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Werner syndrome is a progeric syndrome characterized by premature atherosclerosis, diabetes, cancer, and death in 
humans. The knockout mouse model created by deletion of the RecQ helicase domain of the mouse Wrn homologue gene 
(Wrn∆hel/∆hel) is of great interest because it develops atherosclerosis and hypertriglyceridemia, conditions associated with 
aging liver and sinusoidal changes. Here, we show that Wrn∆hel/∆hel mice exhibit increased extracellular matrix, defenestra-
tion, decreased fenestration diameter, and changes in markers of liver sinusoidal endothelial cell inflammation, consistent 
with age-related pseudocapilliarization. In addition, hepatocytes are larger, have increased lipofuscin deposition, more 
frequent nuclear morphological anomalies, decreased mitochondria number, and increased mitochondrial diameter com-
pared to wild-type mice. The Wrn∆hel/∆hel mice also have altered mitochondrial function and altered nuclei. Microarray data 
revealed that the Wrn∆hel/∆hel genotype does not affect the expression of many genes within the isolated hepatocytes or liver 
sinusoidal endothelial cells. This study reveals that Wrn∆hel/∆hel mice have accelerated typical age-related liver changes 
including pseudocapillarization. This confirms that pseudocapillarization of the liver sinusoid is a consistent feature of 
various aging models. Moreover, it implies that DNA repair may be implicated in normal aging changes in the liver.
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Old age is associated with increased vulnerability, sus-
ceptibility to disease, and disability and is the major 

independent risk factor for most diseases of the Western 
world including atherosclerosis, cancer, and arthritis as 
well as prototypical aging diseases such as dementia and 
osteoporosis (1). Although the aging process is the main 
determinant of disease beyond the third decade of life (2), 
our understanding of how old age predisposes to disease 
remains rudimentary (3). It has been recognized that the 
liver may be central to the aging process because it plays a 
pivotal role in many metabolic and detoxification processes 
that impact on aging and disease susceptibility in the rest 
of the body.

The liver had long been thought to be preserved from 
any significant age-related changes. A  growing body of 
evidence, however, shows that older age is associated with 
marked changes in all cells of the liver (4,5) and particularly 

the liver sinusoidal endothelial cells (LSECs) (6). These 
age-related changes to the LSEC, called pseudocapillari-
zation, are now known to affect directly hepatic metabo-
lism through inhibiting transfer of substances such as lipids 
and drugs between the blood and liver parenchyma (7,8). 
In particular, fenestrations, which are transcellular pores 
that facilitate transfer of substrates across the LSEC, are 
reduced in both number and diameter in old age in all spe-
cies yet reported including humans.

Werner Syndrome (WS) is a human autosomal recessive 
progeric condition that causes the premature onset of clini-
cal signs of aging, such as cardiovascular disease, cancer, 
and osteoporosis. It is caused by a mutation of the WRN 
(RECQL2) gene, which encodes a RecQ family 3′–5′ DNA 
helicase protein that also has a 3′–5′ exonuclease domain 
at its N-terminus region (9,10). The protein is involved in 
DNA recombination, transcription, repair, and telomere 
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maintenance (11–13). The life expectancy of a person with 
WS has climbed from 46 years in the 1990s (14) to 55 years 
due to better medical care (15) and the introduction of anti-
diabetic drugs, underlining again the abnormal metabolic 
profile of these patients (16).

A number of mouse models of WS have been devel-
oped (17–19). In this report, we investigate the Wrn heli-
case mutant mice, Wrn∆hel/∆hel, which lack the helicase unit 
of the Wrn gene. Although these mice do not develop a 
severe aging phenotype, they do exhibit many of the WS 
phenotypes including hypertriglyceridemia, insulin resist-
ance, an increased incidence of cancer, and a decreased 
life expectancy (20,21). Previously, we have shown that 
vitamin C supplementation and resveratrol treatment have 
beneficial effects on the health and/or life span of these 
Wrn∆hel/∆hel mice. Many of these effects were mediated in 
part by the liver, and we believe that the liver sinusoidal 
endothelium played an integral role (22,23). Hence, the 
aim of this study was to systematically investigate the 
morphology, gene expression, and function of the liver 
sinusoidal endothelium as well as the hepatocytes in 
Wrn∆hel/∆hel mice and to further evaluate these mice for use 
in aging liver studies.

Methods
Homozygous WRN helicase transgenic (Wrn∆hel/∆hel) on 

a C57Bl6 background and C57Bl6 wild-type (WT) con-
trol male mice aged 4–7 months and 14–16 months were 
used for all parameters in this study, with the exception of 
the microarray analysis where 3- to 4-month-old and 13- 
to 14-month-old animals were used. Control C57Bl6 mice 
were bred independently. All animals were housed in the 
Molecular Physiology unit at the ANZAC Research Institute 
and allowed free access to water and commercial pellets. 
This study was approved by the Sydney South Western Area 
Health Service Animal welfare committee.

Biochemical Parameters
Basic liver function tests (alanine transaminase and 

aspartate transaminase) were measured in plasma blood 
with the Roche Hitachi cobas 8000 Modular Analyzer 
(Roche Diagnostics, Indianapolis, IN) in the Biochemical 
Department of Concord Hospital (n = 4 mice per age 
group and genotype). Plasma insulin levels were measured 
using the Ultrasensitive Mouse Insulin ELISA Kit (Alpco 
Diagnostics, Salem, New Hampshire) (n = 4 mice per age 
group and genotype).

Morphological and Ultrastructural Studies
For liver morphology studies, liver perfusion was per-

formed as described previously (24). In addition, one 
lobe was ligated and placed in 4% phosphate-buffered 

paraformaldehyde for histology and immunohistochemis-
try prior to introduction of fixative for electron microscopy 
analysis.

Following fixation, liver samples for transmission elec-
tron microscopy were embedded in Spurrs resin, sectioned, 
and examined using a Philips CM10 transmission electron 
microscope. Liver morphology was assessed for mito-
chondrial density, lipid deposition, nuclei morphology, 
and fibrotic changes. Liver pieces for scanning electron 
microscopy were prepared as previously described (7), and 
fenestration density and size were examined using a JEOL 
6380 scanning electron microscope. Five mice per age 
group and genotype were analyzed by electron microscopy 
techniques. Not less than 10 hepatocytes were analyzed 
per animal, and at least 350 mitochondria per animal were 
analyzed to calculate mitochondria size and number. Nuclei 
area was excluded from hepatocyte area for calculation of 
mitochondrial density.

For histology, liver samples were embedded in paraffin, 
sectioned at 4 µm, and stained with hematoxylin and eosin 
for gross morphology or Sirius red, a stain for liver collagen 
deposition, a marker of liver fibrosis (25).

Immunohistochemistry was used to determine the expres-
sion of LYVE1, perlecan, and ICAM 1 (antigens expressed 
on LSECs and extracellular matrix) on frozen sections, and 
the expression of F4/80 (Kupffer cell antigen) was analyzed 
on paraffin sections.

Endogenous peroxidase was blocked with 0.3% hydro-
gen peroxide. The primary antibodies, which were applied 
for 1 hour were LYVE1 (ALY7 eBioscience, 1:200), per-
lecan (A7L6 -NeoMArkers,1:200), ICAM-1, and F4/80 
(kindly provided by P.Bertolino, 1:10). Sections were then 
treated with anti-rat biotinylated secondary antibody and 
ExtrAvidin peroxidase (Sigma). 3,3′-Diaminobenzidine 
was used to reveal peroxidase activity. The immunohisto-
chemistry staining was rated blindly and independently. 
Staining was rated between zero and three for the intensity 
of staining in the periportal sinusoids, pericentral sinusoids, 
portal vein, and central veins (n = 5 mice per age group and 
genotype were analyzed using these histological and immu-
nohistochemical techniques).

Microarray Studies
For gene expression study, total RNA was isolated from 

hepatocytes and LSEC isolated from 3- to 4-month-old 
and 13- to 14-month-old Wrn∆hel/∆hel and WT mice (3 mice 
per age and genotype) using RNAeasy (Qiagen). Cells 
were obtained after liver perfusion with liberase (Roche), 
Percoll gradient separation of nonparenchymal cells and 
subsequent removal of Kupffer cells by selective adher-
ence. Amplified cRNA was hybridized onto Illumina.
SingleColor.MouseWG-6 v2.0 Whole-Genome Expression 
BeadChip containing 45,280 probes for 30,853 genes. Raw 
fluorescence intensity values were quantile normalized with 
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The BeadStudio software (Illumina Inc.) and log-trans-
formed prior to two-way ANOVA analysis with Benjamini–
Hochberg false discovery rate correction.

Seahorse Mitochondrial Studies
Mitochondrial respiration and oxidation in the livers were 

assessed using a Seahorse Extracellular Flux Analyzer. 
Substrates studied were glutamate/malate and succinate, 
and responses to ADP, Oligomycin, FCCP, and Antimycin 
A were quantified (n = 4 per genotype, age 4–7 months). 
Data were extracted from Excel spreadsheets using “R” 
and respiration states calculated using the point-to-point 
calculations.

Mitochondrial DNA Studies
For quantification of mitochondrial DNA, total DNA was 

extracted from isolated hepatocytes from four groups of 
mice using DNeasy kit (Qiagen) (n = 3 mice per age and 
genotype).

Two mitochondria-encoded genes (NADH dehydroge-
nase subunit 5 and ATP synthase F0 subunit 6 ) and one 
nuclear-encoded gene (transferrin receptor, which is a sin-
gle copy nuclear gene) were quantified by RealTime PCR 
using TaqMan chemistry. Amplification efficiency was cal-
culated from standard curves for each gene generated by 
RealTime PCR of serial dilutions of most concentrated 
DNA sample and appeared to be 94.7% for NADH dehy-
drogenase subunit 5, 94.5% for ATP synthase F0 subunit 
6, and 81.2% for transferrin receptor. Quantities of target 
genes in the samples were estimated from RealTime PCR–
generated C

t
 (cycle threshold) values corrected for amplifi-

cation efficiency.

Statistical Analysis
Statistical analysis was performed using SigmaPlot 11.0 

(SyStat Software, Chicago, IL). All results are expressed as 
mean ± SEM. Comparisons between groups were performed 
with t test, ANOVA, or Kruskal–Wallis where appropriate. 
Differences were considered significant at a p value <.05.

Results
At 4–7 months, Wrn∆hel/∆hel mice appeared healthy and in 

good condition; however at 14–16 months, the Wrn∆hel/∆hel 
mice had some grey fur and were beginning to develop 
bald patches. Wrn∆hel/∆hel mice were significantly heavier at 
14–16 months than at 4–7 months (Figure 1); there were no 
differences in weight between the other groups.

Biochemical Parameters
Plasma insulin levels were increased in the Wrn∆hel/∆hel 

mice at both 4–7 months and 14–16 months of age compared 

with 4- to 7-month-old WT. There was also an age-related 
increase in plasma insulin levels in the WT mice (p = .014, 
Figure 1B); 

alanine transaminase, aspartate transaminase, and biliru-
bin levels in plasma were within the normal range in all age 
groups and genotypes (Figure 1C).

Morphological Studies
All livers from the 4- to 7-month-old and 14- to 16-month-

old Wrn∆hel/∆hel and WT mice were free from pathological 
changes on hematoxylin and eosin staining (Figure 2A–D). 
However, a dramatic increase in inflammatory infiltrate was 
observed both in the 4- to 7-month-old and 14- to 16-month-
old Wrn∆hel/∆hel mice compared with their age-matched con-
trols (Figure  2A–D). Sirius red staining also revealed a 
significant increase in fibrotic changes in the parenchyma 
of the 4- to 7-month-old and 14- to 16-month-old Wrn∆hel/∆hel 
mice and parenchyma and vessels of the 14- to 16-month-
old WT (Figure 2E–H).

Immunohistochemical Studies
ICAM 1 staining increased in both Wrn∆hel/∆hel age 

groups and in the 14- to 16-month-old WT group, 
reflecting the increased inflammation seen on histology 
(Figure  2I–L). In contrast, expression of LYVE-1, the 
marker for LSECs (Figure 2M–P), Perlecan, the marker 
for vascular extracellular matrix (Figure 2Q–T), and the 
Kupffer cell marker, F4/80 (Figure 2U–X) did not change 
with age or genotype.

Electron Microscopic Studies
Scanning electron microscopy revealed a significantly 

decreased number of fenestrations in 14- to 16-month-
old WT mice and in both the 4- to 7-month-old and 14- 
to 16-month-old Wrn∆hel/∆hel mice (p < .001, Figure 3E). In 
addition, fenestration diameter was significantly decreased 
with age and genotype (p = .004, Figure 3F).

Transmission electron microscopy supported the 
histological findings of increased collagen deposition 
along the sinusoids in the space of Disse in the mice 
and more inflammatory cells in the sinusoids seen on 
light microscopy (Figure 4A–D). In addition, the hepat-
ocytes were larger with age and genotype (p  =  .001, 
Figure  4A–D), and there were significantly increased 
levels of lipofuscin deposition in the 4- to 7-month-old 
Wrn∆hel/∆hel mice. Examination of the nucleus revealed 
an increase in irregularly shaped nuclei with Wrn∆hel/∆hel 
genotype (chi squared, 20.879, p = .0001, Figure 4I–L). 
There was no change in nuclei diameter (Wrn∆hel/∆hel: 
4–7  months, 8.269 ± 0.312  µm; 14–16  months, 9.365 
± 0.35  µm; WT: 4–7  months, 8.067 ± 0.287  µm; 14–
16  months, 19.091 ± 0.601  µm, p = .052) or ploidy 
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(data not shown) with age or genotype. Localized fatty 
changes were found in the Wrn∆hel/∆hel mice in both age 
groups (Figure 4I–L).

As assessed by maximal diameter measurements, there 
was an increase in hepatocyte mitochondrial size in the 
Wrn∆hel/∆hel mice in both age groups compared with WT con-
trols (p = .004, Figure 4E–H). In addition, there was a reduc-
tion in hepatocyte mitochondrial numbers per 100  µm2 in 
both age groups of the Wrn∆hel/∆hel mice and also in 14- to 

16-month-old the WT control mice (p =  .036, Figure 4N). 
The mitochondria appeared to be ultrastructurally nor-
mal in all groups, with cristae and membranes intact and 
uncompromised.

Mitochondrial Function Studies
Mitochondria extracted from the livers of 4- to 7-month-

old WT and Wrn∆hel/∆hel mice and analyzed using the Seahorse 
analyzer showed significant differences in: ADP-dependent 

Figure 1.  (A) Animal weight was significantly increased in the 14- to 16-month-old Wrn∆hel/∆hel mice and WT mice compared with the 4- to 7-month-old animals 
(p = .001). (B) Hyperinsulinemia was seen in the progeroid 4- to 7-month-old Wrn∆hel/∆hel mice and in both the WT and Wrn∆hel/∆hel mice at 14–16 months (*p = .014). 
(C) No difference in liver function was detected between genotype and age.  
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state III respiration (p =  .002); ADP-independent state IV 
respiration (p  =  .028); and FCCP uncoupled respiration 
rates (p = .001). There were no differences in ADP:O ratio, 
a measure of overall ETC efficiency or hydrogen peroxide 
production (Figure 5A–F).

Mitochondrial DNA was quantified by measuring 
mtDNA copy numbers as measured by NADH dehydro-
genase subunit 5 and ATP synthase F0 subunit 6 levels 
normalized against nuclear DNA copy numbers, meas-
ured by transferrin receptor; no significant difference was 
found in this parameter using this method of measurement 
(Figure 5G and H).

Microarray Studies
Gene regulation by both genotype and age was assessed 

using microarray in both hepatocytes and LSECs.
In LSECs, the scavenger receptor class A  (Msr1) and 

transmembrane protein 66 (Tmem66) were both upregu-
lated in the mutant mice, whereas the RNA-binding motif 
protein 13 (Rbm13) was significantly downregulated in 
Wrn∆hel/∆hel LSECs (Figure 6A).

In hepatocytes, the WS homolog (human) (Wrn) and 
transmembrane protein 66 (Tmem66) were significantly 
upregulated, whereas RNA-binding motif protein 13 
(Rbm13) and solute carrier family 7 (cationic amino acid 
transporter) member 2 (Slc-7a2) (Figure  6B) were sig-
nificantly downregulated in the mutant mice. Of note, 

expression patterns of Tmem66 g and Rbm13 were very 
similar in LSECs and hepatocytes.

Age-dependent gene regulation.—Sixty-six genes were 
differentially regulated with age in LSECs independently 
of genotype. Figure 6C shows Gene Ontology terms statisti-
cally overrepresented within this list (Supplementary File). 
Aging was associated with significant upregulation of, for 
example, chemokine (C-X-C motif) ligand 12 (Cxcl12); 
arginine-rich domain–containing protein (Aard); collectin 
subfamily member 11 (Colec11); angiotensin II receptor, 
type 1a (Agtr1a); transmembrane protein 56 (Tmem56); 
and musculoskeletal, embryonic nuclear protein 1 (Mustn1) 
in both Wrn∆hel/∆hel and WT animals although always to a 
lesser extent in the former.

No transcripts reached statistical significance for the age-
related changes in hepatocytes when Benjamini–Hochberg 
false discovery rate correction was applied. However, when 
less strict statistical criteria were used, 513 transcripts 
were identified (p < .005). The Supplementary file shows 
the genes statistically overrepresented within this list. For 
example, aging was associated with significant upregula-
tion of cell death–inducing DNA fragmentation factor; 
alpha subunit–like effector A (Cidea); CCR4 carbon catabo-
lite repression 4-like (Saccharomyces cerevisiae) (Ccrn4l); 
glypican 1 (Gpc1); leucine-rich repeats and transmembrane 
domains 1 (Lrtm1); and WAP four-disulfide core domain 2 

Figure 2.  Histology and Immunohistochemistry of the liver. Hematoxylin and eosin staining of the liver (A–D) confirmed that although the livers of all mice were 
free of pathology, there is an increase in inflammatory cell aggregation (*) with age and Wrn∆hel/∆hel genotype. Sirius red staining (E–H) revealed an increase in collagen 
deposition along the sinusoids with age (→) and Wrn∆hel/∆hel genotype. Upregulation of ICAM-1 expression (#) (I–L) confirmed the hematoxylin and eosin finding of 
increased inflammation in the livers of Wrn∆hel/∆hel and 14- to 16-month-old WT mice. No age- or genotype-dependent changes in expression of Lyve-1 (M-P), F4/80 
(Q-T), or Perlecan (U–X) were detected. (Original magnification ×400).

http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glt169/-/DC1
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	 LIVER AGING AND PSEUDOCAPILLARIZATION IN WS MOUSE MODEL	 1081

(Wfdc2) in both Wrn∆hel/∆hel and WT hepatocytes. In contrast 
to LSECs, age-related upregulation of transcription was 
less pronounced in WT animals.

Discussion
Ultrastructural changes during aging contribute to 

impaired liver metabolism and detoxification. Many of 
these changes occur in the hepatic blood vessels or sinu-
soids and occur independently of any disease pathology. In 
young disease-free liver, the hepatic sinusoids have a unique 

fenestrated endothelium that allows bidirectional transfer 
of substances between the blood and the hepatocytes (26). 
However, during aging, a loss of fenestrations, an increase 
in extracellular matrix deposition, and changes in cell dif-
ferentiation patterns impede transfer across the endothe-
lium leading to impaired liver function and increased risk 
factors for adverse drug reactions and dyslipidemic condi-
tions (7,24). This pattern of age-related changes in the liver 
sinusoid has been termed “pseudocapillarization.”

We have now demonstrated that the Wrn∆hel/∆hel progeria 
model replicates age-related pseudocapillarization from 

Figure 3.  Scanning electron microscopy of the liver sinusoidal endothelium. (A–D) Typical scanning electron micrographs from 4- to 7-month-old WT, 4- to 
7-month-old Wrn∆hel/∆hel, 14- to 16-month-old WT, and 14- to 16-month-old Wrn∆hel/∆hel mice, respectively. Reduced porosity and fenestration diameter in both age 
groups of the Wrn∆hel/∆hel mice and 14- to 16-month-old WT mice. Figure 3E is quantification of the genotype- and age-related defenestration of the sinusoidal endothe-
lium (*p < .001), and Figure 6F shows the decreased fenestration diameter (*p = .004). Original magnification ×15000, Scale bar = 1 µm).



1082	 COGGER ET AL.

an early age. All animals included in this study are free 
from exogenously induced pathological changes as evi-
denced by the histological findings, liver enzyme levels, 
and gross morphological observations. The Wrn∆hel/∆hel mice 
exhibit defenestration and decreased fenestration diam-
eter (Figure 3) together with increased extracellular matrix 
(Figure 2) and changes in markers of LSEC inflammation, 
such as increased ICAM-1 expression and increased cell 
aggregates (Figure 2) from as early as 4–7 months. These 
changes are all hallmarks of the normal aging liver sinusoid 
and have been studied by numerous groups (27–32) since 
our original reporting in 2000 (33).

In addition to changes in the LSEC, there are changes 
in the hepatocytes of the Wrn∆hel/∆hel mice. Hepatocytes 
are larger in the Wrn∆hel/∆hel mice compared with WT con-
trol mice. In addition, the hepatocytes of Wrn∆hel/∆hel mice 
have increased lipofuscin deposition, more frequent nuclear 
morphological anomalies, decreased mitochondria number, 
and increased mitochondrial diameter compared with WT 

hepatocytes as evidenced by our electron microscopy anal-
yses (34–36) (Figure 4). Such findings are typical of aging 
hepatocytes in many species (37).

The Wrn∆hel/∆hel mice also have altered mitochondrial func-
tion as measured by the Seahorse technology (Figure 5A–
F). The decreased number of mitochondrial organelles and 
the presence of larger mitochondria measured by electron 
microscopy in the Wrn∆hel/∆hel mice reflect altered cell energy 
metabolism and are typical of aging mitochondria in many 
tissues. However, mtDNA copy number measurements 
(Figure 5G and H) were unchanged in the Wrn∆hel/∆hel mice. 
The most likely reason for this is that a single mitochondrion 
can contain 2–10 copies of its DNA (38), and the decreased 
number of mitochondria in Wrn∆hel/∆hel mice and in older 
13- to 14-month-old WT mice could be compensated for by 
increased copies of DNA in the remaining mitochondria. In 
addition, Seahorse measurements of mitochondrial function 
showed increased respiration rate and uncoupling. Together 
the data indicate that mitochondrial function is altered in the 

Figure 4.  Transmission electron microscopy of the liver in Wrn∆hel/∆hel and WT mice. (A) It depicts the liver of a 4- to 7-month-old WT mouse. The endothelium 
is fenestrated (*) and the space of Disse (→) is free from extracellular matrix deposition. (B) Micrograph taken from a 4- to 7-month-old Wrn∆hel/∆hel mouse; there 
is significant lipid deposition (L) in the hepatocyte, and the space of Disse (→) has significant extracellular matrix deposition. Micrographs (C) and (D) are taken 
from 14- to 16-month-old WT and 14- to 16-month-old Wrn∆hel/∆hel mice, respectively. The increased lipofuscin deposition seen in Wrn∆hel/∆hel is clearly apparent 
(#). (E–H) They display the changes seen in mitochondrial number and size with age and genotype: in E, 4- to 7-month-old WT; F, 4- to 7-month-old Wrn∆hel/∆hel;  
G, 14- to 16-month-old WT; and H, 14- to 16-month-old Wrn∆hel/∆hel mice. Changes in mitochondrial number per 100 µm2 are quantified in M (*p = .036), and changes 
in mitochondrial diameter are shown in N (*p = .004). Changes in nuclear shape with age and genotype are seen in micrographs: I, 4- to 7-month-old WT; J, 4- to 
7-month-old Wrn∆hel/∆hel; K, 14- to 16-month-old WT; and L, 14- to 16-month-old Wrn∆hel/∆hel mice. Increases in maximal hepatocyte diameter with genotype and age 
are shown in O (*p = .001), and P displays the proportional increase in ruffled nuclei with genotype and age (*p = .0001). Scale bars as marked on the micrographs.
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Figure 5.  Mitochondrial function in Wrn∆hel/∆hel and control mice. Mitochondrial function as determined by Seahorse technology revealed significant loss of 
mitochondrial function in liver mitochondrial function in Wrn∆hel/∆hel mice. (A) It shows decreased State III and IV respiration (*State III: p = .002, State IV: p = .028) 
and (B) FCCP uncoupled respiration rate (p = .001) can be seen. (C) The ratio of respiration rates was not significant but shows a trend to reduction (p = .067). No 
changes in (D) ADP production or (E and F) H

2
O

2
 synthesis were detected. Quantification of mitochondrial DNA (G and H) was also performed, and no age- or 

genotype-dependent changes were found.
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Wrn∆hel/∆hel mice, leading to increased mitochondrial volume 
as a compensatory mechanism or as part of the pathological 
progeroid process.

Nuclei morphology was changed with Wrn∆hel/∆hel geno-
type and age, consisting of a shift from regular round-shaped 
nuclei in the 4- to 7-month-old control mice to irregularly 
shaped, invaginated nuclei in the progeric Wrn∆hel/∆hel mice 
and the 14- to 16-month-old controls. No change in nuclear 
ploidy or nuclei size was found, which agrees with a previ-
ous report in WS (39).

The increased insulin levels in the serum of Wrn∆hel/∆hel 
mice may be reflective of impaired insulin uptake in the 
liver of these animals. We speculate that this may be due 
to changes in their sinusoidal endothelium. Endothelial 
integrity affects insulin transfer into the liver as shown in 
the PDGF-α knockout mouse. Such mice exhibit an 80% 
increased insulin sensitivity that correlate with the substan-
tially increased number of fenestrations (40).

The microarray data (Figure  6) revealed that the 
Wrn∆hel/∆hel genotype does not affect the expression of 
many genes within the isolated hepatocytes, with only four 
genes that are differentially expressed in the Wrn∆hel/∆hel 
mice. TMEM66 gene expression, which encodes SARAF, 
a regulator of calcium entry into cells (41), is upregulated 
in Wrn∆hel/∆hel mice compared with WT mice (Figure 6B). 
RBM13, also known as MAK 16, is a RNA-binding pro-
tein involved in the stability and translation of RNA fol-
lowing stress and cell damage (42) and is downregulated 
(Figure 6C) in Wrn∆hel/∆hel mice compared with WT mice. 
In addition, MSR-1, which encodes the macrophage scav-
enger receptor-1, is upregulated in the LSECs of Wrn∆hel/∆hel 
mice. This protein is implicated in many physiological and 

pathological conditions such as Alzheimer’s disease, ather-
osclerosis, and cancers (43). It is believed to be implicated 
in NASH and several dyslipidemic liver conditions (44). 
Finally, SLC-7a2 is downregulated in the hepatocytes of 
Wrn∆hel/∆hel mice. SLC-7a2 encodes the solute carrier fam-
ily 7 (cationic amino acid transporter) member 2, which 
is responsible for uptake of arginine, lysine, and ornith-
ine. A  dysfunction of this receptor has been shown to 
have implications in hyperinsulinemia (45) as seen in the 
Wrn∆hel/∆hel mice.

Microarray date also reveal that the LSEC is very sus-
ceptible to age-related changes in gene expression. No gene 
was differentially expressed across the age groups exam-
ined in the hepatocytes, whereas 66 genes were changed 
with age in the LSECs (Figure 6C).

Other progeroid mouse models have been created that 
recapitulate premature aging phenotypes (31,46–49). All 
models show abnormal nuclear morphology. The liver has 
been studied in the Ercc−/∆ mouse model, which shows 
pseudocapillarization, increased nuclear invagination, and 
lipofuscin deposits. The hepatocyte mitochondria were not 
studied in this model, but the observation of increased oxi-
dative damage suggests mitochondrial dysfunctions (31). 
Although there are no comprehensive studies of the liver 
in the other progeroid syndrome models, lamin A/C gene 
mutations are associated with hyperlipidemia, hyperglyce-
mia, and atherosclerosis (50), also suggestive of possible 
liver changes.

In summary, pseudocapillarization and other hallmarks 
of aging such as mitochondrial dysfunction are apparent 
from as early as 4 months of age in the Wrn∆hel/∆hel mice and 
resemble the phenotypic changes seen in the liver tissue of 

Figure 6.  Significant LSEC and hepatocyte microarray results in Wrn∆hel/∆hel and WT mice. Differential expression of genes in LSECs are displayed in (A), 
whereas (B) displays those differentially expressed in Wrn∆hel/∆hel in hepatocytes. The classes of genes differentially regulated by age in LSECs are shown in (C). 
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much older WT animals. Progeria and aging changes were 
more remarkable in the LSEC than in the hepatocytes, con-
firming the importance of the sinusoidal cells in liver aging. 
As such, the Wrn∆hel/∆hel model provides a valuable model for 
studying the important role the liver plays in aging.
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Supplementary material can be found at: http://biomedgerontology.
oxfordjournals.org/.
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