IL-10 (pg/ml) | 37.57 + 6.506 48.38 £7.780 0.3107
Spleen weight (%BW) | 0.2493 + 0.0066 0.4102 +0.0089 <0.0001

Data was analyzed by unpaired t-test (n=10-12/group). Minimum detection limits: IL-1p= 4.4
pg/ml, TNF-0=0.488 pg/ml, IL-10=1.34 pg/ml.

4.3.6 Neuroinflammation was increased by LPS 48-hours following injection

Neuroinflammation was measured by quantitative PCR (gPCR), specifically through
measurement of pro-inflammatory cytokine mRNA (IL-1p and TNF-a) in both the hippocampus
(HIP) and prefrontal cortex (PFC). LPS challenged mice showed increased IL-1p (P<0.0001) and

TNF-a (P<0.01) mRNA in the HIP (Figure 4-8A-B). Alternately LPS increased IL-1p (P<0.05)

but not TNF-a (P=0.3851) in the PFC (Figure 4-8C-D).
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Figure 4-8. Gene expression of pro-inflammatory markers in the hippocampus and
prefrontal cortex.
A-B. Hippocampus gene expression (A. IL-1p, B. TNF-a). C-D. Prefrontal cortex gene expression
(A. IL-1B, B. TNF-a). Data was analyzed by unpaired t-test (n=10-12/group). IL-1p data was
transformed by square root to normalize based on the Kolmogorov-Smirnov distance. *(P<0.05),
**(P<0.01), ****(P<0.0001).
4.3.7 Correlations linking the effects of LPS across the GBA

Correlations were assessed to determine if there were any links between the gut, the brain
and systemic inflammation measures, and there were multiple examples of this throughout the
data, but only the most relevant were included here (Figure 4-9, Table S2). As expected, the
hallmark phenotypic and behavioural responses associated with LPS exposure (e.g. sickness,
reduced DI, BW loss) were correlated with biomarkers of systemic (spleen weight) and
neuroinflammation (HIP IL-1p and TNF-a). Interestingly, these outcomes were also associated

with the microbiota suggesting a potential role of the gut in mediating LPS responses. For example,

alpha diversity (Pielou’s evenness) was significantly associated with BW loss (r= -0.42; P<0.05),
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nesting behaviours (r= -0.41; P<0.05), and sickness AUC (r= 0.45; P<0.05). In connection with
this, biomarkers of systemic inflammation (spleen weight) and neuroinflammation were also
significantly associated with specific microbiota (Figure 4-9). For example, IL-13 expression in
both the HIP and PFC were negatively associated with the relative abundance of Firmicutes genera,
rcd-4 (HIP: r=-0.64; P<0.01) (PFC: r=-0.63; P<0.01) and Proteobacteria genera Herbaspirillum
(HIP: r=-0.5; P<0.05) (PFC: r=-0.57; P<0.01). On the other hand, Firmicutes genera, Roseburia
was positively associated with spleen weight (r= 0.59; P<0.01) and hippocampal IL-1p (HIP: r=
0.53; P<0.05) and TNF-a expression (HIP: r= 0.53; P<0.05). Collectively, although preliminary,
these data highlight a potential role of the gut microbiota in mediating LPS responses, and thus

may be a target to attenuate the negative health consequences of LPS on mental health.
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Figure 4-9. Spearman correlation matrix highlighting specific interactions throughout the
GBA.

The colour of the boxes represents the level and direction of the correlation, with blue (score of 1)
indicating a perfect positive correlation, and red (score of -1) indicating a perfect negative
correlation. An asterix identifies a significant correlation P<0.05.
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4.4 Discussion

The objectives of this study were to 1) characterize the effects (microbiota, systemic and
neuro-inflammation), and phenotypic and behavioural responses of an acute i.p LPS administration
in C57BI/6 male mice; and 2) determine if there were relationships between the LPS-induced
effects in the gut and brain. Overall, this study demonstrated that an acute exposure to i.p LPS (1
mg/kg) altered the gut microbiota composition in male 7-week-old C57BI/6 mice, impacted
systemic inflammation; altered specific behavioural changes (sickness behaviours, nest building
behaviors, and rearing); and induced neuroinflammation in key brain regions (HIP and PFC). On
the other hand, expected alterations in anxiety- and depressive-like behaviours as measured in the
OFT, EPM, and TST were not evident 24-hours post LPS administration. This data suggests that
although this model did not consistently modulate all anxiety and depressive-like behaviours
measured, there remained important GBA implications, which could potentially be targeted with
dietary supplementation with FS and FO in Study 2.

LPS is known to induce sickness as demonstrated by decreased BW, DI, and increased
specific sickness behaviours'®’. Consistent with the literature, results from this study show LPS
induced sickness highlighted by the loss of BW, decreased DI, increased sickness scores, and
worse nest building. The LPS-challenged mice were not fully recovered 24-hours post-injection
highlighted by the loss of BW. On the other hand, by 48-hours post-injection, the LPS mice had
almost fully recovered based on this measure. Consequently, with other measures of well-being,
such as the sickness behaviours and nest building, there was evidence of a recovery compared to
the SAL mice 24-hours post-injection. The measures of sickness behaviour in this study were
rather subjective as we were still learning, however the protocol was refined prior to Study 2. The

nest building results were consistent with a previous study showing no differences between LPS
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(1 mg/kg) and SAL in female C57BI/6 mice at 24-hours post-injection?®, suggesting a lack of sex
differences in this measure, although this could be verified in future studies. Taken together, i.p
LPS at this dose induced negative effects on well-being, with partial but not complete recovery
24-hours post-injection.

Depressive- and anxiety-like behaviours have previously been established 24-hours post
i.p LPS in C57BI/6 male mice with doses ranging from 0.15 — 1 mg/kg?*::7399122.135.140 Despite the
previous evidence, in this study there were no consistent effects of LPS on depressive- or anxiety-
like behaviours. The inconsistent anxiety- or depressive- like behaviours induced by LPS in this
study, may be potentially related to factors such the age of mice'#?, source of LPS?’, and animal
facility conditions'#4. Additionally, a recent systematic review/meta-analysis on the reliability of
anxiety-like behaviour tests suggested a lack of sensitivity these tests'*6. To my knowledge, there
has not been a thorough investigation into the sensitivity of depressive-like behavioural tests,
however one study highlights the difficulty in reproducing behaviour tests, based on factors such
as housing conditions, vendors, circadian rhythm, and/or seasonal effects to name a few!*.
Therefore, there were no consistent anxiety- or depressive- like behaviours induced by LPS in this
study.

Only one study to date has investigated the effects of i.p LPS on the mouse gut microbiota,
where the fecal microbiota was examined 25 hours post-injection following 0.5 mg/kg LPS*!. This
current study is the first to examine the cecal microbiota 48-hours post LPS injection, and there
was an increase in a-diversity (Pielou’s evenness metric), and a significant difference in B-diversity
(bray-curtis) (Figure 4-6C,D). In the previous studies investigating i.p LPS on the microbiota, there
had been decreased a-diversity induced by LPS in C57BI/6 mice*, and in piglets who also

underwent an i.p LPS-challenge®. Thus, the increase in evenness by LPS was unexpected, but
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may be related to the decrease in the highly abundant Bacteroidetes, and the increases in the less
abundant Clostridiales and Ruminococcaceae. The change in B-diversity with LPS administration
suggests that LPS alters the microbial community compared to SAL, which was consistent with
these previous studies*™*, In this study, the relative abundance of Roseburia, an established SCFA
producer (specifically butyrate)!®! was increased in LPS mice, which is the opposite effect seen in
the feces of in piglets (12 hours post LPS injection)*°. The difference in timeline here could suggest
that the increased Roseburia may be related to the recovery from the LPS-challenge. Importantly,
this increase in relative abundance of Roseburia is not entirely novel in models of
neuroinflammation, as studies involving other disease states (e.g. Parkinson’s Disease, Diabetes)
also show increased Roseburia®®*. None of the other significant microbial changes in this study
were altered in the previous studies involving i.p LPS. The genera rc4-4, decreased by LPS, has
been labelled as a potentially pathogenic bacterial®, but has also been associated with
obesity'®6157 which could be related to the LPS-induced BW loss. Furthermore, rc4-4 was
negatively correlated to spleen weight and HIP IL-1B, potentially suggesting a link between
inflammation and rc4-4 abundance. Therefore, i.p LPS, 48 hours induces changes in the cecal
microbiota, specifically through altering the a- and B-diversity and increasing relative abundance
of Roseburia and decreasing relative abundance of rc4-4.

When LPS is injected, it induces a cytokine storm derived from monocytes (amongst other
sources), with IL-1p and TNF-o being among the first cytokines released®. IL-1B plays an
important role in sickness behaviours specifically through induction of fever and HPA axis
activation'®®, and when IL-1p is deficient, TNF-a. may also induce sickness behaviours®:160,
Importantly, production of IL-1p and TNF-a peaks 1-4 hours following LPS injection3336:64 which

likely explains the peak in sickness behaviours at 4 hours post-injection (Figure 4-8A). In this
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study, systemic inflammation was assessed 48-hours post-injection. Despite no effect on serum
cytokines, the LPS-induced splenomegaly suggests a significant immune response'®!, and
critically that the inflammatory effects of LPS are longer lasting in the spleen rather than the serum.
Furthermore, there were significant correlations between sickness behaviours and spleen weight
(r=0.64; P<0.001) suggesting a potential relationship between systemic inflammation and the
resulting sickness behaviours (Figure 4-9). Taken together, we can use sickness behaviours as a
predictor of systemic inflammation until euthanasia after which, splenomegaly can be used as an
estimate of the immune response.

Although there was no increase in systemic inflammation measured by serum cytokines
48-hours post-injection, there is evidence that IL-1 and TNF-a expression remain elevated for
longer in the brain than in the serum33%4, Notably, there was increased IL-1p in both brain regions,
however only increased TNF-a in the HIP, as LPS injections are known to differentially induce
inflammation in different brain regions’3162, which could be related to the presence of certain cell
populations (e.g. microglia, astrocytes) in these brain regions*62-14, The lack of serum response,
and differential inflammatory effects in the HIP vs PFC suggests that an earlier time-point (24-
hours) may be more appropriate to assess the extent of the inflammatory response, which will be
done in Study 2. Despite the increase in neuroinflammation, there was only 1 significant
behavioural outcome (total rearing time in the splash test), which correlated to HIP IL-1P
expression (r=-0.78; P<0.01), indicating that it may be more than inflammatory cytokines that
would typically drive the rest of the depressive- and anxiety- like behaviours. Therefore, the effect
of i.p LPS is longer lasting in the brain than the serum where the effect seems more transient,

which has been previously identified following LPS challenge in C57BI/6 male mice?:.
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In conclusion, in this study the i.p LPS model was validated with respect to the gut (altered
gut microbiota), systemically (increased spleen weight), and the brain (increased
neuroinflammation). However, there were no consistent behavioural changes induced by LPS,
with only 1 test showing signs of depressive/anxiety- like behaviours (splash test). In the 24-hours
post-injection, LPS induced significant BW loss, decreased DI, increased sickness (specific
sickness behaviours and poor nest building). After euthanasia, 48 hours post-injection, there was
some evidence of systemic inflammation through an increase in spleen weight, which translated
to increased neuroinflammation in the HIP and PFC. Taken together, there is ample evidence to
state that LPS has effects across the GBA, however with the lack of consistent behavioral effects,
it may be better to euthanize mice 24-hours post injection to capture the more transient impacts of

LPS across the GBA.
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Chapter 5. The effects of dietary supplementation with flaxseed (FS) and flaxseed oil (FO)
on LPS-induced gut dysbiosis and systemic- and neuro-inflammation

5.1 Introduction

The GBA is emerging as a key factor in mental illnesses, such as depression and anxiety.
The gut microbiota, and the resulting metabolites can have beneficial/negative impacts both
systemically and the brain6®. One potential source of this interaction is the bacterial endotoxin
LPS, which is a component of the bacterial cell wall of Gram-negative bacteria, and outside the
gut, it can cause both systemic- and neuro- inflammation®. This theory has been extrapolated into
an animal model of depression/anxiety, through i.p injection of LPS.

LPS administration results in changes across the GBA, including altered microbiota
composition and function*4°, poor intestinal health®2¢, and increased inflammation
systemically®®, and in the brain, specifically the PFC and HIP"®74, Although the PFC has been
established as a key brain region implicated in mental illnesses, there is a growing body of
litertature identifying the medial PFC (mPFC) as a hub for distinct pathways related to depression
and anxiety'%6-1%8 FS is a rich source of dietary fibre, an n3-PUFA (ALA) and a key lignan SDG,
all which have been shown previously to have beneficial effects in some aspect of the GBA35%8:119,
Specifically, FS dietary supplementation for 3 weeks has previously demonstrated beneficial
effects on intestinal health and the gut microbiota®***°. Furthermore, a daily gavage with FO for 2
weeks has previously resulted in decreased inflammatory mediators systemically®®. A single
administration of SDG has been shown to attenuate the LPS-induced increase in BBB permeability
and neuroinflammation®. Based on the presence of each of the bioactive compounds, FS may be
able to attenuate the negative effects of LPS across the GBA.

| hypothesized that like Study 1, mice receiving an i.p LPS injection will exhibit

characteristics similar to depression and anxiety, highlighted by microbial dysbiosis, systemic, and
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neuroinflammation. Secondly, mice fed diets supplemented with FS or FO will improve the
response to i.p LPS through modulation of the gut microbiota, and the systemic/brain immune
response. Finally, compared to mice consuming FO alone, mice consuming diets supplemented
with FS will further attenuate the microbial dysbiosis, systemic- and neuro-inflammation due to
the combined beneficial effects of dietary fibre, lignan, and ALA-rich FO. Thus, the objectives of
this study were to measure the LPS response (systemic inflammation, neuroinflammation, and
sickness behaviours) in mice pre-fed control, FS or FO diets and determine the role of the gut
microbiota (composition and function) in the diet-induced effects. Additionally, the outcomes of
FS and FO on the LPS-induced negative effects will be compared to determine if FS induces

additive effects compared to FO.
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5.2 Methods

5.2.1 FS nutrient composition, FO extraction, and fatty acid composition

The brown FS used in this study was generously donated by Natunola (Winchester, ON,

CAN). FS was ground and sieved and sent to Bureau Veritas (Mississauga, ON, CAN) for

proximate analysis (fat, lipid, carbohydrate), and dietary fibre (soluble and insoluble) content, the

results of which are shown in Table 5-1.

Table 5-1: Macronutrient composition of whole ground FS

Nutritional parameter

Whole  ground Method

FS (9/1009)

Protein 17.08 AOAC 992.15

Available carbohydrates 3.6 Calculation

Fat 39.7 AOAC 996.06
Saturated fatty acids 3.89 AOAC 996.06
Cis-monounsaturated fatty acids  6.87 AOAC 996.06
Cis-polyunsaturated fatty acids 27.1 AOAC 996.06
Trans-fatty acids 0.13 AOAC 996.06
Omega-3 polyunsaturated fatty 20.7 AOAC 996.06
acids
Omega-6 polyunsaturated fatty 6.40 AOAC 996.06
acids

Total dietary fibre 30.6 AOAC 991.43, 985.29
Soluble dietary fibre 9.7 AOAC 991.43
Insoluble dietary fibre 20.9 Calculation

Moisture 5.53 AOAC\ADPI methods

Ash 3.5 AOAC 923.03

Energy (kcal) 501 Calculation

FO was generously extracted from FS by Dr. Hosseinian’s laboratory at Carleton

University using an automatic oil cold press machine (Huanyu, CZR 309 110V). The resulting oil

was filtered and was left at -4 °C to winterize overnight to remove impurities. The supernatant was

collected and was centrifuged at 1500 RPM for 15 minutes, and the supernatant was collected and

stored at 4°C until use. The fatty acid profile of the extracted FO was analysed by the Lipid

Analytical Laboratory (Guelph, ON, CAN) (Table 5-2, S3 and Figure 5-1).
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Table 5-2. Key fatty acid profile of FO, for full list see Appendix A. (Table S3)
Common Name  Systematic Name Lipid numbers Fatty acid content

% mg/g
Palmitic acid Hexadecanoic acid C16:0 5.46 52.63
Stearic acid Octadecanoic acid C18:0 3.98 38.30
Oleic acid Octadecenoic acid C18:1(C9) 16.64 160.30
Linoleic acid Octadecadienoic C18:2N6 15.97 153.82
o-linolenic acid Octadecatrienoic C18:3N3 55.03 530.17
(ALA) acid
EPA Eicosapentaenoic C20:5N3 0.03 0.32
acid
DHA Docosahexaenoic C22:6N3 0.09 0.84
acid
Flaxseed oil Corn oil
[ Palmitic acid
[ Stearic acid
Il Oleic acid
Il Linoleic acid
H ALA
[ Other

Figure 5-1. Primary fatty acid profile of FO used in this study compared to the fatty acid profile
of corn oil (adapted from Carrillo et al., 2017).

5.2.2 Diet preparation
Three isocaloric experimental diets were prepared by Envigo (Wisconsin, USA) using
nutrient content data (Table 5-3): 1) Modified, purified basal diet (BD) (AIN-93G with 7% corn

oil), 2) BD supplemented with 10% whole ground FS, and 3) BD supplemented with 3.97% FO.

The amount of FO in both the FS and FO diets is matched. For complete nutritional composition
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of the diets, see Table 5-3. The experimental diets were stored at -20°C to prevent fatty acid
oxidation.

Table 5-3. Experimental diet composition.

Ingredients BD (g/Kg) BD +10% FS BD + 3.97%
(9/Kg) FO (9/Kg)

Casein 200 173 200
L-Cystine 3 3 3
Corn Starch 397.49 387.22 397.48
Maltodextrin 132 132 132
Sucrose 100 100 100
Corn Oil 70 30.5 30.3
Cellulose 50 19.4 50
Mineral Mix (AIN-93G- 35 35 35
MX)
Vitamin Mix (AIN-93-VX) 10 10 10
Choline Bitartrate 25 25 2.5
TBHQ? 0.014 0.014 0.014
Ground Flaxseed 0 100 0
Flaxseed Oil 0 0 39.7

Diets adapted from 19, All diets contain 20% protein, 7% fat, and 5% fibre.
a Tertiarybutylhydroquinon
5.2.3 LPS preparation

The LPS was prepared as outlined in Study 1 (section 4.2.1)
5.2.4 Animal and experimental design

Male C57BI/6 mice (5 weeks old) were purchased from Charles River, (Kingston, NY,
USA), and were individually caged with corn cob bedding and cotton nesting material and had
access to BD and water ad libidum for a 1-week acclimatization period. The mice were maintained
on a 12 hr:12 hr light:dark cycle, with room temperature at 23°C, and humidity at 40%. All
experimental conditions were reviewed and approved by the uOttawa Animal Care Committee

(Animal use protocol: #HSe-2857-R3).
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Following acclimatization, 72 mice were randomized by BW into three experimental diet
groups; 1) BD, 2) BD supplemented with 10% whole ground FS, and 3) BD supplemented with
3.97% FO. The mice were fed their respective diets for 3 weeks, during which the BW and diet
intake was measured 3 times a week using a digital scale. Importantly, the diet was replaced 3
times a week to prevent excessive oxidation of the fatty acids in the diets. After 3 weeks, feces
were collected, then the mice were given an i.p injection of LPS or SAL as define above (Section
4.2.2). Directly after injection, the old nests were removed from the cage and 2 new squares of
nesting material were added to the front of the cage. The mice were monitored throughout the day
to measure sickness behaviours, BW loss and diet intake, and nesting behaviors as described above
(Section 4.2.3). Twenty-four hours post-injection, feces were collected, and the mice were
euthanized by decapitation, and their tissues were collected for molecular analysis as defined in
Study 1 (Section 4.2.2). The PFC was further dissected to excise the medial PFC by collecting the
medial 2 mm (the inside of the white matter).

Legend

Feces collection:
BD Diet ‘ Microbiota composition
, . and function

. ®  Serum collection:

> >‘ D ' Measurement of
3 |

24 g Brain Collection:
LPS/ Hours ", Measurement of neuro-
Sal " inflammation

systemic inflammation

_o Cecal content
~  Collection: Microbiota
. composition

Figure 5-2. Experimental design for Study 2.

5.2.5 Analysis of Sickness behaviours
The sickness behaviours were monitored at distinct time intervals in the 24 hours following

injections as described in study 1, without monitoring the 12-hour time-point (Section 4.2.3.2)
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5.2.5 Nest scoring:
New nesting material was added to the cage prior to injection, and videos were taken at 8-

and 24- hours post-injection then scored at a later point as described in study 1 (Section 4.2.3.3)

5.2.6 Diet and BW measures:
Diet and BW following injection was measured 8- and 24- hours post-injection, as

previously described (Section 4.2.3.1)

5.2.7 HIP and mPFC inflammatory gene expression:

RNA extraction, cDNA preparation and qPCR were performed as outline in Study 1
(Section 4.2.7) with one addition. IL-10 was also measured in these brain regions using the
following primers: F(5’-3’) CCTGGGTGAGAAGCTGAAGAC and

R(5°-3") CCTTGTAGACACCTTGGTCTTGG.

5.2.8 DNA extractions
DNA was extracted as outlined in Study 1 (Section 4.2.8), with the exception that both

cecal and fecal DNA were extracted.

5.2.9 16S rRNA sequencing and inferred microbiota function

[llumina 16S rRNA sequencing was performed as outlined in Study 1 (Section 4.2.10).
Inferred microbiota function was assessed using Phylogenetic Investigation of Communities by
Reconstruction  of  Unobserved  States (PICRUSt)Y® on the Galaxy server

(https://huttenhower.sph.harvard.edu/galaxy/). Specifically, the full pipeline of PICRUSt included
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normalizing by copy number, predicting the metagenome, and categorizing by function. The
resulting Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs*® were then visualized

using Statistical Analysis of Taxonomic and Functional Profiles (STAMP)!2,

5.2.10 SCFA extractions and GC

The feces were weighed and placed into the FreeZone 12 Liter Console Freeze Dry System
(Labconco, #7759030) for 18-20 hours. After freeze-drying, the tubes were re-weighed to calculate
the moisture content of the fecal material. The dried feces were mixed with MilliQ water (10 x dry
weight) and vortexed thoroughly for 15 seconds. The samples were incubated at RT for 3 hours,
while vortexing every 30 minutes for 15 seconds. The samples were then centrifuged for 30
minutes at 14,000 x g at 4°C, the supernatant was collected and centrifuged again for 30 minutes
at 14,000 x g at 4°C. The pH of the supernatant was recorded (Thermo Scientific Orion Star A111
pH Benchtop Meter, Thermo Scientific ROSS MICRO PH ELECTRODE), then 10 pl of internal
standard (IS) (comprised of 5.5 mM 2-ethylbutyric acid (Sigma-Aldrich, #109959-100ML) in
100% Formic acid (Sigma-Aldrich, #33015-1L) was added to 100 ul of each sample (10% IS),
after which, pH was recorded again. The samples were filtered using 13 mm syringe filters (0.20
um pore size) (VWR #CA28145-491), then placed into glass inserts (Thermo Fisher Scientific,
#C4010-630) and into 11mm amber glass Snap-it Target LoVials (Thermo Fisher Scientific,
#C4011-6W) with 11mm autosampler vial Snap-it Snap Caps (Thermo Fisher Scientific, #C4011-
50).

To quantify the SCFA concentrations, a standard curve was created for the gas
chromatograph (GC) (Shimadzu, Nexis GC-2030) using a serially diluted Volatile Free Fatty Acid

Mix (Millipore Sigma, 46975-U) to make the following concentrations: 0.078 mM, 0.156 mM,
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0.313 mM, 0.625 mM, 1.25 mM, 2.5 mM, 5 mM and 10 mM. The GC was equipped with the
following: a 0.25 um column (Restek, #RSK-10226), a 10 pul syringe with 0.63mm OD (Shimadzu,
SZ-221-34618-00), and a wool deactivated split glass insert (Shimadzu, SZ-220-90784-5). The
samples were injected at a volume of 1 pl, the column flow rate was set at 1.5 mL/minute at a 20:1
split ratio, helium was the carrier gas. The initial oven temperature was 100 °C, then at a rate of
10°C/minute was increased to 200°C. Injector temperature was set to 200°C, and the detector
temperature was set to 300°C. Samples were run in triplicate (~20 minutes per run), and SCFA

concentrations were automatically calculated by comparison to the standard curve.

5.2.11 Serum Multiplex

Analysis of serum cytokines was performed as outlined in Study 1 (Section 4.2.12).

5.2.12 Statistical analyses:

Unless specified, all the statistical tests were performed in GraphPad Prism 9 (v9.4.0). Final
BW was analyzed by Kruskal-Wallis test with Dunn’s multiple comparisons test. Total DI was
analyzed by one-way ANOVA with Tukey’s post-hoc test. BW and DI in the 24- hours post-
injection were analyzed by two-way ANOVA with Tukey’s multiple comparison’s test. Sickness
scores were analyzed by RM two-way ANOVA with Dunnett’s multiple comparison test
(compared to BD-SAL), and sickness AUC and nesting score were analyzed by two-way ANOVA
with Tukey’s Post-hoc test. Microbiota diversity was assessed as in study 1. Microbiota
composition was analyzed by LEfSe similar to Study 1. In this study, LEfSe analysis in the cecum
was performed within diet (SAL vs. LPS) and within SAL mice (between diets). The fecal

microbiota prior to injection was compared between BD and FS/FO fed mice respectively. To
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compare the fecal microbiota before and after LPS challenge, comparisons were made only within
diet (pre-post LPS). The inferred function was analyzed in STAMP using Welch’s two-sided t-test
with Benjamini-Hochberg multiple test correction (q<0.1). SCFA concentrations were log-
transformed to normalize based on the Kolmogorov-Smirnov distance, then were analyzed by t-
tests within diet. Measures of systemic inflammation (spleen weight, serum cytokines) were
measured by one-way ANOVA, with Dunnett’s multiple comparison test compared to BD-SAL.
Brain gene expression was transformed using the following formula: y = —1 X log(y), to
normalize based on the Kolmogorov-Smirnov distance then was analyzed by one-way ANOVA,

with Dunnett’s multiple comparison test compared to BD-SAL.

5.3 Results
5.3.1 Dietary supplementation with FS and FO for 3 weeks did not impact BW or DI

BW and DI were measured 3 times per week during the 3 week dietary supplementation
period, and there were no differences in final BW between diets (P=0.1667) (Figure 5-3A). The

total DI was also not affected by diet (P=0.0839) (Figure 5-3B).
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Figure 5-3. Body weight and diet intake following the three week dietary supplementation
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A. Body weight following dietary supplementation. D. Total diet intake. Final BW was analyzed
by Kruskal-Wallis test with Dunn’s multiple comparisons test. Total DI was analyzed by one-way
ANOVA with Tukey’s post-hoc test. n=24/group.

5.3.2 LPS-induced BW and DI loss were differentially impacted by diet

BW and DI were measured at 8- and 24-hours post-injection. At 8- hours post-injection,
LPS-challenged mice lost more weight than the SAL mice, irrespective of diet (Figure 5-4A). At
24-hours post-injection, all LPS-challenged mice continued to lose weight, more so in the FS-fed
mice (P<0.05 vs BD-LPS), compared to the SAL group (Figure 5-4B). There was an overall
treatment and diet effect on DI 8-hours post-injection, with LPS reducing DI, and FS-LPS showing
decreased DI compared to FS-SAL (P<0.001) (Figure 5-4C). While at 24-hours post injection,

there was only a treatment effect on DI, where all LPS treated mice had reduced diet intake

compared to the SAL group regardless of diet (Figure 5-4D).
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Figure 5-4. The effects of diet on the LPS-induced decrease in BW and DI.

A-B. Percent body weight change 8- (A) and 24- (B) hours post-injection. C-D. Diet intake 8- (C)
and 24- (D) hours post-injection. Data was analyzed within treatment and/or within diet, by two-
way ANOVA with Tukey’s multiple comparison’s test. Data points not sharing a letter are
significantly different.

5.3.3 Sickness behaviours were not significantly impacted by dietary supplementation with FS or
FO.

Sickness behaviours were measured during the 24-hours post-injection. There was an
overall effect of time and group on the sickness behaviours, driven by a significant increase in
sickness within all LPS groups compared to BD-SAL (Figure 5-5A). This increase was seen across
all time-points except at 24-hours post-injection, where no differences were noted. Area under the
curve (AUC) analysis equally showed significant increases in sickness behaviours with LPS-

challenge, irrespective of diet (Figure 5-5B).
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Figure 5-5. The effects of FS and FO on LPS-induced sickness behaviours

A. Sickness scores for the 24-hours post-injection. B. Area under the curve (AUC) analysis of
sickness scores in A. Sickness scores were analyzed by RM two-way ANOVA with Dunnett’s
multiple comparison test (compared to BD-SAL) (n=12/group). An asterix denotes significance
between the LPS groups and BD-SAL. The AUC data was analyzed by two-way ANOVA with
Tukey’s Post-hoc test. Data points not sharing a letter are significantly different.

As the second measure of sickness, nest building behaviours were assessed 8- and 24- hours
post-injection, and there was an overall effect of LPS at both time points, but no effect of diet. At

8-hours post-injection, the LPS-challenged mice had quite low nesting scores (indicative of poor-
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quality nests), which was not altered by diet (Figure 5-6A). The SAL mice at this time point had
moderate nests (max score = 6.5), with quite a large variation within each group (0-6.25) (Figure
5-6A). This spread was still evident 24-hours post-injection with nest scores from 0 to 6.5 in this
case (Figure 5-6B). Importantly, the LPS-challenged mice, 24-hours post-injection showed
improved nesting scores from the 8-hour time point, however they did not recover to the level of

the SAL mice (Figure 5-6B).
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Figure 5-6. The effect of diet on nest building

A. Nest score 8-hours post-injection. B. Nest score 24-hours post-injection. Data was analyzed by
two-way ANOVA with Tukey’s post-hoc test (n=12/group). Data points not sharing a letter are
significantly different.

5.3.4 The cecal microbiota composition was differentially impacted by FS and FO in SAL and
LPS injected mice

The cecal microbiota diversity and composition were examined 24-hours post-injection
(SAL and LPS). A shown in Figure 5-7, there was no effect of LPS or diet on cecal a-diversity
including Shannon’s diversity (Figure 5-7A), Faith’s phylogenetic diversity (Figure 5-7B),
Pielou’s evenness (Figure 5-7C), and observed features (Figure 5-7D) as assessed by Kruskal-
Wallis test. Despite the general lack in effects on a-diversity, there were changes in B-diversity as
measured by Bray-Curtis dissimilarity index. Firstly, within treatment groups (SAL or LPS), FS

significantly altered p-diversity compared to both BD and FO, with no difference between FO and
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BD (Figure 5-7E, Table 5-4). Secondly, there were significant effects of LPS on B-diversity, such
that there were significant differences between SAL and LPS within each diet (BD: P<0.05, FS:

P<0.01, FO: P<0.01) (Table 5-4).
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Figure 5-7. Effects of LPS, and dietary supplementation with FS/FO on the cecal microbiota
diversity.
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A-D. Alpha-diversity A. Shannon diversity, B. Faith’s phylogenetic diversity, C. Pielou’s
evenness, D. Observed features. E. Bray-Curtis B-diversity of all mice visualized by PCoA. Alpha
diversity metrics were analyzed by Kruskal-Wallis test by ranks (n=11/12/group). Beta-diversity
was assessed by PERMANOVA (n=12/group).

Table 5-4. Cecal Bray-Curtis PERMANOVA results

Group A Group B PERMANOVA q
value
BD-SAL FS-SAL <0.01
FO-SAL 0.251
BD-LPS <0.05
FS-SAL FO-SAL <0.01
FS-LPS <0.01
FO-SAL FO-LPS <0.01

PERMANOVA statistics matching to Figure 5-7E, n=12/group

The changes to the cecal microbiota community outlined by pB-diversity are further
corroborated by changes in specific taxonomic groups, at both the phylum (Figure 5-8A) and genus
level (Figure 5-8B, Table S4). Within the SAL groups, there were significant effects of diet on the
cecal microbiota, largely driven by FS supplementation (Table S4). At the phylum level, FS-SAL
mice had greater relative abundance of Firmicutes and lower Tenericutes and Deferribacteres
compared to BD-SAL. There were no differences between BD-SAL and FO-SAL at the phylum
level, but relative abundance of Roseburia was higher in FO-SAL mice at the genus level. FS
significantly altered the cecal microbiota at the genus level compared to BD mice, shown by
increased relative abundance of Lachnospiraceae, Bacillaceae, Clostridium (family
Lachnospiraceae) and Ruminococcus, and lower Anaerotruncus, Defluviitalea, Oscillispira,
Dorea, Clostridium (family Ruminococcaceae), Anaeroplasma, Mucispirillum and
Parabacteroides (Figure 5-8H). Thus, FS had a far greater impact on cecal microbiota composition

than FO.
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In addition to the changes seen in the SAL mice, indicating the effects of diet, there were
also collective changes induced by LPS (Figure 5-8C,D, Table S4). The Venn diagrams outline
the number of genera that overlap between diets that are decreased (Figure 5-8C) and increased
(Figure 5-8D) by LPS. Of particular interest, 4 genera (or lowest known rank) were similarly
altered following LPS challenge; Anaerotruncus and Bacteroides (increased), S24-7 and
Streptococcaceae (decreased). The FO-LPS mice had the most genera (or lowest known rank)
uniquely decreased by LPS (Clostridium (family Lachnospiraceae), rc4-4 (like Study 1),
Peptostreptococcaeae and Clostridiales), whereas the FS-LPS mice had the most genera (or lowest
known rank) uniquely increased by LPS (Oscillospira, Parabacteroides, Defluviitalea and
Ruminococcaceae (like Study 1). Overall this data shows that LPS alters the composition of the
cecal microbiota 24-hours post-injection (as shown 48-hours post-injection in Study 1). In healthy
mice, supplementation with FS, more-so than FO, has a greater effect of the cecal microbiota,

however there were differential effects of diet on the LPS response despite some similarities.
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Figure 5-8. Taxonomic changes in the cecal microbiota at the phylum and genus level.

A. Phylum level changes. B. Genus level changes. C-D. Significant changes in genera showing
overlapping (decreased (C) or increased (D) effects of LPS between diets. E-G. Lefse plots
showing the effect of LPS on the cecal microbiota within diet. H. Lefse plot showing the effect of

FS on the cecal microbiota composition.
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5.3.5 Fecal microbiota composition and function are differently affected by FS and FO
supplementation

After 3 weeks of dietary supplementation, pre-LPS, FS increased a-diversity compared to
both BD in each of the four metrics shown (Shannon Diversity, Faith’s PD, Pielou’s Evenness,
and Observed Features) (Figure 5-9A-D), while there was no effect of FO. The B-diversity (Bray-
Curtis Dissimilarity index) in FS-fed mice was significantly different from both the BD and FO

mice, however there were no differences between BD and FO in this metric (Figure 5-9E).
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Figure 5-9. The effects of FS and FO on the fecal microbiota diversity

A-D. Alpha-diversity (A. Shannon diversity, B. Faith’s phylogenetic diversity, C. Pielou’s
evenness, D. Observed features). E. Bray-Curtis B-diversity of all mice visualized by PCoA. Alpha
diversity metrics were analyzed by Kruskal-Wallis test by ranks (n=24/group). Beta-diversity was
assessed by PERMANOVA (n=24/group).
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Furthermore, FS impacted the fecal microbiota composition with taxonomic changes at
both the phylum (Figure 5-10A,C, Table 5-6) and genus level (Figure 5-10B,D, Table 5-6). FO
induced no changes at either the phylum nor genus level. FS had greater relative abundance of 3
phyla compared to BD (Firmicutes, Actinobacteria, Cyanobacteria), and 3 lower abundant phyla
(Tenericutes, Defferibacteres, Verrucomicrobia) (Figure 5-10C).

At the genus level, FS diet induced a stronger effect on the fecal microbiota composition
(Figure 5-10D) compared to the effects of FO, highlighted by 25 genus level differences (BD vs
FS) such as greater abundance of Lachnospira, Allobaculum, Bifidobacterium and
Enterobacteriaceae, and lower abundance of lower abundance of Akkermansia and rc4-4 (Figure
5-10, Table 5-6). Therefore, similar to the cecal microbiota, FS dietary supplementation alters the

fecal microbiota, however FO does not.
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Figure 5-10. The effects of FS and FO on the fecal microbiota composition

A. Phylum level changes. B. Genus level changes. C-D. Significant changes in phylum (C) or
genus (D) in FS-fed mice. Significance was determined by Lefse analysis between groups
(n=24/group).
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Table 5-5. The relative abundance of the fecal microbiota pre-injection

Relative abundance (% +SEM)

Taxonomy BD = FO
p__Firmicutes 29.501 + 1.414 37.706 + 1.244 26.644 + 1.365
f _Ruminococcaceae; g 5.67 £ 0.419 6.614 + 0.51 6.109 + 0.436
f__Lachnospiraceae; g 5.264 + 0.614 8.25 +0.62 4.859 + 0.641
0__ Clostridiales; f 6.517 + 0.485 8.370 + 0.684 6.705 + 0.427
g_ rc4-4 2.791 £+ 0.349 1.362 + 0.207 2.973+0.333
g__Clostridium
(f_Ruminococcaceae) 1.747 + 0.206 2.372 £ 0.163 1.986 + 0.239
g__Sporobacter 1.436 + 0.29 1.291 + 0.249 1.153 + 0.186
g__Clostridium
(f__Clostridiaceae) 1.013+0.15 0.553 + 0.111 0.826 + 0.158
g__Oscillospira 0.542 +0.1 0.372 + 0.069 0.564 + 0.105
g__Dorea 0.401 + 0.044 0.185+0.018 0.46 +0.05
g__Defluviittalea 0.380 + 0.046 0.184 + 0.023 0.421 + 0.043
g__Lactobacillus 0.499 +0.177 0.405 + 0.216 0.354+0.1
f _Bacillaceae; 0.768 + 0.201 3.335 + 0.547 0.968 + 0.225
g__Clostridium
(f__Peptostreptococcaceae) 0.266 + 0.065 0.03+0.013 0.199 + 0.061
0__Lactobacillales; f 0.196 + 0.017 0.156 + 0.02 0.206 + 0.02
g__Clostridium
(f_Lachnospiraceae) 1.266 + 0.144 3.141 +0.198 1.279 + 0.161
g__Ruminococcus
(f_Lachnospiraceae) 0.114 + 0.023 0.223 + 0.034 0.127 + 0.022
g__Allobaculum 0.193 + 0.073 0.447 + 0.081 0.213 + 0.07

p__Bacteroidetes
f_S24-7;,9__
g__Bacteroides
g__Parabacteroides
p__Deferribacteres
g__Mucispirillum
p__Tenericutes
g__Anaeroplasma
p__Verrucomicrobia
g__Akkermansia
p__Actinobacteria
g__Bifidobacterium
f _Coriobacteriaceae
p__Proteobacteria
f__Enterobacteriaceae; g
0 RF32;f
p__Cyanobacteria

0_ Streptophyta; f

51.019 + 1.441
35.188 + 1.127
9.919 + 0.708
5.912 + 0.417
0.478 + 0.101
0.478 £ 0.101
0.608 + 0.138
0.608 + 0.138
16.38 + 1.576
16.38 + 1.576
0.074 £ 0.022
0.018 + 0.018
0.003 + 0.002
1.831 £ 0.722
0.088 + 0.02
1.743 +0.715
0.019 = 0.016
0.019 + 0.016

50.279 + 1.428
36.852 + 0.873
9.667 + 0.851
3.76 £ 0.443
0.299 + 0.092
0.299 + 0.092
0.147 £ 0.065
0.147 + 0.065
9.019 + 1.219
9.019 + 1.219
0.978 £ 0.313
0.643 £ 0.305
0.202 £ 0.030
1.023 £ 0.391
0.204 = 0.05
0.755+0.391
0.548 £ 0.275
0.335+0.251

53.058 + 1.002
36.662 + 1.336
10.376 £ 0.721
6.467 + 0.398
0.307 + 0.066
0.428 + 0.099
0.44 £0.115
0.6 £ 0.146
18.339 = 1.239
14.397 £ 1.576
0.264 £ 0.209
0.019 £ 0.018
0.003 + 0.002
0.885 + 0.454
0.124 + 0.045
0.574 £ 0.357
0.064 + 0.043
0.048 + 0.034
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Mean relative abundance (% + SEM) of taxonomic groups in the fecal microbiota pre-injection
at the Phylum level (grey), or the order, family, or genus level (white) with mean abundance
greater than 0.2% in any group (n=24/group).

Dietary supplementation with FS induced many significant effects on the inferred function
of the microbiota, when compared to BD (Figure 5-11A), while there were no differences in
inferred function between BD and FO. Notably, FS increased mean proportion of transporters,
decreased biosynthesis of LPS, and decreased the mean proportion of LPS biosynthesis proteins
(Figure 5-11A). The measured function of the gut microbiota was assessed by measuring SCFAs
through GC. FS increased total SCFAs compared to BD (Figure 5-11B), specifically acetate
(Figure 5-11C) and butyrate (Figure 5-11E), but not propionate (Figure D). There were no

differences in fecal SCFA concentrations between BD and FO, indicating that the changes in fecal

microbiota composition by FS did not translate to altered microbiota function (inferred and

measured).
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Figure 5-11. Pre injection microbiota inferred and measured function.

A. Inferred function of the fecal microbiota in FS-fed mice. B-E. Fecal SCFA concentration (B.
Total fecal SCFA, C. Acetate, D. Propionate, E. Butyrate). The inferred function was analyzed in
STAMP using Welch’s two-sided t-test with Benjamini-Hochberg multiple test correction (q<0.1).
SCFA concentrations were log-transformed to normalize, then were analyzed by one-way
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ANOVA with Tukey’s post-hoc test. Data points not sharing a letter are significantly different
(n=24/diet).
5.3.6 LPS alters the fecal microbiota composition and function differently depending on
background diet composition

To determine the impact of i.p. LPS on the fecal microbiota, diversity was measured, and
comparisons were made between pre-LPS and post-LPS samples within each dietary group (e.g.
pre-LPS BD vs post-LPS BD). Overall, there were minimal effects of LPS on measures of a-
diversity, with the exception of Pielou’s evenness which was decreased by LPS in FS-mice
(P<0.05) (Figure 5-12C). On the other hand, while LPS-administration did not alter the B-diversity
in the BD mice (P=0.169) (Figure S2A), there were significant effects of LPS on fecal p-diversity

in FS-fed mice (Figure 5-12E) and FO-fed mice (P<0.05) (Figure S2B).
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Figure 5-12. The effect of LPS on the fecal microbiota of FS- and FO- fed mice.

A-D. Alpha-diversity (A. Shannon diversity, B. Faith’s phylogenetic diversity, C. Pielou’s
evenness, D. Observed features). E. Bray-Curtis B-diversity visualized by PCoA showing the FS
mice pre and post LPS B-diversity). Alpha-diversity was analyzed using the Kruskal-Wallis test
by ranks (n=12/group), significance within diet between pre-post LPS is denoted by an asterix (*).
Beta-diversity was analyzed by PERMANOVA (n=12/group).
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The fecal microbiota composition was then examined at both the phylum at genus level,
comparing the relative abundances before and after LPS injection within diet groups. At the
phylum level, there were no common effects of LPS that were shared in all dietary groups. The
effects of LPS differed depending on the background diet composition including a decrease of
Firmicutes in the BD and FS mice, and an increase in Proteobacteria in the FS and FO mice (Table
S5) (Figure 5-13A). Furthermore, in the FS-fed mice only, LPS resulted in an increase in
Deferribacteres and Verrucomicrobia and a decrease in Bacteroidetes. At the genus level,
irrespective of the changes highlighted by the pre-injection feces (section 5.3.5), LPS induced
some overlapping effects between diets (Figure 5-13C-D). Enterobacteriaceae was increased in
with LPS in all diets which was also increased in FS mice following SAL injection, however much
less abundant in the SAL mice (0.603 * 0.195) than the LPS mice (9.368 + 3.09) (Table S5 and
S6). On the contrary, Lachnospiraceae was unanimously decreased following LPS injection
regardless of diet. LPS challenge in both BD and FS mice resulted in lower abundance of RF32,
Clostridium (family Clostridiaceae), and the family Bacillaceae. FS and FO mice showed
increased relative abundance of Clostridium (family Erysipelotrichaceae) and decreased S24-7
indicating a potential role of FO in the microbiota-mediated LPS response. As previously
discussed, the FS-induced decrease in Akkermansia (Akkermansia muciniphila) was unexpectedly
increased following injection of LPS. FS mice post-LPS also uniquely showed increased
Mucispirillum and decreased Paraeggerthella. FO mice post-LPS uniquely decreased rc4-4, but
there were no genera uniquely increased by LPS in this dietary group. BD-LPS mice post-injection
differentially showed increased Bacteroides and decreases in Clostridium (family
Peptostreptococcaceae) and Ruminococcus (family Ruminococcaceae). Therefore, similar to the

cecal microbiota, LPS induced some changes in the fecal microbiota 24-hours post-LPS injection
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irrespective of diet (Enterobacteriaceae, Lachnospiraceae). FS and FO also differentially altered
the fecal microbiota following injection highlighted by unique taxonomic changes when

comparing the fecal microbiota pre and post LPS injection.
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Figure 5-13. Taxonomic specific effects in the fecal microbiota before and after LPS
administration.

A. Bar plots showing the Phylum level relative abundances in each dietary group pre- and 24 hours
post-LPS injection. B. Bar plots showing Genus level relative abundances in each dietary group
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pre- and 24 hours post-LPS injection. C-D. Venn diagrams depicting the number of unique and
shared genera that were significantly decreased (Figure 5-13C) or increased (Figure 5-13D) by
LPS in each dietary group. E-G. Lefse plots depicting the changes in the fecal microbiota before
and after LPS challenge in each diet (E: BD, F: FS, G: FO). (n=12/group).

The inferred function of the microbiota following LPS injection was visualized in STAMP.
There were no differences in inferred function pre vs. post LPS in BD mice indicating the
taxonomic changes highlighted in the previous section do not translate to changes in inferred
microbiota function. There were however many significant changes in both FS (Figure 5-14A) and
FO groups (Figure S3). In FS group, LPS increased mean proportion of LPS biosynthesis and LPS
biosynthesis proteins and decreased various measures of metabolism, such as pyrimidine
metabolism, methane metabolism, starch and sucrose metabolism, and galactose metabolism.
There were some similarities between FS and FO with respect to the LPS response, such that 20
inferred functions were shared between them were decreased, and 2 were increased, but FS had
far greater unique effects on the inferred function of the microbiota (Figure 5-14B,C). This suggest
that FO was driving some of the effects of FS on the microbiota function, however the other

components of FS or the combination of all components results in a greater effect on microbiota

function

78



[ FS-LPS-Before [ FS-LPS-After 95% confidence intervals

A Secretion system iy —o0— : 1.90e-3 B
Two-component system g —o— 1.83e-3
Ribosome | —O— 1.18e-3
Pyrimidine metabolism = I FOH 1.33e-3
Function unknown =y o< ! 1.60e-3
Sporulation (= : —0— 0.026
Bacterial secretion system =4 =0, 8.99e-3
Methane metabolism == | FOH 4.37e-3
DNA repair and recombination proteins ey I KA 1.54e-3
Replication, recombination and repair proteins == HOH | 2.98e-3
Peptidases ey’ e 1.38e-3
Lipopolysaccharide biosynthesis proteins =4 @ : 0.016
Chromosome === e 1.46e-3
DNA replication proteins e 1.78e-3
Inorganic ion transport and metabolism B HAH | 1.83e-3
Lipopolysaccharide biosynthesis = HOH ! 0.021
Others =24 A : 1.81e-3
Homologous recombination =g el 1.64e-3
Starch and sucrose metabolism == =OH 0.051
Protein folding and associated processing =5 oA | 1.99e-3
Cell motility and secretion B o 9.34e-3
Biosynthesis of unsaturated fatty acids By O : 2.30e-3
Glycosyltransferases E, KA | 2.82e-3
Aminoacyl-tRNA biosynthesis g e 1.55e-3
Galactose metabolism = IHOA 0.020
0‘.0 2‘.8 —6.3—6.2—6.1 0‘.0 0‘.1 0‘.2 0‘.3

Figure 5-14. Inferred function before and after LPS administration in FS and FO mice

A. Inferred function of the fecal microbiota before and after LPS in FS-fed mice. B-C. Venn-
diagram analysis of decreased (B), and increased (C) inferred pathways following LPS injection
in FS and FO mice. The inferred function was analyzed in STAMP using Welch’s two-sided t-test
with Benjamini-Hochberg multiple test correction (q<0.1).

The measured fecal microbiota function was assessed by measuring concentrations of
SCFAs. There were no significant effects of LPS administration on total SCFA concentration BD
(g=0.1709 for all diets) (Figure 5-15A). Similarly, there was no impact on acetate (q=0.2294 for
all diets) (Figure 5-15B), propionate (q=0.8129 for BD and FO mice, q=0.2808 for FS mice)
(Figure 5-15C), and butyrate (q=0.124 for BD and FO mice, g=0.058 for FS mice) (Figure 5-15D).

Thus, there was no effect of LPS on production of SCFAs.
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Figure 5-15. Effects of LPS on SCFA production induced by FS/FO. Effects of FS/FO/LPS
on SCFA production.

A. Total SCFAs. B. Acetate. C. Propionate. D. Butyrate. Data was log(y) transformed to normalize
based on the Kolmogorov-Smirnov distance. Normalized data was analyzed by t-tests within each
diet (n=10-12/group).
5.3.7 Systemic inflammation induced by LPS was positively impacted by FS supplementation

The mice were euthanized 24-hours post-injection, and tissues and blood were collected,
and serum was extracted. The serum concentrations of IL-1f3, TNF-a and IL-10 were measured by
multiplex (Table 5-4). Unfortunately, the serum concentrations of IL-1p were consistently below
the minimum detectable limit for this multiplex. The serum TNF-a was increased in the BD-LPS
and FO-LPS mice, but not in the FS-LPS mice, compared to the BD-SAL group. Similarly, serum
IL-10 was increased in the BD-LPS and FO-LPS mice, but not in the FS-LPS mice, compared to
the BD-SAL group. The relative spleen weight was increased in all LPS mice regardless of diet.
Therefore, FS partially attenuated the systemic inflammation induced by LPS by attenuating the

increase in serum TNF-a.
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Table 5-6. The effect of FS and FO on LPS-induced systemic inflammation.

Measure SAL LPS

BD FS FO BD FS FO
Serum 18— _, <44 <44 <44 <44 <4.4
(pg/ml)
Serum TNF-o 1027 + 7.692 + 9491 + 2074 + 1422 + 2204 +
(pg/ml) 1.257 1.377 0.838 2464* 1507 2 938*
SerumIL-10 3769 + 2053 + 4401 + 101 89 + 7930 + 10545 <+
(pg/ml) 6.158 10.87 9.820 13.72* 6826 10.68*
Spleenweight 0280 + 0250 + 0242 + 0366 + 0390 + 0384 +
(%BW) 0.014 0.010 0.006 0015  0025%  0.017*

Serum data was analyzed by one-way ANOVA, with Dunnett’s multiple comparison test (SAL:
n=5-7/group), (LPS: n=10-12/group). Minimum detection limits: IL-1= 4.4 pg/ml, TNF-a=0.488
pg/ml, 1L-10=1.34 pg/ml. Spleen weight was also measured by one-way ANOVA, with Dunnett’s
multiple comparison test (n=12/group). An asterix (*) represents significance compared to the
BD-SAL.

5.3.8 LPS-induced neuroinflammation was partially attenuated by FS supplementation
Neuroinflammation was assessed in two brain regions, the HIP and mPFC, and LPS
effectively induced neuroinflammation, as shown by increased IL-18, TNF-o and IL-10 (Figure 5-
16). There were no effects of diet on the LPS-induced increase in IL-1p and TNF-a compared to
BD-SAL. IL-10 was not significantly increased (P=0.0953) in the FS-LPS group compared to BD-
SAL potentially suggesting an attenuation of LPS-induced IL-10 production (Figure 5-16F).
Importantly, although not significant, the FS-LPS mice consistently display lower gene expression
of IL-1p and TNF-a in both brain regions, suggesting a partial attenuation of the LPS-induced

inflammation.
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Figure 5-16. The effects of FS and FO on LPS-induced neuroinflammation in the
hippocampus and medial prefrontal cortex.

A-B. Relative gene expression of IL-1p in the HIP (A) and mPFC (B). C-D. Relative gene
expression of TNF-a in the HIP (C) and mPFC (D). E-F. Relative gene expression of IL-10 in the
HIP (E) and mPFC (F). Data was transformed using the following formula: y = —1 X log(y), to
normalize based on the Kolmogorov-Smirnov distance. Normalized data was analyzed one-way
ANOVA with Dunnett’s multiple comparison test (n=12/group) compared to BD-SAL. Data
points not sharing a letter are significantly different.
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5.4 Discussion

The objectives of Study 2 were to further examine the effects of LPS on the GBA, and to
determine the effects of dietary supplementation with FS and FO on these LPS-induced changes.
Overall this study demonstrated that LPS, 24-hours post-injection, induced negative effects across
the GBA, specifically through changes in the gut microbiota composition, systemic- and neuro-
inflammation. These changes were differentially impacted by dietary supplementation with FS and
FO, with FS inducing much stronger effects than FO across the GBA, suggesting that the effects
of FS may not be based on the oil content, or that the FO interacts with the other bio-actives to
induce these changes.

Similar to Study 1, LPS induced sickness, highlighted by a decrease in BW, lower DI,
worse nest building, and increased sickness behaviours in the 24-hours post-injection. None of
these changes were attenuated by dietary supplementation with FS or FO likely suggesting that the
acute induction of sickness by LPS is too strong of a response to be attenuated by dietary
supplementation by FS and/or FO.

LPS altered the cecal microbiota across all diets (Figure 5-8, Table S4), specifically, the
family S24-7, established as Muribaculaceae!’?, was decreased by LPS in all diets, an effect which
has been previously identified in a chronic stress model of mental illness in mice'’3. The role of
Muribaculaceae, a dominant microbe in the gut microbiota of mice!’, is still generally unknown,
however one study in pathogen free Balb/c mice indicated that Muribaculaceae was associated
with remission of colitis, suggesting a potential homeostatic function’>. There were no
consistently changed taxa 24-hours (Study 2), and 48-hours (Study 1) post-injection, however FO-
LPS uniquely had decreased rc4-4, which was also evident 24-hours post-injection in Study 1. As

rc4-4 is potentially related to an obesogenic phenotype!®®157  the decrease may be highlighted by
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the decreased BW induced by LPS, therefore this taxonomic change may be longer lasting than
others based on the presence at both time points, however further studies would be required to
verify this. Despite some overlap between diets regarding the cecal microbiota response to LPS,
both FS and FO induced unique changes to the microbiota, highlighting that the effects of LPS
may be dependent on the background diet. Critically, as the mice from Study 1 vs Study 2 were
different subsets of animals, they may have had different baseline microbiota, potentially
explaining the limited similarities between time points. Therefore, LPS impacted the cecal
microbiota 24-hours post-injection, albeit providing a different response compared to 48-hours
post-injection (Study 1), indicating a potential time-dependent effect of i.p LPS on the microbiota.

The cecal microbiota was also examined between diets (within SAL groups) to determine
the effects of FS and FO on the microbiota composition. FS induces increased Lachnospiraceae,
which is the same effect seen in female C57BI/6 mice supplemented with 10% FS for three weeks
indicating no sex difference®. Members of the Lachnospiraceae family are producers of SCFAs
indicating a potentially beneficial role’®, but other members have controversial negative impacts
on health including depression'’”178 suggesting the function is genus/species specific. One
member of this family, Dorea (decreased by FS) may be proinflammatory®’, an effect that is
dependent on surrounding bacteria and nutrient availability'®, potentially suggesting that FS is
resulting in a general improvement of the microbiota, thus limiting growth of Dorea. The limited
impact of FO on the healthy cecal microbiota suggests that the effects of FS are mostly independent
of the oil content or based on a combination of all components.

The fecal microbiota was examined prior to SAL/LPS injection to determine if FS or FO
could beneficially alter the baseline microbial community structure prior to LPS challenge. There

is limited overlap between specific taxonomic changes with FS compared to a study in female
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C57BI/6 mice supplemented with 10% FS or 3.7% FO for 3 weeks®, such that only
Actinobacteria, and Coriobacteriaceae were consistently increased in the feces of FS-fed mice
across studies (Table 5-6). Interestingly, Coriobacteriaceae are known SDG metabolizers, but the
FS-induced increase is not sex dependant when comparing between studies®. Specific FS-
increased genera, such as Lachnospiraceae and Bifidobacterium may suggest an anti-depressive
role of FS. Decreased Lachnospiraceae has been linked to individuals living with depression*e?,
thus, an increase may be beneficial. Similarly, Bifidobacterium, (some of which are used as
probiotics), have been shown to have anti-depressive/anxiolytic effect!82184 again suggesting a
potentially beneficial effect of FS. Furthermore, Bifidobacterium is also capable of metabolizing
ALA which could suggest the limited effects of FO systemically and in the brain based on the
lack of Bifidobacterium present. Thus, FS but not FO impacts the gut microbiota composition, and
the anti-inflammatory/anti-depressant role of FO highlighted previously in the literature®® could
be dependent on the presence of an ALA metabolizer such as Bifidobacterium, however additional
studies are required to determine this possible relationship.

When comparing the fecal microbiota pre and post LPS injection, there was increased
Enterobacteriaceae across all diets (Table S5), similar to a study in piglets where an increased in
E. coli (family Enterobacteriaceae) was shown®. Increased Enterobacteriaceae has been
described as a marker of microbial dysbiosis driven by increased reactive oxygen species (ROS)
in the gut, causing a bloom in facultative anaerobes (can live with/without oxygen) (e.g.
Enterobacteriaceae) and a decrease in obligate aerobes (cannot live in oxygen-rich
environments)8, Thus, the LPS-induced increase in Enterobacteriaceae may be an indication of
both microbial dysbiosis and ROS in the gut. FS and FO differentially impacted the LPS-induced

changes to the fecal microbiota, notably, the FO-post-LPS mice uniquely showed decreased rc4-
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4, similar to the same mice in the cecum, highlighting similarities across sampling location, and
again a potential association to the LPS-induced BW loss in these mice. Therefore, LPS has an
impact on the fecal microbiota in both a diet independent and dependent manner.

Taken together, in both the cecum and feces, LPS induced some level of dysbiosis of the
microbiota, highlighted by taxonomic changes, which was differentially impacted FS or FO. Prior
to LPS administration, FS has a greater effect on the microbiota compared to FO, but the
microbiota response to LPS is not nearly as distinct between diets.

Although there were no significant effects of diet on neuroinflammation regardless of brain
region and gene, it is important to highlight consistent trends. Throughout all three genes and both
the HIP and mPFC, the FS-LPS mice show slightly lower gene expression compared to the BD-
LPS and FO-LPS mice. This matches the effects of FS on the serum cytokines, specifically TNF-
a and IL-10 (section 5.3.7). This is suggesting that FS is inducing anti-inflammatory responses,
however they may not be a robust enough effect to completely attenuate the strong LPS
inflammatory cascade. The decrease in gene expression of these markers may be related to a
downregulation of the NF-xB pathway, potentially through oxidative stress pathways'®’, or
through increased production of SCFAs induced by FS. To elaborate, when reactive oxygen
species (ROS) production is greater than the antioxidant state, then the oxidative stress can activate
the NF-«xB pathway®”. With FS-supplementation, there is potential antioxidant effects through the
poly-phenolic compound SDG, which may be contributing to the anti-oxidant state, thus lowering
the impact of oxidative stress. Importantly, a study examining the effects of caffeine (an anti-
oxidant polyphenolic compound) on LPS-induced oxidative stress found that caffeine reduced
ROS production and other ROS regulators in the brain'®, Although this study did not look at IL-

1B, TNF-a and IL-10 specifically, they did show a decrease in NF-«xB expression in the brain which
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is suggestive of similar downstream effects. The increase in fecal SCFAs with FS supplementation
corroborates a previous study in male C57BI/6 mice fed 10% FS for 3 weeks, confirming the
SCFA-promoting impact of dietary supplementation with FS, which may translate to anti-
inflammatory effects systemically and in the brain such as reduced inflammatory signaling by glial
cells and increased BBB integrity'%4. Taken together, LPS effectively induced neuroinflammation
in both the HIP and mPFC, which was partially attenuated by FS but not FO, suggesting potential
implication of SDG, SCFAs and oxidative stress pathways.

In conclusion this study demonstrated key effects of FS and FO on the LPS-induced
changes across the GBA 24-hours post-injection. Importantly, FS dietary supplementation resulted
in more beneficial changes than FO, highlighted by reduction of inflammation both in the serum,
and in the HIP/mPFC. The beneficial effects of FS were also seen in the gut, with increased
diversity and SCFA production, indication of a healthier microbiota. Therefore, the potential
benefits of FS dietary supplementation are not only a result of the increased content of ALA found
in FO, as there was a limited effect of FO across the GBA in this study. The resultant effects of FS
could be primarily based on the fibre content, SDG, or an interaction between all of the bioactive

components, but further studies will elaborate on specific interactions between bioactives.
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Chapter 6. General Discussion and Future Directions
6.1 General Discussion

In this MSc thesis, | had hypothesized that mice injected with LPS will show symptoms
similar to individuals living with depression and/or anxiety, specifically through microbial
dysbiosis*?, systemic- and neuro-inflammation. This hypothesis was mostly supported in Study 1,
as LPS induced significant changes in the cecal microbiota, systemic inflammation (spleen
weight), and neuroinflammation in the HIP and PFC, however aside from total rearing time, there
was no evidence of LPS inducing depressive- or anxiety-like behaviours. This hypothesis was
again mostly supported in Study 2, as there were significant effects of LPS on the cecal and fecal
microbiota, significantly increased systemic inflammation (serum cytokines), and significantly
increased neuroinflammation in the HIP and mPFC. Secondly, | had hypothesized that compared
to mice consuming FO alone, mice consuming diets supplemented with whole ground FS will
further attenuate the microbial dysbiosis, systemic- and neuro-inflammation due to the combined
beneficial effects of dietary fibre, lignans, and ALA-rich FO. This hypothesis was supported by
Study 2, as FS had far greater effects across the GBA than FO, specifically, FS-dietary
supplementation significantly altered the fecal and cecal microbiota composition and function, FS
attenuated the LPS-induced increase in serum inflammation, and FS showed a decreasing trend in
neuroinflammation. Although there was no complete attenuation of the LPS response in any diet,
it is important to note that diet is only one factor in improving mental health, but it could highlight
a potential role for FS in adjuvant therapies for depression and/or anxiety.

Across both studies, LPS significantly increased sickness behaviours, BW loss and
decreased DI, especially within the first 24- hours post-injection. When comparing between studies

here, it is important to note that the mice in Study 1 were euthanized at 7-8-weeks old, and the
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mice in Study 2 were euthanized at 9-10- weeks old, which could induce some discrepancies in
the response to LPS. The ambiguity/subjectivity of the sickness scores highlighted in Study 1 was
not replicated in Study 2, indicating a vast improvement in the scoring system. The BW and DI
24-hours post-injection were the same across the two studies, validating the reproducibility of this
aspect of the LPS response. The nesting scores were however different across studies, as in Study
1, both the SAL and LPS mice had a nest score of ~3 after 24-hours, whereas in Study 2, the SAL
mice on average had nest scores of ~4 and the LPS mice ~2, suggesting some level of variation in
the reproducibility of this metric. Despite the mice in Study 2 being in our facility for 2 weeks
more than the mice in Study 1, by the time of injection there were no differences in time from last
cage change (2- weeks), implying the differences were likely related to the differences between
mice as highlighted by the large spread of data.

The cecal microbiota was examined in both studies, with the Study 1 cecum content
collected at 48-hours post-injection, and the Study 2 cecum content collected at 24-hours post-
injection. There were no changes in a-diversity 24-hours post-injection, but there was an increase
in a-diversity (Pielou’s evenness) 48-hours post-injection. LPS altered the pB-diversity at both time
points, and altered specific taxonomic groups, but there was no overlap between studies with
significant bacteria within the BD group, potentially highlighting a time dependant microbial
response to LPS. Despite the different time-points, there were seven taxonomic changes at both
24- and 48- hours post injection (again no overlap), which could indicate the effects of LPS on the
gut microbiota are not as transient, as they could last until the 48-hour mark, but a more
longitudinal study with fecal collections spanning a week could highlight the longer-term effects

of i.p LPS on the gut microbiota.
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Systemic inflammation was measured 24- and 48-hours post injection, specifically by
measurement of cytokines in the serum and relative spleen weight. The relative spleen weight was
slightly heavier 48- hours post-injection than at 24-hours post injection, which could be due to the
age of the mice, or that splenomegaly had not fully developed at 24-hours post-injection. Serum
IL-10 and TNF-a were much more abundant at 24-hours post-injection compared to 48-hours post-
injection, which follows the previously identified time course of TNF-a in the serum®®.
Neuroinflammation was also measured at 24- and 48-hours post-injection in the HIP and PFC
(Study 1) and HIP and mPFC (Study 2). In Study 1, there was seemingly a greater impact of LPS
on the HIP than the PFC, whereas in Study 2, there was no visible differences between brain
regions, potentially validating that the mPFC provided a more refined response to i.p LPS than the
whole PFC.

To rationalize this study, the role of ALA metabolism was highlighted as it would result in
production of EPA and DHA,; fish oils fatty acids shown to have anti-inflammatory/anti-
depressive/anxiolytic effects®..74. In Study 2, we examined the effects of FO on the GBA in LPS-
challenged mice, predicting that despite the low conversion rate of ALA to EPA/DHA, there would
still be beneficially effects across the GBA. This was generally not the case, as there were limited
effects throughout the mice, except for altered microbiota (cecal and fecal) in LPS-challenged
mice. These findings suggest that the low conversion rate is not sufficient to induce these beneficial
changes with this level of FO supplementation (3.97%), thus in order to see benefits, potentially a
less physiologically relevant dose would be required, which could be investigated in a future study.
As highlighted in section 5.4, the lack of response may be related to a lack of ALA metabolizers
such as Bidifobacterium which may suggest that supplementation with both FO and

Bifidobacterium may result in beneficial effects across the GBA.
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In conclusion, in line with the hypotheses, LPS significantly impacted the GBA in male
C57BI/6 mice, the effects of which were partially attenuated/improved by previous FS dietary
supplementation, but not with FO, suggesting that the beneficial effects of FS are largely based on

the presence of fibre and SDG, or synergistic effects of all relevant bioactives.

6.2 Limitations and future directions

The limitations of this study include the lack of direct measures of systemic inflammation
during the 24- hour period following i.p LPS, specifically the first few hours, as the strongest
systemic response is visible during this time frame®. Thus, future studies would also include
measurement of serum cytokines throughout the first few hours by collecting tail vein blood. In
addition, male mice were used as a proof of concept to examine the effects of LPS on the GBA,
however future studies could examine these changes in female mice, as there are known sex
differences in the LPS immune response’®®. Similarly, dietary supplementation with FS prior to an
LPS challenge in female mice would likely show different effects based on the metabolism of SDG
into the phytoestrogens END and ENL which have beneficial impacts on health!®. In Study 1 we
examined the neuroinflammation in the HIP and PFC, and in Study 2, the HIP and mPFC. It is
important to note that other brain regions are also relevant to mental illnesses (e.g. amygdala and
hypothalamus)*%°1°t which could be isolated in future studies. As this study was focused on the
acute effects of LPS on the GBA, the effects of chronic LPS on the GBA have not yet been
identified, highlighting another potential future study. We collected many tissues for histological
purposes, and so future directions of this study include examining histological measures of health
within the gut such as the intestinal crypts and goblet cells, known to be impacted by FS dietary

supplementation®®. Similarly, integrity of intestinal tight junctions could be measured indirectly
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by gPCR analysis of tight junction mRNA (e.g. occludin, ZO-1, and claudin). Future studies could
also examine specific cell types in the HIP and mPFC by flow cytometry, to determine the potential
source of inflammatory cytokines (e.g microglia or astrocytes). Finally, to determine if the effects
of FS on the GBA are truly independent of the presence of FO, a similar study would have to be

performed with de-fatted FS, leaving only the fibre and SDG as the major bioactives.
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Appendix

Table S1. Nest building scoring criteria. Highest possible score=6.5

Criteria

Scoring details

Shredding

0 = nestlets are unshredded
0.5 = 1-25% shredded. 1 full nestlet square is left unshredded & 1
nestlet has been partially shredded, but is still less than half-
shredded.
1 = 26-50% shredded. One nestlet square remains unshredded.
Other square is half- to fully-shredded.
1.5=51-75% - Both nestlets have been shredded/touched (at least
a little). Sum of the chunks are approximately % to % of one nestlet
square
2 =76-95% >1 pieces of nestlet material noticeable

o Chunky texture
2.5=>/= 96% - at most one small piece of unshredded material

o Fluffy texture

Shape

0 = Scattered
o Pieces of nest material are not all connected
o Very dispersed within the cage
o Scores of 0-1 for nest shredding
0.5 = Somewhat defined shape
o Most of the material connects
o Both of the following:
= > 2 edges are sticking out
= Very dispersed within the cage

1 = Mostly defined

o All of the material connects
e Mostly rounded shape
e One of the following:
= > 2 edges are sticking out
= Very dispersed within the cage

1.5 = Defined shape

e Round shape
e Material is gathered tightly to ensure snug fit around the
mouse

Location

0 = Front: touching front wall
0.5 = Middle
1 = Back: touching back wall

Nest walls

0=<25%
0.5=25-49%
1=50-75%
1.5=>75%
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Table S2: Complete spearman correlation matrix from Study 1 (Figure 4-9)

Link

Table S3: Complete fatty acid content of FO

Common Name

Systematic Name

Lipid numbers

Fatty acid content

% mg/g
Butyric acid Butanoic acid C4:.0 0.00 0.00
Caproic acid Hexanoic acid C6:0 0.00 0.00
Caprylic acid Octanoic acid C8:0 0.47 4.52
Capric acid Decanoic acid C10:0 0.01 0.06
Lauric acid Dodecanoic acid C12:0 0.01 0.14
Myristic acid Tetradecanoic acid C14:0 0.19 1.78
Myristoleic acid Tetradecenoic acid Cl4:1 0.00 0.00
Pentadecylic acid Pentadecanoic acid C15:0 0.01 0.13
Palmitic acid Hexadecanoic acid C16:0 5.46 52.63
Palmitoleic acid Hexadecenoic acid C16:1 0.07 0.63
Stearic acid Octadecanoic acid C18:0 3.98 38.30
Oleic acid Octadecenoic acid C18:1 (C9) 16.64 160.30
Vaccenic acid Octadecenoic acid C18:1 (C11) 0.83 7.99
Linoleic acid Octadecadienoic C18:2N6 15.97 153.82
y-Linolenic acid Octadecatrienoic acid C18:3N6 0.00 0.00
a-linolenic acid (ALA) | Octadecatrienoic acid C18:3N3 55.03 530.17
Stearidonic acid Octadecatetraenoic acid | C18:4N3 0.00 0.00
Arachidic acid Icosanoic acid C20:0 0.16 1.51
Gadoleic acid Eicosenoic acid C20:1 (C7) 0.04 0.39
Gondoic acid Eicosenoic acid C20:1 (C9) 0.14 1.36
Paullinic acid Eicosenoic acid C20:1 (C11) 0.02 0.19
Eicosadienoic acid Eicosadienoic acid C20:2N6 0.08 0.75
Dihomo-y-linolenic
acid (DGLA) Eicosatrienoic acid C20:3N6 0.00 0.00
Arachidonic acid Eicosatetraenoic acid C20:4N6 0.00 0.00
ETrA Eicosatrienoic acid C20:3N3 0.13 1.22
ETA Eicosatetraenoic acid C20:4N3 0.34 3.26
EPA Eicosapentaenoic acid | C20:5N3 0.03 0.32
Behenic acid Docosanoic acid C22:0 0.14 1.36
Erucic acid Docosenoic acid C22:1 0.06 0.61
Docosadienoate Docosadienoic acid C22:2N6 0.00 0.00
Adrenic acid Docosatetraenoic acid C22:4N6 0.11 1.08
Osbond acid Docosapentaenoic acid | C22:5N6 0.00 0.00
Clupanodonic acid Docosapentaenoic acid | C22:5N3 0.00 0.00
DHA Docosahexaenoic acid | C22:6N3 0.09 0.84
Lignoceric acid Tetracosanoic acid C24:0 0.00 0.00
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Table S4. The relative abundance of the cecal microbiota 24-hours post-injection

Relative abundance (% +SEM)

Taxonomy BD-SAL BD-LPS FS-SAL FS-LPS FO-SAL FO-LPS
41125 = 40.755 £ 47.798 £ 43.857 + 40.229 + 34291 =
p__ Firmicutes 1.295 2.749 2.222 3.14 1.496 2.031
7681 <+ 9299 + 7286 + 1001 <+ 7584 + 9587 £
f__Ruminococcaceae 0.287 0.871 0.761 0.784 0.582 0.903
6.658 + 4277 + 10.649 = 7.87 + 5249 + 2568 £
f__Lachnospiraceae 0.77 0.542 1.344 1.337 0.691 0.444
f__Ruminococcaceae; 3.624 + 4.08 + 2691 + 3052 + 4409 + 3639 =
g__Clostridium 0.457 0.613 0.367 0.403 0.427 0.407
2873 £ 249 + 2043 £ 3151 +£ 1478 <+ 1601 +
g__Sporobacter 0.662 0.502 0.296 0.484 0.369 0.418
f__Lachnospiraceae; 2028 + 1541 + 4761 <+ 3428 + 1788 = 0779 =
g__Clostridium 0.314 0.263 0.44 0.358 0.141 0.102
1365 + 14898 + 1673 + 13365 + 1496 <+ 12751 =+
0__Clostridiales 1.129 1.556 1.164 1.888 0.761 1.697
1003 + 0788 + 0918 <+ 0772 <+ 1475 <+ 0826 =+
g_rc4-4 0.167 0.104 0.254 0.143 0.243 0.198
0794 <+ 0.708 £ 0.36 + 0249 + 0821 + 0439 =
g__Dorea 0.103 0.069 0.043 0.031 0.061 0.057
0743 + 0878 + 0377 <+ 0971 + 0797 + 0853 =
g__ Oscillospira 0.143 0.114 0.042 0.257 0.107 0.102
0641 <+ 0753 + 0362 <+ 0522 + 0607 <+ 0638 =
g__ Defluviitalea 0.081 0.132 0.056 0.057 0.103 0.105
0471 £ 0347 + 0062 <+ 0012 <+ 0305 +
f__ Peptostreptococcaceae  0.246 0.223 0.048 0.008 0.245 0+0
f_Clostridiaceae; 0237 + 0183 <+ 0122 + 0.053 <+ 0.16 + 0.077 +
g__Clostridium 0.06 0.054 0.035 0.019 0.053 0.02
0223 £+ 0037 + 0789 <+ 0054 <+ 0083 + 0049 =
f__Bacillaceae 0.079 0.017 0.208 0.017 0.037 0.024
0216 £+ 0101 <+ 0173 <+ 0068 + 0.212 <+ 0.082 =
f__Streptococcaceae 0.041 0.028 0.03 0.017 0.038 0.014
0.256 £ 0.099 <+
g__Ruminococcus 00 00 0.121 0.04 00 00
44771 + 39.898 * 46.964 £ 41211 + 45777 + 44891 =
p__Bacteroidetes 1.477 2.087 2.052 2.386 1.333 2.028
7.037 + 10943 + 8.148 + 11477 £+ 7278 * 14041 =
g__Bacteroides 0.533 1.007 0.912 0.975 1.008 1.079
6.734 + 6.783 + 3716 <+ 6.725 £+ 8705 £ 10.251 =
g__Parabacteroides 0.691 0.637 0.478 0.784 1.239 0.893
30999 £+ 22172 £+ 35101 £+ 23.01 + 29.794 = 20.6 +
f_S24-7 0.838 1.324 1.409 1.615 1.584 0.881
0.859 £ 0568 <+ 0.09 + 0109 £ 0731 <+ 0197 =+
p__Tenericutes 0.393 0.314 0.047 0.062 0.233 0.08
0.859 <+ 0568 <+ 0.09 + 0109 + 0731 + 0197 =
g__Anaeroplasma 0.393 0.314 0.047 0.062 0.233 0.08
0.005 = 0299 <+ 0001 <+ 0.043 +
p__Actinobacteria 0.005 00 0.197 0.001 0.043 0+0
0.005 = 0299 <+ 0001 <+ 0.043 +
g__Bifidobacterium 0.005 00 0.197 0.001 0.043 0+0
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1143 + 2521 + 0162 =+ 1562 £ 049 <+ 1391 <+
p__Proteobacteria 0.841 1.794 0.048 0.349 0.321 0.504
1076 + 0353 + 0056 =+ 0.02 + 04 + 0.092 £
0_ RF32 0.837 0.316 0.032 0.014 0.313 0.084
0.067 £+ 2168 <+ 0105 <+ 1542 + 0.09 + 1299 =
f _Enterobacteriaceae 0.024 1.791 0.025 0.351 0.022 0.516
9.202 + 12874 + 335 + 1159 + 9551 + 1597 +
p__Verrucomicrobia 2.027 1.877 0.718 2.371 1.122 2.365
9202 + 12874 + 335 + 11596 + 9551 + 1597 =+
g__Akkermansia 2.027 1.877 0.718 2.371 1.122 2.365
2863 + 3371 <+ 1.27 + 1664 £ 2983 + 3252 +
p__Deferribacteres 0.438 0.442 0.12 0.187 0.419 0.373
2863 + 3371 + 127 + 1664 + 2983 + 3252
g__Mucispirillum 0.438 0.442 0.12 0.187 0.419 0.373
Mean relative abundance (% + SEM) of taxonomic groups in the fecal microbiota pre-injection
at the Phylum level (grey), or the order, family, or genus level (white) with mean abundance
greater than 0.2% in any group (n=12/group).
Table S5. The relative abundance of the fecal microbiota before and after LPS injection
Relative abundance (% + SEM)
Taxonomy BD-pre-  BD-post- FS-pre- FS-post- FO-pre- FO-post-
LPS LPS LPS LPS LPS LPS
27661+ 22983+ 39540+ 32032+ 28977+ 24517+
p__Firmicutes 1.963 1.942 1.838 2.164 2.016 1.927
5.346 + 5.362 + 8.034 + 6.223 + 6.688 +
f__Ruminococcaceae; 0.702 0.495 7.2+0.749 0.768 0.755 0.746
478 + 2537 + 9.325 + 5.656 + 397+ 2.287 +
f__Lachnospiraceae;__ 0.732 0.405 1.05 0.708 0.761 0.415
6.365 + 6.942 + 8.586 + 7.558 + 7.242 + 7.347 +
0__Clostridiales 0.691 0.644 1.219 0.853 0.727 0.682
2.353 + 2.083 + 1.349 + 0.99 + 2.717 + 1.566 +
g__rc4-4 0.292 0.312 0.296 0.199 0.254 0.282
g__Clostridium 1.186 + 0.753 + 3.307 + 3.075 + 1.21+ 0.56 +
(f__Lachnospiraceae) 0.141 0.113 0.259 0.37 0.204 0.081
1.423 + 1.115 + 1.422 + 1.381 + 0.856 + 0.99 +
g__Sporobacter 0.495 0.385 0.458 0.24 0.152 0.387
g__Clostridium 1.517 + 1.42 + 2.433 + 2273+ 1.996 + 1.723 +
(f_Ruminococcaceae) 0.216 0.303 0.227 0.234 0.343 0.27
g__Clostridium
(f__Peptostreptococcacea  0.363 + 0.082 + 0.03 + 0.027 + 0.228 + 0.035 +
e) 0.116 0.03 0.015 0.015 0.113 0.01
0.671 % 0.28 + 0.498 + 0.116 + 0.38 + 0.314 +
g__Lactobacillus 0.338 0.096 0.418 0.026 0.174 0.122
0.475 + 0.107 + 2.756 + 0.522 + 0.876 + 0.068 +
f_ Bacillaceae;__ 0.211 0.082 0.738 0.169 0.319 0.028
0.392 + 0.363 + 0.163 = 0.287 + 0.51 + 0.411 +
g_ Dorea 0.053 0.043 0.024 0.055 0.068 0.069
g__Clostridium 1.137 + 0.298 + 0571 + 0.107 + 0.765 + 0.118 +
(f__Clostridiaceae) 0.19 0.094 0.12 0.049 0.219 0.036
0.369 + 0.405 + 0.387 + 031+ 0.413 % 0.539 +
g_ Oscillospira 0.076 0.122 0.094 0.031 0.11 0.105
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0.294 0.203 0.191 0.249 + 0.375 % 0.387 +

g__ Defluviitalea 0.045 0.024 0.041 0.048 0.045 0.089
0.203 £ 0.127 + 0.141 + 0.091 + 0.223 £ 0.106 +
0__Lactobacillales 0.022 0.026 0.019 0.018 0.031 0.012
0.186 £ 0.027 = 0.424 £ 0.14 + 0.226 £ 0.089
g__Allobaculum 0.103 0.016 0.13 0.053 0.095 0.063
0.094 + 0.072 = 0.039 + 0.002 =
f_Peptostreptococcaceae 0.094 0.064 0.032 0.002 00 00
g__Clostridium 021+ 0.076 + 0.374 + 0.136 + 0.338 +
(f__Erysipelotrichaceae) 0.1 +£0.022 0.072 0.026 0.144 0.031 0.065
g__Ruminococcus 0.083 £ 0.119 0.28 = 0.352 = 011+ 0.217 =
(f__Lachnospiraceae) 0.017 0.054 0.051 0.068 0.015 0.066
0.034 £ 0.116 = 0.065 £ 0.109 0.162 £ 021+
g__Papillibacter 0.01 0.056 0.013 0.03 0.085 0.044
0.03 = 0.057 = 0.019 £ 0.062 + 0.036 £ 0.112 +
g__Anaerotruncus 0.009 0.015 0.007 0.03 0.009 0.033
48.878 = 51.488 + 50.256 £ 43.421 + 53.851 £ 50.558 £
p__Bacteroidetes 1.958 1.955 1.694 2.289 1.765 3.234
33.658 £ 31.208 £ 35.958 + 29.822 + 36.607 £ 26.647 £
f_S24-7;9_ 1.434 1.297 1.326 1.763 2.153 1.23
9.593 + 14.354 + 9.907 = 947+ 10.506 + 15.302 +
g__Bacteroides 1.018 1.375 1.254 0.933 1.063 1.848
5.627 £ 5.926 4391 4,128 = 6.737 £ 8.609
g__Parabacteroides 0.555 0.537 0.758 0.454 0.495 0.975
0.512 £ 0.613 = 0.359 £ 0.475 0.412 + 0.382 =
p__Deferribacteres 0.127 0.127 0.173 0.178 0.121 0.099
0512 £ 0.613 0.359 £ 0.475 % 0.412 £ 0.382 =
g__Mucispirillum 0.127 0.127 0.173 0.178 0.121 0.099
0.481 0.326 + 0.146 £ 0.073 = 0.465 £ 0.062 +
p__Tenericutes 0.165 0.193 0.083 0.06 0.191 0.03
0.481 + 0.326 = 0.146 + 0.073 = 0.465 + 0.062 =
g__Anaeroplasma 0.165 0.193 0.083 0.06 0.191 0.03
19.786 + 21.225 + 7.891 + 16.579 + 15.82 = 21.164 £
p__Verrucomicrobia 1.503 1.745 1.571 2.01 2.000 2.663
19.786 + 21.225 + 7.891 + 16.579 + 15.82 + 21.164 +
g__Akkermansia 1.503 1.745 1571 2.01 2.000 2.663
0.066 + 0.042 = 0.817 + 0.198 = 0.068 + 0.123 +
p__Actinobacteria 0.014 0.012 0.370 0.043 0.018 0.03
0.545 0.043 = 0.001 £
g__Bifidobacterium 0+0 00 0.363 0.038 0.001 00
2.610 £ 3.313 0.833 7.113 = 0.346 + 3.191 =
p__Proteobacteria 1.264 1.868 0.256 2.152 0.221 1.243
0.105 3.148 + 0.206 £ 7.071+ 0.177 3.124 +
f__Enterobacteriaceae 0.035 1.879 0.047 2.153 0.086 1.256
2.505 + 0.165 + 0.580 £ 0.012 + 0.168 £ 0.067
0_ RF32 1.243 0.157 0.240 0.008 0.138 0.065

Mean relative abundance (% + SEM) of taxonomic groups in the fecal microbiota pre and post
LPS injection at the Phylum level (grey), or the class, order, family, or genus level (white) with
mean abundance greater than 0.2% in any group (n=12/group).
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Table S6. Effects of SAL injection on the fecal microbiota
Relative abundance (% = SEM)

Taxonomy BD+SAL- BD+SAL- FS+SAL- FS+SAL- FO+SAL- FO-SAL-
before after before after before after
53.159+ 53957+ 50.301+ 52233+ 52265+ 52.881%
p__Bacteroidetes 1.978 1.76 2.378 1.727 0.983 1.381
36.718+ 37901+ 37746+ 40949+ 37.081+ 38.244+
f_S24-7,9__ 1.681 1.641 1.132 1.65 1.891 2.141
10.245+  9.699 + 9.426 + 8.372 + 8.778 + 8.414 +
g__Bacteroides 1.019 0.98 1.201 1.076 0.913 1.102
6.196 + 6.357 + 3.129 + 2912 + 6.406 + 6.223 +
g__Parabacteroides 0.636 0.632 0.415 0.443 1.081 0.845
3152 + 29.225+ 35872+ 38455+ 2431+ 25.865 +
p__Firmicutes 1.956 1.679 1.577 1.851 1.656 1.414
5749 + 5.569 + 7175+ 8.868 + 3.876 + 3.407 +
f__Lachnospiraceae;_  0.998 0.881 0.544 0.757 0.599 0.456
5.994 + 5.674 + 6.027 + 6.13 + 4557 + 5.597 +
f__Ruminococcaceae;_  0.473 0.447 0.68 0.459 0.477 0.348
6.668 + 7.606 8.153 + 8.377 6.167 = 7.761 =
0__ Clostridiales; f__ 0.707 0.869 0.678 0.663 0.426 0.841
3.228 + 2.334 + 1375+ 1.075 % 2.928 + 2.383
g__rc4-4 0.623 0.482 0.303 0.209 0.289 0.243
g__Clostridium 1.347 + 1.383 % 2.976 + 4.002 + 0.834 + 1.07+
(f__Lachnospiraceae) 0.257 0.207 0.302 0.396 0.097 0.126
1.449 + 1.659 + 1.159 + 1.779 £ 0.994 + 1.07+
g__Sporobacter 0.326 0.309 0.216 0.399 0.23 0.224
g__Clostridium 1976 £ 1695+ 2311 % 2.824 + 1.405 £ 1615+
(f_Ruminococcaceae)  0.349 0.183 0.241 0.3 0.169 0.074
1.06 £ 0.32 % 3913 + 2.735 0.536 = 0.195 +
f__Bacillaceae; 0.33 0.108 0.802 0.564 0.265 0.095
g__Clostridium 0.888 + 0.224 + 0.535 + 0.305 + 0.667 = 0.334 +
(f__Clostridiaceae) 0.235 0.068 0.193 0.115 0.229 0.117
0.716 + 0.505 + 0.357 + 0.338 + 0.349 + 0.493 +
g__Oscillospira 0.174 0.058 0.104 0.071 0.051 0.068
0.467 + 0.36 + 0.178 + 0.271 0.223 + 0319+
g__Defluviitalea 0.074 0.036 0.023 0.046 0.032 0.045
041+ 0.384 + 0.208 = 0.274 = 0.261 = 0.348 +
g__Dorea 0.073 0.049 0.027 0.043 0.021 0.043
0.327 = 0.44 0.311 0.176 + 0.363 = 0.283 +
g__Lactobacillus 0.109 0.247 0.133 0.047 0.137 0.116
0.188 + 0.231+ 017+ 0.219 + 0.208 + 0211 +
0__Lactobacillales; f _ 0.025 0.046 0.035 0.024 0.032 0.017
0.082 + 0.033 + 1.139 + 053+ 0.46 £ 0.252 +
p__Actinobacteria 0.042 0.006 0.519 0.112 0.42 0.178
0.036 = 0.004 = 0.74 £ 0.214 = 0.414 = 0.175
g__Bifidobacterium 0.036 0.004 0.505 0.108 0.414 0.175
0.002 + 0.252 + 021+ 0.001 + 0.002 +
g__Coriobacteriaceae 0.002 00 0.049 0.049 0.001 0.001
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p__Deferribacteres
g__Mucispirillum
p__Proteobacteria
f__Enterobacteriaceae
o RF32:f
p__Tenericutes
g__Anaeroplasma
p__Verrucomicrobia
g__Akkermansia
p__Cyanobacteria
0__ Streptophyta

0 YS2

0.443 £
0.163
0.443
0.163
1.052 +
0.688
0.071
0.019
0.981
0.697
0.736 =
0.222
0.736 =
0.222
12.975 +
2.452
12,975
2.452
0.033 =
0.031

0+0
0.033
0.031

0.475 *
0.154
0.475 +
0.154
1.815+
1.317

04+0.11
1415+
1.274
0.395 +
0.147
0.395 +
0.147
13.974
2.587
13.974
2.587
0.126 +
0.126

0+0
0.126 +
0.126

0.239
0.067
0.239 +
0.067
1.214 +
0.752
0.203 =
0.091
0.931 %
0.758
0.149 +
0.105
0.149 +
0.105
10.147
1.874
10.147 +
1.874
0.938 +
0.535
0.271 £
0.096
0.667 *
0.493

021+
0.048
021+
0.048
0.743 =
0.242
0.603 £
0.195
0.039
0.031
0.058 +
0.03
0.058 +
0.03
7.368 =
1.466
7.368 £
1.466
0.403 =
0.087
031+
0.075
0.093 £
0.076

0.202 £
0.04
0.202 =
0.04
1.424
0.871
0.137
0.027
1.287
0.88
0.415 +
0.138
0415+
0.138
20.857
1.126
20.857
1.126
0.066
0.065

0+0
0.066 +
0.065

0.149 +
0.025
0.149 +
0.025
0.782
0.282
0.429
0.136
0.353 +
0.248
0.269 +
0.09
0.269 +
0.09
19.603
1.414
19.603
1.414
0.2+
0.199

0+0
0.2
0.199

Mean relative abundance (% + SEM) of taxonomic groups in the fecal microbiota pre and post
SAL injection at the Phylum level (grey), or the order, family, or genus level (white) with mean
abundance greater than 0.2% in any group (n=12/group).
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Figure S1. The inferred function of the fecal microbiota before injection comparing FS and

FO.

The inferred function was analyzed in STAMP using Welch’s two-sided t-test with Benjamini-
Hochberg multiple test correction (q<0.1)
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Figure S2. The effects of LPS injection on BD and FO Bray-Curtis p-diversity
A. BD pre vs. post LPS injection. B. FO pre vs post LPS injection. B-diversity was visualized by
PCoA and analyzed by PERMANOVA (n=12/group).

114



[ FO-LPS-Before [ FO-LPS-After

95% confidence intervals

Ribosome FP——— I F——-=0—— 0.046
DNA repair and recombination proteins F—————y '~ 0.046
Ribosome Biogenesis ey | o 0.052
Aminoacyl-tRNA biosynthesis F=——] : HOH 0.021
Purine metabolism FP—=7"4} | —OH 0.076
Lysine biosynthesis F—= | FOH 0.080
Amino acid related enzymes —— | HOAH 0.047
Mismatch repair == | HOH 0.080
Phenylalanine, tyrosine and tryptophan biosynthesis F—— I oA 0.042
Translation factors B3 l@ 0.067
Photosynthesis (5 : (@) 0.051
Photosynthesis proteins B | 1O 0.055
Terpenoid backbone biosynthesis B3 110 0.018
Translation proteins F=—=—3 o] 0.013
Tyrosine metabolism = o 0.063
Pantothenate and CoA biosynthesis E lO 0.054
Thiamine metabolism B3 :O 0.087
Carbohydrate metabolism B OI 0.052
Other transporters B O 0.045
L L L ] L L L l
0.0 2.8 —0.050.00 0.05 0.10 0.15 0.20

Mean proportion (%)

Difference in mean proportions (%)

Figure S3. The inferred function of the fecal microbiota pre vs. post LPS in FO-fed mice

g-value (corrected)

The inferred function was analyzed in STAMP using Welch’s two-sided t-test with Benjamini-

Hochberg multiple test correction (g<0.1).
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