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Neuroprotective and anxiolytic potential of green
rooibos (Aspalathus linearis) polyphenolic extract
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Carine Smith *c

South African rooibos (Aspalathus linearis) tea is globally consumed for its health benefits and caffeine free

nature, but no information is available on the neuroprotective capacity of (unfermented) green rooibos. Our

aim was to investigate the cytoprotective activity of green rooibos in neuronal cells, including probing anti-

oxidant and enzyme inhibitory properties that could explain observed effects in these cells. We also investi-

gated the anxiolytic potential of green rooibos using zebrafish larval models. Green rooibos extract (Green

oxithin™) was assessed for its neuroprotective potential in Neuro-2a cells treated with different concen-

trations of the extract (12.5–25–50–100 µg mL−1) and different concentrations of hydrogen peroxide (250

or 125 µM) as oxidizing agent. Cell viability (MTT) and redox status (intracellular ROS) were also quantified in

these cells. Antioxidant properties of the extract were quantified using cell-free systems (DPPH, ORAC and

xanthine/xanthine oxidase), and potential neuroprotection evaluated in terms of its potential to inhibit key

enzymes of the CNS (monoamine oxidase A (MOA-A), acetylcholinesterase (AChE) and tyrosinase (TYR)).

Results demonstrated that green rooibos extract exerted significant cytoprotective properties in Neuro-2a

cells, particularly when exposed to lethal 250 µM hydrogen peroxide, increasing cell survival by more than

100%. This may be ascribed (at least partially) to its capacity to limit intracellular ROS accumulation in these

cells. Data from cell-free systems confirmed that green rooibos was able to scavenge free radicals (synthetic

and physiological) in a dose dependent manner with a similar profile activity to vitamins C and E. Green

rooibos also acted as a moderate MAO-A inhibitor, but had no significant effect on AChE or TYR. Finally,

zebrafish larvae treated with lower doses of green rooibos demonstrated a significant anxiolytic effect in the

light–dark anxiety model. Using the PTZ excitotoxicity model, green rooibos was shown to rescue GABA

receptor signalling, which together with its demonstrated inhibition of MAO-A, may account for the anxio-

lytic outcome. Current data confirms that green rooibos could be considered a “functional brain food” and

may be a good option as starting ingredient in the development of new nutraceuticals.

Introduction

Polyphenols are a class of secondary metabolites from plants
characterized by aromatic rings with hydroxyl groups.1,2 These
compounds are generally classified in the following subgroups
according to structural criteria: phenolic acids, flavonoids,
anthocyanins, catechins, cumarins, lignans and tannins,
among others. Although they work as modulators of plant
physiology, they have gained popularity in human health
research, as they possess bioactive and pharmacological

properties3,4 which may have substantial benefit in the preven-
tative medicine niche, specifically in terms of non-communic-
able diseases of lifestyle,5 but also in the context of cancer.6

From a nutritional perspective, they behave as non-nutrient
bioactive compounds with antioxidant and other modulating
properties in a plethora of tissues and organs.7

The consumption of polyphenolic compounds in our diet
has been recently associated with a reduction in the develop-
ment of certain disorders such as cancer or cardiovascular,
metabolic and neurodegenerative diseases.7–10 Oxidative stress
seems to be involved in the pathogenesis of many chronic dis-
eases and polyphenols may act as antioxidants and as com-
pounds with other relevant bioactivities.11,12

Polyphenols are mainly found in certain groups of plant
foods such as fruits and vegetables, virgin olive oil, cocoa,
edible flowers, medicinal plants and herbal teas.13

Herbal teas and infusions are very popular worldwide
helping to maintain hydration without increasing caloric
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intake.14,15 In fact, tea (Camellia sinensis) is the most popular
beverage all over the world after water.16,17 Other herbal teas that
are popularly drunk worldwide (as researched as result of their
popularity) are chamomile, rooibos, mate, hibiscus, mint, etc.15

Many herbal teas are normally ingested as part of the food
habits but certain users drink these beverages – such as the
teas mentioned above – as infusions for medicinal purposes as
well.18,19 Whether as a food or as a medicinal plant, herbal
teas are interesting sources of bioactive molecules that can par-
ticipate in many physiological pathways to maintain health or
prevent certain diseases, such as cardiometabolic or cardio-
vascular diseases, as well as other chronic conditions known
to result from chronic systemic inflammation.3 In this sense,
polyphenols from teas are particularly known to act as antioxi-
dants modulating other physiological processes; they have
been demonstrated to be involved in the prevention of chronic
and inflammatory disorders such as systemic inflammation or
neurodegenerative and metabolic disorders.7,20

Although tea in its different variations is very popular, its
use is discouraged in patients with insomnia or anxiety due to
its caffeine content.21 Rooibos tea is an exception here, as it is
free of caffeine.

In terms of phytochemicals, rooibos contains numerous
polyphenols, including dihydrochalcones, flavanones, flavone,
flavonols, flavan-3-ols, lignans and hydroxycinnamic
derivatives.22–24 The particular chalcone aspalathin (Fig. 1) is
one of the main phenolic compounds and is often used for
quality control or product standardisation purposes. Rooibos
tea is commercially available in forms: the most commonly
known, fermented version, and an unfermented (green)
version. For fermented rooibos, the needle-shaped plant leaves
are bruised and oxidized in open air to allow development of
its characteristic organoleptic properties.25 The fermentation
process however substantially changes the polyphenol compo-
sition of the extract, as previously elucidated.26 In brief, the
main differences between unfermented and fermented rooibos

is that unfermented rooibos contains higher dihydrochalcone
levels – upon fermentation, the dihydrochalcone aspalathin is
converted to eriodictyol-glucopyranoside isomers, Unfermented
rooibos also contains somewhat higher levels of flavonols.

Traditionally, rooibos tea is considered as an antispasmodic
but many other activities such as cardioprotective, antioxidant,
anti-inflammatory and antidiabetic properties have been
demonstrated.5,25,27–29 Of particular relevance to the current
study, despite the fact that anxiolytic and calming effects are
arguably the oldest anecdotal properties ascribed to rooibos,27

the potential neurological effects of rooibos have not been elu-
cidated and no relevant data is available for unfermented
(green) rooibos.

The main objectives of the current study were therefore to
characterise antioxidant and neuroprotection potential of
green rooibos using cell free systems, neuronal cell culture and
zebrafish larval models.

Results
Antioxidant activity in cell-free systems

The green rooibos extract was tested for its capacity to inhibit
DPPH activity or quench peroxyl radicals (ORAC). In addition,
its capacity for superoxide radical scavenging was generated
using an enzymatic system (xanthine/xanthine oxidase).

Green rooibos was capable of neutralizing both synthetic
(DPPH) and physiological (superoxide) radicals (Fig. 2) and
compared favourably to the potency of the assay reference stan-
dards. ORAC value for the extract was 8.1 µmol TE per mg.

Cytoprotective activity of green rooibos in Neuro-2a cells

Fig. 3 shows the cytotoxicity profile of unfermented (green)
rooibos extract after 24 h treatment in neuronal cells. Lower
doses did not have any inhibitory effect on mitochondrial
reductive capacity, but at the highest concentration tested,
mitochondrial viability was dramatically reduced.

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay data suggests a dose-dependent but non-
significant initial increasing mitochondrial activity, which
peaks at a dose of 125 µg ml−1, after which decreases in mito-
chondrial capacity becomes evident, although only significant
at excessive dose. Since the dose range yielding somewhat
increased mitochondrial capacity corresponded with the doses
shown to have significant effect in the antioxidant assays, four
different concentrations of green rooibos extract ranging from
12.5–100 µg ml−1 were evaluated for their cytoprotective poten-
tial against oxidative stress induced by two different concen-
trations of hydrogen peroxide (250 and 125 µM).

Fig. 4 shows that increasing concentrations of unfermented
rooibos extract exert cytoprotection against an oxidative insult
induced by hydrogen peroxide using the MTT assay of mito-
chondrial activity. The statistical significance can only be
observed when cells were pre-treated with 50 and 100 µg mL−1

for 24 h and hydrogen peroxide was applied at a concentration
of 250 µM, generating a lethal oxidative stress (Fig. 4a).Fig. 1 Examples of flavonoids detected in rooibos (Aspalathus linearis).
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However, when hydrogen peroxide was applied at sub-lethal
doses (125 µM), significant protective effects were not detected
in the MTT assay (Fig. 4b).

The protective effects of green rooibos extract were also
tested in Neuro-2a cells in terms of intracellular ROS pro-
duction (Fig. 5). The cells were co-treated with increasing con-
centrations of extract (12.5–25–50–100 µg mL−1) and 250 or

125 µM H2O2 for a period of 90 min. Results demonstrated
that green rooibos significantly decreased ROS production in
the cells, thus effectively modulating intracellular oxidative
stress profile.

In order to probe pathways as alternative to direct anti-
oxidant activity, which may also affect neuronal cell survival,

Fig. 2 Antioxidant activity of green rooibos extract in cell-free systems,
when compared with the ability of other relevant antioxidants: vitamin C
(a) and vitamin E (b) to scavenge DPPH or superoxide radicals
respectively.

Fig. 3 Cytotoxicity profile of green rooibos extract in the MTT assay
expressed as % mitochondrial capacity. **** p < 0.0001 versus control
cells (ANOVA and Dunnett’s test).

Fig. 4 Cytoprotective activity of green rooibos extract in Neuro-2a
cells exposed to a lethal oxidative insult with 250 µM H2O2 (a) or
exposed to a sub-lethal treatment with 125 µM H2O2 (b) for 24 h;
rooibos significantly increased mitochondrial reductive capacity from
9.7% in cells treated with 250 µM H2O2 up to 26.7% or 23.1% with 100
and 50 µg mL−1 of extract pre-treatments for 24 h (# p < 0.0001 versus
control, * p < 0.05 versus hydrogen peroxide, ANOVA and Dunnett’s
multicomparison test). When generating oxidative stress at 125 µM,
mitochondrial reductive capacity was not modified significantly (from
81.5% in cells exposed to hydrogen peroxide to 85.3 and 85.1% in cells
pre-treated with 100 and 50 µg mL−1 of rooibos extract for 24 h).
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the effect of green rooibos extract on selected neuroenzymes
was assessed. In this context, green rooibos extract exhibited
dose-dependent effect as MAO-A inhibitor, but this activity was
not superior to the reference selective inhibitor clorgyline
(Fig. 6). No inhibition of two other enzymes involved in neuro-
protection, AChE and TYR, was detected (data not shown).

Neuroprotective effect of rooibos in zebrafish larval models

Analysis of total distance moved by zebrafish larvae in the
light–dark anxiety assay demonstrated an ANOVA main effect

of rooibos dose on total distance moved under both the light
and dark conditions (P < 0.0001, Fig. 7), with especially lower
concentrations of rooibos tested, decreasing activity to levels
similar as those seen in diazepam-treated larvae after 1 h of
exposure, while higher doses only produced significant effects
after 24 h of exposure.

These activity profiles suggestive or an anxiolytic effect of
low dose green rooibos corresponded lower total body ROS
(H2O2) levels after 1 h of exposure to rooibos (Fig. 8), but not
after 24 h, where exposure to higher levels of green rooibos
was not associated with a benefit in terms of ROS levels.

As ROS levels thus could not fully explain the anxiolytic
response observed, the potential mechanism of rooibos was
also probed in terms of its effect on GABA receptor signalling.
In the PTZ assay, PTZ was shown to result in significantly
increased activity, which was prevented by co-treatment with
diazepam (Fig. 9), validating the model. None of the green
rooibos doses assessed showed significant therapeutic effect
after 1 h of exposure. However, after 24 h pre-treatment, both
lower doses of green rooibos was able to prevent the PTZ-
associated hyperactivity, but not the high dose, which was
associated with an activity profile similar to that of PTZ.

Discussion

Current data significantly adds to the literature on rooibos, by
elucidating its potential for neuroprotection via two different
pathways; firstly, we demonstrate free radical scavenging effect
in neuronal cells and secondly, the anxiolytic potential of
green rooibos, via its inhibition of the neuroenzyme mono-
amine oxidase A, as well as upregulation of signalling via
GABA receptor.

In terms of antioxidant properties, the green rooibos extract
assessed presented with a similar antioxidant activity to vitamin
C or E in the tested cell-free models. These results are in line
with previous reports demonstrating antioxidant properties of
green rooibos using similar (DPPH and/or superoxide scaven-
ging) and different (earlier) methodologies, such as the ABTS•+

radical cation decolorization assay, the β-carotene bleaching
assay and the Rancimat assessment for oxidation stability.30–34

In addition, anti-inflammatory, antidiabetic and cardioprotec-
tive properties has been reported for green rooibos25,27,35–39 –

interestingly, the aetiology of chronic inflammatory disease, dia-
betes and cardiovascular disease all have increased oxidative
stress as major role player,40 which suggests that these ben-
eficial effects reported may at least in part, be as a result of the
antioxidant capacity of green rooibos.

The potent antioxidant capacity demonstrated in the DPPH
and ROS activity inhibition assays were also evident in the
neuronal cell culture model, where doses of up to 500 µg ml−1

of green rooibos did not significantly affect mitochondrial
reductive capacity – an indirect measure of mitochondrial and
cellular viability. Although the highest dose employed exhibi-
ted decreased mitochondrial activity, this result should be
interpreted in context of the dose used. To place this result

Fig. 5 Redox status modulation by green rooibos extract expressed as
% of intracellular ROS production in Neuro-2a cells exposed to a lethal
oxidative insult with 250 µM H2O2 (a) or exposed to a sub-lethal treat-
ment with 125 µM H2O2 (b) for 90 min. Asterisks showing significance
are not included in the figure in order to avoid misinterpretations and
clarify the figure; at 70–80–90 min three extract concentrations
(100–50–25 µg mL−1) significantly prevented intracelullar ROS pro-
duction compared to cells treated alone with 250 or 125 µM H2O2 (****
p < 0.0001, Two-way ANOVA and Tukey’s multiple comparisons test).

Fig. 6 Enzyme inhibition of neuroenzyme monoamine oxidase -A
(MAO-A) by green rooibos extract, in comparison to to the reference
inhibitor clorgyline.

Paper Food & Function

94 | Food Funct., 2022, 13, 91–101 This journal is © The Royal Society of Chemistry 2022



into context of rooibos consumption, it is important to con-
sider that for the current model and extract, a dose of 25 µg
ml−1 extract roughly equates to the antioxidants contained in
one cup of rooibos tea. This calculation is however made
under the assumption of 100% absorption – as is the norm for
this type of calculation. However, it is well known that many of

the flavonoids contained in rooibos are poorly absorbed from
the gut.41,42 Thus, the highest dose employed here – which was
calculated to be equivalent to 40 cups of tea – may be signifi-
cantly stronger than this calculation suggests. This fully trans-
parent data indicates that green rooibos consumption in
physiologically feasible amounts carries no risk of cytotoxicity.

In terms of cytoprotection from a lethal dose of H2O2, green
rooibos showed a remarkable dose-dependent capacity to
rescue more than 25% of cells from the apoptotic cell death
known to be induced by H2O2, when compared to a survival
rate of less than 10% in untreated H2O2-exposed cells.
Interestingly, in cells exposed to a weaker H2O2 challenge, this
protective effect was not evident. Two factors may account for
this result. Firstly, in vitro exposure of cortical neurons to H2O2

illustrated increased intracellular calcium after exposure to
high, but not low doses of H2O2.

43 Secondly, neuro-2a cells
have been reported to have relatively high intracellular gluta-
thione levels (compared to PC12 cells;44) and low expression of
voltage-gated sodium channels (20-fold lower than cerebellar
granule neurons;45) – both characteristics reported to afford
neuro-2a cells relatively greater resistance to H2O2-induced oxi-
dative stress and neurotoxicity. Thus, taken together, this
result suggests that the milder dose of H2O2 was either insuffi-
cient to challenge the cells beyond their endogenous anti-
oxidant capacity, or that the relatively smaller decrease in mito-
chondrial activity may have resulted via a pathway unrelated to
oxidative stress levels, or both.

Fig. 7 Activity of zebrafish larvae in the light–dark anxiety assay. Cumulative distances moved during the 5 light (A) and 5 dark (B) cycles after 1 h or
24 h (C and D) exposure to green rooibos exposure are presented, using 4uM diazepam treatment immediately before tracking as positive treatment
control. Statistics: Factorial ANOVA showed ANOVA main effect of treatment dose (P < 0.0001) for both treatment protocols and both lighting con-
ditions. Bonferroni post hoc: *, P < 0.05; **, P < 0.01; ***, P < 0.001, n = 12 per group.

Fig. 8 Whole body reactive oxygen species (H2O2) levels measured in
zebrafish larvae at 116hpf, after either 1 h or 24 h exposure (by immer-
sion) to green rooibos extract doses 10, 15 and 20 ug ml−1 in E3.
Statistics: One-way ANOVA indicated main effect of treatment dose (P <
0.001), Bonferroni post hoc: *, P < 0.05, **, p < 0.01.
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Furthermore, although rooibos is anecdotally claimed to
have a calming effect, in vivo data in support of this claim is
currently relatively sparse. We found only one very recent study
reporting behaviour suggestive of decreased anxiety in a
rodent model, after supply of rooibos as only fluid in housing
cages for 3 months.46 In the current study, anxiety behaviour
in zebrafish in the light–dark assay was significantly lower
after exposure to green rooibos, suggesting dose-specific anxio-
lytic potential of rooibos and confirming anecdotal claims. Of
interest, while lower doses seemed to elicit decreases in
activity similar to that of diazepam, this effect was lost after
24 h exposure, when only the highest dose seemed effective.
This may suggest that in the 24 h exposure protocol, the psy-
choactives in rooibos had broken down, so that the high dose
treatment had reached the lower “effective” dose, while the
lower doses had broken down to ineffective doses. This war-
rants further analysis of different fractions of rooibos, in
order to pinpoint specific actives, so that stability testing may
be performed to optimise supplementation strategy. To
our knowledge, the current study is the first illustrating poten-
tial anxiolytic effects for green rooibos, and at relavely acute
time points, which further supports a direct psychoactive
effect.

In terms of mechanisms involved, the green rooibos extract
employed in the current study was rich in polyphenols (41%);
thus its significant dose-dependent inhibition of intracellular
ROS production is not surprising. Significantly, when the
green rooibos extract is compared with other beverages such as
juices obtained from blueberry, cranberry or cherry, its ORAC
value was much higher (approx. 8.1 µmol TE per mg for green
rooibos extract vs. 0.85, 0.64, 0.60 µmol TE per mg for blue-
berry, cranberry and cherry respectively).47

Although the cytoprotective properties of green rooibos
likely result from the specific mechanisms – such as its large
free radical scavenging capacity – that we report here, the
decreased ROS levels observed in zebrafish could not fully
explain the anxiolytic effect of rooibos in vivo – clearly, other
mechanisms also came into play.

Indeed, current data suggest that additional mechanisms
may contribute to the beneficial effects elucidated. For
example, MAO-A inhibitors have previously been suggested as
neuroprotective agents with important applications in neurol-
ogy and psychiatry.48–53 The inhibition of the MAO-A enzyme
by the green rooibos extract could be due to the presence of
flavonoids such as quercetin and/or quercitin derivatives, for
which MAO-A-inhibiting properties have been reported.52,54 In
addition, in zebrafish, the stimulatory response of the GABAA
receptor antagonist PTZ was prevented in the presence of
green rooibos extract. Of interest, lower doses of rooibos were
again more beneficial than higher doses, but required a 24 h
exposure time before effects became evident. This data,
suggesting a calming effect of green rooibos via potentiated
GABAA receptor signalling, warrants further investigation.

Current results are in line with reports identifying fermen-
ted rooibos as a neuroprotective agent in animal models,
where it was shown to decrease lipid peroxides and confering
protection against ischemic brain injury in rats.55,56 No com-
parative data on neuroprotective effects of fermented vs. unfer-
mented rooibos is available. In our opinion, such a compari-
son between differences in composition and differences in
physiological effect, may contribute to a better understanding
and highlight from a mechanistic point of view, the in vivo
observed effects in relation with the central nervous system.

Experimental procedures
Reagents and chemicals

Foetal bovine serum (FBS), phosphate-buffered saline (PBS)
and gentamicin were purchased from Gibco (Invitrogen,
Paisley, UK). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazo-
lium bromide (MTT), dimethyl sulphoxide (DMSO), Dulbecco’s
modified Eagle’s medium (DMEM), hydrogen peroxide solu-
tion (30% w/w), 6-hydroxy-2,5,7,8-tetramethylchromane-2-car-
boxylic acid (TROLOX), 2,7-dichloro-dihydrofluorescein diace-
tate (DCFH-DA), monoamine oxidase A (human recombinant),
acetylcholinesterase (from electric eel), tyrosinase (from mush-
room) and lipoxidase (from soybean) were purchased from

Fig. 9 Activity tracks after (A) 1 h and (B) 24 h exposure to green
rooibos extract, illustrating PTZ-induced hyperactivity, that are pre-
vented by co-administration of 4uM diazepam, as well as lower doses of
green rooibos after 24 h treatment. Statistics: repeated measures ANOVA
showed main effect of treatment dose (P < 0.05) after 24 h treatment.
Bonferroni post hoc: n = 12; *, P < 0.05 – total distance moved similar
for groups with * and significantly higher than all other groups.
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Sigma-Aldrich (St Louis, MO, USA). Chemical reagents for
chemical assays were of analytical grade.

Green rooibos extract

A registered, commercially available, green rooibos extract
(Green Oxithin ™) was kindly donated by Mr Roy van
Brummelen (Van Brummelen Consultants CC, Pretoria, South
Africa – local trademark owner). Briefly, a natural product
extraction specialist company (Brenn-O-Kem (Pty) Ltd,
Wolseley, South Africa) extracted unfermented Aspalathus line-
aris leaves in ethanol using a proprietary method. All solvents
were subsequently removed using appropriate industrial
methods and the product tested to confirm compliance to
industry standards. The moisture content of the extract was
0.1% and total polyphenol content was 41.1% according to the
Folin method.57

Antioxidant characterisation of rooibos in cell-free systems

DPPH antiradical assay. In 96-well microplates, each well
contained 150 μL of extract at different concentrations and
150 μL of DPPH (0.04 mg mL−1 methanol solution).58

Antioxidant activity was determined by measuring absorbance
(Abs) at 515 nm after 30 min of dark incubation. Blank and
control wells were also considered. The highest concentration
of extract tested was 1 mg mL−1. Vitamin C (ascorbic acid) was
used as positive standard. Background interferences from sol-
vents and samples were deducted from the activities prior to
calculating radical scavenging capacity (RSC) as follows: RSC
(%) = [(Abscontrol − Abssample)/Abscontrol] × 100.

ORAC assay. ORAC assay was carried out to measure the
capacity of extracts to scavenge peroxyl radicals (Davalos et al.,
2004).65 Samples and trolox were dissolved in PBS and metha-
nol (50 : 50, v : v). Samples were incubated with fluorescein
(0.07 µM) in 96-well plates for 10 min at 37 °C. Afterwards,
0.012 M AAPH (2,2′-azobis(2-methylpropionamidine) dihy-
drochloride) was added and fluorescence was measured for
98 min at 485 nm of excitation and 520 nm of emission. Results
were expressed as µmol trolox equivalents (TE) per mg sample.

Superoxide radicals generated by xanthine/xanthine oxidase.
The effects of rooibos extract as superoxide radical scavenger
was evaluated by measuring the formation of the NBT (nitrote-
trazolium blue chloride)-radical superoxide complex.59 The reac-
tion mixture is known to have poor stability and thus was pre-
pared freshly every day. This mixture was composed of 90 μM
xanthine, 16 mM Na2CO3, and 22.8 μM NBT in phosphate
buffer (pH 7.0). 240 μL of the reaction mixture in each well with
30 μL of extract solution and xanthine oxidase (XO) was incu-
bated in the dark for 2 min at 37 °C and absorbance read at
560 nm. Blank and control wells were also considered, and
background interferences from solvents and samples were also
deducted from the activities prior to calculating the RSC (%).

Cytoprotective and antioxidant activity of rooibos in Neuro-2a
cells

Cell culture. Rat neuroblastoma cells (Neuro-2a) were
acquired from the ATCC (ATCC® CCL-131™) and were cultured

in DMEM supplemented with 10% fetal bovine serum (FBS)
and 1% gentamicin. Growth media was replaced every two or
three days and cultures split once they reached approximately
80% confluence. Cells were seeded in flasks for stock mainten-
ance and in 96-well plates for experiments. All cultures were
maintained under standard cell culture conditions of 5% CO2

atmosphere at 37 °C. All cell culture experiments were con-
ducted in triplicate and repeated three times.

Cellular protection after rooibos treatment. Stock solution of
Aspalathus linearis (Green OxithinTM) was prepared in
dimethyl sulfoxide (DMSO) and vortexed for 5 min. This
mixture was then diluted with pre-warmed media and a serial
dilution was done to give final working concentrations of treat-
ments (final concentration of DMSO was 0.1% or lower). N2a
cells were treated with a range of concentrations from
0–1000 µg mL−1 and 0–800 µg mL−1 respectively, for 24h to
determine tolerance of cells for the extract by MTT assay.

The MTT assay was used as a predictor of cell survival and
mitochondrial activity.60 After treatments, cells were incubated
with MTT solution (2 mg mL−1) for 3 h at 37 °C. Successively,
the medium was replaced with DMSO in each well to dissolve
formazan crystals. Finally, absorbance was measured at
550 nm. All experiments were performed in triplicate and
results were expressed as a percentage of control (100%).

Doses of rooibos showing maximal cell viability in the MTT
assay (12.5–100 µg mL−1) was used for subsequent assays in
N2a cells – cells were pre-treated with 4 different concen-
trations of extract (12.5–25–50–100 µg mL−1) for 24 h prior to
hydrogen peroxide exposure (125 or 250 µM) for 24 h. At the
end of this protocol, cell survival was once again assessed
using MTT.

Production of intracellular reactive oxygen species (ROS) in
N2a cells. DCFH-DA (2,7-dichloro-dihydrofluorescein diacetate)
is a fluorescent reagent andwas used to detect the production
of ROS at intracellular level. Briefly, cells were incubated in
PBS-glucose +50 µl of DCFH-DA (0.01 M) at 37 °C and pre-
served from the light for 30 min. After this time, cells were
twice washed with PBS-glucose and then different concen-
trations of rooibos extract and H2O2 (125 or 250 µM) were
added. Generation of ROS was measured for 1 hour and
30 min (0′ 10′ 30′ 60′ 90′) in a microplate fluorescence reader
(at λexcitation of 480 nm and λemission of 580 nm).

Enzyme inhibitory properties

Monoamine oxidase A (MAO-A) inhibition. The inhibition of
human recombinant MAO-A was evaluated using a previously
described protocol.52 Each well contained 50 µl of rooibos
extract in DMSO, 50 µl chromogenic solution (0.8 mM vanillic
acid, 417 mM 4-aminoantipyrine and 4 U ml−1 horseradish per-
oxidase in potassium phosphate buffer pH 7.6.), 100 µl of 3 mM
tyramine and 50 µl of 8 U ml−1 MAO-A. Control wells contained
50 µl of solvent. The absorbance was read at 490 nm every
5 min for 30 min. Clorgyline was used as reference substance.

Acetylcholinesterase (AChE) inhibition. A modification of
the Ellman’s method was run using a 96-microplate reader.61

Each well contained 25 µl of 15 mM ATCI in Millipore water,
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125 µl of 3 mM DTNB in buffer C (50 mM Tris-HCl, pH = 8, 0.1
M NaCl, 0.02 M MgCl2·6H2O), 50 µl buffer B (50 mM Tris-
HCl, pH 8, 0.1% bovine serum) and 25 µl of rooibos extract
in DMSO. Finally, 25 µl of the enzyme (0.22 U L−1) was
added to start the reaction. Absorbance was read 13 times,
every 13 s at 405 nm. Galantamine was used as reference
substance.

Tyrosinase (TYR) inhibition. This assay was carried out in
96-well microplates as previously described.62 10 µl of different
concentrations of rooibos extract in DMSO, 40 µl of 5 mM
L-DOPA, 80 µl phosphate buffer (pH 6.8) and 40 µl of tyrosi-
nase (200 U mL−1) were mixed in each well. Controls contained
50 µl of solvent instead of extract. α-Kojic acid was used as
reference substance.

Zebrafish larval behavioural changes effected by rooibos

Ethical considerations. Zebrafish experiments were carried
out on wild-type zebrafish larvae less than 5 days after fertilisa-
tion (<5 dpf). All protocols were ethically cleared by the
Stellenbosch University Animal Research Ethics Committee
(ref# ACU-2019-11820). Zebrafish eggs were obtained from the
Zebrafish Research Unit in the division Clinical Pharmacology,
Faculty of Medicine and Health Sciences, Stellenbosch
University, within 1 hour of spawning using standardised
methods. Eggs and larvae were maintained in E3 embryo
medium at 28 °C and refreshed daily for the duration of the
protocol.

Anxiety assay. In order to evaluate the anxiolytic potential of
green rooibos in vivo, the light–dark assay63 was employed.
Zebrafish larvae were exposed for either 1 h or 24 hours to
rooibos (10–25 μg ml−1) in 96-well plates. The activity of larvae
was then tracked for a baseline period of 30 minutes, followed
by repeated light–dark cycles (10 minutes bright light;
10 minutes dark; Fig. 10), in order to assess anxiety behaviour.
Acute administration of 4 μM diazepam was used as internal
validation of the assay.

PTZ assay. In order to probe potential mechanisms, the pen-
tylenetetrazol (PTZ) assay64 was employed to assess the poten-

tial of rooibos to prevent excitotoxicity via modulation of GABA
receptor activity. Briefly, larvae were exposed to green rooibos
extract at a variety of doses (10–25 μg ml−1) for either 1 hour or
24 hours. (Controls, as well as PTZ and diazepam treatment
controls, were maintained in E3 for the same amount of time,
i.e. not exposed to rooibos extract.) Larvae were then pipetted
into 96-well plates at one larva per well, in 150 μl E3. 100 μl of
E3 (control), or 50 μl E3 plus 50 μl E3 containing PTZ (seizure-
inducing challenge; final concentration 10 mM) or 50 μl E3
containing PTZ plus 50 μl E3 containing diazepam (DIAZ, posi-
tive treatment control; final concentration of 4 µM) was added
to respective wells. Activity tracking was performed immedi-
ately after.

Activity tracking for all larvae was conducted at 116hpf,
using Daniovision larval activity tracking equipment and
Ethovision software (Noldus, Wageningen, Netherlands). A
smoothing profile was applied, with minimum distance moved
set at 0.2 mm. Activity data were sorted into 5-minute bins for
visualisation, but total distance moved was used for group
comparisons.

Hydrogen peroxide (ROS) assay. Hydrogen peroxide (H2O2)
concentrations in whole zebrafish larvae were determined
using a commercial Hydrogen Peroxide colorimetric assay kit
(Elabscience, E-BC-K102-S, USA) according to manufacturer’s
instructions with minor modifications. Briefly, after exposure
of zebrafish larvae for either 1 h or 24 hours to rooibos
(10–25 μg ml−1), 30 zebrafish larvae (<5 dpf) per sample were
pooled and homogenized in 500 μl ice cold PBS (pH 7.4).
Homogenates were centrifuged at 10000g at 4 °C for
10 minutes and supernatants were collected for the assay.
100 μl of the buffer solution 1 was added to 100 μl of reagent 2
along with 10 μl of H2O2 standard or 20 μl of sample in a 96
well plate and read at 405 nm on a microplate reader (Victor
Nivo Multimode Plate Reader, PerkinElmer). The assay was
performed in triplicate, on samples from three different
experiments.

Statistical analysis

All cell culture experiments were performed in triplicate and
repeated on three different days. Zebrafish assays were con-
ducted using n = 12 per treatment group. Data are expressed as
mean ± SEM (standard error of the mean). GraphPad Prism v.6
was used for data analyses, figures, non-linear regression and
statistical analysis. Cell experiments were analysed using
ANOVA followed by Dunnett’s or Tukeýs multicomparison test.
Zebrafish activity data was analysed using Statistica v.14, using
repeated measures ANOVA and Bonferroni post hoc tests.

Conclusions

Unfermented (green) rooibos was demonstrated to be a rich
source of phenolic compounds with antioxidant, neuroprotec-
tive and anxiolytic potential. On a practical note, our data
highlights the importance of combining in vitro and in vivo
models in the study of especially neuroactive components, to

Fig. 10 Protocol employed for the light–dark assay. Larvae were
tracked for a baseline of 30 minutes to allow them to settle, after which
they were exposed to 5 light (white panels) – dark (grey panels) cycles
of 10 minutes each. The track illustrates activity of control zebrafish
larvae at <5 dpf.
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allow for a more integrated data interpretation and thus more
comprehensive elucidation of potential mechanisms of action.
Going forward, current data suggest that – in addition to its
already established role in prevention of cardiovascular
disease – unfermented rooibos extracts could potentially also
be exploited as a functional brain food. Its use as an ingredient
in pharmaceutical or nutraceutical products may have impact
in the prevention of neurological disorders or cognitive decline
of ageing.
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