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ABSTRACT — Flavones are belonging to flavonoids group and show diverse biological functions. 
Therefore, they have much attention as drugs for maintaining human health via contributing prevention 
and treatment of various diseases like cancers, diabetes, neurodegenerative diseases, ischemic stroke, 
inflammation diseases and cardiovascular diseases. On the other hand, human monoblastic leukemia 
U937 cells have been used as an excellent in vitro model system for macrophage development induced 
in response to various reagents such as all-trans retinoic acid (RA). Here, we investigated the effects of 
flavones (flavone and its hydroxy derivatives) on the RA-induced O2

--generating activity of U937 cells. 
Very interestingly, at a concentration of 20 μM, 3’, 4’-dihydroxyflavone caused up-regulation of the RA-
induced O2

--generating activity (to ~ 170%) although flavone and other hydroxyflavone derivatives test-
ed showed remarkable inhibitory effects on the RA-induced O2

--generating activity. The promoting effects 
of 3’, 4’-dihydroxyflavone on the RA-induced O2

--generating activity showed the maximum value at a 
concentration of 10 μM. Semiquantitative RT-PCR and immunoblotting revealed that 10 μM 3’, 4’-dihy-
droxyflavone up-regulates the RA-induced O2

--generating activity via enhancing gene expression of 
gp91-phox (mRNA level: to ~ 160%, protein level: to ~ 200%) while 10 μM 5, 7-dihydroxyflavone and  
10 μM 3’, 4’, 5, 7-tetrahydroxyflavone down-regulate the RA-induced O2

--generating activity via inhib-
iting gene expression of gp91-phox and p47-phox. These findings also showed that there may be various 
risks involved in use of phytochemical mixtures.
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INTRODUCTION

Phytochemicals are secondary metabolites in high-
er plants, and protect them from various risks, e.g., UVB 

irradiation, environmental toxicants and numerous micro-
bial infections. They found abundantly in many kinds of 
vegetable food and also show diverse biological func-
tions. Therefore, many phytochemicals have attracted 
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attention as alternate drugs for maintaining human health. 
Polyphenols, one of the major groups of phytochemicals, 
can be classified into several categories such as flavo-
noids, stilbenoids and phenolic acids (Arora et al., 2019). 
These compounds play important roles in prevention and 
treatment of various diseases, like, cancers, diabetes, neu-
rodegenerative diseases, ischemic stroke, inflammation 
diseases, cardiovascular diseases, and so on (Braakhuis et 
al., 2016; Zhou et al., 2016; Arora et al., 2019; Miyata et 
al., 2019; Leri et al., 2020).

We have studied the effects of various phytochemi-
cals on the all-trans retinoic acid (RA)-induced super-
oxide anion (O2

-)-generating activity of human mono-
blast U937 cells such as curcumin (Kikuchi et al., 2010), 
resveratrol (Kikuchi et al., 2018), chalcones (Kikuchi et 
al., 2019), sulforaphane (Akiyoshi et al., 2019), ellag-
ic acid and urolithin A (Kikuchi et al., 2021). As is well 
known, in response to various agents such as RA, U937 
cells differentiate to macrophage-like cells which can pro-
duce O2

- (Kikuchi et al., 1994). The O2
--generating sys-

tem in leukocytes needs five specific protein factors (the 
small [p22-phox] and the large [gp91-phox] subunits of 
cytochrome b558 heterodimer in membranes, cytosolic 
p40-phox, p47-phox and p67-phox) and small G-protein 
Rac (Dagher and Pick, 2007; Panday et al., 2015). Here, 
we focused on flavones, and investigated their influences 
on the RA-induced O2

--generating activity of U937 cells. 
Flavones are belonging to flavonoids which are subdivid-
ed into flavones, flavonols, flavanones, flavanols, isofla-
vones and anthocyanidins (Arora et al., 2019), and show 
also numerous pharmacological activities against various 
diseases (Nabavi et al., 2015; Theoharides et al., 2015; 
Liu et al., 2016; Hostetler et al., 2017; Liang et al., 2017; 
Yan et al., 2017; Farkhondeh et al., 2019; Saraei et al., 
2019; Moghadam et al., 2020). Regarding human neutro-
phils and mononuclear blood cells, Davalos et al. (2009) 
reported that red grape juice polyphenols (mixture of var-
ious polyphenols) reduce the O2

--generating activity via 
inhibition of gene expression of p22-phox, gp91-phox 
and p47-phox. However, the understanding of the effects 
of individual flavones against the RA-induced O2

--gener-
ating activity of U937 cells is still poor.

In this paper, we investigated the effects of flavones 
(flavone and its hydroxy derivatives) on the RA-induced 
O2

--generating activity of U937 cells, and revealed that 
3’, 4’-Dihydroxyflavone enhances the RA-induced O2

--
generating activity through up-regulating transcription of 
gp91-phox, as opposed to flavone and other hydroxyfla-
vone derivatives tested.

MATERIALS AND METHODS

Materials
3’-Hydroxyflavone, 4’-hydroxyflavone (Funakoshi, 

Tokyo, Japan), flavone, 5-hydroxyflavone, 6-hydroxyfla-
vone, 7-hydroxyflavone, 5, 7-dihydroxyflavone (chrysin),  
7, 8-dihydroxyflavone, 3’, 4’-dihydroxyflavone, 5, 6, 
7-trihydroxyflavone (baicalein), 3’, 4’, 5, 7-tetrahy-
droxyflavone (luteolin) (Tokyo Chemical Industry,  
Tokyo, Japan), 4’,5,7-trihydroxyflavone (apigenin)  
(Nacalai Tesque, Kyoto, Japan), RPMI-1640 culture  
medium (Gibco Laboratories, Gaithersburg, MD, USA), 
phorbol 12-myristate 13-acetate (PMA), RA (Sigma, 
St Louis, MO, USA),  fetal bovine serum (FBS) (JRH  
Biosciences, Lenexa, KS, USA), plasmocin (InvivoGen,  
San Diego,  CA, USA),  monoclonal  anti-gp91-
phox antibody, monoclonal anti-p47-phox anti-
body (BD Biosciences, San Jose, CA, USA), mon-
oc lona l  an t i -p67-phox  an t ibody,  ho r se rad i sh 
peroxidase-conjugated anti-goat immunoglobulin  
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti- 
p40-phox antibody (GeneTex, Irvine, CA, USA), 
monoclonal anti-β-actin antibody, monoclonal anti-
Na +/K +-ATPase ant ibody (Abcam,  Cambridge,  
UK), and horseradish peroxidase-conjugated anti-
mouse or anti-rabbit immunoglobulin (Promega,  
Madison, WI, USA) were obtained from compa-
nies indicated respectively. Monoclonal anti-human 
p22-phox antibody (449) was kindly provided by 
Dr. Roos and Dr. Verhoeven (Sanquin Research, and 
Landsteiner Laboratory, Academic Medical Centre,  
University of Amsterdam, The Netherlands).

Cell culture and treatment with flavone and its 
hydroxy derivatives

Human monoblastic leukemia U937 cells (RCB0435) 
were provided by the RIKEN BRC through the National  
Bio-Resource Project of the MEXT, Japan. Cells were 
grown in RPMI-1640 culture medium containing 10% 
FBS and 5 μg/mL plasmocin as described (Kikuchi et al., 
2019, 2021). Cells (1.0 x 106) in 5 mL of culture medi-
um were incubated with any of flavone and its hydroxy 
derivatives (10 or 20 μM) in the presence of 1 μM RA for 
48 hr. In addition, regarding 3’,4’-dihydroxyflavone, cells 
were also incubated with 5 or 15 μM 3’,4’-dihydroxyfla-
vone in the presence of 1 μM RA at 37°C for 48 hr.

Measurement of O2
- generation

Measurement of O2
- generation was performed by 

Lumat3 LB9508 luminometer (Berthold Technologies, 
Bad Wildbad, Germany) using luminol and Diogenes-
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luminol chemiluminescence probes as described previ-
ously (Kikuchi et al., 2018).

Semiquantitative RT-PCR
Cells (2.0 x 106) in 5 mL of the culture medium were 

incubated with 1 μM RA in the absence or presence of  
10 μM flavones (flavone, 5, 7-dihydroxyflavone, 3’, 
4’-dihydroxyflavone or 3’, 4’, 5’, 7-tetrahydroxyfla-
vone) at 37°C for 48 hr. Total RNA was isolated from 
the cells using Trizol reagent (Invitrogen, Carlsbad,  
CA, USA). RT reaction was performed with a first 
strand cDNA synthesis kit ReverTra Ace-α (Toyobo,  
Osaka, Japan). Semiquantitative RT-PCR was carried 
out as described previously (Kikuchi et al., 2011, 2021). 
Sequence data of primers were also described (Kikuchi et 
al., 2011, 2021). Human GAPDH gene was used as inter-
nal controls. Semiquantitative RT-PCR data were obtained 
using a luminescent image analyzer STAGE-5100  
(AMZ System Science, Osaka, Japan), analyzed by 
Quant-AMZ software (TotalLab., Newcastle upon Tyne,  
UK) as described (Kikuchi et al., 2021).

Immunoblot analysis
Cells (2.0 x 106) in 5 mL of the culture medium were 

incubated with 1 μM RA in the absence or presence of  
10 μM flavones (flavone, 5, 7-dihydroxyflavone, 3’, 

4’-dihydroxyflavone or 3’, 4’, 5’, 7-tetrahydroxyflavone) 
at 37°C for 48 hr, disrupted in 100 μL of 50 mM Tris-HCl 
buffer (pH 7.5) containing 0.25 M sucrose, 2 mM EDTA 
and 1 mM PMSF, and divided into cytosolic fractions 
and membrane fractions by centrifugation. These pro-
tein samples were subjected to SDS-PAGE followed by 
immunoblot analysis as described previously. Data anal-
yses were carried out using a luminescent image analyz-
er STAGE-5100. Human β-actin (for cytosolic fractions) 
and Na+/K+-ATPase (for membrane fractions) were used 
as controls (Kikuchi et al., 2019, 2021).

Statistical analysis
Quantitative data are presented as averages of three 

separate experiments. Error bars indicate standard devia-
tion. Statistical differences were calculated with Student’s 
t test.

RESULTS AND DISCUSSION

First, in order to know the influences of flavone and 
various hydroxyflavone derivatives (Fig. 1A) on the RA-
induced O2

--generating activity of U937 cells, the cells 
were treated with 10 μM or 20 μM of each reagent in 
the presence of 1 μM RA. As shown in Fig. 1B, at a final 
concentration of 20 μM, flavone and most of hydroxy-

Fig. 1.  Effects of flavone and its hydroxy derivatives on the RA-induced O2
--generating activity of U937 cells. (A) Structural and 

numerical representations of the flavone skeleton. (B) After cultivation with RA for 48 hr in the absence or presence of 
flavones (10 μM [open bars] or 20 μM [closed bars]), cells (1 x 105 cells/mL) were stimulated with 200 ng/mL PMA at 
37°C. PMA-induced chemiluminescence was measured at 10 min after stimulation using a Lumat3 LB9508 luminometer as 
described previously (Kikuchi et al., 2018). Quantitative data of O2

- generation are indicated as percentages of the control 
value obtained from RA-treated U937 cells. Data represent the averages of three separate experiments; error bars indicate 
standard deviation. **, p < 0.01 compared with the data of RA-treated U937 cells.
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flavone derivatives tested showed remarkable inhibito-
ry effects on the O2

--generating activity of U937 cells in 
the presence of RA. In contrast, very interestingly, only 
3’, 4’-dihydroxyflavone brought about markedly up-reg-
ulated the O2

--generating activity of U937 cells (10 μM: 
to ~ 270%, 20 μM: to ~ 170%) in the presence of RA  
(Fig. 1B). As a side note, flavones used in this study 
showed no effect on the viability of U937 cells up to  
20 μM even in the presence of RA (data not shown). In 
addition, the promoting effects of 3’, 4’-dihydroxyfla-
vone on the RA-induced O2

--generating activity showed 
the maximum value at a concentration of 10 μM (Fig. 2). 
The cause of the O2

--generation reducing effects at over 
10 μM is still unknown. These results suggested that posi-
tions and numbers of hydroxy groups in hydroxyflavone 
derivatives may participate in their effects on the RA-
induced O2

--generating activity of U937 cells.
Second, to investigate the effects of flavone and three 

hydroxyflavone derivatives (5, 7-dihydroxyflavone, 3’, 
4’-dihydroxyflavone and 3’, 4’, 5, 7-tetrahydroxyfla-
vone) on transcription levels of five genes essential for 

the O2
--generating activity (p22-phox, gp91-phox, p40-

phox, p47-phox and p67-phox) in detail, we performed 
semiquantitative RT-PCR analysis (Fig. 3). The experi-
ments were performed using these flavones at a final con-
centration of 10 μM because the promoting effects of 
3’, 4’-dihydroxyflavone on the RA-induced O2

--generat-
ing activity showed the maximum value at a concentra-
tion of 10 μM (see Fig. 2). As shown in Fig. 1B, at a final 
concentration of 10 μM, flavone showed no effect on the 
RA-induced O2

--generating activity, 5, 7-dihydroxyfla-
vone and 3’, 4’, 5, 7-tetrahydroxyflavone decreased the 
RA-induced O2

--generating activity, and 3’, 4’-dihydrox-
yflavone increased the RA-induced O2

--generating activ-
ity. Total RNAs were prepared from RA-treated, RA plus 
10 μM flavone-treated, RA plus 10 μM 5, 7-dihydroxy-
flavone-treated, RA plus 10 μM 3’, 4’-dihydroxyflavone-
treated, and RA plus 10 μM 3’, 4’, 5, 7-tetrahydroxyfla-
vone-treated U937 cells. Quantitative data were indicated 
as percentages of control values obtained from RA-treat-
ed U937 cells. Flavone showed no effect on transcrip-
tion levels of these five genes. As expected, transcrip-
tion levels of gp91-phox were up-regulated in RA plus 
3’, 4’-dihydroxyflavone-treated U937 cells (to ~ 160%). 
In contrast, transcription levels of gp91-phox were cer-
tainly down-regulated in the cells treated with RA plus 5, 
7-dihydroxyflavone (to ~ 60%) or 3’, 4’, 5, 7-tetrahydrox-
yflavone (to ~ 65%). In addition, transcription levels of 
p47-phox were also markedly down-regulated in the cells 
treated with RA plus 5, 7-dihydroxyflavone (to ~ 60%) or 
3’, 4’, 5, 7-tetrahydroxyflavone (to ~ 40%). These results 
showed that 5, 7-dihydroxyflavone and 3’, 4’, 5, 7-tet-
rahydroxyflavone attenuate transcription of gp91-phox 
and p47-phox, whereas 3’, 4’-dihydroxyflavone enhances 
transcription of gp91-phox.

Finally, to examine the influences flavone and three 
hydroxyflavone derivatives (5, 7-dihydroxyflavone, 3’, 
4’-dihydroxyflavone and 3’, 4’, 5, 7-tetrahydroxyflavone) 
on amounts of five proteins essential for the O2

--generat-
ing system (p22-phox, gp91-phox, p40-phox, p47-phox 
and p67-phox), immunoblot assay was carried out using 
antibody specific for each protein (Fig. 4A). Quantita-
tive data were indicated as percentages of control val-
ues obtained from RA-treated U937 cells (Fig. 4B). Pro-
tein levels of p22-phox (to ~ 180%) and gp91-phox (to 
~ 200%) were obviously up-regulated in RA plus 3’, 
4’-dihydroxyflavone-treated U937 cells. In contrast, pro-
tein levels of p22-phox and gp91-phox were down-reg-
ulated in the cells treated with RA plus 5, 7-dihydroxy-
flavone (p22-phox: to ~ 80%, gp91-phox: to ~ 50%) or 
3’, 4’, 5, 7-tetrahydroxyflavone (p22-phox: to ~ 80%, 
gp91-phox: ~ 60%). Although all flavones tested showed 

Fig. 2.  Dose-dependent effects of 3’, 4’-dihydroxyflavone on 
the RA-induced O2

--generating activity of U937 cells. 
After cultivation with RA for 48 hr in the absence or 
presence of 3’, 4’-dihydroxyflavone (5, 10, 15 and  
20 μM), cells (1 x 105 cells/mL) were stimulated with 
200 ng/mL PMA at 37°C. PMA-induced chemilumi-
nescence was measured at 10 min after stimulation 
using a Lumat3 LB9508 luminometer as described 
previously (Kikuchi et al., 2018). Quantitative data 
of O2

- generation are indicated as percentages of the 
control value obtained from RA-treated U937 cells. 
Data represent the averages of three separate ex-
periments; error bars indicate standard deviation. **,  
p < 0.01 compared with the data of RA-treated (with-
out 3’, 4’-dihydroxyflavone) U937 cells.
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no effect on transcription levels of p22-phox (see Fig. 3), 
three hydroxyflavone derivatives (5, 7-dihydroxyflavone, 
3’, 4’-dihydroxyflavone and 3’, 4’, 5, 7-tetrahydroxyfla-
vone) altered protein levels of p22-phox. As mentioned 
above, p22-phox and gp91-phox proteins cooperative-
ly assemble to form cytochrome b558 heterodimer in the 
plasma membrane (Dagher and Pick, 2007; Panday et al., 
2015). Our previous study showed that expression level 
of gp91-phox protein limits the O2

--generating activity of 
U937 cells (Kikuchi et al., 1994). In addition, as shown 
in our previous reports (Kikuchi et al., 2018, 2021), it is  
believed that amounts of p22-phox protein may tend to 
depend on that of gp91-phox in U937 cells. On the oth-
er hand, reflecting the transcription levels of p47-phox, its 
protein levels were certainly down-regulated in the cells 
treated with RA plus 5, 7-dihydroxyflavone (to ~ 60%) or 
3’, 4’, 5, 7-tetrahydroxyflavone (to ~ 60%).

Taken together, our data obtained in this study revealed 

that 3’, 4’-dihydroxyflavone up-regulates the RA-induced 
O2

--generating activity of U937 cells via enhancing gene 
expression of gp91-phox while 5, 7-dihydroxyflavone 
and 3’, 4’, 5, 7-tetrahydroxyflavone down-regulate the 
RA-induced O2

--generating activity of U937 cells through 
inhibiting gene expression of gp91-phox and p47-phox. 
These results suggested that dihydroxylation of flavone 
at the 5- and 7-positions may cause down-regulation of 
gene expression of gp91-phox and p47-phox, dihydrox-
ylation of flavone at the 3’- and 4’-positions may cause 
up-regulation of gp91-phox gene expression, and dihy-
droxylation of flavone at the 5- and 7-positions may can-
cel the effect of dihydroxylation of flavone at the 3’- and 
4’-positions on gp91-phox gene expression. Significant-
ly, dihydroxylation of flavone at the 3’- and 4’-positions 
enhances the RA-induced O2

--generating activity of U937 
cells although monohydroxylation of flavone at the 3’- 
or 4’-positions attenuates it (see Fig. 1B). This problem 

Fig. 3.  Effects of flavones (flavone, 5, 7-dihydroxyflavone, 3’, 4’-dihydroxyflavone and 3’, 4’, 5, 7-tetrahydroxyflavone) on tran-
scription of the O2

--generating system-related factors. The mRNA levels of p22-phox, gp91-phox, p40-phox, p47-phox 
and p67-phox were determined by semiquantitative RT-PCR using total RNA extracted from RA-treated, RA plus 10 μM 
flavone-treated (lane 1), RA plus 10 μM 5, 7-dihydroxyflavone-treated (lane 2), 10 μM 3’, 4’-dihydroxyflavone-treated  
(lane 3) and 10 μM 3’, 4’, 5, 7-tetrahydroxyflavone-treated (lane 4) U937 cells as described (Kikuchi et al., 2021). PCR 
data before reaching the plateau were analyzed by Quant-AMZ software using STAGE-5100 image analyzer. Data calibrat-
ed with the internal controls (human GAPDH gene) are indicated as percentages of control values obtained from RA-treated 
U937 cells, and represent the average of three separate experiments. Statistical differences were calculated using Student’s t 
test. Error bars indicate standard deviation. **, p < 0.01 compared with the data of RA-treated cells.
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concerning positions and numbers of hydroxy groups in 
hydroxyflavone derivatives remains to be solved. These 
findings also showed the possibility that 3’, 4’-dihy-
droxyflavone can be available for an effective activa-
tor of phagocytes, and 5, 7-dihydroxyflavone and 3’, 4’, 
5, 7-tetrahydroxyflavone may be used as agents against 
various reactive oxygen species-mediated diseases such 
as inflammatory diseases. Our results in this paper may 
promote effective utilization of 3’, 4’-dihydroxyflavone 
although there is not much report concerning the bio-
activities of 3’, 4’-dihydroxyflavone (Schlupper et al., 
2006; Kim et al., 2018). In addition, it is worthy of notice 
that similar chemical compounds can show the opposite 
effects on the same biological reactions. Phytochemicals 
often use as mixtures such as crude extract of plants. Our 
results showed that there may be various risks involved in 
treatment with phytochemicals as mixtures; for example, 

5, 7-dihydroxyflavone attenuates the O2
--generating activ-

ity of leukocytes, contamination by 3’, 4’-dihydroxyfla-
vone may interfere the activity of 5, 7-dihydroxyflavone. 
Moreover, it is possible that mixtures of various phyto-
chemical may show unexpected toxicity. Therefore, stud-
ies on bioactivities and clinical applications of phyto-
chemicals must be carried out using pure compounds.

ACKNOWLEDGMENTS

We thank R. Madhyastha for editorial reading of the 
manuscript. This work was supported in part by JSPS 
KAKENHI Grant Number 19K02329 (to H. K.) and 
18K07804 (to F. K.).

Fig. 4.  Effects of flavones (flavone, 5, 7-dihydroxyflavone, 3’, 4’-dihydroxyflavone and 3’, 4’, 5, 7-tetrahydroxyflavone) on pro-
tein levels of the five O2

--generating system-related factors. (A) Typical immunoblot profiles. Membrane (for p22-phox 
and gp91-phox) and cytosolic (for p40-phox, p47-phox and p67-phox) fractions were prepared from RA-treated (lane 1), 
RA plus 10 μM flavone-treated (lane 2), RA plus 10 μM 5, 7-dihydroxyflavone-treated (lane 3), 10 μM 3’, 4’-dihydroxy-
flavone-treated (lane 4) and 10 μM 3’, 4’, 5, 7-tetrahydroxyflavone-treated (lane 5) U937 cells, and protein levels of the 
five O2

--generating system-related factors were determined by immunoblot analysis. Human Na+/K+-ATPase (for membrane 
fractions) and β-actin (for cytosolic fractions) were used as controls. (B) Quantitative data of immunoblot analysis. Data of 
RA plus 10 μM flavone-treated (lane 1), RA plus 10 μM 5, 7-dihydroxyflavone-treated (lane 2), 10 μM 3’, 4’-dihydroxy-
flavone-treated (lane 3) and 10 μM 3’, 4’, 5, 7-tetrahydroxyflavone-treated (lane 4) U937 cells are indicated as percentages 
of control value obtained from RA-treated U937 cells, and represent the average of three separate experiments. Statistical 
differences were calculated using Student’s t test. Error bars indicate standard deviation. *, p < 0.05, **, p < 0.01 compared 
with the data of RA-treated cells.
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