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Psoralens are plant-derived or synthetic linear furanocoumarins 
which are able to sensitize biological objects to near-ultraviolet 
radiation (UVA, 320–400 nm) [1]. PUVA (Psoralen and UV-A) 
therapy and extracorporeal photopheresis, both based on 
photosensitizing effects of psoralens, are widely used in medicine 

for treatment of such disorders as psoriasis, vitiligo, atopic 
dermatitis, eczema, cutaneous T-cell lymphoma, scleroderma 
(systemic sclerosis), graft-versus-host reaction and a number 
of other diseases [2–9]. PUVA therapy and photopheresis are 
now understood to be based on antiproliferative and apoptotic 
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циклоаддуктов с аминотиолами, а также структурно родственных соединений (фурокумариновой кислоты и тукарезола). Хемоинформационный анализ 

потенциальных фармакологических эффектов и возможных механизмов действия указанных соединений был проведен с использованием программ 

PASS и PharmaExpert. Предсказанные фармакологические эффекты, частично подтверждаемые результатами ранее проведенных исследований, 

свидетельствуют о возможном участии продуктов фотоокисления псораленов в реализации эффектов PUVA-терапии или фотофереза при лечении 
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циклоаддуктов кумариновых и бензофурановых фотопродуктов псоралена с цистеином и гомоцистеином, определяет новые направления исследований 

в области терапевтического применения псораленов.
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CYCLOADDUCTS WITH AMINOTHIOLS: CHEMOINFORMATIC ANALYSIS 

Psoralens are medicinal photosensitizing furocoumarins which are used in photochemotherapy and photoimmunotherapy of dermatoses. Psoralen 

photooxidation products may be involved in therapeutic effects, but the possible mechanisms of their action remain unclear. The study was aimed to assess 

the prospective pharmacological effects and mechanisms of activity for six previously identified ortho–hydroxyformyl-containing psoralen photooxidation 

products and their cycloadducts with aminothiols, as well as for structurally similar compounds (furocoumaric acid and tucaresol). Chemoinformatic analysis 

of the prospective pharmacological effects and mechanisms of action of these compounds was performed using the PASS and PharmaExpert software. The 

predicted pharmacological effects partially confirmed by previous studies highlight the possible involvement of psoralen photooxidation products in the effects 

of PUVA therapy or photopheresis during the course of dermatoses and proliferative disorders treatment. A broad spectrum of pharmacological effects found 

for furocoumaric acid and cycloadducts of coumarinic and benzofuranic photoproducts of psoralen with cysteine and homocysteine appoints new directions 

of research relating to therapeutic use of psoralens.
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effects towards keratinocytes and immunocompetent cells, 
as well as on induction of immunosuppression, i.e. the 
described treatment methods should be considered as 
photochemotherapy and photoimmunotherapy [2–9]. It is 
important to emphasize that for the reasons of versatility, cost-
efficiency and safety, the clinical significance of PUVA therapy 
and photopheresis does not depreciate in the modern era of 
biologics development and use [6, 7, 9].

During PUVA therapy or photopheresis, the patient’s 
skin or leukapack derived therefrom, respectively, are 
exposed to PUVA treatment. Previously, we have proposed 
the treatment modality for psoriasis, atopic dermatitis and 
eczema based on oral administration to patients of psoralen 
preliminary photooxidized in vitro (POP) and able to induce the 
immunotherapeutic effect in vivo [10, 11]. The described effect 
was studied in the murine model of contact hypersensitivity to 
dinitrofluorobenzene (DNFB) being an experimental analogue 
of atopic dermatitis in humans [11, 12]. It was shown that POP 
modulated the production of secretory cytokines by the lymph 
node cells of DNBF-sensitized mice. POP reduced production 
of IL2, IL4 and IFN-γ, increased secretion of IL17, but did 
not affect the production of IL6 and IL10 [11]. Furthermore, 
it was found that administration of POP to DNBF-sensitized 
mice resulted in reduced number of cells in the regional lymph 
nodes, decreased proliferative activity of cells, and apoptosis 
induction [11]. The results obtained were consistent with the 
modern concepts on the molecular basis of PUVA therapy and 
photopheresis [2–9], and made it possible to consider POP as 
a prospective agent for treatment of pathologies caused by 
T-cell immunity hyperresponsiveness.

It is known that POP is a complex mixture of photoproducts 
produced during the photolysis of aerated psoralen solution 
in vitro [13, 14]. However, only some of those were isolated 
from mixture and chemically identified due to extremely low 
yield in photoreactions and instability during separation and/
or analytical procedures [13–16]. The in vitro analysis of 
photooxidized psoralens revealed their apoptotic activity 
[16, 17], as well as the ability to affect cell proliferation and 
differentiation [15, 17]. It is noteworthy that apoptotic effect was 
observed only in the transformed T-cell lines (Jurkat cell line), 
whereas in normal lymphocytes derived from healthy donors no 
apoptotic effects were detected [16]. That observation makes 
it possible to suggest that the apoptotic activity of psoralen 
photoproducts is specific, and that photoproducts play a vital 
part in PUVA therapy and photopheresis effects.

Currently, chemoinformatics is widely used to predict 
the biological activity of organic compounds. The software 
products created for this purpose enable the precise prediction 
of biological activity profiles based on the structural formulae of 
low molecular weight compounds under study [18–22].

The present study was aimed to assess the prospective 
pharmacological effects and mechanisms of action for 
previously identified psoralen photooxidation products and their 
cycloadducts with aminothiols, to reveal correlations between 
the results of chemoinformatic analysis and previously reported 
immunotropic (therapeutic) effects of such products, as well as 
to appoint new directions of research in this field.

METHODS

The prospective pharmacological effects were predicted 
using the PASS (Prediction of Activity Spectra for Substances) 
software ver. 2019 (IBMC; Russia) [18, 19] making it possible 
to assess the biological activity profile of an organic compound 
based on its structural formula. Assessment is based on 

the structure–activity relationship analysis of the training set 
including more than one million of compounds tested for 
biological activity. In the PASS software, the biological activity is 
presented qualitatively (active/inactive). The chemical structure 
is represented by the MNA (Multilevel Neighborhoods of 
Atoms) descriptors [20]. The algorithm of the structure–activity 
relationship modeling based on the training set compounds, 
and the new compounds activity prediction uses the modified 
Bayesian algorithm [18, 19]. The used version of PASS software 
(PASS 2019) predicts over 5000 different types of biological 
activity, including therapeutic effects, 3818 mechanisms of 
action, and side effects with average accuracy of about 95% 
(leave-one-out cross-validation procedure).

The information on structural formula of the compound 
presented in the Molfile format is used as the PASS input data. 
The list of predicted activities with probabilities “to be active” 
P

a
 and “to be inactive” P

i
 varying from 0 to 1 is generated 

as the output. The probabilities P
a
 and P

i
 are also estimates 

of the type I and type II error probabilities, respectively, and 
may be considered as a measure of the predicted compound 
assignment to the subset of “active” or “inactive” substances. 
For specific type of activity, the greater P

a
 value and the smaller 

P
i
 value are predicted, the higher is the chance to confirm the 

predicted activity by experiment.
In the present study, prediction and analysis of prospective 

pharmacological effects and corresponding mechanisms of 
action were performed using the PharmaExpert ver. 2019 
software (IBMC; Russia) [21] with 50% cut-off probability of 
predicted activity signs (the activity was considered probable 
when the P

a
 value was above 0.5 and exceeded the P

i
 value). 

The PharmaExpert software is intended for analysis of PASS 
prediction results, which are based on the “target-pathway-
effect” relationships stored in the PharmaExpert database 
(current version, issued in 2019, contains information for more 
than 15,000 such relationships).

The molecular structures of compounds under study 
were used in the search for identical and similar compounds 
in PubChem, the largest free database containing data (both 
experimental and patent) on molecular structure and biological 
activity for more than 100 million chemical compounds [22]. 
The search for identical and similar compounds is based on 
their structure description as PubChem fingerprints (881-bit 
vectors describing the structural features of the compounds). 
It is known that compounds with similar structure may exhibit 
similar activity, and identification of similar compounds with 
known biological activity may help in planning experimental 
studies. In the present study, the PubChem built-in tool using 
the Tanimoto coefficient calculated from PubChem fingerprints 
as a measure of structural similarity was used for similarity-
based search [23]:

T (X, Y) = (N (X∩Y)) / (N (XUY)),

where N (X∩Y) was the number of common descriptors for 
compounds X and Y, and N (XUY) was the total number of 
unique descriptors for compounds X and Y. The Tanimoto 
coefficient values exceeding 0.9 and 0.8 were used as a 
threshold for similarity evaluation.

RESULTS

Rationale for selection of research objects

It is known that the formation of photoproducts possessing 
immunotropic (therapeutic) effect strictly depends on the 
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presence of oxygen during irradiation of psoralen solution 
[10]. That makes it possible to limit the search by previously 
characterized psoralen photooxidation products (POP 
products). Photolysis products of furocoumarins and the 
pathways leading to their formation are exhaustively reviewed 
[13]. This review demonstrated that all processes involving 
oxidative modification of psoralen and other furocoumarins 
could be divided into three sets. The first set consists of 
oxidative furan or pyrone ring opening photoproducts classified 
as coumarins and benzofurans, respectively. The second set 
includes photoproducts formed by addition of a solvent molecule 
to the furan ring of photooxidation intermediate. The third set 
consists of photoproducts formed during double modification of 
psoralen molecule, with at least one being oxidative.

After the analysis of literature data on biological activity had 
been done, we decided to focus on POP products referring 
to the first set. Coumarins and benzofurans formed during 
photooxidation of furocoumarins are known to contain ortho- 
hydroxyformyl (OHF) arrangement as the fingerprint and 
possess the biological activity described above [13, 15, 16]. It 
was suggested [13] that biological activity of POP products from 
the first set was due to presence of OHF, similarly to well known 
immunomodulator tucaresol [24]. That was partially confirmed 
by the paper reporting the apoptogenic effect of several OHF- 
containing compounds [16]. Previously, we have shown that 
OHF-containing photooxidation products of protoporphyrin 
IX possessed immunotropic activity inducing suppression of 
contact hypersensitivity reaction in mice [25].

Thus, we determined the set of compounds for 
chemoinformatic analysis using the PASS and PharmaExpert 
software. This set includes the OHF-containing coumarinic POP 
products (compounds 1–3) previously identified for psoralen, 8- 
methoxypsoralen (8-MOP) and 5-methoxypsoralen (5-MOP), the 
main furocoumarinic photosensitizers used in medicine [2–9]. 
The set also includes the known OHF-containing benzofuranic 
POP products of the three psoralens listed above (compounds 
4–6). The OHF-containing tucaresol (compound 7) was added to 
the set as a reference compound with the known immunotropic 
effect based on T-cells stimulation by means of Schiff base 
formation with T-cell receptors [24]. Furthermore, the 

prospective pharmacological effects of the furocoumaric acid 
(compound 8), the psoralen photoproduct suspected of being 
an intermediate on the pathway to compound 4 during the 
psoralen photooxidation, were analyzed [26]. A distinct group 
includes cycloadducts of the OHF-containing POP products 
with cysteine and homocysteine (compounds 9–12 and 13–16 
for coumarinic and benzofuranic POP products, respectively). 
In the present study, the choice of cysteine and homocysteine 
is not random. It is known that the OHF-containing coumarins 
(in particular, 8-formylumbelliferone) are used for fluorometric 
analysis of above-mentioned amino acids in biological objects 
[27], and their adducts with amines possess biological activity [28]. 

Predicted pharmacological effects of POP products, 
furocoumaric acid and tucaresol

Tables 1 and 2 summarize the major results of chemoinformatic 
analysis for the target POP products (compounds 1–6). The only 
compound with predicted immunotropic (immunosuppressive) 
activity is coumarinic POP product of 5-MOP. Instead, the 
high probability of apoptosis inducing activity is predicted for 
all compounds, with P

a
/P

i
 values for the described type of 

activity being higher in coumarinic POP products compared to 
benzofuranic POP products. Furthermore, the antitumor and 
cytostatic effects are predicted for compounds 1–6.

In addition to the types of antiproliferative activity listed 
above, the high probability of respiratory (compounds 1–5) 
and to a lesser extent cardiovascular (compounds 1, 2) 
analeptic activities, as well as antimutagenic (compounds 1–6) 
and radioprotective (compounds 1, 3, 4 and 6) activities are 
predicted. Several other protective types of activity are expected 
for benzofuranic POP products, especially for compound 4 
(vasoprotective, neuroprotective and cardioprotective activities).

The results of analysis demonstrate the broad spectrum 
of expected antibiotic activity: antifungal activity is predicted 
for compounds 1–6, and compound 1 is characterized by five 
types of antibiotic activity at once. When comparing, it can be 
noted that the antibiotic activity of coumarinic POP products 
is higher compared to benzofuranic POP products, both in 
qualitative and quantitative terms.

Table 1. Coumarinic POP products 

R
1
 = H 

R
2
 = H 
 
1

R
1
 = H 

R
2
 = OMe 

 
2

R
1
 = OMe 

R
2
 = H 
 
3

Pharmacological effects Pa / Pi

Immunosuppressive – – 0.541/0.036

Apoptotic 0.899/0.004 0.915/0.004 0.764/0.010

Antitumor 0.741/0.019 0.763/0.017 0.751/0.018

Cytostatic 0.538/0.020 0.586/0.015 0.516/0.023

Antimutagenic 0.807/0.004 0.760/0.005 0.774/0.004

Radioprotective 0.701/0.010 – 0.766/0.006

Analeptic 0.791/0.005 0.769/0.007 0.687/0.011

Antifungal 0.620/0.016 0.631/0.015 0.584/0.020

Antiprotozoal (Trypanosoma) 0.537/0.014 – –

Antiparasitic 0.513/0.014 0.519/0.014 –

Anthelmintic (nematodes) 0.512/0.015 – –

Antimycobacterial 0.506/0.018 – –

R
1

OHC

HO

R
2

O O
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Analysis of predicted mechanisms of action for the types 
of activity described above leads to the conclusion that 
antiproliferative activities of the studied compounds may 
be mediated by their action as apoptosis agonists, and as 
inhibitors of a number of enzymes (phosphatases, kinases, 
monophenol oxygenase) and transcription factors (for example, 
NF-kB transcription factor). Radioprotective properties may 
be associated with the ability to inhibit the permeability and 
promote the integrity of membranes, as well as to act as a free 
radical scavenger. Antibiotic activity presumably results from 
the effect of compounds on transmembrane processes and 
functioning of kinases and membrane proteins (for example, 
inhibiting the ampH penicillin-binding protein).

Table 3 presents the results on prediction of major 
pharmacological effects for tucaresol. According to the analysis, 

with a high probability tucaresol possesses anti-inflammatory 
activity in intestine, as well as neurotropic protective effects 
(antineurotoxic and neuroprotective activities).

The profiles of the pharmacological effects predicted 
for furocoumaric acid were found to be surprisingly broad 
(Table 4). It is assumed that acting mainly as a free radical 
scavenger and maintaining the integrity of membranes 
furocoumaric acid provides a wide range of protective effects 
(including antimutagenic, neuroprotective, vasoprotective, 
radioprotective, anticarcinogenic, etc.), affects metabolic 
pathways (regulates lipid metabolism, reduces cholesterolemia), 
provides anti-inflammatory and antioxidant protection, and 
also possesses prospective dermatologic (in particular, 
antipsoriatic) therapeutic activity due to anti-inflammatory effect 
and regulation of enzymatic activity.

R
1
 = H 

R
2
 = H 
 
4

R
1
 = H 

R
2
 = OMe 

 
5

R
1
 = OMe 

R
2
 = H 
 
6

Pharmacological effects Pa / Pi

Apoptotic 0.884/0.005 0.906/0.004 0.702/0.015

Antitumor 0.565/0.053 0.635/0.038 0.613/0.042

Cytostatic – 0.532/0.021 –

Antimutagenic 0.780/0.004 0.724/0.005 0.741/0.005

Radioprotective 0.662/0.012 – 0.746/0.008

Analeptic 0.580/0.021 0.532/0.027 –

Antifungal 0.531/0.026 0.548/0.024 –

Antimycobacterial 0.510/0.180 – –

Vasoprotective 0.732/0.009 0.550/0.028 0.523/0.034

Neuroprotective 0.640/0.058 – 0.586/0.080

Cardioprotective 0.539/0.008 – –

Table 2. Benzofuranic POP products 

R
1

R
2

OH

CHO

O

Table 3. Tucaresol

7

Pharmacological effects Pa / Pi

Anti-inflammatory (intestine) 0.800/0.004

Treatment of sickle cell disease 0.738/0.002

Antineurotoxic 0.677/0.035

Neuroprotective 0.662/0.039

Antiprotozoal (leishmania) 0.608/0.004

Treatment of precancerous lesions 0.556/0.026

Cytoprotective 0.533/0.020

Radioprotective 0.502/0.022

OH

O

O

O

HO
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Predicted pharmacological effects of OHF-containing POP 
products adducts with aminothiols

Tables 5 and 6 present pharmacological effects predicted 
for cycloadducts of the OHF-containing POP products with 
aminothiols. Reaction of coumarinic compound 1 with cysteine 
and homocysteine results in formation of corresponding 
cycloadducts (see Table 5, compounds 9 and 11). Oxidation 
of compounds 9 and 11 leads to formation of compounds 10 
and 12, respectively (see Table 5). Similarly, the appropriate 
cycloadducts may be obtained for benzofuranic compound 4 
(see Table 6, compounds 13–16).

According to the analysis, compounds 9–15 may function 
as radioprotectors, with such property being associated 
with the ability to scavenge free radicals is more likely for 
nonoxidized cycloadducts (compounds 9, 11, 13, 15). In 

addition, it is assumed that compounds 9, 11, 13 and 15 (but 
not their oxidized forms 10, 12, 14 and 16) possess antitumor 
activity against a number of malignant neoplasms, such as 
prostate cancer, liver cancer, and melanoma. For compounds 
9–16 hepatoprotective activity is predicted, which may be 
used for treatment of liver diseases. As with radioprotective 
properties, this pharmacological effect is attributed to the 
functioning of compounds 9–16 as reducing agents and 
free radical scavengers. According to prediction, coumarinic 
cycloadducts 9–12 possess spasmolytic activity which is 
realized in urinary tract, with such type of activity not being 
predicted for benzofuranic cycloadducts 13–16. All oxidized 
forms of cycloadducts (compounds 10, 12, 14 and 16) are 
presumably applicable for treatment of neurodegenerative 
diseases, and compounds 10 and 12 are also potentially active 
when used in dermatology.

Table 4. Furocoumaric acid

8

Pharmacological effects Pa / Pi

Antimutagenic 0.896/0.002

Neuroprotective 0.754/0.018

Vasoprotective 0.720/0.006

Regulation of lipid metabolism 0.676/0.012

Antihypercholesterolemic 0.669/0.011

Radioprotective 0.643/0.011

Anticarcinogenic 0.631/0.013

Antipyretic 0.566/0.009

Dermatologic 0.530/0.028

Anti-inflammatory 0.523/0.033

Antioxidant 0.520/0.006

R

9 10 11 12

Pharmacological effects Pa / Pi

Radioprotective 0.857/0.003 0.569/0.015 0.800/0.005 0.513/0.021

Treatment of prostate cancer 0.734/0.004 – 0.640/0.005 –

Antitumor (melanoma) 0.661/0.004 – 0.540/0.006 –

Antitumor (liver cancer) 0.563/0.003 – 0.503/0.003 –

Treatment of liver diseases 0.700/0.004 0.683/0.004 0.555/0.008 0.614/0.005

Antispasmodic (urinary tract) 0.525/0.021 0.577/0.013 0.512/0.023 0.563/0.015

Treatment of neurodegenerative diseases – 0.528/0.027 – 0.603/0.016

Dermatologic – 0.522/0.029 – 0.585/0.019

Table 5. Coumarinic POP products cycloadducts with aminothiols  
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DISCUSSION

The described results of the present study are consistent with 
literature data. Previously, it has been found that compounds 
1 and 2 were apoptosis inducers [16], and the psoralen derivatives 
were able to inhibit the activity of NF-kB transcription factor [29]. 
Furthermore, the predicted antitumor and cytostatic activity of 
compounds 1–6 may explain some previously detected effects of 
POP and individual photoproducts. Thus, antitumor activity of POP 
was revealed in the in vivo experiments with murine EL-4 lymphoma 
as a model of human cutaneous T-cell lymphoma [10], and the 
benzofuranic POP product (compound 4) possessed teratogenic 
effect in the experiments on the Xenopus lavrae embryos [15].

In addition, it has been previously shown that tucaresol used 
by us as the reference compound with known immunotropic 
activity, possessed antiprotozoal activity in the experimental 
model of visceral leishmaniasis [30], and was also applicable 
for treatment of patients with sickle cell anemia [31]. It is 
noteworthy that the possible use of psoralen photooxidation 
products for treatment of β-thalassemia and sickle cell anemia 
has also been reported [17].

Of particular interest is the unexpected discovery of the 
prospective dermatologic (in particular, antipsoriatic) therapeutic 
activity of furocoumaric acid resulting from anti-inflammatory 
effect and regulation of enzymatic activity. The latter two types 
of biological activity are typical for cinnamic acid derivatives [32], 
and presumably implemented by furocoumaric acid by means of 
free radical scavenging, inhibiting lipoxygenase and transcription 
factors, and maintaining the integrity of membranes.

Oxidized forms of coumarinic cycloadducts with aminothiols 
potentially possess dermatologic therapeutic activity, but the 

predicted activity of the OHF-containing psoralen photooxidation 
products on homocysteine is of greater interest. It is known that 
elevated level and/or accumulation of homocysteine may result 
in a variety of pathologic conditions (Alzheimer's disease, senile 
dementia, vascular disorders, nephropathy, etc.) [33]. Hence, 
the predicted therapeutic activity of oxidized cycloadducts 
resulting from reaction of the OHF-containing psoralen 
photooxidation products with homocysteine may determine 
the prospects of their practical usage for therapy of the above-
mentioned pathologies.

CONCLUSION

In the present study, chemoinformatic assessment of 
prospective pharmacological effects and mechanisms of action 
for previously identified psoralen photooxidation products and 
their cycloadducts with aminothiols was performed using 
the PASS and PharmaExpert software. Several predicted 
pharmacological effects are confirmed with the results of 
earlier studies, which indicate high prediction efficiency of the 
analysis. In terms of actual usage of psoralens for treatment 
of various dermatoses and proliferative disorders, the data 
obtained are indicative of the possible involvement of psoralen 
photooxidation products in the realization of the therapeutic 
effects of PUVA therapy and photopheresis, and therefore are 
especially valuable. Of special interest is the surprisingly broad 
spectrum of pharmacological effects found for furocoumaric 
acid and cycloadducts of coumarinic and benzofuranic 
photoproducts of psoralen with aminothiols, which appoints 
new directions of research related to therapeutic use of 
psoralens.

R

13 14 15 16

Pharmacological effects Pa / Pi

Radioprotective 0.843/0.004 0.531/0.019 0.783/0.005 –

Treatment of prostate cancer 0.710/0.004 – 0.621/0.006 –

Antitumor (melanoma) 0.670/0.004 – 0.549/0.005 –

Antitumor (liver cancer) 0.579/0.003 – 0.510/0.003 –

Treatment of liver diseases 0.689/0.004 0.672/0.004 0.542/0.008 0.601/0.005

Treatment of neurodegenerative diseases – 0.658/0.011 – 0.707/0.008

Table 6. Benzofuranic POP products products cycloadducts with aminothiols
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