
MOLECULAR MEDICINE REPORTS  26:  302,  2022

Asbstract. Acute pancreatitis is a severe inflammatory disease 
of the pancreas. In experimental acute pancreatitis, cerulein 
induces the expression of interleukin‑6 (IL‑6) by activating Janus 
kinase (JAK) 2/signal transducer and activator of transcription 
(STAT) 3 in pancreatic acinar cells. Ligands of peroxisome 
proliferator activated receptor‑γ (PPAR‑γ) and suppressor 
of cytokine signaling (SOCS) 3 inhibit IL‑6 expression by 
suppressing JAK2/STAT3 in cerulein‑stimulated pancreatic 
acinar AR42J cells. Lutein, an oxygenated carotenoid, upregu‑
lates and activates PPAR‑γ to regulate inflammation in a renal 
injury model. The present study aimed to determine whether 
lutein activated PPAR‑γ and induced SOCS3 expression in 
unstimulated AR42J cells, and whether lutein inhibited acti‑
vation of JAK2/STAT3 and IL‑6 expression via activation of 
PPAR‑γ and SOCS3 expression in cerulein‑stimulated AR42J 
cells. The anti‑inflammatory mechanism of lutein was deter‑
mined using reverse transcription‑quantitative PCR, western 
blot analysis and enzyme‑linked immunosorbent assay in 
AR42J cells stimulated with or without cerulein. In another 
experiment, cells were treated with lutein and the PPAR‑γ 
antagonist GW9662 or the PPAR‑γ agonist troglitazone 
prior to cerulein stimulation to determine the involvement of 
PPAR‑γ activation. The results indicated that lutein increased 
PPAR‑γ and SOCS3 levels in unstimulated cells. Cerulein 
increased phospho‑specific forms of JAK2 and STAT3, and 
mRNA and protein expression of IL‑6, but decreased SOCS3 
levels in AR42J cells. Cerulein‑induced alterations were 
suppressed by lutein or troglitazone. GW9662 alleviated the 
inhibitory effect of lutein on JAK2/STAT3 activation and IL‑6 
expression in cerulein‑stimulated cells. In conclusion, lutein 
inhibited the activation of JAK2/STAT3 and reduced IL‑6 

levels via PPAR‑γ‑mediated SOCS3 expression in pancreatic 
acinar cells stimulated with cerulein.

Introduction

Acute pancreatitis is an acute inflammatory process of the 
pancreas caused by the intracellular activation of digestive 
enzymes and autodigestion of the pancreas (1). Destruction 
of the pancreatic parenchyma induces a rapid inflammatory 
process at the injury site (2). During the early phase of acute 
pancreatitis, pancreatic acinar cells produce tumor necrosis 
factor‑a (TNF‑α), interleukin (IL)‑6, and chemokine mono‑
cyte chemoattractant protein‑1 (MCP‑1). These findings have 
been observed in pancreatic acinar cells of patients with acute 
pancreatitis (3). IL‑6, a member of the inflammatory cytokine 
family, is the primary inducer of acute‑phase protein responses 
during all types of injuries, and its level is directly correlated 
with the severity of the injury. Therefore, the severity of 
pancreatitis is indicated by the degree and duration of IL‑6 
elevation (4,5).

In an experimental pancreatitis model, a cholecystokinin 
(CCK) analog, cerulein, induced pancreatic inflammation 
similar to human acute pancreatitis. Treatment with high doses 
of cerulein increases the levels of serum digestive enzymes 
(amylase and lipase) and cytokines in the pancreas  (6,7). 
Previously, we demonstrated that cerulein induces the activa‑
tion of Janus kinase (JAK) 2, signal transducer and activator 
of transcription (STAT) 3, and IL‑1β expression, which were 
suppressed by treatment with the JAK inhibitor AG490 in 
pancreatic acinar cells. In cerulein‑stimulated pancreatitis in 
rats, AG490 treatment inhibited pancreatic changes, such as 
edema and inflammation, and reduced serum IL‑6 levels (8,9). 
Therefore, the Jak2/Stat3 pathway may be the upstream 
signaling pathway for cytokine expression in the pathogenesis 
of pancreatitis.

The JAK/STAT pathway mediates cytokine signal trans‑
duction in the immune system and in other tissues (10). In 
pancreatic acinar cells, cerulein binds to the G protein‑coupled 
receptor CCK2 and activates the JAK2/STAT3 pathway for 
cell proliferation (11). Subsequently, JAK/STAT activation 
leads to the induction of suppressors of cytokine signaling 
(SOCS) proteins, which suppress cytokine signaling  (12). 
SOCS inhibits JAK activity and negatively regulates immune 
cell response (13). Our previous study revealed that ligands 
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of peroxisome proliferator activated receptor‑γ (PPAR‑γ), 
such as 15‑deoxy‑Δ12, 14‑prostaglandin J2 (15d‑PGJ2) and 
troglitazone, and suppressor of cytokine signaling (SOCS) 3 
inhibit IL‑6 expression by suppressing JAK2/STAT3 in 
cerulein‑stimulated pancreatic acinar cells (9). Berlato et al 
reported that transfection of SOCS3 into mouse macro‑
phages decreased nitric oxide, TNF‑α, and IL‑6 levels (14). 
Therefore, a relationship exists between JAK2/STAT3, 
PPAR‑γ, and SOCS3 in cells exposed to cytokines or inflam‑
matory stimuli.

PPAR‑γ, a nuclear hormone receptor, regulates the metabo‑
lism of fatty acids and glucose (15). It also contributes to the 
inactivation of genes involved in inflammation (16). When 
PPAR‑γ is activated by ligands, dimerization with the retinoic 
acid X receptor (RXR) binds to the peroxisome proliferator 
response element (PPRE) to induce various target genes (17). 
Rollins  et al reported that PPAR‑γ agonists (15d‑PGJ2 or 
troglitazone) significantly reduced the severity of pancreatitis 
in mice by reducing serum amylase activity and the levels of 
pro‑inflammatory cytokines, such as IL‑6 and TNF‑α (18). 
Furthermore, PPAR‑γ induces inflammation regulation by 
SOCS3. Berger  et  al showed that docosahexaenoic acid 
(DHA)‑mediated PPAR‑γ activation limits Th17 cell differ‑
entiation by inducing SOCS3 expression (19). DHA may bind 
to PPAR‑γ and transactivate the SOCS3 promoter to prevent 
the phosphorylation of STAT3 (20). Therefore, SOCS3 might 
prevent JAK/STAT3 activation and decrease the expression of 
inflammatory genes.

Lutein is a lipophilic oxygenated carotenoid present in 
green leafy vegetables, fruits, and egg yolk. Since lutein 
exerts antioxidant and anti‑inflammatory effects, it suppresses 
oxidative stress‑mediated inflammatory diseases such as 
neurodegenerative disorders, diabetic retinopathy, and colon 
diseases (21). Dietary lutein supplementation (50 mg/kg body 
weight) inhibits LPS‑induced elevation of splenic levels of 
IL‑1 and PPAR‑γ in chickens (22). Additionally, lutein protects 
against vancomycin‑induced renal injury by upregulating 
PPAR‑γ (23).

In the present study, we investigated whether lutein 
activates PPAR‑γ and induces SOCS3 expression, thereby 
inhibiting cerulein‑stimulated activation of JAK2/STAT3 and 
IL‑6 expression in pancreatic acinar AR42J cells. To investi‑
gate the involvement of PPAR‑γ activation in IL‑6 expression, 
cerulein‑stimulated cells were treated with the PPAR‑γ 
antagonist GW9662 in the presence of lutein or the PPAR‑γ 
agonist troglitazone.

Materials and methods

Materials. Lutein, troglitazone, the PPAR‑γ antagonist 
GW9662, and cerulein were obtained from Sigma‑Aldrich; 
Merck  KGaA. Lutein, troglitazone, and GW9662 were 
dissolved in DMSO. Cerulein was dissolved in PBS containing 
0.1% BSA (10‑4 M). For each experiment, the amount of vehicle 
DMSO was <0.1%.

Cell line and culture conditions. Rat pancreatic acinar AR42J 
cells (pancreatoma, ATCC CRL 1492) were purchased from 
the American Type Culture Collection (ATCC) and cultured 
as previously described (9).

Experimental protocol. To investigate the effect of lutein on 
PPAR‑γ activation and SOCS3 expression in unstimulated 
cells, AR42J cells (8x105 cells/ml/well) were treated with 5 µM 
lutein for 1, 2, or 3 h. Activation of PPAR‑γ was increased 
by lutein treatment (peak at 1 h and still elevated at 2 h) in 
unstimulated cells. The levels of SOCS3 were increased by 
lutein (elevated at 2 h and peaked at 3 h) in unstimulated cells. 
Therefore, to determine the effective dose of lutein, the cells 
were treated with 1, 2, and 5 µM lutein for 1 h to assess its 
effect on PPAR‑γ expression and for 3 h to measure SOCS3 
expression levels.

To determine the effect of lutein on cerulein‑stimulated 
cells, AR42J cells were treated with 5 µM lutein for 2 h and 
then stimulated with cerulein (10‑8 M) for 1 h (JAK2/STAT3 
activation), 6 h (IL‑6 mRNA expression), and 24 h (IL‑6 
protein expression) based on our previous studies (8,21,24). 
A 1 h incubation time for cerulein‑induced JAK2/STAT3 
activation was adapted from our previous study (8,24), while 
incubation times for IL‑6 mRNA and protein levels were 
adapted from the study by Ahn and Kim (21).

To assess whether PPAR‑γ and SOCS3 contribute to 
the inhibitory effect of lutein on cerulein‑stimulated IL‑6 
expression, cells were pretreated with 10 µM GW9662 in the 
presence of 5 µM lutein or 40 µM troglitazone for 2 h and 
stimulated with cerulein for 1 h (JAK2/STAT3 activation), 6 h 
(IL‑6 mRNA), and 24 h (IL‑6 protein expression).

Real‑time polymerase chain reaction (PCR) analysis. IL‑6 
mRNA expression levels were determined using a method 
described previously  (25). The IL‑6 (accession number 
M26745) primers 5'‑GCC​CTT​CAG​GAA​CAG​CTA​TGA‑3' 
(forward primer) and 5'‑TGT​CAA​CAA​CAT​CAG​TCC​CAA​
GA‑3' (reverse primer) were used to generate a 242 bp PCR 
product. For β‑actin (accession number XM_032887061.1), 
the forward primer used was 5'‑ACC​AAC​TGG​GAC​GAT​
ATG​GAG‑3' and the reverse primer was 5'‑GTC​AGG​ATC​
TTC​ATG​AGG​TAG​TC‑3', which gives a 353 bp PCR product. 
β‑actin, a reference gene, was amplified in the same reaction.

Enzyme‑linked immunosorbent assay. IL‑6 level in the culture 
medium was measured using an enzyme‑linked immunosor‑
bent assay (ELISA) kit (Invitrogen; Thermo Fisher Scientific, 
Inc.) (25).

Western blot analysis. Preparation of whole‑cell, cytosolic, 
and nuclear extracts, as well as western blot analysis were 
performed as previously described (26). Briefly, the extracts 
(6‑40  µg protein/per lane) were loaded onto 8‑10%  SDS 
polyacrylamide gels and separated by electrophoresis. The 
following antibodies were used: p‑JAK2 (#3771), p‑STAT3 
(#9131), JAK2 (#3230) (Cell Signaling Technology), STAT3 
(sc‑483), PPAR‑γ (sc‑7273), aldolase A (sc‑12059), histone H3 
(sc‑10809), SOCS3 (sc‑518020), and actin (sc‑1615; Santa Cruz 
Biotechnology). Primary antibodies were detected with 
horseradish peroxidase‑conjugated secondary antibodies and 
visualized using the enhanced chemiluminescence detection 
system (Santa Cruz Biotechnology) and BioMax MR film 
(Kodak) using the enhanced chemiluminescence detection 
system (Santa Cruz Biotechnology). Actin, aldolase A, and 
histone H3 served as controls in whole‑cell, cytosolic, and 



MOLECULAR MEDICINE REPORTS  26:  302,  2022 3

nuclear extracts, respectively. The levels of PPAR‑γ and 
SOCS3 in the whole‑cell extracts were compared to those 
of actin. The levels of PPAR‑γ in the cytosolic and nuclear 
extracts were compared to those of aldolase A and histone H3, 
respectively. The phospho‑specific forms of JAK2 and STAT3 
were compared with those of total JAK2 and STAT3. The 
intensity of each protein band was quantified using ImageJ 
software (National Institutes of Health). The data represent the 
mean ± standard error (SE) from three immunoblots. For the 
relative protein expression, the relative density of the protein 
band was normalized to actin, aldolase A, histone 3, total 
JAK2, or total STAT3.

Statistical analysis. Values are represented as mean ± SE (n=12 
per group). Statistical analysis was performed using analysis of 
variance (ANOVA), followed by individual comparisons using 
Tukey's post‑hoc test. Differences were considered significant 
at a P‑value of ≤0.05.

Results

Lutein promotes expression and nuclear translocation of 
PPAR‑γ and expression of SOCS3 in unstimulated AR42J 
cells. First, we determined the effect of lutein on PPAR‑γ acti‑
vation and SOCS expression in the unstimulated cells. Cells 
were treated with 5 µM lutein for 1, 2, and 3 h. Fig. 1A shows 
that the PPAR‑γ and SOCS3 levels increased at 1 and 3 h, 
respectively. Therefore, for the dose experiment, lutein (1, 2, 
and 5 µM) treatment was conducted for 1 h to assess PPAR‑γ 
expression levels, and for 3 h to measure SOCS3 expression 
levels (Fig. 1B and C). Treatment with 5 µM lutein resulted in a 
maximum increase in the expression levels of both PPAR‑γ and 
SOCS3 in unstimulated cells. Thus, for the next experiment on 
PPAR‑γ activation, cells were treated with 5 µM lutein.

To observe the nuclear translocation of PPAR‑γ, the cells 
were treated with 5 µM lutein for 1 h, and PPAR‑γ protein 
levels were determined by western blot analysis (Fig. 1D). 
PPAR‑γ expression was observed at low levels in both cyto‑
solic and nuclear extracts of the untreated cells (lutein, ‑) and 
lutein treatment increased PPAR‑γ expression in both cytosolic 
and nuclear extracts. Aldolase A and histone H3, the indices 
of cytosolic and nuclear extracts, were not altered by lutein 
treatment.

Lutein suppresses activation of JAK2/STAT3 and expression 
of IL‑6 but increases SOCS3 expression level in AR42J cells 
stimulated with cerulein. Fig. 2A and B show that cerulein 
increased IL‑6 mRNA and protein levels, which were reversed 
by lutein. Without cerulein stimulation, both mRNA and 
protein levels of IL‑6 were reduced by lutein treatment.

To investigate the underlying mechanism, the activa‑
tion of JAK2/STAT3 was assessed in cells treated with or 
without lutein. Cerulein increased phospho‑specific forms 
of JAK2/STAT3, which were decreased by lutein treatment. 
The total levels of JAK2/STAT3 were unchanged in cells 
stimulated with cerulein (Fig. 2C). The expression level of 
SOCS3, a negative feedback regulator of JAK2/STAT3, was 
reduced by cerulein, which was inhibited by lutein in AR42J 
cells. Lutein significantly increased SOCS3 expression level in 
the unstimulated cells. These results demonstrated that lutein 

inhibits JAK2/STAT3 activation and IL‑6 expression, which 
may be mediated by SOCS3 expression in cerulein‑stimulated 
AR42J cells.

PPAR‑γ antagonist GW9662 abolishes the effect of lutein on 
induction of SOCS3 expression and inhibition of IL‑6 expres‑
sion in AR42J cells treated with cerulein. GW9662 reversed 
the inhibitory effects of lutein on cerulein‑induced expres‑
sion of IL‑6 (Fig. 3A and B). These results demonstrate that 
lutein inhibits cerulein‑induced IL‑6 expression by activating 
PPAR‑γ. In addition, GW9662 suppressed the effect of lutein 
on SOCS3 expression (Fig. 3C). Thus, lutein may act as a 
PPAR‑γ agonist to activate PPAR‑γ and increase SOCS3 levels 
in cerulein‑stimulated cells.

PPAR‑γ agonist troglitazone inhibits IL‑6 expression, but 
increases SOCS3 expression level in AR42J cells stimulated 
with cerulein. Troglitazone reduced mRNA and protein levels 
of IL‑6 in AR42J cells stimulated with cerulein (Fig. 4A and B). 
The cerulein‑induced increase in JAK2 and STAT3 phosphor‑
ylation was inhibited by troglitazone (Fig. 4C). In addition, 
troglitazone markedly increased SOCS3 expression level in the 
unstimulated cells. The cerulein‑induced decrease in SOCS3 
levels was inhibited by troglitazone treatment. These results 
demonstrate that PPAR‑γ activation by troglitazone inhibits 
cerulein‑induced IL‑6 expression and JAK2/STAT3 activation 
by upregulating SOCS3 expression.

Discussion

In the present study, lutein attenuated IL‑6 expression in 
cerulein‑treated pancreatic acinar cells by inducing PPAR‑γ 
activation and SOCS3 expression. We also investigated the 
relationship between the PPAR‑γ ligand and SOCS3 expres‑
sion using the PPAR‑γ antagonist GW9662. Our previous 
studies demonstrated that PPAR‑γ ligands, such as 15d‑PGJ2 
and troglitazone, decreased cerulein‑induced expression 
of IL‑6 and TGF‑β by upregulating SOCS3 in pancreatic 
acinar cells (8,9). GW9662 reversed the inhibitory effect of 
DHA on IL‑6 expression in cerulein‑treated AR42J cells (27). 
Rollins et al demonstrated that the PPAR‑γ agonists 15d‑PGJ2 
and troglitazone reduced the severity of pancreatitis by 
reducing serum amylase activity and histological damage 
(leukocyte infiltration and vacuolization) in the pancreas (18). 
15d‑PGJ2 and ciglitazone prevented inf lammation by 
increasing PPAR‑γ target genes, such as antioxidant enzymes 
(copper/zinc superoxide dismutase and catalase), and showed 
neuroprotective effects (28).

Activation of STAT proteins is tightly regulated by SOCS 
proteins. SOCS proteins are direct targets of STATs that 
inhibit JAK/STAT activation, and SOCS3 regulates cellular 
processes, including growth, apoptosis, and inflammatory 
gene expression (29). SOCS3 deficiency induces embryonic 
lethality through the activation of STAT3 and mitogen‑activated 
protein kinases  (30). Cerulein activates NADPH oxidase; 
consequently, large amounts of ROS activate the JAK2/STAT3 
pathway and induce IL‑6 expression in pancreatic acinar 
cells (9,24). Carballo et al  (31) demonstrated that hydrogen 
peroxide promotes the nuclear translocation of STAT3 in 
human lymphocytes. This study revealed oxidative stress as a 
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transcription factor of STAT3. Therefore, cerulein‑induced ROS 
production may activate JAK/STAT, which may induce SOCS3 
expression as a negative feedback loop. Our previous study 

showed that cerulein increased SOCS3 expression, but this 
induction of SOCS3 was not sufficient to prevent IL‑6 expres‑
sion in pancreatic acinar cells (9). PPAR‑γ agonists 15d‑PGJ2 

Figure 1. Lutein promotes PPAR‑γ expression and SOCS3 expression in unstimulated AR42J cells. (A) Cells were cultured with 5 µM lutein for the indicated 
time periods. (B) Cells were cultured with the indicated concentrations of lutein for (B) 1 h and (C) 3 h. (A‑C) Western blot analysis was used for protein levels 
of PPAR‑γ or SOCS3. Actin served as the loading control (left panel). The densitometry analysis for the ratio of PPAR‑γ/actin or SOCS3/actin represent the 
mean ± SE from three immunoblots. (D) Cells were cultured with 5 µM lutein for 1 h. Protein levels of PPAR‑γ in cytosolic or nuclear extracts were examined 
by western blot analysis. Aldolase A and histone H3 served as cytosolic and nuclear markers (left panel). For the relative protein expression, the densitometry 
analysis for the ratio of PPAR‑γ/aldolase A or PPAR‑γ/histone H3 represent the mean ± SE from three immunoblots (right panel). ‘None’ represents untreated 
cells (Lutein, ‑). *P<0.05 vs. the corresponding 0 h or ‘None’. PPAR‑γ, peroxisome proliferator activated receptor‑γ; SOCS3, suppressor of cytokine signaling. 
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and troglitazone increased SOCS3 levels and prevented IL‑6 
expression in cerulein‑stimulated cells (9). Therefore, nutrients 
that act as PPAR‑γ agonists to induce SOCS3 expression, may 
be beneficial in preventing acute pancreatitis.

Gallmeier et al showed that acinar cells are the main source 
of STATs in the pancreas (32). In rat pancreatic acinar cells, 
increased STAT3 and SOCS3 mRNA levels are observed in 
response to the inflammatory mediator TNF‑α (33). STAT3 

regulates the expression of IL‑6 during starvation‑induced 
autophagy in cancer cells (34). In cultured vascular cells, SOCS 
overexpression prevents the proliferation of vascular smooth 
muscle cells and monocytes, whereas SOCS3 inhibition leads 
to an increase in the magnitude of cytokine response (35). 
These studies support the present finding that JAK2/STAT3 
activation mediates IL‑6 production in cerulein‑stimulated 
AR42J cells.

Figure 2. Lutein suppresses activation of JAK2/STAT3 and expression of IL‑6, but induces SOCS3 expression in AR42J cells stimulated with cerulein. Cells 
were cultured with 5 µM lutein for 2 h and stimulated in the presence or absence of cerulein (10‑8 M) for (A) 6 h or (B) 24 h. (A) mRNA level of IL‑6 was deter‑
mined using reverse transcription‑quantitative PCR and normalized to the level of β‑actin. (B) IL‑6 levels in the medium were determined by ELISA (n=12 
per each group). (C) Cells were cultured with 5 µM lutein for 2 h and then treated with cerulein (10‑8 M) for 1 h. Total and phospho‑specific forms of JAK2 and 
STAT3, and level of SOCS3 in whole‑cell extracts were determined by western blot analysis (left panel). For the relative protein expression, the densitometry 
analysis for the ratio of p‑JAK2/JAK2, p‑STAT3/STAT3 and SOCS3/actin represent the mean ± SE from three immunoblots (right panel). *P<0.05 vs. the 
unstimulated and untreated cells (Cerulein‑, Lutein‑); +P<0.05 vs. cerulein‑treated cells without lutein treatment (Cerulein+, Lutein‑). JAK2, Janus kinase; 
STAT, signal transducer and activator of transcription; IL, interleukin; SOCS3, suppressor of cytokine signaling; p‑, phosphorylated. 
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Lutein modulates proinflammatory mediators, such as 
PPAR, which affects inflammatory signaling pathways (36). 
PPAR‑γ has been implicated in the regulation of glucose, lipid 
homeostasis, cell differentiation, and apoptosis (37). It is a 
sensor of lipophilic molecules that causes structural changes 
in the PPAR‑γ receptor, which activates this receptor. In its 

active conformation, PPAR‑γ induces regulatory actions in 
inflammation (38). Dietary lutein induces PPAR expression 
and inhibits inflammation in chicken immune tissues (22). 

These studies support our present findings that lutein inhibits 
cerulein‑induced IL‑6 expression through PPAR‑γ activation 
and SOCS3 induction in pancreatic acinar cells.

Figure 3. GW9662, a PPAR‑γ antagonist, reverses the effect of lutein on induction of SOCS3 expression and inhibition of IL‑6 expression in AR42J cells 
stimulated with cerulein. Cells were co‑treated with lutein (5 µM) and GW9662 (1 µM) for 2 h, and then cultured with cerulein for (A) 6 h, (B) 24 h or 
(C) 1 h. (A) mRNA expression level of IL‑6 was determined using reverse transcription PCR and normalized to the expression level of β‑actin. (B) IL‑6 
levels in the cell culture media were determined by ELISA (n=12 per each group). (C) Total and phospho‑specific forms of JAK2 and STAT3, and level of 
SOCS3 in whole‑cell extracts were determined using western blot analysis (left panel). For the relative protein expression, the densitometry analysis for the 
ratio of p‑JAK2/JAK2, p‑STAT3/STAT3 and SOCS3/actin represent the mean ± SE from three immunoblots (right panel). *P<0.05 vs. the unstimulated and 
untreated cells (Cerulein‑, Lutein‑, GW9662‑); +P<0.05 vs. Cerulein‑treated cells without any treatment (Cerulein+, Lutein‑, GW9662‑). ++P<0.05 vs. Cerulein 
and lutein‑treated cells without GW9662 treatment (Cerulein+, Lutein+, GW9662‑). PPAR‑γ, peroxisome proliferator activated receptor‑γ; SOCS3, suppressor 
of cytokine signaling; IL, interleukin; JAK2, Janus kinase; STAT, signal transducer and activator of transcription; p‑, phosphorylated. 
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For the first time, we show that the expression of PPAR‑γ 
is stimulated by lutein, which increases the expression of 
SOCS3 in pancreatic acinar cells. Since this antioxidant 
mechanism of lutein has not been reported in any cells or 
tissues, the results of this study may increase the use of 

lutein for preventing and treating oxidative stress‑associated 
diseases in various tissues. Further studies are needed to 
determine whether lutein increases SOCS3 expression via 
PPAR‑γ activation in pancreatic tissues of animals with acute 
pancreatitis.

Figure 4. PPAR‑γ agonist troglitazone inhibits IL‑6 expression but induces SOCS3 expression in AR42J cells stimulated with cerulein. Cells were treated with 
40 µM troglitazone for 2 h and cultured with cerulein for (A) 6 h, (B) 24 h or (C) 1 h. (A) IL‑6 mRNA level was determined by reverse transcription‑quantitative 
PCR and normalized to the level of β‑actin. (B) IL‑6 levels in the medium were measured by ELISA (n=12 per each group). (C) Levels of total and phospho‑specific 
forms of JAK2, STAT3, and SOCS3 in whole‑cell extracts were determined using western blot analysis (left panel). For the relative protein expression, the densi‑
tometry analysis for the ratio of p‑JAK2/JAK2, p‑STAT3/STAT3 and SOCS3/actin represent mean ± SE from three immunoblots (right panel). *P<0.05 vs. the 
unstimulated and untreated cells (cerulein‑, Troglitazone‑); +P<0.05 vs. cerulein‑treated cells without troglitazone treatment (cerulein+, Troglitazone‑). SOCS3, 
suppressor of cytokine signaling; IL, interleukin; JAK2, Janus kinase; STAT, signal transducer and activator of transcription; p‑, phosphorylated. 
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The limitation of the present study is that only one cell line 
was used to determine the antioxidant mechanism of lutein 
and its efficacy in preventing acute pancreatitis progression. 
Since acute pancreatitis is a serious state of pancreatitis, the 
demonstrated inhibitory effect of lutein on cerulein‑stimulated 
IL‑6 expression in pancreatic acinar cells does not confirm the 
protective effect of lutein on the development and progression 
of acute pancreatitis. Further studies on the effects of lutein on 
systematic and local events in acute pancreatitis development 
and progression should be performed using in vivo experi‑
ments. Thus, it cannot be concluded that lutein reduces the 
inflammatory response in acute pancreatitis.

The novel finding of the present study was that lutein 
exhibits antioxidant properties via PPAR‑γ activation and 
SOCS3 induction in pancreatic acinar cells. Therefore, lutein 
inhibited cerulein‑mediated JAK2/STAT3 activation and 
IL‑6 expression in pancreatic acinar cells. In conclusion, 
lutein‑induced PPAR‑γ activation and SOCS3 expression may 
underlie the inhibitory effect of lutein on cerulein‑induced 
IL‑6 expression in pancreatic acinar AR42J cells.
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