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ABSTRACT

Reactive oxygen species (ROS) are involved in the pathogenesis of generalised pustular psoriasis (GPP), but this involvement
has not been fully elucidated. We performed the diacron-reactive oxygen metabolite (d-ROM) test and the biological anti-
oxidant potential (BAP) test on sera from nine patients with active GPP who were hospitalised and treated at our hospital,

including three patients with pustular psoriasis of pregnancy (PPP). The serum d-ROM and BAP levels were evaluated before

treatment and at 1 month of treatment. We also performed immunostaining of 4-hydroxy-2-nonenal (4-HNE) in skin tissues.
In the GPP patients, the average d-ROM levels were significantly reduced at 1 month of treatment (reduced to 343.0+82.1U.
Carr from 423.2+95.0 U.Carr, p=0.005). The Generalised Pustular Psoriasis Area and Severity Index (GPPASI) score corre-
lated with d-ROM levels (r=0.57, p=0.10), suggesting that those levels reflect the disease severity. In normal pregnancy, d-
ROM values are known to increase from mid-term to late-term. The d-ROM values increased when GPP worsened in the case

of PPP. Immunohistochemical staining of 4-HNE was positive for subcorneal pustules, neutrophils, and for the cytoplasm of

epidermal keratinocytes, especially in upper epidermal layers. Our findings indicate that 4-HNE may play an important role

in GPP and PPP.

1 | Background

Generalised pustular psoriasis (GPP) is immunologically
distinct from psoriasis vulgaris and is characterised by the
dysregulation of the innate immune system, particularly the in-
terleukin-36 (IL-36) inflammatory pathway [1-3]. Pustular pso-
riasis of pregnancy (PPP), also called impetigo herpetiformis,
tends to increase or flare up more frequently in the late stages
of pregnancy and mostly resolves after parturition; however,
the possibility of recurrence during subsequent pregnancies is
high [4]. Pregnancy itself is a state of increased oxidative stress
that arises from metabolic activity and the production of reac-
tive oxygen species (ROS) in the placental mitochondria to meet

the demands of the growing fetus [5, 6]. Normal pregnancy is
characterised by mild oxidative stress, which is exaggerated
in preeclampsia and fetal growth restriction [7, 8]. Pregnant
women with preeclampsia are known to have higher d-ROM
values than normal pregnant women have [9]. Gestational dia-
betes, gestational hypertension, and preeclampsia are higher in
women with psoriasis [10-12].

The test for derivatives of reactive oxygen metabolites (d-ROM
test) is a widely used assay for measuring oxidative stress in
biological samples, particularly in serum or plasma. The test
does not directly measure reactive oxygen or free radicals;
rather, it evaluates oxidative stress by quantifying metabolite
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hydroperoxides [13-16]. The BAP test is used to assess the anti-
oxidant capacity of biological samples, such as blood or serum.
It measures the ability of a biological sample to reduce ferric
ions to ferrous ions, reflecting the sample's ability to eliminate
free radicals and counteract oxidative stress [17]. Although the
d-ROM test and the BAP test have been used in many diseases,
they have not yet been reported for GPP patients.

With regard to ROS, 4-hydroxy-2-nonenal (4-HNE) is one of the
reaction products of lipid hydroperoxide breakdown in response
to oxidative stress. Primary oxidation products such as lipid hy-
droperoxides may decompose and lead to the formation of re-
active lipid electrophiles. Lipid hydroperoxides can then break
down further to generate secondary products such as 4-HNE [18].
4-HNE formation is directly linked to, and is dependent on, the
initial generation of lipid hydroperoxides from the oxidation of
polyunsaturated fatty acids in cellular membranes under oxida-
tive stress [19, 20].

To investigate the contribution of oxidative stress to GPP patho-
genesis, we measured the d-ROM and BAP levels before and
after treatment. Furthermore, to visualise ROS, we tried to de-
tect oxidative products by using the anti-4-HNE antibody on
samples from lesional skin.

2 | Question Address

This study aims to clarify three points [1]. Do d-ROM levels
correlate with GPP severity? [2] Do d-ROM levels correlate
with GPP severity during pregnancy, given that d-ROM levels
are known to increase from the middle to late stages of preg-
nancy? [3] Is 4-HNE involved in the increase in oxidative stress
in GPP?

3 | Experimental Design

We measured the d-ROM levels from the sera of nine patients
with active GPP who were hospitalised and treated between
2015 and 2020. The serum d-ROM and BAP levels were eval-
uated before treatment and at 1 month of treatment. The pa-
tients had been diagnosed on management and treatment of
Generalised Pustular Psoriasis 2014 of Japanese Guidelines
[21]. The d-ROM and BAP levels were measured using a com-
mercial kit and reader (Redoxlibra; Wismerll, Tokyo, Japan)
as previously described [14, 17, 22]. The oxidative stress that
corresponds to each range of d-ROM values is as follows: nor-
mal, 200-300U.Carr; borderline, 301-320 U.Carr; mild, 321-
340U.Carr; moderate, 341-400U.Carr; high, 401-500 U.Carr;
severe, > 501 U.Carr. BAP antioxidant levels of > 2000 umol/L
were evaluated as normal. The d-ROM test measures metabo-
lites produced by ROS in a sample by the colourimetric change
of a chromogen. The serum d-ROM and BAP levels were evalu-
ated before treatment and at 1 month of treatment (Table 1). We
biopsied skin lesions and performed haematoxylin and eosin
(HE) staining on paraffin sections. From the patients’ medi-
cal records, we obtained peripheral blood counts (white blood
cells, neutrophils, lymphocytes, and platelets). The patients

included cases reported by Mizutani et al. [23] Please refer to
the Supporting Information.

4 | Results

4.1 | In Patients With GPP, the d-ROM Levels
Increased Before Treatment and Decreased With
Treatment

The average d-ROM levels were found to be significantly re-
duced at 1month of treatment (reduced to 343.0+82.1U.Carr
from 423.2+95.0 U.Carr, p =0.005, paired t-test) (Figure 1a). The
average GPPASI score was also found to be significantly reduced
at 1month of treatment (reduced to 12.8 +4.0 from 21.6+2.7,
p=0.0006, paired t-test) (Table 1). The BAP levels were within
normal limits in four of the nine patients and were reduced at
1month of treatment (reduced to 2221.3+450.0umol/L from
2088.1+492.2umol/L) (Figure 1b).

4.2 | In Patients With GPP, the d-ROM Levels
Correlated Moderately With GPPASI (r=0.57,
p=0.10)

Because high levels of ROS in GPP may play a role in disease
activity, we next examined the d-ROM level as measured by the
GGPASI. We retrospectively scored the GPPASI before treatment
and at 1 month of treatment. As shown in Figure 1c, a moder-
ately positive correlation was found between the d-ROM levels
before treatment and the total GPPASI score (r=0.57, p=0.10).
The GPP patients had elevated average white blood cell counts
(mean 12826.6/uL; normal: 3300-8600/uL). The d-ROM levels
showed no correlation with the overall number of neutrophils
(r=-0.22, p=0.67). In contrast, the d-ROM levels correlated
moderately with lymphocyte percentage (r=0.44, p=0.22)
(Table 1). Figure 1d-f show the clinical course of PPP (Cases
1-3). For each patient, we checked for variants in the genes for
interleukin-36 receptor antagonist (IL36RN), caspase recruit-
ment domain-containing protein 14 (CARDI4), and adaptor-
related protein complex 1 subunit sigma 3 (AP1S3) (Figure 2a).

4.3 | In GPP patients’ Skin Lesions, 4-HNE
Stained for Neutrophils in the Subcorneal Pustules
and for the Cytoplasm of Epidermal Keratinocytes

To visualise ROS, we tried to detect oxidative products by
using the anti-4-HNE antibody on lesional skin in GPP. 4-HNE
stained for neutrophils in the subcorneal pustules and for the
cytoplasm of epidermal keratinocytes. Staining was partic-
ularly strong in the upper epidermal layers (Figure 2b-k).
Eight of nine (88.9%) patients were positive for 4-HNE in
neutrophils in the subcorneal pustules, and all nine (100%)
patients were positive for 4-HNE in the cytoplasm of epi-
dermal keratinocytes. Immunohistochemical staining with
3,5-dibromotyrosine of paraffin sections was negative (data not
shown). Immunohistochemical staining with NF-kB p65 and
IL-36Ra was positive (data not shown).
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FIGURE1 | Oxidative stress in GPP patients. (a) Box plot of d-ROM levels for nine GPP patients. The d-ROM levels are for before treatment and
at 1 month of treatment (reduced to 343.0+82.1 U.Carr from 423.2+95.0U.Carr, p=0.005, paired ¢-test). (b) Box plot of BAP levels for the nine GPP
patients before treatment and at 1 month of treatment (reduced to 2221.3 +£450.0 umol/L from 2088.1 +£492.2 umol/L, p=0.24, paired t-test). The box
shows the first and third quartiles, the median (line), and the arithmetic mean (x-mark). The whiskers represent values below the first quartile and

above the third quartile within the 1.5-fold inter-quartile range, respectively. Outliers beyond the whiskers are shown as squares. (c) Scatterplot of

GPPASI scores and d-ROM levels. Scatterplot showing a moderately positive correlation (r=0.57, p=0.10; Pearson's correlation coefficient). The dot-

ted line is the trend line. (d) Clinical course of Case 1. (e) Clinical course of Case 2. The horizontal axis of the graph indicates the number of weeks of

pregnancy. In (e), negative values on the x axis are the number of weeks before conception and positive values are the number of weeks after delivery.

(f) Clinical course of Case 3. GMA, granulocyte and monocyte adsorption apheresis; PSL, prednisolone; U.Carr, Carratelli units.

4.4 | D-ROM Levels Were Elevated in Late
Pregnancy, and They Reflected the Skin Symptoms

Case 1 is a 29-year-old female. She has two heterozygous mu-
tations in IL36RN: ¢.28C>T (p.R10X) on exon2 and ¢.368C>T
(p.T123M) on exon5. Her psoriasis onset was at age 3, and her
pustular psoriasis onset was at age 16. Cyclosporine introduced
at her previous hospital achieved moderate improvements. She
visited our hospital in the 26th week of her first pregnancy.
She had erythema on the face, trunk, extremities and inguinal
areas, with small pustules. We performed granulocyte-mono-
cyte apheresis (GMA) five times, but fever, fatigue, pustules and
erythema flared up. So, we added prednisolone at 20 mg/day and
cyclosporine at 150 mg/day. She gave birth at 33 weeks gestation.
A live female infant weighing 1458 g (8.5th percentile) was de-
livered vaginally. Figure 1d shows the results of the d-ROM and
BAP tests for Case 1. The d-ROM levels increased with skin rash
exacerbation and decreased with PSL treatment (20 mg). After
delivery, the d-ROM levels returned to normal. The BAP levels
decreased from mid to late pregnancy. They returned to normal
after delivery.

Case 2 is a 35-year-old primigravida. She has no mutations in
IL36RN, CARDI4 or AP1S3. Her skin symptoms flared up when
she was 35years old, and she was hospitalised. She had been tak-
ing cyclosporine for 6 months but stopped when she started fer-
tility treatment and switched to intravenous infliximab. At the
fourth administration of infliximab, we found out she was preg-
nant. The infliximab was readministered every 2 months until
30weeks. At 41 weeks, she gave birth by caesarean section. Now,
at 8years after that birth, her skin rash is under control with the
continued administration of infliximab. Figure 1e shows the re-
sults of the d-ROM and BAP tests for Case 2. Before infliximab
was started, the skin symptoms worsened and the d-ROM level
increased. After the start of infliximab, the d-ROM levels de-
creased. From mid-pregnancy, the d-ROM level increased. After
delivery, the d-ROM levels decreased to normal.

5 | Conclusion and Perspectives

This study found a moderately positive correlation between
GPPASI scores and d-ROM values. So, d-ROM levels correlate
with GPP severity. Both of these improved with 1 month of treat-
ment (p=0.05 and p=0.0006, respectively). Therefore, the d-
ROM value may be a biomarker of GPP severity and of response
to GPP treatment. In this study, three of the nine GPP patients
were gravida. In GPP during pregnancy, d-ROM values tend to
increase as the skin symptoms exacerbate. But d-ROM values

tend to increase even in normal pregnancies from the mid-term
to the late-term, so we must take that into account when eval-
uating such values. Increased progesterone levels during preg-
nancy, especially in the last trimester, are considered to be a
potential trigger for the development of PPP [12, 24]. A previous
paper reported that NF-xB regulates inflammation, hypoxia, an-
giogenesis, and oxidative stress, all of which are associated with
placental development [25-27]. Pregnancy has been shown to
involve two interactions, inflammatory and anti-inflammatory,
with NF-xB activity being regulated by the required balance be-
tween these interactions [28-30].

In our study, all the patients with GPP skin lesions were positive
for 4-HNE. 4-HNE staining was negative in normal skin, sug-
gesting that 4-HNE is associated with increased oxidative stress.
This is an a,fB-unsaturated hydroxyalkenal (chemical formula:
C,H,,0,) that is produced by lipid peroxidation in cells. It is a
major end product of lipid peroxidation and is widely recognised
as an inducer of oxidative stress [31-33]. 4-HNE is known to ex-
press proinflammatory cytokines by the regulation of NF-xB,
MCP-1, TNF-a, and TGF-£1 [18, 32, 34]. 4-HNE concentrations
below 2uM are conducive to cell survival and proliferation.
However, concentrations exceeding 10uM are detrimental to
the cell, leading to genotoxicity and cell death [18, 19]. 4-HNE
activates NF-xB through the formation of protein adducts, the
activation of Src kinase, and the activation of the IKK/NIK
pathway, leading to the transcription of pro-inflammatory genes
[18, 32, 34].

IL-36 cytokines play a central role in recruiting and activating
neutrophils, leading to increased ROS production in GPP. IL-36
can create an autocrine amplification loop by promoting the ex-
pression of IL-36 itself and its receptor (IL-36R) in immune cells,
which in turn increases T cell proliferation and Th1 polarisation.
IL-36 is strongly expressed in the nuclei of suprabasal epider-
mal keratinocytes, and its expression is associated with disease
severity [35]. Moreover, IL-36 signalling activates the NF-xB
pathway and other pathways, contributing to the production of
pro-inflammatory cytokines. The binding of IL-36 cytokines
to IL-36R recruits IL-1 receptor accessory protein (IL-IRAcP),
leading to the activation of NF-xB and mitogen-activated pro-
tein kinases (MAPKSs), which are critical for the inflammatory
response [2, 36, 37]. IL-36 also plays a role in regulating the in-
flammatory/anti-inflammatory balance during pregnancy, sim-
ilar to NF-xB [12, 29]. Elevated levels of IL-36 and NF-xB can
contribute to an increased incidence of GPP during pregnancy.
It could be interpreted that in GPP, the IL-36/IL-1 axis primarily
elevates neutrophil migration and ROS production, leading to
the generation of 4-HNE from hydroperoxides. 4-HNE activates
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Case | Gene mutation

1 |[/L36RN, c.28C>T, heterozygous; IL36RN, ¢.368C>T, heterozygous

none

CARD14, ¢.236C>T, homozygous

none

none

IL36RN, c.115+6T>C, heterozygous

b 4-HNE normal skin

none

none

Ol |IN|JojLn | |lwW]|N

IL36RN, c.115+6T>C, homozygous

C 4-HNE Case 1

4-HNE Case 4

4-HNE Case 7 -

4-HNE Case 2

4-HNE Case 5

e 4-HNE Case 3

4-HNE Case 6

FIGURE 2 | Oxidative stress in GPP patients. (a) Gene mutations for the nine GPP patents. We checked for gene variants in IL36RN, CARDI4,
and APIS3. AP1S3; adaptor related protein complex 1 subunit sigma 3, CARDI4; caspase recruitment domain-containing protein 14, IL36RN; inter-
leukin-36 receptor antagonist. (b-k) Immunohistochemical staining of 4-HNE. A magnification of the area of small pustules (original magnifica-
tion X 200). (b) Normal human skin with 4-HNE staining (original magnification x 200).

NF-xB, which further increases inflammation. IL-36 also en-
hances NF-xB transcription and promotes the migration of neu-
trophils and other lymphocytes.

d-ROM levels represent the amount of oxidative stress, and
their measurement is useful because it reflects clinical severity.
The d-ROM test should be considered with this physiological

phenomenon in mind, since oxidative stress has been shown to
increase from mid to late pregnancy. Because we measured d-
ROM levels in only nine GPP cases, our study has limited clin-
ical significance. However, it may have research significance.
If future research reveals more about the relationship between
oxidative stress and GPP, our understanding of its significance
could change. Potential limitations include the retrospective
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nature of the data, the single-centre nature, and the small sample
size. Also, d-ROM levels have already been known to increase as
a result of various factors, such as aging, diabetes, cardiovas-
cular disease, and cancer [13, 38]. Although the d-ROM test is
not a specific indicator, when it is elevated, we must check the
patient's status carefully.
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