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Abstract

Background: As consumer demand for cosmetic products that enhance physical appearance continues to rise, the global
oxidative hair dye market is experiencing steady growth. Para-phenylenediamine (PPD), a key ingredient in most oxidative hair
dyes, is widely used due to its efficacy and low cost. However, its high chemical reactivity has been consistently linked to adverse
effects, including allergic contact dermatitis (ACD), eczema, carcinogenicity, and genotoxicity.

Objectives: Given the concerns over the long-term use of conventional therapies such as topical corticosteroids (TCS) and
calcineurin inhibitors, this study aimed to identify a plant-derived compound with protective properties in a keratinocyte
model of PPD-induced toxicity.

Methods: To assess the cytoprotective potential of 14 selected plant metabolites, water-soluble tetrazolium salt-1 (WST-1) and
lactate dehydrogenase (LDH) assays were performed. Western blotting and reverse transcription-polymerase chain reaction
were used to evaluate the anti-apoptotic, anti-DNA damage, and anti-inflammatory effects of geranyl acetate (GA), the most
promising candidate.

Results: Among the 14 tested plant metabolites, GA was identified as the most effective compound in mitigating cytotoxicity
in HaCaT keratinocytes. Co-treatment with GA significantly attenuated PPD-induced phosphorylation of p53 and MAPK,
indicating inhibition of the DNA damage response (DDR) pathway. Further experiments revealed that GA suppressed the
upregulation of apoptosis-related proteins [p53 upregulated modulator of apoptosis (PUMA), B-cell lymphoma 2 (BCL-2)-
associated X protein (BAX), cytochrome c, and cleaved poly (ADP-ribose) polymerase (PARP)]. Moreover, GA treatment decreased
the phosphorylation of signal transducer and activator of transcription 3 (STAT3) and NF-kB p65, thereby downregulating five
pro-inflammatory cytokines [interleukin (IL)-1a, IL-1B, IL-6, tumor necrosis factor (TNF)-a, and IL-24] and five chemokines [C-C
motif chemokine ligand (CCL) 5/RANTES, CCL20/MIP-3a, CCL26/eotaxin-3, C-X-C motif chemokine ligand (CXCL) 1/GRO-a, and
CXCL8/IL-8], confirming its anti-inflammatory efficacy.

Conclusions: Collectively, this study suggests GA as a promising plant-derived metabolite with cytoprotective, genoprotective,
anti-apoptotic, and anti-inflammatory effects in PPD-stimulated HaCaT cells.
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1. Background pruritus. Contact dermatitis is broadly categorized into

two main types: Allergic contact dermatitis (ACD) and

Contact dermatitis (CD) is an inflammatory skin irritant contact dermatitis (ICD) (1). Among these, ICD

disorder that arises from exposure to irritant substances accounts for approximately 80% of cases, while ACD

or allergenic agents. It is clinically characterized by  represents about 20% (2). In contrast to ICD, which can
edema, erythema, oozing, a burning sensation, and often be managed by avoiding physical or chemical
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irritants, ACD presents greater therapeutic challenges
due to the difficulty in accurately identifying and
avoiding specific allergens (3). Current treatment
strategies for ACD include topical corticosteroids (TCS),
topical calcineurin inhibitors (TCls), and phototherapy
(PT) (2, 4). However, the use of TCS is frequently
associated with adverse effects, including skin atrophy,
fungal infections, and acne, and prolonged use may lead
to systemic side effects such as adrenal suppression and
osteoporosis, thus necessitating careful and limited
application (4-6). The TCIs have been linked to pruritus,
erythema, and potential carcinogenicity, while PT has
been associated with actinic keratosis, solar lentigines,
and an increased risk of skin cancer (4, 7, 8). Moreover,
ACD affects up to 20.1% of the general population and as
much as 48.2% of occupational contact dermatitis cases,
imposing a substantial socioeconomic burden due to
lost productivity, increased healthcare costs, and
disability-related compensation (9-13). These challenges
underscore the pressing need to discover and develop
new therapeutic agents for the prevention and
management of ACD.

To date, more than 3,000 substances have been
identified as potential ACD-inducing allergens. Among
these, para-phenylenediamine (PPD) is recognized as a
major sensitizer, alongside nickel, cobalt, Myroxylon
pereirae (balsam of Peru), and chromium (2, 8). The PPD
is an aromatic amine that has long been used as a key
component in oxidative hair dyes since the late 19th
century and is estimated to account for up to 6% of ACD
cases (14). Because of its low production cost, PPD is
found in approximately 80% of hair dye formulations.
However, skin exposure to PPD has been associated not
only with ACD but also with carcinogenicity, acute
dermatitis, systemic toxicity, and disruption of skin
barrier integrity, warranting extreme caution in its use
(15-19).

Plants and their metabolites are valuable resources
in drug discovery and are extensively used in
pharmaceuticals, foods, cosmetics, and other industries
(20). They produce a vast array of organic compounds,
broadly classified as primary metabolites, essential for
growth and development, and secondary metabolites,
which protect against environmental stressors (20, 21).
These metabolites can be grouped by chemical
structure, solubility, or biosynthetic pathway into six
major classes — polyphenols, terpenoids, carotenoids,
alkaloids, glucosinolates, and sulfoxides (22).
Limitations in the metabolism and safety of some
synthetic drugs have driven interest in plant-derived
compounds as safer therapeutic alternatives (23-25).

Plant metabolites exhibit diverse pharmacological
properties, including antioxidant, anti-inflammatory,
anticancer, antimicrobial, antiallergic, anti-aging, and
neuroprotective effects (26-28). Given that PPD is a
known inducer of ACD, we screened 14 compounds with
reported health-promoting properties to identify the
most effective in mitigating its effects in HaCaT cells (29-
36). To capture the structural diversity of plant
metabolites, candidates were selected to represent the
six major classes — polyphenols, terpenoids,
carotenoids, alkaloids, glucosinolates, and sulfoxides.

Among the tested compounds, geranyl acetate (GA)
most effectively reduced PPD-induced cytotoxicity and
inflammation in HaCaT cells. This terpenoid, present in
carrots and other plants, has been shown to suppress
nitrite production in RAW 264.7 cells, exhibit
antinociceptive effects in mice, and display
antimicrobial, antifungal, and anticancer activities (33,
37-40). Widely used in food and cosmetic products, it is
non-genotoxic, non-photoirritant, and non-
photoallergenic, with the No Expected Sensitization
Induction Level (NESIL) of 5 mg/cm?, indicating a low
risk of skin sensitization even at high concentrations
(41). These attributes support its potential as a safe,
plant-derived metabolite for mitigating PPD-induced
inflammation and cytotoxicity in keratinocytes.

2. Objectives

In this study, we screened 14 plant metabolites with
reported health-promoting properties and identified GA
as a compound that mitigates PPD-induced cytotoxicity
in HaCaT cells. We further investigated its
cytoprotective, genoprotective, anti-apoptotic, and anti-
inflammatory effects in a PPD-stimulated keratinocyte
model. Based on our findings, we propose that GA has
pharmacological potential as a therapeutic agent for
PPD-related skin disorders.

3.Methods

3.1. Chemicals and Cell Culture

The PPD (#P6001), p-coumaric acid (#9008), apigenin
(#SMB00702), resveratrol (#R5010), limonene (#62118),
folic acid (FA, #F7876), lutein (#LRAB3708), berberine
(#14050), and salicin (#S0625) were purchased from
Sigma-Aldrich (USA). Isoferulic acid (#HY-NO761),
regaloside A (#HY-N7931), and alliin (#HY-126085) were
obtained from MedChemExpress (USA), while
phloroglucinol (PG, #P0249), naringenin (#N0072), and
chlorogenic acid (#C1081) were purchased from Tokyo
Chemical Industry Co. (Japan). HaCaT human
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keratinocytes were obtained from Cytion (#300493;
Germany) and cultured in DMEM (#LB001-05; Welgene,
Republic of Korea) supplemented with 10% (v|v) fetal
bovine serum (35-015-CV; Corning, USA). Cells were
maintained in a humidified 5% CO, incubator and

subcultured at 80% confluence.

3.2. Water-Soluble Tetrazolium Salt-1 Assay

HaCaT cells were seeded in 96-well plates (3 x 103
cells/well) and cultured for 24 hours. Before evaluating
the cytoprotective effects of the 14 plant metabolites on
PPD-exposed HaCaT cells, we first determined the
appropriate non-cytotoxic concentrations for each
compound. Specifically, cytotoxicity was assessed within
the following concentration ranges: Naringenin (0 - 100
uUM), p-coumaric acid (0 - 4 mM), apigenin (0 - 5 uM),
resveratrol (0 - 5 uM), chlorogenic acid (0 -1 mM), PG (O -
40 uM), lutein (0 - 20 pM), GA (0 - 1 mM), limonene (O -
400 uM), FA (0 - 40 uM), salicin (0 -1 mM), isoferulic acid
(0 -1 mM), alliin (0 - 200 uM), and regaloside A (0 - 200
uM). As shown in Appendix 1, these experiments
identified the optimal non-cytotoxic concentrations,
which were used in subsequent assays.

For the screening experiments, cells were pretreated
with each of the 14 plant metabolites or vehicle for 30
minutes, followed by co-treatment with PPD for up to 72
hours. After incubation, the cells were washed once with
DPBS (#LB001-02; Welgene), and 100 pL of EZ-Cytox
reagent (#EZ-500; DoGenBio, Republic of Korea) was
added to each well. After a 30-minute incubation at 37°C,
absorbance was recorded at 450 nm using a microplate
reader.

3.3. Lactate Dehydrogenase Leakage Assay

HaCaT cells were plated in 96-well plates at a density
of 3 x 10° cells per well and pretreated for 30 minutes
with either one of five selected plant-derived
metabolites or a vehicle. Subsequently, the cells were
exposed to PPD (250 uM) and incubated for 48 hours.
Following incubation, 10 pL of the culture supernatant
was transferred to a fresh 96-well plate, and 100 pL of EZ-
LDH reagent (#DG-LDH500; DoGenBio) was added. After
a 30-minute reaction period, absorbance was measured
at 450 nm.

3.4. Western Blot Analysis
HacCaT cells were plated in 100 mm culture dishes ata

density of 2 x 10° cells per dish and incubated for 24
hours. The cells were pretreated with plant metabolites
or vehicle for 30 minutes, followed by co-treatment with

Iran ] Pharm Res. 2025; 24(1): €164379

PPD (250 uM) for 48 hours. After treatment, the cells
were lysed for 30 minutes in RIPA buffer. Western
blotting was carried out as previously described (32),

and protein bands were detected using the Pierce" ECL
Substrate  (#32106; Thermo Fisher Scientific).
Information on the primary antibodies utilized is
summarized in Table 1.

3.5. Reverse Transcriptase-Polymerase Chain Reaction

HacCaT cells were plated in 100 mm culture dishes ata

density of 2 x 10° cells per dish and incubated for 24
hours. The cells were pretreated with GA (0 - 500 uM) for
30 minutes, followed by co-treatment with PPD (250 uM)

for 48 hours. Total RNA was isolated using RiboEx
reagent (#301-001; GeneAll Biotechnology, Republic of
Korea). Subsequently, 1 ug of RNA was used for cDNA
synthesis with oligo(dT) primers, 0.1 M DTT, 2.5 mM
dNTPs, 5 x First-Strand Buffer, and M-MLV reverse
transcriptase (#28025021; Thermo Fisher Scientific, USA).
PCR was then performed using the synthesized cDNA, 1.5
mM dNTPs, appropriate primers, reaction buffer, and
Taq polymerase. PCR products were visualized using a
UV transilluminator (FUSION SOLO S; France). The
primer sequences employed for reverse transcriptase-
polymerase chain reaction (RT-PCR) analysis are
provided in Table 2.

3.6. Statistical Analysis

Statistical analyses were performed using triplicate
data. Differences among treatment groups were
evaluated by one-way analysis of variance (ANOVA) with
GraphPad Prism software (version 8.0.1; San Diego, USA).
When significant differences were detected, Tukey’s
post-hoc test was performed for multiple comparisons.
Results are expressed as the mean * standard deviation
(SD), with statistical significance indicated as * P < 0.05,
*P<0.01,and **P<0.001.

4. Results

4.1. Establishment of a Para-phenylenediamine-induced
Toxicity Model in HaCaT Cells

To establish a PPD-induced toxicity model in HaCaT
cells, we first determined the optimal concentration of
PPD that induces approximately 60% cytotoxicity,
providing sufficient cellular stress to evaluate toxicity
and cell death. As shown in Figure 1A, HaCaT cells were
treated with PPD (0 -1,000 uM) for 48 hours, resulting in
an IC;y of 379.79 uM. Treatment with 250 puM PPD

resulted in a cell viability of approximately 60.25 +1.63%.


https://brieflands.com/articles/ijpr-164379

LeeJHetal.

Table 1. List of Primary Antibodies for Western Blot Analyses

Antigen Host Dilution Manufacturer (Cat. Number)
B-Actin Mouse 1:1000 Santa Cruz (#sc-47778)
Cleaved Caspase-3 Rabbit 1:1000 CST (#9664)
Cleaved PARP Rabbit 11000 CST (#5625)
BCL-2 Rabbit 11000 Abcam (#59348)
BAX Rabbit 1:1000 CST (#5023)
P65 Rabbit 1:1000 CST (#8242)
P-P65 (Ser468) Rabbit 1:1000 CST (#3039)
P-ATR (Ser428) Rabbit 11000 CST (#2853)

ATR Rabbit 1:1000 CST (#13934)
P-p53 (Ser9) Rabbit 1:1000 CST (#9288)
p-p53 (Ser15) Rabbit 11000 CST (#9284)
P-P53(Ser46) Rabbit 1:1000 CST (#2521)
P-P53 (Ser392) Rabbit 1:1000 CST (#9281)

p53 Mouse 1:200 Santa Cruz (#sc-126)
p-p38 (Thr180/Tyr182) Rabbit 11000 CST (#9211)

p38 Rabbit 1:1000 CST (#54470)
P-JNK (Thri183/Tyr185) Rabbit 1:1000 CST (#9251)

JNK Rabbit 1:1000 CST (#9252)
p-ERK (Thr202/Tyr204) Rabbit 11000 CST (#9101)

ERK Rabbit 1:1000 CST (#9102)
PUMA Rabbit 1:1000 Abcam (#9643)
Cytochrome ¢ Mouse 1:1000 BD Biosciences (#556432)
Pp-STAT3 (Ser727) Rabbit 11000 CST (#94994)
STAT3 Rabbit 1:1000 CST (#4904)
IkB-a Rabbit 1:1000 CST (#9242)
p-IxB-a (Ser32) Rabbit 1:1000 CST (#2859)

Abbreviations: PARP, poly (ADP-ribose) polymerase; BCL-2, B-cell lymphoma 2; BAX, B-cell lymphoma 2-associated X protein; ATR, ataxia telangiectasia and Rad3 related protein;
JNK, c-Jun N-terminal kinases; ERK, extracellular signal-regulated kinases; PUMA, p53 upregulated modulator of apoptosis; STAT3, signal transducer and activator of transcription

3; IxB-a, NF-kappa-B inhibitor alpha.

Based on this, we assessed whether 250 uM PPD could
upregulate key markers of cell death and apoptosis. As
shown in Figure 1B - D, PPD (250 uM) treatment led to a
time-dependent increase in cleaved Caspase-3, cleaved
poly (ADP-ribose) polymerase (PARP), and B-cell
lymphoma 2-associated X protein (BAX) expression,
while B-cell lymphoma 2 (BCL-2) expression, an anti-
apoptotic marker, was decreased. These results
established 250 uM as the working concentration for
subsequent experiments aimed at identifying plant-
derived compounds with cytoprotective,
genoprotective, anti-apoptotic, and anti-inflammatory
properties in HaCaT cells.

4.2. Geranyl Acetate Confers Cytoprotective Effects Against
Para-phenylenediamine-induced Toxicity in HaCaT Cells

Subsequently, we screened 14 plant metabolites
previously reported to have health-promoting
properties — naringenin, p-coumaric acid, apigenin,

resveratrol, chlorogenic acid, PG, lutein, GA, limonene,
FA, salicin, isoferulic acid, alliin, and regaloside A — to
identify candidates with protective effects against PPD-
induced toxicity in HaCaT cells (29-36). As shown in
Appendix 1 in Supplementary File and Figure 2A, non-
toxic concentrations of each compound were first
determined, followed by co-treatment with PPD (250
uM). Among the 14 metabolites, five — p-coumaric acid,
PG, GA, FA, and salicin — significantly improved cell
viability compared to the PPD-treated group (Figure 2B).
To validate these findings, we conducted lactate
dehydrogenase (LDH) release and western blot assays.
Notably, only GA significantly reduced LDH activity from
163.39 + 9.46% in the PPD-treated group to 127.32 £ 5.01%
(Figure 2C). In addition, western blot analysis
demonstrated that GA co-treatment attenuated PPD-
induced upregulation of BAX (a pro-apoptotic marker)
and phosphorylated p65 (a pro-inflammatory marker,
Figure 2D and E). Collectively, these results suggest that
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Table 2. Primer Sequences Utilized in Reverse Transcriptase-Polymerase Chain Reaction Analysis

Target mRNA Primer Sequences Product Size (bp)
F: 5-CATCGTCCACCGCAAATGCTTC-3'

B-Actin 240
R: 5"TCCTCGGCCACATTGTGAACTT-3'
F: 5-GAGGCCATCGCCAATGACTCAG-3'

IL1a 183
R: 5-ATGTAATGCAGCAGCCGTGAGG-3'
F: 5-TTCCCTGCCCACAGACCTTCC-3'

IL1B 116
R: 5-TGCATCGTGCACATAAGCCTCG-3'
F: 5-GTAGCCGCCCCACACAGA-3'

IL-6 101
R: 5-CATGTCTCCTTTCTCAGGGCTG-3
F: 5-CTCTTCTGCCTGCTGCACTTTG-3"

TNF-a 135
R: 5-ATGGGCTACAGGCTTGTCACTC3'
F: 5-GGACGTAGAAGCAGCTCTGACCA-3’

IL24 184
R: 5-AAGGGCGTGAAGTGTCCAGTGA-3’
F: 5"-CCTGCTGCTTTGCCTACATTGC-3’

CCL5/RANTES 125,207
R: 5-ACACACTTGGCGGTTCTTTCGG-3’
F: 5-CCAAGAGTTTGCTCCTGGCT-3'

CCL20/MIP-3 75
R: 5-TGCTTGCTGCTTCTGATTCG-3’
F: 5’-CCAATACAGCCACAAGCCCCTT-3’

CCL26/eotaxin-3 263
R: 5-CAGAAAAGATTCCGCAGGCTCCC3’
F: 5-AGGCCACCTGGATTGTGCCTAA-3’

CXCL1/GRO-a , , 281
R: 5-GCATGTTGCAGGCTCCTCAGAA-3
F: 5"-TCTCTTGGCAGCCTTCCTGA-3’

CXCLS/IL-8 172

R: 5-TTCTGTGTTGGCGCAGTGTG-3'

Abbreviations: IL, interleukin; TNF, tumor necrosis factor; CCL, C-C motif chemokine ligand; CXCL, C-X-C motif chemokine ligand.

GA exhibits the most potent cytoprotective activity
among the 14 plant metabolites tested.

4.3. Geranyl Acetate Attenuates DNA Damage Response in
Para-phenylenediamine-treated HaCaT Cells

The PPD is a highly reactive aromatic amine that
readily oxidizes into benzoquinone diimine (BQDI) and
Bandrowski’s base (BB). Due to its high reactivity, PPD
can induce DNA fragmentation, form hapten-protein
adducts via nucleophilic interactions, and generate
reactive oxygen species (42, 43). It also exhibits strong
mutagenic potential through DNA adduct formation
and strand breaks, thereby contributing to genotoxicity
(43-45). We therefore investigated whether GA could
alleviate PPD-induced DNA damage. As shown in Figure
3A and C, co-treatment with GA led to a dose-dependent
decrease in ataxia telangiectasia and Rad3 related
protein (ATR) phosphorylation, an early marker of DNA
damage response (DDR) activation. The ATR signaling is
known to drive the downstream phosphorylation of p53
and MAPKs, contributing to inflammation, senescence,
and apoptosis (46, 47). Consistently, GA co-treatment
also reduced PPD-induced phosphorylation of p53 (Ser9,
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Ser15, Ser46, and Ser392) and MAPKs [p-p38, p-c-Jun N-
terminal kinases (JNK), and p-extracellular signal-
regulated kinases (ERK)], as shown in Figure 3A - D. These
findings suggest that GA mitigates DNA damage and
downregulates DDR signaling pathways in PPD-exposed
HacCarT cells.

4.4. Geranyl Acetate Exerts Anti-apoptotic Effects in Para-
phenylenediamine-treated HaCaT Cells

Given that GA was found to suppress DDR signaling
(Figure 3), we next evaluated whether it could also
attenuate the downstream apoptotic response. Figure
4A and B show the protein expression of key pro-
apoptotic markers. Previous studies have demonstrated
that the p53 upregulated modulator of apoptosis
(PUMA)-BAX-cytochrome c axis mediates mitochondrial
apoptosis via caspase-3 activation (48). The PUMA, a BH3-
only protein upregulated by p53, binds to and activates
BAX, which permeabilizes the mitochondrial outer
membrane, leading to cytochrome c release, caspase
activation, and PARP cleavage (49, 50).

As shown in Figure 4A and B, GA co-treatment dose-
dependently suppressed the PPD-induced upregulation
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Figure 1. Determination of para-phenylenediamine (PPD)-induced cytotoxicity and apoptosis in HaCaT cells: A, HaCaT cells were seeded in 96-well plates (3 x 10° cells/well) and
incubated for 24 hours. The cells were treated with various concentrations of PPD (0 -1,000 uM) for 48 hours. Cell viability was assessed using the water-soluble tetrazolium salt-1

(WST-1) assay. B - D, Cells were seeded in 100 mm dishes (2 x 10° cells/dish) and incubated for 24 hours. The cells were treated with 250 uM PPD for up to 72 hours. Expression levels
of apoptosis-related proteins, including cleaved Caspase-3, cleaved poly (ADP-ribose) polymerase (PARP), B-cell lymphoma 2 (BCL-2), and B-cell lymphoma 2-associated X protein
(BAX), were analyzed by Western blotting. The B-Actin was used as a loading control, and protein band intensities were quantified using Image]J software (version 1.53t). Data are
presented as mean + standard deviation (SD, n = 3). Statistical significance was determined by one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test
(abbreviation: LDH, lactate dehydrogenase. #,* P < 0.05, ** P < 0.01, and ###,"* P < 0.001 compared with the solvent-treated vehicle control group).

of PUMA, BAX, cytochrome ¢, and cleaved PARP. These
findings support the notion that GA inhibits apoptosis
in HaCaT cells subjected to PPD-induced genotoxic
stress.

4.5. Geranyl Acetate Suppresses Inflammatory Signaling in
Para-phenylenediamine-induced HaCaT Cells

The DDR-driven MAPK activation has been shown to
stimulate the transcriptional activity of signal
transducer and activator of transcription 3 (STAT3) and
NE-kB p65, key regulators of inflammatory gene
expression (51). Given that keratinocyte-mediated
inflammation is a crucial contributor to the
pathogenesis of inflammatory skin disorders, we
examined whether GA could suppress PPD-induced

inflammatory signaling. As shown in Figure 4C and D,
GA did not alter total STAT3 protein levels but
significantly reduced Ser727 phosphorylation in a dose-
dependent manner. Similarly, phosphorylation of NF-
kappa-B inhibitor alpha (IkB-q, Ser32) and p65 (Ser468),
both elevated by PPD, were attenuated by GA. These
results suggest that GA inhibits the activation of STAT3
and NF-kB pathways, which are known to drive the
expression of pro-inflammatory cytokines and
chemokines (52). To further assess the anti-
inflammatory potential of GA, we examined mRNA
expression of inflammation-related genes. As shown in
Figure 5, GA co-treatment dose-dependently suppressed
the PPD-induced expression of five pro-inflammatory
cytokines [interleukin (IL)}-1a, IL-1B, IL-6, tumor necrosis
factor (TNF)-a, IL-24] and five chemokines [C-C motif
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Figure 2. Screening of 14 plant metabolites for mitigating para-phenylenediamine (PPD)-induced cytotoxicity in HaCaT cells: A, HaCaT cells were seeded in 96-well plates (3 x 10>
cellsjwell) and incubated for 24 hours. The cells were treated with indicated concentrations of phytochemical candidates for 48 hours. Cell viability was assessed using the
water-soluble tetrazolium salt-1 (WST-1) assay. B and C, To evaluate the protective effects of the plant metabolites against PPD-induced cytotoxicity, HaCaT cells were treated with

various concentrations of candidate compounds, in the presence or absence of PPD (250 uM) for 48 hours. Cytotoxicity was assessed by (B) the WST-1 assay and (C) the lactate
dehydrogenase (LDH) release assay. D and E, Cells were seeded in 100 mm dishes (2 x 10° cells/dish) and incubated for 24 hours, followed by treatment with phloroglucinol (PG,
20 pM), geranyl acetate (GA, 500 uM), or folic acid (FA, 20 uM), in the presence or absence of PPD (250 uM) for 48 hours. Protein expression levels of the pro-apoptotic marker B-

cell lymphoma 2-associated X protein (BAX) and inflammation-associated proteins p65 and p-p65 were analyzed by Western blotting. The B-Actin was used as a loading control.
Protein band intensities were quantified using Image] software (version 1.53t). Data are presented as mean * standard deviation (SD, n = 3). Statistical significance was
determined by one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test (## P < 0.01and ### P < 0.001 compared with the solvent-treated vehicle control group. *

P <o0.01and ***P < 0.001 compared with the PPD-treated negative control group).

chemokine ligand (CCL) 5/RANTES, CCL20/MIP-3,
CCL26/eotaxin-3, (C-X-C motif chemokine ligand) CXCL
1/GRO-a, CXCLS8[IL-8]. These findings indicate that GA
exerts potent anti-inflammatory effects in PPD-exposed
HacCarT cells.

5. Discussion

Driven by the growing consumer demand for
cosmetic products that cover gray hair or alter hair
color, the global oxidative hair dye market continues to
expand and is currently valued at approximately $22.5
billion, with a compound annual growth rate (CAGR) of
8.3% (43). Among oxidative hair dye ingredients, PPD is
used in more than 80% of products. Despite its well-
documented adverse effects, the combination of high
efficacy and low cost has made PPD difficult to replace
(14). The PPD (molecular weight: 108.1) is rapidly
oxidized before skin application, yielding reactive
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metabolites such as BQDI and BB (53, 54). Upon
cutaneous exposure, PPD and its oxidized derivatives
readily penetrate the epidermis and reach the basal
layer (53, 54). These metabolites can covalently bind to
nucleophilic skin proteins, forming hapten-protein
complexes that trigger immune responses. Additionally,
they may bind to peptides — leading to enzyme
depletion — or interact directly with DNA, causing
fragmentation and adduct formation (43-45, 53). These
mechanisms underlie the association of PPD with
carcinogenicity, dermatitis, ACD, and skin barrier
dysfunction. Consequently, identifying natural product-
derived compounds capable of mitigating PPD-induced
cytotoxicity, DDR, apoptosis, and inflammation is of
considerable interest (15-19).

In this study, we established a keratinocyte-based in
vitro model to assess PPD-induced toxicity. While
dendritic cells and T-cells are considered central to ACD
pathogenesis, epidermal keratinocytes also contribute
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Figure 3. Geranyl acetate (GA) mitigates para-phenylenediamine (PPD)-induced DNA damage response (DDR) signaling in HaCaT cells: A - D, HaCaT cells were seeded in 100 mm
dishes (2 x 10° cells/dish) and incubated for 24 hours, followed by treatment with GA (0 - 500 uM), in the presence or absence of PPD (250 uM) for 48 hours. Protein expression
levels of the DDR-related proteins, including ataxia telangiectasia and Rad3 related protein (ATR), p-ATR, p53, p-p53, p38, p-p38, c-Jun N-terminal kinases (JNK), p-JNK, extracellular
signal-regulated kinases (ERK), and p-ERK, were analyzed by Western blotting. The B-Actin was used as a loading control. Protein band intensities were quantified using Image]J
software (version 1.53t). Data are presented as mean + standard deviation (SD, n = 3). Statistical significance was determined by one-way analysis of variance (ANOVA) followed by
Tukey’s post-hoc test (## P < 0.01 and ### P < 0.001 compared with the solvent-treated vehicle control group. * P < 0.05, ** P < 0.01, and *** P < 0.001 compared with the PPD-

treated negative control group).

significantly by releasing pro-inflammatory cytokines
and chemokines that promote immune cell activation,
maturation, and migration (55). Moreover, since PPD has
been implicated in various cutaneous disorders beyond
ACD (56, 57), our keratinocyte-based model provides a
relevant platform for evaluating its broader biological
effects. Among the 14 plant-derived metabolites tested,
GA emerged as a promising candidate due to its
protective effects against PPD-induced toxicity in HaCaT
cells. Specifically GA significantly attenuated DDR
signaling in a dose-dependent manner by reducing
phosphorylation of ATR, p53, and MAPKs. Previous
studies have highlighted the therapeutic relevance of
inhibiting these pathways in skin cancer prevention and
treatment — for example, caffeine may suppress UV-

induced skin tumors by inhibiting ATR, while RAF
inhibitors such as vemurafenib and sorafenib are
effective in treating melanoma (58). Given the reported
carcinogenic potential of PPD in various tissues,
including the skin (19), the observed anti-DDR effects of
GA suggest its potential to mitigate PPD-related
tumorigenic risks.

Activation of the DDR pathway leads to
phosphorylation of p53, which promotes apoptosis via
the PUMA/BAX/cytochrome c cascade and mitochondrial
membrane permeabilization. In parallel, MAPK
phosphorylation can drive inflammatory signaling
through NF-xB and STAT3 (49, 51). In our study, GA
significantly downregulated PPD-induced expression of
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Figure 4. Geranyl acetate (GA) improves para-phenylenediamine (PPD)-induced apoptosis and inflammation signaling in HaCaT cells: A and B, HaCaT cells were seeded in 100
mm dishes (2 x 10° cells/dish) and incubated for 24 hours, followed by treatment with GA (0 - 500 uM), in the presence or absence of PPD (250 pM) for 48 hours. Protein
expression levels of the (A) apoptosis-related proteins [BAX, p53 upregulated modulator of apoptosis (PUMA), cytochrome c, and cleaved PARP] and (B) inflammation-related
proteins [signal transducer and activator of transcription 3 (STAT3), p-STAT3, p65, p-p65, NF-kappa-B inhibitor alpha (IxB-a), and p-IkB-a] were analyzed by Western blotting. The

B-Actin was used as a loading control. Protein band intensities were quantified using Image] software (version 1.53t). Data are presented as mean * standard deviation (SD, n=3).
Statistical significance was determined by one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test (### P < 0.001 compared with the solvent-treated vehicle
control group. *P < 0.05, **P < 0.01,and *** P < 0.001 compared with the PPD-treated negative control group).

pro-apoptotic markers (PUMA, BAX, cytochrome c, and
cleaved PARP), improved cell viability, and reduced LDH
release — indicating decreased cell death. In both atopic
dermatitis and ACD, T-cellmediated keratinocyte
apoptosis is a major pathogenic feature (59). Notably,
keratinocyte apoptosis is a hallmark of eczematous and
spongiotic lesions in atopic dermatitis (60). Therefore,
the anti-apoptotic effects of GA observed here may hold
therapeutic relevance for mitigating keratinocyte
damage in a range of PPD-induced skin disorders.

Furthermore, GA  co-treatment significantly
suppressed phosphorylation of STAT3 and p65 — key
regulators of PPD-induced inflammatory signaling —
and markedly decreased mRNA expression of several
pro-inflammatory cytokines and chemokines. Of
particular interest, IL-24, a known biomarker of PPD-
induced ACD, was significantly reduced. Previous
studies have reported elevated IL-24 expression in PPD-

[ran | Pharm Res. 2025;24(1): e164379

allergic individuals, while IL-24 knockout mice exhibit
markedly reduced hypersensitivity responses to PPD
(61). Since keratinocyte-derived cytokines and
chemokines exacerbate skin inflammation by
promoting immune cell infiltration and activation,
these molecules represent key therapeutic targets in
ACD and related inflammatory conditions (62).
Consistent with this, GA significantly downregulated
five pro-inflammatory cytokines (IL-1a, IL-1B, IL-6, TNF-q,
and 1IL-24) and five chemokines (CCL5/RANTES,
CCL20/MIP3q, CCL26/eotaxin3, CXCLI/GRO-0, and
CXCLB8/IL-8), supporting its potential to alleviate
inflammatory responses associated with ACD, atopic
dermatitis, eczema, and other PPD-exacerbated skin
disorders (18, 63).

Previous studies indicate that oxidative hair dyes
typically contain PPD at 2 - 3% (= 180 - 280 mM), with EU
regulations allowing up to 6% (= 550 mM) (19). Given the
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Figure 5. Geranyl acetate (GA) downregulates the mRNA expression level of cytokines and chemokines in para-phenylenediamine (PPD)-stimulated HaCaT cells: A - D, HaCaT
cells were seeded in 100 mm dishes (2 x 10° cells/dish) and incubated for 24 hours, followed by treatment with GA (0 - 500 uM), in the presence or absence of PPD (250 uM) for 48
hours. The mRNA expression levels of (A and B) cytokines [interleukin (IL)-1a, IL-1f, IL-6, tumor necrosis factor (TNF)-a, and IL-24] and (C and D) chemokines [C-C motif chemokine
ligand (CCL) 5, CCL20, CCL26, C-X-C motif chemokine ligand (CXCL) 1, and CXCL8] were analyzed using reverse transcriptase-polymerase chain reaction (RT-PCR). The B-Actin was
used as a loading control. The mRNA band intensities were quantified using Image] software (version 1.53t). Data are presented as mean * standard deviation (SD, n = 3).
Statistical significance was determined by one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test (# P < 0.05, ## P < 0.01, and ### P < 0.001 compared with the
solvent-treated vehicle control group. *P < 0.05, ** P < 0.01,and ***P < 0.001 compared with the PPD-treated negative control group).

short application time of hair dyes (= 30 minutes), the
low concentration (250 pM) and prolonged exposure (=
24 hours) used here may not fully reflect real-world
conditions (64). However, Nohynek et al. reported that
approximately 0.88% of applied PPD can remain on the
skin, leading to systemic exposure (65). Hairdressers —
who may be exposed up to six times daily and of whom
only about one-third use protective gloves — are likely to
retain PPD on the skin or in the body for extended
periods (66, 67). Because PPD’s toxic and sensitizing
effects are well established (19, 68), prior in vitro studies
have optimized conditions to reliably reproduce these
effects, often using low micromolar concentrations for >
24 hours (56, 57, 69, 70). Following this approach, we
applied 250 yM PPD for > 24 hours to ensure
reproducibility. Future work should explore higher
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concentrations with shorter exposures (e.g., 1 hour) in
order to better mimic consumer use.

Given our finding that GA attenuates PPD-induced
cytotoxicity and inflammation, clinical studies should
assess whether formulations containing this compound
can protect against PPD-related irritation when
combined with hair dyes. As IL-24 is a biomarker not
only for contact dermatitis but also for asthma and
urticaria (61), its reduction by GA warrants investigation
in other relevant cell models, such as bronchial
epithelial cells.

5.1. Conclusions

In conclusion, this study identifies GA — a naturally
derived plant metabolite — as a potent modulator of
cytotoxicity, DNA damage, apoptosis, and inflammation
in a PPD-stimulated HaCaT keratinocyte model. While

Iran ] Pharm Res. 2025; 24(1): €164379


https://brieflands.com/articles/ijpr-164379

LeeJHet al.

Brieflands

these findings provide compelling in vitro evidence of
its pharmacological efficacy, further in vivo and clinical
investigations are warranted to fully assess the
therapeutic potential of GA for managing PPD-induced
skin toxicity.

Supplementary Material

Supplementary material(s) is available here [To read
supplementary materials, please refer to the journal
website and open PDF/HTML|.

Footnotes

Authors' Contribution: Study concept and design: |.
H. L, S. P, and S. B.; Acquisition of data: J. H. L.; Analysis
and interpretation of data: J. H. L, S. A, S. P, and S. B;
Drafting of the manuscript: J. H. L., S. A, S. P, and S. B,;
Critical revision of the manuscript for important
intellectual content: J. H. L., S. A,, S. P,, and S. B.; Statistical
analysis: J. H. L.; Administrative, technical, and material
support:S. P.and S. B.; Study supervision: S. P. and S. B.

Conflict of Interests Statement: The authors declare
no conflict of interest.

Data Availability: The dataset presented in the study
is available on request from the corresponding author
during submission or after publication.

Funding/Support: This research received no

funding/support.

References

1. LiY, Li L. Contact Dermatitis: Classifications and Management. Clin
Rev Allergy Immunol. 2021;61(3):245-81. [PubMed ID: 34264448].
https://doi.org/10.1007/s12016-021-08875-0.

2. Nassau S, Fonacier L. Allergic Contact Dermatitis. Med Clin North Am.
2020;104(1):61-76. [PubMed ID: 31757238].
https://doi.org[10.1016[j.mcna.2019.08.012.

3. Kostner L, Anzengruber F, Guillod C, Recher M, Schmid-Grendelmeier
P, Navarini AA. Allergic Contact Dermatitis. Immunol Allergy Clin North
Am. 2017;37(1):141-52. [PubMed ID: 27886903].
https://doi.org/10.1016/j.iac.2016.08.014.

4. Dickel H. Management of contact dermatitis. Allergo ] Int.
2023;32(3):57-76. https://doi.org/10.1007/s40629-023-00246-9.

5. Bockle BC, Jara D, Nindl W, Aberer W, Sepp NT. Adrenal insufficiency
as a result of longterm misuse of topical corticosteroids.
Dermatology.  2014;228(4):289-93.  [PubMed  ID:  24751677].
https://doi.org[10.1159/000358427.

6. Meena S, Gupta LK, Khare AK, Balai M, Mittal A, Mehta S, et al. Topical
Corticosteroids Abuse: A Clinical Study of Cutaneous Adverse Effects.
Indian ] Dermatol. 2017;62(6):675. [PubMed ID: 29263550]. [PubMed
Central ID: PMC5724325]. https:|/doi.org/10.4103[ijd.I[J]D_110_17.

[ran | Pharm Res. 2025;24(1): e164379

10.

1.

12.

14.

15.

16.

17.

18.

19.

20.

Hanna S, Zip C, Shear NH. What Is the Risk of Harm Associated With
Topical  Calcineurin  Inhibitors? | Cutan  Med  Surg.
2019;23(4_suppl):195-26S. [PubMed ID: 31476938].
https://doi.org[10.1177/1203475419857688.

Thatiparthi A, Martin A, Liu ], Wu JJ. Risk of Skin Cancer with
Phototherapy in Moderate-to-Severe Psoriasis: An Updated
Systematic Review. ] Clin Aesthet Dermatol. 2022;15(6):68-75. [PubMed
ID: 35783563]. [PubMed Central ID: PMC9239121].

Brites GS, Ferreira I, Sebastiao Al, Silva A, Carrascal M, Neves BM, et al.
Allergic contact dermatitis: From pathophysiology to development
of new preventive strategies. Pharmacol Res. 2020;162:105282.
[PubMed ID: 33161140]. https://doi.org[10.1016(j.phrs.2020.105282.

Belsito DV. The diagnostic evaluation, treatment, and prevention of
allergic contact dermatitis in the new millennium. J Allergy Clin
Immunol. 2000;105(3):409-20. [PubMed ID: 10719287].
https://doi.org/10.1067/mai.2000.104937.

Alinaghi F, Bennike NH, Egeberg A, Thyssen ]P, Johansen ]D.
Prevalence of contact allergy in the general population: A systematic
review and meta-analysis. Contact Dermatitis. 2019;80(2):77-85.
[PubMed ID:30370565]. https://doi.org[10.1111/cod.13119.

Nicholson PJ, Llewellyn D, English |S; Guidelines Development
Group. Evidence-based guidelines for the prevention, identification
and management of occupational contact dermatitis and urticaria.
Contact Dermatitis. 2010;63(4):177-86. [PubMed ID: 20831687].
https://doi.org/10.1111/j.1600-0536.2010.01763.X.

Friis UF, Menne T, Schwensen JF, Flyvholm MA, Bonde JP, Johansen JD.
Occupational irritant contact dermatitis diagnosed by analysis of
contact irritants and allergens in the work environment. Contact
Dermatitis. 2014;71(6):364-70. [PubMed ID: 25302958].
https://doi.org/10.1111/cod.12290.

Bacharewicz-Szczerbicka ], Reduta T, Pawlos A, Flisiak I
Paraphenylenediamine and related chemicals as allergens
responsible for allergic contact dermatitis. Arch Med Sci.
2021;17(3):714-23. [PubMed ID: 34025842]. [PubMed Central ID:

PMC8130485]. https:/[doi.org/10.5114/aoms.2019.86709.

Hamann D, Yazar K, Hamann CR, Thyssen ]P, Liden C. p-
Phenylenediamine and other allergens in hair dye products in the
United States: a consumer exposure study. Contact Dermatitis.
2014;70(4):213-8. [PubMed ID: 24628345].
https://doi.org[10.1111/cod.12164.

Abd-ElZaher MA, Fawzy IA, Ahmed HM, Abd-Allah AM, Gayyed MFE.
Some toxicological health hazards associated with subchronic
dermal exposure to paraphenylene-diamine (PPD): An experimental
study. Egypt J Forensic Sci. 2012;2(3):105-11.
https://doi.org[10.1016/j.ejfs.2012.06.003.

Meisser SS, Altunbulakli C, Bandier ], Opstrup MS, Castro-Giner F,
Akdis M, et al. Skin barrier damage after exposure to
paraphenylenediamine. J Allergy Clin Inmunol. 2020;145(2):619-631 e2.
[PubMed ID: 31783056]. https:[/doi.org/10.1016/j.jaci.2019.11.023.

Lee JK, Lee HE, Yang G, Kim KB, Kwack SJ, Lee JY. Para-
phenylenediamine, an oxidative hair dye ingredient, increases
thymic stromal lymphopoietin and proinflammatory cytokines
causing acute dermatitis. Toxicol Res. 2020;36(4):329-36. [PubMed ID:
33005592]. [PubMed Central ID: PMC7494699].
https://doi.org/10.1007/s43188-020-00041-6.

Hp C,KR, Ky N, Ry K, Ch N, Sm C. para-Phenylenediamine Containing
Hair Dye: An Overview of Mutagenicity, Carcinogenicity and Toxicity.
J Environ Analytical Toxicol. 2016;6(5). https://doi.org/10.4172/2161-
0525.1000403.

Balunas M]J, Kinghorn AD. Drug discovery from medicinal plants. Life
Sci. 2005;78(5):431-41. [PubMed ID: 16198377].
https://doi.org[10.1016/j.1fs.2005.09.012.

11


https://brieflands.com/articles/ijpr-164379
https://ijpr.brieflands.com/cdn/dl/0fb71b14-9e8d-11f0-9cfd-9fe56bb96b9f
http://www.ncbi.nlm.nih.gov/pubmed/34264448
https://doi.org/10.1007/s12016-021-08875-0
http://www.ncbi.nlm.nih.gov/pubmed/31757238
https://doi.org/10.1016/j.mcna.2019.08.012
http://www.ncbi.nlm.nih.gov/pubmed/27886903
https://doi.org/10.1016/j.iac.2016.08.014
https://doi.org/10.1007/s40629-023-00246-9
http://www.ncbi.nlm.nih.gov/pubmed/24751677
https://doi.org/10.1159/000358427
http://www.ncbi.nlm.nih.gov/pubmed/29263550
https://www.ncbi.nlm.nih.gov/pmc/PMC5724325
https://doi.org/10.4103/ijd.IJD_110_17
http://www.ncbi.nlm.nih.gov/pubmed/31476938
https://doi.org/10.1177/1203475419857688
http://www.ncbi.nlm.nih.gov/pubmed/35783563
https://www.ncbi.nlm.nih.gov/pmc/PMC9239121
http://www.ncbi.nlm.nih.gov/pubmed/33161140
https://doi.org/10.1016/j.phrs.2020.105282
http://www.ncbi.nlm.nih.gov/pubmed/10719287
https://doi.org/10.1067/mai.2000.104937
http://www.ncbi.nlm.nih.gov/pubmed/30370565
https://doi.org/10.1111/cod.13119
http://www.ncbi.nlm.nih.gov/pubmed/20831687
https://doi.org/10.1111/j.1600-0536.2010.01763.x
http://www.ncbi.nlm.nih.gov/pubmed/25302958
https://doi.org/10.1111/cod.12290
http://www.ncbi.nlm.nih.gov/pubmed/34025842
https://www.ncbi.nlm.nih.gov/pmc/PMC8130485
https://doi.org/10.5114/aoms.2019.86709
http://www.ncbi.nlm.nih.gov/pubmed/24628345
https://doi.org/10.1111/cod.12164
https://doi.org/10.1016/j.ejfs.2012.06.003
http://www.ncbi.nlm.nih.gov/pubmed/31783056
https://doi.org/10.1016/j.jaci.2019.11.023
http://www.ncbi.nlm.nih.gov/pubmed/33005592
https://www.ncbi.nlm.nih.gov/pmc/PMC7494699
https://doi.org/10.1007/s43188-020-00041-6
https://doi.org/10.4172/2161-0525.1000403
https://doi.org/10.4172/2161-0525.1000403
http://www.ncbi.nlm.nih.gov/pubmed/16198377
https://doi.org/10.1016/j.lfs.2005.09.012

LeeJHetal.

Brieflands

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31

32.

33.

34.

35.

36.

37.

12

Bennett RN, Wallsgrove RM. Secondary metabolites in plant defence
mechanisms. New Phytol. 1994;127(4):617-33. [PubMed ID: 33874382].
https://doi.org/10.1111/j.1469-8137.1994.tb02968 X.

Tiwari R, Rana CS. Plant secondary metabolites: a review. Int | Engin
Res General Sci. 2015;3(5):661-70.

Meier BP, Lappas CM. The Influence of Safety, Efficacy, and Medical
Condition Severity on Natural versus Synthetic Drug Preference. Med
Decis  Making.  2016;36(8):1011-9. [PubMed ID: 26683247].
https://doi.org/10.1177/0272989X15621877.

Lappas CM, Coyne N, Dillard A], Meier BP. Do Physicians Prefer
Natural Drugs? Europ ] Health Psychol. 2023;30(1):40-7.
https:[/doi.org[10.1027/2512-8442/a000116.

Karimi A, Majlesi M, Rafieian-Kopaei M. Herbal versus synthetic
drugs; beliefs and facts. | Nephropharmacol. 2015;4(1):27-30. [PubMed
ID: 28197471]. [PubMed Central ID: PMC5297475].

Cordell GA. Phytochemistry and traditional
revolution continues. Phytochemistry Letters.
https://doi.org[10.1016/j.phytol.2014.06.002.

medicine—The
2014;10:xxviii-xI.

Dietz BM, Hajirahimkhan A, Dunlap TL, Bolton ]L. Botanicals and
Their Bioactive Phytochemicals for Women's Health. Pharmacol Rev.
2016;68(4):1026-73. [PubMed ID: 27677719]. [PubMed Central ID:
PMC5050441]. https://doi.org[10.1124/pr.115.010843.

Saxena M, Saxena ], Nema R, Singh D, Gupta A. Phytochemistry of
medicinal plants. | Pharm Phytochemistry. 2013;1(6).

Mutha RE, Tatiya AU, Surana S]. Flavonoids as natural phenolic
compounds and their role in therapeutics: an overview. Futur ] Pharm
Sci. 2021;7(1):25. [PubMed ID: 33495733]. [PubMed Central ID:
PMC7816146). https://doi.org/10.1186/s43094-020-00161-8.

Park S, Han N, Lee ], Lee JN, An S, Bae S. Anti-Melanogenic Effects of
Lilium lancifolium Root Extract via Downregulation of PKA/CREB and
MAPK/CREB Signaling Pathways in B16F10 Cells. Plants (Basel).
2023;12(21). [PubMed ID: 37960022]. [PubMed Central ID:
PMC10648933]. https:|/doi.org[10.3390/plants12213666.

Park S, Han N, Lee JM, Lee JH, Bae S. Effects of Allium hookeri Extracts
on Hair-Inductive and Anti-Oxidative Properties in Human Dermal
Papilla Cells. Plants (Basel). 2023;12(9). [PubMed ID: 37176977].
[PubMed Central ID: PMC10181221].
https://doi.org/10.3390/plants12091919.

Park S, Lim YJ, Kim HS, Shin HJ, Kim ]S, Lee N, et al. Phloroglucinol
Enhances Anagen Signaling and Alleviates H(2)O(2)-Induced
Oxidative Stress in Human Dermal Papilla Cells. ] Microbiol Biotechnol.
2024;34(4):812-27. [PubMed ID: 38480001]. [PubMed Central ID:
PMC11091678]. https://doi.org/10.4014/jmb.2311.11047.

Gongalves M], Cruz MT, Tavares AC, Cavaleiro C, Lopes MC, Canhoto ],
et al. Composition and biological activity of the essential oil from
Thapsia minor, a new source of geranyl acetate. Industrial Crops and
Products. 2012;35(1):166-71.
https://doi.org/10.1016/j.indcrop.2011.06.030.

Vieira AJ, Beserra FP, Souza MC, Totti BM, Rozza AL. Limonene: Aroma
of innovation in health and disease. Chem Biol Interact. 2018;283:97-
106. [PubMed ID: 29427589]. https:|/doi.org/10.1016/j.cbi.2018.02.007.

Singh R, Kanwar SS, Sood PK, Nehru B. Beneficial effects of folic acid
on enhancement of memory and antioxidant status in aged rat
brain. Cell Mol Neurobiol. 2011;31(1):83-91. [PubMed ID: 21170581].
[PubMed Central ID: PMC11498422]. https://doi.org/10.1007/s10571-010-
9557-1.

Hirabayashi T, Ochiai H, Sakai S, Nakajima K, Terasawa K. Inhibitory
effect of ferulic acid and isoferulic acid on murine interleukin-8
production in response to influenza virus infections in vitro and in
vivo. Planta Med. 1995;61(3):221-6. [PubMed ID: 7617763].
https://doi.org/10.1055/s-2006-958060.

Celuppi LCM, Capelezzo AP, Cima LB, Zeferino RCF, Carniel TA, Zanetti
M, et al. Microbiological, thermal and mechanical performance of

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

cellulose acetate films with geranyl acetate. Int | Biol Macromol.
2023;228:517-27. [PubMed ID: 36563822].
https://doi.org/10.1016/j.ijbiomac.2022.12.170.

Qi F, Yan Q, Zheng Z, Liu ], Chen Y, Zhang G. Geraniol and geranyl
acetate induce potent anticancer effects in colon cancer Colo-205
cells by inducing apoptosis, DNA damage and cell cycle arrest. |
BUON. 2018;23(2):346-52. [PubMed ID: 29745075].

Quintans-Junior L, Moreira JC, Pasquali MA, Rabie SM, Pires AS,
Schroder R, et al. Antinociceptive Activity and Redox Profile of the
Monoterpenes (+)-Camphene, p-Cymene, and Geranyl Acetate in
Experimental Models. ISRN Toxicol. 2013;2013:459530. [PubMed ID:
23724298). [PubMed Central ID: PM(3658412].
https://doi.org[10.1155/2013/459530.

Sieniawska E, Swiqtek L, Rajtar B, Koziot E, Polz-Dacewicz M, Skalicka-
WozZniak K. Carrot seed essential oil-Source of carotol and
cytotoxicity study. Industrial Crops and Products. 2016;92:109-15.
https:[/doi.org[10.1016/j.indcrop.2016.08.001.

Api AM, Bartlett A, Belsito D, Botelho D, Bruze M, Bryant-Freidrich A,
et al. RIFM fragrance ingredient safety assessment, geranyl acetate,
CAS registry number 105-87-3. Food Chem Toxicol. 2024;192 Suppl

1:114971. [PubMed ID: 39236863].
https:[/doi.org[10.1016/j.fct.2024.114971.
Salami M, Pourahmad ], Zarei MH. Toxicity of para-

phenylenediamine (PPD;l, 4 diaminobenzene) on isolated human
lymphocytes: The key role of intracellular calcium enhancement in
PPD-induced apoptosis. Toxicol Ind Health. 2023;39(7):388-97. [PubMed
ID: 37243687]. https://doi.org/10.1177/07482337231176594.

Venkatesan G, Dancik Y, Neupane YR, Karkhanis AV, Bigliardi P,
Pastorin G. Synthesis and Assessment of Non-allergenic Aromatic
Amine Hair Dyes as Efficient Alternatives to Paraphenylenediamine.
ACS Sustainable Chem Engin. 2022;10(2):838-49.
https:|/doi.org[10.1021/acssuschemeng.1c06313.

Chye SM, Hseu YC, Liang SH, Chen CH, Chen SC. Single strand dna
breaks in human lymphocytes exposed to para-phenylenediamine
and its derivatives. Bull Environ Contam Toxicol. 2008;80(1):58-62.
[PubMed ID: 18058049]. https://doi.org/10.1007/s00128-007-9316-2.

Mederos A, Dominguez S, Hernandez-Molina R, Sanchiz ], Brito E
Coordinating ability of phenylenediamines. Coordination Chem Rev.
1999;193-195:913-39. https://doi.org/10.1016/s0010-8545(99)00084-3.

Malamos P, Papanikolaou C, Gavriatopoulou M, Dimopoulos MA,
Terpos E, Souliotis VL. The Interplay between the DNA Damage
Response (DDR) Network and the Mitogen-Activated Protein Kinase
(MAPK) Signaling Pathway in Multiple Myeloma. Int | Mol Sci.
2024;25(13). [PubMed ID: 39000097]. [PubMed Central ID:
PMC11241508]. https://doi.org/10.3390/ijms25136991.

Yang |, Xu ZP, Huang Y, Hamrick HE, Duerksen-Hughes PJ, Yu YN. ATM
and ATR: sensing DNA damage. World | Gastroenterol. 2004;10(2):155-
60. [PubMed ID: 14716813]. [PubMed Central ID: PMC4716994].
https://doi.org/10.3748/wjg.v10.i2.155.

Lee DH, Kim C, Zhang L, Lee Y]. Role of p53, PUMA, and Bax in
wogonin-induced apoptosis in human cancer cells. Biochem
Pharmacol. 2008;75(10):2020-33. [PubMed ID: 18377871]. [PubMed
Central ID: PMC2424318). https://doi.org[10.1016/j.bcp.2008.02.023.

Ying Y, Padanilam BJ. Regulation of necrotic cell death: p53, PARP1
and cyclophilin D-overlapping pathways of regulated necrosis? Cell
Mol Life Sci. 2016;73(11-12):2309-24. [PubMed ID: 27048819]. [PubMed
Central ID: PMC5490387]. https://doi.org/10.1007/s00018-016-2202-5.

Tafani M, Schneider TG, Pastorino ]G, Farber JL. Cytochrome c-
dependent activation of caspase-3 by tumor necrosis factor requires
induction of the mitochondrial permeability transition. Am J Pathol.
2000;156(6):2111-21. [PubMed ID: 10854232]. [PubMed Central ID:
PMC1850093]. https://doi.org/10.1016/S0002-9440(10)65082-1.

Iran ] Pharm Res. 2025; 24(1): €164379


https://brieflands.com/articles/ijpr-164379
http://www.ncbi.nlm.nih.gov/pubmed/33874382
https://doi.org/10.1111/j.1469-8137.1994.tb02968.x
http://www.ncbi.nlm.nih.gov/pubmed/26683247
https://doi.org/10.1177/0272989X15621877
https://doi.org/10.1027/2512-8442/a000116
http://www.ncbi.nlm.nih.gov/pubmed/28197471
https://www.ncbi.nlm.nih.gov/pmc/PMC5297475
https://doi.org/10.1016/j.phytol.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/27677719
https://www.ncbi.nlm.nih.gov/pmc/PMC5050441
https://doi.org/10.1124/pr.115.010843
http://www.ncbi.nlm.nih.gov/pubmed/33495733
https://www.ncbi.nlm.nih.gov/pmc/PMC7816146
https://doi.org/10.1186/s43094-020-00161-8
http://www.ncbi.nlm.nih.gov/pubmed/37960022
https://www.ncbi.nlm.nih.gov/pmc/PMC10648933
https://doi.org/10.3390/plants12213666
http://www.ncbi.nlm.nih.gov/pubmed/37176977
https://www.ncbi.nlm.nih.gov/pmc/PMC10181221
https://doi.org/10.3390/plants12091919
http://www.ncbi.nlm.nih.gov/pubmed/38480001
https://www.ncbi.nlm.nih.gov/pmc/PMC11091678
https://doi.org/10.4014/jmb.2311.11047
https://doi.org/10.1016/j.indcrop.2011.06.030
http://www.ncbi.nlm.nih.gov/pubmed/29427589
https://doi.org/10.1016/j.cbi.2018.02.007
http://www.ncbi.nlm.nih.gov/pubmed/21170581
https://www.ncbi.nlm.nih.gov/pmc/PMC11498422
https://doi.org/10.1007/s10571-010-9557-1
https://doi.org/10.1007/s10571-010-9557-1
http://www.ncbi.nlm.nih.gov/pubmed/7617763
https://doi.org/10.1055/s-2006-958060
http://www.ncbi.nlm.nih.gov/pubmed/36563822
https://doi.org/10.1016/j.ijbiomac.2022.12.170
http://www.ncbi.nlm.nih.gov/pubmed/36563822
https://doi.org/10.1016/j.ijbiomac.2022.12.170
http://www.ncbi.nlm.nih.gov/pubmed/29745075
http://www.ncbi.nlm.nih.gov/pubmed/23724298
https://www.ncbi.nlm.nih.gov/pmc/PMC3658412
https://doi.org/10.1155/2013/459530
https://doi.org/10.1016/j.indcrop.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/39236863
https://doi.org/10.1016/j.fct.2024.114971
http://www.ncbi.nlm.nih.gov/pubmed/37243687
https://doi.org/10.1177/07482337231176594
https://doi.org/10.1021/acssuschemeng.1c06313
http://www.ncbi.nlm.nih.gov/pubmed/18058049
https://doi.org/10.1007/s00128-007-9316-2
https://doi.org/10.1016/s0010-8545(99)00084-3
http://www.ncbi.nlm.nih.gov/pubmed/39000097
https://www.ncbi.nlm.nih.gov/pmc/PMC11241508
https://doi.org/10.3390/ijms25136991
http://www.ncbi.nlm.nih.gov/pubmed/14716813
https://www.ncbi.nlm.nih.gov/pmc/PMC4716994
https://doi.org/10.3748/wjg.v10.i2.155
http://www.ncbi.nlm.nih.gov/pubmed/18377871
https://www.ncbi.nlm.nih.gov/pmc/PMC2424318
https://doi.org/10.1016/j.bcp.2008.02.023
http://www.ncbi.nlm.nih.gov/pubmed/27048819
https://www.ncbi.nlm.nih.gov/pmc/PMC5490387
https://doi.org/10.1007/s00018-016-2202-5
http://www.ncbi.nlm.nih.gov/pubmed/10854232
https://www.ncbi.nlm.nih.gov/pmc/PMC1850093
https://doi.org/10.1016/S0002-9440(10)65082-1

LeeJHetal.

Brieflands

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Gray GK, McFarland BC, Nozell SE, Benveniste EN. NF-kappaB and
STAT3 in glioblastoma: therapeutic targets coming of age. Expert Rev
Neurother. 2014;14(11):1293-306. [PubMed ID: 25262780]. [PubMed
Central ID: PMC4350260]. https://doi.org/10.1586/14737175.2014.964211.

Hanada T, Yoshimura A. Regulation of cytokine signaling and
inflammation. Cytokine Growth Factor Rev. 2002;13(4-5):413-21.
[PubMed ID: 12220554]. https://doi.org[10.1016/s1359-6101(02)00026-6.

Pot LM, Scheitza SM, Coenraads PJ, Blomeke B. Penetration and
haptenation of  p-phenylenediamine.  Contact  Dermatitis.
2013;68(4):193-207. [PubMed ID: 23510340].
https://doi.org/10.111/cod.12032.

Aeby P, Sieber T, Beck H, Gerberick GF, Goebel C. Skin sensitization to
p-phenylenediamine: the diverging roles of oxidation and N-
acetylation for dendritic cell activation and the immune response. |
Invest Dermatol. 2009;129(1):99-109. [PubMed ID: 18704111].
https://doi.org[10.1038/jid.2008.209.

Rustemeyer T, van Hoogstraten IM, von Blomberg BE, Gibbs S,
Scheper RJ. Mechanisms of Irritant and Allergic Contact Dermatitis.
In: Johansen ]D, Frosch PJ, Lepoittevin |, editors. Contact Dermatitis.
Berlin, Heidelberg: Springer Berlin Heidelberg; 2011. p. 43-90.
https://doi.org/10.1007/978-3-642-03827-3_3.

Moeller R, Lichter ], Blomeke B. Impact of para-phenylenediamine on
cyclooxygenases expression and prostaglandin formation in human
immortalized keratinocytes (HaCaT). Toxicology. 2008;249(2-3):167-75.
[PubMed ID: 18571826]. https://doi.org/10.1016/j.tox.2008.05.002.

Woo H, Kim H, Shin S, Shin JH, Ryu D, Park D, et al. Rhus semialata M.
extract ameliorate para-phenylenediamine-induced toxicity in
keratinocytes. Toxicol Rep. 2021;8:96-105. [PubMed ID: 33437652].
[PubMed Central ID: PMC7786012].
https://doi.org[10.1016j.toxrep.2020.12.020.

Lee ]JW, Ratnakumar K, Hung KF, Rokunohe D, Kawasumi M.
Deciphering UV-induced DNA Damage Responses to Prevent and
Treat Skin Cancer. Photochem Photobiol. 2020;96(3):478-99. [PubMed
ID: 32119110]. [PubMed Central ID: PMC7651136].
https://doi.org[10.1111/php.13245.

Trautmann A, Akdis M, Schmid-Grendelmeier P, Disch R, Brocker EB,
Blaser K, et al. Targeting keratinocyte apoptosis in the treatment of
atopic dermatitis and allergic contact dermatitis. J Allergy Clin
Immunol. 2001;108(5):839-46. [PubMed ID: 11692113].
https://doi.org[10.1067/mai.2001.118796.

Szymanski U, Cios A, Ciepielak M, Stankiewicz W. Cytokines and
apoptosis in atopic dermatitis. Postepy Dermatol Alergol. 2021;38(2):1-
13. [PubMed ID: 34408560]. [PubMed Central ID: PMC8362769].
https://doi.org[10.5114/ada.2019.88394.

Iran | Pharm Res. 2025;24(1): e164379

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Raguraman R, Munshi A, Ramesh R. Interleukin-24: A
Multidimensional Therapeutic for Treatment of Human Diseases.
Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2025;17(3). €70013.
[PubMed ID: 40338095]. [PubMed Central ID: PMCI12058350].
https://doi.org[10.1002/wnan.70013.

Albanesi C, Scarponi C, Giustizieri ML, Girolomoni G. Keratinocytes in
inflammatory skin diseases. Curr Drug Targets Inflamm Allergy.
2005;4(3):329-34. [PubMed ID: 16101542).
https://doi.org/10.2174/1568010054022033.

Le Coz C], Lefebvre C, Keller F, Grosshans E. Allergic contact
dermatitis caused by skin painting (pseudotattooing) with black
henna, a mixture of henna and p-phenylenediamine and its
derivatives. Arch Dermatol. 2000;136(12):1515-7. [PubMed ID: 11115163].
https://doi.org/10.1001/archderm.136.12.1515.

McFadden JP, Yeo L, White JL. Clinical and experimental aspects of
allergic contact dermatitis to para-phenylenediamine. Clin Dermatol.
2011;29(3):316-24. [PubMed ID: 21496741].
https://doi.org[10.1016/j.clindermatol.2010.11.011.

Nohynek GJ, Skare JA, Meuling WJA, Wehmeyer KR, de Bie A, Vaes WH],
et al. Human systemic exposure to [(1)(4)C]-paraphenylenediamine-
containing oxidative hair dyes: Absorption, kinetics, metabolism,
excretion and safety assessment. Food Chem Toxicol. 2015;81:71-80.
[PubMed ID: 25846501]. https://doi.org[10.1016/j.fct.2015.04.003.

Humans IWGotEoCRt. Occupational exposures of hairdressers and
barbers and personal use of hair colourants. In: IARC Working Group
on the Evaluation of Carcinogenic Risks to Humans, editor.
Occupational Exposures of Hairdressers and Barbers and Personal Use of
Hair Colourants, Some Hair Dyes Cosmetic Colourants Industrial
Dyestuffs and Aromatic Amines,. Lyon, France: International Agency for
Research on Cancer;1993.

Gagliardi L, Ambroso M, Mavro ], Furno F, Discalzi G. Exposure to
paraphenylendiamine in hairdressing parlours. Int | Cosmet Sci.
1992;14(1):19-31. [PubMed ID: 19272091]. https://doi.org/10.1111/j.1467-
2494.1992.tb00036.X.

Almansoori S, Murray BP. Paraphenylenediamine Toxicity. Treasure
Island (FL): StatPearls; 2025.

So'Y, Shin C, Song M, Rha Y, Ryu |. Gene expression profiling of hair-
dying agent, para-phenylenediamine, in human keratinocytes
(HacCaT) cells. Mol Cell Toxicol. 2012;7(4):339-46.
https://doi.org/10.1007/s13273-011-0043-8.

Bonifas |, Scheitza S, Clemens ], Blomeke B. Characterization of N-
acetyltransferase 1 activity in human keratinocytes and modulation

by para-phenylenediamine. | Pharmacol Exp Ther. 2010;334(1):318-26.
[PubMed ID: 20406859]. https://doi.org/10.1124/jpet.110.167874.

13


https://brieflands.com/articles/ijpr-164379
http://www.ncbi.nlm.nih.gov/pubmed/25262780
https://www.ncbi.nlm.nih.gov/pmc/PMC4350260
https://doi.org/10.1586/14737175.2014.964211
http://www.ncbi.nlm.nih.gov/pubmed/12220554
https://doi.org/10.1016/s1359-6101(02)00026-6
http://www.ncbi.nlm.nih.gov/pubmed/23510340
https://doi.org/10.1111/cod.12032
http://www.ncbi.nlm.nih.gov/pubmed/18704111
https://doi.org/10.1038/jid.2008.209
https://doi.org/10.1007/978-3-642-03827-3_3
http://www.ncbi.nlm.nih.gov/pubmed/18571826
https://doi.org/10.1016/j.tox.2008.05.002
http://www.ncbi.nlm.nih.gov/pubmed/33437652
https://www.ncbi.nlm.nih.gov/pmc/PMC7786012
https://doi.org/10.1016/j.toxrep.2020.12.020
http://www.ncbi.nlm.nih.gov/pubmed/32119110
https://www.ncbi.nlm.nih.gov/pmc/PMC7651136
https://doi.org/10.1111/php.13245
http://www.ncbi.nlm.nih.gov/pubmed/11692113
https://doi.org/10.1067/mai.2001.118796
http://www.ncbi.nlm.nih.gov/pubmed/34408560
https://www.ncbi.nlm.nih.gov/pmc/PMC8362769
https://doi.org/10.5114/ada.2019.88394
http://www.ncbi.nlm.nih.gov/pubmed/40338095
https://www.ncbi.nlm.nih.gov/pmc/PMC12058350
https://doi.org/10.1002/wnan.70013
http://www.ncbi.nlm.nih.gov/pubmed/16101542
https://doi.org/10.2174/1568010054022033
http://www.ncbi.nlm.nih.gov/pubmed/11115163
https://doi.org/10.1001/archderm.136.12.1515
http://www.ncbi.nlm.nih.gov/pubmed/21496741
https://doi.org/10.1016/j.clindermatol.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/25846501
https://doi.org/10.1016/j.fct.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/19272091
https://doi.org/10.1111/j.1467-2494.1992.tb00036.x
https://doi.org/10.1111/j.1467-2494.1992.tb00036.x
https://doi.org/10.1007/s13273-011-0043-8
http://www.ncbi.nlm.nih.gov/pubmed/20406859
https://doi.org/10.1124/jpet.110.167874

