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INTRODUCTION  

Mice share many physiological and genetic characteristics with humans and 
have therefore become an unavoidably important component for drug develop-
ment and for modeling human diseases. A drug candidate or treatment must 
pass extensive preclinical efficacy and safety testing before it can be approved 
for human clinical trials. For this reason, inbred mouse strains are essential to 
medicine and biological research. However, these mice have lost the poly-
morphisms in their genome due to inbreeding and are homozygous in the vast 
majority of alleles. The genetic variation between different strains of mice 
means that they differ significantly at the molecular and cellular levels. These 
differences in turn result in a specific behavioral phenotype for each strain. It is 
therefore crucial to gain new insight about strain-specific variations since 
genetic differences among strains frequently lead to differential responses in 
models of human diseases. New knowledge will help scientists better under-
stand how to choose the best suited model for a particular scientific question, 
which is essential for efficient data interpretation. 

In this dissertation, I will compare mice from two inbred genetic back-
grounds: C57BL/6NTac (Bl6) and 129S6/SvEvTac (129Sv). These mice are 
among one of the most widely utilized mouse strains in biomedical and trans-
genic research and are the gold standard for creating transgenic mouse models. 
From previous research we know that Bl6 mice actively cope with stressful 
situations, whereas the responding strategy of the 129Sv line is inherently 
passive.  

In our study, we aimed to explore the possible differences of these strains in 
coping with endotoxemia and dietary influences. First, we demonstrate that 
systemic administration of lipopolysaccharide (LPS), the activator of innate 
immune response, causes a stronger hypometabolic state in the Bl6 strain but 
enhances the production of proinflammatory metabolites in 129Sv mice. We 
demonstrate that LPS administration leads to changes in polyamine metabolism 
in Bl6 mice but not in 129Sv mice. More precisely, LPS increases the bio-
synthesis of putrescine in Bl6 mice, which has been shown to possess neuro-
protective activity in the central nervous system (CNS). This led us next to 
further investigate the possible different outcomes of LPS-induced inflamma-
tory response in the CNS of Bl6 and 129Sv mice. We demonstrate that micro-
glia of 129Sv mice have increased inflammatory status in response to activation 
by LPS, not seen in Bl6 mice. However, we did see that under baseline condi-
tions, microglia of Bl6 mice seem to be in a higher immune-alert state. Gene 
and protein expression analysis revealed that LPS administration induced a 
significantly stronger upregulation of MHC-I-pathway related components in 
the brain of Bl6 compared to 129Sv mice. Additionally, correlation analysis 
highlighted the olfactory bulb region of Bl6 mice and the frontal cortex of 
129Sv mice as brain regions most affected by LPS in these strains. Based on 
these results, we hypothesize that the brain of Bl6 mice, particularly the 
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olfactory bulb region, exists in a more immunocompetent state compared to that 
of 129Sv mice. Since several studies have indicated that consumption of high-
fat foods may induce systemic inflammation, we finally aimed to investigate the 
impact of genetic background on the metabolic response to high-fat diet (HFD) 
in these strains. We found that 9 weeks of HFD induced a significant body 
weight gain in 129Sv, but not in Bl6 mice. Besides that, 129Sv mice displayed 
anxiety-like behavior in the open field test. Metabolite profiling revealed that 
129Sv mice had higher levels of circulating branched-chain amino acids 
(BCAA-s), which were even more amplified by HFD. HFD also induced a 
decrease in glycine, spermidine, and t4-OH-proline levels in 129Sv mice. 
Although acylcarnitines dominated in baseline conditions in the 129Sv strain, 
this strain experienced significantly stronger acylcarnitine-reducing effects of 
HFD. Moreover, 129Sv mice had higher levels of lipids in baseline conditions, 
but HFD caused more pronounced alterations in lipid profile in Bl6 mice. Thus, 
our results indicate that the Bl6 line is better adapted to abundant fat intake. 

This thesis has provided a deeper insight into the coping strategies of the Bl6 
and 129Sv mouse lines, which should be considered when designing and 
interpreting studies with mouse models, especially immunological studies. Our 
work adds to the growing body of research showing that Bl6 and 129Sv mice 
display vastly distinct adaptation capacities, regardless of the nature of stressful 
challenges.  
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REVIEW OF THE LITERATURE 

1. Bl6 and 129Sv inbred mouse strains 
An inbred mouse strain is a result of at least 20 consecutive generations of 
brother-sister matings and as a result, these mice are essentially genetic clones 
of one another. With the use of the same inbred strain, genetic variability can be 
removed as a confounding factor. Most studies with transgenic mouse models 
use inbred mouse strains, of which the two most common are Bl6 and 129Sv. 
The standard approach for generating transgenic mouse models combines these 
two strains. Typically, genetically modified mice are created using embryonic 
stem cells from 129Sv mouse substrains, whereas Bl6 is the most widely used 
background strain in biomedical research (Hedrich 2004; Yoshiki & Moriwaki 
2006). The growing popularity of Bl6 mice as a preclinical model may affect 
the validity and translatability of many scientific findings. The simultaneous use 
of 129Sv, neglected in many cases, helps to overcome the obstacles inherent in 
the use of only the Bl6 strain. For translational research, it is critical that animal 
models are accurately characterized and validated as models of human disease. 
Although there does not exist an ideal biological model for heterogeneous dis-
orders, it is evident from the literature that some mouse strains are more suitable 
than others for studying particular behavioral characteristics associated with 
pathophysiology (Crawley et al., 1997). In mice, and especially in genetically 
modified models, special considerations must be made because these modifi-
cations are influenced by the genetics of the background strain, husbandry, and 
experimental conditions. Thus, it is very important to understand the transla-
tional value of these different mouse lines and to find out for which studies of 
human pathology one or the other line may be appropriate for. In general, it is 
advisable to compare at least two mouse strains to determine the effects of 
genetic background (Silva et al., 1997). In the experimental population, mixing 
the genetic background may also result in controlled genetic variation more 
similar to the highly heterogeneous human population.  

Bl6 and 129Sv mouse strains differ significantly from one another in a 
number of ways. It is well-established that Bl6 mice have greater locomotor 
activity and increased exploratory behavior, whereas 129Sv mice display re-
duced locomotor and exploratory activity as well as increased anxiety-like be-
havior (Võikar et al., 2001; Abramov et al., 2008; Heinla et al., 2014). Previous 
research has shown that Bl6 mice have an active coping strategy (attempting to 
escape stressors) when faced with stressful situations, in contrast to the more 
passive coping strategy (helplessness to deal with stressors) of the 129Sv strain, 
which is even more amplified in environmental enrichment conditions (Abra-
mov et al., 2008; Heinla et al., 2014; Varul et al., 2021). Besides that, there are 
numerous other physiological and behavioral differences between 129Sv and 
Bl6. Bl6 mice are more aggressive, exhibit significant preference for alcohol 
and demonstrate extensive barbering behavior (Belknap et al., 1993; Middaugh 
et al., 1999; Sarna et al., 2000; Heinla et al., 2014). When compared to Bl6 
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mice, the 129Sv strainʼs pain sensitivity is significantly reduced (Võikar et al., 
2004; Abramov et al., 2008). While the exposure of mice to cat odor induces 
anxiety-like responses in Bl6 mice, it does not stimulate such responses in the 
129Sv strain (Raud et al., 2007). They also exhibit different reactions to amphe-
tamine administration: when compared to 129Sv, acute treatment with amphe-
tamine causes stronger motor stimulation in Bl6 mice, which is accompanied 
with the augmented dopamine efflux in the striatum (Chen et al 2007). One of 
the major reasons 129Sv and Bl6 mice differ in their basal dopamine system 
activity, is the frameshift mutation in the disrupted-in-schizophrenia-1 (Disc1) 
gene in 129Sv mice, which causes alterations in dopamine homeostasis and 
affects cognitive abilities (Mukaida et al., 1996; Koike et al., 2006; Trossbach et 
al., 2016). 

Bl6 and 129Sv are also widely used in immunological studies. Several stu-
dies have demonstrated that they show different immune responses and have 
different susceptibility to infectious diseases. For instance, 129Sv mice infected 
with the influenza virus exhibit hyper-induction of proinflammatory cytokines 
and mice tend to die from infection. On the other hand, the proinflammatory 
cytokine response in the Bl6 strain is mild, and mice manage to cope effectively 
with the infection (Davidson et al., 2014).  

Previous studies, including our own, seem to suggest that 129Sv mice are a 
more appropriate model for studying anxiety-, depressive-, and psychosis-like 
conditions. Nevertheless, translating preclinical findings from mice to psychiat-
ric disorders in humans is a difficult task. Although no mouse can ever fully 
model all aspects of complex, heterogeneous psychiatric disorders, they are ine-
vitably an important component in characterizing various aspects of these dis-
orders. Many psychiatric disorders are associated with behavioral and cognitive 
endophenotypes that can be modeled and studied in mice (Seong et al., 2002). It 
is known that some strains of mice are more suitable than others for studying 
specific behavioral traits associated with psychiatric disorders. Inflammation, 
along with metabolic syndrome, is a common feature of psychiatric disorders 
and antipsychotic medication use. With this in mind, the aim of our study was to 
increase knowledge about the coping strategies of Bl6 and 129Sv mice, fo-
cusing on two inflammatory triggers – bacterial lipopolysaccharide and high-fat 
diet. 

 
 

2. Inflammation and bacterial lipopolysaccharide 
Inflammation-induced animal models are essential for developing new thera-
peutic treatments and testing potential drug candidates that target inflammation. 
However, they are also useful for studying the inflammatory mechanisms of 
various CNS diseases such as Alzheimerʼs, Parkinsonʼs, Huntingtonʼs, and 
amyotrophic lateral sclerosis, as well as psychiatric disorders such as depression 
and schizophrenia, where chronic inflammation plays a key role in pathophysio-
logy of the disease (Batista et al., 2019; Feng et al., 2020). 



14 

Due to genetic mutations and polymorphisms, different inbred mouse strains 
differ greatly in their immune responses. As previously mentioned, recent work 
has demonstrated that 129Sv are more vulnerable to influenza and infected mice 
have increased lung damage, morbidity and mortality compared to Bl6 mice 
(Davidson et al., 2014). Susceptibility to herpes simplex virus type 1 also varies 
between mouse strain: 129Sv mice are more susceptible to the herpes virus, 
whereas Bl6 mice seem to be resistant (Cantin et al. 1999; Lundberg et al. 
2003). In addition, 129Sv mice carry a nonfunctional formyl peptide receptor 3 
(Fpr3) gene variant that belongs to the group of genes that are upregulated in 
immune cells after LPS exposure and thus likely contribute to immune defense 
against bacteria (Stempel et al. 2016). Immune responses even differ between 
Bl6 substrains. Compared with the C57BL/6N substrain, C57BL/6J mice are 
more susceptible to certain bacterial infections and exhibit deficient neutrophil 
recruitment to sites of inflammation, which has been linked to a missense 
mutation in Nlrp12 in C57BL/6J mice (Ulland et al. 2016). 

The induction of inflammation can be achieved in several ways, and LPS has 
become an important tool for this purpose. LPS is a major component of the 
outer membrane of Gram-negative bacteria and serves as an early warning 
signal of bacterial infection. As an endotoxin, it is a potent innate immune 
activator that is recognized by toll-like receptor 4 (TLR4). In case of infection, 
LPS is extracted from bacterial membranes and bound to LPS binding protein 
(LBP), which transfers LPS to TLR4 by interacting with CD14. The interaction 
between LPS and TLR4 leads to the activation of several signaling components, 
including NF-κB and IRF3, and the production of proinflammatory cytokines 
(Chow et al., 1999; Raetz and Whitfield, 2002; Park and Lee, 2013).  

Peripheral LPS administration has been widely used in immunological stu-
dies to stimulate innate immunity and activate neuroimmune and neuroendo-
crine systems. Systemic administration of LPS triggers inflammatory processes 
that have a negative impact on the brain and result in sickness and depressive-
like behavior in rodents. Low doses of LPS induces neuroinflammation without 
penetrating the blood brain barrier (BBB) and most effects of peripherally 
administered LPS are mediated through LPS receptors located outside the brain 
(Banks et al., 2015). Thus, LPS can activate neuroimmune pathways and pro-
cesses without triggering or depending on BBB disruption. However, it is pos-
sible that LPS enters the CNS by bypassing this barrier at sites with a weaker 
BBB, such as the circumventricular organs (CVOs) (Rivest, 2003). Nonetheless, 
it is commonly accepted that peripherally administered LPS first activates cells 
in the liver to produce TNFα, which distributes in the blood and enters the brain 
via TNFα receptors, where it stimulates the synthesis of additional TNFα and 
initiates a cascade of cytokines to induce activation of glia (mainly microglia) in 
the brain, leading to neuroinflammation (Qin et al., 2007). 

Activation of microglia is a pathophysiological hallmark of CNS disorders. 
Microglia are the brainʼs resident immune cells that regularly scan their residing 
microenvironment and act as the first line of defense against pathogens or injury 
in the CNS. Upon activation, microglia regulate the expression of several 



15 

molecules, including major histocompatibility complex class II (MHC-II), 
CX3C chemokine receptor 1 (CX3CR1), cluster of differentiation molecule 11b 
(CD11b) and mannose receptor (CD206), all of which are investigated in this 
study. In addition, previous studies have demonstrated that LPS-activated 
microglia mediate oligodendrocyte progenitor cell (OPC) death (Pang et al., 
2010), with that in mind, we also investigated the effect of LPS administration 
on OPCs. 

 
3. High-fat diet 

Inflammation has also been linked to the development of metabolic disorders 
such as type 2 diabetes (T2D), fatty liver disease, and cardiovascular disease. A 
high-fat diet (HFD) is commonly used in rodents to study the effects of dietary 
changes on the onset and progression of insulin resistance and obesity. It is well 
known that a long-term feeding of HFD is associated with low-grade systemic 
inflammation induced by reactive oxygen species (Hotamisligil, 2006). HFD 
recruits macrophages to adipose tissue and induces the expression of proin-
flammatory cytokines including TNF-α, IL-1, and IL-6 (Kanda et al., 2006). In 
the case of psychiatric disorders such as schizophrenia spectrum disorders, 
major depressive disorder, and bipolar disorder, the development of obesity and 
metabolic syndrome in patients occurs in parallel with the development of the 
disease, reducing the effectiveness of treatment and complicating the further 
course of the disease. 

Animal models of diet-induced obesity (DIO) have become very useful to 
analyze the etiology of obesity in vivo. However, the phenotypes of DIO mice 
are known to vary, and many factors can influence the development of obesity, 
including specific environment, experimental setup, diet (caloric value, com-
position, fat source), and animals involved (age, sex, strain). The genetic back-
ground of mice is one of the most important factors that influences suscepti-
bility to DIO. Different strains of mice have been shown to have different 
susceptibility to HFD-induced obesity, glucose intolerance, and insulin resis-
tance. For example, BALB/c mice have been shown to exhibit some protection 
against these detrimental effects (Montgomery et al., 2013). The response to 
HFD may even differ between different substrains. For example, among the 
various genetic differences identified between the C57BL/6J and C57BL/6N 
substrains, deletion of the nicotinamide nucleotide transhydrogenase (Nnt) gene 
has been the subject of numerous studies. Nnt is a mitochondrial enzyme that 
regulates mitochondrial NADPH levels and redox balance and is thought to be 
one of the reasons that C57BL/6J mice develop glucose intolerance and im-
paired insulin secretion under HFD (Attané et al., 2016). In the context of diet-
induced non-alcoholic/alcoholic fatty liver disease, 129Sv mice have been 
shown to have a higher susceptibility to developing a disease-like phenotype 
compared to Bl6 mice (Fengler et al. 2016). 
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4.1. Acylcarnitines 

Acylcarnitines are biological intermediates that play an important role in energy 
production. They are essential for oxidative catabolism of long-chain fatty acids 
by transporting them across the mitochondrial membrane from the cytosol into 
the mitochondrial matrix for β-oxidation and energy production. Several studies 
have reported alterations of acylcarnitine profile in pathological conditions 
including T2D (Adams et al., 2009), cardiovascular diseases (Makrecka-Kuka et 
al., 2017), and first episode psychosis (Kriisa et al., 2017). A recent study 
showed that 129Sv mice have significantly higher blood plasma levels of short-
chain acylcarnitines (SCACs) C4- and C5- compared to Bl6 mice (Narvik et al., 
2018). Acylcarnitine C5- in mouse blood is a mixture of isovalerylcarnitine and 
2-methylbutyrylcarnitine and elevated C5- levels in 129Sv mice are due to the 
accumulation of isovalerylcarnitine. This is caused by a splice site mutation in 
the lvd gene that results in a deficiency of isovaleryl-CoA dehydrogenase 
(Leandro et al., 2019). 
 

4.2. Amino acids and their derivatives biogenic amines 

Amino acids and biogenic amines are involved in a wide range of biochemical 
processes and pathways. They are building blocks for proteins and precursors 
for a variety of fundamental cellular biochemical reactions ranging from the 
synthesis of purines, pyrimidines, nucleotides and urea to the formation of 
metabolites of the citric acid cycle. Branched-chain amino acids (BCAAs) and 
alpha-aminoadipic acid (alpha-AAA) are potential modulators of glucose 
homeostasis and are elevated in individuals with metabolic syndrome (Wang et 

4. Targeted metabolomics approach 
Metabolomics is a rapidly growing field of life sciences that has recently found 
wide application in many different areas, including molecular epidemiology, 
biomarker discovery and identification, drug development, and personalized 
healthcare. Metabolomics aims to identify and quantify the totality of small  
(< 1500 Da) molecule intermediates and products of metabolism in biofluids, 
tissues and cellular extracts. 

 In this work, we used a targeted metabolomics approach. Targeted meta-
bolomics deals with specific classes of metabolites such as amino acids, pep-
tides, organic acids, lipids, nucleotides, etc. and allows their absolute and 
precise quantification. We chose the targeted metabolomics approach in our 
work because characterization of the metabolic changes that occur is key to 
understanding the differences in the molecular mechanisms underlying the 
metabolic disturbances caused by immunological and dietary interventions in 
Bl6 and 129Sv mouse lines. The applied targeted analysis with the Abso-
luteIDQ p180 kit allows for the identification of 186 metabolites in 5 compound 
classes: acylcarnitines, amino acids, biogenic amines, hexoses, and phospho- 
and sphingolipids. 
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al., 2011; Wang et al., 2013; McCormack et al., 2013). Recently, however, 
alpha-AAA has been found to have protective properties against obesity and 
T2D (Xu et al., 2019). BCAAs are associated with the synthesis of fatty acids 
and thus with insulin resistance and T2D. In obese and diabetic individuals, 
plasma BCAA levels correlate directly with insulin levels. Elevated levels of the 
amino acids taurine and glycine have also been shown to be a risk indicator for 
the development of T2D (Merino et al., 2018). In addition, taurine is also part of 
the biomarker signature of first episode psychosis (Koido et al., 2016). Re-
cently, it was shown that the levels of biogenic amines acetyl-ornithine (Ac-
Orn), alpha-AAA, and carnosine were significantly higher in Bl6 compared to 
129Sv mice (Narvik et al., 2018). Alpha-AAA is a component of the lysine 
metabolic pathway and a marker of oxidative stress (Yuan et al., 2011; Zeitoun-
Ghandour et al., 2011). Studies in rodents have shown that alpha-AAA inhibits 
the synthesis of kynurenic acid, which is a neuroactive metabolite and anta-
gonist of glutamatergic N-methyl-D-aspartate (NMDA) and AMPA/kainate and 
alpha-7 nicotinic receptors (Tuboly et al., 2015). Higher levels of alpha-AAA in 
Bl6 mice have been shown to be the result of a defect in the Dhtkd1 gene, which 
has been identified as a primary regulator of alpha-AAA, and defects in this 
gene lead to accumulation of alpha-AAA (Wu et al., 1995; Leandro et al., 
2019). Carnosine is a dipeptide (beta-alanyl-L-histidine) that is abundant in 
excitable tissues such as muscle and brain, can scavenge free radicals, and has 
neuroprotective properties (Klebanov et al., 1998; Bae et al., 2013).  
 

4.3. Phospholipids 

Lipids are an important source and store of energy for metabolism. Phospho-
lipids comprise two main categories: glycerophospholipids (GPLs) and sphingo-
lipids (sphingomyelins, SMs). Prominent members of the GPL family are 
phosphatidylcholines (PCs), which are the main precursors of lysophosphati-
dylcholines (lysoPCs). LysoPCs are formed when one of the fatty acyl groups in 
PCs is removed by phospholipase. GPLs and SMs are components of membrane 
bilayers that form a physical barrier against pathogens as a first line of defense 
and contain cell surface receptors such as Toll-like receptor 4 (TLR 4), which 
plays a key role in LPS-mediated signal transduction. Thus, PCs are involved in 
the early stages of the inflammatory cascade. LysoPCs play a role in modulating 
the immune response through immune cell activation and transport. These func-
tions have been linked to inflammatory diseases such as diabetes, obesity, 
atherosclerosis, cancer, and rheumatoid arthritis (Cas et al., 2020). Recent evi-
dence suggests that several GPLs and SMs are also potential biomarkers for 
cardiovascular disease (Paapstel et al., 2018) and first episode psychosis 
(Leppik et al., 2019). 

 



18 

4.4. Hexoses 

Targeted metabolomics analysis with the AbsoluteIDQ p180 kit does not 
distinguish between hexoses and measures the sum of all hexoses present in a 
sample, which is 90-95% glucose. Impaired glucose uptake is a hallmark of 
T2D and metabolic syndrome and is characterized by insulin deficiency or 
resistance to its action. 
 
 

5. Concluding remarks 
Previous studies have shown that considerable metabolic heterogeneity exists 
between Bl6 and 129Sv mouse strains. Metabolites C4-, C5-, and SM (OH) 
C22:2 are significantly higher in 129Sv mice, whereas carnosine, alpha-AAA, 
Ac-Orn, and LysoPC a C16:1 are part of the metabolic signature of Bl6 mice 
(Narvik et al., 2018). Two metabolites that clearly stand out are carnosine and 
alpha-AAA. Carnosine has antioxidant properties and has been shown to act as 
a scavenger of reactive oxygen species (ROS), sugars, polyunsaturated fatty 
acids (PUFAs), and proteins (Guiotto et al., 2005; Dawson et al., 2002; Rajani-
kant et al., 2007). Alpha-AAA has been found to have protective properties 
against obesity and T2D (Xu et al., 2019). In addition, 129Sv strains carry a 25-
base pair frameshift deletion within exon 6 of the Disc1 gene, resulting in 
misassembly of the full-length protein. Both human studies and animal models 
suggest that the Disc1 gene is a strong susceptibility factor for mental illness, 
possibly related to dopamine impairment. Inflammation is known to play an 
important role in the development and maintenance of various psychiatric dis-
orders. In addition, patients with mental illnesses have an increased prevalence 
of metabolic syndrome.  

With this in mind, we aimed to investigate the coping mechanisms of Bl6 
and 129Sv mice, with particular emphasis on inflammation and the develop-
ment of metabolic syndrome. To investigate the possible differences in coping 
with inflammation, we first administered mice LPS, the activator of the innate 
immune response. We examined the effect of LPS on locomotor activity, body 
temperature and weight, metabolic profile, and neuroinflammation parameters. 
Second, we aimed to investigate the influence of genetic background on the 
metabolic response to HFD in these strains. We examined the effects of a 9-
week HFD on locomotor activity, body weight, and metabolomics profile. 

Considering the above differences, we hypothesize that Bl6 mice may be 
partially protected from the detrimental effects of LPS and HFD, whereas 
129Sv might exhibit stronger response to LPS and HFD. 
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AIMS OF THE STUDY  

The general aim of this dissertation was to provide a deeper insight into the 
coping strategies of two common inbred mouse strains: Bl6 and 129Sv, focu-
sing on two inflammatory triggers – LPS and HFD.  
 
Specific aims of present dissertation were: 
1. To characterize behavioral and metabolic profiles of Bl6 and 129Sv mice 

after acute systemic administration of LPS. 
2. To investigate microglia activation and overall severity of neuroinflamma-

tion in Bl6 and 129Sv mice in response to acute systemic LPS administra-
tion. 

3. To investigate the body weight change, behavior, and metabolic profile in 
Bl6 and 129Sv strains in response to HFD.  
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MATERIAL AND METHODS 

In this thesis, in vivo experiments were performed with laboratory animals. A 
series of tests were performed to evaluate the effects of peripheral LPS admi-
nistration and diet on different variables. This involved different techniques in-
cluding measurement of locomotor activity in phenotyper cages, targeted meta-
bolomics assay, gene and protein expression analyses, and flow cytometric ana-
lyses (Figure 1). 

 

 
Figure 1. Scheme of treatments and techniques used in publications. 

 
 

1. Mice (Paper I, II, III) 
In papers I, II and III male mice (4-5-month-old) from two inbred strains: 
C57BL/6NTac and 129S6/SvEvTac were used. The number of animals used in 
experiments varied in the papers (paper I: Bl6 n = 56 and 129Sv n = 56; paper 
II: Bl6 n = 58 and 129Sv n = 58; paper III: Bl6 n = 28 and 129Sv n = 30). 

All mice were maintained in a conventional animal facility in the Laboratory 
Animal Center at University of Tartu at constant ambient temperature of 22± 2°C, 
with 45-65% humidity and a 12h light-dark cycle (lights off at 19:00). All mice 
received a standard chow diet (V1534-300 rat/mice universal maintenance diet; 
Ssniff Spezialiäten GmbH, Soest, Germany) and water ad libitum until further 
dietary interventions or death. All animal experiments were performed upon 
approval of the European Communities Directive (2010/63/EU) with permit (No. 
141, 17 April 2019) from the Estonian National Board of Animal Experiments. 
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2. LPS treatment (Paper I, II) 
LPS (derived from E. coli serotype 0111:B4; Sigma-Aldrich, St. Louis, MO, 
USA) was dissolved in 0.9% NaCl (saline). Mice were randomly assigned to 
receive one intraperitoneal (i.p.) injection of 0.5 mg/kg LPS or 0.9% NaCl 
(saline). The LPS dose was chosen based on the results of a pilot study, aimed 
at finding the lowest dose sufficient to elicit behavioral effects without being 
lethal to the animals. Mice from each strain were divided into two subgroups 
comprising 1.5 (paper I) and 24-hour (paper I and II) LPS treatment time points. 
These timepoints were chosen based on the literature showing that 1.5 h after 
LPS administration, the expression of several inflammatory cytokines is in-
creased (e.g., TNFα, IL-1β, IL-6, etc.), which then rapidly decrease and reach 
baseline levels after 24 h (Lalić et al., 2018). 24 h after LPS administration, the 
expression of important cytokines (e.g., CXCL9) increases and microglial 
activation occurs (Lalić et al., 2018; Catorce et al., 2016). 

 
3. Mouse diets (Paper III) 

In paper III mice were fed either standard chow diet (V1534-300 rat/mice 
universal maintenance diet; Ssniff Spezialiäten GmbH, Soest, Germany) or 
high-fat diet (HFD) chow (D12451, 45 kJ% fat (lard); Ssniff Spezialiäten 
GmbH, Soest, Germany) for 9 weeks. Diet compositions are shown in Table 1. 
Diet and duration were chosen based on the experiments previously carried out 
in our laboratory (Kaare et al., 2021). 
 
Table 1. Composition of the standard chow and HFD. 

 Control Diet 
(3.230 kcal/kg)

High-Fat Diet 
(4.615 kcal/kg) 

Fat (kJ%) 9 45 
Protein (kJ%) 24 20 
Carbohydrate (kJ%) 67 35 

Crude Nutrients [%]
Crude protein (N × 6.25) 19.0 22.0 
Crude fat 3.3 23.6 
Crude fiber 4.9 5.7 
Crude ash 6.4 5.3 
Starch 35.2 6.8 
Sugar 5.3 21.1 
N free extracts 54.2 40.0 
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Food and water intake were recorded weekly during the 9-week study period. 
Food and water consumption were measured by subtracting the mass (g) or 
volume (ml) of remaining food and water from the initial food and water mass 
or volume provided to each cage weekly. For analysis, food and water con-
sumption data were corrected for the number of animals per cage. 

 
 

4. Measurement of body weight and temperature  
(Papers I, II, III) 

In papers I and II, body weight was measured before and 24 hours after injec-
tion of LPS and saline. In paper III, all mice were weighed weekly starting from 
the first day of dietary intervention and body weight was tracked for 9 weeks 
throughout the study period. In addition, at the end of the dietary intervention at 
week 9, the body weight of Bl6 and 129Sv mice was measured before and after 
the phenotyper experiment. 

Body temperature was determined in the LPS studies in papers I and II. 
Baseline temperature was measured with a rectal thermometer (TSE Technical 
and Scientific Equipment GmbH, Berlin, Germany) before administration of 
LPS or saline. At 1.5 h and 24 h after the administration of LPS and saline, the 
measurement of body temperature was repeated. 

 
 

5. Locomotor activity in phenotyper cages (Papers I, II, III) 
The locomotor activity of mice was monitored in PhenoTyper® (EthoVision 
3.0, Noldus Information Technology, Wageningen, The Netherlands) cages. 
One phenotyper trial comprised a 24-h period during which mice were indivi-
dually housed in 30 cm × 30 cm × 35 cm plexiglass cages with sawdust bed-
ding, similar to home cage. Mice had free access to food and water throughout 
the experimental period and were maintained on a 12:12 h light-dark cycle. In 
papers I and II, mice were placed in the phenotyper cages immediately after 
LPS administration and observed for 24 hours. In paper III, phenotyper tests 
were performed at week 1 (on the first day of the dietary intervention) and week 
9 (at the end of the dietary intervention). Animal movements were continuously 
recorded with a video tracking system. Each cage was equipped with a top unit 
with an integrated infrared-sensitive camera and infrared LED lights to allow 
tracking in the dark phase. In papers I, II and III the open-field arena was 
virtually divided into central and peripheral zones, with the central zone defined 
as half of the total area. In paper III, the food and water zone was additionally 
included. The total distance traveled and the time spent in the center and in the 
food and water zone were measured. 
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6. Metabolomic studies (Papers I, III) 
In paper I, the measurement of metabolites was performed with a separate group 
of animals than the experimental group for locomotor activity, and the mice 
were taken directly from their home cages. In paper III, we performed the meta-
bolomic study with the same group of animals that had previously been sub-
jected to the phenotyper tests. 
 

6.1. Sample collection 

Mice were euthanized by decapitation, and trunk blood was collected into 
EDTA-coated microcentrifuge tubes and stored on ice. All tubes were centri-
fuged at 2000× g for 15 min at 4 °C. Plasma supernatant was separated and 
stored at −80 °C until further analysis. 
 

6.2. Measurement of metabolites 

The AbsoluteIDQ™ p180 kit (BIOCRATES Life Sciences AG, Innsbruck, 
Austria) was used to determine plasma levels of 186 different compounds. 
Samples were measured using QTRAP 4500 mass spectrometry (Sciex, 
Framingham, MA, USA) in combination with high performance liquid chromato-
graphy (HPLC) (Agilent 1260 series, Agilent Technologies, Waldbronn, Ger-
many). The first step of sample preparation was performed on the AbsoluteIDQ 
kit plate included in the test kit with 96 wells for holding the zero sample, three 
samples of phosphate-buffered saline (PBS), seven calibration standards, and at 
least three quality controls. Plasma samples were thawed and centrifuged at 4°C 
for 5 minutes at 2,750 × g. To all wells, except the well in position A1, 10 μl of 
the internal standard mixture was added. Then, 10 μl of the calibration stan-
dards, PBS, quality controls, and plasma samples were added to each well. To 
each well, 50 µl of a 5% solution of phenyl isothiocyanate in pyridine/ethanol/ 
water (1:1:1, v/v/v) was added for amino acid derivatization. 

After 20 min of incubation, the plate was dried at room temperature under 
dry air flow and all compounds were extracted into solution with 300 µl of  
5 mM ammonium acetate in methanol. After 30 min of shaking, the plate was 
centrifuged and the extract was filtered through a filter membrane into the 96-
well capture plate below. From the capture plate, 50 µl of the solution was 
transferred to another 96-well plate and diluted with 250 µl of 40% (v/v) metha-
nol in water for liquid chromatography techniques (LC-MS). For flow injection 
analysis (FIA), 20 µl of the solution was transferred to another 96-well plate 
and diluted with 380 µl of FIA mobile phase solvent prepared by diluting Bio-
crates Solvent I supplied with the kit in 290 ml of HPLC methanol. 

Amino acids and biogenic amines in the samples were measured using the 
LC-MS techniques. Acylcarnitines (Cx:y), hexoses, sphingolipids [SMx:y or 
SM (OH)x:y], glycerophospholipids [lysophosphatidylcholines (lysoPCx:y) and 
phosphatidylcholines (PCaa x:y and PC ae x:y)] were measured by FIA tandem 
mass spectrometry. Multiple reaction monitoring was used for both analytical 
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methods. Concentrations of metabolites were automatically calculated in μM by 
MetIDQ™ software (BIOCRATES Life Sciences AG). 

 
 

7. Gene and protein expression analysis  
in mouse brain areas (Paper II) 

 7.1. Gene expression of MHC-I-related genes by RT-qPCR  
(Paper II) 

24 h after LPS administration, mice were euthanized by decapitation, brains 
were removed, and the olfactory bulbs, prefrontal cortex, hypothalamus, hippo-
campus, midbrain, and cerebellum were dissected. Total RNA from aforemen-
tioned brain regions was extracted using Trizol® reagent (Invitrogen, Waltham, 
MA, USA) according to the manufacturerʼs protocol. RNA was reverse 
transcribed (2 µg) using random hexamers (Applied Biosystems, Foster City, 
CA, USA) and SuperScript™ III Reverse Transcriptase (Invitrogen, USA). 
Real-time qPCR was performed using 5x HOT FIREPol® EvaGreen® qPCR 
Supermix (Solis BioDyne, Tartu, Estonia) and corresponding primers (TAG 
Copenhagen, Copenhagen, Denmark; Table 2) on a QuantStudio 12 K Flex 
Real-Time PCR Detection System (Applied Biosystems, USA) according to the 
manufacturerʼs instructions. 
 

Table 2. List of DNA primer sequences used in RT-qPCR gene expression analysis.  

Gene   Sequence (5’-3’) Product 
length (bp) 

Hprt Forward 5’-GCAGTACAGCCCCAAAATGG-3’ 85 bp Reverse 5’-AACAAAGTCTGGCCTGTATCCAA-3’ 

β2m Forward 5’-TGGTCTTTCTGGTGCTTGTC-3’ 107 bp Reverse 5’-TATGTTCGGCTTCCCATTCTCC-3’ 

Tap1 Forward 5’-CTTGGATGATGCCACCAGTG-3’ 99 bp Reverse 5’-AGAAGAACCGTCCGAGAAGC-3’ 

Tap2 Forward 5’-GCGCCATCTTTTTCATGTGC-3’ 143 bp Reverse 5´-AAGGTCTTGGCGCAACAAAG-3’ 

Lmp2 Forward 5’-ATGGGAGGGATGCTAATTCGAC-3’ 134 bp Reverse 5’-ATGGCATCTGTGGTGAAACG-3’ 

Tapbp Forward 5’-CAGCTACCTCCAGTCACTGC-3’ 124 bp Reverse 5’-GCCCTGAGAAGCCTGCCA-3’ 

Ace Forward 5’-TCGCTACAACTTCGACTGGT-3’ 163 bp Reverse 5’-GAACTGGAACTGCAGCACAA-3’ 
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7.2. Protein extraction and Western blot analysis (Paper II) 

Total protein fraction was extracted from hippocampus and olfactory bulb. 
Samples were sonicated in ice-cold RIPA lysis buffer (Thermo Scientific, 
Waltham, MA, USA) containing 1× protease inhibitor (78430, Thermo Scientific) 
and centrifuged at 14,000× g for 10 min at 4 °C. Protein concentrations were 
determined using the BCA protein assay kit (23225, Thermo Scientific). Equal 
amounts of protein (20 μg) from each sample were separated on a NuPAGE Bis–
Tris gel using the XCELL SureLock System (Invitrogen, USA). The protein was 
then transferred to a nitrocellulose membrane and the membranes were blocked 
and incubated overnight at 4 °C with primary antibodies (Table 3). Immunoblots 
were then incubated with goat anti-rabbit (A11369, Invitrogen, USA) or goat anti-
mouse (A-21057, Invitrogen, USA) fluorescent conjugated secondary antibodies 
for 1 h at room temperature, followed by visualization with LI-COR Odyssey 
CLx system (LI-COR Biotechnologies, Lincoln, NE, USA). B-actin was used as a 
loading control. 
 
Table 3. List of antibodies used for Western blotting. 

Protein Host Dilution Company Catalog No 
Beta 2 microglobulin (β2m) Rabbit 1:10000 Abcam ab75853 
Tapasin (TapBP) Rabbit 1:1000 Abcam ab196764 
Angiotensin Converting 
Enzyme 1 (ACE) Rabbit 1:10000 Abcam ab254222 

B-actin Mouse 1:10000 Santa Cruz 
Biotechnology sc-47778 

8. Flow Cytometry (Paper II) 
After 24 hours of LPS/saline exposure, mice were euthanized by an overdose of 
carbon dioxide (CO2), after which the hippocampus and cerebellum were dis-
sected. The dissected brain regions were carefully homogenized in FC buffer 
(ice-cold PBS + 1% fetal calf serum) through 70 µm cell strainers (BD Falcon). 
Isolated cells were blocked with 10% rat serum in ice-cold PBS for 1 h. Brain 
cells were stained with 0.5 μL anti-mouse CD11b-BV421 (#101251, BioLe-
gend, San Diego, CA, USA), CD45-BV650 (#103151, BioLegend, San Diego, 
CA, USA), O4- PE (#130-117-357, Miltenyi Biotec, Bergisch Gladbach, Ger-
many), CX3CR1-A488 (#149021, BioLegend San Diego, CA, USA) for 1 h at  
4 °C. Cells were washed and resuspended in 0.5 mL PBS. Samples were ac-
quired with a 5-laser LSR Fortessa (BD Biosciences, San Jose, CA, USA) cyto-
meter and analyzed using Kaluza v1.2 software (Beckman Coulter, Indiana-
polis, IN, USA). 
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9. Statistical analysis  
Results are given as mean values ± SD in paper I and as mean values ± SEM in 
papers II and III. Statistical analyzes were performed using GraphPad Prism 8 
and 9 software (GraphPad, San Diego, CA, USA) and TIBCO StatisticaTM 
version 13.3.0. The Shapiro-Wilk test was applied to assess the normality of the 
data distribution. To normalize the distribution of locomotor and metabolic data, 
the values were log transformed before data analysis (log10 in paper I and II; 
log2 in paper III). In papers I and II, decreases in body weight (ΔBW) and tem-
perature (ΔBT) are expressed as a change of the initial weight and temperature, 
respectively (ΔBW = [final weight – initial weight]/initial weight (x 100%);  
ΔBT = [final temperature – initial temperature]/ initial temperature (x 100%)). 
Statistical significance was determined by using two-way ANOVA (strain × 
treatment or strain × diet) or repeated-measures ANOVA (time × treatment or 
time × diet) followed by Bonferroni post hoc test. All differences were con-
sidered statistically significant at p ≤ 0.05. In addition, general linear model 
(GLM) analysis with backward elimination was performed in papers I and III to 
analyze the metabolomics data. For this, unpaired t-tests and Bonferroni correc-
tion for multiple testing were used (in paper I: p ≤ 0.0002; in paper III:  
p ≤ 0.00027). Significant markers that exceeded the Bonferroni threshold were 
included in the GLM analysis. Association analyses were performed using Pear-
son correlation.  

 
10. Ethics 

All animal experiments were performed in accordance with the European Com-
munities Directive (2010/63/EU) and with the approval (No. 141, April 17, 
2019) of the Estonian National Board of Animal Experiments. 
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RESULTS 

1. LPS-induced differences in metabolite profile (Paper I) 

1.1. Locomotor Activity, body temperature and weight Changes 

Bl6 and 129Sv mice were administered a single intraperitoneal injection of LPS 
(0.5 mg/kg), and locomotor activity was recorded for 24 hours. Both strains 
showed significant LPS-induced suppression of their motor response during the 
24-hour period in the whole arena (treatment – F(1,23) = 49.19, p < 0.0001; 
Figures 2A-C). In addition, LPS-exposed mice traveled significantly shorter 
distances in the central zone compared to control mice (treatment – F(1,23) = 
28.30, p < 0.0001; Figure 2D). However, when the 24-h cycle was divided into 
lights-on and lights-off periods, LPS-induced suppression of locomotor activity 
in the center of the arena was significant only during the dark period (treat- 
ment – F(1,23) = 29.99, p < 0.0001; Figures 2E, F). 

The difference in motor activity between Bl6 and 129Sv mice was detected 
within 2 hours after the start of the phenotyper trial. The motor activity of saline-
treated 129Sv mice was significantly lower than that of saline-treated Bl6 animals 
[strain F(1,23) = 4.96, p = 0.04; treatment F(1,23) = 13.87, p = 0.001; Figure 2G]. 
However, this difference was no longer apparent from the third hour onward 
(Figure 2H). This observation could be due to a higher anxiety-like behavior of 
129Sv at the beginning of the behavioral testing, indicating passive adaptation. 

The change in body temperature (ΔT) of Bl6 and 129Sv mice was evaluated 
1.5 and 24 hours after administration of saline and LPS. Body temperature 
measurements were conducted with mice housed in their home cage environ-
ment. Groups were compared using two-way ANOVA (time × treatment) fol-
lowed by Bonferroni post-hoc test. A significant effect of time (F(1, 35) = 13.01  
p = 0.00096) and treatment (F(1, 35) = 6.39 p = 0.016) was observed in 129Sv. 
Comparison of the groups showed that the ΔT of the LPS-treated mice was 
slightly lower compared to that of saline-treated control mice in both strains, 
although no statistically significant difference was observed between the LPS 
and saline groups. However, there was a significant difference between the 1.5-
hour and 24-hour LPS response in 129Sv. 24 hours after LPS administration, 
the ΔT of 129Sv was significantly higher compared to 1.5-hour LPS treatment, 
indicating different LPS-induced thermoregulation at the 1.5- and 24-hour time 
points. In contrast, the ΔT of Bl6 mice was similar at 1.5 and 24 hours after LPS 
administration (Figure 2I). 

Two-way ANOVA (strain × treatment) showed a significant difference in 
24-h change in body weight (ΔBW) between LPS- and saline-treated mice in 
both strains. Administration of LPS resulted in a highly significant loss of body 
weight in both strains (treatment: F(1,36) = 175.8, p < 0.0001; strain: F(1,36) = 
20.18, p < 0.0001; strain × treatment: F(1,36) = 3.80, p = 0.06). However, the 
LPS-induced loss of body weight was much more pronounced in Bl6, as they 
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lost 12.1 ± 0.68% of body weight during the 24-h period, while the decrease in 
129Sv was only 7.6 ± 0.51% of initial body weight (Table 4). 

 

 
Figure 2. Locomotor activity (log10 values, data expressed as mean ± SD) of Bl6 and 
129Sv mice in the 24 h LPS challenge. (A) Total distance traveled in 24 h period. (B) 
Total distance traveled in lights-on period. (C) Total distance traveled in lights-off 
period. Center distance traveled in 24-h cycle (D), lights-on (E) and lights-off (F) 
periods. Distance traveled 2 h from the beginning (G) and on the third hour (H). * signi-
ficant difference between LPS and saline administration groups (Bonferroni’s multiple 
comparisons): *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; + significant difference between 
Bl6 and 129Sv mice in saline administration groups, +p ≤ 0.05. (I) Body temperature 
(ΔT) changes 1.5 and 24 h after 0.5 mg/kg LPS administration in Bl6 and 129Sv. Two-
way ANOVA followed by Bonferroni post hoc test: + a significant difference between 
129Sv 1.5 and 24 h LPS treatment groups: +p < 0.05. 
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1.2. Basal differences in metabolic profile between Bl6 and 129Sv 

To determine basal differences in metabolic profiles between Bl6 and 129Sv, 
saline-treated control animals were compared using paired t-tests and Bonferro-
ni correction (p-value less than or equal to 0.0002) and general linear model 
(GLM) multivariate analysis. 

Six metabolites survived Bonferroni correction in both the 1.5- and 24-hour 
saline treatment groups. These metabolites included biogenic amines Ac-Orn, 
alpha-AAA and carnosine, which dominated in Bl6 mice and SCAC (C5-), 
sphingolipid SM (OH) C22:2, and the ratio of C5- to carnitine (C5-/C0), which 
dominated in 129Sv mice (Supplementary Figure 1, paper I). In addition, 24-h 
saline-treated Bl6 mice had higher serotonin and lower C4- levels in blood 
compared to 129Sv. This difference was absent in the groups treated with saline 
for 1.5 hours, as serotonin levels were higher and plasma C4- levels were lower 
in the blood of 129Sv, probably indicating acute stress-induced changes. 

GLM analysis confirmed a significant main effect [1.5 h saline: F(10,9) = 58.37, 
p < 0.0001; 24 h saline: F(10,4) = 87.08, p = 0.0003] of mouse strain on the 
concentrations of the various metabolites. In both the 1.5- and 24-h saline treat-
ment groups, metabolite levels differed significantly between Bl6 and 129Sv, 
including C5-, biogenic amines (Ac-Orn, alpha-AAA, carnosine), LysoPCa C16:1 
and SM (OH) C22:2 (all p ≤ 0.0001). In addition, there was a significant 
difference in the blood levels of PC aa C34:3 (p = 0.001), PC ae C38:4 (p = 
0.005), hexoses (p = 0.005), and LysoPC a C20:3 (p = 0.009) in the 1.5-hour 
group and of PC ae C40:6 (p = 0.0003), PC ae C36:2 (p = 0.004), SM (OH) 
C14:1 (p = 0.004) and PC ae C38:2 (p = 0.008) in the 24-hour group (Supple-
mentary Table 3, paper I). 

 

1.3. LPS Induced Alterations of Metabolic Profile in Bl6 

To determine differences between saline and LPS administration, Bl6 and 
129Sv strains were first analyzed separately using two-way ANOVA [treatment 
(saline or LPS) × time (1.5 h or 24 h LPS challenge)]. After statistically signi-
ficant ANOVA results, Bonferroni post-hoc analysis was performed. 

Administration of LPS resulted in altered concentrations of 87 metabolites 
and their ratios in the Bl6 strain. 21 of them were altered early in the 1.5-h LPS 
challenge, 58 were altered later in the 24-h LPS challenge, and eight of them 
were altered at both time points. The detailed results are presented in Supple-
mentary Table 1 of paper I. 

Metabolites that were decreased both 1.5 hours and 24 hours after LPS 
treatment were SCACs (C3, C4-), amino acids citrulline and tyrosine (Tyr), bio-
genic amines (Ac-Orn, putrescine), and the ratio between Tyr and phenylalanine 
(Phe). Putrescine was decreased 1.5 hours after LPS treatment; however,  
24 hours after LPS treatment, it was significantly increased compared to saline-
treated controls (Figure 3F). Accordingly, the spermidine/putrescine ratio 
exhibited a significant increase 1.5 hours after LPS treatment and a significant 
decrease 24 hours after LPS treatment. 
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Figure 3. LPS treatment-induced changes in concentrations of (A) C3, (B) glucogenic 
amino acids, (C) citrulline, (D) Ac-Orn, (E) kynurenine, (F) putrescine, (G) lysopho-
sphatidylcholines (C20:3), (H) phosphatidylcholine diacyls (C36:1), (I) phosphati-
dylcholine acyl-alkyls (C38:2), (J) sphingolipids (OH C22:1) and (K) hexoses in Bl6 
mice after 1.5 and 24 h from administration. Data was analyzed by two-way ANOVA 
followed by the Bonferroni post hoc test. *significant p-value between saline and  
LPS treatment; +significant p-value between 1.5 h and 24 h LPS treatments. *p ≤ 0.05,  
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, ++p ≤ 0.01, ++++p ≤ 0.0001. 
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1.5-h LPS administration resulted in a significant decrease in acylcarnitines 
(C3:1, C4:1, C5-, C5:1, C6:1, C12-DC, C14:2-OH; Figure 3A), amino acids 
(alanine (Ala), glycine (Gly), histidine (His), Phe, methionine (Met), proline 
(Pro), serine (Ser), threonine (Thr), and valine (Val)), biogenic amine alpha-AAA, 
as well as in the sum of aromatic amino acids (AAA) and the sum of glucogenic 
amino acids (Figure 3B). In contrast, the ratio of Gly/Ser was increased. 

 24-h LPS challenge induced significant changes in several metabolites 
compared with saline-treated animals, including a decrease in serotonin, LysoPC 
acyls (LysoPC a C16:1, LysoPC a C17:0, LysoPC a C18:1, LysoPC a C18:2, 
LysoPC a C20:3, LysoPC a C20:4), PC acyl-alkyls (PC ae C36:2, PC ae C38:2, 
PC ae C38:3, PC ae C38:5), hexoses, and in the ratio between Leu/kynurenine, 
serotonin/kynurenine, LysoPC a C16:1/LysoPC a C16:0, and LysoPC a 
C18:2/LysoPC a C18:1. On the other hand, a significant increase was observed in 
LCACs (C16, C16:1, C18, C18:1, and C18:2), biogenic amines (asymmetric 
dimethylarginine (ADMA), symmetric dimethylarginine (SDMA), kynurenine, 
PC diacyls (PC aa C32:3, PC aa C34:1, PC aa C34:2, PC aa C36:1, PC aa C38:4, 
PC aa C38:6, PC aa C40:5, PC aa C40:6, PC aa C42:4) and in the ratio of SCACs 
to free carnitine (CRT-1), LCACs to free carnitine (CPT-1), C5-/C0, Arg/ 
citrulline, kynurenine/Trp, kynurenine/alpha-AAA, and LysoPC a C20:4/LysoPC 
a C20:3. One of the most significant alterations was the increase in 12 out of 15 
circulating sphingolipids. Most significant results are highlighted in Figure 3. 

 
1.3.1. GLM analysis of LPS-induced alterations in Bl6 

Paired t-tests with Bonferroni correction (p-value less than or equal to 0.0002) 
were used to first sort out significant differences in metabolite levels. Then, 
GLM analysis was performed to confirm the differences between LPS and 
saline treatment groups in the 1.5 and 24 h LPS challenge. 

The final GLM model demonstrated a significant main effect of 1.5 h LPS 
treatment [F(9,6) = 5.01, p = 0.03] on metabolite levels. Significant shifts in the 
model included SCAC C3 (p < 0.0001), Ala (p = 0.0001), Gly (p = 0.001), His 
(p = 0.0004), Phe (p = 0.001), Pro (p < 0.0001), Ser (p < 0.0001), Tyr (p = 
0.002), and the biogenic amine Ac-Orn (p = 0.001). The most significant effect 
was observed between the 1.5 hour LPS treatment and the decrease in C3, Ala, 
Pro, and Ser (Table 5). 

The GLM model of 24-h LPS treatment demonstrated a robust main effect of 
treatment [F(17,1)= 221092, p = 0.0017] on selected metabolite levels. The final 
model retained BW change, citrulline, biogenic amines kynurenine and 
putrescine, GPLs (LysoPC a C16:1, LysoPC a C20:3, LysoPC a C20:4, PC aa 
C36:1, PC aa C40:6, PC ae C38:2), sphingolipids [SM (OH) C22:1, SM (OH) 
C22:2, SM C16:0, SM C24:0, SM C24:1], and hexoses (all p-values < 0.0001; 
Supplementary Table 4, paper I). Citrulline, LysoPC acyls, PC diacyls, and 
hexoses were significantly downregulated after the 24-h LPS challenge. On the 
other hand, kynurenine, putrescine, PC ae C38:2, and sphingolipids were 
significantly upregulated (Table 6). 
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Table 5. Effect of LPS treatment after 1.5 h on metabolite levels among Bl6 mice. 
Statistically significant regression coefficients (ß), confidence intervals (CI) and t- and 
p-values (derived from GLM analysis) of log10-transformed metabolite levels. 

Bl6 1.5 h LPS 
Metabolites Beta (ß) ß (95 % Cl) t-value p-value 
Propionylcarnitine (C3) -0.84 -1.15, -0.52 -5.68 <0.0001 
Alanine (Ala) -0.81 -1.15, -0.47 -5.16   0.0001 
Glycine (Gly) -0.74 -1.12, -0.35 -4.08 0.001 
Histidine (His) -0.78 -1.14, -0.41 -4.59   0.0004 
Phenylalanine (Phe) -0.73 -1.12, -0.33 -3.96 0.001 
Proline (Pro) -0.86 -1.15, -0.56 -6.20 <0.0001 
Serine (Ser) -0.86 -1.15, -0.56 -6.20 <0.0001 
Tyrosine (Tyr) -0.72 -1.12, -0.32 -3.92 0.002 
Acetylornithine (Ac-Orn) -0.73 -1.12, -0.34 -4.01 0.001 
 
 
Table 6. Effect of LPS treatment after 24 h on metabolite levels among Bl6 mice. 
Statistically significant regression coefficients (ß), confidence intervals (CI) and t- and 
p-values (derived from GLM analysis) of log10-transformed metabolite levels. 

Bl6 24 h LPS 
Metabolites Beta (ß) ß (95 % Cl) t-value p-value 
Δ body weight -0.90 -1.12, -0.68 -8.64 <0.0001 
Citrulline (Cit) -0.83 -1.11, -0.54 -6.05 <0.0001 
Acetylornithine (Ac-Orn) -0.86 -1.12, -0.60 -6.90 <0.0001 
Kynurenine 0.87 0.62, 1.12 7.23 <0.0001 
Putrescine 0.88 0.64, 1.12 7.80 <0.0001 
lysoPC a C16:1 -0.88 -1.12, -0.64 -7.64 <0.0001 
lysoPC a C20:3 -0.88 -1.12, -0.64 -7.61 <0.0001 
lysoPC a C20:4 -0.81 -1.11, -0.52 -5.78 <0.0001 
PC aa C36:1 0.85 0.57, 1.12 6.56 <0.0001 
PC aa C40:6 0.85 0.58, 1.12 6.68 <0.0001 
PC ae C38:2 -0.85 -1.12, -0.59 -6.74 <0.0001 
SM (OH) C22:1 0.92 0.72, 1.12 9.58 <0.0001 
SM (OH) C22:2 0.89 0.66, 1.12 8.05 <0.0001 
SM C16:0 0.94 0.76, 1.12 11.02 <0.0001 
SM C24:0 0.85 0.57, 1.12 6.53 <0.0001 
SM C24:1 0.95 0.80, 1.11 12.84 <0.0001 
Hexoses (H1) -0.78 -1.10, -0.45 -5.06 <0.0001 
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1.4. LPS Induced Alterations of Metabolic Profile in 129Sv 

The pattern of altered levels of metabolites in 129Sv differed from that of Bl6. 
The 1.5 h LPS challenge caused less alterations in 129Sv than seen in Bl6. 1.5 h 
after LPS administration merely 9 altered levels of metabolites and their ratios 
were identified, including decrease in SCACs (C2, C3, C4-, C5-), citrulline, 
ratios of C3/C3, C5-/0, Tyr/Phe and increase in PC diacyl PC aa C42:0. 
Detailed results are presented in Supplementary Table 2 of paper I. 

24 h after LPS administration large-scale alterations were observed in the 
metabolic profile, including 71 altered levels of metabolites and their ratios. 
Citrulline was the only amino acid significantly reduced in 129Sv. Accordingly, 
the ratio Arg/citrulline was elevated. Similarly to Bl6 mice, 129Sv exhibited 
significant decrease of SCAC (C3) and increase in LCACs (C12, C14:1, C14:1-
OH, C14:2, C14:2-OH, C16, C16-OH, C16:1, C16:1-OH, C16:2, C16:2-OH, 
C18, C18:1, C18:1-OH, C18:2). However, the number of altered LCACs was 
more extended from that seen in Bl6 mice. Moreover, the sum of hydroxylated 
LCACs was significantly elevated. Similar to Bl6 strain, ratios of acylcarnities 
to free carnitine (CRT-1 and CPT-1) were significantly elevated. Among 129Sv 
mice, 24 h LPS treatment caused a significant change in the levels of biogenic 
amines serotonin and kynurenine. The level of serotonin was significantly 
reduced, whereas the value of kynurenine was elevated. Furthermore, the ratio 
kynurenine/Trp was elevated, whereas the ratio serotonin/Trp was reduced. 
Moreover, the ratio kynurenine/alpha-AAA was significantly elevated. From 90 
circulating glycerophospholipids (GPLs) the level of 25 GPLs was significantly 
altered, including reduction of several LysoPC acyls (LysoPC a C17:0, LysoPC 
a C18:2, LysoPC a C20:3, LysoPC a C20:4) and PC acyl-alkyls (PC ae C36:2, 
PC ae C36:4, PC ae C38:2, PC ae C38:3, PC ae C38:5, PC ae C40:3), as well as 
elevation of several PC diacyls (PC aa C32:3, PC aa C34:3, PC aa C36:1, PC aa 
C36:2, PC aa C38:1, PC aa C38:4, PC aa C38:6, PC aa C40:2, PC aa C40:3, PC 
aa C40:5, PC aa C40:6, PC aa C42:2, PC aa C42:4, PC aa C42:5). Similar to 
Bl6 mice, the most significant alteration was the elevation of sphingolipids. It is 
noteworthy that no changes were observed in the level of hexoses in 129Sv 
mice. The most significant results are highlighted in Figure 4. 

The pattern of altered metabolite levels in 129Sv differed from that of Bl6. 
The 1.5-hour LPS exposure caused fewer changes in 129Sv than seen in Bl6. 
1.5 hours after LPS administration, only 9 altered concentrations of metabolites 
and their ratios were detected, including a decrease in SCACs (C2, C3, C4-, C5-), 
citrulline, ratios of C3/C3, C5-/0, Tyr/Phe, and an increase in PC diacyl PC aa 
C42:0. Detailed results are shown in supplementary Table 2 of paper I. 
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Figure 4. LPS treatment-induced changes in concentrations of (A) SCACs (C3), (B) 
hydroxylated LCACs (C16:1-OH), (C) citrulline, (D) kynurenine, (E) lysophosphati-
dylcholines (C20:3), (F) phosphatidylcholine diacyls (C36:1) and (G) sphingolipids 
(C16:0) in 129Sv mice 1.5 and 24 h after administration. Data was analyzed by two-way 
ANOVA followed by the Bonferroni post hoc test. *significant p-value between saline 
and LPS treatment; +significant p-value between 1.5 h and 24 h LPS treatments.  
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, ++++p ≤ 0.0001. 

 
24 h after LPS administration large-scale alterations were observed in the meta-
bolic profile, including 71 altered concentrations of metabolites and their ratios. 
Citrulline was the only amino acid significantly reduced in 129Sv. Accordingly, 
the Arg/citrulline ratio was increased. Similar to Bl6 mice, 129Sv showed a 
significant decrease in SCACs (C3) and an increase in LCACs (C12, C14:1, 
C14:1-OH, C14:2, C14:2-OH, C16, C16-OH, C16:1, C16:1-OH, C16:2, C16:2-
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to free carnitine (CRT-1 and CPT-1) were significantly increased. In 129Sv 
mice, 24 h LPS treatment caused a significant change in the levels of biogenic 
amines serotonin and kynurenine. The level of serotonin was significantly 
decreased, whereas the level of kynurenine was increased. Furthermore, the 
ratio of kynurenine/Trp was increased, whereas the ratio of serotonin/Trp was 
decreased. In addition, the ratio kynurenine/alpha-AAA was significantly 
increased. Among 90 circulating glycerophospholipids (GPLs), the level of 25 
GPLs was significantly changed, including the reduction of several LysoPC 
acyls (LysoPC a C17:0, LysoPC a C18:2, LysoPC a C20:3, LysoPC a C20:4) 
and PC acyl-alkyls (PC ae C36:2, PC ae C36:4, PC ae C38:2, PC ae C38:3, PC 
ae C38:5, PC ae C40:3), as well as the increase of several PC diacyls (PC aa 
C32:3, PC aa C34:3, PC aa C36:1, PC aa C36:2, PC aa C38:1, PC aa C38:4, PC 
aa C38:6, PC aa C40:2, PC aa C40:3, PC aa C40:5, PC aa C40:6, PC aa C42:2, 
PC aa C42:4, PC aa C42:5). Similar to Bl6 mice, the most significant change 
was the increase in sphingolipids. It is noteworthy that no changes in hexose 
content were observed in 129Sv mice. The main results are highlighted in 
Figure 4. 
 

1.4.1. GLM analysis of LPS-induced alterations in 129Sv 

Similar to the Bl6 strain, the GLM model of the 1.5 h LPS challenge in 129Sv 
displayed a strong main effect of treatment [F(7,9)= 18.29, p = 0.0001]. 
Significantly altered shifts of metabolites included SCACs C2 (p < 0.0001), C3 
(p < 0.0001), C4- (p < 0.0001) and C5- (p = 0.0002), citrulline (p = 0.001), PC 
aa C42:0 (p = 0.006), and SM (OH) C16:1 (p = 0.002; Table 7). All metabolites 
altered in the 1.5 h LPS challenge exhibited a decline, except for complex lipids 
[PC aa C42:0 and SM (OH) C16:1], which were elevated (Supplementary Table 
4, paper I). 
 

Table 7. Effect of LPS treatment after 1.5 h on metabolite levels among 129Sv mice. 
Statistically significant regression coefficients (ß), confidence intervals (CI) and t- and 
p-values (derived from GLM analysis) of log10-transformed metabolite levels. 

129Sv 1.5 h LPS 
Metabolites Beta (ß) ß (95 % Cl) t-value p-value 
Acetylcarnitine (C2) -0.84 -1.14, -0.54 -5.93 <0.0001 
Propionylcarnitine (C3) -0.87 -1.14, -0.60 -6.81 <0.0001 
Butyryl- and isobutyrylcarnitine 
(C4-) -0.85 -1.14, -0.56 -6.22 <0.0001 

Isovaleryl- and 2-methybutyryl-
carnitine (C5-) -0.78 -1.12, -0.43 -4.78 0.0002 

PC aa C42:0 0.64 0.22, 1.06 3.22 0.006 
SM (OH) C16:1 0.56 0.11, 1.02 2.64 0.02 
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The 24 h LPS administration also showed strong main effect of treatment  
[F(16,1) = 437.3, p = 0.004]. The most significant effect (t-values > 10, p-values  
< 0.0001) was observed in BW change and blood levels of PC diacyls (PC aa 
C36:1, PC aa C40:6) and sphingolipids [SM (OH) C22:1, SM (OH) C22:2, SM 
C16:0, SM C16:1 and SM C24:1]. Moderate (t-values > 5 < 10, p-values  
≤ 0.0001) LPS-induced alterations were observed in C18:1, citrulline, kynu-
renine, GPLs (LysoPC a C20:3, PC aa C38:6, PC aa C42:5) and sphingolipids 
[SM (OH) C14:1, SM (OH) C16:1, SM (OH) C24:1, SM C18:0, SM C18:1 and 
SM C24:0]. Minor alterations (t-values < 5, p-values < 0.001) included LCACs 
C14:1, C16 and C16-OH (Table 8). 
 
Table 8. Effect of LPS treatment after 24 h on metabolite levels among 129Sv mice. 
Statistically significant regression coefficients (ß), confidence intervals (CI) and t- and 
p-values (derived from GLM analysis) of log10-transformed metabolite levels. 

129Sv 24 h LPS 
Metabolites Beta (ß) ß (95 % Cl) t-value p-value 
Δ body weight -0.93 -1.12, -0.74 -10.19 <0.0001 
Tetradecenoylcarnitine (C14:1) 0.76 0.42, 1.11 4.73 0.0002 
Hexadecanoylcarnitine (C16) 0.77 0.43, 1.11 4.83 0.0002 
Hydroxyhexadecanoylcarnitine 
(C16-OH) 0.76 0.42, 1.10 4.70 0.0002 

Octadecenoylcarnitine (C18:1) 0.78 0.45, 1.11 5.04 0.0001 
Citrulline (Cit) -0.89 -1.13, -0.65 -7.77 <0.0001 
Kynurenine 0.87 0.61, 1.13 7.01 <0.0001 
lysoPC a C20:3 -0.85 -1.13, -0.56 -6.34 <0.0001 
PC aa C36:1 0.93 0.74, 1.12 10.19 <0.0001 
PC aa C38:6 0.85 0.58, 1.13 6.52 <0.0001 
PC aa C40:6 0.95 0.80, 1.11 12.82 <0.0001 
PC aa C42:5 0.80 0.48, 1.12 5.36 <0.0001 
SM (OH) C14:1 0.88 0.64, 1.13 7.55 <0.0001 
SM (OH) C16:1 0.79 0.47, 1.12 5.23 <0.0001 
SM (OH) C22:1 0.95 0.79, 1.11 12.55 <0.0001 
SM (OH) C22:2 0.95 0.80, 1.11 12.40 <0.0001 
SM (OH) C24:1 0.92 0.72, 1.13 9.73 <0.0001 
SM C16:0 0.97 0.84, 1.10 15.98 <0.0001 
SM C16:1 0.94 0.75, 1.12 10.60 <0.0001 
SM C18:0 0.91 0.70, 1.13 8.91 <0.0001 
SM C18:1 0.92 0.71, 1.13 9.39 <0.0001 
SM C24:0 0.93 0.72, 1.13 9.74 <0.0001 
SM C24:1 0.98 0.88, 1.08 20.55 <0.0001 
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2. LPS-induced differences in neuroinflammation (Paper II) 

 2.1. Body temperature and weight 

Bl6 and 129Sv mice were administered a single intraperitoneal injection of LPS 
(0.5 mg/kg), and body weight and temperature were measured before and  
24 hours after LPS and saline administration. Groups were compared using two-
way ANOVA (strain × treatment) followed by Bonferroni post-hoc test. 

Administration of LPS resulted in a significant decrease in body weight in 
both strains (treatment: F(1, 125) = 651.9, p < 0.0001; strain: F(1, 125) = 52.7,  
p < 0.0001; strain × treatment: F(1, 125) = 48.19, p < 0.0001). However, the LPS-
induced body weight loss was much more pronounced in Bl6 mice, as the mean 
percent body weight loss in Bl6 mice was 12.6 ± 0.4%, while the decrease in 
129Sv mice was only 7.5 ± 0.3% of the initial body weight (Figure 5A). 

 
Figure 5. LPS-induced body weight and temperature alterations. The bodyweight and 
temperature of Bl6 and 129Sv mice was measured before and after 24 h of LPS (0.5 
mg/kg, i.p) and saline administration. (A) Bodyweight change (%). (B) Body tempe-
rature change (%). Pearson correlation between bodyweight (ΔBW) and body tempera-
ture change (ΔBT) in Bl6 (C) and 129Sv (D) mice. Data are expressed as mean values ± 
SEM: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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Strain-specific effects on body temperature were observed in LPS-treated 
animals (treatment: F(1, 68) = 12.98, p = 0.0006; strain F(1, 68) = 5.56, p = 0.02; 
strain × treatment: F(1, 125) = 2.3, p = 0.13). After 24 h of LPS administration, the 
body temperature of Bl6 mice decreased significantly (-2.9 ± 0.6%), while LPS 
did not cause a statistically significant change in body temperature in 129Sv 
mice (-0.5 ± 0.5%). After LPS administration, the differences in body tempe-
rature between the two strains became statistically significant, indicating a more 
pronounced effect of LPS on the Bl6 strain (Figure 5B). A moderate positive 
correlation (r = 0.51, p = 0.03) was observed between body weight loss and 
temperature change 24 hours after LPS injection in Bl6 mice, while no signi-
ficant correlation was observed in the 129Sv strain (Figure 5C, D). 

 
2.2. LPS-induced depression of locomotor activity 

Next, we examined LPS-induced changes in locomotor activity to determine 
whether the observed changes in body temperature and body weight were 
related to changes in motor activity. Bl6 and 129Sv mice were administered a 
single intraperitoneal injection of LPS (0.5 mg/kg), and motor activity was 
recorded for 24 hours in phenotyper cages (Figure 6A). Total distance traveled 
in the whole arena and in the central and peripheral zones of the arena, as well 
as time spent moving, were recorded. Locomotor data was log10-transformed 
before two-way ANOVA (strain × treatment) analysis to ensure that the data 
correspond to a normal distribution. Pearson correlation analysis was then 
performed to analyze the correlations between the 24-h locomotor parameters 
and body weight and temperature change.  

During the 24-hour cycle, LPS caused significant suppression of locomotor 
activity in the whole arena (treatment: F(1, 23) = 38.41, p < 0.0001; Figure 6B) 
and in the central zone of the arena (treatment: F(1, 23) = 28.58, p < 0.0001; 
Figure 6E) in both strains of mice. When dividing the 24 h cycle into light/dark 
periods, LPS-induced suppression of locomotor activity in the central zone  
was only significant during the lights-off period (treatment: F(1, 22) = 29.05,  
p < 0.0001; Figure 6F,G), whereas in the whole arena, locomotor activity 
remained suppressed in light (treatment: F(1, 23) = 24.51, p < 0.0001; Figure 6C) 
and dark periods (treatment: F(1, 23) = 37.92, p < 0.0001; Figure 6D). 

As expected, LPS suppressed the time spent moving in both strains, com-
pared to their control counterparts in the whole arena (treatment: F(1, 23) = 136.5, 
p < 0.0001; Figure 6H) as well as in peripheral (treatment: F(1, 23) = 135.9,  
p < 0.0001; Figure 6I) and central (treatment: F(1, 23) = 67.45, p < 0.0001; Figure 
6J) zones. However, Bl6 control group mice spent significantly more time 
moving compared to 129Sv control mice in the whole arena, which was even 
more prominent in the central zone. This probably reflects a higher anxiety level 
of 129Sv mice. 

Pearson’s correlation analysis showed no significant relationship between  
24 h locomotor activity parameters and bodyweight and temperature change 
(Supplementary Table S1, paper II). 



40 

 
Figure 6. The effect of LPS administration on locomotor activity (Log10 values, data 
expressed as mean ± SEM). (A) Schematic overview of the experiment: Bl6 (n = 16) 
and 129Sv (n = 16) mice were injected with LPS (0.5 mg/kg; i.p), and locomotor acti-
vity was recorded for 24 h in phenotyper cages. Total distance traveled in 24 h (B), 
lights-on (C), and lights-off (D) period. Total distance traveled in the center of the arena 
in 24 h cycle (E), lights-on (F), and lights-off (G) periods. Time spent moving in the 
whole arena (H), peripheral (I), and central (J) zones. Data was analyzed by two-way 
ANOVA followed by the Bonferroni post hoc test: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; 
****p ≤ 0.0001. 
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2.3. Microglial profile and subpopulations 

We next questioned whether a systemic immune challenge with LPS may 
induce a different microglial response in Bl6 and 129Sv strains. A combination 
of cell-specific markers was used to identify CD11b+CD45intermediate microglia, 
CD11b+CD45high infiltrating myeloid cells (mainly macrophages and neutro-
phils), and O4+ oligodendrocyte progenitor cells (OPCs). To characterize the 
activation profile of microglia after LPS stimulation, microglia cells were ana-
lyzed for MHC-II and CD206 surface markers. We also investigated CD11b and 
CX3CR1 expression on microglial cells. Although CD11b is constitutively 
expressed by microglia, the expression increases upon microglial activation 
(Hynes, 1992; Marshall et al., 2013). 

When comparing the control and LPS groups, we found that microglia cell 
percentages were slightly increased among both strains after 24 h, although this 
elevation did not reach the statistical significance level in 129Sv mice (cere-
bellum − treatment: F(1, 15) = 16.5, p = 0.001; strain: F(1, 15) = 8.16, p = 0.01; 
strain × treatment: F(1, 15) = 0.6, p = 0.44; hippocampus − treatment: F(1, 15) = 
21.61, p = 0.0003; strain: F(1, 15) = 0.4, p = 0.5; strain × treatment: F(1, 15) = 2.49, 
p = 0.14). As expected, the quantities of neutrophils and macrophages were 
elevated in the cerebellum (treatment: F(1, 15) = 51.53, p < 0.0001; strain:  
F(1, 15) = 10.10, p = 0.006; strain × treatment: F(1, 15) = 0.53, p = 0.48) and 
hippocampus (treatment: F(1, 15) = 43.43, p < 0.0001; strain: F(1, 15) = 10.04,  
p = 0.007; strain × treatment: F(1, 15) = 1.49, p = 0.24) after LPS administration 
in both strains. 

As previous studies have demonstrated that LPS-activated microglia mediate 
oligodendrocyte progenitor cell (OPC) death (Pang et al., 2010), we next sought 
to investigate the effect of LPS administration on OPCs. The percentage of 
OPCs was substantially lower in LPS-treated mice 24 h after LPS administra-
tion compared to their control counterparts. For Bl6 mice, the decline of OPCs 
was statistically significant solely in the cerebellum. On the contrary, 129Sv 
mice exhibited significant decline in OPCs only in the hippocampus. It should 
be noted, however, that the same downtrend was seen in both brain regions in 
both strains (Figure 7). 

Thereafter, we questioned whether there could be strain-specific differences 
in microglial activation in response to LPS. Thus, we chose to investigate LPS-
induced changes in fractalkine receptor (CX3CR1), cluster of differentiation 
molecule 11b (CD11b), major histocompatibility complex II (MHC-II), and 
mannose receptor (CD206). 
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Figure 7. LPS-induced alterations in cell abundance of oligodendrocyte progenitor cells 
(OPCs), microglia, and neutrophils and macrophages within the brains of Bl6 and 
129Sv mice. A representative gating strategy for (A) O4 positive OPC population, (B) 
CD11b+CD45intermediate microglia population, and CD11b+CD45high neutrophil and 
macrophage population. (C) Percentage of OPCs, (D) microglial cells, and (E) number 
of neutrophils and macrophages in hippocampus. (F) Percentage of OPCs, (G) micro-
glial cells, and (H) number of neutrophils and macrophages in cerebellum. Data are 
expressed as mean values ± SEM. Data was analyzed by two-way ANOVA followed by 
the Bonferroni post hoc test: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

 
It has been suggested previously that CX3CR1-CX3CL1 interaction serves as a 
communication tool between neurons and microglia and could play a role in the 
microglial activation process (Cardona et al., 2006; Hughes et al., 2002). To 
evaluate the LPS-induced alterations in CX3CR1 expression level, we quantified 
the mean fluorescence intensity (MFI) level of CX3CR1 on microglial cells 
(Figure 8A–C). LPS induced significant elevation of CX3CR1 expression in the 
cerebellum of 129Sv mice, whereas no alterations were observed in the 
hippocampus. In Bl6 mice, LPS did not alter CX3CR1 surface expression. 
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Figure 8. Microglial surface expression of CX3XR1, CD11b, MHC-II, and CD206 
molecules. A representative gating strategy for CX3CR1- (A) and CD11b- (D) positive 
microglia population. MFI of CX3CR1 in cerebellum (B) and hippocampus (C). MFI of 
CD11b in cerebellum (E) and hippocampus (F). Percentages of (G) MHC-II and (H) 
CD206 and (I) ratios of MHC-II versus CD206 microglia in cerebellum. Percentages of 
(J) MHC-II and (K) CD206 and (L) ratios of MHC-II versus CD206 microglia in the 
hippocampus: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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Furthermore, we found a significant increase of CD11b-reactive microglia in 
response to LPS stimulation in the hippocampus and cerebellum of 129Sv mice, 
whereas LPS did not alter the surface expression of CD11b on microglial cells 
of Bl6 mice. However, compared to 129Sv, the level of CD11b was higher in 
Bl6 mice, regardless of the nature of treatment. Elevated expression of CD11b 
reflects a stable and fundamental activation status of microglia in the Bl6 strain. 

To study the polarization of the proinflammatory microglial ratio after 
systemic LPS challenge, we evaluated MHC-II and CD206 expression on 
microglial cells. Surprisingly, the percentage of MHC-II on microglial cells was 
significantly decreased in response to LPS stimulation in the cerebellum and 
hippocampus of Bl6 mice. The percentages of CD206 remained unaffected in 
both Bl6 and 129Sv strains. Accordingly, the MHC-II/CD206 microglial ratio 
was significantly lower 24 h after LPS administration in Bl6 mice, whereas no 
alterations were observed in 129Sv mice (Figure 8G–L). 

 
 2.4. MHC-I pathway-related gene expression profile  

Since we, surprisingly, observed LPS-induced downregulation of MHC-II in the 
brain of Bl6 mice, we next sought to investigate mRNA levels of genes related 
to the MHC-I pathway. We focused on the following genes: β-2-microglobulin 
(β2m), transporter associated with antigen processing (TAP) subunits 1 and 2 
(Tap1 and Tap2), the bridging factor tapasin (Tapbp), and immunoproteasome 
subunit Lmp2. Gene expression analysis was carried out in six different brain 
regions: hippocampus, hypothalamus, midbrain, frontal cortex, olfactory bulb, 
and cerebellum. 

In the hippocampus, hypothalamus, and midbrain we observed a signifi-
cantly higher baseline level of β2m mRNA in saline-treated Bl6 control mice 
compared to 129Sv control mice. Additionally, in the hypothalamus the baseline 
level of the Tapbp gene was also higher in Bl6 compared to 129Sv mice. 

LPS treatment significantly increased the expression of all MHC-I-related 
genes (Tapbp, β2m, Tap1, Tap2), apart from immunoproteasome gene Lmp2, in 
both strains compared to their respective saline-controls (Figure 9; all p < 0.05). 
However, when comparing Bl6 and 129Sv mice, LPS-induced increase of these 
MHC-I components was significantly higher in Bl6 mice. 
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Figure 9. The mRNA expression of MHC-I-related genes in hippocampus (A), hypo-
thalamus (B), midbrain (C), frontal cortex (D), olfactory bulb (E), and cerebellum (F):  
× – no expression of Lmp2 was detected in the cerebellum. Data were analyzed by two-way 
ANOVA with Bonferroni post hoc test and presented as mean ± SEM: *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001, ****p ≤ 0.0001. 
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Similarly, LPS increased the expression of Tapbp, β2m, Tap1, Tap2, and Lmp2 
mRNA in the hypothalamus, midbrain, and frontal cortex of Bl6 and 129Sv 
mice (Figure 9; all p < 0.05 versus corresponding saline treatment group). 
However, for all genes, the LPS-induced increase of relative mRNA levels was 
greater in Bl6 mice than in 129Sv mice. 

The most substantial strain-specific differences were observed in the ol-
factory bulbs. As seen in other brain regions, LPS also increased the expression 
of Tapbp, β2m, Tap1, Tap2, and Lmp2 mRNA in the olfactory bulb of Bl6 mice 
(Figure 9; all p < 0.05 versus saline). However, in the olfactory bulb of 129Sv 
mice, the expression of MHC-I related genes was not influenced by LPS 
challenge. 

In the cerebellum, we could not detect any expression of Lmp2 in Bl6 or 
129Sv mice. The mRNA level of Tapbp was solely upregulated in Bl6 mice 
after LPS administration (Figure 9; p < 0.05 versus saline), and no changes 
occurred in 129Sv mice. β2m, Tap1, and Tap2 were all significantly upregulated 
in both strains. However, in the cerebellum only the expression of β2m was 
greater in Bl6 than in 129Sv mice after LPS challenge (Figure 9; p < 0.05 Bl6 
LPS versus 129Sv LPS). 

In addition, since the dipeptidase angiotensin converting enzyme (ACE) has 
been identified as having a physiological role in the processing of peptides for 
MHC-I, we thereafter questioned whether the mRNA level of ACE was also 
differently affected by LPS. When comparing control and LPS groups, we 
found that, while ACE gene expression in 129Sv mice was not affected by LPS 
challenge, in Bl6 mice LPS induced a significant increase in the ACE mRNA 
level in the hippocampus, hypothalamus, midbrain, and cerebellum (Figure 9; 
all brain regions p < 0.05 Bl6 saline versus Bl6 LPS). Although the level of 
ACE in the frontal cortex and olfactory bulbs was not statistically significantly 
increased by LPS treatment, it showed a tendency towards increase in Bl6 mice. 

 
2.5. MHC-I-pathway protein levels 

In order to provide further validation of strain-specific, LPS-induced alterations 
seen in mRNA levels, we next performed Western blot analysis. We selected 
β2m, Tapbp, and ACE genes to further explore the protein levels in the hippo-
campus and olfactory bulbs of Bl6 and 129Sv mice. Although the LPS-induced 
effects were less prominent at the protein level than that observed at mRNA 
level, the main effect was, for the most part, similar. We confirmed that the 
upregulation of ACE and β2m was greater in Bl6 mice compared to 129Sv in 
the hippocampus (Figure 10A,B,D). However, no significant upregulation was 
detected in the Tapbp protein level (Figure 10C) in the hippocampus, which was 
different from that of the transcript level. Western blot results from olfactory 
bulb tissue were consistent with qPCR results, confirming increase of Tapbp 
and β2m in Bl6 and no significant change in 129Sv mice after exposure to LPS 
(Figure 10G,H). No statistically significant change in the expression of ACE 
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protein was observed in the olfactory bulbs of Bl6 and 129Sv. Although similar 
to qPCR, it showed a tendency towards increase in Bl6 mice (Figure 10F). 
 

 
Figure 10. Representative immunoblots (A) and protein expression analysis of ACE 
(B), Tapbp (C), and β2m (D) in hippocampus. Representative immunoblots (E) and pro-
tein expression analysis of ACE (F), Tapbp (G), and β2m (H) in olfactory bulbs. Data 
were analyzed by two-way ANOVA with Bonferroni post hoc test and presented as 
mean ± SEM (n = 3–6): *p ≤ 0.05, **p ≤ 0.01. 

 
2.6. Association analysis  

To find out whether the upregulation of MHC-I genes had any correlation with 
bodyweight and temperature change, we then analyzed the LPS groups by 
Pearson’s analysis. 

We found that bodyweight change was positively significantly correlated 
with β2m (r = 0.77, p = 0.009; Figure 11A), Tapbp (r = 0.74, p = 0.01; Figure 
11B), and Tap1 (r = 0.66, p = 0.04; Figure 11C) in the olfactory bulbs of Bl6 
mice and with Tap1 (r = 0.65, p = 0.04; Supplementary Table S2, paper II) in 
the cerebellum of Bl6 mice. No significant correlations were established in the 
olfactory bulbs and cerebellum of 129Sv mice (Figure 11F–J). However, we 
found that bodyweight change was positively significantly correlated with 
Tapbp (r = 0.73, p = 0.02; Figure 12G), Tap1 (r = 0.71, p = 0.02; Figure 12H), 
and Lmp2 (r = 0.63, p = 0.05; Figure 12J) in the frontal cortex of 129Sv mice, 
while no significant correlations were established in the frontal cortex of Bl6 
mice (Figure 12A–E). 
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3. HFD-induced differences in metabolite profile (Paper III) 

3.1. Body weight dynamics, food and water intake 

Bl6 and 129Sv mice were fed HFD or control diet (Figure 13K) for 9 weeks. 
Food and water consumption and body mass of each animal was recorded 
weekly. The initial body weight of all mice was approximately the same in all 
four groups. During the 9-week study period, the body weight gain of Bl6 mice 
fed with HFD did not differ from that of control diet. It means that weekly body 
weight dynamics of HFD-fed mice followed the same pattern as in control 
animals (Figure 13A). HFD-fed 129Sv mice began to weigh significantly more 
than control diet mice starting from the second week of dietary exposure (Figure 
13D). 

Food and water consumption was measured by subtracting the mass (g) or 
volume (mL) of remaining food and water from the initial food and water mass 
or volume provided to each cage weekly and was corrected for the number of 
animals per cage. Food intake amount in HFD-fed 129Sv and Bl6 mice was 
significantly lower than in control chow-fed mice (Figure 13B,E). Water intake 
did not differ between HFD and control diet groups (Figure 13C,F). 

Body weight and food and water intake was compared between strains by 
calculating the area under the curve (AUC). Differences among groups were 
assessed by two-way ANOVA (strain × diet) followed by Bonferroni post hoc 
test. For body weight, two-way ANOVA yielded a significant strain-by-diet 
interaction effect (F(1, 54) = 6.21, p = 0.02). Comparison of groups demonstrated 
that AUC of body weight was significantly higher in HFD-fed 129Sv mice 
compared with 129Sv control mice (Figure 13G). The effect of food intake was 
also significant for strain (F(1, 8) = 17.56, p = 0.003). Food intake of HFD-fed 
129Sv mice was significantly lower compared with their control counterparts 
(Figure 13H). No significant difference was detected in water consumption 
between groups (Figure 13I). 

Furthermore, two-way ANOVA demonstrated significant increase in 9-week 
body weight change (in %) between the HFD and control-diet-fed 129Sv mice 
(diet: F(1, 54) = 23.45, p < 0.0001; strain: F(1, 54) = 2.09, p = 0.15; strain × diet: F(1, 

54) = 3.81, p = 0.056). The 9-week weight gain of Bl6 mice fed with HFD was 
also slightly higher compared with their control counterparts; however, it did 
not reach statistical significance level (Figure 13J). 
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Figure 13. Effects of HFD on body weight and food and water intake in Bl6 and 129Sv 
mice. Weekly body weight measurements of Bl6 (A) and 129Sv (D) mice during 9 weeks 
of HFD experiment. Weekly measurements of food (B,E) and water (C,F) intake of Bl6 
(B,C) and 129Sv (E,F) mice. AUC of body weight (G), food (H), and water (I) intake. (J) 
Nine-week weight gain. (K) Macronutrient content of control diet and HFD. Data are 
expressed as mean values ± SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 
(diet effect). 
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3.2. Impact of HFD on locomotor activity  

Open-field testing was conducted at the beginning of dietary intervention and 9 
weeks later. Locomotor activity was recorded for 24 h in phenotyper cages. The 
open-field arena was virtually divided into central, peripheral, and food zones 
(Figure 14Y). Total distance traveled in the whole arena and the time spent in 
the center and food zone were recorded and divided into light and dark cycles. 
Locomotor data was log2-transformed prior to repeated-measures ANOVA 
(time × diet) or two-way ANOVA (stain × diet) analyzes to make the data 
correspond to normal distribution. 

We first examined whether there are differences between day 1 and week 9 
open-field testing. Control-diet-fed Bl6 mice tended to spend less time in the 
center and in the food zone on week 9 compared with day 1 (Figure 14B,C). 
HFD-fed Bl6 mice spent significantly less time in the food zone compared with 
their control counterparts on day 1 and on week 9 (time: F(1, 20) = 6.98, p = 0.02; 
diet: F(1, 22) = 15.05, p = 0.0008; Figure 14C). Open-field activity of 129Sv mice 
was significantly reduced on week 9 compared with total distance traveled on 
day 1 in both control and HFD groups. During the 24 h cycle, HFD-fed 129Sv 
mice displayed a significant suppression of locomotor activity in the whole 
arena on day 1 and at week 9 (time: F(1, 21) = 28.86, p < 0.0001; diet: F(1, 21) = 
19.81, p = 0.0002; Figure 14D). Interestingly, these HFD-fed mice displayed 
higher anxiety-like behavior as they spent significantly less time in the center 
zone compared with control-diet-fed 129Sv mice (time: F(1, 21) = 11.05, p = 
0.003; diet: F(1, 21) = 13.19, p = 0.002; Figure 14E) on week 9. 

Comparison of Bl6 and 129Sv strains revealed significant differences in total 
distance traveled and time spent in the center zone between HFD-fed mice on 
day 1 (Figure 14G,H) and on week 9 (Figure 14J,K). More precisely, HFD-fed 
Bl6 mice traveled a greater distance in the whole arena (day 1 – strain: F(1, 43) = 
27.29, p < 0.0001, diet: F(1, 43) = 5.46, p = 0.02; week 9 – strain: F(1, 43) = 58.73, 
p < 0.0001, diet: F(1, 43) = 6.93, p = 0.01) as well as spending more time in the 
center zone (day 1 – strain: F(1, 43) = 13.48, p = 0.0007; week 9 – strain: F(1, 44) = 
17.24, p = 0.0001, diet: F(1, 44) = 6.95, p = 0.01, interaction: F(1, 44) = 5.94, p = 
0.02) compared with HFD-fed 129Sv mice. Bl6 control mice spent significantly 
more time in the food zone compared with 129Sv control mice on day 1 (strain: 
F(1, 42) = 18.18, p = 0.0001, diet: F(1, 42) = 15.93, p = 0.0003; Figure 14I) and on 
week 9 (strain: F(1, 44) = 13.77, p = 0.0006, diet: F(1, 44) = 8.19, p = 0.006; Figure 
14L). 

When dividing the 24 h cycle into light/dark periods, differences in open-
field activity between strains were more distinct in the light phase. Regardless 
of diet, Bl6 mice traveled greater distances and spent more time in the center 
zone on day 1 (Figure 14M,N) and at week 9 (Figure 14S,T) in the light phase. 
These differences were no longer evident in the dark phase on day 1 (Figure 
14P,Q). However, on week 9, Bl6 mice traveled greater distances in the whole 
arena compared with 129Sv mice (strain: F(1, 44) = 39.33, p < 0.0001) in the dark 
phase (Figure 14V), regardless of diet. Furthermore, on week 9, HFD-fed 129Sv 
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mice spent significantly less time in the center zone compared with HFD-fed 
Bl6 mice (strain: F(1, 44) = 9.13, p = 0.004; diet: F(1, 44) = 5.65, p = 0.02) in the 
dark phase (Figure 14W). 
 

 
Figure 14. HFD impact on locomotor parameters (Log2 values, data expressed as mean 
± SEM). Bl6: Total distance traveled in 24 h (A), time spent in center (B) and food (C) 
zone day 1 vs. week 9. 129Sv: Total distance traveled in 24 h (D), time spent in center 
(E) and food (F) zone day 1 vs. week 9. At the beginning of dietary intervention: Total 
distance traveled in 24 h (G), time spent in center (H) and food (I) zone Bl6 vs. 129Sv. 
Week 9 of dietary intervention: Total distance traveled in 24 h (J), time spent in center 
(K) and food (L) zone Bl6 vs. 129Sv. Total distance traveled at day 1 (M) and week 9 
(S) at lights on period. Total distance traveled on day 1 (P) and week 9 (V) at dark 
period. Time spent at the center zone on day 1 (N) and week 9 (T) at lights on period. 
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Time spent at the center zone on day 1 (Q) and week 9 (W) at dark period. Time spent 
at the food zone on day 1 (O) and week 9 (U) at lights on period. Time spent at the food 
zone on day 1 (R) and week 9 (X) at dark period. (Y) Representation of phenotyper test 
arena indicating the location of defined zones of interest including food and water zone 
and center zone. (Z) Weight change (g) of Bl6 and 129Sv mice induced by week 9 
phenotyper testing. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 (diet effect),  
+ p ≤ 0.05, ++ p ≤ 0.01, +++ p ≤ 0.001, ++++ p ≤ 0.0001 (strain effect). # p ≤ 0.05,  
## p ≤ 0.01, ### p ≤ 0.001 (time effect). 

 
When dividing the 24 h cycle into hourly data, clearly different motor responses 
between Bl6 and 129Sv emerged within the 2 h of behavioral testing 
(Supplementary Figure S1, paper III). On the first day of the diet, total distance 
traveled and time spent in the center zone were significantly lower in 129Sv 
mice compared with Bl6 mice regardless of diet. In addition, 129Sv mice fed 
HFD spent significantly less time in the center zone than their respective control 
counterparts during the first hour. At week 9, the total distance traveled 
remained lower in 129Sv mice compared with Bl6 mice during the first 3 h. 
However, during the first hour, we observed an interesting HFD-induced motor 
suppression in 129Sv mice, as HFD-fed mice traveled significantly shorter 
distances compared with 129Sv mice fed the control diet. At week 9, 129Sv 
mice also spent significantly less time in the center zone, but this difference was 
only evident in the first hour. Similar to day 1, 129Sv mice fed with HFD spent 
significantly less time in the center zone than their corresponding control mice 
in the first hour. 

At week 9, the body weight of Bl6 and 129Sv mice was measured before and 
after the phenotyper trial. We observed an interesting strain and diet effect in the 
animals’ weight (diet: F(1, 43) = 13.79, p = 0.0006; strain: F(1, 43) = 98.78, p < 
0.0001). Bl6 and 129Sv mice fed with standard diet exhibited weight loss, 
whereas mice fed with HFD exhibited weight gain. Phenotyper testing induced 
greater weight loss in 129Sv (-1.10 ± 0.08 g) mice in the control group compared 
with Bl6 (-0.49 ± 0.10 g) control mice (Figure 14Z). Both strains in HFD groups 
gained significant weight compared with their control counterparts. However, the 
weight gain was greater in Bl6 mice in the HFD (1.08 ± 0.23 g) group compared 
with HFD-fed 129Sv mice (0.50 ± 0.17 g). This could mean that 129Sv mice 
placed in social isolation conditions could be in a greater state of stress. 

Subsequently a Pearson correlation coefficient matrix was created to mea-
sure the relationships between the locomotor parameters and 9-week body 
weight change. In Bl6 mice, 9-week body weight change was positively corre-
lated with total distance traveled in the light phase (r = 0.61, p = 0.04) and time 
spent in the center zone in the light phase (r = 0.65, p = 0.02) (Figure 15A). On 
the contrary, in 129Sv mice, 9-week body weight change was negatively corre-
lated with total distance traveled in 24 h (r = -0.60, p = 0.04), in light phase  
(r = -0.66, p = 0.02), time spent in the center zone in light phase (r = -0.65, p = 
0.02), and time spent in the food zone in light phase (r = -0.59, p = 0.04) 
(Figure 15B). 
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3.3. Metabolic Changes Induced by HFD 

We next examined the metabolic response to a HFD in Bl6 and 129Sv mouse 
strains. Metabolites from plasma were measured using the AbsoluteIDQ p180 
kit (Biocrates Life Sciences AG, Innsbruck, Austria), which detects 186 meta-
bolites in 5 compound classes (acylcarnitines, amino acids, biogenic amines, 
hexoses, and phospho- and sphingolipids). 
 

3.3.1. Acylcarnitine profile 

Plasma levels of short-chain acylcarnitines (SCACs) in HFD-fed Bl6 and 129Sv 
mice compared with the corresponding controls were significantly lower 
(Figure 16F). More specifically HFD induced a significant decrease in the con-
centrations of C0, C2, and C4- in Bl6 mice and C0, C2, C3, C4-, and C4:1 in 
129Sv mice (Figure 16A,E). Medium-chain acylcarnitines (MCACs) remained 
unaffected by HFD in both strains. However, plasma levels of long-chain 
acylcarnitines (LCACs) were specifically altered in HFD-fed 129Sv mice com-
pared with control-diet-fed 129Sv mice (Figure 16L). More precisely, HFD 
induced a significant decrease in plasma levels of C12, C12:1, C14, C14:2, C16, 
C16:1, C16:2, C16:2-OH, C18:1-OH, and C18:2 in 129Sv mice. In HFD-fed 
Bl6 mice, only the concentration of C18:2 was significantly lower compared 
with control-diet-fed Bl6 mice. C18 was the only acylcarnitine that exhibited 
HFD-induced increase in both stains (Figure 16J). 

Additionally, the ratio of LCACs to free carnitine [(C16 + C18)/C0] was 
significantly upregulated by HFD in both strains, which reflects a higher acti-
vity of carnitine palmitoyltransferase l (CPT1). This ratio was significantly 
higher in HFD-fed 129Sv mice compared with HFD-fed Bl6 mice. Additionally, 
the ratio of the CPT2 [(C16:0 + C18:1)/C2] was higher in HFD-fed Bl6 and 
129Sv mice compared with their respective control animals. Moreover, the ratio 
of dicarboxy-acylcarnitines to total acylcarnitines (total AC-DC/total AC) was 
significantly elevated in HFD-fed mice of both strains, indicating higher ω-
oxidation of fatty acids. 
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3.3.2. Amino Acids and biogenic amines 

HFD induced an increase in circulating branched-chain amino acids (BCAAs) 
in 129Sv mice (Figure 17A). While the BCAAs leucine (Leu) and isoleucine 
(Ile) showed only a trend toward being increased in HFD-fed 129Sv mice, 
plasma valine (Val) levels (Figure 17B) were significantly increased in HFD-
fed 129Sv mice compared with 129Sv control-diet-fed mice. Additionally, HFD 
resulted in a significant decrease in plasma levels of the non-essential glu-
cogenic amino acid glycine (Gly) in 129Sv mice (Figure 17C). Only the amino 
acid citrulline (Cit) was affected by HFD in Bl6 mice (Figure 17D). Cit was 
significantly elevated in HFD-fed Bl6 mice compared with their control 
counterparts. Furthermore, the ratio of citrulline to ornithine (Cit/Orn) was 
specifically increased in HFD-fed Bl6 mice (Figure 17E), possibly indicating 
increased ornithine transcarbamylase activity in Bl6 mice. 
 

 

Figure 17. Effect of HFD on the level of selected amino acids and their derivatives bio-
genic amines (Log2 values, data expressed as mean ± SEM). (A) sum of branched-chain 
amino acids (BCAAs), (B) valine (Val), (C) glycine (Gly), (D) citrulline (Cit), (E) ratio 
of citrulline to ornithine (Cit/Orn), (F) kynurenine, (G) spermidine, and (H) trans-4-
hydroxyproline (t4-OH-Pro). Two-way ANOVA (Bonferroni post hoc test): *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 (diet effect), + p ≤ 0.05, ++ p ≤ 0.01,  
+++ p ≤ 0.001, ++++ p ≤ 0.0001 (strain effect). 
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HFD induced a significant decrease in kynurenine in both strains (Figure 17F). 
However, this decrease was significantly more pronounced in Bl6 mice com-
pared with 129Sv. The ratio of kynurenine to tryptophan (Trp) was also signifi-
cantly reduced after exposure to HFD in both strains, indicating decreased 
indole dioxygenase activity. Plasma levels of spermidine and trans-4-hydro-
xyproline (t4-OH-Pro) were significantly diminished in HFD-fed 129Sv com-
pared with control mice, whereas no alterations were observed in Bl6 mice 
(Figure 17G,H). 
 

3.3.3. Lipid profile 

The total level of lysophosphatidylcholine acyls (LysoPCs; Figure 18A) and 
sphingomyelins (SMs; Figure 18D) was significantly elevated by HFD in both 
strains. More precisely, HFD induced an increase in LysoPCs C18:0, C18:1, 
C18:2, C20:3, C26:0, and C28:1 in both strains. However, LysoPC a C17:0 
exhibited HFD-induced decrease in 129Sv mice (Figure 18B). SMs SM(OH) 
C14:1, SM(OH) C16:1, SM C16:0, SM C16:1, SM C18:0, and SM C18:1 were 
all significantly elevated in HFD-fed mice of both strains. However, SM (OH) 
C22:2 exhibited significant HFD-induced decrease in both strains (Figure 18E). 
Moreover, SM (OH) C22:1, SM C22:3, and SM C24:0 (Figure 18F) were 
specifically elevated in HFD-fed Bl6 mice compared with control-diet-fed Bl6 
mice and no HFD-induced alterations were observed in 129Sv mice. 

Out of 38 PC diacyls (PC aa-s), 15 were significantly elevated after HFD in 
both strains (Supplementary Table S1). HFD induced an increase in PC aa-s 
C30:0, C32:1, C34:2, and C36:4 specifically in Bl6 mice, whereas PC aa-s 
C42:2 and C42:5 were specifically decreased in 129Sv mice on HFD. Out of 37 
PC acyl-alkyls (PC ae-s) 26 were significantly affected by HFD (Supplementary 
Table S1). HFD induced a significant elevation in unsaturated (UFA) PC aa-s 
and PC ae-s in both Bl6 and 129Sv mice (Figure 18G,H). When subdividing 
UFA lipids into polyunsaturated fatty acids (PUFAs) and monounsaturated fatty 
acids (MUFAs), the HDF-induced increase in 129Sv mice was only evident in 
MUFA PC ae-s and did not affect PUFA PC ae levels (Figure 18I,J). However, 
in Bl6 mice, both PC ae PUFAs and MUFAs were affected by HFD and were 
both significantly elevated. PUFAs and MUFAs of PC aa species were signi-
ficantly elevated by HFD in both strains. 
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3.4. Metabolite differences highlighted by GLM analysis 

For the association analysis of metabolites, body weight change, and locomotor 
activity parameters, we used multivariate general linear model (GLM) analysis. 
To map out the most important differences, we used unpaired t-tests and Bon-
ferroni correction to correct for multiple testing (p ≤ 0.00027). Significant 
markers that exceeded the Bonferroni threshold were incorporated into the 
GLM analysis. 
 

3.4.1. Metabolic profile differences between Bl6 and 129Sv 

After applying Bonferroni correction (p < 0.00027), 45 metabolites remained 
statistically significant. The vast majority (42) were significantly higher in 
129Sv mice, and only 3 were higher in Bl6 mice. These metabolites in Bl6 mice 
were carnosine, lysoPC a C16:1 and lysoPC a C20:3. Metabolites that were 
higher in 129Sv included acylcarnitine C3, BCAAs (Ile, Leu, Val), lysine (Lys), 
ornithine (Orn), serine (Ser), 6 PC aa-s, 19 PC ae-s, and 8 SMs (Supplementary 
Table S2, paper III). The following comparison of metabolites in the HFD 
group altered the list of significantly different markers (Supplementary Table 
S2, paper III). Only 26 metabolites remained significantly different after Bon-
ferroni correction and there was a moderate shift toward the Bl6 strain. In Bl6 
strain 9 and in 129Sv mice 17 metabolites were significantly higher. In Bl6 
mice, carnosine, lysoPC a C16:1 and lysoPC a C20:3 remained higher, as in the 
case of standard diet. The metabolites included to the list of Bl6 with HFD were 
alpha-AAA, putrescine, t4-OH-proline, PC aa C32:1, PC aa C34:3, and SM 
C20:2. The list of 129Sv included 2 PC aa-s, 9 PC ae-s, and 6 SMs. The 
strongest markers favoring 129Sv were sphingolipids SM (OH) C14:1 and SM 
(OH) C22:2) (t-values in both cases > 8) (Table 9). This shows a stronger 
dominance of lipid metabolism in 129Sv mice compared with Bl6 mice. 
Although not statistically significant after the Bonferroni correction, com-
parison of hexoses in the HFD groups revealed significantly higher levels in Bl6 
mice compared with 129Sv (t = 3.03, p = 0.006). This is possible showing the 
stronger impact of glucose metabolism in Bl6 mice. 
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GLM confirmed a significant main effect (F(1, 16) = 908.5; p = 0.03) of mouse 
strain on the levels of several variables in the standard diet group as well as in 
the HFD group (F(1, 16) = 5269.3; p = 0.01). Significant biomarkers in the GLM 
model are highlighted in Table 9. Significant GLM model under basal condi-
tions included total distance traveled in light phase, BCAAs (Ile, Leu, and Val), 
carnosine, 3 lysoPCs, 6 PC aa-s, 16 PC ae-s, and 8 SMs. Significant GLM 
model under HFD included total distance traveled (light and dark), time spent in 
center (in light period), 4 biogenic amines (alpha-AAA, carnosine, putrescine, 
and t4-OH-Pro), 2 lysoPCs, 2 PC aa-s, 7 PC ae-s, and 7 SMs. 

In both control- and HFD-fed conditions, the groups showed significantly 
different metabolite levels between Bl6 and 129Sv, including carnosine, lysoPC 
a C16:1, 6 PC ae-s (PC ae C32:1, PC ae C34:2, PC ae C36:2, PC ae C38:2, PC 
ae C38:6 and PC ae C40:6), 6 SMs (SM (OH) C14:1, SM (OH) C16:1, SM 
(OH) C22:1, SM (OH) C22:2, SM C16:0, and SM C16:1) and total distance 
traveled in light period. 

 
3.4.2. HFD-induced metabolic profile changes in Bl6 Mice 

GLM confirmed a significant main effect (F(1, 20) = 360.13, p = 0.04) of diet on 
metabolite levels in Bl6 mice. The final GLM model retained 47 metabolites: 5 
acylcarnitines (C0, C2, C4-, C18 and C18:2), 1 biogenic amine (kynurenine), 4 
lysoPCs, 13 PC aa-s, 16 PC ae-s, and 8 SMs (Table 10). The majority of meta-
bolites were increased due to HFD. The exceptions were acylcarnitines C0, C2, 
C4-, C18:2, and kynurenine, being decreased with HFD. The strongest associa-
tions (ß > 0.90) in Bl6 were established for C0, 5 PC aa-s, 4 ae-s, and SM 
C16:0. 
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3.4.3. HFD-induced metabolic profile changes in 129Sv Mice 

GLM confirmed a significant main effect (F(1, 16) = 811.11, p = 0.03) of diet in 
129Sv mice. Similar to Bl6 mice, most HFD-induced alterations were observed 
in the lipid profile. The final GLM model retained 9-week weight gain and 48 
metabolites: 6 acylcarnitines (C0, C2, C3, C4-, C14.2, C18:2), 1 amino acid 
(Gly), 2 biogenic amines (kynurenine and t4-OH-Pro), 5 lysoPCs, 13 PC aa-s, 
16 PC ae-s, and 6 SMs (Table 10). The majority of metabolites were increased 
due to HFD. The exceptions were acylcarnitines C0, C2, C3, C4-, C14:2, C18:2, 
amino acids and their derivatives Gly, t4-OH-Pro, kynurenine and SM (OH) 
C22:2, being decreased with HFD. The strongest associations (ß > 0.90) in 
129Sv were established for C0, lysoPC a C20:3, 5 PC aa-s, PC ae C38:2, and 
sphingolipids (SM (OH) C14:1, SM C16:0). It is worthy to note that as-
sociations of C0, PC aa 36:1, PC aa C36:2, PC aa C36:3, PC aa C38:3, and SM 
C16:0 were overlapping in Bl6 and 129Sv. 
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DISCUSSION 

Previous studies have shown that different strains of mice exhibit very different 
immune responses, and genetic background is known to influence the outcomes 
of mouse models of human disease. For this reason, inbred mice with well-
characterized genetics are essential for obtaining reliable and reproducible expe-
rimental data. Therefore, the aim of present work was to capture this variability 
in more detail. To this end, we investigated the effects of two inflammatory 
triggers, LPS and HFD, on metabolic and genetic parameters. 
 

 
1. Basal metabolic differences between Bl6 and 129Sv 

(Paper I, III) 
To determine the basal differences in metabolic profile between Bl6 and 129Sv, 
saline treated control animals were compared in paper I and control diet-fed 
mice in paper III. The metabolites that clearly stood out in the LPS study were 
biogenic amines Ac-Orn, alpha-AAA and carnosine that were significantly 
higher in Bl6 mice and C4-, C5- and sphingolipid SM (OH) C22:2, which were 
higher in 129Sv. These results are also supported by previous research (Narvik 
et al., 2018), suggesting that these metabolites are part of the metabolomic 
signature of these strains. Similarly to LPS cohorts, we observed differences in 
C4-, carnosine, alpha-aminoadipic acid (alpha-AAA), sphingolipid SM(OH) 
C22:2, and lysophosphatidylcholine acyl (lysoPC a) C16:1 levels in the HFD 
study. However, we did not find equivalent differences in AC C5- levels when 
comparing Bl6 and 129Sv mouse lines and the nature of this difference requires 
further research. Also, unfortunately Ac-Orn could not be properly quantified in 
most samples. Additionally, we observed differences in BCAAs (Ile, Leu, Val), 
which were all higher in 129Sv mice.  

 It has been reported that the increased level of alpha-AAA in Bl6 mice is 
caused by a defect in the Dhtkd1 gene. Defects in this gene lead to accumulation 
of alpha-AAA (Wu et al., 2014; Leandro et al., 2019). Recently, a study found 
that alpha-AAA has protective properties against obesity and T2D (Xu et al., 
2019). Alpha-AAA improved energy metabolism and reduced fat accumulation, 
improved glucose metabolism and increased insulin sensitivity in mice. Alpha-
AAA has been shown to reduce adipocyte size, and smaller adipocytes are more 
sensitive to insulin stimulation (Blüher et al. 2002). Thus, the accumulation of 
alpha-AAA in Bl6 mice could give them an advantage in coping with HFD and 
reduce features of obesity. Carnosine is a dipeptide widely distributed in skele-
tal muscle, heart and CNS (Boldyrev et al., 2013). Carnosine has antioxidant 
properties and has been shown to scavenge reactive oxygen species (ROS) 
(Dawson et al., 2002; Rajanikant et al., 2007). In addition, carnosine has been 
found to act as a scavenger of reactive aldehydes from the oxidative degradation 
pathway of endogenous molecules such as sugars, polyunsaturated fatty acids 
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(PUFAs), and proteins (Guiotto et al., 2005). Furthermore, carnosine supple-
mentation has been demonstrated to decrease lipid accumulation in the circu-
lation and attenuate HFD-induced hepatic steatosis (Mong et al., 2011). There-
fore, similarly to alpha-AAA, higher levels of carnosine could also be advanta-
geous and contribute to protection against HFD-induced disorders in Bl6 mice, 
but also contribute to their being more capable of coping with infection. Circu-
lating BCAA levels are increased in both humans and rodents with obesity and 
elevated plasma levels of these amino acids are associated with an increased 
risk for future development of T2D (Newgard et al., 2009; Zhou et al., 2019; 
Wang et al., 2011). Given these differences, we could hypothesize that 129Sv 
mice might exhibit stronger responses against LPS and HFD. 

In addition, in the HFD study, we identified 3 lysoPCs, 6 PC aa-s, 16 PC ae-s, 
and 8 SMs to be significantly different between Bl6 and 129Sv mice. After the 
exposure to HFD metabolite differences between strains included alpha-AAA, 
carnosine, putrescine, t4-OH-Pro, 2 lysoPCs, 2 PC aa-s, 7 PC ae-s, and  
7 SMs. This shows that HFD somewhat affects the differences between strains; 
nevertheless, the most significant differences remain (e.g., carnosine and lysoPC a 
C16:1). 

 
 

2. LPS-induced differences (Paper I, II) 

 2.1. LPS-induced changes in body weight and temperature 
(Paper I, II) 

LPS resulted in significant body weight loss in both strains 24 hours after treat-
ment. However, the loss of body weight was more pronounced in Bl6 mice than 
in 129Sv mice. It has been reported that LPS administration significantly reduces 
food intake in Bl6 mice (Kim et al., 2013). In addition, overnight fasting in Bl6 
mice results in a loss of approximately 16% of body weight (Ayala et al., 2006). 
Decreased appetite and weight loss are considered common hallmark physio-
logical responses that occur in many infectious and inflammatory diseases. Pre-
vious studies have shown that LPS increases leptin synthesis and secretion, a 
known appetite suppressant (Mastronardi et al., 2001; Sarraf et al., 1997). 

Another important feature of endotoxin-mediated inflammation is the change 
in body temperature. LPS resulted in a slight decrease in body temperature in 
Bl6 mice, but this did not reach statistical significance in paper I. However, 
using a larger experimental group in paper II, we demonstrated a significant 
LPS-induced decrease in body temperature in Bl6 mice 24 hours after admi-
nistration. This hypothermic response was not observed in 129Sv mice. It is 
well known that thermoregulation is critical for host defense against invading 
pathogens and can be detrimental if impaired. A recent study showed that 
inflammation-induced hypothermia and hypometabolism are beneficial for host 
tolerance and improve survival (Ganeshan et al., 2019). In addition, Chisholm 
and colleagues demonstrated that reducing metabolic demand through hypo-
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thermia increased survival of mice during endotoxemia (Chisholm et al., 2016). 
This may be one of the reasons why 129Sv mice appear to be more susceptible 
to infection. In addition, we found a moderate positive significant correlation 
between body weight and temperature loss in Bl6 mice, whereas no correlation 
was observed in the 129Sv strain.  

 
 2.2. LPS-induced suppression of locomotor activity (Paper I, II) 

In addition to weight loss and changes in body temperature, decreased loco-
motor activity is another characteristic response associated with disease be-
havior. In the event of infection, the energy demands of the immune system 
increase, and locomotor retardation helps animals conserve energy, which is 
then redirected to maintenance and survival programs (Wang et al., 2019). Both 
Bl6 and 129Sv strains showed an overall similar pattern of motor activity 
depression in the 24 hours following LPS-induced inflammation. LPS signifi-
cantly suppressed the time spent and total distance traveled in the whole arena 
and in the center zone compared to mice in the control group. A similar LPS-
induced suppressive effect was observed throughout the arena in the light and 
dark phases of the 24-h cycle. Whereas in the central area, LPS-induced motor 
suppression was evident only in the dark phase. 

Significant differences in the motor response between Bl6 and 129Sv mice 
in the control group appeared within 2 hours of the onset of behavioral testing. 
This may reflect higher anxiety-like behavior of 129Sv mice at the beginning of 
the experiment and passive adaptation to a stressful environment. The higher 
anxiety-like trait of 129Sv mice has been thoroughly investigated and well 
characterized by several studies (Võikar et al., 2001; Abramov et al., 2008; 
Heinla et al., 2014). Furthermore, saline-treated Bl6 control mice spent signifi-
cantly more time exploring the center area compared to 129Sv control mice, 
demonstrating anxiolytic-like baseline behavior of Bl6 mice.  

 
2.3. LPS-induced metabolite differences (Paper I) 

In addition to LPS-induced differences in body weight, temperature, and motor 
activity between strains, metabolites in Bl6 and 129Sv were also differentially 
affected by LPS exposure after 1.5 and 24 hours. After 1.5 hours, the number of 
affected metabolites was greater in Bl6 than in 129Sv. Nevertheless, the inflam-
matory response at 24 hours included a wide range of changes in several diffe-
rent metabolite groups. In this case, the number of altered metabolites was much 
greater in 129Sv compared with Bl6. 
 

2.3.1. Acylcarnitines 

1.5 hours after LPS administration SCACs C3, C4-, and C5- were decreased in 
both strains. Additionally, acetylcarnitine (C2) was decreased only in 129Sv, 
and several SCACs and MCACs were decreased only in the Bl6 strain. Previous 
findings suggest that medium- and long-chain acylcarnitines are involved in 
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proinflammatory signaling pathways (Rutkowsky et al., 2014; Ganeshan et al., 
2019). In addition, several studies have reported alterations in the acylcarnitine 
profile in pathological conditions such as T2D (Adams et al., 2009), cardio-
vascular disease (Makrecka-Kuka et al., 2017), and first-episode psychosis 
(Kriisa et al., 2017). After applying GLM analysis, only four acylcarnitines 
remained statistically significant in the 1.5-h LPS exposure group. The decrease 
of C3 (a metabolite of Val and Ile catabolism) was significant in both strains, 
while the decrease of C2, C4- and C5- was significant only in 129Sv mice. 

C3 was the only acylcarnitine that exhibited a decline during both 1.5- and 
24-h LPS challenge in both strains. In addition, 24 hours after LPS administ-
ration, several LCACs exhibited significant increases in both strains. However, 
the altered profile of LCACs was wider in 129Sv mice and additionally in-
cluded hydroxylated acylcarnitines. Long-chain fatty acids are transported to 
mitochondria in the form of acylcarnitines, where β-oxidation takes place to 
produce a major portion of the metabolic energy. Based on these findings, it 
appears that LPS induces incomplete β-oxidation of long-chain fatty acids in 
129Sv, leading to accumulation of hydroxylated LCAC intermediates. In addi-
tion, some portion of the hydroxylated acylcarnitines could be produced due to 
a certain shift in oxidative catabolism of fatty acids, e.g., intensification of the 
omega and alpha oxidation pathways. 

The 24-h LPS challenge caused a reduction of SCAC C4- in Bl6 as well as a 
reduction of free carnitine (C0) in 129Sv. The increase in plasma acylcarnitines 
and the decrease in plasma carnitine indicate an increased utilization of carni-
tine for the production of acylcarnitines in 129Sv. GLM analysis for 24-h LPS 
challenge revealed significant alterations in the acylcarnitine profile only in 
129Sv, implying that the changes in acylcarnitine levels after LPS administ-
ration are specific to 129Sv. 
 

2.3.2. Amino acids and biogenic amines 

Citrulline was decreased in both strains compared with saline-treated controls 
1.5 hours after LPS administration. Apart from citrulline, no other amino acids 
were altered in 129Sv. In contrast to this stability in 129Sv mice, Bl6 mice ex-
hibited a decrease in several amino acids (Ala, Gly, His, Phe, Met, Pro, Ser, 
Thr, Val). The combination of several factors (intensification of the synthesis of 
protector proteins as well as inflammatory mediators, disease-associated mal-
nutrition, intensification of the production of ketone bodies and gluconeo-
genesis) may cause the above-mentioned declines as Phe, Met, Thr, and Val are 
essential amino acids, Ala, Gly, His, Met, Pro, Ser, Thr, and Val are glucogenic 
amino acids, and Phe is a glucose-ketogenic amino acid. Therefore, one single 
factor such as short-term (1.5 h) fasting should not cause a depletion of plasma 
amino acid levels (Felig et al., 1969). In addition, the sum of glucogenic amino 
acids was significantly reduced in Bl6, whereas no significant changes were 
observed in 129Sv 1.5 hours after LPS administration. GLM analysis confirmed 
that amino acids were specifically reduced in Bl6 1.5 hours after LPS admi-
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nistration. Although this profile was somewhat different, including Ala, Gly, 
His, Phe, Met, Pro, and Tyr. 

At 24 hours after treatment, only the reduction of citrulline remained statis-
tically significant. Citrulline is one of the key products of Arg catabolism. Nitric 
oxide synthase (NOS) catalyzes the hydrolysis of Arg to citrulline and NO. LPS 
and cytokines are known to induce the expression of NOS and thus the pro-
duction of NO (Förstermann and Sessa, 2012). However, decreased concentra-
tion of citrulline indicates decreased NOS activity and NO production. This was 
further supported by a decrease in the plasma ratio of citrulline/Arg in both 
strains, reflecting decreased activity of NOS. In addition, plasma levels of the 
NOS inhibitors ADMA and SDMA were significantly elevated in the LPS-
treated Bl6 mice after 24 h, but not in 129Sv. However, it is worth highlighting 
that plasma concentrations of ADMA and SDMA in 129Sv were already 
slightly elevated under control conditions and resembled Bl6 blood concentra-
tions under inflammatory conditions, which has been also noted previously in 
these strains in home cage conditions (Narvik et al., 2018). This reflects in-
creased NOS inhibition and thus decreased NO and citrulline production. Low 
plasma citrulline levels have previously been associated with acute respiratory 
distress syndrome in sepsis patients (Ware et al., 2013). 

Alpha-AAA, Ac-Orn, and putrescine are examples of significantly reduced 
biogenic amines in Bl6 mice 1.5 h after LPS administration. In contrast, the 
ratio of spermidine/putrescine was elevated in Bl6 mice, indicating increased 
activity of spermidine synthase and conversion of putrescine to spermidine. No 
alterations in the profile of biogenic amines were detected in 129Sv.  

LPS-response-specific biogenic amines that were altered 24 hours after LPS 
administration in both strains included kynurenine and serotonin. While seroto-
nin concentration decreased, plasma kynurenine levels were significantly higher 
compared to saline-treated mice. Trp is metabolized via the kynurenine and 
serotonin pathway. Although no differences in plasma Trp levels were observed 
in the LPS-treated mice, there was a shift in favor of the kynurenine/Trp ratio 
over the serotonin/Trp ratio. This suggests that Trp metabolism via the kynure-
nine pathway is favored under inflammatory conditions. The conversion of Trp 
to kynurenine is catalyzed by the enzyme indoleamine 2,3-dioxygenase (IDO), 
which is activated by inflammatory cytokines, and it has been suggested that 
plasma levels of kynurenine directly reflect the activity of IDO (Moffett and 
Namboodiri, 2003). Kynurenine can be further converted into neuroprotective 
kynurenic acid or neurotoxic quinolinic acid, which is an intermediate of 
nicotinamide adenine dinucleotide (NAD+) biosynthesis. kynurenine in the 
blood is transported extensively to the brain. Under normal conditions, approxi-
mately 80% of kynurenine is transported from the blood to the brain, and under 
inflammatory conditions, this percentage is even further amplified reaching up 
to 98% (Kita et al., 2002). Because kynurenine competes with Leu for transport 
from blood to brain via large amino transporter LAT1, the fact that the 
Leu/kynurenine ratio was in favor of kynurenine under inflammatory conditions 
24 hours after LPS administration may indicate that kynurenine is able to cross 
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the blood-brain barrier (BBB) more efficiently. This ratio was significantly 
altered only in Bl6 mice. Whether the kynurenine pathway favors the shift 
toward kynurenic acid or quinolinic acid in LPS-induced neuroinflammatory 
conditions in these strains requires further investigation. However, kynurenine 
and alpha-AAA are both substrates for the kynurenine aminotransferase II 
(KAT-II; also known as alpha-AAA aminotransferase II), which is responsible 
for transamination of kynurenine into kynurenic acid (Buchli et al., 1995; 
Hallen et al., 2013), and thus alpha-AAA levels indicate the availability of 
KAT-II for the transamination of kynurenine. The ratio of kynurenine/alpha-
AAA was again in favor of kynurenine under inflammatory conditions 24 hours 
after LPS administration, providing further evidence that kynurenine may be 
transaminated to kynurenic acid. Individual differences between strains 
included a decrease in Ac-Orn and an increase in putrescine, ADMA, and 
SDMA in Bl6, whereas no strain-specific changes were observed in 129Sv. 
After applying GLM, only the decrease in Ac-Orn and increase in putrescine in 
Bl6 remained statistically significant, and the increase in kynurenine remained 
significant in both strains. Together with Arg, Ac-Orn is one of the precursors 
for ornithine synthesis, and from there on, putrescine is synthesized from 
ornithine. The decrease in Ac-Orn was also accompanied by a slight reduction 
of plasma ornithine in Bl6 mice. Increased levels of putrescine and decreased 
levels of ornithine and Ac-Orn suggest increased putrescine biosynthesis in the 
later stages of the inflammatory response in Bl6 mice. In addition, the ratio of 
spermidine to putrescine was decreased in Bl6 mice, indicating deteriorated 
activity of spermidine synthase and conversion of putrescine to spermidine. 
There were no changes observed in the putrescine synthesis pathway in 129Sv 
mice. Putrescine has been shown to possess neuroprotective activity in the CNS 
(Jänne et al., 2005). 

 
2.3.3. Glycerophospholipids and sphingolipids 

It is well established that inflammation leads to changes in lipid metabolism. 
These changes help to repair tissues and reduce the toxicity of a number of 
harmful agents by redistributing nutrients to cells involved in host defense. 

Glycerophospholipids (GPLs) and sphingolipids (sphingomyelins, SMs) are 
considered inflammatory mediators, and altered levels of lipids reflect interplay 
between inflammation and lipid metabolism. Prominent members of the GPL 
family are phoshatidylcholines (PCs), which are main precursors of lysoPCs. In 
the 1.5-h LPS exposure, the only observed change was the increase of PC aa 
C42:0 in 129Sv. After applying GLM analysis, SM (OH) C16:1 was added to 
the list of significantly elevated lipids in 129Sv. No significant alterations in 
lipid metabolism were observed in Bl6. 

24 hours after LPS administration, the most striking change in both strains 
was a decrease in lysoPCs and an increase in SMs. In addition, several PC 
diacyls were increased and PC acyl-alkyls were decreased in both strains. The 
inflammatory response caused the production of different patterning of these 
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metabolites through the influence of action of several enzymes in the metabolic 
network; while lysoPCs decrease, SM and PCs increase. However, the number 
of increased SMs and PCs was significantly higher in 129Sv mice. In particular, 
lysoPC a C16:1 and lysoPC a C18:1 were decreased in Bl6, which was accom-
panied by an increase in plasma PC aa C34:2. This may indicate a disturbance 
in the hydrolysis of PC aa C34:2 to lysoPC a C16:1 and lysoPC a C18:1 in Bl6. 
Moreover, the ratios between lysoPCs C16:1/C16:0 and C18:2/C18:1 were 
significantly lower after LPS administration, whereas no significant changes in 
these lysoPC ratios were observed in 129Sv.  

GPLs and SMs are components of membrane bilayers that form a physical 
barrier against pathogens as a first line of defense and contain cell surface 
receptors such as Toll-like receptor 4 (TLR 4), which plays a key role in LPS-
mediated signal transduction. Although often referred to as membrane lipids, 
studies have shown that PCs play a role in energy metabolism, lipoprotein 
transport, and cell signaling (van der Veen et al. 2017). Increased PC concentra-
tions and decreased lysoPC concentrations may indicate diminished formation 
of lysoPCs from PCs due to decreased phospholipase enzyme activity.  

 
2.3.4. Monosaccharides 

Hexoses were significantly reduced in Bl6, whereas no changes were observed 
in 129Sv 24 h after administration of LPS. Metabolic energy is derived from the 
breakdown of monosaccharides, making them an essential source of energy, 
especially for the brain. Decreased levels of hexoses, including glucose, suggest 
that inflammation contributes to glucose metabolism disorder in Bl6 mice. This 
suggests that metabolism is slowed down in Bl6 mice under LPS-induced in-
flammatory conditions. LPS-induced lower blood glucose levels have been pre-
viously described in Bl6 mice (Ganeshan et al., 2019). A hypometabolic state is 
important for conserving metabolic energy under inflammatory conditions. An 
inflammatory response is energetically costly and requires redistribution of 
nutrients to support immune activation (Ganeshan and Chawla, 2014). Recent 
evidence suggests that a hypometabolic response to endotoxemia is essential for 
utilization of tissue tolerance as a defense against bacterial pathogens (Gane-
shan et al., 2019). It appears that an energy conserving hypometabolic state is 
one possible mechanism that Bl6 mice use to cope with inflammation. 
 

2.4. Microglial profile and subpopulations (Paper II) 

We selected hippocampus and cerebellum brain regions to investigate cell popu-
lations and microglial profile. Cerebellum plays an important role in many 
pathological processes (Feys et al., 2005, Jensen and St Louis, 2005) and is 
thought to have increased sensitivity to circulating inflammatory agents due to 
its microvascular structure (Silwedel and Förster, 2006). It has been shown that 
microglia in the hippocampus and cerebellum exist in a more immune-vigilant 
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state and have a higher turnover rate than those in other brain regions (Grabert 
et al., 2016; Tay et al., 2017).  

The CNS is considered immune privileged because the BBB limits the 
migration of peripheral immune cells into the CNS. However, in the presence of 
an inflammatory stimulus, the BBB may be compromised, and peripheral 
immune cells can infiltrate the CNS. As expected, 24 hours after LPS challenge, 
we observed an increase in infiltrating neutrophils and macrophages and an 
increase in microglial cells in the brains of both strains, however the increase in 
microglial cells was statistically significant only in Bl6 mice. We also investi-
gated the effect of LPS on oligodendrocyte progenitor cells (OPCs), as previous 
studies have shown that upon activation, microglia mediate OPC death (Pang et 
al., 2010). The percentage of OPCs was substantially lower in LPS-treated mice 
compared with control mice. In Bl6 mice, the decrease in OPCs was statistically 
significant in the cerebellum and in 129Sv mice in the hippocampus, although 
the same downtrend was seen in both brain regions of both strains. Pang and 
colleagues demonstrated that LPS-activated microglia are detrimental to OPCs. 
They showed that cell damage occurred within 24 hours of LPS treatment and 
was mediated by nitric-oxide-dependent oxidative damage. They also showed 
that this damage can be prevented by inhibition of nitric oxide synthase (NOS) 
(Pang et al., 2010). As described above, we found that LPS-treated Bl6 mice 
had increased plasma levels of the endogenous NOS inhibitors ADMA and 
SDMA.  

We next examined the profile of microglial activation in Bl6 and 129Sv 
mice after exposure to LPS. We observed that Bl6 mice had significantly higher 
expression of CD11b on microglial cells than 129Sv mice under control condi-
tions. However, after LPS stimulation, the surface expression of CD11b on 
microglial cells was increased only in 129Sv mice. Although CD11b is constitu-
tively expressed by microglia, its expression is upregulated under inflammatory 
conditions. Thus, the increased expression of CD11b reflects the activation 
status of microglia. This may imply that microglia in Bl6 mice are in a higher 
immune-alert state under physiological conditions than in 129Sv mice. More-
over, we detected a significant increase in microglial surface expression of 
CX3CR1 in the cerebellum of 129Sv mice in response to LPS stimulation, 
whereas no changes were observed in Bl6 mice. CX3CR1 is a chemokine 
receptor that binds to its ligand fractalkine. Their interaction is associated with 
crosstalk between neurons and microglia and may play a role in the microglial 
activation process (Cardona et al., 2006; Hughes et al., 2002). Recent evidence 
suggests that CX3CR1 is associated with an inflammatory response in the brain 
of hypertensive animal models and that inhibition of CX3CR1-microglia 
signaling attenuates hypertension and chronic brain inflammation (Ho et al., 
2020). This may suggest that LPS can induce hypertension and a higher in-
flammatory state in 129Sv mice.  

Phenotypic markers such as MHC-II and CD206 are commonly used to iden-
tify classically activated M1 and alternatively activated M2 (respectively) 
polarized microglial cells (Kigerl et al., 2009; David and Kroner, 2011). How-
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ever, it is important to note that the M1/M2 classification is highly simplified 
and does not fully reflect the diversity of microglial phenotypes. The percentage 
of CD206+ microglial cells remained unaffected in both Bl6 and 129Sv strains 
after LPS stimulation. Interestingly, we observed an immune-suppressive respon-
se in the hippocampus and cerebellum of Bl6 mice characterized by down-
regulation of the MHC-II+ microglial cell percentage. Moreover, when com-
paring the MHC-II/CD206+ microglial ratio, we found that the ratio was 
decreased in response to LPS in Bl6 mice, whereas no alterations were observed 
in 129Sv mice. There are somewhat conflicting data regarding microglial MHC-
II regulation after LPS administration. Although most studies report upregu-
lation of MHC-II+ microglia after LPS exposure, a recent study described a 
specific immune-suppressive response in midbrain microglia under inflamma-
tory conditions characterized by downregulation of MHC-II microglial expres-
sion and upregulation of anti-inflammatory cytokines (Abellanas et al., 2019). 

These data suggest that microglia of 129Sv mice exhibit an elevated inflam-
matory status in response to activation by LPS, whereas microglia of Bl6 mice 
appear to be in a higher baseline immune-alert state. Furthermore, the down-
regulation of MHC-II could reflect a protective reaction to the inflammatory 
response aimed at preventing cell damage in Bl6 mice. The more severe in-
flammatory status observed in 129Sv mice may be connected in some way to 
the mutation in the Disc1 gene. Disruption of the Disc1 protein in mice has been 
shown to modulate the expression of inflammatory gene networks (Trossbach et 
al., 2019). Previous work has used immune activation along with Disc1 muta-
tion to produce schizophrenia-related pathology in mice. LPS-activated micro-
glia become phagocytic and may over activate synaptic pruning processes 
during critical periods. Moreover, the combination of immune activation and 
Disc1 mutations could synergistically induce schizophrenia-like behavior in 
mice (Lipina et al. 2013; Uzuneser et al. 2019; Xu et al. 2021).   
 

2.5. LPS-induced changes in the MHC-I pathway (paper II) 

The major histocompatibility (MHC) class I molecules are loaded with peptides 
derived from exogenous sources (mainly of viral origin) and presented on the 
plasma membrane of the cell to communicate with cytotoxic T-cells and thereby 
regulate their effector or regulatory functions. In addition to their classically 
known function of antigen presentation for T-cell activation, MHC-I molecules 
have been shown to have a negative effect on inflammatory responses triggered 
by Toll-like receptors (TLR). According to recent research, MHC-I reverse 
signaling is involved in regulating the defense against bacterial and viral infec-
tions (Muntjewerff et al., 2020). MHC-I molecules have been found to attenuate 
innate inflammatory responses, protecting mice from sepsis (Xu et al., 2012). 
The interaction between MHC-I-expressing cells and cytotoxic T cells has been 
shown to suppress TLR-triggered cytokine production (Xu et al., 2012). 

Because we observed LPS-induced downregulation of MHC-II+ microglial 
cells in Bl6 mice, we wondered whether the MHC-I pathway would be altered 
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differently after LPS exposure. We performed RT-qPCR analyses and examined 
the relative mRNA levels of the following genes associated with the MHC-I 
pathway: β-2-microglobulin (β2m), transporter associated with antigen pro-
cessing subunits 1 and 2 (Tap1 and Tap2), the bridging factor tapasin (Tapbp), 
and the immunoproteasome subunit Lmp2 in the hippocampus, hypothalamus, 
midbrain, frontal cortex, olfactory bulb, and cerebellum. 

Gene expression analysis revealed that LPS administration resulted in an 
increase in all components of the MHC-I pathway in the hippocampus, hypo-
thalamus, midbrain, frontal cortex, and cerebellum in both strains. However, 
Bl6 mice exhibited greater LPS-induced upregulation of these genes compared 
to 129Sv mice. The most substantial difference was observed in the olfactory 
bulb, which exhibited LPS-induced upregulation of MHC-I-pathway related 
genes only in Bl6 mice but remained unaffected by LPS exposure in 129Sv 
mice. This may imply that the olfactory bulb of Bl6 mice is in a more immuno-
competent state than that of 129Sv mice. 

We also investigated the expression of angiotensin converting enzyme 
(ACE). ACE controls blood pressure by catalyzing the conversion of angioten-
sin I to the active vasoconstrictor angiotensin II, which increases blood pressure 
by causing blood vessels to constrict. ACE is a major component of the renin-
angiotensin system (RAS) in the brain. We found that gene expression of ACE 
was unaffected by LPS in 129Sv mice, whereas LPS triggered a significant 
increase in ACE mRNA levels in the hippocampus, hypothalamus, midbrain, 
and cerebellum in Bl6 mice. ACE plays an important role in the immune 
response of myeloid cells and is important for the neutrophil immune response 
to bacterial infections. Previous studies have shown that ACE is required for 
normal neutrophil antibacterial activity and that upregulation of ACE in 
neutrophils increases antibacterial immunity in mice (Khan et al., 2017). There-
fore, it appears that greater upregulation of ACE and MHC-I pathway genes is 
beneficial for host defense and may be advantageous in defense against bacteria 
in Bl6 mice. 

Next, we performed Western blot analysis to characterize the expression of 
β2m, Tapbp, and ACE at the protein level in the hippocampus and olfactory 
bulb of Bl6 and 129Sv mice. β2m is an essential component of the MHC-I 
complex, being part of the functional MHC-I heterodimer on the cell surface. 
Tapbp is another critical factor in the MHC-I pathway required for the assembly 
of MHC-I heterodimers with peptides in the endoplasmic reticulum (ER). Apart 
from their importance in the MHC-I pathway, β2m and Tapbp were selected for 
protein analysis because we observed differences in their basal gene expression 
between Bl6 and 129Sv mice. In addition, we selected ACE for further analysis 
since LPS triggered upregulation of ACE specifically in Bl6 mice, whereas it 
was unaffected by LPS challenge in 129Sv mice. LPS stimulation led to 
upregulation of protein expression of ACE and β2m in the hippocampus and 
Tapbp and β2m in the olfactory bulbs of Bl6 mice. No statistically significant 
changes were observed in either brain region of the 129Sv mice. These results 
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give further support to the idea that LPS causes greater upregulation of com-
ponents of the MHC-I pathway in Bl6 mice compared to 129Sv mice. 

Since we observed significant upregulation of MHC-I pathway genes, we 
next sought to investigate the associations between body weight and tempera-
ture change with MHC-I gene expressions. Interestingly, when aligning the 
body weight and temperature change in the LPS-treated mice with their MHC-I 
gene expressions, we observed significant positive correlations between body 
weight decrease and β2m, Tapbp, and Tap1 expressions in the olfactory bulbs of 
Bl6 mice, whereas in 129Sv mice, body weight decrease was positively corre-
lated with Tapbp, Tap1, and Lmp2 expressions in the frontal cortex  

This result is particularly interesting because the rodent frontal cortex is 
known to play an important role in stress-related behaviors and is involved in 
determining coping outcomes. It has been repeatedly shown that Bl6 and 129Sv 
mice exhibit markedly different coping strategies in response to different stres-
sors. Bl6 mice have an active coping strategy in stressful situations, whereas the 
coping strategy of the 129Sv strain is considered passive (Varul et al., 2021). 
Moreover, as described above, we saw that Bl6 mice seem to actively cope with 
inflammation by inducing a stronger hypometabolic state, whereas the meta-
bolism of 129Sv mice appears to enhance the proinflammatory status. 

On the other hand, the olfactory bulb is considered an exceptional brain 
structure in terms of adult neurogenesis. Neurons in the olfactory bulb are 
constantly replaced by new neurons formed in the subventricular zone of the 
lateral ventricles. Mice rely on their sense of smell to locate and identify food 
sources, engage in social interactions, and avoid predators. In addition, beha-
viors such as learning and memory, social interaction, fear, and anxiety are 
closely related to their olfactory function. Previous work has shown that expo-
sure of mice to cat odor elicits an anxiety response in Bl6 mice but not in the 
129Sv strain (Raud et al., 2007). This indicates that these two strains of mice 
exhibit different olfactory and anxiety responses. Furthermore, previous 
findings have suggested that olfactory bulb microglia may function as tolero-
genic antigen-presenting cells (APCs) (Dando et al., 2019). The fact that LPS 
induces significant upregulation of MHC-I genes in the olfactory bulbs of Bl6 
mice and no changes in the olfactory bulbs of 129Sv mice suggests that the 
olfactory bulb of Bl6 mice is in a more immunocompetent state than 129Sv 
mice.  

It should be noted that there may also be differences in the gut microbiota of 
these strains that we are not aware of. The gut microbiota may influence the 
development and function of the immune system and contribute to various 
immunological responses (Zheng et al., 2020). However, we believe that the 
specific microbiota acquired by these mice is due to their own genetic and 
immunological characteristics, as they have lived under the same conditions and 
consumed the same diet for several generations. A recent study has shown that 
the microbiota regulates the function of microglia via TLR4, priming these cells 
to respond to infection (Brown et al., 2019). Future research should be 
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considered to investigate the differences in microbiota and their potential impact 
on the immunological response of these strains. 

 
 

3. HFD-induced differences (Paper III) 
Previous studies have demonstrated that different inbred mouse strains differ 
significantly in their metabolic phenotype under physiological and pathological 
conditions. As described above, we demonstrated that there is significant meta-
bolic heterogeneity between Bl6 and 129Sv and that systemic administration of 
LPS leads to hypometabolism (which is beneficial for host tolerance) in the Bl6 
strain but increases the production of proinflammatory metabolites in the 129Sv 
strain. Several studies have also indicated that consumption of high-fat foods 
can induce systemic inflammation (Jeon et al., 2012; Miller and Spencer, 2014; 
Boitard et al., 2014). Therefore, we next aimed to investigate similarities and 
differences in a number of metabolic variables and their ratios in Bl6 and 129Sv 
mouse strains in response to a 9-week HFD. 
 

3.1. HFD-induced changes in body weight 

Bl6 and 129Sv mice were fed HFD or regular chow for 9 weeks. Body weight, 
food, and water intake were recorded weekly. HFD-fed 129Sv mice began to 
weigh significantly more than mice fed with standard chow starting from the 
second week of dietary exposure and continuing to week 9. In contrast, body 
weight gain of Bl6 mice was not affected by HFD during the 9-week study 
period. Previous studies have reported significant weight gain in C57BL/6NTac 
mice after HFD exposure, which contradicts the results of our study (Podrini et 
al. 2013; Gupta et al. 2017). There are at least two possibilities to explain this 
discrepancy. First, it has been suggested that the microbiota influences 
susceptibility to DIO. Bl6 mice bred by different vendors and housed in diffe-
rent animal facilities may have different microbiota that may affect DIO (Ussar 
et al. 2015; Fujisaka et al. 2018). Second, the environment of animal facilities. 
Differences between animal facilities have been shown to modulate morpho-
logical, physiological, and behavioral traits in a genetically homogeneous 
cohort, leading to facility-specific phenotypes, from the molecular to the 
behavioral level (Jaric et al. 2022). GLM analysis confirmed significant 9-week 
body weight gain in 129Sv mice. Interestingly, the weight gain of 129Sv mice 
was not related to higher amounts of food consumed as the food intake was 
significantly lower in both 129Sv and Bl6 HFD groups compared with their 
respective control diet groups. The difference in food consumption between 
HFD and control groups became evident from the second week of dietary expo-
sure and remained lower until the end of dietary exposure. A similar effect has 
previously been observed in our laboratory (Kaare et al., 2021). Thus, while 
129Sv mice responded strongly to HFD, the Bl6 strain was protected against 
diet-induced weight gain. 
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3.2. HFD-induced alterations in locomotor activity 

The locomotor activity of Bl6 mice in the open field test remained the same 
regardless of diet, whereas HFD-exposed 129Sv mice traveled significantly 
shorter distances than their control diet counterparts, as well as HFD-fed Bl6 
mice already at the beginning of the dietary exposure (day 1) and at the end of 
the dietary exposure (week 9). HFD also induced higher anxiety-like behavior 
in 129Sv mice, as they spent significantly less time in the center zone of the 
open field than control diet-fed 129Sv mice at week 9. When the 24-hour cycle 
was divided into light and dark phases, the difference between strains became 
even more prominent in the light phase. However, at week 9, HFD-fed 129Sv 
mice tended to spend less time in the center zone, regardless of the light or dark 
phase of the 24-hour cycle. On the other hand, HFD-exposed Bl6 mice visited 
the food zone significantly less at both the beginning and end of the dietary 
exposure. Additionally, when splitting the 24 h cycle into hourly data, clearly 
different motor response between Bl6 and 129Sv emerged within 2 h from the 
beginning of behavioral testing on the first day. 129Sv mice traveled signifi-
cantly shorter distances in the total arena and spent significantly less time in the 
center zone than Bl6 mice during the first two hours. This difference was no 
longer evident from the third hour onward. This observation most likely reflects 
a higher anxiety-like trait of 129Sv at the beginning of behavioral testing, 
indicating passive adaptation. At week 9, the total distance traveled remained 
significantly different between strains even at the third hour. On the other hand, 
129Sv spent significantly less time in the center zone only at the first hour and, 
starting from the second hour, it was already equivalent to that of Bl6 mice. In 
addition, we observed that at the end of the dietary intervention, the HFD-fed 
129Sv mice traveled significantly shorter distances and spent significantly less 
time in the center zone than the control-diet-fed 129Sv mice in the first hour. 
This suggests that HFD exacerbates the anxiety-like state in 129Sv mice. 
Psychiatric disorders and type II diabetes (T2D) have been shown to be highly 
comorbid, and this may suggest that the 129Sv strain is well-suited for mode-
ling the metabolic syndrome associated with psychiatric disorders. 

In addition, we found that body weight gain of 129Sv mice was negatively 
correlated with total distance traveled and duration in the center and food zones 
during the light phase. In contrast, body weight gain of Bl6 mice was positively 
correlated with total distance traveled in the light phase and time spent in the 
center zone in the light phase. Thus, the increased body mass of the 129Sv mice 
caused a decrease in activity or vice versa. After the second open field test in 
phenotyper cages, we observed an interesting effect on weight in both strains. 
Control mice of both strains lost significant weight during the exposure, how-
ever this weight loss was greater in 129Sv mice. In animals exposed to HFD an 
opposite effect emerged, as mice from both strains exhibited weight gain during 
the exposure. However, it was more pronounced in Bl6 mice than in 129Sv 
mice, which differed from the general dynamics of body weight in the home 
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cage. This effect cannot be explained by increased locomotor activity of 129Sv 
mice, since it was significantly lower compared to Bl6 mice. Thus, it appears 
that 129Sv mice exhibit greater weight loss under stressful conditions, such as 
social isolation, which can be prevented by HFD. It has been shown that 129Sv 
mice gain more weight compared to Bl6 mice in a non-stressful home-cage 
environment. However, after repeated stressful interventions, 129Sv mice tend 
to lose body weight not seen in Bl6 mice (Narvik et al., 2018). It is well known 
that Bl6 mice are better able to tolerate stress and adapt to new environments 
than 129Sv mice (Võikar et al., 2001; Abramov et al., 2008; Heinla et al., 
2014), and decreased movement and greater weight loss of 129Sv mice reflect 
the inability to cope in a novel environment. 

 
3.3. HFD-induced metabolite differences 

3.3.1. Acylcarnitines 

Nine weeks of HFD induced a wide range of alterations in several different 
metabolite groups. Many of the metabolic shifts induced by HFD were similar 
in Bl6 and 129Sv mouse strains. HFD caused a decrease in carnitine (C0) and 
short-chain acylcarnitines (SCACs) (C2, C4-) in both strains of mice. However, 
the altered profile of SCACs was broader in 129Sv mice and additionally 
included C3 and C4:1. Acylcarnitine C3 is a by-product of Ile and Val cata-
bolism which were also elevated specifically in 129Sv mice (Newgard et al., 
2009). C0 is critical for the breakdown of long-chain fatty acids in mitochondria 
and is particularly important for energy production from high-fat diets. Plasma 
levels of long-chain acylcarnitines (LCAC) were specifically altered by HFD in 
129Sv mice. More precisely, HFD significantly decreased plasma levels of C12, 
C12:1, C14, C14:2, C16, C16:1, C16:2, C16:2-OH, C18:1-OH, and C18:2 in 
129Sv mice. Only the concentration of C18:2 was decreased in HFD-fed Bl6 
mice. C18 was the only acylcarnitine that exhibited HFD-induced increase in 
both strains. Considering that C18 produces a substantial amount of ATP, the 
increase is likely a result of compensating for the energetic demand. LCACs are 
intermediates of intracellular fatty acid metabolism that are generated by tran-
sesterification of long-chain acyl-CoA with carnitine via carnitine palmitoyl-
transferase l (CPT1). Increasing C18 content, in turn, led to upregulation of the 
ratio of long-chain species to free carnitine and acylcarnitines in both HFD-fed 
strains, reflecting increased activity of CPT1 and CPT2. Long-chain fatty acids 
are transported into mitochondria via CPT1 and CPT2, located in the outer and 
inner mitochondrial membranes, respectively, and oxidized via β-oxidation 
pathway for energy production (Bonen et al., 2007). The fact that both strains 
exhibited increased CPT1 and CPT2 activity suggests a higher uptake of fatty 
acids into the mitochondria and possibly an increased rate of oxidation of long-
chain fatty acids. Up-regulation of β-oxidation is expected because the HFD is 
responsible for the overload of fatty acid metabolism. Decreased C0 levels may 
indicate insufficient β-oxidation to compensate for the potential HFD-induced 
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increase in free fatty acids. In addition, we observed an increase in the ratio of 
dicarboxy-acylcarnitines to total acylcarnitines in HFD-fed mice of both strains, 
indicating an intensification of the ω-oxidation pathway. Activation of ω-
oxidation has been described as a rescue mechanism for fatty acid disorders, as 
it could potentially alleviate the overload of lipid catabolism pathways (Wan-
ders et al., 2011). GLM model confirmed a significant HFD-induced decrease in 
acylcarnitines C0, C2, C4-, and C18:2 in both strains. acylcarnitines C3 and 
C14:2 were specifically decreased in 129Sv mice and C18 was specifically in-
creased in Bl6 mice. The classical understanding is that acylcarnitines are 
transported to mitochondria for energy production. However, under HFD 
conditions, they are also used for triglyceride synthesis. Our results may there-
fore suggest that 129Sv mice cannot adapt as effectively as Bl6 mice and that 
acylcarnitines may also be used for lipid droplet production in muscle cells. 
This could also explain why 129Sv mice gain more weight and become less 
active compared to Bl6 mice. 
 

3.3.2. Amino acids and biogenic amines 

HFD resulted in an increase in circulating ketogenic and branched-chain amino 
acids (BCAAs) in 129Sv mice, whereas no changes in BCAA levels were 
observed in Bl6 mice. Although the ketogenic BCAAs Leu and Ile were slightly 
increased in HFD-fed 129Sv mice, the level of Val, another BCAA, was 
significantly increased by HFD, suggesting disturbances in Val metabolism. 
BCAAs can be used for the rapid production of ketone bodies. In addition, since 
Leu is a direct trigger for protein synthesis, this could be another indication of 
the production and accumulation of lipid droplets in muscle cells, since these 
amino acids are used for protein synthesis and the formation of ketone bodies. 
An increase in BCAAs has also been associated with obesity, and in HFD-fed 
animals, BCAAs contribute to the development of insulin resistance associated 
with obesity (Newgard et al., 2009). The same study also reported that obese 
individuals have significantly lower Gly levels. A recent study showed that 
BCAA restriction can prevent excessive weight gain, adipose tissue accumu-
lation, and HFD-induced adipocyte hypertrophy. In addition, BCAA restriction 
in HFD contributed to the maintenance of normal glucose and insulin levels and 
prevented insulin resistance (Liu et al., 2022). In addition, low plasma Gly 
concentrations have been reported to be associated with T2D (Guasch-Ferre et 
al., 2016). Accordingly, we observed that HFD caused a significant decrease in 
Gly in 129Sv mice. In Bl6 mice, the only amino acid affected by HFD was Cit, 
which was significantly increased. Orn levels were slightly lower in HFD-fed 
Bl6 mice, although this result was not statistically significant. Consequently, we 
observed an increased ratio of Cit to Orn in HFD-fed Bl6 mice, possibly 
indicating increased ornithine transcarbamylase activity, suggesting disturban-
ces in urea cycle in Bl6 mice. 

HFD affected the kynurenine metabolic pathway in both strains of mice. 
Mice exhibited HFD-induced decrease in kynurenine and in the ratio of kynu-



86 

renine to Trp, indicating decreased indole dioxygenase activity and decreased 
Trp degradation. Kynurenine and Trp have been reported to be positively 
associated with obesity (Takashina et al., 2016). Trp is metabolized via the 
kynurenine pathway, producing kynurenine, which is further metabolized in 
three distinct routes to quinolinate, kynurenate, and xanthurenate, producing 
glutamate from α-ketoglutarate, which in turn is a key molecule in the TCA 
cycle. A small percentage of Trp is also hydroxylated to synthesize serotonin 
and melatonin. In our study, the fact that kynurenine levels were elevated in the 
HFD groups suggests an upregulation of the kynurenine pathway that could lead 
to an overproduction of xanthurenic acid, which is considered to be one of the 
factors promoting insulin resistance (Favennec et al., 2015). In addition, 129Sv 
mice exhibited decreased plasma levels of spermidine and t4-OH-Pro when 
consuming HFD. Decreased t4-OH-Pro has previously been associated with 
insulin dysregulation in horses (Kenéz et.al., 2018). Since proline hydroxylation 
requires ascorbic acid, it has been suggested that hydroxyproline could be an 
indirect marker of oxidative stress. T4-OH-Pro is also a major component of the 
protein collagen. It is produced by hydroxylation of the amino acid proline (Pro) 
and is therefore a post-translationally modified, non-essential amino acid. T4-
OH-Pro and Pro play a key role in collagen stability, and the decreased concent-
rations observed here may reflect increased turnover of collagen. GLM analysis 
confirmed significant HFD-induced changes in kynurenine in both strains and 
revealed that t4-OH-Pro specifically belongs to the metabolic signature of HFD 
in 129Sv. 
 

3.3.3. Glycerophospholipids and sphingolipids 

Glycerophospholipids and sphingolipids were found to be the metabolites with 
the greatest differences between the dietary groups. Lipids are an important 
source and store of energy for metabolism. Both strains exhibited HFD-induced 
increases in the total level of lysoPCs, SMs, PC aa-s, and PC ae-s.  

Out of 13 lysoPCs, HFD induced the elevation of 6 in both strains. We 
identified two additional lysoPCs that were specifically altered in HFD-fed 
129Sv mice – lysoPC a C20:4 and lysoPC a C17:0. LysoPC a C20:4 exhibited 
HFD-induced increase in 129Sv mice. However, in contrast to the general 
upregulation of lysoPCs, lysoPC a C17:0 was significantly decreased in 129Sv 
mice. LysoPCs are bioactive proinflammatory lipids that are hydrolyzed deri-
vatives of PCs. They play a role in modulating the immune response through 
immune cell activation and transport and these functions have been linked to 
various inflammatory diseases (Cas et al. 2020). Thus, elevated lysoPC levels 
may indicate HFD-induced inflammatory response in both Bl6 and 129Sv mice.  

HFD-induced alterations of SMs in both strains. These alterations included 
increased levels of six SMs and significantly decreased levels of SM (OH) 
C22:2. We identified three additional SMs that were specifically increased in 
Bl6 mice – SM (OH) C22:1, SM C22:3, and SM C24:0. The changes in the SM 
profile were expected, since it is known that SM metabolism is significantly 
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affected by dietary nutrient oversupply that comes along with HFD. Due to the 
complexity of the sphingolipid metabolic network, it is difficult to determine the 
regulation and function of a single SM species in HFD-related physiology and 
pathology. SMs are precursors of several active sphingolipids, such as cera-
mides, sphingosine, and sphingosine-1-phosphate (S1P). In particular, HFD has 
been shown to cause an accumulation of ceramides that can promote insulin 
resistance, inflammation, and cell death (Norris et al. 2017). 

We found that the concentrations of PCs were also significantly altered. A 
total of 15 PC aa-s and 26 PC ae-s were significantly increased in both strains. 
The saturated fatty acid (SFA) content of PC aa and ae species was not affected 
by HFD. However, we observed a significant HFD-induced increase in un-
saturated fatty acid (UFA) PC aa and ae species in both Bl6 and 129Sv mice. 
When UFA lipids were further subdivided into monounsaturated fatty acids 
(MUFAs) and polyunsaturated fatty acids (PUFAs), the HFD-induced increase 
in both strains remained significant only for PC aa species. In 129Sv mice, HFD 
did not affect PUFA PC ae levels but increased MUFA PC ae species. On the 
other hand, both PUFAs and MUFAs of PC ae species were significantly in-
creased in Bl6 mice. The HFD-induced changes in individual PC aa-s and PC 
ae-s were significantly greater in Bl6 mice than in 129Sv. 

Considering that lysoPCs are metabolites of PC aa-s, it is important to high-
light the following relationships under the influence of HFD in Bl6 mice. 
Indeed, in Bl6 mice, there is a clear relation between lysoPC a C16:1 and PC aa 
C32:1 as well as between lysoPC a C20:3 and PC aa C34:3. Therefore, it can be 
suggested that the processing of certain lipids is intensified under the influence 
of HFD in Bl6 mice. 
 
 

4. Concluding remarks and future directions 
There is increasing evidence of the pathophysiological features of disrupted 
homeostasis systems, particularly the hypothalamic-pituitary-adrenal axis and 
the inflammatory response, in individuals with various psychiatric disorders. 
These pathophysiological features are also associated with the development of 
metabolic syndrome. Considering that 129Sv mice have abolished production of 
Disc1 protein, which is a potential schizophrenia susceptibility gene, we 
wondered how this genetic background is affected by endotoxemia and dietary 
influences. To better understand the underlying genetic differences in Bl6 and 
129Sv mouse strains, we applied a number of approaches to examine meta-
bolomics profile, microglial activation, and overall severity of neuroinflamma-
tory status after LPS or HFD interventions. 

1.5 h after LPS administration, Bl6 exhibited hypometabolism of glucogenic 
amino acids as well as Ac-Orn. This hypometabolic reaction was further inten-
sified after 24 h, as several metabolites were significantly lower in the LPS 
treated animals than the saline controls. Furthermore, we demonstrated in-
creased production of putrescine in Bl6 mice, which is known to retain neuro-
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protective properties. The change in metabolites was accompanied by strong 
body weight loss and hypothermic response not seen in 129Sv. In 129Sv, we 
observed elevation of PC aa C42:0 and SM (OH) C16:1 after 1.5 h LPS 
administration, which points to disturbances in lipid signaling pathways. Along 
with elevation of lipids, 129Sv displayed a significant decrease in SCACs and 
citrulline. 24 h later, LPS administration led to incomplete long-chain fatty acid 
β-oxidation in 129Sv, described by accumulation of hydroxylated LCAC 
intermediates, which was accompanied by moderate loss of body weight. 
Multiple studies have reported that LCACs can activate proinflammatory 
signaling pathways (Kouttab and De Simone, 1993; Rutkowsky et al., 2014; 
McCoin et al., 2015). Thus, the elevation of LCACs in 129Sv could indicate 
increased inflammatory status. On the other hand, inflammation-induced hypo-
thermia and hypometabolism, seen in Bl6 mice, are essential for host tolerance 
and survival (Ganeshan et al., 2019). Microglia of 129Sv mice displayed also 
increased inflammatory status in response to activation by LPS. However, we 
did see that under baseline conditions, microglia of Bl6 mice seem to be in a 
higher immune-alert state. Furthermore, we observed downregulation of MHC-
II in Bl6 mice, which could reflect a protective reaction to the inflammatory 
response aimed at preventing cell damage in Bl6 mice. Moreover, gene and 
protein expression analysis revealed that LPS administration induced a signifi-
cantly stronger upregulation of MHC-I-pathway related components in the brain 
of Bl6 compared to 129Sv mice. Additionally, correlation analysis highlighted 
the olfactory bulb region of Bl6 mice and the frontal cortex of 129Sv mice as 
brain regions most affected by LPS in these strains. Based on these results, we 
hypothesize that the brain of Bl6 mice, particularly the olfactory bulb region, 
exists in a more immunocompetent state compared to that of 129Sv mice. Thus, 
our data suggests that Bl6 is actively coping with inflammation by suppressing 
normal production of metabolites and enhancing the production of neuroprotec-
tive metabolites and upregulating MHC-I pathway, which is accompanied by 
stronger body weight loss and hypothermia. On the contrary, the body weight 
loss of 129Sv was less severe, and metabolism appears to enhance the proin-
flammatory status by upregulating the levels of hydroxylated LCACs and 
increasing inflammatory status of microglia.  

These mouse strains also displayed a striking difference in response to HFD. 
129Sv mice exhibited significant weight gain on HFD with similar metabolite 
shifts to those seen in humans with metabolic syndrome, which were not seen in 
Bl6 mice. HFD feeding resulted in an inhibition of general locomotor activity in 
129Sv mice, accompanied by signs of anxiety-like behavior. Metabolite pro-
filing revealed that 129Sv mice had higher levels of circulating branched-chain 
amino acids, which were even more amplified by HFD. HFD also induced a 
decrease in glycine, spermidine and t4-OH-proline levels in 129Sv mice. 
Although acylcarnitines dominated in baseline conditions in 129Sv strain, this 
strain experienced significantly stronger acylcarnitine-reducing effects of HFD. 
Moreover, 129Sv mice had higher levels of lipids in baseline conditions, but 
HFD caused more pronounced alterations in lipids profile of Bl6 mice.  
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Our study highlighted the metabolites alpha-AAA and carnosine to belong to 
the specific metabolic profile of Bl6 mice. Alpha-AAA has protective properties 
against obesity and T2D (Xu et al., 2019). Carnosine has antioxidant properties 
and scavenges ROS (Dawson et al., 2002; Rajanikant et al., 2007). This may 
provide Bl6 mice a possible advantage in coping with HFD and LPS. 

The results of the present study suggest that 129Sv mice exhibit greater 
immunologic dysregulation and stronger susceptibility to obesity and metabolic 
disease which are both important features of psychiatric disorders. Taken 
together, we conclude that the 129Sv mice can be considered potentially useful 
for modeling endophenotypes associated with psychiatric disorders. 
 

 
Figure 19. Concluding remarks for Bl6 and 129Sv strains. 

  



90 

SUMMARY AND CONCLUSIONS 

The general aim of this dissertation was to provide a deeper insight into the 
coping strategies of two common inbred mouse strains: Bl6 and 129Sv, 
focusing on two inflammatory triggers – LPS and HFD. The main results are 
summarized as follows: 

 
1. LPS induced strong hypometabolism in Bl6 mice, characterized by 

reduction of glucogenic amino acids, Ac-Orn, hexoses and several other 
metabolites. This was accompanied by strong body weight decrease and 
upregulation of metabolite putrescine, which is believed to have 
neuroprotective properties. Hypometabolism is known to be essential 
for host tolerance and survival. On the other hand, LPS caused deficient 
hypometabolic reactions in 129Sv mice, accompanied by moderate 
body weight loss. Instead LPS caused elevation of hydroxylated 
LCACs, reflecting incomplete β-oxidation of long-chain fatty acids and 
increased inflammatory status.  

2. In paper 2 we demonstrated that Bl6 mice exhibit significant hypo-
thermia, which is not seen in 129Sv mice. Inflammation-induced hypo-
thermia is known as a strategy for inducing hypometabolism, which 
coincides with the results of the first paper. Neuroinflammation studies 
demonstrated that microglia of 129Sv mice displayed increased inflam-
matory status in response to LPS. However, under baseline conditions, 
microglia of Bl6 mice seem to be in a higher immune-alert state. 
Furthermore, we observed downregulation of MHC-II in Bl6 mice, 
which could reflect a protective reaction to the inflammatory response 
aimed at preventing cell damage. Moreover, gene and protein expres-
sion analysis revealed that LPS administration induced a significantly 
stronger upregulation of MHC-I-pathway related components in the 
brain of Bl6 compared to 129Sv mice.  

3. 129Sv mice exhibited significant weight gain on HFD with similar 
metabolite shifts to those seen in humans with metabolic syndrome. 
HFD feeding resulted in an inhibition of general locomotor activity in 
129Sv mice, accompanied by signs of anxiety-like behavior. Metabolite 
profiling revealed that 129Sv mice had higher levels of circulating 
branched-chain amino acids, which were even more amplified by HFD. 
HFD also induced a decrease in glycine, spermidine and t4-OH-proline 
levels in 129Sv mice. Although acylcarnitines dominated in baseline 
conditions in 129Sv strain, this strain experienced significantly stronger 
acylcarnitine-reducing effects of HFD. Moreover, 129Sv mice had 
higher levels of lipids in baseline conditions, but HFD caused more 
pronounced alterations in lipids profile of Bl6 mice.  
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It is critical for translational research that animal models be accurately characte-
rized and validated as models of human disease. In the case of mice, and espe-
cially genetically modified models, special considerations must be made be-
cause these modifications are influenced by the genetics of the background 
strain, husbandry, and experimental conditions. Therefore, it is important to 
understand the translational value of these different mouse lines and to deter-
mine for which human pathology studies one or the other strain might be appro-
priate. Our studies show that active adaptation responses predominate in Bl6 
mice, whereas passive adaptation predominates in 129Sv mice. Our studies have 
demonstrated that 129Sv mice are better suited to study anxiety-, depression-, 
and psychosis-like states. For example, in the present work, we can conclude 
that 129Sv mice can be considered a good model for modeling the metabolic 
syndrome associated with psychiatric disorders. At the same time, the Bl6 line 
is preferred in the study of social dominance, aggressiveness, addictive be-
havior, and conditions requiring rapid adaptation.  
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SUMMARY IN ESTONIAN 

Põletiku ja dieedi mõju Bl6 and 129Sv hiireliinide metaboolsele 
profiilile ja valitud geneetilistele parameetritele 

Hiirtel on inimestega palju füsioloogilisi ja geneetilisi sarnasusi, mistõttu on 
neist saanud ravimiarenduse valdkonnas ohutuse testimisel ja inimeste haiguste 
modelleerimisel vältimatult oluline mudelorganism. Ravimikandidaat peab läbi-
ma ulatuslikud prekliinilised efektiivsus- ja ohutustestid, enne kui selle saab 
heaks kiita kliinilisteks inimkatseteks. Sel põhjusel on inbriiditud hiireliinid 
meditsiinis ja bioloogilistes uuringutes hädavajalikud. Kuna nad on geneetiliselt 
identsed soo ja liini piires, puudub neil inimpopulatsioonidele omane geneetiline 
heterogeensus. Hiirte ja eriti geneetiliselt muundatud mudelite puhul tuleb erilist 
tähelepanu pöörata taustaliinile, kuna geneetiliste manipulatsioonide tagajärjel 
tekkinud fenotüüp on tugevalt mõjutatud taustaliinide geneetikast, kasvatus- ja 
katsetingimustest. Seetõttu võivad erinevad hiireliinid anda erinevaid ning isegi 
vastukäivaid tulemusi. Siirdemeditsiiniliste uuringute läbiviimisel on oluline, et 
loommudelid oleks täpselt iseloomustatud ja kinnitatud inimeste haiguste mude-
litena ning seetõttu on oluline põhjalikult kaardistada hiireliinide erinevusi. 

Käesolevas doktoritöös võrdlen kahte inbriiditud hiireliini: C57BL/6NTac 
(Bl6) ja 129S6/SvEvTac (129Sv), kes erinevad üksteisest käitumuslike iseära-
suste tõttu. Need hiired on teadusuuringutes ühed kõige laialdasemalt kasuta-
tavad hiireliinid ning kuldstandardiks transgeensete mudelite loomisel. Bl6 hii-
red on aktiivsemad, uudishimulikud ja uues keskkonnas paremad kohanejad, 
seevastu 129Sv hiired on passiivsemad ja oluliselt haavatavamad stressirohketes 
olukordades. Oluline on ka teada, et Bl6 ja 129Sv hiirete vahel esineb märkimis-
väärne heterogeensus metaboolses profiilis. Bl6 hiireliinile iseloomulike meta-
boliitide hulka kuuluvad biogeensed amiinid atsetüül-ornitiin, karnosiin, alfa-
aminoadipaat ja lüsofosfatidüülkoliin C16:1. Seevastu 129Sv hiirtel domi-
neerivad lühikese ahelalised atsüülkarnitiinid C4-, C5- ja sfingomüeliin SM 
(OH) C22:2 (Narvik et al., 2018). Kaks metaboliiti, mis selgelt silma paistavad 
on karnosiin ja alfa-aminoadipaat. Karnosiinil on antioksüdantsed omadused, 
mis pidurdavad ja reguleerivad vabade radikaalide teket (Guiotto et al., 2005; 
Dawson et al., 2002; Rajanikant et al., 2007). Alfa-aminoadipaadi puhul on aga 
näidatud kaitsvat efekti rasvumise ja diabeedi tekkes (Xu et al., 2019). Lisaks 
on 129Sv liinil Disc1 geen mittefunktsionaalne, mida on seostatud mitmete 
psühhiaatriliste häirete väljakujunemisega (Thomson et al., 2013). Sellest lähtu-
valt sobivad 129Sv hiired paremini psühhiaatriliste häiretega seotud käitumis-
omaduste uurimiseks. Erinevate psühhiaatriliste häirete tekkega on seostatud 
immuunsüsteemi talitluse häireid ning varasemad uuringud on näidanud nende 
häirete komorbiidsust metaboolse sündroomiga. Seda silmas pidades oli antud 
doktoritöö eesmärgiks avardada teadmisi Bl6 ja 129Sv hiirte toimetulekustratee-
giate kohta, pöörates erilist tähelepanu põletikule ja metaboolse sündroomi 
tekkele. 
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Süsteemse põletiku indutseerimiseks manustasime hiirtele intraperitoneaalse 
süstiga lipopolüsahhariidi (LPS; E.coli O111:B4), mis on Gram-negatiivsete 
bakterite välismembraani peamine koostisosa ning seondudes TLR4 retsep-
toriga aktiveerib NF-κB signaaliraja ning indutseerib põletikutsütokiinide eks-
pressiooni ja immuunvastuse tekke. Esimeses artiklis analüüsisime erinevusi 
atsüülkarnitiinide, aminohapete, glütserofosfolipiidide, sfingolipiidide ja bio-
geensete amiinide profiilis varases (1.5 h) ning hilises (24 h) akuutses põletiku-
mudelis. Näitasime, et LPS kutsub Bl6 hiirtel esile hüpometaboolse reaktsiooni, 
millel on oluline roll energia säästmisel põletikulistes tingimustes (Ganeshan et 
al., 2019). Seda hüpometaboolset seisundit iseloomustas 1.5 h peale LPS-i 
manustamist glükogeensete aminohapete ja atsetüül-ornitiini taseme langus. 
Hüpometaboolne reaktsioon võimendus veelgi enam 24 h peale LPS-i manus-
tamist, mida iseloomustas heksooside ja mitmete teiste metaboliitide taseme 
langus. Lisaks oli Bl6 hiirtel suurenenud neuroprotektiivse toimega putrestsiini 
tootmine. Nende muutustega kaasnes ka tugev kehakaalu langus. Seevastu 
129Sv hiireliinis Bl6 hiireliinile omast hüpometaboolset reaktsiooni ei esinenud, 
vaid metabolismi iseloomustas suurenenud lipiidide tootmine 1.5 h peale LPS-i 
manustamist. 24 h hiljem olid tõusnud lisaks lipiidide tasemele ka hüdroksü-
leeritud atsüülkarnitiinid, mille kuhjumine peegeldab pika ahelaga rasvhapete 
mittetäielikku β-oksüdatsiooni ja suurenenud põletikulist seisundit. Nende muu-
tustega kaasnes mõõdukas kehakaalu langus. Kokkuvõtvalt leidsime, et Bl6 
hiired võitlevad aktiivselt põletikuga, pärssides metaboliitide normaalset toot-
mist ja suurendades neuroprotektiivsete metaboliitide tootmist, millega kaasneb 
ka tugev kehakaalu kaotus. Vastupidiselt, 129Sv kehakaalu kaotus on mõõdukas 
ning põletikulist seisundit iseloomustab suurenenud proinflammatoorsete meta-
boliitide tootmine.  

Teises artiklis näitasime, et Bl6 hiirtel esineb 24 h peale LPS-i manustamist 
ka hüpotermia. Põletikust tingitud hüpotermia põhjustab hüpometabolismi ja 
vastupidi, mis toetab ka esimeses artiklis saadud tulemusi. LPS põhjustas 129Sv 
hiirte ajus põletikulist seisundit, mida iseloomustas põletikuliste mikrogliia 
pinnamarkerite taseme tõus. Bl6 hiirtel oli LPS-i manustamise järgselt mikro-
gliia rakkude pinnal peamise koesobivuskompleksi (MHC) II molekulide eks-
pressioonitase oluliselt langenud. Klassikaliselt on MHC-II ekspressiooni indut-
seerimine üheks mikrogliia aktiveerimise tunnuseks põletikulises või patoloo-
gilises kontekstis ning langus võib peegeldada kaitsvat reaktsiooni, mille ees-
märk on vältida rakukahjustusi. See tähelepanek andis meile ajendi järgnevalt 
uurida muutusi MHC-I raja komponentide ekspressioonis. Lisaks klassikalisele 
antigeeni esitlemise funktsioonile reguleerivad MHC-I molekulid negatiivselt 
LPS-i poolt käivitatud põletikulisi reaktsioone. Näiteks toodavad MHC-I 
puudulikkusega hiired rohkem põletikutsütokiine vastusena LPS-ile ning on 
tundlikumad LPS-i pool põhjustatud letaalsuse suhtes. MHC-I klassi molekulid 
nõrgendavad LPS-i käivitatud põletikulisi reaktsioone ja kaitsevad hiiri sepsise 
eest (Xu et al., 2012). Meie tulemused näitasid, et LPS stimuleeris Bl6 hiirte 
ajus tugevama vastuse MHC-I raja komponentides nii geeni kui valgu tasemel 
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võrreldes 129Sv hiirtega. Teise artikli tulemused lubavad järeldada, et Bl6 hiirte 
immunokompetentsus on kõrgem võrreldes 129Sv hiirtega. 

Kolmandas artiklis uurisime Bl6 ja 129Sv hiirte vastuvõtlikkust kõrge rasva-
sisaldusega dieedist põhjustatud metaboolsete häirete tekkele. 129Sv hiirtel 
põhjustas rasvane toit märkimisväärse kaalutõusu, liikumisaktiivsuse languse 
ning metaboliitide nihked sarnanesid muutustega, mis on omased inimese meta-
boolsele sündroomile. Lisaks üldisele liikumisaktiivsuse langusele põhjustas 
rasvane toit 129Sv hiirtel ka ärevuskäitumist. Rasvase toidu tarbimise järgselt 
oli 129Sv hiirtel kõrgenenud hargnenud ahelaga aminohapete tase ning lange-
nud atsüülkarnitiinide, glütsiini, spermidiini ja t4-OH-proliini tase. Glütsiini 
langust ja hargnenud ahelaga aminohapete suurenenud taset on seostatud meta-
boolse sündroomi ning teise tüübi diabeedi tekkega. Hargnenud ahelaga amino-
hapete taseme tõusu peamiseks põhjuseks veres on katabolismi pärssimine rasv- 
ja maksakudedes, mis suunatakse skeletilihastesse, põhjustades rasvhapete aku-
muleerumist ja insuliiniresistentsust. Atsüülkarnitiinide langus võib peegeldada 
nende suurenenud kasutust triglütseriidide sünteesiks, mille näol talletatakse 
energia adipotsüütides rasvatilkadesse. T4-OH-Pro vähenemist on varem seos-
tatud insuliini düsregulatsiooniga (Kenéz et. al., 2018). Kuna proliini hüdro-
ksüülimiseks on vaja askorbiinhapet, on hüdroksüproliini peetud ka oksüda-
tiivse stressi kaudseks markeriks. Askorbiinhappe puudusest tulenev t4-OH-Pro 
langus võib põhjustada struktuurselt ebastabiilse kollageeni tootmist. Bl6 hiirtel 
põhjustas kõrge rasvasisaldusega dieet võrreldes 129Sv hiirtega laialdasemaid 
muutusi lipiidide profiilis. Vastupidiselt 129Sv hiirtele olid Bl6 hiired kaitstud 
dieedist põhjustatud kaalutõusu eest ning samuti ei põhjustanud rasvase toidu 
tarbimine muutusi nende liikumiskäitumises. Kolmanda artikli tulemused luba-
vad väita, et 129Sv hiireliin pakub paremaid võimalusi psühhiaatriliste häiretega 
seotud metaboolse sündroomi modelleerimiseks. 

Käesoleva uuringu tulemused näitavad, et Bl6 hiired tulevad paremini toime 
nii põletiku kui kõrge rasvasisaldusega dieedi põhjustatud negatiivsete mõju-
dega. Seevastu 129Sv hiired on tundlikumad immuunaktivatsioonile ning suure-
ma vastuvõtlikkusega metaboolse sündroomi tekkele, mis on mõlemad psüh-
hiaatriliste häirete olulised tunnused. Kokkuvõttes järeldame, et 129Sv hiired 
sobivad psühhiaatriliste häiretega seotud endofenotüüpide modelleerimiseks 
ning nende mudelite edasine uurimine aitab paremini mõista psühhiaatriliste 
häirete kujunemist ja arengut. 
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