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Abstract
Background/Aim—Recent evidence suggests that endoplasmic reticulum (ER) stress provoked
under diabetic conditions augments the expression of scavenger receptors on macrophages,
promoting the uptake of oxidized low-density lipoprotein (ox-LDL) uptake and atherogenesis. The
aim of the present study was to test the hypothesis that the chemical chaperone
tauroursodeoxycholic acid (TUDCA) attenuates lipid accumulation in macrophages subjected to
ER stress.

Methods—Cultured human macrophages were subjected to ER-stress by treating them with
tunicamycin. Lipid-uptake by macrophages subjected to ER-stress in the presence or absence of
TUDCA was assessed by oil red O staining and by assessing the cellular uptake of Dil-ox-LDL by
fluorescence measurement. Protein levels and phosphorylation status of ER stress markers,
insulin-signalling molecules and scavenger receptor were assessed by Western blotting.

Results—Treatment of cultured human macrophages with the ER-stressor tunicamycin caused
an increase in the protein levels of CD-36, and augmentation of lipid-uptake both of which were
inhibited by TUDCA. TUDCA-treatment inhibited tunicamycin-induced ER-stress as evidenced
by the attenuation of phosphorylation of eukaryotic translation initiation factor-2α and glucose
reactive protein-78. In addition, TUDCA improved insulin signaling in macrophages by
augmenting Akt-phosphorylation and blunting c-Jun N-terminal kinase activity.

Conclusion—Inhibition of macrophage ER-stress may represent a potential strategy in
preventing atherogenesis under diabetic conditions.
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INTRODUCTION
Accelerated atherosclerosis is the primary cause of death in subjects with type-2 diabetes.1–3

Hyperinsulinemia and hyperglycemia associated with insulin resistance are thought to play a
pivotal role in vascular complications seen in diabetic individuals.4, 5 Insulin resistance can
lead to dyslipidemia,6 hypercoagulable state7 and endothelial dysfunction8 all of which
change the milieu of the arterial wall and prompt production of a number of adhesion
molecules and chemokines.9 Subsequently, recruitment, activation and transmigration of the
monocytes and their differentiation into tissue macrophages set the stage of early lesions.10
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Tissue macrophages, the most prominent cell type in the atherosclerotic lesions, ingest
oxidized low-density lipoproteins (ox-LDL) and become lipid-laden macrophages.11 This
uptake of ox-LDL is mediated by scavenger receptors expressed on the macrophage cell
surface.12 Recent studies have indicated that insulin resistant conditions lead to an increase
in scavenger receptors on the macrophages, predisposing them to foam cell formation. In
addition to providing a molecular explanation for the increased incidence of atherosclerosis
in diabetic patients, the aforementioned observation suggests that targeting insulin resistance
in the macrophage may represent an attractive strategy to prevent atherogenesis under
insulin resistant conditions.

Although the mechanisms leading to insulin resistance are not well established, several
recent studies have implicated endoplasm reticulum (ER)-stress as a common pathway in the
etiology of insulin resistance and type-2 diabetes.13–15 The ER is a cellular organelle that
plays a critical role in protein biosynthesis, folding and trafficking. Accumulation of
unfolded proteins or by excessive protein trafficking overwhelms the ER resulting in ER
stress16. Elevated ER-stress has been observed in adipocytes and liver of genetically obese
and high-fat fed insulin-resistant mice.17 Impairment of insulin signal transduction by ER-
stress is believed to be mediated via the activation of c-Jun N-terminal kinase (JNK) that
phosphorylates, a serine residue (307) on insulin receptor substrate-1 (IRS-1), leading to the
suppression of insulin signaling 17, 18. Consequently, molecules that counter ER stress may
have potential benefits in the treatment of diabetes19 and atherosclerosis.20

Tauroursodeoxycholic acid (TUDCA) is an endogenous, hydrophilic bile acid credited with
pluripotent properties,21 and is clinically used in the treatment of cholestatic liver diseases.22

Recent studies have shown that TUDCA, functions as a chemical chaperone, and helps
attenuate ER stress.19, 23 Consequently, TUDCA augmented insulin signaling and improved
glucose tolerance in animal models of type-2 diabetes.19 However, there have been no
studies that investigated the effects of TUDCA on lipid-uptake and insulin resistance in
macrophages. Therefore, in the present study, we tested the hypothesis that TUDCA inhibits
ox-LDL uptake in ER-stressed macrophages.

MATERIALS AND METHODS
Chemicals

Phorbol 12-myristate 13-acetate (PMA), Oil red O, tauroursodeoxycholic acid (TUDCA),
1,1’-Dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (Dil), RPMI-1640 cell
growth media and mercaptoethanol were purchased from Sigma Chemical Co (St. Louis,
MO). Human ox-LDL was from Kalen Biomedical (Savage, MD). Tunicamycin was
obtained from Calbiochem (Gibbstown, NJ). Antibodies to c-Jun, phospho-c-Jun, Akt,
phospho-AKT, phospho-eukaryotic translation initiation factor-2α (EIF2α) subunit and β-
actin were purchased from Cell Signaling Technology (Boston, MA). Monoclonal
antibodies to glucose reactive protein (GRP)-78 and CD36 were from Santa Cruz
Biotechnology (Santa Cruz, CA). QuantiTect SYBR Green real-time PCR kit was purchased
from Bio-Rad Laboratories (Hercules, CA). Fetal bovine serum (FBS) was obtained from
Invitrogen Corporation (Carlsbad, CA).

Cell culture
Human monocyte cell line (THP-1) was obtained from the American Type Culture
Collection (Manassas, VA) and were grown in RPMI-1640 culture medium supplemented
with FBS (10%) and 2-mercaptoethanol (0.05 mM). Cells were maintained at 37° C in a
humidified atmosphere with 5% CO2. PMA (100ng/mL) was added to the media and the
incubation was continued for a further 48–72 hours to allow differentiation of the monocytes
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to macrophages24. Once differentiated the serum supplemented RPMI media was replaced
with serum free for indicated periods as specified below.

Lipid uptake assay
Two different methods were used to assess the uptake of lipid by macrophages. In the first
assay oil red O stain was used to stain intracellular lipid deposits in the macrophages25.
Briefly, macrophages were incubated with or without tunicamycin (0.5µg/mL), TUDCA
(500µg/mL) and ox-LDL (50µg/mL) for 24 hours. Following incubation, the media was
removed and replaced with formaldehyde buffer (10%, pH 7.0) and incubated for 5 min. The
formaldehyde buffer was then discarded and replaced with fresh formaldehyde buffer and
left for 1–2 days. Following fixation, cells were washed with 60% isopropanol, dried, and
treated with oil red O working solution (a mixture of 0.5% (wt/vol) oil red O in 2-propanol
and distilled water at a 3:2 ratio) for 10 min. Cells were rinsed four times with PBS and
examined by light microscopy (magnification, ×200; Olympus, Japan, CK40-F100). For the
second method, macrophages were incubated with fluorescent labeled ox-LDL and the
extent of lipid uptake was quantitated by fluorescence measurement. Briefly ox-LDL (4:1, v/
v) was labeled with with Dil (as a 1.07 mM solution in dimethyl sulfoxide) overnight at 37°
C.26 Dil-ox-LDL (50 µg) was incubated with macrophages in the presence or absence of
tunicamycin (0.5 µg/mL) and TUDCA (500 µg/mL) for 24 hours at 37 °C. Following
treatment, cells were washed twice with phosphate buffered saline (PBS), and then lysed in
200 µL lysis buffer. The protein concentration of each sample was measured using BCA
assay. Dil fluorescence was detected following at excitation at 520 nm and emission at 590
nm using a 590 nm cut-off filter (Molecular Devices Gemini XS microplate fluorometer).
Fluorescence standard curve was prepared by diluting 0, 1, 2, 3, 4, 5, 10 and 20 µg Dil-ox-
LDL in lysis buffer. Dil-ox-LDL uptake by macrophages was calculated as amount of Dil-
ox-LDL per mg of cellular protein as reported previously.27

Western blot analysis
ER-stress was induced by treating the macrophages with tunicamycin (0.5µg/mL) in the
presence or absence of TUDCA for 5h. During the final 10 min of the incubation, insulin
(100nM) was added to the cells to stimulate the insulin signal pathway immediately
following which the cells were lysed with RIPA buffer containing protease and phosphatase
inhibitor cocktail. Cell lysates were sonicated for 15 sec and centrifuged at 12,000 × g for 20
min at 4°C. The protein concentration of the supernatant was evaluated using the Micro
BCA reagent. Equivalent amounts (~25–50 µg protein/lane) of lysates and pre-stained
molecular weight markers were separated on 10% SDS-polyacrylamide gels and transferred
onto nitrocellulose membranes. Membranes were incubated for 1 hr in a blocking solution
containing 5% non-fat milk in Tris-buffered saline (TBS), washed in TBS and incubated
overnight at 4°C with appropriate primary antibodies: anti-phospho-JNK (1:1,000), anti-total
JNK(1:1,000), anti-Akt (1:1,000), anti-phospho-Akt (1:1,000), phospho-EIFα, GRP78
(1:2000), CD3(1:2000), anti-beta-actin (1:1000) antibody. After incubation with the primary
antibody, blots were incubated with an anti-rabbit IgG HRP-linked antibody at a dilution of
1:5,000 for 1h at room temperature. Immunoreactive bands were detected by enhanced
chemiluminescence autoradiography per manufacturer’s instructions. The intensity of the
bands was quantitated with a scanning densitometer (Model GS-800; Bio-Rad) coupled with
Bio-Rad PC analysis software.

Assessment of mRNA expression by quantitative real-time PCR
Total RNA was extracted from macrophages and was reverse transcribed to cDNA.
Quantitative real-time reverse-transcription (qRT-PCR) was performed for activating
transcription factor 6 (ATF6α), CCAAT/enhancer-binding protein (C/EBP) homologous
protein (CHOP) and 18S (used as the housekeeping gene) with a QuantiTect SYBR Green
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PCR Kit (Qiagen). The primer (Integrated DNA Technologies, Coralville, IA) sequences of
ATF6 α were, forward: 5’-GCC TTT ATT GCT TCC AGC AG-3’, reverse: 5’-TCT TCG
CTT TGG ACT AGG GAC-3’28, for CHOP were, forward: 5’-TGA GGA GAG AGT GTT
CAA GAA G-3’, reverse: 5’-TCC AGG AGG TGA AAC ATA GG-3’29 and for 18s were,
forward: 5’-AGT GAC AAG AAA TAA CAA TAC AGG-3’, reverse: 5’-CCT GCT TTA
AGC ACT CTA ATT TTC-3.30 The experiments were performed in triplicate.

Statistical analysis
Data are presented as mean ± S.E.M and statistically evaluated using ANOVA method using
Sigma Plot statistical software (Jandel Scientific, San Rafael, CA). P<0.05 was considered
to be statistically significant.

RESULTS
TUDCA alleviates tunicamycin-induced lipid uptake in macrophages

Macrophage binding and uptake of ox-LDL is the event that triggers initiation of
atherosclerotic lesion development, the formation of lipid-laden foam cells. Since insulin
resistance has been shown to enhance the capacity of ox-LDL-uptake by macrophages we
examined the effect of ER stress on ox-LDL uptake by macrophages and the effect of
TUDCA on this process. As shown in Fig. 1 macrophages treated with tunicamycin had
higher levels of intracellular lipids compared to the vehicle treated control macrophages.
Treatment of macrophages with TUDCA attenuated the tunicamycin-induced lipid
accumulation by the ER-stressed macrophages. TUDCA however did not have any effect on
the basal levels of lipid-uptake.

TUDCA inhibits tunicamycin-induced overexpression of CD-36 on macrophages
CD36 is one of several oxLDL receptors responsible for the uptake of oxLDL by
macrophages and accounts for about 60–70% of macrophage foam cell formation.31, 32 To
understand the potential mechanisms involved in the inhibition of macrophage LDL-uptake
by TUDCA we quantitated the scavenger receptor CD-36 that mediates the LDL-uptake by
macrophages. As shown in Fig. 2, CD-36 levels were elevated following treatment of the
macrophages with tunicamycin which was inhibited by TUDCA. Once again TUDCA did
not affect the basal levels of CD-36 as was the case with ox-LDL uptake.

TUDCA attenuates tunicamycin-induced macrophage ER-stress
We sought to examine whether the ability of TUDCA to inhibit LDL-uptake is related to its
ability to augment ER-stress. To this end, we investigated whether the N-glycosylation
inhibitor tunicamycin induces ER stress in macrophages and studied the effect of TUDCA
treatment on ER-stress by assessing the extent of phosphorylation markers eIF2α and
GRP-78 as markers of ER-stress. Consistent with previous reports from other cell types,
treatment with tunicamycin (0.5µg/mL, for 5h) induced ER-stress as evidenced by an
elevation in the phosphorylation levels of eIF2a (Fig. 3A) and protein levels of GRP-78
(Fig. 3B). In contrast, macrophages treated with TUDCA (500 µg/mL) exhibited a robust
inhibition of tunicamycin-induced phosphorylation of both these ER-stress markers (Figs 3A
& B). Treatment with tunicamycin also caused a significant increase in the mRNA levels of
the transcription factors C/EBP homologous protein (CHOP). Interestingly however,
TUDCA treatment failed to attenuate tunicamycin-stimulated induction of CHOP mRNA
(Fig 4). Furthermore, unlike with the case eiF2α, GRP-78 and CHOP stress markers
tunicamycin failed to augment the levels of activating transcription factor 6 (ATF6). Neither
did TUDCA have any effect on ATF-6 levels.
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TUDCA restores insulin-signalling in macrophages treated with tunicamycin
Phosphorylation of Akt, an important kinase downstream of the insulin receptor, in response
to insulin stimulation is a pivotal event in insulin-signal transduction and the metabolic
effects 33. Consequently, decreased insulin-stimulated Akt kinase activity has been
recognized as an important component underlying insulin resistance.34 Macrophages treated
with tunicamycin exhibited extreme insulin resistance as evidenced by the complete
inhibition of insulin-stimulated phosphorylation of Akt, a major downstream effector of
insulin (Fig. 5). Akt-phosphorylation which was abrogated following tunicamycin treatment
was fully restored in the presence of TUDCA (Fig. 5). Relative densities are shown in
Supplemental Figure 1.

Insulin resistance and obesity are associated with activation of the c-Jun/JNK pathway.
Activated JNK phosphorylates a serine (307) residue IRS-1 that negatively regulates insulin
signaling.18, 35 The transcriptional activity of c-Jun (a component of AP-1 transcription
factor complex) is also enhanced by the phosphorylation on the N-terminus by JNK.36

Phosphorylation of c-Jun increases its transcriptional activity and inhibits its ubiquitination
and degradation.37 Macrophages treated with tunicamycin had elevated levels of both
phospho-JNK and phospho-c-Jun (Fig 4). Treatment of macrophages with TUDCA inhibited
the ER-stress induced elevation of phosphorylation of these markers of insulin resistance.

Inhibition of JNK results in downregulation of CD-36
To understand ascertain the cross-talk between JNK and CD-36, we used the JNK inhibitor
SP600125 to inhibit JNK in the monocyte derived macrophages. As seen in figure 6,
treatment with tunicamycin caused a significant elevation in JNK which was significantly
attenuated by treating the cells with SP600125. This pharmacological inhibition of JNK also
caused the inhibition of tunicamycin induced upregulation of CD-36 (Fig. 6.) indicating a
cross-talk between the insulin signaling pathway and CD-36.

DISCUSSION
The major finding of the present study is that the hydrophilic bile acid, TUDCA inhibits ER-
stress-induced uptake of ox-LDL in macrophages, the primary step in foam cell formation
and atherogenesis. This inhibition was associated with a lowering of cell surface ox-LDL
scavenger receptor, CD36. The inhibitory activity of TUDCA may be attributed to its ability
to alleviate ER-stress and augment insulin signaling in the macrophages.

In mammals, ER stress responses can be triggered by activation of three distinct ER
membrane-spanning signalling molecules, namely PKR-like ER kinase (PERK), inositol-
requiring enzyme 1 (IRE1) and activating transcription factor 6 (ATF6).38, 39 These three
ER-spanning molecules interact with BiP via their luminal domain. ER stress removes BiP
from the interacting domain allowing these proteins to initiate signaling. PERK, activated by
phosphorylation causes the phosphorylation of its target eIF2α that triggers the inhibition of
protein synthesis. Active PERK also allows the translation ATF4 mRNA. During this
process ATF6 gets released from which eventually translocates to the nucleus and binds to
ER-stress elements to induce genes that encode ER chaperones such as BiP and GRP as well
as the transcription factor CHOP. Our study showed that tunicamycin selectively activates
GRP-78, EI2α and CHOP without altering AT6. Interestingly, TUDCA only inhibited
GRP-78, EI2α and did not have any effect on CHOP levels.

Macrophages represent the major cell type in the atherosclerotic plaque. Early studies have
demonstrated that defective insulin receptor tyrosine kinase activity in human monocytes
contributes to the development of insulin resistance.40 Monocytes isolated from diabetic
subjects had impaired binding of insulin to the its insulin receptors compared to those
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obtained from non-diabetic subjects.41 This decreased binding was attributed to the decrease
in the number of insulin receptors on the monocytes 41. Interestingly, no decrease in insulin
binding was observed in erythrocytes from the same subjects suggesting the macrophages
may have a bigger role to play in the pathophysiology of insulin resistance.41 Grunberger
and co-workers found that mononuclear blood cells form a patient with insulin resistance
exhibited defects in the insulin-stimulated tyrosine kinase activity, suggesting that the
defects are distal (beta-subunit) to the insulin-binding site on the insulin receptor.42 Chronic
insulin and hyperglycemic conditions have also been shown to inhibit downstream targets
such as phospho-inositol-3-kinase in macrophages.43 In addition, peritoneal macrophages
from diabetic mice had reduced IRS-2-associated PI3-kinase activity and elevated IRS-2
Ser/Thr phosphorylation compared to control mice.43 Collectively, these studies imply a
major role for macrophage insulin signalling in the pathophysiology of insulin resistance
and type-2 diabetes.

Subsequent studies by Lian and coworkers show that macrophages from obese mice
exhibited marked insulin resistance, elevated CD36 and increased capacity to uptake ox-
LDL, demonstrating the potential link between macrophage insulin resistance and
atherosclerosis.44 Another study evaluated the effects of macrophage insulin resistance on
atherogenesis in LDL-receptor knock-out mice following transplantation with either insulin
receptor+/+ or insulin receptor−/− bone marrow.45 In these studies macrophages devoid of
insulin receptors exhibit impaired Akt-phosphorylation and exaggerated ER-stress,
substantiating the view that insulin resistance predisposes to foam cell formation and
atherosclerotic cardiovascular disease.

TUDCA is a hydrophilic bile acid present in low concentrations in human bile (3%) was
originally isolated from the bile of bears in China and has been used for centuries in
traditional Chinese medicine. Currently, it is used clinically to treat a variety of liver
diseases including the dissolution of gallstone and hepatitis C viral infection (reviewed
in21, 22). The molecular mechanism by which TUDCA imparts its beneficial effects is
unclear, although there have been several hypotheses proposed. TUDCA has been show to
exhibit cytoprotective, anti-apoptotic and immunomodulatory effects.21, 22 At the molecular
level it attenuates oxidative stress and inhibits nuclear-factor-kappa-B activation both in-
vivo and in-vitro.46, 47 Recent reports suggest that TUDCA, by virtue of its inhibition of ER
stress prevents advanced glycation-end product induced podocyte-death,48 inhibits apoptosis
in hepatoma cell lines49 and more importantly, improves insulin signalling and whole body
glucose tolerance in obese mice. To our knowledge, this is the first study to show that
TUDCA inhibits ER-stress in human macrophages and that this inhibition is associated with
an attenuation of ox-LDL-uptake. TUDCA may mediate these effects by improving insulin
signalling via suppression of ER stress or inhibition of JNK activation.

In summary, the data presented here suggest that TUDCA attenuates the uptake of ox-LDL
by macrophage that is augmented under insulin resistant conditions. TUDCA may be
mediating these effects by augmenting insulin signal transduction and inhibiting ER stress.
Based on these observations, it is tempting to speculate that TUDCA may have beneficial
effects in halting or preventing atherogenesis in subjects with insulin resistance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
TUDCA inhibits tunicamycin-induced increase of ox-LDL uptake in macrophages.
Macrophages were treated with tunicamycin (0.5µg/mL, for 5h) in the presence or absence
of TUDCA (500µg/mL) and extent of lipid loading was assessed by Oil red O staining.
Panels A to D are) oil red O stain pictures for control, ox-LDL, ox-LDL plus tunicamycin
and ox-LDL plus tunicamycin plus TUDCA groups, respectively. The picture is a
representative of four independent experiments. Panel E shows Dil-ox-LDL fluorescence
intensity in cells incubated with tunicamycin and TUDCA. Data are mean ± SEM of Dil-ox-
LDL fluorescence intensity to cell lysate protein ratio. The experiments were repeated four
times. *P < 0.05 versus ox-LDL group, #P<0.05 versus ox-LDL plus tunicamycin group.
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Fig 2.
TUDCA inhibits tunicamycin-induced upregulation of CD36. Macrophages were treated
with tunicamycin (0.5µg/mL, for 5h) in the presence or absence of TUDCA (500µg/mL) and
protein levels of CD36 was assessed by Western blotting. Upper panels are representative
Western blots and lower panels are mean ± SEM of the densities of the protein bands from 3
independent experiments. *P < 0.05 versus control group, #P<0.05 versus tunicamycin
group.
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Fig 3.
TUDCA inhibits tunicamycin-induced ER-stress in human macrophages. Macrophages were
treated with tunicamycin (0.5µg/mL, for 5h) in the presence or absence of TUDCA (500 µg/
mL) and the extent of phosphorylation of eIF2α (A) and protein levels of GRP-78 (B) were
assessed by Western blotting. Upper panels are representative Western blots whereas the
lower panels are mean ± SEM of the densities of the protein bands from 3 independent
experiments. *p<0.05 versus control group, #p<0.05 versus tunicamycin group, **p<0.01
versus control group, ##p<0.01 versus tunicamycin group.
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Fig 4.
Monocyte-derived macrophages were treated with or without tunicamycin (0.5µg/mL) and
TUDCA (500µg/mL). Cells treated with TUDCA failed to inhibit the elevated CHOP
mRNA levels induced by tunicamycin. Panel A is CHOP mRNA expression and panel B is
ATF6 α mRNA expression. n=3–5. *P < 0.05 versus control group.
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Fig 5.
TUDCA reverses the blunting of insulin signaling by tunicamycin in cultured macrophages.
Macrophages were treated with tunicamycin (0.5µg/mL, for 5h) in the presence or absence
of TUDCA (500µg/mL) and during the final 10 min of incubation were challenged with
insulin (100 nM). The extent of phosphorylation of Akt (threonine 308), JNK and c-Jun site
were assessed by Western blotting. Representative Western blots are shown here. Online
figure 1 represent mean ± SEM of the densities of the protein bands from 3 independent
experiments. *P<0.05 versus insulin group, #P<0.05 versus insulin with tunicamycin group.
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Fig 6.
Monocyte-derived macrophages were treated with or without tunicamycin (0.5 µg/mL) and
SP600125 (20 µM). SP600125 treatment blunted enhancement of tunicamycin-induced JNK
phosphorylation and CD36 expression. Upper panel is a representative blot, n=3, *P<0.05
versus control group, #P<0.05 versus tunicamycin group.
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