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Abstract
Aims/hypothesis TNF-related apoptosis-inducing ligand
(TRAIL) is implicated in the regulation of diabetes and is
reduced in patients with cardiovascular disease. Although
TRAIL receptors are widespread, and TRAIL can promote
cell proliferation and apoptosis, it is not known how TRAIL
might protect against diabetes and atherosclerosis.
Methods We examined the development of atherosclerosis and
diabetes in Apoe−/−, Trail (also known as Tnfsf10)−/−Apoe−/−

and Trail−/− mice that were fed a high-fat diet. Plasma
cholesterol, triacylglycerol, glucose and insulin, as well as
changes in various metabolic enzymes and regulators were
assessed. Glucose and insulin tolerance tests were performed.
Pancreatic islets were examined for insulin and beta cell
dysfunction (apoptosis and macrophage infiltration).
Results Compared with Apoe−/− mice, Trail−/−Apoe−/− and
Trail−/− mice exhibited several features of diabetes,
including increased weight, hyperglycaemia, reduced plasma

insulin, impaired glucose tolerance, beta cell dysfunction,
reduced islet insulin, macrophage infiltration and increased
apoptosis. Trail−/−Apoe−/− mice had increased plasma
cholesterol, triacylglycerol, and VLDL- and LDL-
cholesterol, and increased expression of genes involved in
cholesterol synthesis and lipogenesis. Trail−/−Apoe−/− mice
also had increased atherosclerosis, with several features of
plaque instability.
Conclusions/interpretation We show for the first time that
TRAIL deficiency promotes numerous features of diabetes
that are typical of human disease, and are associated with
reduced insulin and pancreatic inflammation/apoptosis.
TRAIL also regulates cholesterol and triacylglycerol
homeostasis in Apoe−/− mice by increasing the expression
of genes involved in (1) cholesterol synthesis and absorp-
tion, and (2) triacylglycerol production.
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Abbreviations
ApoE Apolipoprotein E
CVD Cardiovascular disease
HOMA-B HOMA of beta cell function
MCP-1 Monocyte chemoattractant protein-1
MHC Major histocompatibility complex
PCNA Proliferating cell nuclear antigen
SMA Smooth muscle-α actin
TRAIL TNF-related apoptosis-inducing ligand
VSMC Vascular smooth muscle cell

Introduction

TNF-related apoptosis-inducing ligand (TRAIL), a member
of the TNF superfamily, induces apoptosis and proliferation
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of some cell types [1–3]. In humans, TRAIL induces
apoptosis following engagement with death receptor-4 and
-5. Decoy receptor-1 and -2, and osteoprotegerin, which
regulates osteoclastogenesis by binding the receptor activa-
tor of nuclear factor κB ligand, can compete with the
death receptors and protect cells from apoptosis. TRAIL
can also promote activation of extracellular signal-regulated
kinase 1/2, mitogen-activated protein kinase, c-Jun N-
terminal kinase and Akt, pathways that are involved in
survival and proliferation of cells [2, 4].

TRAIL deficiency has been associated with autoimmune
diabetes in a mouse model of human type 1 diabetes. For
example, the antagonisation of TRAIL signalling by
injection of the soluble TRAIL receptor into non-obese
diabetic mice or streptozotocin-treated Trail−/− mice in-
creased the incidence of diabetes compared with controls
[5, 6]. In cardiovascular disease (CVD), Trail−/− mice were
protected from intimal thickening following vascular
arterial injury [1]; moreover, in diabetic Apoe−/− mice
TRAIL stabilised atherosclerotic plaque by increasing
vascular smooth muscle cell (VSMC) content, and promoted
apoptosis of inflammatory cells [7]. Indeed, circulating
TRAIL levels tend to be lower in patients with diabetes,
and significantly reduced in patients with CVD [8, 9]. Thus,
TRAIL may be an important protective factor in diabetes and
atherosclerosis. However, mechanisms of its regulatory role
remain unexplored.

Apolipoprotein E (ApoE)-deficient (Apoe−/−) mice are
unable to produce the key glycoprotein ApoE essential for
transport and metabolism of lipids. Compared with normal
mice, Apoe−/− mice have markedly altered lipoprotein
profiles and rapidly develop atherosclerosis [10]. In this
study, we examined the role of TRAIL in diabetes and
atherosclerosis by generating Trail−/−Apoe−/− mice. On a
‘Western’ high-fat diet for 12 weeks, Trail−/−Apoe−/− mice
displayed features of diabetes, including increased body
weight and adiposity, increased plasma glucose, reduced
plasma insulin, increased islet inflammation and apoptosis,
impaired glucose tolerance, and ketogenesis. These mice had
increased cholesterol and triacylglycerol, in part due to the
increased expression of genes regulating cholesterol metab-
olism and lipogenesis. Trail−/−Apoe−/− mice also exhibited
severe atherosclerosis. Thus, the regulation of cholesterol
and lipogenesis by TRAIL may reduce the severity of
diabetic complications and development of atherosclerosis.

Methods

Animals Trail−/− mice [11], backcrossed ten times on to
C57BL/6 mice [12], were obtained from M. Smyth (Peter
MacCallum Cancer Centre, Melbourne, VIC, Australia).
Trail−/− mice were re-derived and crossed with Apoe−/−

mice (JAX Labs, Bar Harbor, ME, USA) on a C57Bl/6
background. Genotyping for Trail and Apoe was performed
as previously described [11] or using JAX Labs protocols
for ApoE deficiency. Male mice aged 6 weeks and
weighing approximately 18 to 20 g were placed on a
high-fat ‘Western’ diet (Semi-Pure Rodent Diet SF00-219;
22% fat, 0.15% cholesterol; Specialty Feeds, Glen Forrest,
WA, Australia) for 12 weeks. Mice were killed by cardiac
exsanguination. The aortic root was cannulated and flushed
with PBS (pH 7.4), followed by perfusion-fixation with
10% formalin (wt./vol). The aortic tree was removed and
immersed in fresh fixative. To evaluate aortic lesions en
face, fixed descending aortas were opened longitudinally,
pinned out and stained with Oil Red O. Prior to killing,
mice were monitored daily and body weights recorded
weekly. Food intake was monitored over 4 weeks by
placing pre-weighed food of known content into clean
cages, under the same conditions. The unconsumed feed
was carefully collected, weighed once a week and sub-
tracted from the amount given. Daily intake was calculated
across the number of animals housed per cage (two to five),
where equal intake of food was assumed. All animal work
was conducted according to Animal Care and Ethics
Committee guidelines, UNSW (Sydney, NSW, Australia).

Plasma and liver analysis Blood was taken via the tail vein
or by cardiac puncture at time of killing. Plasma samples
were stored at −80°C in EDTA-Na2 until required for
analysis. Triacylglycerol and total cholesterol from plasma
(and liver after lipid extraction according to Bligh and Dyer
[13]) were measured using commercial kits (Wako Chem-
icals, Osaka, Japan). Fasting blood glucose and insulin
were measured using kits and as described by the
manufacturers (Cayman Chemicals, Ann Arbor, MI,
USA, and SPI-bio, Ann Arbor, MI, USA, respectively).
Lipoprotein analysis on pooled plasma samples was done
by fast protein liquid chromatography as previously
described [14], using a Superose 6HR 10/30 column (GE
Healthcare, Uppsala, Sweden), with 500 μl fractions collected
and subjected to cholesterol analysis. Markers of systemic
inflammation (monocyte chemoattractant protein-1 [MCP-1],
IL-6 and IL-1β) were assayed using kits (R&D, Minneapolis,
MN, USA).

FACS analysis Spleens were teased apart and pushed
through a 70 μm cell strainer (BD Biosciences, Sydney,
NSW, Australia). Erythrocytes were lysed in TRIS-buffered
ammonium chloride. The remaining cells were washed
three times in PBS. Cells were then blocked with PBS
containing 5% heat-inactivated normal rabbit serum, 0.5%
BSA and 2 mmol/l NaN3. Subsequently cells were washed
with PBS containing 1% FCS and 2 mmol/l NaN3, then
incubated with the following fluorescently conjugated
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antibodies: CD3 (Milteyni Biotec, Sydney, NSW, Aus-
tralia); CD11c (ebiosciences, San Diego, CA, USA); CD45,
CD11b and major histocompatibility complex (MHC)-II
(BD Pharmingen, Sydney, NSW, Australia). Cells were
fixed with 1% paraformaldehyde (wt./vol). Flow cytom-
etry was performed (FACSCalibur Flow Cytometer; BD
Biosciences) and analysed using FCS Express (De Novo
Software, Los Angeles, CA, USA).

The HOMA of beta cell function The HOMA of beta cell
function (HOMA-B) was used to assess beta cell function.
Fasting glucose and insulin were measured at 12 weeks
using the HOMA-B equation previously described [15].

Insulin and glucose tolerance tests At 10 weeks of high-fat
feeding, either 1 g/kg body weight D-glucose (Sigma-Aldrich,
Sydney, NSW, Australia) or 1 U/kg body weight human
insulin was injected into mice intraperitoneally following
overnight fasting. Blood was collected by pin prick from a tail
vein and plasma glucose was measured using a glucometer
(Accu-check Performa; Roche, Mannheim, Germany).

RNA extraction and real-time quantitative PCR Liver and
intestine were snap-frozen in liquid nitrogen and stored at
−80°C. Tissue was homogenised (MP Biomedicals, Sydney,
NSW, Australia) and total RNA extracted in TRI reagent
(Sigma) [1]. RNA was then reverse-transcribed to cDNA
using iSCRIPT (Bio-Rad, Sydney, NSW, Australia). Real-
time PCR was performed in quadruplicate using Sybr Green
Master Mix (Applied Biosystems, Mulgrave, VIC, Australia)
in the real-time Corbett 6000 thermocycler (Corbett Life
Science, Sydney, NSW, Australia). Relative changes in
mRNA levels between groups were determined using the

2�ΔΔCt method [16]. Expression was normalised to β-actin
and changes were compared with Trail−/−Apoe−/− mice. See
electronic supplementary material (ESM) Table 1 for details
of the primer sequences.

Histology and immunohistochemistry Brachiocephalic arter-
ies and aortic roots were processed as described [17].
Pancreases were removed and fixed in 10% formalin
(wt./vol). Haematoxylin and eosin stain was used to assess
tissue architecture. Arteries were stained for elastin van
Gieson, Masson’s Trichrome, smooth muscle-α actin (SMA)
(1:200; Dako, Sydney, NSW, Australia), macrophages
(MAC3) (1:10; BD Pharmingen), active caspase-3 (1:200;
R&D Systems) and proliferating cell nuclear antigen (PCNA;
1:100; Cell Signaling, Danvers, MA USA). Pancreases were
stained for insulin (1:500; Cell Signaling), MAC3 (1:100;
BD Pharmingen) and active-caspase 3 (1:400; R&D
Systems). All IgG controls were negative. Digital images of
sections were acquired using an Olympus DP70 microscope
(Olympus, Mount Waverley, VIC, Australia).

Morphometric analysis Morphometric analysis of plaque
area:total artery area, media area:total artery area, fibrous
cap thickness:plaque area (defined as the VSMC-rich area
overlying the necrotic core), necrotic core area:plaque area
was performed on elastin-, SMA-, Masson’s Trichrome-,
and haematoxylin and eosin-stained sections using ImageJ
(a public domain Java image processing program inspired
by NIH Image) and at least one to two sister sections per
artery per mouse. The percentage of positive staining in the
plaque or islets was determined using ImageProPlus
(Cybernetics, Bethesda, MD, USA). Thresholds for positive
staining for each antibody were determined and sections
analysed by an investigator blinded to mouse genotype.
NIH ImageJ was used to measure area of adipocytes, with
at least 100 adipocytes per mouse measured.

Statistics All results are expressed as the mean±SEM.
Statistical comparisons were made by Mann–Whitney U tests
and one- or two-way ANOVA, with Bonferroni’s correction
where appropriate. The statistics program in GraphPad Prism
Version 4.0 was used (GraphPad Software, San Diego, CA,
USA). A value of p<0.05 was considered significant.

Results

Trail−/−Apoe−/− mice have increased body weight, consume
more food and display adipocyte hypertrophy Compared
with Apoe−/− mice, Trail−/−Apoe−/− had significantly
increased (p<0.001) body weight at 7 weeks (Fig. 1a),
which continued to increase up to 13 weeks. Marked
differences in body weight between Trail−/−Apoe−/− and
Trail−/− mice were observed from 9 weeks of high-fat
feeding (p<0.001) (Fig. 1a). Interestingly, Trail−/−Apoe−/−

mice consumed significantly more food daily than the
parental strains (Fig. 1b). Significant increases in adipocyte
size in white adipose tissue from Trail−/−Apoe−/− and
Trail−/− fat pads were found; adipocytes from the former
were consistently larger than those in Apoe−/− or Trail−/−

mice (Fig. 1c). The lack of change in food consumption
between Apoe−/− and Trail−/− mice suggests that food
intake alone did not account for the increased adipocyte
hypertrophy observed in Trail−/− and Trail−/−Apoe−/− mice.

Trail−/−Apoe−/− and Trail−/− mice exhibit altered glucose
metabolism To determine potential differences in glucose
metabolism, plasma glucose and insulin levels were
compared. After 12 weeks on a ‘Western’ diet, fasting
glucose was significantly greater in Trail−/−Apoe−/− than in
Apoe−/− and Trail−/− mice (Fig. 2a), whereas plasma insulin
levels in Trail−/− and Trail−/−Apoe−/− were dramatically
reduced (approximately fourfold) (Fig. 2b). Consistent with
this, glucose tolerance was impaired in Trail−/−Apoe−/− and
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Trail−/− mice following a glucose challenge (Fig. 2c), whereas
no differences in insulin tolerance were seen between all strains
(not shown). HOMA using plasma glucose and insulin levels
to quantify pancreatic beta cell function (HOMA-B) indicated
a significant reduction of beta cell function in Trail−/−Apoe−/−

and Trail−/− mice, namely to approximately 25% of the levels
seen in Apoe−/− mice (p<0.001) (Fig. 2d). Interestingly,
although high-fat feeding for 12 weeks did not alter plasma
β-hydroxybutyrate levels in Trail−/− mice (0 weeks vs
12 weeks), levels in Apoe−/− mice were significantly elevated
(p<0.01) and levels at 12 weeks of high-fat feeding in
Trail−/−Apoe−/− were 20% higher than in Apoe−/− mice
(p<0.0001) (Fig. 2e), indicating ketosis, a further feature of
diabetes.

Examination of pancreatic tissue revealed no significant
differences in islet diameter or area (not shown), whereas
pancreases from Trail−/−Apoe−/− and Trail−/− mice contained
significantly reduced endogenous insulin staining in islets
(Fig. 2f). Although MAC3-positive macrophage numbers
infiltrating the pancreas were significantly greater than those
seen in Apoe−/− mice, there were approximately 2.5-fold more
MAC3-positive cells in Trail−/−Apoe−/− than in Trail−/− mice
pancreases (Fig. 2g). Moreover, Trail−/−Apoe−/− pancreases
showed significantly increased apoptosis, as indicated by
cleaved caspase-3 staining (p<0.05); this was also seen to a

lesser extent in Trail−/− compared with Apoe−/− islets (Fig. 2h).
Together, these findings suggest that Trail−/−Apoe−/− and
Trail−/− animals have a deficiency in insulin production that
is probably due to pancreatic inflammation and apoptosis, and
results in increased blood glucose levels.

Splenic leucocytes and plasma IL-6 are increased in
Trail−/−Apoe−/− and Trail−/− mice TRAIL plays a critical
role in the immune system. To determine mechanisms for
the differences observed between strains, we assessed levels
of immune cells from spleens using flow cytometry. MHC-II
molecules are found on antigen-presenting cells such as
dendritic cells and macrophages. MHC-II-expressing cell
numbers in Trail−/−Apoe−/− and Trail−/− mice were similar,
but fewer than in Apoe−/− mice (Table 1). The reduced
numbers of CD11c-positive cells suggest that Apoe−/−

spleens contained markedly higher numbers of dendritic
cells. In marked contrast, Trail−/−Apoe−/− and Trail−/− had a
greater number of cells expressing CD11b, a marker for
leucocytes (Table 1), and the numbers from Trail−/− mice
were significantly higher than those from Trail−/−Apoe−/−

mice (p<0.001) (Table 1). No differences in CD3-expressing
cells (T cells) were observed (Table 1). Taken together, these
findings indicate a reduced number of dendritic cells, but
marked increases in phagocytic cells, probably macrophages,
in Trail−/−Apoe−/− and Trail−/− spleens.

Increased circulating IL-6 and MCP-1 are associated
with type 2 diabetes [18–20]. A pro-inflammatory cytokine,
IL-6 is produced by macrophages in response to infection
or tissue insult [21]. Trail−/−Apoe−/− and Trail−/− mice had
significantly elevated plasma IL-6 values, which were
highest in Trail−/− animals, possibly reflecting the high
levels of CD11b-positive leucocytes (Table 1). MCP-1 is a
chemokine that recruits monocytes to areas of injury and is
important in atherogenesis [22]. Although no significant
differences in plasma MCP-1 were observed between
Trail−/− and Apoe−/− mice, plasma from Trail−/−Apoe−/−

contained significantly higher levels than plasma from
Trail−/− mice (p<0.05) (Table 1). In contrast, plasma
IL-1β levels were similar in all strains (Table 1).

Trail−/−Apoe−/− mice have increased plasma cholesterol
and triacylglycerol As expected [23], plasma cholesterol
levels in Apoe−/− mice increased after 12 weeks of high-fat
feeding from 6.58±0.61 mmol/l to 15.73±1.39 mmol/l,
whereas those in Trail−/− mice (which are Apoe+/+)
remained at the levels seen at 0 weeks (2.835±0.14). In
contrast, plasma cholesterol levels in Trail−/−Apoe−/− mice
were markedly elevated, namely from 9.0±0.57 mmol/l to
23.02±1.34 mmol/l, and significantly higher than levels
seen in Apoe−/− mice (p<0.001) (Table 1). Plasma
triacylglycerol levels were also significantly greater in
Trail−/−Apoe−/− mice (Table 1). Importantly, plasma from

Fig. 1 Trail−/−Apoe−/− have increased body weight, consume more
food and display adipocyte hypertrophy. a Body weight of Apoe−/−

(black circles), Trail−/− (triangles) and Trail−/−Apoe−/− (squares) mice
aged 6 weeks and fed a high-fat diet for 12 weeks; n=10–16 per
genotype; *p<0.05 for Trail−/−Apoe−/− vs Apoe−/−; †p<0.05 for
Trail−/−Apoe−/− vs Trail−/−. b Food intake (g/day); n=2–5 per cage
per genotype. c Trail−/−Apoe−/− mice display adipocyte hypertrophy
compared with Apoe−/− and Trail−/− at 12 weeks on a high-fat diet.
Results are for adipocyte area (μm2); n=3 per genotype. Results are
expressed as mean±SEM; *p<0.05, ***p<0.001 and ****p<0.0001,
ANOVA used in all conditions
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these mice contained increased VLDL- and LDL-
cholesterol compared with the parental strains (Table 1).
VLDL- and LDL-cholesterol levels in Trail−/− mice were
low compared with Trail−/−Apoe−/− mice, in which VLDL-
and LDL-cholesterol were markedly higher than in plasma
from Apoe−/− mice (Table 1).

Trail−/−Apoe−/− mice have altered expression of genes
regulating cholesterol metabolism and lipogenesis Consis-
tent with the plasma cholesterol and triacylglycerol levels
(Table 1), livers from Trail−/−Apoe−/− mice had approxi-

mately threefold higher cholesterol and triacylglycerol
levels than Apoe−/− mice, and approximately 12-fold
(triacylglycerol) and 40-fold (cholesterol) higher levels than
Trail−/− mice (Fig. 3a, b). To determine the mechanisms
underlying this hypercholesterolaemia and hypertriacylgly-
cerolaemia, we examined the expression of genes involved
in cholesterol metabolism. 3-Hydroxy-3-methyl-glutaryl-
CoA reductase (HMGCoAR), the rate-limiting enzyme in
the cholesterol metabolic pathway, is rapidly induced in mice
by high-fat feeding [24]. Hmgcoar mRNA expression was
significantly elevated in Trail−/−Apoe−/− mice (Fig. 3c).

Fig. 2 Trail−/−Apoe−/− and Trail−/− mice have altered glucose
metabolism. a Fasting plasma glucose (n=10–14), (b) fasting plasma
insulin (n=7–17 per genotype) and (c) glucose tolerance test for
Apoe−/− (circles), Trail−/− (triangles) and Trail−/−Apoe−/− (squares)
mice at week 0 and week 12 (n=3–5 per genotype). d Assessment of
HOMA-B as described in Methods; n=7–11 per genotype. e Plasma

ketone bodies detected using a β-hydroxybutyrate assay; n=4–5 per
genotype. f Mouse pancreatic islets stained for insulin, (g) macrophages
(MAC3) and (h) apoptosis (active caspase-3); n=5–7 per genotype.
Results are expressed as mean±SEM; *p<0.05, **p<0.01, ***p<0.001
and ****p<0.0001, ANOVA used in all conditions. w, weeks
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Neimann–Pick C1-like 1 is a sterol transporter of cholesterol
for intestinal absorption [25]. Expression of Npc1l1 was also
significantly elevated in Trail−/−Apoe−/− mice (Fig. 3d),
whereas Abcg5 mRNA, a gene important for cholesterol
transport, was similar in all strains (Fig. 3e). Thus, increased
cholesterol synthesis and absorption are likely to contribute to
the elevated cholesterol levels seen in Trail−/−Apoe−/− mice.

To determine whether increased lipogenesis may play a
role in the elevated production of triacylglycerol in the
liver, and in the increases of plasma VLDL- and LDL-
cholesterol observed in Trail−/−Apoe−/− mice, we analysed
mRNA levels of key lipogenic genes. Expression of
Srebp1, Glut2 and Ldlr was significantly higher for all
three genes in livers from Trail−/−Apoe−/− compared with
Apoe−/− or Trail−/− mice (Fig. 3f–h). Thus, in an Apoe−/−

background, TRAIL-deficiency promotes elevated expres-
sion of genes that regulate cholesterol synthesis and
absorption, and triacylglycerol production.

Trail−/−Apoe−/− mice have increased atherosclerosis
Trail−/−Apoe−/− mice showed dramatically increased aortic
atherosclerosis (Fig. 4a). Their brachiocephalic arteries
had significantly greater plaque area and medial expansion
than those of Apoe−/− mice (Fig. 4b–d), and aortic root
atherosclerosis was also increased (Fig. 4e, f). In marked
contrast, arteries from Trail−/− mice appeared healthy with
no signs of atherosclerosis (Fig. 4b). Interestingly, bra-
chiocephalic plaques from Trail−/−Apoe−/− had signifi-
cantly less SMA staining, indicating reduced VSMC

content (Fig. 5a; Table 2). Collagen content (Masson’s
Trichrome) (Fig. 5b; Table 2) and cap thickness were also
significantly reduced in Trail−/−Apoe−/− compared with
Apoe−/− plaques (Table 2). Trail−/−Apoe−/− plaques had
more extensive necrotic cores and macrophage infiltration,
with almost double the infiltration in Apoe−/− samples
(Fig. 5c; Table 2). Although PCNA (cell proliferation)
levels were not changed (Fig. 5d; Table 2), significantly
increased caspase-3 immunoreactivity was observed in
Trail−/−Apoe−/− compared with Apoe−/− plaques, particu-
larly in the shoulder regions (Fig. 5e; Table 2).

Discussion

In humans with CVD, soluble TRAIL levels are reduced [9]
and this has been linked with increased risk of cardiovas-
cular events, independently of conventional risk markers
[26]. Reduced circulating TRAIL in older patients with
CVD is also associated with increased risk of death over a
6 year period [27]. Furthermore, patients with myocardial
infarction display reduced TRAIL levels compared with
healthy controls [26], implicating a protective role for
TRAIL in these clinical conditions.

TRAIL is a cell surface and soluble ligand that
activates TRAIL receptors, of which there are five in
humans [2]. TRAIL plays an important role in homeosta-
sis of the immune system, as well as in infection,
autoimmune and cancer diseases; it also has apoptotic,

Table 1 Plasma chemistry and inflammatory markers

Apoe −/− Trail−/−Apoe−/− Trail−/−

Cholesterol (mmol/l) 15.73±1.39 23.02±1.36*† 3.61±0.46

Triacylglycerol (mmol/l) 1.10±0.07 2.21±0.14*† 0.65±0.02

VLDL-cholesterol (mmol/l) 0.59±0.04 0.71±0.03*† 0.03±0.003

LDL-cholesterol (mmol/l) 0.11±0.09 0.23±0.11*† 0.08±0.003

HDL-cholesterol (mmol/l) – 0.06±0.03† 0.18±0.007

IL-6 (pg/ml) 9.92±2.53 23.07±3.68* 36.68±5.92

MCP-1 (pg/ml) 86.23±2.49 128±20.24† 72.62±9.13

IL-1β (pg/ml) 7.22±2.04 10.25±2.7 11.38±1.09

MHC-II 69.53±2.20 57.43±3.24* 48.07±1.43

CD11c 19.63±1.34 6.47±0.65* 6.26±0.42

CD11b 10.92±0.39 85.37±1.37* 93.00±0.42

CD3 35.89±1.29 38.53±1.16 42.80±1.90

Results are expressed as mean±SEM

Fasting plasma cholesterol, n=7–8 per genotype; fasting plasma triacylglycerol, n=6–8 per genotype

Lipoprotein profiles (VLDL-, LDL-, HDL-cholesterol) were analysed by fast protein liquid chromatography and cholesterol levels determined, n=6 per
genotype

Plasma IL-6 (n=5–8 per genotype), MCP-1 (n=5–6 per genotype) and IL-1β (n=5–11 per genotype) were measured using commercial assays

Mouse spleen cells were analysed for MHC-II, CD11, CD11b and CD3 by flow cytometry, n=3–7 per genotype

*p<0.05 for Trail−/− Apoe−/− vs Apoe−/− ; † p<0.05 for Trail−/−Apoe−/− vs Trail−/− ; ANOVA was used in all conditions
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and non-apoptotic functions. Although TRAIL deficiency
has been associated with diabetes [5, 6] and CVD [1, 28],
TRAIL’s actions in vivo remain unclear. The present study
presents two key novel findings for the role of TRAIL in
disease. First, we demonstrate for the first time that Trail−/−

and Trail−/−Apoe−/− mice develop diabetes when fed a high-
fat ‘Western’ diet, also displaying features typical of human
disease. This is particularly important since a ‘Western’
lifestyle with increased consumption of high-energy food has
resulted in a pandemic of diabetes and CVD. Second, we
show that TRAIL regulates cholesterol and triacylglycerol
homeostasis, such that when TRAIL is not present, levels of
lipoproteins in Apoe−/− mice are exacerbated. In this system,
TRAIL-deficiency worsened the severity of atherosclero-

sis, a major diabetic complication; these conditions are
probably intensified by the chronic inflammation ob-
served in Trail−/−Apoe−/− mice.

Type 2 diabetic patients have increased levels of LDL-
cholesterol and triacylglycerol, and lower HDL-cholesterol
than non-diabetic patients [29], and are more frequently
overweight [30]. Although no correlation between circulat-
ing TRAIL and BMI was found in patients with CVD [31], a
positive correlation between soluble TRAIL, serum LDL-
cholesterol and total body fat in elderly men and women has
been reported [32]. We found that Trail−/−Apoe−/− mice ate
more, were significantly heavier and displayed adipocyte
hypertrophy compared with parental strains. Compared with
Apoe−/−, Trail−/− mice had increased adiposity, suggesting

Fig. 3 Trail−/−Apoe−/− mice have altered expression of genes
regulating cholesterol metabolism and lipogenesis. a Hepatic choles-
terol and (b) triacylglycerol content was determined after lipid
extraction; n=4–5 per genotype. c Hmgcoar mRNA expression was
detected from liver; (d) Npc1l1 mRNA was detected from intestine;

(e) Abcg5 mRNA levels were detected from the liver. f Srebp1, (g)
Glut2 and (h) Ldlr mRNA were measured from liver. All mRNA
levels were normalised to β-actin; n=6–8 per genotype. Results are
expressed as mean±SEM; *p<0.05, **p<0.01 ***p<0.001and ****p
<0.0001, as assessed by ANOVA
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that food intake may not fully explain the above observation.
This is currently under investigation in our laboratory.

Trail−/− mice fed a ‘Western’ high-fat diet showed
pancreatic inflammation, beta cell death and reduced insulin
expression and secretion associated with hyperglycaemia
and impaired glucose tolerance. In keeping with this,
overabundance of TRAIL in pancreatic islets prolonged
normoglycaemia and reduced severity of insulitis in a rat
model of diabetes [33]; TRAIL injection also improved
islet damage in a mouse model of diabetes [34]. Compared
with Trail−/− mice, loss of insulin effects were not
amplified in Trail−/−Apoe−/− mice, indicating that ApoE
does not contribute to the diabetic phenotype observed here.
Interestingly, pancreases from Trail−/−Apoe−/− mice had
significantly higher macrophage numbers and caspase-3-
positive cells than parental strains (Fig. 2g–h). Macrophage-
associated inflammation may therefore underlie the reduced
islet function seen in Trail−/−Apoe−/− animals.

TRAIL is important in activation and regulation of
immune cells, and inflammation is an important risk factor
in diabetes and CVD. Trail−/− and Trail−/−Apoe−/−mice had

an approximately eightfold higher number of CD11b-
positive splenic leucocytes, as well as increases in the
inflammatory marker IL-6. The plasma IL-6 levels ob-
served in Trail−/−Apoe−/− mice may be a gene–dose effect,
since levels reflect an intermediate concentration between
Apoe−/− and Trail−/−. Rather than playing a role in
atherosclerosis (Trail−/− mice do not develop lesions),
IL-6 is more likely to affect the pancreas. Interestingly, IL-6
secreted by inflammatory cells can induce beta cell death
resulting in reduced insulin production [35]. In contrast, levels
of plasma MCP-1 were more elevated in Trail−/−Apoe−/− and
may contribute to the increased numbers of macrophages
seen in pancreases and in atherosclerotic plaques (Fig. 2g and
5c, Table 2). In both cases, macrophage-dense areas were
approximately double those seen in Apoe−/− mice (Fig. 2g
and 5c, Table 2). TRAIL may be involved in monocyte
recruitment to sites of chronic inflammation, as seen in
type 1 diabetes [36] and in atherosclerosis [37].

Lack of TRAIL in Apoe−/− mice caused altered lipid
metabolism, with significantly increased plasma cholesterol
and triacylglycerol. There are three mechanisms to account for

Fig. 4 Trail−/−Apoe−/− have increased atherosclerosis. a En face
aortic staining for Oil Red O (magnification ×2.5). b Representative
haematoxylin and eosin-stained cross sections (magnification ×20) of
brachiocephalic arteries of mice as indicated at 12 weeks of high-fat
diet. c Plaque and (d) medial area measurements were performed as
described in the Methods; n=8–12 per genotype. e Representative

haematoxylin and eosin-stained cross sections (magnification ×10) of
aortic sinus of mice as indicated at 12 weeks of high-fat diet. f Plaque
area measurements were performed as described in the Methods;
n=8–12 per genotype. Results are expressed as mean±SEM;
*p<0.05, **p<0.01 and ***p<0.001 by Mann–Whitney U test and
ANOVA
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this observation. Increases in cholesterol in Trail−/−Apoe−/−

mice may be due to: (1) increased consumption of food
(Fig. 1b); (2) significantly higher expression of Hmgcoar and
Npc1l1 (Npc1l1-knockout mice cannot absorb dietary cho-
lesterol and are protected from hyperlipidaemia and fatty
liver [38, 39]); and (3) the overproduction of triacylglycerol
via activation of lipogenesis. GLUT2, the principle glucose
transporter between liver and blood, allows passive glucose
movement across cell membranes. In diabetic patients, liver
GLUT2 abundance is increased [40] and controlled by
glucose levels [41]. Glucose-stimulated Glut2 expression in
the liver is mediated by sterol regulatory element binding
protein-1 (SREBP1) [42], which also mediates sterol
biosynthesis by controlling transcriptional regulation of Ldlr
[43], which was also elevated in Trail−/−Apoe−/− mice.
Hepatic expression of Glut2, Srebp1 and Ldlr were
augmented in Trail−/−Apoe−/− compared with parental mice.
Thus, TRAIL not only modifies expression of genes
involved in cholesterol metabolism, but also that of genes
regulating lipogenesis. These changes may be responsible for
the amplified levels of cholesterol and triacylglycerol in
plasma and livers of Trail−/−Apoe−/− mice. Thus, in Apoe−/−

mice, lack of TRAIL exacerbates cholesterol synthesis and
absorption, as well as triacylglycerol production.

Trail−/−Apoe−/− mice displayed signs of accelerated
atherosclerosis and features of plaque vulnerability. This
includes thinning of the fibrous cap, decreased VSMC and
collagen content, elevated macrophage accumulation, outward
plaque remodelling and increased necrotic core size [44].
These findings implicate TRAIL in the maintenance of plaque
integrity. We showed increased apoptosis in the vulnerable
regions of plaques, where macrophage infiltration was also
evident. Although our results are consistent with the
observation that systemic TRAIL administration can attenuate
plaque development in vivo in diabetic Apoe−/− mice [7], they
are not consistent with a recent study also implicating TRAIL
in the attenuation of atherosclerosis [45]. At 12 weeks on a
‘Western’ diet, Watt et al. found no differences in cholesterol
or glucose levels between Trail−/−Apoe−/− and Apoe−/−

animals [45], although insulin levels were not checked and
tolerance testing was not performed. Moreover, contents of
‘Western’ diets vary and the composition of that used by Watt
et al. was not specified. We believe the differences in lesion
development and plasma chemistry seen in these studies may
result from differences in the fat content of the diets.

It is clear from these studies that hyperglycaemia alone is
insufficient to accelerate atherosclerosis in this model, since
no lesions were apparent in Trail−/− mice. However, in our

Table 2 Quantification of plaque cap thickness, necrotic core and immunostains

Plaque cap
thickness (%)

Necrotic
core (%)

Caspase-3
(image units)

SMA
(image units)

MAC3
(image units)

Masson’s Trichrome
(image units)

PCNA
(image units)

Apoe−/− 0.15±0.016 21.69±3.59 46.84±2.44 34.37±5.99 5.55±1.53 44.0±11.22 5.64±0.8

Trail−/−Apoe−/− 0.076±0.014* 39.30±5.46* 70.57±5.35* 15.72±2.17* 11.27±2.19* 16.57±3.39* 4.92±0.58

Plaque cap thickness and necrotic core were quantified using brachiocephalic arteries (n=7–8 per genotype) as described in Methods

ImageProPlus was used to quantify SMA, Masson’s Trichrome, macrophages (MAC3), PCNA and active caspase-3 as described in Methods.

*p<0.05 or greater, Trail−/−Apoe−/− vs Apoe−/− ; Mann–Whitney U test

Fig. 5 Trail−/−Apoe−/− mice have altered plaque cellular composition.
Representative cross sections (magnification ×20) of brachiocephalic
mouse plaques stained for (a) VSMCs (SMA), (b) collagen (Masson’s

Trichrome), (c) macrophages (MAC3), (d) cell proliferation (PCNA)
and (e) apoptosis (active caspase-3)
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system, hyperglycaemia in concert with hyperlipidaemia
leads to accelerated atherosclerosis. This is not surprising,
as glucose and lipids act by the same mechanisms to initiate
atherosclerotic lesions [46]. Increased infiltrating macro-
phages in Trail−/−Apoe−/− mice may stimulate movement
of monocytes/macrophages or systemic inflammatory che-
mokines (such as MCP-1) to lesions and contribute to the
severity of atherosclerosis. S100A9 is a biomarker for
CVD. Interestingly, in a mouse model of diabetes, increased
accumulation of S100A9-positive monocytic cells was
observed in lesions [47], supporting the notion that an
inflammatory state contributes to atherosclerotic lesions in
diabetes. In our model, diabetes was not artificially induced
and atherosclerosis in Apoe−/− mice was exacerbated by the
lack of TRAIL. We confirm a significant link between
TRAIL, diabetes and atherosclerosis, and prove a causative
rather than a consequential role for TRAIL in these
pathological complications. More detailed comparisons of
Trail−/−Apoe−/− and the parental mouse strains should
further our understanding of TRAIL-dependent cellular/
molecular mechanisms of diabetes and its complications.
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