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ABSTRACT 

The biochemical class of the polymethoxylated flavonoids represents uncommon phenolic 

compounds in plants presenting a more marked lipophilic behavior due to the alkylation of its 

hydroxylic groups. As a polymethoxylated flavone, which concerns a different bioavailability, 

artemetin (ART) has been examined in vitro against lipid oxidation and its impact on cancer cells 

has been explored. Despite this flavone only exerted a slight protection against in vitro fatty acid 

and cholesterol oxidative degradation, ART significantly reduced viability and modulated lipid 

profile in cancer Hela cells at the dose range 10-50 M after 72 h of incubation. It induced 

marked changes in the monounsaturated/saturated phospholipid class, significant decreased the 

levels of palmitic, oleic and palmitoleic acids, maybe involving an inhibitory effect on de novo 

lipogenesis and desaturation in cancer cells. Moreover, ART compromised normal mitochondrial 

function, inducing a noteworthy mitochondrial membrane polarization in cancer cells. A dose-

dependent absorption of ART was evidenced in HeLa cell pellets (15.2% of the applied amount 

at 50 M), coupled to a marked increase in membrane fluidity, as indicate by the dose-dependent 

fluorescent Nile Red staining (red emissions). Our results validate the ART role as modulatory 

agent on cancer cell physiology, especially impacting viability, lipid metabolism, cell fluidity, 

and mitochondrial potential. 

Keywords: Flavonoids, Lipid peroxidation, cytotoxicity, lipid profile modulation, fluidity.  
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1. Introduction 

Flavonoids are a well-known group of polyphenolic compounds characterized by a benzo-𝛾-

pyrone structure and occurring ubiquitously in plants and foods/beverages of natural origin [1,2]. 

These secondary metabolites have attracted considerable attention due to their numerous 

biological properties that include both pharmacological and alimentary aspects [1-6] such 

protecting various cell types from oxidative stress via different mechanisms [1-3], quenching 

radicals, chelating different ions [1,2,7], inducing cytoprotective enzymes and antioxidant 

transcriptional genes [3], inhibiting cancer cell viability and proliferation, angiogenesis, and 

migration [2,4,8]. Not negligible, cell lipid metabolism has been suggested as another possible 

target of dietary natural flavonoids in cancer cells [8].  

An important issue is the deep correlation between the direct antioxidant potency of 

flavonoids and their structure that involves the number and substitutions of hydroxyl groups (Fig. 

1) strongly affecting not only their free radical scavenging activity [1], but their bioavailability in 

terms of absorption, distribution, metabolism, and excretion [6].  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 General 

structure of flavone and chemical structures of artemetin (ART, 1), eupatilin (EUP, 2) and quercetin 

(QRC, 3). 

Generally, flavonoids are considered to penetrate the plasma membrane both by passive 

diffusion and by transporters [5,6] and properties such as molecular weight and lipophilicity, 
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mainly established by number and type of substituents (hydroxyl, methoxyl, prenyl, and glycosyl 

groups), are basically involved in their absorption [5,6]. Moreover, numerous studies evidenced 

the ability of flavonoids to affect cell membrane fluidity and properties, interacting with the lipid 

membrane surface or inserting themselves into the lipid bilayer [5,9]. It has been shown that 

flavonoid structural properties as the partition coefficient (log P3), total number of H-bonds, and 

topological surface area (TPSA) [10] can reveal how these compounds penetrate cell membrane 

[5].  

Considering all these aspects, we focused our attention on  O-methylated flavone artemetin (5-

hydroxy-3,6,7,3',4'-pentamethoxyflavone) (ART, 1) (Fig. 1) already identified as an active 

compound in plants and dietary spices that enjoy a long application in traditional medicine, as 

Achillea millefolium L. [11,12], Artemisia absinthium [12,13], Vitex trifolia [14], and Artemisia 

argyi [15]. ART is an uncommon polymethoxylated lipophilic flavone (log P3 = 3.4, Table 1) 

[10] presenting only a free hydroxyl group (in the A ring, Fig. 1) involved in a hydrogen bond 

with the ketone moiety, structural characteristics that could lead to substantial different biological 

activity.  

Table 1 

   Properties of the tested polyphenols computed from chemical structure (form PubChem database) [10] 

 

 

Phenolic compound  log P3
a
  Number of H-bonds

b
  Topological polar surface area

b
 

Artemetin 3.4 9 92.7 

Eupatilin 2.9 9 94.4 

Quercetin 1.5 12 127.0 

a 
log P3: partition coefficient for an octanol:water mixture, computed by XLogP3 3.0.  

b 
computed by Cactvs 3.4.8.18. 

Anyway, several studies investigated the antioxidant [12,13,16], anti-hypertensive [11], 

anticancer [17], antiparasitic [13], and anti-inflammatory [14,15] properties of ART, highlighting 

some controversial results regarding its bioactivity [13,18,19]. 

In this manuscript we investigated the direct ART ability to prevent the oxidative degradation 

of cholesterol and phospholipids, essential components of biological membranes and lipoproteins 

[20], which degradation plays an essential role in the development of tissue damage associated 

with several pathological states (inflammation, cancer, atherosclerosis, and neurodegenerative 

diseases) [21,22]. Moreover, experiments were designed to evidence the impact of ART on lipid 
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profile in cancer cells, with regard to the total fatty acid composition, phospholipids (PL) and free 

cholesterol (FC) levels. Lipid metabolism is considered a promising anticancer target and several 

antitumor drugs (lipophilic or amphiphilic molecules) act through the membranes by changing 

the fluidity, the general lipid membrane organization and structure, and inhibiting the expression 

of enzymes involved in lipid metabolism [23-27]. Changes in lipid profile in ART-treated cancer 

cells together with the investigation of the cell viability and the changes occurring on cell 

morphology, cytoplasmic membranes, and mitochondria membrane potential were investigated. 

Finally, the ART absorption in cancer HeLa cells was preliminary assessed. The bioactivity 

profile of ART was compared to that of eupatilin (EUP, 7-dihydroxy-3′,4′,6-trimethoxyflavone) 

(Fig. 1), a flavone analogue with antioxidant and anticancer activities, characterized by a less 

extent of methoxylation in the A and C rings than ART [8], in the prospective to underline 

structure activity relationship.  

 

2. Experimental 

2.1. Chemicals and reagents 

Cholesterol, 5-cholesten-3-ol-7-one (7-keto), 5-cholestene-3,7-diol (7-OH), quercetin 

(QRC) (purity ≥95%), standards of fatty acids, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (PC 

16:0/16:0), 1,2-dioleoyl-sn-glycero-3-phosphocholine (PC 18:1/18:1), 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (PC16:0/18:1), 1-oleoyl-2-palmitoyl-sn-glycero-3-phosphocholine (PC 

18:1/16:0), 2-linoleoyl-1-palmitoyl-sn-glycero-3-phosphocholine (PC 16:0/18:2), 2-

arachidonoyl-1-palmitoyl-sn-glycero-3-phosphocholine (PC 16:0/20:4), 1,2-dilinoleoyl-sn-

glycero-3-phosphocholine (PC 18:2/18:2), 1,2-dieicosapentaenoyl-sn-glycero-3-phosphocholine 

(PC 20:5/20:5), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), the 

mixture of phospholipids (bovine brain extract, Type VII, purity > 99%), Nile Red (9-

diethylamino-5H-benzo[a]phenoxazine-5-one) and all solvents used (purity ≥99.9%), were 

obtained from Sigma-Aldrich (Milan, Italy). Tetramethylrhodamine methyl ester perchlorate 

(TMRM) was purchased from Molecular Probes (Eugene, OR, USA). Cell culture materials were 

purchased from Invitrogen (Milan, Italy). All the chemicals used in this study were of analytical 

grade. ART was purified from aerial part of Artemisia absinthium collected from Orto Botanico 

di Guardabosone (Vercelli, Italy). A voucher specimen (OBG-2020) of the cis-epoxyocimene 
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chemotype of A. absinthium is stored in Novara laboratories. The reference compound EUP (with 

98% purity) has been isolated from the Swiss chemotype of Artemisia umbelliformis Lam. 

(Asteraceae) according to literature [28].  

2.2. Isolation of artemetin from A. absinthium 

The powdered plant material of A. absinthium (315 g, non-woody aerial parts, leaves and 

flowers from the botanical garden of Guardabosone in Vercelli) was extracted with acetone (3 × 

3.5 L) at room temperature, affording 20.77 g (6.6%) of a black syrup that was later purified by 

filtration over RP C-18 silica gel (200 g) with methanol to remove fats and pigments. The 

methanol filtrate was evaporated, affording 17.5 g of a brownish paste. The latter was 

fractionated by chromatography on silica gel (300 g, petroleum ether-ethyl acetate gradient from 

90:10 to 20:80) to afford, after crystallization with diethyl ether, 504 mg (0.16%) of compound 1 

(ART) (with 98% purity) as yellow powder. The compound has been identified according to 

literature [12,29]. 

2.3. Cholesterol oxidation assay 

The protective effect of aliquots (1-50 nmol) of ART was evaluated during the cholesterol 

oxidation in dry state [25,30]. Aliquots of 0.5 mL of cholesterol solution (2 mg/mL of methanol) 

were dried in a round-bottom test tube under vacuum and then incubated in a bath at 140 °C for 1 

h (oxidized controls) under artificial light exposure; controls (Ctrl, non-oxidized cholesterol) 

were kept at 0 °C in the dark. In a different set of experiments, aliquots of ART (0.5 mg/mL in 

methanol) solutions were added to the cholesterol solution, the mixtures cholesterol/flavone were 

dried under vacuum and then incubated for 1 h in dry state in a bath at 140 °C. Analyses of 

cholesterol, 7-ketocholesterol (7-keto), and 7-hydroxycholesterol (7-OH) were carried out with 

an Agilent Technologies 1100 liquid chromatograph equipped with a diode array detector 

(HPLC-DAD) as previously described [25,30]. 

2.4. Liposomes oxidation assay 

Aliquots (300 L) of a stock solution (1 mg/mL in chloroform) of phospholipids (PL; bovine 

brain extract, Type VII) were dried in a round-bottom test tube under vacuum alone or in the 

presence of different aliquots of ART (10, 25 and 50 M, in methanol solution). The thin lipid 
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 6 

films were hydrated with saline solution (1 mg/mL solution) and the liposome dispersions 

(corresponding to 300 g of lipids) were oxidized in saline solution for 24 h in the presence of 5 

M CuSO4 at 37 °C in a thermostatic water bath as previously reported [25,30]. Preparation of 

fatty acids (FA) was obtained by mild saponification [25,30]. Analyses of unsaturated fatty acids 

(UFA) were carried out with an Agilent 1100 HPLC-DAD and data were collected and analyzed 

using the Agilent OpenLAB Chromatography data system, as previously described [25,30]. 

2.5. HeLa cell culture  

Human adenocarcinoma HeLa cell line was obtained from the American Type Culture 

Collection (ATCC, Rockville, MD). Cells were grown in Dulbecco’s modified Eagle’s medium 

(DMEM) with high glucose, supplemented with 10% fetal calf serum (FCS), penicillin (100 

units/mL)–streptomycin (100 g/mL), and 2 mM L-glutamine in a 5% CO2 incubator at 37 °C. 

Subcultures of the HeLa cells were grown in T-75 culture flasks and passaged with a trypsin-

EDTA solution. 

2.6. Cytotoxic activity in HeLa cancer cells: MTT assay  

The cytotoxic effect of ART was evaluated in cancer HeLa cells by the MTT tetrazolium salt 

(Sigma-Aldrich, Milan, Italy) colorimetric assay [30,31]. Cancer cells were seeded in 96-well 

plates (at a density of 3×10
4
 cells/mL and 10

4
 cells/mL) in 100 L of medium and cultured for 48 

h. Cells were subsequently incubated for 24 h and 72 h with various concentrations of ART (from 

solutions in dimethyl sulfoxide, DMSO) in complete culture medium (treated cells). Treated cells 

were compared for viability to untreated cells (control cells) and vehicle-treated cells (incubated 

for 24 h and 72 h with an equivalent volume of DMSO; maximal final concentration, 2%). At the 

end of the incubation time, cells were subjected to the viability test adding 8 L of MTT solution 

(5 mg/mL) as reported [30,31]. The cytotoxicity of the flavonoids QRC and EUP (from 1 mg/mL 

solutions in DMSO) was also tested in HeLa cells [8] for comparison at the same experimental 

conditions. Preliminary evaluation of the cancer cell morphology after 24 and 72 h of incubation 

with various amounts of ART and reference compounds was performed by microscopic analysis 

with a ZOE™ Fluorescent Cell Imager (Bio-Rad Laboratories, Inc., California, USA). 

2.7. Lipid profile modulation in cancer HeLa cells 
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 7 

Cancer HeLa cells were plated in Petri dishes (at a density of 3×10
5
 cells/10 mL of complete 

culture medium) and cultured for 48 h. Cells were subsequently incubated (at 80% of confluence) 

for 72 h with ART (10, 25 and 50 M, from DMSO solutions) in complete culture medium 

(treated cells). Control cells (untreated cells) and vehicle-treated cells (72 h-incubation with 0.5% 

of DMSO) were also prepared. After different treatments, cells were washed with PBS to remove 

dead cells, scraped, and centrifuged (at 2000 rpm at 4 °C for 10 min). Cell pellets were separated 

from the supernatants and then used for the extraction of lipid compounds.  

2.8. Cell lipid extraction and analysis 

Total lipids were extracted from HeLa cell pellets with 6 mL of the 

chloroform/methanol/water 2:1:1 mixture as previously reported [25,31]. Dried aliquots of the 

chloroform fractions after cell pellet extraction were dissolved in methanol and injected into an 

Agilent Technologies 1100 HPLC system for the direct analysis of free cholesterol (FC) and 

phospholipids (PL). Another aliquot of dried chloroform fractions, dissolved in ethanol, was 

subjected to mild saponification for the analysis of cell FA as reported [25,31]. Analyses of lipid 

compounds were carried out with an Agilent Technologies 1100 HPLC equipped with a DAD 

and an Agilent Technologies Infinity 1260 evaporative light scattering detector (ELSD). PL 

(ELSD detection) and FC (DAD detection at 203 nm) were determined with an Inertsil ODS-2 

column (Superchrom, Milan, Italy) and methanol as mobile phase at a flow rate of 2 mL/min. 

Analyses of unsaturated (DAD detection, 200 nm) and saturated (ELSD detection) FA, obtained 

from cell lipid saponification, were carried out with a mobile phase of acetonitrile/water/acetic 

acid (75/25/0.12, v/v/v), at a flow rate of 2.3 mL/min, and data were collected and analyzed using 

the Agilent OpenLAB Chromatography data system, as previously described [25,31]. Calibration 

curves of FA were constructed using standards and were found to be linear (DAD) and quadratic 

(ELSD) (correlation coefficients > 0.995) [25,31]. 

2.9. Analysis of ART in cancer HeLa cells 

The chloroform fractions after lipid extraction from cell pellets, dissolved in methanol, were 

injected into the HPLC-DAD system for the analysis of ART. ART was determined with an 

Inertsil ODS-2 column and methanol as the mobile phase at a flow rate of 2 mL/min, detected at 

wavelength of 292 nm. The identification of ART in cell extracts was made using standard 
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 8 

compound, conventional UV spectra and literature UV data [32]. Calibration curve was 

constructed using ART standard and was found to be linear (correlation coefficients > 0.998). 

2.10. Fluorescence microscopy 

Fluorescent microscopy studies were performed on 35 mm Petri dishes, where HeLa cells 

were seeded until they reached 80% confluence. To check ART impact on cytoplasmic 

membranes [8,31], cells were stained with 300 nM Nile Red (NR), as NR red fluorescence, 

corresponds to cytoplasmic membranes. To evaluate ART effect on mitochondrial potential cells 

were treated with 50 nM TMRM (tetramethylrhodamine methyl ester). TMRM fluorescence, 

indicating mitochondrial potential [25] was acquired with 546±6 excitation filter and 620±60 

emission filter. Both treatments with fluorophores were in DMEM without serum in a CO2 

incubator for 45 min. Prior observation, dyes were washed out from Petri dishes to avoid 

background fluorescence. HeLa cells were observed under a Zeiss Axioskop upright fluorescence 

microscope (Zeiss, Jena, Germany), equipped with 10, 20 and 40/0.75 NA water immersion 

objectives. and. Fluorescence images were acquired with a cooled CCD camera (QICAM, 

Qimaging, Canada). Image analysis of TMRM images was performed with Image J and Image 

Pro Plus (Media Cybernetics, Silver Springs, MD). Briefly, background fluorescence was 

subtracted from images and histogram values of mean fluorescence intensity were normalized per 

cell number. Per each ART dose and control samples 5-6 images were acquired with an objective 

20 (embracing 20-80 cells each) and processed for image analysis. Data were then processed as 

percentages of controls.  

2.11. Statistical analyses 

All data were preliminary assessed for normal distribution with Graph Pad INSTAT software. 

Evaluation of the statistical significance of differences was then performed using one-way 

analysis of variation (One-way ANOVA), followed by the Bonferroni post hoc Test or Holm-

Sidak post-hoc test with Graph Pad INSTAT software (GraphPad software, San Diego, CA) and 

Sigma-Plot software (Systat INC, Delaware, US). Results were expressed as mean  standard 

deviation (SD) or standard error of the mean (SEM), and statistically significant differences was 

evaluated with P  0.05 as a minimal level of significance. 
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3. Results  

3.1. Protective effect against cholesterol oxidation  

The antioxidant activity of ART was assessed during cholesterol oxidation in dry state at 140 

°C for 1 h [8,30].  The decrease of the cholesterol level (at 140 °C, cholesterol was an oil) and the 

formation of the oxidized products 7-keto and 7-OH were measured as markers of the oxidative 

process in the absence or in the presence of ART. Fig. 2A shows the antioxidant activity, 

expressed as % of protection, of different amounts (1-50 nmol) of ART during cholesterol 

degradation. Values (g) of oxysterols (7-OH and 7-keto) measured in the control (Ctrl, at 0 °C) 

and in the absence (0, oxidized control) or in the presence of ART are also reported in Fig. 2B.  

 

 

 

 

 

 

 

 

 

 

Fig. 2 (A) Values (g) of cholesterol and oxysterols (7-

OH and 7-keto) measured in the control (Ctrl) and in the 

absence (0, oxidized control) and in the presence of 

different aliquots (1-50 nmol) of artemetin (ART) during 

cholesterol oxidation at 140 °C for 1 h; a = p < 0.001 
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 10 

versus oxidized control (0). (B) Antioxidant activity, expressed as % protection, of 

different amounts (1-50 nmol) of ART, eupatilin (EUP) and quercetin (QRC) measured 

during cholesterol oxidation at 140 °C for 1 h; a = p < 0.001, b = p < 0.01 versus oxidised 

control (0% protection). Three independent experiments are performed, and data are 

presented as mean and SD (n = 6). Statistical significance of differences was performed 

using One-way ANOVA and the Bonferroni post Test. 

The protective effect of QRC and EUP, previously tested in the same experimental conditions 

[8], is reported in Fig. 2B for comparison. In this system ART showed a low potency in 

protecting cholesterol from degradation, exerting a significant 26% protection only at 50 nmol, 

without reducing 7-keto and 7-OH formation with respect to oxidized control at all tested 

concentrations. On the contrary, EUP and QRC exerted a significant protection of the thermal-

induced cholesterol decrease at almost all the tested concentrations, reducing the oxysterol 

formation [8].  
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3.2. Protective effect against liposome oxidation  

The protective effect of ART was then evaluated versus the liposome oxidative injury. 

Liposomes were treated with Cu
2+

 ions for 24 h at 37 °C and the variation of unsaturated fatty 

acid (UFA) levels was analysed as an index of the lipid peroxidation process. Fig. 3 shows the 

total values of the main polyunsaturated FA (arachidonic acid, 20:4 n-6; docosatetraenoic acid, 

22:4 n-6; docosahexaenoic acid 22:6 n-3) (PUFA) (expressed as % of the control) measured in 

the control (Ctrl) and during Cu
2+-

induced liposome oxidation in the absence (0, oxidized control) 

and in the presence of different concentrations (10, 25 and 50 M) of ART (Fig. 3) and the 

reference phenols QRC and EUP [8].  

 

 

 

 

 

 

 

 

 

Fig. 3 Total values of the polyunsaturated fatty acids (PUFA), as sum of 20:4 n-6, 22:4 n-

6 and 22:6 n-3, expressed as % control, measured in control (Ctrl) and during liposome 

oxidation at 37 °C for 24 h with 5 mM CuSO4 in the absence (oxidized control, 0) or in 

the presence of different amounts of artemetin (ART), eupatilin (EUP) and quercetin 

(QRC). Three independent experiments are performed, and data are presented as mean ± 

SD (n = 6); a = p < 0.001, b= p < 0.01, c= p < 0.05 versus Ctrl; d = p < 0.001, f = p < 0.05 

versus 0 (One-way ANOVA and Bonferroni post Test). 

 

A strong and significant decrease (40%) of PUFA level was observed after 24 h oxidation in 

oxidized control. ART did not show a significant antioxidant activity against PUFA consumption 

at all tested concentrations. On the contrary, QRC and EUP, previously assayed in this oxidative 

stress system [8], showed at the tested concentrations an antioxidant protection in the 92-97% 

and 36-64% range for EUP and QRC, respectively.    
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 12 

3.3. Cytotoxicity on cancer HeLa cells 

The cytotoxic effect of ART was investigated on HeLa cells, a cell line derived from a human 

cervical epithelioid carcinoma.  Fig. 4A shows the viability, expressed as % of the control, 

induced by incubation for 24 h with different amounts (0.5-200 M) of ART and the reference 

compounds QRC and EUP [8] in cancer HeLa cells by MTT assay.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 (A) Viability, expressed as % of the control (Ctrl), induced by incubation for 24 h 

with different amounts (0.5-200 M) of artemetin (ART), eupatilin (EUP) and quercetin 

(QRC) in cancer HeLa cells (MTT assay). Three independent experiments are performed, 

and data are presented as mean ± SD (n = 12); a = p< 0.001, b = p< 0.01, c = p< 0.05 

versus Ctrl (One-way ANOVA and Bonferroni post Test). (B) The panel shows 

representative images of phase contrast of control HeLa cells and cells treated for 24 h 

with 200 µM of the three flavonoids. Bar = 30 µm. 
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ART was not significantly toxic at the dose range of 0.5-50 M, whereas exerted a significant 

reduction in HeLa cell viability, in comparison with control cells, from the dose of 100 M (with 

a viability reduction of 20%). A significant cancer cell growth inhibition (reduction of viability: 

36%) was observed at the dose of 200 M. An analogous treatment with QRC and EUP induced 

a major decrease in cancer cell viability at lower doses than ART, whereas similar values of 

viability reduction were observed for all the flavonoids at 200 M. DMSO, used to dissolve 

flavonoids, was not toxic in HeLa cancer cells and cell viability, measured at the maximal tested 

dose (2%), was 92%. The preliminary microscopic observation of ART-treated cells before MTT 

assay (Fig. 4B), allowed us to evidence different cell morphologies in HeLa cells after 24 h-

incubation at the highest tested doses, however a marked drug precipitation in form of crystals 

was observed. Therefore, to avoid the effects of precipitation, ART cytotoxicity was tested at 

lower amounts for a longer incubation time (72 h). Fig. 5A shows the viability (as % control) of 

HeLa cells after 72 h of incubation with different amounts of ART (0.5-50 M) and the reference 

compounds QRC (50 M) and EUP (50 M) by MTT assay.  

Fig. 5 (A) Viability, expressed as % of the control (Ctrl), induced by incubation for 72 h 

with different amounts (0.5-50 M) of artemetin (ART) in cancer HeLa cells (MTT assay). 

The effect of eupatilin (EUP) and quercetin (QRC) at the dose of 50 M on HeLa viability 

after 72 h-incubation is reported for comparison. Three independent experiments are 

performed, and data are presented as mean and SD (n = 12); a = p < 0.001, c = p < 0.05 

versus Ctrl (One-way ANOVA and Bonferroni post Test). (B) The panel shows 
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representative images of phase contrast of control HeLa cells and cells treated for 72 h with 

the three flavonoids at 50 µM. Bar = 100 µm.  

A significant reduction of viability compared to controls, ranging from 12 to 18%, was 

observed for ART from the dose of 5 M to 50 M. At 50 M, QRC and EUP were more toxic 

than ART, inducing a statistically significant viability reduction of 33% and 75%, respectively, 

when compared to controls. DMSO, used to dissolve the flavonoids, was not toxic in HeLa 

cancer cells and cell viability, measured at the maximal tested dose (0.5%), was 95%. Phase 

contrast images of HeLa cells after 72 h-treatment (Fig. 5B) with the dose of 50 M of 

flavonoids showed less marked changes in the cell morphology of ART-treated cells than those 

treated with QRC and EUP. 

3.4. Lipid profile modulation in cancer HeLa cells 

ART then tested in cancer HeLa cells to assess its effects after 72 h-incubation on cancer cell 

lipid composition (main polar lipid classes and total FA profile). Fig. 6 shows the 

chromatographic profiles (Fig. 6A) and % area values (Fig. 6B) of polar lipid compounds, mainly 

constituted by phospholipids (PL) and free cholesterol (FC), of HeLa control cells and cells 

treated for 72 h with ART (at 10, 25 and 50 M) obtained by HPLC-ELSD analysis. 
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Chromatographic profile (obtained by HPLC-ELSD analysis) of saturated/monounsaturated 

phospholipids (S/M–PL), polyunsaturated phospholipids (P-PL) and free cholesterol (FC), 

measured in control HeLa cells (Ctrl) and cells treated for 72 h with different amounts (10, 

25 and 50 M) of artemetin (ART). The chromatographic region for each lipid class was 

assigned by using standard mixtures of saturated/monounsaturated (mix PL: PC 16:0/16:0, 

PC 18:1/18:1, PC 16:0/18:1, PC 18:1/16:0, ECN 32) and polyunsaturated 

phosphatidylcholines (PC 16:0/18:2, ECN 30; PC 16:0/20:4, PC 18:2/18:2, ECN 28; PC 

20:5/20:5, ECN 20). (B) Values (% area) of S/M–PL, P–PL, and FC measured in control and 

ART-treated HeLa cells. Results were expressed as a mean ± standard deviation (SD) of 

three independent experiments; a = p < 0.001 versus Ctrl (One-way ANOVA and Bonferroni 

post Test). (C) Chromatographic profiles and UV spectra (292 nm) of peaks measured in the 

chloroform fractions obtained from control HeLa cells and cells treated with different doses 

of ART. ART in cell extracts was identified by comparison with the retention time and 

spectrum of ART standard. (D) Values of ART (expressed as % of applied amount) 

measured in HeLa cell pellets after 72 h-incubation with the flavone. Results were expressed 

as a mean ± standard deviation (SD) of two independent experiments; a = p < 0.001 versus 

10 M (One-way ANOVA and Bonferroni post Test). 

 

 In our experimental conditions, control HeLa cells showed a polar lipid profile characterized 

by a peak of FC and two main peaks of PL, corresponding to saturated/monounsaturated PL 

(S/M-PL) and polyunsaturated PL (P-PL). The chromatographic region for each lipid class was 

assigned by using standard mixtures of saturated, monounsaturated (S/M-PL) and 

polyunsaturated (P-PL) phosphatidylcholines, and FC as previously reported [25,31]. Cell polar 

lipids were separated on the basis of ECN (=CN−2n, where CN is the number of acyl group 

carbons and n the number of double bonds) [25,31]. ART-treated cells showed a dose-dependent 

change in the lipid profile with respect to control cells, with a significant decrease in the peak 

area of S/M-PL from 25 M (p < 0.05 versus untreated cells) and a significant increase in the % 

of P-PL versus untreated cells (p < 0.05).  

Fig. 7 shows values of fatty acids (FA) (Fig. 7A) and total amounts of saturated (SFA), 

monounsaturated (MUFA), and polyunsaturated (PUFA) FA (Fig. 7B) (expressed as g/plate) 

measured in control HeLa cells and cells incubated for 72 h in the presence of different amounts 

of ART (10, 25 and 50 M).  
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Fig. 7 (A) Values (expressed as g/plate) of the main fatty acids (A), total saturated (SFA), 

monounsaturated (MUFA), polyunsaturated (PUFA) fatty acids (B), and values of the ratios 

18:1 n-9/18:0 and 16:1 n-7/16:0 (C) measured in control HeLa cells and cells treated for 72 h 

with different amounts (10, 25 and 50 M) of artemetin (ART). Three independent 

experiments with two replicates for each condition are performed and data are presented as 

mean ± SD (n = 6). b = p < 0.01, c = p < 0.05 versus Ctrl; f = p < 0.05 versus ART 10 M; i 

= p < 0.05 versus ART 25 M (One-way ANOVA and Bonferroni post Test). 

 

Control HeLa cells showed a FA composition characterized by a high level of 18:1 isomers 

(96.7 ± 10.9 g/plate, 41% of TFA; mainly 18:1 n-9), 16:0 (49.9 ± 6.9 g/plate, 21%), stearic 

acid 18:0 (26.2 ± 3.2 g/plate, 11%), and palmitoleic acid 16:1 n-7 (18.3 ± 3.0 g/plate, 8%), 

while 20:4 n-6 (16.1 ± 2.0 g/plate, 7%) represented the most abundant FA among 

polyunsaturated FA (PUFA), followed by docosahexaenoic acid 22:6 n-3 (8.3 ± 0.9 g/plate, 

4%). The incubation of cancer HeLa cells with ART induced marked changes in the FA profile 

with respect to untreated-control cells (Fig. 7A and 7B). ART induced a dose-response decrease 

in the cell level of MUFA (p < 0.05 versus controls at 50 M). In particular, 18:1 isomers 

(mainly constituted by oleic acid, 18:1 n-9) and palmitoleic acid (16:1 n-7) significantly 
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decreased in ART-treated cells, together with a decrease in the level of palmitic acid 16:0, 

whereas PUFA levels in ART-treated HeLa cells were similar to controls. The 18:1 n-9/18:0 ratio 

value (Fig. 7C) noticeably decreased in ART-treated cells with respect to untreated-control cells 

(p < 0.05 at 50 M), and a reduction was observed also in the 16:1 n-7/16:0 ratio value at ART 

50 M. A marked decrease in the MUFA/PUFA ratio was observed in 50 M ART-treated cells 

(1.7 ± 0.1) compared to control cells (2.5 ± 0.1). Cells treated with DMSO, used to dissolve all 

compounds, did not show differences in the FA levels with respect to controls.  

By HPLC, the FC level was measured in HeLa control cells as a mean content of 54.3 ± 4.5 

g per plate, with a total FA (TFA)/FC ratio value of 4.0 ± 0.6. The 72 h-incubation with ART 

did not induce in treated cells a reduction in the TFA/FC ratio, with a value of 4.0 ± 0.3 at EUP 

50 M.  

3.5. ART determination in HeLa cell pellets 

A preliminary study was performed to determine the ART absorption in HeLa cells. Fig. 6C 

show the chromatographic profiles and UV spectra (at the wavelength of 292 nm) of peaks 

measured in the chloroform fractions obtained from control HeLa cells and cells treated for 72 h 

with different doses (10, 25, and 50 M) of ART. The presence of flavone in cell extracts was 

assessed by comparison with the retention time and spectrum of the ART standard. A dose-

dependent increase of the ART level was evidenced in HeLa cell pellets (Fig. 6D) and values of 

7.5 ± 0.6 g/plate and 15.2 ± 4.6 g/plate (corresponding approximately to 7.5% and 15.2% of 

the applied amount) of ART were measured in cell HeLa pellets after 72 h of incubation with 

ART 25 M and 50 M, respectively.  

3.6. Effect on cell membranes and mitochondrial potential 

Fig. 8A shows representative images of phase contrast and red emission of control HeLa cells 

and cells treated for 72 h with 10, 25 and 50 μM ART. Nile red (NR) is a fluorescent lipophilic 

dye used for the detection of lipids, characterized by a shift of emission from red to green 

according to the degree of hydrophobicity of the bound lipid [25,32]. In particular NR bears an 

intense red emission in the presence of polar PL, which constitute the plasma and intracellular 

membranes of organelles such as peroxisomes, lysosomes, endosomes, Golgi apparatus, 

endoplasmic reticulum, and mitochondria [25,32]. Seventy-two hours treatment with all ART 
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tested 

concentrations resulted in 

a significant increase of 

the red emission in NR-loaded 

cells (Fig. 8A, third 

column). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 (A) Representative images of HeLa cells by phase contrast and fluorescence 

microscopy observation. Control cells (Ctrl) and cells treated for 72 h with 10, 25 or 50 µM 

ART were stained with Nile Red (NR) and their red emission was acquired as corresponding 

to cell membranes. (B) NR quantification of cytoplasmic membranes (red emission) after 

ART treatment (10, 25 or 50 µM for 72 h). Data are expressed as percent of Ctrl ± SEM. a = 

p < 0.001 versus Ctrl (One-way ANOVA and Holm-Sidak post hoc test). Bar = 50 µm. 
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 Quantitative fluorescent measurements (expressed as % of controls) performed on whole cells 

(Fig. 8B) highlighted a noticeably significant dose-dependent increase in the levels of NR red 

emissions compared to the untreated cells, with an increase of 300% at 50 μM. Cells treated with 

DMSO, used to dissolve the compound, did not show differences in their levels of NR red 

emissions with respect to the control (data not shown). Phase contrast images show that control 

HeLa cells were small, packed, and mononucleated with a bright fluorescence corresponding to 

their inner cell membranes, as 

previously reported [8]. No 

noticeable changes in morphology 

were observed in ART-treated 

cells at all tested doses. 

HeLa cells were also loaded 

with TMRM, a potential-

sensitive probe that accumulates in 

active mitochondria according to 

their membrane potential 

[8,25,33] in order to explore the 

effects of ART on mitochondria 

physiology of cancer cells. Fig. 9 

shows the mitochondrial 

potentials of HeLa control cells 

and cells treated for 72 h with 10, 

25 and 50 μM ART (Fig. 9A).  
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Fig. 9 (A) Mitochondrial potential as revealed by TMRM on control HeLa cells (Ctrl) and 

after artemetin (ART) treatment (10, 25 and 50 µM) for 72 h. (B) ART treatment increased 

mitochondrial potential from the tested dose of 25 M. Data are expressed as percent of Ctrl 

and SEM. c = p < 0.05 versus Ctrl (One-way ANOVA and Holm-Sidak post hoc test). Bar = 

50 µm.  

TMRM quantification of mitochondrial potential variations (expressed as % of control 

cells) (Fig. 9B) showed that ART treatment significantly increased the mitochondrial 

potential from 25 M, with values of 267% and 217%, compared to the Ctrl cells (p < 0.05), 

at 25 and 50 μM, respectively. 

 

4. Discussion 

Between the biochemical class of flavonoids, ART has been shown to exert a broad-spectrum 

activity. ART is an uncommon flavonoid which polymethoxylation characterizes a high 

hydrophobicity, as indicated by its structural characteristics such as the partition coefficient (log 

P3) for the octanol:water mixture, the number of H-bonds formed, and the topological polar 

surface area (TPSA), as given in Table 1 [10]. 

The ART direct antioxidant activity was evaluated against the oxidative degradation of 

cholesterol in dry state (at 140 °C) and Cu
2+

 ions-induced liposome oxidation (at 37 °C), in vitro 

models amply validated on natural compounds [8,25,30]. In our study ART, in dry state at the 
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tested dose range, was devoid of a noticeable protective effect against cholesterol oxidation, 

without preserving from the formation of its oxidative products (oxysterols) exerting a key role in 

the development of tissue damage and pathological events [34]. In our cholesterol oxidation 

assay, the antioxidant potency of a compound depends on the ability to scavenge lipoperoxyl 

(LOO
•
) radicals, strictly correlated to the presence (number and positions) of hydrogen donating 

substituents like phenolic hydroxyl groups, lipophilicity, and thermal stability, as previously 

demonstrated [8,25,30]. ART is a lipophilic flavonoid with one hydroxylic group in its molecular 

structure (ring A) closed to a ketone group and probably involved in a hydrogen bond. In this 

system, the lack of a direct LOO
•
 radical scavenging activity of ART is ascribable to the quite 

totally absence of H-donating hydroxyl groups. The role of hydroxyl groups in the antioxidant 

protection against cholesterol degradation is well characterized by the strong LOO
•
 radical 

scavenging activity of the reference compounds EUP and QRC, due to their ability to donate H-

atoms from their phenolic functional groups (acting as chain-breaking antioxidants) [80]. EUP 

has two hydroxyl groups in the ring A, while QRC is the most famous antioxidant flavonoid, 

bearing a catechol ring B linked in position 2 to the polyhydroxylated chromen-4-one core, 

previously demonstrated as the “active” moiety that scavenges LOO• radicals by formal H‐atom 

transfer [35]. 

Numerous studies have been carried out to understand the role of lipid oxidation in 

phospholipid membranes [36]. Liposomes are considered an important membrane model useful 

to assess the antioxidant properties of phenolic compounds [8,9,30] and to predict the ability of 

flavonoids to interact with cell membrane in relation to their lipophilicity [5,9]. The antioxidant 

activity of a compound in our system has been related to a direct LOO
•
 scavenging activity and 

Cu
2+

 ion chelation ability [8,25,30]. ART, unlike EUP and QRC, showed no ability to protect 

liposomes against copper-induced oxidation. Again, the failure of ART in free radical scavenging 

against liposome membrane peroxidation may be due to its scarcity of H-donating substituents 

and its high lipophilicity (high log P3 value) (Table 1), which may influence the 

compartmentalization of ART into the lipid bilayer [5]. On the contrary, the powerful antioxidant 

activities of EUP and QRC against phospholipid membrane oxidation have been related to direct 

LOO
•
 scavenging activity (mediated by H-donating properties) and Cu

2+
 chelation activity at/near 

the phospholipid surface [8]. Our results showed that ART does not act as a direct inhibitor of 

lipid peroxidation in biological in vitro systems. Previous studies evidenced the ability of ART to 
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scavenge free radicals generated in CCl4-intoxicated livers of rats [16] and peroxyl radicals 

generated from thermal homolysis of 2,2-azobis-amidinopropane (by total oxyradical scavenging 

capacity assay) [37]. In contrast, ART displayed low antioxidant activity in DPPH (1,1-diphenyl-

2-picrylhydrazyl) radical scavenging assay [13,38], with a SC50 value (concentration required to 

scavenge 50% of DPPH radicals) exceeding 500 μM [38]. 

Deregulation of lipid metabolism is one of the most important metabolic hallmarks of cancer 

cells and targeting lipid metabolism (fatty-acid biosynthesis and desaturation, phospholipids and 

cholesterol metabolism, lipid droplet synthesis) is a promising therapeutic strategy for human 

cancer [39-41]. The antitumor property of ART has been associated to its ability to modulate a 

variety molecular targets and signaling pathways in different cancer cell types, inducing cytotoxic 

[17,42] and antiproliferative effects [43,44], apoptosis [43,45], and cell circle arrest at G2/M 

phase [46]. We studied, for the first time, the impact of this natural dietary compound on cell 

lipids in HeLa cells, a cancer cell line derived from a human cervical epithelioid carcinoma, 

widely used as a model for oncological studies [8]. At first, a set of experiments was performed 

to assess ART cytotoxicity in cancer HeLa cells. ART, like the well-known anticancer flavonoids 

EUP [8] and QRC [47] significantly reduced viability (36%) in HeLa cells at 200 M after 24 h-

incubation. However, the low solubility of ART in cell medium from a concentration of 100 M, 

prompted us to evaluate cytotoxicity at low doses for a long incubation time. The significant 

viability reduction (18%) observed at 50 M after 72 h of incubation was comparable to values 

previously observed in human hepatocellular carcinoma (HepG2) and human neuroblastoma 

(SH-SY5Y) cells after 72 h of incubation with the same dose of ART [17]. A viability reduction 

of 20% was observed in human gastric cancer (AGS) cells and human breast cancer (MCF-7) 

cells by MTT assay after 24 h-incubation with ART (IC50 > 50 M) [45], whereas an IC50 value 

of 31M was reported for 96 h-incubation with the compound [43]. Microscopic observation did 

not show evident changes in the cell morphology of HeLa cells treated with ART 50 M for 72 h 

with respect to untreated cells, and no evident signs of apoptotic process were detected. At this 

treatment condition, EUP and QRC showed higher cytotoxicity than ART, inducing marked 

apoptotic morphology in HeLa cells, as previously reported [8,47]. 

HeLa cell treatment with ART for 72 h induced marked changes in lipid composition and this 

effect was evident from the lowest tested concentration. ART significantly modulated FA and PL 

profiles in HeLa cells, with a marked reduction in the levels of 16:0, 18:1 n-9 and 16:1 n-7, and a 
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decrease in the amount of S/M-PL coupled to an increase in the P-PL value. 

Phosphatidylcholines (PC) represent the predominant polar lipid class (53%) in HeLa cell 

membranes and PC 16:0/18:1 (approx. 28%) are the dominant PC, followed by PC18:1/18:1 and 

PC16:0/16:1 [48]. Therefore, the decrease in the S/M-PL level was principally due to the 

reduction of PL containing 16:0, 18:1 n-9 and 16:1 n-7. Fatty acid synthase (FAS) is a multi-

enzyme that catalyzes de novo synthesis of palmitic acid and many anticancer flavonoids, like 

lutein, quercetin and amentoflavone, are FAS inhibitors [27,40]. The reduction of palmitic acid 

induced by ART in cancer HeLa cells was compatible with a potential inhibition of FAS. In 

addition, the reduction of 18:1 n-9 and 16:1 n-7 observed in ART-treated cells was compatible 

with a potential inhibition of the stearoyl-CoA desaturase (SCD), an enzyme that inserts a double 

bond in the Δ
9
 position of SFA (16:0 and 18:0) to generate MUFA (16:1 n-7 and 18:1 n-9) 

[26,40,49]. De novo synthesis of UFA is often required by cancer cell lines to generate 

membranes and maintain membrane fluidity, essential to cell proliferation [49]. Oleic acid, the 

main product of SCD, is essential for the generation of complex lipids (phospholipids, 

triglycerides, and cholesterol esters) [40]. Therefore, inhibition of SCD leads to UFA depletion 

and influences the phospholipid composition of cellular membranes, consequently affecting 

membrane properties [26]. ART showed the ability to modulate the FA profile in cancer HeLa 

cells after 72 h of incubation, maybe reducing lipogenesis and affecting FA desaturation and the 

biosynthesis of PL, that represent building blocks for biological membranes. A general increase 

in the % level of cell PUFA and PL containing PUFA was observed after ART treatment. 

Moreover, a marked decrease in the MUFA/PUFA ratio was observed in ART-treated cells 

compared to control cells. However, incubation with ART did not lead to changes in the cell ratio 

of SFA to MUFA. Similar modifications in the FA composition (reduction of 16:0 and 18:1 n-9 

and accumulation of 18:0) and PL (decrease in the % of S/M-PL) were previously observed for 

the flavone EUP in cancer HeLa cells at the same doses after a low incubation time (24 h) [8]. In 

cancer cells, changes in lipid components severely affect functional and biophysical properties of 

cytoplasmic and organelle membranes (changes in membrane organization, structure, and 

fluidity), perturbing membrane lipid raft and consequently protein dynamics [26,27,40]. The 

maintenance of physiological cell membrane fluidity is a prerequisite for proper membrane 

function and associated with cell viability and normal cell growth and division [50]. 
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Interestingly, a significant increase in the fluorescent intensity after NR staining (red 

emission) was observed in ART-treated cells, indicating changes occurring on their cytoplasmic 

membranes [8,25,31]. NR is an uncharged fluorescent dye that partitions into lipid membranes 

based on its intrinsic hydrophobicity, and its fluorescence is sensitive to physical changes in its 

lipid environment [33,51]. The fluidity of membranes is known to influence the fluorescent 

staining of NR, and previous studies demonstrated that an increase/decrease in membrane fluidity 

due to changes in cell growth temperature leads to a corresponding increase/decrease in NR 

fluorescence [51]. It has been proved that flavonoids possess the ability to localize either in the 

hydrophobic core of the membrane lipid bilayer or at the cell lipid membrane surface, leading to 

corresponding alterations in the membrane fluidity or rigidity in relation to their chemical 

properties and hydrophobicity [5,9,52]. Partition coefficient (log P) provides information on the 

hydrophobicity of a molecule; in general, if the value of log P is greater than 1, the molecule is 

considered to possess a hydrophobic nature [52]. For flavonoids, log P value has been correlated 

with the extent of their interaction with biological membranes [5,52]. The inverse correlation 

between the number of hydroxyl groups and the lipophilicity of flavonoids has been 

demonstrated experimentally [7]. The membrane rigidifying effects of dietary flavonoids is one 

of the key factors for their anti-cancer activity and this phenomenon exhibits a dose dependency 

[52]. Flavonoids can penetrate into the hydrophobic and interphase sites of biological membranes 

like lipid rafts [7]. Furthermore, the membrane interactions and localization of flavonoids is 

fundamental in altering membrane-mediated cell signaling pathways [52]. The influence of 

flavonoids on the physical properties of the lipid bilayer may control the arrangement of 

membrane proteins and the formation of functional complexes responsible for cell signal 

transduction and the regulation of the metabolism [7]. It is well known that cancer cells rearrange 

lipid composition/organization to avoid apoptosis and resist to anticancer drugs [53]. The 

lipophilic nature of ART (log P = 3.4) could be probably responsible for a direct insertion of this 

flavone into the cytoplasmic membranes, inducing a decrease in the cell membrane fluidity. 

Thus, the change in the lipid composition (% increase of PUFA and PL containing PUFA) 

observed in ART-treated HeLa cells after 72 h-incubation may be an adaptive strategy of cancer 

cells to increase their membrane fluidity in the presence of a rigidifying agent. 

The ability of ART to interact with cell membranes was also confirmed by the dose-dependent 

increase of this phenol in the cell pellets (15.2% of the ART applied amount was measured in cell 
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HeLa after 72 h of incubation at 50 M). NR fluorescence is sensitive to the polarity of its 

environment, therefore, the increase in the red fluorescence intensity (cytoplasmic membranes) 

observed in ART-treated cells may be due to their higher cell membrane fluidity with respect to 

non-treated cells, as consequence of changes in cell lipid composition to counteract membrane 

rigidity induced by ART. 

Changes occurring on mitochondria membrane potential were also investigated in ART-

treated cancer cells. Our data disclosed a significant increase (p < 0.05 versus control cells) of the 

mitochondrial membrane potential after 72-h incubation of HeLa cells from ART 25 M. The 

increase of mitochondrial potential is indicative of an effect of this compound on the 

mitochondrial bioenergetics. Such an increase is difficult to interpret because it could be due to 

various causes, such as mitochondrial permeability transition pore closing, increased metabolism, 

etc. [54], which we did not investigate on. It is noteworthy that often an increased mitochondrial 

potential has been associated to an increased production of reactive oxygen species [55,56], to an 

early apoptotic phase or to a type of caspase-independent programmed cell death, called 

necroptosis [55]. All these associated outcomes of increased mitochondrial potential are 

deleterious for living cells, hampering their normal physiology. Thus, we may affirm that ART 

25 and 50 µM impaired normal mitochondrial function. On the contrary, the treatment (24 h) 

with the analogue EUP induced, at 25 and 50 μM, significant marked mitochondrial 

depolarization, dramatically increasing the number of round non-apoptotic (mitotic cells) and 

apoptotic cells (early apoptosis) that appeared together with multinucleated cells [8]. 

The differences of activity observed between ART and EUP in cancer HeLa cells [8] may be 

due the difference in methoxylation degrees that distinguish their chemical and biological 

properties (Table 1). EUP is a chemical analogue of ART, characterized by the absence of the 

methoxy group at the position 3 of the C ring and the hydroxyl group at the position 7 of the A 

ring with respect to ART [8]. The lower number of methoxy groups of EUP compared to ART 

confers to the first flavone a higher hydrophilicity (log P3 = 2.7, Table 1) [10] that partially rises 

its solubility in the cell medium and possibly influences its mode to interact with the lipid 

membranes and the mechanism of membrane permeation [5,9]. 

Conclusions 

We presented evidence that ART was inactive against in vitro lipid peroxidation but induced a 

dose-dependent cytotoxicity, lipid profile modulation, and mitochondrial potential increase in 
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cancer HeLa cells. At the tested dose range, ART seemed to significantly affect metabolic 

functions of cancer HeLa cells, acting simultaneously through different mechanisms. The 

insertion of the flavone into the cell membrane lipid bilayer and the effect on membrane fluidity 

could be the key signal that triggers cells to modify their lipid profile to maintain the 

physiological cell membrane fluidity. Then the perturbation of membrane lipid organization 

could therefore affect protein dynamics, with effects on cell viability and increase mitochondrial 

potential. In conclusion, the capability of ART to modulate structure, composition, and properties 

of cell membranes is a very promising reality to treat cancer cells that deserves further studies.  
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