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Abstract
Introduction: Cannflavins are a group of prenylflavonoids derived from Cannabis sativa L.. Cannflavin A (CFL-A), B (CFL-B) and C (CFL-C) have been heralded for their anti-inflammatory properties in pre-clinical evaluations. This scoping review aims to synthesise the evidence base on cannflavins to provide an overview of the current research landscape to inform research strategies to aid clinical translation. 

Methods: A scoping review was conducted of EMBASE, MEDLINE, Pubmed, CENTRAL and Google Scholar databases up to 26th February 2020. All studies describing original research on cannflavins and their isomers were included for review.

Results: 26 full text articles were included. CFL-A and CFL-B demonstrated potent anti-inflammatory activity via inhibition of 12-o-tetradecanoylphorbol 13-acetate induced PGE2 release (CFL-A half maximal inhibitory concentration (IC50): 0.7μM; CFL-B IC50: 0.7μM) and microsomal prostaglandin E synthase-1 (CFL-A IC50: 1.8μM; CFL-B IC50: 3.7μM). Outcomes were also described in preclinical models of anti-oxidation (CFL-A), anti-parasitic activity (CFL-A, CFL-C), neuroprotection (CFL-A) and cancer (Isocannflavin B, a CFL-B isomer). In-silico screening identified that CFL-A has binding affinity with viral proteins that warrant further investigation.  

Conclusions: Cannflavins demonstrate a number of promising therapeutic properties, most notably as an anti-inflammatory agent. Low yields of extraction however have previously limited research to small pre-clinical investigations. Identification of cannflavin-rich chemovars, novel extraction techniques and recent identification of a biosynthetic pathway will hopefully allow research to be scaled appropriately. In order to fully evaluate the therapeutic properties of cannflavins focused research now needs to be embedded within institutions with a track-record of clinical translation.
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Highlights
· Cannflavins are a group of prenylated flavonoids derived from the Cannabis sativa L. plant with many touted therapeutic properties.
· The yield from plant sources is low, however biosynthesis pathways have been discovered opening possibilities for biochemical engineering of cannflavins in the future. 
· Cannflavin A and B both demonstrate potent anti-inflammatory effects through inhibition of prostaglandin E2 synthesis and 5-lipoxygenase.
· Other therapeutic properties have been evaluated pre-clinically including in cancer, infectious disease and neurodegeneration.
· Further research is necessary to enable effective clinical translation. 

Background
The Cannabis genus of plant has been heralded as a pharmacological treasure trove of investigational medicinal products. The focus of developing cannabis-based medicinal products has largely centred around the phytocannabinoids cannabidiol (CBD) and (−)-trans-Δ⁹-tetrahydrocannabinol (THC) due to their abundance within flower trichomes, superior knowledge of extraction and distillation techniques and much deeper understanding of their therapeutic and pharmacokinetic properties(1-5). The cannabis plant however contains an abundance of other metabolites including phytocannabinoids, terpenes, flavonoids, stilbenoids, amino acids, fatty acids, alkaloids, hydrocarbons, carbohydrates, and phenols(5-7). A selection of these are purported to have therapeutic properties of their own or contribute to the controversial ‘entourage effect’, whereby major and minor compounds and their metabolites are suggested to affect the efficacy or adverse event profile of full spectrum plant extract when taken for medicinal purposes(6). Depending on underlying plant genetics and growth conditions the biochemical properties and composition of these compounds may vary significantly. These can be defined by classes according to cannabinoid content, or cultivars describing genetic differences, however they are best defined by the term chemovar which details the unique biochemical attributes of a specific plant grown under certain conditions(6,8).

Focusing specifically on flavonoids, over 20 have now been identified from Cannabis plants, including cannflavins, apigenin and luteolin(4). Flavonoids belong to a wider class of phenolic compounds defined by the presence of a phenol ring in their molecular structure. Phenolic compounds are reported to be associated with numerous health benefits; however, research has largely been conducted in pre-clinical settings(4). Three cannflavins have been identified to date, including cannflavin A (CFL-A), B (CFL-B) and C (CFL-C), in addition to the CFL-B structural isomer isocannflavin B (IsoB)(Fig 1.)(4,9). Cannflavins were first identified in 1980 by Crombie et al. who uniquely isolated CFL-A and CFL-B from Cannabis sativa L.(10). In a collection of studies published during 1985 and 1986, Barret et al. studied the ability of both compounds to inhibit prostaglandin E2 (PGE2) release from human rheumatoid synovial cells, demonstrating potency 30 times that of aspirin in an ex vivo setting(11,12). There is an ongoing need for development of novel anti-inflammatory medications in the setting of rising incidence of inflammatory and auto-immune conditions globally(13). Similarly, current anti-inflammatory medications are associated with significant side-effects including gastrointestinal bleeding and cardiovascular events affecting their risk-benefit profile(14). In addition to proposed use as an anti-inflammatory, pre-clinical research has also sought to identify the efficacy of cannflavins across a number of therapeutic fields to varying success including parasitology, virology, and oncology(9,15-18).

Figure 1. Molecular structure of cannflavins
Despite promising pre-clinical research of cannflavins, there has yet to be any translation of this research into patient care. The yield of product through isolation techniques is often low limiting the ability to produce enough compound for assessment in humans. In 2019, the biosynthesis pathway of CFL-A and CFL-B were identified which may provide unique opportunities for metabolic engineering(19). Despite being first isolated in 1980, little progress however has been made towards the clinical translation of cannflavins. This scoping review aims to synthesise the evidence base on pre-clinical evidence on cannflavins to provide an overview of the current research landscape to inform future investigative strategies. 



Methods
A scoping review was conducted of the available literature on cannflavins. This was conducted in line with established methodological processes outlined by Arksey & O’Malley and Levac et al. respectively(20,21).

Research Question
This scoping review was guided by the aim of identifying the current literature base for cannflavins in regard to all aspects of its production, isolation and translation into medicinal use. The purpose of this review is to map the literature on cannflavins in respect to its cited potential as a future medicinal product. As such the review identifies the key research concepts and strength of evidence, in addition to identifying specific areas of paucity in the evidence base upon which future research direction should be planned.      

Data sources and search strategy
A broad literature search was conducted of EMBASE, MEDLINE, Pubmed, CENTRAL and Google Scholar databases in accordance with Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. A free text search was carried out up to 26th February 2020 using the search terms ‘Cannflavin A’, ‘6-[(2E)-3,7-Dimethylocta-2,6-dienyl]-5,7-dihydroxy-2-(4-hydroxy-3-methoxyphenyl)chromen-4-one’, ‘Cannflavon’, ‘Cannflavone’, ‘Cannflavin B’, ‘5,7-Dihydroxy-2-(4-hydroxy-3-methoxyphenyl)-6-(3-methylbut-2-enyl)chromen-4-one’, ‘FBL-03G’, ‘Isocannflavin B’, ‘Cannflavin C’ and ‘8-geranyl-5,7,4'-trihydroxy-3'-methoxyflavone’ Boolean operators of ‘AND’ and ‘OR’ were used to extend the search. Two independent researchers (S.E. and N.M.) performed the literature search and any discrepancies were planned to be resolved by a senior author if necessary (M.S.). Bibliographies of all publications were additionally screened for relevant references to broaden the search. Exact search strategies can be found in Supplemental Document 1. 

Inclusion criteria encompassed all original articles related to cannflavins and their isomers including cultivation, extraction, pre-clinical and clinical research. Studies were only excluded if they did not constitute original research on the topic of cannflavins.

Data Extraction and presentation
Data extraction was performed independently by two authors (S.E and O.S). Requests for further information were sent to corresponding authors for three studies, however no responses were received(9,17,22). 

Concentrations are presented as micromolar concentrations (μM). When these were described by original studies as mass concentrations, the molar concentration was calculated using molecular weights as recorded on PubChem (CFL-A: 436.5 g/mol; CFL-B: 368.4 g/mol; IsoB: 368.4 g/mol; CFL-C: 436.5 g/mol)(23-26). Where reported these concentrations are presented with their standard deviation (S.D.), standard error (S.E), or range except in the circumstance that these were unreported in the original study. 


Results
Search Results
The database search initially returned 308 abstracts and two further records were identified through the additional measures described. Forty-three full-text articles were assessed for eligibility, with 26 articles(9-12,15-19,22,27-42) included for qualitative synthesis (Fig. 2). All studies were in pre-clinical settings. The majority of studies detailed original research on CFL-A (n=22; 85%), whilst fewer studies described original research for CFL-B (n=12; 46%), IsoB (n=3; 12%) and CFL-C (n=1; 4%).

Figure 2. PRISMA diagram demonstrating selection process of included articles

Cultivation, Extraction & Analysis
Sixteen studies (62%) reported extraction and/or isolation techniques for studied cannflavins (Table 1). Of these studies, 75% (n=12) detailed extraction from Cannabis sativa L. dry plant material, flower or sprouted seeds. Yield from dry plant material by weight was low for CFL-A (range: 0.000013% - 0.019%; study n = 7), CFL-B (range: 0.00055% - 0.0064%; study n=4), CFL-C (0.00014% - 0.00014%; study n=1). Yield of IsoB from dry plant material was not reported by any studies. Salem et al. described a technique of isolation of CFL-A using percolation with ethanol and fractionation with dichloromethane producing a yield of 0.006% from Diplacus bigelovii (A. Gray) according to dry weight(18). 

Five separate studies report on differences in yield between different varieties of Cannabis sativa L.. Differences in study methodology including how yield is defined, growth conditions and extraction and isolation techniques limits direct comparison. In studies that included Ermo as a variety it produced the highest yield of CFL-A and CFL-B (Table 1)(33,36,37). 

Calzolari et al. described the growing conditions of crops across geographic and temporal differences(37). The setting with the mean greatest yield of CFL-A was subject to colder temperatures (19.9oC) and high solar radiation (17.4 MJ m−2d−1)(37).

Table 2 and Table 3 respectively describe the outcomes of mass spectrometry and nuclear mass spectroscopy for CFL-A, CFL-B and CFL-C. No studies reported analysis data for IsoB. 

In 2019, the biosynthetic pathway of CFL-A and CFL-B was uncovered for the first time(19). Rea et al.’s paper described a branch point in flavonoid production whereby luteolin is methylated into chrysoeriol by Cannabis sativa O-methyltransferase 21, followed by prenylation with Cannabis sativa prenyltransferase 3 with geranyl diphosphate or dimethylallyl diphosphate to form CFL-A and CFL-B respectively(19).

Table 1. Individual study data regarding extraction, isolation and yield

Table 2. Mass spectrometry data presented from included studies (11,12,22,37,38,41)

Table 3. Nuclear magnetic resonance spectroscopy data for included data (10,11,19,22,28,30) 

Anti-Inflammatory Properties
Six separate studies detailed the effects of cannflavins in anti-inflammatory models (Table 4)(11,12,27,32,33,36). CFL-A and CFL-B demonstrated potent inhibition of molecular targets microsomal prostaglandin E synthase-1 (mPGES-1) and 5-lipoxygenase (5-LO) (11,12,27,32,33,36). CFL-A did not demonstrate any significant inhibition of cyclooxygenase (COX) enzymes(27,33).

Table 4. Pre-clinical models of anti-inflammatory properties

Antioxidant Properties
Two studies analysed the antioxidant activity of CFL-A using a 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) assay(22,33). Radwan et al. found that CFL-A had moderate antioxidant activity, whilst Werz et al. found no effect on the DPPH assay(22,33). 

Neoplastic Properties
Brunelli et al. investigated the effects of IsoB in autophagy, the regulation and removal of dysfunctional intracellular components, in estrogen sensitive and insensitive human breast cancer cell lines(42). In estrogen sensitive or estrogen receptor (ER) positive cells IsoB caused cell growth arrest and toxicity at concentrations ≥1μM and ≥25μM respectively. Cell growth arrest occurred during the Gap 0 and Gap 1 phases of the cell cycle, without inducing apoptosis(42). IsoB at concentrations of 25 and 100 μM reduced phosphorylation of protein kinase B (Akt), a protein involved in promotion of cell survival and proliferation(42,43). IsoB also arrested cyclin-dependent kinase inhibitor 1 (p21Cip1) expression in ER positive cells(42). p21Cip1 typically downregulates pathways for cell-cycle progression and autophagy and upregulates those for apoptosis(44). ER positive cells treated with IsoB were visualised to contain vacuoles positively stained by monodansylcadaverine (MDC) indicative of autophagic vacuoles. This subsequently suggests that IsoB can induce autophagic cell toxicity in ER positive breast cancer cells(42). These effects were not seen in ER negative breast cancer cultures(42).

Moreau et al. investigated the effects of IsoB within in vitro and in vivo models of pancreatic cancer(9). In vitro survival analysis of two pancreatic cancer cell lines (Panc-02 and KPC) found statistically significant (p<0.05) reduction in survival with increasing concentration of IsoB with 4 Gray (Gy) radiation dose(9). In vivo analysis determined that IsoB showed no difference in outcomes compared to controls if not administered within a smart radiotherapy biomaterial (SRB) formed from a poly-lactic-co-glycolic acid hydrogel(9). When delivered in an SRB, IsoB demonstrated a significant (p<0.05) reduction in local pancreatic tumour size when co-administered with 6Gy of radiation. SRB-delivered IsoB also resulted in a significant (p<0.05) reduction in metastatic pancreatic tumour size without and with radiotherapy (6Gy) via the abscopal effect(9). Combination therapy with SRB-delivered IsoB and radiotherapy (6Gy) resulted in a statistically significant improvement (p<0.0001) in overall survival compared to controls. SRB-delivered IsoB on its own produced a non-significant improvement in survival over controls(9). 

Neuroprotective properties
In a study by Eggers et al. CFL-A demonstrated a biphasic response on neuronal cell viability using PC12 cells in an in vitro model of amyloid β protein evoked neurotoxicity, a hallmark of Alzheimer’s disease(39). At concentrations below 10μM CFL-A demonstrated neuroprotective effects against amyloid β fibrillation leading to increased cell viability by up to 40% from baseline (p < 0.0001)(39). However, at concentrations above 10μM CFL-A demonstrated neurotoxicity(39). 

Anti-parasitic properties
A number of studies have sought to evaluate the potential effects of cannflavins as anti-parasitic agents(17,18,22,31,35). 

Radwan et al. and Salem et al. demonstrated that CFL-A had anti-leishmanial activity against Leishmania donovani with a half maximal inhibitory concentrations (IC50) of 10μM and 33.4μM (±8.5μM S.D.) respectively(18,22). Separate studies demonstrated that CFL-B (IC50=14μM) and CFL-C (IC50=39μM) also demonstrated similar anti-leishmanial activity(17,22). An in silico molecular docking study highlighted that CFL-A shows selective docking to pteridine reductase 1 (PTR1), an investigational drug target, in Leishmania major (docking energy = −144. kJ/mol). PTR1 plays an important function in Leishmania by reducing pterins which are important cofactors in parasite growth and metacyclogenesis and reduction of folates enabling those parasites with high PTR1 expression to overcome dihydrofolate reductase inhibition(45). 

CFL-A was demonstrated to have an IC50 value of 4.4μM (±1.8μM S.D.) against cultured bloodstream‐form Trypanosoma brucei brucei(18). An in silico analysis also demonstrated that CFL-A showed favourable docking energies with a number of Trichomonas vaginalis protein drug targets including T. vaginalis papain-like cysteine protease C2 (-100.3kJ/mol), T. vaginalis cathepsin L-like cysteine protease (-112.8kJ/mol), T. vaginalis triosephosphate isomerase (-98.6kJ/mol), T. vaginalis lactate dehydrogenase (-104.8kJ/mol) and T. vaginalis thioredoxin reductase(-112.6kJ/mol)(35). 

Anti-viral properties
In silico screening was performed in an attempt to identify potential novel anti-viral agents against zika virus, dengue virus and human immunodeficiency virus (HIV), including CFL-A(15,16,34). Evaluation for zika virus demonstrated favourable docking energies against NSPB/NS3 protease (-92.1kJ/mol), ZIKV NS5 methyltransferase (−126.9kJ/mol), ZIKV helicase ATP-binding site (−139.8kJ/mol), ZIKV helicase RNA-binding site (-131.7kJ/mol), and ZIKV NS5 RNA-dependent RNA polymerase (-120.3kJ/mol)(15). For dengue virus, strong docking energies were found against DENV envelope protein (-125.7kJ/mol)(34). In HIV, CFL-A had the highest docking energies (-40.6kJ/mol) out of all tested phytochemicals and low band energy gap (0.47kJ/mol) representing high reactivity(16).

CFL-A was adjudged to meet Lipinski’s rule of five indicating oral bioavailability of the molecule(15,34). It also passed in silico screening of pharmacokinetic standards including: high solubility; high or moderate gastrointestinal absorption; no blood brain barrier permeability and no toxicity(16).

Discussion
This review highlights the promising potential of cannflavins as novel therapeutics with prospective utilisation across a number of indications including inflammatory disorders, cancer, Alzheimer’s disease, and infectious disease. It similarly shines a light on the significant progress that will need to be undertaken to undertake clinical translation, notably the perceived challenges in ensuring sufficient yield through optimising agricultural conditions for cannflavins within Cannabis sativa L. and isolation and extraction techniques. Yield from dry plant weight of each cannflavin was low throughout all studies, however using varieties of Cannabis sativa L. (Ermo) with higher quantities of cannflavin grown in optimum conditions (cold temperatures and high solar radiation) may increase this(33,36,37). Recent discovery of the biosynthetic pathway of CFL-A and CFL-B may further offer future opportunities for bespoke engineering(19). Improved yield or biochemical engineering of molecules will be necessary to conduct further in vivo trials as only one in vivo study has been performed to date, within none in human participants(9).

Evaluation of the pharmacokinetics and bioavailability of cannflavins will consequentially be significant to the progression of clinical translation. In silico screening did attempt to characterise this, demonstrating no violations of Lipinski’s rule of five, which details molecular properties that when present increase the likelihood of oral bioavailability(15,34). Poor oral bioavailability has otherwise been a hallmark of the limited clinical translation of flavonoids(46). 8-prenylnaringenin, another prenylated flavonoid extracted from hops (Humulus lupulus L.) and recognised for its phytoestrogenic properties, has low oral bioavailability due to extensive elimination during first pass metabolism(47). This may eventually limit the clinical utility of cannflavins as an isolated therapeutic. Other flavonoids have been demonstrated to inhibit cytochrome P450 3A11 and 3A4 cytochrome P450 3A11 which metabolise THC (4,7). Cannflavins may therefore have a role in modulating the effects of THC and other pharmaceutical compounds in the context of full spectrum cannabis-based medicinal products. However, no formal assessment of cannflavin pharmacokinetics has been conducted. Further research will similarly be required to uncover additional receptor targets for cannflavins. Prenylated flavonoids, such as cannflavins, are otherwise noted for having oestrogenic properties, yet no included studies sought to assess the effects on oestrogen receptors or on gonadotropin expression outside the setting of breast cancer(42,47,48). 

The anti-inflammatory properties of cannflavins were the most examined across the existing literature base. CFL-A and CLF-B demonstrated potent dual inhibition of mPGES-1 and 5-LO. mPGES-1 is an inducible terminal enzyme in the pathway of prostanoid biosynthesis from arachidonic acid into PGE2(49). PGE2 plays an important role in homeostasis of blood pressure, renal function, and mucosal integrity of the gastrointestinal tract(50). However, it is also implicated in driving inflammation through inducing vasodilation and vascular permeability leading to local leukocyte infiltration, with overactivity associated with inflammatory disease processes(50). mPGES-1 knockout mice display significantly reduced inflammation, particularly within rheumatoid arthritis models, correlating with reduced incidence and severity of inflammatory disease(50). mPGES-1 inhibition has also demonstrated promising pre-clinical signals of anti-neoplastic activity in melanoma, as well as colorectal, breast and lung cancers(51). mPGES-1 is of particular interest due to the suggestion it negates the negative cardiovascular effects associated with COX inhibition of cardioprotective prostaglandin synthesis(50,51). However, translation of other novel inhibitors has proven difficult due to differences between human and mice/rat mPGES-1 binding interaction resulting in different potencies between species meaning there are limited transitional models for evaluation prior to in human evaluation(51). 

CFL-A and CFL-B were also demonstrated to be potent inhibitors of 5-LO, which is the initial catalytic enzyme in the pathway for leukotriene synthesis from arachidonic acid. Leukotrienes have been implicated in a wide spectrum of inflammatory diseases(52,53). Notably leukotriene B is a strong chemotaxis agent inducing activation of circulating leucocytes and tissue-resident immune cells through paracrine and autocrine signalling(52). Leukotrienes C, D and E cause vascular permeability and smooth muscle contraction in the airways, associated with allergy(52,53). Dual inhibition of mPGES-1 and 5-LO has been proposed to provide similar anti-inflammatory properties to dual 5-LO and COX inhibitors but with a favourable cardiovascular profile(54), however trials which evaluate this effect in humans are awaited. 

The anti-neoplastic properties of IsoB were examined in breast and pancreatic cancer models(9,42). In breast cancer, IsoB appeared to promote cell-cycle growth arrest and autophagy through a number of cellular mechanisms including Akt inhibition in ER positive cell lines(42). The role of autophagy and inhibition of Akt dependent pathways in breast cancer however is complex(55,56). Autophagy, a process designed to protect against DNA damage and to promote cellular homeostasis, is thought to suppress malignant transformation of cells early in the development of solid organ tumours(56). However, autophagy can also promote hallmarks of cancer through activating the invasion and metastasis cascade, evasion of the immune system and promotion of cancer cell survival against metabolic stressors(55-57). Modulators of autophagy have subsequently struggled to demonstrate clinical translation in all cancer types, including breast, which may limit the applicability of IsoB as a breast cancer therapeutic(56). Moreau and colleagues evaluated IsoB within in vitro and in vivo pancreatic cancer models, demonstrating positive outcomes as a single immunotherapy agent and with adjunctive radiotherapy. Their results showed regression of local and metastatic tumour size with improved overall survival(9). These benefits whilst promising were only seen when IsoB was delivered as a payload with an SRB highlighting potential issues with bioavailability. IsoB has been given an orphan drug designation by the US Food and Drug Administration and phase I and II trials are purported to begin in earnest in the latter half of 2020 and early 2021 which should hopefully provide novel information on IsoB pharmacokinetics(58).

This review is subject to limitations secondary to the reporting standards of individual studies. Reporting of cannflavin yield rarely indicated whether the yield was from the whole plant, flower or another plant structure limiting its interpretation. Further information was requested from three studies where the statistical significance for results was not reported in full and no response was gained following requests for further information from corresponding authors(9,17,22). In addition, no clinical studies were available for review and the proposed effects of cannflavins therefore lack clinical validation. However, this serves to further the aims of the review by highlighting subject areas for focused clinical evaluation to aid translation.

Cannflavins and their isomers have demonstrated a wide variety of possible therapeutic benefits. However, they are yet to make the leap to clinical translation due to the small yields of cannflavins and indeed all flavonoids from the Cannabis sativa L. plant. This review has highlighted how environmental conditions and plant variety, in addition to extraction and isolation techniques, can affect the yield of native cannflavins. These can be utilised to improve yield to utilise in clinical evaluation, however the recent identification of the biosynthetic pathways of CFL-A and CFL-B may provide novel methods of bioengineering(19). The promising therapeutic properties of cannflavins can be distilled into discrete areas concerning inflammation, infectious disease and cancer, yet clinical translation has not progressed much beyond the discovery of CFL-A and CFL-B in 1980(10). In order to fully assess the medicinal properties of cannflavins research should now be embedded within institutions with a track record of clinical translation across these specific research themes.
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