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Summary:

Metabolic syndrome is widespread and negatively impacts healthy longevity
but takes years to study in mammalian models, delaying translational
applications. To address this, we characterized the unique polygenic “Titan”
mouse (110 grams average) with a healthy lifespan of only 4 months that was
generated by 45 years of breeding selection. Titan mice displayed increased
plasma leptin, insulin, IL-6 and fasting triglycerides. Also, pancreatic fat cell
accumulation and thymic medullary hyperplasia were detected in Titan animals.
Liver transcriptome and proteome analysis demonstrated alterations in lipid
metabolism, the methionine cycle, and cytochrome P450 regulation in Titan
mice. Late dietary intervention in Titan mice reduced fat content and improved
expression of genes involved in lipid synthesis and cytochrome P450
detoxification, altering the abundance of metabolites, including malonyl-CoA
and dimethylglycine. Strikingly, late dietary intervention at 3 months of age
almost doubled the healthy lifespan of Titan mice. This powerful model of
metabolic disorders, systemic inflammation, and early aging will enable to

provide uniquely rapid results for translational intervention.
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Introduction:

Improvements in public health and quality of life have increased life expectancy,
with a concomitant increase in age-related diseases (Crimmins, 2015; Nikolich-
Zugich et al., 2016) caused by progressive deterioration of tissue structure and
function(Lépez-Otin et al., 2013). Age-related pathologies, such as cancer and
neurodegenerative, autoimmune, cardiovascular, and metabolic diseases [e.g.,
metabolic syndrome (MetS) (Lopez-Otin et al., 2016), cause major morbidity
and mortality (Lopez-Otin et al., 2016). MetS is especially quite prevalent in
middle-aged people in the western world (Bonomini et al., 2015; Hildrum et al.,
2009; Lund et al., 2020; Monteiro and Azevedo, 2010; WHO, 2020). Thus,
targeting the onset and progression of MetS to promote healthy aging will

benefit a large and growing demographic.

Short-lived non-mammalian model organisms such as worms, flies, and killifish
(Kenyon, 2010; Longo et al., 2015; Poeschla and Valenzano, 2020) have
provided substantial insight into the molecular mechanisms of metabolic aging
potentially informing novel healthy lifespan-extending therapies, but data from
these organisms may not be generalizable to understand and intervene in
human aging. Mammalian models are more closely related to humans but
require expensive and time-consuming research, with results sometimes
achievable only after several years (Koks et al., 2016; Li and Auwerx, 2020;
Liao and B. K. Kennedy, 2014; Yuan et al., 2009). For a more timely and
reasonable experimental design, inbred mouse lines with accelerated aging
(Liao and B. K. Kennedy, 2014; Yuan et al.,, 2009) have been created by
generating targeted point-mutations in specific pathways relevant to aging. This

approach allows studying the relative contribution of each component of the


https://doi.org/10.1101/2020.05.11.088625
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.11.088625; this version posted May 13, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

De Diego et al.
4

aging process. In this respect, several progeroid mouse models engineered
with mutations affecting genomic stability have been generated (Folgueras et
al., 2018; Liao and B. K. Kennedy, 2014). Likewise, lines with deficiencies in
specific metabolic genes have been created to model MetS (A. J. Kennedy et
al., 2010), a major syndrome affecting healthy aging (A. J. Kennedy et al.,
2010), particularly leptin-deficient (Lep°®®) (Y. Zhang et al., 1994), leptin
receptor-deficient (LepRY/%), and lethal yellow agouti (A¥/a) mice (A. J.

Kennedy et al., 2010).

Currently, such in-bred mouse lines are the most commonly used mammalian
models to study aging (Yuan et al., 2009) (Kdks et al., 2016; Li and Auwerx,
2020). However, these models have several drawbacks, as aging is a
multifactorial process with multiple genes having combined effects on an
organism’s lifespan(Lopez-Otin et al., 2013). Therefore, inbred lines carrying
specific genetic mutations may not reflect the more variable metabolic aging of
humans (Li and Auwerx, 2020). Further, many common inbred mouse models,
such as C57BL/6J, have specific genomic alterations (e.g., deletions in coding
regions) as well as extremely long telomeres coupled with higher telomerase
activity in many organs, which can give rise to non-generalizable results(Calado
and Dumitriu, 2013). Alterations in such key biological processes impose
obstacles for interpreting data in the context of other organisms. Thus recently,
the disadvantages of using extreme standardization (i.e., use of specific inbred
mice) have been emphasized (Li and Auwerx, 2020). Furthermore, the outcome
of lifespan interventions may differ between various inbred mice, producing

conflicting results (Liao et al., 2010) and inhibiting transfer of this knowledge to
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the more diverse human population (Li and Auwerx, 2020). Therefore, using

out-bred mice may be more relevant to develop interventions in human aging.

The Dummerstorf non-inbred mouse line “Titan” (previously called DUG6), a
giant mouse (110 grams average) strain created over 45 years via >180
generations of weight-based breeding selection (Bunger et al., 1998; Renne et
al., 2013; Timtchenko et al., 1999), is a potential alternative model for defects
in metabolic aging. These mice are polygenic and characterized by gigantism,
obesity, increased growth hormone levels (GH), and possible alterations in fat
metabolism (Liao and B. K. Kennedy, 2014; Lopez-Otin et al., 2013). Of
interest, the GH - insulin-like growth factor 1 signalling (lIS) axis, which
mediates mammalian growth and metabolism, represents perhaps the most

potent and best characterized pathway involved in longevity

(Altintas et al., 2016; Lee and Longo, 2018). For example, transgenic mice
overexpressing different GH genes live much shorter than the wild-type controls

(Bartke, 2003; Steger et al., 1993).

We hypothesized that giant Titan mice would display a shorter lifespan than
control mice (Bartke, 2003). Overall, we aimed to characterise metabolic
changes in Titan mice and decipher how such alterations may impact their
lifespan by combining histological and plasma analysis with liver RNA
sequencing and proteome analysis. We also used these mice to explore
interventions that may be applicable to promote healthy aging. Our findings
support the use of these mice as a suitable efficient polygenic model for study

of the complexities inherent in metabolic aging.
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Results

45 years of body weight selection to create Titan mice

Ongoing selection over the past 180 generations has caused profound
changes in the phenotype of the non-inbred Titan line. Unselected control and
Titan mice average 35 and 90 g at the age of selection (6 wks), respectively
(Figure 1A and B). Controls reach an average of 45 g by 4 months. Six-week
old Titan mice display a considerably bigger size than unselected mice (Figure
1B). At 10-11 wks of age, Titan mice reach 14.75 cm in body length (Figure
1C) and exhibit an increase in both total fat and lean mass as well as fat
percentage (Figure 1D and E). Of note, fat distribution is also altered, with Titan

mice accumulating more intra-abdominal fat than controls (Figure 1F).

Previous studies have described an inverse link between size, BMI, and
longevity within a species(Selman et al., 2013), so it seemed intriguing that the
lifespan of Titan mice might differ from controls. Indeed, the lifespan of Titan
mice was dramatically shorter than the outbred control strain (Figure 1G). Titan
mice reached the pre-mortality plateau phase (10% death) at 4—5 months, while
controls reached theirs at 10 months. The mean survival time was also strikingly
different, with 50% of Titan mice dying by around 10 months of age. Also, by 4
months of age, Titan mice grow to an average of 115 g (Figure 1H) and their
skeletons are larger than those of controls (Figure 11). In terms of experimental
length and selection success, this ongoing experiment represents a unique
scientific endeavor and, to our knowledge, has produced the largest known

mouse model (A. J. Kennedy et al., 2010).
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Based on the pre-mortality plateau data, we compared various parameters in
Titan and control mice at 4-5 months (16—-17 wks, 110-120 days) of age to
determine what factors might underlie the different lifespans of these strains.
The following sections describe data collected from this age unless otherwise
stated. Alterations (e.g., changes in histopathology and other parameters) in
several tissues as well as blood and plasma markers were examined using the
German Mouse Clinic (GMC) standardized techniques(Gailus-Durner et al.,

2005).

Titan mice have altered fat metabolism

Titan mice not only accumulated more intra-abdominal fat than controls (Figure
1F), but also showed substantial whitening of brown adipose tissue (BAT)
(Figure 2A and S1). By contrast, control mice showed no BAT whitening (Figure
S1). Such whitening of adipose tissue has recently been linked to inflammation
and may contribute to the low-grade inflammatory state observed in obesity and
aging (Kotzbeck et al., 2018). Titan mice also showed multifocal fatty cells in
the pancreas without atrophic or inflammatory changes of the adjacent
parenchyma, a phenotype not present in control mice (Figure 2B and S2).
Although pancreatic lipomatosis has been poorly investigated compared to
hepatic lipomatosis, it is a common pathological condition that can be
considered an early marker of MetS (Catanzaro et al., 2016) and that strongly
correlates with obesity, aging, and dyslipidaemia. We also found that leptin

levels, a hormone secreted by adipocytes (Guilherme et al., 2019; A. J.
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Kennedy et al., 2010; Lund et al., 2020) that modulates food intake and fat

storage, were significantly increased in Titan mice (Figure 2C).

Fasting plasma levels of triglycerides, non-HDL, HDL, and total cholesterol
were significantly higher in Titan mice than control mice (Figure S3). Non-
HDL/HDL ratio was increased in Titan mice, suggesting the increase in non-
HDL was more pronounced than HDL. Notably, these differences in lipid levels
between Titan and control lines were larger in younger (10—11-wk old) mice
(Figure S3). Hyperlipidemia usually occurs in the presence of insulin resistance,
as insulin regulates lipid metabolism (Saltiel and Kahn, 2001) and promotes
cholesterol uptake in intestinal epithelial cells (Fuentes et al., 2018). Consistent
with this, insulin levels were higher but glucose concentrations were similar in
Titan and control mice (Figure 2D and E), indicating a lower sensitivity to insulin

resistance in Titan mice (Wilcox, 2005).

In addition, fibroblast growth factor 21 was elevated in Titan mice, which may
further indicate metabolic deregulations (Figure 2F). Elevated FGF21 levels
may associate with MetS (X. Zhang et al., 2008) and correlate with type 2
diabetes (Cheng et al., 2011) and non-alcoholic fatty liver disease (Yan et al.,
2011). Finally, Titan mice displayed higher alpha amylase activity, which may

imply increased production in the liver or impaired renal clearance (Figure 2G).

In sum, the combination of high fat, high fasting triglyceride levels, high
cholesterol, and insulin resistance support the notion that Titan mice may
develop MetS (Bonomini et al., 2015; A. J. Kennedy et al., 2010), possibly

contributing to their shorter lifespans.
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Titan mice display signs of systemic inflammation and tissue damage

A major hallmark of aging is the rise of systemic inflammation (Fulop et al.,
2014; Lopez-Otin et al., 2013; Stepanova et al., 2015). Inflammation is a
common factor between many age-related diseases, from cancer to metabolic,
autoimmune, and neurodegenerative maladies. Chronic inflammation or
‘inflammaging” markers are significant predictors of mortality in humans
(Candore et al., 2010; Franceschi and Campisi, 2014) and linked to MetS

(Monteiro and Azevedo, 2010).

To evaluate if inflammation is altered in Titan mice, we measured inflammation
indicators in plasma. We found that interleukin 6 (IL6) and tumour necrosis
factor-alpha (TNFa), cytokines central to inflammation, were significantly
increased in Titan mice (Figure 3A and B). Interestingly, both TNFa and IL6 are
overexpressed in the adipose tissue of obese mice and in humans (Popko et
al., 2010; Pradhan et al., 2001), providing a link between obesity, diabetes and
chronic inflammation. As an additional sign of inflammation, histological
analysis of the thymus revealed the presence of nodular thymic medullary
hyperplasia in Titan mice (Figure 3C and S4). Immunohistochemistry of these
medullar nodes revealed that they are composed mainly of B-cells (Figure 3C
and S5). Formation of follicular-like B-cell aggregates is considered a sign of
thymic involution, a gradual, non-reversible change occurring during aging
(Pearse, 2006). Importantly, nodular thymic medullary hyperplasia is also seen
in autoimmune disorders (Leite et al., 2007; Ward et al., 2012). Further
alterations of plasma factors that may correlate with other inflammatory

markers were found in Titan mice. For example, plasma levels of alkaline
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phosphatase (ALP), a possible indicator for cholestasis or bone metabolism

alterations, were increased (Figure 3D).

Furthermore, alanine aminotransferase (ALAT) activity, a marker usually
indicative of liver damage but also with mild elevations in cases of gallbladder
blockage, overactive parathyroid gland, muscle damage, renal failure, or bone
disease (Gowda et al., 2009; Malakouti et al., 2017), was elevated in Titan mice
(Figure 3E). However, no clear signs of hepatocellular disease were found in
histological analysis by H&E staining of Titan liver tissue (Figure S6). Despite
this, Oil red O staining of the liver revealed increased fat content in Titan mice
(Figure 3F). Bilirubin, a waste product of heme metabolism that can be toxic in
individuals with liver disease but also exhibits antioxidant and anti-inflammatory
effects at normal levels (Frei et al., 1988), was significantly lower in older Titan
mice compared to controls (Figure 3G). In addition, Titan plasma urea levels
were lower than controls, pointing to possible dysregulation of protein
metabolism and the urea cycle in the liver (Figure 3H). Of note, Titan mice have
excess iron in plasma along with low unsaturated iron binding capacity,
resulting in reduced total iron binding capacity and increased transferrin
saturation (Figure S7). Hyperferritinemia is common in humans with MetS (L.

Y. Chen et al., 2011) as well as liver dysfunction (Senjo et al., 2018).

Kidney histology revealed the presence of basophilic tubules and tubular casts
in half of the Titan mice analyzed (Figure S8). Further, we observed elevated
plasma electrolytes and mineral levels such as potassium, calcium, and
inorganic phosphate, which might be due to impaired renal tubular function
(Figure S9). We also detected fibrotic tissue in the hearts of 3/6 of 15-17-wk

old Titan mice and in 5/6 of 25-26-wk old Titan mice (Figure S10).
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Altogether, the Titan mice appear to have an altered communication between
fat, pancreas and liver, which leads to a dysfunctional metabolism with signs of
MetS and premature aging. Dysregulation of energy homeostasis is highly
related to inflammation and it is likely to cause further damage to other systems.
Several markers indicate a generalized altered function in liver and kidneys of

Titan mice, which co-occur with high levels of systemic inflammation.

Liver transcriptome and proteome indicate metabolic alterations in Titan

mice

To better understand the altered metabolism of Titan mice, we performed RNA
sequencing on liver from 11-wk old and 19-21-wk old Titan and control mice.
Principal component analysis (PCA) revealed distinct Titan and control
transcriptomes (Figure 4A). Gene expression in younger and older controls also
clustered together, but for Titan mice, the expression profile shifted with age

(Figure 4A).

Compared to age-matched controls, young Titan mice exhibited upregulation
of 1150 and downregulation of 1227 genes (Figure 4B and S11A). Pathway
enrichment analysis revealed upregulation of many genes involved in fat, lipid
and various metabolic pathways e.g., mTOR, Elovl5, Elovi6, and acetyl-CoA
carboxylase (Acaca). Various downregulated genes were associated with
xenobiotic metabolism (Figure 4C). Many genes from the cytochrome P450
family were downregulated in young Titan mice as well as genes involved in
several metabolic processes such as unsaturated fatty acid, glutathione, and

other relevant pathways (Figure 4C). Previous work has linked downregulation
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of cytochrome P450 genes in the liver to higher inflammation (Morgan, 2009;
Siewert et al., 2000). Cytochrome P450 enzymes also metabolize endogenous
metabolites (Lewis, 2004). Of note, various genes related to methionine and
folate cycle pathways [e.g., Bhmt, Gnmt, Cth (Cgl), Dmgdh] were

downregulated in Titan mice.

There were only minor changes in gene expression (52 genes) when
comparing young and old control mice, but intragroup variability of Titan mice
was significantly higher, making it possible to differentiate between the two age
groups (Figure 4B). Older Titan mice had 146 upregulated genes and 257
downregulated genes (Figure S11B). Thus, Titan mice displayed early
transcriptomic changes during aging. For example, the aged group had
increased expression of enzymes involved in glucose and insulin response
were also upregulated in the old Titan group (Figure S11C), but fatty acid
synthesis, coenzyme metabolism, and other metabolic pathways were
downregulated (Figure S11C), including marked downregulation of Acaca.
Interestingly, Cyp7b1, which codes for an enzyme involved in cholesterol
catabolism that converts cholesterol to bile acids, was upregulated in older
Titan mice. Overexpression of CYP7B1 is implicated in osteoarthritis, and such

joint diseases are exacerbated by excess body weight (Choi et al., 2019).

Some pathways upregulated when comparing young Titan and control mice
declined in older Titan mice. This is reflected by direct comparison of older Titan
and control mice. The number of altered genes in older groups (1521 different
genes compared to control) was lower than for younger groups (2377 genes)
(Figure 4B and S11D). In particular, we found 693 upregulated genes in old

Titan mice, the majority involved in various pathways regulating cell
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development and neuronal activity, whereas 828 genes were downregulated
(Figure 4D). Compared to old control mice, old Titan mice exhibited lower gene
expression within various metabolic pathways (e.g., amino acid metabolism)
and lower xenobiotic gene expression. Notably, many of the genes altered
when comparing young mice were also altered when comparing older mice,
with 402 upregulated (out of 693) and 461 downregulated genes (out of 828) in
comparisons of young Titan to control and old Titan to control mice. Respective
to age-matched controls, both young and old Titan mice had reduced

expression of many genes in the cytochrome P450 family.

To complement the transcriptome study, we compared the liver proteomes of
Titan and control mice. Similar to RNAseq data, larger proteomic changes were
seen in the young Titan to control comparison than the old comparison (Figure
5A and C). Relative to age-matched controls, young Titan mice exhibited 207
upregulated and 289 downregulated proteins, while old Titan mice showed 125
upregulated and 142 downregulated proteins (Figure 5A and C, see analysis
cut-off in method section). Also, similar to transcriptome results, pathway
analysis revealed increased fatty acid synthesis in young Titan mice (Figure
5B). In particular, fat utilization (enrichment of proteins such as ACACA, IDH1,
and ACOX1) as well as lipid biosynthesis (FASN, ACLY, and ACSLS5,) were
enhanced, which might explain increased plasma cholesterol and triglyceride
levels in these mice (Figure S3). Similar changes have been observed in the
liver during MetS (Ayoub et al., 2018; Hsieh et al., 2016) and aging (Houtkooper
et al., 2011). Interestingly, proteins involved in lipid metabolism were not
obviously enriched when old Titan mice were compared to age-matched

controls (Figure 5D). Proteins upregulated in old Titan mice were linked to
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lysosome activity (Figure 5D), and downregulated proteins were enriched in
various metabolic pathways, e.g., folate metabolism (Figure 5D). Similar to
transcriptome data, we observed a reduction in the abundance of BHMT,

GNMT, and CTH (CGL), key proteins in the methionine cycle.

Both our transcriptome and proteome data revealed substantial changes in liver
metabolism between Titan and control mice. Further, and consistent with Figure
S3, those changes were more dramatic in younger mice. We observed a
substantial albeit incomplete overlap between factors identified in our
transcriptomic and proteomic analyses consistent with previous observations
on these two techniques (Figure S12) (Maier et al., 2009). The fact that many
altered genes were not detected in the single shot proteome analysis can be
attributed to the lower relative coverage of the proteome approach (Maier et al.,

2009).

Protein abundance causes metabolic alterations, but posttranslational
modifications of proteins can also affect this process(Choudhary et al., 2014).
Specifically, protein acetylation is involved in metabolic regulation and various
other cellular pathways (Choudhary et al., 2014). We compared the acetylome
of young Titan to young control mice, analysing acetylation differences at 816
sites that met the cut-off criteria (Figure S13A; see methods for cut-off criteria).
In total, 134 acetylation sites were differentially modified: 117 sites were
decreased while only 17 were increased in Titan mice (Figure S13B and C).
Pathway analysis revealed that many hypo-acetylated proteins localize to
mitochondria and participate in translation and metabolic processes such as
glycine and serine metabolism (Figure S13C). For example, ACSL1, which

converts long chain fatty acids into fatty acyl-CoA, and various ATP synthase
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subunits were hypoacetylated. BHMT, GNMT, and CTH (CGL), proteins
involved in the methionine cycle, had reduced mRNA (Figure 4), protein (Figure
5), and relative acetylation levels (Figure S13A). The only pathway enriched in
hyperacetylated proteins in Titan mice was lipid metabolism, although the
number of proteins enriched in this pathway was modest (Figure S13B). Our
data suggest a moderate shift to lower protein acetylation in young Titan mice,

which may underlie several metabolic changes.

Late dietary intervention at 12 weeks doubles the pre-mortality plateau

phase in Titan mice

Dietary intervention, intermittent fasting, or restriction of a specific macronutrient
(i.e., proteins) is a well-studied and robust intervention that extends lifespan in
various animal models (Di Francesco et al., 2018; Fontana and Partridge, 2015;
Greer and Brunet, 2009; Kenyon, 2010; Longo et al., 2015; Miller et al., 2017;
Puca et al., 2008). However, not all mouse strains are responsive to caloric
reduction (Li and Auwerx, 2020; Liao et al., 2010), and actually most have a

negative response (Liao et al., 2010).

To analyse the impact of a dietary intervention on the lifespan of Titan mice, we
used a healthy diet with moderate energy reduction (ERF; see methods).
Remarkably, late ERF intervention at 84 days of age almost doubled the pre-
mortality plateau phase (>90% survival) in Titan mice (Figure 6A). However, the
reduced-energy diet eventually had only limited effect on the death rate at 270
days, which was 30% in both ERF and control groups. Beyond, 270 days, ERF

increased lifespan (Figure 6A). Starting at day 84, ERF-fed male Titan mice
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weighed 5-10% less than their control male siblings (Figure 6B), and by day 147,

ERF-fed mice had significantly reduced abdominal fat weight (Figure 6C).

ERF intervention at 12 wks of age altered mRNA levels by 21 wks of several
enzymes in the methionine cycle (Figure 6D), which were already identified in our
-omics experiments as being lower in young Titan compared to control mice
(Figure 4 and 5). Further, late ERF intervention reversed the age-dependent
deregulation of Cyp7b1 and Acaca in Titan mice (Figure 6D). ERF intervention
also resulted in increased levels of liver malonyl-CoA, which is synthesized by
ACACA, without affecting levels of other CoAs (Figure 6E). A recent study using
mutant malonyl CoA decarboxylase mice found that higher malonyl-CoA
correlates with increased lifespan (Ussher et al., 2016). In addition, both serum
and intra-abdominal fat levels of dimethylglycine (DMG) and adenosine were

increased in response to ERF (Figures 6F and S14).

The above results support the notion that a late ERF intervention causes
transcriptional, metabolic, and physiological alterations linked to an increase in

healthy lifespan in Titan mice.

Discussion

This study provides an unprecedented and in-depth analysis of the giant short-
lived mouse line Titan, a possible non-inbred model for metabolic syndrome
(MetS) and metabolic aging. The molecular phenotype of these mice shows
several hallmarks associated with MetS, including a combination of high fat and
obesity (Grundy et al.,, 2005; A. J. Kennedy et al.,, 2010). Additionally,

alterations in the Titan liver transcriptome and proteome appear to contribute
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to MetS, and our data show several relevant markers for this condition (Grundy
et al., 2005). As expected, Titan mice are short-lived and show early signs of
aging, including systemic inflammation, presence of B cells in thymic medullar
nodes, and cardiac fibrosis. Unlike commonly used MetS mouse models, Titan
mice have intact leptin signalling, making them an interesting and novel model
for this disease (A. J. Kennedy et al., 2010). Unlike Lep°®°® mice that possess
poor fertility (A. J. Kennedy et al., 2010), Titan mice are relatively easy to

maintain and can provide sufficient numbers for various large studies.

Titan mice have many circulating markers for metabolic dysfunction. For
example, they display high fasting triglyceride levels, non-HDL cholesterol, and
high non-HDL/HDL ratio that are strongly linked to atherosclerosis and
cardiovascular disease, especially in the presence of systemic inflammation
(Gimbrone and Garcia-Cardefia, 2016; Libby, 2002; Ridker et al., 2017).
However, HDL cholesterol is traditionally regarded as protective (Assmann and
Gotto, 2004). Indeed, dyslipidaemia in MetS is characterized by low fasting
HDL levels (Grundy et al., 2005), although this not necessarily true in mouse
models of MetS (A. J. Kennedy et al., 2010). Nevertheless, HDL cholesterol is
controlled by multiple genetic and environmental factors (Zannis et al., 2015),
so high levels in obese organisms such as Titan mice should be interpreted
with caution. HDL particles can also exert negative effects (Alwaili et al., 2012),
particularly in the presence of mutations that target formation and clearance of
HDL particles (Asztalos et al., 2011). In addition to lipid markers, we found
elevated plasma electrolytes and minerals (e.g., potassium, calcium, and
inorganic phosphorus), indicating possible impaired renal tubular function. In

regards to kidney function, increased plasma cholesterol levels, observed in


https://doi.org/10.1101/2020.05.11.088625
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.11.088625; this version posted May 13, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

De Diego et al.
18

fasting as well as ad libitum fed states, can be a secondary consequence of

proteinuria (Agrawal et al., 2017).

An important feature linked with MetS and aging in humans is excessive
accumulation of visceral fat, which is regarded as a major culprit in insulin
resistance (Grundy et al., 2005; Hardy et al., 2012; Hunter et al., 2010; Shah et
al., 2014). Titan mice also display higher levels of intra-abdominal fat, which
correlates with hyperinsulinemia, whitening of BAT, and fat cells presence in
the pancreas. BAT whitening is strongly linked to obesity (Kotzbeck et al., 2018)
and becomes more prevalent during aging in both humans and rodents (Zoico
et al., 2019). As mice age, small lipid droplets normally observed in brown
adipocytes coalesce into a single vacuole (Brayton et al., 2012), as observed

in Titan mice.

Our data support a link between obesity, diabetes, and chronic inflammation.
Our mice have several markers of systemic inflammation and tissue damage,
such as high levels of IL6 and TNFa, thymic medullary hyperplasia, and other
liver and kidney disease markers. TNFa activity is tightly linked to other
cytokines such as IL1 and the IL6 family. Dysregulation of these pathways is
implicated in onset and maintenance of several diseases (Heinrich et al., 2003;
Landskron et al., 2014) and both TNF a and IL6 are overexpressed in adipose
tissue of obese mice and in humans (Popko et al., 2010; Pradhan et al., 2001).
Further, previous work showed a strong causal link between higher IL6 levels
and MetS (Mohammadi et al., 2017; Weiss et al., 2013). Both cytokines are
significant independent predictors of mortality in elderly humans (Bruunsgaard

and Pedersen, 2003).
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Transcriptomic and proteomic changes in the livers of Titan mice likely drive
the above-mentioned phenotypes and affect healthy aging. At 11 wks, genes
involved in lipid metabolism and biosynthesis were consistently upregulated in
Titan mice, which might account for high levels of cholesterol and fasting
triglycerides observed in this model. Interestingly, various methionine
metabolism enzymes were also generally reduced in Titan mice. On the other
hand, 11-wk-old Titan livers exhibited several downregulated genes and
proteins associated with xenobiotic metabolism, such as cytochrome P450,
indicating that Titan mice have a reduced capacity to deal with toxic compounds
in the liver. Xenobiotic metabolism strongly impacts the ability of the organism
to maintain homeostasis and cope with disease, which may contribute to the

increased morbidity of these mice (Crocco et al., 2019).

One of the signaling pathways upregulated in 19-21-wk-old (older) Titan mice
was linked with insulin response. Higher expression of these genes (e.g.,
Enpp1, Tbc1d4, Enho) may drive the observed plasma markers of altered
glucose and energy metabolism in Titan mice. ENPP1 directly interacts with the
a-subunit of the insulin receptor and modulates its intracellular signaling (Pan
et al., 2012). Higher hepatic Enpp1 expression was found in diabetic rabbits
(Eller et al., 2006). TB1D4 is an important substrate for the key regulator AKT
in glucose metabolism and is involved in GLUT4 translocation after insulin
secretion. Higher Tbc1d4 expression is found in pancreatic and adipose tissues
of the high-fasting-glucose group of a porcine pre-diabetic model (Kristensen
et al., 2015). ENHO is required for energy homeostasis (Grzegorzewska et al.,
2018), and higher expression might be linked to its dysregulation in Titan mice

during aging.
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Surprisingly, many differences (in gene and protein expression in the liver, as
well as in circulating factors in the plasma following fasting) when comparing
young Titan and control mice were attenuated during aging, including insulin
signalling (11S) activity. Previous work has shown that GH is reduced in 6-wk-
old Titan mice compared to 3-wk-old mice (Timtchenko et al., 1999). Of note,
although insulin plasma levels are elevated (compared to control) in young
Titan mice, this difference is attenuated during aging (Renne et al., 2013).
Indeed, data from a previous longitudinal study show improved glucose
tolerance in Titan mice as they age, even if fed a high-fat diet (Renne et al.,
2013). Several reasons for this have been proposed (Renne et al., 2013), but
causes remain unclear. One possibility is that, as mice age, individuals with
higher damage and metabolic dysregulation have an increased risk of mortality;
thus, the remaining “long-lived” population shows a relative improvement in
metabolic parameters. However, only ~10% of mice died by the older timepoint
defined in this study (19-21 wks). Another possibility is that, as Titan mice age,
their gigantic size outstrips their molecular capacity, resulting in attenuation of
lipid metabolism and other metabolic pathways (e.g., mTOR regulation during
aging). Further experiments should use a longitudinal approach to study the
evolution of each individual throughout their lifespan and segregate primary

changes in metabolism from secondary effects.

Our data support the notion that Titan mice display a dysregulated metabolism
with signs of MetS, systemic inflammation, tissue damage in various organs
and accelerated metabolic aging. Furthermore, previous works showed that
Titan mice display higher levels of GH (Timtchenko et al., 1999). Transgenic

mice overexpressing GH exhibit high inflammatory markers, an adverse lipid
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profile, and associated shortened lifespan. These mice also show attenuation
of the IIS pathway during aging (Ding et al., 2011), and they show
desensitization of insulin signalling with hyperinsulinemia and hyperglycemia.
Of note, GH over-expression in mice leads to glomerulosclerotic lesions (Blutke

et al., 2016) and severe reduction in life span (Bartke, 2003).

We suggest that the short lifespan observed in Titan mice is partially due to
continuous generalized damage generated by high levels of inflammation, a
main hallmark of aging, which can be triggered by an altered metabolism. As
such, we propose that this mouse line could be a suitable model for time-
efficient metabolic aging studies. A main advantage of the Titan mice is their
short lifespan. Aging experiments can generate results in as little as 4-6
months, when mice reach the pre-mortality plateau (>90% survival). This
makes them an efficient model to study aging and interventions to extend
healthy lifespan. As proof of principle, we demonstrated that a common anti-
aging strategy, ERF, doubled the pre-mortality plateau phase and considerably
reduced intra-abdominal fat in Titan mice. Of note, we showed that late ERF
intervention at 12 wks of age could either reverse age-associated
transcriptional alterations genes coding for key enzymes such as Acaca,
Cyp7b1, and Cyp2c37 or upregulate gene expression of enzymes of the
methionine cycle such as Cth, Gnmt, and Dmdgh that are lower in Titan mice

than in controls.

Several of these genes have already been implicated in mediating the benefits
of caloric restriction in inflammation and age-associated maladies. For
example, recent work shows that CTH (CGL) mediates the dietary restriction

response via H2S production (Hine et al., 2015). Similarly, food reduction
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increases GNMT levels, promotes energy homeostasis, and increases lifespan
(Obata et al., 2014; Obata and Miura, 2015). Further, upregulation of CYP7B1,
a cholesterol hydrolase, is associated with inflammation and osteoarthritis, a
common age-associated degenerative joint disease (Choi et al., 2019). Cyp7b1
expression increases as Titan mice age. Thus, reduction of Cyp7b1 may
mediate, in part, the ERF-induced lifespan increase in Titan mice. In addition,
we observed that ERF substantially increased CYP2c37, a member of the
cytochrome P450 family with lower expression in Titan mice than in controls.

Thus, ERF intervention may improve xenobiotic metabolism (Chou et al., 1993).

In Titan mice, ERF also upregulated ACACA, reflecting increased levels of
malonyl-CoA in these calorie-restricted mice. Mutant mice deficient for malonyl
CoA decarboxylase have higher levels of malonyl-CoA, live longer, and are
better protected against high-fat induced insulin resistance (Ussher et al.,
2016). As such, increased malonyl-CoA is linked with decreased inflammation
associated with insulin resistance, promoting health in mice (Samokhvalov et
al., 2012; Ussher et al., 2016). Further, we observed increased DMG levels in
both liver and fat tissue upon ERF intervention. A recent report has linked
higher levels of DMG with reduced prevalence of collagen-induced arthritis and
reduced inflammation in rats (Lawson et al., 2007). This might be a contributing
factor to the increased lifespan of ERF-treated Titan mice. Metabolic changes
in Titan mice suggest ERF promotes healthier metabolic activity that could
underlie the substantial healthy lifespan increase in this model, which already
displays high levels of systemic inflammation. Importantly, these results were
obtained in 4-5 months, whereas the same intervention can take much longer

in other mouse models (Li and Auwerx, 2020).
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In summary, the Titan mouse line, a giant non-inbred line with high genetic
diversity, was created over many generations of breeding and represents a
remarkable scientific achievement. The phenotype of these mice, including
their short lifespan, is a possible consequence of several genetic and
epigenetic changes (Peleg et al., 2016b). Importantly, as non-inbred mice, Titan
animals may better reproduce the genetic variability of human populations and
thus might be a useful option for preclinical drug testing (Li and Auwerx, 2020).
Further studies should use a longitudinal approach to monitor IIS activity and
other senescence markers in Titan mice to better understand their
developmental changes. In addition, future anti-aging interventions such as
senolytic drugs may help determine if accumulation of senescent cells
contributes to the accelerated mortality of Titan mice (Baker et al., 2016). This
work provides the preliminary phenotypic data required to establish the Titan
model as a novel tool for studying and potentially developing fairly rapid
pharmaceutical interventions for metabolic disorders, systemic inflammation,
and the aging process and provide the basis for broader spectrum follow-up

studies.
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Figure legends

Figure 1. Titan mice, a product of 180 generations of selection, are a giant

short-lived mouse strain.

(A) Average weight (g) of 6-wk-old control (blue) and Titan (red) male mice over
180 generations. Generations were composed of roughly 80 pairs of mice,
unless stated otherwise (see Methods). Dotted line indicates new mouse
housing (see Methods). (B) Representative images of unselected control mice
(left) and selected Titan mice (right) at 6 wks. (C) Body length (cm) of 10-11-
wk-old Titan mice compared to age-matched control mice. (D) Total fat and lean
mass of control (n = 20) and Titan (n = 17) mice. (E) Total percentage of fat in
control (n = 20) and Titan (n = 17) mice. (F) Percentage of intra-abdominal fat
(n =10 per group). (G) Comparison of lifespans and mortality rates of Titan and
control male mice. (H) After the first four months of life, Titan mice reach 110-
115 g, whereas average control animals weigh 45 g. (I). Representative X-ray
images of control and Titan mice at 16 wks of age. Control (n = 38) and Titan

(n =31) mice were analyzed at 11 wks and at 19-21 wks. ***P < 0.001. Error


https://doi.org/10.1101/2020.05.11.088625
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.11.088625; this version posted May 13, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

De Diego et al.
26

bars indicate SEMs. Unpaired two-tailed t-tests were used to calculate P-

values.

Figure 2. Titan mice display alterations in fat histology and metabolic

homoeostasis.

(A) Representative images of hematoxylin and eosin (H&E)-stained brown
adipose tissue (BAT) from control (n = 6) and Titan (n = 5) mice (20x
magnification). (B) Representative images of H&E-stained pancreas from
control (top) (n = 6) and Titan (n = 6) mice (bottom) (2.5x magnification). (C and
D) Leptin levels in control (n = 20) and Titan (n = 18) mice and insulin levels in
control (n =19) and Titan (n = 18) mice. (E) Plasma glucose levels in control (n
= 20) and Titan (n = 17) mice. (F and G) FGF-21 levels in control (n = 20) and
Titan (n = 18) mice, and alpha-amylase levels in control (n = 20) and Titan (n =
18) mice. ***P < 0.001. Error bars indicate SEMs. Unpaired two-tailed t-tests

were used to calculate P-values.

Figure 3. Titan mice show early signs of increased inflammation and

impaired metabolism.

(A and B) IL6 levels in control (n = 13) and Titan (n = 17) mice, and TNFa levels
in control (n = 20) and Titan (n = 18) mice. (C) Representative images of
hematoxylin and eosin (H&E) staining and B-cell immunohistochemistry (IHC)
of the thymus of control (left) and Titan (right) mice (2.5x magnification). IHC of

thymic medullar nodes revealed that they are composed mainly of B-cells
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(CD45R/B220-positive) instead of T-cells (CD3-positive). Images in squares
were taken at 10x magnification (n = 4-6 per group). (D and E) Alkaline
phosphatase (ALP) and alanine aminotransferase (ALAT) levels in control (n =
20) and Titan mice (n = 18). (F) Red staining of fat in liver of control and Titan
mice (n = 4 per group) (G) Bilirubin levels in control (n = 20) and Titan mice (n
= 18). (H) Urea levels of control (n = 20) and Titan (n = 18) mice. *P < 0.05,
**P < 0.01 **P < 0.001. Error bars indicate SEMs. Unpaired two-tailed t-tests

were used to calculate P-values.

Figure 4. Liver transcriptome analyses reveal differential expression of

genes associated with metabolic pathways in control and Titan mice.

(A) PCA of liver transcriptomes reveals clustering differences between Titan
mice and controls. Control mice at 11 wks (younger) and 19-21 wks (older)
have similar transcriptomes, while younger and older Titan mice have distinct
transcriptomes. (B) Heat map showing significantly altered genes in control and
Titan mice at 11 wks and 19-21 wks of age. (C) Pathway enrichment analysis
revealed young Titan mice (compared with young control) have altered lipid
metabolism, including upregulation of many genes involved in fat and lipid
metabolism, whereas various downregulated genes were associated with
xenobiotic metabolism. (D) Pathway enrichment analysis revealed that older
Titan mice (compared with older control) have increased expression of
pathways for regulation of cell to cell adhesion, whereas genes involved in
various metabolic pathways such as amino acid metabolism and response to

xenobiotics were decreased (n = 5 per group).
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Figure 5. Liver proteome analyses reveal differences in metabolic protein

levels between control and Titan mice.

(A) Heat map comparing proteomes of 11-wk-old control and Titan mice. (B)
Pathway enrichment analysis indicates increased fatty acid synthesis in young
Titan mice. In particular, fat utilization and lipid biosynthesis were enhanced.
(C) Heat map comparing proteomes of 19-21-wk-old control and Titan mice.
(D) Pathway enrichment shows that many upregulated proteins in older Titan
mice are linked with lysosome activity, and downregulated proteins are

associated with various metabolic pathways such as folate metabolism (n = 6

per group).

Figure 6. Late intervention by switching to energy reduced food (ERF)

doubles the pre-mortality plateau phase in Titan mice.

(A) Switching to energy reduced food (ERF) at 12 wks of age (vertical dashed
line) increases the time of 10% death and 50% death in Titan mice from 121 to
212 days and 319 to 363 days, respectively. Red/blue shapes re-display data
from Figure 1G (n = 102 per group). (B) Switching to ERF at 12 wks results in
a persistent average weight loss in Titan siblings. At 21 wks, ERF-fed Titan
mice are 10% less heavy than non-ERF siblings (n = 23 per group). (C)
Compared to age-matched control Titan mice, ERF-Titan mice have a lower
percentage of intra-abdominal fat at 21 weeks (n= 7 per group). (D) Real time
PCR comparing gene expression of candidate genes (from Figure 4) of ERF-

and control-fed Titan mice siblings at 21 weeks of age (n = 7 per group).
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Wilcoxon matched-pairs signed rank test was preformed to calculate P-values.
(E) Metabolite analysis in liver following 8 wks on ERF. Malonyl-CoA levels
were increased in ERF-fed Titan mice (n= 10 per group). Unpaired two-tailed t-
tests were used calculate P-values. (F) Metabolite analysis in liver following 8
wks on ERF. DMG and adenosine were increased and GSSG was decreased
in ERF Titan mice (control: n = 9 Titan mice per group; ERF-fed: n = 10 Titan

mice per group). *P < 0.05, **P < 0.01. Error bars indicate SEMs.

Methods

Animals and housing conditions

All procedures were performed in accordance to national and international
guidelines and approved by our own institutional board (Animal Protection
Board from the Leibniz Institute for Farm Animal Biology). At the German
Mouse Clinic mice were maintained in IVC cages with water and standard
mouse chow according to the directive 2010/63/EU, German laws and GMC
housing conditions (www.mouseclinic.de). All tests were approved by the

responsible authority of the district government of Upper Bavaria.

The animals were maintained in a specific pathogen-free (SPF) environment
with defined hygienic conditions at a temperature of 22.5+0.2°C, at least 40%
humidity and a controlled light regime with a 12:12-h light-dark cycle. The mice
were kept in Polysulfon-cages of 365 x 207 x 140 mm (H-Temp PSU, Type I
L, Eurostandard, Tecniplast, Germany) and had free access to pellet

concentrate and water. A standard breeding diet (SD) with 22% crude protein,
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34% starch, 5% sugar, 4.5% crude fat, 3.9% crude fiber and 51.2% N free

extracts (ssniff® M-Z autoclavable, Soest, Germany) were fed ad libitum.

For the energy reduced survival experiment the mice were fed with a mouse
maintenance energy reduced diet (ERF) characterized by a low energy density
and high fiber contents (15% crude protein, 21% starch, 5% sugar, 3.1% crude
fat, 14.2% crude fiber and 48.8% N free extracts (ssniff® M-H autoclavable,
Soest, Germany). Feeding the energy reduced diet started with an age of 12

wKkKs.

During the survival experiments all included males were observed daily for their
health condition. If physical impairments were detected which would cause
considerable suffering or substantial pain to the animals they were sacrificed

and such incidents were documented accordingly.

Origins of the growth selected strain and the control strain.

We used mice of an unselected strain (FZTDU) as control and a strain selected
for high body mass at day 42 of age (DU6/Titan), both bred at the Leibniz

Institute of Farm Animal Biology (FBN), Dummerstorf, Germany.

The initial population of mice was created in 1969/1970 by crossing four outbred
(NMRI orig., Han/NMRI, CFW, CF1) and four inbred (CBA/Bin, AB/BIn,
C57BL/BIn, XVII/BIn) populations (Schuler, 1985). Mice of the control line
FZTDU used in this experiment were mated randomly over about 192

generations with a population size of 100 to 200 mating pairs per generation,
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respectively. Four generations of the control line are generated yearly using a

rotation procedure of Poiley (1960) to avoid inbreeding (Poiley, 1960).

The growth selection started in 1975 thus creating the Dummerstorf growth line
DUG6 (Titan) by selection for high body mass by sib selection (Bunger et al.,
2001) in a conventional environment. In every generation, 80 pair mating were
made at an age of 63 + 3d (Bunger et al., 1998). Selection procedure as
described above was maintained for 153 generations. Only seven males and
seven females of the DU6 line belonging to generation 153 and 154,
respectively, were used as new founder animals after embryo transfer in a new
built animal facility. Additionally, the health status has been changed after 2011
when the mouse lines were transferred into a new animal facility with specific
pathogen free environment conditions. Over the entire term of the following five
generations the new breeding population of at least 60 pairs of Titan DU6 mice
were established taking care of an equal distribution of all genes of the 14
founder animals. In opposition to the former sib selection in generation number
161, breeding value estimation started introducing a two trait BLUP (Best
Linear Unbiased Prediction) animal model for male and female body mass. The
raising inbreeding coefficient in the selection line was then controlled by the
method ‘Optimal Genetic Contributions to the Next Generations’ of Meuwissen

(Meuwissen, 1997).
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Histology, plasma, DEXA — GMC

Phenotypic screening

At the GMC, a cohort of 20 male DUG6/Titan mice and 20 male controls (FZTDU)
at the age of 9-11 wks and a cohort of 20 male Du6/Titan mice (Figure S3) and
20 male controls at the age of 19-21 wks were subjected to an extensive
phenotypic screening at the German Mouse Clinic, including standardized
phenotyping in the areas of energy metabolism, clinical chemistry, pathology
(Gailus-Durner et al., 2005) (see also www.mouseclinic.de). The phenotypic
tests were part of the GMC screen and were performed according to
standardized protocols as described before (Fuchs et al., 2011; Rathkolb et al.,

2013) (Rozman et al., 2015).

Variations in protocols are specified. Dependent of the test performed, animal

number may vary, and is indicated in the figure/table.

The determination of the IL6, TNFa, Insulin, leptin and FGF-21 was performed
with a combined electrochemiluminescence multiplexed assay system (Meso

Scale Discovery, MSD, Rockville, MD USA).

X-ray imaging was performed in an UltraFocus DXA system (Faxitron Bioptics,

LLC) with automatic exposure control.

For histopathological analyses, hematoxylin and eosin (H&E) staining was

performed on formalin-fixed paraffin-embedded sections (3 pm).

A macroscopic examination was performed in combination with
histopathological analyses using hematoxylin and eosin (H&E) staining on

formalin-fixed paraffin-embedded sections (3 pm) of tissues of 29 organs as
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described in www.mouseclinic.de/screens/pathology. Immunohistochemistry

was carried out in a Leica Bond Il (Leica Biosystems) automatic strainer. Heat-
induced antigen retrieval was performed with citrate buffer (pH 6) for 30 minutes
(AR9961; Bond TM Epitope Retrieval Solution; Leica Bio systems) in 2-uym-
thick sections. For the identification of specific cells in the thymus antibodies
against CD3 (Clone SP7; ZYT-RBGO024; Zytomed systems) and CD45R/B220
(Clone RA3-6B2; 550286; BD Pharmingen) were employed and the staining
was detected with DAB chromogen. The slides were scanned using a
Hamamatsu NanoZoomer 2.0HT digital scanner and analysed by two

independent pathologists using NDP.view2 software (Hamamatsu Photonics).

RNAseq

RNA extraction, quality control and library preparation:

50 mg of tissues were homogenized in Trizol (Thermo Fisher; cat. no.
15596026) and processed according to the manufacturer’s instructions. RNA
concentration and A2soso ratio was measured with NanoDrop, followed by
Bioanalyzer using RNA pico assay kit using manufacturer’'s protocol. rRNA
depletion was performed using NEBNext rRNA Depletion Kit
(Human/Mouse/Rat) [NEB #E6310] and library preparation for RNA-
sequencing was performed using NEBNext Ultra Il Directional RNA Library

Prep Kit for lllumina [NEB #E7760] following manufacturer’s protocol.
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RNA-seq data analysis:

Read mapping of mouse tissue samples to the mouse genome (GRCm38) and
counting of reads mapped to genes were performed using STAR v2.5.3a
(Dobin and Gingeras, 2015) using parameters --quantMode GeneCounts and
providing annotation —sjdbGTFfile Mus_musculus.GRCm38.97.gtf. Aligned
reads were filtered for unmapped, multimapped and ambiguous reads. Reads
from histones and Y chromosome were also removed. Reads were also filtered
if they have low read counts in at least 2 samples. Differential expression
analysis was carried out using DESeq2 v1.24.0 (Love et al., 2014) at an
adjusted p-value cut-off of 0.05. GO term analysis was performed using
ClusterProfiler v3.12.0 (Yu et al., 2012) at a FDR of 0.05 using Benjamini-
Hochberg procedure and with a log fold change cut-off of 0.5. GO terms

containing at least a minimum of 10 genes were considered.

All the plots generated for RNA sequencing data was obtained using ggplot2
v3.2.1 (H. Wickham. ggplot2: Elegant Graphics for Data Analysis. Springer-
Verlag New York, 2016) unless otherwise stated. For heatmaps and Venn
diagram for RNA sequencing and proteomics data, pheatmap v1.0.12 (Kolde,
R. (2013). pheatmap: Pretty Heatmaps. R package version 0.7.7.
http://CRAN.R-project.org/package=pheatmap) and VennDiagram v1.6.20(H.
Chen and Boutros, 2011) were used respectively with genes (or proteins)

passing the adjusted p-value significance of 0.05.
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Proteomics

Liver proteome and acetylome sample preparation

The proteome and acetylome protocol was adopted from (Gaucher et al., 2019;
Peleg et al., 2016a) with the following modifications. 200 mg of frozen mice
liver was homogenized in 500 pl lysis buffer [50 mM Tris-HCI pH 7.5, 500 mM
NaCl, 1 ml EDTA, 0.1% NP-40 and 20% glycerol, 15 mM sodium butyrate,
60 mM of sirtinol and one protease inhibitor tablet (Roche)] and then added with
200 pl 6 M urea/2 M thiourea and 900yl lysis buffer. To reduce disulfide bonds
samples were treated with 1 mM DTT for 45 min at 4°C, followed by a treatment
with 550 mM IAA for 30min at 4°C in the dark. 1 M ammonium bicarbonate
(Ambic) was added to the samples to get a final concentration of 1 M urea. The
proteins were digested for 5h with Lys-C (Wako) at room temperature and
overnight with trypsin (Worthington). Samples were acidified and diluted with
TFA to a final concentration of 1% TFA before loaded on the Sep-Pak Light
C18 cartridges (Waters). Columns were washed with 0.1% TFA and eluted with
60% acetonitrile (ACN)/0.25% TFA. The elutes were speed vacuumed until
they were dry. The pellets were re-dissolved with IP buffer [50 mM Hepes pH
8.0 and 50 mM NaCl] and the protein concentration was measured by
Nanodrop. For the proteome, total peptide amount of ca. 4 ug per samples were
taken prior to the acetylation enrichment and were desalted as previously
described (REF). The dried pellets were reconstituted in 16 uyl MS injection
buffer (2% ACN, 0.1% FA) and final peptide concentration were determined

using Nanodrop.


https://doi.org/10.1101/2020.05.11.088625
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.11.088625; this version posted May 13, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

De Diego et al.
36

For acetylome analysis equal concentrations of peptides were incubated with
45 ul anti-acetyllysine antibody (ImmuneChem) overnight at 4°C. Beads were
washed 4x with PBS/Tween 0.1% and then 4x with PBS. Acetylated peptides
were eluted from beads with 125 ul 0.1% TFA, diluted with 80 pl 0.1% TFA,
desalted using self-packed StageTips (three disks, @ 1.5mm, C18 material, 3M
Empore), dried down, reconstituted in 12 yl MS injection buffer (2% ACN, 0.1%

FA) and analysed by mass spectrometry.

LC-MS/MS data acquisition

LC-MS/MS measurements were performed on an Ultimate 3000 RSLCnano
system coupled to a Q-Exactive HF-X mass spectrometer (Thermo Fisher
Scientific). For full proteome analyses ~0.25 ug of peptides were delivered to a
trap column (ReproSil-pur C18-AQ, 5 ym, Dr. Maisch, 20 mm x 75 pm, self-
packed) at a flow rate of 5 yL/min in 100% solvent A (0.1% formic acid in HPLC
grade water). For acetylome analyses the complete elute after acetylome-
enrichment and desalting was injected. For each MS-analysis, peptides were
delivered to a trap column (ReproSil-pur C18-AQ, 5 ym, Dr. Maisch, 20 mm x
75 um, self-packed) at a flow rate of 5 pL/min in 0.1% formic acid in HPLC
grade water. After 10 minutes of loading, peptides were transferred to an
analytical column (ReproSil Gold C18-AQ, 3 um, Dr. Maisch, 450 mm x 75 um,
self-packed) and separated using a 110 min gradient from 4% to 32% of solvent
B (0.1% formic acid in acetonitrile and 5% (v/v) DMSO) at 300 nL/min flow rate.
Both nanoLC solvents (solvent A = 0.1% formic acid in HPLC grade water and

5% (v/v) DMSO) contained 5% DMSO to boost MS intensity.
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The Q-Exactive HF-X mass spectrometer was operated in data dependent
acquisition (DDA) and positive ionization mode. MS1 spectra (360—-1300 m/z)
were recorded at a resolution of 60,000 using an automatic gain control (AGC)
target value of 3e6 and maximum injection time (maxIT) of 45 msec. Up to 18
peptide precursors were selected for fragmentation in case of the full proteome
analyses, while only up to 12 peptide precursor were selected for the acetylome
analyses. Only precursors with charge state 2 to 6 were selected and dynamic
exclusion of 30 sec was enabled. Peptide fragmentation was performed using
higher energy collision induced dissociation (HCD) and a normalized collision
energy (NCE) of 26%. The precursor isolation window width was set to 1.3 m/z.
MS2 Resolution was 15.000 with an automatic gain control (AGC) target value
of 1e5 and maximum injection time (maxIT) of 25 msec (full proteome) or 100

msec (acetylome).

Database searching

Peptide identification and quantification was performed using MaxQuant
(version 1.6.3.4) with its built-in search engine Andromeda (Cox et al., 2011;
Tyanova et al., 2016). MS2 spectra were searched against the Uniprot mus
musculus proteome database (UP000000589, 54,208 protein entries,
downloaded 22.3.2019) supplemented with common contaminants (built-in
option in MaxQuant). Trypsin/P was specified as proteolytic enzyme. Precursor
tolerance was set to 4.5 ppm, and fragment ion tolerance to 20 ppm. Results
were adjusted to 1 % false discovery rate (FDR) on peptide spectrum match

(PSM) level and protein level employing a target-decoy approach using
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reversed protein sequences. The minimal peptide length was defined as 7
amino acids, the “match-between-run” function was disabled. For full proteome
analyses carbamidomethylated cysteine was set as fixed modification and
oxidation of methionine and N-terminal protein acetylation as variable
modifications. For acetylome analyses carbamidomethylated cysteine was set
as fixed modification and oxidation of methionine, N-terminal protein acetylation

and acetylation of lysines as variable modifications.

Statistical proteomic analysis

Six biological replicates were measured in young and old Titan as well as young
and old control mice. Intensities of acetylated peptides were computed with
MaxQuant and used to represent acetylated peptide abundances. Protein
abundances were calculated using the LFQ algorithm from MaxQuant (Cox et
al., 2014). Before further downstream analyses, protein LFQ values and
acetylated peptide intensities were logarithm (base 10) transformed. The
median intensity of acetylated peptides of every sample was aligned so that the
overall acetylated peptides intensities are comparable across samples. Next,
Limma (Ritchie et al., 2015) was used to identify the differentially expressed
proteins and acetylated peptides between young control vs young Titan; young
control vs old control; young Titan vs old Titan and old control vs old Titan. The
resulted p-values were adjusted by the Benjamini-Hochberg algorithm
(Benjamini and Hochberg, 1995) to control the false discovery rate (FDR). The
differential analyses were performed on proteins/acetylated peptides that are
identified in at least four out of six biological replicate samples in both groups

under comparison.
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Gene set annotations were downloaded from MSigDB (Liberzon et al., 2015),
including the Gene Ontology annotation (C5 category) and pathway annotation
(C2 category). The gene IDs of differentially expressed proteins/acetylated
peptides were mapped to the gene set annotations. The significance of over-

representation was evaluated using fisher’s exact test.

Total RNA extraction for Real Time PCR

RNA extraction was prepared from 50mg deep frozen liver tissue. The tissue
was homogenized in 1ml TRItidy G™ via pestle and incubated at room
temperature for 5 minutes. After addition of 200ul chloroform the sample was
mixed 15 seconds with the Vortex and again incubated for 2 minutes at room
temperature with a following centrifugation step at 12000x g, 4°C for 15
minutes. The aqueous phase was filled in a new vial and mixed with 500pl -
20°C isopropanol and incubated 10 minutes at -20°C. The samples were then
centrifuged at 8000x g, 4°C for 10 minutes and the supernatant was discarded.
2 wash steps with 1ml -20°C cold 70% ethanol were followed. The clean pellet
was air-dried and dissolved in 100ul nuclease free water. RNA concentration

was measured with NanoDrop 2000.

Quantitative real-time PCR

800ng RNA was taken for cDNA synthesis. The cDNA was generated using the
SensiFAST ™cDNA Synthesis Kit (Bioline). For the PCR reaction was used the

SensiFAST™SYBR® No-Rox Kit (Bioline). The cDNA concentration in all
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reactions was 1,25ng except mTOR (here 2,5ng) and the primer concentration
was 4pmol. RT-PCR was performed using the Roche Lightcycler 96. The
annealing temperature was 60°C. The RT-PCR results were normalized to the
levels of beta actin. Primers are listed in Table. PCR products were cleaned up
using the High Pure PCR Product Purification Kit (Roche) and sequenced by
LGC Genomics GmbH. Each sample was measured using two technical

replicates.

Staining of triglycerides in liver tissues

Liver tissue samples embedded in Tissue Tek (Weckert, Kitzingen, Germany)
were cryosectioned (5 ym thick) using a Leica CM3050 S (Leica, Bensheim,
Germany) cryostat microtome. After fixation in 4% paraformaldehyde / PBS for
30 min at RT, the slides were stained in RedOil solution (1 mg/ml RedQil
(#A12989, Alfa Aesar, Karlsruhe, Germany) in 60% Isopropanol) for 10 min and
then washed three times in distilled water. The stained slides were covered with
Aquatex (Roth, Germany) and dried overnight. The staining of the triglycerides
was visualized with a Nikon Microphot-Fxa microscope (Nikon Instruments
Europe B.V., The Netherlands) and an image analysis system (Nikon Digital

Sight, DS-L2).

Metabolite profiling of the liver

Metabolomic profiling was conducted using ion pairing reversed phase liquid
chromatography- high resolution mass spectrometry (LC-HRMS) modified from

previous methods for polar analytes (Guo et al., 2016) and nucleotides
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(Kuskovsky et al., 2019). Samples were spiked with a stable isotope mix
containing "3Cs-Sodium Pyruvate, '3Cs-Lactate, '3Cs-Fumaric Acid, '3Cs-
Succinic acid, '3C4'"Ns-Aspartic Acid, '3Ce-Citric Acid, '3Cs-Glucose-6-
phosphate, 13C,-AcetylCoA, '3Cs-D-a-Hydroxyglutaric acid, '3Cs'°No-
Glutamine from Sigma-Aldrich or Cambridge Isotope Laboratories. 1 mL of
Optima LC-MS grade 80:20 methanol:water prechilled to -80°C was then added
to each sample, followed by a 30 second vortex mixing, 15 second pulse
sonication with a probe tip sonicator then samples were returned to the -80 "'C
freezer for 30 min. Insoluble debris was precipitated by centrifugation for 10
min, 17,000 x g at 4°C. Supernatant was evaporated to dryness under nitrogen,
resuspended in 100 yL 5% 5-sulfosaliclyic acid in water, and 5 uL was injected
for analysis. LC-HRMS was conducted on an Ultimate 3000 UHPLC equipped
with a refrigerated autosampler (at 6 °C) and a column heater (at 55 °C) with a
HSS C18 column (2.1 x 100 mm i.d., 3.5 ym; Waters, Milford, MA) used for
separations. Solvent A was 5 mM DIPEA and 200 mM HFIP and solvent B was
methanol with 5 mM DIPEA 200 mM HFIP. The gradient was as follows: 100 %
A for 3 min at 0.18 mL/min, 100 % A at 6 min with 0.2 mL/min, 98 % A at 8 min
with 0.2 mL/min, 86 % A at 12 min with 0.2 mL/min, 40 % A at 16 min and 1 %
A at 17.9 min-18.5 min with 0.3 mL/min then increased to 0.4 mL/min until 20
min. Flow was ramped down to 0.18 mL/min back to 100 % A over a 5 min re-
equilibration. For MS analysis, the UHPLC was coupled to a Q Exactive HF
mass spectrometer (Thermo Scientific, San Jose, CA, USA) equipped with a
HESI Il source operating in negative mode. The operating conditions were as
follows: spray voltage 4000 V; vaporizer temperature 200 °C; capillary

temperature 350 °C; S-lens 60; in-source CID 1.0 eV, resolution 60,000. The
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sheath gas (nitrogen) and auxiliary gas (nitrogen) pressures were 45 and 10
(arbitrary units), respectively. Single ion monitoring (SIM) windows were
acquired around the [M-H] of each analyte with a 20 m/z isolation window, 4
m/z isolation window offset, 1e® ACG target and 80 ms IT, alternating in a Full
MS scan from 70-950 m/z with 1e6 ACG, and 100 ms IT. Data was analyzed in
XCalibur v4.0 and/or Tracefinder v4.1 (Thermo) using a 5 ppm window for
integration of the peak area of all analytes and internal standards used for

normalization.

Statistics and graphing

Unless stated otherwise in the RNA-seq and proteomics experimental method,
statistics and graphing was conducted on GraphPad Prism 8. For real-time
PCR experiments, Wilcoxon matched-pairs signed rank test was preformed.

Otherwise, unpaired two-tailed t-tests were used for calculating the P-values

Importantly, according to the GMC analysis outline, no FDR rate was performed

in analyzing the GMC data set.

Data availability

All LC-MS/MS data files and MaxQuant output files have been deposited to the

ProteomeXchange Consortium (http://proteomecentral.proteomexchange.orq)

via the PRIDE partner repository with the dataset identifier PXDXXX. All

RNAseq data have been deposited to GEO.
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Supplementary figures

Figure S1. Whitening of brown adipose tissue (BAT) in Titan mice

Hematoxylin and eosin (H&E) staining images of BAT from 4 months old control and
Titan mice are shown (20x magnification; n = 4 per group). Representative pictures

are shown in Figure 2A.

Figure S2. Pancreatic lipomatosis was observed in Titan mice.

H&E staining images of the pancreas from 4 months old control and Titan mice are
shown (2.5x magnification; n = 4 per group). Higher magnification pictures were taken

at 20x. Representative pictures are shown in Figure 2B.

Figure S3. Plasma analysis comparing control and Titan mice after fasting.

(A-D) Younger Titan mice show higher levels of triglycerides and both non HDL and
HDL cholesterol (n= 20 control vs 19 Titan). *P < 0.05, **P < 0.01 ***P < 0.001. Error

bars indicate SEMs. Unpaired two-tailed t-tests were used to calculate P-values.

Figure S4. Titan mice show nodular thymic medullary hyperplasia.

H&E staining images of the thymus from 4 months old control and Titan mice are
shown (2.5x magnification; n = 4 per group). Higher magnification pictures were taken
at 20x. Black arrows indicate normal medulla and the white ones hyperplastic medulla.

Representative pictures are shown in Figure 3C.
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Figure S5. Hyperplastic nodules in the thymic medulla of Titan mice are mainly

composed of B cells.

CD45R/B220 IHC shows a considerably increased presence of B cells in the medulla

of the thymus in Titan mice (10x magnification; n = 4 per group).

Figure S6. Liver histology of control vs Titan mice

Shown are H&E-stained images of the liver from 4 months old control and Titan mice.
In addition, 6 months old Titan liver pictures are displayed (10x magnification; n = 4

per group). No obvious histological alterations were observed between the groups.

Figure S7. Iron levels and related binding capacity is altered in Titan mice.

Titan mice have an excess of iron in plasma, together with high transferrin saturation,
low UIBC and low TIBC compared to control mice. n = 20 control vs 18 Titan for iron,
N = 20 control vs 12 Titan for UIBC (unsaturated iron binding capacity), TIBC (Total
Iron Binding Capacity) and calc. (Calculated) transferrin saturation. **P < 0.01 ***P <

0.001. Error bars indicate the SEM in all the graphs. Unpaired two-tailed t-tests were

used for calculating the P-values.

Figure S8. Kidney histology of control vs Titan mice

Kidney tissue comparison of 4 old months control vs 4- and 6-months old Titan mice.
Arrows indicate basophilic tubules as well as tubular casts, which are seen in the

kidneys of several of the Titan mice.
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Figure S9. Plasma electrolytes analysis show increased levels of calcium,

potassium and inorganic phosphate.

(A-C) Titan mice show higher levels of plasma calcium, potassium and inorganic
phosphate (n = 20 control vs 18 Titan). ***P < 0.001. Error bars indicate the SEM in all

the graphs. Unpaired two-tailed t-tests were used for calculating the P-values.

Figure S10. Increased cardiac fibrosis was found in Titan mice

H&E and Sirius Red staining of the heart from 4 months old control and Titan mice are
shown (0.45x magnification). Sirius Red staining allows a better visualization of fibrotic
tissue. Higher magnification pictures from rectangles were taken at 10x. Increased

cardiac fibrosis was found in 3/6 young and 5/6 older Titan mice.

Figure S11. Transcriptome changes in the Liver of younger vs older Titan mice

(A) Heat map showing significantly altered genes between younger control vs younger
Titan mice. (B) Heat maps showing significantly altered genes between young and
older Titan mice. (C) Pathway enrichment analysis of (B) revealed an increase in
insulin pathway and glucose homeostasis and decrease in various metabolic
processes including fatty acid metabolism. (D) Heat map showing significantly altered
genes between older control vs older Titan mice ‘younger’ (11 wks) and ‘older’ (19-21

wks) mice. n=5 per group.
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Figure S12. Commonly altered liver genes/proteins between control and Titan

mice

(A-D) Venn diagrams showing commonly regulated genes/proteins in the liver
transcriptome/proteome. (A) Upregulated genes vs upregulated proteins in younger
Titan mice compared to younger control mice. (B) Down regulated genes vs down
regulated proteins in younger Titan mice compared to younger control mice. (C)
Upregulated genes vs upregulated proteins in older Titan mice compared to older
control mice. (D) Down regulated genes vs down regulated proteins in older Titan mice

compared to older control mice. N=6 per group.

Figure S13. Liver acetylome analyses revealed hypo-acetylation in younger Titan

mice

(A) Heat map comparing the acetylome between younger controls to Titan. 17
upregulated and 117 downregulated proteins in young Titan. (B) Pathway enrichment
show increased protein acetylation in several proteins in lipid metabolism in Titan mice.
(C) Pathway enrichment show decreased protein acetylation in Titan mice in various
mitochondrial proteins, translation process and several metabolic pathways including

glycine and serine metabolism. n=6 per group.

Figure S14. Targeted metabolite analysis of intra-abdominal fat comparing

control food vs ERF Titan mice at 21 weeks of age

Metabolite profiling of intraabdominal fat following ERF intervention in Titan mice.
Similarly to liver, energy reduced fed Titan mice display higher levels of DMG and

adenosine compared to control Titan. N= 9 per group
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Figure 4
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Figure 5
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Figure 6

A Survival curve B Titan male mice (siblings) C Intra-abdominal fat
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