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ABSTRACT 
 
Riboflavin is a photosensitizer which causes cell death in mammalian cancer after 

photodynamic therapy. The molecular mechanism mediating its cytotoxicity, however, 

remains unclear. In this work, it is shown that irradiated riboflavin-dependent 

cytotoxicity in HL60 cells occured concomitantly with activation of caspase 8 caused 

by overexpression of Fas and FasL and also stimulation of ceramide. The activation of 

this cascade led to an increase of JNK activity and inhibition of survival mediators 

(PKB and IAP1), as well as downregulation of cell cycle progression regulators. Taken 

together, these results provide a molecular approach characterizing the riboflavin-

mediated apoptosis after photodynamic therapy. 

KEYWORDS 

Riboflavin; photosensitizer; apoptosis; myeloid leukemic cells; signal transduction; 

MAPKs; protein phosphatases. 

 

ABBREVIATIONS 

ERK, extracellular signal-regulated kinase; Fas (CD95), Fas receptor; FasL (CD95L), 

Fas ligand; HL60, human myeloid leukemia cell line; IAP1, inhibitory apoptosis protein 

type 1; JNK, c-jun-NH2-terminal protein kinase; MAPK, mitogen-activated protein 

kinase; MEK, MAPK/ERK kinase; PCNA, proliferating cell nuclear antigen; PKB, 

protein kinase B; PP2A, phosphoprotein phosphatase 2A; RF, riboflavin; STAT, signal 

transducer and activator of transcription; TNF, tumo r necrosis factor; TNFR, tumor 

necrosis factor receptor; TRAF, receptor-associated factor. 

 

INTRODUCTION 
 

Photodynamic therapy (PDT) is a treatment that makes association of a 

photosensitizer with light to generate oxygen-dependent photochemical destruction of 

diseased tissue. This modality has been approved worldwidely since 1993 for the 

treatment of several oncological and nononcological disorders (Peng and Nesland, 

2004). PDT is based on the activation of a photosensitizer by illumination with visible 

or UV light, leading to photochemical tissue destruction. Nevertheless, the molecular 
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details by which the photostimulation of photosensitizers induces cell death remain only 

poorly understood, but are of obvious importance for devising therapy having enhanced 

specificity for deviant tissue as to non-pathological cells. 

Riboflavin (Figure 1), 7,8-dimethyl-10-ribityl-isoalloxazine, one of the 

components of B2 vitamin complex, is an efficient photosensitizer and has been target of 

several studies with photodynamic therapy (Edwards et al.,1999b). Riboflavin is 

particularly sensitive to UV and visible light and acts via the generation of singlet 

oxygen (type II mechanism) or via radical species (type I mechanism), including 

reactive oxygen species such as the superoxide ion, hydroxyl radical and hydrogen 

peroxide (Souza et al, 2005). Although the reduction potential of riboflavin is -0.3V at 

pH 7.0, the redox potential of the excited triplet flavin can be shifted to 1.7V (Meisel 

and Neta, 1975) which is higher than the redox potential of important biomolecules 

such as amino acids, proteins, lipids and nucleic acids which can undergo 

photodegradation in the presence of riboflavin. 

Recently, important advances in the insight as to the effects of radiation on 

riboflavin chemistry have been achieved (Ahmad et al., 2004a; Ahmad et al., 2004b; 

Holzer, et al., 2005), demonstrating that this flavin is degraded through a variety of 

reactions including photolysis (intramolecular photoreduction) and photoaddition 

(intramolecular photoaddtion) as major reactions. The photodegradation of riboflavin in 

aqueous solutions results in a number of products such as 7, 8-dimethyl-10-

(formylmethyl) isoalloxazine, lumichrome, lumiflavin and cyclodehydroriboflavin. 

Additionally, near UV light and daylight fluorescent light irradiated riboflavin produces 

lethal effects on mammalian cells in culture and this cytotoxicity has been attributed to 

products of the riboflavin-sensitized photooxidation of Trp and/or Tyr such as a 

complex mixture of indolic, flavinic and indolic-flavin type aggregates (photoadducts) – 

(Silva et al., 1994; Edwards and Silva, 2001). Thus, the chemical effects of riboflavin 

photostimulation are fairly well characterised. 

The biological effects following these reactions are, however, much less clear. 

It has been suggested that riboflavin irradiation-induced formation of reactive oxygen 

species and other stable photoproducts leads to cell death, although clear cut evidence is 

lacking (Edwards et al., 1999a; Edwards et al., 1999b; Edwards and Silva, 2001; 

Ahmad et al., 2004a). These considerations prompted us to investigate the effects of 
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riboflavin-mediated apoptosis after photodynamic therapy. 
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Figure 1 - Chemical structure of riboflavin and its photoproducts 
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MATERIALS AND METHODS 

Cell line and Reagents  

HL60 cells were purchased from the American Type Culture Collection 

(ATCC, Rockville, MD). Polyclonal antibodies against, antiphospho-p38 mitogen-

ativated protein kinase (MAPK), antiphospho-p42/44 (ERK1/2), antiphospho-c-jun-

NH2-terminal protein kinase (JNK), antiphospho-MAPK/ERK Kinase 1/2 (MEK1/2), 

antiphospho-PKB, cleaved caspase 8, antirabbit and antimouse peroxidase-conjugated 

antibodies were purchased from Cell Signaling Technology (Beverly, MA). Antibodies 

against phospho-PP2A, phosphotyrosine, phosphothreonine, p21, proliferating cell 

nuclear antigen (PCNA), signal transducer and activator of transcription 1 (STAT1) and 

2 (STAT2), receptor-associated factor 1 (TRAF1) and 2 (TRAF2) and inhibitory 

apoptosis protein type 1 (IAP1) were purchased from Santa Cruz Biotechnology (Santa 

Cruz, CA). anti-Fas receptor (Fas), anti-Fas ligand (FasL) - (BD Biosciences, San 

Diego, CA); Fas neutralizing was from Upstate  Biotechnology, Inc.(Lake Placid, NY).  

Riboflavin and Fumonisin B1 were from Sigma. Caspase 3 and Caspase 9 

Colorimetric Assay Kits were obtained from R&D Systems (Minneapolis). 

Cell Culture  

HL60 cells were routinely grown in suspension in RPMI 1640 medium 

supplemented with 2 mM glutamine, 100 IU/ml penicillin, 100 µg/ml streptomycin and 

10 % heat-inactivated fetal bovine serum, at 37oC in a 5 % CO2 humidified atmosphere. 

In all experiments, 7 x 105 cells/ml were treated for 24h with different concentrations of 

irradiated riboflavin. 

 

Irradiation of riboflavin and treatment of HL60 cells  

 Solutions of riboflavin (25, 50, 75, 100, 150, 200 and 250 µM) were diluted in 

RPMI 1640 culture medium and irradiated with UV light. Afterwards, a suspension of 7 

x 105 cells/ml was added to the samples so that the following final concentrations of 

riboflavin: 5, 10, 15, 20, 30, 40 and 50 µM were reached. The cells were also pre-

treated with 25 µM fumonisin B1 or anti-Fas 10µg/mL for 1h and, afterwards, treated 
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with riboflavin. Cell viability was assessed by trypan blue dye exclusion and MTT 

reduction assays.  

MTT reduction assay 

The medium containing irradiated riboflavin was removed and 1.0 ml of MTT 

solution (0.5 mg MTT/ml of culture medium) was added to each well. After incubation 

for 4 h at 37oC, the medium was removed and the formazan released by solubilisation in 

1.0 ml of ethanol. The plate was shaken for 5 min on a plate shaker and the absorbance 

measured at 570 nm (Mosmann, 1983; Denizot et al., 1986). 

 

Western blotting analysis  
Cells (3 x 107) were lysed in 200 µL of lysis buffer [50 mM Tris –HCl (pH 

7.4), 1% Tween 20, 0.25 % sodium deoxycholate, 150 mM NaCl, 1 mM EGTA, 1 mM 

Na3 VO4, 1 mM NaF and protease inhibitors (1 µg/ml aprotinin, 10 µg/ml leupeptin, and 

1 mM 4-(2-aminoethyl)benzenesulfonyl-fluorid -hydrochloride)] for 2 h in ice. Protein 

extracts were cleared by centrifugation and protein concentrations were determined 

using Lowry method (Hartree, 1972). An equal volume of 2X sodium dodecyl sulphide 

(SDS) gel loading buffer [100 mM Tris –HCl (pH 6.8), 200 mM DTT, 4 % SDS, 0.1 % 

bromophenol blue and 20 % glycerol] was added to samples which were subsequently 

boiled for 10 min. Cell extracts, corresponding to 3 x 105 cells, were resolved by SDS-

polyacrylamide gel (12%) electrophoresis (PAGE) and transferred to PVDF 

membranes. Membranes were blocked in 1% fat-free dried milk or bovine serum 

albumin (2%) in Tris -buffered saline (TBS)-Tween 20 (0.05 %) and incubated overnight 

at 4 °C with appropriate primary antibody at 1:1000 dilution. After washing in TBS-

Tween 20 (0.05 %), membranes were incubated with antirabbit or antimouse 

horseradish peroxidase-conjugated secondary antibodies, at 1:2000 dilutions (in all 

Western blotting assays), in blocking buffer for 1 h. The detection was made using 

enhanced chemiluminescence (ECL). 

 

Caspases 3 and 9 activity assays   
 Caspase activities were determined by the measurement at 405 nm of p-

nitroanaline released from the cleavage of caspase 3 (Ac-DEVD-pNA) and caspase 9 
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(LEHD-pNA) substrates. The enzyme activities were expressed in pmol/min and the 

extinction coefficient of pNA was 10,000 M -1 cm-1. 

 

Annexin V and 7-amino-actinomycin D Assays  
Control and riboflavin-treated cells were collected and resuspended in 1X 

binding buffer (0.01 M Hepes/NaOH, pH 7.4, 0.14 mM NaCl and 2.5 mM CaCl2) at the 

concentration of 1 x 106 cells/ml. Subsequently, 100 µl of cell suspension were 

transferred to a 5-ml tube and Annexin V FITC (5 µl) and 7-amino-actinomycin D (7-

AAD) - (10 µl) were added. The cells were incubated at room temp erature for 15 

minutes, after which 400 µl of 1X binding buffer were added and apoptosis assessed by 

flow cytometry. 

 

Statistical evaluation  
All experiments were performed in triplicate and the results shown in the 

graphs represent the means and standard errors. Cell viability data were expressed as the 

means ± standard errors of 3 independent experiments carried out in triplicates. Data 

from each assay were analyzed statistically by ANOVA. Multiple comparisons among 

group mean differences were checked with Tukey post hoc test. Differences were 

considered significant when the p value was less than 0.05. Western blottings represent 

3 independent experiments. 

 

RESULTS 

 
Irradiated riboflavin but not non-radiated riboflavin affects HL60 cells 

viability 
A model system for investigating the effects of a photosensitizer on cancer cell 

signal transduction should fulfil two important requirements: 1) when cells are treated 

with the non-radiated form of the compound, cellular physiology should not be affected, 

and 2) pre-irradiation of the compound should result in metabolites which are cytotoxic 

when added to the model system, to prevent irradiation of the cell itself with its 

associated confounding effects. In order to find out whether HL60 cells fit in such a 

model, the cells were treated with riboflavin in concentrations up to 50 µM, whereas a 
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negligible cell death was observed at lower concentrations. Conversely, the pre-

irradiated riboflavin demonstrated a strong cytotoxic effect on HL60 cells, with an IC50 

value of 10µM (Figure 2A). Therefore, in accordance with the observations of Edwards 

and Silva (1999b), HL60 cells consists of a suitable model for studying the effects of a 

photosensitizer. 
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Figure 2 – Irradiated riboflavin presents toxic effect on HL60 cells. The cells were treated 

with different concentrations of irradiated and non-irradiated riboflavin in RPMI medium (A). 

The effect of photoproducts was also evaluated after 1h, 24h and 7 days after irradiation (B). In 

the absence of compounds, the MTT (3-(4, 5-dimethylthiazol-2, 5-diphenyl-tetrazolium bromide) 

reduction was considered as 100%. The experiment was performed in a 24 wells plate. Results 

represent t he means ± standard error of 3 experiments run in triplicate (P < 0.05). 
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 Additionally, the effect of irradiated riboflavin was evaluated after 1h, 24h and 

7 days after irradiation. Interestingly, the results show that the cytotoxic profile 

remained the same, indicating that the anti-proliferative activity of pre-irradiated is 

related to the formation of stable photoproducts (Figure 2B). 

 

Irradiated riboflavin-dependent cytotoxicity is mediated by apoptosis  
 Cytotoxicity can proceed either via necrosis, which may produce substantial 

collateral damage, or apoptosis when cells dispose of themselves in an orderly fashion. 

The morphological observation of Edwards and Silva is more consistent with an 

apoptotic  rather than a necrotic response to pre-irradiated riboflavin. In agreement, 

when analyzed by flow cytometry, the exposure of phosphatidyl serine concomitantly 

with the 7-AAD exclusion of the HL60 cells population demonstrated that apoptosis is 

the principal mode of cell death induced by pre-irradiated riboflavin. However, when 

the cells were treated with higher concentrations, an increase of later apoptosis and 

necrosis was observed (Figure 3A). Moreover, the activation of direct markers of 

apoptosis: caspase 9 and 3 (Figure 3B) was also observed as well as the downregulation 

of inhibitory apoptosis protein type 1 (IAP1), an indirect marker of apoptosis – (Figure 

3C). 

                              A                                   B 
 

 

 

 

 

 

 

 

 

Figure 3 - Apoptosis analysis of HL60 cells treatment with riboflavin. (A) Cell samples were 

prepared as described in Methods and Annexin V-positive, 7-AAD-positive and Annexin V/7-

AAD-positive populations were analyzed by flow cytometry. (B) Colorimetric assay was 
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performed to determine caspases 9 and 3 activities. (C) Western blot analysis was performed to 

assess IAP1, caspase 8, Fas, FasL, Traf1 and 2 levels. 
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Irradiated riboflavin-induced apoptosis is mediated via the extrinsic 

pathway and ceramide  
 Apoptosis can occur as a response to external clues, mediated via death 

receptors or be a consequence of intracellular events, such as the p53-mediated 

apoptosis in response to DNA damage. The strong activation of caspase 8 detected in 

response to irradiated riboflavin (Figure 3C) allows us to infer that the extrinsic 

pathway mediates, at least, part of the pro-apoptotic effects of irradiated riboflavin. A 

strong support for this notion can be taken from the observation that the expression 

levels of both the death receptor Fas and FasL were considerably increased in response 
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to stimulation with irradiated riboflavin (Figure 3C). Confidence in the specificity of 

this effect was bolstered by the observation that expression of TRAF2, which 

participates in the signalling downstream of the distinct death receptor TNFR, was 

down regulated in response to pre-irradiated riboflavin (Figure 3C). Thus, our results 

demonstrate a specific activation of FasL/Fas signalling in HL60 cells in response to 

pre-irradiated riboflavin. Importantly, a pre-treatment of the cells with Fas neutralising 

prevented the apoptosis induction by riboflavin (at 5 and 10 µM) - (Figure 4A).  
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                                B 
 

 

 

 

 

Figure 4 - Effects of Fas neutralising and fumonisin B1 on riboflavin action. Cells at the 

density of 7 x 106  were incubated with antibody Fas neutralising 10µg/ml (A) or 25 µM 

Fumonisin B1 (B) for 1h and after treated with irradiated riboflavin for 24 h and the number of 

viable cells was determined by MTT reduction assay. Results represent the means ± standard 

error of 3 experiments run in triplicate (P < 0.05). 
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 On the other hand, fumonisin B1 (ceramide synthase inhibitor) also prevented 

HL60 cells death when riboflavin was used at the concentrations of 5 and 10 µM 

(Figure 4B). 

 

Mitogen activated protein kinases regulation by riboflavin photoproducts 
 Since the previous results predict an increased activity of kinases in response to 

irradiated riboflavin, we examined the status of some members of the MAP kinases 

family. In Figure 5, a strong increase in phospho-JNK level is observed, while ERK and 

p38 MAP kinase levels remained unchanged after the treatment. These results are 

consistent with the participation of the FasL/Fas system in mediating the cytotoxic 

effects of irradiated riboflavin on HL60 cells viability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 - Effects of flavins on quinases phosphorylation and expression in HL60. Cells were 

treated with flavins (5, 10 and 50 µM) and the phosphorylation of quinases were evaluated by 

immunoblotting. Soluble lysates were matched for protein content and analyzed on Western blot. 
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Irradiated riboflavin causes cell cycle arrest 
 The effects of irradiated riboflavin on the expression of a selected set of 

proteins involved in the regulation of the cell cycle progression were investigated by 

Western Blotting. An expressive up-regulation of p21 was observed, concomitantly 

with down-regulation of PCNA and STATs 1 and 2 (Figure 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 - HL60 cells cycle arrest by riboflavin. The expression of p21, PCNA, STAT1 and 2 

was evaluated by immunoblotting. Soluble lysates were matched for protein content and analyzed 

on Western blot. 

 

Effect of irradiated riboflavin in protein phosphatases and PKB activities  
 The analysis of tyrosine phosphorylation status in cytoplasmic proteins shows a 

strong increase of tyrosine phosphorylation after treatment of cells with 5 µM of 

irradiated riboflavin. Interestingly, the treatment with higher concentrations of irradiated 

riboflavin showed a dose-dependent decrease in tyrosine phosphorylation associated 



Chapter 4  

 80 

with the activation of proteins tyrosine phosphatases (Figure 7A). Moreover, an increase 

in the threonine phosphorylation (Figure 7B) was also observed. In agreement, Figures 

7C and D show the inhibition of the serine/threonine phosphatase PP2A and the anti-

apoptotic kinase PKB.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 - Protein phosphatase and protein kinase B activities are affected by flavins. 

The profile status of protein phosphorylation in tyrosine (A) and threonine (B) residues and 

PKB (D) as well as inhibitory phosphorylation of PP2A (C) was evaluated by 

immunoblotting.  
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DISCUSSION 
Chemotherapy for the treatment of some types of neoplastic disease has been 

one of the most intrigued challenge for the scientists. In relation to leukemia, the 

chemotherapeutic treatment outcome for most adults with acute my eloid leukemia 

remains unacceptable. In this way, new agents which act against cancerous cells at low 

concentrations and presenting high specificity are desirable. For this purpose, HL60 

cells have been employed as a suitable model system for studying cell differentiation 

and apoptosis in vitro  (Ferreira et al., 2004). 

Some authors have been demonstrating that pre-irradiated riboflavin leads 

HL60 cells to die by apoptosis. These previous results suggested the irradiation of 

riboflavin induces to the formation of reactive oxygen species and other stable 

photoproducts (Edwards et al., 1999a; Edwards et al., 1999b; Edwards and Silva, 2001; 

Ahmad et al., 2004a). However, we demonstrate here that the effect of irradiated 

riboflavin on HL60 cells treated for 24h is not due to oxidative stress induction since, 

even after 24h of irradiation, the effect observed stays the same. This result agrees with 

that showed by the Edwards’ group (Edwards et al., 1994; Edwards et al., 1999b) which 

demonstrates that oxygen reactive species generated during irradiation cannot affect the 

cells after the irradiation is interrupted, due either to their short lifetimes in aqueous 

solution or to the low concentration, as the case of H2O2. 

Additionally, the possible mechanisms by which irradiated riboflavin provokes 

HL60 cells death were investigated. The results obtained confirm data from literature 

(Edwards et al., 1994; Massey, 2000) which stablish relationship between the action of 

irradiated riboflavin and alterations in signal transduction responsible for cell survival. 

In the present results inhibition of PKB was observed, demonstrating that pre-irradiated 

riboflavin reduces activity of this anti-apoptotic kinase and, consequently, leads cells to 

apoptosis. Apoptosis, in turn, was detected by phosphatidylserine exposure, activation 

of caspases 8, 9 and 3 and downregulation of IAP1. These results are in accordance with 

other works which demonstrate that pre-irradiated riboflavin induces morphological and 

biochemical changes similar to those of apoptotic cells (Edwards et al., 1994; Edwards 

et al., 1999b; Edwards and Silva, 2001). 

 The capacity of irradiated riboflavin to induce HL60 to apoptotic cell death 

suggests its potential use as photosensitizer agent, whereas photosensitising becomes 
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increasingly  important for the treatment of cancer especially for the treatment of 

tumours not easily irradiated due to their location in the body, such as in leukemia. Here 

we delineate the molecular details concerning the cell death induced by 

photosensitization through the investigation of molecular mechanisms related to the 

induction and execution of apoptosis by irradiated riboflavin.  

Our results show strong activation of caspases 3 and 8 when compared with 

caspase 9 indicating the intrinsic pathway is not the major signalling responsible for the 

induction of the apoptotic process. In fact, we observed that the treatment of HL60 cells 

with riboflavin photoproducts induced the up-regulation of both Fas and FasL 

expression whereas the inhibition of death receptor with anti-Fas neutralizing prevented 

the apoptosis induced by irradiated riboflavin, suggesting that death receptors play a 

pivotal role in the induction of apoptosis by activating the extrinsic pathway. 

Furthermore, our results show that the inhibition of ceramide synthase by Fumonisin B1 

was able to avoid cell death provoked by riboflavin at concentrations of 5 and 10 µM, 

suggesting that riboflavin-induced HL60 cell death is associated to activation of Fas 

receptor induced via a ceramide- dependent pathway. These results are in accordance 

with previous data from the literature showing the importance of ceramide as a second 

lipid messenger involved in the reorganization of lipid rafts into ceramide-enriched 

platforms responsible for increase of Fas clustering and its activation (Cremesti et al., 

2002; Huang et al., 2004; Miyaji et al., 2005; Rotolo et al., 2005) and also as a regulator 

of JNK (Verheij et al., 1996). 

Thus, cell death induced by this photosensitizer is not the consequence of a 

specific adduct-induced apoptosis but follows an orderly apoptotic program that leads to 

an orderly reduction in tumour mass and better clinical results since massive necrosis is 

avoided. 

Additionally, we observed that the irradiated riboflavin leads to cell cycle 

arrest in HL60 as shown by the activation of p21 and down-regulation of PCNA. p21 

binds to and inactivates a variety of cyclin/CDK complexes and thereby regulates the 

cell cycle. PCNA is a protein synthesized in early G1 and S phases of the cell cycle and 

functions in the cell cycle progression, DNA replication and DNA repair (Woods et al., 

1991; Xia et al., 2005). As HL60 cells are p53 negative of homozygous deletions 

(Steinman et al., 1998) and p53 is one of the activators of p21, we investigated if the 
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expression of p21 could be regulated through STATs which mechanism is p53-

independent and can occur in response to TNFR1 signaling (Wang, et al., 2000). Unlike 

to this observation, our results show that the activation of p21 in HL60 cells treated with 

irradiated riboflavin is independent of STATs and TNFR1 signaling.  Interestingly, 

activation of p21 in myelocytic cell lines such as HL60 are also related to terminal 

differentiation but the mechanism that regulates p21 expression in these p53-

independent circumstances is not clear (Das et al., 2000; Asada et al., 2004). 

 The reversible phosphorylation of proteins, regulated by protein kinases and 

protein phosphatases, influences virtually all cellular functions and it is an essential 

mechanism in the control of proliferation, differentiation and transformation (Zhang, 

2003; Aoyama et al., 2003). Riboflavin photoproducts cause an increase in the 

phosphorylation of serine/threonine residues and, on the contrary, a decrease in 

phosphotyrosine residues. Interestingly, the decrease in phosphotyrosine residues 

indicates an activation of protein tyrosine phosphatases and reinforce that the cytotoxic 

effects of irradiated riboflavin are mediated overcoat by the production of stable 

photoproducts, since it is known that tyrosine phosphatases are inhibited by oxidative 

stress. 

 The inhibition of the serine/treonine phosphatase PP2A observed after the 

treatment and is in agreement with other works that show induction of apoptosis by 

PP2A inhibitors (McCluskey et al., 2003). Moreover, the inhibition of PP2A is 

correlated to the differentiation of HL60 cells (Uzunoglu et al., 1999; Bhoola and 

Hammond, 2000) and indicates that the induction of death may be a result of a terminal 

differentiation induced by irradiated riboflavin. The activation of protein tyrosine 

phosphatases also indicates a differentiation process induced by irradiated riboflavin 

since the increase in phosphotyrosine residues has been shown in the terminal stages of 

differentiation of HL60 cells (Treigyté et al., 2000). 

 The family of serine/threonine protein quinases MAPKs regulates diverse 

cellular activities running the gamut from gene expression, mitosis and metabolism to 

motility, survival and apoptosis (Brantley-Finley, 2003). In order to evaluate the role of 

MAPKs in the induction of HL60 death by riboflavin the activation status of ERK, JNK 

and p38 MAPK was analyzed and our results show that the cytotoxic effects of 
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riboflavin photoproducts are related to the activation of JNK and down-regulation of 

ERK1/2, whereas no changes in p38 MAPK status was observed.  

 ERK1/2 signaling has been implicated as a key regulator of cell proliferation 

and, for this reason, inhibitors of the ERK pathway are entering clinical trials as 

potential anticancer agents (Lee and McCubrey, 2002; Roux, and Blenis, 2004). In this 

paper we show that riboflavin photoproducts caused a slight reduction of ERK activity, 

which may also be related to the entry in the terminal stage of differentiation in HL60 

cells (Chen et al., 2004). 

 The activation of JNK is in accordance with the increase in Fas and FasL 

expression. In fact, JNK activity has been reported to mediate drug-induced caspase 

activation and to be requested for up-regulation of FasL expression in HL60 cells 

(Treigyté et al., 2000, O’Gorman et al., 2001, Barthelemy et al., 2004, Peng et al., 

2005, Su et al., 2005). Furthermore, ERK1/2 pathway has been related to resistance of 

cell death triggered by death receptors and the inhibition of this cascade shows to 

sensitize cells to Fas signaling (Holmstrom et al., 2000, Tran et al., 2001). HL60 cells 

line are relatively resistant to Fas -induced death, hence, the down-regulation of ERK1/2 

by irradiated riboflavin is an important mechanism to sensitization of these cells by 

overexpression of Fas and FasL induced by JNK activity. Moreover, our results show 

inhibition of the PKB pathway, which is also important to influence in the sensitization 

of cell death by Fas (Treigyté et al., 2000).  

The present work demonstrates that irradiated riboflavin is a potent inducer of 

apoptotic cell death in HL60 by activating the extrinsic pathway in a mechanism 

dependent of up-regulation of Fas and FasL expressions induced by activation of JNK. 

Furthermore, our study indicates that the apoptotic process is preceded by cell cycle 

arrest and terminal differentiation but additional studies are necessary to give more 

detailed evidences about the riboflavin action (Figure 8). Nevertheless, the results here 

presented reinforce the potentiality of riboflavin as adjuvant therapeutic for myeloid 

leukemia and contribute to the better knowledge towards the rational use of the 

photosensitization for cancer treatment. 
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Figure 8 - Schematic representation of the mechanism of flavins-induced HL60 cell death. Data 

presented in this report revealed that riboflavin induces apoptosis in HL60 cells through activation of the 

Fas signaling cascade as demonstrated by upregulation of Fas and FasL. Furthermore this mechanism is 

dependent of ceramide production and reorganization of lipid rafts in ceramide grouped platforms which 

are responsible for the oligomerization and activation of Fas receptors. Also, the event involves the 

MAPK JNK and caspase 8 induction and PKB inhibition. Active caspase 8 initiates the apoptotic cascade 

as demonstrated by an expressive activation of caspase 3 and downregulation of IAP1. The dominant 

participation of extrinsic pathway induced by flavins was also indicated by the lower effect observed in 

the caspase 9 activity in comparison to caspase 3 and increase in cell viability induced by the Fas 

neutralising. 
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