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Crocetin is a main bioactive component with a carotenoid skeleton in Gardenia jasminoides, a typical traditional Chinese
medicine with a long history in Southeast Asia. Crocetin is being commonly consumed as spices, dyes, and food colorants.
Recent pharmacological studies had implied that crocetin may possess potent anti-inflammatory properties; however, the
underlying molecular mechanism is not fully elucidated. In the present study, the regulatory effect of crocetin on redox balance
was systematically investigated in lipopolysaccharide- (LPS-) stimulated RAW264.7 cells. The results showed that crocetin
dose-dependently inhibited LPS-induced nitric oxide production and inducible nitric oxide synthase (iNOS) expression in
RAW264.7 cells. Molecular data revealed that crocetin exerted its anti-inflammatory property by inhibiting the
MEKI1/JNK/NF-«B/iNOS pathway and activating the Nrf2/HO-1 pathway. The shRNA-knockdown (KD) of MEK1 and ERK1
confirmed that the activation of MEK1 and inhibition of JNK mediated the anti-inflammatory effect of crocetin. Moreover, the
pull-down assay and computational molecule docking showed that crocetin could directly bind to MEK1 and JNKI1/2. It is
noticed that both KD and knockout (KO) of HO-I gene blocked this action. More detailed data have shown that HO-1-KO
blocked the inhibition of p-IxB-a by crocetin. These data indicated that crocetin exerted its anti-inflammatory property via
modulating the crosstalk between the MEK1/JNK/NF-«B/iNOS pathway and the Nrf2/HO-1 pathway, highlighting HO-1 as a
major player. Therefore, the present study reveals that crocetin can act as a potential candidate for redox-balancing modulation
in charge of its anti-inflammatory and chemopreventive effect, which strengthens its potency in the subsequent clinic
application in the near future.

1. Introduction

Gardenia jasminoides is widely planted in China, Japan,
Korea, India, and North America [1]. As a traditional and
crucial herbal medicine, Gardenia jasminoides is recorded
in Chinese Pharmacopoeia, with multiple functions on clear-
ing heat and detoxifying, reducing fever and headache, caus-
ing diuresis, cooling blood, and eliminating swelling [2, 3].
Plenty of pharmacological studies had found that Gardenia
jasminoides can possess various pharmacological activities

in hepatochemoprevention [4, 5], neuroprotection [6], anti-
inflammatory regulation [7, 8], and antithrombotic and car-
diovascular intervention [1, 9, 10], In addition, it is also
widely applied as an excellent natural colorant. Crocetin, as
the major natural colorant in Gardenia jasminoides, has been
used in many fields, such as cotton, textiles, beverages, and
food. The beneficial characteristics and pharmacological
activities of crocetin have also been reported previously,
including the chemopreventive effect on tumors [11-13],
neurodegeneration [14-16], cardiovascular disease [17, 18],
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hepatic damage [19, 20], diabetes [21-23], and colitis dis-
eases [24]. Molecular mechanism studies suggested that cro-
cetin’s biological activity may be attributed to its anti-
inflammatory ability [14, 25]. However, the underlying
molecular mechanism of its anti-inflammatory ability has
not been fully elucidated.

Nitric oxide (NO), a highly reactive gas signal molecule,
is involved in various physiological and pathological pro-
cesses in many organ systems including nervous, immune,
and cardiovascular [26, 27]. The production of NO is pre-
cisely regulated by nitric oxide synthase (NOS). There are
three isozymes of NOS: the two constitutively expressed
forms, endothelial NOS (eNOS) and neuronal NOS (nNOS),
and the inducible form (iNOS) [28]. Significantly, high-level
iNOS expression is associated with various inflammations
and chronic diseases, such as stroke, demyelinating diseases,
cancer, and neurodegenerative diseases [28, 29]. Thus, iden-
tification of iNOS inhibitors is considered to be a promising
approach to prevent acute and chronic inflammatory states.

The nuclear factor erythroid 2 related factor 2
(Nrf2)/heme oxygenase 1 (HO-1) signaling pathway plays
a critical role in protecting cells against excess oxidative
stress stimuli, and it can maintain intracellular redox
homeostasis via regulation on a variety of pathways such
as autophagy, ferroptosis, pyroptosis, and apoptosis [30].
Recent molecular evidence shows that the Nrf2/HO-1 sig-
naling pathway plays important role on the anti-
inflammatory property of bioactive compounds [31], and
overexpression of HO-1 in macrophages can significantly
inhibit the production of proinflammatory cytokines by
LPS stimulation and increase the anti-inflammatory
response [32]. Further in vivo data shows that IL-10-
mediated protection against LPS-induced septic shock in
mice was significantly attenuated by cotreatment with the
HO-1 inhibitor, zinc protoporphyrin [33], and both mice
and humans lacking HO-1 expression have a phenotype that
develops a chronic inflammatory state [34, 35]. These data
imply that there exists a key link between antioxidation
and anti-inflammation, and activation of Nrf2/HO-1 may
be the potent and promising new molecular target for the
treatment of inflammation-related disorders. Moreover, the
crosstalk between the Nrf2/HO-1 pathway and the inflam-
matory pathway has been investigated in several studies,
and HO-1 is a candidate to connect these pathways [36,
37]. However, this crosstalk is not well studied and lacks
in-depth molecular evidence.

Therefore, in the present study, the molecular mecha-
nism underlying the anti-inflammatory and antioxidant
effect of crocetin is fully investigated by the application of
shRNA-KD and CRISPR-Cas9-KO technologies in LPS-
induced inflammatory RAW264.7 cells, especially the role
of crocetin on modulation of redox balance, the crosstalk
between the Nrf2/HO-1 pathway and the inflammatory
pathway, and its targeted extracellular receptors.

2. Materials and Methods

2.1. Materials and Cell Culture. Crocetin is donated by
Tairui Biotechnology Co., Ltd (Nanyang, Henan, China).
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Crocetin was purified by HPLC with 98% purity, and it
can be dissolved in DMSO (0.1% final concentration in cul-
ture medium). LPS (Escherichia coli Serotype 055:B5) was
purchased from Sigma (St. Louis, MO, USA). AZD6244,
SB202190, SP600125, and U0126 were from MedChemEx-
press (Monmouth Junction, NJ, USA). Antibodies against
iNOS, phospho-ERK1/2, phospho-p38 kinase, phospho-
JNK, ERK1/2, p38 kinase, JNK, and IxB-a were purchased
from Cell Signaling Technology (Beverly, MA, USA).
GAPDH and p65 were from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA). Antibodies against HO-1 and
Nrf2 were from Abcam (Cambridge, MA, USA); 27
-dichlorofluorescein diacetate (DCFH-DA) was from Beyo-
time Institute of Biotechnology (Beyotime, Guangzhou,
China). Fetal bovine serum (FBS) was from Biological
Industries (Kibbutz Beit Haemek, Israel). Murine
macrophage-like RAW264.7 cells were purchased from
ATCC (Rockville, MD, USA) and cultured at 37°C in a 5%
CO, atmosphere in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FBS. Because FBS contains
numerous compounds, such as LPS and growth factors,
which influence the biological characteristics of macro-
phages [38-41], we performed all of the experiments under
serum-free conditions.

2.2. Cell Viability Assay. The cell viability was measured by
an MTT assay. Briefly, RAW264.7 cells were seeded in a
96-well plate and treated with various concentrations of cro-
cetin for 24 h. Subsequently, the supernatant was discarded,
and 50 ul of MTT solution was added to each well. Cells
were incubated at 37°C for an additional 4h in the dark.
The acidic isopropanol was added to dissolve the formazan
crystals, and the optical density (OD) was measured at
570 nm with a microplate reader (Thermo Scientific, MA,
USA). Viability was determined by comparing the OD of
sample-treated cells with those of the untreated cells.

2.3. Pull-Down Assay. Crocetin-Sepharose 4B beads were
prepared as described previously [42]. Briefly, crocetin
(5mg) was coupled to CNBr-activated Sepharose 4B beads
(75mg) in a coupling buffer overnight at 4°C according to
the manufacturer’s instructions. The mixture was washed
in 5 volumes of coupling buffer and then centrifuged at
110 g for 3min at 4°C. The precipitate was resuspended in
5 volumes of 0.1 M Tris-HCI buffer (pH 8.0) with 2h rota-
tion at room temperature. After washing three times with
0.1 M acetate buffer (pH4.0) containing 0.5M NaCl, the
mixture was further washed with 0.1 M Tris-HCl (pH 8.0)
buffer containing 0.5M NaCl. The RAW264.7 cell lysate
(500 g/mL) was incubated at 4°C overnight with Sepharose
4B beads or Sepharose 4B crocetin-coupled beads (100 y,
50% slurry) in reaction buffer (NP-40). The beads were then
washed five times with a washing buffer. The proteins were
detected by Western blotting with each specific antibody.

2.4. Molecular Modeling. The modeling of crocetin to TLR4-
MD2, MEK1, JNK1/2, and Keap1-Nrf2 proteins (PDB codes:
5IJB, 189], 3V3V, and 3WN?7) was performed using Molec-
ular Operating Environment™ software (MOE, Version
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2012.10, Chemical Computing Group Inc.) [43]. Hydrogen
atoms were first added, and force field atomic charges were
assigned. Docking of crocetin to protein kinases was done
by using MOE-AS EDock 2013 software [42].

2.5. Construction and Transfection of Short Hairpin RNA
(shRNA). Three short hairpin RNA (shRNA) interference
sequences targeting mouse HO-1, MEK1, ERK1, Nrf2, and
a negative control sequence (NC) were designed, synthe-
sized, and cloned into the pLKO.1 vector. After DNA
sequencing, a three-plasmid-based lentiviral packaging sys-
tem (vector plasmid-psPAX2-pMD2.G) was used to trans-
fect HEK293T cells to package lentiviruses. Plasmids were
transiently transfected into HEK293T cells using the Lipo-
fectamine 3000 DNA Transfection Reagent (Thermo Scien-
tific, MA, USA). The supernatants containing viruses were
harvested and added with PGE8000 at a final concentration
of 5% for incubation overnight and then were centrifuged at
7000 g for 20 min at 4°C by ultracentrifugation (Thermo Sci-
entific, MA, USA). RAW264.7 cells were incubated with len-
tivirus for at least 36 h for successful infection. Puromycin
was added for screening living cells, and the interference effi-
ciency was detected by Western blotting.

2.6. Construction of HO-1 Knockout Gene by CRISPR System.
Single-guide RNA (sgRNA) targeting mouse HO-1 gene
(NM_010442.2) was designed using the CRISPR design web-
site (http://crispr.mit.edu, in the public domain). The con-
trol sgRNA sequence (5'-TGCGAATACGCCCACGCGA
TGGG-3') was designed to target the lacZ gene from Escher-
ichia coli [44]. The lentiCRISPR-v2 vector was purchased
from Addgene (Cat. 52961; Cambridge, MA, USA). To
express sgRNA in the RAW264.7 cells, the oligos of top oli-
gos 5'-CACCG-20 nt and bottom oligos 5'-AAAC-20 nt-C-
3" were annealed and cloned into the lentiCRISPR-v2 vector
by BsmB1 (New England Biolabs, Boston, MA, USA). The
flowing steps (virus packaging, virus infection, and puromy-
cin screening) were done as described in sShRNA-KD. Subse-
quently, the monoclonal cells were picked out and cultured
into clumps, and the knockout efficiency was detected by
Western blotting.

2.7. Measurement of Nitric Oxide (NO) and Intracellular
ROS Assay. Nitric oxide in the culture medium is stably
present as nitrite (NO,-) which can be assayed by using
the Griess reagent (Madison, WI, USA). According to the
manufacturer’s manual, RAW264.7 cells (1.0 x 10° cells)
were seeded into each well of 12-well plates. After preculture
for 24 h, cells were starved by being cultured in serum-free
medium for another 2.5h to eliminate the influence of
FBS. The cells were then treated with or without crocetin
for 1.5h before exposure to 40 ng/ml LPS for 12 h. The level
of nitric oxide released into the culture medium was
determined by measuring absorbance at 530 nm in a micro-
plate reader.

The intracellular reactive oxygen species (ROS) genera-
tion of cells was investigated using DCFH-DA as a well-
established compound to detect and quantify intracellular-
produced hydrogen peroxide [45]. In brief, RAW264.7 cells

were plated in a 96-well plate and pretreated with crocetin
for 2h before exposure to LPS (40 ng/ml) for 12h. DCFH-
DA was added to the medium with a final concentration of
20 uM for an additional 30 min. The fluorescence intensity
was then measured at an excitation (485nm) and emission
(530 nm) wavelength using a fluorescent Multilabel Counter
(Perkin-Elmer) and was expressed as the percentage of
DMSO vehicle control in the absence of LPS. Data are the
mean + SD of three separate experiments.

2.8. Nuclear Protein Extraction and Western Blot Analysis.
Nuclear extracts were prepared according to the manufac-
turer’s manual (Sigma, St. Louis, MO, USA). Harvested cells
were lysed in buffer A on ice for 10 min and then centrifuged
at 17000 g for 10 min at 4°C. The nuclear pellets were resus-
pended in buffer B on ice for 40 min and then centrifuged at
17000 g for 10min at 4°C. The supernatants containing
nuclear extracts were stored at —-80°C until use.

Protein concentration was determined by using a dye-
binding protein assay kit (Beyotime, Guangzhou, China).
Protein extracts were separated by 10% SDS-PAGE and
transferred to PVDF membranes (Amersham Pharmacia
Biotech, Little Chalfont, UK). The membranes were blocked
at room temperature for 1h with 5% nonfat dry milk and
then incubated with each primary antibody at 4°C overnight
and further incubated for 1 h with HRP-conjugated second-
ary antibody. Bound antibodies were detected by the ECL
system with a Lumi Vision PRO machine.

2.9. Statistical Analyses. Image] and Prism 5.0 were utilized
to perform quantitative analysis. All of the results from three
independent experiments and data were expressed as the
mean =+ standard error of the mean (SEM) for the number
of experiments. A statistical probability of p < 0.05 was con-
sidered statistically significant.

3. Results

3.1. Crocetin Suppresses LPS-Induced NO Release and iNOS
Expression. Crocin and crocetin are the main natural pig-
ments that coexisted in Gardenia Yellow with functional
potency. It was reported that crocin exerted powerful anti-
inflammatory properties by the inhibition of iNOS expres-
sion [46]. Therefore, it is necessary to clarify the anti-
inflammatory activity of crocetin (the structure is shown in
Figure 1(a)). Firstly, the effect of crocetin on the viability
of RAW264.7 cells was conducted with the MTT assay. As
shown in Figure 1(b), it was found that there is no significant
difference in the cell viability when treated with crocetin at
the concentrations of 0, 10, 20, and 40 pg/ml, while the num-
ber of living cells was significantly reduced at 80 pg/ml
(p <0.05). Thus, the concentrations of 10 and 20 ug/ml were
selected to proceed in the following study. In Figure 1(c),
40ng/ml of LPS successfully stimulated the expressions of
NO in RAW264.7 cells; pretreatment with 10 or 20 ug/ml
of crocetin inhibited the LPS-induced NO release. Moreover,
the expression of iNOS, the rate-limiting enzymes of NO,
was also detected. As shown in Figure 1(d), dose-
dependent inhibition of iNOS expression was found in
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F1Gurk 1: The effects of crocetin on nitric oxide production and iNOS expression. (a) The structure of crocetin. (b) The cytotoxicity assay of
crocetin in RAW264.7 cells. Cytotoxicity assay was performed as described in Materials and Methods. (c) Crocetin inhibits LPS-induced NO
release. RAW264.7 cells were treated with crocetin (10-20 pg/ml) for 1 h before starvation in serum-free medium for another 2.5 h and then
exposed to 40 ng/ml LPS for an additional 12 h. The amount of NO in medium was measured as described in Materials and Methods. (d)
Crocetin suppresses LPS-induced iNOS expression. RAW264.7 cells were pretreated with crocetin (10-20 pg/ml) for 1 h before starvation in
serum-free medium for 2.5h and then exposed to 40 ng/ml LPS for an additional 12h of treatment. The expressions of proteins were
detected by Western blot analysis using their corresponding antibodies. Data are presented as the mean + SD of at least triplicate tests. *

p<0.05and **p <0.01 vs. LPS-treated cells.

LPS-stimulated cells after crocetin treatment (p <0.01).
These results indicated that crocetin possessed inhibitory
activity on NO production and iNOS expression.

3.2. Crocetin Inhibits the Activation of the Nuclear Factor
kappaB (NF-xB). To date, transcription factor nuclear factor
kappaB (NF-«B) is frequently reported to directly bind to
the conserved sequence in the promoter region of iNOS gene
and can regulate its transcription efficiently [28, 29, 47-49].
Thus, NF-xB was selected in the subsequent study to find
which transcriptional factor is the target for crocetin. Firstly,
the time course of treatment with 20 yg/ml of crocetin was
performed to investigate its effect on the expression of IxB-
a and p65. As shown in Figure 2(a), 40 ng/ml of LPS was

found to significantly reduce the expression of IxB-«a at
30 min and 60 min (p < 0.05) and restore to the basal expres-
sion at 120min; cotreatment with 20 ug/ml of crocetin
maintains the high expression of cytoplasm IxB-«a at
30min, but not at 60min and 120min. Moreover, the
expressions of nuclear p65 were inhibited significantly at
60 min by crocetin treatment, compared with LPS stimula-
tion only, while this action disappeared at 120 min. The time
course result of LPS treatment only and cotreatment of cro-
cetin indicated that the time points of LPS stimulation in the
cell model and the action of the transcription factor are con-
sistent with the previous studies.

To verify the inhibitory effect of crocetin on the NF-xB
pathway, the dose course of crocetin treatment was
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F1GURE 2: The effect of crocetin on the key nuclear transcription factors of iNOS gene. (a) The effect of crocetin on IxkB-a/p65 expression at
an indicated time. RAW264.7 cells were pretreated with crocetin (20 ug/ml) for 1h before starvation in serum-free medium for 2.5h and
then exposed to 40ng/ml LPS for an indicated time. The level of protein was detected by Western blot analysis using their
corresponding antibodies. (b) Crocetin dose-dependently inhibits LPS-induced degradation of IxB-a. RAW264.7 cells were pretreated
with crocetin (10-20 ug/ml) for 1h before starvation in serum-free medium for 2.5h and then exposed to 40 ng/ml LPS for an additional
30min. The total and phosphorylation of IxB-a were detected by Western blot analysis using their corresponding antibodies. (c)
Crocetin inhibits LPS-induced nuclear translocation of p65. Cell culture and crocetin (10-20 ug/ml) treatment were done as described in
(b). Extraction of nuclear and cytosolic p65 was performed as described in Materials and Methods. Lamin B and GAPDH were used as a
control for nuclear and cytosolic protein, respectively. Data are presented as the mean + SD of at least triplicate tests. *p < 0.05 and **p

< 0.01 vs. LPS-treated cells.

conducted to confirm its effect on the key factor of this path-
way, the expressions of cytoplasm IxB-a and p-IxB-a. The
results obtained in Figure 2(b) showed that LPS increased
the phosphorylation of IxkB-« and decreased the protein level
of IxkB-a (p<0.01), and cotreatment with crocetin dose-
dependently blocked this process. To further confirm the
nuclear translocation of the transcription factor p65, the
nuclear translocations of them were both detected. Accord-
ing to the action time point for these two transcription fac-
tors in Figure 2(a), the result showed that pretreatment
with crocetin can dose-dependently inhibit the LPS-
induced nuclear translocation of p65 (Figure 2(c)). All of
these results revealed that crocetin inhibited the expression
of iNOS by blocking LPS-induced IxB-a phosphorylation
and p65 translocation.

3.3. Crocetin Blocks LPS-Induced iNOS Expression by
Increasing MEK1/ERK1 Phosphorylation but Inhibiting JNK
Phosphorylation. MAPKs play essential roles in LPS or phy-
tochemical stimulated iNOS expression in RAW264.7 cells;
thus, it is necessary to detect the protein kinase cascades
and their activities in the crocetin-induced NO inhibitory
effect to better elucidate the underlying mechanism. Firstly,

several typical protein kinase inhibitors were selected to be
applied in the following experiment, including AZD6244,
$B202190, and SP600125, which are the inhibitors for
MEK1/2, p38 kinase, and JNK, respectively. As shown in
Figure 3(a), pretreatment of JNK inhibitor can markedly
reduce LPS-induced iNOS expression (p<0.001), MEK
inhibitor only slightly reduce that, and p38 has no effect,
which implied that only JNK is essential in LPS-induced
iNOS expression. To further investigate the coeffect of croce-
tin on this process, 20 ug/ml crocetin was coadded in the
cells with protein kinase inhibitor treatment. Surprisingly,
as shown in Figure 3(b), pretreatment with MEK inhibitor
eliminated the inhibitory effect of crocetin on iNOS expres-
sion (p <0.01). These results indicated that crocetin may
inhibit the expression of iNOS by regulating the phosphory-
lation of MEK and JNK.

Moreover, to investigate the actual effect of crocetin on
the protein kinase pathways of JNK, MEK, and p38, a series
of immune blots were detected. As shown in Figure 3(c),
crocetin only showed a dose-dependent inhibitory effect on
LPS-induced phosphorylation of JNK (p < 0.01), but there
is no significant effect on phosphorylation of MEK and
p38. This result aroused our curiosity, and we speculate that
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FiGure 3: The effect of crocetin on the phosphorylation of protein kinases. (a) JNK inhibitor suppressed LPS-induced iNOS expression.
RAW?264.7 cells were pretreated for 1h with AZD6244, SB202190, or SP600125 alone and then exposed to 40 ng/ml LPS for 12h. The
expression of iNOS was detected by Western blot analysis. (b) MEK inhibitor reversed the effect on crocetin-mediated iNOS inhibition.
RAW264.7 cells were treated with MAPK inhibitors for 1h, subsequently added crocetin for another 1h, and then exposed to 40 ng/ml
LPS for 12h. Western blot was applied to detect iNOS expression. (c) Crocetin inhibited LPS-induced phosphorylation of JNK but has
no significant effect on MEK and p38. RAW264.7 cells were pretreated with crocetin (10-20 pg/ml) for 1h and then exposed to 40 ng/ml
LPS for 0.5h. The total and phosphorylated protein kinases were detected with their antibodies, respectively. (d) MEK1-KD and ERK1-
KD relieved the crocetin-induced iNOS inhibition. Selecting RAW264.7 cells with scramble shRNA as blank controls (NC), MEK1-KD
cell lines or ERK1-KD cell lines were treated with crocetin for 1h and then exposed to 40 ng/ml LPS for 12h. The iNOS expression was
detected by Western blot analysis. (e) Crocetin increased the phosphorylation of MEK. RAW264.7 cells were pretreated with crocetin
(20 pg/ml) at the indicated time or pretreated with crocetin (10-20 pyg/ml) for 30 min, and then, total and phosphorylated protein levels
of MEK were detected with their antibodies, respectively. (f) JNK is critical for LPS-induced iNOS expression. ERK1-KD (shRNA-2) cells
were pretreated with SP600125 (10-20 M) for 1h, and the following steps were done as described in (a). The expressions of iNOS were
detected by Western blot analysis. Each value represents the mean + SD of triplicate tests. *p < 0.05 and **p < 0.01 vs. LPS-treated cells.
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FIGURE 4: The involvement of the Nrf2/HO-1 pathway in the crocetin-induced inhibitory activity on iNOS expression. (a) Crocetin
increased the expressions of Nrf2 and HO-1 and the nuclear translocation of Nrf2. For Nrf2 and HO-1 expressions, RAW264.7 cells
were pretreated with the indicated dose of crocetin for 1h before starvation in serum-free medium for 2.5h and then exposed to
40ng/ml LPS for an indicated time. For Nrf2 nuclear translocation, cell culture and crocetin (20 yg/ml) treatment were done as
described in Figure 2(c). The expressions of proteins were detected by Western blot analysis using their corresponding antibodies. (b)
Nrf2-knockdown (Nrf2-KD) and HO-1-knockdown (HO-1-KD) blocked crocetin-dependent iNOS inhibition. Detection of the knockout
efficiency of two monoclonal cells (top). NC and HO-1-KO cell treatment was done as described in (b). (c) HO-1-knockout (HO-1-KO)
blocked crocetin-dependent iNOS inhibition. The total and phosphorylated protein kinases were detected with their antibodies,
respectively. (d) HO-1-KO blocked crocetin-dependent p-IxB-« inhibition. NC and HO-1-KO cell treatment was done as described in
Figure 2(b). Data are presented as the mean + SD of triplicate tests. *p < 0.05 and **p < 0.01 vs. LPS-treated cells.

the reason for this phenomenon is that the MEK inhibitor has
diverse targets or mutual antagonism competing with croce-
tin. Subsequently, ShRNA technology was applied to knock
down (KD) the gene expression of MEK1 and ERKI to elimi-
nate these potential possibilities. Interestingly, the same result
was obtained as MEK inhibitor treatment (Figure 3(b)); both
MEK1 knockdown (MEK1-KD) and ERK knockdown
(ERK1-KD) restored LPS-induced iNOS expression which is
inhibited by crocetin treatment, p < 0.01 (Figure 3(e)). These
results indicated that the above possibilities are not the reason
for the not significant effect of crocetin on the MEK pathway;
maybe the treatment time of its inhibitor for a long time is the
cause. Therefore, pretreatment with crocetin for 15-60 min
was selected for immunoblot, instead of the previous 90 min
(Figure 3(c)). As shown in Figure 3(d), it was found that the
phosphorylation of ERK was increased significantly within
30 minutes after crocetin treatment, and crocetin also
increased the expressions of p-ERK in a dose-dependent man-
ner (p < 0.05).

Furthermore, to investigate the relationship between
MEKI1/ERK1 and JNK, the JNK inhibitor was used in
ERK1-KD cells. The result showed that the JNK inhibitor
can still significantly inhibit the expression of iNOS in the
ERKI1-KD cell line in a dose-dependent manner, p < 0.001
(Figure 3(f)), which indicated that JNK played a crucial role
in LPS-stimulated iNOS expression, and crocetin exerted its
anti-inflammatory effect via induction of MEKI1/ERK1
phosphorylation and subsequent inhibition of JNK
phosphorylation.

34. Crocetin Exerts Its Anti-inflammatory Effect via
Activation of Nrf2lHO-1 Signaling Pathway. It has been
reported that the activation of the Nrf2/HO-1 pathway is
involved in the attenuation of NF-«B translocation and
iNOS expression [50, 51]. To investigate the effect of croce-
tin on the crosstalk between Nrf2/HO-1 and NF-«B/iNOS
pathway and whether this crosstalk is essential for its anti-
inflammatory property, gene knockdown and knockout
technologies had been performed. As shown in Figure 4(a),
the time course result of 4-16 h showed that the expressions
of total Nrf2 and its downstream antioxidant protein HO-1
were increased significantly by crocetin treatment (p < 0.01
), but not that by NQO1, compared with LPS treatment only;
the time course result of 30-120 min showed that the expres-
sions of both cytoplasm and nuclear Nrf2 were induced sig-
nificantly by crocetin treatment (p < 0.01). Besides, crocetin
was found to activate the Nrf2/HO-1 pathway significantly
in a dose-dependent manner.

To verify the essential role of the Nrf2/HO-1 pathway in
crocetin-inhibited iNOS expression, both Nrf2 and HO-I
genes were knocked down. As shown in Figure 4(b), two
repeated KD genes for Nrf2 and HO-1 had been constructed
(p < 0.001), and the results showed that knockdown of HO-1
and Nrf2 genes could largely diminish the inhibitory effect of
crocetin on LPS-induced iNOS overexpression, p <0.05
(Figure 4(b)). Moreover, the CRISPR/Cas9 system was used
to construct the HO-1 gene knockout (KO) cell model to fur-
ther confirm this action. As shown in Figure 4(c), the results of
HO-1-KO cells displayed are similar to that of HO-1-KD cells
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Crocetin

FiGure 5: The direct binding proof and computational docking model for the action of crocetin. (a) Binding abilities of crocetin to MEK1,
JNK1/2, and Keapl-Nrf2. Whole cell lysate (input control, lane 1), lysate precipitation with Sepharose 4B beads (negative control, lane 2),
and Sepharose 4B-crocetin-coupled beads (lane 3) were applied to SDS-PAGE and then detected with MEK1, JNK1/2, Nrf2, or Keapl
antibody, respectively. The binding efficiency to crocetin was presented as the ratio of input control. (b, ¢) The docking models of
crocetin to MEK1 and JNK1/2. Electrostatic potential surface is indicated in a close-up figure of the upper side, and hydrogen bonds are
indicated by blue and green lines in the lower figure. White, blue ribbon: protein kinase; red ribbon: ATP-binding site; yellow: crocetin.

(Figure 4(b)). Further, the role of HO-1 in the inflammatory
signaling pathway was determined. As shown in Figure 4(d),
crocetin significantly inhibited the expression of p-IxB-«
(p <0.01), but this effect can be reversed in HO-1-KO cells.
In addition, crocetin significantly inhibited the phosphoryla-
tion of JNK, and this effect can also be detected in HO-1-KO
cells (p <0.01). These results strengthen the direct crosstalk
between the Nrf2/HO-1 and NF-«B/iNOS pathways and high-
light the essential role of HO-1 in this crosstalk.

The above data indicated that crocetin may exert its anti-
inflammatory effect via activation of the Nrf2/HO-1 signal-
ing pathway, and HO-1 is a vital link to regulate the redox
balance in RAW264.7 cells treated with crocetin.

3.5. The Direct Binding Proof and Docking Model of Crocetin
to MEKI, JNK1/2, Keapl-Nrf2, and TLR4-MD2. Our data
suggest that MEK1, JNK1/2, Keapl, and Nrf2 are potential
targets for crocetin to inhibit inflammatory signaling. Thus,
we investigated whether the crocetin directly binds to them,
using the bead-bound pull-down assay, which has been val-
idated as an effective screening tool in our previous study
[42]. In brief, crocetin is coupled with CNBr-Sepharose 4B
beads and then incubated with protein lysate extracted from
RAW264.7 cells. The bound protein was extracted by centri-
fuge and detected by Western blotting with respective anti-
bodies after washing out. As shown in Figure 5(a), MEK1
and JNK1/2 were detected in the complex of Sepharose 4B
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beads-crocetin-proteins, with 22.7% and 95% binding rates
compared to the cell lysate control, while only JNK1/2 was
slightly detected in the Sepharose 4B beads alone. Mean-
while, Keapl, the major Nrf2 endogenous inhibitor, has
shown a powerful combination with Crocetin-Sepharose
4B beads with a 194.6% binding rate, and only 12.5% bind-
ing rate was detected with Nrf2 antibody, while both Keapl
and Nrf2 were not detected in the Sepharose 4B beads alone.
These data showed that crocetin could bind directly with
protein kinases of MEK1 and JNK1/2. Moreover, Keapl
had stronger binding activity than Nrf2, which is suggested
that crocetin may directly combine with Keap1 for modifica-
tion and then release Nrf2 from the Keapl-Nrf2 complex.
As shown in Supplementary Fig. 3A, the computational
docking analysis data showed that there are 3 hydrogen
bonds for the binding of crocetin to the TLR4-MD2 com-
plex, which is not the same binding region of LPS. This
result suggested that crocetin may not bind competitively
with LPS to block the LPS-induced inflammation. To know
how crocetin binds to MEK1, JNK1/2, and Keap1-Nrf2 com-
plex, the computer modeling of crocetin bound to these pro-
teins was performed, using the software as described in
Materials and Methods. The results provided interesting
information that five hydrogen bonds were formed between
crocetin and Arg201, Glu201, Tyr125, Lys175, and Asp635
residues of MEKI, which are configured nearby ATP-
binding pocket (Figure 5(b)). As shown in Figure 5(c), three
hydrogen bonds were formed between crocetin and Lys358
and Asp362 residues of JNK1/2, which configured a part of
the ATP-binding pocket. Further analysis data suggested
that crocetin can directly bind to MEK1 on the ATP-
binding site 145 and 146 and bind to JNK1/2 by hydrogen
bond 358. For the Keapl-Nrf2 complex, three hydrogen
bonds were formed between crocetin and His552, Asp579,
and Asp573 residues of Keapl, which did not configure a
part of the Keapl catalytic domain (Supplementary Fig.
3B). These docking results further support our pull-down
binding data between crocetin and MEK1 and JNK1/2.

4. Discussion

Crocetin is previously reported as an effective anti-
inflammatory agent in other studies [25, 52]. However, the
molecular mechanism underlying this action has not been
fully elucidated, especially the effect of crocetin on the extra-
cellular receptor and the crosstalk between inflammatory
pathways and other pathways. In the present study, the
molecular mechanism of the anti-inflammatory property of
crocetin in the LPS-stimulated RAW264.7 cell model had
been investigated in depth. The results showed that crocetin
exerts its anti-inflammatory property mainly via the
MEK1/ERK1/JNK/NF-xB/iNOS pathway (Figure 1). Further
molecular data by application of sShRNA-KD and CRISPR-
Cas9 KO technologies confirmed the anti-inflammatory
effect of crocetin, and what is more interesting, KD and
KO of HO-I gene both inhibited this action (Figure 4).
Coupled with the molecular data of Nrf2 activation by croce-
tin, the present study discovers the crosstalk between the
Nrf2/HO-1 pathway and the MEKI/ERK1/JNK/NF-«B/i-
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NOS pathway, and HO-1 plays an essential role in the regu-
latory effect of crocetin on keeping the redox balance
(Figures 3 and 4). The molecular mechanism in detail is
summarized in Figure 6.

NO, as a major inflammatory mediator, has played a sig-
nificant role in the expansion of oncogenesis and inflamma-
tory reaction, and it is suggested that the inhibition of NO
overproduction or downregulation of iNOS is an imperative
target for the prevention and treatment of inflammation and
its related complications. Up to now, several studies, both
in vitro and in vivo, have shown that crocetin has strong
anti-inflammatory activity via inhibition of NO or iNOS in
cancer cells [46, 53]. However, the effect of crocetin on the
above two inflammatory mediators in the RAW cell model
has not been fully investigated [25]. In the present study, it
was found that the anti-inflammatory property of crocetin
depends on its inhibition of NO and iNOS.

Mitogen-activated protein kinase activation induces the
expression of multiple inflammatory genes by regulating
nuclear transcription factor NF-«B [54, 55]. In the present
study, specific inhibitors of these protein kinases were used,
and it was found that only JNK and MEK1/ERK1 are associ-
ated with the anti-inflammatory activity of crocetin
(Figure 3). Further data by using MEK1/ERK1-KD cells
and JNK inhibitor implied that phosphorylation of JNK is
essential for the action of crocetin, and JNK is downstream
of MEK1/ERK1, which is consistent with other previous
studies [54, 56, 57]. In brief, it was reported that dual-
specificity protein phosphatases (DUSP) can dephosphory-
late both the threonine and tyrosine residues in the activa-
tion loop of MAPKSs, thereby inactivating them [56].
Activation of MEK1/ERK1 can increase the transcription
of DUSP2 which can limit JNK phosphorylation [57]. More
powerful evidences have been shown by using Sepharose 4B
beads and pull-down assay to find out the direct binding
proof of crocetin to MEKI and JNKI1/2. Our result
(Figure 5(a)) suggested that crocetin may directly bind to
MEKI1 and JNK1/2. Besides, computational docking of cro-
cetin to MEK1 and JNK1/2 (Figures 5(b) and 5(c)) was also
analyzed, and the results provided some interesting binding
information between the hydroxyl groups of crocetin and
amino acid residues of MEK1 and JNK1/2.

As is well known, the Nrf2/HO-1 antioxidant signaling
pathway plays a crucial role in the anti-inflammatory pro-
cess. LPS can stimulate a higher level of ROS generation,
cytokines, and chemokines in Nrf2-KO cells [58, 59]. Several
studies have reported the crosstalk between Nrf2/HO-1 with
NF-«B/iNOS. Nrf2-knockout mice showed increased mRNA
and protein levels of iNOS, and the activation of Nrf2 leads
to the reduction of iNOS [58, 60]. Nrf2 or HO-1 gene-
deficient mice with pneumococcal meningitis showed signif-
icantly higher levels of HMGBI1 and iNOS [61]. Here, the
data showed that crocetin can activate the Nrf2/HO-1 path-
way (Figure 4(a)) which may be attributed to the direct
binding between crocetin and Keap1-Nrf2 complex (Supple-
mentary Fig. 3B). Nrf2-KD, HO-1-KD, and HO-1-KO inhi-
bition can attenuate crocetin-mediated iNOS inhibitory
activity (Figures 4(b) and 4(c)). More detail is shown in
Figure 4(d) that crocetin had increased the expression of
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FIGURE 6: Schematic diagram of the molecular mechanism underlying the anti-inflammatory effect of crocetin on LPS-induced RAW264.7
cells. LPS can stimulate the activation of the TLR4/NF-xB/iNOS inflammatory pathway in RAW264.7 cells. Crocetin treatment effectively
inhibits LPS-induced iNOS expression by inhibition of the MEK1/ERK1/JNK/NF-xB/iNOS pathway and activation of the Nrf2/HO-1
pathway. HO-1 is the link point for the crosstalk between these two pathways, and KD or KO of HO-I gene can eliminate the potent
anti-inflammatory effect of crocetin. In addition, crocetin treatment significantly inhibits the LPS-induced ROS production, while this
protective mechanism involved is not clarified, which is involved in protected effects.

HO-1 which is contributed to the stability of IxB-«
(Figure 4(d)). This result was also well replicated in another
study [62]. These data implied that this action of crocetin is
partially attributed to the activation of the Nrf2/HO-1 path-
way, especially the induction of HO-1. Moreover, a series of
studies speculate that the regulation of iNOS by the
Nrf2/HO-1 antioxidant signaling pathway stems from its
ability to inhibit the production of ROS which can effectively
activate MAPKs [63]. However, as shown in Supplementary
Fig. 1, crocetin was found to dose-dependently inhibit LPS-
induced ROS production, but treatment with different con-
centrations of NAC, a common ROS scavenger [64], has
no effect on LPS-induced iNOS expression. These results
suggested that there was no significant correlation between
the crocetin-mediated iNOS inhibitory activity and the
reduction of crocetin-mediated ROS production. Thus, fur-
ther research is needed to elucidate the molecular mecha-
nism in depth underlying the relationship between ROS,
Nrf2/HO-1, and NF-xB/iNOS.

A previous review suggests that the immunomodulatory
activity of crocetin may be caused by direct targeting Toll-
like receptors (TLRs) and the subsequent regulation of various
transcription factors such as NF-«B and AP-1 [65]. Thus, to
confirm whether crocetin competes with LPS for binding to
TLR4 to exert its anti-inflammatory property, computational
docking analysis based on the structure of the TLR4-MD2

complex (PDB ID: 5IJB) and crocetin was performed. The
data (Supplementary Figure 3A) showed that crocetin is
docked in the different domains of the TLR4-MD2 complex
with LPS, suggesting that crocetin might have no
competitive binding to the TLR4-MD2 complex with LPS.
Moreover, another piece of evidence is that knockdown of
TLR-4 has no effect on crocetin-caused induction of HO-1
(Supplementary Fig. 2). These data further confirmed that
crocetin exerts its anti-inflammatory effect by not targeting
TLR-4, and which potent extracellular receptors crocetin
targets require more detailed exploration.

5. Conclusion

In the present study, it was found that crocetin exerted its
anti-inflammatory =~ property by  inhibiting  the
MEKI1/JNK/NF-xB/INOS pathway and activating the
Nrf2/HO-1 pathway; the direct crosstalk between the
MEK1/JNK/NF-xB/iNOS pathway and the Nrf2/HO-1 path-
way is existing in crocetin-treated cells, which is essential for
the anti-inflammatory effect of crocetin; HO-1 is the key link
point of the above crosstalk. Therefore, crocetin can act as a
redox balance modulator to orchestrate precisely its anti-
inflammatory and chemopreventive effect via its regulatory
action on the crosstalk between the NF-«B/iNOS pathway
and the Nrf2/HO-1 pathway.
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Supplementary Materials

Supplementary 1. Supplementary Figure 1: the role of ROS in
LPS-induced iNOS expression. (A) Crocetin inhibits LPS-
induced ROS production. Cell culture and treatment were
done as described in Materials and Methods. (B) NAC
(ROS scavengers) cannot inhibit LPS-induced iNOS expres-
sion. RAW264.7 cells were treated with NAC (5-15 uM) for
1 h before starvation in serum-free medium for another 2.5h
and then exposed to 40ng/ml LPS for an additional 12h.
The expressions of iINOS were detected by Western blot
analysis. Data are presented as the mean + SD of at least trip-
licate tests. *p < 0.05 and **p < 0.01 vs. LPS-treated cells.

Supplementary 2. Supplementary Figure 2: the involvement
of TLR-4 in iNOS and HO-1 expressions. (A) RT-qPCR test
of gene knockdown efficiency. (B) TLR-4 is involved in LPS-
induced iNOS inhibition but not involved in crocetin-
induced HO-1 overexpression. NC and TLR-4-KD cells were
pretreated with crocetin (20 ug/ml) for 1h and then exposed
to 40 ng/ml LPS for an additional 12 h. The HO-1 and iNOS
expression was detected by Western blot analysis using their
corresponding antibodies. Data are presented as the mean
+ SD of triplicate tests. *p <0.05 and **p <0.01 vs. LPS-
treated cells.

Supplementary 3. Supplementary Figure 3: the docking
models of crocetin to TLR4-MD2 and Keapl-Nrf2 complex.
(A) There are 3 hydrogen bonds for the binding of crocetin
to the TLR4-MD2 complex, which is not the same binding
region of LPS. (B) For the Keapl-Nrf2 complex, three
hydrogen bonds were formed between crocetin and
His552, Asp579, and Asp573 residues of Keapl, which did
not configure a part of the Keapl catalytic domain.
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