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Abstract

Aims/hypothesis ATPase copper transporting o« (ATP7A), also known as Menkes disease protein, is a P-type ATPase that
transports copper across cell membranes. The critical role of ATP7A-mediated copper homeostasis has been well recognised
in various organs, such as the intestine, macrophages and the nervous system. However, the importance of adipocyte ATP7A-
mediated copper homeostasis on fat metabolism is not well understood. Here, we sought to reveal the contribution of adipose
ATP7A to whole-body fat metabolism in mice.

Methods We generated adipocyte-specific Atp7a-knockout (ASKO) mice using the Cre/loxP system, with Cre expression driven
by the adiponectin promoter. ASKO mice and littermate control mice were aged on a chow diet or fed with a high-fat diet (HFD);
body weight, fat mass, and glucose and insulin metabolism were analysed. Histological analysis, transmission electron micros-
copy and RNA-sequencing (RNA-Seq) analysis of white adipose tissue (WAT) were used to understand the physiological and
molecular changes associated with loss of copper homeostasis in adipocytes.

Results Significantly increased copper concentrations were observed in adipose tissues of ASKO mice compared with control
mice. Aged or HFD-fed ASKO mice manifested a lipoatrophic phenotype characterised by a progressive generalised loss of
WAT. Dysfunction of adipose tissues in these ASKO mice was confirmed by decreased levels of both serum leptin and
adiponectin and increased levels of triacylglycerol and insulin. Systemic metabolism was also impaired in these mice, as
evidenced by a pronounced glucose intolerance, insulin resistance and hepatic steatosis. Moreover, we demonstrate a significant
induction of lipolysis and DNA-damage signalling pathways in gonadal WAT from aged and HFD-fed ASKO mice. In vitro
studies suggest that copper overload is responsible for increased lipolysis and DNA damage.

Conclusions/interpretation Our results show a previously unappreciated role of adipocyte A#p7a in the regulation of ageing-
related metabolic disease and identify new metallophysiologies in whole-body fat metabolism.

Data availability The datasets generated during the current study are available in the Genome Sequence Archive in BIG Data
Center, Beijing Institute of Genomics (BIG), Chinese Academy of Sciences, under accession number CRA001769 (http://bigd.
big.ac.cn/gsa).
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What is already known about this subject?

e  Mutation of Atp7a leads to poor distribution of copper to tissues in the body, leading to growth failure and
deterioration of the nervous system in humans

What is the key question?
e Does adipocyte ATP7A play a critical role in whole-body fat metabolism?

What are the new findings?

e  Ablation of adipocyte Atp7a in mice results in progressive fat loss with ageing or with a high-fat diet (HFD), in part
through increased lipolysis

e The resulting lipoatrophy leads to aggravated glucose intolerance, insulin resistance and hepatic steatosis both in
aged and HFD-fed adipocyte-specific Atp7a-knockout (ASKO) mice

e  Copper accumulation in adipocytes accelerates age- and HFD-induced DNA damage, which may underlie the

metabolic dysfunction in ASKO mice

How might this impact on clinical practice in the foreseeable future?

Our data demonstrate a novel model of accelerated lipoatrophy and provide a compelling basis for better
understanding different mechanisms of premature ageing and senescence of adipose tissue
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Introduction

Copper is an essential metal nutrient, the homeostasis of
which must be precisely regulated by copper transporters
throughout the lifespan of all eukaryotes. Copper-dependent
enzymes are essential for various cellular processes, such as
redox balance, angiogenesis, energy production, iron homeo-
stasis, the biosynthesis of neuromodulators, and many other
processes [1]. Mutations in copper transporters lead to serious
diseases of copper metabolism, such as Menkes disease and
Wilson’s disease [2]. The former is a fatal neurodegenerative
disorder caused by the mutation of the gene encoding ATPase
copper-transporting o« (ATP7A), while the latter is a
hepatoneurological disorder caused by mutations in ATPase
copper-transporting 3 (ATP7B).

A tight link between copper homeostasis and lipid metab-
olism has been well recognised [3]. Insufficient copper is
involved in the aetiology of non-alcoholic fatty liver disease
(NAFLD) [4, 5] and atherogenic dyslipidaemia [6] in humans.
Studies in rats have shown that a copper-deficient diet is
linked to hepatic steatosis, insulin resistance [4], hypertension,
elevated triacylglycerol and cholesterol levels and abnormal
lipoprotein profiles [7, 8]. Investigations into the underlying
mechanisms suggest that a copper-deficient diet promotes lip-
id biosynthesis [3], and interactions between a copper-
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deficient diet and dietary fructose may contribute to these
pathophysiological phenotypes [9]. Furthermore, individuals
with, and rodent models of, Wilson’s disease exhibit lipid
dysregulation, suggesting that the association between copper
dyshomeostasis and the dysregulation of lipids occurs in
humans [10-12]. Studies in fish have also revealed a decrease
in the whole-body lipid content following the consumption of
increased dietary copper concentrations [13, 14]. Higher lipol-
ysis rates of subcutaneous white adipose tissue (sSWAT) have
been observed in copper-supplemented steer and finishing
pigs [15]. Taken together, these findings reveal a close,
although poorly understood, interaction between copper
homeostasis and whole-body lipid metabolism.

Adipose tissues are among the largest and most dynamic
organs in the human body [16]. The dysfunction of adipose
tissue contributes to lipodystrophy [17, 18], obesity and
obesity-associated chronic metabolic diseases, including dia-
betes [19] and cardiovascular diseases [20]. The biological
role of copper homeostasis in adipocytes has become the
focus of increasing attention recently. The Rodriguez
group reported that an increase in the extracellular copper
concentration promotes the differentiation of mesenchymal
stem cells (MSCs) into adipocytes [21]. Copper was recently
shown to regulate cAMP-dependent lipolysis by altering the
activity of the cAMP-degrading phosphodiesterase 3B, cGMP-
inhibited (PDE3B) in 3T3-L1 cells, a well-recognised pre-ad-
ipocyte cell line [22]. Moreover, the inactivation of the copper-
dependent enzyme, semicarbazide-sensitive amine oxidase
(SSAO), was found to increase lipid storage resulting
in adipocyte hypertrophy and triacylglycerol accumulation
in adipocytes [23]. These data suggest a close interconnected
relationship between adipocyte function and copper homeo-
stasis; however, the underlying mechanisms remain poorly
understood.

The ubiquitously expressed copper-transporting ATPase,
ATP7A, plays a critical role in copper export, a process that
protects most cells from the overaccumulation of potentially
toxic copper. The physiological consequences of a loss of
ATP7A activity are well documented in Menkes disease, a
systemic copper deficiency disorder. Because null mutations
in Atp7a are lethal in embryonic mice, tissue-specific mouse
models of Azp7a deletion have been used to define the role of
ATP7A and copper homeostasis in the physiological process-
es of specific organs. Targeted deletion of A#p7a in mouse
enterocytes causes entrapment of copper in the intestines and
a systemic copper deficiency, thus revealing the role of
ATP7A in dietary copper transport [24]. Ablation of Atp7a
in macrophages increases the susceptibility of mice to bacte-
rial infection, revealing novel roles for copper in innate
immunity [25]. In motor neurons, specific deletion of
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Atp7a results neuromuscular phenotypes that model the
human disease, X-linked spinal muscular atrophy [26].
Other studies have hinted at roles for ATP7A in lipid
metabolism. ATP7A-mediated copper transport has been
implicated in the macrophage-mediated oxidation of
LDL-cholesterol, potentially contributing to the pathogenesis
of atherosclerosis [27]. Cold-stimulated brown adipose tissue
(BAT) showed the elevated copper levels and significantly
increased ATP7A levels [28]. In view of these studies, we
hypothesised that deletion of ATP7A in adipocytes would
shed light on the role of copper on adipocyte lipid metabolism
and related physiological processes at the whole-body level.

Methods

Animals All mouse husbandry and euthanasia procedures
were performed in accordance with the guidelines of the
Animal Care and Use Committee of the Institute of Zoology.
Mice with adiponectin-Cre-driven deletion of the floxed
Atp7a allele were generated and maintained as described pre-
viously [29]. A detailed description of the methods is included
in the electronic supplementary material (ESM Methods).

Cell culture 3T3-L1 pre-adipocytes were originally purchased
from ATCC, Manassas, VA, USA, and then maintained in the
laboratory. No mycoplasma contamination was found. Cells
were cultured in DMEM containing 10% (vol./vol.) newborn
calf serum and were grown to confluence. Cells were then
differentiated by the addition of insulin, dexamethasone and
3-isobutyl-1-methylxanthine (IBMX), as described previously
[22]. For copper-supplementation experiments, differentiated
3T3-L1 cells were incubated with DMEM supplemented with
2% BSA (vol./vol.) for 10 h, followed by a 2 h treatment with
50 pumol/l CuCl, in DMEM.

Blood analysis Blood was obtained via the orbital vein before
the mice were killed. The triacylglycerol content was mea-
sured using enzymatic assay kits from Applygen (Beijing,
China). Plasma insulin, leptin and adiponectin levels were
measured using ELISAs (Millipore, Bedford, MA, USA).
The free glycerol content and NEFA were measured with col-
orimetric assays (Sigma-Aldrich, St Louis, MO, USA, and
Wako Chemical, Osaka, Japan, respectively).

Measurements of the tissue metal contents Tissues harvested
for trace metal analysis were collected in 1.5 ml tubes washed
in nitric acid. Tissues were dissolved in 70% (vol./vol.)
HNOs;; metal contents were inductively measured using in-
ductively coupled plasma MS (ICP-MS) in the core facility
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of Peking University Medical School. Values were acquired in
triplicate for each sample and the results were normalised to
the wet tissue weight.

Metabolic studies GTTs (i.p. injection of 2 g glucose/kg body
weight) were performed in mice after a 16 h overnight fast (17:00—
09:00 hours), and ITTs (i.p. injection of 0.75 U/kg body weight,
Humulin, Eli Lilly, Indianapolis, IN, USA) were performed after a
4 h fast (09:00-13:00 hours). Glucose concentrations were mea-
sured in blood collected from the tail vein at the indicated time
points after the injection using a glucose monitor and strips
(OneTouch, Milpitas, CA, USA). Oxygen consumption was mea-
sured using the TSE LABmaster system (TSE Systems, Bad
Homburg, Germany), as described previously [30].

Lipolysis analysis in vitro For the in vitro lipolysis analysis,
epididymal fat was removed, cut into 10 mg fat pads and

stimulated with or without 1 pmol/l isoprenaline (Sigma-
Aldrich), as described previously [31]. The medium was col-
lected for determination of glycerol levels.

Histological studies The WAT, BAT and liver were dissected
and fixed with 4% (wt/vol.) paraformaldehyde overnight.
Fixed specimens were embedded in paraffin blocks, sectioned
at 5 um thickness and stained with H&E. The size of
H&E-stained WAT adipocytes was calculated using Image]
software (https://imagej.nih.gov/ij/, version 1.46r). The
adipocyte size was determined in five different sections of
the fat pads from each mouse (four mice per group). For
transmission electron microscopy (TEM), adipose tissues
were fixed with 2% (vol./vol.) glutaraldehyde for 12 h, post
fixed with osmium tetroxide, dehydrated, embedded, cut into
ultra-thin sections and stained using previously described
methods [32].

a b c
40
arorn [ z ° =
< = *kk
] e MR- I T L0
52 1.+ —1 F%uw
ATP7A [ e - | €2 3 Eo 10
CAPDH [ ] | 8 §°° 8% °
S = 52
ATP7A[= — O 204 }\%\; 0% — ¢
BAT > >
GAPDH [t e e 2 ,l 2 ol ' '
—_— o 6 12 16 6 12 16
WT  ASKO
Age (months) Age (months)
d . t 4 .
50 H u~d ) 4 S
409 %] ¢ h @ ,
C ; 2 4 WAT
= 30 o0 v é L‘ t g
=)
2 20 . @8 gar
" N &%
0 i . i Liver
Body weight Lean mass Fat mass WT ASKO
S
=
=
[
2
>
el
o
fe)
=
ey
=2
(9]
=

Fig. 1 ASKO mice displayed a persistently high copper content and
progressive reduction in fat mass during ageing. (a) Immunoblot showing
ATP7A levels in the sSWAT, gWAT and BAT from WT and ASKO mice.
One representative immunoblot from three independent experiments is
shown. (b, ¢) Copper content in the sSWAT (b) and BAT (c¢) from WT and
ASKO mice at 6, 12 and 16 months of age (n=4 mice/group). (d) MRI
analysis of the body compositions of 16-month-old WT and ASKO mice
(n=8 mice/group). (e) Representative image of WT and ASKO mice
showing reduced adiposity in the 16-month-old ASKO mice. (f)

Age (months) Age (months)

Representative images of the sWAT, gWAT, BAT and livers from 16-
month-old WT and ASKO mice. (g) Relative organ weights of 16-
month-old WT and ASKO mice (n=8 mice/group). (h, i) Weight of
sWAT (h) and gWAT (i) from WT and ASKO mice at 6, 12 and 16 months
of age (n=8 mice/group). Grey bars/black lines, WT mice; red bars/lines,
ASKO mice. All quantitative data are presented as the means £ SEM.
*p<0.05, “p<0.01 and “*p<0.001 for differences between WT and
ASKO mice. Tp<0.05 for differences in the effect of ageing in ASKO
mice (vs 12 months)
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Fig. 2 Plasma biochemistry and
insulin sensitivity indices in aged
ASKO mice. (a—d)
Concentrations of plasma
adiponectin (a), leptin (b),
triacylglycerol (¢) and insulin (d)
in chow-fed 16-month-old WT
and ASKO mice (n=6
mice/group). (e) Food intake of
chow-fed 16-month-old WT and
ASKO mice (n=6 mice/group). (f,
g) Results of the GTT (f) and ITT
(g) performed on 12-month-old
WT and ASKO mice (n=6
mice/group). (h) H&E staining of
gWAT, BAT and liver sections
from WT and ASKO mice fed
chow diet at different ages. Scale
bars, 50 um. Grey bars/black
lines, WT mice; red bars/lines,
ASKO mice. All quantitative data
are presented as the means +
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Quantitative PCR analysis Real-time quantitative (qQ)PCR was
used to determine relative gene expression levels. Tissues,
including fat and liver, were dissected and total RNAs were
extracted. For further details, see ESM Methods. 18S was
used as a housekeeping gene and sequence of primers are
shown in ESM Table 1.

Immunoblot analysis Tissues or cells were lysed in lysis buffer
and subjected to western blotting as described previously, with
minor modifications [24]. The proteins were detected with
antibodies against ATP7A, hormone-sensitive lipase (HSL),
phospho-HSL Ser563 (p563HSL), phospho-HSL Ser565
(p5S65HSL), adipose triglyceride lipase (ATGL), adrenoceptor
33 (ADRB3), cyclin-dependent kinase inhibitor 1A (p21),
phosphorylated histone H2AX (y-H2AX), tumour protein
p53 (p53), peroxisome proliferator activated receptor y
(PPARY), CCAAT enhancer binding protein o« (CEBPx),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
tubulin. For details, see ESM Methods.

RNA sequencing and identification of differentially expressed

genes These procedures were performed as described previ-
ously [32].
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Statistical analysis No randomisation or blinding was carried
out as part of the study, and none of the data were excluded.
Statistical comparisons between two groups were made using
the two-tailed Student’s 7 test; comparisons between three or
more groups were made by two-way ANOVA, followed by a
Tukey’s post hoc test, using GraphPad Prism v6 (San Diego,
CA, USA). Energy expenditure was analysed by ANCOVA,
with body weight as a covariate. The data are presented as
means + SEM. Levels of statistical significance were set at
"p<0.05, "p<0.01 and ""p <0.001.

Results

ASKO mice exhibit persistently elevated copper in adipose
tissues and progressive fat loss with ageing Hemizygous male
Atp7a"Y-Adipo-Cre* (hereafter called ASKO mice [note that
Adipo is also known as Adipog]) progeny showed significant
lower levels of ATP7A in the sWAT, gonadal (g)WAT and
BAT compared with littermate control male mice, Agp7a™>-
Adipo-Cre  (hereafter referred to as wild-type [WT]) mice
(Fig. 1a). No differences in ATP7A expression were present
in other tissues such as the kidney and muscle (ESM Fig. 1).
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Fig. 3 Decreased body weight and fat content in ASKO mice fed an
HFD. (a) Body weight of the WT and ASKO mice fed the HFD (n>8
mice/group). (b) Representative photograph of mice exhibiting HFD-in-
duced obesity. (¢) Body composition of WT and ASKO mice (n=8
mice/group) from MRI analysis. (d) Photographs of the sWAT, gWAT,
pWAT and BAT from the WT and ASKO mice fed the HFD. (e) Relative
organ weights of HFD-fed mice (n=10 mice/group). (f) H&E staining and
TEM images of the sSWAT from ASKO and WT mice fed the HFD. (g)
The distribution of adipocyte size in the SWAT from WT and ASKO mice

Copper and iron concentrations in sSWAT and BAT from WT
and ASKO mice were measured using ICP-MS. Consistent
with a critical role for ATP7A in cellular copper efflux, copper
levels were significantly increased in the adipose tissues from
ASKO mice at 6, 12 and 16 months of age compared with
those from WT mice (Fig. 1b,c). In contrast, iron levels were
not significantly altered (ESM Fig. 2a,b).

ASKO and WT mice were kept up to 16 months on normal
chow diet to examine the effect of chronic copper accumulation
on whole-body fat metabolism. No differences in body weight,
body composition or relative organ weights were observed at
6 months of age (ESM Fig. 3a—c). At 1 year of age, the mean
body weight of ASKO mice was slightly decreased without sta-
tistical significance (ESM Fig. 3a). This was accompanied by a
significant reduction in WAT depots, increased BAT deposits and
increased liver weights in 1-year-old ASKO mice (ESM Fig. 3d).
These effects of adipocyte-specific loss of ATP7A were more
pronounced in 16-month-old mice. According to MRI analyses,

Area pm?

=

mRNA expression
(relative units)

WT ASKO Adipnoectin

Leptin

fed the HFD. The area of 1000 adipocytes was measured. (h) H&E stain-
ing and TEM images of BAT from ASKO and WT mice fed the HED. (i,
j) Serum adiponectin (i) and leptin (j) levels in WT and ASKO mice fed
the HFD (n=6 mice/group). (k) Expression of the adiponectin and leptin
mRNA in WT and ASKO mice fed the HFD (n=6 mice/group). Scale
bars, 50 and 20 um for H&E and TEM, respectively. Grey bars/black
lines, WT mice; red bars/lines, ASKO mice. All quantitative data are
presented as the means = SEM “p<0.05 and “"p<0.001 for differences
between WT and ASKO mice

16-month-old ASKO mice weighed approximately 18% less
than age-matched WT mice, with the bulk of this difference
due to a reduced fat mass (Fig. 1d). The analysis of harvested
tissues further confirmed a dramatically reduced fat mass in 16-
month-old ASKO mice (Fig. 1e—g), which was accompanied by
BAT and liver hypertrophy (Fig. 1f,g). Furthermore, the weights
of sSWAT and gWAT from WT mice were significantly increased
with age, while those from ASKO mice exhibited an age-
dependent fat loss (Fig. 1h,i). Taken together, these data demon-
strate that loss of adipocyte ATP7A promotes age-dependent
decreases in fat mass.

Impaired glucose tolerance and insulin resistance in aged
ASKO mice To assess the effects of ATP7A deletion on sys-
temic metabolism, we compared circulating levels of
adiponectin, leptin, triacylglycerol and insulin in aged WT
and ASKO mice. Consistent with the dramatically reduced
fat depots in 16-month-old ASKO mice, serum levels of
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Fig. 4 ATP7A deficiency in
adipose tissue exacerbates diet-
induced hepatic steatosis and
insulin resistance. (a)
Representative photograph of
liver tissues from WT and ASKO
mice fed the HFD. (b) Liver
histology of WT and ASKO mice;
scale bar, 50 um. (¢) Hepatic
triacylglycerol content in WT and
ASKO mice (n=7 mice/group).
(d) Plasma triacylglycerol level in
mice fed the HFD (n=6
mice/group). (e) qPCR analysis of
gene expression in liver tissues
from HFD-fed WT and ASKO

mice (n=6 mice/group), expressed
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Results of the GTT (f) and ITT (g)
performed in HFD-fed WT and
ASKO mice (n=6 mice/group).
(h) Plasma insulin levels in mice
fed the HFD (n#=6 mice/group).
Grey bars/black lines, WT mice;
red bars/lines, ASKO mice. All
quantitative data are presented as
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adiponectin and leptin were also significantly reduced (Fig.
2a,b). In addition, significantly higher serum triacylglycerol
and insulin levels were observed in 16-month-old ASKO mice
(Fig. 2¢,d). As these changes are closely associated with ener-
gy balance and glucose homeostasis, food intake and glucose
tolerance were investigated in aged mice. Our data showed that
the ASKO mice were hyperphagic, consuming approximately
130% as much food as the controls (Fig. 2e). At 6 months of
age, there were no differences in blood glucose between WT
and ASKO mice in response to exogenous glucose challenge
or insulin administration (ESM Fig. 4a,b). However, the
ASKO mice at 12 months of age exhibited significantly
delayed glucose clearance and impaired insulin sensitivity
(Fig. 2f,g). This was associated with smaller but morpholog-
ically normal white adipocytes in aged ASKO mice compared
with WT mice (Fig. 2h). Brown adipocytes from aged mice
showed signs of hypertrophy (Fig. 2h) and their livers showed
significant steatosis (Fig. 2h). Taken together, these data sug-
gest that ASKO mice exhibit age-related metabolic dysfunc-
tion and insulin resistance.
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ASKO mice are resistant to diet-induced obesity To assess the
effect of a high-fat diet (HFD) on mutant mice, both WT and
ASKO mice were fed an HFD for 20 weeks on reaching 20 g
in weight. Compared with WT mice, HFD-induced weight
gain was significantly reduced in ASKO mice (Fig. 3a,b).
MRI analyses revealed an unchanged lean mass and a mark-
edly reduced fat mass gain in HFD-fed ASKO mice (Fig. 3¢).
Moreover, HFD-fed ASKO mice showed significantly
reduced masses of sSWAT, gWAT and perinephric (p)WAT
(Fig. 3d,e). Further histological analysis revealed that
adipocyte-specific loss of ATP7A markedly attenuated HFD-
induced sWAT hypertrophy, which was confirmed using TEM
(Fig. 3f). Area measurements of adipocytes from the sSWAT of
HFD-fed mice further confirmed the reduction in adipocyte
hypertrophy in HFD-fed mutant mice (Fig. 3g). In addition,
HFD-fed ASKO mice exhibited a significant increase in the
BAT mass (Fig. 3d,e). Histological and TEM analyses
revealed increased hypertrophy of BAT adipocytes from
HFD-fed ASKO mice, as evidenced by the larger size of
BAT adipocytes, the increased abundance of lipid droplets
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and the infiltration of oligolocular and unilocular adipocytes
(Fig. 3h). Furthermore, the density of nuclei (number of nuclei

per unit area) was also significantly decreased in the ASKO
mice (Fig. 3h). Fasting levels of adiponectin and leptin in
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<« Fig. 5 DNA damage and lipolysis are increased in WAT of HFD-fed
ASKO mice. (a) Volcano plot of genes displaying a significant
difference in expression (fold change) in the gWAT from ASKO and
WT mice (n=4 mice/group). Coloured dots label genes on the indicated
pathways. The vertical dashed lines represent 1.5-fold change; the
horizontal red dashed line represents p=0.01. (b) Ingenuity pathway
analysis (IPA) of differentially expressed genes in ASKO adipose tissue
compared with WT adipose tissue. (¢, d) Quantification of the mRNA
levels of the DNA damage genes (¢) and lipolysis genes (d) in gWAT
from mice fed the HFD for 15 weeks (n=6 mice/group), expressed as
relative units using the 2-24C method. (e) Western blot showing the
levels of DNA-damage and lipolysis markers in gWAT of HFD-fed
mice. One representative blot from three independent experiments is
shown. (f) Basal and isoprenaline-stimulated glycerol release in gWAT
explants from WT (n=5 mice) and ASKO (n=4 mice) mice fed the HFD.
(g) Western blots for DNA-damage and lipolysis markers in lysates of
copper-treated 3T3-L1 cells. (h) Schematic diagram of the differentially
expressed genes/proteins in the lipolysis signalling pathway. Red arrows
indicate increased expression and blue arrows indicate decreased
expression. (i) The whole-body oxygen consumption rate (VO,) was
measured throughout the day and night and is presented as the mean
VO, over 24 h (WT, n=6 mice; ASKO, n=5 mice). (j) Statistical
analysis by ANCOVA of the energy expenditure of HFD-fed WT and
ASKO mice (p=0.105) (WT, n=6 mice; ASKO, n=5 mice). Grey
bars/black lines, WT mice; red bars/lines, ASKO mice. All quantitative
data are presented as the means + SEM; "p<0.05 for differences between
WT and ASKO mice. Glut4 is also known as Slc2a4. AC, adenylate
cyclase; AR, adrenergic receptor; ATM, ATM serine/threonine kinase;
FA, fatty acid; GADD45 growth arrest and DNA-damage-inducible 45;
GPCR, G-protein-coupled receptor; LXR, liver X receptor; PDE,
phosphodiesterase; PKA, protein kinase A; PKIA, protein kinase
inhibitor, oc; RXR retinoid X receptor; VDR, vitamin D receptor

serum were measured and the HFD-fed ASKO mice displayed
significantly lower serum adiponectin and leptin levels (Fig.
31,j). These were associated with decreased levels of mRNA
(Fig. 3k). Based on these data, we conclude that the specific
deletion of Afp7a in adipose tissues protects against HFD-
induced obesity.

ASKO mice are susceptible to HFD-diet-induced liver steatosis
and insulin resistance Although mutant mice were resistant to
HFD-induced obesity, the sizes and weights of livers from
HFD-fed ASKO mice were significantly greater than those
of HFD-fed WT mice (Figs 3e and 4a). Histological staining
revealed that the livers from HFD-fed ASKO mice contained
markedly enlarged lipid droplets compared with control mice,
suggesting a more advanced steatosis (Fig. 4b). Consistent
with this finding, hepatic triacylglycerol levels were signifi-
cantly increased in the ASKO mice (Fig. 4c). Significantly
higher serum triacylglycerol levels were also observed in
HFD-fed ASKO mice compared with WT mice (Fig. 4d).
Next, we examined the expression of genes involved in
lipogenesis, oxidative phosphorylation, transcriptional regula-
tion and inflammation in the livers of HFD-fed mice using
gPCR. The expression of genes related to hepatic de novo
lipogenesis (Acc! [also known as Acaca] and Elovi6) and their
major transcriptional regulator, sterol regulatory element
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binding transcription factor 1 (SREBPlc; encoded by
Srebpic), was slightly increased in HFD-fed ASKO mice
(Fig. 4e). In contrast, the expression of genes involved in fatty
acid oxidation and oxidative phosphorylation (Cptla, Cpt2,
Cox4 [also known as Cox4il], Cycs, Acadl and Acadm) was
significantly downregulated in the liver of HFD-fed ASKO
mice (Fig. 4e).

GTTs and ITTs were also performed for HFD-fed WT and
ASKO mice. Compared with the WT littermates, ASKO mice
exhibited higher blood glucose levels after an i.p. injection of
glucose (Fig. 4f), suggesting that these animals were glucose
intolerant. In addition, significantly slower insulin-stimulated
glucose clearance was observed in ASKO mice relative to WT
mice (Fig. 4g). Furthermore, a significant increased serum
insulin level was observed in fasted ASKO mice that had been
fed the HFD (Fig. 4h). These data suggest that adipocyte-
specific deletion of Atp7a compromised systemic insulin sen-
sitivity and reduced glucose tolerance in mice fed the HFD.

Increased DNA damage and lipolysis in gWAT from HFD-fed
ASKO mice A genome-wide RNA-sequencing (RNA-Seq)
analysis was performed to determine the molecular signature
of the response of gWAT on chronic high copper exposure in
HFD-fed ASKO mice. Differentially expressed genes were
screened based on the criteria of p<0.01 and fold change
>1.5 and the volcano plots showed a broad overview of the
changes in gene expression in both mice fed the HFD (Fig. 5a).

A gene ontology analysis was performed with differentially
expressed genes and, notably, the gene ontology terms of
DNA damage and cAMP-mediated signalling were signifi-
cantly enriched (Fig. 5a,b). The heatmaps of the expression
of these genes were profiled based on RNA-Seq data (Fig. Sa
[blue and purple dots] and ESM Fig. 5a,b). Further, DNA-
damage- and lipolysis-related genes, including p21 (also
known as Cdknla), Ccnbl, Ckslb, Cks2, Cdca5, Adrb3,
Atgl (also known as Pnpla2) and Hsl, were confirmed by
qPCR analysis, while the expression of lipogenesis genes
was unchanged (Fig. 5c,d). Levels of proteins associated with
DNA damage (y-H2AX, p53 and p21) and lipolysis
(ADRB3, p563HSL, p565HSL and ATGL) were also elevated
in the gWAT of HFD-fed ASKO mice compared with WT
control mice (Fig. 5e). Consistent with higher expression of
lipolysis-related genes, isoprenaline stimulation significantly
increased the release of glycerol from gWAT explants isolated
from HFD-fed ASKO mice (Fig. 51).

We speculated that lipolysis and DNA damage in the
ASKO mice may be related to the hyperaccumulation of cop-
per in adipocytes. To explore this relationship further, we
examined the effect of excess copper on lipolysis and
DNA-damage markers using a cultured 3T3-L1 adipocyte
model. The 3T3-L1 cells were differentiated into adipo-
cytes in vitro, confirmed by the formation of lipid droplets
and the induction of PPARy and CEBP«x (ESM Fig. 6).
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Fig. 6 Deletion of Atp7a is
associated with differential
expression of genes involved in
DNA damage and lipid
metabolism in the SWAT of aged
mice fed with chow diet.
Expression levels of genes related
to DNA damage (a—c), and
adipokine, lipogenesis and
lipolysis (d—f) genes, in ASKO
and WT mice fed a chow diet for
6 months (a, d; n=6 mice/group),
12 months (b, e; WT, n=7 mice;
ASKO, n=5 mice) and 16 months
(¢, f; n=6 mice/group). Grey bars,
‘WT mice; red bars, ASKO mice.
Data are expressed as relative
units using the 2744 method
and presented as the means +
SEM; “p<0.05, “p<0.01 and
"p<0.001 for differences
between WT and ASKO mice

Fig. 7 Decreased expression of
genes/proteins involved in the
thermogenic programme and
lipolysis in BAT of aged mice on
chow diet. (a, b) mRNA expression
levels of BAT-activation-related
genes (a) and lipolysis genes (b) in
BAT of mice at 6, 12 and 16 months
of age, expressed as relative units
using the 244G method. (c)
Western blots for uncoupling
protein 1 (mitochondrial, proton
carrier) (UCP1) and lipolysis
markers in the BAT of 16-month-
old ASKO and WT mice. One
representative blot from three
independent experiments is shown.
‘White bars, 6-month-old ASKO
mice; pink bars, 12-month-old
ASKO mice; blue bars, 16-month-
old ASKO mice. All quantitative
data are presented as the means =+
SEM; “p<0.05 and “"p<0.01 for
differences between WT and
ASKO mice
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Treatment of mature 3T3-L1 adipocytes with copper was
found to stimulate the expression of proteins associated
with DNA damage and lipolysis (Fig. 5g). A cellular model
for copper-overload-induced lipolysis is summarised in Fig.
Sh. It is of interest to compare energy expenditure between
both groups of mice on HFD. Metabolic cage data revealed
higher relative oxygen consumption rates in ASKO mice (Fig.
51); however, no significant difference in oxygen consumption
of both mice was found when body weight was a covariate
(p=0.105 [Fig. 5j]).

Accelerated DNA damage in WAT of aged ASKO mice As
described above, excessive energy intake led to a significant
increase in the expression of genes involved in repairing DNA
damage in the adipose tissues of ASKO mice. This prompted
us to investigate the age dependency of this response. The
expression of DNA damage genes (e.g. Cks2, Cdca8,
Mad?2ll) was significantly elevated in ASKO mice by
6 months of age (Fig. 6a), and was further increased in
ASKO mice at 12 months (Fig. 6b) and 16 months of age
(Fig. 6¢). The expression of genes encoding proteins involved
in lipogenesis and lipolysis and adipokines was also examined
in the SWAT of WT and ASKO mice at 6, 12 and 16 months of
age. No significant differences in gene expression were ob-
served between WT and ASKO mice at 6 months of age (Fig.
6d). However, by 12 and 16 months of age there were signif-
icant decreases in the expression of genes for adiponectin and
leptin, and an induction of resistin and lipolysis-related genes
in the sSWAT of ASKO mice (Fig. 6e,f). We also measured the
serum glycerol and NEFA in both WT and ASKO at different

Fig. 8 Model depicting the effect
of adipose Atp7a deficiency on
the regulation of ageing-related
metabolic disease. Inactivation of
adipocyte ATP7A results in
massive copper accumulation,
activation of DNA-damage
signalling, fat metabolism
dysregulation and abnormal
secretion of adipokines, including
HSL and ATGL, in aged and
HFD-fed mice

@ Springer

ages. Neither glycerol nor NEFA was changed in 6- and 12-
month-old ASKO mice, but levels were slightly decreased in
16-month-old ASKO mice (ESM Fig. 7a,b).

BAT activation genes are suppressed in aged ASKO mice Our
results reveal that adipocyte-specific deletion of A#p7a stimu-
lated an age-dependent increase in BAT mass which was
associated with tissue hypertrophy. We tested whether this
might be associated with age-dependent changes in the
expression of BAT-activation-related genes. Our data indicate
that the expression of Ucpl, Elovi3, Dio2 and Pgcla (also
known as Ppargcla) was progressively downregulated in the
BAT of aged ASKO mice (Fig. 7a). In addition, there was a
significant alteration in the expression of lipolysis-related genes
at both the RNA and protein levels in the BAT of 12- and
16-month-old ASKO mice (ESM Fig. 8 and Fig. 7b,c).

Discussion

The goal of this study was to investigate the requirement for
ATP7A-mediated copper transport in the whole-body fat
metabolism of mice. Our results show that mature adipocytes
lacking ATP7A exhibited a significant loss of adipose tissue in
an age-dependent manner and in response to HFD intake,
leading to increased susceptibility to hepatic steatosis
and insulin resistance. The increase in copper level in
adipocytes due to the loss of ATP7A was associated with
changes in the expression of genes involved in lipolysis
and DNA damage checkpoint regulation, resulting in

~

Ageing l HFD
WT ASKO

Copper accumulation
Lipoatrophy
Lipolysis

Insulin resistance

“— > o> > >

Leptin, adiponectin
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adipose tissue dysfunction and changes in metabolic var-
iables in ASKO mice (Fig. 8).

Although our ASKO mice exhibited progressive adipose
tissue loss, the changes in adiposity did not significantly man-
ifest until 12 months of age. This phenotype is notably differ-
ent from the reported phenotypes of mouse models of
lipodystrophy, such as Agpat2-knockout mice [33], adipo-
cyte-specific-Bsc/2-knockout mice [17, 34] and mice null for
Fsp27 (also known as Cidec) on an ob/ob background [35].
Unlike our ASKO mice, these models exhibit significantly
reduced fat deposition at early time points, culminating in
more severe metabolic consequences. In addition, the severe
histological phenotypes associated in these lipodystrophic
models (abnormal adipocyte morphology with enlarged cyto-
plasm and irregular lipid droplets) was generally absent in the
adipocytes of ASKO mice. Furthermore, as it is well-known
that copper overload induces cellular DNA damage accu-
mulation [36], the upregulation of DNA-damage-related
genes in the WAT of either aged or HFD-fed ASKO mice
leading to weight loss and ageing-related metabolic phe-
notypes suggests that these changes are associated with
copper hyperaccumulation. Taken together, these observa-
tions suggest that the ASKO mice are a model of accel-
erated lipoatrophy.

Adipose tissue dysfunction is often accompanied by a
fatty liver. Although increased fat lipolysis and energy
expenditure can partially compensate for the defects in
lipid storage in ASKO mice, the modest increase in ener-
gy expenditure was apparently not sufficient to dispose of
all the excess lipid/energy delivered to the WAT under
conditions of high-fat intake, as there was a significant
accumulation of lipids in the liver of ASKO mice. In
addition, it is likely that the decreased leptin levels in
ASKO mice were responsible for the hyperphagia and
elevated ectopic fat deposition in the livers of these mutant
mice.

A notable finding of our study was the development of
insulin resistance in aged and HFD-fed ASKO mice. This
may have been caused, in part, by the decrease in adiponectin
and leptin secretion, the higher serum triacylglycerol levels
and the fatty liver in the ASKO mice. In addition, previous
studies have suggested that ageing of adipose tissue, in partic-
ular that associated with elevated DNA damage (higher levels
of p53 and p21), plays key roles in the development of insulin
resistance [37, 38]. Moreover, the induction of DNA damage
in adipocytes has been shown to increase adipocyte insulin
resistance and lipolytic activity in vitro [39] and in vivo
[37]. The DNA-damage markers p53 and p21 were signifi-
cantly elevated in the WAT of aged and HFD-fed ASKO mice;
we speculate that the insulin resistance in these mice may have
arisen from DNA damage. It will be important in future stud-
ies to investigate the mechanisms by which copper accumula-
tion contributes to these phenotypes.

It has been reported that endogenous copper promotes lipol-
ysis by altering the activity of the cAMP-degrading phosphodi-
esterase PDE3B in vitro [22]. Consistent with this concept, we
observed an increased lipolysis in the copper-loaded adipose
tissues from aged and HFD-fed ASKO mice. Conversely, a
copper-deficient diet is thought to promote lipid biosynthesis,
which has raised the possibility that copper-related cell signal-
ling might be a potential therapeutic target in the develop-
ment of treatments for obesity and type 2 diabetes [40].
However, in the context of age or high-fat intake, our results
suggest that higher cellular copper concentrations in adipo-
cytes can accelerate the ‘lipoatrophic’ insulin-resistant state,
rather than a ‘lean and healthy’ state in animals. Therefore,
well-designed in vitro studies and ‘lean’ animal models will
be important for developing copper-centred treatment strate-
gies for human metabolic diseases, such as obesity and
diabetes.

In summary, our study reveals a previously unappreciated
role of adipocyte A#p7a expression in regulating whole-body
fat metabolism. The adipocyte-specific ablation of ATP7A
significantly reduces WAT deposition under conditions
of energy overload, thereby leading to an increased sus-
ceptibility to hepatic steatosis and insulin resistance. It
will be important to understand the possible mechanisms
by which copper-induced DNA damage in fat depots
leads to accelerated age-related lipoatrophy. This study
not only improves our understanding of the physiological
role of adipocyte copper levels in fat metabolism in vivo,
but also provides a novel and tractable animal model of
accelerated lipoatrophy for better understanding of prema-
ture ageing and senescence of adipose tissue.
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