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Abstract

Introduction: In recent years, the study of acne pathogenesis has continued, and genetic regulation, innate and adaptive
immune responses, and the contribution of several endocrinologic mechanisms have been reported. A sebaceous-hair follicle
(SHF) is known to be regulated by sex hormones, including androgens, estrogens, and progesterone. At present, there is evidence
of the involvement of sex hormones in the pathogenesis of acne. Still, there is no data on immunohistochemical (IHC) analysis
of sex hormone receptor expression in the skin of severe acne (SA) in the available literature. There is also no IHC analysis
of predictors of acne development. The present study aimed to determine and analyze the immunohistochemical expression of
androgen, estrogen, and progesterone receptors in the skin of SA patients and to evaluate their predictive potential using artificial
intelligence methods.

Methods and Results: This prospective, open, non-randomized, single-center comparative study was conducted between
2019 and 2023. The study included 53 patients (the main group [MG]) with SA and 21 apparently healthy individuals (the
comparison group [CG]). Participants were between 15 and 46 years old (the median age was 22.0 years).

An THC study was performed in the Pathomorphological Department at the NMRC PHOI, named after Dmitry Rogachev
(Moscow, Russia). Skin samples from patients were collected by punch biopsy. To perform the IHC study, we used the mouse
monoclonal anti-androgen receptor (AR) antibody (Clone AR441, diluted 1:50; DAKO, Denmark), mouse monoclonal anti-
estrogen receptor (ER) antibody (Clone 1D5, RTU; DAKO, Denmark), and mouse monoclonal anti-progesterone receptor (PR)
antibody (Clone PgR636, RTU; DAKO, Denmark). For each marker under study, positivity was determined in three compartments:
epidermal keratinocytes, dermal fibroblasts, and sebocytes of sebaceous glands.

Quantitative AR, ER, and PR expression assessment was performed using QuPath image analysis software according to the
manufacturer’s protocol. Statistical analysis was performed using Python 3.11. The predictive potential of the studied IHC markers
was assessed using mathematical modeling methods and artificial intelligence.

Our study revealed for the first time a significant increase in the AR expression in epidermal keratinocytes and dermal
fibroblasts in SA patients compared to healthy individuals, with no significant difference in the AR expression in sebocytes of
sebaceous glands and overall positivity. A significant ER overexpression in dermal fibroblasts of SA patients with no significant
differences for other studied compartments and overall positivity was also found. Moreover, the studied compartments had no
statistically significant differences in progesterone receptor expression.

Conclusion: Mathematical modeling methods using artificial intelligence have made it possible to establish for the first time
that the AR expression in dermal fibroblasts is a significant predictor of severe acne.(International Journal of Biomedicine.
2024;14(4):595-601.)
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Introduction

Acne is a widespread skin disease affecting the
pilosebaceous unit. It is characterized by the formation of
open and closed comedones, papules, pustules, and nodules.
In the pathogenesis of acne, classical importance is attributed
to the hyperproduction of sebum, abnormal keratinization of
the sebaceous gland outlet duct, bacterial colonization by
Cutibacterium acnes, and subsequent inflammation.l-2

In recent years, the study of acne pathogenesis
has continued and reported genetic regulation,*® innate
and adaptive immune responses, and the contribution of
several endocrinologic mechanisms. The sebaceous-hair
follicle is regulated by sex hormones, including androgens,
estrogens, and progesterone. Androgens activate the sebocyte
differentiation and block Wnt signaling. Androgen receptor
(AR), a member of the nuclear receptor superfamily and a
ligand-dependent nuclear transcription factor, is expressed
in basal and early differentiating sebocytes of the sebaceous
glands. Testosterone and dihydrotestosterone promote the
proliferation of primary human facial sebocytes in vitro.
Generally, androgens stimulate cell division and lipid synthesis
by acting directly on sebocytes. Interestingly, sebocytes also
express Sa-reductase, indicating an ability to metabolize
testosterone to dihydrotestosterone. In vitro experiments
have shown that the effects of testosterone and Sa-DHT are
mediated by binding to the AR. Estrogens used in high doses
significantly reduce sebum production through a mechanism
mediated by a decrease in circulating androgens. However,
the diagnosed immunoreactivity to the estrogen receptor in
human sebum does not exclude direct regulation of sebum
synthetic activity by estrogens. Sebum and progesterone
production levels are at their highest during the luteal phase
of the menstrual cycle, which explains the clinical symptoms
of acne. After menopause, progesterone levels and sebum
secretion decrease, but sebum production can be restored with
progesterone-based hormone replacement therapy. In addition,
progesterone can directly regulate the sebaceous glands, given
the expression of the progesterone receptor (PR).Z14

It was shown that increased expression of keratins K6,
K16, and K17 causing hyperproliferation, marked expression
of filaggrin in the infundibulum, and hypersecretion of IL-
la play a role in the development of abnormal keratinization
of SVF. In the study of hair cycle homeostasis in acne, it
was found that progenitor cells in the junction zone may
differentiate not toward the outer root sheath of hair follicles
below the sebaceous duct but toward the infundibulum and
sebaceous duct cells in acne.®!1-12

Thus, at present, there is information about the
participation of sex hormones in the pathogenesis of acne.
However, the available literature does not provide data on the
study of immunohistochemical expression of sex hormone
receptors in the skin with severe acne (SA).

The present study aimed to determine and analyze the
immunohistochemical expression of androgen, estrogen, and
progesterone receptors in the skin of patients with severe
acne and to evaluate their predictive potential using artificial
intelligence methods.

Materials and Methods

This prospective, open, non-randomized, single-center
comparative study was conducted between 2019 and 2023 in
the Department of Skin Diseases and Cosmetology at Pirogov
Russian National Research Medical University. The study
included 53 patients (the main group [MG]) with SA and 21
apparently healthy individuals (the comparison group [CG]).
Participants (32 [43.0%] women and 42 [57.0%] men) were
between 15 and 46 years old (the median age was 22.0 years).
MG and CG were comparable in age and sex characteristics.

An immunohistochemical study was performed in the
Pathomorphological Department at the NMRC PHOI, named
after Dmitry Rogachev (Moscow, Russia).

Skin samples from patients were collected by punch
biopsy with a diameter of 6 mm in the suprascapular region on
the right side and 3 cm above the upper corner of the scapula.
Samples of unchanged skin of apparently healthy individuals
were taken during scheduled plastic surgeries for figure
correction (CJSC “Danischuk Clinic”). To perform the IHC
study, we used the mouse monoclonal anti-AR antibody (Clone
AR441, diluted 1:50; DAKO, Denmark), mouse monoclonal
anti-ER antibody (Clone 1D5, RTU; DAKO, Denmark), and
mouse monoclonal anti-PR antibody (Clone PgR636, RTU;
DAKO, Denmark).

Sections 1.5-2 pum thick were mounted on highly
adhesive  slides (Thermo Scientific Menzel-Gléser).
Deparaffinization and ICH studies were performed according
to standard protocol in automatic mode in the Ventana
BenchMark ULTRA system. Quantitative AR, ER, and PR
expression assessment was performed using QuPath image
analysis software according to the manufacturer’s protocol.
Positivity (the ratio of the total number of positive pixels to
the total number of pixels) was automatically calculated. For
each marker under study, positivity was determined in three
compartments: epidermal keratinocytes, dermal fibroblasts,
and sebocytes of sebaceous glands.

Statistical analysis was performed using Python 3.11. The
normality of the distribution of continuous variables was tested
using the Shapiro-Wilk test. For descriptive analysis, results are
presented as median (Me), first quartile (Q1), and third quartile
(Q3). Differences in continuous variables were tested using
the Mann-Whitney U-test. Group comparisons concerning
categorical variables are performed using the chi-square test.
Spearman’s rank correlation coefficient (Rs) measures the
strength and direction of the relationship between two variables.
A qualitative assessment of the closeness of the correlation
was determined using the Chaddock scale: weak (0.1 — 0.30),
moderate (0.3 — 0.50), noticeable (0.5 —0.70), high (0.7 — 0.90),
very high (0.9 — 0.99). A probability value of P<0.05 was
considered statistically significant.

The predictive potential of the studied IHC markers was
assessed using mathematical modeling methods and artificial
intelligence. The following quality metrics were used to assess
the quality of the constructed models: accuracy, sensitivity,
specificity, and ROC-AUC. Metrics were calculated with 95%
confidence intervals (CI), which were calculated using the
Bootstrap method.
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Results

All patients of the MG suffered from severe acne, which
was clinically characterized by multiple open and closed
comedones, inflammatory deep papules, pustules, nodules
merging into conglomerates, atrophic scars, post-inflammatory
stagnant blue spots with predominant localization on the skin
of the face, back and chest. The skin in the lesions had a greasy
appearance; subjective sensations were characterized by
insignificant to moderate soreness, intensified by movement
and palpation.

The THC study found AR expression in all three studied
compartments of the MG patients: epidermal keratinocytes
(MG—53[100%] cases and CG—21[100%] cases), sebocytes
of sebaceous glands (MG—39[73.6%] cases and CG—
20[95.2%] cases), and dermal fibroblasts (MG—39[73.6%]
cases and CG—0[0%] cases) (Figure 1 ).
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Fig. 1. AR expression in the study groups.

AR E positivity (%) - AR expression in epidermal
keratinocytes, AR S positivity (%) - AR expression
in sebocytes of sebaceous glands, AR D positivity
(%) - AR expression in dermal fibroblasts.

Table 1.
AR expression depending on the gender in the MG.

Male SA patients Female SA patients

Compartment (n=38) e SR
AR n| % AR ol %
0.4874 0.0322
AR Positvity E, 0 |[0-0486:1.31851°°| %] 10.0;0.14317 1190
P=0.012
16.2791 13.0849
AR Positvity s, v [[12015:21.653511%° (67814 2945,24 55097 ' 433
P=0.671
0.0 [0.0:0.1477]|38| 100{0.0 [0.0;0.0931][15[100
AR Positivity, D %
P=0.754
AR Total posiiviy, %|[0-1054:5.19921>®| 120 [0.6048:6 30657 127
P=0.441

AR E positivity (%) - AR expression in epidermal keratinocytes,
AR S positivity (%) - AR expression in sebocytes of sebaceous glands,
AR D positivity (%) - AR expression in dermal fibroblasts.

Significantly increased AR expression in epidermal
keratinocytes and dermal fibroblasts was found in the MG
compared to the CG (P<0.05), with no significant differences
in the AR expression in the SG sebocytes and total positivity
(P>0.05) (Figures | and 2 a-d).

Fig. 2. A 19-year-old man with SA.
A. AR expression in epidermal keratinocytes, IHC
(positive nuclear expression), *100 magnification

B. AR expression in epidermal keratinocytes, IHC,
quantification of expression using QuPath (blue
color - cells with negatively stained nuclei, red color
- cells with positively stained nuclei). Positivity =
29.9569%, x150 magnification

C. AR expression in sebaceous gland sebocytes, IHC
(positive nuclear expression), x150 magnification

D. IHC, quantification of expression using QuPath
(blue color - cells with negatively stained nuclei, red
color - cells with positively stained nuclei). Positivity
=50.11199%, x350 magnification

Analysis of gender characteristics of the AR expression
showed significantly increased expression in epidermal
keratinocytes of male patients compared to females
(P<0.05). At the same time, no significant differences in the
AR expression in other compartments were found between
males and females (Table 1).

The THC study found ER expression in all three studied
compartments of the MG patients: epidermal keratinocytes
(MG—53[100%] cases and CG—21[100%] cases), sebocytes
of sebaceous glands (MG—39[73.6%] cases and CG—O0[0%]
cases), and dermal fibroblasts (MG—53[100.0%] cases and
CG—0[0%] cases) (Figure 3 ).

Significantly increased ER expression in dermal
fibroblasts was found in the MG compared to the CG (P<0.05),
with no significant differences in the ER expression in other
studied compartments (P>0.05) (Figures 3 and 4 a, b).

The study of gender specificities of the ER expression
in the three compartments studied showed no statistically
significant differences (P>0.05) (Table 2). The obtained
data indicate no statistically significant differences in the ER
expression for the studied compartments in the MG patients.
At the same time, healthy women had a significantly higher
total positivity of the ER expression than healthy men
(P=0.028).
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Fig. 3. ER expression in the study groups.

ER E positivity (%) - ER expression in epidermal
keratinocytes, ER S positivity (%) - ER expression in
sebocytes of sebaceous glands, ER D positivity (%) -
ER expression in dermal fibroblasts.

Fig. 4. A 19-year-old man with SA.

A. ER expression in dermal fibroblasts, IHC (negative
nuclear expression), *250 magnification

B. ER expression in dermal fibroblasts, IHC, quantification
of expression using QuPath (blue color - cells with negatively
stained nuclei). Positivity = 0%, *x250 magnification.

Table 2.
ER expression depending on the gender in the MG.
Male SA patients Female SA patients
Compartment (n=38) (n=15)
ER n| % ER n| %
0.0 0.0
38| 100 15] 100
ER Positivity E, %  |[0-0; 0.0755] [0.0; 0.1646]
P=0.834
0.0 0.0
25(65.8 14|93.3
ER PC Positivity, % |[0-0; 0.1233] [0.0; 0.7055]
P=0.579
0.0 0.0
38| 100 15| 100
ER Positivity D, %  |[0:0; 0.1174] [0.0; 0.1104]
P=0.827
0.0 0.0203
38| 100 15] 100
ER Total positivity, % [0.0; 0.277] [0.0; 0.4051]
P=0.593

ER E positivity (%) - ER expression in epidermal keratinocytes, ER S
positivity (%) - ER expression in sebocytes of sebaceous glands, ER
D positivity (%) - ER expression in dermal fibroblasts.

The THC study found PR expression in all three
compartments: epidermal keratinocytes (MG—53[100%]
cases and CG—21[100%] cases), sebocytes of sebaceous
glands (MG—39[73.6%] cases and CG—21[100%] cases),

and dermal fibroblasts (MG—53[100.0%] cases and CG—
21[100%] cases) (Figure 5).

Analysis of statistical differences in the PR expression
in the studied compartments and overall positivity between
the studied groups showed no significant difference (P>0.05)
(Figures 5 and 6 a, b).
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Fig. 5. PR expression in the study groups.

PR E positivity (%) - PR expression in epidermal
keratinocytes, PR S positivity (‘Vg) - PR expression in
R D positivity (%) -

sebocytes of sebaceous glands,
PR expression in dermal fibroblasts.

Fig. 6. A 19-year-old man with SA.

A. PR expression, total positivity, [HC ((negative nuclear
expression), 100 magnification

B. PR expression, total positivity, IHC, quantification ?f
expression using QuPath (blue color - cell?v with negatively
stained nuclei, red color - cells with positively stained
nuclei). Positivity = 0.1306%, x100 magnification

The study of gender peculiarities of the PR expression in
the studied compartments in male and female patients with SA
and healthy individuals did not reveal statistically significant
gender differences (P>0.05). (Table 3).

Table 4 presents correlations between THC data as
possible predictors of SA development.

The following variables have a high correlation (0.7 to 0.9):

AR Positivity S (%) - AR Overall positivity (%):
(R=0.82; P<0.001)

AR Positivity D (%) - PR Overall positivity (%):
(R=0.79; P<0.001)

AR Positivity D (%) - ER Positivity S (%): (R=0.712;
P<0.001)

AR Overall positivity (%) - ER Overall positivity (%):
(R=0.729; P<0.001)

ER Positivity E (%) - ER Overall positivity (%):
(R=0.722; P<0.001)



ER Positivity S (%) - PR Overall positivity (%):

(R=0.705; P<0.001)

PR Positivity D (%) - PR Overall positivity (%):

(R=0.736; P<0.001)
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Table 3.
PR expression depending on the gender in the MG.
Male SA patients Female SA patients
Compartment (n=38) (n=15)
PR n| % PR n | %
0.0483 0.0
38100 15 | 100
PR Positivity E, % [0.0; 0.2106] [0.0; 0.4456]
P=0.729
0.0 0.0
25(65.8 14 (93,3
PR Positivity S, % [0.0; 0.0] [0.0; 0.0]
P=0.874
0.0 0.0
38100 15 | 100
PR Positivity D, % [0.0; 0.0781] [0.0; 0.2901]
P=0.342
0.0 0.0
38100 15 | 100
PR Total positivity, %| [0-0; 0.1158] [0.0; 0.5554]
P=0.280

PR E positivity (%) - PR expression in epidermal keratinocytes, PR S
positivity (%) - PR expression in sebocytes of sebaceous glands, PR

D positivity (%) - PR expression in dermal fibroblasts.

Table 4.

Correlations between IHC data in the MG

Indicator 1 Indicator 2 Rs P-value
AR Positivity S (%) AR Total positivity (%) |0.82 |<0.001
AR Positivity D (%) | PR Total positivity (%) [0.79 |<0.001
AR Positivity D (%) | ER Positivity S (%) 0.712 {<0.001
AR Total positivity (%) | ER Total positivity (%) [0.729 {<0.001
ER Positivity E (%) ER Total positivity (%) |0.722 |<0.001
ER Positivity S (%) PR Total positivity (%) |0.705 |<0.001
PR Positivity D (%) PR Total positivity (%) |0.736 |<0.001

The predictor potential of the identified pathogenetically
significant IHC markers was assessed using Al methods.
The ROC curve analysis was used to evaluate variables as
predictors of the development of severe acne.

AR Expression in Epidermal Keratinocytes (AR Positivity E, %)

The MG and CG differed statistically significantly in
the AR expression in epidermal keratinocytes (P=0.015)
(Figure 7). The quality assessment metrics for the AR
expression in epidermal keratinocytes prognostic variable
are summarized in Table 5. The AR expression in epidermal
keratinocytes prognostic variable alone cannot serve as a
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predictor of SA because it defines SA with an accuracy of
ROC-AUC = 0.581.
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Fig. 7. Plots for the prognostic variable "AR expression in
epidermal keratinocytes."

Table 5.

Quality assessment metrics for the AR expression in epidermal
keratinocytes prognostic variable.

Evaluation measure Cut-off > 0.1
ROC-AUC 0.581 [0.503; 0.654]
Accuracy 73.5% [69.8; 76.8]1%
Sensitivity (1) 16.5% [9.9; 24.11%
Specificity (0) 88.0% [84.9; 90.9]1%

AR Expression in Dermal Fibroblasts (AR Positivity D, %)

The MG and CG differed statistically significantly in the
AR expression in dermal fibroblasts (P<0.001) (Figure 8). The
quality assessment metrics for the AR expression in dermal
fibroblasts prognostic variable are summarized in Table 6.
The AR expression in dermal fibroblasts prognostic variable
can itself serve as a predictor of SA. It identifies SA with an
accuracy of ROC-AUC = 0.925. The study determined the
cut-off point value of SA to be 0.1.

Table 6.

Quality assessment metrics for the AR expression in dermal
fibroblasts prognostic variable.

Evaluation measure Cut-oft > 0.1
ROC-AUC 0.925 [0.898; 0.948]
Accuracy 81.2% [77.8; 84.5]1%
Sensitivity (1) 76.7% [72.7; 80.6]%
Specificity (0) 98.7% [96.3; 100.0]%
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Fig. 8. Plots for the prognostic variable "AR expression in
dermal fibroblasts."

Conclusion

The skin is an endocrine organ that expresses hormonal
receptors for various hormones. The sebaceous gland is the
main site of hormone biosynthesis, especially androgens, and
acne is a classic androgen-mediated dermatosis. Our study
revealed for the first time the increased AR expression in
epidermal keratinocytes and dermal fibroblasts of SA patients
and the AR overexpression in epidermal keratinocytes of
male patients with severe acne. Our data, on the one hand,
agree with the results of other authors about the presence of
regulatory mechanisms in the pathogenesis of acne, which
are mediated by androgen receptors. On the other hand, we
have revealed the absence of the AR expression increase in
sebocytes of sebaceous glands of female patients with severe
acne. This indicates the mediated influence of circulating
androgens on receptors in the skin of patients with severe
acne.

The obtained data on the ER expression only in dermal
fibroblasts in patients with severe acne indicate a pathogenetic
mechanism for reducing the proinflammatory effects of
estrogens.

The absence of statistically significant differences
in the expression of progesterone receptors in the studied
compartments indicates that progesterone does not exert a
pathogenetic influence on the mechanisms of the development
of severe acne.

Mathematical modeling methods using artificial
intelligence have made it possible to establish for the first time
that the AR expression in dermal fibroblasts is a significant
predictor of severe acne.
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