
P hotoinitiators are an indispensable component in 
a wide range of products that enrich human life,  

including resin-based dental adhesives [1],  inks [2],  
adhesives [3],  and sunscreens [4].  As a result, most 
people are in daily contact with photoinitiators.

2-isopropylthioxanthone (2-ITX) is a well-known 
photoinitiator that has been classified by the European 
Food Safety Authority (EFSA) as a potential hazard to 
human health,  and that has been detected in milk,  
yoghurt,  and juices [5].  Subsequent research revealed 
that the presence of 2-ITX in these foods was due to its 
migration from printing ink on the food containers [6 ,  
7].  2-ITX has varying effects on hormones: it is 
anti-estrogenic [8],  aryl hydrocarbon receptor (AhR)-
agonistic, and it has anti-androgenic and anti-estro-
genic potencies [9],  as well as estrogenic activity [10].  
Expanding on the earlier detections in printing ink,  our 

previous studies detected photoinitiators in the injec-
tion solutions from plastic containers [11-13].  Potential 
routes for photoinitiator contamination thus include 
polymerization reactions during the production of plas-
tic containers,  and ink during printing.  As further 
evidence of the former contamination route,  an injec-
tion solution containing photoinitiator 2-methyl- 
4´-(methylthio)-2-morpholinopropiophenone (MTMP) 
was shown to induce cell death via the caspase pathway 
[14],  and photoinitiators in an injection solution were 
shown to exhibit estrogen-like activity [15].  In our 
recent study,  the photoinitiator MTMP in an injection 
solution exhibited mutagenicity [16].  Given the ubiq-
uity of photoinitiators,  there are serious concerns 
regarding its associated health hazards.

Previous studies have reported that photoinitiators 
not only exhibit cytotoxicity and genotoxicity [17-19],  
but can also cause skin disorders such as allergic contact 
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dermatitis [20 , 21],  photoallergic contact urticaria,  and 
facial erythema [22].  The purpose of this study was to 
investigate the underlying mechanisms of the effects in 
skin disorders by examining the effect of photoinitiators 
on histamine production using human mast cells (HMC-
1),  and on the release of inflammatory cytokines using 
the cell line RAW264.

Methods and Materials

Reagents. 1-hydroxycyclohexyl phenyl ketone 
(1-HCHPK),  dimethyl sulfoxide (DMSO),  penicillin,  
streptomycin,  alpha-thioglycerol,  lipopolysaccharides 
(LPS) from Escherichia coli O55: B5,  and compound 
48/80 were purchased from Sigma-Aldrich (Tokyo).  
2-ITX,  methyl 2-benzoylbenzoate (MBB),  and MTMP 
were purchased from Tokyo Chemical Industry Co.  
(Tokyo).  Iscove’s modified Dulbecco’s medium (IMDM),  
minimum essential medium (MEM),  non-essential 
amino acids solution (NEAA),  and fetal bovine serum 
(FBS) were acquired from Life Technologies Japan 
(Osaka,  Japan); histamine enzyme immunoassay (EIA) 
kits were purchased from Bertin Pharma (Paris); and 
3-(4 , 5-dimethylthiazol-2-yl)-2 , 5-diphenyltetrazolium 
bromide (MTT) and N,  N-dimethylformamide were 
obtained from Wako Pure Chemical Industries (Osaka).  
The mouse interleukin (IL)-6 antibody pair and mouse 
tumor necrosis factor (TNF)-α antibody pair were 
acquired from Thermo Fisher Scientific (Cleveland,  
OH,  USA).  The photoinitiators and compound 48/80 

were dissolved in DMSO.  MTT was dissolved in phos-
phate buffered saline.  The final DMSO concentration in 
the culture medium was 0.1%.  Information on the pho-
toinitiators used in this study is presented in Table 1.

Cell culture. The HMC-1 cell line used in this 
study was derived from a patient with mast cell leuke-
mia and was kindly provided by Dr.  Steven P.  Van 
Nurden.  HMC-1 cells are widely used in studies on 
human mast cell function because they exhibit various 
key characteristics of tissue mast cells,  such as expres-
sion of histamine.  The HMC-1 cells were cultured in 
IMDM supplemented with 10% (v/v) heat-inactivated 
fetal bovine serum,  100 units/ml penicillin,  100 μg/ml 
of streptomycin,  and 0.01% v/v alpha-thioglycerol.  Cells 
were maintained at 37°C in an incubator in a water-sat-
urated atmosphere containing 5% (v/v) CO2.

The mouse macrophage-like cell line RAW264,  
which is used to assess inflammatory cytokine release,  
was obtained from the RIKEN BioResource Center 
(Ibaraki,  Japan),  and maintained in MEM supple-
mented with 10% (v/v) heat-inactivated fetal bovine 
serum, 100 units/ml penicillin, 100 μg/ml of strepto-
mycin,  and 1% v/v NEAA. Cells were maintained at 
37°C in an incubator in a water-saturated atmosphere 
containing 5% (v/v) CO2.

Cell viability assays. The HMC-1 cells were 
transferred to 96-well plates (20,000 cells/well),  treated 
with a photoinitiator (1-HCHPK,  2-ITX,  MBB,  or 
MTMP) and/or compound 48/80,  and cultured at 37°C 
in an incubator in a water-saturated atmosphere con-
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Table 1　 Information of photoinitiators in this study

Analyte CAS No. Chemical name cLog P cLog S Chemical structure

1-HCHPK 947-19-3 1-hydroxycyclohexyl phenyl ketone 2.441 -3.176

2-ITX 5495-84-1 2-isopropylthioxanthone 5.027 -5.287

MBB 606-28-0 methyl 2-benzoylbenzoate 3.224 -3.857

MTMP 71868-10-5 2-methyl-4́-(methylthio)-2- 
morpholinopropiophenone 2.126 -2.824



taining 5% (v/v) CO2 for 24 h.  The RAW264 cells were 
transferred to 96-well plates (100,000 cells/well),  treated 
with a photoinitiator (1-HCHPK,  2-ITX,  MBB,  or 
MTMP),  and cultured at 37°C in an incubator in a 
water-saturated atmosphere containing 5% (v/v) CO2 for 
24 h.  For the negative control wells,  DMSO was added 
instead of a photoinitiator,  and the cells were incubated 
as described above.

Cell viability was assessed using the MTT assay [23],  
and was expressed as a percentage of the absorbance 
value determined for control cultures using the equation

Cell survival rate (%) = [(As-Ab)/(Ac-Ab)] ×100,
where As,  Ac and Ab are the absorbance of the sample,  
the negative control,  and the blank, respectively.

Measurement of histamine levels. Histamine 
levels,  including those derived from HMC-1 cells, were 
assessed using a histamine EIA kit according to the 
manufacturer’s protocol.  The cells (1×105 cells/ml) were 
incubated with compound 48/80 or a photoinitiator for 
30 min at 37°C in an incubator with 5% (v/v) CO2 [24].  
Cells were then cooled on ice to stop the reaction and 
pelleted by centrifugation at 1,200 rpm for 3 min at 4°C 
before the supernatants were collected and used to mea-
sure the concentration of histamine.  The absorbance 
was measured at 414 nm using a multimode microplate 
reader (FlexStation 3; Molecular Devices,  San Jose,  
CA,  USA).

The effect of each compound on histamine release was 
expressed as the ratio of the histamine concentration of 
the relevant sample to that of negative control cultures:

 Effect on histamine release = [histamine release 
(sample)/histamine release (negative control)].

Measurement of inflammatory cytokine concentra-
tions. The cells (1×106 cells/ml) were incubated with 
LPS (10 ng/ml) or a photoinitiator for 24 h at 37°C in an 
incubator with 5% (v/v) CO2.  Thereafter,  IL-6 and 
TNF-α levels in the culture medium of RAW264 cells 
were determined by enzyme-linked immunosorbent 
assay (ELISA) using the mouse IL-6 antibody pair and 
mouse TNF-α antibody pair according to the manufac-
turer’s protocol.

Statistical analysis. Cell viability and inflamma-
tory cytokine concentrations were analyzed using one-
way analysis of variance (ANOVA) followed by Dunnett’s 
test.  Histamine levels were analyzed using one-way 
ANOVA,  followed by Tukey’s test.  The significance 
level was set at p < 0.05.

Results

Cell viability. The effects of compound 48/80 
and photoinitiators on the proliferation of HMC-1 cells 
were determined using the MTT assay.  As shown in 
Fig. 1,  exposure to compound 48/80 (1-100 μg/ml) pro-
duced no significant cytotoxicity; however,  marked 
cytotoxicity was detected at 500 μg/ml ([F(5 , 30) = 25.4,  
p < 0.01]). As shown in Fig. 2, exposure to 1-HCHPK, 
2-ITX, or MTMP at 10-10–10-4 M produced no signifi-
cant cytotoxicity, but marked cytotoxicity was detected 
at 10-3 M (1-HCHPK: [F(8 , 45) = 5.362,  p < 0.01];  
2-ITX: [F(8 , 45) = 10.456,  p < 0.01] ; and MTMP:  
[F(8 , 45)=7.267,  p < 0.01]).  In contrast,  treatment with 
MBB (10-10–10-3 M) caused no significant cytotoxicity.

The effects of photoinitiators on the proliferation of 
RAW264 cells were then determined.  Exposure to 
1-HCHPK,  2-ITX,  MBB,  or MTMP at 10-10–10-4 M 
produced no significant cytotoxicity (Fig. 3),  but marked 
cytotoxicity was detected at 10-3 M (1-HCHPK: [F 
(8 , 41) = 10.328,  p < 0.01]; 2-ITX: [F (8 , 40) = 42.994,  
p < 0.01]; MBB: [F (8 , 41) = 13.333,  p < 0.01]; and 
MTMP: [F (8 , 41) = 268.162,  p < 0.01]).

Histamine production in HMC-1 cells. To inves-
tigate the effects of the photoinitiators on histamine 
release from HMC-1 cells,  histamine levels were mea-
sured.  Treatment with compound 48/80 (positive con-
trol: 50 μg/ml) increased histamine release from HMC-1 
cells.  In addition,  each photoinitiator (10-4 M) signifi-
cantly increased histamine release from HMC-1 cells 
compared to the control (1-HCHPK: [F (4 , 10) 

February 2025 Photoinitiators Induce Histamine Release 53

Compound 48/80

1 10 50 100 500
Concentration (µg/ml)

C
0

20

40

60

80

100

120

C
el

l v
ia

bi
lit

y 
(%

)

＊＊

Fig. 1　 Effect of compound 48/80 on cell viability.  The percentage 
of viable cells was determined using the MTT assay.  Error bars 
represent the mean ± SD for six independent experiments.  ＊＊p<0.01 
indicates significant difference from the respective control.  C,  
control.
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Fig. 3　 Effects of 1-HCHPK,  2-ITX,  MBB,  and MTMP on RAW264 cell viability.  The percentage of viable cells was determined using 
the MTT assay.  Error bars represent the mean ± SD for six independent experiments.  ＊＊p<0.01 indicates a significant difference from the 
respective control.  C,  control.
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Fig. 2　 Effects of 1-HCHPK,  2-ITX,  MBB,  and MTMP on HMC-1 cell viability.  The percentage of viable cells was determined using the 
MTT assay.  Error bars represent the mean ± SD for six independent experiments.  ＊＊p<0.01 indicates a significant difference from the 
respective control.  C,  control.



= 237.258, p < 0.01] ; 2-ITX : [F (4 , 10) = 69.139,  
p < 0.01]; MBB: [F (4 , 10) = 143.330,  p < 0.01]; and 
MTMP: [F (4 , 10) = 42.287,  p < 0.01]).  However,  expo-
sure to 10-4 M MTMP produced no significant increase 
in histamine release compared to that induced by com-
pound 48/80 (Fig. 4).

Effect of photoinitiators on inflammatory cytokine 
release. To investigate the effects of photoinitiators 
on the inflammatory cytokine release in RAW264 cells,  
IL-6 and TNF-α levels were measured.  In the RAW264 
cell line,  significant induction of IL-6 and TNF-α release 
was confirmed in the positive-control group treated 
with 10 ng/ml LPS (IL-6: [F (5 , 12) = 40.35,  p < 0.01];  
and TNF-α: [F (5 , 12) = 18.6,  p < 0.01]).  In contrast,  no 
significant increase in IL-6 or TNF-α release was observed,  
even when cells were exposed to each photoinitiator 
(10-4 M) for 24 h (Fig. 5).

Discussion

In the present study,  we demonstrated that the four 
selected photoinitiators induced histamine production 
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Fig. 4　 Effects of 1-HCHPK,  2-ITX,  MBB,  and MTMP on histamine production in HMC-1 cells.  Error bars represent the mean ± SD for 
six independent experiments.  ＊＊p<0.01 indicates a significant difference from the respective control.  ##p<0.01 indicates a significant 
difference from the respective positive control.  C,  control; P,  positive control (50 μg/ml compound 48/80).
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Fig. 5　 Effects of 1-HCHPK,  2-ITX,  MBB,  and MTMP on 
inflammatory cytokine release in RAW264 cells.  Error bars represent 
the mean ± SD for three independent experiments.  ＊＊p<0.01 
indicates a significant difference from the respective control.  C,  
control; P,  positive control (10 ng/ml LPS).



in HMC-1 cells.  However,  none of the photoinitiators 
affected the release of IL-6 and TNF-α in RAW264 cells.  
This suggests that photoinitiators cause skin disorders 
by inducing histamine production, rather than inflam-
matory cytokine release.  In addition,  it should be 
noted that the photoinitiator concentrations used in this 
experiment (10-4 M) were within the range previously 
detected in injection solutions (10-5 to 10-4 M) [11-13],  
and were thus suitable for an examination of exposure 
risk.

Mast cells are involved in immune responses such as 
histamine release when activated by immunoglobulin E 
(IgE) and toll-like receptors (TLRs).  Many inflamma-
tory skin diseases,  including atopic dermatitis and acute 
urticaria,  are mediated by IgE-dependent mast cell acti-
vation [25].  Recent studies have suggested that TLR7 in 
mast cells causes IgE-independent skin inflammation 
[26].  However,  there are currently no reports on the 
activation of mast cells via IgE or TLR in photoinitia-
tors.  Histamine is produced by various immune cells,  
including mast cells,  basophils,  macrophages,  neutro-
phils,  and lymphocytes [27].  It is synthesized from 
histidine by histidine decarboxylase (HDC) [28].  Mast 
cells and basophils constitutively express HDC and store 
histamine in their granules,  whereas macrophages do 
not store histamine.

However,  extracellular ligands,  endotoxins such as 
LPS,  and inflammatory cytokines such as IL-1 and 
TNF-α induce HDC expression in macrophages,  lead-
ing to histamine secretion [29-31].  In experiments using 
RAW264 cells,  HDC gene expression and histamine 
production were induced by various stimuli such as LPS,  
the endoplasmic reticulum stress inducer thapsigargin,  
and phorbol esters [32].  As mentioned above,  cells with 
granules use them to store histamine,  while macrophages,  
which lack granules,  continuously secrete their newly 
synthesized histamine outside the cell.  Consequently,  
the increase in histamine concentration in the sur-
rounding tissues is lower than that due to degranula-
tion,  resulting in a relatively prolonged effect.  This 
persistent activation of weak signals via histamine 
receptors likely plays a role in controlling inflammatory 
immune responses and pathogenesis.  Furthermore,  in 
cases of sepsis,  histamine may indirectly promote inflam-
mation by inducing cytokines and chemokines such as 
TNF-α,  IL-1β,  IL-6,  and monocyte chemotactic pro-
tein (MCP)-1 [33].  These results indicate that histamine 
is involved in inducing the expression of inflammatory 

cytokines and chemokines.  HDC expression is regu-
lated by mitogen-activated protein kinases (MAPK),  
including extracellular signal-regulated kinase (ERK) 
and c-Jun N-terminal kinase (JNK) [34 , 35].

In this study,  since photoinitiators did not affect the 
expression of IL-6 and TNF-α,  the histamine produc-
tion stimulated by the photoinitiators was not due to 
TNF-α-induced regulation of HDC expression.  In our 
previous study,  MTMP induced expression of caspases-3/7 
in a time-dependent manner in normal human periph-
eral blood mononuclear cells [14].  In addition, it has 
been reported that ERK phosphorylation in MCF7 cells 
is linked to apoptosis [36].  Therefore,  we suggest that 
photoinitiator-induced histamine production involves 
the activation of signal transduction pathways-related 
growth factors.  HDC is activated by caspase-9 in mouse 
mast cells [37].  We previously reported that MBB induces 
caspase-9-dependent apoptosis [13],  suggesting that 
MBB activates HDC associated with caspase-9.

Differences in histamine production were observed 
among the photoinitiators.  Chemicals are metabolized 
by the liver,  which plays an important role in protecting 
organisms from potentially toxic chemical insults by 
converting lipophilic metabolites into water-soluble 
metabolites [38].  The four polymerization initiators 
examined in this study are classified as follows: 1- 
HCHPK and MBB are benzopenones (BZPs); 2-ITX is 
a thioxanthone (TX); and MTMP is an amine co-initi-
ator (ACI).

In the human liver,  BZP is metabolized by human 
cytochrome P450 enzymes,  undergoing both Phase I 
and Phase II biotransformations [39 , 40].  The chemical 
structure of MBB contains an ester bond,  which is 
degraded by carboxylesterases [41].  Subsequently,  these 
metabolites are either excreted in urine or bioaccumu-
lated in the human body [39].  ITXs are metabolized in 
the liver by CYP1A2 and CYP3A4 [42].  In addition,  
2-ITX is metabolized to epoxide metabolites [43],  and 
these play a potential role in the toxicological properties 
of photoinitiators [43-45].  Although the metabolic 
pathways of MTMP are not well understood, the chem-
ical structure of MTMP indicates that ketone reduction,  
N-dealkylation,  S-oxidation,  and S-demethylation are 
likely involved [46-49].

In keeping with this likely mechanism,  beta-hy-
droxy-MTMP (β-OH-MTMP),  beta-hydroxy-MTMP- 
sulfoxide (β-OH-MTMP-SO),  and beta-hydroxy-MT-
MP-sulfone (β-OH-MTMP-SO2) have been detected in 

56 Miura et al. Acta Med.  Okayama　Vol.  79,  No.  1



the urine of MTMP consumers [50].  However,  there are 
no reports on the toxicity of these metabolites.  As shown 
in Table 1,  a high cLogP value indicates high lipophilic-
ity.  Compared to the other photoinitiators,  MTMP 
exhibited a lower partition coefficient,  indicating lower 
lipophilicity.  It is inferred that histamine production 
ability differs due to differences in the caspase pathway,  
metabolic pathways,  and lipophilicity.

Allergic contact dermatitis (ACD) is associated with 
the activation of nuclear factor kappa B (NF-κB).  
NF-κB plays a crucial role in the expression of several 
genes involved in immune and inflammatory responses,  
including allergies [18-20].

The activation of caspase-1 induces the production 
of pro-inflammatory cytokines via nuclear translocation 
of NF-κB [20].  Therefore, the inhibition of MAPKs,  
NF-κB,  and caspase-1 is a therapeutic strategy to reduce 
the severity of inflammatory diseases.

In recent reports,  photoinitiators have been detected 
in human blood [51],  as have the four photoinitiators 
investigated in this study [52 , 53].  It has been suggested 
that the photoinitiators investigated here induce inflam-
matory cytokine-independent histamine production.  
Chronic inflammatory reactions caused by histamine in 
the human body cause adverse effects other than ACD 
[54].  Further in vitro and in vivo studies are needed to 
establish whether photoinitiators induce changes in the 
expression of key proteins and genes involved in chronic 
inflammation.  In addition,  the mechanism by which 
photoinitiators induce histamine production must be 
elucidated.

In conclusion, we demonstrated that the four selected 
photoinitiators promoted histamine production in 
HMC-1 cells.  The different histamine production-pro-
moting effects of these photoinitiators were thought to 
be due to differences in their chemical structures.  
Furthermore,  the promotion of histamine production 
by photoinitiators may be independent of inflammatory 
cytokines in vivo.

Acknowledgments.　This work was supported in part by a Grant-in-
Aid for Young Scientists (B) (No.16K18943) and a Grant-in-Aid for Scientific 
Research (C) (No. 21K12255) from the Japan Society for the Promotion of 
Science.

References

 1.  Kleinsasser NH,  Wallner BC,  Harreus UA,  Kleinjung T,  Folwaczny M,  
Hickel R,  Kehe K and Reichl FX: Genotoxicity and cytotoxicity of dental 

materials in human lymphocytes as assessed by the single cell microgel 
electrophoresis (comet) assay.  J Dent (2004) 32: 229-234.

 2.  Bohonowych JES,  Zhao B,  Timme-Laragy A,  Jung D,  Di Giulio RT and 
Denison MS: Newspapers and newspaper ink contain agonists for the ah 
receptor.  Toxicol Sci (2008) 102: 278-290.

 3.  Dumanian GA,  Dascombe W,  Hong C,  Labadie K,  Garrett K,  Sawhney 
AS,  Pathak CP,  Hubbell JA and Johnson PC: A new photopolymerizable 
blood vessel glue that seals human vessel anastomoses without augment-
ing thrombogenicity.  Plast Reconstr Surg (1995) 95: 901-907.

 4.  Calafat AM,  Wong LY,  Ye X,  Reidy JA and Needham LL: Concentrations 
of the sunscreen agent benzophenone-3 in residents of the United States:  
National Health and Nutrition Examination Survey 2003-2004.  Environ 
Health Perspect (2008) 116: 893-897.  

 5.  EFSA: Opinion of the Scientific Panel of Food Additives.  Flavourings,  
Processing Aids and Materials in contact with food on a request from the 
commission related to 2-isopropyl thioxanthone (ITX) and 2-ethylhexyl- 
4-dimethylaminobenzoate (EHDAB) in food contact materials.  EFSA 
Journal (2005) 3: 293.

 6.  Sanches-Silva A,  García RS,  Cooper I,  Franz R and Paseiro P: Compilation 
of analytical methods and guidelines for the determination of selected 
model migrants from plastic packaging.  Trends Food Sci Technol (2006) 
17: 535-546.

 7.  Sanches-Silva A,  Cruz JM,  García RS,  Franz R and Paseiro P: Kinetic 
migration studies from packaging films into meat products.  Meat Sci 
(2007) 77: 238-245.

 8.  Cocci P,  Mozzicafreddo M,  Angeletti M,  Mosconi G and Palermo FA: In 
silico prediction and in vivo analysis of antiestrogenic potential of 2-iso-
propylthioxanthone (2-ITX) in juvenile goldfish (Carassius auratus).  
Ecotoxicol Environ Saf (2016) 133: 202-210.  

 9.  Peijnenburg A,  Riethof-Poortman J,  Baykus H,  Portier L,  Bovee T and 
Hoogenboom R: AhR-agonistic,  anti-androgenic,  and anti-estrogenic 
potencies of 2-isopropylthioxanthone (ITX) as determined by in vitro bio-
assays and gene expression profiling.  Toxicol In Vitro (2010) 24: 19-28.

10.  Morizane M,  Kawasaki Y,  Miura T,  Yagi K,  Esumi S,  Kitamura Y and 
Sendo T: Photoinitiator-initiated estrogenic activity in human breast can-
cer cell line MCF-7.  J Toxicol Environ Health A (2015) 78: 1450-1460.

11.  Kawasaki Y,  Yamaji K,  Matsunaga H and Sendo T: Cytotoxicity of the 
polymerization agent,  2-methyl-4'-(methylthio)-2-morpholinopropiophenone 
on human monocytes.  Biol Pharm Bull (2012) 35: 256-259.

12.  Yamaji K,  Kawasaki Y,  Yoshitome K,  Matsunaga H and Sendo T:  
Quantitation and human monocyte cytotoxicity of the polymerization 
agent 1-hydroxycyclohexyl phenyl ketone (Irgacure 184) from three brands 
of aqueous injection solution.  Biol Pharm Bull (2012) 35: 1821-1825.  

13.  Tsuboi C,  Kawasaki Y,  Yoshitome K,  Yagi K,  Miura T,  Esumi S,  
Miyazaki I,  Asanuma M,  Kitamura Y and Sendo T: In vitro quantitative 
determination of the concentration of the polymerization agent methyl 
2-benzoylbenzoate in intravenous injection solution and the cytotoxic 
effects of the chemical on normal human peripheral blood mononuclear 
cells.  Environ Sci Pollut Res Int (2016) 23: 10262-10269.

14.  Kawasaki Y,  Yagi K,  Tsuboi C,  Morizane M,  Kitamura Y and Sendo T: The 
polymerization agent,  2-methyl-4'-(methylthio)-2-morpholinopropiophenone 
induces caspases-3/7 in human blood mononuclear cells in vitro.  Biol 
Pharm Bull (2013) 36: 1640-1645.

15.  Morizane M,  Kawasaki Y,  Miura T,  Yagi K,  Esumi S,  Kitamura Y and 
Sendo T: Photoinitiator-initiated wstrogenic activity in human breast can-
cer cell line MCF-7.  J Toxicol Environ Health A (2015) 78: 1450-1460.

16.  Takai M,  Kawasaki Y,  Arimoto S,  Tanimoto Y,  Kitamura Y and Sendo T:  
UV-irradiated 2-methyl-4'-(methylthio)-2-morpholinopropiophenone-contain-
ing injection solution produced frameshift mutations in the Ames muta-
genicity assay.  Environ Sci Pollut Res Int (2018) 25: 10135-10140.

17.  Nakagawa Y,  Inomata A,  Moriyasu T and Suzuki T: Cytotoxic effects of 
thioxanthone derivatives as photoinitiators on isolated rat hepatocytes.  J 
Appl Toxicol (2020) 40: 234-244.

18.  Volk J,  Ziemann C,  Leyhausen G and Geurtsen W: Non-irradiated cam-
pherquinone induces DNA damage in human gingival figroblasts.  Dent 
Mater (2009) 25: 1556-1563.

February 2025 Photoinitiators Induce Histamine Release 57



19.  Chang HH,  Shih WC,  Wang YL,  Tsai YL,  Chen YJ,  Chang MC and 
Jeng JH: Cytotoxicity and genotoxicity of DMABEE,  a co-photoinitiator 
of resin polymerization,  on CHO-K1 cells: Role of redox and carboxyles-
terase.  J Biomed Mater Res B Appl Biomater (2020) 108: 2088-2098.

20.  Nethercott JR,  Jakubovic HR,  Pilger C and Smith JW: Allergic contact 
dermatitis due to urethane acrylate in ultraviolet cured inks.  Br J Ind Med 
(1983) 40: 241-250.

21.  Cook N and Freeman S: Report of 19 cases of photoallergic contact  
dermatitis to sunscreen seen at the skin and cancer foundation.  Australas 
J Dermatol (2001) 42: 257-259.

22.  Nedorost ST: Facial erythema as a result of benophenone allergy.  J Am 
Acad Dermatol (2003) 49: S259-S261.

23.  Mosmann T: Rapid colorimetric assay for cellular growth and survival:  
application to proliferation and cytotoxicity assays.  J Immunol Meth 
(1983) 65: 55-63.

24.  Nazarov PG and Pronina AP: The influence of cholinergic agents on  
histamine release from HMC-1 human mast cell line stimulated with IgG,  
C-reactive protein and compound 48/80.  Life Sci (2012) 91: 1053-1057.

25.  Yang TB and Kim BS: Pruritus in allergy and immunology.  J Allergy Clin 
Immunol (2019) 144: 353-360.

26.  Cho KA,  Choi DW,  Park M,  Kim YH and Woo SY: Toll-Like Receptor 7 
(TLR7) Mediated Transcriptomic Changes on Human Mast Cells.  Ann 
Dermatol (2021) 33(5): 402-408.

27.  Hirasawa N,  Murakami A and Ohuchi K: Expression of 74-kDa histidine 
decarboxylase protein in a macrophage-like cell line RAW 264.7 and inhi-
bition by dexamethasone.  Eur J Pharmacol (2001) 418: 23-28.

28.  Ohtsu H,  Tanaka S,  Terui T,  Hori Y,  Makabe-Kobayashi Y,  Pejler G,  
Tchougounova E,  Hellman L,  Gertsenstein M,  Hirasawa N,  Sakurai E,  
Buzás E,  Kovács P,  Csaba G,  Kittel Á,  Okada M,  Hara M,  Mar L,  
Numayama-Tsuruta K and Nagy A: Mice lacking histidine decarboxylase 
exhibit abnormal mast cells.  FEBS Lett (2001) 502: 53-56.

29.  Fernandes HS,  Ramos MJ and Cerqueira N: The catalytic mechanism of 
the pyridoxal-5´-phosphate-dependent enzyme,  histidine decarboxylase: a 
computational study.  Chemistry (2017) 23: 9162-9173.

30.  Yamaguchi K,  Motegi K,  Kurimoto M and Endo Y: Induction of the activ-
ity of the histamine-forming enzyme,  histidine decarboxylase,  in mice by 
IL-18 and by IL-18 plus IL-12.  Inflamm Res (2000) 49: 513-519.

31.  Yamaguchi K,  Motegi K and Endo Y: Induction of histidine decarboxy-
lase,  the histamine-forming enzyme,  in mice by interleukin-12.  Toxicology 
(2000) 156: 57-65.

32.  Hirasawa N: Expression of histidine decarboxylase and its roles in inflam-
mation.  Int J Mol Sci (2019) 20: E376.

33.  Hattori M,  Yamazaki M,  Ohashi W,  Tanaka S,  Hattori K,  Todoroki K,  
Fujimori T,  Ohtsu H,  Matsuda N and Hattori Y: Critical role of endoge-
nous histamine in promoting end-organ tissue injury in sepsis.  Intensive 
Care Med Exp (2016) 4: 36.

34.  Hirasawa N,  Torigoe M,  Ohgawara R,  Murakami A and Ohuchi K:  
Involvement of MAP kinases inlipopolysaccharide-induced histamine pro-
duction in RAW 264 cells.  Life Sci (2006) 80: 36-42.

35.  Shiraishi M,  Hirasawa N,  Kobayashi Y,  Oikawa S,  Murakami A and 
Ohuchi K: Participation ofmitogen-activated protein kinase in thapsigargin- 
and TPA-induced histamine production in murine macrophage RAW 264.7 
cells.  Br J Pharmacol (2000) 129: 515-524.

36.  Ostrakhovitch EA and Cherian MG: Inhibition of extracellular signal regu-
lated kinase (ERK) leads to apoptosis inducing factor (AIF) mediated 
apoptosis in epithelial breast cancer cells: the lack of effect of ERK in 
p53 mediated copper induced apoptosis.  J Cell Biochem (2005) 95:  
1120-1134.

37.  Furuta K,  Nakayama K,  Sugimoto Y,  Ichikawa A and Tanaka S: Activation 

of histidine decarboxylase through post-translational cleavage by caspase-9 
in a mouse mastocytoma P-815.  J Biol Chem (2007) 282: 13438-13446.

38.  Grant DM: Detoxification pathways in the liver.  J Inherit Metab Dis (1991) 
14: 421-430.

39.  Locatelli M,  Furton KG,  Tartaglia S,  Sperandio E,  Ulusoy HI and Kabir A:  
An FPSE-HPLC-PDA method for rapid determination of solar UV filters in 
human whole blood,  plasma and urine.  J Chromatogr B (2019) 1118-
1119: 40-50.

40.  Wang L and Kannan K: Characteristic profiles of benzonphenone-3 and 
its derivatives in urine of children and adults from the United States and 
China.  Environ Sci Technol (2013) 47: 12532-12538.

41.  Chen Y,  Black DS and Reilly PJ: Carboxylic ester hydrolases: Classifi-
cation and database derived from their primary,  secondary,  and tertiary 
structures.  Protein Sci (2016) 25: 1942-1953.

42.  Zhan T,  Pan L,  Liu Z,  Chen J,  Ge Z,  Lu L,  Zhang X,  Cui S,  Zhang C,  
Liu W and Zhuang S: Metabolic susceptibility of 2-chlorothioxanthone 
and its toxic effects on mRNA and protein expression and activities of 
human CYP1A2 and CYP3A4 enzymes.  Environ Sci Technol (2018) 52:  
11904-11912.

43.  Aprile S,  Del Grosso E and Grosa G: In vitro metabolism study of 2-iso-
propyl-9H-thioxanthen-9-one (2-ITX) in rat and human: evidence for the 
formation of an epoxide metabolite.  Xenobiotica (2011) 41: 212-225.

44.  Ginex T,  DallʼAsta C and Cozzini P: Preliminary hazard evaluation of 
androgen receptor-mediated endocrine-disrupting effects of thioxanthone 
metabolites through structure-based molecular docking.  Chem Res Toxicol 
(2014) 27: 279-289.

45.  Nakagawa Y,  Inomata A,  Moriyasu T and Suzuki T: Cytotoxic effects of 
thioxanthone derivatives as photoinitiators on isolated rat hepatocytes.  J 
Appl Toxicol (2020) 40: 234-244.

46.  Kelly JP: Cathinone derivatives: a review of their chemistry,  pharmacol-
ogy and toxicology.  Drug Test Anal (2011) 3: 439-453.

47.  Mirfazaelian A,  Rouini MR and Dadashzadeh S: Time dependent phar-
macokinetics of albendazole in human.  Biopharm Drug Dispos (2003) 24:  
199-204.

48.  Willavize S,  Fiedler‐Kelly J,  Ludwig E and Guan L: Population pharma-
cokinetic modeling of armodafinil and its major metabolites.  J Clin 
Pharmacol (2017) 57: 255-265.

49.  Strickland EC,  Cummings OT,  Morris AA,  Clinkscales A and McIntire 
GL: Quetiapine carboxylic acid and quetiapine sulfoxide prevalence in 
patient urine.  J Anal Toxicol (2016) 40: 687-693.

50.  Nash C,  Butzbach D,  Stockham P,  Scott T,  Abroe G,  Painter B,  Gilbert 
J and Kostakis C: A fatality involving furanylfentanyl and MMMP,  with 
presumptive identification of three MMMP metabolites in urine.  J Anal 
Toxicol (2019) 43: 291-298.

51.  Liu R and Mabury SA: First detection of photoinitiators and metabolites 
in human sera from United States donors.  Environ Sci Technol (2018) 52:  
10089-10096.

52.  Li J,  Zhang X,  Mu Y,  He Y,  Qiu T,  Li W and Zeng L: Determination of 
21 photoinitiators in human plasma by using high-performance liquid chro-
matography coupled with tandem mass spectrometry: A systemically vali-
dation and application in healthy volunteers.  J Chromatogr A (2021) 
1643: 462079.

53.  Li J,  Lam JCW,  Li W,  Du B,  Chen H and Zeng L: Occurrence and dis-
tribution of photoinitiator additives in paired maternal and cord plasma in 
a South China population.  Environ Sci Technol (2019) 53: 10969-10977.

54.  Branco ACCC,  Yoshikawa FSY,  Pietrobon AJ and Sato MN: Role of 
Histamine in Modulating the Immune Response and Inflammation.  Mediators 
Inflamm (2018): 9524075.

58 Miura et al. Acta Med.  Okayama　Vol.  79,  No.  1


