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Abstract 

Background

Hair follicle cycle and the functioning of stem cells in alopecia are influenced by the sup-

pression of cholesterol synthesis and the accumulation of sterol intermediates.

Objective

This investigation aims to elucidate the regulatory function of disrupted cholesterol homeo-

stasis in the functioning of hair follicle stem cells (HFSCs) and the cycling of hair follicles. 

Additionally, it seeks to provide an understanding of the fate of stem cells in primary cica-

tricial alopecia (PCA).

Methods

To evaluate the influence of cholesterol on the functionality of hair follicles, a study was 

conducted to analyse gene expression and pathways associated with hair follicle stem 

cell markers in scalp samples affected by PCA (LPP, FFA, CCCA, DC, DF, TF). To assess 

the influence of disrupted cholesterol homeostasis on HFSCs, we conducted experiments 

involving the administration of 7-dehydrocholesterol (7DHC) and BM15766 (Pharmacolog-

ical inhibitor of cholesterol biosynthesis), to Human Hair Follicle Outer Root Sheath Cells 

(HORSCs), as well as C57BL/6 mice, and hair follicle organoid cultures. The study utilised 

reverse transcription polymerase chain reaction (RT-PCR) to assess gene expression, 

while immunofluorescence was employed to analyse protein expression. The tracking of 

stem cell fate was accomplished through the utilisation of a BrdU pulse-chase experiment, 

while the verification of apoptotic consequences was established by utilising the TUNEL 

assay. A statistical analysis was conducted to assess the statistical significance of the data.
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Results

There was a notable decrease in the expression of HFSC marker genes among patients 

afflicted with PCA. In vitro data further confirmed the cholesterol inhibition and sterol 

intermediate accumulation in stem cells, leading to stem cell characteristics’ disruption. 

The experimental group of mice exposed to 7DHC and BM15766 also exhibited a notable 

inability to initiate hair regrowth. Consequently, this deficiency in hair regrowth resulted 

in the activation of apoptosis, specifically in the stem cells. Additionally, our confirmatory 

analysis, which was performed utilising organoid culture, consistently yielded comparable 

results. The results as mentioned above emphasise the significant importance of choles-

terol production in preserving the integrity and functionality of HFSCs, hence providing 

novel insights into the progression of alopecia.

Conclusion

Individuals with aberrant cholesterol production, especially those affected by PCA, endure 

a lasting hindrance in hair regrowth stemming from the irreversible damage to their hair 

follicles. The observed phenomenon is hypothesized to result from the depletion of hair fol-

licle stem cells. Our study reveals further insights that unveil the previously unrecognized 

role of sterol intermediates in governing hair follicle cycling and stem cell function in PCA. 

The modulation of cholesterol production and the accumulation of sterol intermediates 

significantly influence the hair follicle cycle and the role of stem cells in alopecia.

1.  Introduction
The skin is a complex organ with appendages like hair follicles, sweat glands, sebaceous 
glands, and nails [1] Stem cells are crucial in regenerating these appendages and supporting 
skin health. Hair follicles, among these, are essential for skin balance and have significant psy-
chological importance. Hair disorders can affect growth, structure, and appearance, impacting 
self-esteem and quality of life [2].Understanding the mechanisms behind these disorders is 
crucial for accurate diagnosis and effective treatment, enhancing patient outcomes.

Alopecia is a persistent dermatological condition characterized by progressive hair loss 
from the scalp and other body areas. It is an inflammatory disorder primarily affecting hair 
follicles. The aetiology and pathogenesis of this condition remain incompletely understood; 
however, it is widely acknowledged as an autoimmune disorder influenced by hereditary 
and environmental factors [3]. Primary cicatricial alopecia (PCA) is presently managed as 
an inflammatory condition that results in the irreversible damage of hair follicles. Neverthe-
less, the therapy options currently accessible for PCA are somewhat restricted and frequently 
prove inadequate, resulting in a slowdown in the disease’s advancement [4]. Primary cicatri-
cial alopecia is classified into three categories based on the predominant inflammatory cell 
detected during the active phase: lymphocytic (e.g., Lichen Planopilaris, Frontal Fibrosing 
Alopecia, Central Centrifugal Cicatricial Alopecia, pseudopelade of Brocq), neutrophilic (e.g., 
Folliculitis Decalvans, Tufted Folliculitis), and mixed (e.g., Dissecting Cellulitis, acne keloidalis 
nuchae) [5].

Though the exact cause remains elusive, inflammation and the arrival of immune cells 
are distinctive features of PCA. Recent findings have hinted at the potential involvement 
of disrupted lipid balance in this context. Connections have been established between 
changes in cholesterol levels and PCAs [6]. When 7‐DHCR is inhibited or exogenous 
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7‐dehydrocholesterol (7‐DHC) is introduced to human primary outer root sheath keratino-
cytes or applied topically to mouse back skin, it produces a pro‐inflammatory response. This 
reaction involves the enhancement of Toll-like receptor and interferon signalling pathways. 
Additionally, inhibiting cholesterol biosynthesis leads to an elevated TGFβ [4], a widely recog-
nized trigger of catagen (hair follicle regression) [7] and fibrosis (scarring) [8].

Hair shaft regeneration from hair follicles (HFs) hinges on activating a crucial pool of hair 
follicle stem cells (HFSCs). This essential mechanism is central to the use of stem cell-based 
treatment for alopecia. Hair follicle stem cells are located in specific regions within the hair 
follicle structures like the bulge region [9], lower permanent portion (hair germ) [10], and 
upper portion of the follicle (infundibulam) [11]. The studies suggest that the bulge area of 
the follicle is an anatomical niche for the stem cells and is capable of self-renewal [12]. The 
irreversible damage to the hair follicle stem cell destroys the regenerative capacity of the hair 
follicle [13]. In studies conducted in transgenic mice, the targeted deletion of epithelial hair 
follicle stem cells results in the disappearance of the hair follicles [14]. Hair follicle stem cell 
regeneration depends on a complex network orchestrated by multiple pathways, including 
the Wnt/β-catenin pathway, Sonic hedgehog (Shh) pathway, Notch pathway, BMP (bone 
morphogenetic proteins) pathway, and apoptotic pathway. Among these, the Wnt/β-catenin 
signaling pathway emerges as a pivotal player, with its diverse functions in initiating hair 
follicle stem cells (HFSCs) activation for promoting hair growth during hair regeneration 
[15]. Cholesterol modifications are also vital for signal transduction in the Wnt-β-catenin 
and hedgehog pathways [16], both of which are fundamental in the control of human hair 
follicle (HF) cycling [17]. Therefore, cholesterol is crucial for normal hair follicle biogenesis 
and enhancing stem cell regeneration. A deeper comprehension of the disrupted cholesterol 
homeostasis within the realm of HFSC function can unlock new solutions for individuals 
grappling with persistent hair loss due to PCA. Our quest to shed light on the substantial 
role of the cholesterol biosynthesis pathway in HFSC function represents a significant stride 
towards revitalizing hair follicles in those affected by alopecia.

Additionally, our research identifies that modifications in the synthesis of cholesterol in 
the cells of hair follicles can initiate apoptosis of HFSC, resulting in the irreversible deteriora-
tion of hair follicles in mouse skin models and individuals with PCA. The findings mentioned 
above elucidate a hitherto unrecognised function of cholesterol precursors in the modulation 
of HFSC activity and their involvement in the pathogenesis of PCA. Additionally, this study 
demonstrates a novel association between sterols and the functioning of stem cells, which has 
the potential to significantly transform the field of diagnosing and treating these conditions.

2.  Materials and methods

2.1.  Human tissue
In this study, all human subjects involved received explicit approval from the Human 
Research Ethics Committee of the University of Kerala under Protocol Number: ULECRIHS/
UOK/2018/35. This approval ensures that the study adhered to ethical guidelines for research 
involving human participants. Additionally, written informed consent was obtained from all 
participants prior to their involvement in the study, ensuring that they understood the nature 
of the research, the risks involved, and their right to withdraw at any time.

The identification of PCA was established through the examination of clinical observations 
and histopathologic evaluations. People who took part in this study had early-stage lesions 
that were thought to be signs of lymphocytic (LPP, FFA, CCCA), neutrophilic (TF, FD), or 
mixed (DC) PCA. To conduct pathway analysis and Real-time PCR analysis, a total of two 
4-mm scalp biopsies were obtained from each patient. One biopsy was acquired from the 
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afflicted region of the scalp, while the other was obtained from an unaffected region. To estab-
lish control conditions, we procured scalp biopsy specimens from a cohort of healthy individ-
uals who were matched based on age and sex. The normal controls that were chosen did not 
display any indications of hair or skin abnormalities. All participants had symptoms of active 
disease, including erythema, discomfort, gradual alopecia, and indications of inflammation. 
The participants in this study were individuals who were 18 years of age or older, and they 
willingly offered their informed consent. A thorough assessment was undertaken, encompass-
ing a review of the patient’s medical history, a comprehensive questionnaire pertaining to hair, 
and an inspection of the hair, scalp, and skin.

The biopsies were conducted following the necessary ethical procedures, including receiv-
ing approval from the institutional human ethical committee and obtaining informed consent 
from all patients and volunteers involved. The tissue samples were stored at a temperature of 
−80°C until they were subjected to further processing. The biopsies were employed to extract 
total RNA, do pathway analysis, and perform real-time PCR.

2.2.  Human hair follicle outer root sheath cells (HHORSCs)
Human Hair Follicle Outer Root Sheath Cells (HHFORS) were purchased from Science Cell 
Research, USA. The cells were seeded in 100mm plates at 0.6x106 density. Experimental treat-
ments included 25 µ M 7-Dehydrocholesterol (7DHC) and 4 µ M BM15766, with Ethanol and 
Dimethyl Sulfoxide (DMSO) as vehicle controls (<0.1% final concentration).

2.3.  Animal study
All animal experiments were approved by the University of Kerala, Institutional Animal 
Ethics Committee (IAEC) [Project # IAEC 1-KU-12/21-ZOO-SRP (4)] and were con-
ducted in accordance with the guidelines issued by Committee for the Purpose of Control 
And Supervision of Experiments on Animals (CPCSEA), Government of India.The study 
involved doing experiments on C57BL/6 mice that were seven weeks old and an approx-
imate weight of 20g. The mice were allocated into four groups, namely Control, vehicle, 
7DHC, and BM15766, with each group comprising six mice. The depilation process was 
employed to achieve synchronisation of hair development by preserving hair follicles in the 
telogen phase. The scalp devoid of hair was subjected to topical application of a solution 
containing 25 millimolar (mM) 7DHC and 4 mM BM15766, which were dissolved in etha-
nol and dimethyl sulfoxide (DMSO), respectively, for a duration of 15 days. After the study 
period the experimental animals were euthanized by delivering an intraperitoneal overdose 
of thiopentone sodium and the carcasses were disposed adhering to the criteris set forth by 
IAEC.

2.4.  Human hair follicles
The hair follicles (HFs) were sourced from authorized collaboratirng hair clinic (Renew Hair 
Clinic) between July 1, 2022 and March 31, 2023. Following a 24-hour incubation at 37°C with 
5% CO2, the collected hair follicles underwent treatment with 7DHC and BM15766. Sub-
sequently, RT-PCR, immunofluorescence, and TUNEL apoptotic assays were performed to 
analyse the treated hair follicles.

The hair follicle (HF) stands out among the various mini-organs within the human body 
due to its exceptional accessibility for experimental manipulation and ease of complete 
removal. Interestingly, even when removed from the body, the HF retains some essential in 
vivo characteristics within hair follicle organ culture (HFOC). Furthermore, the HF is unique 
among mammalian organs undergoing rhythmic and spontaneous cyclical transformations 
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throughout the host’s lifespan. These transformations involve transitioning from a relatively 
dormant state (telogen) with minimal hair shaft formation and reduced HF size, to prolonged 
phases of robust and rapid growth.

Anagen VI, terminal hair follicles, have shown successful ex vivo growth for a duration 
of up to two weeks. To achieve this, the micro dissected hair follicles should be cultured in 
a completely defined, serum-free medium, Williams’ E medium. This medium was further 
enhanced by adding L-glutamine, hydrocortisone, insulin, penicillin, and streptomycin. The 
cultures were preserved at a constant temperature of 37°C in an atmosphere comprising 5% 
CO2 and 95% air [18]. After acclimatization, the hair follicles were grouped into four, control, 
vehicle, and two treated groups (25mM 7DHC and 4mM BM15766) and the compounds were 
treated continuously for four days.

2.5.  RNA Isolation and pathway analysis
The total RNA from each biopsy was extracted using TRIzol reagent (BR Biochem Life 
Sciences, India) following the manufacturer’s instructions. The Ingenuity Pathways 
Analysis (IPA) software was used to discern the functional importance, cellular localiza-
tion, and functions within the designated gene products’ diverse biological and metabolic 
processes.

2.6.  Quantitative Real-Time RT-PCR
We performed RNA extraction following the TRIZOL RNA extraction protocol. SYBR 
Green-Labelled PCR primers for all targeted genes were purchased from G-Biosciences made 
in (St. Louis, MO, USA, Cat # 786-5062). Expressions of all targeted genes in PCA, normal 
scalp samples, HHFORS, mice, and HFs were quantified.

2.7.  Immunofluorescence
Human Hair Follicle Outer Root Sheath Cells seeded in coverslip for culture. The cells were 
incubated for 24-48 hours and treated with 25mM 7 DHC, 4mM BM15766 for 24 hours. The 
cells then underwent washing, fixing, and permeabilization [19] and were incubated with 
targeted primary antibodies SOX 9, LGR5, and Wnt 5A, purchased from ImmunoTag (St. 
Louis, MO, USA, Cat# ITT02816). Subsequently, the cells were exposed to DAPI (1µg/ml) as a 
nuclear tagging agent.

2.8.  BrdU pulse-chase experiment
Seven-week-old mice were selected for the BrdU pulse-chase experiment (BrdU kit, Invi-
trogen – Cat no. 8800-6599). The mice were divided into four groups for the experiment: 
control, vehicle (DMSO/ethanol), 7DHC, and BM15766. The removal of the superficial 
hair of the mice facilitated the synchronisation of their hair development cycle. The admin-
istration of BrdU commenced on the 21st day, which marked the initiation of the anagen 
cycle. This was followed by a chase period of 6 weeks, after which a second administration of 
BrdU was conducted on the 56th day. To administer an intraperitoneal injection, a solution 
containing a concentration of 1 mg of BrdU was generated by diluting it in 200 μL of sterile 
phosphate-buffered saline (PBS) at a concentration of 5 mg/mL. Subsequently, the mice were 
administered an intraperitoneal injection of 200 μL (1 mg) of the BrdU solution. The mice 
were subjected to careful monitoring during the course of the trial. Following the tracking 
phase, the mice were subjected to euthanasia, and subsequent tissue collection was conducted 
for the purpose of BrdU analysis.
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2.9.  TUNEL assay
The tissues from treated mice and HFs were used for TUNEL apoptotic detection (In Situ 
Cell Death Detection Kit, TMR Red, Roche 12156792910). After fixation and antigen retrieval 
procedures, the tissue sections were subsequently exposed to the complete TUNEL reaction 
mixture and incubated in darkness for 60 minutes at 37°C. In the case of negative control 
tissues, only the labelling solution was applied, omitting the addition of terminal transferase. 
Conversely, the DNase I working solution was incorporated for positive control before pro-
ceeding with the labelling steps. After the designated incubation period, the counterstaining 
step was performed using DAPI at a 5 µg/ml concentration.

2.10.  Immunostaining for hair follicle
All primary antibodies were obtained from ImmunoTag (St. Louis, MO USA). Cryosectioned 
hair follicles were permeabilized with 0.1% PBST and underwent antigen retrieval with a 
10mM sodium citrate buffer at pH 6. Blocking was achieved using 5% goat serum. Incuba-
tion with primary antibodies was conducted overnight at 4 °C. Subsequently, the slides were 
washed, followed by incubation with secondary antibodies and counterstaining with DAPI.

2.11.  Transmission electron microscopy of hair follicles
We divided the collected hair follicles into control, vehicle control, dehydrocholesterol 
(7DHC), and BM15766. We placed the processed samples in an incubator for five days. After 
treatment, we kept the hair follicles intact for two hours at room temperature in a solution 
containing 2.5% glutaraldehyde in a 0.1M phosphate buffer with a pH of 7.4. We then sub-
jected the specimens to a series of ethanol solutions containing 50%, 70%, 90%, and 100% to 
remove moisture. The dehydration process lasted for a duration of ten to fifteen minutes. The 
samples were infiltrated for two to four hours using a 1:1 combination of acetone and epoxy 
resin for the embedding procedure. We then transferred them to a pure epoxy resin solution 
and left them undisturbed for the entire night. We sliced the resin blocks to obtain extremely 
thin sections, which we then photographed.

2.12.  Statistical analysis
All experimental results were analysed by one-way analysis of variance (p < 0.05) using SPSS 
software (Ver. 29.0). The data were reported as means with standard deviation, and a P-value 
below 0.05 was considered statistically significant

3.  Results

3.1.  Down-regulated expression of stem cell marker genes (SOX9, LGR5, 
SHH, WNT 5A) in PCA
A gene expression study using real-time PCR data showed that hair follicle stem cell markers 
were significantly downregulated in PCA patients. The expression of these markers was much 
lower in the affected regions than in the unaffected areas. In Fig 1A, it can be observed that the 
expression of SOX9 is significantly reduced in samples of Folliculitis Decalvans (DF), Dissect-
ing Cellulitis (DC), Lichen Planopilaris (LPP), and Central Centrifugal Cicatricial Alopecia 
(CCCA) as compared to the control samples. The results of this study indicate a significant 
decrease in the expression of the LGR5 gene in the following conditions: TF, DF, DC, FFA, 
LPP, and CCCA, as shown in Fig 1B. The SHH and WNT5A expression patterns are depicted 
in Fig 1C and 1D, respectively. The expression of SHH was found to be greatly increased in 
the samples of TF, whereas it was observed to be decreased in the impacted samples of DF, 
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DC, FFA, LPP, and CCCA. Results are represented as mean ±  SD (*P ≤  0.05. **P ≤  0.01). The 
affected samples show significant downregulation of the stem cell marker genes compared 
with the unaffected.

3.2.  Pathway analysis of LGR5 and SOX9
The Ingenuity Pathway Analysis (IPA) examined a detailed network of gene interactions involv-
ing SOX9 and LGR5. This computational approach meticulously aligns expression data, denoted 
by color-coded changes-lighter red for upregulation and green for downregulation-against 
established pathways from extensive databases. In the analysis represented by Fig 1E and 1F, the 
visualization of transcriptome interactions reveals the degree of gene regulation and the direct 

Fig 1.  Down -regulated expression of HFSC marker genes in PCA. Genes directly and indirectly connected with (A) LGR5 and (B) SOX9 are down-regulated. Nodes, 
genes; green nodes, genes down-regulated in pathway; pink nodes, genes up regulated. Line between two nodes represents the corresponding protein products of the 
genes can physically interact (according to literature). The difference in intensity reflecting the degree of change in the expression of differentially expressed genes in our 
database. The difference in intensity reflecting the degree of change in the expression of differentially expressed genes in our database. Compared with the unaffected 
tissue, (C) SOX 9 gene expression was significantly down-regulated in all PCA subtypes DF, DC, LPP, CCCA but not in TF and FFA. The un paired t-test used for 
statistical analysis. (D) Real time PCR validation of LGR5 gene expression in unaffected and affected skin in the PCA subtypes TF, DF, DC, FFA, LPP, CCCA (*p < 0.05, 
**p < 0.01). Compared with the unaffected tissue, LGR5 gene expression was significantly down-regulated in all PCA samples. The un paired t-test used for statistical 
analysis. (E) Real time PCR validation of SHH gene expression in unaffected and affected skin in the PCA subtypes TF, DF, DC, FFA, LPP, CCCA (*p < 0.05, **p < 0.01). 
Compared with the unaffected tissue, SHH gene expression was significantly down-regulated in all PCA subtypes DF, DC, FFA, LPP, CCCA but not in TF. The un paired 
t-test used for statistical analysis. (F) Real time PCR validation of WNT5A gene expression in unaffected and affected skin in the PCA subtypes TF, DF, DC, FFA, LPP, 
CCCA (*p < 0.05, **p < 0.01). Compared with the unaffected tissue, WNT 5A gene expression was significantly downregulated in all PCA subtypes TF, DC, FFA, LPP, 
CCCA but not in DF. The one way ANOVA was used for the statistical analysis.

https://doi.org/10.1371/journal.pone.0308455.g001

https://doi.org/10.1371/journal.pone.0308455.g001
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and indirect relationships between genes, via solid and dotted lines, respectively. Specifically 
highlighted are the SOX9 and LGR5 pathways, with a notable downregulation of genes linked 
to hair follicle stem cell proliferation and hair growth. This decrease, evident in the prevalence 
of green nodes, suggests a possible disruption in hair follicle function and presents a gateway to 
investigate the underlying molecular dynamics of hair regeneration. Such findings may deepen 
our understanding of the hair growth cycle and serve as a springboard for developing targeted 
hair loss therapies. These insights, while compelling, serve as a starting point for hypotheses and 
necessitate rigorous experimental validation to confirm their biological significance.

3.3.  7DHC or BM15766 inhibits the expression of SOX9, LGR5, WNT5A, 
and SHH in cultured human hair follicle outer root sheath cells (HHORS)
The experiment’s setup involved the administration of 7DHC and BM15766 treatments to 
HHORS cells, followed by subsequent analysis using real-time PCR. The results demonstrated 
a notable decrease in the expressions of SOX9, LGR5, WNT5A, and SHH in the treated 
samples (Fig 2A–G) compared to the control group. The expression of LGR5 exhibited a 
significant decrease following treatment with both 7DHC and BM15766, as depicted in Fig 2B. 
Regarding the expression pattern of WNT5A (as depicted in Fig 2D), it was observed that its 

Fig 2.  Inhibited cholesterol biosynthesis downregulates hair follicle stem cell marker genes in in vitro model system. The real-time PCR validation of (A) SOX9 (B) 
LGR5 (C) WNT 5A (D) SHH gene expression in 7-DHC and BM15766- treated samples, HFORSCs (*p < 0.05, **p < 0.01) is shown. Compared with the controls, treated 
samples show significant down-regulation in the expression of SOX9 and LGR5. The expression of WNT5A, down-regulated in 7DHC. SHH expressions are down- 
regulated in BM15766 treated Sample but not in 7-DHC. The one way ANOVA was used for the statistical analysis. Treatment with 7-DHC and BM15766 can reduce 
the expression of some or all of these genes.. Immunofluorescence analysis showed that (E) SOX9, (F) LGR5 and (G) Wnt 5A (Red) expressions are down-regulated 
compared with the control. Staining for the merge of SOX9, LGR5 and WNT 5A with DAPI respectively.

https://doi.org/10.1371/journal.pone.0308455.g002

https://doi.org/10.1371/journal.pone.0308455.g002
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activity was downregulated upon treatment with 7DHC. However, no substantial downreg-
ulation was observed in the sample treated with BM15766. The results were expressed as the 
mean ±  SD (*P ≤  0.05, **P ≤  0.01).

The RT-PCR results were further corroborated through protein expression. The immuno-
fluorescence analysis revealed that, in comparison to the untreated samples, the cells express-
ing with SOX9, LGR5, and WNT5A were noticeably reduced in the treated samples.  
Specifically, Fig 2E depicts the diminished expression of SOX9 after treatment with 7DHC and 
BM15766. In the case of LGR5 (Fig 2F), the treated images demonstrate reduced expressions 
compared to the control. Similar reductions were observed in the expressions of WNT5A 
proteins (Fig 2G), as seen with SOX9 and LGR5.

3.4.  7DHC and BM15766 halt hair regrowth by altering cholesterol 
biosynthesis
After administering a 15-day treatment of (Fig 3A) 7DHC and (Fig 3B) BM15766 on the 
mouse scalp, a comprehensive absence of hair regrowth was detected, suggesting the robust 
inhibitory properties of both compounds. Based on the observed outcome, it was postulated 

Fig 3.  7DHC and BM15766 treated mice (C57BL/6; n = 5) failed to regrow the hairs. Treatment with topical (A) 7DHC and (B) BM15766 resulted in a reduction in 
hair growth when compared to mice treated with Ethanol/DMSO. However, while hair growth was successfully restored in the mice treated with the vehicle, it did not 
recover in the treated group. Real-time PCR validation of LGR5, WNT 5A, SOX9 and SHH gene expression in mouse skin treated with (C) 7DHC and (D) BM15766 
compared with vehicle-treated (Ethanol/ DMSO) controls (n =  5; * p,0.05, **p,0.01). Treatment group can down-regulate the expression of some or all of these genes. 
(E) Labeling with BrdU during the pulse phase and the subsequent chase period, the experiment did not yield conclusive evidence of stem cell populations retaining 
the BrdU label in 7DHC and BM15766 treated mice. In contrast the control (Ethanol/ DMSO) tissues the experiment showed the presence of BrdU labeling. TMR red 
imaging revealed a higher number of apoptotic or DNA damaged (red color) cells in the (F) BM15766 and (G) 7DHC treated samples compared to the + ve and vehicle 
(Ethanol/ DMSO) control group. Tissue counterstained with DAPI(nucleus).

https://doi.org/10.1371/journal.pone.0308455.g003

https://doi.org/10.1371/journal.pone.0308455.g003
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that the diminished hair regeneration could potentially be linked to modified expression 
patterns of hair follicle stem cell marker genes in the treated samples. To substantiate this 
hypothesis, we performed a reverse transcription polymerase chain reaction (RT-PCR) study 
on scalp tissues from mice, specifically targeting prominent stem cell markers such as SOX9, 
LGR5, SHH, and WNT5A.

The RT-PCR study confirmed our initial hypotheses, as evidenced by the decreased 
expression of stem cell marker genes in the (Fig 3C) 7DHC and (Fig 3D) BM15766 treated 
samples compared to the vehicle control. This observation provides more evidence to support 
the hypothesis that disruptions in the process of cholesterol production could potentially 
contribute to the compromised ability of hair to regrow and the detrimental effects on hair 
follicle stem cells. The potential contribution of sterol intermediate buildup resulting from the 
interruption of cholesterol production pathways to the observed damage in stem cells is worth 
considering.

3.5.  In vivo 7DHC and BM15766 treated samples exhibits stem cell exhaust
To identify the fate of stem cells, we conducted a BrdU pulse-chase experiment, which aids in 
locating label-retaining cells in the in vivo (Fig 3E) system. During the BrdU pulse phase and 
the subsequent chase period, the experiment failed to provide conclusive evidence of stem 
cell populations retaining the BrdU label in BM15766 and 7DHC treated mice. However, in 
stark contrast, the control tissues treated with DMSO/ethanol exhibited the presence of BrdU 
labelling. The absence of BrdU-labelled cells in the BM15766 and 7DHC treated mice suggests 
these compounds might adversely affect stem cell function and differentiation. A plausible 
hypothesis posits that the suppression of cholesterol production and the buildup of sterol 
intermediates have a detrimental impact on the functionality of stem cells. Cholesterol and its 
derivatives are key components in many cellular functions, encompassing the establishment 
and maintenance of cell membrane integrity, intercellular communication, and the regulation 
of gene expression. Impairment of these pathways may result in compromised maintenance 
and proliferation of stem cells.

3.6.  Increasing proportion of “TUNEL” positive cells in in vivo 7DHC and 
BM5766 treated sample
The disappearance of label-retaining cells in the presence of 7DHC and BM15766 raises 
intriguing questions about the fate of stem cells and the possibility of apoptosis. The presence 
of TUNEL-positive cells would provide strong evidence of apoptotic events in the stem cell 
population. The TMR red imaging demonstrated a notably elevated count of apoptotic or 
DNA-damaged cells (indicated by the red colour) in the BM15766 (Fig 3F) and 7DHC (Fig 
3G) treated samples when compared to both the positive control group and the vehicle (eth-
anol) control group. The tissue was counterstained with DAPI to visualize cellular structures, 
highlighting the nuclei accurately.

3.7.  Effect of inhibited cholesterol biosynthesis and intermediates on 
human hair follicle organoid culture
The hair follicles were exposed to 7DHC and BM15766 for four days and evaluated the stem 
cell changes (Fig 4A). No apparent alterations were observed in the hair follicles of the control 
group during the investigation. Nevertheless, a notable disparity was detected among the 
group that received treatment, as the length of the follicles exhibited a substantial decrease. 
The formerly orderly and condensed arrangement exhibits signs of deformation, indicating 
possible impairment of the stem cell microenvironment. Additionally, there are indications 
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of degradation in the hair matrix, the crucial area responsible for initiating hair fibres. The 
presence of structural modifications, disrupted cellular arrangement, and degradation of the 
hair matrix collectively suggest potential disturbances in the functionality of stem cells and the 
process of hair regeneration.

3.8.  Human hair follicle stem cell markers were downregulated in ex vivo 
culture
The inhibited cholesterol biosynthetic pathway has demonstrated its ability to impact the 
functioning of hair follicle stem cells. The obvious down-regulation of stem cell markers 
serves as evidence that this claim has support from both in vitro and in vivo model systems. 
The results were highly promising and further confirmed the negative regulation the inhibited 
cholesterol biosynthetic pathway imposed on hair follicle stem cell marker genes, including 

Fig 4.  Inhibitory effect of 7DHC and BM15766 in HF organoid culture. (A)The diagram provides a visual representation depicting the detrimental effects of 
BM15766 and 7DHC on the hair follicle bulge. The hair follicle bulge, a critical region housing stem cells. The detrimental impact on the bulge region is indicated by 
structural alterations, disruption of cellular organization, deterioration of hair matrix and the hair fiber pushed upwards within the follicle. The real-time PCR validation 
of (B) LGR5 and (C) SOX9 gene expression in 7-DHC and BM15766- treated samples, HF (*p < 0.05, **p < 0.01) is shown. Compared with the controls, treated samples 
show significant down-regulation in the expression of SOX9 and LGR5 The one way ANOVA was used for the statistical analysis. (D) Immunofluorescence imaging of 
the LGR5 (Alexa fluor 488) in HFs with DAPI counter staining. Compared with the control, treated samples shows reduced expression of LGR5. (E) Immunofluores-
cence imaging of the expression of K15 (Alexa fluor 594) and TUNEL positive cells, of HFs treated with 7DHC and BM15766. The HFs are counter stained with DAPI 
and finally merged. The treatment group showed higher apoptotic cells than the control group. Similarly the expression of K15 was drastically reduced when the HFs are 
exposed to 7DHC and BM15766 (F). TEM analysis of hair follicle (A) Control, (B) Vehicle, (C) BM15766, (D) 7DHC. In (A) control and (B) vehicle control, the sample 
shows a well-organized structure typical of a hair matrix. Connective tissue sheath that surrounds and supports the matrix cells. Keratin filaments, melanin granules and 
melanosomes are visible. Minimal intercellular space suggests tight packing of cells, characteristic of the proliferative zone in the hair matrix. While in (C) BM15766 and 
(D) 7DHC treated samples the matrix cells ruptured and discontinuous. Melanin granules are sparsely distributed and appear partially degraded. The keratin filaments 
are fragmented and disorganized. Degraded connective tissue sheath. Matrix (Mx), Keratin filaments (KF), Melanin granules (MG), melanosomes (M), Connective 
tissue sheath (CTS).

https://doi.org/10.1371/journal.pone.0308455.g004

https://doi.org/10.1371/journal.pone.0308455.g004
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(Fig 4B) LGR5, (Fig 4C) SOX9. Notably, these marker gene expressions were significantly 
downregulated, as evidenced by the results presented as mean ±  SD (*P ≤  0.05, **P ≤  0.01).

3.9.  Unlocked the secrets of hair follicles: 7DHC and BM15766 treatments 
revealed downregulated LGR5 and apoptosis of K15
Our in vitro and ex vivo experiments showed that LGR5 expression decreased significantly when 
cholesterol biosynthesis was stopped. Remarkably, we were able to replicate these similar results 
during ex vivo organ culture, strengthening the robustness of our findings. Consequently, the evi-
dence was unequivocal that follicles treated with 7DHC and BM15766 experienced a pronounced 
deterioration in LGR5 (Fig 4D) stem cell population, ultimately exerting a substantial influence 
on the overall hair follicle growth and cycling process. In addition to its presence in the bulge 
area of hair follicle cells, K15 is a crucial indicator of stem cell populations. Our results revealed 
a significant down-regulation of K15 (Fig 4E) expression in the treated samples, along with the 
identification of TUNEL TMR red expressions, indicating the presence of apoptotic cells.

3.10.  Transmission electron microscopy of hair follicle exposed to 7DHC 
and BM15766
When comparing the control group and the treated samples, TEM analysis of hair follicles 
showed clear and specific alterations in the structure at the ultrastructural level. The follicles 
treated with control and vehicle had healthy matrix cells, with keratin filaments that were 
tightly packed, an abundance of melanin granules, and melanosomes that were oval-shaped. 
These characteristics suggest that the cellular health is strong and melanin synthesis is active. 
However, follicles that were subjected to 7DHC and BM15766 exhibited notable damage, such 
as abnormal matrix cells, condensation, cell membrane damage, and chromatin condensation. 
The structural integrity was disrupted due to the presence of sparse and damaged melanin 
granules, as well as fractured and disordered keratin filaments. The results indicate that expo-
sure to 7DHC and BM15766 causes significant cellular and structural harm to hair follicles, 
which may result in compromised hair health and impaired follicle function.

4.  Discussion
The study reveals how cholesterologenic changes and subsequent sterol intermediate accumu-
lation might be responsible for the irreversible damage to hair follicles in individuals affected 
by PCA. Earlier studies have suggested that the persistent destruction of scalp hair follicles in 
PCA-affected individuals may be attributed to the depletion of hair follicle stem cells [20]. Our 
current study provides robust support for these findings, as our data reveals consistent down- 
regulation of components in the network analysis of signalling pathways (SOX9 & LGR5).  
Moreover, specific stem cell marker genes, including SOX9, LGR5, SHH, and WNT5A, were sig-
nificantly downregulated in the scalp of PCA patients, further corroborating our results. Karnik 
et al., have extensively studied the relationship between PCA and cholesterologenic changes [21]. 
Their findings suggest that the targeted deletion of PPARγ (a transcription factor involved in 
regulating lipid homeostasis) in follicular stem cells leads to scarring alopecia. PPARγ significantly 
influences lipid biosynthesis and inflammatory responses [21]. Notably, PCA patients exhibit a 
significant decrease in the expression of this transcription factor, indicating its role in lipid bio-
synthesis and hair follicle cell functioning. Consequently, cholesterologenic changes are deemed 
to play a crucial role in the inflammatory responses observed in individuals affected by PCA [4]. 
Based on this data, regulating cholesterol biosynthetic genes and hair follicle stem cell functioning 
are considered hallmark features of PCA. Hair follicle stem cells are paramount in PCA pathol-
ogy [22]. When these stem cells are affected for any reason, hair follicles are destroyed, rendering 
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them incapable of regrowth. Subsequently, the affected hair follicles enter the catagen stage, 
culminating in the formation of a fibrotic tract and scarring alopecia [23].

Prior research has consistently identified LGR5 as a reliable marker for hair follicle stem cells 
(HFSC) in the bulge region [24]. LGR5 and its associated signalling molecules play a crucial role in 
the maintenance and development of hair follicles. Proper LGR5 pathway activation is essential for 
the continuous renewal of hair follicles and hair regrowth after shedding. However, in individuals 
affected by PCA, the LGR5 pathway becomes downregulated or has reduced expression. This may 
result in the depletion or destruction of these stem cells, leading to a reduced ability to regenerate 
hair. Building upon this previous knowledge, we sought to delve deeper into understanding how 
changes in cholesterol homeostasis might influence hair follicle stem cell dynamics in PCA. In our 
in vitro analysis we observed significant down-regulation of hair follicle stem cell markers upon 
treatment with 7DHC and BM15766. 7- dehydrocholesterol is a cholesterol precursor. 7-DHC 
additionally acts as the biosynthetic precursor for vitamin D3 [25]. The pathophysiology of various 
human diseases is significantly influenced by the free radical oxidation of cholesterol and its 
precursors [26]. Our understanding of the membrane properties of 7DHC is limited, particularly 
its interaction with natural unsaturated lipids. Previous studies on monolayers have indicated that 
7DHC exhibits lower membrane condensation compared to cholesterol and desmosterol [27]. 
BM15766 has been widely used in in vivo investigations to examine the mechanisms involved in 
cholesterol biosynthesis. Its significance in analysing the coordinated regulation of HMG CoA 
metabolic enzyme expression has been demonstrated by earlier studies [26,28–31]. More specif-
ically, research has shown that BM15766 can lower brain total cholesterol levels [32]. The signif-
icance of BM15766 as a pharmacological tool for comprehending cholesterol metabolism and 
its consequences for hormone synthesis is highlighted by these results. The potential therapeutic 
relevance of BM15766 in disorders like hypercholesterolemia, which are linked to dysregulated 
cholesterol metabolism, is suggested by its capacity to modify the expression of the enzyme.

Recent studies have revealed that hair follicles have the capacity for intrafollicular de novo biosyn-
thesis of cholesterol, with a key enzyme, 24-dehydrocholesterol reductase (DHCR24), being highly 
expressed in these follicles. 24-dehydrocholesterol reductase is crucial in converting desmosterol to 
cholesterol, contributing to the cholesterol levels necessary for proper hair follicle function [33,34].

So, the altered cholesterol biosynthetic pathway using 7DHC and BM15766 also satis-
fied the previous study’s report that the inhibited cholesterol biosynthetic pathway induces 
the accumulation of sterol intermediates and leads to inflammatory infiltration and further 
hair loss [4]. While the impact of lipids on hair follicle (HF) biology is well recognized, the 
precise functions influenced by cholesterol still need to be clarified. Cholesterol’s connection 
with the lipid-rich sebaceous gland in HF suggests its potential significance. Although some 
associations have been identified between sterol levels and specific hair disorders, the exact 
role of cholesterol in hair health requires further investigation. Additionally, drug therapies 
that modulate lipids have been reported to affect hair loss and growth, indicating the complex 
interplay between lipids and hair physiology [35,36]

The mice receiving 7DHC and BM15766 treatments showed clear signs of epidermal thick-
ening, fibrosis, and a failure to regrow hair. Lipids and their role in hair follicle (HF) biology 
are crucial, and cholesterol, in particular, has long been suspected of significantly influencing 
hair growth. We now understand that disruptions in cholesterol balance are intricately tied 
to conditions like PCA, where hair follicles are permanently damaged, and congenital hyper-
trichosis, characterized by excessive hair growth due to mutations in cholesterol transporters. 
Moreover, there’s a fascinating connection between abnormal lipid levels in the body, known 
as dyslipidemia, and androgenic alopecia, a common form of hair loss linked to hormones [6]. 
Cholesterol plays a crucial role in the physiology of the skin by serving as a fundamental com-
ponent in maintaining the integrity of the epidermal barrier [37] and serving as a precursor 
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for the synthesis of steroid hormones [38]. Cholesterol modifications play a crucial role in 
facilitating signal transduction within the Wnt-β-catenin and hedgehog pathways [16], which 
are essential components in regulating the human hair follicle (HF) cycling process [17].

Additionally, the observed down-regulation of stem cell markers in the treated samples 
provides further insight into their fate. For example, the N-terminus of Hedgehog (Hh) is altered 
by adding a fatty acid palmitate to a conserved cysteine residue, while the C-terminus is modi-
fied with cholesterol. In the case of WNTs, they undergo palmitoylation on the first conserved 
cysteine (C77), which is present in all WNT molecules. Genetic evidence indicates that these 
lipid modifications are essential for localizing WNT and Hh proteins to cell membranes, a 
prerequisite for their effective function in hair follicle development and cycling [39]. An exper-
iment involving a targeted mutation in the mouse’s endogenous Hh gene, specifically the sonic 
hedgehog gene, revealed that when cholesterol modification is disrupted, it leads to a reduction 
in the effective range of Hh activity, potentially even resulting in a complete loss of Hh function 
[40]. Loss of PPARγ [21,41] or the accumulation of sterol precursors [36] can lead to disruptions 
in fatty acid metabolism and cholesterol biosynthesis. These disruptions can hinder the proper 
lipid modification of Wnt and Hh proteins, potentially causing interference with hair follicle 
development and cycling. Through the TUNEL apoptotic assay, it became evident that there 
was an increased count of apoptotic cells within the treated samples. This finding aligns with the 
observed decline in stem cells during the label retention pulse-chase experiment.

Our study elucidated the functional characteristics of stem cells at the molecular level, 
revealing a significant observation regarding the decreased expression of crucial markers 
associated with hair follicle stem cells. Specifically, the markers SOX9, SHH, LGR5, and WNT 
5A were found to be downregulated in hair follicles treated to 7DHC and BM15766. The 
downregulation described may play a significant role in elucidating the mechanism behind 
the irreversible degeneration of hair follicles reported in persons affected by PCA. When the 
expression of these markers is dramatically reduced, it seems to impede the intrinsic capac-
ity of the hair follicle to undergo repair and regeneration. Consequently, the inflammatory 
process in primary cicatricial alopecia (PCA) causes irreversible damage to the hair follicles, 
resulting in permanent hair loss that cannot be restored through natural regeneration mecha-
nisms. Comprehending these molecular pathways is of utmost importance in devising tailored 
interventions and therapies to address the fundamental aetiology of hair loss in individuals 
afflicted by PCA. This discovery presents opportunities for further investigation and thera-
peutic approaches focused on reinstating the normal expression of these stem cell markers 
which may facilitate the regeneration of hair follicles and promote hair growth.

We performed an ultrastructural investigation of hair follicles, which yielded encouraging 
outcomes in investigating their internal structures at the nanoscale. This research consider-
ably enhanced our comprehension of hair growth and the development of follicles. Tobin et al. 
state that anagen hair follicles have a dermal papilla (DP) that is vascularized and extends into 
the hair bulb. The DP is connected to the connective tissue sheath (CTS) and is surrounded by 
an epithelial hair matrix (MX) containing melanocytes and keratinocytes [42]. The bound-
ary between the mesenchyme and the hair follicle epithelium expands during the anagen 
phase. The peak occurs during the late anagen phase of the hair follicle when the follicular 
papilla becomes integrated into the center of the epithelial hair bulb [43]. Communication 
between the follicular papilla and the epithelium of the hair bulb is believed to be the most 
important part of anagen hair follicles. The substances produced by the follicular papilla cells 
are believed to control the growth and specialization of the epithelial hair bulbs [44]. During 
the beginning of the catagen phase, the follicular papilla cells detach from the basal lamina 
and display cytoplasmic autophagic vacuoles that previously contained synthetic organelles 
[45]. Moreover, there is a significant decrease in the growth and specialization of hair matrix 
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keratinocytes, resulting in the completion of hair shaft formation. The proximal hair follicle 
epithelium undergoes well-coordinated apoptosis, reducing hair follicle length by up to 70% 
[44]. The hair follicles in our study were damaged due to worsening interactions within the 
hair matrix. This led to decreased signaling exchanges and a transition to the catagen phase.

Our research, summarized in Fig 5, demonstrates that the cholesterol biosynthesis pathway 
plays a critical role in maintaining hair follicle (HF) homeostasis and regulating the function 

Fig 5.  In individuals affected by PCA, there is a significant downregulation of genes associated with the cholesterol biosynthetic pathway. This down-regulation 
results in the accumulation of sterol intermediates, which triggers inflammatory responses within hair follicle (HF) stem cells, ultimately leading to the apoptosis of 
these stem cells. The inflammatory reactions involve various elements, such as Toll-Like Receptors (TLR), Interferons (IFN), and Transforming Growth Factor-beta 
(TGF-β). These inflammatory factors collectively have a suppressive effect on the phosphorylation of SOX9, a crucial protein in stem cell proliferation, particularly in 
the bulge of the Outer Root Sheath (ORS). This suppression further contributes to damage to the stem cells. To understand the mechanistic aspects of this process, we 
introduce two key compounds, 7-Dehydrocholesterol (7DHC) and BM15766, which artificially alter the cholesterol biosynthetic pathway. These compounds effectively 
mimic the conditions experienced by PCA-affected individuals. In this altered state of the cholesterol biosynthetic pathway, we find a significant connection with critical 
stem cell markers, specifically Hh, WNT, LGR5. The N-terminus of Hh is modified by adding palmitate to a conserved cysteine residue, while the C-terminus is modi-
fied with cholesterol. Similarly, WNT proteins undergo palmitoylation at their first conserved cysteine. These lipid modifications are crucial for the precise localization 
of both WNT and Hh proteins and further effective functioning in the development and cycling of hair follicles.In stem cell regeneration, Hh plays a pivotal role in 
promoting the proliferation of quiescent stem cells, ultimately leading stem cell regeneration. Similarly, WNT signaling is instrumental in regenerating Hair Follicle 
Stem Cells (HFSCs) during hair growth.The absence of cholesterol modification in Hh and WNT due to the altered cholesterol biosynthetic pathway disrupts stem cell 
proliferation. Moreover, this disruption affects downstream targets of the WNT pathway, such as LGR5, leading to the failure of its expression in the lower bulge, ORS, 
and IRS regions. Coupled with the presence of inflammatory cells, this disruption can culminate in the apoptosis of stem cells, ultimately contributing to the pathology 
observed in PCA-affected individuals.

https://doi.org/10.1371/journal.pone.0308455.g005

https://doi.org/10.1371/journal.pone.0308455.g005
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of resident hair follicle stem cells (HFSCs). Modulating this pathway, therefore, presents a 
potential target for therapeutic intervention in alopecia and regenerative medicine. This study 
focused on elucidating mechanisms to improve HFSC survival and resilience, with the aim of 
mitigating alopecia and advancing our understanding of the complex interplay between tissue 
regeneration and hair biology. These findings contribute to the development of novel, sustain-
able approaches for enhancing hair health and aesthetic outcomes.
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