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Pancreatic cancer has one of the worst prognoses among the most common
cancers in the world. Its characteristics include a high rate of metastasis and
chemotherapeutic resistance, which present major challenges to the medical
community. The potential anticancer effects of thymoquinone (TQ), which is
the main bioactive compound of the black seeds of the Nigella sativa plant,
have recently received widespread attention for their potential use in treating
pancreatic cancer. TQ can inhibit cell proliferation, promote cancer cell
apoptosis, inhibit cell invasion and metastasis, enhance chemotherapeutic
sensitivity, inhibit angiogenesis, and exert anti-inflammatory effects. These
anticancer effects predominantly involve the nuclear factor (NF)-xB,
phosphoinositide 3 kinase (PI3K)/Akt, Notch, transforming growth factor
(TGF)-B, c-Jun N-terminal kinase (IJNK), and p38 mitogen-activated protein
kinase (MAPK) signaling pathways as well as the regulation of the cell cycle,
matrix metallopeptidase (MMP)-9 expression, and pyruvate kinase isozyme
type M2 (PKM2) activity. TQ regulates the occurrence and development of
pancreatic cancer at multiple levels and through multiple targets that
communicate with each other. In this review, we summarize and discuss the
analogs and carriers of TQ that have been developed in recent years. Given its
multilevel anticancer effects, TQ may become a new therapeutic drug for
treating pancreatic cancer in the future. This review presents a brief
introduction to the research that has been conducted on TQ in relation to
pancreatic cancer to provide a theoretical basis for future studies on the topic.
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Introduction

Pancreatic cancer has one of the worst prognoses of all major
cancers worldwide. According to the latest global cancer
statistics in 2020, pancreatic cancer accounts for 2.6% of new
global cancers, and the mortality rate accounts for 4.7% of all
cancer deaths (1). According to data released by the American
Cancer Association in 2022, the mortality rate is almost the same
as the incidence rate and the 5-year overall survival rate is only
approximately 8%. Pancreatic cancer ranks 8th and 10th for the
number of new cancer cases in the United States for females and
males, respectively, and the mortality rate is the 3rd highest
among all malignant tumors (2). In China, the incidence rate of
pancreatic cancer is increasing every year, having overtaken
bladder cancer to become the 7th most common tumor in men
and exhibiting the 7th highest cancer-related mortality rate
among the Chinese population (3). The high metastatic rate,
low chemosensitivity, and high mortality of pancreatic cancer
have long been major challenges in the medical community.

Nigella sativa seed oil (Figure 1), which is derived from the
Nigella sativa plant, is a traditional medicinal material used in
Arab countries, South and Southeast Asia, the Mediterranean,
China, and various African countries. It is traditionally used to
prevent and treat various diseases and disorders, including
bronchial asthma, eczema, hypertension, diabetes, rheumatism,
cough, bronchitis, headache, fever, influenza, neurological
disorders, gastrointestinal problems, cancer, and various
inflammatory diseases (4). According to the US Food and
Drug Administration, Nigella sativa seed oil is categorized as
“Generally Recognized as Safe” (5). The components of Nigella
sativa seeds include fixed oil (22-38%), volatile oil (0.40-0.45%),
alkaloids (0.01%), amino acids and proteins (21-31%),
carbohydrates (25-40%), saponins (0.013%), vitamins (1-4%),
minerals (3.7-7%), and terpenoids, p-isocyanate, limonene,
thiamine, niacin, and folic acid with different compositions
(Table 1) (6). The main fatty acids of fixed oil are linoleic acid
(64.6%) and palmitic acid (20.4%). The identified amino acids

FIGURE 1
Photograph of black seeds from the Nigella sativa plant.
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mainly include cysteine, methionine, glutamic acid, aspartic
acid, and arginine. The minerals mainly include iron, copper,
zinc, phosphorus, and calcium (7). Moreover, the volatile oil of
black seeds contains approximately 18.4-24.0% of
thymoquinone (TQ) as the main bioactive ingredient.

Characteristics of TQ

TQ was first separated in 1960 and is a yellow sediment that
is slightly soluble in water (8). Chemically, TQ has the molecular
formula C10H1202 and a molecular weight of 164.204 g/mol
(9). It has a basic quinone structure consisting of a para-
substituted dione conjugated to a benzene ring to which a
methyl and isopropyl side chain groups are added at positions
2 and 5, respectively (Figure 2) (10, 11). Because of its special
chemical structure, TQ has characteristics such as high fat
solubility, poor hydrophobicity, and low bioavailability (12).
The bioavailability of TQ has been documented ~58% with a
lag time of ~23 min (13). Analysis of the interface of TQ with
blood constituents reflects the effect on its bioavailability,
metabolism, distribution, and emission. The results
recommended that covalent attaching of TQ to bovine serum
albumin guides in losing the TQ antitumor action against
checked tumor cells; in contrast, the TQ antitumor activity has
been not affected while TQ is bound with alpha-1 acid
glycoprotein. This property is determined by the special
chemical structure of thymoquinonez (14). TQ can be
degraded significantly when exposed to light for a short period
of time (15, 16). It is unstable under alkaline conditions, and its
stability can be reduced with an increase in pH (17). When
administered orally, TQ has a fast elimination rate and a slow
absorption rate (13, 18). Therefore, it has not been largely
studied. However, with the increase in the application of
nanoparticle technology, the pharmacological effects of TQ
began to garner more attention.

Researchers have found that TQ exhibits a wide range of
pharmacological activities, including antioxidant, anti-
inflammatory, antifibrotic, antidiabetic, antihistamine,
anticancer, antimicrobial, and anticonvulsive effects (5, 19, 20).
The antitumoral effects of TQ mainly include antiproliferation,
apoptosis induction, anti-metastasis, cell cycle arrest, reactive
oxygen species (ROS), and other regulatory mechanisms (21-
23). Moreover, while TQ inhibits the growth of many tumor
cells, it exerts no harmful effects on normal cells, which makes
TQ a promising anticancer drug (24). In animal experiments,
TQ did not exhibit toxicity when injected (5 mg/kg, mice; 12.5
mg/kg, rats) or administered orally (100 mg/kg, rats) (19, 20).
The median lethal dose (LD50) in mice was 104.7 mg/kg after
intraperitoneal injections of TQ and 870.9 mg/kg after oral
ingestion. The LD50 in rats was 57.5 mg/kg after
intraperitoneal injections and 794.3 mg/kg after oral ingestion
(25). TQ has further exhibited antitumoral effects when
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TABLE 1 Ingredients of nigella sativa seed.

ingredients percentage reference
carbohydrates 25%-40%

fixed oil (inoleic acid, palmitic acid) 22%-38%

amino acids (cysteine, methionine, glutamic acid, aspartic acid, arginine) 21%-31%

minerals (iron, copper, zinc, phosphorus, calcium) 3.7%-7%

vitamins 1%-4% (6,7)
volatile oil (thymoquinone) 0.40%-0.45%

saponins 0.01%

alkaloids 0.01%

others (terpenoids, p-isocyanate, limonene, thiamine, niacin, folic acid) 3%-4%

administered in small concentrations of less than 10 mg/kg dose-dependent manner (27). Torres proposed the following
(25, 26). four potential apoptotic mechanisms of TQ in pancreatic cancer

Recently, research on TQ and pancreatic cancer has (28). First, TQ can downregulate the expression of mucin 4

attracted substantial attention. In this review, we briefly (MUC4) through the proteasome pathway, which leads to the
describe the current state of global research on TQ and activation of c-jun NH2 terminal kinases (JNK) and p38
pancreatic cancer to provide a point of reference for further mitogen-activated protein kinase (p38 MAPK) pathways in
exploration (Table 2). pancreatic cancer cells, thereby inducing apoptosis. Second,

TQ induces pancreatic cancer cells to secrete transforming

growth factor-B (TGF-B), which in turn activates the TGF-3
TQ inhibits prOlife ration and pathway and downregulates MUC4, thereby inducing the
promotes apoptosis in pa ncreatic apoptosis of pancreatic cancer cells. Third, TQ may activate
cancer cells the JNK pathway by stimulating the production of ROS in
pancreatic cancer cells, thereby causing the sensitivity of the
cancer cells to Fas-mediated apoptosis. In addition, Narayanan
et al. confirmed that TQ can inhibit the viability of the PANC-1
cell line and promote its apoptosis, which may be related to the

As early as 2006, researchers confirmed that TQ can restrict
the proliferation of the pancreatic cancer cell line PANC-1 in a

production of ROS (29). The fourth proposed mechanism is that

TQ inhibits the migration of cancer cells through the focal

adhesion kinase (FAK) pathway. A decrease in MUC4

O expression is related to an increase in apoptosis, decrease in
motility, and reduced migration of pancreatic cancer cells,

whereas the Fas-mediated apoptosis of pancreatic cancer cells

CH is related to the initiation of the JNK and p38 MAPK pathways.

3 Therefore, the downregulation of MUC4- and TQ-induced

apoptosis are not isolated events but are induced by the

complex interactions between the different signaling pathways

in which MUC4 plays a major role. In addition, Relles et al.

ch confirmed that in MiaPaCa-2 and ASPC-1 of pancreatic ductal
adenocarcinoma cell lines, TQ inhibits cell proliferation, inhibits

cell viability, causes cell cycle arrest in the GO/G1 phases, and

induces apoptosis in a dose-dependent manner. TQ can also

CH O upregulate p53, induce p21 expression in a p53-independent

3 manner, induce the expression of the Bcl-2-associated X protein

FIGURE 2 (Bax), downregulate the expression of B cell leukemia/
Chemical structure of thymogquinone. lymphoma-2 (Bcl-2), and increase the Bax/Bcl-2 ratio. In

addition, TQ mediates the post-translational modification of
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TABLE 2 Anticancer mechanism of TQ against pancreatic cancer.

10.3389/fonc.2022.1092020

reagent experimental model mechanisms effects references

in vitro studies

TQ PANC-1 none Iproliferation 27)
FG/COLO357, CD18/

TQ HPAF IMUC4, 1JNK, 1p38 MAPK, 1TGF-B, 1ROS, 1FAK tapoptosis, | migration (28)

TQ PANC-1 TROS, |MMP- 9 tapoptosis, | migration (29)

1p53, 1p21, 1Bax, |Bcl-2, 1Bax/Bcl-2, 1H4, |HDAC,

TQ MiaPaCa-2, ASPC-1 1G0/G1 tapoptosis,| proliferation (30)

TQ PANC-1, INF-xB, [MMP- 9, |CD34 |migration,}invasion (31)

TQ BxPC-3 JFAK/PI3K/AKt, |F-actin |migration,}invasion (32)

TQ and

juglone MIA PaCa-2 none tapoptosis (33)

INF-kB,|Bdl-2, | Bcl-xl, | XIAP, 1Bax, {cytochrome c,

TQ and Tcaspase-3, fcaspase-9, |Notchl/PTEN, |PI3K/AKT/

GEM PANC-1, AsPC-1, BxPC-3 mTOR, |G0/G1 tapoptosis, Tchemosensitivity (34)

TQ and

GEM BxPC-3 1Bcl-2,|Bcl-cl, | XIAP, |survivin, fcaspase-3, Tcaspase-9 tapoptosis,| proliferation,fchemosensitivity (35)
HPAC, BxPC-3, Panc-1,

TQ and MDA Panc-28, COLO

GEM 357, L3.6pl INF-xB tapoptosis,Tchemosensitivity (36)

TQ

GEM, Isurvivin, |Bcl-xl, | XIAP, fcaspase-3, Tcaspase-9,

oxaliplatin | BxPC-3, HPAC TPARP, |COX-2, PGE2 |, GO/G1, |S tapoptosis,| proliferation,fchemosensitivity (37)

TQ and

GEM PANC-1, MIA PaCa-2 JPKM2 tapoptosis,| proliferation,  chemosensitivity (38)

TQ and

GEM PANC-1, MIA PaCa-2, lprocaspase3, |PARP, |PKM2 tapoptosis, T chemosensitivity (39)

TQ and

GEM PANC-1 Iprocaspase3 tapoptosis,Tchemosensitivity (40)

TQ and

GEM BxPC-3 none tapoptosis,| proliferation,fchemosensitivity (41)

TQ HS766T JMCP-1, |NF-xB,| TNF-o. tanti-inflammatory (42)

TQ PANC-1 1Ki-67, |CD34, | VEGF langiogenesis (43)

in vivo studies

TQ mice INF-xB, [MMP- 9, |CD34 Jmetastasis 31)

TQ and

GEM mice JXIAP, |MMP-9 lgrowth, | metastasis,fchemosensitivity (44)

TQ

GEM, Isurvivin, |Bcl-xl, | XIAP, fcaspase-3, Tcaspase-9, Iweights of tumors, Jlocal invasion,

oxaliplatin | mice TPARP, |COX-2, PGE2 |, GO/G1, |S |lymph node metastasis (37)

TQ mice JEPCs, |VEGF langiogenesis (43)

TQ, thymoquinone; GEM, gemcitabine; MUC4, mucin 4; JNK, c-jun NH2 terminal kinases; p38 MAPK, p38 mitogen-activated protein kinase; TGF-B, transforming growth factor-f;
ROS, reactive oxygen species; FAK, focal adhesion kinase; Bax, Bcl-2-associated X protein; Bcl-2, B cell leukemia/lymphoma-2; COX-2, cyclooxygenase 2; PGE2, prostaglandin E2;
HDAGC, histone deacetylase; NF-xB, nuclear factor kappa-B; MMP- 9, matrix metallopeptidase 9; VEGF, vascular endothelial growth factor; XIAP, X-linked inhibitor of apoptosis
protein; Akt, phosphorylated protein kinase B; PI3K, phosphoinositide 3 kinase; Notch 1, neurogenic gene notch homolog protein 1; PTEN, phosphorase and tensin homolog; mTOR,
mammalian target of rapamycin; PKM2, pyruvate kinase isozyme type M2; PARP, poly ADP-ribose polymerase; MCP-1, monocyte chemoattractant protein-1; TNF-c,

tumor necrosis factor-0; EPCs, vascular endothelial progenitor cells; 1, increase or activate; |, decrease or inhibit.
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histone H4 acetylation, changes its epigenetic state, inhibits the
expression of histone deacetylase (HDAC), and induces the pro-
apoptotic signaling pathway (30, 45).

Mu et al. further found that TQ downregulates the anti-
apoptotic proteins Bcl-2 and Bcl-xl, upregulates the pro-
apoptotic protein Bax, induces the release of cytochrome c
from the mitochondria of cells from the PANC-1, AsPC-1,
and BxPC-3 cell lines, and activates the cysteine-containing
aspartate specific protein hydrolase family in a dose-dependent
manner, which results in an increase in the cleavage of the active
components of caspase-3 and -9 and cell apoptosis (34). Another
study found that the toxic effects of juglone and TQ on the MIA
PaCa-2 pancreatic cancer cell line changed according to the
concentration of both factors. At cell concentrations of 10%,
20%, or 50%, the researchers observed a moderate antagonistic
relationship between juglone and TQ. At cell concentrations of
75% and 90%, however, the effect was almost additive. A
moderate synergistic effect was observed only at a cell
concentration of 95% (Figure 3) (33).

10.3389/fonc.2022.1092020

TQ inhibits cell invasion and
metastasis in pancreatic cancer

When studying the relationship between TQ and the
invasion and metastasis of pancreatic cancer, Wu et al. found
that TQ could inhibit the migration and invasion of the
pancreatic cancer cell line PANC-1 in a concentration-
dependent manner and downregulate nuclear factor kappa-B
(NF-xB) and matrix metallopeptidase 9 (MMP- 9). In addition,
TQ could significantly inhibit the metastasis of pancreatic cancer
in tumor-bearing mice and downregulate the positive expression
of CD34, NF-xB, and MMP-9 in pancreatic tumors (31).
Narayanan et al. also confirmed that TQ inhibits the migration
of PANC-1 cells by reducing the level of MMP-9 (29). MMPs
play a key role in promoting biological behaviors such as tumor
cell migration, extracellular matrix degradation, and tumor
distant metastasis. Type-IV collagenase MMP-9 plays an
important role in degrading extracellular matrix proteins and

Activation
TGF-B
Activation
A4
MUC4 1 ros 7 1
4.9
‘7 .
Activation
p38 MAPK JNK FAK

L ARG A ORTRG |

B
[ Bax ’f Bcl-2 l

\ /

‘Baxsoi2 |
A 4

Activation

| J

Cell cycle
arrest

Apoptosis

FIGURE 3

Schematic diagram of the role of thymoquinone in inhibiting cell proliferation and promoting apoptosis in pancreatic cancer (TQ, thymoquinone;
MUC4, mucin 4; INK, c-jun NH2 terminal kinases; p38 MAPK, p38 mitogen-activated protein kinase; TGF-P, transforming growth factor-; ROS,
reactive oxygen species; FAK, focal adhesion kinase; Bax, Bcl-2-associated X protein; Bcl-2, B cell leukemia/lymphoma-2).
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can regulate the vascular endothelial growth factor (VEGF),
thereby affecting the formation, invasion, and metastasis of
tumor blood vessels. NF-xB, which comprises a family of
transcription factor proteins, can regulate the MMP-9 gene at
the transcriptional level and directly affect the expression of the
MMP-9 protein. In conclusion, TQ can downregulate NF-xB
and MMP-9 and their interaction to inhibit the metastasis of
pancreatic cancer both in vitro and in vivo.

Woang further found that TQ could inhibit the growth and
metastasis of orthotopic transplanted pancreatic cancer tumors
in nude mice; this mechanism may be related to the inhibition of
the X-linked inhibitor of apoptosis protein (XIAP) and MMP-9
expression (44). Moreover, Mu et al. found that TQ can
significantly downregulate the expression of FAK in the
pancreatic cancer cell line BxPC-3, inhibit the activation of
phosphorylated protein kinase B (Akt), induce the diffusion of
FAK in the cytoplasm, and inhibit the formation of focal
adhesion and aggregation of F-actin. By inhibiting the signal
transduction and kinase activity of the FAK/phosphoinositide 3
kinase (PI3K)/Akt pathway, TQ can inhibit the in vitro
movement and invasion of pancreatic cancer cells in a
concentration-dependent manner (Figure 4) (32).

TQ increases chemosensitivity

The induction of apoptosis and loss of cell viability are the
two main mechanisms by which traditional chemotherapeutic
drugs kill cancer cells. Gemcitabine (GEM), 2',2'-
difluorodeoxycytidine, is a nucleoside analogue that inhibits

Panc-1 cell line

e

MMP;Ql 1
protein

VEGF 1

e

FIGURE 4

.
R I

X

Inhibit invasion and metastasis

10.3389/fonc.2022.1092020

DNA synthesis by inhibition of DNA polymerase and
ribonucleotide reductase, resulting in cancer apoptosis (46).
Unfortunately, GEM-based chemotherapeutic drugs have
limited impact on pancreatic cancer due to their dose-limiting
toxicity to normal tissues and increased chemoresistance. In an
attempt to solve the problem of GEM resistance, Mu et al. found
that pretreatment with TQ significantly enhanced apoptosis and
growth inhibition by GEM in pancreatic cancer (34, 35). The
possible mechanisms were as follows. First, TQ may have
enhanced the sensitivity of the pancreatic cancer cells to GEM
by inhibiting the neurogenic gene Notch homolog protein 1/
phosphorase and tensin homolog (Notchl/PTEN) pathway. A
decrease in the activated Notchl and PTEN protein levels can
predict prognoses and chemotherapeutic resistance. GEM can
induce the upregulation of Notchl in pancreatic cancer cells and
increase the expression of the Notch intracellular domain
(NICD) (47). The TQ pretreatment significantly reduced the
upregulation of Notchl and the Notch intracellular domain
induced by GEM; it also restored the PTEN protein that had
been inhibited by GEM. The second proposed mechanism was
that the PI3K/Akt/mammalian target of rapamycin (mTOR)
signaling pathway is involved in all of the signal regulation that is
related to the survival and chemoresistance of pancreatic cancer
cells. The activation of this pathway and expression of the
downstream effector molecule S6 ribosomal protein can
enhance chemosensitivity and promote apoptosis in pancreatic
cancer cells However, TQ pretreatment significantly attenuates
the phosphorylation of mTOR, S6, and upstream Akt caused by
GEM. The third proposed mechanism was that TQ can enhance
GEM-induced antitumoral activity in vivo through NF-xB and

BxPC-3 cell line

— )|

TQ inhibits the activation of
phosphor')(llated
Akt(Protein kinase B)

TQinduces FAKto @ FAK ®
distribute diffusely (@)
in cytoplasm ) @ ®

L

Inhibition of adhesion

plaque formation "~ Factin
and F-actin aggregation

ol o
{

Schematic diagram of the role of thymoquinone in inhibiting the invasion and metastasis of pancreatic cancer (TQ, thymoquinone; FAK, focal
adhesion kinase; NF-kB, nuclear factor kappa-B; MMP- 9, matrix metallopeptidase 9; VEGF, vascular endothelial growth factor; XIAP, X-linked

inhibitor of apoptosis protein; Akt, phosphorylated protein kinase B).
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its downstream molecules. NF-xB is one reason for the
characteristic resistance of pancreatic tumor cells to the
apoptotic effects of chemotherapy drugs. Thus, XIAP and
survivin, which are members of the family of apoptosis
inhibitory proteins that are regulated by NF-kB, are regarded
as therapeutic targets because of their involvement in tumor
cells, especially in chemotherapeutic resistance, cell
proliferation, and angiogenesis. Researchers previously found
that, compared with GEM alone, the DNA-binding activity of
NF-kB and structural phosphorylation of p65 were significantly
reduced in tumor-bearing mice treated with TQ and GEM. In
addition, TQ can significantly affect the downstream molecules
of NF-«B by downregulating Bcl-2, Bcl-cl, XIAP, and survivin
and upregulating caspase-3 and -9 activities related to apoptosis.
Wang also found that TQ combined with GEM could
significantly inhibit the expression of XIAP and MMP-9 in
pancreatic cancer tissues, thereby affecting the growth and
metastasis of tumors (44). In other study, TQ pretreatment of
pancreatic cancer cells (HPAC, BxPC-3, Panc-1 and MDA Panc-
28, COLO 357, and L3.6pl) before GEM can downregulated NF-
KB (36). In the fourth proposed mechanism, TQ can achieve
stronger apoptotic efficacy than GEM alone by increasing the
arrest of the cell cycle in the G1 phase. In addition, compared
with GEM or TQ alone, a combined treatment of TQ and GEM
has been found to significantly reduce the tumor weights of
tumor-bearing mice without causing a serious increase in
toxicity depending on weight loss.

Consistent with the above findings, Banerjee et al. found that
TQ combined with gemcitabine or oxaliplatin can produce
greater antitumoral activity. These results were related to the
downregulation of NF-«B activity and its downstream proteins,
such as survivin, Bcl-xl, and XIAP. In addition, TQ treatment
has been found to lead to the appearance of cleaved caspase-3,
-9, and the active components of poly ADP ribose polymerase
(PARP) in pancreatic cancer cells, activate the upstream events
of the caspase cascade, release cytochrome ¢, and induce
apoptosis through the mitochondria pathway. TQ can also
inhibit the expression of cyclooxygenase 2 (COX-2) and the
accumulation of prostaglandin E2 (PGE2) caused by COX-2.
COX-2 plays an important role in inhibiting apoptosis and
enhancing cell growth and angiogenesis in pancreatic cancer;
therefore, it is considered a target for drug development. The
same study also found that TQ combined with gemcitabine
could increase the cell population in the GO-G1 phase, whereas
TQ combined with oxaliplatin increased cell cycle arrest in the S
phase and decreased the proportion of cells in the G2-M phase.
Furthermore, the combination of TQ and gemcitabine or
oxaliplatin significantly reduced the weights of the tumors in
tumor-bearing mice and inhibited local invasion and lymph
node metastasis in pancreatic cancer (37).

A study by Pandita and coworkers confirmed that compared
with GEM alone, the combined application of TQ and GEM
could reduce the survival rate of pancreatic cancer cells by more
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than 50%. Similarly, in a pancreatic cancer xenograft model, the
combined application of TQ and GEM had a higher efficiency
(approximately 80%) on the impact of tumor weight. Combined
drugs have also been found to reduce the expression of pyruvate
kinase isozyme type M2 (PKM2) in pancreatic cancer cells.
PKM2 is the key enzyme of the Warburg effect in pancreatic
cancer, which promotes glucose uptake and reduces oxygen
consumption, thereby ensuring the growth of pancreatic
cancer cells (38). Some scholars have conducted preliminary
research on the relationship between TQ, small molecule RNA,
and GEM, and found that the cytotoxicity and apoptotic
potential of low-dose GEM play a synergistic role in GEM-
sensitive and drug-resistant cell lines through the transfection of
miR-101 and miR-24-2 or the combined application of TQ. The
synergistic mechanisms of these two microRNAs and TQ in
cancer cell lines involve an increase in procaspase3 and poly
ADP-ribose polymerase (PARP) cleavage and a decrease in
PKM2 activity (39). In addition, the combination effect of TQ
and GEM and miR-24-2 in PANC-1 pancreatic cancer cell lines
could promote apoptosis through down-regulation of Pro-
caspase-3 (40). Wu et al. also found that TQ can effectively
enhance the inhibitory effect of GEM on the proliferation of
pancreatic cancer cells, where the synergistic effect mainly
involves inducing apoptosis (Figure 5) (41).

Anti-inflammatory effects of TQ

TQ reduces the synthesis of inflammatory cytokines such as
monocyte chemoattractant protein-1 (MCP-1), tumor necrosis
factor-o. (TNF-a), interleukins, and COX-2 in pancreatic ductal
cell carcinoma in a dose- and time-dependent manner. Previous
studies have shown that MCP-1 can promote the recruitment of
monocytes or macrophages, whereas TQ typically reduces the
expression of MCP-1 by inhibiting the endogenous activity of its
promoter. NF-xB and TNF-o. are involved in cancer progression
and are released by immune cells or other stromal cells in
tumors, which leads to the production of MCP-1 and greater
recruitment of monocytes. TQ inhibits these factors from
exerting biological effects by inhibiting the activation of
inflammatory factors mediated by NF-kB and TNF-o as well
as their transport from the cytoplasm to the nucleus in
pancreatic cancer cells (42, 48). The strong anti-inflammatory
effects of TQ on NF-xB, TNF-0, and other inflammatory
mediators highlight its potential as a preventive and
therapeutic strategy for pancreatic cancer (Figure 6).

TQ inhibits angiogenesis
Studies on the relationship between TQ and tumor

angiogenesis have shown that TQ may inhibit the formation
of tubules of vascular endothelial progenitor cells (EPCs) in vitro
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Schematic diagram of the role of thymoquinone in enhancing the chemosensitivity of pancreatic cancer (TQ, thymoquinone; GEM,
gemcitabine; Bcl, B cell leukemia/lymphoma; Akt, phosphorylated protein kinase B;Notch 1, neurogenic gene notch homolog protein 1; NICD,
Notch intracellular domain; PTEN, phosphorase and tensin homolog; mTOR, mammalian target of rapamycin; PKM2, pyruvate kinase isozyme
type M2; PARP, poly ADP-ribose polymerase; COX-2, cyclooxygenase 2; PGE2, prostaglandin E2).

by inhibiting the expression of Ki-67, CD34, and VEGF in
pancreatic cancer cells and tissues, which then affects
angiogenesis in pancreatic cancer (43). Other studies have
shown that TQ can downregulate the expression of MMP-9 in
pancreatic cancer cells. Since MMP-9 can also regulate VEGF,
this downregulation further affects tumor angiogenesis
(Figure 7) (31, 44).

Antioxidation and pro-oxidation
of TQ

TQ can exert a wide range of antioxidant effects (49). ROS
are produced in cells during normal cellular respiration and in
response to xenobiotics. As the most important molecule in the
oxidative stress response, ROS are vigorously reactive and can
oxidatively damage cellular components and alter their
functions (50). Oxidative stress is the cause of changes in cell
function and structure, including DNA mutations, which lead to
the occurrence of cancer. However, studies have not yet found
whether TQ can inhibit ROS production in pancreatic cancer via
its antioxidant effects. However, TQ may stimulate the
production of ROS to activate the JNK pathway in pancreatic
cancer cells, thereby causing the sensitivity of the pancreatic
cancer cells to Fas-mediated apoptosis (28). In addition, TQ can
inhibit the activity of PANC-1 cells and promote their apoptosis
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by inducing ROS production, which has also been confirmed by
other researchers (29).

TQ analogs and carriers

Through various strategies, Banerjee et al. synthesized 3-
aminothymoquinone as an initial component, then synthesized
its derivatives ATQTHB and ATQTFB with 2,3,4-
trihydroxybenzaldehyde and 2,3,4-trifluorobenzaldehyde,
respectively. Compared with TQ, these TQ derivatives show
improved binding efficiency when binding to the active sites of
COX-2. They also exhibited a superior inhibitory effect on tumor
cells. The TQ analogs TQ-4A1, TQ-5A1, and TQ-2G are more
effective than the parental TQ in the apoptosis of pancreatic
cancer cells and can downregulate the DNA-binding effect of
NF-kB, inhibit the activity of NF-xB and its downstream
proteins such as survivin, Bcl-xl, and XIAP, and affect the cell
cycle (G2/M cell cycle arrest). These TQ analogs can further
effectively inhibit the activity of the COX-1 and COX-2 enzymes,
improve the activity of caspase-3, and release cytochrome c. In
terms of sensitivity to oxaliplatin and GEM, the TQ analogs TQ-
2G and TQ-5A1 have shown better effects than TQ-4A1 and are
also better than the parent TQ at enhancing sensitivity to
chemotherapeutic drugs (51). Another study found that TQ
combined with D1T (a cationic liposome preparation of TQ) as
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Schematic diagram of the anti-inflammatory effects of thymoquinone on pancreatic cancer (TQ, thymoquinone; COX-2, cyclooxygenase 2; NF-
kB, nuclear factor kappa-B; MCP-1, monocyte chemoattractant protein-1; TNF-a, tumor necrosis factor-o).

the carrier could achieve a greater absorption rate, higher plasma
concentration and bioavailability, smaller distribution volume,
and easier clearance in vivo, which significantly improve its
inhibitory effects on pancreatic tumors (52).

In order to improve the bioavailability of TQ to ensure that
its therapeutic use is not limited to pancreatic cancer, several TQ
carriers have also been developed. Due to the poor bioavailability
and hydrophobicity of TQ, We summarized TQ in nanoparticles
to improve its delivery (Table 3). The TQ-nanoparticle
formulations showed improved anticancer and anti-

inflammatory activities (66). To improve the clinical efficiency
of TQ, researchers have formulated a colloidal carrier
comprising TQ and solid lipid nanoparticles (SLNs). In the
treatment of Huntington’s disease in rats, TQ-loaded solid lipid
nanoparticles (TQ-SLNs) have exhibited stronger effects than
TQ (53). Alam et al. also found that TQ-SLNs increased TQ
delivery to brain tissues faster than free TQ (54). In addition,
TQ-SLNs have stronger efficacy and better drug stability in the
treatment of liver cirrhosis induced by paracetamol in contrast
to the TQ-suspension (55). In vivo hepatoprotective

Pancreas
cancer cell

FIGURE 7

Endothelial Progenitor Cells

® O

Inhibition of angiogenesis

@

Schematic diagram of the role of thymoquinone in inhibiting the angiogenesis of pancreatic cancer (TQ, thymoquinone; VEGF, vascular

endothelial growth factor; EPCs, vascular endothelial progenitor cells).
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TABLE 3 Mechanism of of thymoquinone carriers.

10.3389/fonc.2022.1092020

carriers size mechanisms effects references
tabsorption, Tplasma concentration, tbioavailability, fclearance, |distribution
DI1T 110-120 nm volume Ipancreatic tumor (52)
TQ-SLNs none tefficiency, TATPases function, | GFAP, |pro-inflammatory cytokines |Huntington’s disease (53)
TQ-SLNs 188.66 +8.94 nm taffinity, Tbinding capacity, 15-HT, 1DA, 1NE tantidepressant activity (54)
TQ-SLNs 66.1 + 10.96 nm tbioavailability (5 fold), fstability, | SGOT, |SGPT, |ALP Mliver function (55)
TQ-
NLCs 100~200 nm tbioavailability (3.97 fold), |ALT, |AST, | malondialdehyde, 1GSH 1liver function (56)
TQ-
PNCs <100 nm tbioavailability (3.86 fold), |ALP, |ALT, | AST, |bilirubin tliver function (57)
TQ- 35.66 + 0.1235
NLCs nm tstability, Tapoptosis, Tcell cycle arrest, | proliferation Jbreast cancer (58)
TQ- Tgastroprotective
NLCs 75+ 2.4 nm tpharmacokinetic activity (59)
TQ-Nps <50 nm tefficiency, Tanti-migratory, |toxic to normal cells, tmiR-34a, |Racl Jbreast cancer (60)
NTQ 100 nm Jtoxic to normal cells, |AST, JALT, |ALP, |LDH, |NF-kB, |COX-2 Tliver function (61)
TQ-CD 400 nm toxic to normal cells, Tsolubility, tantiproliferative Jbreast cancer (62)
TQ-NCs <100 nm trelease profile, tefficiency Thypoglycemic effect (63)
TQ-NP1 150 ~ 200 nm tdrug-targeting potential, Tefficiency | Alzheimer’s disease (64)
TQ-LP 100 nm tbioavailability, | proliferation |breast cancer (65)
TQ-LP <70 nm tskin penetration, release profile, tskin compatibility, | pro-inflammatory cytokines  |psoriasis (16)

TQ, thymoquinone; DI1T, cationic liposomal formulation of thymoquinone; TQ-SLNs, thymoquinone-loaded solid lipid nanoparticles; TQ-NLCs, thymoquinone-loaded
nanostructured lipid carriers; TQ-PNCs, thymoquinone-loaded phospholipid nanoconstructs; TQ-Nps, thymoquinone-encapsulated nanoparticles; NTQ, synthesized p-
aminophenyl-1-thio-B-d-galactopyranoside-coated N-isopropyl acrylamide nanoparticles followed by the encapsulation of thymoquinone; TQ-CD, thymoquinone-loaded
cyclodextrin nanoparticles; TQ-NCs, polymeric nanocapsules of thymoquinone; TQ-NP1, intranasal thymoquinone-loaded nanoparticles; TQ-LP, thymoquinone-loaded liposomes;

GFAP, glial fibrillary acidic protein; NFxB, nuclear factor kappa-B; 5-HT, 5 hydroxytryptamine; DA, dopamine; NE, norepinephrine; ALT, alanine amino transferase; AST, aspartate
amino transferase; GSH, hepatic reduced glutathione; SGOT, serum glutamic-oxaloacetic transaminase; SGPT, serum glutamic-pyruvic transaminase; ALP, alkaline phosphatase; LDH,
lactic dehydrogenase; NF-kB, nuclear factor kappa-B; COX-2, cyclooxygenase-2; 1, increase; |, decrease or inhibit.

investigations showed significant hepatoprotective effects for
optimized TQ-self-nanoemulsifying drug delivery systems
(TQ-SNEDDS) in comparison with TQ suspension. The
relatively bioavailability of TQ was enhanced 3.87-fold by
optimized SNEDDS in comparison with TQ suspension. In a
male rat model, Elmowafy et al. found that TQ-NLCS (TQ-
loaded nanostructured lipid carriers) had a stronger
hepatoprotective effect compared to oral TQ (56). TQ-loaded
phospholipid nanoconstructs (TQ-PNCs) have demonstrated
significantly enhanced hepato-protective effects (57). TQ-NLCs
have stronger antiproliferative activity and the ability to induce
cell cycle arrest in breast and cervical cancers than TQ (58). TQ-
NLCs can also improve the gastroprotective activity of TQ and
protect against the formation of ethanol-induced ulcers (59).
TQ-encapsulated nanoparticles (TQ-Nps) were synthesized
using biodegradable, hydrophilic polymers such as
polyvinylpyrrolidone (PVP) and polyethyleneglycol (PEG) to
overcome the poor aqueous solubility, thermal and light
sensitivity, and minimal systemic bioavailability of TQ, which
can greatly improve the efficacy of cancer treatment (60). To
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exploit the benefits of the antioxidative property of TQ without
any toxicity, Verma synthesized p-aminophenyl-1-thio-$-d-
galactopyranoside (PAG)-coated N-isopropyl acrylamide
(NIPAAM) nanoparticles followed by the encapsulation of TQ
in their hydrophobic core. This method greatly improved the
efficiency of TQ (61). TQ-loaded cyclodextrin nanoparticles
were found to improve TQ solubility and its antiproliferative
activity (62).TQ nanocapsules (actually containing half of the
doses of TQ) produced better antihyperglycemic effect in type-2
diabetic rats as compared to TQ alone (63). Not only that, based
on maximum concentration, time-to-maximum concentration,
area-under-curve over 24 hours, and elimination rate constant,
intranasal TQ-loaded nanoparticles (TQ-NP1) proved more
effective in brain targeting compared to intravenous and
intranasal TQ solution (64). The abovementioned studies have
shown that the bioavailability of TQ can be significantly
improved and its stability can be maintained using
nanoparticles as TQ carriers. In addition, lipids can also act as
TQ carriers. In a study on TQ and breast cancer, the
encapsulation of TQ in liposomes was found to maintain its

frontiersin.org


https://doi.org/10.3389/fonc.2022.1092020
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhao et al.

stability, improve its bioavailability, and enhance its anticancer
activity (65). In order to improve the poor water solubility of TQ,
TQ lipid spheres with a particle size lower than 70 nm were
made. These lipid spheres result in deeper skin penetration, slow
release, and skin compatibility, improving the anti-psoriasis
effect of TQ (16).

Discussion

The high mortality rate of pancreatic cancer and its
resistance to chemotherapeutic drugs have long been major
obstacles to medical treatment. Moreover, the surgical
treatment of pancreatic cancer has reached a bottleneck
without yet achieving ideal therapeutic effects. Finding a drug
that can effectively control the development of pancreatic cancer
is therefore crucial. Recent studies have highlighted TQ as a
promising candidate in such therapies. In the past two decades,
biologists have made remarkable progress in extracting effective
ingredients, such as TQ, from plants to treat cancer. TQ is not
harmful to normal human cells but has shown excellent
antitumoral effects in a variety of cancers. Studies on
pancreatic cancer have therefore attracted widespread
attention (26, 67).

The mechanisms underlying the TQ-mediated apoptosis of
pancreatic cancer cells currently include: the activation of the
JNK and p38 MAPK pathways related to the downregulation of
MUC4; ROS-mediated activation of the JNK pathway; cell cycle
arrest; post-translational modification of histone H4 acetylation;
and the activation of caspases. In a study by Torres (28), it was
not directly confirmed whether TQ led to the activation of the
TGF-f pathway and subsequent downregulation of MUCA.
TGF-B was, however, determined to be a key molecule for the
formation of the extracellular matrix and for the classic
antifibrotic effects of TQ (68). The activation of TGF-B by TQ
to downregulate MUC4 is theoretically possible but needs
further confirmation. Relles et al. further confirmed TQ-
mediated apoptosis of pancreatic cancer cells at the gene level
(p53 and p31) and epigenetic level (H4 acetylated post-
translational modification) (30). In contrast to genetic
mutations that are almost impossible to reverse, epigenetic
changes can be reversible and can therefore be receptive to
drug intervention. HDAC inhibitors (HDAC-i) have been
shown to exhibit antineoplastic activity in multiple tumor
types, inhibit cell growth, and induce apoptosis (69). It is
therefore possible that TQ may be used in clinics as an
antitumoral drug. TQ can affect the cell cycle and promote the
apoptosis of pancreatic cancer cells, which may be related to the
lipophilicity of TQ facilitating its interaction with cells and
subcellular structures (49). Surprisingly, there is an
antagonistic relationship between juglone and TQ at low
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concentrations (33). TQ acts as an antioxidant (free radical
scavenger) at low concentrations and as a pro-oxidant at high
concentrations. Juglone-induced cytotoxicity in cancer cells
often involves the production of ROS through redox activation
(70, 71), which may comprise the possible underlying
mechanisms of action that are responsible for the antagonistic
effect between juglone and TQ.

The metastasis of pancreatic cancer is a multistep and
multifactorial process that includes a series of changes in
epithelial cell polarity, tumor cell adhesion, increased mobility,
penetration of the basement membrane by cancer cells (72). A
key step in metastasis involves the adherence of tumor cells to
the extracellular matrix depending on focal adhesion and
destroying the basement membrane to invade blood or
lymphatic vessels. FAK is a key kinase involved in the
formation of cell adhesive plaque. The downregulation of FAK
expression can lead to changes in a wide range of signal-
regulated proteins that are related to tumor invasion and
migration, such as the downregulation of MMP-9 activity in
the extracellular matrix, PI3K/Akt/NF-kB signal pathway
inhibition, and F-actin depolymerization (73). In conclusion,
the above-mentioned studies reveal that TQ can inhibit several
key molecules such as FAK, Akt, NF-kB, and MMP-9 and that
these molecules interact in a cascade to affect the metastasis of
pancreatic cancer. TQ can therefore regulate the invasion and
metastasis of pancreatic cancer cells at multiple levels with
multiple targets.

We found that the main mechanisms of action of TQ
involved in increasing chemosensitivity consist of blocking the
Notch1/PTEN, PI3K/Akt/mTOR, and NF-xB signaling
pathways, reducing PKM2 expression, and inhibiting the
Warburg effect. Interestingly, the mTOR blocker everolimus
can inhibit the Warburg effect by blocking the PI3K/Akt/
mTOR signaling pathway, thereby reducing the sensitivity of
pancreatic cancer cells to GEM (74). This suggests that TQ may
also inhibit the Warburg effect by mediating the PI3K/Akt/
mTOR signaling pathway, thus affecting the sensitivity of GEM,
which needs further experimental confirmation. This also proves
that the mechanisms of action of TQ involved in GEM
sensitivity are both multitargeted and interrelated. In addition,
when assessing the mechanisms underlying the promotion of
apoptosis in pancreatic cancer, we found that TQ can affect the
cell cycle and regulate Bax and Bcl-2. This indicates that TQ
plays a synergistic role with GEM in promoting apoptosis.
Notably, TQ combined with gemcitabine can increase the cell
population in the GO0-Gl1 phase. When combined with
oxaliplatin, TQ can increase cell cycle arrest in the S phase. It
is conceivable that TQ prevents the progression of the cell cycle
through the M phase, which results from the inhibition of
survivin and leads to apoptosis. However, studies on the
causes of different arrest cycles of gemcitabine and oxaliplatin
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are limited. We speculate that different chemotherapeutic drugs
may have different targets in the cell division cycle. In addition,
TQ can coordinate with miRNA in increasing gemcitabine
sensitivity (39, 40). Previous studies have found that TQ has
the capacity to prevent tumors from progressing via regulating
miRNAs, which in turn manage signaling pathways involved in
the pathogenesis of cancer cells such as proliferation, metastasis,
angiogenesis, apoptosis and epigenetic machinery (75). These
results suggest that TQ can improve the chemotherapy
sensitivity of pancreatic cancer at the epigenetic level.

MCP-1 is one of the key chemokines that trigger
inflammation. It is also a key element in the immune response
of malignant tumors. MCP-1 plays a dual role in the regulation
of inflammation and immunity. Higher serum MCP-1 levels
have been found to correlate with the increased macrophage
infiltration of pancreatic cancer tissue and a favorable prognosis
and overall survival rate (76). The level of MCP-1 in patients
with pancreatic cancer and cachexia is also high (77). The level
of MCP-1 has become one of the prognostic indicators of
pancreatic cancer. The inhibitory effect of TQ on MCP-1
limits the occurrence and development of pancreatic cancer
from both anti-inflammatory and immunomodulatory aspects.

If the size of a tumor exceeds 1-2 mm, it will require a
continuous blood supply to maintain its growth. Once tumor
cells have the ability to induce vascular growth, tumor growth
becomes aggressive and facilitates tumor invasion and
metastasis. Endothelial progenitor cells (EPCs), which are the
precursors of a variety of endothelial cells, are the stem cells
derived from the bone marrow that have the ability to proliferate
and differentiate into mature endothelial cells. EPCs play an
important role in tumor angiogenesis. TQ not only reduces the
expression of VEGF at the molecular level but also directly
ensures the inhibition of tumor angiogenesis in vitro (31, 43, 44).
TQ may therefore be used as a new angiogenesis inhibitor in
tumor therapy.

The redox properties of quinones can often trigger cancer
cell apoptosis through oxidative stress induced by the in-situ
production of ROS (78). c-Jun is both a pro- and anti-apoptotic
protein depending on the cellular environment and other
signals, and enables cells to deal with the damage caused by
ROS production through the regulation of antioxidant genes
(79). TQ affects pancreatic cancer calls not by inhibiting ROS
and playing an antioxidative role for cancer prevention; rather, it
induces ROS production causing oxidative stress reactions
leading to the activation of the JNK pathway and in turn,
pancreatic cancer cell apoptosis. In gliomas and colon cancer,
TQ can play a role in promoting the oxidation of cancer cells by
inducing ROS production (80, 81). The two seemingly opposite
effects of TQ on the antioxidation of normal cells and pro-
oxidation of cancer cells do not rule out that they are related to
the specific structure of quinones (82).
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Despite the promising anticancer effects of TQ, the main
limitation for its clinical application lies in its hydrophobicity,
poor bioavailability, sparing solubility, light- and pH-sensitive
nature, and capacity to bind to plasma proteins, which prevents
it from reaching its targeted tumor sites (83). To overcome these
limitations, nanoparticle-based carriers have been developed,
including polymeric, liposomal, and niosomal carriers, SLN,
and NLCs. Nanoparticles have many advantages, including
enhanced biodegradability, controlled or sustained release,
small size, and biocompatibility with tissues and cells, which
make them the most suitable carriers for TQ. In addition, the
encapsulation of TQ by nanoparticles provides the possibility of
the fluorescent labeling of the compound, which would allow for
the tracing of its route of entry, trafficking mechanisms, and
intracellular distribution. In addition, the excipient used in the
formulation of nano-TQ delivery systems should have a high
degree of biocompatibility, biodegradability, and simple
composition. Nano-TQ formulations usually contain a large
amount of excipient, and therefore, the excipient should not
have side effects (84). However, the formulation of nano-TQ
delivery systems is a multistep process. At small scale, it is easy,
but at the large scale, it becomes more difficult to control the
batch-to-batch reproducibility. To overcome this problem, cold
wet milling, spray drying, and a microfluidics system have been
developed for efficient clinical translation of nanomedicines (85).
Given these advantages, TQ-nanoparticle formulations may be
more likely to be utilized in clinics than free TQ.

This review of the current status of research on TQ in
relation to pancreatic cancer reveals that TQ can play an
anticancer role by inhibiting the proliferation of cancer cells,
promoting cell apoptosis, inhibiting invasion and metastasis,
enhancing the sensitivity of chemotherapeutic drugs, and
exhibiting anti-inflammatory effects. These anticancer
mechanisms predominantly involve the NF-xB, PI3K/Akt,
Notch, TGF-B, JNK, and p38 MAPK pathways, as well as the
regulation of the cell cycle, which affects MMP-9 expression and
PKM2 activity. Interestingly, the different anticancer
mechanisms involve many similar associations. For example,
TQ promotes apoptosis, inhibits invasion and metastasis,
increases chemosensitivity, and exhibits anti-inflammatory
mechanisms, which are all related to the inhibition of NF-«xB
and its downstream molecules. The mechanisms underlying the
promotion of apoptosis and increasing GEM chemosensitivity
are correlated with cell cycle arrest in the GO/G1 phases.
Moreover, the inhibition of invasion, metastasis, and
angiogenesis is related to the regulation of MMP-9 and VEGF.
Thus, the anticancer effects of TQ on pancreatic cancer are
multidirectional but interrelated. It has further been confirmed
that TQ is a promising multitarget anticancer drug with a variety
of molecular mechanisms of action that underlie its
multidirectional inhibition of tumor development. The
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synergistic effect of TQ on drugs may also contribute to resolving
drug resistance. At present, studies on TQ and pancreatic cancer
are mainly limited to laboratory research on the molecular
mechanisms involved; however, the discovery of TQ carriers is
paving the way for its clinical applications. We expect that the
research on TQ will move from the experimental stage to clinical
trials in the near future.

Author contributions

ZZ contributed to manuscript drafting; LL handled the
revision of the manuscript for important intellectual content;
SL contributed to pharmaceutical guidance; XH contributed to
picture processing; JY contributed to article review. ZZ, LL, SL,
and XH contributed equally to this work. All authors have
agreed to be accountable for the content of the work.

Funding

The study was supported by Health Commission of Qinghai
Province (No. 2021-wjzdx-18).

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer ] Clin (2021) 71:209-49.
doi: 10.3322/caac.21660

2. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer |
Clin (2022) 72:7-33. doi: 10.3322/caac.21708

3. Sun D, Cao M, Li H, He S, Chen W. Cancer burden and trends in China: A
review and comparison with Japan and south Korea. Chin J Cancer Res (2020)
32:129-39. doi: 10.21147/j.issn.1000-9604.2020.02.01

4. Shanmugam MK, Arfuso F, Kumar AP, Wang L, Goh BC, Ahn K§, et al.
Modulation of diverse oncogenic transcription factors by thymoquinone, an
essential oil compound isolated from the seeds of nigella sativa Linn. Pharmacol
Res (2018) 129:357-64. doi: 10.1016/j.phrs.2017.11.023

5. Goyal SN, Prajapati CP, Gore PR, Patil CR, Mahajan UB, Sharma C, et al.
Therapeutic potential and pharmaceutical development of thymoquinone: a
multitargeted molecule of natural origin. Front Pharmacol (2017) 8:656.
doi: 10.3389/fphar.2017.00656

6. Shafodino FS, Lusilao JM, Mwapagha LM. Phytochemical characterization
and antimicrobial activity of nigella sativa seeds. PloS One (2022) 17:€0272457.
doi: 10.1371/journal.pone.0272457

7. Yimer EM, Tuem KB, Karim A, Ur-Rehman N, Anwar F. Nigella sativa 1.
(black cumin): a promising natural remedy for wide range of illnesses. Evid Based
Complement Alternat Med (2019) 2019:1528635. doi: 10.1155/2019/1528635

8. Liu Y, Huang L, Kim MY, Cho JY. The role of thymoquinone in

inflammatory response in chronic diseases. Int ] Mol Sci (2022) 23:10246.
doi: 10.3390/ijms231810246

9. Edris AE. Thymoquinone: chemistry and functionality. In: Fawzy Ramadan
M, editor. Black cumin (Nigella sativa) seeds: Chemistry, technology, functionality,
and applications. food bioactive ingredients. Cham: Springer (2021). doi: 10.1007/
978-3-030-48798-0_8

10. Schneider-Stock R, Fakhoury IH, Zaki AM, El-Baba CO, Gali-Muhtasib
HU. Thymogquinone: fifty years of success in the battle against cancer models. Drug
Discovery Today (2014) 19:18-30. doi: 10.1016/j.drudis.2013.08.021

Frontiers in Oncology

10.3389/fonc.2022.1092020

Acknowledgments

The authors are grateful to the Health Commission of
Qinghai Province for their contributions to the study. We
would like to thank Editage (www.editage.cn) for English
language editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

11. Abo-Atya DM, El-Mallah MF, El-Seedi HR, Farag MA. Novel prospective of
n. sativa essential oil analysis, culinary and medicinal uses. In: Fawzy Ramadan M,
editor. Black cumin (Nigella sativa) seeds: Chemistry, technology, functionality, and
applications. food bioactive ingredients. Cham: Springer (2021). doi: 10.1007/978-3-
030-48798-0_9

12. Alam M, Hasan GM, Ansari MM, Sharma R, Yadav DK, Hassan MI.
Therapeutic implications and clinical manifestations of thymoquinone.
Phytochemistry (2022) 200:113213. doi: 10.1016/j.phytochem.2022.113213

13. Alkharfy KM, Ahmad A, Khan RM, Al-Shagha WM. Pharmacokinetic
plasma behaviors of intravenous and oral bioavailability of thymoquinone in a
rabbit model. Eur ] Drug Metab Pharmacokinet (2015) 40:319-23. doi: 10.1007/
s13318-014-0207-8

14. El-Najjar N, Ketola RA, Nissild T, Mauriala T, Antopolsky M, Janis J, et al.
Impact of protein binding on the analytical detectability and anticancer activity of
thymoquinone. ] Chem Biol (2011) 4:97-107. doi: 10.1007/s12154-010-0052-4

15. Ahmad A, Khan RM, Alkharfy KM, Raish M, Al-Jenoobi FI, Al-Mohizea
AM. Effects of thymoquinone on the pharmacokinetics and pharmacodynamics of
glibenclamide in a rat model. Nat Prod Commun (2015) 10:1395-8. doi: 10.1177/
1934578X1501000821

16. Jain A, Pooladanda V, Bulbake U, Doppalapudi S, Rafeeqi TA, Godugu C,
et al. Liposphere mediated topical delivery of thymoquinone in the treatment of
psoriasis. Nanomedicine (2017) 13(7):2251-62. doi: 10.1016/j.nano.2017.06.009

17. Salmani JM, Asghar S, Lv H, Zhou J. Aqueous solubility and degradation
kinetics of the phytochemical anticancer thymoquinone; probing the effects of
solvents, pH and light. Molecules (2014) 19:5925-39. doi: 10.3390/
molecules19055925

18. Darakhshan S, Bidmeshki Pour A, Hosseinzadeh Colagar A, Sisakhtnezhad
S. Thymoquinone and its therapeutic potentials. Pharmacol Res (2015) 95-96:138—
58. doi: 10.1016/j.phrs.2015.03.011

19. Mansour MA, Ginawi OT, El-Hadiyah T, El-Khatib AS, Al-Shabanah OA,
Al-Sawaf HA. Effects of volatile oil constituents of nigella sativa on carbon

tetrachloride-induced hepatotoxicity in mice: evidence for antioxidant effects of
thymogquinone. Res Commun Mol Pathol Pharmacol (2001) 110:239-51.

frontiersin.org


http://www.editage.cn
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21708
https://doi.org/10.21147/j.issn.1000-9604.2020.02.01
https://doi.org/10.1016/j.phrs.2017.11.023
https://doi.org/10.3389/fphar.2017.00656
https://doi.org/10.1371/journal.pone.0272457
https://doi.org/10.1155/2019/1528635
https://doi.org/10.3390/ijms231810246
https://doi.org/10.1007/978-3-030-48798-0_8
https://doi.org/10.1007/978-3-030-48798-0_8
https://doi.org/10.1016/j.drudis.2013.08.021
https://doi.org/10.1007/978-3-030-48798-0_9
https://doi.org/10.1007/978-3-030-48798-0_9
https://doi.org/10.1016/j.phytochem.2022.113213
https://doi.org/10.1007/s13318-014-0207-8
https://doi.org/10.1007/s13318-014-0207-8
https://doi.org/10.1007/s12154-010-0052-4
https://doi.org/10.1177/1934578X1501000821
https://doi.org/10.1177/1934578X1501000821
https://doi.org/10.1016/j.nano.2017.06.009
https://doi.org/10.3390/molecules19055925
https://doi.org/10.3390/molecules19055925
https://doi.org/10.1016/j.phrs.2015.03.011
https://doi.org/10.3389/fonc.2022.1092020
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhao et al.

20. Kanter M. Thymoquinone attenuates lung injury induced by chronic
toluene exposure in rats. Toxicol Ind Health (2011) 27:387-95. doi: 10.1177/
0748233710387630

21. Gurung RL, Lim SN, Khaw AK, Soon JF, Shenoy K, Mohamed Ali S, et al.
Thymoquinone induces telomere shortening, DNA damage and apoptosis in
human glioblastoma cells. PloS One (2010) 5:e12124. doi: 10.1371/
journal.pone.0012124

22. Woo CC, Kumar AP, Sethi G, Tan KH. Thymoquinone: potential cure for
inflammatory disorders and cancer. Biochem Pharmacol (2012) 83:443-51.
doi: 10.1016/j.bcp.2011.09.029

23. Pang]J, Shen N, Yan F, Zhao N, Dou L, Wu LG, et al. Thymoquinone exerts
potent growth-suppressive activity on leukemia through DNA hypermethylation
reversal in leukemia cells. Oncotarget (2017) 8:34453-67. doi: 10.18632/
oncotarget.16431

24. Almajali B, Al-Jamal HAN, Taib WRW, Ismail I, Johan MF, Doolaanea AA,
et al. Thymoquinone, as a novel therapeutic candidate of cancers. Pharmaceuticals
(2021) 14:369. doi: 10.3390/ph14040369

25. Al-Ali A, Alkhawajah AA, Randhawa MA, Shaikh NA. Oral and
intraperitoneal LD50 of thymoquinone, an active principle of nigella sativa, in
mice and rats. ] Ayub Med Coll Abbottabad (2008) 20:25-7.

26. Khan MA, Tania M, Wei C, Mei Z, Fu S, Cheng J, et al. Thymoquinone
inhibits cancer metastasis by downregulating TWIST1 expression to reduce
epithelial to mesenchymal transition. Oncotarget (2015) 6:19580-91.
doi: 10.18632/oncotarget.3973

27. Tan M, Norwood A, May M, Tucci M, Benghuzzi H. Effects of (-)
epigallocatechin gallate and thymoquinone on proliferation of a PANC-1 cell
line in culture. BioMed Sci Instrum (2006) 42:363-71.

28. Torres MP, Ponnusamy MP, Chakraborty S, Smith LM, Das S, Arafat HA,
et al. Effects of thymoquinone in the expression of mucin 4 in pancreatic cancer
cells: implications for the development of novel cancer therapies. Mol Cancer Ther
(2010) 9:1419-31. doi: 10.1158/1535-7163.MCT-10-0075

29. Narayanan P, Farghadani R, Nyamathulla S, Rajarajeswaran J,
Thirugnanasampandan R, Bhuwaneswari G. Natural quinones induce ROS-
mediated apoptosis and inhibit cell migration in PANC-1 human pancreatic
cancer cell line. J Biochem Mol Toxicol (2022) 36:€23008. doi: 10.1002/jbt.23008

30. Relles D, Chipitsyna GI, Gong Q, Yeo CJ, Arafat HA. Thymoquinone
promotes pancreatic cancer cell death and reduction of tumor size through
combined inhibition of histone deacetylation and induction of histone
acetylation. Adv Prev Med (2016) 2016:1407840. doi: 10.1155/2016/1407840

31. Wu ZH, Chen Z, Shen Y, Huang LL, Jiang P. Anti-metastasis effect of
thymoquinone on human pancreatic cancer. Yao Xue Xue Bao (2011) 46:910-4.

32. Mu GG, Yu HG, Li HY, Li W. Thymoquinone inhibits migration and
invasion of human pancreatic cancer BxPC-3 cells in vitro. Chin ] Gastroenterol
(2014) 19(11):650-4.

33. Karki N, Aggarwal S, Laine RA, Greenway F, Losso JN. Cytotoxicity of
juglone and thymoquinone against pancreatic cancer cells. Chem Biol Interact
(2020) 327:109142. doi: 10.1016/j.cbi.2020.109142

34. Mu GG, Zhang LL, Li HY, Liao Y, Yu HG. Thymoquinone pretreatment
overcomes the insensitivity and potentiates the antitumor effect of gemcitabine
through abrogation of Notch1, PI3K/Akt/mTOR regulated signaling pathways in
pancreatic cancer. Dig Dis Sci (2015) 60:1067-80. doi: 10.1007/s10620-014-3394-x

35. Mu GG, Yu HG, Li HY, Zhang LL. Thymoquinone potentiates antitumor
activity of gemcitabine in pancreatic cancer BxPC-3 cells in vitro. ] Med Res (2014)
43(09):72-6.

36. Kaseb AO, Banerjee S, Wang Z, Sarkar FH, Ramzi M. Enhanced
chemosensitivity to gemcitabine and oxaliplatin by thymoquinone in pancreatic
cancer. J Clin Oncol (2008) 26:15565. doi: 10.1200/jc0.2008.26.15_suppl.15565

37. Banerjee S, Kaseb AO, Wang Z, Kong D, Mohammad M, Padhye S, et al.
Antitumor activity of gemcitabine and oxaliplatin is augmented by thymoquinone
in pancreatic cancer. Cancer Res (2009) 69:5575-83. doi: 10.1158/0008-5472.CAN-
08-4235

38. Pandita A, Kumar B, Manvati S, Vaishnavi S, Singh SK, Bamezai RN.
Synergistic combination of gemcitabine and dietary molecule induces apoptosis in
pancreatic cancer cells and down regulates PKM2 expression. PloS One (2014) 9:
€107154. doi: 10.1371/journal.pone.0107154

39. Pandita A, Manvati S, Singh SK, Vaishnavi S, Bamezai RN. Combined effect
of microRNA, nutraceuticals and drug on pancreatic cancer cell lines. Chem Biol
Interact (2015) 233:56-64. doi: 10.1016/j.cbi.2015.03.018

40. Bashir AO, El-Mesery ME, Anwer R, Eissa LA. Thymoquinone potentiates
miR-16 and miR-375 expressions in hepatocellular carcinoma. Life Sci (2020)
254:117794. doi: 10.1016/j.1£s.2020.117794

41. Wu ZH, Xu Y, Wang ZH, Huang H. Effects of thymoquinone combined
with gemcitabine on growth and apoptosis of human pancreatic cancer cell line
BxPC-3. Modern Pract Med (2014) 10:1242-3.

Frontiers in Oncology

14

10.3389/fonc.2022.1092020

42. Chehl N, Chipitsyna G, Gong Q, Yeo CJ, Arafat HA. Anti-inflammatory
effects of the nigella sativa seed extract, thymoquinone, in pancreatic cancer cells.
HPB (2009) 11:373-81. doi: 10.1111/.1477-2574.2009.00059.x

43. Liu A, Wang W, Chen Z, Wu ZH. Anti-angiogenic effect of thymoquinone
on angiogenesis and proliferation of pancreatic cancer. Chin J Pathophysiol (2011)
27:2281-5.

44. Wang YM. Inhibitory effects of thymoquinone on human pancreatic
carcinoma orthotopically implanted in nude mice. Nat Med ] China (2011) 91
(44):3111-4.

45, Imran M, Rauf A, Khan IA, Shahbaz M, Qaisrani TB, Fatmawati S, et al.
Thymoquinone: A novel strategy to combat cancer: A review. BioMed
Pharmacother (2018) 106:390-402. doi: 10.1016/j.biopha.2018.06.159

46. El-Far AH, Tantawy MA, Al Jaouni SK, Mousa SA. Thymoquinone-
chemotherapeutic combinations: new regimen to combat cancer and cancer stem
cells. Naunyn Schmiedebergs Arch Pharmacol (2020) 393:1581-98. doi: 10.1007/
500210-020-01898-y

47. Zhang Y, Zhang ], Xu K, Xiao Z, Sun J, Xu J, et al. PTEN/PI3K/mTOR/B7-
H1 signaling pathway regulates cell progression and immuno-resistance in
pancreatic cancer. Hepatogastroenterology (2013) 60:1766-72.

48. Ansary J, Giampieri F, Forbes-Hernandez TY, Regolo L, Quinzi D, Gracia
Villar S, et al. Nutritional value and preventive role of nigella sativa 1. and its main
component thymoquinone in cancer: an evidenced-based review of preclinical and
clinical studies. Molecules (2021) 26:2108. doi: 10.3390/molecules26082108

49. Mahmoud YK, Abdelrazek HMA. Cancer: Thymoquinone antioxidant/pro-
oxidant effect as potential anticancer remedy. BioMed Pharmacother (2019)
115:108783. doi: 10.1016/j.biopha.2019.108783

50. Birben E, Sahiner UM, Sackesen C, Erzurum S, Kalayci O. Oxidative stress
and antioxidant defense. World Allergy Organ ] (2012) 5:9-19. doi: 10.1097/
WOX.0b013e3182439613

51. Banerjee S, Azmi AS, Padhye S, Singh MW, Baruah JB, Philip PA, et al.
Structure-activity studies on therapeutic potential of thymoquinone analogs in
pancreatic cancer. Pharm Res (2010) 27:1146-58. doi: 10.1007/s11095-010-0145-3

52. Rachamalla HK, Bhattacharya S, Ahmad A, Sridharan K, Madamsetty VS,
Mondal SK, et al. Enriched pharmacokinetic behavior and antitumor efficacy of
thymoquinone by liposomal delivery. Nanomedicine (2021) 16:641-56.
doi: 10.2217/nnm-2020-0470

53. Ramachandran S, Thangarajan S. Thymoquinone loaded solid lipid
nanoparticles counteracts 3-nitropropionic acid induced motor impairments and
neuroinflammation in rat model of huntington’s disease. Metab Brain Dis (2018)
33:1459-70. doi: 10.1007/s11011-018-0252-0

54. Alam M, Najmi AK, Ahmad I, Ahmad FJ, Akhtar MJ, Imam SS, et al.
Formulation and evaluation of nano lipid formulation containing CNS acting drug:
molecular docking, in-vitro assessment and bioactivity detail in rats. Artif Cells
Nanomed Biotechnol (2018) 46:46-57. doi: 10.1080/21691401.2018.1451873

55. Singh A, Ahmad I, Akhter S, Jain GK, Igbal Z, Talegaonkar S, et al.
Nanocarrier based formulation of thymoquinone improves oral delivery: stability
assessment, in vitro and in vivo studies. Colloids Surf B Biointerfaces (2012)
102:822-32. doi: 10.1016/j.colsurfb.2012.08.038

56. Elmowafy M, Samy A, Raslan MA, Salama A, Said RA, Abdelaziz AE, et al.
Enhancement of bioavailability and pharmacodynamic effects of thymoquinone
Via nanostructured lipid carrier (NLC) formulation. AAPS PharmSciTech (2016)
17:663-72. doi: 10.1208/s12249-015-0391-0

57. Rathore C, Upadhyay N, Kaundal R, Dwivedi RP, Rahatekar S, John A, et al.
Enhanced oral bioavailability and hepatoprotective activity of thymoquinone in the
form of phospholipidic nano-constructs. Expert Opin Drug Delivery (2020) 17:237—
53. doi: 10.1080/17425247.2020.1716728

58. Ng WK, Saiful Yazan L, Yap LH, Wan Nor Hafiza WA, How CW, Abdullah
R. Thymoquinone-loaded nanostructured lipid carrier exhibited cytotoxicity
towards breast cancer cell lines (MDA-MB-231 and MCEF-7) and cervical cancer
cell lines (HeLa and SiHa). BioMed Res Int (2015), 2015:263131. doi: 10.1155/2015/
263131

59. Abdelwahab SI, Sheikh BY, Taha MM, How CW, Abdullah R, Yagoub U,
et al. Thymoquinone-loaded nanostructured lipid carriers: preparation,
gastroprotection, in vitro toxicity, and pharmacokinetic properties after
extravascular administration. Int ] Nanomed (2013) 8:2163-72. doi: 10.2147/
IJN.S44108

60. Bhattacharya S, Ahir M, Patra P, Mukherjee S, Ghosh S, Mazumdar M, et al.
PEGylated-thymoquinone-nanoparticle mediated retardation of breast cancer cell
migration by deregulation of cytoskeletal actin polymerization through miR-34a.
Biomaterials (2015) 51:91-107. doi: 10.1016/j.biomaterials.2015.01.007

61. Verma SK, Rastogi S, Javed K, Akhtar M, Arora I, Samim M.
Nanothymoquinone, a novel hepatotargeted delivery system for treating CCl4
mediated hepatotoxicity in rats. ] Mater Chem B (2013) 1:2956-66. doi: 10.1039/
c3tb20379d

frontiersin.org


https://doi.org/10.1177/0748233710387630
https://doi.org/10.1177/0748233710387630
https://doi.org/10.1371/journal.pone.0012124
https://doi.org/10.1371/journal.pone.0012124
https://doi.org/10.1016/j.bcp.2011.09.029
https://doi.org/10.18632/oncotarget.16431
https://doi.org/10.18632/oncotarget.16431
https://doi.org/10.3390/ph14040369
https://doi.org/10.18632/oncotarget.3973
https://doi.org/10.1158/1535-7163.MCT-10-0075
https://doi.org/10.1002/jbt.23008
https://doi.org/10.1155/2016/1407840
https://doi.org/10.1016/j.cbi.2020.109142
https://doi.org/10.1007/s10620-014-3394-x
https://doi.org/10.1200/jco.2008.26.15_suppl.15565
https://doi.org/10.1158/0008-5472.CAN-08-4235
https://doi.org/10.1158/0008-5472.CAN-08-4235
https://doi.org/10.1371/journal.pone.0107154
https://doi.org/10.1016/j.cbi.2015.03.018
https://doi.org/10.1016/j.lfs.2020.117794
https://doi.org/10.1111/j.1477-2574.2009.00059.x
https://doi.org/10.1016/j.biopha.2018.06.159
https://doi.org/10.1007/s00210-020-01898-y
https://doi.org/10.1007/s00210-020-01898-y
https://doi.org/10.3390/molecules26082108
https://doi.org/10.1016/j.biopha.2019.108783
https://doi.org/10.1097/WOX.0b013e3182439613
https://doi.org/10.1097/WOX.0b013e3182439613
https://doi.org/10.1007/s11095-010-0145-3
https://doi.org/10.2217/nnm-2020-0470
https://doi.org/10.1007/s11011-018-0252-0
https://doi.org/10.1080/21691401.2018.1451873
https://doi.org/10.1016/j.colsurfb.2012.08.038
https://doi.org/10.1208/s12249-015-0391-0
https://doi.org/10.1080/17425247.2020.1716728
https://doi.org/10.1155/2015/263131
https://doi.org/10.1155/2015/263131
https://doi.org/10.2147/IJN.S44108
https://doi.org/10.2147/IJN.S44108
https://doi.org/10.1016/j.biomaterials.2015.01.007
https://doi.org/10.1039/c3tb20379d
https://doi.org/10.1039/c3tb20379d
https://doi.org/10.3389/fonc.2022.1092020
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhao et al.

62. Abu-Dahab R, Odeh F, Ismail SI, Azzam H, Al Bawab A. Preparation,
characterization and antiproliferative activity of thymoquinone-beta-cyclodextrin
self assembling nanoparticles. Pharmazie (2013) 68:939-44.

63. Rani R, Dahiya S, Dhingra D, Dilbaghi N, Kim KH, Kumar S. Improvement
of antihyperglycemic activity of nano-thymoquinone in rat model of type-2
diabetes. Chem Biol Interact (2018) 295:119-32. doi: 10.1016/j.cbi.2018.02.006

64. Alam S, Khan ZI, Mustafa G, Kumar M, Islam F, Bhatnagar A, et al
Development and evaluation of thymoquinone-encapsulated chitosan
nanoparticles for nose-to-brain targeting: a pharmacoscintigraphic study. Int J
Nanomed (2012) 7:5705-18. doi: 10.2147/IJN.S35329

65. Odeh F, Ismail SI, Abu-Dahab R, Mahmoud IS, Al Bawab A.
Thymoquinone in liposomes: a study of loading efficiency and biological activity
towards breast cancer. Drug Delivery (2012) 19:371-7. doi: 10.3109/
10717544.2012.727500

66. Ballout F, Habli Z, Rahal ON, Fatfat M, Gali-Muhtasib H. Thymoquinone-
based nanotechnology for cancer therapy: promises and challenges. Drug Discovery
Today (2018) 23:1089-98. doi: 10.1016/j.drudis.2018.01.043

67. Butnariu M, Quispe C, Herrera-Bravo J, Helon P, Kukula-Koch W, Lopez V,
et al. The effects of thymoquinone on pancreatic cancer: Evidence from preclinical
studies. BioMed Pharmacother (2022) 153:113364. doi: 10.1016/
j.biopha.2022.113364

68. Yu S, Long Y, Li D, Shi A, Deng J, Ma Y, et al. Natural essential oils
efficacious in internal organs fibrosis treatment: Mechanisms of action and
application perspectives. Pharmacol Res (2022) 182:106339. doi: 10.1016/
j.phrs.2022.106339

69. Lane AA, Chabner BA. Histone deacetylase inhibitors in cancer therapy. J
Clin Oncol (2009) 27:5459-68. doi: 10.1200/JC0O.2009.22.1291

70. Zubair H, Khan HY, Sohail A, Azim S, Ullah MF, Ahmad A, et al. Redox
cycling of endogenous copper by thymoquinone leads to ROS-mediated DNA
breakage and consequent cell death: putative anticancer mechanism of
antioxidants. Cell Death Dis (2013) 4:¢660. doi: 10.1038/cddis.2013.172

71. Xu HL, Yu XF, Qu SC, Zhang R, Qu XR, Chen YP, et al. Anti-proliferative
effect of juglone from juglans mandshurica maxim on human leukemia cell HL-60
by inducing apoptosis through the mitochondria-dependent pathway. Eur ]
Pharmacol (2010) 45:14-22. doi: 10.1016/j.ejphar.2010.06.072

72. Furukawa T. Mechanisms of development and progression of pancreatic
neoplasms. Pathol Int (2022) 72:529-540. doi: 10.1111/pin.13272

73. Spallarossa A, Tasso B, Russo E, Villa C, Brullo C. The development of FAK
inhibitors: a five-year update. Int J Mol Sci (2022) 23:6381. doi: 10.3390/
ijms23126381

74. Cui ], Guo Y, Wu H, Xiong ], Peng T. Everolimus regulates the activity of
gemcitabine-resistant pancreatic cancer cells by targeting the warburg effect via

Frontiers in Oncology

15

10.3389/fonc.2022.1092020

PI3K/AKT/mTOR signaling. Mol Med (2021) 27:38. doi: 10.1186/s10020-021-
00300-8

75. Homayoonfal M, Asemi Z, Yousefi B. Targeting microRNAs with
thymoquinone: a new approach for cancer therapy. Cell Mol Biol Lett (2021)
26:43. doi: 10.1186/s11658-021-00286-5

76. Christiansen T, Richelsen B, Bruun JM. Monocyte chemoattractant protein-
1 is produced in isolated adipocytes, associated with adiposity and reduced after
weight loss in morbid obese subjects. Int J Obes (2005) 29:146-50. doi: 10.1038/
§).0.0802839

77. Talbert EE, Lewis HL, Farren MR, Ramsey ML, Chakedis JM, Rajasekera P,
et al. Circulating monocyte chemoattractant protein-1 (MCP-1) is associated with
cachexia in treatment-naive pancreatic cancer patients. ] Cachexia Sarcopenia
Muscle (2018) 9:358-68. doi: 10.1002/jcsm.12251

78. Kovacic P, Somanathan R. Recent developments in the mechanism of
anticancer agents based on electron transfer, reactive oxygen species and
oxidative stress. Anticancer Agents Med Chem (2011) 11:658-68. doi: 10.2174/
187152011796817691

79. Lee JI, Choi DY, Chung HS, Seo HG, Woo HJ, Choi BT, et al. B-lapachone
induces growth inhibition and apoptosis in bladder cancer cells by modulation of
bcl-2 family and activation of caspases. Exp Oncol (2006) 28:30-5.

80. Phua CYH, Teoh ZL, Goh BH, Yap WH, Tang YQ. Triangulating the
pharmacological properties of thymoquinone in regulating reactive oxygen species,
inflammation, and cancer: Therapeutic applications and mechanistic pathways.
Life Sci (2021) 287:120120. doi: 10.1016/j.1fs.2021.120120

81. El-Najjar N, Chatila M, Moukadem H, Vuorela H, Ocker M, Gandesiri M,
et al. Reactive oxygen species mediate thymoquinone-induced apoptosis and
activate ERK and JNK signaling. Apoptosis (2010) 15:183-95. doi: 10.1007/
510495-009-0421-z

82. Sunassee SN, Veale CG, Shunmoogam—Gounden N, Osoniyi O, Hendricks
DT, Caira MR, et al. Cytotoxicity of lapachol, B-lapachone and related synthetic
1,4-naphthoquinones against oesophageal cancer cells. Eur ] Med Chem (2013)
62:98-110. doi: 10.1016/j.ejmech.2012.12.048

83. Jain RA. The manufacturing techniques of various drug loaded
biodegradable poly(lactide-co-glycolide) (PLGA) devices. Biomaterials (2000)
21:2475-90. doi: 10.1016/s0142-9612(00)00115-0

84. El-Far AH, Al Jaouni SK, Li W, Mousa SA. Protective roles of
thymoquinone nanoformulations: Potential nanonutraceuticals in human
diseases. Nutrients (2018) 10:1369. doi: 10.3390/nul0101369

85. Liu D, Zhang H, Fontana F, Hirvonen JT, Santos HA. Current developments
and applications of microfluidic technology toward clinical translation of
nanomedicines. Adv Drug Delivery Rev (2018) 128:54-83. doi: 10.1016/
j.addr.2017.08.003

frontiersin.org


https://doi.org/10.1016/j.cbi.2018.02.006
https://doi.org/10.2147/IJN.S35329
https://doi.org/10.3109/10717544.2012.727500
https://doi.org/10.3109/10717544.2012.727500
https://doi.org/10.1016/j.drudis.2018.01.043
https://doi.org/10.1016/j.biopha.2022.113364
https://doi.org/10.1016/j.biopha.2022.113364
https://doi.org/10.1016/j.phrs.2022.106339
https://doi.org/10.1016/j.phrs.2022.106339
https://doi.org/10.1200/JCO.2009.22.1291
https://doi.org/10.1038/cddis.2013.172
https://doi.org/10.1016/j.ejphar.2010.06.072
https://doi.org/10.1111/pin.13272
https://doi.org/10.3390/ijms23126381
https://doi.org/10.3390/ijms23126381
https://doi.org/10.1186/s10020-021-00300-8
https://doi.org/10.1186/s10020-021-00300-8
https://doi.org/10.1186/s11658-021-00286-5
https://doi.org/10.1038/sj.ijo.0802839
https://doi.org/10.1038/sj.ijo.0802839
https://doi.org/10.1002/jcsm.12251
https://doi.org/10.2174/187152011796817691
https://doi.org/10.2174/187152011796817691
https://doi.org/10.1016/j.lfs.2021.120120
https://doi.org/10.1007/s10495-009-0421-z
https://doi.org/10.1007/s10495-009-0421-z
https://doi.org/10.1016/j.ejmech.2012.12.048
https://doi.org/10.1016/s0142-9612(00)00115-0
https://doi.org/10.3390/nu10101369
https://doi.org/10.1016/j.addr.2017.08.003
https://doi.org/10.1016/j.addr.2017.08.003
https://doi.org/10.3389/fonc.2022.1092020
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Advances in research on the relationship between thymoquinone and pancreatic cancer
	Introduction
	Characteristics of TQ
	TQ inhibits proliferation and promotes apoptosis in pancreatic cancer cells
	TQ inhibits cell invasion and metastasis in pancreatic cancer
	TQ increases chemosensitivity
	Anti-inflammatory effects of TQ
	TQ inhibits angiogenesis
	Antioxidation and pro-oxidation of TQ
	TQ analogs and carriers
	Discussion
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


