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Abstract: Although apoptosis of keratinocytes has been relatively well studied, there is a lack of
information comparing potentially proapoptotic treatments for healthy and diseased skin cells. Pso-
riasis is a chronic autoimmune-mediated skin disease manifested by patches of hyperproliferative
keratinocytes that do not undergo apoptosis. UVB phototherapy is commonly used to treat pso-
riasis, although this has undesirable side effects, and is often combined with anti-inflammatory
compounds. The aim of this study was to analyze if cannabidiol (CBD), a phytocannabinoid that has
anti-inflammatory and antioxidant properties, may modify the proapoptotic effects of UVB irradi-
ation in vitro by influencing apoptotic signaling pathways in donor psoriatic and healthy human
keratinocytes obtained from the skin of five volunteers in each group. While CBD alone did not have
any major effects on keratinocytes, the UVB treatment activated the extrinsic apoptotic pathway, with
enhanced caspase 8 expression in both healthy and psoriatic keratinocytes. However, endoplasmic
reticulum (ER) stress, characterized by increased expression of caspase 2, was observed in psoriatic
cells after UVB irradiation. Furthermore, decreased p-AKT expression combined with increased
15-d-PGJ2 level and p-p38 expression was observed in psoriatic keratinocytes, which may promote
both apoptosis and necrosis. Application of CBD partially attenuated these effects of UVB irradiation
both in healthy and psoriatic keratinocytes, reducing the levels of 15-d-PGJ2, p-p38 and caspase
8 while increasing Bcl2 expression. However, CBD increased p-AKT only in UVB-treated healthy
cells. Therefore, the reduction of apoptotic signaling pathways by CBD, observed mainly in healthy
keratinocytes, suggests the need for further research into the possible beneficial effects of CBD.
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1. Introduction

Skin diseases are usually neglected among numerous age- and stress-associated disor-
ders. However, autoimmune and inflammatory diseases that affect the skin by pathological
interactions between keratinocytes and immune cells can happen almost at any age and
often progress with aging. Among these diseases, the best known is psoriasis, which is
caused by pathological interactions between skin-infiltrating leukocytes (especially lym-
phocytes) and keratinocytes [1], by activating immune cells and further increasing their
migration into the skin. As a consequence, psoriatic plaques develop as inflammatory foci
and oxidative stress, caused by the excessive production of reactive oxygen species (ROS),
mainly by activated immune cells [2,3].

The main effect of this chronic autoimmune disorder is persistent oxidative stress
and disturbed apoptosis of hyperproliferating epidermal cells. Apoptosis is a process that
leads to the elimination of damaged or aged cells, and occasionally even those cells that
have undergone malignant transformation [2,3]. This process is crucial for controlling cell
growth and fate and may be triggered by activation of death receptors, DNA damage or
the accumulation of abnormal proteins in the endoplasmic reticulum (ER), leading to the
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activation of extrinsic, intrinsic or (ER) stress-induced pathways [2–4]. All these pathways
are characterized by specific activated caspases [5]. The exact regulatory mechanisms of
apoptosis are still not fully understood, but some proteins are known to activate while
others inhibit apoptosis. Among them, the balance between antiapoptotic B-cell lymphoma
2 protein (Bcl2) and proapoptotic Bcl-2-associated X protein (BAX) seems to be a most
important regulator of the intrinsic pathway [6,7]. Conversely, the ER stress-induced
pathway is activated by damaged and nondegraded proteins [4,8]. Finally, the extrinsic
pathway is activated by proapoptotic factors that activate death receptors, especially tumor
necrosis factor receptor 1 (TNFR1) [3].

As mentioned above, the lack of apoptosis is in the case of psoriasis also associated
with increased cell proliferation in psoriatic patients. Although not entirely understood
such “overproliferation” of psoriatic keratinocytes may be caused by the oxidative stress
that leads to the breakdown of complexes between Kelch-like ECH-associated protein 1
(Keap1) and nuclear factor erythroid 2-related factor 2 (Nrf2). Once Nrf2 is activated, this
can lead to activation of the mTOR pathway [9], which increases cells proliferation [10–12].

The high incidence of psoriasis, its uncertain pathogenesis and its tendency for pro-
gression make it an important medical and social challenge. In order to reduce the severity
of psoriatic lesions, UV irradiation is often employed [13]. Interestingly this irradiation
is not used to destroy the affected skin tissue itself directly; rather, it is used to exert
proapoptotic effects on the lesions and eventually reduce their growth and the number
of skin-infiltrating leukocytes [14]. However, UV irradiation can also cause side effects
such as inflammation and damage to normal skin, consequently being a trigger factor of
psoriasis. Options for integrative biomedicine treatments combining UV therapy with anti-
inflammatory compounds seem attractive and aim to eliminate the negative and intensify
the positive effects of UV irradiation. Cannabidiol (CBD), a phytocannabinoid that not
only has anti-inflammatory properties but also is a powerful antioxidant [15–17], seems
to be a potentially promising compound for such therapy. CBD has positive effects on
psoriatic skin cells [17–19] and can protect healthy cells from the negative effects of UV
irradiation. Furthermore, each apoptotic pathway can be modulated by CBD and by UV
irradiation [20,21]. Moreover, CBD acts as an activator of the Nrf2 transcription factor,
which may further induce the transcription of the antiapoptotic protein Bcl2 [22–24]. How-
ever, CBD may also inhibit the expression of antiapoptotic proteins, such as protein kinase
B (AKT), and increase the release of cytochrome c from mitochondria, which enhances
apoptosis [25].

Although caspase action and some apoptotic pathways have been relatively well
studied, there is a lack of information on the effects of biotherapies on apoptosis within
both healthy and diseased cells. Therefore, the aim of this study was to evaluate possible
differences in the action of CBD on the apoptosis of healthy and psoriatic keratinocytes
following exposure to UVB radiation.

2. Results

In psoriatic cells, the expression of caspases 3, 8 and 9 (involved in intrinsic and
extrinsic apoptotic pathways) was increased, suggesting that these pathways are activated
under psoriasis development (Figure 1). Enhanced apoptosis in psoriatic keratinocytes was
also confirmed by the increased level of cytochrome c. The UVB irradiation upregulated
the expression of caspases 3 and 8 and downregulated the expression of caspase 9 in
keratinocytes of healthy people. A similar effect of the UVB light was observed in the case
of caspases 8 and 9 in psoriatic cells. Moreover, in psoriatic keratinocytes, UVB increased
caspase 2 but slightly decreased caspase 3 expression, which was opposite to the case
of healthy cells. Additionally, CBD also increased the caspase 2 level in psoriatic cells.
Consequently, the combined application of both UVB irradiation and CBD increased the
expression of caspases 2, 3 and 9 in keratinocytes from both healthy people and psoriatic
patients. The expression of cytochrome c in healthy keratinocytes was not influenced by
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the applied treatments, while its reduction was observed in psoriatic cells, which initially
had a much higher level of cytochrome c than the healthy cells.

Figure 1. (A) Expression of apoptosis markers in keratinocyte cell lines from healthy subjects (Control;
n = 5) and psoriatic patients (Ps; n = 5). Here, 100% corresponds to the level of protein in healthy
keratinocytes untreated with UVB or CBD. The mean values ± SD are presented with statistically
significant differences: * between keratinocytes from patients with psoriasis vulgaris and healthy
subjects, p < 0.05. (B) Expression of apoptosis markers in keratinocyte cell lines from healthy subjects
(Control; n = 5) without treatment and after irradiation with UVB (60 mJ/cm2) and/or incubation
with CBD (4 µM). Here, 100% corresponds to the level of protein in healthy keratinocytes untreated
with UVB or CBD. The mean values ± SD are presented with statistically significant differences:
# between keratinocytes treated with CBD, UVB and UVB+CBD and nontreated, p < 0.05; ! between
keratinocytes treated with UVB+CBD and irradiated with UVB, p < 0.05. (C) Expression of apoptosis
markers in keratinocyte cell lines from psoriatic patients (Ps; n = 5) without treatment and after
irradiation with UVB (60 mJ/cm2) and/or incubation with CBD (4 µM). Here, 100% corresponds to
the level of protein in psoriatic keratinocytes untreated with UVB or CBD. The mean values ± SD
are presented with statistically significant differences. # between keratinocytes treated with CBD,
UVB and UVB+CBD and nontreated, p < 0.05; ! between keratinocytes treated with UVB+CBD and
irradiated with UVB, p < 0.05.

Differences in the expression of caspases can be caused by different levels of apoptosis
activators and inhibitors (Figure 2). In psoriatic keratinocytes, lower expression of phospho-
inositide 3-kinase (PI3K) suggested that the antiapoptotic axis of PI3K–AKT was inhibited
in these cells. On the contrary, in psoriatic keratinocytes, an increased expression of Bcl2
was noticed, which may inhibit caspase 9 activation and the release of cytochrome c from
mitochondria. This may be the most important factor protecting psoriatic keratinocytes
from apoptosis. Bcl2 levels in psoriatic keratinocytes were elevated by both UVB radiation
and CBD treatment as well as both factors used together compared to untreated cells.
On the other hand, CBD treatment reduced the level of Bcl2, while the use of both CBD
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and UVB increased the level of this protein in healthy cells. The Ref1 level in psoriatic
keratinocytes was reduced after their treatment with UVB or CBD alone but was higher in
the UVB+CBD group than in the UVB or CBD groups. However, there was no Ref1 reaction
of healthy keratinocytes to the action of the factors used.

Figure 2. (A) Expression of apoptosis inhibitors in keratinocyte cell lines from healthy subjects
(Control; n = 5) and psoriatic patients (Ps; n = 5). Here, 100% corresponds to the level of protein
in healthy keratinocytes untreated with UVB or CBD. The mean values ± SD are presented with
statistically significant differences: * between keratinocytes from patients with psoriasis vulgaris and
healthy subjects, p < 0.05. (B) Expression of apoptosis inhibitors in keratinocyte cell lines from healthy
subjects (Control; n = 5) without treatment and after irradiation with UVB (60 mJ/cm2) and/or
incubation with CBD (4 µM). Here, 100% corresponds to the level of protein in healthy keratinocytes
untreated with UVB or CBD. The mean values ± SD are presented with statistically significant
differences: # between keratinocytes treated with CBD, UVB and UVB+CBD and nontreated, p < 0.05;
! between keratinocytes treated with UVB+CBD and irradiated with UVB, p < 0.05. (C) Expression of
apoptosis inhibitors in keratinocyte cell lines from psoriatic patients (Ps; n = 5) without treatment and
after irradiation with UVB (60 mJ/cm2) and/or incubation with CBD (4 µM). Here, 100% corresponds
to the level of protein in keratinocytes untreated with UVB or CBD. The mean values ± SD are
presented with statistically significant differences: # between keratinocytes treated with CBD, UVB
and UVB+CBD and nontreated, p < 0.05; ! between keratinocytes treated with UVB+CBD and
irradiated with UVB, p < 0.05.

As Bcl2 acts by inhibition of generation of channels in mitochondria, which prevent
the release of cytochrome c, its activation after treatment in psoriatic keratinocytes may
be responsible for the lower level of cytochrome c in this group. In healthy cells, both
Bcl2 and p-AKT expression were higher in the UVB+CBD group than in cells treated with
CBD or UVB separately, as CBD alone decreased the Bcl2, while UVB alone decreased the
p-AKT expression. p-AKT can be activated by PI3K; thus, in psoriasis, changes in PI3K and
p-AKT are similar. Hence, different protective antiapoptotic mechanisms were activated in
psoriatic and in healthy keratinocytes after UVB exposure.

The results obtained by the analysis of proteins that enhance apoptosis are presented
in Figure 3. Among these, only the expression of phosphoglycerate mutase 5 (PGAM5)
was higher in untreated psoriatic keratinocytes than in healthy cells. As PGAM5 activates
mainly caspase 9, it may be responsible for its activation in psoriasis. The UVB exposure
decreased the levels of this protein and truncated BH3-interacting domain death agonist
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(tBid) expression, as well as BAX and PERK, but only in the case of psoriatic cells. Since
BAX causes activation of caspase 9 and cytochrome c, the direction of changes in its
expression corresponded to the changes in the expression of caspase 9 and cytochrome c
while tBid is generated by proteolysis from Bid by caspase 8 and 9. Hence, proapoptotic
UVB activity in the case of keratinocytes seems to be more related to the influence of
irradiation on apoptosis inhibitors (Figure 3) than on positive regulators. On the other
hand, CBD affected apoptosis by significant changes in its positive, as well as negative,
regulator levels, particularly including decreased expression of p53 (Figure 3).

Figure 3. (A) Expression of apoptosis activators in keratinocyte cell lines from healthy subjects
(Control; n = 5) and psoriatic patients (Ps; n = 5). Here, 100% corresponds to the level of protein
in healthy keratinocytes untreated with UVB or CBD. The mean values ± SD are presented with
statistically significant differences: * between keratinocytes from patients with psoriasis vulgaris and
healthy subjects, p < 0.05. (B) Expression of apoptosis activators in keratinocyte cell lines from healthy
subjects (Control; n = 5) without treatment and after irradiation with UVB (60 mJ/cm2) and/or
incubation with CBD (4 µM). Here, 100% corresponds to the level of protein in healthy keratinocytes
untreated with UVB or CBD. The mean values ± SD are presented with statistically significant
differences: # between keratinocytes treated with CBD, UVB and UVB+CBD and nontreated, p < 0.05;
! between keratinocytes treated with UVB+CBD and irradiated with UVB, p < 0.05. (C) Expression of
apoptosis activators in keratinocyte cell lines from psoriatic patients (Ps; n = 5) without treatment and
after irradiation with UVB (60 mJ/cm2) and/or incubation with CBD (4 µM). Here, 100% corresponds
to the level of protein in psoriatic keratinocytes untreated with UVB or CBD. The mean values ± SD
are presented with statistically significant differences: # between keratinocytes treated with CBD,
UVB and UVB+CBD and nontreated, p < 0.05; ! between keratinocytes treated with UVB+CBD and
irradiated with UVB, p < 0.05.
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The Nrf2 is known to be one of the most important proteins involved in cell protection
against oxidative stress, but it acts also as an inhibitor of apoptosis. In the case of psoriatic
keratinocytes, the expression of the phosphorylated form of Nrf2 (p-Nrf2) was increased,
although expression of its inhibitors was also enhanced, resulting in decreased HO-1
expression (Figure 4). The UVB decreased not only p-Nrf2 but also Keap1 expression,
which resulted in higher expression of HO-1. This suggests activation of the Nrf2 pathway
by UVB, which is in accordance with previous observations [26,27]. Similar changes were
observed after CBD treatment. In cells treated by the combination of CBD and UVB,
increased expression of p-Nrf2 was noticed if compared to CBD or UVB, while similar
changes were also seen for Keap1, suggesting that the Nrf2 pathway was activated.

Figure 4. (A) Expression of proteins from Nrf2 pathway in keratinocyte cell lines from healthy
subjects (Control; n = 5) and psoriatic patients (Ps; n = 5). Here, 100% corresponds to the level of
protein in keratinocytes untreated with UVB or CBD. The mean values ± SD are presented with
statistically significant differences: * between keratinocytes from patients with psoriasis vulgaris and
healthy subjects, p < 0.05. (B) Expression of proteins from Nrf2 pathway in keratinocyte cell lines from
healthy subjects (Control; n = 5) without treatment and after irradiation with UVB (60 mJ/cm2) and/or
incubation with CBD (4 µM). Here, 100% corresponds to the level of protein in healthy keratinocytes
untreated with UVB or CBD. The mean values ± SD are presented with statistically significant
differences: # between keratinocytes treated with CBD, UVB and UVB+CBD and nontreated, p < 0.05;
! between keratinocytes treated with UVB+CBD and irradiated with UVB, p < 0.05. (C) Expression
of proteins from Nrf2 pathway in keratinocyte cell lines from psoriatic patients (Ps; n = 5) without
treatment and after irradiation with UVB (60 mJ/cm2) and/or incubation with CBD (4 µM). Here,
100% corresponds to the level of protein in psoriatic keratinocytes untreated with UVB or CBD. The
mean values ± SD are presented with statistically significant differences: # between keratinocytes
treated with CBD, UVB and UVB+CBD and nontreated, p < 0.05; ! between keratinocytes treated
with UVB+CBD and irradiated with UVB, p < 0.05.

Regardless of the adducts with Nrf2, Keap1 may form adducts with other proteins
that may be involved, inter alia, in the regulation of Nrf2 biological activity and apoptosis.
The results of this study suggested that Keap1 forms complexes with IKKB, ribosomal
protein S6 kinase, protein kinase C (PKC) and the protein p62 (Figure 5 and Figure S1).
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Figure 5. (A) Keap1–protein adducts in keratinocyte cell lines from healthy subjects (Control; n = 5)
and psoriatic patients (Ps; n = 5) after irradiation with UVB (60 mJ/cm2) and incubation with
CBD (4 µM). The point graph shows preliminary results of relative protein abundance of proteins
making Keap-1 complexes in keratinocytes from healthy subjects and psoriatic patients (Ps) after
UVB exposure and incubation with CBD. (B) PGAM5–protein adducts in keratinocyte cell lines
from healthy subjects (Control; n = 5) and psoriatic patients (Ps; n = 5) after irradiation with UVB
(60 mJ/cm2) and incubation with CBD (4 µM). The point graph shows preliminary results of relative
protein abundance of proteins making PGAM5 complexes in keratinocytes from healthy subjects and
psoriatic patients (Ps) after UVB exposure and incubation with CBD.

It should be noticed that Keap1 had the highest expression in UVB- and CBD-treated
psoriatic keratinocytes. Moreover, despite the fact that UVB and CBD caused similar
changes in Keap1 expression, they nevertheless contributed to other metabolic modifica-
tions in cells irradiated with UVB vs. treated with CBD. Namely, the levels of Keap1–p62
adducts in the case of psoriatic cells and the levels of Keap1–PKC and Keap1–IKKB adducts
in healthy cells have shown a differential response to UVB and CBD treatment. By interact-
ing with IKKB, Keap1 can affect the extrinsic apoptotic pathway as an inhibitor of TNFα
generation. In fact, the highest level of IKKB–Keap1 adducts is observed in UVB-irradiated
healthy and psoriatic cells, and in these cells, the level of caspase 9, which is a marker of the
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intrinsic pathway, is reduced, confirming the inhibition of apoptosis. On the other hand,
PKC, ribosomal protein S6 kinase and p62 are known to be inhibitors of the Nrf2 pathway.
However, in the presented study, only the levels of the Keap1–p62 adducts were inversely
correlated with the expression of Keap1, which suggests that they additionally increased
the Keap1–Nrf2 interactions. Increased levels of Keap1–G1/S-specific cyclin D2 adducts
were also observed in psoriasis, but their role in the regulation of apoptosis and the onset
of psoriasis is not certain.

On the other hand, detected proteins considered as creating adducts with the mi-
tochondrial serine/threonine-protein phosphatase (PGAM5) are those involved in the
apoptosis regulation (such as p53, cell division cycle and apoptosis regulator protein 1
or apoptogenic protein 1), which act also within the cannabinoid system, like G protein-
coupled receptor 55 (GPR55) and the prostanoid F receptor (Figure 5 and Figure S2). A
higher level of protein adducts with the GPR55 receptor was observed in healthy cells after
CBD administration, and UV exposure increased it even more, while UVB and CBD in com-
bination abolished each other and eliminated the increased level of adducts. The prostanoid
F receptor was unchanged by UVB but only in psoriatic keratinocytes, while its levels in
healthy keratinocytes were increased by UVB, and its levels in both healthy and psoriatic
cells were increased by the combined action of CBD and UVB. These results suggest that
interactions between PGAM5 and other proteins play a role in the regulation of responses
of the cells to cannabinoids, including CBD. In the case of proapoptotic proteins such as
p53 and AP-1, it was observed that the level of their adducts in the psoriatic keratinocytes
was generally higher than that in the group of healthy keratinocytes. Nevertheless, changes
in the expression of these proteins in healthy cells were observed under the influence of
UVB and CBD. In the case of AP-1, its level after UVB irradiation of keratinocytes was
much higher than that after UVB+CBD treatment, which suggests that CBD has protective
properties in this case.

Along with the analyzed proteins regulating apoptosis, this process can also be modu-
lated by products of oxidative metabolism of membrane phospholipids generated under
the influence of oxidative stress and inflammation. Among them, the most frequently
mentioned as regulators of apoptosis are prostaglandins, including the proapoptotic 15-
deoxy-prostaglandin J2 (15-d-PGJ2) and the antiapoptotic prostaglandin E2 (PGE2). The
results of our study showed higher levels of 15-d-PGJ2 and lower levels of PGE2 in pso-
riatic ones than in healthy keratinocytes (Figure 6). UVB irradiation caused a significant
increase in 15-d-PGJ2 levels in both healthy and psoriatic keratinocytes, and these levels
were decreased after treatment with CBD. On the other hand, PGE2 levels increased after
treatment with UVB or CBD and especially increased when both were used together, but
only in psoriatic keratinocytes.

Figure 6. Levels of 15-d-PGJ2 and PGE2 in keratinocyte cell lines obtained from healthy subjects
(Control; n = 5) and psoriatic patients (Ps; n = 5) without treatment and after irradiation with UVB
(60 mJ/cm2) and/or incubation with CBD (4 µM). The mean values ± SD are presented with statisti-
cally significant differences: * between keratinocytes from patients with psoriasis vulgaris and healthy
subjects, p < 0.05; # between treated keratinocytes (with CBD, UVB and UVB+CBD) and nontreated
cells, p < 0.05; ! between keratinocytes treated with UVB+CBD and irradiated with UVB, p < 0.05.
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3. Discussion

Apoptosis is necessary to maintain skin homeostasis, so disturbances of the apoptotic
process play an important role in many skin diseases, including psoriasis [20,28]. The
pathophysiology of psoriasis is based on the increased proliferation of keratinocytes, which
leads to the accumulation of these cells and thickening of the skin [29,30]. In order to
prevent these changes, as well as the accumulation of infiltrating leukocytes within the
psoriatic lesions, UVB phototherapy is used [31].

3.1. Apoptosis in Psoriatic Keratinocytes

Apoptosis is initiated by various proapoptotic pathways that are under the control of
the AKT/p38 system [32], which initiates the activation of initiating caspases [5], notably
caspases 2, 8, 9 and 10, which then activate the executive caspases (caspases 3, 6 and 7) [33].
In healthy cells and depending on the exogenous factors used, the increased expression
of antiapoptotic p-AKT automatically lowers the proapoptotic p-p38 level and vice versa.
However, this system is completely disturbed in psoriatic keratinocytes, where UVB or CBD
treatments will increase p-p38 expression independent of p-AKT expression. Moreover,
the results of this study indicate that psoriasis development following UVB irradiation is
associated with activation of caspases 8 and 9, which then activate the executive caspase
3. It is known that caspase 9 is also activated by the protein Bak and BAX, which under
physiological conditions remain in complex with antiapoptotic proteins [34]. However,
various proapoptotic proteins, such as p53, break down these complexes and activate
Bak and BAX [6,7,35]. In the case of psoriatic keratinocytes, induction of the extrinsic
apoptotic pathway promotes activation of caspase 8, which may further activate caspases
3 and 7 [36,37]. It should be mentioned that activation of caspase 8 begins with the
interaction of TNFα with its membrane receptors, and previous studies have demonstrated
increased levels of this inflammatory cytokine in psoriatic keratinocytes [38]. It is known
that the prostaglandin 15-d-PGJ2 induces the extrinsic pathway by stimulation of TNFα
biosynthesis, which can be prevented by TNFR1 antagonists [39]. The proapoptotic effect of
this prostaglandin was observed in various cells, including human keratinocytes obtained
from healthy individuals [39–41]. Increased levels of prostaglandins usually accompany
inflammation, as has also been observed in psoriatic leukocytes [42,43]. Since a higher level
of proapoptotic 15-d-PGJ2 was observed in psoriatic keratinocytes when the antiapoptotic
PGE2 level was lowered, the imbalance between these prostaglandins seems to play an
important role in the regulation of apoptosis in psoriatic cells.

However, the observed increase in PGAM5 level suggests this may be the reason for
the activation of the intrinsic proapoptotic pathway, as overexpression of this protein is
associated with caspase 9 activation [44]. Moreover, the suggested increase in PGAM5–p53
adduct level in psoriatic keratinocytes may affect caspase 2 because p53 is an important
activator of proapoptotic proteins [45]. However, the p53 and PGAM5 interactions have so
far not been sufficiently studied, so it can be assumed that p53 can also activate PGAM5 as
well as caspases 3, 8 and/or 9. On the other hand, lower PI3K expression indicates that
the antiapoptotic axis of PI3K–AKT was inhibited in psoriatic keratinocytes, which may
explain why psoriatic keratinocytes are more prone to apoptosis than keratinocytes from
healthy subjects. The results of the current study and previous studies [46] indicate that
the antioxidant capacity in psoriatic keratinocytes is reduced, which may also affect the
apoptosis process. The prominent increase in the inhibitors of Nrf2, such as Keap1 and
Bach1, observed in our study may lead to a decrease in the expression of HO-1, considered
as a biomarker of transcriptional effectiveness of Nrf2. Furthermore, protein kinase C
(PKC), p62 and the ribosomal protein S6 kinase are involved in the interactions between
Nrf2 and Keap1, and we observed increased levels of adducts of these proteins with Keap1
in psoriatic cells. This may, in part, explain why the expression of HO-1 is lower in psoriatic
keratinocytes despite similar Nrf2 expression. Besides, PKC is believed to activate Nrf2 by
phosphorylation of its Ser40 residue leading to the dissociation of Keap1 from Nrf2 [47].
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This would agree with the results of our study indicating that PKC forms a complex with
Keap1 consequently enhancing the transcriptional activity of Nrf2.

3.2. Effects of CBD or UVB Radiation on Apoptosis of Keratinocytes

It is known that UVB irradiation used in psoriasis phototherapy increases the level of
proinflammatory cytokines and biomarkers of oxidative stress in keratinocytes [31,48,49].
The effectiveness of UVB phototherapy is mostly due to the induction of apoptosis in leuko-
cytes infiltrating the skin [50,51]. Still, UVB phototherapy affects not only leukocytes but
also keratinocytes, intensifying apoptosis of both healthy and diseased cells The influence
of CBD on apoptosis is less clear [52,53], as CBD may act as both a pro- and antiapoptotic
factor, depending on the type of cells, their receptors and their metabolic profile [5]. More-
over, CBD has been found as a reducing factor of mitochondrial membrane potential which
in cancer cells results in lower ATP production and apoptosis stimulation [54].

The UV irradiation enhances ROS production and activates proinflammatory path-
ways, including biosynthesis of prostaglandins and “the death ligands”, especially TNFα,
which activates the extrinsic pathway of apoptosis through caspase 8 [55]. Other authors
also point to the role of caspases 3 and 8 in the apoptosis of keratinocytes from healthy
people after exposure to UVB irradiation [56,57], but so far there have been no data on
the response of psoriatic keratinocytes. The results of our study indicate that UVB leads
mainly to the activation of the extrinsic apoptotic pathway in healthy and psoriatic cells,
likely due to its impact on the level of proapoptotic 15-d-PGJ2. CBD had similar effects in
psoriatic cells, although less pronounced, being ineffective in healthy cells, indicating its
possible use for more selective treatment of psoriasis.

Independent of the effects on the extrinsic apoptotic pathway, UVB may modify ER
stress-initiated apoptosis. The initiator of this pathway is mainly caspase 2, but it can
also be initiated by ROS or lipid peroxidation products and thus modified proteins [58]
(Figure 7). However, our study did not indicate caspase 2 activation through the PERK–
CHOP axis, since the PERK and CHOP levels were not increased by UVB irradiation.
Previous studies on keratinocytes exposed to UV radiation also showed no changes in
CHOP expression [59]. Thus, it may suggest that caspase 2 was maybe activated by the
IRE protein, especially as IRE is known to be activated by UVB in keratinocytes [58,60].

The results of this study have also shown that UVB irradiation reduced the expression
of p53 in healthy keratinocytes. According to our preliminary proteomic studies, this may
be related to the increased level of PGAM5–p53 adducts. In the case of CBD, its influence on
p53 was similar but was likely caused by a different mechanism. It is known that CBD can
induce the synthesis of MDM2, a negative regulator of p53 in keratinocytes [61]. Moreover,
since p53 is an activator of the intrinsic apoptotic pathway, changes in its expression may
be responsible for decreased caspase 9, which was observed in psoriatic cells after CBD or
UVB irradiation, suggesting the inhibition of the intrinsic apoptotic pathway.

Similarities observed for both healthy and psoriatic cells may be caused by the lack of
changes of caspase 3 and caspase 9 levels, due to compensatory protective mechanisms
based on the PI3K–AKT and Nrf2 pathways or because of change in the Bcl2/BAX ratio.
According to our findings, the PI3K–AKT axis was not activated following UVB or CBD
treatment. However Bcl2 expression was increased in psoriatic keratinocytes, and it is likely
that Bcl2 protected these cells despite activated proapoptotic pathways. Expression of Bcl2
also depends on the biological activity of Nrf2 [62], but there were different changes in
Bcl2, Nrf2 and HO-1 expression after CBD treatment, which suggests that Bcl2 expression
is regulated not only by Nrf2 but also by other factors. Higher levels of PGE2 may also be a
reason for the increased activity of COX2, which has been observed previously in different
cells after UVB radiation [42,63,64]. In our study, UVB increased PGE2 levels but only in
psoriatic keratinocytes, corresponding to changes in Bcl2 expression.

It is known that UVB irradiation may change the expression of cannabinoid receptors,
which in turn leads to changes in the levels of ROS and TNFα [65]. We have previously
described higher expression of pro-oxidative and proinflammatory cannabinoid receptor
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1 (CB1) in psoriatic keratinocytes, which shows that UV increases inflammation and
apoptosis [19]. Furthermore, since CB1/2−/− animals are resistant to UV irradiation-
induced inflammation, it seems that endocannabinoid signaling plays an important role
in UV-induced signaling pathways [66]. This may suggest that keratinocytes developed a
genuine cannabinoid-receptor pattern, making them sensitive to the antioxidant effects of
cannabinoids. That is in agreement with previous findings showing that CBD increases
cannabinoid signaling in healthy and psoriatic keratinocytes [19].

Figure 7. The most important pathways involved in modulation of apoptosis by CBD, UVB or
CBD+UVB in psoriatic and healthy keratinocytes.

3.3. Effects of CBD on Apoptosis in UVB-Irradiated Keratinocytes

Metabolic changes associated with the UVB phototherapy of psoriatic keratinocytes
suggest options for adjuvant treatments that would support more selective effects of
phototherapy and perhaps even protect healthy keratinocytes. Our previous findings
have shown that CBD shows proapoptotic effects for psoriatic keratinocytes, similar to
UVB radiation applied alone. For cells simultaneously treated with UVB and CBD, UVB
irradiation increased the expression of CB1 and CB2 receptors, while CBD additionally
increased the expression of CB2 in healthy cells, but not in psoriatic keratinocytes [19].
This difference in cannabinoid receptor response may explain why CBD was protective
against UV-induced apoptosis in healthy keratinocytes in our study. It is known that
CB2 receptors are responsible for lowering ROS and TNFα production, and therefore an
increase in their expression would have antioxidant and anti-inflammatory effects, which
may be responsible for differential responses of psoriatic and healthy keratinocytes to
CBD treatment. If so, AKT seems to be of particular importance, since activation of the
CB2 receptor leads to the activation of this kinase [67], which is an important inhibitor
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of apoptosis. Furthermore, p38 can be activated by CB1 agonists, while it is inhibited
by CB2 agonists [68,69], showing that the effects of cannabinoids on the expression of
p38 depend on the receptor profile of the cells. Conversely, a decrease in 15-d-PGJ2 level
after CBD treatment could lead to a decrease in p-p38 expression, as was observed in
our study. Notably, CBD reduced 15-d-PGJ2 level and p-p38 expression to much lower
levels in healthy cells compared to psoriatic keratinocytes. While CBD had no impact on
PGE2 expression in healthy cells, it increased the level of this prostaglandin in psoriatic
keratinocytes. Hence, PGE2 expression was highest in psoriatic keratinocytes exposed
to the combined treatment with UVB and CBD. On the other hand, levels of 15-d-PGJ2
were lower in these cells compared with those receiving only UVB treatment. This can
be caused by CBD-dependent decreases in COX-2 activity, which therefore decreases the
synthesis of prostaglandin, as observed in the case of PGJ2 [70]. On the other hand, UV
increases the expression of PGE synthase [71], which therefore favors the synthesis of PGE2
when CBD prevents the synthesis of PGJ2. Moreover, CBD in general increases PGE2, but
the mechanism of action is not known. Therefore, an imbalance between 15-d-PGJ2 and
PGE2 prostaglandins, as well as a lack of AKT activation, with a higher expression of p-p38
could eventually lead to higher expression of caspases in psoriatic keratinocytes than in
healthy cells treated with CBD. This would confirm the activation of various apoptotic
pathways in psoriatic keratinocytes and offer a possible explanation for the differential
antiapoptotic effects of CBD for healthy and psoriatic keratinocytes observed after UVB
irradiation in vitro.

The results of this study indicate that CBD significantly influences the extrinsic apop-
totic pathway because the expression of caspase 8 was significantly reduced by CBD.
Interestingly, this is opposite to the increased expression of caspase 8 after UVB irradiation
of psoriatic keratinocytes. This may also be effective for the regulation of apoptosis in
psoriatic plaques, which should be tested in the future.

The differential response of psoriatic and healthy keratinocytes might also occur
in vivo due to the anti-inflammatory activities of CBD that may reduce the TNFα biosyn-
thesis, which can inhibit the extrinsic apoptotic pathway. Moreover, CBD ameliorates the
direct influence of TNFα on keratinocytes [72,73]. In addition, CBD may reduce the expres-
sion of the Nrf2 inhibitor Keap1 by inducing the formation of Keap1–p62 adducts that have
protective effects. Furthermore, since p62 is responsible for the activation of Nrf2 [74,75],
the CBD-induced formation of Keap1–p62 adducts could lead to the dissociation of Keap1
from the Nrf2–Keap1 complex and the consequential biosynthesis of antioxidants due to
Nrf2 transcription activity. Therefore, p62 may be responsible for the antioxidant properties
of CBD in UV-irradiated cells. Because CBD itself has antioxidant effects, its use reduces
redox imbalance and inflammation. This could result in a relatively selective reduction of
apoptosis in healthy keratinocytes, as was observed in the study.

Another explanation for the differential effects of CBD for healthy and psoriatic
keratinocytes is that interactions between PGAM5 and GPR55, as well as between PGAM5
and the prostanoid F receptor, were observed after UV irradiation. However, we did not see
the adducts of PGAM5 and RIPK3 (receptor-interacting serine/threonine-protein kinase 3),
which is a member of the TNFR1 signaling complex, so PGAM5 was probably not involved
in TNFα-induced cell death. Because CBD is an agonist of GPR55, the CBD metabolites are
prostanoid F receptor agonists that may be important for the regulation of PGAM5. This
assumption seems credible because PGAM-5 can be inactivated by the abovementioned
receptors, which can inhibit apoptosis [76].

The observed protection of healthy keratinocytes by CBD against UV-induced apop-
tosis could be beneficial for the therapy of psoriasis. However, the results of this study
indicate that CBD may partially counteract the effects of phototherapy. On the other
hand, as CBD may influence the differentiation of keratinocytes by downregulating genes
involved in the keratinization process, CBD may act against the creation of psoriatic
plaques through this mechanism [77]. Moreover, previous research has demonstrated
that the beneficial effects of phototherapy appear to be due to its effect on reducing the
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apoptosis of skin-infiltrating Th1 lymphocytes more than because of its direct effects on
keratinocytes [51]. While CBD is a proapoptotic factor for lymphocytes [78,79], CBD could
even increase such indirect effects of UV phototherapy.

4. Materials and Methods
4.1. Material
4.1.1. Patient/Donor Selection and Cell Line Acquisition

Skin tissues were collected from five untreated patients with a diagnosis of psoriasis
vulgaris (2 men and 3 women; age range 28–54 years, mean 40) and five healthy individuals
(sex- and age-matched individuals forming a control group; age range 25–51 years, mean
39). Eligible patients were those diagnosed with plaque psoriasis for at least 6 months
with lesions affecting at least 10% of total body surface area. The severity of psoriasis was
assessed using the Psoriasis Area and Severity Index (PASI) score (median 17; range 13–21).
None of the patients or healthy subjects received topical, injectable or oral medications
during the 4 weeks before the study. Individuals whose history indicated any other
disorders were excluded from the study. None of the participants were smokers. The study
was conducted in accordance with the Declaration of Helsinki, and the protocol for the
collection of skin samples was approved by the Local Bioethics Committee in Medical
University of Bialystok (Poland), No. R-I-002/289/2017. Written informed consent was
obtained from all participants.

Skin biopsies were obtained from active psoriasis lesions from the elbow or knee
area. The samples were collected using the classical surgical method. In healthy controls,
the nevus was collected together with the surrounding tissue. After skin decontamina-
tion, infiltration anesthesia with 1% lignocaine was applied, and then skin fragments
of approximately 5–8 mm were collected. Samples immediately after biopsy were des-
tined for histopathological examination (hematoxylin–eosin staining); data were shown
previously [80]. The rest of the sample was washed in phosphate-buffered saline (PBS) sup-
plemented with 50 U/mL penicillin and 50 µg/mL streptomycin and then was incubated
overnight at 4 ◦C in dispase solution 1 mg/mL (Gibco, Grand Island, NY, USA) to separate
epidermis from dermis. All abovementioned cell culture reagents as well as consumables
were obtained from Gibco (Gibco, Grand Island, NY, USA). Following incubation, the
epidermis was digested by a 20 min incubation at 37 ◦C using trypsin/ethylenediamine
tetraacetic acid (EDTA). Separated keratinocytes were washed and resuspended in growing
medium from Keratinocyte Growth Kit (Gibco, Grand Island, NY, USA), which contained
Keratinocyte Serum-Free Medium supplemented with 10% fetal bovine serum (10%),
5 g/L epidermal growth factor EGF 1–53 (5 g/L), penicillin (50 U/mL) and streptomycin
(50 g/mL). Amplified keratinocytes from each donor were separate cell lines treated during
the experiment.

4.1.2. Cell Culture and Treatment

Keratinocyte cell lines (healthy and psoriatic) were cultured in a growing medium
described above. The cells were cultured under standard conditions (humidified atmo-
sphere of 5% CO2 at 37 ◦C) until the 4th passage. Cell culture purity and uniformity
were controlled based on the keratinocyte morphology observation. After reaching 80%
confluency, keratinocytes were washed with PBS (37 ◦C). The cells were irradiated with
UVB on ice, to avoid heat stress and oxidation of medium components, at a distance of
15 cm from the assembly of 6 lamps (Bio-Link Crosslinker BLX 365/312; Vilber Lourmat,
Germany) at 6 W each, corresponding to 4.08 mW/cm2 (312 nm and the total radiation dose
60 mJ/cm2). The wavelength used corresponds to the wavelength of the UVB radiation
used in narrow-band phototherapy of psoriasis [81]. The 70% cell viability measured by
the MTT assay [82] was an indicator of the dose selection. To analyze the effect of CBD on
these cells, a suspension of CBD in ethanol was added to a final concentration of 4 µM (the
final concentration of ethanol was 0.3%). The concentration of CBD used did not change
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the morphology and proliferation of keratinocytes [75,83], nor did it affect cell viability
measured with the MTT assay [82] (data not shown).

The studies were carried out in the following groups:
Healthy keratinocytes, divided into further subgroups:

• Control keratinocytes (Control)—cultured in the medium described above;
• Control keratinocytes treated with CBD (CBD)—cells cultured for 24 h in the medium

described above supplemented with 4 µM CBD;
• Control keratinocytes irradiated with UVB (UVB)—cells treated with UVB (60 mJ/cm2)

and next cultured for 24 h in the medium described above;
• Control keratinocytes irradiated with UVB and treated with CBD (UVB+CBD)—cells

treated with UVB and next cultured for 24 h in the medium described above supple-
mented with 4 µM CBD as in CBD group.

Psoriatic keratinocytes:

� Psoriatic keratinocytes (Ps)—cultured in the medium described above;
� Psoriatic keratinocytes treated with CBD (Ps CBD)—cells cultured for 24 h in the

medium described above supplemented with 4 µM CBD;
� Psoriatic keratinocytes irradiated with UVB (Ps UVB)—cells treated with UVB and

next cultured for 24 h in the medium described above;
� Psoriatic keratinocytes irradiated with UVB and treated with CBD (Ps UVB+CBD)—

cells treated with UVB and next cultured for 24 h in the medium described above
supplemented with 4 µM CBD as in Ps CBD group.

After incubation, cells were frozen at −86 ◦C for examination of protein expression,
identification of protein adducts and determination of prostaglandin levels.

4.2. Methods
4.2.1. Determination of Protein Expression

Western blot analysis of keratinocyte protein expression was performed according
to the protocol described in Eissa and Seada [84]. Keratinocytes were sonicated and
centrifuged (15,000× g, 30 min, 4 ◦C) to obtain a protein fraction that was used for the
detection of specific proteins by Western blot. Normalized amount of proteins (measured
using Bradford assay [85]) was electrophoretically separated on 10% polyacrylamide gels,
transferred to nitrocellulose membranes (0.2 µm pore size), blocked with 5% milk for
1 h (Bio-Rad Laboratories Inc., Hercules, CA, USA) and then washed four times with
TBS-T buffer. Washed membranes were incubated overnight with the following primary
antibodies: rabbit against caspase 2 (Abcam, Cambridge, MA, USA), caspase 9 (Assay
Biotechnology, Fremont, CA, USA) and caspase 8 (Novus Biologicals, Centennial, CO,
USA); PI3K (Cell Signaling Technology, Inc., Danvers, MA, USA); PGAM5, HO-1, Bach1
and Keap1 (Sigma-Aldrich, St. Louis, MO, USA); p-PERK (phospho-Thr980) (R&D Systems,
Inc., Minneapolis, MN, USA); p-p38 (phospho-Tyr182); p-AKT (phospho-Ser473); p-Nrf2
(phospho-Ser40); tBid (Bioss Antibodies Inc., Woburn, MA, USA); mouse against Bcl2,
Ref1, p53 and cytochrome c (Santa Cruz Biotechnology, Dallas, TX, USA); BAX and CHOP
(Invitrogen, Thermo Fisher Scientific, Inc., Cleveland, OH, USA); β-actin (Sigma-Aldrich,
St. Louis, MO, USA); and goat against caspase 3 (R&D Systems, Inc., Minneapolis, MN,
USA). After incubation, the membranes were then washed four times with TBS-T and
incubated for 2 h with corresponding polyclonal alkaline phosphatase secondary antibodies
(Sigma-Aldrich, St. Louis, MO, USA). Protein bands were visualized using the BCIP/NBT
liquid substrate system (Sigma-Aldrich, St. Louis, MO, USA). To compare the protein
concentrations between samples, each band intensity was estimated using VersaDoc System
and Quantity One software (Bio-Rad Laboratories Inc., Hercules, CA, USA). The results
were expressed as a percentage of the expression determined in the control cells.
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4.2.2. Isolation of Keratinocyte Protein Adducts

To estimate the level of proteins creating adducts with Keap1 or PGAM5, these proteins
were immunoprecipitated with all molecules that formed strong enough bonds with them
to be considered as adducts. For this reason, cell lysates were precleaned with protein A
agarose to remove molecules that could nonspecifically react with this substance. Protein
A agarose was removed by 1 min centrifugation (10,000× g, 4 ◦C). Next, the primary
antibody against Keap1 (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) was
added, and samples were incubated for 1 h in 4 ◦C. To precipitate the proteins bound with
antibodies, protein A agarose was added and incubated overnight. The next day, samples
were centrifuged (10 min, 10,000× g, 4 ◦C), and the obtained pellet was received as Keap1
and proteins immunoprecipitated with Keap1. The remaining supernatant was incubated
with primary antibody against PGAM5 (1:1000; Sigma-Aldrich, St. Louis, MO, USA), and
the proteins that bind to PGAM5 were precipitated in an identical manner as previously.

4.2.3. Protein Adduct Identification by MS/MS

Obtained mixtures of proteins were mixed 1:1 with a sample loading buffer (Laemmli
buffer containing 5% 2-mercaptoethanol), heated at 100 ◦C for 7 min and separated using
10% Tris-Glycine SDS-PAGE gels. After electrophoretic separation, the gels were stained
overnight with Coomassie Brilliant Blue R-250. All bands were cut from the gels, and
contained proteins were reduced with 10 mM DTT, alkylated by incubation with 50 mM
iodoacetamide and in-gel digested overnight with trypsin (Promega, Madison, WI, USA).
The isolated peptide mixture was extracted from the gel, dried and dissolved in 5% acetoni-
trile with 0.1% formic acid. The final peptide mixture was separated using an Ultimate 3000
high-performance liquid chromatography (HPLC) system (Dionex, Idstein, Germany) on a
150 mm × 0.075 mm PepMap RSLC capillary analytical C18 column with 2 µm particle size
(Dionex, LC Packings). Eluted peptides were analyzed using a Q Exactive HF mass spec-
trometer with an electrospray ionization source (ESI) (Thermo Fisher Scientific, Bremen,
Germany). The conditions of the analysis by LC-MS/MS for peptide identification have
been described in detail previously. Obtained raw data were analyzed using Proteome
Discoverer 2.0 (Thermo Fisher Scientific) and searched against the UniProtKB-SwissProt
database (taxonomy: Homo sapiens, release 2020-04). For the identification of proteins, the
following search parameters were used: peptide mass tolerance set to 10 ppm, MS/MS mass
tolerance set to 0.02 Da, up to two missed cleavages allowed, cysteine carboxymethylation
and methionine oxidation set as dynamic modifications. Protein label-free quantification
was performed according to the signal intensities of the precursor ions. Results from
individual protein quantification were normalized by the sample sum, log-transformed
and scaled to the row mean following Z-scoring. Data were visualized as Heatmaps created
with free available MetaboAnalyst 4.0 software (www.metaboanalyst.ca, accessed on 24
May 2021). As there is a lack of validation at the level of both adduct isolation and analysis
of the selected protein levels by MS/MS, results of these examinations are considered as
preliminary, and only general assumptions were drawn according to them.

4.2.4. Determination of Prostaglandin Levels

The lipid fraction of sonicated keratinocytes was isolated using the SPE method
(Waters Oasis HLB 3cc). Eicosanoids, from the above fraction, were separated on Zorbax
Eclipse Plus C18 analytical column (2.1 × 100 mm, 1.8 µm particle size). Prostaglandin E2
(PGE2) and 15-deoxy-delta-12,14-prostaglandin J2 (15-d-PGJ2) were determined using LC-
MS/MS (LC-MS 8060, Shimadzu, Kyoto, Japan). Electrospray ionization (ESI) in negative
mode was used for multiple reaction monitoring (MRM) and quantification of analytes.
PGD2-d4, PGF2α-d4 and PGD2-d4 were used as internal standards for quantification. The
precursors to the product ion transition were as follows: m/z 351.3→271.20 for PGE2 and
m/z 315.2→271.2 for 15-d-PGJ2. The amounts of prostaglandins were expressed in pg or
ng/mg protein (protein levels were examined using Bradford assay [85]).

www.metaboanalyst.ca
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4.3. Statistical Analysis

Statistical analysis between groups was performed using one-way ANOVA test us-
ing Statistica software (Statistica 13.3 StatSoft Polska Sp. z o.o., Kraków, Poland), and
statistically significant differences, for p < 0.05, are shown in the figures.

5. Conclusions

Overall, our study showed that the development of psoriasis is accompanied by in-
creased apoptosis through the internal and external pathways, both of which are further
exacerbated by CBD or UVB irradiation. The results of this study suggest that these changes
may be the result of PGE2-induced modification of the Bcl2/BAX ratio. However, irradia-
tion of psoriatic keratinocytes with UVB also activates the ER stress-induced pathway. This
is not seen after treatment with CBD. Moreover, the differences in expression of p53, p38
and caspase 8 observed between healthy and psoriatic keratinocytes after combined CBD
and UVB treatment indicate that CBD protects healthy keratinocytes more than psoriatic
cells. Given its anti-inflammatory and antioxidant effects, CBD may be considered a po-
tentially adjuvant option in the integrated biomedical treatment of psoriasis. Considering
the conditions and results of this study, the topical application of CBD ointment on skin
lesions for 24 h after exposure to UVB rays seems to be particularly beneficial.
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23. Atalay, S.; Dobrzyńska, I.; Gęgotek, A.; Skrzydlewska, E. Cannabidiol Protects Keratinocyte Cell Membranes Following Exposure
to UVB and Hydrogen Peroxide. Redox Biol. 2020, 36, 101613. [CrossRef]

24. Siddiqui, W.A.; Ahad, A.; Ahsan, H. The Mystery of BCL2 Family: Bcl-2 Proteins and Apoptosis: An Update. Arch. Toxicol. 2015,
89, 289–317. [CrossRef]

25. Shrivastava, A.; Kuzontkoski, P.M.; Groopman, J.E.; Prasad, A. Cannabidiol Induces Programmed Cell Death in Breast Cancer
Cells by Coordinating the Cross-Talk between Apoptosis and Autophagy. Mol. Cancer Ther. 2011, 10, 1161–1172. [CrossRef]
[PubMed]

26. Knatko, E.V.; Ibbotson, S.H.; Zhang, Y.; Higgins, M.; Fahey, J.W.; Talalay, P.; Dawe, R.S.; Ferguson, J.; Huang, J.T.-J.; Clarke, R.; et al.
Nrf2 Activation Protects against Solar-Simulated Ultraviolet Radiation in Mice and Humans. Cancer Prev. Res. (Phila) 2015, 8,
475–486. [CrossRef]

27. Hirota, A.; Kawachi, Y.; Itoh, K.; Nakamura, Y.; Xu, X.; Banno, T.; Takahashi, T.; Yamamoto, M.; Otsuka, F. Ultraviolet A Irradiation
Induces NF-E2-Related Factor 2 Activation in Dermal Fibroblasts: Protective Role in UVA-Induced Apoptosis. J. Investig. Dermatol.
2005, 124, 825–832. [CrossRef]

28. Jia, H.-Y.; Zhang, K.; Lu, W.-J.; Xu, G.-W.; Zhang, J.-F.; Tang, Z.-L. LncRNA MEG3 Influences the Proliferation and Apoptosis of
Psoriasis Epidermal Cells by Targeting MiR-21/Caspase-8. BMC Mol. Cell Biol. 2019, 20, 46. [CrossRef]

29. Huang, T.-H.; Lin, C.-F.; Alalaiwe, A.; Yang, S.-C.; Fang, J.-Y. Apoptotic or Antiproliferative Activity of Natural Products against
Keratinocytes for the Treatment of Psoriasis. Int. J. Mol. Sci. 2019, 20, 2558. [CrossRef] [PubMed]

30. Kim, J.; Nadella, P.; Kim, D.J.; Brodmerkel, C.; Correa da Rosa, J.; Krueger, J.G.; Suárez-Fariñas, M. Histological Stratification
of Thick and Thin Plaque Psoriasis Explores Molecular Phenotypes with Clinical Implications. PLoS ONE 2015, 10, e0132454.
[CrossRef]

31. Zhang, P.; Wu, M.X. A Clinical Review of Phototherapy for Psoriasis. Lasers Med. Sci. 2018, 33, 173–180. [CrossRef]
32. Rane, M.J.; Song, Y.; Jin, S.; Barati, M.T.; Wu, R.; Kausar, H.; Tan, Y.; Wang, Y.; Zhou, G.; Klein, J.B.; et al. Interplay between Akt

and P38 MAPK Pathways in the Regulation of Renal Tubular Cell Apoptosis Associated with Diabetic Nephropathy. Am. J.
Physiol. Ren. Physiol. 2010, 298, F49–F61. [CrossRef]

http://doi.org/10.1084/jem.20160869
http://www.ncbi.nlm.nih.gov/pubmed/28057804
http://doi.org/10.1002/jcp.25852
http://doi.org/10.1074/jbc.M116.760249
http://doi.org/10.1172/JCI26322
http://www.ncbi.nlm.nih.gov/pubmed/16200195
http://doi.org/10.1016/j.molcel.2009.07.025
http://www.ncbi.nlm.nih.gov/pubmed/19818716
http://doi.org/10.1016/j.cellsig.2010.06.004
http://www.ncbi.nlm.nih.gov/pubmed/20600852
http://doi.org/10.2310/7750.2012.11124
http://doi.org/10.3390/ijms14036414
http://www.ncbi.nlm.nih.gov/pubmed/23519108
http://doi.org/10.1002/ana.23875
http://www.ncbi.nlm.nih.gov/pubmed/23447381
http://doi.org/10.5772/intechopen.81995
http://doi.org/10.1055/a-1420-5780
http://doi.org/10.2147/CCID.S286411
http://doi.org/10.3390/biom10030367
http://doi.org/10.1080/01926230701320337
http://doi.org/10.1038/cdd.2013.94
http://doi.org/10.1016/j.jpba.2020.113656
http://doi.org/10.1016/j.redox.2020.101613
http://doi.org/10.1007/s00204-014-1448-7
http://doi.org/10.1158/1535-7163.MCT-10-1100
http://www.ncbi.nlm.nih.gov/pubmed/21566064
http://doi.org/10.1158/1940-6207.CAPR-14-0362
http://doi.org/10.1111/j.0022-202X.2005.23670.x
http://doi.org/10.1186/s12860-019-0229-9
http://doi.org/10.3390/ijms20102558
http://www.ncbi.nlm.nih.gov/pubmed/31137673
http://doi.org/10.1371/journal.pone.0132454
http://doi.org/10.1007/s10103-017-2360-1
http://doi.org/10.1152/ajprenal.00032.2009


Int. J. Mol. Sci. 2021, 22, 9956 18 of 19

33. Li, J.; Yuan, J. Caspases in Apoptosis and Beyond. Oncogene 2008, 27, 6194–6206. [CrossRef] [PubMed]
34. Rupniewska, Z.; Bojarska-Junak, A. Apoptosis: Mitochondrial membrane permeabilization and the role played by Bcl-2 family

proteins. Postepy Hig. Med. Dosw. (Online) 2004, 58, 538–547. [PubMed]
35. Li, X.; Miao, X.; Wang, H.; Xu, Z.; Li, B. The Tissue Dependent Interactions between P53 and Bcl-2 in Vivo. Oncotarget 2015, 6,

35699–35709. [CrossRef] [PubMed]
36. Lamkanfi, M.; Kanneganti, T.-D. Caspase-7: A Protease Involved in Apoptosis and Inflammation. Int. J. Biochem. Cell Biol. 2010,

42, 21–24. [CrossRef]
37. Mérino, D.; Lalaoui, N.; Morizot, A.; Schneider, P.; Solary, E.; Micheau, O. Differential Inhibition of TRAIL-Mediated DR5-DISC

Formation by Decoy Receptors 1 and 2. Mol. Cell. Biol. 2006, 26, 7046–7055. [CrossRef] [PubMed]
38. Chima, M.; Lebwohl, M. TNF Inhibitors for Psoriasis. Semin. Cutan. Med. Surg. 2018, 37, 134–142. [CrossRef] [PubMed]
39. Koyani, C.N.; Windischhofer, W.; Rossmann, C.; Jin, G.; Kickmaier, S.; Heinzel, F.R.; Groschner, K.; Alavian-Ghavanini, A.;

Sattler, W.; Malle, E. 15-Deoxy-∆12,14-PGJ2 Promotes Inflammation and Apoptosis in Cardiomyocytes via the DP2/MAPK/TNFα
Axis. Int. J. Cardiol. 2014, 173, 472–480. [CrossRef]

40. Joo, H.W.; Kang, Y.R.; Kwack, M.H.; Sung, Y.K. 15-Deoxy Prostaglandin J2, the Nonenzymatic Metabolite of Prostaglandin D2,
Induces Apoptosis in Keratinocytes of Human Hair Follicles: A Possible Explanation for Prostaglandin D2-Mediated Inhibition
of Hair Growth. Naunyn-Schmiedebergs Arch. Pharmacol. 2016, 389, 809–813. [CrossRef]

41. Lee, S.J.; Kim, M.S.; Park, J.Y.; Woo, J.S.; Kim, Y.K. 15-Deoxy-∆12,14-Prostaglandin J2 Induces Apoptosis via JNK-Mediated
Mitochondrial Pathway in Osteoblastic Cells. Toxicology 2008, 248, 121–129. [CrossRef] [PubMed]
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