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Abstract: Trends in skin and hair treatments focus on natural products due to undesired effects of
chemically synthetic ingredients. This study aims to investigate the cosmeceutical effects of Equise-
tum debile (horsetail) extracts relating to anti-hyperpigmentation via tyrosinase, anti-wrinkle for-
mation via matrix metalloproteinases (MMPs), and anti-androgenic alopecia via 5a-reductase. Eth-
anolic extracts were sequentially partitioned into semi-purified fractions hexane, dichloromethane,
ethyl acetate, methanol, and methanol insoluble residue. The ethyl acetate fraction possessed the
highest total phenolic content (39.24 + 0.72 mg gallic acid/g), the strongest anti-tyrosinase activities
(583.33 +23.59 mg kojic acid/g), and potent collagenase inhibitions (ICso MMP-1 and MMP-2 of 0.82
+0.09 and 0.94 + 0.11 mg/mL, respectively). All extracts showed considerable inhibitions of 5a-re-
ductase ranging from 44.59 + 0.40 to 83.07 + 3.46% with the strongest activity from the dichloro-
methane fraction (1.48 + 0.06 mg finasteride/g). In conclusion, E. debile extracts exhibit cosmeceutical
potentials. This study suggests that the E. debile ethyl acetate fraction could be used as a promising
ingredient to organically treat hyperpigmentation and delay the skin aging process. In addition,
compared to the current recommended intake of finasteride (1 mg/day) for androgenic alopecia, the
dichloromethane fraction is proposed as an alternative source to naturally remediate hair loss.

Keywords: natural product; Equisetum; horsetail; tyrosinase; collagenase; 5a-reductase; hair; skin;
whitening; wrinkle

1. Introduction

Skin hyperpigmentation, wrinkles, and hair loss are not life-threatening conditions
but are serious concerns leading to higher risks of social pressure, low self-esteem, and
depression [1,2]. Tyrosinase, collagenases, and 5a-reductase are the most studied en-
zymes for potential remedies of skin and hair problems. The reactive oxygen species
(ROS) induced by ultraviolet (UV) radiation can cause skin hyperpigmentation disorders
and photoaging by oxidative damage of skin lipids, proteins, and DNA and setting off
enzymatic cascades relating to tyrosinase and collagenases [3]. UV radiation is also the
most significant risk factor for nonmelanoma and melanoma skin cancers [4-7].

Tyrosinase, a rate-limiting enzyme in melanogenesis, catalyzes a series of oxidations
converting L-tyrosine to 3,4-dihydroxyphenyl-L-alanine (L-DOPA) and dopaquinone.
The polymerization of several dopaquinones then gives rise to melanin, causing skin to
darken [6,8]. Melanin normally protects skin from UV radiation via shielding effects. It
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serves as a physical barrier scattering UV and an absorbent filter reducing UV penetration
through the epidermis [9]. However, when tyrosinase is overactivated by UV-induced
ROS, it causes unpleasant skin hyperpigmentation disorders such as pigmented acne
scars, senile lentigo, melasma, and freckles [10,11].

Collagenases are key enzymes attributed to collagen degradation, which results in
impaired skin structural integrity. Collagen is the main structural protein in the extracel-
lular matrix constituting not only skin but also cartilage, bone, and other connective tissue.
It is also involved in a wound-healing process by contributing to cellular migration and
new tissue development [12]. Collagenases are zinc-containing proteinases that are a type
of matrix metalloproteinases (MMPs). MMP-1 can trigger the breakdown of type I, Il and
III collagens, which are found abundantly in the dermis. On the other hand, MMP-2 is
responsible for the degeneration of not only collagen type I-III but also type IV and VII,
which mostly reside in the dermal-epidermal junction [13]. UV-induced ROS can increase
collagenase activities via the MAPK pathway [5,7]. When the ROS chronically and cumu-
latively induce the activities of collagenases, skin collagens can become depleted over
time, leading to wrinkle formation, aging skin, and delay of wound healing [14].

In addition to healthy skin, hair is another aesthetic concern for overall appearance.
Androgenic alopecia (AGA) is the most common hair loss affecting both men and women.
Early onset appears in the teens; however, most cases occur later in life. It affects 50% of
males by age 50 years and up to 70% by 70 years [15,16]. AGA is a genetic disorder of
dysfunctional androgens caused by the inordinate induction of 5a-reductase in hair folli-
cles [17]. This results in an acceleration of excessively converting testosterone to the higher
potent dihydrotestosterones, which then trigger the development of AGA pathogenesis
leading to hair loss and pattern baldness [18,19].

Nowadays, treatments addressing skin hyperpigmentation, wrinkles, and hair loss
mostly involve chemically synthetic compounds that often lead to undesired effects. Ty-
rosinase inhibitor hydroquinone is a depigmenting agent used to lighten darkened skin;
however, it causes dermatitis, edema, and ochronotic condition [20]. Skin aging remedies
involving topical hydroxyl acid to shed old sun-damaged epidermal layers, topical retin-
oids to improve fine lines, and directly injecting collagen to reduce wrinkles can lead to
hyperpigmentation, inflammation, and bacterial infection [21,22]. For hair loss, potassium
channel opener minoxidil and 5a-reductase inhibitor finasteride are the only two drugs
that are currently approved by the United States Food and Drug Administration (US FDA)
for AGA [2]. However, minoxidil causes erythema, dizziness, and tachycardia, while fi-
nasteride leads to erectile dysfunction, gynecomastia, and severe myopathy. Therefore,
there are rising demands for natural products as alternatives to chemically synthetic in-
gredients in skin and hair treatments. In addition, increasing awareness of the harmful
impacts of synthetic chemicals on the environment is another attribute accelerating the
growth of incorporating natural elements in cosmeceuticals.

Horsetails (Equisetum) are one of the oldest vascular plants that have existed prior to
the continental drift as indicated by fossil records. Equisetum comprises over thirty species,
and due to the adaptability to distinct climates, their distribution spans from the equator
to the northern hemisphere [23,24]. Horsetails are also known as the most ancient reme-
dies in several countries. E. arvense L., native to north America and Europe, is the most
investigated horsetail due to the long-standing traditional usage. Its medicinal values,
particularly for skin and hair care, have been recorded not only in folklores but also in
scientific literature. Traditionally, it is used to treat poorly healing wounds, hair loss, brit-
tle nails, bone fractures, diuretic, and rheumatic diseases, potentially due to the species’
high silica, total phenolics, flavonoids, phytosterols, and saponins [23,25,26]. In cosmeceu-
ticals, E. arvense extracts are recognized as a skin collagen-promoting agent, anti-aging
agent, and hair-promoting ingredient. Mixtures of E. arvense extracts with other herbs in
dietary supplements and topical formulations are known to promote healthy hair follicles
and hair growth. A placebo-controlled, single-blind, clinical instrumental study showed
that herbal formulations containing E. arvense extracts helped prevent hair from falling
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out and reduced hair loss [27]. In clinical trials, topical phytotherapy combining E. arvense
extracts with other herbal extracts showed benefits to brittle nail disorder. Ointment con-
taining E. arvense (3%) showed wound-healing effects [28]. Other clinical trials reported
the efficacies of E. arvense for benign prostate hyperplasia and chronic musculoskeletal
pain [29]. Additionally, the diuretic effect of E. arvense was superior to control but equiv-
alent to hydrochlorothiazide [30].

On the other hand, E. debile Roxb. Ex Vaucher, a species native to tropical Asia, is a
far less studied horsetail [24]. In Thailand, it is distributed throughout the northern high-
land with typical hills up to 500 m. Traditionally, the local hill tribe people prepare decoc-
tions of E. debile for strengthening hair, treating urinary incontinence, kidney stones and
backpain. Poultices of E. debile are used for healing warts, wounds, bone fractures and
joint pain. The similarity of morphological taxonomy, genetic relevance, and traditional
usages between the two species suggest that E. debile may possess comparative phyto-
chemicals and pharmacological activities to E. arvense. E. debile may possibly be a tropical
counterpart to a temperate E. arvense for the species’ medicinal benefits. Horsetail-based
commercial products are mostly derived from the E. arvense due to not only being highly
supported by scientific studies more often than other horsetail species but also being rec-
ognized and established as an herbal medicine in the monograph of European Pharmaco-
poeia 8th edition [31]. Conversely, E. debile is still underexploited despite potential medic-
inal values. E. debile has been studied for total phenolic content, antioxidant activities, an-
tibacterial activities, 5a-reductase inhibition, interleukin 6 (IL-6) secretion inhibition, eval-
uation of membrane irritation, cytotoxicity, and phytochemical isolations of pinocembrin,
chrysin, [3-sitosterol, flavonoid glycoside, fatty acids, and megastigmane diglucoside [32-
34]. However, previous reports were limited to the investigation of extracts obtained from
macerations.

Horsetail plants are known to accumulate considerable amounts of silicon (Si) [35].
Si is found in various tissues of the human body and present in 1-10 parts per million in
hair and nails [36]. Oral intake of choline-stabilized orthosilicic acid (a bioavailable form
of silicon) resulted in a positive effect on skin surface and skin mechanical properties as
well as on brittleness of hair and nails during a 20-week randomized, placebo-controlled
double-blind study of women with photodamaged skin [37]. However, determination of
Si content is mostly reported for E. arvense.

Therefore, this study aims to demonstrate the application of a sequential extraction
technique using a series of solvents with increasing polarities to acquire E. debile semi-
purified fractions. The obtained extracts were then investigated for silicon, phenolics, and
cosmeceutical effects by assessing the in vitro inhibition activities against tyrosinase, col-
lagenases, and 5a-reductase. This is the first report that compares E. debile crude extract
and semi-purified fractions for bioactivities relating to cosmeceutical applications. Addi-
tionally, several factors including pH, temperature, light, oxygen, metal ions, and other
chemical constituents could influence degradations of bioactive compounds. Therefore,
the present study also aims to evaluate stability profiles of cosmeceutical bioactivities
from E. debile extracts during storage.

2. Materials and Methods
2.1. Chemicals and Reagents

All chemicals and solvents used in this study were analytical grade. Folin-Ciocalteu
reagent, gallic acid, kojic acid, 1,10-phenanthroline, (-)-epigallocatechin 3-gallate (EGCG),
finasteride, L-3,4-dihydroxyphenylalanine (L-DOPA), and tyrosinase were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Ethanol, hexane, dichloromethane, ethyl ace-
tate, and methanol were purchased from Labscan (Dublin, Ireland). EnzChek Gelati-
nase/Collagenase assay kit (E-12055) was purchased from Molecular-Probes (Eugene, OR,
USA).



Appl. Sci. 2023, 13,1336

4 of 23

2.2. Plant Materials

E. debile plant materials were collected from field plots around the highland area of
the Mae-Na Agricultural station, Chiang Dao District, Chiang Mai Province in northern
Thailand during October to December 2016 following WHO guidelines on good collection
practices for medicinal plants [38] and EMA guidelines on collection for starting materials
of herbal origin [39]. Plant samples were authenticated by the Highland Research and De-
velopment Institute (public organization Chiang Mai, Thailand). The plant specimen was
maintained under the voucher number 0023246 at the herbarium facility, Faculty of Phar-
macy, Chiang Mai University, Chiang Mai, Thailand. Only the plant aerial parts were
used in this study. The harvested plant samples were thoroughly washed under running
tap water to remove soil, dust, and rock particles and then oven dried at 50 °C for 8 h. The
dried plants were cut into small pieces and pulverized to a coarse powder using a heavy-
duty blender prior to the extraction procedure.

2.3. Plant Extraction Procedures
2.3.1. Preparation of Crude Extracts

Ethanol is a commonly used solvent in botanical extraction, which is partly due to
safety and extractability for both non-polar and polar phytochemicals. It is also a well-
known solvent for polyphenol extraction and safe for human consumption. Therefore,
ethanol was used to obtain crude extract (CE) in the present study. The dried E. debile
coarse powder was immersed in 95% ethanol (1 kg dried plant per 10 L 95% ethanol). The
maceration was performed at room temperature for three days in a closed vessel with
occasional agitation and repeated three times. The supernatant of the macerated mixture
was collected by a vacuum filtration step using Whatman filter paper grade 1 (particle
retention (liquid) at 11 pm and diameter of 90 mm) to remove plant tissue residues. Total
filtrate was then dried by using a rotary evaporator under reduced pressure to produce a
crude extract (CE). The ethanolic crude extracts were stored at 4 °C until further isolation
of semi-purified fractions.

2.3.2. Isolation of Semi-Purified Fractions by Solvent-Solvent Partitioning Method

Prior to the fractioning process, CE was resuspended by methanol rather than etha-
nol. This is because methanol is immiscible with hexane, which was the first non-polar
solvent in the partitioning process. Additionally, methanol has similar extractabilities to
ethanol to recovering high amounts of phenolics and flavonoids [40—42].

The CE samples were submitted to a partitioning process modified from previous
methods [43,44] by using various organic solvents to sequentially extract the compounds
from a low to high range of polarities. This technique partitioned CE by polarities of com-
pounds into four fractions of hexane (HF), dichloromethane (DF), ethyl acetate (EF), and
methanol (MF), as shown in Figure 1. The experiment was performed in triplicate, and the
percentage yield for each fraction was calculated according to a following equation:

%yield = dry weight of semi-purified fraction/dry weight of crude extract x 100
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l crude extract 10 g (CE) ‘

resuspend with 90% methanol 200 mL
v

l 90% methanol extract ‘

partition with hexane 200 mL, three times
‘ l

hexane fraction (HF) l ‘ 90% residual methanol extract |

l add water 160 mL

‘ 50% methanol extract |

partition with dichloromethane 200 mL, three times

. l

l dichloromethane fraction (DF) ‘ ‘ 50% residual methanol extract

‘ partition with ethyl acetate 200 mL, three times

, l

lethyl acelalel’raclion(EF)l ‘ 50% residual methanol extract .

s rotary evaporator
resuspend with methanol and filter
. l
methanol fraction (MF) methanol insoluble residue (MR)
(filtrate, dissolved in methanol) (solid residue, precipitate)

Figure 1. Partitioning of E. debile crude extract (CE) to obtain fractions hexane (HF), dichloromethane
(DF), ethyl acetate (EF), methanol (MF), and methanol insoluble residue (MR).

2.4. Determination of Silicon (Si)

Plant extracts (30 mg) were re-suspended in deionized water (8 mL) using a sonicator
at 60 °C for five minutes. The solutions of crude extract and hexane fraction were filtered
by 110 nm filter paper (WINTECH). The solutions of dichloromethane, ethyl acetate and
methanol fractions were filtered by a 0.22 uM filter membrane (Nylon). The volumes of
all filtrates were adjusted to 10 mL and then subjected to an acid digestion process prior
to silicon analysis. Samples were submitted to the Central Science Laboratory, Faculty of
Sciences, Chiang Mai University (Chiang Mai, Thailand) for a silicon analysis procedure.
The measurements of silicon were determined by inductively coupled plasma—-optical
emission (ICP-OES) spectrometer (Perkin Elmer Optima 7300 DV) with the operational
system (parameter and conditions) described in Table 1.

Table 1. Operational parameters of inductively coupled plasma—optical emission (ICP-OES) spec-
trometer for silicon (Si) determination from E. debile extracts.

Instrument Parameters Operational Conditions

ICP RF power (w) 1300
Plasma gas (L/min) 15
Auxiliary gas (L/min) 0.2
Nebulizer gas (L/min) 0.8

Viewing type Axial
Read delay (seconds) 15
Replicates 3

Sample flow rate (mL/min) 1.5
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Flush time (seconds) 25
Wavelength (nm) Si212.412

2.5. Determination of Total Phenolic Content by Folin—Ciocalteu Assay

Total phenolic contents of E. debile extracts were investigated using the Folin—Ciocal-
teu method. Gallic acid was used as a standard for a quantification of total phenolic con-
tent. The gallic acid was dissolved in 95% ethanol, and the solutions were prepared in
various concentrations to construct a standard curve. A volume of 300 pL of gallic acid at
each concentration was mixed with 1.5 mL of Folin—Ciocalteu reagent (10% v/v) and kept
at room temperature in the dark for three minutes, which was followed by an addition of
1.2 mL Na2COs (75 mg/mL). Incubation of the reactions continued for 30 min. The sample
absorbance was measured at 731 nm by using a spectrophotometer (Beckman Coulter
DTX880, Fullerton, CA, USA). The experiment was performed in triplicate for each gallic
acid concentration. For plant samples, the procedure was also carried out similarly to gal-
lic acid. All dried extracts were re-suspended by 95% ethanol prior to mixing with Folin—-
Ciocalteu reagent. Total phenolic content of plant samples was expressed as gallic acid
equivalents (GAE) by extrapolating its corrected absorbance against the gallic acid cali-
bration curve.

2.6. Determination of Tyrosinase Inhibition (Skin-Whitening Activity)

Melanin is a brown pigment that plays a major role to induce a darkened complexion
of skin appearance. Lowering melanin production via an inhibition of tyrosinase activity
has been recognized to brighten a dark skin shade, leading to a lighter or whitening ap-
pearance. Therefore, a skin-whitening property of E. debile extracts was investigated via
the inhibitory capacity against the activity of tyrosinase using a dopachrome 96-well plate
method with some modifications [45]. Briefly, tyrosinase accelerated an enzymatic reac-
tion to convert L-DOPA substrate to brown pigment products (pheomelanin and
eumelanin) that were quantified using a UV-Vis spectrophotometer with an absorbance
at 492 nm. Before testing, the E. debile extracts were re-suspended in 50 mM phosphate
buffer pH 6.8. The reaction was a mixture of 50 uL L-DOPA (15 mM in 50 mM phosphate
buffer pH 6.8) and 50 pL plant extract, which was followed by an addition of 50 pL tyro-
sinase (100 units/mL). The experiment was carried out in a 96-well microplate, and the
absorbance was measured before and after an activation of tyrosinase activity. The incu-
bation condition was maintained at 37 °C (to mimic human skin temperature) for 60 min
to initiate an enzymatic reaction. The following equation was used to compute the percent
tyrosinase inhibition [32]:

% inhibition = [(A - B) - (C - D)]/(A - B) x 100,

where A is an absorbance of plant samples before an enzymatic incubation with B as a
blank. C is an absorbance of plant samples after the incubation with D as a blank.

Kojic acid, a well-known tyrosinase inhibitor, was used as a standard. Kojic acid so-
lution was prepared in various concentrations to obtain a calibration curve. The enzymatic
reaction of kojic acid was performed similarly to the plant samples described above. The
inhibitory capacity of E. debile against tyrosinase activity was expressed as KAE values
(mg kojic acid equivalent per gram plant sample) using an equation derived from a kojic
acid calibration curve and ICso value which is the inhibitor concentration leading to 50%
activity loss.

2.7. Determination of Collagenase Inhibition (Anti-Wrinkle Activity)

Excessive and prolonged oxidative stress can promote the skin aging process associ-
ated with an occurrence of wrinkles [46]. Additionally, during a skin injury, dermal fibro-
blasts engage cell-repairing mechanisms to restore skin integrity. Fibroblast cells play a
key role in the production of collagens and other proteins that constitute the dermis and
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preserve skin function [47]. Therefore, overactivated collagenase caused by oxidative
stress could degenerate collagens, leading to wrinkle formation and inhibiting the wound-
healing process. An inhibition of collagenase activity was proved to delay the loss of col-
lagen fibers. It is also associated with the potential prevention of skin damage prior to
injury. Collagenase inhibition could slow skin deterioration and aging processes, thereby
reducing the formation of wrinkles. Thus, this study examined the anti-wrinkle activities
of E. debile extracts via the inhibitions of collagenase activities.

Inhibition assays of MMP-1 and MMP-2 collagenase were conducted by using the
EnzChek Gelatinase/Collagenase assay kit (E-12055). The DQ collagen 1 was used as a
substrate for MMP-1, and the DQ gelatin was used as a substrate for MMP-2. The experi-
ments were performed according to the company’s instruction with some modifications.
Briefly, E. debile extracts were re-suspended prior to being tested. The testing solution was
a mixture of 20 uL of DQ substrates (12.5 mg/mL) and 80 pL of plant extract, which was
followed by the addition of collagenase (0.2 units/mL). The experiment was carried out in
a 96-well plate and incubated in the dark at room temperature for 90 min. Fluorescent
intensity of the enzymatic reaction was measured at excitation/emission of 485/538 nm by
a microplate reader. A well-known collagenase inhibitor, 1,10-phenanthroline, was used
as a standard. EGCG was used as a positive control. The following equation was used to
compute the percent collagenase inhibition [48,49]:

% collagenase inhibition = [(A - B) - (C - D)]/(A - B) x 100,

where A is a reaction with the presence of enzyme but without a testing sample, B is a
reaction without both a testing sample and enzyme, C is a reaction with the presence of
both a testing sample and enzyme, and D is a reaction with the presence of a testing sam-
ple but without enzyme. Additionally, an inhibitory capacity of E. debile against colla-
genase activity was expressed as an ICso value.

2.8. Determination of 5a-Reductase Inhibition (Anti-Hair Loss Activity)

A potential mechanism underlying the anti-hair loss activity of E. debile extracts was
investigated through its association with anti-androgenic activity via the inhibitory effect
against steroid 5a-reductase. The inhibitory capacities were determined by measuring the
remaining testosterone substrate using high-performance liquid chromatography (HPLC)
after a forced termination of an enzymatic reaction. The enzymatic preparation and inhib-
itory assay of 5a-reductase were conducted according to a previous method with some
modifications [50] described below.

2.8.1. Preparation of Rat Microsomal Suspension

The enzyme source used in the in vitro inhibition assay of 5a-reductase activity was
derived from rat microsomal suspensions obtained from the donated, unused livers of
two male Wistar rats in the control group of an unrelated study by Khat-udomkiri et al.,
2020 [51], in which all experiment protocols were approved by the Research Animal Care
and Use Ethical Committee, Faculty of Pharmacy, Chiang Mai University, Thailand (Eth-
ics approval no. 04/2015), in compliance with the National Institutes of Health and
ARRIVE guidelines for the care and treatment of animals. Unused parts of the donated
livers were homogenized in a solution (0.32 M sucrose and 1 mM dithiothreitol in 0.02 M
phosphate buffer at pH 6.5) at a ratio between liver mass and solution of 1:5. The resulting
homogenized liver mixture was centrifuged at 1500x g at 0 °C for 20 min. The retrieved
supernatant was then centrifuged at 4500x g twice at 0 °C for 30 min. The last two super-
natants were combined to produce the rat microsomal suspension as a source of 5a-re-
ductase. The suspension quality control was assessed by estimating protein content using
the previously reported method [52]. All supernatants were maintained at 50 °C until used
in an enzymatic reaction.
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2.8.2. Inhibitory Assay of 5a-Reductase Activities

E. debile extracts were re-suspended using either 50% ethanol or dimethyl sulfoxide:
ethanol (1:1) to produce a final concentration of 1 mg/mL prior to being tested for inhibi-
tory activities of 5a-reductase. The testing mixtures were prepared by combining 0.2 mL
of a plant sample, 1 mL of phosphate buffer (0.02 mM, pH 6.5), 0.3 mL of testosterone
substrate (500 ppm) in 50% ethanol, and 1 mL of a rat microsomal suspension (4 mg pro-
tein/mL). The enzymatic reactions were activated by an addition of 0.5 mL of NADPH
(0.77 mg/mL), which was followed by an incubation in a water bath at 37 °C for 30 min.
The reactions were immediately stopped by adding 5.0 mL dichloromethane. Propyl p-
hydroxybenzoate (100 ppm in 50% ethanol) was added to the sample as an HPLC internal
standard. The amount of remaining testosterone substrate in the terminated enzymatic
reaction was determined using the HPLC system (Agilent Technologies, Santa Clara, CA,
USA) equipped with the analytical reversed phase column Shodex C18-4E column (250 x
4.6 mm, 5 pm particle size) with the analysis conditions of column temperature at 40 °C,
a mobile phase of methanol:deionized water (65:35), a flow rate at 1 mL/min, an injection
volume of 10 pL, and a detection at 242 nm.

Negative and positive controls were prepared for computing the inhibitory capacity
of plant samples. The reaction mixtures for both controls were assembled and carried out
similarly to the plant samples described above. The negative control was an enzymatic
reaction without any inhibition (0% inhibition). It was prepared by substituting the plant
sample with 50% ethanol. The positive control represented 100% inhibition of 5a-reduc-
tase activity. It was prepared by using dichloromethane to denature any protein or en-
zyme from a microsomal suspension preceding an initiation of the enzymatic reaction.
The % inhibition was calculated by peak area ratio (R) of the remaining testosterone and
internal standard using the following equation [50]:

% inhibition = [(Rsample - Rnegative)/ (Rpositive - Rnegative)] x 100

In this study, finasteride was used as a commercial standard in order to compare an
inhibitory capacity of the E. debile extracts. Finasteride was prepared in various concen-
trations from 0.1 to 0.5 pM to produce a standard curve. The inhibitory capacities of all
plant extracts against 5a-reductase were expressed as finasteride equivalent 5a-reductase
inhibitory activity (FEA) values, representing a unit of mg finasteride equivalent per 1 g
plant extract.

2.9. In Vitro Cytotoxicity Test Using MTT Assay

Cell viability was assessed by a modified method [53] on human normal skin fibro-
blast (SF-TY) cell line (JCRB0075). Briefly, after the treatment with E. debile extracts, the
viability of SF-TY cells was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl te-
trazolium bromide (MTT-Sigma-Aldrich, St. Louis, MO, USA) assay. The MTT is reduced
by mitochondrial dehydrogenases to the water-insoluble purple compound formazan, de-
pending on cell viability. Cells were maintained in Dulbecco’s Modified Essential Me-
dium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1x penicillin-strep-
tomycin. Then, 100 pL of cells (8 x 10* cells/mL) was seeded in 96-well plates and incu-
bated at 37 °C and 5% COz for 24 h. After, cells were treated with 100 UL of E. debile extracts
with the concentration obtained from the bioactivity results, which covered ICso values at
1,2.5,5,7.5 and 10 mg/mL. Plates were then incubated at 37 °C and 5% CO: for 24 h. After
the incubation, plates were washed with PBS; then, 20 pL of MTT solution (5 mg/mL in
PBS) was added to each well and incubated at 37 °C for 3 h. The medium was discarded,
and formazan crystals were suspended with 100 puL of dimethyl sulfoxide (DMSO-Sigma-
Aldrich, St. Louis, MO, USA). The absorbance was measured at 570 nm and percentages
of viable cells and ICso were calculated using the following equation [54]:

% cell viability = (Absorbancesrests/ Absorbancescontrot) x 100,
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where Absorbancescontrol is the absorbance of cells treated with 1% DMSO and Absorb-
ancesrests is the absorbance of cells treated with plant extract.

2.10. Stability Study

E. debile crude extract and semi-purified fractions were stored in tight container clo-
sures and protected from light. All samples were then kept in a stability cabinet under an
accelerated storage condition at 40 °C for three months to study extract stability profiles.
The degradation of some phytochemicals could affect the cosmeceutical potentials of the
extracts; therefore, the extract stability was determined by comparing the in vitro inhibi-
tory activities against tyrosinase, collagenases, and 5a-reductase between month 0 and
month 3.

2.11. Statistical Analysis

Significant differences were evaluated by Student’s t-test and one-way ANOVA fol-
lowed by post hoc tests using GraphPad Prism v8.0 (GraphPad, La Jolla, CA, USA) and
SPSS 17.0 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. E. debile Crude Extract and Semi-Purified Fractions

The extract yields and physical appearances were distinct among the fractions (Fig-
ures 2 and 3). HF had the highest yield (43.64 + 1.80%), which was followed by DF (24.03
+1.72%), MR (11.25 + 6.77%), MF (10.50 + 0.52%), and EF (3.88 + 0.27%). CE was blackish
brown, highly sticky, and semi-solid. The appearances of HF and DF were both blackish
greens and highly viscous. On the other hand, EF was deep brown and sticky. MF was
golden brown and slightly sticky, and MR was creamy white and a salt-like coarse pow-
der. Taken together, this suggests that the solvent-solvent partitioning method allowed
the isolation of the semi-purified fractions from crude extract, depending on the constitu-

ent polarity indices.

= HE DF EF MF MR

Figure 2. Physical appearances of E. debile hexane fraction (HF), dichloromethane fraction (DF),
ethyl acetate fraction (EF), methanol fraction (MF), and methanol insoluble residue (MR).
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Figure 3. E. debile crude extract (CE) sequentially partitioned into semi-purified hexane fraction
(HF), dichloromethane fraction (DF), ethyl acetate fraction (EF), methanol fraction (MF), and meth-
anol insoluble residue (MR). The % yield is a ratio of fraction weight and crude extract weight. All
data are presented as mean * SD of three independent experiments. Superscript letters (a, b, ¢, and
d) indicate significant differences of means between the groups based on Tukey’s HSD one-way
ANOVA (p-value < 0.05).

3.2. Determination of Silicon Contents

Some portions of silicon presented in the plant samples were extractable by ethanolic
maceration and a sequential partitioning with various solvents (Table 2). The extractable
silicon varied between 0.012 and 0.033% depending on the extraction methods and sol-
vents. CE yielded the highest extractable silicon (0.033%). The yields were similar among
HF (0.022%), DF (0.018%), and EF (0.019%). The least silicon amount was found in MF
(0.012%). The silicon amount combined from all fractions yielded two-fold higher than the
crude extract, which indicates that the silicon element in E. debile samples might be pre-
sented in various complex forms, leading to the variation of extractability. Therefore, the
silicon components of E. debile might possess some solubility ranges.

Despite Si being linked to cosmeceutical benefits of horsetail for skin, hair, and nail,
it was not related to the observed inhibition activities against tyrosinase (R? = 0.0313 and
regression p-value = 0.7758), Sa-reductase (R? = 0.1119 and regression p-value = 0.5821),
MMP-1 (R?=0.2381 and regression p-value = 0.4044), and MMP-2 (R?=0.1913 and regres-
sion p-value = 0.4613) of E. debile extracts, as shown in Figure 4.

Table 2. Extractable silicon contents from E. debile tissues.

Extracts  Extract Mass (mg) Extractable Si (mg+SD) % Extractable Si + SD

CE 32.6 0.0109 £ 0.00011 0.033 + 0.0003 &>
HF 35.1 0.0078 + 0.00009 0.022 £ 0.0003 ®
i DF 33.6 0.0060 = 0.00004 0.018 £ 0.0001 ®
it EF 31.0 0.0059 + 0.00004 0.019 £ 0.0002 ®
v MF 32.9 0.0041 £ 0.00007 0.012 £ 0.0001 ®
vMR 32.6 0.0012 £ 0.00003 0.004 + 0.0001 b

v Successive partition of crude extract (CE) (10.45 + 1.20 g) into hexane fraction (HF), dichloro-
methane fraction (DF), ethyl acetate fraction (EF), methanol fraction (MF), and methanol insoluble
residue (MR). Superscript letters indicate significant differences between the groups based on
Tukey’s HSD one-way ANOVA (p-value < 0.05).
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Figure 4. Relative scatter plot of silicon content and inhibition activities of crude extract (CE), hexane
fraction (HF), dichloromethane fraction (DF), ethyl acetate fraction (EF), and methanol fraction
(MF); (a) anti-tyrosinase activity (regression p-value = 0.7758); (b) anti-5a-reductase activity (regres-
sion p-value = 0.5821); (c) anti MMP-1 activity (regression p-value = 0.4044); and (d) anti MMP-2
activity (regression p-value = 0.4613).

3.3. Determination of Total Phenolic Contents

Figure 5 shows that TPC were affected by solvents and extraction methods. The re-
gression equation derived from the gallic acid calibration curve was y = 0.0912x + 0.0091,
R? = 0.9992 and used to compute GAE values. The highest TPC was obtained from EF,
which was eleven-fold higher than the lowest, and comparative TPC values were obtained
from DF and HF. The TPC values of E. debile extracts were ranked by GAE as the follow-
ing: EF (39.24 + 0.72 mg GAE/g extract), CE (17.89 + 5.10 mg GAE/g extract), MF (9.70
0.21 mg GAE/g extract), DF (4.37 + 0.08 mg GAE/g extract), and HF (3.53 + 0.80 mg GAE/g
extract). The association between TPC and the inhibition activities against tyrosinase, 5a-
reductase, MMP-1, and MMP-2 of E. debile extracts was shown in Figure 6.

W)
o
g8 .
% "DF c
R
S "EF a
=
Lt.i 1VMF_ bc
YMR=$ ND
T T T T |
0 10 20 30 40 50

TPC (mg GAE/g extract)

Figure 5. Total phenolic contents (TPC) of E. debile extracts. =V Successive partition of crude extract
(CE) (10.45 + 1.20 g) into hexane fraction (HF), dichloromethane fraction (DF), ethyl acetate fraction
(EF), methanol fraction (MF), and methanol insoluble residue (MR). All data are presented as mean
+ SD of triplicates. Total phenolic contents were expressed as GAE (gallic acid equivalents). ND
indicates not detected. Letters (a, b, and c) indicate significant differences of means between the
groups based on Tukey’s HSD one-way ANOVA (p-value <0.05).
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Figure 6. Relative scatter plot of total phenolic content and inhibition activities of crude extract (CE),
hexane fraction (HF), dichloromethane fraction (DF), ethyl acetate fraction (EF), and methanol frac-
tion (MF); (a) anti-tyrosinase activity (regression p-value = 0.0236); (b) anti-5a-reductase activity (re-
gression p-value = 0.7437); (c) anti MMP-1 activity (regression p-value = 0.2424); and (d) anti MMP-
2 activity (regression p-value = 0.1753).

3.4. Skin-Whitening Activities of E. debile Extracts via the Inhibition of Tyrosinase Enzyme

Figure 7 and Table 3 demonstrate that the tyrosinase inhibitory capacities of E. debile
extracts were influenced by the extraction methods and solvents. The regression equation
derived from the kojic acid calibration curve was y = 8.8622x + 1.9838, R? = 0.998 and used
to compute KAE values. The highest anti-tyrosinase activity was from EF, which was
higher than the lowest activity from HF by 114-fold KAE values. HF and DF exhibited
similar potency of inhibition to CE; however, these three extracts exerted lower activities
than that of MF. Anti-tyrosinase activities were ranked by KAE and ICso values as the
following: EF, MF, DF, CE, and HF. This suggests that the partitioning extraction by ethyl
acetate was able to isolate strong tyrosinase inhibitors from E. debile crude extract.
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Figure 7. Anti-tyrosinase activities of E. debile extracts. v Successive partition of crude extract (CE)
(10.45 + 1.20 g) into hexane fraction (HF), dichloromethane fraction (DF), ethyl acetate fraction (EF),
methanol fraction (MF), and methanol insoluble residue (MR). All data are presented as mean + SD
of triplicates. Anti-tyrosinase activities were expressed as KAE (kojic acid equivalents). ND indicates
not detected. Letters (a, b, and c) indicate significant differences of means between the groups based
on Tukey’s HSD one-way ANOVA (p-value < 0.05).

Table 3. Anti-tyrosinase and anti-5a-reductase activities of E. debile extracts.

Extracts Anti-Tyrosinase Anti-5a-Reductase
ICso (mg/mL) FEA (mg Finasteride/g Extract)

CE 3.78+0.24 " 0.83+0.01¢

I'HF 596 +0.112 1.10+£0.01°
i DF 3.54+0.10° 1.48 +0.06 2
il BF 047 +0.124 1.13+0.01"
v MF 2.25+0.08 ¢ 0.90 +0.06 ¢
v MR ND 0.87+0.01¢

= Successive partition of crude extract (CE) (10.45 + 1.20 g) into hexane fraction (HF), dichloro-

methane fraction (DF), ethyl acetate fraction (EF), methanol fraction (MF), and methanol insoluble
residue (MR). All data are presented as mean + SD of triplicates. ICso is the half maximal inhibitory
concentration. FEA is the finasteride equivalent 5a-reductase inhibitory activity. ND indicates not
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detected. Superscript letters (a, b, ¢, and d) within the same column indicate significant differences
of means between the groups based on Tukey’s HSD one-way ANOVA (p-value < 0.05).

3.5. Anti-Wrinkle Activities of E. debile Extracts via the Inhibition of Collagenase Enzymes

Figure 8 demonstrates that the collagenase inhibitory capacities of E. debile extracts
varied by the extraction methods and solvents. All extracts except MR exhibited dose-
dependent inhibitions against both MMP-1 and MMP-2 collagenases. In addition, the in-
hibition patterns of MPP-1 were strongly consistent with MPP-2. The anti-collagenase ac-
tivities were ranked by the ICso values of both collagenases as the following: CE, EF, DF,
MEF, and HF. The MR showed no detectable activities of collagenase inhibitions. EF exerted
the highest inhibitions among all fractions, which were higher than the lowest activities
from HF by 3.1-fold of the ICso MMP-1 and 2.8-fold of the ICso MMP-2. The EF also con-
tained the richest total phenolic contents.

3-

D e

1-

IC;5 (mg/mL)

. L M .
CE 'HF "DF ""EF YMF

E. debile extracts

Figure 8. Anti-collagenase activities of E. debile extracts. -V Successive partition of crude extract (CE)
(10.45 + 1.20 g) into hexane fraction (HF), dichloromethane fraction (DF), ethyl acetate fraction (EF),
methanol fraction (MF), and methanol insoluble residue (MR). Anti-collagenase activities were ex-
pressed as ICso (the half maximal inhibitory concentration) of MMP-1 and MMP-2, which are the
matrix metalloproteinase type 1 and 2, respectively. All data are presented as mean + SD of tripli-
cates.

3.6. Anti-Hair Loss Activities of E. debile Extracts via the Inhibition of 5a-Reductase Enzyme

Figure 9 and Table 3 show the variation of 5a-reductase inhibitory capacities of the
E. debile extracts, depending on the extraction methods and solvents. The regression equa-
tion derived from the finasteride calibration curve was y = 187.84x - 4.3768, R2 = 0.9979
and used to compute FEA values. Extracts with a higher FEA value have a stronger inhib-
itory activity. All extracts showed inhibitions against 5a-reductase with the FEA values
ranging from 0.83 + 0.01 to 1.48 + 0.06 mg finasteride/g extract, representing the inhibitions
between 44.59 + 0.40 and 83.07 + 3.46%. Anti-5a-reductase activities were ranked by FEA
values and %inhibition as the following: DF, EF, HF, MF, MR, and CE. The DF displayed
the strongest 5a-reductase inhibition (83.07 + 3.46%). HF and EF showed comparative ca-
pacities of inhibitions at 60.86 + 0.39 and 62.45 + 0.83%, respectively. CE, MR, and MF
exhibited similar inhibitions at 44.59 + 0.40, 46.99 + 0.34, and 48.60 + 3.27%, respectively.
This suggests that the solvent-solvent partitioning method was able to isolate 5a-reduc-
tase inhibitors from CE, particularly by dichloromethane, which is the solvent with a mod-
erate polarity index. The presence of previously reported fatty acids and phytosterols in
E. debile might be responsible for 5a-reductase inhibitory effects.
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Figure 9. Anti-5a-reductase activities of E. debile extracts. =¥ Successive partition of crude extract
(CE) (10.45 + 1.20 g) into hexane fraction (HF), dichloromethane fraction (DF), ethyl acetate fraction
(EF), methanol fraction (MF), and methanol insoluble residue (MR). All data are presented as mean
+ SD of triplicates. Letters (a, b, and c) indicate significant differences of means between the groups
based on Tukey’s HSD one-way ANOVA (p-value < 0.05).

3.7. Evaluation of Anti-Tyrosinase, Anti-Collagenase, and Anti 5a-Reductase Activities of E.
debile Extracts during Storage

Storage conditions can affect phytochemical stability, leading to changes in the po-
tency and efficiency of extract bioactivities. Therefore, in the present study, all E. debile
extracts were kept under an accelerated storage condition at 40 °C for three months to
assess the stability of bioactivities as shown in Figure 10. No statistically significant dif-
ferences were observed in the activities of tyrosinase and collagenase (MMP-1 and MMP-
2) inhibitions between month 0 and month 3 of all extracts (p-value > 0.05). However,
slightly decreased activities of 5a-reductase inhibition for CE, HF, EF, and MR were ob-
served to be significantly different after 3 months (p-value < 0.05).
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Figure 10. Stability potentials of the bioactivities of E. debile extracts during storage; (a) anti-tyrosi-
nase activity; (b) anti-5a-reductase activity; (¢) anti MMP-1 activity; and (d) anti MMP-2 activity.
Crude extract (CE) was successively partitioned to produce hexane fraction (HF), dichloromethane
fraction (DF), ethyl acetate fraction (EF), methanol fraction (MF), and methanol insoluble residue
(MR), respectively. All data are presented as mean + SD of triplicates. * indicates statistically signif-
icant differences of means between month 0 and month 3 based on Student’s -test (p-value < 0.05).

3.8. In Vitro Cytotoxicity Test Using MTT Assay

The cytotoxicity of E. debile crude extracts and semi-purified fractions were evaluated
in a skin fibroblast cell line (SF-TY) by the MTT assay. The highest cell viabilities were
observed in the cell cultures treated with CE, EF, MF and MR, which also exhibited via-
bilities higher than 50% across all tested concentrations (Figure 11).

L Bl mgmL @25 mgmL Smg/mL @75mg/mL =210 mg/mL
100
80
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% Viability

40

20
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Extract

Figure 11. Cell viability study of E. debile extracts on skin fibroblast cell line (SF-TY) using MTT
assay. -V Successive partition of crude extract (CE) (10.45 + 1.20 g) into hexane fraction (HF), di-
chloromethane fraction (DF), ethyl acetate fraction (EF), methanol fraction (MF), and methanol in-
soluble residue (MR). All data are presented as mean + SD of triplicates.

The lowest concentration tested at 1 mg/mL of CE, EF, MF and MR had cell viabilities
higher than 80% after 24 h exposure, whereas HF and DF extracts had less than 80% cell
viability. Cell viability decreased with increasing concentrations of all E. debile extracts.
The ICso of E. debile extracts on the SF-TY cell line was also calculated to indicate the high-
est concentration of plant extracts that inhibits the cell viability at 50%. The MR had the
highest ICso of 14.62 + 0.25 mg/mL, which was followed by CE (13.48 + 0.37 mg/mL), EF
(13.12 + 0.62 mg/mL), MF (11.05 + 0.13 mg/mL), DF (4.53 + 0.12 mg/mL), and HF (4.22 +
0.61 mg/mL). In general, lower ICso value represents higher toxicity.

4. Discussion

Phytochemicals have benefits to human health. However, their extractabilities are
influenced by chemical structures. Therefore, extraction methods must be optimized to
efficiently isolate compounds of interest. Macerations were previously used to obtain ex-
tracts from E. debile. Nonetheless, they may have limited usage due to the low content of
bioactive compounds and less bioactivities as a result. Therefore, this study is the first
report that aims to demonstrate the application of a solvent—solvent extraction technique
to sequentially isolate phytochemicals by polar characteristics to obtain semi-purified
fractions of E. debile. The macerated ethanolic crude extract of E. debile was successively
partitioned by various solvents with increasing polarities as follows: hexane, dichloro-
methane, ethyl acetate, and methanol (Figures 1-3). Among these fractions, HF and DF
had noticeably higher extractable yields than those of EF and MF (Figure 3). The highest
extract yield was obtained by using hexane (43.64 + 1.80%). Additionally, the extract yield
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of HF was higher than that of DF by 1.82-fold. Based on the chemical polarities, each frac-
tion should exhibit three main characteristics that are distinct from the crude extract. First,
each fraction should reflect higher refined compound suites encompassing several chem-
icals with similar polarities than crude extract. Second, the quantities of particular com-
pounds should be more concentrated in certain fractions than those of crude extract and
other fractions. Third, individual fractions should represent a collection of phytochemi-
cals that comprise the total composition of the crude extract. Therefore, this study may
suggest that the majority of compounds in CE possessed the non-polar indices similarly
to hexane, following by the compounds with moderate polarity indices similarly to di-
chloromethane. On the contrary, the extract yield of EF was the lowest among fractions
and lower than that of MF by 2.72-fold. Taken together, the sequential partitioning
method may enable the isolation of E. debile extracts with distinguishable phytochemicals.
However, further experiments are required to identify the extracted compounds and ex-
amine the compound enrichments. The extraction yield is not only affected by solvent
polarity but also other factors including growth conditions, time of harvesting, storage
conditions, and extraction temperature. These factors should also be taken into consider-
ation when designing and optimizing extraction methods.

E. debile extracts were further investigated for phenolic, silicon, and cosmeceutical
potentials. The total phenolic contents (TPC) of E. debile extracts were shown in Figure 5.
EF contained the highest TPC among fractions and was also higher than that of the crude
extract by 2.19-fold. The TPC values obtained from DF and HF were comparative and the
lowest among fractions. EF exhibited higher TPC than those of DF and HF by 8.98 and
11.1-fold, respectively. Additionally, MF displayed higher TPC than those of DF and HF
by 2.22 and 2.75-fold. This indicates that most phenolic compounds in E. debile possessed
moderate polarity characteristics in molecules predominantly close to and exclusively ex-
tractable by ethyl acetate. Two flavonoids, quercetin and quercetin-3-O-a-D-rhamnopy-
ranoside, were previously isolated from the ethyl acetate extract of E. debile [55]. There-
fore, these two compounds may be present in EF in this study. In addition, the phenolic
compounds shown in Supplementary Table S1 were qualified from CE of E. debile by
LCMS (Q-TOF) analysis. These compounds, including hypolaetin 8-rhamnoside,
naringenin-7-O-f3-D-glucuronide, luteolin 7-glucoside, and kaempferol, may also be pre-
sent in EF.

Silicon is known to strengthen skin, hair, nails, and bone [36,37]. In this study, silicon
in E. debile extracts was determined by the ICP-OES method. The contents varied between
0.004 and 0.033% (Table 2), which was considerably low because Equisetum spp. are
known to accumulate large amounts of silicon, around 5 to 10% as SiO2 [26]. This could
be partly explained by different sample types used in silicon analysis. In this study, silicon
contents were investigated from the crude extract and its corresponding fractions rather
than the whole plant. However, the results shown in this study were in accordance with
the previous study of E. sylvaticum that reported only 0.025% of the total silicon was col-
lectively extracted by a sequential extraction with solvents having different lipophilic
properties [35]. This reaffirms that the extraction method in this study was not the optimal
option to acquire high yield silicon. However, some minute silicon from E. debile extracts
was detected. Among fractions, HF showed the highest silicon content, which was fol-
lowed by DF, EF, MF, and MR. The results also show that MF yielded lower silicon content
than that of HF by 1.83-fold. This could be partly explained by the potential formation of
silicon complexes in plant cells. The accumulated silicon in some plants such as rice and
cotton are known to form interactions and binding to organic matters in plant tissue [56].
The organic matrices in question might be made from polymers of carbohydrates such as
cellulose, hemicellulose, and callose. These polymers are the major components of cell
walls and possibly the sites of silicon deposition [57]. Interactions between organic com-
pounds and silicon form complexes that alter silicon solubility. As a result, the silicon
becomes less soluble in water and would only be liberated from plant tissue upon harsh
treatment with strong acid digestion [35]. Taken together, this study may suggest that
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silicon might accumulate in E. debile tissue as the complex forms with a variety of solubil-
ities, potentially with a preference of solubility to solvents with a lower range of polarity
indices.

Melanin is a brown pigment causing skin to darken. Melanin biosynthesis depends
on tyrosinase activations. The modulation of tyrosinase is regulated by not only an indi-
vidual’s genetics but also the responses to environmental stresses, particularly UV radia-
tion [6,8,11]. Lowering melanin production has been proven to lighten dark skin. There-
fore, the skin-whitening property of E. debile extracts was investigated via the inhibition
of tyrosinase using a modified dopachrome 96-well plate method. The variation of inhib-
itory capacities among extracts was associated with solvent polarities and extraction
methods (Figure 7 and Table 3). EF exerted the strongest tyrosinase inhibition. It was con-
siderably stronger than that of HF by 114-fold KAE value and 13-fold ICso value. The find-
ings in this study agreed with a previous study which reported the ethyl acetate extract
from E. ramosissimum showing a protection against melanoma by decreasing melanin via
several mechanisms, including inhibition of tyrosinase, oxidation, and expression of mel-
anogenesis-related proteins, microphthalmia-associated transcription factor (MITF), and
tyrosinase-related protein 1 and 2 (Trp-1 and Trp-2) [58]. Since E. debile and E. ramosissi-
mum are in the same genus of Equisetum, the ethyl acetate extracts from these two horse-
tails may possess similar phytochemicals that exert similar mechanisms involving mela-
nin. In this study, EF also possessed the highest total phenolic content among all extracts.
Phenolics are known to inhibit tyrosinase and the oxidative process [59,60]. Therefore, the
tyrosinase inhibitors in EF could be phenolic compounds. This explanation is also sup-
ported by a positive correlation between E. debile total phenolic content and the inhibition
activity of tyrosinase (coefficient of determination (R?) of 0.8587), as shown in Figure 6.
Quercetin previously found in ethyl acetate extract of E. debile might be one of the bioac-
tive phenolics that is responsible for the tyrosinase inhibitory effects [55]. Quercetin could
inhibit tyrosinase via several mechanisms, such as the inhibition of monophenolase and
diphenolase activities of tyrosinase [59,61]. It could directly bind to tyrosinase via hydro-
phobic interaction, leading to the induction of conformational changes and impeding en-
zymatic activities. Since the active site of tyrosinase contains binuclear copper, inhibitors
could chelate the copper ion within active sites, leading to the obstruction of interaction
between tyrosine substrate and tyrosinase. Quercetin bearing a catechol structure was
previously known to chelate copper ion in tyrosinase active site [61]. Additionally, since
hydroxylated flavonoids share structural similarities to tyrosine, it could also compete for
tyrosinase [59,60]. In addition, the phenolic compounds found in CE by LCMS (Q-TOF)
qualification analysis, such as hypolaetin 8-rhamnoside, naringenin-7-O-p-D-glucu-
ronide, luteolin 7-glucoside, and kaempferol, could also be compounds of interest due to
their previously reported abilities to exert inhibitions against tyrosinase [62,63].

Collagens are proteins providing the structural stability of skin. Collagens account
for 70-80% of skin weight and are known to be rapidly dismantled by collagenase. The
depletion of collagens is a hallmark of wrinkle formation and aging skin [14]. The occur-
rence of diminishing collagens is strongly associated with UV-induced collagenases. Inhi-
bitions of collagenases have been proved to delay collagen loss [64]. There is still a lack of
anti MMP-1 and MMP-2 activity studies in the horsetail plants. This study therefore is the
first to assess the inhibition of collagenase via MMP-1 and MMP-2 of E. debile extracts by
using EnzChek assay kits. All E. debile extracts exhibited dose-dependent inhibitions
against both collagenases, and the inhibition patterns between MMP-1 and MMP-2 were
strongly consistent (Figure 8). CE and EF possessed comparative inhibitions and were the
most potent against both enzymes. Among the fractions, EF had noticeably higher inhibi-
tions than those of HF by 3.11-fold of ICso MMP-1 and 2.84-fold of ICso MMP-2. Although
EF had similar inhibition potencies relative to CE, it is proposed as a superior extract for
anti-wrinkle applications due to the higher refined compounds and richer phenolic con-
tents. The EF’s strong collagenase inhibitions could be partly explained by the enriched
compositions of TPC. In polyphenol molecules, hydroxyl groups could directly interact
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with either backbone or other functional group side chains of collagenases. Additionally,
the benzene ring of the molecule could form hydrophobic interactions to collagenases.
These interactions lead to conformational changes, causing collagenase to be inactivated
[64]. Another potential mechanism is that the phenolics directly chelate Zn?* in the active
site of collagenases since Equisetum plants were reported to have metal-chelating capaci-
ties for antioxidant activities [58]. The chelation prevents collagenases from interacting
with collagen substrates. As a result, collagen degradation can be avoided, improving the
condition of aging skin [47,60,65]. In this study, one of the phenolic compounds in E. debile
extracts exerting these mechanisms could be quercetin, since it was previously shown to
have the inhibitory effects against both the activities of recombinant human MMP-1 (ICso
of 39.6 uM) and the induction of MMP-1 in human dermal fibroblasts via several mecha-
nisms. These mechanisms include the inhibitions of extracellular signal-regulated protein
kinase (ERK) and p38 mitogen-activated protein kinase (MAPK) [66]. Additionally, quer-
cetin could down-regulate the expression of MMP-1 via an inhibition of activator protein-
1. This study shows that the inhibition activities of MMP-1 and MMP-2 could be partially
explained by total phenolic content with the coefficient of determination (R?) of 0.4127 and
0.5101, respectively (Figure 6). Moreover, phenolic compounds found in CE by LCMS (Q-
TOF) qualification analysis, such as naringenin-7-O-3-D-glucuronide, luteolin 7-gluco-
side, and kaempferol, could be the candidates for further study due to their previously
reported involvements in the inhibitions against collagenases [67-69].

Collectively, this study demonstrates that E. debile extracts may be well suited for
skin care and treatments. EF is the most attractive fraction for skin-whitening and anti-
wrinkle applications. E. debile phenolics and flavonoids could be responsible for the inhi-
bitions of tyrosinase and collagenases. Although quercetins were previously identified in
E. debile [55], further studies are still required to assess the total flavonoid content in the
present study. The identification and quantification analysis of quercetins and other phe-
nolic compounds shown in Supplementary Table S1 should also be investigated in the
semi-purified fractions in order to infer their potential association with the observed in-
hibitory activities against tyrosinase and collagenases.

Dihydrotestosterone (DHT) is a potent androgen derivative. It is an essential hor-
mone for normal male growth. However, highly expressed DHT is a major cause of an-
drogenic alopecia [50]. The 5a-reductase is a microsomal enzyme that is responsible for
the reduction of testosterone to DHT. Therefore, the anti-hair loss activities of E. debile
extracts were assessed via the inhibitions against 5a-reductase (Figure 9 and Table 3). All
extracts of E. debile exerted inhibitions against 5a-reductase, ranging from 44.59 + 0.40 to
83.07 + 3.46%. DF displayed the strongest inhibition (FEA of 1.48 + 0.06 mg finasteride/g).
CE and MF exhibited comparative inhibitions and were the lowest at 44.59 + 0.40 and 48.60
* 3.27%, respectively. HF and EF showed comparative inhibition potencies of 60.86 + 0.39
and 62.45 + 0.83%, respectively. The anti-5a-reductase activity of Equisetum plants was
previously reported from only E. debile species [32]. The findings in this present study
agree with the previous investigation of E. debile, which reported the extracts from ethyl
acetate, hexane, and ethanol exhibiting inhibitions against 5a-reductase. However, this
study is the first to report the inhibitory activities of semi-purified fractions of E. debile
crude extracts against 5a-reductase. Moreover, it is the first to express the activities of E.
debile extract as an FEA value. In this study, dichloromethane rather than either hexane or
ethyl acetate was able to sequester the strongest 5a-reductase inhibitors, suggesting that
phytochemicals conferring the most potent inhibitions preferred the solvents with the low
range of moderate polarity indices. This study also shows that the total phenolic content
was not related to the inhibition activity of 5a-reductase (Figure 6). Fatty acids and phy-
tosterols were speculated to be the compounds exerting anti-5a-reductase activities due
to their presences and potential mechanisms. Generally, hair growth treatments incorpo-
rate the active ingredients of lipophilic compounds containing several fatty acids includ-
ing palmitic acid, stearic acid, oleic acid, linoleic acid, arachidic acid, and myristic acid.
This is probably due to certain aliphatic free fatty acids exerting inhibitions against 5a-
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reductase [70]. The structure of fatty acids, including chain length, unsaturation, oxida-
tion, and esterification are factors that influenced the inhibition potencies. Fatty acids with
C12-C16 chains and the presence of double bonds could enhance the inhibitions against
Sa-reductase. B-sitosterol isolated from the hexane fraction of Dendropanax morbifera
showed the capacity to delay hair loss and improve hair density in mice [71]. However,
[-sitosterol is less potent than finasteride in the inhibition of 5a-reductase as demonstrat-
ing by the ICs of 2.7 uM and 10.12 nM, respectively [72]. For Equisetum plants, the pres-
ence of fatty acids and phytosterols could therefore be responsible for the anti-5a-reduc-
tase activity. Moreover, stigmasterol and daucosterol were previously isolated from E.
debile [55]. Fatty acids and phytosterols are both lipophilic. Therefore, the usages of hex-
ane, dichloromethane, and ethyl acetate may enable the sequestration of fatty acids and
phytosterols into the fractions during the solvent-solvent partitioning of crude extract.
Taken together, fatty acids and phytosterols may be responsible for HF, DF, and EF ex-
hibiting stronger 5a-reductase inhibition than CE and MF. Nonetheless, the direct associ-
ations between these compounds and the underline mechanisms need to be further char-
acterized in E. debile. Some flavonoids, such as fisetin, genistein, and kaempferol, found
in CE by LCMS (Q-TOF) qualification analysis in the present study, were previously re-
ported to inhibit 5a-reductase activity [73]. These flavonoids may be the responsible com-
pounds in the EF.

Currently, finasteride is the only oral drug approved by the US FDA and the Euro-
pean Medicines Agency (EMA) to treat androgenic alopecia. A current recommended and
marketed dosage of finasteride is 1 mg per day [2]. Although it is efficacious for hair re-
growth, it causes severe side effects such as malignant neoplasms of male breast, sexual
disorder, and high-grade prostate cancer. Thus, finasteride is often limited to only short-
term use. Therefore, exploring advantages of constituents from natural origins could lead
to a discovery of novel compounds and functions. This study demonstrates such ad-
vantages from E. debile. The crude extract of E. debile had an FEA of 0.83 mg/mL, and all
semi-purified fractions had FEA values ranging from 0.90 to 1.48 mg/mL. Therefore, a
regular intake of E. debile extracts may be a possible natural alternative to chemically syn-
thetic finasteride in preventing and treating androgenic alopecia.

Altogether, quercetin and fatty acids could be active compounds of E. debile for skin
and hair benefits. Figure 10 shows that all extracts maintained inhibitory activities against
tyrosinase and collagenase during a three-month storage period. On the other hand, only
DF and MF maintained the anti 5a-reductase activities, whereas CE, HF, EF, and MR ac-
tivities were significantly decreased; however, they still had relevant values. Quercetin is
a phenolic compound that can undergo many chemical changes by the oxidative process
during food processing and storage. The oxygen concentration, pH, temperature, concen-
tration of other antioxidants, as well as the presence of metal ions are known factors af-
fecting the chemical stability of quercetin [74]. Additionally, the fatty acid composition of
oils, especially the level of unsaturation, may influence the oxidative stability of the oil
[75]. Therefore, further investigation of oxidative stabilities is suggested as the important
quality control parameters of both phenolics and fatty acids in E. debile extracts for their
potential cosmeceutical applications. This is the first study to report the stability of E. debile
extracts by the determination of cosmeceutical potentials of anti-tyrosinase, anti-colla-
genases, and anti-5a-reductase activities at three months storage under an accelerated
condition at 40 °C. However, the bioactivity stability should be monitored beyond a three-
month period.

In the present study, the cytotoxic effects of E. debile crude extract and semi-purified
fractions at concentrations ranging from 1 to 10 mg/mL were investigated on a human
skin fibroblast (SF-TY) cell line by using the MTT assay (Figure 11). Cell viabilities were
evaluated after 24 h exposure to E. debile extracts. The CE, EF, MF and MR at 10 mg/mL
showed cell viability higher than 50% and the ICso were above 10 mg/mL. The HF and DF
(1 to 10 mg/mL) had cell viabilities ranging from approximately 35 to 60%. Previously, E.
debile ethyl acetate extract showed no cytotoxicity on a dermal papilla cell line (1 to
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1000 pug/mL) and no irritation on the chorioallantoic membrane of hen’s eggs (0.5% w/v)
[32]. Further studies in other relevant cell lines and in vivo studies are required to ensure
their safety.

5. Conclusions

This study explores the potential usage of E. debile extracts for cosmeceuticals appli-
cations by in vitro enzymatic assessments. The EF is suggested to contain the most attrac-
tive ingredients for hyperpigmentation, wrinkles, and skin aging treatments due to highly
enriched total phenolic contents, exerting tyrosinase and collagenase inhibitions. The DF,
HF, and EF are suggested as promising ingredients for hair loss treatment due to 5a-re-
ductase inhibitions. Additionally, compared to the recommended intake of finasteride (1
mg/day) for androgenic alopecia, the DF (1.48 + 0.06 mg finasteride/g) is proposed as an
alternative source to naturally remediate hair loss.

Nonetheless, further studies are required to identify and investigate the active phy-
tochemical compositions of E. debile crude extract and semi-purified fractions for better
understanding of the mechanisms, pharmacodynamics, pharmacokinetics, side effects,
and toxicities relating to their potential benefits as natural cosmeceutical alternatives. Cell-
based assays are advised to confirm the observed in vitro inhibitory activities against ty-
rosinase, collagenases, and 5a-reductase. The direct association between E. debile extracts
and the cellular mechanisms could be further studied by investigating the changes in rel-
evant gene expressions and the presences of melanin, collagen, and dihydrotestosterones.
Most of the available safety information of E. debile extracts has been investigated using
cell lines. The preliminary cytotoxicity shown in the present study may help provide use-
ful information for further evaluation of in vivo and animal models, which would be es-
sential for the cosmeceutical usage of E. debile in topical applications for skin and hair care.
In addition, the development of formulations providing the controlled release of plant
extracts may help improve their skin biocompatibility [76].

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/app13031336/s1, Table S1. Proposed phenolic compounds in
E. debile by LCMS qualitative identification.
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