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Abstract

Chronic exposure to ultraviolet (UV) radiation is the dominant environmental driver of premature skin
ageing. UVB is absorbed mainly in the epidermis, whereas the more abundant UVA reaches the dermis;
together they generate reactive oxygen species, activate MAPK, AP-1 and NF-kB signalling, depress Nrf2-
dependent defences and induce matrix metalloproteinases that degrade dermal collagen. Plant extracts
that combine antioxidant and anti-inflammatory activity are therefore attractive photoprotective candid-
ates. Bacopa monnieri (L.) Wettst., an Ayurvedic herb studied mainly for its neuroprotective effects, has
repeatedly been shown to scavenge free radicals, protect mitochondria, restore Nrf2 signalling and
lower TNF-q, IL-6, COX-2 and iNOS in non-cutaneous models. This short review summarises the mechan-
isms of UV-induced skin ageing and the cell, reconstructed-skin and hairless-rodent models used to
study it, collates the antioxidant and anti-inflammatory evidence for Bacopa, and examines how far this
evidence can be extended to photoaged skin. No peer-reviewed study of Bacopa in UV-exposed skin cells
or skin was identified, so the conclusions are mechanistic and hypothesis-generating; a stepwise
validation pathway is proposed.
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1 Introduction

Skin ageing reflects two overlapping processes: an intrinsic, time-dependent decline and an extrinsic
component driven by environmental exposure, of which solar ultraviolet radiation is by far the most
important [1]. Photoaged skin is characterised by coarse wrinkling, laxity, dryness and dyspigmenta-
tion, and its dermis shows fragmented collagen and disorganised elastic fibres [2]. Seen through the
lens of the exposome, UV is one member of a wider set of lifelong exposures that act and interact on
the skin, which is why single-target interventions rarely suffice [3].

Sunscreens reduce the dose of UV reaching the skin but do not address the oxidative and inflammat-
ory events that follow the radiation that gets through, and this has focused attention on topical or
oral agents that strengthen endogenous defences. Polyphenol-rich botanicals have been the most
intensively explored, with reported effects on inflammation, oxidative stress and DNA repair in
animal models [4], and a recent survey of eighteen medicinal plants traced their activity to the Nrf2/
ARE, MAPK/AP-1, PI3K/Akt and MITF /tyrosinase pathways [5].
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Bacopa monnieri, a creeping herb of wet habitats widely used in Ayurvedic practice, is best known for
its effects on memory and for a large body of neuropharmacological work on its saponin-rich extracts
[6,7]. Those same studies document antioxidant and anti-inflammatory actions that are mechanistic-
ally close to what a photoprotective agent requires. The present review therefore asks a focused
question: what does the existing evidence say about Bacopa as an antioxidant and anti-inflammatory
agent, and how plausibly does it translate to UV-induced skin ageing? We state at the outset that
direct experimental evidence in UV-exposed skin models is lacking, so the argument developed here
is one of mechanistic bridging.

2 Pathophysiology of UV-induced skin ageing

2.1 Penetration, DNA damage and the first molecular events

UVB (280-320 nm) is absorbed almost completely in the epidermis, whereas UVA (320-400 nm),
which makes up the great majority of terrestrial UV, penetrates deeply into the dermis [8]. UVB forms
cyclobutane pyrimidine dimers and 6-4 photoproducts directly in DNA; UVA is less energetic but
roughly twenty times more intense in sunlight, and produces dimers together with oxidative lesions,
chiefly 8-oxoguanine [9]. DNA damage is not merely a mutagenic event, since in human skin it also
initiates release of matrix metalloproteinase-1 (MMP-1) [10]. The difference in penetration depth
matters experimentally, because keratinocytes and dermal fibroblasts are exposed to different
wavelengths in vivo (Figure 1, panel A).

2.2 Oxidative stress and signalling

The skin generates reactive oxygen species (ROS) through mitochondrial respiration, NADPH
oxidases, cyclooxygenase and lipoxygenase activity and Fenton chemistry, and UV is the largest
contributor to extrinsic oxidative load [11]. UV simultaneously depletes cutaneous antioxidants, so
that ROS accumulation is both increased and poorly buffered, and the resulting oxidative and
inflammatory signals recruit neutrophil proteases that add to matrix damage [12]. In human skin in
vivo, suberythemal UVB induced MMP mRNA, protein and activity within hours, while the transcrip-
tion factors AP-1 and NF-kB were activated within minutes; pretreatment with retinoic acid blunted
both responses [13]. The Nrf2/ARE axis, which drives expression of haem oxygenase-1, NAD(P)H
quinone oxidoreductase and glutathione-synthesis enzymes, is the principal counterweight, and
phytochemicals that activate it are being explored as photoprotectants [14].

2.3 Inflammation, matrix degradation and repair

UV-induced MMPs degrade collagen and other matrix proteins, and in human skin all members of the
MMP family respond to UV, with both epidermal and dermal contributions [15]. In reconstructed hu-
man skin, UVA triggered apoptosis of superficial dermal fibroblasts about six hours after exposure,
with collagenase secretion and later repair of the dermis over two weeks, a sequence that links acute
cell loss to the chronic phenotype [16]. Photoageing and chronological ageing share core molecular
pathways, so that an agent that restrains UV-induced oxidative and inflammatory signalling may have
wider anti-ageing relevance [1].
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3 Experimental models of UV-induced skin ageing

Three tiers of model are in routine use (Table 1). Monolayer HaCaT keratinocytes and primary or im-
mortalised dermal fibroblasts permit rapid mechanistic work. In one such study, UVA at 10 ]/cm?
raised active MMP-1 in both cell types, and the test compound lowered it in a dose-dependent
manner while suppressing p38, ERK and JNK phosphorylation, nuclear c-Fos and c-Jun, and TNF-q,
COX-2, IL-1pB and IL-6 [17]. In HaCaT cells irradiated with UVB at 30 m]/cm?, a plant fraction restored
NRF2 and haem oxygenase-1, lowered ROS and dampened NF-kB activation [18]. Fibroblast models
also capture senescence: UVA at 10 J/cm? increased senescence-associated B-galactosidase-positive
cells to 23.07%, and pretreatment with 25 pg/mL EGCG reduced this to 12.75% together with lower
MMPs and p66Shc [19].

Reconstructed skin adds tissue architecture and shows how UVA injures the dermal compartment
while sparing keratinocytes [16]. In vivo, the outbred SKH1 hairless mouse is the most widely used
strain because it is unpigmented and immunocompetent, although its poorly characterised genetic
background and outbred status limit reproducibility [20]. Typical designs escalate UVB over weeks:
oral Centella asiatica extract at 40 or 80 mg/kg/day was tested in Skh:HR-1 mice receiving UVB three
times weekly, rising from 60 to 240 m]/cm? over eight weeks, and reduced wrinkling, transepidermal
water loss, malondialdehyde and cytokines while raising antioxidant enzymes and collagen expres-
sion, although several changes did not reach significance in post-hoc testing and some authors are
affiliated with the extract's producer [21]. A topical design in hairless mice, daily UVB for 28 days,
found that EGCG at 10 and 50 mg/mL, but not 1 mg/mL, reduced keratinocyte apoptosis and
mitochondrial damage [22]. A polyherbal formula protected both human dermal fibroblasts (UVA 8 ]/
cm?) and BALB/c mice by raising nuclear Nrf2 and lowering 8-hydroxy-2'-deoxyguanosine [23].

These models answer different questions and should be chosen deliberately. Keratinocyte monolay-
ers are suited to testing whether a candidate intercepts the earliest ROS, MAPK and NF-kB events
after UVB, while fibroblast monolayers report on UVA-driven MMP expression, collagen turnover and
senescence, which are the closest cellular correlates of wrinkling. Both lack the barrier, the
vasculature and the cell-cell signalling of intact skin, and in vitro irradiation is often delivered through
a thin layer of buffer after the medium has been removed, so that the effective dose and the timing of
extract addition (before, during or after UV) shape the result. Rodent studies add pharmacokinetics, a
measurable barrier and clinical-style endpoints, but the dose escalation schedule, the strain and the
route of administration all vary between laboratories, and the hairless mouse differs from human
skin in several respects, including its outbred genetic background [20]. Positive controls such as a
commercial sunscreen [22] or a recognised antioxidant are therefore essential for putting any
botanical effect in context.
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A. UV penetration and target cells (schematic)
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Figure 1. (A) UVB and UVA penetration and the corresponding target cells. (B) Photoageing cascade (DNA damage,

ROS, MAPK/AP-1/NF-kB, inflammatory mediators and MMPs) with four hypothesised intervention points for Bacopa
monnieri. The Bacopa points are inferred from non-skin studies and have not been demonstrated in UV-exposed skin;
schematic, not to scale [8,9,13,15].

Table 1. Representative UV photoageing models and natural-product interventions reported in the literature, with no

study yet available for Bacopa monnieri.

Model UV regimen Intervention Reported endpoints Ref.
HaCaT cells and UVA 10 J /cm? Syringaresinol 1, 5, Active MMP-1 lowered at 20 uM (8.16  [17]
human dermal 20 uM, 24 h to 2.56 ng/mL in HaCaT; 2.28 to 1.37
fibroblasts ng/mL in fibroblasts); p38/ERK/JNK,
c-Fos/c-Jun and cytokines reduced
Normal human UVA 8 ]/cm? Polyherbal extract ROS and MMP-1 lower, collagen [23]
dermal fibroblasts; (cells); 7.5-30 pg/mL; preserved; Nrf2, GST and NQO-1
BALB/c mice cumulative 60 ]/  hesperetin higher; mouse nuclear Nrf2 up, 8-
cm? (mice) OHdAG down
HaCaT UVB 30 mJ/cm? Plant fraction 100 pg/ NRF2 and HO-1 restored; ROS [18]
keratinocytes mL, 18 h reduced; NF-kB activation dampened
CCC-ESF-1 skin UVA 10 J/cm? EGCG 25 ug/mlL,24h  SA-B-gal-positive cells 23.07% to [19]
fibroblasts pretreatment 12.75%; senescence markers, MMPs
and p66Shc reduced
Skh:HR-1 hairless UVB 3 times Oral Centella extract Wrinkles, TEWL, MDA and cytokines [21]
mice, 8 weeks weekly, 60 to 240 40, 80 mg/kg/day lower; antioxidant enzymes and
m]J/cm? collagen higher; MMP-1/-9
suppressed (not all significant)
Hairless mice, 28 UVB 100 uwW/ Topical EGCG 1, 10, Less keratinocyte apoptosis and [22]
days cm? 30 min daily 50 mg/mL; SPF 50 mitochondrial damage at 10 and 50
sunscreen control mg/mL; little effect at 1 mg/mL
Reconstructed UVA None (injury model) Dermal fibroblast apoptosis at about [16]
human skin 6 h, cells absent by 48 h; collagenase
secretion; repair over 2 weeks
Any of the above - Bacopa monnieri No peer-reviewed study identified -
extract or bacosides
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4 Bacopa monnieri: Phytochemistry and extract variability

The bioactivity of Bacopa is usually attributed to its triterpenoid saponins, the bacosides,
bacopasaponins and bacopasides, together with phenolic constituents and flavonoids. In a recently
profiled ethanolic extract, bacopasaponin C reached 52.71 pg/mg and bacopaside 11 43.05 pg/mg, and
total phenolics were 9.27 mg gallic acid equivalents per gram [24]. Bioassay-guided work on ethyl
acetate fractions isolated quercetin and isochlorogenic acid A [25], and quercetin was also the
strongest binder to inflammatory targets among Bacopa constituents in a network-pharmacology
study, in which it, rather than the whole extract, lowered nitric oxide and COX-2/iNOS expression in
macrophages [26].

Extract composition therefore matters. A hexane extract protected HT-22 cells from glutamate
toxicity and extended lifespan in Caenorhabditis elegans, whereas the ethanol extract did not [27].
Likewise a triterpenoid fraction and a bacoside-enriched fraction of the same methanolic extract
differed, the latter showing stronger antioxidant activity and the former alone showing anti-arthritic
effects [28]. Any skin study must therefore specify the solvent, the marker content and the standard-
isation, otherwise results cannot be compared between laboratories.

5 Antioxidant evidence

The closest evidence to the UV context comes from an early study in which a methanol extract
scavenged free radicals in a dose-dependent manner, protected DNA from cleavage produced by UV
photolysis of hydrogen peroxide, and shielded non-immortalised human fibroblasts from peroxide-
induced cytotoxicity and DNA damage [29]. This is a chemical and fibroblast system rather than
irradiated skin, but it addresses two features of photoageing, radical generation and DNA injury, in a
relevant cell type.

Mechanistic data come from neuronal models. In SK-N-SH cells exposed to hydrogen peroxide or
acrolein, a standardised extract lowered intracellular ROS, preserved mitochondrial membrane
potential and modulated NF-kB, Sirtl, ERK1/2 and p66Shc [30]. In PC12 cells challenged with sodi-
um nitroprusside, the extract lowered nitric oxide and iNOS, restored antioxidant status, preserved
mitochondrial membrane potential and reversed changes in Bax, Bcl-2, cytochrome c, caspase-3 and
haem oxygenase-1 [31]. Mitochondrial protection and p66Shc modulation are noteworthy for skin
because p66Shc is also lowered by EGCG in UVA-induced fibroblast senescence [19].

The Nrf2 pathway has been addressed in vivo. In rats given intracerebroventricular okadaic acid, a
standardised extract at 40 and 80 mg/kg restored cortical and hippocampal Nrf2, haem oxygenase-1
and glutamate-cysteine ligase catalytic subunit expression and reduced oxidative stress,
neuroinflammation and neuronal loss [32]. Direct in vitro radical-scavenging capacity of an extract
was reported with IC50 values of 3.05 mg/mL (DPPH), 1.95 mg/mL (ABTS) and 0.59 mg/mL (super-
oxide) [24]. These potencies are modest, which suggests that cellular signalling effects, rather than
stoichiometric scavenging, are more likely to explain any protective action. Finally, in skin-relevant
tissue, a 50% ethanolic extract given orally at 25 mg/kg/day improved incision, excision and dead-
space wound healing in rats, raised antioxidant levels and lowered free radicals and myeloperoxidase
[33].

Comparators help to calibrate these findings. The okadaic acid study included melatonin at 20 mg/kg
as a reference antioxidant [32], and the wound-healing study used an established antioxidant vitamin
as its comparator [33], which at least places the extract within a recognisable efficacy range. No Ba-
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copa study has yet used a sunscreen, a photoprotective retinoid or a validated botanical such as EGCG
or Centella as a benchmark in an irradiated system, which is the comparison that a photoprotection
claim would require [4,21].

6 Anti-inflammatory evidence

Bacopa extracts act on innate immune cells at several levels. A bacoside-rich ethanolic extract
lowered nitric oxide and TNF-« in stimulated RAW264.7 macrophages, with EC50 values of 0.25 and
1.15 mg/mL respectively, and lowered interferon-y in stimulated human whole blood [34]. Triterpen-
oid and bacoside-enriched fractions each reduced TNF-a, IL-6 and nitrite in LPS-activated
mononuclear cells and decreased carrageenan paw oedema in animals [28]. In activated N9 mi-
croglia, tea, infusion and alkaloid extracts and bacoside A inhibited TNF-a and IL-6 release, and in
cell-free assays they inhibited caspase-1, caspase-3 and MMP-3 [35]. The last finding is directly per-
tinent to skin, since MMP-3 contributes to dermal matrix turnover; however, it is a cell-free
observation and tells us nothing about expression in irradiated tissue.

Cytokine and enzyme effects are consistent across tissues. In TNF-a- and IFN-y-primed SH-SY5Y cells
an extract reduced IL-1f, IL-6, COX-2 and iNOS [36]. Bacoside A lowered IL-6, IL-17A, TNF-a and
CCL-5 in mouse experimental autoimmune encephalomyelitis, but only the 10 mg/kg dose protected,
and higher doses did not, a reminder that dose-response may be non-monotonic [37]. An oral extract
at 50 mg/kg/day for 15 days lowered IL-6, TNF-a, MCP-1, COX-2, iNOS, ROS and nitric oxide in a
colchicine model [38], and bacoside A lowered IL-1f, IL-6, TNF-a, NF-xB p65, COX-2 and iNOS activity
in a 6-hydroxydopamine model of Parkinson's disease [39]. An ethyl acetate fraction inhibited leuko-
triene C4 synthase expression by 69% in HL-60 cells, inhibited LTA4 hydrolase and COX-2, and an oral
extract suppressed ovalbumin-induced lung inflammation in mice [25]. In healthy older adults, three
months of supplementation lowered NF-kB p65 phosphorylation [40], and a systematic review of
twenty-two trials at 160-640 mg reported reduced NF-xB phosphorylation, inflammatory
biomarkers and oxidative stress, although it addressed cognition, not skin [6].

Mechanistic interpretation should be cautious. The macrophage study proposed COX-2, NF-kB and
the p38 and ERK kinases as likely upstream targets but did not test them [34], and several of the cy-
tokine effects above were measured after a single stimulus in a single cell type. The pathways
involved nevertheless coincide with those that UV engages in keratinocytes and fibroblasts, in which
p38, ERK and JNK activation leads to c-Fos and c-Jun accumulation and to TNF-«, COX-2, IL-1f3 and
IL-6 release [17]. It is this overlap, rather than any demonstrated skin effect, that justifies testing Ba-
copa in UV models. The antioxidant and anti-inflammatory evidence is summarized in Table 2.

Table 2. Antioxidant and anti-inflammatory evidence for Bacopa monnieri and its constituents from non-photoageing
models, and its possible relevance to UV-exposed skin.

Model Preparation / dose Key finding Relevance to Ref.
photoaged skin
DNA cleavage assay; Methanol extract Radical scavenging; protection of Closest to UV- [29]
human fibroblasts DNA against H,0, UV-photolysis linked damage in a
and fibroblasts against H,0, injury  skin cell type
SK-N-SH cells Standardised extract Lower ROS, preserved Redox signalling [30]
(pretreatment) mitochondrial potential; NF-kB, shared with UV
Sirtl, ERK1/2 and p66Shc response
modulated
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Model Preparation / dose Key finding Relevance to Ref.
photoaged skin

Rat brain, okadaic Standardised extract Nrf2, HO-1 and GCLC expression Nrf2 /ARE defence  [32]
acid 40,80 mg/kg restored; less oxidative stress axis
RAW264.7 cells; Bacoside-rich NO and TNF-a lowered (EC50 0.25, Innate cytokine [34]
human whole blood ethanolic extract 1.15 mg/mL); IFN-y lowered response
LPS-activated Triterpenoid and TNF-q, IL-6 and nitrite lowered; Fraction- [28]
mononuclear cells; bacoside fractions paw oedema reduced dependent activity
rodent oedema
N9 microglia; cell- Tea, infusion, alkaloid TNF-q, IL-6 release lowered; MMP-3 relevantto  [35]
free assays extracts; bacoside A caspase-1, caspase-3 and MMP-3 dermal matrix

inhibited
RAW264.7 cells; Quercetin Top binder to COX-2, iNOS, LOX, COX-2 and MMP9 [26]
docking (Bacopa-derived) STAT3, CCR1, MMP9; NO and targets

COX-2/iNOS lowered
HL-60 cells; OVA- Ethyl acetate fraction LTC4S expression inhibited by Eicosanoid [25]
sensitised mice 69%; LTA4H and COX-2 inhibited pathway
Rat excision, incision ~ 50% ethanol extract, Better wound healing; antioxidants ~ Skin repair with [33]
and dead-space 25 mg/kg/day orally raised; MPO and free radicals antioxidant effect
wounds lowered (oral)
Human dermal Methanol extract Migration increased via a531 Fibroblast repair [41]

fibroblasts integrin and FAK phosphorylation behaviour

7 Bridging the evidence to UV-induced skin ageing

Placed against the cascade in Figure 1 (panel B), the Bacopa data map onto four nodes. First, scaven-
ging of radicals and protection of mitochondria and DNA in fibroblasts and neuronal cells [29-31]
would act upstream, where UV-generated ROS are produced. Second, restoration of Nrf2, haem
oxygenase-1 and related enzymes in vivo [32] addresses the defence that chronic UV erodes [14].
Third, lowered NF-kB signalling and cytokines [30,37,39,40] targets the transcriptional layer that
Fisher and colleagues showed is activated within minutes of UVB [13]. Fourth, reduced COX-2, iNOS
and MMP-3 activity [25,26,35] bears on the effector molecules that destroy collagen [15].

Skin-directed observations are sparse but consistent with this view. A methanol extract promoted
human dermal fibroblast migration through a581 integrin and focal adhesion kinase, which relates to
wound repair rather than inflammation [41], and oral extract improved wound healing with higher
antioxidant levels in rats [33]. The Centella asiatica comparator is instructive, because a triterpenoid-
rich extract produced an integrated antioxidant, anti-inflammatory and matrix-preserving profile in
UVB-irradiated hairless mice [21], and a phospholipid-formulated Centella extract protected dermal
fibroblasts from menadione-induced ROS and lipopolysaccharide-induced IL-6 and collagen loss,
whereas the unformulated extract showed little activity in the same functional assays [42]. Bacopa is
also a saponin-rich botanical, but similarity of class is not evidence of similar effect.

Several caveats limit translation. Most Bacopa studies used oral dosing and neural tissue, whose
pharmacokinetics and cell biology differ from those of irradiated epidermis and dermis. Some reports
have internal inconsistencies, for example a title referring to mice where the abstract describes rats
[39], and the dose used in vitro (up to milligrams per millilitre for extracts) may exceed what can be
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achieved in the skin [24,34]. Efficacy was not uniform: in an LPS dementia model the extract lowered
cortical IL-1f by only 6.65% and TNF-a by 17.37%, and did not significantly rescue behaviour [24].

A useful way to frame the next experiments is to state what would count against the hypothesis. If Ba-
copa acted mainly through radical scavenging, its protection should be lost when the extract is
washed off before irradiation yet retained when present during exposure; if it acted through Nrf2,
protection should require a pretreatment interval long enough for new protein synthesis and should
disappear when Nrf2 is silenced, in keeping with the role of this pathway in botanical photoprotec-
tion [14,18]. If its effect were confined to suppressing cytokines, MMP-1 would fall without a change
in ROS. These predictions are testable with the same endpoints used for the comparators in Table 1
and would distinguish a genuine photoprotective mechanism from non-specific cytotoxicity or from
absorption of UV by the extract itself.

8 Formulation considerations for topical use

Bacopa saponins and polyphenols are poorly suited to unmodified topical delivery, and delivery work
is still at an early stage. The only skin-directed carrier identified is an ethosomal system of twelve
ether-injection formulations with bacoside A as marker; the lead batch reported 89% entrapment, a
188 nm vesicle size and deeper dye penetration into goat skin than a hydroethanolic solution,
although the paper shows internal inconsistencies between text and tables and makes unsupported
claims about collagen and elastin, so its findings should be treated cautiously [43]. Other delivery sys-
tems explored for Bacopa, including liposomes, bilosomes, solid lipid nanoparticles and a phos-
phatidylcholine complex, were designed for neuroactive or oral use [7]. The phospholipid precedent
for Centella [42] and the importance of extract composition [27] suggest that a standardised, phos-
pholipid- or vesicle-based Bacopa preparation is the logical first topical candidate.

9 Research gaps and proposed validation pathway

The central gap is the absence of any peer-reviewed study in UV-exposed keratinocytes, fibroblasts,
reconstructed skin or hairless rodents. Within the literature we could reach there was also no
Bacopa-specific Nrf2 study in skin cells and no clinical cosmetic study. A stepwise pathway is outlined
in Figure 2 (panel B). A standardised extract, characterised by marker saponins and phenolic content,
would first be tested in HaCaT cells under UVB and in dermal fibroblasts under UVA, with ROS, NF-kB,
Nrf2/HO-1, MMP-1, -3 and -9 and collagen as readouts, using the UV doses and endpoints already
established for comparators (Table 1) [17,18,23]. Mechanistic experiments should compare whole ex-
tract with bacoside A and quercetin and should include genetic or pharmacological Nrf2 inhibition.
Promising preparations would then enter escalating-dose UVB protocols in hairless mice with topical
and oral arms, wrinkle scoring, transepidermal water loss, malondialdehyde and antioxidant enzyme
measurements [20,21]. Dose-response should be examined carefully, given the non-monotonic effect
of bacoside A reported elsewhere [37].

Reporting quality will determine whether such studies are interpretable. Extract authentication,
marker content, solvent, batch and vehicle should be stated, as the divergent activity of the hexane
and ethanol extracts shows [27]. Experiments should include a vehicle control, an irradiated-only
control, a non-irradiated extract control to exclude toxicity, and a reference photoprotector, and they
should report significance for each endpoint rather than only the favourable ones, a point made
necessary by the mixed statistical results in the Centella mouse study [21]. Because botanical extracts
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are often coloured and may absorb UV, optical interference with UV delivery and with colorimetric
assays should be excluded.

A. Bacopa evidence map: constituents - effects - skingap B. Proposed validation pathway (conceptual)

Bacopa monnieri extracts and constituents 1 Standardised extract

bacosides / bacopasappnins, bacppaside I and II, bacoside content, solvent profile, quercetin / phenolics (HPLC)
quercetin, phenolics

v v

Antioxidant 2 HaCaT keratinocytes || 2 Human dermal fibroblasts
free-radical scavenging, DNA protection (UV-photolysed H,05), UVB (e.g. 30 mJ/em?) UVA (e.g. 8-10 J/em?)
ROS and mitochondrial protection, Nrf2 / HO-1 (brain) ROS, NF-kB, Nrf2 / HO-1, ROS, MMP-1/-3 /-9,
¥ IL-6, TNF-a, COX-2 collagen, senescence
Anti-inflammatory \ /
.TNF'G, IL-6, IL- IB, NO, COX'Z, INOS, NF-KB lowered 3 Mechanism and dose Window
in macrophage, microglial, neuronal and animal models viability, Nrf2 knock-down, MAPK / AP-1 blots,
v extract vs bacoside A vs quercetin
Skin-related v

fibroblast migration; wound repair with higher antioxidants
in rats; ethosomal topical carrier (goat skin)

4 Hairless mice (SKH-1 / Skh:HR-1)

R AT UVB dose escalation; topical vs oral extract;
GAP: no peer-reviewed Bacopa study in UV-exposed wrinkle score, TEWL, MDA, antioxidant enzymes, collagen, MMPs
keratinocytes, fibroblasts, reconstructed skin or hairless mice Ethosomal or phospholipid carriers to be compared with plain extract (schematic)

Figure 2. (A) Map of the antioxidant, anti-inflammatory and skin-related evidence available for Bacopa monnieri and
the evidence gap in UV-exposed skin. (B) Proposed stepwise validation pathway from standardised extract to cell and
hairless-mouse models; conceptual schematic [29,33,35,43].

10 Conclusion

Bacopa monnieri has a credible mechanistic profile for photoprotection: it scavenges radicals,
protects mitochondria, supports Nrf2 signalling and lowers NF-kB-dependent cytokines and COX-2/
iNOS, and a cell-free assay shows inhibition of MMP-3. Every one of these observations, however,
comes from non-cutaneous or non-irradiated systems. Until standardised extracts are tested in UVB-
exposed keratinocytes, UVA-exposed fibroblasts and hairless mice against the endpoints established
for other botanicals, Bacopa should be regarded as a promising but unproven candidate for UV-
induced skin ageing.
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