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Abstract: Cosmetic formulations have evolved significantly over the years. These are no longer
viewed merely as beauty-enhancing products. Rather, they are expected to deliver additional benefits
to the skin that positively affect the skin health. There is a renewed interest in using herbal extracts
and herbal ingredients in cosmetic products since they offer several advantages over synthetic
ingredients. Evaluating the cosmetic ingredients for their efficacy and safety is critical during product
development. Several regulatory bodies impose restrictions on using animals for testing these
ingredients in cosmetic products. This has increased the need for developing novel cell-based or
cell-free biological assays. The current article systematically presents in-vitro/cell-based and/or
cell-free strategies for validating the efficacies of cosmetic ingredients for skin health and hair
growth. The article focuses on details about various assays for the anti-acne effects, hair-growth-
promoting activities, anti-aging activities, skin-rejuvenating properties, wound-healing effects, and
skin-depigmentation activities of natural ingredients in cosmetic formulations.

Keywords: herbal extracts; cosmetics; cell-based assays; inflammation; skin aging; skin pigmentation

1. Introduction

The usage of cosmetic products has a long history across all cultures and civilizations.
In prehistoric times, man applied colors to attract animals to hunt or camouflage the body
for protection and provoke fear in the enemy. Over the ages, as humans evolved, the
cosmetic market has also evolved globally in terms of quality, safety, and efficacy. Cosmetic
products are no longer simply beauty-enhancing agents; rather, consumers now expect
them to deliver some additional benefits that will have a positive impact on skin health. In
India, a cosmetic is defined under Section 3 (aaa) of the Drugs and Cosmetics Act of 1940 as
“Any article intended to be rubbed, poured, sprinkled, or sprayed on, or introduced into,
or otherwise applied to, the human body or any part thereof for cleansing, beautifying,
promoting attractiveness or altering the appearance, and includes any article intended for
use as a component of cosmetic” [1]. The Food and Drug Administration (FDA) defines a
cosmetic as “A product (excluding pure soap) intended to be applied to the human body for
cleansing, beautifying, promoting attractiveness, or altering the appearance” [2]. According
to Article 2.1 (a) of Regulation European Commission (EC) No 1223/2009, “A cosmetic
product means any substance or mixture intended to be placed in contact with the external
parts of the human body (epidermis, hair system, nails, lips and external genital organs)
or with the teeth and the mucous membranes of the oral cavity with a view exclusively or
mainly to cleaning them, perfuming them, changing their appearance, protecting them,
keeping them in good condition or correcting body odours” [3].

Cosmetic products based on herbal ingredients have gained increased consumer
acceptance. Moreover, increased awareness among consumers has enhanced the demand
for herbal-based cosmetic products. Several herbal ingredients possess desirable profiles
such as mildness, efficacy, biodegradability, and low toxicity [4]. The herbal ingredients
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serve many purposes for consumers, viz. delay in skin aging, protection against acne
and ultraviolet (UV) rays, reduction in hyperpigmentation, wrinkle reduction, hydration
improvement, skin elasticity and firmness improvement, scar reduction, hair-loss reduction,
dandruff treatment, etc. Safety and efficacy are also two important aspects for cosmetic
products. Cosmetic products are not intended to cure dermatological disorders, and
according to many regulatory bodies, ‘cosmetics’ and ‘drugs’ are treated separately [5].
However, some cosmetic ingredients can have restorative benefits on the skin. To describe
the category of cosmetic products that offer additional skin health benefits, the term
‘cosmeceutical’ is widely used. The term ‘cosmeceutical’ was used in the early 1980s to
describe products that exert a pharmaceutical therapeutic benefit but not a biological
therapeutic benefit [6,7]. Cosmeceutical ingredients offer health benefits, and they have
been evaluated for various conditions such as atopic dermatitis, contact dermatitis, eczema,
and other skin disorders [5]. Along with the latest developments in technology, consumer
expectations, and competition, there is an increasing need to evaluate cosmetic products
for their effect on skin health. Animal model systems provide a translatable validation for
efficacy-based claims. However, either due to internal policy or restrictions on the use of
animals by legislators, several organizations refrain from animal models for their safety
and efficacy validations of personal care products. Hence, cell-based systems have become
valuable tools for such validations. Cell-based testing systems have a few advantages
over other methods for efficacy validation because they are cost-effective, adaptable for
high-throughput, and yield results considerably faster than conventional in vivo methods.

Many personal care products are meant for topical applications and do not involve
ingestion through the oral route. Therefore, the testing systems for evaluating personal
care ingredients may not consider factors such as metabolic conversion of the ingredients
or absorption of the ingredients through tight junctions such as internal epithelia. Hence,
cell-based model systems are more employable for validating topical ingredients rather
than for those requiring systemic absorption and metabolism.

Providing exhaustive details on the pathophysiology and dermatological aspects is
out of the scope of this review. In this review, we focus more on the type of cell lines and
the nature of assays that can be used for screening the activity of herbal ingredients in
cosmetic formulations.

2. Cell-Based Strategies for Cosmetic Ingredients
2.1. Critical Parameters for In Vitro and Cell-Based Assays

An important parameter that should be carefully considered during evaluation of any
cosmetic ingredient’s efficacy is the test substance’s solubility. Aqueous soluble ingredients
do not pose much of a problem, since they are compatible with a variety of cell culture
media and buffer systems. However, substances soluble in organic solvents pose some
challenges since the organic solvent itself can have some background effects in in vitro
systems. For example, DMSO, which is very commonly used as a vehicle for dissolving
test substances, has been shown to affect cell-based systems at high concentrations [8]. The
cytotoxicity of the ingredients is another key parameter to be considered before including
them for efficacy-based validations. In general, for all cell-based assays, the ingredient
concentration should be non-toxic. This is very important, since cytotoxicity can lead to
many effects in the cells, which can lead to artifacts in the interpretation of the assay results.
Another important consideration is the assay interference by the test substances, wherein
some of the test substances may interfere with the assay in a non-specific manner, which
can lead to false positive results [9]. The test substances interfere with the assays because
of the following reasons:

• The color and turbidity of test substances can interfere with assay signals (e.g., ab-
sorbance and fluorescence).

• In many cases, the test compounds can exhibit metal ion chelation and redox cycling
properties.
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• The test substance can form protein aggregates or exhibit non-specific protein reactivity,
which can be misinterpreted as mechanism-specific inhibition [10].

Hence, appropriate assay controls are essential for the interpretation of the assay
results. In the subsequent sections, we provide details on the cell-based methods to
evaluate cosmetic ingredients for the following activities:

• Anti-acne activity
• Hair-growth-promoting activity
• Anti-aging and skin-rejuvenating activity
• Anti-psoriatic activity
• Wound-healing activity
• Anti-skin-hyperpigmentation activity

Cosmetic products based on natural ingredients are gaining increased consumer
acceptance, and several herbal ingredients are being evaluated in this direction. Keeping
this in view, in each section, we have cited examples of herbal ingredients possessing
particular biological activity required for the cosmetic product efficacy.

2.2. Evaluation of Effect of Cosmeticingredients on Acne Vulgaris

Acne vulgaris is a common skin condition involving the pilosebaceous follicles [11,12].
The pathological components of acne, as summarized in Figure 1, involve various cellular
processes such as microbial infection, inflammation, and changes in sebum quality and
quantity [13].

Figure 1. Key components of pathophysiology of acne vulgaris. Changes in the microbiome and
infection by C. acne lead to the initiation of acne vulgaris. Although inflammation is beneficial for
fighting against the infection, it can lead to aggravation of acne. In addition to this, androgenic factors
can influence sebum quality and quantity and dihydrotestosterone (DHT). Changes in the sebum
quality and quantity can create a conducive atmosphere for microbes during acne. Cell-based model
systems to evaluate anti-acne ingredients take these components of pathology into consideration.
The “up arrow” marked in red color indicates increase in expression.

Cutibacterium acnes is one of the major contributing factors for the pathology of acne,
and hence, anti-microbial activity against this microbe is generally employed as one of the
screening assays for anti-acne products/ingredients. The cells, when challenged with C.
acnes, induce several inflammatory processes that lead to the secretion of various cytokines,
which play a major role in the pathogenesis of acne. In addition, it has been shown that
lipid composition of sebum can greatly influence the progression of acne pathogenesis
and may directly or indirectly contribute to aggravation of inflammation [14,15]. Hence,
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the cosmetic ingredients intended for anti-acne should be evaluated for these processes to
capture the most efficacious ingredient. The following sections describe the cellular model
systems for capturing these processes.

2.2.1. Evaluating the Anti-Inflammatory Activity of Cosmetic Ingredients against C.
acnes-Induced Inflammation

This model system uses human monocytes such as THP-1 cells and heat-inactivated
C. acnes or peptidoglycans [16]. THP-1 cells are exposed to heat-inactivated bacteria for
24 h, and the cell culture supernatant is used for measuring inflammatory cytokines such as
interleukins (IL) IL-8, IL-10, IL-12, and IL-1a and tumor necrosis factor (TNF-alpha) by using
enzyme-linked immunoassay (ELISA). The gene expression of cytokines mentioned above
can also be captured at specific time points by real-time PCR. Apart from the immune cells,
the keratinocytes also play an important role in inflammation. Hence, human keratinocyte
cells can also be used in studying inflammation in monocyte cells. The amount of cytokine
produced by keratinoctyes (such as human epidermal keratinocytes (HaCaT)) may be less
compared to monocytes (like THP-1 cells). In such cases, induction with high non-toxic
concentration of C. acnes can be employed to look for expression levels of cytokine genes
in the cells. The herbal ingredients, from Glycyrrhiza glabra [17,18], Azadirachta indica [19],
Curcuma longa [20], Myristica fragrans [21], and Camellia sinensis [22] are shown to possess
anti-inflammatory properties, and some of these ingredients are incorporated into anti-acne
based products such as the purifying neem face wash [23] and charcoal face wash, face gels,
and creams manufactured by Himalaya Wellness Company, Bengaluru, India.

2.2.2. Evaluating the Effect of Cosmetic Ingredients on Sebum Secretion

Sebum quality and quantity play important roles in the pathogenesis of acne vul-
garis [24]. Sebum is a complex mixture of different types of lipids such as triglycerides,
free fatty acids, wax esters, cholesterol esters, and squalene [14]. Changes in the levels
of these lipids are known to influence the pathogenesis of acne. Therefore, the human
sebocyte cell line would be an ideal model to capture cosmetic ingredients’ effects on
sebum quality, quantity, inflammation, and sebostatic activity of the test substances. The
sebocytes of the internationally patented SZ95 cell line have been reported to retain several
characteristic features of normal human sebocytes [25]. Investigators have also used other
sebocyte cell lines, such as SEB-1, Seb-E6E7, and primary sebocytes made in their own
laboratories [26,27]. Also, the immortalized human sebocyte cell line (SEBO662) is used by
investigators for anti-acne studies [28,29]. Squalene levels and peroxidation of squalene
have been shown to play important roles in development of acne [24,30]. Hence, measuring
the expression levels of peroxidated squalene or levels of squalene peroxidase activity
can be a useful end point for evaluating the effect of cosmetic ingredients on acne [31].
The herbal phytoactive ingredients from Azadirachta indica [19], Curcuma longa [32], Aloe
vera [33], and Glycyrrhiza glabra [34] are reported to reduce sebum production, thereby
inhibiting the growth of C. acnes.

Table 1 summarizes the in vitro approaches that can be employed to evaluate the
ingredients for their effect on the pathology of acne vulgaris.
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Table 1. Strategies for validation of anti-acne activity.

Type of Assay Significance of Assay Model System Used and
Evaluation Strategy End Point Measured

Anti-microbial
activity

Anti-microbial activity against
C. acnes is important for the

anti-acne effects of the
ingredients

C. acnes bacterial culture
Anti-bacterial activity of the ingredients
using assays such as agar diffusion assay

[35]

Anti-inflammatory
activity

Inflammation is an integral
part of the pathogenesis of

acne vulgaris, and the
anti-inflammatory activity of
the ingredients can offer good

protection against acne.

Monocyte cell lines (THP-1),
keratinocytes (HaCaT cell

line), or human sebocyte cell
line. (inflammation induced in

the cells by exposure to
heat-inactive C. acnes or

peptidoglycans [16]

Effect of cosmetic ingredients on C.
acnes-induced inflammation as measured
by the levels of inflammatory cytokines

in the cell culture supernatant or
expression of the respective genes in the

cells [36,37]

Sebum quality and
sebostatic activity

Sebum quality and quantity is
an important parameter that

can contribute to the
progression of the pathology

of acne vulgaris

Human sebocytic cell lines

• Effect of cosmetic ingredients on the
total amount of lipid accumulation
in sebocytes as measured by
oil-o-red staining [38]

• Expression profiling of lipogenic
genes in the sebocytes [15]

• Effect of the ingredients on
proliferation of sebocytes using
standard cell proliferation based
assays [26,27].

• Qualitative nature of the lipids
secreted by the sebocytes to the cell
culture supernatant; Gene
expression profiling of the sebocytes
for key genes involved in squalene
synthesis and squalene
peroxidation [31]

2.3. Evaluation of the Effect of Cosmetic Ingredients on Hair Growth

Hair is made up of two structures: the hair shaft, which is the visible part above the
skin, and the hair follicle, which is an invagination of the epidermis into the dermis layer.
The hair follicle itself is made up of outer root sheath and inner root sheath cells. At the base
of the hair follicles is the dermal papilla, which contains stem cells. Both dermal papilla
cells and outer root sheath cells play important roles in hair growth [39,40]. In humans, hair
follicle formation occurs during embryogenesis, and no new hair follicles form after birth.
Hair fall can be of several etiologies, and not all types of hair fall are reversible. However,
some mechanisms are central to the hair growth dynamics of humans. These include the
proliferation of stem cells in the dermal papilla, nutrient supply to the dermal papilla, and
hormones such as androgens (Figure 2). In general, the cell-based assays for screening
anti-hair-loss and hair-growth-promotion activities are designed considering these central
mechanisms.
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Figure 2. Key factors contributing for hair follicle growth. The proliferation of mesenchymal stem cells
from dermal papilla and non-keratinized epithelial cells contributes to the growth of the hair follicles.
Agents that can stimulate the growth of these cell types can be potential hair-growth promoters. The
enzyme 5-alpha reductase converts testosterone into a more potent form, i.e., dihydrotestosterone
(DHT), which has inhibitory effects on hair growth. Inhibiting this enzyme is one of the strategies
for promoting hair growth. Finally, vasodilation facilitates nutrient supply to hair follicle cells and
promotes hair growth.

2.3.1. Assay Systems Based on Proliferation of the Hair Follicle Cells

Although the growth of hair follicles is a very complex and dynamic process, when it
comes to cell-based systems, two cell types, human follicle dermal papilla cells (HFDPC)
and outer root sheath cells (ORScs), are used for assessing the effectiveness of cosmetic
ingredients on hair growth. HFDPC cells are derived from hair papilla of normal hair
follicles and have been shown to express genes involved in hair growth dynamics [41].
ORScs are derived from hair follicles. A typical assay system for evaluating the effect of
cosmetic ingredients involves evaluating the effect of these ingredients on the proliferation
of HFDPC or ORSc cells using standard methods such as 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT/XTT) dye-based assays, BrDu incorporation, or
Ki67 staining-based assays. Fibroblast growth factors (FGFs), mainly FGF-1, FGF-2, and
FGF-10, stimulate hair growth [42] and are generally used as a positive control for inducing
the cell proliferation in this assay system. In addition, alkaline phosphatase (ALP) and
versican are generally investigated as important markers of dermal papilla cells. During
cell proliferation, the ALP activity is required for important metabolic pathways that
regulate the phosphate and phosphoryl metabolite levels during cell proliferation [43]. ALP
activity is a fundamental marker for hair-growth promotion [43]. Versican, on the other
hand, is a chondroitin sulfate proteoglycan and is involved in induction and maintenance
of the anagenic phase of the hair cycle [44]. The effect of cosmetic ingredients on the
expression levels of these two markers makes it worth investing in HFDPC-based model
systems. Apart from the expression of key growth factor genes such as insulin growth factor
(IGF-1), hepatocyte growth factor (HGF), keratinocyte growth factor (KGF), and vascular
endothelial growth factor (VEGF) can also be tested using qPCR-based approaches [45]. The
herbal phytoactives present in Phyllanthus emblica [46,47], Eclipta alba [48], Butea frondose [49],
Hibiscus rosa [50], and Camellia sinensis [51] have been used in many anti-hair-loss products;
some of these have been shown to act directly by influencing the growth of follicular stem
cells [52,53].
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2.3.2. 5-α Reductase Inhibition

The enzyme 5-α reductase is involved in the local conversion of testosterone into a
more potent form, that is, dihydrotestosterone (DHT). DHT is implicated in androgenic
alopecia, and hence, inhibiting 5-α reductase is an attractive strategy for anti-hair-loss
effects. There are three reported isoforms of this enzyme (5 α-R1, 5 α-R2, and 5 α-R3).
In humans, 5 α-R1 is expressed predominantly in sebocytes and keratinocytes [38,54].
The assay system for evaluating the enzyme activity can be cell-based or cell-free. For
a cell-based assay, human sebocytes (SZ95) or keratinocytes can be employed [55], since
they are known to express measurable levels of 5-α reductase. Some investigators have
also employed cells overexpressing specific isoforms of this enzyme [56]. For cell-free
systems, purified 5-α reductase or rat liver microsomes can be employed [38]. In both cases
(cell-based or cell-free systems), the assay procedure generally involves incubating the
system with testosterone in the presence or absence of the inhibitors and detecting the levels
of testosterone and/or the DHT. Quantification methods include radiodetection [55], high-
performance liquid chromatography (HPLC) [38], thin-layer chromatography (TLC) [38],
or liquid chromatography–mass spectrometry (LC-MS) [57]. Finasteride and dutasteride
are known inhibitors of this enzyme, and they can be employed as a positive control in
these assays.

Table 2 summarizes the assays that can be employed for evaluating the hair-growth-
promoting activity of the cosmetic ingredients.

Table 2. Strategies for validation of hair-growth-promoting activity.

Type of Assay Significance of Assay Model System Used and
Evaluation Strategy End Point Measured

Proliferation of the follicle
cells

Hair follicle cells are primarily
responsible for the growth of

hair.

HFPDPC or ORSc cells are
used as model systems. The

cells are grown in the
presence of different doses of
the test substance for different
time points: 24, 48, and 72 h

Effect of the ingredients on
proliferation of HFPDPC or
ORSc cells using standard

cell-proliferation-based assays
[40].

Inhibition of 5-α reductase

5-α reductase converts
testosterone into a more

potent form, i.e., DHT. DHT is
known to be involved in male

pattern baldness.

Keratinocyte and sebocytes
that are known to exhibit
detectable levels of 5-α

reductase activity (should be
individually established in the

labs since the activity levels
may depend on the cell type)

Effect of the ingredients on the
enzyme activity of 5-α

reductase using testosterone
as substrate. The detection of

the DHT can be based on
radioactive detection, TLC,

HPLC, or LC-MS [38,57]

2.4. Evaluation of Effect of Cosmetic Ingredients on Skin-Aging and Rejuvenation

Skin aging can occur due to two factors, intrinsic and extrinsic. Intrinsic aging is
chronological aging that occurs naturally due to genomic and hormonal factors (Figure 3).
Extrinsic aging, on the other hand, is caused by challenges to the skin from external fac-
tors such as UV radiation, environmental pollutants, dietary factors, etc. [58]. These two
types of aging show slightly different phenotypic characteristics [59]. The significance
of the interplay between extrinsic factors and subsequent internal biological response by
organisms is well-recognized by the scientific fraternity. The term ‘skin aging exposome’
has been introduced to explain this phenomenon. This term describes the totality of ex-
posures to which an individual is subjected from conception to death. It considers the
interaction between internal and external factors leading to the biological and clinical signs
of aging [60]. The literature shows that environmental and nutritional factors modulate
the matrix metalloproteases (MMPs), reactive oxygen species (ROS), and inflammatory
cytokines expression, thereby causing early signs of skin aging. In addition, various pollu-
tants, including particulate matter and dietary supplements, activate the aryl-hydrocarbon
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receptor (AhR) in the keratinocytes, which in turn contributes to premature aging and
affects skin integrity [61,62].

Figure 3. Cellular and morphological characteristics of skin aging. Skin aging can be due to either
intrinsic or extrinsic factors. Along with age, there is an increase in the enzymes that degrade collagen
and extracellular matrix. This results in reduced skin elasticity, leading to the appearance of external
features of aging such as fine wrinkles, skin dehydration, and aberrant pigmentation. The up and
down arrows in red indicate increase and decrease, respectively.

The cell-based assays to evaluate skin aging and skin rejuvenation potential of the
cosmetic ingredients are based on anti-oxidant and anti-inflammatory activities, ability
to influence the expression levels of genes involved in aging, effect on collagenase, and
elastase and hyaluronidase activities. Subsequent sections describe these platforms in
further detail. Herbs such as Aloe barbadensis miller (aloe vera) [63], Leontopodium alpinum
(Edelweiss) [64], Withania somnifera [65], triphala [66], Ginkgo biloba (gingko) [67], Curcuma
longa [68,69], and Centella asiatica [70] are rich in flavonoids and possess anti-oxidant and
anti-inflammatory properties.

2.4.1. Skin Aging Models Based on Extra-Cellular Matrix (ECM) Dynamics

Collagen, elastin, and glycosaminoglycans are essential for the structural integrity of
the skin, and they form a major part of the ECM. Enzymes such as collagenases, elastases,
and other matrix metalloproteases (MMPs) act on the ECM proteins and contribute to
their breakdown. The levels of collagenase and other matrix metalloproteases have been
shown to increase with aging [71] and upon exposure to UV [72]. This is thought to be
one of the reasons for skin wrinkles, as observed in aged or environmentally exposed
skin [73,74]. Hence, assay systems based on the measurement of collagen and elastin
dynamics can be employed for studying the anti-aging effects of cosmetic ingredients in
cell-based systems [75]. Human dermal fibroblasts (HDF or HS68), upon exposure to UV
light, are shown to express elevated levels of matrix-degrading MMPs [76]; this serves as
the basis for cell-based photoaging models. This assay system for capturing the features of
photoaging involves irradiating the HDFs with UVA for 3–4 days. Following this treatment,
the cells exhibit changes in the levels of collagen, MMP1, and MMP3 when compared to
control cells, which are cultured under normal conditions. Cosmetic ingredients are tested
in this model for their effectiveness in reversing some of these changes. The end point
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measurements can include collagenase activity, elastase activity, MMP activity, collagen
levels (as measured by ELISA), or gene expression levels of several of the genes involved
in this process, such as COL1A1, COL1A2, COL3A1, COL4A1, COL7A1, MMP1, MMP2,
MMP3, MMP7, MMP8, MMP9, MMP10, MMP12, MMP13, MMP14, TIMP1, TIMP2, TIMP3,
TIMP4 [77]. Phytoactives present in herbs such as Aloe barbadensis miller (aloe vera) [63],
Centella asiatica [70,73], Calendula officinalis [78], and Garcinia mangostana [79] offer anti-aging
properties by effecting collagen and elastin synthesis.

2.4.2. Measurement of Hyaluronic Acid (HA) Levels

Hyaluronic acid is a glycosaminoglycan and serves as a key component of ECM. Of
the total HA in the body, 50% is present in the skin [80]. HA is involved in skin hydration
and integrity, and its level is shown to decrease with aging [81]. HA levels in the skin are
determined by two enzymes: HA synthase, which synthesizes HA, and hyaluronidase,
which degrades it. Hence, in vitro systems intended for screening the anti-aging effects
of cosmetic ingredients are based on measuring the amount of HA levels in the cells by
ELISA or analyzing the enzyme activities or gene expression levels of HA synthase and
hyaluronidases. The cosmetic ingredients that can increase the HA and HA synthase levels
can be scored as leads for anti-aging effects. Several studies have focused on measuring
the levels of HA, hyaluronidase, and HA synthase as cellular markers for aging. Several
ingredients from herbal sources, such as almond [82], Curcuma longa [68,69], and Coriandrum
sativum [79,83] have been shown to increase the HA levels in skin fibroblasts. Ingredients
from Vitis rotundifolia have been shown to inhibit the hyaluronidase [84].

2.4.3. Cellular Senescence Model for Skin Aging

Senescence results in irreversible cessation of cell proliferation, and recent studies
support the hypothesis that senescence of the skin fibroblasts is one of the drivers of
skin aging [85]. Human dermal fibroblasts isolated from older adults show increased
levels of markers of cellular senescence compared to younger counterparts. However,
adapting this model for evaluating the anti-aging effects of cosmetic ingredients can be
challenging, since it involves the isolation of primary cells from volunteers. Nonetheless,
human dermal fibroblasts such as HS68 or HDFa can be employed to induce cellular
senescence and aging in vitro [66,86]. HS68 cells exposed to hydrogen peroxide or UVB are
demonstrated to show hallmarks of senescence and aging such as increased expression of
p53, p21, and p16. UVB or hydrogen peroxide challenge has been shown to increase the
number of senescence-associated beta-galactosidase (SA-β-gal)-positive cells [86]. Various
investigators employ this model system to test the anti-aging effect of cosmetic ingredients.
Since cellular senescence is one of the key contributing factors to skin aging, senolytics
are gaining increasing importance as a means to interfere with skin aging [87]. Senolytics
are compounds or drugs that can selectively eliminate senescent cells [87]. Cell-based
systems for screening the senolytic activity of cosmetic ingredients can be based on scoring
senescent cells using SA-β-galactosidase activity. In a recent study, a detailed methodology
for screening senolytics is explained [88]. This model system is based on mouse primary
embryonic fibroblasts (MEF), and it employs quantitative high-content fluorescent image
analysis for scoring senescent cells (based on SA-β-galactosidase activity). This assay is
employable in a high-throughput setting, and other adherent cell lines apart from MEFs
can also be used. Phytoactive ingredients such as quercetin, hydroxytyrosol, and certain
flower extracts have been shown to display senolytic properties, which can be scored by
analyzing reductions in SA-β-galactosidase activity using fluorescent microscopy [89,90].
Table 3 summarizes the assays that can be employed for evaluating the anti-skin aging and
skin rejuvenation activity of the cosmetic ingredients.
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Table 3. Strategies for validation of skin-aging.

Type of Assay Significance of Assay Model System Used and
Evaluation Strategy End Point Measured

Estimation of collagen levels

Collagen is important for skin
integrity. Its levels are known
to reduce with aging, which
results in visible phenotypes

such as skin wrinkles

Human dermal fibroblasts
(e.g., HDF or HS68) are treated

with test substances, and
collagen levels are estimated

by using biochemical methods
or ELISA [91,92]

Collagen levels

Estimation of hyaluronic acid
levels

Hyaluronic acid is an
important component of ECM,
and it is known to reduce with

aging

ELISA-based estimation of
HA in human fibroblasts such

as HDF in presence of test
substances [93]

Hyaluronic acid levels

Estimation of enzyme
activities of collagenase,

elastase, hyaluronidase, and
HA synthases

These enzymes affect the
levels of key ECM

components such as collagen,
elastin, and hyaluronic acid

Effect of cosmetic ingredients
on the activities of these
enzymes are tested by
respective biochemical

methods. Human fibroblasts
(HDF) or keratinocytes

(HaCaT) can be employed
[94,95]

Enzyme activities

Photoaging
Exposure to UV is one of the

triggers for age associated
changes in the skin

Human dermal fibroblasts
(HDF or HS68) cells are

exposed to UV light and the
effect of the test substance is

evaluated [72]

• Activities of collagenase,
elastase, and various
other MMPs

• Biochemical estimation
of collagen levels

• Gene expression levels of
MMPs

Cellular senescence

Cellular senescence causes
irreversible cessation of cell
proliferation and increases

with aging

Human dermal fibroblasts are
exposed to either UV light or
hydrogen peroxide to induce

cellular senescence; test
substances are evaluated for
their effectiveness to regulate

or reverse the senescence
[87,96]

• Gene or protein
expression levels of of
p53, p21, and p16

• Cellular staining for
SA-β-gal

2.5. Gene Expression Studies to Evaluate Skin Hydration, Skin Barrier Function and Skin
Rejuvenation

It is quite challenging to develop perfect cell-based models for complex processes
such as skin aging, rejuvenation, skin barrier function, and skin hydration. However,
several studies over the years have found that many genes regulate the key reactions
that are critical to these functions. The expression levels of these genes can be indirect
markers and the quantification of expression levels of these genes is commonly employed
to evaluate the effect of cosmetic ingredients on skin rejuvenation, skin hydration, and skin
barrier functions. To this end, q-PCR-based quantification of several marker genes, such
as aquaporin-3 (AQP3), involucrin (INV), transglutaminase 1, 3, and 5 (TGMs), filaggrin
(FLG), elastin (ELN), and collagen (COL1A1 or COL1A2), is commonly used to evaluate
the efficacy of cosmetic ingredients. These genes are involved in various aspects of skin
integrity, skin hydration, and skin barrier functions.

Involucrin is one of the skin barrier proteins involved in the initial step of cornified
envelop formation [97]. Similarly, transglutaminases play a major role during the formation
of stratified layers by cross-linking various proteins such as filaggrin, involucrin, and
small proline-rich proteins [98]. The human FLG gene, encoding profilaggrin and filaggrin,
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plays an important role in retaining moisture and providing a skin barrier function [99].
Filaggrin (filament-aggregating protein), being an important marker for skin hydration, is
routinely used to measure the hydration level. There are 13 mammalian AQPs, and the
most abundant is AQP3 [100]. The expression profile of AQP3 is an important parameter to
analyze the hydration level of the skin. Cell-based models for these gene expression studies
can involve human keratinocytes or dermal fibroblasts, which are treated with the cosmetic
ingredients for given time periods (24–48 h). Following the treatment, the expression levels
of these genes are quantified using qPCR-based strategies. The expression of the above-
mentioned biomarkers ca be quantified with ELISA, western blot, and immunofluorescence
methods. Herbs like Aloe vera [63], Centella asiatica [70,73], Calendula officinalis [78], and
Garcinia mangostana [79] present cosmetic phytoactive ingredients with skin hydration and
rejuvenation properties.

2.6. Evaluation of the Effect of Cosmetic Ingredients on Psoriasis

Psoriasis pathology involves abnormal differentiation and proliferation of keratinocytes,
resulting in epidermal hyperplasia and infiltration of immune cells to the epidermis, caus-
ing chronic inflammation [101]. The early stages of disease development involve several
inflammatory cytokines, including interferons (IFN-γ), IL-1, IL-22, and, mainly, IL-23/IL-17
and TNF-α [102], which are secreted by immune cells. The sustained immune assault in
this chronic inflammatory condition leads to keratinocyte hyperproliferation and impaired
differentiation of epidermis, causing the clinical manifestation of the disease. The formation
and maintenance of psoriatic lesions is affected by this interplay between the keratinocytes
and immune cells [103].

Cell-based model systems for capturing the psoriasis phenotype and screening the
anti-psoriatic ingredients can include keratinocyte cell lines (e.g., HaCaT) or immune
cells (e.g., THP-1cells). Earlier, our laboratory reported an HaCaT-based model system in
which the cells exposed to imiquimod (100 µM) exhibited hyperproliferation and increased
inflammation (as measured in terms of the levels of pro-inflammatory cytokines–IL-17, TNF-
α, IFN-γ, and IL-6). This model system was used for the evaluation of anti-psoriatic effects
of curcumin [104]. The S100 protein psoriasin (S100A7) is a characteristic anti-microbial
peptide (AMP) found in psoriatic lesions and is thought to have a chemotactic role in
psoriasis [105]. Our recent studies in the lab also indicate that this model system exhibits
increase expression of psoriasin. Hence, downregulation of this peptide can be scored for
anti-psoriatic activity [106]. Since inflammation is an integral part of the development of
psoriasis, screening for anti-inflammatory activity in cosmetic ingredients can also add
value in terms of their efficacy.

Many USFDA-approved biologics for psoriasis treatment work by inhibiting the
inflammatory cytokines. For example, adalimumab, infliximab treatment for tumor necrosis
factor alpha (TNF-alpha), secukinumab, brodalumab for interleukin (IL)-17, ustekinumab
for IL-12, and tildrakizumab for IL-23. These have shown effectiveness in slowing down
epidermal turnover and plaque formation [107,108]. The effect of cosmetic ingredients on
these cytokines can be tested in cell-based systems involving human monocytes such as
THP-1. The herbal ingredients from Brassica nigra, Linum ussitatissimum [109], Pongamia
pinnata [110,111], and Vitis vinifera [112] have been reported to have anti-inflammatory,
emollient, anti-microbial, and skin-protectant properties, and therefore can be employed as
anti-psoriatic agents.

2.7. Cell-Based Systems for Evaluation of Cosmetic Ingredients on Wound-Healing

Skin is subjected to several physical and environmental challenges, and this may
lead to injuries such as cuts and rashes on skin. Therefore, many cosmetic products
(for example, lip balms, moisturizers, and crack- or burn-healing creams or gels) target
wound-healing. Wound-healing is a multinetwork process broadly divided into these
phases: hemostasis, inflammation, cell proliferation and re-epithelialization, and finally,
remodeling. It involves several cell types such as keratinocytes, fibroblasts, epidermal
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stem cells, and immune cells [113,114]. It is a complex process which involves a delicate
balance between inflammation, resolution, ECM remodeling, cell proliferation, migration,
and collagen synthesis, as summarized in Figure 4.

Figure 4. Cellular events involved in wound-healing. Wound-healing is a multi-phasic process
involving cellular hemostasis, inflammation, proliferation, re-epithelialization, and remodeling.
Cytokines and chemokines act as messengers to regulate these phases. Platelets, fibroblasts, immune
cells, keratinocytes, and epidermal stem cells participate in this process. Remodeling through changes
in ECM proteins and connective tissues comprises the final phase of wound-healing.

The in vitro assays for evaluating wound-healing are mostly based on cell-migration-
based assays. In these assays, to induce wounds, various cell-wounding methods are
employed on cells grown on a confluent monolayer. Then, the progress of cell prolifera-
tion and migration into the wound site to reduce the wound gap is measured over time,
microscopically.

Wounds introduced into the in vitro cultured cell monolayer can be by various meth-
ods such as mechanical wounding, thermo-mechanical, electrical wounding, or optical
wounding, as shown in Table 4.

Table 4. Strategies for validation of wound-healing activity.

Wound Creation Methods Pros Cons

Mechanical wounding (scratch
assay)

Scratch introduced mechanically
on cell monolayer using a pipette

tip or cell scraper or stamping
with stamp molds [115,116]

Simple technique, easily available
tools

Irregular wound area created,
scraped cells may be retained at

the edges, impairing the data

Thermo-mechanical wounding Temperature-controlled stamp
molds [117]

Thermal and mechanical damage
healing can be analyzed

Heat may affect surrounding cells
of the wound area, impairing data

Electrical wounding
Cells grown on electrodes, scratch
made on the cell layer, change in

impedance studied
Accurate, reproducible data

Heating of bystander cells
surrounding the wound;

specialized tools required to
perform electrical cell-substrate
impedance sensing (ECIS) [118]

Optical wounding Laser beam pulses used to create
precise wounds

Precise, high-throughput,
reproducible wounds and data

created

Specialized equipment required:
Laser-enabled analysis and

processing (LEAP) instrument
[119]

Wound-healing is measured visually by calculating the difference in the wound area
created on the cell monolayer before and after product treatment. Also, 3D skin models
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can be employed for this wound-healing assay, where a mechanical wound is introduced
in 3D skin models (EpiDermFTTM, StrataTest®, Phenion® FT). Fluorescent labeling and
microscopy techniques have been used to study cell migration during wound-healing [120].
Herbal ingredients used in personal care products such as Aleo vera extracts have been
shown to improve migration of cells to close the wound caused by scratch assay in in-
vitro cell-culture models [121,122]. Software such as the Texture Segmentation algorithm
of MATLAB® (uses a texture filter to detect pixel variation), the White Wave Model of
ImageJ (cell migration visualization during healing), and TScratch of MATLAB® (graphical
and statistical output using curvelet transform) are employed for data analysis [119,123].
Wound-healing is measured visually by calculating the difference in the wound area created
on the cell monolayer before and after product treatment.

Monolayer monocultures, co-cultures, or 3D organotypic cultures are used for studying
wound-healing. Keratinocytes (epidermal cells), dermal fibroblasts, isolated epidermal
stem cells (EPSCs), and endothelial cells are the skin cells studied in wound-healing. Other
than studying the migration and closure of wounds in these models, as discussed above,
effects on the regulation of expression of key genes involved in wound-healing can also be
studied using keratinocyte and dermal fibroblast cells [124–128].

Herbal components such as Aleo polysaccharide, Aleosin from Aloe barbadensis Miller
(Aleo vera), and Rubia cordifolia L. (Manjishtha) are known in traditional Indian medicine
for their anti-blemish, anti-inflammatory, and anti-oxidant properties and have been shown
to regulate IL1A, IL8, IL6, and TNF-α to prevent chronic inflammation [129–131]. Aloe Vera
extract has been shown to upregulate molecules such as transforming growth factor beta
(TGF-β1), TGF-β3 (in scar-free healing), microfibril-associated glycoprotein 4 (MFAP4),
vascular endothelial growth factor (VEGF-C), AKT, extracellular signal-regulated kinase
(ERK), COL1A, and elastin [122]. Aleosin from Aloe barbadensis Miller (Aleo vera) has been
indicated to upregulate growth factors such as TGF-β1 and platelet-derived growth factor
C (PDGF-C), which induce fibroblasts to synthesize the type-III collagen that is required in
wound-healing [130].

2.8. Cell-Based Systems for Skin Hyperpigmentation

Melanin is a skin pigment responsible for skin coloration. Overproduction of this pig-
ment leads to conditions such as melasma, lentigines, freckles, nevus, and age spots [132].
Such dermatological conditions linked to skin hyperpigmentation may require medical
intervention to reduce the pigmentation. Skin lightening, a personal choice that is preferred
by many ethnic groups as a cosmetic practice [133], also implicates melanin. In either
case, reducing the melanin production is a strategy of choice for reducing skin hyperpig-
mentation. Two in vitro model systems are routinely used for screening the inhibitors
of melanogenesis. One is a cell-based assay, wherein the amount of melanin pigment is
measured, and the other assay is based on tyrosinase inhibition.

2.8.1. Cell-Based Assay for Melanogenesis

Biosynthesis of melanin pigment utilizes the specialized cellular organelle called the
melanosome, which is present in melanocytes. Melanin synthesized by melanocytes is
further distributed to keratinocytes [134] (Figure 5). Mouse melanoma cell line B16F10
and human primary melanocyte NHEM are commonly used for in vitro melanogenesis
assay [135,136]. When these cells are treated with cAMP elevating agents such as forskolin
or melanocyte-stimulating hormones (α-MSH), they are stimulated to produce cellular
melanin [136], which can be measured by absorbance at 405 nm. Potential inhibitors of
melanin synthesis or cosmetic ingredients can be included in this system to evaluate their
effect on melanogenesis. Kojic acid and phenyl thiourea (PTU) can be used as a positive
control inhibitor in these assays [137,138].
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Figure 5. Schematic of melanin biosynthesis. Melanin biosynthesis takes place in melanocytes using
tyrosine. Tyrosinase is a key enzyme for the synthesis of melanin. Once produced, melanin is trans-
ported to keratinocytes. Inhibition of tyrosinase, inhibition of melanogenesis, and melanin transfer are
the main functions considered when screening cosmetic ingredients for their anti-hyperpigmentation
activity.

2.8.2. Tyrosinase Inhibition Assay

The biosynthetic pathway for melanin production is a cascade of reactions that involves
several enzymes and intermediates. The starting point for the biochemical synthesis of
melanin is the amino acid tyrosine. This is acted upon by the enzyme tyrosinase and a
series of enzymes, finally resulting in the production of melanin. Of all the enzymes of
the pathway, tyrosinase is the rate-limiting enzyme. Tyrosinase levels are thought to be
the determinants of the color of mammalian skin and hair [139]. Accumulation of this
enzyme is shown to result in dermatological disorders such as melisma, age spots, and
actinic damage. Several factors influence skin coloration in humans. Reports suggest that
more than 150 genes are involved in the determination of skin coloration [140], and the
tyrosinase gene is identified as one of them (http://www.ifpcs.org/colorgenes/; accessed
on 8 September 2022). Accumulation of tyrosinase is known to result in dermatological
disorders. Hence, tyrosinase is a highly targeted enzyme for the inhibition of melanin
synthesis. Screening assays for tyrosinase enzyme inhibition involve using purified enzyme
tyrosinase from mushroom sources. For the substrate, l-3,4-dihydroxyphenylalanine (L-
DOPA) is used, which is converted to dopaquinone during the enzyme reaction and can be
monitored by its absorbance at 475 nm [141]. Activity/potency of the inhibitor is expressed
as IC50 values, which correspond to the concentration of the inhibitor at which 50% of the
enzyme activity is inhibited. Kojic acid is used as a positive control inhibitor in this assay.
The phytoactives in Glycyrrhiza glabra [18], Azadiracta indica [19], and Curcuma longa [69]
offer anti-blemish properties and can be effectively used as ingredients in cosmetics related
to skin hyperpigmentation.

2.9. Melanosome Transfer Assay

As mentioned in previous paragraphs and in Figure 5, melanin pigment is produced
in the melanocytes and is transferred to keratinocytes through melanosomes. The transport
of melanin pigment from melanocytes to keratinocytes is one of the contributing factors
for skin pigmentation [142]. Hence, evaluating the effect of cosmetic ingredients on this
process can add value to the anti-hyperpigmentation potential of the ingredients. Several
methods are available for studying melanosome transfer. Most of these assays are based
on co-culture systems involving melanocytes as donors and keratinocytes as the recipient
cells in melanin transfer. A simple cell-based assay system can involve keratinocytes and
melanocytes that are prelabeled with carboxyfluorescein diacetate (CFDA). Following
co-culturing, the keratinocytes are stained using monoclonal anti-cytokeratin primary
antibody and labeled secondary antibodies. In this system, melanin transfer is quantified
by counting the keratinocyte cells that are positive both for CFDA and secondary antibody

http://www.ifpcs.org/colorgenes/
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staining [143]. This technique has advantages but also drawbacks, as CFDA is not specific
for melanosomes. In another study, investigators identified gp100 as a reliable tracker for
melanin transfer in co-culture based assays, and they proposed the silver locus product
(Silv/gp100/Pmel17) as a reliable tool for melanosome transfer assays [144]. Few other
methods based on co-culturing of melanocytes and keratinocytes have been used by
investigators. In these methods, the quantification of melanin transfer is based on scoring
the number of cells which are double-positive for melanocyte and keratinocyte specific
markers as per the design of the experiment [145].

3. Challenges and Perspectives

In recent years, the cosmetic industry has greatly evolved and is shaping into more of
a science- and innovation-driven sector. As a policy, several companies are moving away
from using animals in their cosmetic product development. Cell-based models are the best
alternatives to animals. Several animal-free safety and toxicity assays prescribed by the
Organisation for Economic Co-operation and Development (OECD) have been routinely
used in many laboratories. Efficacy validation of cosmetic products is equally important
for product development. Since cosmetic products are mostly topical in their application,
cell-based model systems are well-suited for efficacy validation. Cell-based assays are
more easily adaptable for screening cosmetic products in a high-throughput manner and
provide answers in a relatively short time. However, they do have a few limitations that
should be carefully considered before initiating screening projects. For example, the single-
cell-line-based systems lack cell-to-cell communication with other cell types, and cells in
isolation may behave differently when compared to those present in a physiological context.
Complex processes such as psoriasis, skin aging, and hair loss involve various cell types
and environmental factors. Representing all such components in a cell-based system is not
practically possible. Although co-culture-based models can partly consider this, they may
not fully account for physiological signal cross-talk between various cell types. Also, 3D
skin models may be better alternatives to overcome some of these limitations. However,
establishing the 3D models as screening systems is not cost-effective, and validated 3D
skin models are unavailable for many indications. Additional parameters such as skin
permeability, absorption, and metabolism of topical ingredients (by the enzyme systems in
the skin) play an important role in the efficacy of cosmetic ingredients. These parameters
need to be carefully considered before extrapolating the in vitro results into possible claims.
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Abbreviations

ALP alkaline phosphatase
AMP anti-microbial peptide
AQP3 aquaporin-3
C. acne Cutibacterium acnes
CFDA carboxyfluorescein diacetate
COL1A collagen
DHT dihydrotestosterone
EC European Commission
ECM extra-cellular matrix
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ELISA enzyme-linked immunoassay
ELN elastin
EPSCs epidermal stem cells
ERK extracellular signal-regulated kinases
FDA Food and Drug Administration
FGF fibroblast growth factor
FLG filaggrin
HA hylauronic acid
Hacat human epidermal keratinocytes
HDF human dermal fibroblast
HFDPC human hair follicle dermal papilla cells
HGF hepatocyte growth factor
HPLC high-performance liquid chromatography
IC50 inhibitory concentration 50
IGF-1 insulin growth factor 1
IL interleukins
INV involucrin
KGF keratinocyte growth factor
LC-MS liquid chromatography–mass spectrometry
L-DOPA l-3,4-dihydroxyphenylalanine
MEF mouse primary embryonic fibroblasts
MFAP4 microfibril-associated glycoprotein 4
MMPs matrix metalloprotein
MTT/XTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
OECD Organisation for Economic Co-operation and Development
ORSc outer root sheath cells
PCR polymerase chain reaction
PDGF-C platelet-derived growth factor C
PTU phenyl thiourea
ROS reactive oxygen species
SA-β-gal senescence-associated beta-galactosidase
TGF-β1 transforming growth factor beta
TGMs transglutaminase 1, 3, and 5
TIMP1 tissue inhibitors of metalloproteinases
TLC thin-layer chromatography
TNF-alpha tumor necrosis factor alpha
UV ultraviolet
VEGF vascular endothelial growth factor
α-MSH alpha melanocyte-stimulating hormones
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