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Abstract: Studies in humans and model systems have established an important role of short telomeres
in predisposing to liver fibrosis through pathways that are incompletely understood. Recent studies
have shown that telomere dysfunction impairs cellular metabolism, but whether and how these
metabolic alterations contribute to liver fibrosis is not well understood. Here, we investigated
whether short telomeres change the hepatic response to metabolic stress induced by fructose, a sugar
that is highly implicated in non-alcoholic fatty liver disease. We find that telomere shortening in
telomerase knockout mice (TKO) imparts a pronounced susceptibility to fructose as reflected in the
activation of p53, increased apoptosis, and senescence, despite lower hepatic fat accumulation in
TKO mice compared to wild type mice with long telomeres. The decreased fat accumulation in TKO
is mediated by p53 and deletion of p53 normalizes hepatic fat content but also causes polyploidy,
polynuclearization, dysplasia, cell death, and liver damage. Together, these studies suggest that liver
tissue with short telomers are highly susceptible to fructose and respond with p53 activation and
liver damage that is further exacerbated when p53 is lost resulting in dysplastic changes.

Keywords: telomeres; liver fibrosis; p53; fructose; triglyceride

1. Introduction

Telomeres are the repetitive ends of chromosomes that are synthesized by the dedi-
cated enzyme telomerase [1–4]. This multicomplex enzyme consists of a reverse transcrip-
tase component (TERT), a RNA template (TERC), and associated proteins and prevents
telomere attrition by adding telomeric TTAGGG repeats to chromosome ends [2,4,5]. In
humans, telomerase is turned off in the majority of somatic cells but present in stem and
progenitor cells, albeit at levels insufficient to maintain telomere length over a lifetime [6,7].
Advanced telomere shortening is recognized as DNA damage by the DNA damage surveil-
lance machinery that activates the classical p53-mediated checkpoint response of growth
arrest, senescence, and apoptosis [8–12]. While these cellular responses are potent barriers
for tumorigenesis, they are also implicated in driving a variety of disorders in patients
with critical short telomeres due to loss-of function mutations of telomerase (telomere
biology disorders, TBD) and in the aged [13–15]. Accelerated telomere shortening is also
observed in disorders associated with high cell turnover (such as inflammatory bowel
disease or hepatitis virus infection) and thought to contribute to disease progression and
complications in these chronic conditions [16–19].

In TBD patients, stem cell-dependent tissues such as the hematopoietic system and
skin are most prominently affected, indicating that the activation of p53 and elimination
of stem and progenitor cells is an important pathogenic mechanism [13,20–22]. This
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is supported by the amelioration of regeneration in stem cell-dependent tissues when
p53 or its downstream targets are deleted [11,23–25]. Interestingly, in a fraction of these
patients, tissues with low proliferative index such as the lung and the liver are affected by
fibrosis, a process characterized by continuous parenchymal cell death and deposition of
excess amounts of extracellular matrix [14,26–28]. How short telomeres predispose TBD
patients to liver fibrosis is not well understood [29]. Specifically, the instigating factors and
underlying mechanisms that cause continuous cell death in the liver are not known.

The liver, as the central organ for systemic metabolism, is a highly active metabolic
organ that processes nutrients, carries out detoxification, and regulates blood glucose
and lipids levels, among other functions. In the Western world in particular, excess food
consumption has increased the prevalence of non-alcoholic fatty liver disease (NAFLD),
a spectrum of disorders that are characterized by the accumulation of excess fat and that
can range from simple fatty liver (steatosis) to inflammation (nonalcoholic steatohepatitis,
NASH). It is estimated that 25% and 5% of the US population has NAFLD and NASH,
respectively. NASH is a condition that can lead to complications, including cirrhosis, liver
transplantation-requiring end stage liver failure, and hepatocellular carcinoma [30,31].
Among the various dietary factors implicated in the NAFLD pathogenesis, increased
fructose consumption has garnered specific attention as an important driver due to a large
body of studies in humans and rodents [32–37]. Fructose is thought to be particularly
toxic, as it potently drives de-novo lipogenesis, depletes ATP, and induces reactive oxygen
species [38,39].

Besides an improved understanding of how specific nutrients contribute to NAFLD,
the identification of host-intrinsic factors that predispose to NAFLD and disease progres-
sion remains an important area of research. Here we hypothesized that hepatocytes with
short telomeres are functionally compromised and susceptible to increased metabolic stress
based on the recent discovery that telomere shortening compromises cellular metabolism
through p53-dependent repression of sirtuins and peroxisome proliferator- activated re-
ceptor gamma co-activator 1 α/β (PGC-1α/β) [14,40]. These changes are associated with
impaired mitochondrial biogenesis and function, resulting in decreased ATP synthesis and
elevated ROS levels [40,41]. We reasoned that these short telomere-induced alterations
could predispose hepatocytes to cell death, senescence, and fibrosis. Such a mechanism
could not only be relevant for TBD patients but also for those with acquired conditions
that are associated with short telomeres, including chronic hepatitis and fatty liver disease
itself [42,43]. Our studies demonstrate that telomere shortening impairs the accumulation
of TG in response to a fructose-rich diet in a p53-dependent manner. Despite this reduced
fat content, hepatocytes with short telomeres are susceptible to fructose and undergo
apoptosis and senescence. Deletion of p53 leads to TG accumulation, polyploidization, and
dysplastic changes and further accelerates liver damage and fibrosis.

2. Results

To investigate whether telomere shortening impacts the response to increased fructose
consumption, we utilized mice with short telomeres generated through successive inter-
breeding of mice deficient for the reverse transcriptase component of telomerase, TERT, as
described previously [44]. The third generation of TERT null mice (hereafter referred to
as “TKO”) displays hallmarks of short telomeres, including activation of the DNA dam-
age response pathway and develops classical telomere shortening-associated pathologies,
including regenerative defects in high turn-over tissues, tissue atrophy, predisposition
to fibrosis, and shortened lifespan, as we have reported previously [40]. We used male
TKO mice with age- and sex-matched wild type mice (WT) serving as normal telomere
length controls.

In the liver, TKO mice on regular chow (PicoLab, 5V5R) display normal liver ar-
chitecture and contain similar triglyceride and glycogen levels compared to their WT
counterparts, as assessed by Oil Red O (ORO), biochemical analysis and Periodic acid–
Schiff (PAS) staining (Figure 1A–D; 5–8 mice per group analyzed). RT-qPCR analysis
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of key enzymes for triglyceride (SREBP-1c, FASN, SCD1, ACC1) and glycogen (GSK3a,
GSK3b, GYS2) synthesis shows similar transcript levels in TKO and WT mice (Figure 1E,F;
5–8 mice analyzed per group). Liver integrity, measured by damage-indicating enzymes
(ALT, AST, ALP), synthesis capacity (Albumin, Globulin), and fat metabolism (cholesterol,
HDL, LDL, VLDL) were comparable between TKO and WT mice (Figure S1A–D; five mice
per group analyzed), indicating that under baseline conditions telomere dysfunction does
not compromise liver integrity or basic functions.

Metabolites 2021, 11, x FOR PEER REVIEW 3 of 16 
 

 

enzymes for triglyceride (SREBP-1c, FASN, SCD1, ACC1) and glycogen (GSK3a, GSK3b, 
GYS2) synthesis shows similar transcript levels in TKO and WT mice (Figure 1E,F; 5–8 
mice analyzed per group). Liver integrity, measured by damage-indicating enzymes (ALT, 
AST, ALP), synthesis capacity (Albumin, Globulin), and fat metabolism (cholesterol, HDL, 
LDL, VLDL) were comparable between TKO and WT mice (Figure S1A–D; five mice per 
group analyzed), indicating that under baseline conditions telomere dysfunction does  
not compromise liver integrity or basic functions. 

 
Figure 1. TKO are indistinguishable from WT mice on regular chow diet (A) H&E staining demonstrates normal liver 
architecture in TKO mice (B) Oil Red O (ORO) staining indicates similar triglyceride levels between TKO and WT mice 
(right graph shows quantification) (C) Biochemical TG quantification shows similar levels in WT and TKO mice (D) Peri-
odic-Acid-Schiff (PAS) staining indicates similar glycogen content in WT and TKO mice (E) RT-qPCR demonstrates no 
differences in the expression of genes regulating TG biosynthesis (F) RT-qPCR demonstrates no differences in the expres-
sion of genes regulating glycogen biosynthesis. 5–8 mice were analyzed per group for each experiment and statistical 
differences were calculated by t-test. n.s. = not significant. 

Recent studies have demonstrated that telomere dysfunction and the DNA damage 
response-associated activation of p53 converge on cellular metabolism by downregulat-
ing major regulators of cellular metabolism including Sirt1, PGC-1α, and PGC-1β 
[40,45,46]. The downregulation of these factors is associated with reduced mitochondrial 
biogenesis and function, as reflected by increased ROS levels and reduced ATP synthesis 
capacity, particularly in the face of liver damage induced by hepatotoxins [41]. To probe 
the functional relevance of these alterations under metabolic stress conditions, we 
exposed TKO and control WT mice to a high fructose diet reasoning that the increased 
demand to metabolize this sugar might uncover a functional impairment when telomeres 
are critically short. To this end, eight-week-old TKO and WT mice were exposed to 30% 
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were undisguisable from WT mice in their food and water intake as well as energy ex-
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Figure 1. TKO are indistinguishable from WT mice on regular chow diet (A) H&E staining demonstrates normal liver
architecture in TKO mice (B) Oil Red O (ORO) staining indicates similar triglyceride levels between TKO and WT mice
(right graph shows quantification) (C) Biochemical TG quantification shows similar levels in WT and TKO mice (D) Periodic-
Acid-Schiff (PAS) staining indicates similar glycogen content in WT and TKO mice (E) RT-qPCR demonstrates no differences
in the expression of genes regulating TG biosynthesis (F) RT-qPCR demonstrates no differences in the expression of genes
regulating glycogen biosynthesis. 5–8 mice were analyzed per group for each experiment and statistical differences were
calculated by t-test. n.s. = not significant.

Recent studies have demonstrated that telomere dysfunction and the DNA damage
response-associated activation of p53 converge on cellular metabolism by downregulating
major regulators of cellular metabolism including Sirt1, PGC-1α, and PGC-1β [40,45,46].
The downregulation of these factors is associated with reduced mitochondrial biogenesis
and function, as reflected by increased ROS levels and reduced ATP synthesis capacity, par-
ticularly in the face of liver damage induced by hepatotoxins [41]. To probe the functional
relevance of these alterations under metabolic stress conditions, we exposed TKO and
control WT mice to a high fructose diet reasoning that the increased demand to metabolize
this sugar might uncover a functional impairment when telomeres are critically short. To
this end, eight-week-old TKO and WT mice were exposed to 30% fructose and followed
for three months (Figure 2A). Under these conditions, TKO mice were undisguisable from
WT mice in their food and water intake as well as energy expenditure (Figure S2A–C,
n = 5 per group). TKO livers were significantly smaller than their WT counterparts at the
end of the study, indicating less fat accumulation (Figure 2B; n=10 per group; p < 0.05).
Indeed, TKO mice accumulated significantly less fat in the liver as assessed by H&E,
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ORO, and biochemical analysis (Figure 2C–E; n = 10 mice; two independent experiments;
p < 0.05). Compared to control WT mice, TKO mice displayed approximately 50% less
hepatic TG accumulation (Figure 2D,E; n = 6 mice; p < 0.05). The reduced TG content in
TKO mice was paralleled by a blunted expression of lipogenic genes including SREBP-1c,
FASN, ACC1, and SCD1 compared to WT mice on a fructose diet (Figure 2F; n = 6; p < 0.05).
A clear transcriptional response to fructose was noticeable in TKO mice as the expres-
sion of TG-synthesizing enzymes was increased compared to TKO mice on regular chow,
although this response was blunted compared to WT mice on a fructose diet (Figure 2F;
n = 6; p < 0.05). Similarly, the hepatic glycogen content was significantly reduced in TKO
mice in response to fructose, which was associated with a decreased expression of the
glycogenic enzymes Gsk3a, Gsk3b, and Gys2, compared to fructose-exposed WT mice
(Figure 2G,H; n = 10 per group for PAS and n = 6 for RT-qPCR analysis; p < 0.05). To gauge
the consequence of increased fructose consumption, we analyzed markers indicative of
liver damage and synthesis capacity. TKO livers displayed significant susceptibility to
damage and reduced synthesis capacity in response to fructose, as reflected by the increase
of liver transaminases (Figure 3A; n = 6 per group; p < 0.05), lower blood protein, albumin
levels, and decreased albumin/globulin ratio (Figure 3B,C; n = 6 per group; p < 0.05).
Western blotting, RT-qPCR, and immunofluorescence analysis revealed that the hepatic
damage in TKO mice was associated with increased expression of phosphorylated p53
and its downstream pro-apoptotic targets (Bax, Puma, Gadd45a; Figure 3D,E; n = 6 per
group; p < 0.05) and cell cycle regulator p21 (Figure 3F; n = 3 per group; p < 0.05). The
activation of the DNA damage response can lead to cell death and senescence and both are
significantly increased in TKO livers, as determined by cleaved caspase 3, Tunel staining
and β-galactosidase staining (Figure 3G,H and data not shown; n = 6 per group; p < 0.05).
These changes in TKO liver tissue were accompanied by increased deposition of colla-
gen, as determined by Sirius Red staining indicative of chronic damage and mild fibrosis
(Figure 3I; n = 6 per group; p < 0.05). Together, these studies indicated that hepatocytes with
dysfunctional telomeres are highly susceptible to fructose and respond with a pronounced
activation of p53, cell death, and senescence.
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Figure 2. Mice with short telomeres accumulate less fat in liver tissue upon fructose treatment (A) Schematic fructose
treatment regime and duration; (B) Fructose-treated TKO livers are smaller than WT livers (C) H&E staining shows fewer fat
vacuoles in TKO liver tissue, indicating decreased fat content; (D) Oil Red O staining demonstrates reduced fat accumulation
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in TKO mice, the right graph shows quantification; (E) TKO mice have significantly less hepatic triglycerides (TG) as
determined by biochemical analysis; (F) TKO mice have lower transcript levels of genes regulating TG synthesis based on
RT-qPCR analysis; (G) PAS staining demonstrates decreased glycogen content in TKO mice; (H) TKO mice have lower
transcript levels of genes regulating TG synthesis based on RT-qPCR analysis. 8–10 mice per group were analyzed for each
experiment and statistical differences were calculated by t-test. * denotes p < 0.05.
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Figure 3. A fructose–rich diet induces DNA damage response, cellular damage, and senescence in mice with short telomeres.
(A) Liver transaminases are increased in TKO mice, indicating hepatocyte damage; (B,C) Albumin concentration and
Albumin/Globulin ratio are decreased as a sign of reduced hepatocyte synthesis capacity; (D) Phosphorylated p53 and
total p21 protein are increased in TKO liver; (E) RT-qPCR analysis of p53 targets indicate significant increase of p21, Bax,
Puma and Gadd45a; (F,G) TKO mice have increased expression of p21 and cleaved caspase 3 by immunofluorescence;
(H) Hepatocyte senescence is a pronounced response in TKO mice on fructose diet; (I) TKO mice have increased collagen
deposition detected by sirius red staining as sign of chronic damage and mild fibrosis. 6–10 mice per group were analyzed
for each experiment and statistical differences were calculated by t-test. * denotes p < 0.05.

We next wanted to understand the mechanism underlying this susceptibility and
focused on the role of p53, which plays a central role in mediating telomere dysfunction-
associated metabolic changes [40,41]. To this end, we generated TKO mice that were either
proficient or deficient for p53 (TKO/p53 +/+ or TKO/p53 −/−) and used WT and p53
−/− mice as normal telomere controls. Baseline histology and blood chemistry analysis
did not show any overt differences between the genotypes on a regular chow diet (data
not shown). We then exposed mice of different genotypes to a fructose-rich diet and
carried out indirect calorimetry using CLAMS (Comprehensive Lab Animal Monitoring
System), which did not reveal any differences in oxygen consumption, carbon dioxide
production, respiratory exchange ratio, total energy expenditure, and body temperature
(data not shown). By H&E staining over 50%, hepatocytes in TKO/p53 −/− mice had large
vacuoles that contrasted with the small vacuoles and in fewer hepatocytes (Figure 4A; n = 6
per group), which paralleled the heavier TKO/p53 −/− livers compared to TKO/p53 +/+
(Figure 4B; n = 6 per group; p < 0.05). ORO staining and TG measurement confirmed the
significant difference in TG between TKO/ p53 −/− and TKO/p53 +/+ mice (Figure 4C,D;
n = 6 per group; p < 0.05) and this was accompanied by increased levels of genes driving
fat synthesis, indicating an important role of p53 in controlling fat metabolism in response
to a fructose-rich diet (Figure 4E, n = 6 per group; p < 0.05). Interestingly, p53 deficiency in
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the setting of long telomeres increased TG accumulation as well, suggesting that p53 in
the liver, under metabolic stress, represses fat synthesis, similar to what has been reported
for p53 −/− that were exposed to a high fat diet (compare WT to p53 −/−; Figure 4A–D;
n = 6 per group, p < 0.05) [45,46]. This was also indicated by the increased expression of key
transcription factor Srebp1 and downstream targets FASN and enzyme ACC1 and SCD1
in p53 −/− (mice) compared to WT mice (Figure 4E; n= 6 per group, p < 0.05). Similar to
TG accumulation, the glycogen content was affected by p53 status, as documented by the
increase of glycogenic enzymes and glycogen in TKO p53 −/− mice (Figure 4G; n = 6 per
group, p < 0.05).
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Next, we assessed the functional consequence of p53 deficiency and increased fat syn-
thesis in the context of short and long telomeres. Interestingly, the improved metabolism
upon p53 deletion caused further damage in TKO mice compared to TKO mice with
intact p53. This was evident in the elevated levels of transaminases and decreased albu-
min/globulin ratio (Figure 5A and Figure S5A; n = 6 per group, p < 0.05). P53 deficiency
also caused significant hepatocyte damage (disintegrating hepatocytes, yellow arrow) and
inflammation (leukocytic infiltration, green arrow; Figure 5B; n = 6 per group). This was
accompanied by increased apoptosis indicating the existence of p53-independent path-
ways that induce apoptosis (cleaved caspase 3, Figure 5C; n = 6 per group, p < 0.05). In
contrast, the observed increase of senescence in TKO mice on a fructose diet was largely
p53 dependent as TKO p53−/− mice showed very few senescent cells compared to TKO
p53 +/+ mice (Figure 5D; n = 6 per group, p < 0.05). The increased damage was associated
with increased proliferation (Figure 5E; n = 6 per group, p < 0.05) in TKO p53 −/− mice
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compared to their TKO p53 +/+ counterparts. The increased cell death and proliferation
was paralleled by fibrosis in TKO p53 −/− mice as measured by Sirius red staining and
hydroxyproline measurement (Figure 5F,G; n = 6 per group, p < 0.05). These changes were
telomere length-dependent, as WT or p53 −/− with intact telomeres did not show any of
these pathologies (Figure 5A–G; n = 6 per group, p < 0.05). Together, these studies showed
that loss of p53 in telomere dysfunctional mice confers increased susceptibility to damage
and leads to chronic damage and fibrosis in response to a fructose diet.
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cytoplasmatic staining of dying hepatocytes; right graph shows quantification (D) Senescence is mostly dependent on p53 as
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While the above studies indicate that p53 activation represses TG accumulation, the
deletion of p53 at the whole-body level could lead to changes in other tissues that might ac-
count for the observed differences in the liver. To definitively answer whether p53 regulates
fructose metabolism in a liver-specific manner, we took two complementary approaches.
First, we used conditional p53 mice to delete p53 specifically in hepatocytes via the use of a
liver specific Cre deletor line, AlbCre, in the context of either short (TKO/AlbCre/p53 fl/fl)
or preserved telomere length (AlbCre/p53 fl/fl). As AlbCre is active during development
and the results could be confounded by developmental adaptive processes, we took a
second approach that relied on the acute deletion of p53 in adult TKO/p53 f/f and p53 fl/fl
mice via injection of AAV-Cre. Both approaches yielded results that were comparable to
those obtained in TKO that lacked p53 in all tissues. Deletion of p53 in TKO/AlbCre/p53
fl/fl caused a significant increase of TG and glycogen content accompanied by increased
expression of genes driving TG and glycogen synthesis (Figure S5B–E; n= 6 per group,
p < 0.05). Similarly, deletion of p53 in the liver of adult mice via AAV-Cre caused an increase
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of hepatic fat and glycogen content, demonstrating that lipid metabolism is under p53
control in a tissue and cell-specific manner (data not shown). Similar to TKO with whole
body p53 deficiency, the deletion of p53 in the liver induced similar pathological changes
including liver damage, hepatitis, cell death, proliferation, and fibrosis (data not shown).

Telomere dysfunction and p53 deficiency, independently, have been shown to affect
ploidy under regenerating conditions and we wondered whether increased fructose con-
sumption induced similar changes [47–49]. On histological examination, we noticed that
the fructose diet induced cellular changes that included an increase in cell and nuclear
size, number of nuclei per cell, as well as nuclear abnormalities in TKO mice lacking p53
either on a whole-body level or only in the liver (Figure 6A–E; n = 5 per group and data not
shown). Interestingly, TKO p53 −/−, but not TKO p53 +/+ hepatocytes were significantly
larger, resulting in fewer cells per field-of-view (Figure 6A; n = 5 per group; p < 0.05). The
cell size variability is dependent on increased fructose consumption and p53 status as
TKO p53 −/− mice on regular chow or TKO p53 +/+ on a fructose diet do not show any
significant changes in cell size (Figure 6B; n = 5 per group; p < 0.05). The cell size changes
were accompanied by an increased number of nuclei per cell with a significant increase of
hepatocytes carrying three nuclei and, on occasion, four nuclei (Figure 6C; n = 5 per group;
p < 0.05). FACS analysis demonstrated a significant increase in polyploidy in TKO p53
−/− mice (Figure 6D; n = 5 per group; p < 0.05). Significant abnormalities in the structure
of nuclei were evident in TKO p53 −/− hepatocytes based on the presence of enlarged
nucleoli, presence of inclusion bodies, and irregular shape (Figure 6B; n = 5 per group).
While these cellular alterations are compatible with dysplastic changes, no frank carcinoma
was observed, indicating that additional steps are required for full transformation.
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Figure 6. P53 deletion causes polyploidy, polynuclearization, and dysplastic changes in TKO mice on a fructose diet.
(A) H&E staining demonstrates pronounced heterogeneity in cell size, the right graph shows quantification of cell numbers
per field; (B) Nuclear size is significantly increased in TKO p53 −/− mice; (C) Number of cells with three or four nuclei is
elevated in TKO p53 −/− mice; (D) FACS analysis demonstrates increased ploidy in TKO p53 −/− mice; (E) Different
cytological and tissue alterations are present in TKO p53 −/− mice: Prominent inclusions in the nucleus (yellow arrow),
inflammation (green arrow) increase in cells with three nuclei (red arrow) and hyperchromatic nuclei with prominent
nucleoli as well as pyknotic nuclei (blue arrow). Five mice per group were analyzed for each experiment, except for FACS
(3 mice) and statistical differences were calculated by t-test. * denotes p < 0.05.
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3. Discussion

Together, these studies demonstrate that livers with short telomeres are susceptible to
a fructose-rich diet. This susceptibility is reflected in the pronounced activation of p53, in-
creased cell death, and senescence. While the underlying mechanisms of fructose-induced
p53 activation in the context of short telomeres remain to be established, fructose has been
demonstrated to drive ATP depletion, mitochondrial dysfunction, and elevate reactive oxy-
gen species, all of which either alone or in combination could account for the pronounced
p53 activation [50,51]. Given our previous reports that telomere shortening causes signifi-
cant impairment of mitochondrial function, it is possible that fructose further exacerbates
these defects and causes cell death. The increase of p53 in mice with short telomeres is
associated with a blunted transcriptional activation of genes driving TG synthesis com-
pared to WT mice. A similar metabolic maladaptation has been reported for TERT deficient
mice subjected to a liquid high fat diet as theses mice show decreased expression of many
metabolic genes [52]. This contrasts with comparable expression of these genes in TKO
mice on a regular chow, suggesting that TKO mice fail to mount an adequate transcriptional
in response to increased metabolic load. This maladaptation is also uncovered in aged TKO
mice that are fed a regular chow diet, indicating that this maladaptation becomes worse
over time [53]. Our studies demonstrate that p53 is a central mediator of the repressed
metabolic response in TKO mice. This is supported by the observation that expression
levels of genes involved in TG and glycogen synthesis are significantly increased when
p53 is deleted. Indeed, the repressive function of p53 is telomere length independent as
p53 deficient mice with intact telomeres also respond with increased TG accumulation.
These studies indicate a fundamental role of p53 in sugar and lipid metabolism and are in
line with previous in vivo studies in p53 deficient mice [46,54]. While our studies in global
and liver specific p53 deficient mice support the notion that p53 represses hepatic lipid
accumulation in response to fructose, previous studies in germline and liver specific p53
deficient mice have demonstrated a similar repressive function of p53 when mice are fed a
HFD [46]. The underlying mechanisms that mediate the observed p53 repression remain to
be elucidated when telomeres are short but could be secondary to elevated levels of p63, or
direct repression of Shrebp1c [54,55]. While the absence of p53 increased liver fat content in
mice with and without short telomeres, our studies demonstrate that short telomeres cause
profound histological and cytological abnormalities when p53 is deleted. First, hepatocytes
with p53 deletion are susceptible to cell death, which contrasts with low cell death rate in
WT mice fed a fructose-rich diet. The increase in cell death is accompanied by significant
fibrosis in mice with short telomeres and is dependent on fructose as TKO mice on a
regular chow diet have normal liver. Secondly, p53 deficiency leads to severe cytological
changes including increased nuclearity, ploidy, and dysplastic changes. These changes are
telomere length and fructose dependent as p53 deficient mice (with intact telomeres) on a
fructose diet or TKO mice on regular chow diet do not show these cytological alterations.
Telomere dysfunction and generalized DNA damage in conjunction with p53 deficiency
has been shown to induce polyploidy in proliferating mouse and human cells through
endoreplication in an ATM and/or ATR-dependent manner [47,48,56,57]. In the quiescent
liver, telomere deprotection is well tolerated in the presence of p53 and does not induce
ploidy changes [58]. In contrast, telomere dysfunction causes endoreduplication and poly-
ploidy in the regenerating liver [58]. The regenerating liver undergoes polyploidization
in p53 deficient mice, underscoring the fundamental role of short telomeres and p53 for
polyploidy under proliferative conditions [58,59]. Our studies extend these observations
and suggest that metabolic stress—such as caused by increased fructose consumption—can
cause polyploidization when telomeres are dysfunctional and p53 is inactivated. While the
mechanisms that underlie this fructose-induced polyploidization remain to be established,
studies in plants have shown that metabolic demands can drive endoreduplication and in-
crease ploidy status. Apart from this endogenous, potential metabolite-driven mechanism
for polyploidization, the increase in ploidy could be the result of incomplete, mitosis-
bypassing cell proliferation in response to increased cell death. Interestingly, our studies
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indicate a substantial increase of hepatocytes with increased number of nuclei, which could
stem from either failed cytokinesis or—less likely—increased cell fusion. An important
aspect of the cellular changes is the occurrence of dysplastic changes, including dysmorphic
nuclei with inclusions of unclear nature, hyperchromatic changes, and prominent nucleoli.
The presence of hepatocytes with these preneoplastic changes could serve as a pool for
cells undergoing full malignant transformation. Our findings are of potential relevance
for human disease. Of note, telomere shortening has been described to occur in patients
with fatty liver disease and increased polyploidy has been described in animal models of
NAFLD and NASH and in patients with NASH. Polyploid cells can induce aneuploidy
via chromosome missegregation and thereby drive cancer formation [60]. The absence of
p53 can further facilitate polyploidy and aneuploidy and predispose to malignant trans-
formation in human cells, as demonstrated by the predisposition of polyploid p53-null
mammary cells for malignant transformation compared to their diploid counterparts [61].

Together, our studies indicate that increased fructose consumption induces cellular
stress in livers with short telomeres and potently activates a p53 response that represses the
transcriptional response to fructose and curtails the accumulation of hepatic fat. Deletion
of p53 in the setting of short telomeres increases TG content and induces polyploidy and
dysplastic nuclear changes in response to increased fructose consumption. These studies
reveal how short telomeres and p53 potently modify fructose metabolism that is potentially
relevant for metabolic liver disease and hepatocellular carcinoma.

4. Materials and Methods
4.1. Mice

Animal experiments were carried out in accordance with the procedures laid out in
animal protocol AN5885 approved by the Institutional Animal Care and Use Committee at
Baylor. Mice were housed in a standard barrier facility with 12-hour light-dark cycles and
received a standard rodent chow diet (PicoLab, 5V5R). All studies were performed with
age-and sex-matched mice and if not otherwise stated, male mice between 8 and 16 weeks
of age were used. All mice in this study are on a C57/B6 background.

4.1.1. TERT Deficient Mice

Mice deficient for TERT were provided by Ronald A. DePinho [40]. To produce mice
with increasing telomere shortening (G1-G3), TERT heterozygous mice were continuously
interbred as described [40]. G3 mice are referred as TKO mice and used for all studies,
unless stated otherwise.

4.1.2. TERT/p53 −/− Double Mutant Mice

p53 germline deficient mice [62] were purchased from JAX laboratory and crossed to
heterozygous TERT mice and compound heterozygous mice were interbred to generate
mice with decreasing telomere length that lack or have intact p53.

4.1.3. TERT/p53 fl/fl/AlbCre Mice

Conditional p53 [63] and AlbCre [64] transgenic mice (JAX Laboratory) were crossed
to TERT heterozygous mice to generate mice with progressive telomere shortening and
p53 fl/fl mice either positive or negative for the Alb-Cre transgene.

Genotyping: Tail snippets were lyzed in 100 mM NaCl, 10 mM Tris (pH 8.0), 1 mM
EDTA, 1% SDS, and 1 mg/mL proteinase K and used for the identification of TERT,
germline p53, conditional p53, and AlbCre alleles by PCR, as previously described [41].

4.2. AAV Experiments to Generate Liver Specific p53 Null Mice

Recombinant AAV-Cre (AAV8.TBG.PI.Cre.rBG, UPenn, Penn Vector Core) was deliv-
ered via tail-vein injection at a dose of 2 × 1011 GC (genome copies) in a final volume of
200 µL of PBS. Two weeks later, the mice were started on a fructose diet.
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4.3. Fructose Diet

Mice had free access either to tap water or 30% fructose water for three months, if not
indicated otherwise. Body weight, food consumption, and amount of consumed water was
documented once weekly throughout the treatment period.

4.4. CLAMS Analysis

Comprehensive Lab Animal Monitoring System (CLAMS) at the Metabolic Core at
Baylor was used to measure energy expenditure, food, water intake, and activity.

4.5. Assays for Liver Function

Liver function assays were performed by the Laboratory of Comparative Pathology at
Baylor College of Medicine.

4.6. RNA Isolation, cDNA Synthesis, and Real-Time PCR

Total liver RNA was extracted with Trizol reagent (Thermo Fisher Scientific). RNA
was then digested with DNase I (New Engeland Biolabs) and further cleaned up with
RNeasy Mini columns (QIAGEN). cDNA synthesis was carried out with Protoscript II
(New England Biolabs) using 0.5 µg of total RNA.

To quantify transcript levels, SensiFAST Probes or SensiFAST SYBR kit (BIOLINE)
was used. The primer sequences used for qPCR are listed in Table 1. The ∆∆ CT method
was used to calculate the expression levels of the transcripts.

Table 1. Sequences of primer sequences used for RT-qPCR.

Primer Sequence

Bax Forward CAGGATGCGTCCACCAAGAA
Bax Reverse AGTCCGTGTCCACGTCAGCA

Puma Forward ACGACCTCAACGCGCAGTACG
Puma Reverse GAGGAGTCCCATGAAGAGATTG
p21 Forward AGATCCACAGCGATATCCAGAC
p21 Reverse ACCGAAGAGACAACGGCACACT

Gys2 Forward CCTGGGCAGATATTACCAGCAT
Gys2 Reverse TTCCCCTTTGGAAAGTGGTTCA

Gsk3b Forward CAGCAGCCTTCAGCTTTTGG
Gsk3b Reverse AGCTCTCGGTTCTTAAATCGCT
Pygl Forward AACACTATGCGCCTCTGGTC
Pygl Reverse GCTGGATGGCTACCTGATCT

mSCD1 Forward CCGGAGACCCCTTAGATCGA
mSCD1 Reverse TAGCCTGTAAAAGATTTCTGCAAACC

mACC1 Forward TGACAGACTGATCGCAGAGAAAG
mACC1 Reverse TGGAGAGCCCCACACACA

mSREBP-1c Forward GGAGCCATGGATTGCACATT
mSREBP-1c Reverse GGCCCGGGAAGTCACTGT

mFASN Forward GCTGCGGAAACTTCAGGAAAT
mFASN Reverse AGAGACGTGTCACTCCTGGACTT

beta Actin Forward CCCTGTATGCCTCTGGTCGTACCAC
beta Actin Reverse GCCAGCCAGGTCCAGACGCAGGATG

4.7. Immunoblotting

Liver lysates were prepared in RIPA buffer (50 mM Tris-HCl, pH7.4, 150 mM NaCl,
0.1% SDS, 0.5% sodium deoxycholate, 1.0% Triton X-100) containing protease (Roche Ap-
plied Science) and phosphatase inhibitors (GenDEPOT). Lysates were briefly sonicated and
the protein concentration was determined from the centrifuged by Bradford assay. Equal
amounts of protein was loaded onto SDS-PAGE gels, and transferred to nitrocellulose mem-
branes (Bio-Rad). Membranes were blocked ((5% skim milk in TBST (50 mM Tris-Cl, pH7.5,
150 mM NaCl, 0.05% Tween 20)) for 1 h and incubated with primary antibodies overnight
at 4 ◦C. All primary antibodies used for these studies are listed in Table 2. Subsequently,
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membranes were incubated with horseradish peroxidase-coupled anti-mouse or anti-rabbit
secondary antibodies (ThermoFisher Scientific, Waltham, MA, USA) and developed with
Super Signal West Pico chemiluminescent substrate (ThermoFisher Scientific, Waltham,
MA, USA).

Table 2. Listed antibodies used in this study.

Antibody Vendor Cat Number Dilution

Recombinant Anti-p21 antibody [EPR18021] Abcam ab188224 1:1000 (IHC/WB)
Phospho-p53 (Ser15) Antibody Cell Signaling #9284 1:100 (WB)

Cleaved Caspase-3 Antibody (Asp175) (D3E9) Cell Signaling #9579 1:250 (IHC)

4.8. Histology and Immunohistochemistry

Livers were removed, washed with PBS, cut open, and fixed in 4% paraformaldehyde
overnight at 4 ◦C. Tissues were embedded in paraffin, sectioned at 4 µm, and stained with
Hematoxylin and Eosin (H&E) for histopathological examination. For immunohistochem-
istry, tissue sections were deparaffinized and rehydrated in an ethanol series. They were
blocked with 3% H2O2 for 15 min at room temperature. For the biotin- based staining,
sections were washed, then blocked with Avidin/Biotin blocking solutions (Vector lab,
Burlingame, CA, USA), and blocked with 5% goat serum for 1 h at room temperature.
Sections were incubated overnight at 4 ◦C with the primary antibodies listed in Table 2.
They were then washed and incubated for 1 h at room temperature with goat α-rabbit
biotinylated secondary antibody (Vector Labs). The sections were developed with a DAB
substrate kit (Vector lab) at room temperature, counterstained with haematoxylin and after
drying were mounted with Permount mounting medium (Electron Microscopy Sciences,
Hatfield, PA, USA).

Apoptosis: Apoptotic liver cells were identified with the ApopTag® Peroxidase In Situ
Apoptosis Detection Kit (Millipore, Burlington, MA, USA) or by cleaved caspase 3 (Cell
Signaling, Danvers, MA, USA) staining.

Oil Red O (ORO) and Periodic Acid Schiff (PAS) staining: ORO and PAS staining were
carried out and quantified as previously described [65,66].

BrdU staining: Mice were injected with 100 mg/kg BrdU (Amersham Biosciences,
Piscataway, NJ, USA) intraperitoneally for two hours. BrdU-positive cells were identified
with IHC using an anti-BrdU antibody (Ab3, Thermo Scientific, Fremont, CA, USA).

Senescence: Detection of SA-β-gal activity was performed as described [67]. Briefly,
frozen sections of liver tissue were stained overnight with PBS containing 1 mM MgCl2,
1 mg/mL X-Gal and 5 mM of each Potassium ferricyanide after fixation in 0.5% Gluteralde-
hyde and several washes with PBS. Sections were counterstained with Eosin.

4.9. Immunofluorescence

Antigen retrieval was carried out on deparaffinized and rehydrated 10 µm liver
sections in a microwave for 20 min using TE buffer (10 mM Tris- Cl, pH 8.0, 1 mM EDTA,
0.05% Tween 20). Slides were then treated with 3% H2O2 for 15 min (room temperature),
blocked with 2.5% horse serum (1 h at room temperature) and incubated overnight with
antibodies recognizing p21 and cleaved caspase 3 (see Table 2) at 1:500 at 4 ◦C. Slides were
washed with PBS and then incubated with Alexa Fluor 488 conjugated anti-mouse/rabbit
IgG secondary antibodies (Thermo Fisher Scientific) at room temperature for 1 h. After
washing in PBS, the slides were mounted with anti-fade mounting media. Positive cells
were counted in 10 high power-fields (HPF) and the results were reported as positive cells
per HPF.
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4.10. Fibrosis Studies
4.10.1. Sirius Red

Fixed (10% formalin) 10 µm liver sections were deparaffinized and rehydrated and
stained according to instructions provided by the picrosirius red staining kit (Polysciences,
Inc., Warrington, PA, USA). Briefly, sections were stained for two minutes in phospho-
molybdic acid and stained with picrosirius red for one hour, followed by two minutes
in acidified water and 45 s in 70% ethanol. Subsequently, the slides were dehydrated
in ethanol and cleared in xylene. Slides were then mounted in Permount medium. The
quantification of fibrosis was performed using ImageJ (NIH) on ten random low-power
(40×) images. The results are reported as percent fibrotic area.

4.10.2. Hepatic Hydroxyproline Content

The Total Collagen Assay (QuickZyme) was used according to the manufacturer’s
instructions and as described recently to determine hepatic hydroxyproline content [68,69].
Results are expressed as micrograms hydroxyproline per gram liver tissue.

4.11. Ploidy Determination

To determine DNA content (ploidy), hepatocytes were isolated by collagenase per-
fusion as described previously [70]. Hepatocytes were then stained with propidium
iodide at a concentration of 50 µg/mL) in 0.2% Tween-PBS supplemented with 1 µg/mL
RNAse A (Molecular Probes) after fixation in 80% ice-cold ethanol. Cells were analyzed
on a FACSCalibur. Statistical analysis was performed by using the CellQuest software
(BD Biosciences).

4.12. Statistics

GraphPad Prism (GraphPad Software, La Jolla, CA, USA) was used for statistical anal-
ysis and results are reported as mean values ± s.e.m. Student’s t-test was used to determine
the statistical differences with P-values less than 0.05 considered statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/metabo11060394/s1, Figure S1: TKO livers are indistinguishable from WT mice on a regular
chow diet, Figure S2: Mice with short telomeres accumulate less fat in liver tissue upon fructose
treatment, Figure S3: P53 deletion increases fat accumulation in TKO mice.
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