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(Background: Apolipoprotein E4 (apoE4) is associated with inflammatory metabolic diseases.

Results: Human APOE4 gene replacement mice displayed elevated tissue inflammation. APOE4 macrophages showed impaired
efferocytosis, increased apoptosis, and endoplasmic reticulum stress.

Conclusion: ApoE4 structural abnormalities induce ER stress to promote inflammation.

Significance: Reducing ER stress and/or apoE4 structure correctors may reduce inflammatory metabolic disease risk in human

N
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Apolipoprotein (apo) E4 is a major genetic risk factor for a
wide spectrum of inflammatory metabolic diseases, including
atherosclerosis, diabetes, and Alzheimer disease. This study
compared diet-induced adipose tissue inflammation as well as
functional properties of macrophages isolated from human
APOE3 and APOE4 mice to identify the mechanism responsible
for the association between apoE4 and inflammatory metabolic
diseases. The initial study confirmed previous reports that
APOE4 gene replacement mice were less sensitive than APOE3
mice to diet-induced body weight gain but exhibited hyperinsu-
linemia, and their adipose tissues were similarly inflamed as
those in APOE3 mice. Peritoneal macrophages isolated from
APOE4 mice were defective in efferocytosis compared with
APOE3 macrophages. Increased cell death was also observed
in APOE4 macrophages when stimulated with LPS or oxidized
LDL. Western blot analysis of cell lysates revealed that APOE4
macrophages displayed elevated JNK phosphorylation indica-
tive of cell stress even under basal culturing conditions. Signifi-
cantly higher cell stress due mainly to potentiation of endoplas-
mic reticulum (ER) stress signaling was also observed in APOE4
macrophages after LPS and oxidized LDL activation. The defect
in efferocytosis and elevated apoptosis sensitivity of APOE4
macrophages was ameliorated by treatment with the ER chaper-
one tauroursodeoxycholic acid. Taken together, these results
showed that apoE4 expression causes macrophage dysfunction
and promotes apoptosis via ER stress induction. The reduction
of ER stress in macrophages may be a viable option to reduce
inflammation and inflammation-related metabolic disorders
associated with the apoE4 polymorphism.
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Apolipoprotein E (apoE) is a 34-kDa protein originally dis-
covered to be associated with several classes of plasma lipopro-
teins (1). Unlike other apolipoproteins that are expressed only
in liver and intestine, apoE is not expressed in intestine but is
expressed in liver and other tissues, including the central nerv-
ous system, vascular smooth muscle cells, adrenals, macro-
phages, and adipocytes. Although the main function of apoE
has been attributed to cholesterol transport, accumulating evi-
dence indicates that apoE also modulates metabolic disease
progression through lipid transport-independent mechanisms
(2). The human APOE gene exists with three major polymor-
phic alleles (€2, €3, and €4) encoding the apoE2, apoE3, and
apoE4 isoforms with cysteine/cysteine, cysteine/arginine, and
arginine/arginine residues at positions 112 and 158 of the 299-
residue protein, respectively. The various apoE isoforms have
different metabolic properties with apoE2 transporting lipids to
the LDL receptor less efficiently, thereby conferring €2 carriers
with increased risk of type III hyperlipoproteinemia (3).
Although apoE3 and apoE4 bind to LDL receptor and other
LDL receptor family proteins with similar affinity, apoE3
appears to protect against metabolic disorders, whereas carri-
ers of the €4 allele have increased risk of Alzheimer disease as
well as cardiovascular and metabolic diseases (2—4).

The exact mechanism by which apoE3 retards and apoE4
accelerates the onset and progression of a wide spectrum of
metabolic disorders is not completely understood (2, 5). Previ-
ous studies have shown that apoE3 may protect against meta-
bolic diseases via its anti-oxidation and anti-inflammatory
properties (2, 6), including its attenuation of toll-like receptor
signaling and converting the pro-inflammatory M1 macro-
phages to the anti-inflammatory M2 macrophage phenotype (7,
8). In the vessel wall, apoE3 also induces anti-inflammatory
signaling events that limit injury-induced neointimal hyperpla-
sia and hypercholesterolemia-induced atherosclerosis (9-13).
In contrast, apoE4 is pro-inflammatory and has been shown to
accelerate neurodegeneration by promoting neuronal cell
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death (14-16). Paradoxically, apoE4 is associated with lower
body mass index compared with apoE3 carriers (17), but apoE4
carriers are more susceptible to diet-induced diabetes and cor-
onary artery disease (4, 18 —20). Recent data examining mice in
which the endogenous mouse apoe gene has been replaced with
the human APOE3 or APOE4 gene also showed the increased
susceptibility of APOE4 gene replacement mice to diet-induced
atherosclerosis and diabetes despite less adiposity and body
weight gain compared with APOE3 mice (21-23). Atheroscle-
rosis enhancement observed in APOE4 mice is at least in part
due to the apoE4 expressed in macrophages (24).

The innate immune system plays a major contributory role
toward the pathogenesis of cardiovascular and metabolic dis-
eases (25-27). Accordingly, the association between the €4
allele with increased risk of cardiometabolic diseases may be
due to abnormal functions of apoE4-expressing macrophages
compared with macrophages expressing the normal apoE3 pro-
tein. However, how the cysteine-to-arginine substitution in res-
idue 112 converts the anti-inflammatory apoE3 to the pro-in-
flammatory apoE4 has not been resolved. The goal of this study
is to compare functional properties of macrophages isolated
from human APOE3 versus APOE4 gene replacement mice and
to identify the mechanism responsible for the abnormal func-
tional properties of apoE4-expressing macrophages.

EXPERIMENTAL PROCEDURES

Mice and Dietary Studies—Genetically modified C57BL/6
mice in which the endogenous mouse apoe gene has been
replaced with the human APOE3 or APOE4 gene at the same
locus (28, 29), hereafter designated as APOE3 and APOE4 mice,
were purchased from Taconic (Hudson, NY) and housed in our
institutional animal care facility under a controlled environ-
ment with free access to food and water. All animal protocols
were approved by the University of Cincinnati Institutional
Animal Use and Care Committee. The mice were maintained
on standard chow (Teklad, Madison, WT) or fed a Western-type
high fat, high cholesterol diet containing 21.2% fat by weight
(41% by calories) and 0.2% cholesterol (TD88137, Teklad) for 4
weeks. Body weights were measured with a Denver 300K scale,
and adiposity was determined using an EchoMRI Whole Body
Composition Analyzer (Echo Medical Systems, Houston, TX)
as described previously (30).

Blood Chemistry—Blood was obtained from animals fasted
overnight. Fasting blood glucose was determined with an Accu-
Chek Active Glucometer (Roche Applied Science), and plasma
was obtained after centrifugation to measure plasma lipid levels
with Infinity Kits (ThermoFisher Scientific) or insulin levels
with an Ultra Sensitive Rat Insulin ELISA kit (Crystal Chem,
Chicago). Insulin sensitivity and resistance were estimated by
homeostasis model assessment index calculated from fasting
glucose and insulin levels as described previously (31). Post-
prandial lipid clearance was determined by feeding fasted mice
with a bolus lipid-rich meal (15 ul of olive 0il/g body weight)
and then measuring plasma triglyceride levels over a 3-h period.

In Vitro Experiments with Peritoneal Macrophages—Perito-
neal macrophages were obtained 3 days after intraperitoneal
injection of a 4% thioglycollate solution as described (32). Peri-
toneal macrophages were plated overnight before use. Cells
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were maintained in basal conditions or incubated with either 50
ng/ml LPS or 100 pg/ml oxLDL? for 1 h. For analysis of cell
death, treated macrophages were removed using Accutase
(Invitrogen) and labeled with annexin V and propidium iodide
(eBioscience) according to the manufacturer’s protocol. Flow
cytometry was performed on Guava EasyCyte 8HT System and
analyzed using Guava InCyte (Millipore, Hayward, CA). For
efferocytosis experiments, peritoneal macrophages from wild
type C57BL/6 mice were labeled with carboxyfluorescein diace-
tate-succinimidyl ester (CFDA-SE, from Invitrogen) for 30 min
and then treated overnight with staurosporine (Sigma) to
induce apoptosis. The CFDA-labeled apoptotic cells were then
added onto cultures of APOE3 or APOE4 macrophages fora 2-h
incubation. The macrophages were washed thoroughly with
phosphate-buffered saline, removed using Accutase, and then
analyzed by flow cytometry. When indicated, tauroursodeoxy-
cholic acid (Sigma) was used at a concentration of 2 mm.

Western Blot Analysis—Peritoneal macrophage lysates were
prepared in buffer containing 50 mm Tris-HCI, pH 7.4, 150 mm
NacCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1% SDS, 1
mM EDTA, and protease inhibitor mixture (Roche Applied Sci-
ence) and phosphatase inhibitor mixtures (Sigma). Protein
concentration was determined using BCA kit (Pierce) prior to
PAGE and immunoblot analysis. Antibodies against PERK,
phospho-PERK, and CHOP were obtained from Santa Cruz
Biotechnology and used at 1:500 dilution. Antibodies against
XBP1 and IRE-la were obtained from Abcam and used at
1:1000 dilutions. Antibodies against phospho-IRE-la were
obtained from Pierce and used at 1:1000 dilution. JNK and
phospho-JNK antibodies from Cell Signaling were used at
1:1000 dilution. Primary antibodies were detected using horse-
radish peroxidase-conjugated secondary antibodies (Cell Sig-
naling) and visualized using enhanced chemiluminescence
reagents (Amersham Biosciences). Quantitative measurements
were performed using Image ] software (National Institutes of
Health).

Quantitative PCR Determination of mRNA Levels—Total
RNA was extracted from adipose tissues and peritoneal macro-
phages in culture using TRIzol reagent (Invitrogen). cDNA was
made using iScript cDNA synthesis kit (Bio-Rad), and RT-PCR
was performed on iCyclerIQ (Bio-Rad) using sequence-specific
primers (Table 1). For analysis of XBP1 splicing, the XBP1
mRNA-amplified product was digested with PstI (New England
Biolabs) and then analyzed by electrophoresis on 1.7% agarose
gels. For quantification, all qRT-PCR analyses were made using
AACt measurements against cyclophilin mRNA as control.

Statistics—Values were expressed as mean * S.E. Student’s ¢
test or analysis of variance for multiple group comparisons was
used to determine significance between samples (SigmaPlot
version 11.0). A p < 0.05 difference between groups was con-
sidered to be statistically significant.

2The abbreviations used are: oxLDL, oxidized LDL; NOS2, inducible nitric-
oxide synthase; MCP-1, monocyte chemotactic protein-1; MIP-1a, macro-
phage inflammatory protein-1q; CHOP, C/EBP homologous protein; CFDA-
SE, carboxyfluorescein diacetate succinimidyl ester; PERK, protein kinase
RNA-like ER kinase.
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TABLE 1

RT-quantitative PCR primer sequences for experimental and reference genes

Gene Common name Sense primer Antisense primer

Cypa Cyclophilin A TCATGTGCCAGGGTGGTGAC CCATTCAGTCTTGGCAGTGC

Emrl F4/80 TGTCTGACAATTGGGATCTGCCCT ATACGTTCCGAGAGTGTTGTGGCA
Nos2 NOS2 TTCACCCAGTTGTGCATCGACCTA TCCATGGTCACCTCCAACACAAGA
Tnf TNF-a ATCCGCGACGTGGAACTG ACCGCCTGGAGTTCTGGAA

Ddit3 CHOP ACAGAGCCAGAATAACAGCCGGAA TCTGCTTTCAGGTGTGGTGGTGTA
Xbpl XBP1 AAACAGAGTAGCAGCGCAGACTGC TCCTTCTGGGTAGACCTCTGGGAG

RESULTS slight but statistically insignificant faster rate of triglyceride-

Resistance to Diet-induced Adiposity and Body Weight Gain
in APOE4 Mice—Mice in which the endogenous mouse apoe
gene has been replaced at the same locus by the human APOE3
or APOE4 gene express human apoE3 and apoE4 in a tissue-
specific and physiological manner similar to apoE expression in
humans (21). Previously, Maeda and co-workers (21) have
reported that the APOE3 and APOE4 mice have similar food
intake and absorb dietary lipids to a similar extent, but the
APOE4 mice gained significantly less weight than APOE3 mice
when challenged with a Western-type high fat, high cholesterol
diet. The APOE4 mice were also reported to be more glucose
intolerant compared with the APOE3 mice (21). Our initial
experiments in characterizing inflammatory responses in
APOE3 and APOE4 mice recapitulated these data. In our exper-
iments, 10-week-old male APOE4 mice maintained on a basal
chow diet displayed higher body weight compared with
10-week-old male APOE3 mice on a similar diet (Fig. 14), but
analysis of body composition by nuclear magnetic resonance
revealed similar adiposity between chow-fed APOE3 and
APOE4 mice (Fig. 1B). In contrast, when the mice were fed a
Western-type high fat, high cholesterol diet for 4 weeks, signif-
icant body weight gain was observed only in the APOE3 mice,
and the APOE4 mice did not show body weight difference after
4 weeks of feeding the hypercaloric Western-type diet (Fig. 1A).
These results confirmed results reported previously, and our
data additionally showed that body fat mass was also signifi-
cantly lower in Western diet-fed APOE4 mice compared with
APOE3 mice (Fig. 1B). The differences in body fat accounted for
the differences in body weights between APOE3 and APOE4
mice with no statistically significant differences observed in
lean body mass between APOE3 and APOE4 mice fed either
chow or Western-type diets (Fig. 1C). No difference in food
intake, activity, or fat absorption efficiency was observed
between these animals; thus their differences in diet-induced
body weight gain and adiposity were due to metabolic differ-
ences between the APOE3 and APOE4 mice. These results also
established that APOE3 and APOE4 gene replacement mice are
suitable models to identify the mechanism underlying the dif-
ferences between €3 and €4 carriers in sensitivity to diet-in-
duced metabolic diseases despite lower body mass index.

Similar Fasting Plasma Lipid and Glucose Levels but Differ-
ences in Fasting Insulin Levels between APOE3 and APOE4
Mice—Fasting plasma triglyceride and cholesterol levels were
similar between APOE3 and APOE4 mice (Fig. 2, A and B). Both
groups of mice responded to 4 weeks of Western diet feeding
with elevated fasting plasma cholesterol levels, but no geno-
type-specific differences were observed (Fig. 2B). When the
animals were fed a bolus lipid-rich meal by gastric gavage, a
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rich lipoprotein clearance was observed in the APOE4 mice
compared with APOE3 mice (Fig. 2C). These data are consis-
tent with their similarities in food intake and dietary lipid
absorption and the identical ability of apoE3 and apoE4 to inter-
act with LDL receptor family proteins to mediate plasma lipo-
protein clearance (33).

Both APOE3 and APOE4 mice also displayed similar fasting
glucose levels when maintained on chow diet, and both groups
responded to the Western-type diet with a slight but statisti-
cally insignificant increase in fasting glucose levels after 4 weeks
(Fig. 2D). The lack of significant hyperglycemia after 4 weeks of
feeding the Western-type diet was consistent with previous
observations that mice are resistant to short term diet-induced
hyperglycemia and are similar to humans with onset of hyper-
insulinemia preceding the hyperglycemia phenotype. Interest-
ingly, measurements of fasting insulin levels revealed dramatic
differences between APOE3 and APOE4 mice, with the APOE4
mice displaying ~3-fold higher fasting insulin levels compared
with APOE3 mice even under basal chow diet conditions (Fig.
2E). In fact, fasting insulin levels in chow-fed APOE4 mice were
similar to that observed in APOE3 mice fed the Western-type
diet (Fig. 2E). Western diet feeding did not promote an addi-
tional increase in plasma insulin levels in the APOE4 mice (Fig.
2E). Calculation of homeostasis model assessment index con-
firmed the insulin resistance phenotype of APOE4 mice under
both basal and Western diet conditions, similar to that
observed in Western diet-fed APOE3 mice (Fig. 2F). These
results are consistent with those reported previously showing
impaired glucose tolerance and insulin resistance in APOE4
mice (21).

Diet-induced Inflammation in Adipose Tissues of Both
APOE3 and APOE4 Mice—Despite the lower adiposity in
APOE4 mice compared with APOE3 mice, the impaired glucose
tolerance and insulin resistance observed in APOE4 mice sug-
gested that they remain sensitive to diet-induced inflammation.
To test this possibility, RNA was isolated from visceral adipose
tissues of chow-fed and Western diet-fed APOE3 and APOE4
mice for quantitative PCR analysis. The results showed no dif-
ference in F4/80 mRNA levels between chow-fed APOE3 and
APOE4 mice (Fig. 3A). Interestingly, despite their differences in
adiposity in response to Western diet feeding, both groups of
mice responded with similar elevation of F4/80 mRNA levels in
their adipose tissues, indicative of macrophage infiltration after
feeding the Western-type diet (Fig. 3A). Expression levels of
inducible nitric-oxide synthase (NOS2) mRNA were also
increased after Western diet feeding, thus indicating the pro-
inflammatory states of the adipose tissues in both APOE3 and
APOE4 adipose tissues (Fig. 3B). Additionally, both APOE3 and
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FIGURE 1. Body weights and adiposity of APOE3 and APOE4 mice. Ten-week-old male mice were maintained on basal chow diet (filled bars) or fed a
Western-type high fat, high cholesterol diet for 4 weeks (open bars). A shows mean body weights; B shows average percent body fat, and C shows the average
lean body mass of six APOE3 mice and six APOE4 mice = S.D. * denotes p < 0.05 difference from APOE3 mice fed a similar diet.
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FIGURE 2. Blood chemistry of APOE3 and APOE4 mice. Male APOE3 and APOE4 mice were fed either a chow diet (filled bars) or a Western-type diet (open bars)
for 4 weeks. A shows fasting plasma triglyceride levels; B shows fasting cholesterol levels in APOE3 and APOE4 mice. C shows postprandial triglyceride levels in
chow-fed APOE3 (solid symbols) and APOE4 (open symbols) mice after feeding a bolus lipid-rich meal (15 ul of olive oil/g body weight), and the inset shows area
under the curve (AUC) analysis indicating no significant differences (p = 0.15) between the two groups. D and E show fasting glucose and insulin levelsin APOE3
and APOE4 mice, respectively, and F shows the homeostasis model assessment index of insulin resistance calculated from these data. All data represent
mean = S.D. from six mice in each group. Bars with different letters in each graph are significantly differentat p < 0.01.
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FIGURE 3. Quantitative PCR of mRNA in adipose tissues. Total nRNA were isolated from visceral (gonadal) adipose tissues of chow (C) and Western diet-fed
(W) APOE3 and APOE4 mice for quantitative PCR analysis of F4/80 (A), NOS2 (B), and TNF-a mRNA (C) levels relative to the expression levels of cyclophilin mRNA.
Each pointin the display shows average of duplicate measurements in individual animals. The bars in each group represent mean from seven chow-fed APOE3
mice, seven chow-fed APOE4 mice, nine Western diet-fed APOE3 mice, and six Western diet-fed APOE4 mice with significant differences as denoted.

APOE4 mice displayed elevated expression levels of the inflam-
matory cytokine TNF-a after Western diet feeding (Fig. 3C).
Because macrophages are responsible for the TNF-a produced
in adipose tissues (34), these data indicated that despite the
lower adiposity in APOE4 mice, their adipose tissues as well as
their tissue macrophages were as inflamed as those observed in
the more obese Western diet-fed APOE3 mice.
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ApoE4 Expression Accelerates Inflammation-induced Cell
Death and Decreases Efferocytosis in Macrophages—One key
factor in modulating tissue inflammation is cell death and their
phagocytic clearance by macrophages in a process termed effe-
rocytosis (35, 36). Therefore, the elevated sensitivity of adipose
tissue macrophages to diet-induced inflammation despite the
lack of increased adiposity in APOE4 mice may be related to
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FIGURE 4. Agonist-induced death of APOE3 and APOE4 macrophages.
Peritoneal macrophages from APOE3 (A) and APOE4 (B) mice were incubated
with 50 ng/ml LPS (left panels) or 100 g/ml oxLDL. Cell death was assessed by
flow cytometry based on expression of annexin V and propidium iodide. Rep-
resentative flow cytometry data are shown in A and B. C shows the mean =
S.D.from four separate experiments each performed with cells obtained from
at least three mice per group. Differences as noted were evaluated by Stu-
dent's t test.

macrophage dysfunction and/or susceptibility for apoptosis.
To test these possibilities, peritoneal macrophages obtained
from APOE3 and APOE4 mice were incubated in the presence
or absence of LPS (50 ng/ml) or oxLDL (100 ug/ml) at doses
that are known to promote inflammation and apoptosis (37—
39). The percentage of cells undergoing apoptosis was assessed
by flow cytometry analysis of annexin V- and propidium iodide-
positive cells. Results from four separate experiments, each per-
formed with cells obtained from at least three mice per group
plated separately, showed that in comparison with APOE3
macrophages, a significantly higher percentage of APOE4
macrophages were apoptotic with double annexin V- and pro-
pidium iodide-positive staining when incubated with LPS or
oxLDL (Fig. 4).

In the next series of experiments, peritoneal macrophages
from C57BL/6 wild type mice were fluorescently labeled with
CFDA-SE and then made apoptotic by incubation with stauro-
sporine in serum-free media overnight. The CFDA-SE-labeled
apoptotic cells (1 X 10° cells) were then added to freshly plated
APOE3 and APOE4 macrophages in 24-well dishes for a 2-h
incubation period. Efferocytosis efficiency of apoptotic cells
assessed by flow cytometry showed ~77% of the APOE3 macro-
phages were positive for apoptotic cell engulfment compared
with ~51% positive engulfment observed with APOE4 macro-
phages (Fig. 5). Taken together, these results demonstrated
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FIGURE 5. Macrophage efferocytosis of apoptotic cells. Peritoneal macro-
phages from wild type C57BL/6 mice were fluorescently labeled with
CFDA-SE and then made apoptotic by incubation with staurosporine in
serum-free medium overnight. The fluorescently labeled apoptotic cells (1 X
10°) were then added to freshly plated APOE3 and APOE4 macrophages in
24-well dishes for a 2-h incubation period. The phagocytes were fixed, and
efferocytosis efficiency based on uptake of fluorescently labeled apoptotic
cells by APOE3 (open tracings) and APOE4 (shaded tracings) macrophages was
assessed by flow cytometry, using cells with or without fluorescent labels as
positive and negative markers for gating purposes as indicated. A shows rep-
resentative results from one experiment, and B shows data collected from
four experiments = S.E.* denotes difference from APOE3 macrophagesat p <
0.01.

impaired efferocytosis and increased apoptosis susceptibility of
APOE4 macrophages compared with APOE3 macrophages.

ApoE4 Potentiates Endoplasmic Reticulum Stress in Macro-
phages—Differences between APOE3 and APOE4 macro-
phages in response to LPS and oxLDL were further character-
ized by immunoblot analysis of cell signaling pathways after
incubation. Interestingly, the APOE4 macrophages displayed
higher levels of JNK phosphorylation indicative of metabolic
stress even under basal culturing conditions (Fig. 64). When
the macrophages were incubated with LPS or oxLDL, elevated
JNK phosphorylation along with the phosphorylation of inosi-
tol-requiring protein-1 (IRE-1«) and PERK were observed in
both APOE3 and APOE4 macrophages. Importantly, signifi-
cantly higher levels of IRE-1a and PERK phosphorylation were
observed in APOE4 macrophages compared with APOE3
macrophages under both LPS- and oxLDL-stimulated condi-
tions (Fig. 6, B and C). Additional analysis of ER stress by mon-
itoring XBP1 mRNA splicing also revealed the elevated pres-
ence of the alternatively spliced XBP1 mRNA as well as the
accumulation of both cytosolic and nuclear spliced forms of
XBP1 (40, 41) in APOE4 macrophages compared with APOE3
macrophages after oxLDL treatment (Fig. 6, D and E). Taken
together, these results indicated that apoE4 expression pro-
motes basal cell stress and provides the “second hit” to exacer-
bate agonist-induced ER stress and apoptosis. This conclusion
was further supported by results showing that neither APOE3
nor APOE4 macrophages expressed CHOP mRNA under basal
conditions, but oxLDL-induced CHOP expression was signifi-
cantly higher in APOE4 macrophages compared with APOE3
macrophages (Fig. 7).

Tauroursodeoxycholic Acid Improves APOE4 Macrophage
Survival and Function—The relationship between the impair-
ment of efferocytosis and elevated apoptosis sensitivity of
APOE4 macrophages with apoE4-induced ER stress was
explored by preincubating APOE3 and APOE4 macrophages
with tauroursodeoxycholic acid for 24 h prior to the addition of
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FIGURE 7. Elevated CHOP expression in APOE4 macrophages. A shows
CHOP mRNA expression levels relative to cyclophilin mRNA in APOE3 (filled
bars) and APOE4 (open bars) peritoneal macrophages incubated in the
absence (control) or presence of 100 ug/ml oxLDL. Note that no CHOP mRNA
was detected in samples incubated under control conditions. B shows CHOP
protein levels in APOE3 (solid bar) and APOE4 (open bar) macrophages after
incubation with oxLDL. The inset shows representative Western blot of CHOP
protein with tubulin as loading control. The data are reported as mean = S.E.
from three separate experiments. * denotes difference from the APOE3
macrophages at p < 0.05.

LPS and oxLDL. Results showed that this ER chaperone signif-
icantly improved the efferocytosis efficiency of APOE4 macro-
phages to levels observed in APOE3 macrophages (Fig. 8). The
ER chaperone tauroursodeoxycholic acid also attenuated LPS-
and oxLDL-induced apoptosis of APOE4 macrophages to levels
observed in APOE3 macrophages. Taken together, these results
documented that the impaired macrophage function and ele-
vated susceptibility to agonist-induced apoptosis of APOE4
macrophages are due to apoE4 potentiation of ER stress.

DISCUSSION

Previous studies have shown a more robust innate immune
response in macrophages from APOE4 mice compared with
that observed in APOE3 macrophages, with elevated expression
of inducible nitric-oxide synthase, TNF-«, and IL-6 after LPS
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FIGURE 8. Tauroursodeoxycholic acid improves efferocytosis and
reduces death of APOE4 macrophages. A shows APOE3 macrophages (filled
bars) and APOE4 macrophages (open bars) incubated either with 50 ng/ml LPS
or 100 ug/ml oxLDL. A separate group of APOE4 macrophages was incubated
in the presence of 2 mm tauroursodeoxycholic acid (hatched bars). Cell death
was assessed by flow cytometry based on expression of annexin V and pro-
pidium iodide. B shows analysis of efferocytosis efficiency in APOE3 and
APOE4 macrophages and in APOE4 macrophages treated with tauroursode-
oxycholic acid (TUDCA). The data are reported as mean = S.D. of three sepa-
rate experiments. * denotes differences from the APOE3 macrophages at p <
0.05. # denotes differences from APOE4 macrophages incubated in the
absence of TUDCA at p < 0.05.

activation (42). In this study, we showed that, in comparison
with APOE3 macrophages, the APOE4 macrophages are also
dysfunctional with impaired efferocytosis of apoptotic cells.
The APOE4 macrophages are also more sensitive to LPS- and
oxLDL-induced cell death. Our data revealed that one conse-
quence of these defects is hyperinsulinemia due to the elevation
of adipose tissue inflammation in response to feeding a West-
ern-type high fat, high cholesterol diet, even in the absence of
excessive adiposity. Because defective efferocytosis and macro-
phage apoptosis are also contributing factors to atherosclerosis
(43, 44), the impairment of efferocytosis along with increased
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sensitivity to oxLDL-induced cell death observed in this study
suggested that apoE4 instead of apoE3 expression in macro-
phages also provides a second hit to exacerbate atherosclerosis.
Indeed, exaggerated atherosclerosis has been reported previ-
ously in diabetic Ldlr '~ mice expressing human APOE4
instead of the APOE3 gene (23). Taken together, our results
indicate that apoE4-induced macrophage dysfunction is at least
one underlying cause for the elevated risk of atherosclerosis and
the prevalence of diabetes, independent of obesity, in human
subjects carrying the €4 allele.

Results of our study also showed that expression of apoE4
instead of apoE3 causes macrophage cell stress even under
basal conditions as indicated by increased JNK phosphorylation
in APOE4 macrophages compared with that observed in
APOE3 macrophages. Additionally, apoE4 also provides a sec-
ond hit in exacerbating cell stress in LPS- and oxLDL-stimu-
lated macrophages. The increase in IRE-1ae and PERK phos-
phorylation along with elevated alternative splicing of XBP1
illustrated that the increased cell stress is due to apoE4 poten-
tiation of ER stress response. Previously, endogenous apoE4
expression has been shown to alter cell functions via induction
of ER stress and/or mitochondrial dysfunction in a cell type-
specific manner. Specifically, apoE4-expressing astrocytes have
elevated ER stress with increased expression of CHOP, ATF4,
and XBP1 compared with apoE3-expressing astrocytes (45). In
contrast, the apoE4-induced neuronal dysfunction is not
related to ER stress but is a result of mitochondrial dysfunctions
with reduced mitochondrial respiration activities (46). The
ability of the ER chaperone tauroursodeoxycholic acid to
improve efferocytosis efficiency and reduce apoptosis of
APOE4 macrophages indicates that the apoE4-related macro-
phage dysfunction is due to its elevation of ER stress. It is
important to note that although this study focused on the rela-
tionship between apoE4-induced ER stress and macrophage
efferocytosis and apoptosis, mitochondrial dysfunction in
macrophages has also been reported to promote inflammation
(47). Additionally, mitochondrial dysfunction has also been
associated with increased risk of atherosclerosis (48) and diabe-
tes (49). Thus, it is possible that apoE4 expression may also
induce mitochondrial abnormalities in macrophages and pro-
mote inflammation through this additional mechanism.
Whether apoE4 expression in macrophages also causes mito-
chondrial abnormalities independent of ER stress needs to be
explored further in future experiments.

Recent data comparing tertiary structures between apoE3
and apoE4 have provided valuable insights into potential
underlying mechanisms by which apoE4 causes macrophage
dysfunction. X-ray crystallographic analyses revealed the cys-
teine to arginine substitution at position 112 alters interactions
between the N- and C-terminal domains of the protein, result-
ing in apoE4 having a more compact conformation (50-52)
that can also exist in a molten globule state that favors unfold-
ing (53). Thus, the elevated ER stress observed in APOE4
macrophages may be due to the abnormal conformation of
apoE4, compared with the normal apoE3, in triggering the ER
stress response.

In contrast to human apoE3, apoE in other species contains
arginine 112 similar to human apoE4. However, native apoE
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expressed in macrophages of other species resembles human
apoE3 without the compacted domain interaction (54). Inter-
estingly, replacement of threonine 61 in mouse apoE with argi-
nine resulted in a mutant mouse apoE protein with a compact
domain interaction similar to human apoE4 but without the
molten globule state (55). Interestingly, a recent report from
Raffai and co-workers (56) showed that macrophages isolated
from mutant mice expressing mouse apoE with Arg-61 did not
have elevated ER stress compared with wild type macrophages.
The difference between their observations and this study is that
the APOE4 mice expressed human apoE4 with both the com-
pact domain interaction as well as a molten globule state that is
lacking in mouse Arg-61 mutant apoE. Additionally, macro-
phages used in the study by Raffai and co-workers (56) were
obtained from hypomorphic mutant mice with dramatically
reduced apoE expression, although this study used APOE4 gene
replacement mice expressing physiological levels of apoE. The
normal level of apoE expression together with the molten glob-
ule state of apoE4 may account for the elevated ER stress
observed in APOE4 macrophages.

Efferocytosis efficiency and apoptosis sensitivity were not
reported in the macrophages of mouse Arg-61 mutant mice.
Nevertheless, the ability of tauroursodeoxycholic acid to
improve efferocytosis function and to reduce apoptosis sen-
sitivity of APOE4 macrophages indicates that these abnor-
malities are attributable to apoE4-induced ER stress. It is
important to note, however, that even in the absence of ele-
vated ER stress, the macrophages from hypomorphic Arg-61
mutant mice were also more inflamed, and the mice also
displayed accelerated atherosclerosis in comparison with
wild type mice (56). Thus, based on the results of our study
together with reports from Raffai and co-workers (56), we
propose that apoE4 may promote macrophage inflammation
and dysfunction in accelerating atherosclerosis through
multiple mechanisms. We speculate that expression of the
molten globule state of apoE4 promotes ER stress leading to
impaired efferocytosis and increased apoptosis sensitivity
while the compacted domain interaction in apoE4 also con-
tributes to elevated inflammation. Whether the molten glob-
ule- and ER stress-independent mechanism is similar to
the apoE4-induced mitochondrial dysfunction in neurons
requires additional studies.

In summary, this study shows that endogenous apoE4
expression in macrophages impairs efferocytosis and provides a
second hit to accentuate agonist-induced apoptosis. The mech-
anism is related to apoE4 potentiating ER stress. Because
abnormal macrophage functions and inflammation are impor-
tant contributors to a wide spectrum of metabolic diseases,
including atherosclerosis, diabetes, and Alzheimer disease, the
association between apoE4 with the same spectrum of meta-
bolic diseases may be due in large part to its role in promoting
macrophage dysfunction. Moreover, apoE4 structure correc-
tors that have been proposed for Alzheimer disease modulation
(57, 58) may also be tested for efficacy in reducing the risk of
atherosclerosis, diabetes, and other inflammatory diseases
associated with the €4 genotype.
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