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Abstract

Crocin, a water-soluble carotenoid, is known as a pharmacologically active compound,
particularly for its potent anti-oxidant activity. The present work provides a comprehensive
review of the available literature concerning the anti-inflammatory properties of crocin in various
organs/systems as well as its anti-nociceptive effects. PubMed, Scopus, and Web of Science
electronic databases were systematically searched up to 28 March 2020 to detect al relevant
preclinical and human studies in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) statement. In total, 104 studies were included for
gualitative synthesis. This systematic search and review indicated that crocin not only combats
reactive oxygen species production and suppresses pro-inflammatory cytokines secretion but also
alleviates inflammation in various organs (e.g. the lung, heart, brain, and kidney), in a series of
animal models and in vitro experiments, via regulating mainly NF-xB pathway and NF-«xBp65
translocation to the cell nucleus. In this context, modulation of PI3K/Akt appears to be a
favorable crocin target contributing to NF-xB pathway inhibition. Even though datais limited in
humans with only one clinically relevant study retrieved, the results of preclinical studies
regarding anti-inflammatory/anti-nociceptive effects of crocin are promising and warrant further

testingin clinical settings.
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Highlights:

Crocin anti-inflammatory function involves suppriess of MAPK and NF-kB, but
activation of Nrf2.

Crocin suppresses production/secretion of T\H--6, IL-10, IFN-y and IL-1B (in vitro
andin vivo) and reduces TNE-and IL-17 in humans.

Suppression of MAPK and Wnif3-catenin signaling mediates crocin pain killing
effects.

Even though data is limited in humans, the resafitpreclinical studies regarding anti-
inflammatory/anti-nociceptive effects of crocin gm@mising and warrant further testing
in clinical settingsAbbreviations:

6-OHDA: 6-hydroxydopamine

AA: Acetic acid

ALP: alkaline phosphatase

AMPK: 5'-adenosine monophosphate (AMP)-activatedgin kinase

AP: acute pancreatitis

ARDS: Acute respiratory distress syndrome

BDNF: Brain derived neurotrophic factor

BPA: Bisphenol A

CAMKA4: Ca2+/calmodulin dependent protein kinase 4

CAT: catalase

CCL2: CC-chemokine ligand 2

CCl4: carbon tetrachloride

CGRP: calcitonin gene related peptide

COPD: Chronic obstructive pulmonary disease
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Abstract

Crocin, a water-soluble carotenoid, is known as harmacologically active compound,
particularly for its potent anti-oxidant activitfthe present work provides a comprehensive
review of the available literature concerning thé-anflammatory properties of crocin in various
organs/systems as well as its anti-nociceptiveceffePubMed, Scopus, and Web of Science
electronic databases were systematically searchettd 28 March 2020 to detect all relevant
preclinical and human studies in accordance wighRheferred Reporting Iltems for Systematic
Reviews and Meta-analyses (PRISMA) statement. tal,td04 studies were included for
gualitative synthesis. This systematic search awcew indicated that crocin not only combats
reactive oxygen species production and suppressasflammatory cytokines secretion but also
alleviates inflammation in various organs (e.qg. limgg, heart, brain, and kidney), in a series of
animal models anth vitro experiments, via regulating mainly NdB pathway and NkBp65
translocation to the cell nucleus. In this contaxipdulation of PI3K/Akt appears to be a
favorable crocin target contributing to NdB- pathway inhibition. Even though data is limited i
humans with only one clinically relevant study ieted, the results of preclinical studies
regarding anti-inflammatory/anti-nociceptive effectf crocin are promising and warrant further
testing in clinical settings.

Key words: crocin; natural products; herbal medicine; panfiammation.
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Introduction

Crocin, a bioactive natural product isolated fr@ardenia jasminoides Ellis andCrocus
sativus (saffron), is a water-soluble carotenoid that dbuotes to the red color of saffron (Huang,
Xu et al. 2019, Kalantar, Kalantari et al. 2019prR a chemical point of view, crocin is a diester
consisted of the disaccharide gentiobiose and tba&rtwbxylic acid crocetin (Alavizadeh and
Hosseinzadeh 2014). These phytoconstituents arecatatavengers, particularly against
superoxide anions (Erben-Russ, Michel et al. 198¥%aee and Hosseinzadeh 2013, Kocaman,
Altinoz et al. 2019). Besides cytotoxic (RezaeehMaudi et al. 2013, Rezaee, Jamialahmadi et
al. 2014), anti-hypertensive (Hashemzaei, Rezaeal. gt antidepressant, anti-atherosclerotic,
anti-platelet aggregation, and nephron-protectnaperties (Korani, Korani et al. 2019), crocin
possesses marked anti-oxidant activities as wedlndisinflammatory properties (Hatziagapiou,
Kakouri et al. 2019, Suh, Chon et al. 2019).

The well-known antioxidant properties of crocin weshown to be mediated, at least in
part, through modulation of glutathione peroxidd&Px), glutathione S-transferase (GST),
catalase (CAT), and superoxide dismutase (SOD){pkorani et al. 2019). Reactive oxygen
species (ROS) are regularly produced during meiafaattivities of the cell; however, under
uncontrolled conditions, they affect redox balasabsequently disturbing stress responses and
apoptotic signaling pathways with deleterious cqus@ces (Chiu and Dawes 2012, Rezaee,
Behravan et al. 2014). Besides, inflammatory diseagere shown to be associated with ROS
production/release (Kavasi, Berdiaki et al. 2017rdfi, Korani et al. 2019, Tsoukalas,
Fragoulakis et al. 2019, Zalar, Pop et al. 2010)this regard, oxidative-induced changes in

proteins were reported to affect their structurd aativity or render them active mediators in
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inflammation development (Ungurianu, Margiet al. 2017, Hatziagapiou, Kakouri et al. 2019,
Neagu, Constantin et al. 2019).

Inflammation is an extremely essential protectiuaction of an organism and various
patterns have been described for different disesises ancient times (Kuprash and Nedospasov
2016). Modern life which exposes the individuals aomultitude of stimuli from different
sources, even at low doses, is a trigger of oxidagtress, inflammation and chronic diseases in
long term (Tsatsakis, Kouretas et al. 2017, DoGa#ita et al. 2018, Fountoucidou, Veskoukis
et al. 2019, Tsatsakis, Tyshko et al. 2019, Ts&s&@locea et al. 2019). Type 1 T helper (Thl),
Th2, and Thl7 as the key parts of the classic inentesponses, exert their characteristic
functions via particular cytokines. Thl responsesoive interferon-gamma (IFM}y and
interleukin (IL)-12 cytokines, and induce cellularmune responses. Th2 and Th17 respectively
produce allergic (through IL-4, IL-5 and IL-13), cameutrophil-mediated (through IL-17)
reactions. Cytokines that act as immunosuppressaatfi -10, and transforming growth factor
beta (TGFB) (Korani, Korani et al. 2019).

Nuclear factoB (NF-«B) is considered a main player in various inflamongat
processes (Schuliga 2015) and when it interactl wiparticular DNA sequence of TGHE-
gene, it induces the expression of TEFgene (Bowie and O’Neill 2000). Mechanisticallg, a
reaction to an external stimulkB kinase activity leads tacBa ubiquitination and proteasomal
destruction, and subsequently, NB- translocation to the nucleus (Jiang, Yi et all120
Receptor activator of NkB ligand (RANKL) triggers classical NkB signaling by inducing
IxkBa kinase (IKK), and phosphorylation-dependeat®d degradation, followed by translocation

of p65 to the nucleus (Li and Verma 2002). It istptated that ROS mediate MB-activation,
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as it was suppressed by several antioxidants @gupated antioxidant enzymes (Li and KARIN
1999).

The aim of this paper is to provide a comprehensswiew of the available literature on
the potential anti-inflammatory properties of crodn various organs/systems and its anti-

nociceptive effects, focusing on the underlying hagsms.

M ethods

PubMed, Scopus, and Web of Science electronic dsa¢sbwere systematically searched (28
March 2020) to detect all original research studsesording to the Preferred Reporting Items
for Systematic Reviews and Meta-analyses (PRISMafement (Moher, Liberati et al. 2010).
The specific literature search strategy used wascin AND ("*pain*" OR "*inflammation*"
OR ™inflam*" OR "ache" OR "*algia*")). The referar lists of selected studies were screened
for other potentially eligible studies. After exdlng duplicates, citations in abstract form and
non-English citations, the titles/abstracts of fadpers were screened for relevance. All types of
citations other than original research studies. [@gew articles) and those reporting the effects
of extracts (i.e. not pure crocin) were excludédvo review authors (M.H., R.R. and E.S.A)
independently assessed the title and the abstomtértt (or both) of every record retrieved to
decide which studies should be further evaluatedi extracted all data. Disagreements were
resolved through consensus or by consultation withird author (K.T.). A final draft of the
manuscript was prepared after several revisionM(X.T., G.G., G.L. AT. E.S.A, and
R.R.) and approved by all authors. In total, 1Q/&s (103 preclinical studies and oneclinical

trial) were considered for qualitative synthesig(fe 1).
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Anti-inflammatory effectsin therespiratory system

Crocin was administered to mice that were expoeetidarette smoke for induction of
chronic obstructive pulmonary disease (COPD); tssshowed that crocin could reduce
inflammatory cells number and lung I13;1IL-6 and TNFe levels; however, IGF-1 (insulin-like
growth factor 1), a PI3K/Akt activator, neutralizerbcin’s effect suggesting that crocin exerts
its anti-inflammatory effects through modulationRIBK/Akt-mediated inflammatory pathways
(Xie, He et al. 2019).

In rats with COPD, crocin up-regulated mRNA levefsNrf2 (erythroid-derived 2 like
protein 2) via induction of mMRNA expression of PK(protein kinase C), PI3K
(phosphoinositide-3-kinase) and MAPK (mitogen-aatiad protein kinases; ERK2), as its
upstream activators (Dianat, Radan et al. 2018hsGtently, crocin protected cigarette smoke
extracts-exposed alveolar epithelial cells (A541@)activation of Nrf2 and boosting anti-oxidant
system (Radan, Dianat et al. 2019).

Moreover, human bronchial epithelial cells pre-teda with crocin showed lower
concentrations of TNle; IL-8, IL-6 and IL-13 as well as suppressed KB-p65 expression and
nuclear translocation induced Bgpergillus fumigatus (Du, Chi et al. 2018).

In anin vitro study in RAW264.7 cells, it was observed that craeduced IL-4 and IL-
10 which are considered anti-inflammatory mediatous diminished TNFx and IL-6 that are
regarded as pro-inflammatory components. Anti-infl@atory activity of crocin was mediated
through favoring M2 macrophage differentiation thgh suppressing p38 and JNK pathways
(Zhu, Yang et al. 2019). Also, in RAW264.7 cellsubated with lipopolysaccharide (LPS),
crocin increased heme oxygenase-1 (HO-1) expresgioch resulted in an anti-inflammatory

response; further, crocin suppressed iINOS and N@olmn-regulation of NReB. Interestingly,

12
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it was observed that &#calmodulin dependent protein kinase 4 (CAMKA4) bition, abrogated
HO-1 expression, Nrf2 activation, and Akt phospletign; thus, authors concluded that INOS
suppression was mediated through increment of H®ptession as a result of ¢faalmodulin-
CAMK4-PI3K/Akt-Nrf2 signaling activation (Kim, Parkt al. 2014).

In rats treated with intratracheal bleomycin, cnocmarkedly diminished total
inflammatory cells, lymphocytes and neutrophils bemin bronchoalveolar lavage fluid
(BALF) and considerably decreased scores of luriglammatory lesions; also, crocin
suppressed the lung levels of IL-10 and TLR4 (ik#- receptor 4), the latter is central in
neutrophil accumulation and TNEexpression, and when activated, induces PG&Isignaling
and activates fibroblasts (Zaghloul, Said et al90

Yosri et al. treated the mice with ovalbumin (OMA)produce a murine model of asthma
that showed higher lung levels of TNE-IL-4, and IL-13 and elevated number of BALF
inflammatory cells (Yosri, Elkashef et al. 2017)NH-a is involved in commencement and
development of tissue damage. In lungs, TdNBtimulates neutrophil attachment to the
capillaries and subsequent entrance to the alvepkare (Ware 2006, Giebelen, van Westerloo et
al. 2007). Beside, via IL-4-mediated signaling,li8-induces signal transducer and activator of
transcription 6 (STATG6), resulting in airway hypesponsiveness (Griinig, Warnock et al. 1998,
Wills-Karp, Luyimbazi et al. 1998). In this expeemt, all OVA-induced alterations were
restored by crocin (Yosri, Elkashef et al. 2017pn€§istently, in murine asthma models, crocin
alleviated airway inflammation via modifying IL-4413 or MAPK signaling (Xiong, Wang et
al. 2015, Yosri, Elkashef et al. 2017).

Moreover, in BALB/c mice with allergic airway inflamation induced by OVA, crocin

ameliorated airway inflammation and hyper-reagfivitiminished IL-4, IL-5, IL-13 and tryptase

13



242 in the BALF, reduced serum OVA-specific IgE, angressed expression of major MAPKs
243 namely, p-ERK, p-JNK and p-p38 in the lung (Xiokgang et al. 2015). LPS-induced increment
244  of BALF IL-1B and TNFe levels was down-regulated by crocin in mice withite lung injury
245 (Wang, Kuai et al. 2015). Using LPS-induced modelumg injury, it was also found that
246  besides reduction of lung levels of phosphorylgi@8, ERK, and JNK, crocin pretreatment
247  suppressed HMGB-1 (high-mobility group box 1) whisha late inflammatory factor which

248 induces intracellular NkB signaling pathway and worsens the injury (Zhdiget al. 2020).

249 Main characteristics of the detected preclinicaldes investigating the potential anti-
250 inflammatory properties of crocin in the respirgttnact, are summarized in Table 1 (Kim, Park
251 et al. 2014, Xiong, Wang et al. 2015, Yosri, Elkefsét al. 2017, Dianat, Radan et al. 2018, Du,

252 Chietal. 2018, Xie, He et al. 2019, Zaghloul,dSeti al. 2019, Zhang, Qi et al. 2020).

253  Anti-inflammatory effectsin the nervous system

254 In a rat model of Parkinson’s disease induced yd-oxydopamine (6-OHDA), crocin
255  effects were examined and it was reported thaticroauld reduce striatum levels of TNk

256  (Shahidani, Rajaei et al. 2019). In rats with Raskin’s disease caused by exposure to rotenone,
257  crocin activated PI3K/Akt, and augmented phosplaipe-rich Akt substrate 40 kDa (p-
258 PRAS40), mTOR and p-p70S6K. Also, miRNA-7 and miRR2&L expression was induced
259  which led to Akt/mTOR activation (Salama, Abdeldifa¢t al. 2020). Phosphorylation of
260 PRAS40 leads to mTOR activation (Chong 2016). PAGKivation can stimulate the activation
261 of mTORC2 and further activation of p-Akt. mTOR iaation results in activation of its

262  downstream target p70S6K which contributes to aellwival (Laplante and Sabatini 2012).
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Also, crocin effects on malathion-induced Parkinka symptoms, were documented
by reduced striatum and hippocampal levels of T©NFEnd IL-6 (Mohammadzadeh,
Hosseinzadeh et al. 2018, Mohammadzadeh, Abnals20220).

In a study that examined crocin effects on inflaftanalung condition and depression as
a comorbidity, NR¢B pathway involvement in the effects of crocin egatette smoke-induced
COPD in mice, was evaluated; crocin treatment tedetluced levels of smoke-inducel
phosphorylation and degradation, inhibition of slacation of NFR«Bp65 to the nucleus and
restoration of pro-inflammatory cytokines concetinas in the hippocampus. Among pathways
that crocin can modulate, Xie et al. found thatcorocould modify NF<B by inhibiting
PI3K/Akt-mediated signaling as application of IGFéutralized crocin’s effect (Xie, He et al.
2019).

Involvement of neuro-inflammation and oxidativeess in induction of depression and
anxiety was documented by augmented f-IL-6, and TNFe levels in patients (Dowlati,
Herrmann et al. 2010). In this context, crocin-feef was tested in chronic corticosterone-
depressed mice; results showed that oral gavaggooin-I, as a member of crocin family
(comprised of crocin I-1V), reduced ILBlexpression and oxidative stress in mice hippocampu
(Xiao, Xiong et al. 2019).

In a experiment that studied LPS-induced anxiety depressive-like behaviors, LPS-
treated BV2 microglia cells incubated with crocimowed reductions in TNE-and IL-18 in
comparison to the LPS only treated control celfs;parallel, researchers showed that NLR
family pyrin domain-containing protein 3 (NLRP3flammasome that stimulates pro-caspase-1,
which sequentially triggers ILgland IL-18 cleavage and secretion, was attenuagectdxin.

NLRP3 mRNA expression is stimulated by NB-(Zhang, Previn et al. 2018). Moreover, in

15



286  BV-2 microglia stimulated by LPS, crocin inhibitegtne expression of IL-6, CC-chemokine
287 ligand 2 (CCL2), and iNOS and reduced NO productibowever, authors concluded that
288  suppression of NkB translocation to the nucleus was not involvedha anti-inflammatory
289  effects (Yorgun, Rashid et al. 2017).

290 Also, crocin protective activity against methampainmeihe-induced neuro-inflammation
291  was evidenced by reduced hippocampal level of BNBhafahi, Vaezi et al. 2018). Similarly,
292 crocin lowered hippocampal TN&-and IL-13 concentrations in methamphetamine-treated rats
293  (Mozaffari, Yasuj et al. 2019).

294 Methylphenidate is a psychstimulant drug with marked addictive potential;stligent
295 is being used for treatment of attention/deficitpéractivity disorder (ADHD) in children
296 (Morton and Stockton 2000, Leonard, McCartan e@04). In methylphenidate-treated rats,
297  crocin administration decreased hippocampal1p and TNFla concentrations, but induced
298 phosphorylated CREB (FRCREB) and brain-derived neurotrophic factor (BDNF)
299  (Ebrahimzadeh, Moghadam et al. 2019)/GREB (that is activated CREB), governs several
300 genes specially BDNF which has a key role in reggtion, development, survival, excitability,
301 addiction, depression, and cognition. Importandigruption of CREB pathway was found to be
302 followed by oxidative stress, apoptosis, and neegederation (Mayr and Montminy 2001).
303 BDNF protective effects on brain cells and neurans mediated through its receptor, TrkB
304 (Martinowich, Hattori et al. 2003, Carlezon Jr, Damret al. 2005).

305 Moreover, treatment of BV-2 cells with crocin, ried in decrement of LPS-stimulated
306  productions of TNFx and IL-13 and repression of LPS-elicited NdB- activation (Nam, Park et
307 al. 2010). Similarly, crocin could reduce serumaantrations of IL-6, IL-B, and TNFe in a rat

308 model of Alzheimer’s disease (Sadoughi 2019).

16



309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

Furthermore, crocin diminished levels of plasminogetivator inhibitor type 1 (PAI-1),
which is linked to inflammatory conditions like gepshock, in brain and liver samples from
LPS-treated rats (Tsantarliotou, Lavrentiadou €2@19).

Considering such evidence, it was suggested tloaircrby affecting CREB/BDNF and
Akt/GSK pathways, might be potentially beneficiat prevention/ treatment of alcohol-induced
neurodegeneration and neurobehavioral outcomesa(Viotejad, Safari et al. 2019). Akt
hyperactivity was shown to be involved in varioesnenon malignancies and impairment of Akt
signaling was shown in neurodegenerative conditldesAlzheimer’s and Huntington disease.
Moreover, association between impaired Akt/GSK3haimg and schizophrenia was reported.
Glycogen Synthase Kinase 3 (GSK3) is a target kifiAand it was reported to be modulated in
schizophrenia as lower levels of GSK3proteins in lymphocytes from patients with
schizophrenia (Yang, Yu et al. 1995) and involvenw#rGSK33 in the disease (Emamian 2012),
were shown. GSK3 is extensively found among eukasyand more than a hundred proteins
were reported to be specifically GSK3 substrateamishalian GSK3 is classified into GS&K3

and GSK3 (Hermida, Kumar et al. 2017).

In an experimental autoimmune encephalomyelitis EEAcrocin could down-regulate
the expression of inflammatory genes in the sptoatl and suppress infiltration of T cells and
activation of macrophages (Deslauriers, Afkhamii@olal. 2011). In another study, also crocin
treatment reduced spinal cords TNHevel, suggesting a protective property for thenpound
against spinal cord injury (Terraf, Kouhsari et2017).

Stimulated microglial cells can induce overgeneratand secretion of factors such as

TNF-0, IL-1B, IL-6, NO, and ROS that contribute to inflammatmytotoxicity (Graeber and
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Streit 2010). Thus, microglial cells over-actiwatican be considered an initial step towards
retinopathy and degeneration of the optic nerves(@@p Steele et al. 2011, Bosco, Romero et al.
2015); findings of Yang et al. (Yang, Huo et @12) showed the potential efficacy of crocin
against diabetic retinopathy. Considering the éeletis effect of microglial activation on retinal
ganglion cells (RGCs) and its potential involvemienglaucoma development, crocin inhibitory
effects on primary RGCs and LPS-stimulated BV-2s¢celere examined. Results showed lower
levels of LPS-induced microglial markers (CD11b alb@d-1) and iNOS, cyclooxygenase
(COX)-2, IL-18, and TNFe as pro-inflammatory factors, when cells were ated with crocin
but it improved protein levels of PI3K and p-Aktsa, in BV-2 cells, a significant increment of
CX3CR1 (membrane-bound fractalkine receptor maiepressed on microglia) expression
caused through repression of NB£Yin Yang 1 (YY1), was found. Crocin-induced inhibn of
microglial over-activation might potentially suggiest as a protective agent against
neurodegeneration in glaucoma (Lv, Huo et al. 2016)

The effects of crocin in reducing DNA damage, inffaation, and oxidative stress in
patients with multiple sclerosis (MS) were evaldate a double-blind, randomized placebo-
controlled trial (Ghiasian, Khamisabadi et al. 2014 total of 40 patients were randomly
assigned 1:1 into an intervention and control grageiving two crocin capsules (30 mg/day) or
placebo per day, respectively, for 28 days. Basethe results, TN& and IL-17 were markedly
decreased in the serum of crocin-treated subjectgpared to the placebo group.

Main features of the detected preclinical invegtayes dealing with potential anti-inflammatory
activities of crocin in the nervous system, are suamized in Table 2 (Karami, Bathaie et al.
2013, Wang, Zhang et al. 2015, Heidari, Mehri et2817, Yang, Huo et al. 2017, Yorgun,

Rashid et al. 2017, Mohammadzadeh, Hosseinzadelh €018, Shafahi, Vaezi et al. 2018,
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Zhang, Previn et al. 2018, Ebrahimzadeh, Moghadaah. €019, Mozaffari, Yasuj et al. 2019,
Sadoughi 2019, Shahidani, Rajaei et al. 2019, as@wtou, Lavrentiadou et al. 2019, Xiao,
Xiong et al. 2019, Xie, He et al. 2019, Salama, &Hdatif et al. 2020).
Anti-inflammatory effectsin the gastrointestinal system

Chronic liver inflammation results in liver cirrhesand fibrosis. Liver cirrhosis is ranked
the 12" cause of death in the US. Viral infection, alcaholiver disease, nonalcoholic
steatohepatitis, and autoimmune disorders are thpathologic conditions that may lead to the
above-noted hepatic issues (Koyama and Brenner)2017

In mice with hepatic injury, crocin down-regulatdd1p and TNFe levels (Kalantar,
Kalantari et al. 2019). In mice with cyclophosphdetinduced hepatotoxicity, crocin treatment
led to decrement of serum concentrations of fLahd IL-6 as well as TNk; which have
critical roles in oxidative stress-induced liveflammation (Jnaneshwari, Hemshekhar et al.
2013, Hassani, Rezaee et al. 2015). In rats witlboca tetrachloride (CG)-induced
hepatotoxicity, crocin ameliorated the levels ofdland TNF-o, normalized liver histology,
suppressed caspase 3 and oxidative stress and atextiblepatic metabolizing enzymes toward
removal of CCJ toxic metabolite of (Bahashwan, Hassan et al520h db/db mice with fatty
liver and diabetic and obese conditions, crocin leraged hepatic inflammation along with
induction of AMP-activated protein kinase (AMPK) tbrepression of mammalian target of
rapamycin (MTOR) phosphorylation in the liver (L#eang et al. 2019). Hepatic histological
studies from acrylamide-exposed rats treated wititio, showed significant amelioration of
inflammatory cell infiltration and vascular congest compared to non-treated animals (Gedik,
Erdemli et al. 2017). In another study which empbbya bisphenol A (BPA)-induced model of

liver injury, crocin downregulated miR-122 and JiHdnscript levels and ERK1/2 and MAPK-
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activated protein kinases (MAPKAPK) phosphorylataord activity which were all increased by
BPA; at the same time, crocin ameliorated BPA-imdlicnorphological damages in the liver
(Hassani, Mehri et al. 2017). miR-122 is a key ptay the liver both under physiological and
pathological conditions; also, it is regarded asianarker of liver conditions such as chronic
hepatitis and non-alcoholic fatty-liver diseaser{Biara, Pfeffer et al. 2015). Moreover, JNK as
a MAPK, governs important processes in the celidiag from gene expression and translation
to cell proliferation/differentiation and death)gi@nello and Roux 2011). MAPK signaling has a
pivotal role in hepatic metabolism (Lawan, Zhanglef015).

C Jun NH2-terminal kinase (JNK/SAPK), extracellusagnal-regulated kinases 1 and 2
(ERK1/2), and p38 kinase, as mitogen-activated gmokinase (MAPKS), regulate cellular
functions like gene expression, as well as celliferation and differentiation, survival and death
(Cargnello and Roux 2011, Hashemzaei, Imen Shahidi. 2016, Hashemzaei, Delarami Far et
al. 2017). Activated MAPKs are able to induce othemase targets, and subsequent to
translocation to the nucleus, they can induce pflafnmatory genes expression (Saklatvala
2004).

Xenobiotic-induced cell death was shown to be ntediavia ERK-JNK activation
followed by increment of oxidative/inflammatory pemses (Wang, Yen et al. 2008, Wu, Yen et
al. 2012, Ki, Park et al. 2013). Moreover, MAPKAPK&as shown to be involved in
inflammation (Kotlyarov, Neininger et al. 1999) amgbregulated in various cancers (Felix,
Colleoni et al. 2009, Liu, Yang et al. 2012). Instlregard, in HO.-treated bovine aortic
endothelium (BAE-1) cells, crocin ameliorated eteda phosphorylation and activation of
p44/42 MAPK (ERK1/2), blocked ERK1/2 activation battivated JNK/SAPK (Rahiman,

Akaberi et al. 2018). It should be noted that thoitgvas widely shown that ERK1/2 activation
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induces signals that promote survival, contradicteports indicated that constant activation of
ERKZ1/2 leads to cells death (Zhang and Liu 2002).

Crocin could also alleviate liver fibrosis in miteough reduction of NkB, COX-2, IL-
18 and TNFe expression and reverted T@Fup-regulation as well as metalloproteinase
(MMP)-2 down-regulation which are indicators of riBis pathogenesis (Algandaby 2018).
Crocin also alleviated hepatic TNF-and IL-6 levels in ethanol-intoxicated rats (Rezae
Khorasany, Razavi et al. 2020).

Considerable amount of evidence has shown theibatitm of immunologic (i.e. Thl-,
Th2- or Thl7-mediated inflammatory response), ntilmgic and genetic factors to
inflammatory bowel disease (IBD), Crohn’s diseaseD) and ulcerative colitis (UC)
development (Blumberg 2009). Especially, sinceiguwonsidered a barrier organ, inflammation
is always of high importance in gastroenterologpéRione, Pellicano et al. 2019) .

A study that treated a rat model of UC with crodhpwed that crocin was able to lower
C reactive protein levels (CRP, which was foundé¢ocorrelated with the disease magnitude)
(lwasa, Yamada et al. 2015). At the same time,icroeduced colon TNe-and C&" levels,
while increased colon HO-1 activity and colon Nré@ntent (Khodir, Said et al. 2019);
suppression of Nrf2 signaling increases suscejyildibwards either oxidative or electrophilic
stress, resulting in tissue injury (Khor, Huan@kt2006, Panieri, Buha et al. 2020). In another
study on acetic acid-induced UC, crocin reduced -bNif colon samples and suppressed
inflammatory cells infiltration (Faramarzpour, Tahr et al. 2019). Similarly, administration of
crocin to mice with UC caused by dextran sodiumfasell (DSS)-treatment, ameliorated
histopathological features, increased catalasgiggtieduced NO levels and lessened hs-CRP, a

pro-inflammatory marker, concentrations in serurd eolon samples. Also, crocin revered DSS-
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induced cyclin D1 expression and GSK3 phosphorylation/inactivation (Rezaei, Avan et al.
2019). Cyclin D1 as a Wift/catenin target gene, is a regulator of the G1 ehiascell cycle
(Takahashi-Yanaga and Sasaguri 2008). In G1, cyxlirmccumulates in the nuclei and in the S
phase, moves to the cytoplasm (Baldin, Lukas €t9983). GSKB phosphorylates nuclear cyclin
D1 (Diehl, Cheng et al. 1998). It was documented MF«B stimulates cyclin D1 transcription
(Hinz, Krappmann et al. 1999) which is in agreemeith the presented data. Also, it was
previously shown that activation of GSKB promotes multiple inflammatory diseases all over
the body (Jope, Yuskaitis et al. 2007). Also, dffeiccrocin (orally) on DSS-induced colitis
associated colorectal cancer, was in female miesgdb on hematoxylin and eosin (H&E)
staining, inflammation score and pathological aliens were ameliorated by crocin. Also,
crocin concentrationdependently suppressed PI3K expression and its stosam targets
cyclin D1 and surviving, and inhibited Akt and GSK3 phosphorylation, indicating modulation
of PI3K/Akt and Wnt pathway by the compound (Amadeh, Rezaei et al. 2018). Consistently,
crocin beneficial effects against DSS-colitis werenfirmed by another study in mice
(Kawabata, Tung et al. 2012).

Crocin could also reduce inflammatory cells inéitton in the intestine of rats treated
with CCl, (Cosgun, Erdemli et al. 2018). Crocin’s protectghinst acute pancreatitis as
documented by reduction of pro-inflammatory cyt@dr{lL-18, IL-6, IL-17, and TNFe) levels,
repression of cytosolic and nuclear levels of dF-and upregulation of Nrf2 levels (Godugu,
Pasari et al. 2019). IL-6, secreted by T-cellspyoes immune responses which ultimately result
in inflammation (Mofidi, Duff et al. 2006). Nrf2 psesses cytoprotective properties and
regulates antioxidant proteins as it migrates #orthcleus under oxidative stress conditions and

induces antioxidant genes expression (Loboda, Damick et al. 2016). It was reported that
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Nrf2 induction leads to higher levels of HO-1 attfivthe anti-inflammatory function of HO-1
was evidenced by reduced levels of inflammatory iateds (Yalniz, Demirel et al. 2012). In
ethanol-ulcerated rats, it was also shown thatrophtl infiltration is mainly induced by TNE-
which itself is an activator of NkB pathway (Hamaguchi, Watanabe et al. 2001).

Mounting evidence is showing the role of inflammgtpathways as major pathogenetic
players in development of diabetes when risk factuch as western and sedentary lifestyle
exists (Tsalamandris, Antonopoulos et al. 2019nsterable body of data on protective effects
of crocin against diabetes and metabolic syndranagjvated us to discuss such effects with a
focus on anti-inflammatory mechanisms.

In streptozocin (STZ)-diabetic rats, crocin dimired macrophages within tiieislets as
confirmed by reduced CD68 expression (Samaha, &aadl 2019). TNFe plasma levels were
reduced by crocin in mice with fructose-induced abetic syndrome (El-Fawal, El Fayoumi et
al. 2019); such effect was also observed in radsliated withy-ray (Tawfik and Elkady 2019).
In another study done in rats with metabolic synwroinduced by fructose (10%), crocin
resulted in reduced serum TNFevels and inflammatory cells (El-Fawal, ElI Fayoush al.
2018). Besides, diabetes-induced increment of @asamcentrations of TNE&-and IL-13 and
pancreas concentration of TNE--was decreased by crocim vivo (HAZMAN, Aksoy et al.
2016).

Chemopreventive function of crocin was investigatied rats with hepatocellular
carcinoma (HCC) and in HepG2 cells; crocin ametentaCOX-2, TNFea (as well as its receptor
p-TNF-R1) and INOS levels and diminished NB-p65 expression, and reduced its level in
nuclear extracts; authors indicated NB-as a potential regulatory hub inhibited by crocin

(Amin, A Hamza et al. 2016). Moreover, following&atment of colon cancer HCT116 cells with
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crocin, MRNA expression and secretion of MIP2 (rapbage inflammatory protein 2), I8,
MCPII1 (monocyte chemoattractant protein-1), TING IL[16 and IL11p were reduced.
Noteworthy, crocin suppressed protein expressionPOSTAT3 which is a regulator of
chemokines and inflammatory factors (Kim, An et2l17, Wang, Ke et al. 2020).

Main features of the detected preclinical studesting the potential anti-inflammatory
activities of crocin in the gastrointestinal traate summarized in Table 3 (Kawabata, Tung et al.
2012, Jnaneshwari, Hemshekhar et al. 2013, El-MgraRizk et al. 2015, Mard, Nikraftar et al.
2015, HAZMAN, Aksoy et al. 2016, Mard, Pipelzadeghak 2016, Hassani, Mehri et al. 2017,
Algandaby 2018, Amerizadeh, Rezaei et al. 2018arRarzpour, Tehrani et al. 2019, Godugu,
Pasari et al. 2019, Hobbenaghi, Ghafarzadeh €04PB, Kalantar, Kalantari et al. 2019, Khodir,
Said et al. 2019, Luo, Fang et al. 2019, RezaegnAst al. 2019, Samaha, Said et al. 2019,

Tawfik and Elkady 2019).

Anti-inflammatory effectsin the cardiovascular system

Inflammation and heart failure are markedly asgedialn this context, it was shown that
increased serum levels of pro-inflammatory cytokiaee related with adverse clinical symptoms
(Van Linthout and Tschope 2017). Thus, suppressiothe inflammatory process at an early
stage, could prevent chronic inflammation and héaittire progression. Crocin ameliorated
myocardial fibrosis features in mice possibly viautslown of TGF31 and TLR4/NF<B
pathways (Jin, Zhang et al. 2020). Previously, gboation of TLR4 and NReB to myocardial
hypertrophy was shown and it was reported that gspn of NFR¢B reduced cardiac fatty
acid oxidation and hypertrophy (Yu, Zhang et al120 Besides, TGB1 induces cardiac
fibroblasts proliferation and transformation (P&iao et al. 2011). Crocin’s cardioprotective

effects were also documented by amelioration ofopathological features and reduction of
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TNF-o and IL-18 levels with a parallel induction of IL-10 levels ¢cardiac samples (Elsherbiny,
Salama et al. 2016). Pretreatment of embryonicia@argbcytes (H9c2 cell line) with crocin
before LPS exposure, reduced the pro-inflammatagliators TNFe, prostaglandin E2 (PGE2),
IL-B, and IL-6 levels and decreased TNFEOX-2, IL, IL-6, and INOS mRNA levels (Rahim,
Khammar et al. 2019).

It was also shown that crocin induces M2 macropbageéich unlike M1 with pro-
inflammatory properties, have anti-inflammatoryivtt) polarization thus, improved coronary
atherosclerosis (Li, Lei et al. 2018). In rats witironary atherosclerosis, crocin decreased IL-6,
INOS and TNFe but increased IL-4, IL-10 and TJFlevels in rats’ serum. Nuclear levels of
NF-xB p65 were decreased in crocin-treated group itidigainhibition of NF«xB p65
translocation (Li, Lei et al. 2018). Besides, insravith isoproterenol-induced cardiotoxicity,
crocin pre-treatment was able to improve edema iafldmmatory cells infiltration (Goyal,
Arora et al. 2010).

Moreover, crocin protective activity against higluapse-induced injury in human
umbilical vein endothelial cells (HUVECs) was meddhby reduction of inflammatory mediator
production and suppression of VEGF-A expressiora(dh Wu et al. 2018).

Moreover, in a rat model of metabolic syndromecorattenuated cardiac and vascular
alterations linked with metabolic syndrome and atghattributed the observed effects, at least in
part, to crocin anti-inflammatory properties (Emrd, El Fayoumi et al. 2019). In STZ-diabetic
rats also crocin reduced mRNA levels of ThFand IL-6 in abdominal aorta samples

(Samarghandian, Azimi-Nezhad et al. 2016).

Crocin effects against inflammation caused by isthereperfusion (IR) were also studied. A

complex association between IR injury and allo-imeundependent and -dependent immune
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responses caused by a complex interaction of inmaatk adaptive immunity, was shown

(Slegtenhorst, Dor et al. 2014).

Crocin’s anti-inflammatory properties were evidethday the reduction of INOS and
COX-2 mRNA levels and IL{1 and TNFe concentrations (Huang and Jia 2019). Also, crotin
rats with IR-induced (caused by clamping of theaceartery) gastric mucosal lesions, reduced
the protein expression of the pro-inflammatory daciNOS (Mard, Nikraftar et al. 2015).

Main features of the detected preclinical studiesmliating the potential anti-
inflammatory activities of crocin in the cardiovatr system, are summarized in Table 4
(Elsherbiny, Salama et al. 2016, SamarghandiarmiAlkiezhad et al. 2016, Li, Lei et al. 2018,

Huang and Jia 2019, Rahim, Khammar et al. 2019 Zbiang et al. 2020).

Anti-inflammatory effectsin the urogenital system

Inflammation has a critical role in diabetic kidnpgthogenesis as evidenced by the
increment of renal expression of cell adhesion mdés, growth factors, chemokines and pro-
inflammatory cytokines in diabetic individuals (m-Salgado and Rubio-Guerra 2014).

In diabetic rats, crocin could down-regulate mRN#d grotein expression of NADPH
oxidase NOX-4, IL-18 (as a marked pro-inflammatoyyokine), and p53 (which is involved in
apoptotic processes), suggesting the potentialegtige activity of the compound against
diabetic nephropathy (Yaribeygi, Mohammadi et @&11&). Also, crocin decreased TLR-4 and
IL-6 in the kidney and reduced N&B/p65 positive and TGB1 positive cells in a model of
diabetic nephropathy in rats (Abou-Hany, Atef et28l18).

In kidney samples from STZ-diabetic rats, crociould ameliorate congestion,
inflammation, tubular desquamation, and tubular ro&s as indicated by histological

assessments (Altinoz, Oner et al. 2015). Crocio alseliorated proximal tubules epithelial
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edema, perivascular edema, and vascular congestian rat model of gentamicin-induced
nephrotoxicity (Yarijani, Najafi et al. 2016). Im & vitro model of diabetic nephropathy, crocin
protected D-glucose-treated podocytes by inhibibbMNF«B and reducing the levels of ILB31
IL-8, IL-10, and TNFe (Li, Liu et al. 2017).

In another experiment, rats with nephrotoxicity undd by tartrazine (a powder dye
applied in wool, silk, nylon, leather and paper slyothpaste and hair care products), were
treated with crocin; histological assessments atdit that crocin attenuated tubular damage,
interstitial inflammation and vascular congestiord asignificantly lowered total damage score
(Erdemli, Gul et al. 2017). In a C&hduced model of nephrotoxicity, crocin lowered.-6,
TNF-a and PGEZ2 levels in kidney homogenates (HassanadBalvan et al. 2015). PGE2 is
known to stimulate secretion of IL-6 and TNKAkira and Kishimoto 1996, Sauter, Wood et al.
2011).

Also, crocin protected animals from hemorrhagic céhdy inhibition of NF«B (as
reflected by augmented nuclear translocation of p6é IkBa phosphorylation) in the lung,
reduced TNFe and IL-6 serum levels while amplified IL-10 leveland ameliorated renal
dysfunction as evidenced by ameliorated serum ioieatand creatinine clearance (Yang and
Dong 2017). Another study that used rats of difiesges (i.e. 2, 10 and 20 months old) showed
that crocin could reduce TNé-IL-6 and IL-13 mRNA and protein expression in aged rats
indicating its potential as a protective agent agfarenal failure (Samarghandian, Azimi

Nezhad et al. 2016).

In a study on IR in the kidney, crocin markedlyueed the inflammatory cytokine 1L-6
and TLR4 renal levels (Abou-Hany, Atef et al. 2Q1B) another study, rats with renal IR

pretreated with crocin, showed suppressed leukooiltration and intercellular adhesion
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molecule-1 (ICAM-1) and TN mRNA levels (Yarijani, Pourmotabbed et al. 201id)another
experiment on IR-induced kidney damage, crociniBggmtly ameliorated TNFe, IL-6, I1L-18,
IFN-y, IL-1B levels in rats kidney (Adali, Gonul et al. 201K).18 is regarded as a trigger to the
secretion of IL-B and IL-6 as well as macrophage inflammatory pratéMIP-1 / MIP-2) and
monocyte chemotactic protein (MCP-1), and an inde¢dFN-y production (Morel, Park et al.

2002, Dinarello 2004).

In a mice model of endometriosis which has a pathpl associated with pro-
inflammatory cytokines (Malutan, Drugan et al. 2P)i&ocin diminished serum INf5- TNF-o,
and IL-6 concentrations and suppressed vasculaotlegichl growth factor (VEGF) in both
endometriotic lesions and serum samples. Authara/eti that crocin reduced secretion of IFN-

v, TNF-0, IL-6 and IL-10 by LPS-exposed human monocytes -TIHfells (Liu, Qin et al. 2018).

Main features of the detected preclinical studiestlee potential anti-inflammatory
properties of crocin in the urogenital system, giken in Table 5 (Hassan, Bahashawan et al.
2015, Adali, Gonul et al. 2016, Samarghandian, AziNezhad et al. 2016, Erdemli, Gul et al.
2017, Yang and Dong 2017, Yarijani, Pourmotabbedl.e2017, Abou-Hany, Atef et al. 2018,
Abou-Hany, Atef et al. 2018, El-Fawal, El Fayourhiaé 2018, Erdemli, Gul et al. 2018, Liu,

Qin et al. 2018, Yaribeygi, Mohammadi et al. 2018).

Anti-inflammatory effectsin the musculoskeletal system

Several studies showed abnormal levels of biomarkeich as circulating cytokines,
chemokines, and variably C-reactive protein, inoNeaof systemic inflammation, in preclinical
rheumatoid arthritis (RA)(Demoruelle, Deane et 2014). Antiarthritic properties of crocin
were mediated thorough suppression okBel, p-IkB kinase (IKK)a/B, and p65 expression and

TNF-a, IL-1B, and IL-6 secretion in LPS-treated human fibrobl&e synoviocytes along with
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diminished serum levels of the afore-mentioned layes in mice with arthritis induced by
collagen; crocin interaction with IKK led to cedgsatof NF«xB pathway (Li, Zhang et al. 2018).
Also, in rats with type Il collagen-induced artigjtcrocin alleviated arthritis scores and paw
swelling; based on H&E staining results, with irasieg dose of crocin, inflammatory cells
number in the joint cavity as well as synovial sisshyperplasia reduced. Crocin also reduced
TNF-a, IL-17, IL-6 and CXCL8 expression in serum and lartissues, and diminished MMP-1,
-3 and -13 in serum (Liu, Sun et al. 2018). In &potstudy, chondrocytes isolated from rabbit
articular cartilage were co-treated with crocin dbdlf; based on the results, crocin not only
suppressed the increment of MMP-1, -3 and -13 egwa induced by IL{, but also inhibited
NF-xB activation by repression of NéB-o degradation (Ding, Zhong et al. 2013).

It was reported that in rats with osteoarthritisjoin reduced osteoarthritis-associated
joint pain and muscular IL-6 levels while it dimshied Nrf2 expression and JNK activity
(leading to suppression of N&B activation) in mouse skeletal muscle cell ineg322 (Lei, Guo
et al. 2017). The NkB and MAPK, with p38, ERK, and JNK are major cdnitiors to principal
downstream inflammatory networks (Berenbaum 2004ugéh 2007).

Another study that assessed crocin effects on Rt showed reduced paw swelling,
arthritis score, iINOS production and serum T&FHL-1p, and IL-6 levels following crocin
treatment (Yarijani, Pourmotabbed et al. 2017). &dwer, Freund's complete adjuvant (FCA)-
administered rats that received crocins showed@dted TNFe and TGFB1 concentrations in
the ankle joint (Hu, Liu et al. 2019). Crocin, iilCA-treated Wistar rats, attenuated elevated
concentrations of enzymatic (MMP-13, -3 and -9 dn@luronidases (HAases)) and non-
enzymatic (IL-6, IL-B, NF«B, TNF-a, COX-2, PGE2 and ROS) inflammatory factors in seru

(Hemshekhar, Santhosh et al. 2012).
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Crocin treatment of macrophages derived from mobsee marrow resulted in
suppression of RANKL-induced NiEB and NFATc1 activation; this effect may be in pdue to
crocin anti-oxidant properties (Fu, Pan et al. 20Avas also indicated that 12-week treatment
of rats with metabolic syndromeinduced osteoporosis, reduced serum/6Land TNFla
concentrations (Algandaby 2019).

Main characteristics of the detected preclinicalidss reporting potential anti-
inflammatory effects of crocin in the musculoskaletystem, are summarized in Table 6 (Fu,
Pan et al. 2017, Lei, Guo et al. 2017, YarijaniyfPaotabbed et al. 2017, Li, Zhang et al. 2018,

Algandaby 2019, Hu, Liu et al. 2019, Zhu, Yangle2@19, Wang, Xu et al. 2020).

Miscellaneous

In an ex vivo study, crocin effect on venous blood from healspjects treated with
viper venom was assessed; crocin reduced serum of NE-1B, IL-6 and COX-2 levels
(Santhosh, Sundaram et al. 2013). Nonethelesgmeaa of LPS-treated RAW 264.7 with
crocin, produced no significant reduction in COXra2diated PGE2 and iNOS-mediated NO
production (Lim, Park et al. 2008). Moreover, crocould ameliorate histopathological changes
in rats with experimental periodontitis (Kocamairtj#oz et al. 2019).

Another in vitro study reported reduced IL-8, PGE2, IL6, TMFIL-1o and LTB4
secretion by NHEKSs (both preventive and curativelevfor IL1a it was only preventive) and
decreased IL-1 signaling pathway, following treatinef human keratinocytes NHEKs and
human dermal fibroblasts with crocin (Fagot, Phanale 2018). In this study, a moderate
induction of NFKBIA expression, which codes for IKB in NHEKSs keratintasywas shown; this
evidence implies that by using crocin, N&&-is retained in the cytoplasm and its activatisn i

suppressed. Also, crocin suppresHettA expression which encodes for lledwhich is a major
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contributor to inflammation. Stoppage of IL1 patlywaas further documented by lower gene
expression of TNk, CC a-chemokines (CXCL1 and CXCL2), STAT1, PDGFB (platel
derived growth factor) and PLAU (urokinase-typespinogen activator), all playing a role in
inflammation and fibrosis production. Moreover, @rodown-regulated the expression of MMP-
9 encoding gene (Fagot, Pham et al. 2018).

Sung and Kim reported alleviative effects of croagainst withDermatophagoides
farinae crude extract-induced atopic dermatitis in NC/Ny&e; their results indicated that
crocin suppressed NEB/STAT6 signaling and reduced dermatitis severignd serum
concentrations of IgE, and Th2 cytokines (IL-4 dbdb), but not Thl cytokines (IFN-and IL-
12) (Sung and Kim 2018).

Pro-inflammatory factors like IL-1, LPS, and TNFdiucte NF«B formation and
translocation; crocin, in a rat model of aging, m@ssed hippocampal levels of IL-1, TNFand
NF-xB (Heidari, Mehri et al. 2017). Similarly, crocingpressed serum levels of IL-6 and TNF-
a in mice in a study on D-galactose-induced agingt{&mmadi, Mehri et al. 2018).

Xu et al. conducteth vitro (RAW 264.7 cells) andh vivo (male Kunming mice) studies
on anti-inflammatory properties of crocin and fouhdt crocin reduced COX-1 and COX-2 and
PGEZ2 in LPS-treated cells and decreased nuclassideation of the NkeB p50 and p65, anish
vivo, it ameliorated ear edema (caused by xylene tea)mand paw edema (caused by
carrageenan treatment) as well as gastric leskusL( et al. 2009).

Figures 2 and3, respectively depict various cytokines and mudtipathways involved in crocin

anti-inflammatory activities.
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effects of crocin on the various cytadsn involved in
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Figure 3. Crocin anti-inflammatory activities are mediated wmultiple pathways.
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Anti-nociceptive effects of crocin

Since crocin has shown anti-nociceptive effectganous models, here, we discuss such
effects reported by the retrieved studies. Gengrpkin syndrome possesses an inflammatory
profile that comprises a series of inflammatorytdes; in other wordsThe origin of all painis
inflammation and the inflammatory response” (Omoigui 2007). In this context, ample evidence
from animal models confirmed an analgesic actifaty anti-inflammatory cytokines (Sommer,
Leinders et al. 2018). Although the etiologies oflammatory pain and neuropathic pain are
essentially dissimilar, doubtlessly, these condg&ishare mutual pathways that produce pain
state (Xu and Yaksh 2011). Besides, the markedafotetro-oxidative stress in development of
neuropathic pain was shown (Carrasco, Nghiret al. 2018) and effects of natural compounds
against pain state, were reported (Hashemzaeig8@iimjar et al. 2015, Hassani, Rezaee et al.
2015, Hashemzaei, Abdollahzadeh et al. 2017, Reké@®emi et al. 2019).

Safakhah et al. employed a neuropathic pain maugiicded by chronic constriction
injury (CCI) and found that 14-day administratioinceocin decreased thermal hyperalgesia and
mechanical allodynia; authors suggested that aidamt/anti-inflammatory properties of crocin
contributed to the observed anti-nociceptive effé&afakhah, Taghavi et al. 2016). Also, crocin
was given to rats used as a contusion model oabpord damage. Crocin improved results of
mechanical behavior and locomotor recovery testglalinot affect those of thermal behavioral
test. Also, serum levels of CGRP (calcitonin geakated peptide) were lowered by crocin.
CGRP which is recognized as the most effective diéetor, plays a role in inflammatory
processes and chronic pain (Karami, Bathaie eR@l3). In another study, crocin alleviated
hyperalgesia through spinal WatB-catenin signaling (Wang, Xu et al. 2020). Thishpaty can

influence RA by modulating fibroblast-like synoviges proliferation, inflammatory factors
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secretion and metabolism/ destruction of bonesS@igsa, dos Santos Alves et al. 2019, Liang,
Li et al. 2019). Wnt protein family is involved grevelopment of neuropathic pain. Under acute
and chronic pain condition, Wnt5a is involved imtral sensitization and neuronal plasticity (Li,
Fan et al. 2018, Rong, Liu et al. 2019). ActivatmnhwWnt5af-catenin stimulates expression of
TNF-a, IL-13 and COX-2 (which regulates the expression of INO@&)ng, Chu et al. 2014, Shi,
Man et al. 2016, Wu, Zhang et al. 2017, Yuan, $hai.€2018).

Crocin also had beneficial effects against STZ-gadlicold allodynia and edema in rats
(Farshid and Tamaddonfard 2015). Also, in ratga#fdurth ventricle injection of crocin in a
model of capsaicin-induced orofacial pain as wallimtraperitoneal injection of crocin in a
model of formalin-induced orofacial pain, exhibitadti-nociceptive properties (Erfanparast,
Tamaddonfard et al. 2015). Treatment of rats wakal inflammation (caused by intraplantar
carrageenan) with crocin, led to amelioration oéred and inflammatory pain responses and
lower neutrophils numbers (Tamaddonfard, Farshidalet2013). Moreover, in rats with
hypertonic saline-induced corneal pain, intrapeeal and intracerebroventricular (icv) crocin
produced anti-nociception which was concluded wobé¢ mediated through opioid receptors
(Tamaddonfard and Hamzelsooshchi 2010). Crocin also attenuated pain intres received
intra-plantar injection of formalin, and enhancedorphine-induced anti-nociception
(Tamaddonfard and Hamzeksooshchi 2010). In a recent study, crocin was shtmmpreserve
morphine analgesic potential and avoid developmehttolerance towards morphine in
neuropathic pain; authors suggested that such tefface independent of BDNF activity
(Safakhah, Damghanian et al. 2020). However, artegtmwed that crocin (even at 50 mg/kg)

could not relieve CCl-induced neuropathic painats {Amin and Hosseinzadeh 2012).
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Intervertebral disc (IVD) degeneration is knownlie associated with low back pain
(LBP) (Molinos, Almeida et al. 2015). Since inflaration is a major player in the occurrence of
IVD degeneration (Molinos, Almeida et al. 2015)iradliscal crocin was administered to rats
with IVD degeneration; Crocin was found to haveddanal effects against IVD degeneration as
reflected by the suppression of type Il collageggracan, MMP-3 and ADAMTS-5 mRNA
levels (Li, Li et al. 2016).

In anin vitro study, nucleus pulposus (NP) cells from rats lumd®s were treated with
crocin and LPS. Crocin attenuated LPS-induced as®s in catabolic enzymes (MMP-1, -3,
MMP-13, as well as a disintegrin-like and metaltmtpase (reprolysin type) with
thrombospondin type 1 motif (ADAMTS)-4 and ADAMTS), and IL-B, TNF-, IL-6, INOS
and TLR 2. Also, by suppressing the phosphorylation of JsH¢cin inhibited MAPK pathway.
Crocin, to some extent, prevented decrement ofemggr and type Il collagen. These findings
propose crocin as a possible treatment for LBP iiMs| Almeida et al. 2015). Figure 4 presents

pathway that were shown to be involved in anti-oeptive functions of crocin.

The pathways involved in crocin anti-nociceptivé\ates, are depicted ifigure 4.
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Figure 4. Crocin induces its anti-nociceptive effects by matian of multiple pathways.

Conclusions

Crocin not only combats ROS production and suppgegso-inflammatory cytokines secretion
but also alleviates inflammation in various orgapstems, as shown by a series of animal
models andin vitro experiments, via regulating mainly NdB pathway and NkBp65
translocation to cell nucleus. In this context, mation of PI3K/Akt appears to be a favorable
crocin target contributing to NkB pathway inhibition. The anti-inflammatory/anti-cioeptive

effects of crocin discussed in the present artiderant further testing in clinical setting.
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Table 1. Preclinical studies reporting potential anti-inflasatory effects of crocin in the

respiratory tract.

Speciesymodel Crocin doseroute of | Main effectsoutcomes (and underlying | Reference
administration/duration | mechanisms)
of treatment
C57BL/6 mice with 50 mg/kg/ ip/ once daily | | numbers of inflammatory cells, suppressedXie, He et al.
cigarette smoket peribronchial inflammatory cells infiltration,| 2019)

induced COPD

| pro-inflammatory cytokines levels in
BALF
| levels of IL-18, IL-6 and TNFe in the lung

tissue

Sprague-Dawleyats
with

cigarette smoke-
induced COPD

50 mg/kg/day ip, three
times/week for two

months

| number of macrophages and lymphocyte
in BALF;

restored BALHL-6 and TNFe levels

1 PKC, PI3K, MAPK and Nrf2 mRNA

expression

s(Dianat, Radan €
al. 2018)

Swiss Albino mice

25 mg/kg, oral, for 16

| number of monocytes, neutrophils, and

(Yosri, Elkashef et

with OVA-induced days eosinophils; diminished lung TNé&-1L-4 al. 2017)
asthma and IL-13 levels;
ameliorated perivascular edema,
peribronchial inflammation, and macrophage
infiltration in the alveolar space
BALB/c mice with 100 mg/kg, | total and differential leukocyte counts; (Xiong, Wang et

OVA-induced allergic

airway inflammation

intragastrically

Inhibited inflammatory cell infiltration and
mast cell degranulation;

| IL-4, IL-5, IL-13, OVA-specific IgE and
lexpression of p38 MAPK, JNK and ERK i
the lung.

al. 2015)

C57BL/6 mice with
LPS-induced ARDS

LPS-stimulated

15, 30, and 60 mg/kg, ip

pretreatment for 7 days

| neutrophil infiltration and lung injury}
MMP (]9 expressiofin vivo but notin vitro;
inhibited the phosphorylation

of p38, ERK, and JNK in lungskBa

(Zhang, Qi et al
2020)

HUVECs phosphorylation, NkeB p65 nuclear transfer,
pretreated with 2@mol/l | and HMGB1 cytoplasmic transfer
Mice with LPS- 50 mg/kg intragastric | IL-1p and TNFe in BALF; (Xiong, Wang et

induced acute lung

injection 1 hr before LPY

| LPS-induced activation of iNOS in the

al. 2015)
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injury lung;

BEAS-2B and NHBE | 1 uM for 24 hr |TNF-a, IL-8, IL-6 and IL-1B; (Du, Chi et al.
cells Inhibition of NF«B p65 nuclear 2018)
translocation; IKKx and kBa
phosphorylation
Murine macrophage | 100, 250 and 500M THO-1 expression; (Kim, Park et al.
RAW 264.7 | INOS expression and NEB activation; 2014)
Cells treated with LPS Activated Nrf2
Rats treated with 20 mg/kg/day, orally, one | TLR4 and IL-10 expression (Zaghloul, Said
bleomycin (5 mg/kg) | week prior to and 4 al. 2019)
infused into the weeks post bleomycin
Trachea exposure

Abbreviations: IL: Interleukin; TLR4:Toll-Like Receptor 4; TNF: Tumor necrosis factddOS: Inducible nitric
oxide synthase; HO-1: Heme oxygenase-1; ARDS té\oespiratory distress syndrome ; LA$popolysaccharide

; NF«B : Nuclear Factor-kappa B ; MMP: Matrix metalloprase ; HMGB1: High mobility group box protein 1 ;
IgE: Immunoglobulin E ; ip: intraperitoneal ; OVAvalbumin ; MAPK: Mitogen-activated protein ks&; JNK:
c-Jun N-terminal Kinase ; ERK: extracellular sigregulated kinases; PKC: Protein kinase C ; Nrf@dclear
factor erythroid derived 2 like 2 ; COPD: Chronigstructive pulmonary disease; PI3K: Phosphoirdsi8-kinase;
HUVECs: human umbilical vein endothelial cells; BERB: Human bronchial epithelial cell line; NHBEormal
human bronchial epithelial cells
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Table 2. Preclinical studies investigating the potentiali-amftammatory properties of crocin in
the nervous system.

Speciessmodel Crocin doseroute of | Main effectsoutcomes (and underlying | Reference
administration/duration | mechanisms)
of treatment
C57BL/6 mice with 50 mg/kg, ip, once a day| | levels of  smoke-induced «B | (Xie, He et al.
cigarette smoke- phosphorylation and degradation, inhibitipi2019)
induced COPD of NF«Bp65 translocation to the nucleds;
restored augmented hippocampal
concentrations of pro-inflammatorny
cytokines

Parkinsonian rats

100 mg/kg, ip, started

L | TNF-o in the striatum

(Shahidani, Rajael

induced by week before 6-OHDA | lipid peroxidation in the hippocampus (aet al. 2019)
6-OHDA administration and 100 mg/kg)

continued until 6 weeks

after it.
Wistar rats with 30 mg/kg/day, ip, for 30 1 striatal phospho and total PI3K, Akt, (Salama, Abdel-

rotenone-induced

Parkinsonism

days

PRAS40, p70S6K, mTOR, GSK3and
FoxO3a;

1 mTOR, miRNA-7, and miRNA-221
GSK33, and FoxO3 gene expression.

Latif et al. 2020)

Rats with
methamphetamine-
induced

neurodegeneration

10, 20, 40 and 80 mg/k
ip, for 21 days

gAt 40 and 80 mg/kg,
| TNF-a. and IL-18 in hippocampal lysates.

(Mozaffari,
et al. 2019)

Yasuj

C57BL/6J mice with
chronic corticosteroneg

-induced depression

20 and 40 mg/kg orally
for 2 weeks

*crocin-I

| hippocampal expression of IL-6 and 1B-1
MRNA and IL-1B protein;

(Xiao, Xiong et al.
2019)

Wistar rats with
Alzheimer’s disease
induced by

trimethyltin chloride

0.5 ml at 25 and 50
mg/kg (?) for 30 days

| IL-6, IL-1B, and TNFe in serum
tneuronal density of hippocampal CA1, CA
and CA3.

(Sadoughi 2019)
\2

Male C57BL/6 mice
with TBI

20 mg/kg 30 min beforg
TBI

> | number of activated microglia and levels
IL-1p and TNFe;
Activated Notch signaling

ofwang, Zhang e
al. 2015)

Female Wistar rats

150 mg/kg ip 2 wes

Batha

kg serum CGRP

(Karami,
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with contusive spinal

cord injury

after injury

et al. 2013)

LPS-treated BV-2

microglia

200uM for 24 hr

| expression of IL-6, CCL2 and iNOS;
No significant impact on NikB nuclear

translocation.

(Yorgun, Rashid e
al. 2017)

BV-2 and N9 cells
treated with high
glucose and free fatty

acid

0.1 or 1uM for 24 hr

| INOS and COX-2 mRNA and protein
levels;

1 PI3K and p-Akt proteins;

| IL-1p and TNFe

(Yang, Huo et al
2017)

LPS-treated Kunming

mice

10, 20 and 40 mg/k
given ip for 7 days prio

to LPS administration

y | IL-1B, IL-18, and TNFe concentrations
and NLRP3 activation

(zhang, Previn e
al. 2018)

Wistar rats treated

with methylphenidate

10, 20, 40, and 80 i
mg/kg for 21 days

b | hippocampal 1113 and TNF]q,
1 induced PICREB, and BDNF in

the hippocampus.

(Ebrahimzadeh,
Moghadam et al
2019)

Rat model of LPS-

induced septic shock

10 mg/kg and 10(
mg/kg) given 30 min

before LPS

| liver and brain concentrations of PAI-1

(Tsantadig
Lavrentiadou et al
2019)

Methamphetamine-

treated Wistar rats

Four doses of 30, 60 g
90 mg/kg ip with 2-hr|

intervals.

r| MDA and TNF« concentrations;

suppressed caspasg activation in

hippocampus samples.

(Shafahi, Vaezi e
al. 2018)

Malathion-exposed

Wistar rats

10, 20, and 40 mg/kg/da

ip for 4 weeks

y | striatum levels of TNF:and IL-6

(Mohammadzade

Hosseinzadeh et 4.

2018)

h

Wistar rats with D-

galactose-induced

aging

7.5, 15, 30 mg/kg ip for §

weeks

8 1 pAkt/c and pERK/ERK ratio;
| hippocampal NReB p65, TNFe and IL-13

(Heidari, Mehri et
al. 2017)

Abbreviations: IL: Interleukin; TNF: Tumor necrosis factoiNOS: Inducible nitric oxide synthase; LPS:
Lipopolysaccharide; NkB: Nuclear Factor-kappa B; ip: intraperitoneal; GDRChronic obstructive pulmonary
disease; PI3K: Phosphoinositide 3-kinase; MDA: Mdialdehyde; CREB: cAMP response element binding
protein; BDNF: Brain derived neurotrophic factorAlPL: plasminogen activator inhibitor type 1; NLRPNLR
family pyrin domain-containing protein 3; COX: cgoxygenase; CCL2: CC-chemokine ligand 2; CGRP:
calcitonin gene related peptide; TBI: traumaticitorajury; mTOR: mammalian target of rapamycin; GBK
Glycogen synthase kinase-3 beta; FOXO3: forkhead ®®; PRAS40: proline-rich Akt substrate of 40 kO,
OHDA: 6-hydroxydopamine.
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Table 3. Preclinical studies investigating the potentiali-amtammatory effects of crocin in the

gastrointestinal system.

Speciesmodel Crocin dose/route of | Main effectsloutcomes (and underlying | Reference
administration/duration | mechanisms)
of treatment
Methotrexate-treated | 25 and 50 mg/kg, oral, | | hepatic levels of IL-g and TNFe (Kalantar,
rats for 9 days Kalantari et al.
2019)

Rats with AA-induced
uc

20 mg/kg, oral, for 8

days finishing on the day

UC was induced

| CRP level in colon homogenate.

(Khodir, Said et
2019)

Wistar rats with AA-
induced UC

5, 10 and 20 mg/kg, ip
for 8 days

And
5 mg/kg crocin+10(Q

mg/kg mesalazine

, Alone and in combination with mesalazine
| edema, inflammatory cell infiltration an
crypt destruction;

| colonic concentrations of TNé&-

(Faramarzpour,
dTehrani et al,
2019)

C57BL/6 male mice
with DSS-induced

colitis

50 and 200 ppm in
drinking water, for 3

weeks

Improved colitis histological features and
suppression of inflammation.

| serum and colon levels of high-sensitivity
CRP (hs-CRP).

| DSS-induced collagen deposition (i.e.
fibrosis).

Inhibition of DSS-induced increment of
cyclin D1 expression and GSK®
phosphorylation.

(Rezaei, Avan e
al. 2019)

C57BL/6 female mice
with DSS-induced
colitisJassociated

colon cancer

200 ppm in drinking

water

| MDA levels, improved histopathological
features andexpression of PI3K and cyclin
D1 and surviving.

suppressed Akt and GSK/J
phosphorylation.

(Amerizadeh,
Rezaei et al. 2018

ICR mice with DSS-

induced colitis

0, 50, 100, and 200 ppm

orally for 4 weeks

| inflammation scores in the large bowel,
| COX-2,iNOS, IFNy, TNF-, IL-1B, IL-6
and NFxB mRNA expression,

1 Nrf2 mRNA levels.

(Kawabata,
et al. 2012)

Tung

Swiss albino mice
with cerulein-induced
AP

30 and 100 mg/kg, ip, fo

7 days prior to cerulein plasma amylase levels, neutrophil infiltratig

administration

r | AP-induced increases in pancreas weight,(Godugu, Pasari €

and pancreatic levels of ILB1I1L-6, IL-17,

ral. 2019)
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and TNFe,;

suppressed cytosolic and nuclear levels of
p65-NFB;

TNrf2;

ameliorated pancreatic inflammation,

necrosis, and acinar edema.

Wistar albino rats with
BPA-induced liver

toxicity

5, 10, or 20 mg/kg, ip, fo
30 days

r | level of miR-122, and protein and phosph
protein expression of JNK, ERK1/2 and
P38), MAPKAPK and AKT (but did not
affect Akt phosphorylation);
ameliorated condensed nuclei, substantial
leukocytes infiltration, and periportal

inflammation.

dHassani, Mehri e
al. 2017)

Rats with IR-induced

gastric lesions

15 mg/kg, ip, 30 min
before IR induced by

clamping the celiac

lprotein expression of active caspase-3 an
iNOS;

| total area of mucosal lesions;

d(Mard, Nikraftar et
al. 2015)

artery
Swiss albino rats with| 200 mg/kg, ip, for 7 dayg | ALT and AST as well as ALP, TNE; and | (Tawfik and
hepatic toxicity due to IL-1B in serum Elkady 2019)
y-rays (6Gy) exposure Restoration of normal architecture of hepatic
tissues.
Wistar rats with 10 mg/kg, oral, for g | IL-1B, IL-6, TNF-« and COX-2 in serum. (Jnaneshwari,

cyclophosphamide- | days Hemshekhar et al.
induced hepatotoxicity 2013)
Rats with ethanol- 50 mg/kg ip, for 3 days | 1 gastric mucosal levels of PGE2 and IL}{6; (El-Maraghy, Rizk
induced gastric injury MRNA and protein expression of HSP70; | et al. 2015)

| TNF-g;

| neutrophil infiltration;
Wistar rats with 2.5, 10 and 40 mg/kg ip,| |levels of TNFe and caspase-3 in smal(Hobbenaghi,

indomethacin-induced

small intestinal ulcer

1, 4, and 16 hr post
indomethacin

administration

intestine samples

Ghafarzadeh et al.
2019)

Mice with
thioacetamide-induce

liver fibrosis

i oral, for 6 weeks

25 and 100 mg/kg/day

, | geneexpression of TGBL and a-SMA
andcollagen-1;
1 MMP-2 gene expression.
| levels of NFkB and COX-2;
| levels of IL-13 and TNFe

(Algandaby 2018)
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Wistar rats with
indomethacin-induced

gastric erosion

7.5, 15 or 30 mg/kg, ip,
30 min prior to

indomethacin

| MRNA expression of COX-1, COX-2, ar
iINOS

dMard, Pipelzadel
et al. 2016)

C57BL/KsJ-LepdDb
(db/db) mice with
NAFLD

20 mg/kg orally for 8

weeks

Induction and inhibition of AMPK and
mTOR phosphorylation, respectively,

| serum levels of alanine aminotransferase;

improvement of hepatic injury

(Luo, Fang et al
2019)

Sprague-Dawley rats

10 mg/kg orally for 4

| CD68 expression indicating less

(Samaha, Said ¢

with STZ-induced weeks macrophages within thislets. al. 2019)
diabetes
High Fat Diet- 150 mg/kg orally for 6 | serum TNFe and IL-13 (HAZMAN,

administered obese
group treated with
STZ

weeks

| TNF-a. and IFNy in pancreas tissue.

Aksoy et al. 2016)

Abbreviations: IL: Interleukin; TLR4:Toll-Like Receptor 4; TNF: Tumor necrosis factddOS: Inducible nitric

oxide synthase; NkB: Nuclear Factor-kappa B; MMP: Matrix metalloprase; ip: intraperitoneal;

MAPK:

Mitogen-activated protein kinase; JNK: c-Jun N-terah Kinase; ERK: extracellular signal-regulatechdses;
PI3K: Phosphoinositide 3-kinase; MDA: Malondialddey COX: cyclooxygenase; mTOR: mammalian target of
rapamycin; DSS: dextran sodium sulfate; AA: Acetdid; UC: Ulcerative colitis; CRP: C Reactive PiofAMPK:
5'-adenosine monophosphate (AMP)-activated prokémase; GSKa/p: glycogen synthase kinased/; IFN:
Interferon; AP: acute pancreatitis; BPA: BispheAplIR: Ischemia/Reperfusion; ALP: alkaline phosptsa; PGE2:
Prostaglandin E2; HSP: Heat shock protein; TGFn3i@ming growth factor; STZ: Streptozotocin; NAFLNon-
alcoholic fatty liver disease.
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Table 4. Preclinical studies reporting the potential anflammatory effects of crocin in the

cardiovascular system.

Speciesmodel Crocin doselroute of | Main effectsoutcomes (and underlying | Reference
administration/duration | mechanisms)
of treatment

Mice with 100 and 200 mg/kg/day,| | IL-1 and -6 and TNFeas well as Nk<B (Jin, Zhang et al.

myocardial fibrosis
caused by

isoproterenol

ip, for 14 days

(p65), TLR4 caspase-3, and cleaved caspase
expressions.
Improvement of cellular swelling, and focal

inflammatory cells infiltration.

-2020)

Sprague-Dawley
rats with
doxorubicin-
induced

cardiotoxicity

10 and 20 mg/kg, oral,

for 3 weeks

| interstitial and perivascular fibrosis and TNH
a and IL-1B levels in myocardial samples;

1 myocardial IL-10

-(Elsherbiny,
Salama et al.
2016)

Embryonic
cardiomyocytes
(H9c2) with LPS-

induced toxicity

10, 20 and 4@M for 24
hr prior to LPS

| expression of TNk, PGE2, IL$, and IL-6 at
protein and expression of TNE-COX-2, IL,
IL-6, and INOS at mRNA levels.

(Rahim, Khammal
et al. 2019)

C57BL/6J mice that
underwent left
common carotid

artery ligation

5, 10 or 20 mg/kg
immediately or 2 hours

post hypoxia—ischemia

Non-significant| of INOS and COX-2 mRNA
expression stimulated by hypoxia—ischemia.
| brain levels of IL-B and TNFe.

(Huang and Jia
2019)

Wistar rats with
vitamin D3-induced
coronary

atherosclerosis

100 mg/kg/day for 4

weeks

| serum IL-6, iINOS and TNE-concentrations;
1 IL-4, IL-10 and TGFB levels;
| NF«B p65 expression and translocation;

1 M2 macrophage polarization

(Li, Lei et al.
2018)

Rats with STZ-

induced diabetes

10, 20, 30 mg/kg/day, ip

for 4 weeks

(in abdominal aorta samples)
| MRNA expression of TNle-and IL-6

(Samarghandian,
Azimi-Nezhad et
al. 2016)

Abbreviations: IL: Interleukin; TLR4:Toll-Like Receptor 4; TNF: Tumor necrosis factddOS: Inducible nitric
oxide synthase; NkB: Nuclear Factor-kappa B; COX: cyclooxygenase; TEGrRnsforming growth factor; STZ:

Streptozotocin.
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Table 5. Preclinical

urogenital system.

studies investigating the potentiali-amtammatory effects of crocin in the

Speciesmodel Crocin dose/route of | Main effectsloutcomes (and underlying | Reference
administration/duration | mechanisms)
of treatment
STZ-induced diabetic | 40 mg/kg, ip, for 8 weeks | IL-18, NOX-4 and P53 expression (mMRNA(Yaribeyqgi,
Wistar rats and protein). Mohammadi et al
2018)
Rats with fructose- 50 mg/kg, oral, for 10 | serum concentrations of TN#k- (El-Fawal, El
induced metabolic weeks | foci of mononuclear inflammatory cells inFayoumi et al,
syndrome kidney cortex 2018)

Wistar rats with CG}

induced

100 mg/kg/day, oral, for
15 days

Significant improvement of histologicg

findings (e.g. inflammatory cells infiltration

al(Erdemli, Gul et al,
2018)

nephrotoxicity
Rats with CCJ- 100 mg/kg/day, ip, for 3 | | renal IL-6 and TNFe; Ameliorated (Hassan,
induced weeks vascular congestion; Bahashawan et al.
nephrotoxicity | CCl~induced increased levels of PGE2 | 2015)
Sprague—Dawley rats| 20 mg/kg/day, oral, | renal levels of hydroxyproline and (Abou-Hany, Atef
with STZ-induced for 8 weeks collagen;] renal content of TLR4 and IL-6; | et al. 2018)
diabetes | NF«B/p65 positive and TGFL positive

cells.
Differentiated 0.1, 0.5, or M | IL-1B, IL-8, IL-10, and TNFe; (Erdemli, Gul et al,

podocytes seeded in
type 1 collagen-coate
plates and
supplemented with D-

glucose

| expression of pudBa

2017)

Wistar rats (2, 10 and
20 months old)

10, 20 and 30 mg/kg/day
for 28 days

| TNF-a, IL-6 and IL-13 mMRNA expression

in renal tissues;

(Samarghandian,

AzimilJNezhad et

| their serum levels in old rats; al. 2016)
Sprague—Dawley rats| 20 mg/kg, oral, for 7 | TLR4 and IL-6 levels as well as MDA and (Abou-Hany, Atef
with URIRI days prior to URIRI NO contents in kidney samples; et al. 2018)

| inflammatory cells number.

Wistar rats with
abdominal aortic

ischemia

100 mg/kg, ip, 30 min

before laparotomy

| renal TNFe, IL-6, IL-18, IFN-y, IL-1p;
ameliorated cellular vacuolization and

interstitial edema in the kidney

(Adali, Gonul et al.
2016)
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Wistar rats

A single ip dose of 100,
200, or 400 mg/kg

| leukocyte infiltration into the renal
interstitium, as well as TNE-and ICAM-1

MRNA expression

(Yarijani,
Pourmotabbed €
al. 2017)

Female Balb/c mice

with endometriosis

25 mg/kg, ip, for 3 weeks

5 | serum INFy, TNF-u, VEGF and IL-6.

Invitro (20uM): | secretion of IFNy, TNF-
a, IL-6 and IL-10 by LPS-exposed human

monocytes THP-1 cells.

(Liu, Qin et al.
2018)

Wistar rats underwent

hemorrhagic shock

60 mg/kg iv

| nuclelr trinsloc[tion of p65;

1 IkBo. phosphorylation in lung tissue;
| serum TNFe and IL-6;

1 IL-10 levels

(Yyang and Dong
2017)

Abbreviations: IL: Interleukin; TLR4:Toll-Like Receptor 4; TNF: Tumor necrosis factof-iB: Nuclear Factor-
kappa B; ip: intraperitoneal; MDA: MalondialdehydEN: Interferon; PGE2: Prostaglandin E2; TGF: &fanming
growth factor; STZ: Streptozotocin; NOX: NADPH oggk; CCl4: carbon tetrachloride; URIRI: Unilaterahal
ischemia reperfusion injury; ICAM: Intercelluladt@esion molecules; VEGF: vascular endothelial ghofattor.

47



788
789

Table 6. Preclinical studies investigating the potentiali-amtammatory effects of crocin in the

musculoskeletal system.

Speciesmodel Crocin dose/route of | Main effectsloutcomes (and underlying | Reference
administration/duration | mechanisms)
of treatment

RAW 264.7 cells 0, 40, or 8QuM | p38 and JNK signaling, Ti particle-inducgd(Zhu, Yang et al

inflammation was suppressed,
1 osteogenic differentiation of Bone
mesenchymal stem cells by inducing M2

macrophage polarization

2019)

Mice with collagen-

induced arthritis

LPS-stimulated huma
fibroblast-like

synoviocytes

50 mg/kg/daily, ip, for 1

week

n (invitro) 0, 10, 100, 200,
and 500uM

| serum TNFe, IL-18, and IL-6

| TNF-g, IL-1B, and IL-6
| p-IKKa/B, p-IkBa,

expression by the cells

and p65 protein

(Li, Zhang et al.
2018)

Wistar rats with type
Il collagen-

induced arthritis

10, 20 or 40 mg/kg

continued for 36 days

| TNF-a, IL-17, IL-6 and CXCL8 in serum
and ankle tissues
| serum levels of MMP-1, -3 and -13;

larthritis scores and paw swelling

(Li, Zhang et al.
2018)

Sprague-Dawley rats
with meniscectomy-

induced osteoarthritis

Mouse skeletal muscl
cell line C2C12

30 mg/kg/day, oral, for
10 days

%

| muscular level of IL-6

slight attenuation of JINK phosphorylation

(Lei, Guo et al.

2017)

Sprague-Dawley rats
with Freund's
complete adjuvant

arthritis

50 and 100 mg/kg ip

| spinal TNFe and IL-1B;
| the Wnt5gB-catenin pathway;

(Wang, Xu et al,
2020)

Rats with rheumatoid

arthritis

6.25, 12.5 and 25 mg/kg
day orally for 28 days

(in arthritis synovium samples):paw
redness and swelling;

| arthritic score and INOS mRNA and
protein expression;

| serum IL-B, IL-6, and TNFe.

(Yarijani,
Pourmotabbed €
al. 2017)

Sprague-Dawley rats

160 mg/kg, oral, for 14

| synovial tissue TNF-and TGFB1,;

Liu et al

(Hu,
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with Freund's days | joint damage 2019)

complete adjuvant

arthritis *total crocins.

Rats with metabolic | 5 or 10 mg/kg/dayprally, | Crocin 10 mg/kg (Algandaby 2019)
syndrome’linduced 5 days/week for 12 | elevated IL16 and TNFJa in serum.

osteoporosis weeks

Macrophage/monocyte 0-200uM | RANKL-induced NF«xB and NFATcl| (Fu, Pan et al
progenitors isolated activation 2017)

from mouse bone

marrow

Abbreviations: IL: Interleukin; TNF: Tumor necrosis factoiNOS: Inducible nitric oxide synthase; LPS:

Lipopolysaccharide; NkB: Nuclear Factor-kappa B; MMP: Matrix metalloprase; JNK: c-Jun N-terminal
Kinase; TGF: Transforming growth factor; RANKL: egtor activator of nuclear factor-kappaB ligand.
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Highlights:

Crocin anti-inflammatory function involves suppression of MAPK and NF-kB, but
activation of Nrf2.

Crocin suppresses production/secretion of TNF-a, IL-6, IL-10, IFN-y and IL-1p (in vitro
and in vivo) and reduces TNF-a and IL-17 in humans.

Suppression of MAPK and Wnt5o/B-catenin signaling mediates crocin pain killing
effects.

Even though datais limited in humans, the results of preclinical studies regarding anti-
inflammatory/anti-nociceptive effects of crocin are promising and warrant further testing
inclinical settings.
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