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INTRODUCTION

Oral minoxidil has been used to treat hypertension 

since the 1960s. Hypertrichosis as a consequence of  

minoxidil treatment was observed shortly thereafter. These 

observations led to the development of  topical minoxidil as 

a treatment for hair loss. Although it was approved by the 

Food and Drug Administration for the treatment of  male 

androgenetic alopecia (AGA) in 1984,[1] our understanding 

of  its mechanism of  action on the hair follicle remains 

highly limited.[2]

Orally administered minoxidil lowers blood pressure by 

relaxing vascular smooth muscles through the action of  its 

sulfated metabolite, as an opener of  sarcolemmal adenosine 

triphosphate‑sensitive potassium channels (K
ATP

); it is 

postulated that the stimulatory effect of  topical minoxidil 

on hair growth is due to the opening of  K
ATP

 by minoxidil 

sulfate.[2‑5] One hypothesis of  the mechanism of  action of  

minoxidil concerns its vasodilatory properties. Cutaneous 
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ABSTRACT

Introduction: Minoxidil has been used topically to stimulate hair growth for male androgenetic 

alopecia (AGA) for more than 3 decades. It is currently being used for female AGA and alopecia 

areata (AA) as well. Although much time has passed since its first use, our understanding of its 
mechanism of action is highly limited. Therefore, we examined the inflammatory properties of AGA 
and AA, two entities in which minoxidil is being used as a therapeutic agent. We investigated the 

in vitro expression levels of cytokine interleukin‑1 alpha (IL‑1α), a potent inhibitor of hair growth, 
in minoxidil‑treated human keratinocyte (HaCaT) cells to determine whether this molecule exerts 

anti‑inflammatory effects. Materials and Methods: Cellular proliferation was examined using 

the Cell Proliferation Kit II (XTT) reagent. After determining a noncytotoxic concentration, HaCaT 
cells were treated with minoxidil. RNA was isolated from both untreated and treated cells with TRI 

Reagent®. Expression of the IL‑1α gene was determined by reverse transcription quantitative 
polymerase chain  reaction analysis and  is  reported  relative  to glyceraldehyde‑3‑phosphate 
dehydrogenase  (GAPDH), which served as a control. Results: Results are presented as 

IL‑1α/GAPDH fold change. Minoxidil treatment downregulated IL‑1α expression by 0.3433‑fold 

compared with untreated cells (P = 0.001).  Conclusion: This anti‑inflammatory effect of 
minoxidil, as evidenced by significant downregulation of IL‑1α gene expression in HaCaT cells, 
may represent one of its mechanisms of action in alopecia.
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blood flow increases 10–15 min after application of  topical 
minoxidil.[6] Several in vitro effects of  minoxidil have been 

described in monocultures of  various skin and hair follicle 

cell types, including increased cell proliferation, decreased 

senescence of  keratinocytes, inhibition of  collagen 

synthesis, stimulation of  vascular endothelial growth 

factor (VEGF), and prostaglandin synthesis.[2,7‑10] Some 

or all of  these effects may be relevant to hair growth, but 

application of  cell culture studies to the complex biology of  

the hair follicle is uncertain.[2] It is also known that human 

follicles respond biologically to K
ATP

 channel regulators in 
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culture and proteins for two K
ATP

 channels, sulfonylurea 

receptors (SUR) 1 and SUR2B, whereas minoxidil only 

stimulates SUR2 channels. Thus, Shorter et al. indicated 

that novel drugs designed specifically for these channels 
could treat hair disorders.[11]

Since the mechanism of  action of  minoxidil remains 

unclear, we examined a common feature observed in 

the pathogenesis of  diseases, in which minoxidil is used 

for treatment. The two most widely used indications of  

topical minoxidil are AGA and alopecia areata (AA). 

The inflammatory process is an integral part of  the 

pathogenesis of  AA, which is already described as an 

inflammatory disease.[12‑17] However, polygenic heredity 

and testosterone are assumed to be the main causes in 

AG, inflammation plays an important role. Lymphocytic 
microfolliculitis targeting the bulge epithelium along 

with deposits of  epithelial basement membrane zone 

immunoreactants were found as frequent findings in 
AGA.[18‑22] It is reported a sustained microscopic follicular 

inflammation with connective tissue remodeling in AGA.[19] 

Follicular microinflammation in early cases resulted in 
marked perifollicular fibrosis over time.[21] Furthermore, 

a significant association was depicted between early‑onset 
AGA and inflammation which was detected by the 

measurement of  high‑sensitivitiy C‑reactive protein in 

blood. [20] Thus, immunological changes have been 

suggested as a triggering factor in AGA.[18‑22] Among the 

various cytokines related to inflammation in alopecia, 
interleukin‑1 alpha (IL‑1α) has a direct growth inhibitory 

effect on hair follicles and plays an active role in both 

AGA and AA.[13,14,16,18]

Due to its active role in diseases that are treated with 

topical minoxidil, we investigated the in vitro expression 

levels of  cytokine IL‑1α in minoxidil‑treated human 

keratinocyte (HaCaT) cells to determine whether this 

molecule exerts anti‑inflammatory effects.

MATERIALS AND METHODS

HaCaT‑cells

Hair follicles consist of  mesenchymal and ectodermal 

components. The ectodermal part is formed by an 

invagination of  epidermis into the dermis. The ectodermal 

hair bulb at the bottom of  follicle contains the hair 

matrix which produces the hair shaft. The mesenchymal 

component is dermal papilla, a small collection of  

specialized fibroblasts that is totally surrounded by 

ectodermal structures of  the bulb. Although the 

mesenchyme‑derived papilla regulates the epithelial 

follicle in many aspects, intrinsic dermal‑epidermal 

interactions are central to the development and growth 

of  hair. Besides the inductive powers of  dermal papilla 

cells, germinative epidermal cells of  the lower follicle 

also can stimulate hair growth.[23,24] HaCaT cells are the 

spontaneously immortalized human keratinocyte cell 

line that has been used for studies of  the epidermal 

homeostasis and its pathophysiology.[25] HaCaT cell line 

has a high differentiation potential in cell culture based 

on the expression of  various epidermal differentiation 

markers. Cell doubling time is approximately 24 h that 

provides to calculate dilutions for splitting cells.[26] Here, 

we studied with HaCaT cells both because the ectodermal 

keratinocytes are one of  the functional components of  

the follicle structure and are also the major producers of  

IL‑1α.[9,22,25,26]

Cell culture

HaCaT cells were cultured in Dulbecco’s modified 

eagle’s medium with high glucose, supplemented with 

10% heat‑inactivated fetal bovine serum and 100 U/mL 
gentamicin. Cells were maintained at 37°C in a humidified 
atmosphere at 5% CO

2
 in a New Brunswick™ (Innova®) 

incubator. All supplements and media were purchased 

from Sigma‑Aldrich.

Preparation of  the minoxidil solution

Minoxidil (522.5 mg) was dissolved in a 25‑mL distilled 
water/25‑mL ethanol mixture to obtain a 5 mM 
minoxidil solution. This solution was used as 100%; 

other concentrations (0.2, 1, 3, 5, and 10%) of  the 

solution were prepared by dilution with distilled water. 

We chose the concentration of  drug at the value which 

is nearest to 80% cell proliferation ratio. In general, to 

take this ratio higher, causes us to study with a very 

low concentration which may be inappropriate for 

the experiment. Hence, we used 1% concentration of  

minoxidil in this study.

Cell proliferation assay

HaCaT cel ls  were seeded onto 96‑wel l  plates 

(1 × 104 cells/well) and treated with the indicated 

concentrations of  minoxidil solution to assess cell 

proliferation. XTT and activator reagents (Roche) were 

added to the plates after a 72‑h incubation period, according 

to the manufacturer’s instructions. Cells were then 

incubated at 37°C for 4 h to ensure that the XTT reagent 

was reduced to the formazan compound. The optical 
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density of  the soluble formazan compound was measured 

at 495 nm on a microplate reader (Bio‑Rad Laboratories).

RNA isolation and reverse transcription

Total RNA was extracted from cells treated with 

minoxidil solution and from untreated cells with TRI 

Reagent® according to the manufacturer’s instructions 

(Sigma‑Aldrich). The concentration and purity of  the 

isolated RNA samples were determined by measuring 

the optical density at 260 nm and 280 nm on a 

BioSpec‑nano UV‑vis spectrophotometer [Shimadzu®]. 

The Transcriptor First‑strand cDNA Synthesis 

Kit (Roche) was used for reverse transcription (RT). 

cDNA synthesis was performed with 500 ng total 

RNA, 2 µM of  each gene‑specific primer for IL‑1α 

and glyceraldehyde‑3‑phosphate dehydrogenase 

(GAPDH) (Integrated DNA Technologies), 10 U 

Transcriptor Reverse Transcriptase, 20 U Protector 

RNase Inhibitor,  1 mM each deoxynucleot ide 

triphosphates, and 5× Transcriptor RT Buffer, according 

to the manufacturer’s instructions (Roche).

Real‑time quantitative polymerase chain reaction

RT‑quantitative polymerase chain reaction (qPCR) 

was carried out in a LightCycler® 96 Real‑Time PCR 

System (Roche). The amplification of  products was 

examined through intercalation of  the fluorescent 

dye SYBR® Green (FastStart DNA Green Master Kit; 

Roche). The reaction mixture contained 10 µL 2× SYBR® 

Green Master Mix, 0.5 µM of  each reverse and forward 

primer, 2.5 ng cDNA, and the appropriate amount of  

nuclease‑free water to bring the final volume to 20 µL. 
All samples were run in triplicate. A nontemplate control 

and 4 standards (1:1, 1:10, 1:100, and 1:1,000) were also 

included. The PCR conditions were determined separately 

for each target gene according to the melting and annealing 

temperatures of  the primers. Each parameter included a 

preincubation step for 10 min at 95°C followed by 45 cycles 

of  3 amplification and melting steps. A melting curve 
analysis was performed to verify primer specificity. For 
the quantitation of  RT‑qPCR results, the ΔΔC

t
 method 

was employed (2−ΔΔCt).

Statistical analysis

All data are representative of  three replicates (n = 3) and 

are expressed as the mean value. Statistical analysis was 

performed by an unpaired t‑test using GraphPad Prism® 5 

Software (GraphPad Software, Inc. San Diego, CA, USA). 

The P < 0.05 was considered statistically significant.

RESULTS

Cytotoxicity analysis (cell proliferation assay)

The cytotoxicity of  minoxidil (at the indicated concentrations) 
was determined based on the cell proliferation ratio of  
minoxidil‑treated cells to untreated cells; higher concentrations 
were toxic to HaCaT cells. The highest concentration that 
was not toxic was 1%. HaCaT cells were incubated with 1% 
minoxidil solution before total RNA isolation [Figure 1].

Gene expression analysis (real‑time qPCR)

Results are presented as the target gene/GAPDH fold change. 
The gene expression analysis through RT‑qPCR revealed that 
minoxidil treatment caused a significant downregulation of  
IL‑1α expression (P = 0.001) compared with untreated cells. 
Minoxidil treatment downregulated IL‑1α expression by 
0.3433‑fold compared with untreated cells [Figure 2].

DISCUSSION

The pilosebaceous unit is the site of  numerous cell and 
tissue interactions. It involves epithelial cells, the sebaceous 
gland, fibroblasts, dermal papilla, melanocytes, endothelial 
cells, and Langerhans cells of  the immune system. The 
histology and structure of  the follicle is well‑known. The 

Figure 1: Cytotoxicity analysis of minoxidil treatment. The dashed 

bar represents the nontoxic concentration chosen for subsequent 

experiments
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Figure 2: Gene expression levels of interleukin-1α after minoxidil 

treatment relative to control (untreated) cells (P=0.001). All data are 

representative of three replicates
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development of in vitro and in vivo models has provided 

insights on the role of  growth factors, such as VEGF, 

insulin‑like growth factor‑1, and transforming growth factor 

alpha, as well as androgens, such as dihydrotestosterone 

and cytokines, such as IL‑1. However, we are still far 
from understanding the diverse signals resulting from the 

harmonious development of  the hair follicle and the hair 

cycle.[9,27]

The two clinical entities AGA and AA both involve hair 

follicles, have a genetic predisposition, and consist of  

inflammatory mechanisms in their pathogenesis.[15,16,19,21,22,28] 

In AGA, scalp biopsies taken from both men and 

women have revealed follicular microinflammation and 
lymphocytic folliculitis targeting an immunologically 

driven trigger.[21,22] This sustained microscopic follicular 

inflammation associated with connective tissue remodeling, 
eventually resulting in permanent hair loss, is considered 

as a possible cofactor in the complex etiology of  AGA.[19] 

AA is a T‑cell‑driven autoimmune disease of  the hair 

follicle characterized by focal inflammatory lesions with 
perifollicular T‑cell infiltrates.[16,17]

The normal human epidermis is a rich source of  biologically 

active IL‑1α. Keratinocytes both synthesize this cytokine 

and respond to it through cell surface receptors, suggesting 

that the IL‑1 system may play an important role in epidermal 
physiology and inflammation.[29‑31] IL‑1α contributes to cell 

growth and repair functions in various epithelial cells and 

keratinocytes. During inflammation, injury, immunological 
challenge, or infection, it is overproduced and because 

of  its multiple biological properties it contributes to 

disease.[32] Although IL‑1α is prominent in skin wounding 

and inflammatory responses, it is downregulated during 
anagen phase of  hair cycle.[33,34] Higher concentration of  

IL‑1α exerts a rapid antiproliferative effect on hair follicles 

and is a potent inhibitor of  hair follicle growth that causes 

inhibition as a secondary response.[12,13,18,30,35] The serum 

levels of  IL‑1α are significantly elevated in patients with 
the localized form of  AA.[14] Despite data suggesting the 

inflammatory mechanism and the role of  cytokines in both 
AGA and AA, the mechanism of  action of  minoxidil, 

an agent used for the treatment of  both entities, on the 

inflammatory process is still unknown. Although the 

suppressive effects of  minoxidil on lymphocyte‑mediated 

immunologic phenomena have been reported,[36] the 

details and the role of  cytokines remain obscure. Among 

the various cytokines in the IL‑1 family, IL‑1α is the main 

inhibitor of  hair growth.[12‑14,16,18]

In our study, minoxidil caused significant downregulation 
of  IL‑1α gene expression in HaCaT cells compared with 

untreated cells. Considering the role of  the inflammatory 
process in both AGA and AA and the clinical efficacy 
of  minoxidil in both entities, as well as the results of  our 

study (i.e., the inhibition of  IL‑1α expression by minoxidil), 

this inhibitory effect may be one mechanism of  action of  

minoxidil.

Minoxidil sulfate is the active form of  minoxidil and 

sulfation is catalyzed by minoxidil sulfotransferase in 

a number of  tissues including skin. Among the skin 

structures, minoxidil sulfotransferase activity is condensed 

in epithelial cells such as proliferating keratinocytes and 

outer root sheath of  the follicle, rather than mesenchymal 

cells.[37,38] Some authors also propose that sulfotransferase 

activity in hair follicles predicts a patient’s response to 

topical minoxidil therapy and even it is reported the 

clinical utility of  a sulfotransferase test in ruling out a 

significant amount of  nonresponders to topical minoxidil 
for the treatment of  AGA.[39] Here, instead of  minoxidil 

sulfate we preferred to study with minoxidil in order not 

to intervene the natural interaction between the molecule 

and the cell. Due to the inhibitory role of  IL‑1α on human 

hair growth, it was previously suggested that identifying 

the “inflammatory alopecic individual” may be one of  
clinical interest to determine the individuals for whom 

anti‑IL‑1 strategies could be therapeutically significant in 
AGA.[18] Considering the anti‑IL‑1α effect of  minoxidil 

demonstrated in our study, this strategy may be another 

convenient method to exclude nonresponders to minoxidil 

therapy.
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