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1 Introduction

1.1 Trefoll factor family of proteins

Trefoil factor 3 (Tff3) 3 protein is a small secretory protein of the trefoil factor family. This
small family of three owes its name to the characteristic trefoil-like spatial conformation,
which consists of six disulphide-linked cysteine residues in a 38- or 39-amino-acid
sequence (1-4) known as the trefoil (1) or p (4) domain. The trefoil domain enables
resistance to digestion by proteases (5—7), which is important for secretion into the
gastrointestinal environment, the major site of their activity (8-10). TFFs are
predominantly secreted in the mucosa covering the normal epithelium. Goblet cells
scattered through the epithelia are the main site of TFF synthesis. Proteins from the trefoil
factor family are involved in maintaining mucosal integrity and their accumulation is
rapidly increased at the margins of gastrointestinal tract injury (11-14). Normal repair of
the epithelium requires restitution and regeneration, with restitution (Figure 1) being the

critical first phase required to restore epithelial continuity (15).
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Figure 1. Key steps of restitution. Injury to mucosal epithelial cells (a) results in cell detachment and

death (b). Elements required for rapid repair (motogens-M) are expressed by adjacent cells and exposed
matrix elements (c). The remaining surviving epithelial cells migrate to the site of injury, accompanied by
inhibition of cell death caused by detachment (d). Finally, cell-cell and cell-matrix interactions restructure
(e).

Material from: Taupin, D., Podolsky, D. Trefoil factors: initiators of mucosal healing. Nat Rev Mol Cell
Biol 4, 721732 (2003). https://doi.org/10.1038/nrm1203 (16)

Reproduced with permission from Springer Nature (license number: 5466331380060)



The trefoil family includes three members, known since 1997 by the standardized
nomenclature TFF1-3 (17). The abbreviation for the human trefoil factor protein is TFF,
for the murine Tff, and gene names are written in italics (TFF and Tff). TFF1, formerly
known as pS2 (18), and TFF3, formerly ITF (7), have a single trefoil domain, whereas
TFF2, formerly PSP (5), has two. Tff3 and Tffl have an additional free cysteine residue
that is critical for dimer formation. They can form both homodimers and heterodimers with
each other (19). Tff family genes are mapped to murine chromosome 17q (20,21) and
human chromosome 21g22.3 (22) and are evolutionarily conserved (23,24), suggesting
an important function in the organism. Functions of the trefoil protein family are

summarized in Figure 2.
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Figure 2. Functions of trefoil protein family. Secretion of trefoil protein (red circles) is coordinated with
secretion of mucins (green circles). Secreted TFFs can act extracellularly (enhancing barrier function) or
intracellularly (transcriptional and signaling role). They have a role in apoptosis, migration, tumor
suppression, and cell adhesion. TFF expression can be regulated through auto-induction and cross
induction of other TFFs.

Material from: Taupin, D., Podolsky, D. Trefoil factors: initiators of mucosal healing. Nat Rev Mol Cell

Biol 4, 721-732 (2003). https://doi.org/10.1038/nrm1203 (16)

Reproduced with permission from Springer Nature (license number: 5466331380060)



1.1.1 Trefoil factor 3 protein

Tff3 was first described in primary cell cultures of rat enterocytes in 1991 (7). Its main
function is the maintenance of the intestinal mucosa, which was first described in 1996
(15). Whole-body Tff3 knockout (Tff3-/-) mice were much more sensitive to mild injury of
the colonic epithelium with ulceration than wild-type (WT) controls. Half of them
developed bloody diarrhea and died, whereas only 10% of WT mice developed bloody
diarrhea and 5% died. Treatment with recombinant TFF3 restored normal restitution.
Restitution (Figure 2) starts rapidly in response to small surface lesions of epithelium (25).
It involves cell dedifferentiation, cytoskeletal reorganization, anoikis blocking, migration
and cell redifferentiation at the site of injury (16,25). TFF3 can reduce adhesion between
cells (17,26) and inhibit apoptosis (6,27), thereby promoting epithelial cell survival and
migration. It has also been associated with cell proliferation and differentiation (7,28). Tff3
has been repeatedly shown to be involved in maintaining the intestinal barrier by reducing

intestinal permeability (29-35).

Tff3 is the most prevalent of the three trefoil factors. The colon is the predominant site of
expression for Tff3 (9,12,15,24), but it is present throughout the body. TFF3 has been
found in the liver (9,12,36—42), brain (43—-48) and cerebrospinal fluid, biliary tree (9,49—-
51), pancreas (9,12,52-54), lymphoid tissue (9,55-57), small intestine (9,12,24),
stomach (4,9,12,24,42,55,58), esophagus (9,12), salivary glands (9,59) and saliva (59),
respiratory tract (9,60—62), breast (9,63) and breast milk (64), uterus (9,58,65), prostate
(9), urinary tract (9,66—68) and urine (67,69,70), bone (71), cartilage (72,73), eye (74,75)
and tears (76), ear (77,78), and nasal mucosa (79,80).

Given its ubiquitous distribution, it is not surprising that TFF3 is involved in many
pathologies. As expected, it plays an important role in inflammatory bowel diseases (81).
In cancers, including gastric, colon, lung, thyroid, and breast cancers, it is markedly
upregulated and plays an important role in tumor progression (82). Resistance to tumor
cell apoptosis, proliferation, angiogenesis, and metastasis are hallmarks of cancer

progression. TFF3 is involved in all four via the mitogen-activated protein kinase



(MAPK)/ERK, PI3K/AKT, STAT3, and hypoxia-inducible factor (HIF)-1a signaling
pathways (83). In addition, it is involved in metabolic and neurological pathophysiology,

which will be discussed in detail in a separate section below.

1.1.2 Interactive proteins and receptors of Tff3

Several binding partners of Tff3 were discovered early: mucin2 (MUC2) (84), IgG Fc-
binding protein (FCGBP) and deleted in malignant brain tumor 1 protein (DMBT1). MUC2
and Tff3 are colocalized, secrete together, and are components of mucus (85). Tffs can
migrate more rapidly to the injury site in association with MUC 2 (86). The TFF3—FCGBP
complexes may play a role in the innate immune defense of mucosal epithelial cells
(87,88). The role of the DMBT1-Tff3 interaction is still unclear (89). Tff3 may exert its pro-
invasive role indirectly through the thromboxane A2 receptor (TXA2-R) and PG-R
receptors (90,91). Tff3 has been identified as a low affinity ligand for C-X-C chemokine
receptors (CXCR) 4 and 7 (92) and protease activated receptor 2 (PAR-2) (93). CXCR
receptors mediated cell migration and PAR-2 cytokine trafficking. Recent advances in
receptor research showed that LINGO2 was a key to Tff3 reactivity (94). Their interaction

induced EGFR signaling, which is involved in wound healing and immunity.

1.1.3 Trefoil factor 3 in the context of metabolism

Numerous research articles show a clear link of Tff3 to metabolism. The first association
between Tff3 and metabolism was established in Tally-Ho mice, a polygenic mouse
model of diabesity, a term coined to describe a phenotype characterized by obesity and
diabetes (41). In the livers of 7-week-old mice, representing an early stage of pathology,
Tff3 mMRNA was virtually undetectable, whereas it remained transcriptionally active in the
livers of the control group. A reduction in Tff3 expression was also found in other genetic
(obese mice - ob/ob and diabetic mice - db/db) and dietary (DIO) models of obesity
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(36,37), as well as in the model of hepatic steatosis. It has been shown that food intake
can regulate the expression of Tff3 in the small intestine, as it was significantly
upregulated in fasting mice compared to fed mice and then reduced by feeding (42). In
contrast, in a human study, food intake decreased serum Tff3 levels, as did insulin
administration in patients with type 1 diabetes (93). In the same study, treatment with
insulin and glucose resulted in a reduction of Tff3 in the HT -29 colon cell line.

The expression of hepatic Tff3 was significantly decreased in NAFLD mouse models
(db/db, ob/ob, and DIO obese mice), suggesting that Tff3 is a potential marker gene for
NAFLD (36). Tff3 reduction was followed by lower expression of genes involved in beta-
oxidation and an apparent fatty liver phenotype that was alleviated by adenovirus-
mediated restoration of Tff3 expression (Ad-Tff3). This was likely accomplished by
binding of Tff3 to Ppara promoter, as evidenced by Chromatin immunoprecipitation (ChlP)
assay. In contrast, adenovirus-mediated knockdown of Tff3 (Ad-shTff3) in C57BL/6J mice

resulted in an obvious fatty liver phenotype.

It has been reported several times that overexpression or administration of recombinant
TFF3 in mice results in improved glucose tolerance and insulin sensitivity, as well as
decreased expression of genes involved in gluconeogenesis (G6pc, PEPCK, PGC1la)
(37,42). Body weight, fasting insulin, triglyceride, cholesterol and leptin levels are not
affected by TFF3 treatment (42). Tff3 was identified as a downstream target gene of UDP-
galactose 4-epimerase (GALE), the final enzyme of galactose metabolism (40). Gale-
overexpressing mice had suppressed expression of Tff3 in the liver. Restoration of Tff3
expression ameliorates the impaired glucose metabolism characteristic of this strain of

mice.

Overall, the different mouse models show a reduction of Tff3 in the liver during metabolic
stress and an alleviation of symptoms by restoring Tff3, suggesting a protective effect of
Tff3 in vivo.



Adenoviral overexpression of Tff3 in primary mouse hepatocyte culture resulted in
inhibition of gluconeogenesis genes. In mouse and human pancreatic cells, it led to
increased proliferation of beta cells (95). The expression of Tff3 in rat pancreatic cell
cultures and INS -1 (beta cell model) was stimulated with growth hormone, which
stimulates beta cell proliferation (52). Co-localization of Tff3 and insulin in beta cells has
also been reported (52).

Valuable data on the physiological function of the Tff3 protein have been obtained using
Tff3 knockout mice (38,96). Given the protective effects of Tff3 described in the above
paragraph, one would expect that a whole-body Tff3 knockout would have adverse
effects, but in the context of glucose metabolism, this is not the case. Whole-body Tff3
knockout mice of mixed genetic background (Sv129/C57BI6) exhibited improved glucose
tolerance and insulin sensitivity compared with controls (38). These mice had increased
numbers of small lipid vesicles in the liver compared with control mice (WT), but no
obvious signs of hepatic steatosis. They also showed decreased accumulation of Ppary
and Sirt-1 proteins (involved in the regulation of lipid metabolism) and a different fatty acid
composition. The mice of both genotypes had similar body weights. In another study, Tff3-
/- mice of the same strain but without age specification had significantly lower body weight
than their WT counterparts (96). MicroRNA analysis identified 21 deregulated miRNAs in
the blood of the same mouse strain compared with WT mice. The majority of deregulated

mMiRNAs were associated with the glycolysis/gluconeogenesis pathway.

Presently, only one study of Tff3 has been performed in the context of metabolism in
humans (93). In this work, patients suffering from type 1 diabetes had lower serum Tff3
levels than healthy controls. Tff3 levels increased in healthy donors after consumption of

food and in patients after administration of insulin.



1.1.4 Trefoil factor 3 and the central nervous system

As mentioned earlier, Tff3 is found in most regions of the brain. The mRNA expression of
Tff3 was first detected in the rat hypothalamus and at very low levels in the cortex,
brainstem and cerebellum (97). Localization detected by in situ hybridization was
confirmed by immunohistochemistry only in the hypothalamus. Subsequently, it was
detected in the human hypothalamus and pituitary gland and classified as a new
neuropeptide (98). Later studies confirmed its localization in the hypothalamic-pituitary
axis and reported co-localization with oxytocin (47,99,100). Its presence in the posterior
lobe of the pituitary gland suggests a probable release into the bloodstream (47).
Systemic screening of the adult human brain with three well-characterized TFF3
antibodies revealed localization of the Tff3 protein in neurons of the cerebral cortex,
hippocampus, amygdala, basal ganglia, thalamus, cerebellum, brainstem, and midbrain
(44). In mouse brain Tff3 expression is expressed in hippocampus, temporal cortex (46),
and cerebellum (46,101), with the cerebellum being the predominant site of expression
(46). It has also been detected in the developing brain of mice (46) and humans (44),

suggesting a possible developmental role.

Most research reports neuronal localization of Tff3 (44—46). Arnold et al (48) found Tff3
in astrocytes in rat primary cortical cell cultures, and its transcription was reduced by
incubation with LPS. Fu et al. (45) detected Tff3 in astrocytes, and they showed Tff3
expression in neurons and microglia of rat primary cortical and hippocampal cell cultures.
They even showed co-localization of Tff3 with Ibal and Map2, cell markers for microglia
and neurons, respectively. Co-localization with Map2 was confirmed in vivo in rat
cerebellum tissue. Because microglia are in an activated state in cell cultures, Tff3
expression in microglia is thought to be activated when inflammation occurs.
Although Tff3 is widely expressed and most likely plays an important role in brain

physiology, its function still remains unexplored.

In vivo data show that intraperitoneal (i.p.) administration of Tff3 has an antidepressant

effect on behavioral tests in mice (102). The level of Tff3 in the basolateral amygdala



increased half an hour after i.p. injection, suggesting that it can cross the blood-brain
barrier. Negatively charged liposomes loaded with Tff3 were successfully transported
across the blood-brain barrier in vitro and by monocytes, and showed antidepressant-like
effects in vivo in mice and rats (103). Rat model of depression caused by olfactory
bulbectomy exhibits behaviors comparable to those of depression patients (104).
Intraperitoneal injection of recombinant TFF3 over a 7-day period improved performance
of these rats on standard behavioral tests. Bulbectomy of the olfactory organ resulted in
a decrease in BDBF (brain-derived neurotrophic factor), pPERK1, and pCREB levels,
which were restored by treatment with Tff3 in the CA1 region of the hippocampus. They
showed that BDNF was a key mediator of this effect. In addition to depression,
pharmacological effects of Tff3 have also been studied in anxiety (105), learning and
retention (102), and addiction (106) research. TFF3 showed a dose-dependent anxiolytic
or anxiogenic effect, with lower doses being anxiolytic and higher doses being anxiogenic
(105). Mice pre-treated with recombinant TFF3 showed better performance on tests of
learning and retention of novel objects (102). In mice with morphine dependence,
naloxone induced withdrawal symptoms were alleviated upon TFF3 administration,

possibly through decreased activation of hypothalamic-pituitary activity (107).

Altered expression of Tff3 has been associated with various neuropsychiatric pathologies
in the brain. Schizophrenia patients had increased TFF3 gene expression in peripheral
blood mononuclear cells (108). Tff3 gene expression is downregulated in the prefrontal
cortex of mouse model of alcoholism (109). TFF3 expression is increased in
dopaminergic neurons of midbrain, main source of dopamine in mammals (110). Loss of
midbrain dopaminergic neurons is a hallmark of Parkinson's disease. Kriks et al. showed
significantly increased Tff3 expression in vitro in dopaminergic neurons derived from ES
cells. Later, a significant reduction was found in the serum of PD patients compared to
healthy controls (111). This was particularly pronounced in male patients and correlated

significantly with disease severity.

Analysis of potential biomarkers of neurodegeneration in CSF of Alzheimer disease

patients detected TFF3 protein as the most promising candidate (112). TFF3 protein



levels in the CSF of AD patients were significantly reduced compared to healthy controls,
and Tff3 levels correlated with the extent of whole brain atrophy, hippocampal atrophy,

and ventricular expansion.

Mouse model of Tff3 protein deficiency (Tff3-/-) on mixed genetic background (C57BI6J
/Sv129) contributed to research of Tff3 in nervous system. When this strain was
developed, it was characterized as "grossly indistinguishable” from the WT mouse and
did not exhibit any noticeable developmental problems (15). However, Tff3-/- mice were
later found to show signs of accelerated presbycusis and hearing loss at advanced ages,
suggesting a role for neurosensory signaling (113). They had no morphological changes
in the middle compared to WT mice. Tff3 protein was detected in cochlea. The search for
possible interaction partners pointed to Y2H-HLA-B-associated transcript 3 (Bat3 or
Bag6), a protein known for its role in regulating apoptosis induced by endoplasmic

reticulum stress.

Tff3 is not only synthesized in the brain but can also reach there from the periphery (114).
In response to experimental cerebral ischemia/reperfusion injury in WT mice, Tff3 levels
were upregulated in the liver and subsequently in serum. Tff3 was shown to cross the
blood-brain barrier and accumulate at the site of injury. In addition, Tff3-/- mice exhibited
significantly higher neuronal death than WT mice, which was mitigated by the application
of recombinant Tff3 through attenuation of caspase-3 activity. Another study also showed
more pronounced brain infarct volume in Tff3-/- mice than WT mice (115).

1.2 Mouse model

First developed Tff3-/- mouse model was maintained on mixed genetic background
(C57BL6J/Sv129) (15). This implies that research results may be influenced by genetic
heterogeneity due to unpredictable combinations on different loci and possible additional

mutations (116). In many scientific papers, the mouse model used is simply referred to
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as C57BL/6, which is not sufficient because this strain has branched into more than 20

different sub-strains with genetic and phenotypic differences (117).

The most used substrains are C57BL/6J and C57BL/6N. The C57BL/6 J mouse has a
multiexon deletion of the nicotinamide nucleotide transhydrogenase (Nnt) gene and
exhibits impaired insulin secretion and glucose homeostasis (118). Nnt is an important
mitochondrial protein, one of several enzymes that catalyze the generation of NADPH
(119). An adequate supply of NADPH to mitochondria is essential for ATP synthesis, and
thus for insulin release (120). Loss of Nnt activity in 6J mice results in a decreased ability
to detoxify reactive oxygen species, thus impairing various processes and immunological
responses. Recently, it was reported that granzyme A (GZMA)-deficient mice on mixed
6N/6J gene background showed improvement in arthritic symptoms that was not due to
the absence of GZMA but to the presence of Nnt, as knockout mice on mixed background
expressed Nnt but the 6J control mice did not (121). This highlights the importance of

considering the influence of genetic background.

The mouse model used in this study is a newly developed congenic Tff3-/- strain on a
C57BL/6N genetic background (39). It was generated by crossing males of the existing
mixed background Tff3-/-/IC57BL6/J/SV129 strain with C57BL6/N females using the
speed congenics method (122). The end result was mice that differed from the WT control

only in the protein of interest and a small portion around it.

1.3 Aims of the research

Metabolic and neurodegenerative diseases, especially Alzheimer's disease and diabetes,
are among the greatest public health burdens of today. They are multifactorial diseases
with complex pathogenesis for which no developmental mechanism or means of
prevention and treatment are known. Underlying both diseases are disorders of insulin
signaling and energy metabolism, as well as common molecular pathways (123). The

overall structural and functional integrity of the central nervous system is impaired under
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conditions of insulin resistance (124). Additionally, magnetic resonance imaging shows
similarities between brain atrophies in type 2 diabetes and early Alzheimer's disease
patients (125). Epidemiological data show that type 2 diabetes is a risk factor for the
development of AD (126) and excessive body weight is a risk factor for both diseases
Induction of nonalcoholic fatty liver disease (NAFLD) by a high-fat diet worsened
neurodegenerative symptoms in AD mouse model after 2,5 months, and only one year of

HFD treatment was sufficient to induce AD traits in WT mice (127).

In this study, male and female Tff3-/-/C57BL/6N mice and corresponding WT controls
were exposed to high levels of HFD for 8 months. The aim was to elicit the features of the
metabolic syndrome and to determine whether the absence of Tff3 causes a difference
in the response to this stress. In addition, to determine how this stress affects the
hippocampus, whether it leads to disruption of hippocampal integrity, and whether this is
different in Tff3-/- and WT animals

1.3.1 Hypothesis

1. Long-term HFD exposure will decrease Tff3 expression in WT animals.

2. Metabolic status (body weight, glucose homeostasis, fatty liver phenotype) will be
improved in Tff3-/- mice compared with WT.

3. The gene expression profile affected by stress imposed on mice by HFD will be
favorable in Tff3-/- mice.

4. The absence of Tff3 in Tff3-/- mice will cause greater changes in hippocami in

response to HFD.
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2 Materials and methods

2.1 Animals

A mouse strain lacking trefoil factor family 3 (Tff3) protein on C57BL/6NCrl (Charles River)
genetic background (Tff3-/-/C57BL/6NCrl), developed from an existing mixed background
strain (C57BL/6J/SV129) using a ‘speed congenics’ approach and a corresponding
C57BL/6NCrl (WT) strain were used in all experiments. Mixed background Tff3~~ males
were crossed with C57BL6/NCrl females, offspring was genotyped, and
heterozygote Tff3—/+males were analyzed for 500 SNP polymorphisms (ENVIGO) to
identify the Tff3-/+ male most similar to the C57BL6/NCrl strain. This approach was used
for five consecutive back crossings to identify the male carrier with 99.99% resemblance
to the C57BL6/NCirl strain regarding relevant SNP loci. Resulting offspring were set up to
mate according to a brother x sister scheme, homozygous Tff3-/- male and female mice
(FO generation) were detected and used to start a new Tff3—-/—=/C57BL6/NCrl strain. This
new strain differs from WT mice only in the Tff3 region and a small surrounding fragment,
ensuring that the observed phenotype is a consequence of Tff3 protein inactivation. The
mice were raised at the Facility for laboratory animals of the Ruder BoSkovi¢ Institute as
part of the project “Tff3 protein at intersection of metabolism and neurodegeneration”
(HRZZ-1P-2016-06-2717), funded by the Croatian Science Foundation. Animal breeding
and all experimental procedures were performed in accordance with the Animal Welfare
Law (NN 102/17, 32/19) and Ordinance on the Protection of Animals Used for Scientific
Purposes (NN 55/13, 39/17, 116/19). The research was approved by the Bioethics
Committee of the Ruder BoSkovi¢ Institute and by the National Council of the Ministry of
Agriculture of the Republic of Croatia (CLASS: UP/I-322-01 /19-01 /14 RN: 525-10/0255-
19-3 Zagreb, July 5, 2019, and CLASS: UP/I-322-01/16-01/81, RN: 525-10/0543-21-6
Zagreb, February 18, 2021). Animals were kept under standard conditions, i.e., 12-hour

light-dark cycle, temperature of 22°C and humidity of 60%.
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2.2 High fat diet treatment

A group of animals consisting of 10 male WT, 10 male Tff3-/-, 10 female WT, and 10
female Tff3-/- mice was fed a high-fat diet (HFD) (E15742-34(E15742-34, ssniff-
Spezialdiaten GmbH, Germany) from weaning at 4 weeks of age until sacrifice 36 weeks
later. The diet consisted of 24.4% crude protein, 34.6% crude fat, 6.0% crude fiber, 5.5%
crude ash, 0.1% starch, and 9.4% sugar. In addition, an equally composed control group
was fed a standard diet (SD) (4RF21, Mucedola, Italy).

2.3 Metabolic tests

Intraperitoneal glucose and insulin tolerance tests were performed halfway through HFD
treatment and at the end of treatment on 10 animals per group (WT male, Tff3-/- male,
WT female, Tff3-/- female), both HFD and SD animals, with two weeks between tests for
recovery. Animals were weighed immediately before testing and appropriate doses of

glucose or insulin were administered.

2.3.1 Intraperitoneal glucose tolerance test

The intraperitoneal glucose tolerance test (IPGTT) was performed according to the
protocol of the International Mouse Phenotyping Resource of Standardised Screens (128)
at 21 (17 weeks of HFD) and 36 (32 weeks of HFD) weeks of age. Before the test, mice
were kept fasting for 16 hours, with water available ad libitum, from 6:00 pm to 10:00 am.
Glucose levels were measured with a glucometer (Accu-Chek® Performa, Roche,
Switzerland) from a venous blood drop taken at the beginning of the test (0 minutes)
before glucose application and 15, 30, 60, and 120 minutes after application by cutting
the tail tip. Sterile glucose (2 g/kg D (+)-Glucose, CELLPURE® (Carl Roth GmbH,
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Germany) 1XPBS (phosphate-buffered saline, 137 mM NaCl, 2.7 mM KCI, 4.3 mM
Na2HPO4, 1,4 mM KH2POa4, pH 7.4) was injected intraperitoneally.

2.3.2 Intraperitoneal insulin tolerance test (IPITT)

Mice were given two weeks to recover from the IGTT before the intraperitoneal insulin
tolerance test (IPITT) was performed at 23 (19 weeks on HFD) and 38 (34 weeks on HFD)
weeks of age. The test followed the guidelines of the National Mouse Metabolic
Phenotyping Center (129). The test was carried out after a 4-hour fasting period, from
8:00 am to 12:00 pm. Glucose levels were measured from tail vein blood before
administration of insulin, at 0 minutes, 0.75 1U/kg of insulin (Humulin® R, Eli Lilly, Canada)
in sterile 1X PBS was injected intraperitoneally and glucose levels were measured
15,30,45,60, and 120 minutes after injection.

2.4 Tissue sample collection

Mice were sacrificed at 40 weeks of age, that is, after 38 weeks of HFD treatment, in two

different ways.

2.4.1 Fresh frozen tissue

Half of the mice, 5 per group (WTJ&, Tff3-/-3, WTQ, Tff3-/- @,), were anesthetized with
isoflurane (Isofluran-Piramal, Piramal Healthcare, UK). Once animals were under deep
anesthesia, as confirmed by toe pinch method, blood was collected from the jugular vein
for subsequent biochemical analysis, followed by cervical dislocation. The head was
detached from the body and a midline incision was made through the skin from the neck
to the nose to expose the skull. The remaining tissue was removed to gain access to the

foramen magnum, through which two lateral incisions were made, taking care not to
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damage the brain. A third incision was made along the midline and the skull was removed.
The brain was removed, divided into two hemispheres, and the hippocampus was
isolated. The skin and abdominal wall were cut open, and the liver was carefully separated
from the other organs and removed. The tissues were rinsed in 1X PBS, snap frozen in

liquid nitrogen, and stored at -80 °C until further processing.

2.4.2 Perfusion for morphological analysis

The other half of the animals (5 per group) were anesthetized with isoflurane to the point
of surgical plane of anesthesia and whole-body transcardial perfusion fixation was
performed. Before perfusion, 1X PBS and 4% paraformaldehyde (4% PFA, dissolved in
1XPBS, pH 7.4,) (Carl Roth GmbH, Germany) were prewarmed to 37 °C in a bath. A
perfusion system (see Figure 3) was set up as follows: A perfusion line (Original Perfusor®
Line PVC, B. Braun, Germany) from a bottle containing 1X PBS and a line from a bottle
containing 4% PFA converged at a valve (Discofix®C 3-way stopcock, B. Braun,
Germany). From there, a common line ran through the pump to the infusion set with
bubble trap (Medicina Trgovina, Croatia) and then to the rounded tip cannula (Braun,
Germany) attached to the end of the line. The system was primed with warm 1X PBS,
ensuring no bubbles were present. The integument and abdominal wall were cut open,
and the liver was carefully separated from the diaphragm, which was cut, as were the ribs
on both sides. The sternum was lifted to expose the heart. A small incision was made at
the posterior end of the left ventricle, a cannula was inserted through the incision into the
ascending aorta, and the outlet in the right atrium was cut open. The flow rate was set at
5 ml/min. Whole body was first perfused with sterile 1XxPBS to clear the organs of blood
so that it would not fix. A clear liver was used as an indicator of successful perfusion.
Following clearance, 4% PFA was passed through the system. Fixation tremors served
as evidence of successful fixation. After fixation, the liver and the brain were placed in
fresh 4%PFA, 10% formalin, or Ito’s fixative, depending on which procedure they were

intended for.
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Figure 3. Perfusion system setup. A perfusion line from a bottle containing 1X PBS and a line from a
bottle containing 4% PFA converges at a valve. From there, a common line runs through the pump to the

infusion set with bubble trap and then to the rounded tip cannula attached to the end of the line.

2.5 Blood biochemistry

Blood samples taken before sacrifice were collected in tubes without anticoagulants, left
at room temperature for at least one hour to clot, and centrifuged at 1500 g for 15 minutes
in the Eppendorf 5415R refrigerated centrifuge. Supernatant serum was collected in clean
tubes and stored at -80 °C. Serum levels of total cholesterol, high-density lipoprotein
(HDL), low-density lipoprotein (LDL), triglycerides (TG), glucose, aspartate transaminase
(AST), alanine transaminase (ALT), urea, total proteins (TP), uric acid, alkaline
phosphatase, and C-reactive protein (CRP) were determined using Architect c8000

clinical chemistry analyzer (Abbot, USA).
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2.6 Quantitative polymerase chain reaction (QPCR)

2.6.1 Total RNA isolation and cDNA synthesis

Frozen liver tissues from mice of both genotypes, both sexes and both diets (5 per group)
were homogenized with mortar and pestle, and total RNA isolated using the NucleoSpin
RNA kit (MACHEREY-NAGEL, Germany) according to the manufacturer’s instructions.
Briefly, the homogenized tissue was lysed with lysis buffer supplemented with 2-
mercaptoethanol (Sigma-Aldrich, USA), the lysate was filtered, mixed with ethanol, and
transferred to the RNA binding column. The DNA was digested, and the RNA was washed
and eluted. RNA concentration and purity were checked using NanoPhotometer® N60
(Implen GmbH, Germany). A260/ A280 values of ~2.0 and A260/A230 of 2.0-2.2 were
acceptable. RNA was then transcribed into cDNA using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Germany) according to the manufacturer’s
protocol. The reaction was performed in the Veriti™ 96-Well Fast Thermal Cycler (Applied
Biosystems, Germany) in the presence of RNase inhibitor (Applied Biosystems,
Germany) with the following cycling conditions: 10 min at 25 °C, 120 min at 37 °C, 5 min
at 85 °C. The reaction mixture consisted of 10 ul RNA (1,5 ug) and 10 ul of reverse

transcription (RT) mastermix, shown in Table 1.
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Table 1. Master mix for reverse transcription for a single reaction. Taken and adapted
from the High Capacity cDNA Reverse Transcription Kit user guide

Component Volume (ul)
10X RT Buffer 2.0
25X dNTP Mix (100 mM) 0.8
10X RT Random Primers 2.0

MultiScribe ™ Reverse
Trascriptase L0
RNase Inhibitor 1.0
Nuclease-free H20 3.2
Total per reaction 10

2.6.2 Amplification of cDNA

Amplification of cDNA was carried out on the StepOne™ Real-Time PCR System
(Applied Biosystems, Germany) utilizing SYBR Green (Thermo Fischer Scientific, USA)
detection chemistry. Cycling conditions consisted of 3 minutes of initial denaturation and
polymerase activation at 95°C, followed by 40 amplification cycles, each of which included
1 minute of denaturation at 95°C, 30 seconds of annealing at a specific temperature for
each primer determined by optimization, and 30 seconds of DNA elongation at 72°C.
Fluorescence levels of SYBR Green were measured during the elongation step of each
cycle. SYBR Green binds to DNA by intercalating between DNA bases in the minor
groove of the double strand, lowering its energy and releasing the excess energy as
fluorescence. The fluorescence signal is directly proportional to the number of amplified
DNA copies. A passive reference dye (Reference Dye for Quantitative PCR, Sigma-

Aldrich, USA) was used to normalize the fluorescence signal between wells.

Primers (Macrogen, South Korea) (Table 2) were designed using the PrimerQuest™ Tool
software (Integrated DNA Technologies, USA) and the reactions were optimized to
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ensure optimal specificity and efficiency. Amplification of the same cDNA was performed
at a range of annealing temperatures and in reaction mixtures (Table 3.) with MgCl2
concentrations of 2.5 mM, 3 mM and 3.5 mM. PCR products were then subjected to
melting curve analysis. Amplification of a single product in samples that generated a
single peak on a dissociation curve was confirmed by a single band on polyacrylamide
gel electrophoresis. Finally, reaction efficiencies were determined by generating standard
curves using serial DNA dilutions. Primer efficiencies between 90 and 110% were

acceptable.

The number of cycles required for the fluorescent signal to exceed background noise, or
cycle threshold (Cr), a value needed to determine relative gene expression, was recorded
using StepOneSoftware (v 2.3) (Applied Biosystems, SAD). The Cr value is inversely
proportional to the amount of target DNA in the sample, meaning that the higher the
amount of target DNA, the lower the Cr.
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Table 2. Oligonucleotides used for gPCR analysis

Optimized
) gPCR
Gene ) Primer Sequence Forward (5'-3) N
Gene name Accession No. Conditions
Symbol Reverse (5'-3') ]
(Annealing
Temp/MgCl)
Cytokines
chemokine (C-C GGTCTGGTTGGGTTGTAAA
) Ccr2 NM_009915.2 59°C; 3 mM
motif) receptor 2 GTCTTTGAGGCTTGTTGCTATG
mouse CD68
. NM_00129105 CTCTTGCTGCCTCTCATCATT
antigen Cd68 58 °C; 2,5 mM
8.1 CTGGTAGGTTGATTGTCGTCTG
C-X-C motif GTGTCAACCACTGTGCTAGT
o Cxcll NM_008176.3 61 °C; 3.5 mM
chemokine ligand 1 CACACATGTCCTCACCCTAATAC
atypical chemokine NM_00127160 GACCATGTAGGCCTCAGATTAG
Cxcr7 63 °C; 3.5 mM
receptor 3 7.1 CAGCCGAGACTGGCATAAA
CCTTACACCTACCAGAGTGATTT
interleukin 1 alpha I-1a NM_010554.4 65 °C; 3 mM
CCTTACACCTACCAGAGTGATTT
ATGGGCAACCACTTACCTATTT
interleukin 1 beta I-18 NM_008361.4 64 °C; 3 mM
GTTCTAGAGAGTGCTGCCTAATG
) _ GATAAGCTGGAGTCACAGAAGG
interleukin 6 11-6 NM_031168.2 59 °C; 3.5 mM
TTGCCGAGTAGATCTCAAAGTG
interleukin 14
NM_00100550 CCTCACTTCAGCTACCTCTTAAA
I-14 61 °C; 3.5 mM
6.3 CTACAAGTGGATGGAGGGAAAG
-monocyte
CCTGGATCGGAACCAAATGA
chemoattractant Mcpl NM_011333.3 62 °C; 3 mM
CGGGTCAACTTCACATTCAAAG
protein-1
tumor growth factor CTTTAGGAAGGACCTGGGTTG
Tgfa NM_031199.4 66 °C; 3 mM
beta GTGTGTCCAGGCTCCAAATA
_ GTCTCAGAATGAGGCTGGATAA
tumor necrosis
Tnfa NM_013693.3 G 63 °C; 2.5 mM
factor alpha
CATTGCACCTCAGGGAAGAA
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Fatty Acid Metabolism

abhydrolase

ATGCTGTGGAATGAGGACATAG

domain containing Cgl58 NM_026179.2 59°C; 2,5mM
. CATAGTGAGTGGCTGGTGAAA
carbohydrate
CAGCTGCGGGATGAAATAGA
response element Chreb NM_021455.5 61°C; 2,5mM
o ) CAAAGCGCTGATGTGTGATG
binding protein
carnitine
) TCGAAACCCAGTGCCTTAAC
palmitoyltransferas Cpt1la NM_013495.2 58°C 2,5 mM
| AAGCAGCACCCTCACATATC
e
cytochrome P450,
) ] CTGGGTCGGAGCTTCATTT
family 21, subfamily =~ Cyp21 NM_009995.2 59°C; 3,5mM
) GTCTTGACTCTCTTCCCTTGAC
a, polypeptide
diacylglycerol O- CCAACCATCTGATCTGGCTTAT
Dgatl NM_010046.3 65°C; 3mM
acyltransferase 1 GACTCAGCATTCCACCAATCT
_ GCACTAGAAGCTGTTTGTTTCC
glycerol kinase Glyk BC003767.1 58°C; 2,5 mM
GCTGGTCATTCCTCCATCTAC
hydroxymethylgluta CCTGTGAAGAGGGAGATGAAAG
Hmgcs2  NM_008256.4 64°C; 3 mM
ryl-CoA synthase GCCCACAGTCTGAGAATAAGC
fatty acid binding AAGTCAAGGCAGTCGTCAAG
) Fabpl NM_017399.5 59°C; 3,5mM
protein 1 TGGTATTGGTGATTGTGTCTCC
fat storage-inducing
GACAGGAGGACAATGGCTAAT
transmembrane Fitm2 NM_173397.4 56°C; 2,5mM
) CCACACCAAAGGTACCTAGTAAG
protein 2
insulin receptor GTCAGGGACACTCTTGACTAAC
Irsl NM_010570.4 61°C; 2,5mM
substrate 1 TGCCAAGGAAAGACAGGATAAA
insulin receptor
substrate 2 NM_00108121 ~ CTGCTGCTCACTTTCCTATCA
Irs2 61°C; 2,5mM
2.2 CCTGCCTCTTGGTTCCTTATC
NM_00112733 GCCTAAGTTTGAGTTTGCTGTG
Ppary coactivator Pgc1a 58°C 2,5 mM
0.2 GCGGTCTCCACTGAGAATAATG
peroxisome
proliferator GCTCGTACAGGTCATCAAGAAG
Ppara NM_011144.6 59°C 2,5 mM

activated receptor
alpha VI

CTGCCATCTCAGGAAAGATCAG
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peroxisome

proliferator NM_00112733 GCCTAAGTTTGAGTTTGCTGTG
] Ppary 59°C 2,5 mM
activated receptor 0.2 GCGGTCTCCACTGAGAATAATG
gamma

sterol regulatory

element binding AGCCCTCCACCAGGTAATAA
o Srebpfl NM_011480.4 61°C; 2,5mM
transcription factor GGGTTCCCAGTCTACTCACTAA

1

Reference (housekeeping) genes

GCAAGCAGGAGTACGATGAG

actin beta Actp NM_007393.5 61 °C; 3.5mM
CCATGCCAATGTTGTCTCTT
beta 2 CCTGCAGAGTTAAGCATGACAGT
] . B2m NM_009735.3 60 °C; 3 mM
microglobulin TCATGATGCTTGATCACATGTCT

Table.3 Composition of gPCR master mix for a single reaction.

Component Volume (ul)
10X M-buffer (800mM KCI, 200mMTris- 15 25
HCI, pH 8.3)
dNTPs (5mM each) (Carl Roth GmbH, 1
Germany)

MgCl2 (25 mM) (Sigma-Aldrich, USA) 2.5 3 3.5
Tag DNA polymerase (Sigma-Aldrich,

1
USA)
SYBR Green | (1000X) (Sigma-Aldrich,
0.0025
USA)
Reference Dye for Quantitative PCR 0.25
(100X) '
mQ H20 15.75 14.75 15.25
Primer mix (5uM each) 1
cDNA (37.5ng) 1
Total per reaction 25
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2.7 Protein detection by Western blot

2.7.1 Protein isolation

Hippocampal and liver tissues were homogenized using a mortar and pestle and proteins
were isolated using RIPA buffer (50 mM Tris-HCI, pH8, 150 mM NaCl, 1 mM EDTA, 1%
NP40, 1% sodium deoxycholate, 0.1% SDS) supplemented with phosphatase
(PhosSTOP, Roche, Switzerland) and protease (cOmplete™, Mini Protease Inhibitor
Cocktail, Roche, Switzerland) inhibitors. Proteins were sonicated three times for 30
seconds at an amplitude of 50 using 1mm probe (bbi-8535 620). Samples were then
centrifuged at 4°C for 20 minutes at maximum speed. The supernatant was collected and
stored at -80°C.

2.7.2 Protein concentration

Protein concentration was measured using the Pierce™ BCA Protein Assay Kit (Thermo
Fischer, USA), according to the manufacturer’s instructions. In brief, 25 yl of Albumin
standard (Thermo Fisher Scientific, USA) in serial dilution and samples were pipetted into
a 96-well plate and 200pl of working reagent (reagent A:B, 50:1) was added. The
microplate was covered and incubated at 37 °C for 30 minutes. Absorbance was
measured at 570 nm using a spectrophotometer (Multiskan® EX, Thermo Fisher
Scientific, USA).

2.7.3 Protein separation by polyacrylamide gel electrophoresis

Proteins were mixed with 5x Laemmli loading buffer (60mM Tris-HCI, pH 6.8, 25%
glycerol, 2% SDS, 0,1% bromophenol blue) in a 1.5 ratio, the reducing agent DTT

(dithiothreitol, dissolved in sodium acetate, Sigma) in a 1:10 ratio, and water. The proteins
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were denatured at 92 °C for 5 min. Per well, 10 ug of protein in the mixture was loaded
onto Tris-glycine SDS-polyacrylamide gel. The gel composition is shown in Table 4. The
marker ROTI®Mark BI-PINK (Carl Roth GmbH, Germany) served as a protein size
marker. Proteins were separated by size by polyacrylamide gel electrophoresis at a
constant voltage of 100 V at room temperature in running buffer (25 mM Tris base, pH
8,3, 192 mM glycine, 0.1% SDS) using the Mini-PROTEAN Tetra vertical electrophoresis

system (Bio-Rad Laboratories, USA

Table 4. Composition of Tris-glycine SDS-Polyacrylamide Gel for protein separation

5% stacking gel

12% resolving gel

Component
Volume (ml) Volume (ml)
reH20 2.18 4.3
40% acrylamide/bis-
acrylamide solution (29:1) 0.38 3
(Acros Organics, USA)
Tris Base (Fisher 15M 1.0M
L 0.38 2.5
Scientific, USA) (pH 8.8) (pH 6.8)
10% SDS (Acros Organics,
0.03 0.1
USA)
10% ammonium persulfate
(Carl Roth GmbH, 0.03 0.1
Germany)
TEMED (Carl Roth GmbH,
0.0003 0.004
Germany)
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2.7.4 Protein transfer

After successful separation of the proteins, they were transferred to a polyvinylidene
difluoride (PVDF) membrane (Bio-Rad Laboratories, USA). The gel and activated (in
methanol) PVDF membrane were equilibrated in transfer buffer (25 mM Tris base, pH
8,3, 192 mM glycine, 20% methanol) and sandwiched between four sheets of buffer-
soaked filter paper and fiber pads in a gel holder cassette. Transfer was performed in the
Mini-PROTEAN system at a constant current of 100 mA for 16 hours at 4 °C.

2.7.5 Amido Black staining

To check whether the proteins were transferred to the membrane and whether the gel
was uniformly loaded, the membrane was stained with Amido black 10B (Sigma-Aldrich,
USA). It was washed in 1xPBS for 10 minutes, incubated in Amido black (0,1% amido
black, 20% methanol, 2% acetic acid, dH20), for 2 minutes, incubated in Amido black
destain solution (45% methanol, 7% acetic acid, dH20) two times for 30 minutes, washed
in reH20 four times for 2 minutes, and finally incubated in Tris Buffered Saline (TBS, 150
mM NaCl, 20 mM Tris Base, pH 8,0) with 0,1% TWEEN® 20 (Sigma-Aldrich, USA) (TBS-

t) for 10 minutes.

2.7.6 Probing and visualization of the signal

The membrane was blocked with 0.2% Tropix® |I-BLOCK™ Protein-Based Blocking
Reagent (Applied Biosystems, USA) (0.2% I-Block™, 1X PBS, 0.05% TWEEN® 20,
dH20) for 1 hour to prevent non-specific binding of the antibody to the membrane. The
following step was incubation with a primary antibody (Table 5.) overnight on a rocking
platform at 4°C. The next day, the membrane was transferred to a rocking platform at

room temperature, washed three times for 10 minutes in 1X TBS-t, incubated with a
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secondary antibody (Goat anti-rabbit IgG-HRP #170-6515; Bio-Rad Laboratories, USA),
and washed again three times for 10 minutes in 1X TBS-t.

Table 5. List of used antibodies

_ Dilution
Antibody WB/IF Manufacturer (stock number)
(WB/IF)
_ Santa Cruz Biotechnology, Inc.,
Anti-Ppary +/- 1:1000/-
USA (sc-7196)
Anti-11-6 +/- 1:1000/- Abcam, UK (ab208113)
Anti-Cxcl1 +/- 1:1000/- Abcam, UK (ab)
Anti-GFAP +/+ 1:1000/1:500 Abcam, UK (ab7260)
Anti-lbal +/+ 1:500/1:300 Abcam, UK (ab178846)
Anti-NeuN +/+ 1:1000/1:500 Abcam, UK (ab177487)
Anti-SNAP25 +/- 1:1000/- Abcam, UK (ab109105)

Protein bands labelled by the antibodies were visualized using Pierce™ ECL Western
Blotting Substrate (Thermo Fisher Scientific, USA). Peroxide solution and Luminol
Enhancer solution were mixed in a 1:1 ratio, the membrane incubated with it for 1 minute,
and visualized using the Uvitec Alliance Q9 Mini Chemiluminescence Imaging System.

Normalization of the bands was done by Amido Black staining.

2.8 Morphological analysis

After perfusion, livers were kept in 10% buffered formalin (Shandon Formal-Fixx 10%
neutral buffered formalin; Thermo Scientific GmbH, Austria). Specimens were then
dehydrated and embedded in paraffin blocks according to a standard protocol (The
Tissue-Tek® TEC™ 5 Tissue Embedding Console System, Sakura Finetek Europe).
Histological sections of 5 ym were cut using a Leica SM 2000R microtome (Leica
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Biosystems, Germany), stained with hematoxylin and eosin (HE) and a Masson-Goldner
kit (Merck SA, Germany), and coverslipped using the Gemini AS automated slide stainer
and ClearVue coverslipper (Thermo Fisher Scientific, USA). Lipid accumulation was
visualized with Oil Red O staining. Formalin-fixed liver samples were frozen in liquid
nitrogen. 10 ym cryosections were cut using a Leica CM 1800 cryostat (Leica Biosystems,
Germany) at -17 °C and mounted on Thermo Scientific™ Superfrost® Plus slides
(Gerhard Menzel B.V. & Co. KG, Germany) and stored at -80 °C until further processing.
Cryosections were thawed and air-dried, then rinsed with deionized water and stained
with Oil Red O (Merck SA, Germany) staining solution (0.5% Oil Red O in isopropanol)
for 10 min. The nuclei were counterstained with hematoxylin. After rinsing with tap water,
sections were mounted with aqueous mounting medium (Aquatex®; Merck SA,
Germany). A Nikon Microphot FXA microscope with a DS -Fil camera and Imaging
Software NIS Elements BR 4.6 (Nikon instruments Europe B.V., The Netherlands) was

used for histological examination.

2.8.1 Ultrastructural analysis of liver

Liver tissues were immersion fixed in Ito’s fixative (2.5% PFA, 2.5% glutaraldehyde,
80mM cacodylate buffer, pH 7.4) immediately after perfusion and dissection. Following
fixation, they were postfixed in osmium tetroxide (OsOa), dehydrated in a graded ethanol
series and embedded in EPON™ epoxy resin (Miller-Stephenson Chemical Co., USA). 1
pum thick sections were cut using an ultramicrotome (Ultracut E; Reichert Jung, Austria)
and stained with toluidine blue to determine the area of interest. Toluidine blue stained
slides were examined with a Biorevo BZ-9000 microscope (Keyence, Germany). Ultrathin
sections of the tissue were then sliced and stained with uranyl acetate and lead citrate.
The sections were viewed with a transmission electron microscope JEM-1400Plus (JEOL
(Deutschland) GmbH, Germany).
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2.9 Fatty Acids Analyses

The fatty acid composition of the liver was analyzed by gas chromatography. Briefly, 0.25
g of the homogenized sample was transmethylated in situ using 0.5 M NaOH in methanol
followed by 14% BF3 (boron trifluoride) in methanol according to the method of Park and
Goins method (130). Fatty acid methyl esters (FAME) were extracted with hexane. An
Agilent 6890 GC equipped with a DB-Fatwax Ul chromatography column (30 m length;
0.25 mm i.d., 0.25 m film thickness; Agilent Technologies, USA) and a FID detector was
used for FAME separation.

2.10 Immunofluorescence of the brain

2.10.1 Tissue sections preparation.

Isolated brain tissue fixed in 4% PFA was dehydrated in 15% PBS/sucrose solution until
it sank, followed by 30% PBS/sucrose solution also until it sank, to prevent ice crystal
formation in the tissue when water freezes. The tissue was embedded in OCT in a mold
and frozen in isopentane and chilled with liquid nitrogen. Frozen samples were stored at
-80°C until further use. 16um thick sagittal brain sections were cut with a cryotome

(Leica), placed on slides, and stored at —80°C until staining.

2.10.2 Detection of specific epitopes

The frozen slides were thawed and dried under the hood for at least one hour. Tissue
was surrounded by hydrophobic barrier pen (Dako, Denmark). All subsequent steps were
conducted in the dark in a box lined with wet paper. The tissues were incubated in 0.5%
Triton™ X-100 in 1X TBS for 30 minutes to permeabilize them. The next step was

blocking in 10% goat serum (Sigma-Aldrich, USA) for 1 hour. Incubation with the primary
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antibodies (see Table 6 for details) was performed overnight at 4°C, followed by washing
three times for 10 minutes in TBS-t. Secondary antibody was applied (Goat Anti-Mouse
IgG H&L (Alexa Fluor® 488), ab150113, Abcam, UK) for 3 to 5 hours at room
temperature, washed again three times for ten minutes in 1X TBS-t. Sections were
counterstained with DAPI (2ug/ml, Carl Roth GmbH, Germany) for 10 minutes, and
washed briefly in reH20 to remove all TBS salts. All antibodies were diluted with 10%
goat serum, and DAPI was diluted with 1XTBS-t. Finally, the slides were dried and
mounted with ROTI®Mount FluorCare (Carl Roth GmbH, Germany). The protocol
described above was followed for all antibodies except DCX, for which an antigen retrieval
step was required. For this step, slides were briefly dipped in 1X TBS-t after drying and
incubated in pre-warmed sodium citrate buffer (10 mM sodium citrate, 0.05% TWEEN®
20, pH 6.0) in a 95°C bath for 20 minutes. Tissues were then washed three times for ten
minutes in TBS -t, followed by the blocking step and the remaining steps as previously
described. Slides were examined using an Olympus BX51TF microscope and Olympus

Stream Essentials software (Olympus, Japan).

2.11 Statistical evaluation

Blood glucose values from the IPGTT and IPITT, as well as body weight measurements
were analyzed using two-way ANOVA, followed by Tukey multiple comparison post hoc
analysis. The results of biochemical analysis of the blood sera were also analyzed by the
two-way ANOVA, and in this case a Bonferoni post hoc test was performed. Relative gene
expression was determined using the software REST © (AACt method) and normalized
to most stable housekeeping genes. Several common housekeeping genes were tested
and B-actin (ActB) and B2-microglobulin (32m) were chosen as appropriate referent

genes.

Liver fat and fatty acid content were analyzed using general linear models (GLM) of the
SAS/STAT module (SAS Institute Inc., Cary, NC, USA), with the differences determined
by Tukey—Kramer post hoc test, genotype being the main effect, separately for male and
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female mice. All graphical representations were created using GraphPad Prism version
8.0.0 (GraphPad Software, USA).
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3 Results

3.1 Weight comparison

At 21 weeks of age, all animal groups (HFD WT male, HFD WT female, HFD Tff3-/-male,
HFD Tff3-/- female, SD WT male, SD WT female, SD Tff3-/- male, SD Tff3-/-female) were
weighed after a 16-hour fast. Male HFD Tff3-/- mice had significantly lower body weight
than male HFD WT mice at 21 weeks of age or after 17 weeks of HFD (Figure 4a). This
difference decreased with longer HFD exposure. Significance was lost at 36 weeks of
age or after 32 weeks of HFD treatment (Figure 4a), when weight was reassessed. There
were no genotype-related differences between SD mice (Figure 4b), suggesting that the

absence of Tff3 protein does not cause differences in dietary habits or energy intake.
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Figure 4. The effects of the absence of Tff3 on the body weight of HFD and SD mice of both sexes.
(a) Body weight of 21-week-old (21w) and 36-week-old (36w) mice fed HFD from weaning. (b) Body weight
of 21- and 36-week-old mice fed SD. Data are presented as mean and standard deviation (SD) (n~10 per
group). Two-way ANOVA followed by Tukey post hoc test was used for statistical analysis. Significant
differences are marked with * p < 0.05, ** p < 0.01, **** p < 0.0001.
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3.2 The effect of Tff3 deficiency on metabolic homeostasis

To evaluate metabolic homeostasis under the stress of HFD exposure, metabolic tests
were performed. The results of the metabolic tests are presented in two ways. First, two
detailed figures are shown for each test (Figures 5,6,8, and 9), one representing genotype
differences (Figures 5 and 8) and one representing sex differences (Figures 6 and 9).
These figures include graphical representations of glucose levels comparing HFD- and
SD -fed mice both at midpoint and at the end of the experiment. To make this large
amount of data clearer, the area under the curve (AUC), which represents the overall
trend of glucose excursion, was calculated and plotted for each curve (Figures 7 and 10).
In this way, an overview of all results for each test is summarized in a single figure to

facilitate comparison.

3.2.1 Intraperitoneal glucose tolerance test (IPGTT)

The intraperitoneal glucose tolerance test (IPGTT) was performed on both HFD and SD
WT and Tff3-/- animals of both sexes (~10 per group) at 21 weeks of age and at 36 weeks
of age (Figures 5 and 6). For the HFD group, this was after 17 and 32 weeks of HFD. At
21 weeks of age, HFD Tff3-/- males showed faster glucose clearance from the blood
compared with HFD WT males at 15, 30, and 60 minutes after glucose administration
(Figure 5a). At 36 weeks of age, this changed, with HFD WT males showing faster
glucose clearance than HFD Tff3-/- males at the 30’ time point (Figure 5e), and
significantly so at 60’. In contrast to their HFD counterpart SD males showed no difference
in glucose clearance from blood at 21 weeks of age (Figure 5c¢), but at 36 weeks of age,
SD Tff3-/- male mice showed lower blood glucose levels than SD WT males at 15°, 30’

and 60’ time points (Figure 5f).

On the other hand, HFD Tff3-/- and HFD WT females showed nearly identical glucose
tolerance at both 21 and 36 weeks of age (Figures 5b and 5f), while SD Tff3-/- females
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differed from SD WT females only in having lower glucose levels 30" after glucose
injection at 21 weeks of age (Figure 5d).
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Figure 5. Intraperitoneal glucose tolerance test (IPGTT) performed in HFD and SD animals after 17 weeks of treatment (21 weeks of age)
and 32 weeks of treatment (36 weeks of age) — genotype comparison. Blood glucose levels (mmol/L) at different time points (0, 15, 30, 60, and
120 minutes) after glucose injection were recorded and presented as comparison between 21-week-old (a) HFD WT and Tff3-/- males, (b) HFD WT
and Tff3-/- females, (c) SD WT and Tff3-/- males, (d) SD WT and Tff3-/- females, and 36-week-old (e) HFD WT and Tff3-/- males, (f) HFD WT and
Tff3-/- females, (g) SD WT and Tff3-/- males, (h) SD WT and Tff3-/- females. Data are expressed as mean and SD (n~10 per group). Two-way

ANOVA followed by Tukey post hoc test was used for statistical analysis. Significant differences are marked with * p < 0.05, ** p < 0.01, *** p <
0.001, **** p < 0.0001
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Figure 6. Intraperitoneal glucose tolerance test (IPGTT) performed on HFD and SD animals after 17 weeks of treatment (21 weeks of age)
and 32 weeks of treatment (36 weeks of age) — sex comparison. Blood glucose levels (mmol/L) at different time points (0, 15, 30, 60, and 120
minutes) after glucose injection were recorded and presented as comparison between 21-week-old (a) HFD WT males and females, (b) HFD Tff3-
/-males and females, (c) SD WT males and females, (d) SD Tff3-/-males and females, and 36-week-old () HFD WT males and females, (f) HFD
Tff3-/-males and females, (g) SD WT males and females, (h) SD Tff3-/-males and females. Data are expressed as mean and SD (n~10 per group).
Two-way ANOVA followed by Tukey post hoc test was used for statistical analysis. Significant differences are marked with * p < 0.05, ** p < 0.01,
***p <0.001, *** p <0.0001
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Overall, male HFD Tff3-/- mice had better glucose utilization compared with HFD WT
male at 21 weeks of age (Figure 7a), but the difference narrowed by 36 weeks of age
(Figure 7b). In comparison, the situation was almost reversed in male SD mice, which
showed virtually no difference at 21 weeks of age (Figure 7c), but the difference increased
over time. At 36 weeks of age, SD Tff3-/- males had significantly better glucose tolerance
than SD WT males (Figure 7d). Female mice of both genotypes had similar glucose

tolerance throughout on both diets (Figure 7).
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Figure 7. Area under the curve (AUC) of glucose tolerance for all animal groups. To summarize the
results of all IPGTTs in one place, the AUCs (AUCrcTT) Were calculated and plotted for the animals of each
diet and age. (a) AUCipc1T Of 21-week-old HFD mice, (b) AUCireTT Of 36-week-old HFD mice, (c) AUCipaTT
from 21-week-old SD mice, and (d) AUCpcTT from 36-week-old SD mice. Data are given as mean and SD.
Two-way ANOVA followed by Tukey post hoc test was used for statistical analysis. Significant differences
are indicated by * p < 0.05, *** p < 0.001.
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3.2.2 Intraperitoneal insulin tolerance test (IPITT)

Intraperitoneal insulin tolerance test was performed on HFD animals of both genotypes
(WT and Tff3) and sexes (male and female) (n~10 per group) after 19 and 34 weeks of
HFD treatment (23 and 38 weeks of age). The tests were also performed on age- and
sex-matched SD-fed animals. At both 23 (Figure 8a) and 38 (Figure 8e) weeks of age,
HFD WT males and HFD Tff3-/- males had similar blood glucose levels during testing.
On the contrary, SD Tff3-/- males had significantly lower blood glucose levels than SD
WT males at all the time points of the test at 23 weeks of age (Figure 8c). By 38 weeks

of age the difference persisted only at the 60’ time point (Figure 89g).

HFD Tff3-/- females exhibited slightly better glucose utilization than HFD WT females at
the 60’ and 120’ time points at 23 weeks of age (Figure 8b), but their blood glucose levels
equalized by 38 weeks of age (Figure 8d). In SD female mice, the situation was similar,
except that the differences exist at the beginning and end of the test at 23 weeks of age
(Figure 8h).
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Figure 8. Intraperitoneal insulin tolerance test (IPITT) performed on HFD and SD animals after 19 weeks of treatment (23 weeks of age)
and 34 weeks of treatment (38 weeks of age)- genotype comparison. Blood glucose levels (mmol/L) at different time points (0, 15, 30, 60, and
120 minutes) after insulin injection were recorded and presented as comparison between 23-week-old (a) HFD WT and Tff3-/- males, (b) HFD WT
and Tff3-/- females, (c) SD WT and Tff3-/- males, (d) SD WT and Tff3-/- females, and 38-week-old (e) HFD WT and Tff3-/- males, (f) HFD WT and
Tff3-/- females, (g) SD WT and Tff3-/- males, (h) SD WT and Tff3-/- females. Data are expressed as mean and SD (n~10 per group). Two-way

ANOVA followed by Tukey post hoc test was used for statistical analysis. Significant differences are marked with * p < 0.05, ** p < 0.01, ™ p <
0.001, **** p < 0.0001
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Figure 9. Intraperitoneal insulin tolerance test (IPITT) performed on HFD and SD animals after 19 weeks of treatment (23 weeks of age)
and 34 weeks of treatment (38 weeks of age) — sex comparison. Blood glucose levels (mmol/L) at different time points (0, 15, 30, 60, and 120
minutes) after insulin injection were recorded and presented as comparison between 23-week-old (a) HFD WT males and females, (b) HFD Tff3-/-
males and females, (c) SD WT males and females, (d) SD Tff3-/-males and females, and 38-week-old (e) HFD WT males and females, (f) HFD Tff3-
/-males and females, (g) SD WT males and females, (h) SD Tff3-/-males and females. Data are expressed as mean and SD (n~10 per group). Two-
way ANOVA followed by Tukey post hoc test was used for statistical analysis. Significant differences are marked with * p < 0.05, ** p < 0.01, *** p <
0.001, **** p < 0.0001
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In summary, male HFD mice of the two genotypes had similar insulin tolerance,
regardless of the age (Figures 10a and 10b), unlike SD male mice. SD Tff3-/- males
showed faster glucose clearance than SD WT males at 23 weeks of age (Figurel10c), but
this difference narrowed at 38 weeks of age (Figure 10d). Both HFD and SD female mice

of the two genotypes showed similar insulin tolerance (Figure 10).
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Figure 10. Area under the curve (AUC) of insulin tolerance for all animal groups. To summarize the
results of all IPITTs in one place, the AUCs (AUCpitt) were calculated and plotted for the animals of each
diet and age. (a) AUCpitT of 21-week-old HFD mice, (b) AUCpitt of 36-week-old HFD mice, (c) AUCprrT of
21-week-old SD mice, and (d) AUCpirt of 36-week-old SD mice. Data are given as mean and SD. Two-
way ANOVA followed by Tukey post hoc test was used for statistical analysis. Significant differences are
indicated by ** p < 0.01, *** p <0.001.
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Outside the scope of this work, but worth noting, male and female mice responded
differently to glucose or insulin overload. Female mice of both genotypes and diet

exposure showed faster glucose utilization in both IPGTT and ITT (Figures 6 and 9).

3.3 The effect of HFD intake and sex on Tff3 expression in the liver

Because major differences were noticed in the effect of Tff3 deficiency on general
metabolic state of mice of different sex and diet treatment, Tff3 expression in the liver of
40-week-old WT mice was examined (Figure 11). HFD intake reduced Tff3 expression in
the livers of male mice (Figure 11a), whereas there was no major difference in Tff3
expression HFD and SD female mice (Figure 11b). This is probably because female mice,

both HFD- and SD-fed, showed exceptionally low Tff3 expression (Figure 11).
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Figure 11. Influence of HFD and sex on Tff3 -/- expression in the liver. Gene expression was analyzed
by gPCR using the SYBR green detection system and presented as comparison between SD (a) WT male
mice on HFD and SD, (b) WT female mice on HFD and SD WT, (c) WT male and female mice on SD, and
(d) WT male and female mice on HFD. The obtained Ct values were analyzed using REST © software (n=5
mice per group). Results are expressed as fold change mean and standard error of the mean (SEM).

Significant differences are indicated by * p < 0.05, *** p < 0.001.

3.4 Blood serum biochemistry of HFD animals

To assess the general health status of the HFD animals, biochemical analysis of blood
serum collected immediately before sacrifice (at 40 weeks of age, after 36 weeks of HFD)
was performed. Levels of low-density lipoprotein (LDL), high-density lipoprotein (HDL),
total cholesterol, aspartate aminotransferase (AST), alanine aminotransferase (ALT),
alkaline phosphatase (ALP), blood glucose, C-reactive protein (CRP), urea, triglycerides,
and total protein were determined (Figure 12). Genotype-related differences were found
only in male mice. Male HFD Tff3-/- mice had lower LDL, total cholesterol, ALT, and ALP

levels compared with male HFD WT mice.
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Figure 12. The effect of Tff3 deficiency on blood serum biochemistry of animals after 36 weeks of
HFD. The levels of low-density lipoprotein (LDL), high-density lipoprotein (HDL), total cholesterol, aspartate
aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), blood glucose, C-
reactive protein (CRP), urea, triglycerides, and total protein were determined for all groups of animals (n~10
per group) and presented as mean and SD. Two-way ANOVA followed by Tukey post hoc test was used

for statistical analysis. Significant differences are marked with * p < 0.05, *** p < 0.001, **** p < 0.0001
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3.5 Effect of Tff3 protein deficiency in the liver of mice on long-term
high-fat diet

3.5.1 Liver morphology

Because consumption of HFD may have deleterious effects on the liver,
histomorphological analysis of the livers of HFD animals was performed by hematoxylin
and eosin (H&E) staining. It revealed numerous hepatocytes with unstained vacuoles in
the cytoplasm and peripherally located nuclei, which is characteristic of macrovesicular
steatosis. Signs of hepatic steatosis were obviously reduced in the livers of HFD Tff3-/-
animals of both sexes compared with HFD WT animals as illustrated by the representative
images shown in Figure 13 (upper panel). Such lipid accumulation was also seen in livers
stained with Oil Red O (Figure 13, lower panel). This was quantified by measuring the
total lipid content, which is described in Section 3.5.2.
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Figure 13. The effect of Tff3 deficiency on liver histomorphology of 40-week-old animals fed HFD.
Liver sections were stained with hematoxylin and eosin (upper panel) and Oil Red O (lower panel). Scale
bar 200 ym, H&E- hematoxylin — eosin staining, cv-central vein
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Lipid droplets were also visualized on an ultrastructural level using electron microscopy
(Figure 14).

(c) Tff3-/- male

Figure 14. Ultrastructural analysis of HFD mice of both genotypes and sexes. TEM-images of liver
sections from 40-week-old (a) HFD WT males; (b) HFD WT females; (c) HFD Tff3-/- males; (d) HFD Tff3-

/- females. Scale bar 20um.

Additionally, livers from SD-fed controls were stained (Figure 15). As expected, no
conspicuous signs of hepatic steatosis were observed on the H&E-stained sections
(Figure 15, upper panel). However, the Oil Red O-stained cryosections revealed more
prominent staining of lipid droplets in WT males compared to SD exposed Tff3 males and
females of both genotypes.
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Figure 15. The effect of Tff3 deficiency on the histomorphology of livers from 40-week-old SD- fed
animals. Liver sections were stained with hematoxylin and eosin (upper panel) and Oil Red O (lower panel).

Scale bar 200 um, H&E- hematoxylin-eosin staining, cv-central vein

3.5.2 Total fat and liver fatty acid content

Total fat content and specific content of main fatty acids were determined in the livers of
all animal groups (Tables 6 and 7). HFD Tff3-/- mice showed a significant, nearly twofold,
reduction of total liver fat content compared to HFD WT mice (Table 6). No relevant

genotype-related differences were observed between specific fatty acids (Table 6).
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Table 6. Fat and fatty acid content in the liver of 40-week-old mice on HFD.

Main fatty acids HFD Tff3-/- HFD WT HFD Tff3-/-
HFD WT male

(g /100 g of total FA) male female female
C 14.0 0.47 0.45 0.44 0.45
C 16:0 24.74 24.84 24.18 24.25
C 161 5.26 4.46 3.74 3.22
C 18:0 3.51 4.69 5.53 6.83
c18:1 43.04 38.00 41.16 33.19
C 18:2,n-6 11.40 12.98 12.38 14.72
C 18:3,n-6 0.28 0.30 0.37 0.51
C 18:3,n-3 0.27 0.34 0.32 0.47
C 20:1, n-9 1.05 0.86 0.54 0.33
C 20:3, n-6 0.74 0.78 0.54 0.33
C 20:4, n-6 3.72 5.26 5.13 7.21
C 20:5, n-3 0.17 0.25 0.22 0.34
C 22:4,n-6 0.48 0.51 0.30 0.43
C 22:5,n-6 0.23 0.25 0.15 0.24
C 22:5,n-3 0.41 0.50 0.29 0.45
C 22:6, n-3 2.95 4.17 3.91 5.78
Yy SFA'l 29.28 30.63 30.58 32.07
> MUFA 2 49.75 43.68 45.70 37.00
Y PUFA3 20.49 25.18 23.43 30.51
n-6/n-3 PUFA* 4.59:1 3.92:1 4.26: 1 3.28: 1
Fat content

2217 +1.18* 14.37 + 1.67 17.21 £ 1.87% 8.64 £1.25

(g/100 g liver)

1 Saturated fatty acids. 2 Monounsaturated fatty acids. 3 Polyunsaturated fatty acids. # Ratio of omega -6 and omega -

3 polyunsaturated fatty acids

Results are given for major fatty acid content in g of each FA per 100 g of total FA and for total
fat content in g of fat per 100 g of liver tissue. Results are presented as mean and as mean +SD

(for fat content) and were analyzed using general linear models (GLM) procedures of the
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SAS/STAT module (SAS Institute Inc., Cary, NC, USA), the differences being determined by a
Tukey—Kramer multiple comparison test, taking into consideration the genotype as the main
effect, separately for male and female mice. Statistical significance was considered at p < 0.05. *
- WT male vs Tff3-/- male; # - WT female vs Tff3-/- female

Total liver fat content was also significantly reduced in SD Tff3-/- animals of both sexes
(Table 7). In this group, genotype-related differences were found between some major
fatty acids (Table 7). Interestingly, total liver fat content in female mice was noticeably
higher for SD- than HFD-fed animals.
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Table 7. Fat and fatty acid content in the liver of 40-week-old mice on SD.

Main fatty acids SD Tff3-/- SD WT SD Tff3-/-
SD WT male

(g /100 g of total FA) male female female
C 14:0 0.60 0.55 0.74 0.66
C 16:0 22.94* 25.43 22.71% 24.27
c1l6:1 7.28 5.88 5.74 5.44
C 18:0 3.68 5.46 3.84 5.59
c18:1 25.68* 21.15 31.55% 28.18
C 18:2,n-6 23.35 21.56 21.81 18.40
C 18:3,n-6 0.51 0.42 0.71 0.56
C 18:3,n-3 1.06 0.94 0.92 0.74
C 20:1, n-9 0.33 0.28 0.24 0.22
C 20:3, n-6 0.58 0.72 0.35 0.58
C 20:4, n-6 4.85 6.88 4.05 5.88
C 20:5, n-3 0.77 0.80 0.49 0.71
C 22:4,n-6 0.16 0.20 0.16 0.19
C 22:5,n-6 0.09 0.11 0.08 0.08
C 22:5,n-3 0.61 0.67 0.39 0.50
C 22:6,n-3 6.27 7.72 5.02 6.89
Yy SFA!? 28.03* 32.26 28.09% 31.24
Y MUFA 2 33.35* 27.37 37.58% 33.90
Y PUFA3 38.46 40.17 34.16 34.67
n-6/n-3 PUFA* 3.39:1 2.92:1 3.80: 1 291:1
Fat content

15.0 £ 1.72* 9.9+1.88 19.7 £ 1.72% 13.9+1.88

(9/100 g liver)

1 Saturated fatty acids. 2 Monounsaturated fatty acids. 3 Polyunsaturated fatty acids. * Ratio of omega -6 and omega -

3 polyunsaturated fatty acids

Results are given for major fatty acid content in g of each FA per 100 g of total FA and for total
fat content in g of fat per 100 g of liver tissue. Results are presented as mean and as mean +SD

(for fat content) and were analyzed using general linear models (GLM) procedures of the
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SAS/STAT module (SAS Institute Inc., Cary, NC, USA), the differences being determined by a
Tukey—Kramer multiple comparison test, taking into consideration the genotype as the main
effect, separately for male and female mice. Statistical significance was considered at p < 0.05. *
- WT male vs Tff3-/- male; # - WT female vs Tff3-/- female

3.5.3 Influence of Tff3 deficiency on expression of liver genes

Several genes involved in inflammation, fatty acid metabolism, apoptosis, ER stress, and
oxidative stress, pathophysiological processes known to be induced by HFD intake and

involved in hepatic steatosis, were also monitored.
Among markers of fatty acid metabolism, both male (Figure 16a) and female (Figure 16b)

HFD Tff3-/- mice exhibited decreased expression of peroxisome proliferator-activated

receptor gamma (Ppary) compared with HFD WT mice of the same sex.
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Figure 16. The effect of long-term HFD exposure on the expression of fatty acid metabolism markers
in the livers of 40-week-old HFD WT and Tff3-/-. Gene expression was analyzed by gPCR using the
SYBR green detection system and presented relative to the corresponding WT mice in (a) HFD Tff3-/- male
and (b) HFD Tff3-/- female mice and relative to the corresponding male mice in (¢) HFD WT female and (d)
HFD Tff3-/- female mice. The obtained C: values were analyzed using REST © software (n=5 mice per
group). Results are expressed as fold change mean and standard error of the mean (SEM).* p < 0.05, ** p
<0.01;

Ppary-peroxisome proliferator activated receptor gamma; Ppara- peroxisome proliferator activated receptor alpha
Cyp21- cytochrome P450, family 21, subfamily a, polypeptide 1; Pgc1a- peroxisome proliferator-activated receptor-
gamma coactivator lalpha; Cptfa- carnitine palmitoyltransferase |; Glyk-glycerol kinase; Hgmcs2- 3-hydroxy-3-
methylglutaryl-CoA synthase 2; Srebfl- sterol regulatory element binding transcription factor 1; Chreb- carbohydrate

response element binding protein; Dgatl-
transmembrane protein 2; Fabpl1-fatty acid binding protein 1; Cgl58- alpha/beta-hydrolase domain containing 5; Irs1-

diacylglycerol O-acyltransferase 1; Fitm2-fat storage-inducing

insulin receptor substrate 1; Irs2- insulin receptor substrate 2

Inflammatory marker expression analysis revealed significant upregulation of interleukin
6 (11-6) in the livers of male HFD Tff3-/- compared with male HFD WT mice (Figure 17a).
In female mice, HFD Tff3-/- mice exhibited lower expression of C-X-C motif chemokine
ligand 1 (Cxcll) and chemokine (C-C motif) receptor 2 (Ccr2) compared with HFD WT
mice (Figure 17b).
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Figure 17. The effect of long-term HFD exposure on the expression of inflammatory markers in the
livers of 40-week-old HFD WT and Tff3-/-. Gene expression was analyzed by gPCR using the SYBR
green detection system and presented relative to the corresponding WT mice in (a) HFD Tff3-/- male and
(b) HFD Tff3-/- female mice and relative to the corresponding male mice in (c) HFD WT female and (d) HFD
Tff3-/- female mice. The obtained C: values were analyzed using REST © software (n=5 mice per group).
Results are expressed as fold change mean and standard error of the mean (SEM). * p <0.05, ** p < 0.01;
*** n < 0.001.

II-71a- interleukin 1 alpha; II-16- interleukin 1 beta; Il-6- interleukin 6; 1l-14- interleukin 14; Cd68- mouse CD68 antigen;
Mcp1; Tnfa- tumor necrosis factor alpha, Tgf- tumor growth factor beta; Cxcl1- C-X-C motif chemokine ligand 1; Cxcr7-

atypical chemokine receptor 3; Ccr2- chemokine (C-C motif) receptor 2

A single apoptosis marker differed significantly between female mice, HFD Tff3-/- females
had higher expression of BCL2-Associated Athanogene 6 (Bag6) than HFD WT females
(Figure 18b).
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Figure 18. The effect of long-term HFD exposure on the expression of apoptosis markers in the
livers of 40-week-old HFD WT and Tff3-/-. Gene expression was analyzed by qPCR using the SYBR
green detection system and presented relative to the corresponding WT mice in (a) HFD Tff3-/- male and
(b) HFD Tff3-/- female mice and relative to the corresponding male mice in (c) HFD WT female and (d) HFD
Tff3-/- female mice. The obtained C: values were analyzed using REST © software (n=5 mice per group).
Results are expressed as fold change mean and standard error of the mean (SEM). * p <0.05, ** p <0.01;

*»** p <0.001.
TIr4 — toll-like receptor 4; Aifl — allograft inflammatory factor 1, Bag6 - BCL2-associated athanogene 6, Bcl2 - BCL2

apoptosis regulator

Among markers of endoplasmic reticulum stress (ERS), spliced X-box binding protein 1
(sXbpl) was upregulated in male HFD Tff3-/- mice compared with the corresponding WT

mice (Figure 19a), whereas there were no differences between female mice (Figure 19b).
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Figure 19. The effect of long-term HFD exposure on the expression of ERS markers in the livers of

40-week-old HFD WT and Tff3-/-. Gene expression was analyzed by qPCR using the SYBR green

detection system and presented relative to the corresponding WT mice in (a) HFD Tff3-/- male and (b) HFD

Tff3-/- female mice and relative to the corresponding male mice in (¢) HFD WT female and (d) HFD Tff3-/-

female mice. The obtained C: values were analyzed using REST © software (n=5 mice per group). Results

are expressed as fold change mean and standard error of the mean (SEM). * p < 0.05, ** p < 0.01.

Results are expressed as fold change mean and standard error of the mean (SEM). * p <0.05, ** p < 0.01.

Oxidative stress markers showed no differences between genotypes (Figures 20a and

20b).

55



1.5 1.5

Em HFD WT male == HFD WT female
Bl HFD Tff3-/- male HFD Tff3-/- female
S 1.0 S 1.0
S f=
s ]
S <
o [&)
2 ke
. LOL 05] I I I
0.0- 0.0-
60& 0& éo'p/ \§
(@) (b)
2.5 2.5+
HE HFD WT male . Bl HFD Tff3-/- male
2.0 == HED WT female 2.0 - HFD Tff3-/- female
) )
215 2 15
S ]
S 5
T 1.04 T 1.04
2 S
w L
0.0 0.0-
>
%0» "oo6 éo.ﬂ/ \é( 606\/ 6ob eo"‘g/ \é(

(c) (d)

Figure 20. The effect of long-term HFD exposure on the expression of oxidative stress markers in
the livers of 40-week-old HFD WT and Tff3-/-. Gene expression was analyzed by gPCR using the SYBR
green detection system and presented relative to the corresponding WT mice in (a) HFD Tff3-/- male and
(b) HFD Tff3-/- female mice and relative to the corresponding male mice in (c) HFD WT female and (d) HFD
Tff3-/- female mice. The obtained C: values were analyzed using REST © software (n=5 mice per group).
Results are expressed as fold change mean and standard error of the mean (SEM). ** p < 0.01; *** p <
0.001.

Genes significantly altered in Tff3-/- animals compared to WT mice in HFD model were

not affected in SD -fed animals (Figure 21).
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Figure 21. Gene expression of genes that showed genotype-related differences after HFD exposure
showed no differences in the livers of SD-fed mice. Gene expression was analyzed by gPCR using the
SYBR green detection system and presented as comparison between SD (a) WT and Tff3-/- male mice
and (b) WT and Tff3-/- female mice. The obtained C: values were analyzed using REST © software (n=5

mice per group). Results are expressed as fold change mean and standard error of the mean (SEM).

As evidenced by above presented data, male and female mice exhibited different
expression profiles of genes included in monitored pathways. Graphical representations

of exact differences between sexes are shown in Figures 16-20c and 16-20d

3.5.4 Protein accumulation of Ppary and II-6 and Cxcl1 in the liver of HFD-

fed mice

To see if the changes observed on mRNA level were present on protein level western
blot analysis of the protein accumulation of Ppary and 1I-6 protein (Figure 22a) in male
and Ppary and Cxcl1 (Figure 22b) protein in female livers were done. In 40-week-old mice
protein levels of Ppary were downregulated and II-6 upregulated in the livers of HFD Tff3-
/- male mice compared to their WT counterpart (Figure 22a). Protein levels showed the
same trend observed at gene expression level, but the differences did not reach
significance. The same is true for female mice, where Ppary and Cxcl1 levels were
downregulated in the livers of Tff3-/- mice compared to WT mice, following the trend of

MRNA expression.
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Figure 22. Protein accumulation of (a) Ppary and II-6 in the livers of 40-week-old male Tff3-/- and WT
mice fed HFD and (b) Ppary and Cxcl1 in the livers of 40-week-old female Tff3-/- and WT mice fed
HFD. Blots showing relative protein levels in the livers of HFD WT and HFD Tff3-/- mice are on the left.
Amido black staining was used as loading control. Associated quantification of proteins by densitometry is
shown on the right. ImageJ was used to obtain the relative protein levels and they were normalized against
the Amido black signal. Unpaired two-tailed Student’s t- test was used for statistical analysis, and the results
are shown as mean and SD.

3.6 Effect of Tff3 deficiency in the hippocampus of HFD- and SD-

fed mice
3.6.1 Visualization and quantification of hippocampal cell markers

To determine whether the absence of Tff3 has a marked effect on the hippocampus of
mice with long-term HFD treatment, the major cell types were labeled and visualized.
Fluorescent labeling was used to determine if there were differences in the spatial
arrangement and morphology of the cells. Astrocytes were labeled with glial fibrillary

acidic protein (GFAP), microglia with ionized calcium binding adaptor molecule 1 (Ibal),
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and mature neurons with neuronal nuclear protein (NeuN). The same cell markers were
used on the hippocampus of SD -fed animals from all groups to rule out any effects of

Tff3 deficiency alone. Proteins were also quantified by WB.

The astrocytes of the male HFD mice (Figure 23a, left panel) appeared to be activated
compared with the male SD mice (Figure 23a, left panel), as indicated by larger somas
and cell processes. The two genotypes were similar in terms of astrocyte morphology
(Figure 23a, left panel) and GFAP quantity (Figure 24a). Both male HFD mice showed
activation of microglia (Figure 23a, middle panel), as evidenced by swollen cell bodies
and thicker, shorter processes compared with the male mice from SD (Figure 23a, middle
panel). The male HFD-Tff3-/- mice appear to have slightly fewer activated microglia than
their WT counterparts (Figure 23a, middle panel). Activation of microglia is usually
followed by an increase in Ibal accumulation, which is not visible here in the protein
content of the HFD-Tff3-/- mice (Figure 24a). Visualization of neurons (Figure 23a, lower

panel) and quantification of NeuN (Figure 24) showed no significant differences.
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Figure 23. Caption on page 62.
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Figure 23. Caption on page 62.
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Figure 23. The effects of Tff3 deficiency on cell morphology of specific cell type protein markers in
hippocampi of (a) HFD and (b) SD male mice. Immunofluorescence images of dentate gyrus of
hippocampus showing astrocytes labeled by GFAP (left panel), microglia labeled by Ibal (middle panel),

and mature neurons labelled by NeuN (right panel).
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Figure 24. The effect of Tff3 deficiency on expression of specific cell type protein markers in
hippocampi of (a) HFD and (b) SD exposed male mice. Protein levels of specific cell type markers GFAP
(astrocytes), Ibal (microglia) and NeuN (mature neurons) was determined by western blot (left) and
associated protein quantification by densitometry (right). ImageJ was used to obtain the relative protein
levels and they were normalized against the Amido black signal. Unpaired two-tailed Student’s t- test was
used for statistical analysis, and the results are shown as mean and SD. *p < 0.05

In female HFD mice, astrocytes were similar in both morphology (Figure 25a, left panel)
and GFAP accumulation (Figure 26a). HFD Tff3-/- female mice had more activated
microglia compared to WT female mice (Figure 25a, middle panel). This was followed by
a slightincrease in Ibal protein levels in the hippocampus (Figure 26a). NeuN was slightly
but not significantly increased in Tff3-/- females.
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SD-fed mice appeared to have generally inactive astrocytes and microglia (Figures 23b
and 25b, left and middle panels). Morphology and arrangement of cells showed no major
differences between genotypes in male SD mice (Figure 23b). However, protein
guantification showed a reduction in Ibal and NeuN protein levels in the hippocampus of
male SD Tff3-/- mice compared with WT mice (Figure 24b). SD female mice did not show

statistically significant differences between genotypes (Figures 25a and 25b).
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Figure 25. Caption on page 67.
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Figure 25. Caption on page 67.
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Figure 25. The effect of Tff3 deficiency on cell morphology of specific cell type protein markers in
hippocampi of (a) HFD and (b) SD male mice. Immunofluorescence images of dentate gyrus of
hippocampus showing astrocytes labeled by GFAP (left panel), microglia labeled by Ibal (middle panel),

and mature neurons labeled by NeuN (right panel).
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Figure 26. The effect of Tff3 deficiency on expression of specific cell protein markers in hippocampi
of (&) HFD and (b) SD exposed female mice. Protein levels of specific cell type markers GFAP
(astrocytes), Ibal (microglia) and NeuN (mature neurons) was determined by western blot (left) and
associated protein quantification by densitometry (right). ImageJ was used to obtain the relative protein
levels and they were normalized against the Amido black signal. Unpaired two-tailed Student’s t- test was

used for statistical analysis, and the results are shown as mean and SD.

3.6.2 The effect of Tff3 absence on synaptic integrity and neurodegeneration

To determine whether Tff3 deficiency affects synaptic integrity, levels of Synaptosomal-
Associated Protein, 25kDa (Snap-25), a marker of functional synapses, were determined

by Western blot. No significant differences in Snap-25 protein levels were observed
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between mice of genotype WT and genotype Tff3-/-, regardless of sex and diet (Figure
27).
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Figure 27. Protein accumulation of Snap-25 in the hippocampi of 40-week-old Tff3-/- and WT mice
fed. (a) Blots showing Snap protein levels in the hippocampi of male HFD WT and HFD Tff3-/- mice (top
panel), female HFD WT and HFD Tff3-/- mice (upper middle panel), male SD WT and SD Tff3-/- mice (lower
middle panel), and female SD WT and SD Tff3-/- mice. Amido black staining was used as loading control.
(b) Associated quantification of proteins by densitometry. ImageJ was used to obtain the relative protein
levels and they were normalized against the Amido black signal. Unpaired two-tailed Student’s t- test was
used for statistical analysis, and the results are shown as mean and SD.

Brain sections were stained with Fluoro-Jade C to visualize degenerating neurons. While
SD fed animals showed no signal (data not shown), hippocampi from HFD mice showed

some signal (Figure 28).
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Figure 28. The effect of the absence of Tff3 on degenerating neurons in hippocampus amid long
term HFD consumption. Brain slices stained with FluoroJade C show degenerating neurons in dentate
gyrus of hippocampus of 40-week-old HFD fed male and female WT and Tff3-/- mice.
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4 Discussion

Metabolic and neurodegenerative diseases are a growing public health concern. They
share signaling pathways that may help clarify the developmental mechanisms of these
complex conditions. The Tff3 protein is involved in numerous metabolic processes
(36,37,132,133,38,40-42,52,95,96,131), and it displayed a potential to be a biomarker
for brain atrophy and ventricular expansion in Alzheimer's disease (112). Given the
intertwining of metabolic and neuronal pathophysiology with the function of Tff3 protein,
the question of its systemic effect in metabolic and neurodegenerative processes arises.
Therefore, the aim of this study was to determine the systemic effect of Tff3 deficiency in
C57BL6/N genotype mice exposed to chronic metabolic stress induced by HFD
treatment. The focus was on overall metabolic status and liver and hippocampal integrity.
To mimic the high-calorie, high-fat diet prevalent in modern lifestyle, a group of mice with
genetic background C57BL6N were exposed to HFD for 8 months. This included WT and
Tff3-/- mice of both sexes. Age- and sex-matched control mice were fed SD during the
same period to account for any metabolic effect of Tff3 deficiency independent of the
burden of fat overload.

4.1 The effect of Tff3 deficiency on body weight of mice

To determine whether Tff3 deficiency caused a differential overall response to stress
induced by high energy intake, mice were weighed halfway through and at the end of
HFD exposure. Male HFD WT mice weighed significantly less than male Tff3-/- mice at
21 weeks of age (17 weeks of HFD) (Figure 4a). Further HFD treatment narrowed these
differences by 36 weeks of age (32 weeks of HFD) (Figure 4b). Age- and sex-matched
SD-fed mice were weighed at the same age (Figure 4b) to determine if Tff3 deficiency
itself was at the root of this distinction. No significant weight difference was observed
between SD WT and Tff3-/- mice, regardless of age or sex. In B6.CAST-17 congenic

mice, whose characteristics include significantly increased carbohydrate and total caloric
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intake, compared with their C57BL/6 WT littermates, considerable upregulation of Tff3
was observed (134), indicating that Tff3 might have an impact on general energy intake.
Here, the absence of Tff3 is shown to have a significant effect on weight only in
combination with HFD treatment. This effect was dependent on the duration of the
treatment, as it was attenuated by the end of it. Previously, more pronounced weight loss
in Tff3-/- mice than WT mice after dextran sulphate sodium (DSS) treatment (15) and
significantly lower body weight in Tff3-/- than WT mice after five months of SD (96) were
reported. Later, it was shown that Tff3 deficiency had no effect on the weight of 12-week-
old mice (38). It is important to note that these mice had a mixed genetic background
(C57BL6J/Sv129) with unknown genetic recombination input, possibly contributing to
phenotype. In this work, a new congenic Tff3-/- strain on the genetic background
C57BL/6N without additional metabolically relevant mutations (39) was used. Since the
body weight of mice is strongly influenced by many factors, including strain, age, sex, and
diet, their complex interactions may explain the discrepancy between the results.

4.2 Differential Tff3 expression in the liver due to obesity or sex

The first time that Tff3 protein was associated with metabolic dysfunction was a study in
which dramatically lower gene expression was observed in the livers of 7-week-old Tally-
Ho mice, a model for T2D, compared with control mice (41). The same was observed in
genetic models of obesity, ob/ob and db/db mice, and in mice in which obesity was
induced by high-fat consumption (36,37), as well as in models of hepatic steatosis (132).
This study confirmed that HFD intake reduced Tff3 expression in the livers of male WT
mice (Figure 11a). There was virtually no difference in Tff3 expression between HFD and
SD female mice (Figure 11b). Further analysis revealed that female mice, both HFD- and

SD-fed, showed exceptionally low Tff3 expression in the liver (Figure 11c and 11d).

The sexual dimorphism of Tff3 expression in the liver may be an additional factor in the
differential regulation of disease processes in male and female individuals, as illustrated

here by the differences between males and females in the majority of the data.
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4.3 Protective effect of Tff3 deficiency on metabolic status of mice

The previously reported involvement of Tff3 in metabolic homeostasis
(36,37,132,133,38,40-42,52,95,96,131) prompted metabolic testing. Metabolic tests
were performed on Tff3-/- and WT mice of both sexes and under different nutritional
conditions (Figures 5,6,8, and 9). The IPGTT performed on HFD mice at 21 weeks of age
revealed that male HFD Tff3-/-mice utilized glucose from the blood faster than WT mice
(Figure 5a). At 36 weeks of age, this difference diminishes to the point that, conversely,
at 60’ timepoint male HFD WT mice exhibit faster glucose utilization than their Tff3-/-
counterparts (Figure 5e). In contrast, at 21 weeks of age, SD male mice showed no
differences in glucose tolerance (Figure 5c). The differences appeared at 36 weeks of
age, when male SD Tff3-/- mice showed better glucose tolerance than male SD WT mice
(Figure 5q). It seems that male Tff3-/- mice are better able to maintain glucose tolerance

when faced with stress, whether induced by HFD or ageing.

Female mice of both genotypes had very similar glucose tolerance, regardless of age or
diet (Figures 5b, 5d, 5f, and 5h). The only exception was at the 30’ time point in a test on
21-week-old female SD mice (Figure 5d). Here, Tff3-/- mice showed more rapid glucose
uptake from the blood.

In IPITT, male HFD mice showed no differences between genotypes, regardless of age
(Figures 8a and 8e). Female HFD Tff3-/- mice showed slightly better insulin tolerance
than SD WT females, with significantly lower glucose levels 60’ and 120’ after insulin

administration at 23 weeks of age (Figure 8b).

Standard diet - fed 23-week-old male Tff3-/- mice exhibited lower glucose level throughout
the test (Figure 8c), while female SD Tff3-/-mice exhibited lower glucose levels at the
beginning and the end of the test (Figure 8d). Interestingly, both male and female mice
showed genotype related differences in fasting glucose levels (at 0’) after 4 hours of
fasting before IPITT (Figure 8c and 8d), whereas there were no differences between the
same animals after 16 hours of fasting prior to IPGTT (Figures 5c and 5d). This shows
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once again how each factor can influence metabolic regulation. At 38 weeks of age, the

only difference remains at the end of the test (120’) performed on male SD mice (Figure
80).

Consistent with the trend in this study, Tff3 deficiency in 12-week-old mixed background
mice on SD resulted in lower glucose levels compared to WT mice at 15’ and 30’ after
both glucose and insulin administration (38). On the other hand, overexpression of Tff3
also improved glucose tolerance and insulin sensitivity in obese mice (genetic and diet-
induced obesity models) (37,42). There are many unknowns surrounding Tff3, its
complete function, its interactions, and its exact expression pattern. Moreover, many
factors contribute to metabolic regulation and consequently to the outcome of metabolic
tests. From this study alone it is clear that factors such as diet, age or fasting time, which
is not yet standardized in animal research, can drastically alter the glucose levels.
Additionally, there is the issue of genetic background and mutations in the are C57BL/6J
strain which may affect metabolic homeostasis. This complex mixture of influences on
metabolic regulation makes it difficult to determine the exact reason that the absence and

overexpression of Tff3 result in similar effects.

Biochemical analysis of serum after 36 weeks of HFD was used as an indicator of general
health status of mice (Figure 12). It revealed changes in levels of LDL, total cholesterol,
ALT and ALP, which were lower in the serum of male Tff3-/- mice compared with male
WT mice. This was not the case for Tff3- deficient mice on mixed genetic background
(38). Overexpression of Tff3 in obese mice also did not have any effect on cholesterol
levels (42). In rats with non-alcoholic steatohepatitis (NASH) - a progressive form of
NAFLD, recombinant human Tff3 administration had a similar effect as here presented
Tff3 deficiency, as it reduced the levels of serum markers of liver integrity ALT and ALP
(34). Overall, it is difficult to conclude exact reasons for observed phenotypes in this

complex metabolic model.
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4.4 Tft3 deficiency ameliorates fatty liver phenotype

The complexity of metabolism is illustrated by the liver lipid homeostasis. Its imbalance
leads to a variety of metabolic syndrome manifestations, including insulin resistance, type
2 diabetes, and fatty liver phenotype (135). The association is so close that recently a
group of experts reached the consensus that metabolic (dysfunction) associated fatty liver
disease (MAFLD) is a more appropriate term for heterogeneous pathogenesis hitherto
known as non-alcoholic fatty liver disease (NAFLD) (136). Hepatic steatosis is a hallmark
of metabolic disease and all but guaranteed under the stressful conditions of long-term
exposure to HFD. Given the potentially deleterious effects of HFD on liver integrity and
the fact that serum biochemistry points towards protective effects of Tff3 deficiency in the
liver, the liver histomorphology was examined (Figures 13-15). Not surprisingly, HFD mice
of both genotypes, exhibited signs of hepatic steatosis, but these were markedly reduced
in the livers of HFD Tff3-/- mice of both sexes compared with HFD WT mice, as confirmed
by fatty acid content analysis (Table 6). Although there was no evidence of steatosis, the
livers of mice fed with SD showed some lipid accumulation, which was less in the livers
of SD Tff3 mice of both sexes than in the livers of their WT counterparts (Figure 15). Lipid
droplets of Tff3-/- mice seemed to be smaller compared to WT mice. In line with the work
presented here, Tff3 was increased in the livers of Cbs-deficient mice, a model of genetic
fatty liver (132). However, the same group showed a negative association between Tff3

and hepatic fat in in apoE-deficient mice consuming linoleic acid (LA)-containing diet.

Hepatic adenoviral overexpression of Tff3 in diabetic (db/db) and obese (ob/ob) mice
showed a protective effect against hepatic steatosis (36). It was shown that it can
upregulate the expression of PPAR a and thus promote fatty acid oxidation. Additionally,
ChIP assay of mouse liver tissue showed that Tff3 can bind to the promotor region of
PPARa. Tff3 deficient mice on mixed genetic background had an increased number of
smaller lipid containing vesicles in the hepatocytes compared with WT mice on a standard
diet (38). Lipid droplets are mobile and dynamic organelles with vital roles in the
homeostasis of cellular metabolism and do not function as metabolically inactive lipid

stores as previously thought (137). Lipid droplets have a hydrophobic core enclosed in a
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phospholipid monolayer membrane (138). Phospholipid content of the membrane can
affect the size of the droplets. It would be interesting to see if there is a connection
between Tff3 and any of the factors influencing phospholipid composition of the
membrane (139), synthesis, growth or catabolism of lipid droplets (140) or interactions
between lipid droplets and other organelles (141). Tff3 shows an undeniable but varied
effect on hepatic steatosis and further studies are necessary to explain the reasons

behind the different directions of regulation.

Morphological differences were followed by quantitative differences in liver total fat
content (Tables 6 And 7). Tff3-/- mice show reduced total liver fat compared to WT mice.
both male and female mice, no matter the diet. Since it was shown that fatty acids may
have a key role in the development of insulin resistance and type 2 diabetes (142), liver
fat composition was analyzed. While HFD animals show similar fatty acid compaosition
between genotypes, SD animals show some genotype related differences. In both male
and female SD Tff3-/- mice level of total saturated fatty acid (SFA) content was
significantly increased and of total monounsaturated fatty acids (MUFA) significantly
decreased. The only specific significantly decreased SFA was palmitic acid (16:0) and
the significantly increased MUFA was octadecanoic acid (18:1), of which oleic acid is the
main representative. Tff3 knockout mice with mixed genetic background did not show the
same for palmitic acid, but did for SFA, MUFA, and oleic acid, as well as several other
FAs that were not altered here (38). Interestingly, palmitic acid was shown to have
deleterious and oleic acid beneficial effects on insulin resistance and type 2 diabetes
(143). In this regard, SD Tff3-/- male mice of this study had significantly better glucose

tolerance and slightly better insulin response.
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4.5 Tff3 deficiency affects the expression of genes involved in

Important pathophysiological processes in the liver

HFD uptake affects a variety of signaling pathways and processes underlying the
pathophysiology of metabolic disorders. Genes involved in inflammation, fatty acid
metabolism, apoptosis, endoplasmic reticulum stress, and oxidative stress were studied
in liver tissue. Among all genes analyzed, several showed differential regulation between
HFD mice of the two genotypes. When analyzed in SD mice, they showed similar
expression between Tff3-/- and WT mice, meaning that the variation in their expression

was due to HFD induced response and not Tff3 deficiency itself.

Ppary expression was downregulated in HFD males and females of Tff3-/- genotype
(Figure 16). Protein accumulation followed a downward trend but without reaching
statistical significance (Figure 22). Ppary is a transcription factor that regulates fatty acid
storage and glucose metabolism. It is not abundantly expressed in the liver under normal
conditions, but its hepatic expression has been shown to be upregulated in murine models
of obesity and hepatic steatosis (144-153). Liver-specific deletion of Ppary was shown to
reduce liver steatosis in mice treated with HFD and ethanol (154). The link between Tff3
and Ppary was first suggested because conjugated linoleic acid treatment induced their
expression of mouse colitis-affected colon and human colonocyte cell line, while pre-
treatment of the cells with a Ppary inhibitor prevented the Tff3 induction (155). This
interaction is also supported by the presence of potential PPARy-binding sites in the
promoter sequence of TFF3 and previous findings of PPARy-dependent regulation of
TFF2 in gastric epithelial cells (156). In addition, it has been suggested that Tff3
attenuates NAFLD via an increase in PPARa expression through direct binding to the
PPARa promoter (36). Ppara mRNA level was unchanged in SD Tff3-/- mice.

The only significant change in cytokine levels in male mice was an increase in II-6
expression in the absence of Tff3 (Figure 17a). On the protein level, the same trend was

observed, but without statistical significance (Figure 22a). 1l-6 is a cytokine involved,
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among many others, in the pathophysiology of obesity and its comorbidities, although its
exact role remains to be elucidated (157). II-6 knockout mice develop obesity, insulin
resistance, hepatic steatosis and inflammation, and worse phenotype than controls when
subjected to HFD treatment, suggesting a protective role (158). In this study, it also
seemed to have a protective role as its upregulation was observed in mice with a less
pronounced obesity phenotype. In our previous work Tff3-/- male mice exhibited liver 11-6
MRNA increase in response to high salt burden (115), while there were also no
differences between genotypes in mice on SD. Small interfering RNA (siRNA) - mediated
downregulation of Tff3 expression induced IL-6/JAK/STAT3 pathway and treatment with
TFF3 inhibited it in thyroid cancer cells (159) and human bronchial epithelial cells (160).
Another group reported a reciprocal relationship between the two (26). IL-6/STAT3
signaling initiated the expression of Tff3 in biliary epithelial cells (BEC) and subsequently
promoted proliferation and migration to facilitate wound healing in response to bile duct

injury.

Overload of lipids, free fatty acids and cholesterol can trigger ER stress, which leads to
unfolded protein response (UPR) to restore normal ER function (161). Among the ER
stress markers, sXbp1 was significantly upregulated in the livers of HFD male Tff3-/- mice
compared to WT (Figure 19a). Tffs, including Tff3, have been associated with ER stress
pathways before (113,162-166), but to my knowledge this is the first connection to sXbp1.
SXbp1l is an active transcription factor, a product of cleaving Xbpl1 by inositol-requiring
protein 1 alpha (IRE1 a) (167), one of the three transmembrane stress sensors by which
UPR is mediated (168). Hepatic sXbpl has been identified as a transcription factor that
regulates the expression of genes involved in lipid metabolism (169-171), as well as,
glucose and insulin homeostasis (172,173). Xbp1l activity is significantly reduced in the
liver of ob/ob mice compared with WT mice (172) and once restored, glucose
homeostasis improves (172,174,175). Moreover, Xbpl- deficient mice develop glucose
intolerance and systemic insulin resistance. (176). As mentioned previously, IRE -1a
activates splicing of Xbpl, and liver-specific IRE -1a-null mice have been shown to
develop severe fatty liver disease following ER stress induction (177). These findings

suggest that Xbp1l, albeit with unresolved molecular mechanism, may play a protective
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role in the development of hepatic steatosis. The upregulation of sXbpl mRNA
expression in HFD male Tff3-/- mice compared to HFD WT mice shown in this work
supports sXbpl acting as a protective factor in the obesity-associated metabolic

conditions.

Ppary, II-6 and Xbpl have been shown to be interdependently related in many different
contexts and directions: Ppary can have an effect on 1l-6 (178-184), 1I-6 on Ppary (185—-
187), Ppary on Xbp1 (188), Xbp1 on Ppary (177,189,190), II-6 on Xbp1 (191-193), and
Xbpl on II-6 (194,195,204,196-203). It is impossible to say without more extensive
research, but perhaps they regulate each other through the same pathway. As previously
mentioned, siRNA — mediated downregulation of Tff3 is able to induce IL-6/JAK/STAT3
pathway(159,160), some of the 1l-6-Xbpl interactions mentioned also included STAT3
signaling (186,194,197,198), Ppary was known to interact with STAT3, and Tff3 can
regulate STAT3 at the promoter level (205). Taken together, this raises the question of

whether STAT3 could be a common denominator in this potential signaling pathway.

In addition to Ppary mentioned above, female mice displayed differences in Cxcl1, Ccr2
(Figure 17b), and Bag6 (Figure 18b) expression. Cxcl1 one reduction observed on mRNA
level was present on protein level as well (Figure 22b). Cxcl1 acts as a chemoattractant
for neutrophils (206). Hepatic infiltration of neutrophils is critical for the development of
inflammatory liver disease and accelerates the NAFLD progression (207). Its expression
was lower in the livers of HFD Tff3-/- females, which exhibited attenuated steatosis
compared to HFD WT females. In our previous work Tff3-/- mice, albeit male, also had
lower Cxcll expression compared to WT mice upon the induction of ER stress, another
stressful condition characterized by increased inflammation (208). Liver-specific deletion
of Ppary reduced hepatic steatosis and caused Cxcll upregulation (154). However, in
several tissues, activation of Ppary resulted in both an increase (209) and a decrease
(210,211) in Cxcl1 expression.

Ccr2 mediates the recruitment of monocytes and macrophages to the site of inflammation

by binding monocyte chemoattractant protein-1 (Mcp-1). Both were reduced in the livers
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of Tff3-/- females compared to WT female, but only Ccr2 significantly (Figure 17b). Ccr2
deficiency ameliorated hepatic steatosis, improved glucose homeostasis and insulin
sensitivity in obese mice (212). Ccr2 may trigger the expression of Ppar (213), while Ppary
was shown to have inhibitory effect on Ccr2 (214-216). Itis possible that Ppary is included
in the regulation of these cytokines by Tff3.

Bag6 was upregulated in the liver of Tff3-/- female mice (Figure 18b). Bag6/Bat3/Scythe
is a protein complex involved in apoptosis and membrane proteins quality control (164).
Screening of the mouse cochlear cDNA library with a yeast-two-hybrid assay identified
Bcl2-associated athanogene 6 (Bag6/Bat3/Scythe) as a potential Tff3 interactive partner
(113).

Taken together, the results presented show that the Tff3 protein is involved in complex
metabolic processes and its absence throughout the body appears to be a protective
factor, as evidenced by the improvement in steatosis and glucose and insulin
homeostasis (in some cases), as well as favorable expression profile of relevant genes

in mice of the Tff3-/- genotype.

4.6 Astrocytes, microglia, and neurons in the absence of Tff3

Since the first report of Tff3 expression in the brain (98), it has been referred to as a
neuropeptide and has been detected several times in different regions of the mammalian
brain. It has been associated with many brain-related pathologies, including
neurodegeneration (108,110-112). Obesity and HFD associated with metabolic
syndrome have been linked to cognitive impairment, neuroinflammation, and eventually
neurodegeneration. To elucidate the role of Tff3 in this context, we have determined
whether its absence has effects on the hippocampus of mice exposed to HFD-induced

stress.
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The major cell types in the brain were visualized using common cell protein markers,
which were also quantified. HFD treatment caused signs of neuroinflammation in male
and female mice, as evidenced by activation of astrocytes and microglia (Figures 23a,
and 25a) absent in SD mice (Figures 23b and 25b). Activation of astrocytes is
characterized by their hypertrophy and increased expression of GFAP (217). Microglial
activation can be recognized by increased soma size, shorter and thicker processes and
increased Ibal expression (218). Age- and sex- matched animals fed SD did not exhibit

such activation (Figures 23b and 25b).

Astrocytes are the most abundant glial cells in the central nervous system (219) with a
role in maintaining the homeostasis. They are involved in neuroinflammation, and their
response may be inflammatory or immunosuppressive depending on the environment
(220). Astrocyte activation is provoked by HFD (221-224). According to Arnold et al, Tff3
was found in vesicles within astrocytes in primary cultures from rat cortex, and its
transcription was reduced by incubation with LPS. On the other hand, Tff3 was not
synthesized by primary astrocytes from rat hippocampus (45). In this study, no genotype-
related differences were observed in astrocytes, suggesting that Tff3 deficiency has no
influence in this context (Figures 23-26)

Ibal, a marker for microglial cells, was altered by Tff3 deficiency in SD males. Male SD
Tff3 -/- mice had significantly lower accumulation of Ibal protein in the hippocampus
(Figure 24b). Both male and female HFD mice showed activation of microglia, females
less so (Figures 23a and 25a). This activation is not surprising, as it has been previously
shown that HFD induces microglia activation (221,222,225-230). Interestingly, male HFD
mice Tff3-/- mice appeared to have slightly less activated microglia (Figure 23a) while
female HFD Tff3-/- mice exhibited more activation than their WT counterparts (Figure
25a). This may be because male Tff3-/- mice have lower microglia levels even in the
absence of activation by HFD, preventing them from catching up with WT mice in the
inflamed state. Activation of microglia is not only reflected in the morphological changes
but is also accompanied by upregulation of Ibal (45,218). Fu et al. reported the
expression of Tff3 in primary rat hippocampal and cortical Iba-1-expressing cells and even

showed co-localization of Ibal and Tff3 in cortical cell culture. Microglia are characterized
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by their rapid activation in response to even minor pathological challenges in the CNS.
Recently, even middle-aged mice were found to exhibit some reactivity.

NeuN was also downregulated in the hippocampi of male SD Tff3-/- mice compared to
WT mice (Figure 24b), indicating neuronal loss in Tff3 deficient males on SD. Tff3 was
detected in the neurons of almost all brain regions in humans and rodents (44,46,47,97—
101). It was expressed by and colocalized with microtubule-associated protein 2 (Map2)
(another marker of neurons) in primary rat cortical and hippocampal cell cultures, as well
as in the cerebellum of adult rats (45). It exerts protective effect on injured neurons in the
ischemic cerebral tissue of mouse model of stroke (114). Taken together, this suggests

an important role of Tff3 in neuron function, corroborated by the above presented finding.

4.7 The effects of Tff3 deficiency on one of the hallmarks of early

neurodegeneration pathology and neurodegeneration itself

Since Tff3 has been associated with several neurodegenerative pathologies (108,110—
112), the aim was to determine if Tff3 deficiency has impact on synaptic function as an
early pathological event in neurodegeneration (231) and neurodegeneration itself.
Synaptic function was assessed by quantifying Synaptosomal-Associated Protein, 25kDa
(Snap-25), a marker of functional synapses (232,233). This marker was chosen among
many because my research group found it was affected by Tff3 deficiency in the
hippocampus of a different mouse model on shorter HFD regimen (unpublished data).
The level of SNAP 25 was not affected by Tff3 deficiency, neither in SD nor HFD model
of this study (Figure 27).

It is known that HFD can induce neurodegeneration (127). Brain sections were stained
with FJC (234,235) and, indeed, HFD caused neuronal degeneration (Figure 28) in both
1f3-/1- and WT mice. Interestingly, Fluoro-Jade C staining showed some elongated signals,
seemingly in blood vessels. The signal in blood vessels could be due to inefficient

perfusion, since FJC is an analogue of eosin and could stain blood cells (236). However,
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both HFD and SD animal groups were perfused in the same way, and these signals
weren’t present in SD animals. Additionally, a recent study suggests that Thiazine Red
positive platelet inclusions in the cerebral blood vessels are an early sign of disease in
AD mouse model (237). Perhaps, HFD treatment induced similar platelet aggregation in
cerebral blood vessels here, which made them harder to perfuse entirely than those
without platelet aggregation in SD mice.

Taken together the data acquired by this study suggest a role of Tff3 in changes induced

by HFD treatment, however it is still unclear.

4.8 Commentary on Sexual Dimorphism

The subject of sexual dimorphism in these data could be a whole different dissertation,
so it was only briefly touched upon earlier in the thesis, but it is important to note that the
sex of the animals was a very influential variable, which influenced the outcome of each
experiment presented in this thesis. Sexual dimorphism is ubiquitous but has been largely
ignored in biomedical research for years. The data presented here highlight the
importance of including both sexes in research and clearly identifying the strain and sex

of animal models or participants.
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5 Conclusion

Whole-body deficiency of Tff3 resulted in a differential response of C57BL6/N mice to
chronic metabolic stress induced by long-term HFD consumption, and the treatment
caused Tff3 reduction in the livers of WT animals, confirming a distinct role of Tff3 protein
in metabolic processes. As hypothesized, the absence of Tff3 showed a protective effect
on glucose homeostasis in and lipid regulation. Previous studies usually indicate a
protective effect of its increased expression or its systemic administration. However, this
study was the first to be performed in a Tff3-/- mouse on a pure C57BL/6N genetic
background, which excluded the possibility of the influence of potential heterozygosity
and metabolic mutations. Moreover, most previous research has been performed by
specifically silencing or enhancing expression in one organ or cell culture, whereas in this
model Tff3 is absent at the whole-organism level. Given its presence in the blood and its
already demonstrated ability to act at distant sites, it is possible that interaction between
different organ systems is a cause of the disparate results. The immense complexity of
metabolism and the factors influencing it should also be considered. In this study, it was
found that some differences that existed halfway through the experiment disappeared by
the end of it.

Unexpectedly, genotypic differences in the hippocampus were virtually non-existent in a
stressful environment, whereas subtle differences were present under standard
conditions. A number of factors are involved in this overall interaction, which are likely to

be turned on and off depending on external stimulus.

In addition, the influence of sexual dimorphism, which is not commonly addressed, was

demonstrated, not only on the action of Tff3, but also on its expression in the liver.

All in all, this research has again demonstrated the important role of Tff3 in the organism
and provides a good basis for a more detailed focus on the mechanistic explanations of
the demonstrated phenotype. Furthermore, the observed sex differences and the different
results of this study compared to previous studies demonstrate the importance of

including both sexes in biomedical research and accurately describing the subjects.
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7/ Summary

Tff3 is a small secretory protein ubiquitous in distribution and function. It is secreted
mainly by goblet cells of the intestine, where it plays a role in mucosal restitution, but has
been detected in most organs, including liver and brain. It is involved in several
pathologies, including metabolic and neurological disorders. A reduction of Tff3 in the liver
of Tally-Ho mice, models of "diabesity," was found in the early stages of the disease. This
was later confirmed in other models of obesity. Many studies showed an effect of Tff3 on
some features of the metabolic disorder. Deregulation of Tff3 was also found in
neurodegenerative diseases. This was most striking in the CSF of AD patients, where it
was markedly reduced and associated with the severity of brain atrophy and ventricular
expansion. Tff3 showed a neuroprotective effect, and ability to cross blood-brain barrier.

It is known from previous research that HFD ingestion induces features of the metabolic
syndrome, such as impaired glucose metabolism and insulin signaling and hepatic
steatosis. In addition, it has been shown that such exposure can cause changes in the

brain ranging from neuroinflammation to neurodegeneration

In this study, newly developed congenic Tff3-/- mice on a C57BI/6N genetic background
and appropriate WT controls were exposed to an 8-month HFD treatment. During this
time, they were subjected to metabolic tests, while serum, liver, and brain were collected

at the end of the experiment and analyzed.

HFD induced Tff3 reduction and some features of the metabolic syndrome. Tff3 knockout
mice generally exhibited a protective metabolic phenotype. This was reflected in better
glucose utilization in metabolic tests, lower blood biochemical parameters associated with
fatty liver, an improved fatty liver phenotype, and a favorable gene expression profile of
markers for relevant pathophysiological processes
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The hippocampus of all animals exposed to HFD showed some degree of inflammation.
Differences in the levels of major cell types between genotypes were noted in only in the
animals on SD, where the male Tff3-/- mice showed slightly lower levels of microglia and

neuron protein markers. HFD treatment counterbalanced these differences.
The results reported in this dissertation identify Tff3 as an important player in metabolic

regulation and provide the basis for further research into its role and a possible

mechanistic explanation for the observed phenotype.
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8 Sazetak

8.1 Uvod

Trefoil factor 3 je mali sekretorni protein sa Sirokom distribucijom i funkcijom. Uglavhom
se izluCuje iz crijevnih vrCastih stanica gdje ima ulogu u restituciji sluznice, ali je otkriven
u vecini organa, ukljuujuéi jetru i mozak. UkljuCen je u razne patologije, ukljuCujudi
metaboliCke i neuroloSke poremecéaje. Smanjenje Tff3 u jetri Tally Ho miSeva, modela
"dijabetesa", primijeCeno je u ranim fazama poremecaja, $to je kasnije potvrdeno u
drugim modelima pretilosti. Mnoga su istrazivanja pokazala ucinak Tff3 na znacajke
metaboliCkog poremecaja. Deregulacija Tff3 zabiljezena je i kod neurodegenerativnih
bolesti. PonajviSe u likvoru bolesnika s AD-om, gdje je bio izrazito smanjen i povezan s
razinom atrofije mozga i ventrikularne ekspanzije. Tff3 je pokazao neuroprotektivni u€inak

i moze prije¢i krvno-mozdanu barijeru.

Dobro je poznata Cinjenica iz prijasnjih istrazivanja da visokomasna prehrana izaziva
znaCajke metabolickog sindroma, kao Sto su poremeceni metabolizam glukoze i
inzulinska signalizacija, te steatoza jetre. Osim toga, pokazalo se da takav stres moze

izazvati promjene u mozgu, u rasponu od neuroinflamacije do neurodegeneracije.

8.2 Cilj istrazivanja

Cilj ovog istrazivanja bio je miSevima inducirati kroni¢ni stres pomoc¢u visokomasne
prehrane s cillem uzrokovanja obiljezja metabolickog sindroma i promjena u mozgu i
pratiti odgovor. Krajnji cilj je bio pratiti ima li razlika u odgovoru izmedu Tff3-/- miSeva u
odnosu na miSeve divljeg tipa na razini metabolizma i integriteta jetre i mozga kao

centralnih organa metabolickih i neurodegenerativnih poremecaja.
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8.3 Materijali i metode

U ovom istrazivanju koristen je novorazvijeni kongeni¢ni Tff3-/- mi§ji soj na C57BI/6N
genetskoj pozadini i odgovarajuée WT kontrole. Zivotinje oba spola hranjene su
visokomasnom hranom od odvajanja od majke s 4 tjedna do Zrtvovanja s 40 tjedana. U
svrhu kontrole jesu li promatrane promjene ovisne o odgovoru na stres ili uzrokovane
samim nedostatkom Tff3 skupina Zivotinja jednakog sastava hranjena je standardnom
prehranom. Zivotinje su podvrgnute metabolikim testovima (test tolerancije glukoze ili
inzulina) na polovici i kraju pokusa. Nakon 8 mjeseci visokomasne prehrane Zivotinje su
zrtvovane te su prikupljeni serum i tkiva jetre i mozga za daljnje analize. U serumu su
odredeni standardni biokemijski parametri. Jetra je analizirana histomorfoloski, odreden
je sastav i koli¢ina masti pomo¢u HPLC-a i genski profil markera metabolizma masnih
kiselina, upale, apoptoze, stresa endoplazmatskog retikuluma i oksidativhog stresa.Ti
procesi relevantni su i deregulirani u vecini patofizioloSkih dogadaja u organizmu. U jetri
zivotinja divljeg tipa provjerena je razina ekspresije Tff3. Mozak, to¢nije hipokampus, je
prou¢avan uz pomo¢ imunofluorescencije i kvantifikacije Western blot metodom proteina
markera astrocita, mikroglija i neurona u hipokampusu. Dodatno, kvantifikacijom Snap 25
proteina provjeren je integritet sinapsi, a bojanjem Fluoro Jade C bojom procijenjena je

razina neurodegeneracije u hipokampusu.

8.4 Rezultati

Na polovici pokusa pri vaganju, muzjaci Tff3-/- genotipa tezili su znatno manje nego WT
muzjaci. Takoder su se pokazali bolji na testu tolerancije glukoze. Daljnjim unosom
masne hrane pribliZili su se WT muZjacima u spomenutim vrijednostima. Zenke nisu
pokazivale znacajne razlike. Visokomasna prehrana uzrokovala je smanjenje Tff3
ekspresije u jetri WT muzjaka, dok je u jetri Zenki ekspresija Tff3 bila zanemariva bez
obzira na prehranu. U vidu metabolizma masti Tff3-/- miSevi opc¢enito su pokazali

povoljniji metaboli¢ki fenotip. Tff3-/- miSevi oba spola pokazali su smanjeni masni fenotip
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u jetri i morfoloski i koliCinom masti u jetri. Kod muzjaka je to bilo izraZenije i dodatno
prac¢eno smanjenim biokemijskim parametrima koju ukazuju na osteéenje jetre. Zivotinje
oba spola pokazale su smanjenje Ppary ekspresije. Genski profil markera ostalih stresom
induciranih procesa bili su razliCiti kod muzjaka i zenki. U hipokampusu su primijecene
promjene u vidu neuroinflamacije, bez nekih znacCajnih razlika.medu genotipovima.
Interesantna je Cinjenica da su kod muZjaka na standardnoj prehrani postojale razlike
koje su uklonjene masnom prehranom. Ibal i NeuN, makreri mikroglija i neurona bili su
snizeni u hipokampusu Tff3-/- muzjaka. Masna prehrana je uzrokovala je degeneraciju

neurona koja je izostala kod Zivotinja na standardnoj prehrani, kao efekt starenja .

8.5 Rasprava i zakljucCak.

Analizom dobivenih rezultata mozZe se sa sigurnoséu potvrditi uloga Tff3 proteina u
metabolizmu. U ovom istraZivanju u kontekstu metabolizma nedostatak Tff3 pokazao je
zastitni uCinak, iako prijasnja istrazivanja mahom ukazuju na zastitni uCinak njegove
povecéane ekspresije ili sistemske primjene. Medutim, ovo istrazivanje je radeno po prvi
put na Tff3-/- miSu Cistog genetskog porijekla ¢ime je otklonjena moguénost utjecaja
potencijalne heterozigotnosti i mutacija relevantnih za metabolizam. Nadalje, vecina
dosadasnijih istrazivanja je radena specificnim stiSavanjem ili pojaCavanjem ekspresije u
jednom organu ili kulturi stanica dok je kod ovog moda rije¢ o nedostatku Tff3 na razini
cijelog organizma. Ako se uzme u obzir njegova pojavnost u krvi i ve¢ pokazana
mogucnost djelovanja na udaljenim mjestima, moguce je da je interakcija izmedu razlicitih
sustava dio uzroka razli¢itih nalaza. Takoder treba uzeti u obzir neizmjernu kompleksnost
metabolizma i faktora koji utje€u na njega. | u ovom istraZivanju vidjelo se da su neke
razlike koje su postojale na pola puta do kraja pokusa nestale. S druge stane genotipske
razlike u mozgu pokazale su se relativho suptilnima u stresnom okruzenju, a postoje u
standardnim uvjetima. U cijeloj toj interakciji sudjeluje niz faktora koji se vjerojatno
uklju€uju i isklju€uju u ovisnosti o vanjskim faktorima. Dodatno ponovo je pokazan utjeca;j

spolnog dimorfizma, ne samo na djelovanje Tff3 nego i na njegovi ekspresiju u jetri. Sve
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u svemu, ovo istrazivanje joS jednom je pokazalo vaznu ulogu Tff3 u organizmu u
predstavlja dobre temelje za preciznije usmjeravanje na mehanistiCka objasnjenja
pokazanog fenotipa. Dodatno, primijeéene spolne razlike i razli¢iti nalazi ovog od
dosadasnijih istrazivanja ukazuju na vaznost uklju€ivanja oba spola u biomedicinska

istraZivanja i detaljnog opisivanja pokusnih subjekata.
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