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Abstract Aspalathin (20 ,3,4,40 ,60 -pentahydroxy-30 C-b-D-glucopyranosyldihydrochalcone) is a natural
C-linked glucosyl dihydrochalcone present in Aspalathus linearis (Burm.f.) R.Dahlgren (rooibos), a
South African endemic plant, popularly consumed
globally as a herbal tea. Aspalathin is reported to
possess potent anti-oxidant properties that are
believed to be responsible for the health benefits of
rooibos. Other pharmacological properties ascribed to
the molecule include antidiabetic, antimutagenic, antiinflammatory, antithrombotic, and xanthine oxidase
inhibitory activities. The role of aspalathin in limiting
the progression of metabolic disorders and preventing
diabetes-induced cardiovascular complications has
been reported. The aforementioned potential health
benefits of aspalathin have rendered it a popular
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natural ingredient that is incorporated in various
nutraceutical and cosmeceutical products for protection against different conditions. Percutaneous permeation studies revealed some degree of absorption
through the skin, supporting its use in cosmetic
preparations. To perform an in-depth assessment of
the scientific literature available on aspalathin, a
bibliometric analysis was carried out on publications
for the period 1965–2020, using the Scopus database.
A total of 140 articles were retrieved, indicating that
South African authors are major contributors to
aspalathin research. The most common areas of
investigation were identified as anti-oxidation, chemistry/chemical profiling, antidiabetic and anti-inflammatory activities. A comprehensive literature search
showed that there are currently only two available
reviews on aspalathin. Hence, the present review aims
to explore the history and fill gaps with regards to
collating aspects of the synthesis, quality control,
metabolism and various biological activities of the
molecule.
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Introduction
Aspalathus linearis (Burm.f.) R.Dahlgren, also known
as Aspalathin corymbosus, Borbonia pinifolia and
Psoralea linaeris, is a leguminous shrub native to the
mountainous parts of the Western Cape Province of
South Africa (Morton 1983). Aspalathus linearis is an
erect or prostrate shrub that grows up to 2 m tall, with
yellow flowers and needle-like leaves that are
15–60 mm long. The plant grows well in deep, welldrained, sandy and acidic soils (Morton 1983; Joubert
and Schulz 2006). The name ‘rooibos’ is used locally
to refer to both the shrub and the herbal tea prepared
from it (Hawkins et al. 2011).
Aspalathus linearis has been used for many
centuries by the native Khoisan as a herbal beverage
due to its pleasant taste and aroma. The beverage has
become popular as a caffeine-free refreshment, with
low tannin and high ascorbic acid content (Morton
1983). In addition, rooibos tea has traditionally been
used as a remedy to treat insomnia, nervous tension,
anxiety, allergies and other conditions associated with
stress and high cortisol levels (Schloms and Swart
2014). The plant is also among the few to successfully
undergo commercial cultivation for the global market

(Bramati et al. 2002). Over the years, the global
demand for rooibos tea has grown as demonstrated by
total sales of up to 6 billion cups in more than 60
countries, in 2018 (South African Rooibos Council
(SARC) 2019). The market report listed the 2018 top
five export destinations as Japan (29.42%), Germany
(27.97%), The Netherlands (11.24%), United Kingdom (9.25%), and the United States of America
(5.27%). Globally, the demand for rooibos was over
14,000 tons, with an export demand of 7000–8000 tons
(SARC 2019).
Rooibos contains a wide range of phenolic compounds such as dihydrochalcones (aspalathin, aspalalinin and nothofagin), flavones (orientin, iso-orientin,
vitexin, isovitexin, chrysoeriol and luteolin), flavonols
(quercetin, isoquercitrin, hyperoside and rutin) and
phenolic acids (caffeic acid, ferulic acid, vanillic acid,
p-coumaric acid, p-hydroxybenzoic acid and protocatechuic acid) (Joubert et al. 2008; Joubert and de
Beer 2011). Aspalathin (20 ,3,4,40 ,60 -pentahydroxy-30 C-b-D-glucopyranosyldihydrochalcone, Asp, Fig. 1)
is one of the major polyphenolic compounds present in
rooibos (Joubert and de Beer 2011). The compound
was first isolated from rooibos by Koeppen et al.
(1962) and later identified by Koeppen and Roux
(1966). Aspalathus linearis was the only known
natural source of Asp until it was recently detected
in a closely-related species, Aspalathus pendula
R.Dahlgren, by Stander et al. (2017). This natural
compound is a rare dihydrochalcone C-glucoside that
lacks the O-glycosidic linkage usually attaching single
or dimeric sugar moieties in many flavonoids. Asp is
highly soluble in water and other polar solvents but
only sparingly soluble in non-polar solvents.
A survey of wild populations of A. linearis has
shown that this is a polymorphic species with regards
to morphological and ecological characters and phenolic constituents. Although Asp is the main compound of most wild types, populations with other
flavonoids such as orientin, isoorientin, and rutin have

Fig. 1 Chemical structure of aspalathin
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been identified (van Heerden et al. 2003). In commercial A. linearis, also known as the Rocklands type, Asp
is the main component. The Asp content of commercial rooibos varies depending on cultivation and
processing methods, ranging from 6.0 to 11.2 g/
100 g dry matter (Joubert and de Beer 2011). Asp
degrades substantially by almost 98% during fermentation (Schulz et al. 2003). The degradation of Asp is
believed to contribute significantly to the characteristic red-brown colour of the processed rooibos (Joubert
1996). During this process, Asp is oxidised to higher
molecular weight aspalathin dimers under aerated and
nonenzymatic conditions (Fig. 2) (Krafczyk et al.
2009a). Another major oxidation pathway of interest
involves the cyclisation of Asp to (S)- and (R)eriodictyol-6-C-b-D-glucopyranosides and subsequent conversions to iso-orientin and orientin (Koeppen and Roux 1966; Krafczyk and Glomb 2008). A
new pathway involving the degradation of Asp to
dihydrocaffeic acid and its lysine adduct has been
described recently by Mertens et al. (2020). The
UPLC-PDA chromatograms depicted in Fig. 3 also
indicate a significant decrease of Asp content in
rooibos after fermentation. Thus, green (unfermented/
unoxidised) rooibos contains higher levels of Asp
compared to red (fermented/oxidised) rooibos, the

product popularly consumed as a herbal tea. To ensure
a high content of Asp in green rooibos, the plants
should be harvested from mid-spring to early summer
(de Beer et al. 2017). The processing and transportation of green rooibos also require special attention,
since its exposure to elevated temperatures in the
presence of moisture promotes enzymatic oxidation
(De Beer et al. 2019). Sensory evaluation of unfermented rooibos tea extracts using LC Taste confirmed that Asp is responsible for the herbal, musty
and bitter notes, with a weak sweetish taste, which is
characteristic of this tisane (Reichelt et al. 2010).
Different types of brewing procedures may affect the
taste. For example, boiling green rooibos increases the
bitterness, while cold brewing leads to a less bitter
taste (Muller et al. 2020). Green rooibos is valued for
its high Asp content due to the high demand for
polyphenol-enriched products in the nutraceutical and
cosmetic industries (Manley et al. 2006).
To date, there are only two literature reviews that
focus on Asp, which were conducted based on
traditional literature review methods (Erlwanger and
Ibrahim 2017; Johnson et al. 2018). As the molecule
occurs exclusively in A. linearis, it is difficult to
review the molecule alone without considering the
parent botanical plant. In many studies, it was found

Fig. 2 Breakdown of
aspalathin to yield high
molecular weight dimers
through oxidative coupling
(Krafczyk et al. 2009a)
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Fig. 3 UPLC-PDA chromatograms (200–400 nm) of a. unfermented rooibos and b. fermented rooibos extracts (unpublished data from
the phytomedicine research group, Tshwane University of Technology, South Africa)

that South African herbal teas show antioxidant, antiinflammatory and anti-cancer properties. Joubert et al.
(2009) reviewed the impact of phenolic compounds in
South African herbal teas, including Asp, for controlling human health. A detailed description of dihydrochalcones including Asp was recapitulated by
Rivière (2016), as phytoconstituents are gradually
receiving attention as prophylactics, and curative
mediations for various diseases. Erlwanger and
Ibrahim (2017) encapsulated the latest results on the
pharmacological properties of Asp in a mini review.
The increasing incidence in metabolic syndrome due
to sedentary lifestyles and inadequate nutrition results
in increased level of sugar and cholesterol in the blood.
There are many in vitro and in vivo studies conducted
to evaluate the role of Asp in metabolic disorders.
Johnson et al. (2018) summarized all the available
studies on Asp that showed improvement in metabolic
syndrome, useful doses, herb-drug interactions as well
as stability and bioavailability. Muller et al. (2018)
depicted the capability of rooibos extract and Asp for
preventing the metabolic disorders.
In this study, we use bibliometric indicators and
mapping for the objective analysis of research development on Asp over the years. The OECD glossary of
terms defines bibliometrics as the ‘statistical analysis
of books, articles or other publications’ (OECD 2002).
In bibliometrics, the analysis of citations and publication content is quantitatively performed using various
algorithms, making it possible to measure the output
of researchers, institutions, and countries, identify
collaborations, and map research development. Compared to traditional literature review methods, bibliometrics provides a transparent, and reproducible
review process, with a better description, evaluation,

and monitoring of published research (Zupic and
Catern 2015). To the best of our knowledge, this is the
first report on the bibliometric mapping and cluster
analysis of Asp research, which reports on scholarship
quality and productivity, highlighting gaps and opportunities that will contribute to the advancement of
research on the molecule.

Methodology
The relevant publications were obtained through
database searches, where Scopus database hosted by
Elsevier (The Netherlands) was used. The following
search string: TITLE-ABS-KEY (aspalathin) was
used, publications retrieved and a dataset comprising
research articles, reviews and conference papers was
created. Qualitative and quantitative analysis of the
dataset was performed to monitor the number of
publications per year and the highest contributing
countries and authors. A detailed analysis of the
literature was performed in VOSviewer (CWTS,
Netherlands) for co-occurrence of terms in the
keywords and abstracts from which term maps,
network maps and other visualisations were generated.
In MS Excel an in-depth analysis of the research
landscape was performed, and publications were
classified as either Reviews, Analytical/Chemistry,
Research model (in vivo or in vitro) and the type of
pharmacological activity investigated. The keyword
‘aspalathin’ was again used to retrieve more literature
from ScienceDirect, SciFinder and Google Scholar,
and abstracts, full-text articles and books written in
English were added to the dataset.
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Bibliometric outcome
The Scopus search retrieved 140 publications from the
period 1965 to 2020. Analysis of the data showed that
the majority of the published content were original
research articles (86%) followed by reviews (7%) and
then the miscellaneous group (7%), comprising of
conference papers, book chapters, short surveys and
other. The trend of annual publications over time
(1965–2020) is displayed in Fig. 4, which indicates
that Asp research during the 1900s was minimal with
an average of only one publication per year between
1965 and 2000. A gradual increase is observed from
the early 2000s, however, fewer than 10 publications
were recorded each year between 2000 and 2014. In
the past five years, the number of publications has
maintained an upward trajectory with over 10 publications per year, except in 2016 when a dip was
recorded. To date, the year 2019 has recorded the
highest number of publications (16) while 2020
follows closely with 14 publications. Figure 5 is an
illustration of the total number of aspalathin-related
publications per country. The colour-coded legend
corresponds to the publication number, indicating that

the highest number of publications are recorded for
South Africa (94), the home of A. linearis. Germany is
ranked second with 18 co-authored publications, while
Japan (11) and USA (10) are reported to have coauthored atleast 10 publications over the period
1965–2020. A country network map revealed some
collaborations between South Africa and Germany,
USA and Japan, which might explain the high
productivity observed for these countries compared
to the rest of the world. The most productive
researchers are from institutions based in South Africa
with the top performers identified as Joubert, E. (62),
De Beer, D. (21), Muller, C.J.F. (21), Louw, J. (18) and
Johnson, R. (16). The term map (Fig. 6) shows four
distinct clusters, with each one representing a specific
subject area in Asp research. The first predominant
cluster, the red cluster has the term ‘anti-oxidant’
displaying the highest occurrences and linkage
strength. Numerous in vitro anti-oxidant bioactivity
studies have been conducted on Asp and Asp related
products which formed part of the pioneering research
predominantly cited in the 1990s until 2012. The red
cluster also includes co-occurring terms such as
antimicrobial activity, phenolic composition and

Fig. 4 Trend in publications per year on aspalathin research from 1965 to 2020
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Fig. 5 The world map of global productivity in aspalathin research from 1965 to 2020

Fig. 6 Term map based on co-occurrence of terms in aspalathin-related research publications

bioactive compounds, which suggests the possible
integration of these aspects in order to identify active
fractions and molecules. The blue cluster identifies
with work that exclusively focused on the phytochemical profiling, isolation and characterisation of phytoconstituents in A. linearis, comparing chemical
profiles of fermented to non-fermented rooibos,
quantitative determination of marker constituents
and other quality control aspects. The third, green

cluster represents in vivo and in vitro pharmacological
assays, with special emphasis on metabolic disorders,
particularly diabetes. Due to the anti-oxidant capacity
of rooibos extracts and the active compounds, the
amelioration of oxidative stress is extensively investigated as a possible mechanism of action, to combat
metabolic disorders, including diabetes. Closely
linked to this, is the yellow cluster where studies
focused on anti-inflammation as a possible approach
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to manage metabolic disorders. The use of human
vascular endothelial cells (huvec) to study vascular
inflammation in diabetes and cardiovascular disease
has gained momentum in the past decade, and
numerous publications have been observed from
2014 to date.
The above bibliometric summary provides an aerial
perspective of the focus areas on Asp research.
However, it is essential to complement this with indepth peer-reviewed analysis of the individual publications. This allows for a critical assessment of the
various approaches and methodologies used by different researchers and possible evolution of these,
compare results, assess reliability and reproducibility
of outcomes, identify potential gaps in the research
and propose areas of improvement. The following
sections dissect the four research clusters observed in
the network term map (Fig. 6) and provide detailed
discussions on the various research areas highlighting
shortcomings and recommendations for future
research.
Detection and quantification of aspalathin
in rooibos
Poor processing and storage conditions of rooibos
usually lead to partial fermentation and subsequent
deterioration of the quality of rooibos tea (Joubert and
de Beer 2011). The partial fermentation results in the
depletion of Asp content. Hence, the quantification of
Asp could be a reliable tool for the quality evaluation
of rooibos products, due to the instability of this
flavonoid under poor processing conditions (Schulz
et al. 2003). A German manufacturer standardizes
rooibos products based on Asp determined by HPLC
analysis (Manley et al. 2006). In this context, HPLC
has been widely used to determine the Asp content in
rooibos products. Joubert (1996) was the first to
develop an HPLC method for the quantification of Asp
in both the fermented and unfermented rooibos tea. In
the study, a reverse-phase HPLC was used successfully to separate and quantify Asp. The results of the
study indicated that the Asp content decreased with
processing and is related to the degree of oxidation of
rooibos tea. Since then, a variety of analytic methods
have been developed for the analysis of rooibos
extracts (Kazuno et al. 2005; Beelders et al. 2012). The
methods used include LC-UV detection to quantify
Asp and other rooibos phenolic compounds (Bramati

et al. 2002, 2003; Schulz et al. 2003). Kazuno et al.
(2005) developed a technique for Asp quantification
using LC-triple quadrupole mass spectrometry with
neutral loss scan. Recently, a new HPLC method
utilizing porous stationary phases was developed
(Walters et al. 2017). It was designed specifically to
target flavanone oxidation products of Asp. Quantification of these compounds has not been reported in
rooibos plant material by other authors due to separation issues. Consequently, the four eriodictyolglucopyranoside isomers, which result from the oxidation of Asp, were quantified for the first time. The
study warrants further investigation into the oxidation
of Asp. Walter’s method has been adopted by other
groups (Human et al. 2020; Viraragavan et al. 2020).
Asp content in green rooibos has been explored as a
prediction model for in vitro bio-capacity of green
rooibos extract (Viraragavan et al. 2020). However,
there was no significant correlation between Asp
content in rooibos and bio-capacity, despite its high
level in the extract. On the other hand, only a
combination of Asp and other quantified rooibos
constituents predicted the bio-capacity of extracts.
Another technique of interest is near-infrared (NIR)
spectroscopy. NIR methods have been developed to
estimate the Asp content in rooibos (Schulz et al.
2003; Manley et al. 2006) and the results revealed that
the technique could effectively analyse the Asp
content of rooibos products. Although HPLC is an
efficient technique for quality control, it is timeconsuming and expensive to run. Moreover, local
rooibos producers do not use HPLC equipment for
quality control, due to the cost involved (Manley et al.
2006). The NIR technique is a rapid and more
economical method for routine quality control. Fourier
Transform (FT)-Raman spectroscopy has been considered as an alternative to NIR, and its application for
the quantification of Asp in dried and green rooibos
was successfully investigated (Baranska et al. 2006).
Thin layer chromatography (TLC) is another simple
and economical technique for the quality control of
herbal drugs. Surprisingly, reports on the TLC analysis
of Asp in rooibos extracts are sparse. An example was
recently published by Stander et al. (2019) where TLC
was used to detect Asp in rooibos plant material and
herbal teas.
Nuclear magnetic resonance (NMR) and mass
spectroscopy was performed, and data reported by
Krafczyk and Glomb 2008 as follows: 1H NMR data
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(DMSO-d6): d 6.60 (s, 1H, H2), 6.60 (d, 1H,
J = 10.8 Hz, H5), 6.46 (d, 1H, J = 6.0 Hz, H6), 3.20
(t, 2H, J = 8.2 Hz, Ha), 2.70 (t, 2H, J = 7.5 Hz, Hb),
5.93 (s, 1H, H30 ), 4.50 (d, 1H, J = 9.9 Hz, H100 ), 3.86
(t, 1H, J = 8.6 Hz, H200 ), 3.18 (t,1H, J = 8.2 Hz,
H300 ), 3.09 (t, 1H, J = 9.2 Hz, H400 ), 3.15 (m, 1H,
H500 ), 3.40 (dd, 1H, J = 11.5 Hz, 6.4 Hz, H600 ) ppm
and 13C NMR data (DMSO-d6): d 132.35 (C1), 115.69
(C2), 144.96 (C3), 143.23 (C4), 115.43 (C5), 118.82
(C6), 45.45 (Ca), 29.67 (Cb), 104.02 (C10 ), 161.59
(C20 ), 94.55 (C30 ), 164.75(C40 ), 103.58 (C50 ), 164.61
(C60 ), 73.54 (C100 ), 70.43 (C200 ), 78.86 (C300 ), 70.63
(C400 ), 81.29 (C500 ), 61.26 (C600 ) ppm. Molecular mass
(m/z) of Asp was verified by HR-MS 452.1 (m/z
451.1248 (found); m/z 451.1246 (calculated for
C21H23O11) [M-H]-).

hydrogenation (Fig. 8). To overcome problems with
direct stereoselective C-glucosidation of an acetophenone derivative, the O-glucosylacetophenone 11 was
prepared from the glucosyl fluoride 9 in the presence
of BF3-etherate. A gradual increase of the reaction
temperature from -40 C to -15 C resulted in the
rearrangement of the O-glucoside into the required Cglucoside 12. Accurate temperature control was
essential for the success of the reaction. A subsequent
aldol condensation and hydrogenation yielded Asp in
an excellent total yield of 80%.

Chemical synthesis of aspalathin

Abnormal adrenal steroid hormone levels negatively
affect human health, leading to a range of clinical
conditions (Schloms and Swart, 2014). Hypersecretion of cortisol is associated with metabolic disorders
such as obesity, insulin resistance, diabetes, hypertension, and cardiovascular diseases (Chrousos 2009),
hence the need to maintain optimal cortisol levels to
ensure normal endocrine function. Rooibos has been
used traditionally to alleviate stress-related symptoms
and physiological conditions associated with high
level of cortisol (Schloms and Swart 2014; Smit et al.
2018), with little scientific evidence to validate these
ethnobotanical claims. Efforts to identify natural
remedies that may assist in alleviating endocrine
disorders led an investigation of the potential of
rooibos to interact with enzymes involved in adrenal
steroid biosynthesis (Schloms et al. 2012). In the
study, the inhibitory effects of unfermented Asp-rich
rooibos extract (ARRE) and Asp on two key adrenal
steroidogenic enzymes, CYP17A1 and CYP21, on
adrenal steroidogenesis in COS-1 cells and human
adrenal carcinoma cell line (H295R), was documented. ARRE and Asp demonstrated significant
inhibition of CYP17A1 and CYP21 in COS-1 cells.
The inhibition of these adrenal steroidogenic enzymes
may result in a decrease in the glucocorticoids
concentration. The authors also observed a significant
reduction in steroid production in both basal and
forskolin-stimulated H295R cells in the presence of
ARRE and Asp at 4.3 mg/mL and 10 lM, respectively. The total steroid output was decreased fourfold
by ARRE, leading to a significant reduction of

To date, two total syntheses of Asp have been reported
(Yepremyan et al. 2010; Han et al. 2014). The critical
step in the stereoselective synthesis of Asp is the
coupling of a glucose moiety with an electron-rich
aromatic ring to form the C-glycoside in a reasonable
yield. Yepremyan et al. (2010) prepared Asp by an
eight-step process, using tri-O-benzylglucal (1), tri-Obenzylphloroglucinol, and 3,4-dibenzyloxyphenylacetylene as starting materials (Fig. 7). Oxone-mediated dihydroxylation of tri-O-benzylglucal (1),
followed by pivaloylation, led to the 1,2-dipivaloyl
glucose derivative 2. With anchimeric participation of
the 20 -pivaloyloxy group, a highly stereoselective
Lewis acid-mediated C-glucosylation of the aromatic
ring yielded 3. Formylation by a Vilsmeier-Haack
reaction, and treatment of the aldehyde 4 with the
lithium salt of phenylacetylene 5, yielded a diastereomeric mixture of alcohols 6. Removal of the pivaloyl
protecting group with a Grignard reagent, followed by
oxidation of the resulting alcohol 7, yielded the ynone
8, which could be transformed via hydrogenolysis to
Asp in a yield of 20%. Although the yield of Asp was
acceptable, this route to the product is long and
cumbersome.
Han et al. (2014) reported a much shorter synthetic
route to Asp, in addition to achieving a high yield.
These authors opted to follow the traditional route of
an aldol condensation reaction between an acetophenone and benzaldehyde to form a chalcone, which was
then transformed into a dihydrochalcone by

Pharmacological properties of aspalathin
and possible mechanisms of action
Adrenal steroidogenic enzyme inhibition
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Fig. 7 Total synthesis of aspalathin as reported by Yepremyan
et al. (2010). Reagents and conditions: a (i) Oxone, acetone,
H2O, NaHCO3 (ii) Pivaloyl chloride, pyridine, DMAP b 1,3,5Tri-O-benzylphloroglucinol, TMSOTf, 10:1 CH2Cl2–THF

c 3–6 eq. POCl3, DMF, rt, 24–28 h d (i) n-BuLi, -78 C, (ii)
4, THF, -78 C – rt e CH3MgBr, Et2O, rt f MnO2, 1:1 CH2Cl2hexane g H2, 10% Pd/C

Fig. 8 The synthesis of aspalathin as reported by Han et al. (2014). Reagents and conditions: (a) BF3OEt2-CH2Cl2;-78 C ? -40 C; (b) -40 C ? -15 C; (c) 3,4-dibenzyloxybenzaldehyde, 50% NaOH, 1,4-dioxane, 40 C; (d) Pd(OH)2/C
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aldosterone and cortisol precursors under simulated
conditions. The levels of androstenedione (A4) and
11-hydroxyandrostenedione (11bOH-A4), a product
of the hydroxylation of A4 by human cytochrome
P450, were inhibited 5.5 and 2.3-fold, respectively.
11-Hydroxyandrostenedione was detected as the
major product of steroidogenesis in H295R cells.
The study demonstrated the ability of rooibos and Asp
to inhibit the steroidogenic enzymes that influence
adrenal steroid biosynthesis, which could be linked to
its application in the alleviation of stress-related
conditions. In another study, Schloms and Swart
2014 examined the inhibitory effects of Asp (10 lM)
against adrenal steroidogenic enzymes, 3b-hydroxysteroid dehydrogenase (3bHSD2), P450 17a-hydroxylase/17,20-lyase (CYP17A1), P450 21-hydroxylase
(CYP21A2), and overall steroid levels in H295R cells,
under both basal and forskolin-stimulated conditions.
Asp significantly reduced basal 17OH-PROG (3.6fold) and 16OH-PROG (2.3-fold) levels, as a result of
CYP17A1 and 3bHSD2 inhibition, while A4 levels
were significantly reduced (1.4-fold), due to 3bHSD2
inhibition. The production of cortisol (1.3-fold) and
11OHA4 (1.3-fold) was inhibited in the presence of
Asp, indicating upstream inhibition, resulting in
reduced levels of precursor steroid metabolites. The
study indicates that Asp significantly influences
adrenal steroidogenesis and steroid hormone levels.
Cardioprotective activity
Flavonoids and polyphenolic compounds have been
reported to attenuate ischemia–reperfusion injury
(IRI) through restoration of blood flow or dilation of
blood vessels in post-ischemic hearts (Pantsi et al.
2011). Rooibos extracts are rich in flavonoids, including flavonols and the dihydrochalcone Asp, prompting
researchers to investigate the potential cardioprotective effect of the extract in rats. In an ex vivo
experiment, the effect of ARRE (2%, w/v) on isolated
perfused rat hearts following IRI, was assessed
through monitoring aortic output (AO) recovery
(Pantsi et al. 2011). The results demonstrated
enhanced AO recovery (61.58 ± 1.31%), which was
attributed to the presence of high level of flavonols.
The glutathione (GSH) to oxidised glutathione
(GSSG) ratio in the hearts of the ARRE supplemented
group was high and comparable to that of the positive
control group (45.50 ± 14.96), an observation linked

to increased AO recovery in the presence of ARRE. To
investigate possible mechanisms of action, the antiapoptotic effect of the extract on cardiomyocytes was
investigated. In the presence of ARRE, there seemed
to be a reduction in the cleavage of pro-apoptotic
proteins, poly ADP-ribose polymerase (PARP)
(47.82 ± 3.82 pixels) and caspase-3 (43.80 ± 2.23
pixels). This finding is an indication of the cardioprotective property of ARRE.
Following the observation that Asp protects cardiomyocytes against HG-induced oxidative damage
by improving myocardial substrate metabolism,
Dludla et al. (2017) proceeded to investigate the effect
of Asp on high glucose and hyperglycemia-induced
oxidative stress, through up-regulating the transcriptional expression of Nrf2 using in vitro models.
Flavonoids have been reported to prevent oxidative
damage through activation of Nrf2 thereby leading to
the upregulation of anti-oxidant enzymes. In this
study, an oxidative stress RT2 profiler PCR array was
used to determine the differential expression of
multiple genes. The results demonstrated that Asp
(1 lM) enhanced mRNA expression of several antioxidant genes and phase II detoxifying and cytoprotective enzymes in H9c2 cardiomyocytes. High glucose-exposed H9c2 cells, treated with either small
interfering RNA (siNrf2) or scrambled RNA
(scrRNA), revealed a higher capacity to enhance
Nrf2 expression and its downstream target genes,
resulting in protection against oxidative stress. The
results of the study suggest Asp can protect H9c2
cardiomyocytes against high glucose-induced complications. Furthermore, the expression of Asp in diabetic
(db/db) mice was also evaluated in the same study.
Asp treatment at both low and high doses did not
decrease the increased level of fasting plasma glucose
(FPG) in (db/db) mice, while metformin decreased the
increased level of FPG from week 12 to week 14.
Assessment of FPG levels was performed after
administration of a 2 g/kg glucose bolus in mice,
resulting in a marked increase in FPG levels. Low dose
Asp was ineffective; however, a high dose Asp
treatment at 60 and 120 min reduced the FPG levels
to 30.8 ± 1.53 mg/kg and 28.6 ± 1.63 mg/kg,
respectively. Metformin caused a reduction in the
FPG
level
to
30.2 ± 1.61 mg/kg
and
28.8 ± 2.22 mg/kg, respectively, under the same
conditions. High dose Asp treatment was also able to
ameliorate dysregulations associated with cardiac
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hypertrophy, including prevention of changes in heart
weight to body weight (HW/BW) ratio
(0.0043 ± 0.0003), left ventricular wall thickness
(1278 ± 96), and interventricular septum thickness
(1160 ± 42) compared to the control group (HW/BW
ratio: 0.0061 ± 0.0005; left ventricular wall thickness: 1588 ± 42; and interventricular septum thickness: 1556 ± 70). Both metformin and low dose Asp
did not exhibit any effect on the altered cardiac muscle
fibres or ventricular wall thickness. An assessment of
the expression of Nrf2 and its linked downstream
cytoprotective genes in diabetic (db/db) mice revealed
that high dose Asp treatment significantly increased
mRNA, and up-regulated the expression of Gpx2
(1.56 ± 0.66), Gss (1.0 ± 0.15), and Park7
(1.35 ± 0.06). The same treatment down-regulated
the expression of both Casp3 (0.97 ± 0.03) and Nox4
(0.96 ± 0.10) while metformin and low dose Asp
treatments were ineffective. The results demonstrated
that Asp is able to maintain cellular homeostasis and
protect the myocardium against hyperglycemia-induced oxidative stress through activation of Nrf2 and
its downstream target genes.
In another study, the cardioprotective role of Asp
was also investigated by assessing its influence on
glucose metabolism in the myocardium (Johnson et al.
2016). The effect of Asp (1 lM) alone and in
combination with metformin (1 lM), on oxidative
stress and fatty acid b-oxidation (FAO) in H9c2
(ATCC, CRL-1446) cardiac muscle cells following
exposure to high glucose (HG) (33 mM) and normal
glucose (NG) (5.5 mM) concentrations, was investigated. The results demonstrated the potential of Asp to
enhance glucose metabolism by reducing fatty acid
uptake and subsequent b-oxidation. These effects
were the result of the declined expression of adenosine
monophosphate-activated protein kinase threonine
172 (pAMPK (Thr172) and carnitine palmitoyltransferase1 (CPT1), and the enhanced expression of
acetyl-CoA carboxylase (ACC) and glucose transporter 4 (GLUT4). Asp inhibited the HG-induced loss
of membrane potential in H9c2 cells, as observed by
an increase in 5,50 ,6,60 -tetrachloro-1,10 ,3,30 -tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) ratio (orange/red fluorescence). Asp alone and in combination
with metformin, was found to be more effective than
metformin.
Treatment of high glucose exposed H9c2 cardiomyocytes with Asp and subsequent RT2 PCR

Profiler Array analysis of 336 genes revealed that 57
genes were differentially regulated in the high glucose- and Asp-treated groups (Johnson et al. 2017a).
Lipid metabolism and molecular transport were
altered after high glucose treatment, followed by
inflammation and apoptosis, as confirmed by Search
Tool for the Retrieval of Interacting Genes/Proteins
(STRING) analysis. Asp was able to modulate key
regulators associated with lipid metabolism through
increased expression of Adipoq, Apob, CD36, Cpt1,
Pparg, Srebf1/2, Scd1, and Vldlr, while insulin
resistance was modulated through decreased expression of Igf1, Akt1, Pde3, and Map2k1. Modulation of
inflammation was achieved through decreased expression of Il3, Il6, Jak2, Lepr, Socs3, and Tnf13 and
apoptosis regulation through increased expression of
Bcl2 and Chuk. The results demonstrated the ability of
Asp to reverse metabolic abnormalities.
A study was conducted to investigate the protective
ability of a combination of Asp and phenylpyruvic
acid-2-O-b-D-glucoside (PPAG) (1 lM) using an
in vitro model (H9c2 cardiomyocytes). H9c2 cardiomyocytes were exposed to chronic glucose concentration which damaged the utilization of
myocardial substrate by improving free fatty acid
oxidation while concomitantly reducing glucose oxidation. The combined treatment of Asp and PPAG
increased the metabolism of myocardial substrate,
retained mitochondrial membrane potential, diminished several oxidative stress markers including
NADPH oxidase activity and glutathione content and
improved DNA damage (Dludla et al. 2020).
Antidiabetic activity
As denoted in the bibliometric component of this
review, antidiabetic activity has been one of the focal
points of Asp research. Researchers have paid much
attention to this subject due to the potential hypoglycemic effect and the ability to stimulate insulin
secretion observed for Asp. As an illustration, Kawano
et al. (2009) reported that Asp stimulates insulin
secretion from RIN-5F pancreatic b-cells in vitro. In
addition, Asp dose-dependently increased glucose
uptake by muscle cells (L6 myotubes) in vitro,
irrespective of insulin absence. The stimulatory effect
of Asp on insulin secretion was weaker than that on
glucose uptake. The results suggest that Asp is
effective at increasing glucose uptake and stimulating
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pancreatic insulin secretion. Son et al. (2013) also
indicated that Asp dose-dependently increased glucose uptake by L6 myotubes at concentrations up to
100 lM in the absence of insulin. In addition, Asp
significantly stimulated the phosphorylation of AMPactivated protein kinase (AMPK) at 50 lM. Asp
(25–100 lM) treatment of cultured RIN-5F cells dosedependently reduced basal ROS levels, and suppressed the AGE-induced increase in ROS levels.
Another study (Kamakura et al. 2015) revealed that
ARRE (350 lg/mL) and Asp (50 lM) significantly
increased glucose uptake in L6 myotubes and promoted the phosphorylation ratio of AMPK (p-AMPK/
AMPK) and Akt (p-Akt/Akt). Furthermore, ARRE
treatment resulted in translocation of GLUT4 to the
plasma membrane, and suppressed advanced glycation end products (AGEs)-induced ROS levels in RIN5F pancreatic b-cells, at concentrations ranging from
25–200 lg/mL. Another study indicated that the
treatment of diabetic monkeys with 90 mg/day/kg of
ARRE for two weeks resulted in a significant decrease
of hyperglycaemia, thereby confirming the hypoglycemic property of ARRE and Asp (Orlando et al.
2019).
Inhibition of a-glucosidase with a recorded IC50= 2.2 lg/mL was observed for ARRE (Muller et al.
2012). Using on-line high performance liquid chromatography (HPLC)-biochemical detection analysis,
the major a-glucosidase inhibitor in the ARRE was
identified as Asp. Further tests in the C2C12 (CRL1772) cell culture demonstrated a significant (p \
0.05) increase in glucose uptake in the presence of
ARRE at all concentration tested (5 9 10-5–50 lg/
mL), while Asp displayed a significant increase in
activity (p \ 0.05) at 1–100 lM concentrations.
Although ARRE showed high glucose uptake activity
(p\0.05) at 0.05–50 lg/mL in Chang (CCL-13) cells,
Asp was unable to increase glucose uptake in this cell
type. In vivo tests in streptozotocin (STZ)-induced
diabetic rats caused a reduction in plasma glucose
levels 2 h and 1 h after administration of ARRE, at
doses of 5 and 25 mg/kg BW, respectively. ARRE
tested at a higher dose of 50 mg/kg BW was less
effective, but had a significant effect 4 h after
administration, which lasted for a period of 6 h. In
contrast, 6 h after oral administration of Asp at a dose
of 1.44 mg/kg BW, plasma glucose concentration was
significantly reduced by 11.6 ± 3.4%. In an oral
glucose tolerance test, ARRE at 30 mg/kg BW was

more effective than vildagliptin (10 mg/kg BW), a
reference drug. However, doses greater than 300 mg/
kg BW did not further reduce the glucose concentrations. These findings indicate that ARRE has the
ability to decrease blood sugar levels, an effect which
can be partially attributed to its major compound, Asp.
Treatment of palmitate-induced insulin resistant
C2C12 cells with ARRE and fermented rooibos
extract (FRE) ameliorated the development of insulin
resistance (Mazibuko et al. 2013). ARRE was reported
to be more effective than FRE and increased both basal
and
insulin-stimulated
2-deoxy-[3H]-D-glucose
uptake. The extracts also improved mitochondrial
activity in both basal and insulin-stimulated palmitatetreated cells using the MTT assay. Other parameters
improved through ARRE treatment include; ATP
production in both basal and insulin-stimulated palmitate-treated C2C12 muscle cells, activation of key
regulatory proteins (AMPK and AKT) involved in
insulin-dependent and non-insulin regulated signalling pathways, increased insulin-stimulated
GLUT4 protein expression, and improved basal
GLUT4 expression. It is clear from this study that
ARRE can prevent the development of palmitateinduced insulin resistance in C2C12 muscle cells.
Likewise, the effects of ARRE and Asp on glucose
uptake in palmitate-treated cells was studied, and the
results revealed an increase in basal glucose uptake
from
69.9 ± 1.8%
to
128.5 ± 3.6%
and
110.9 ± 4.3% in the presence of ARRE and Asp,
respectively (Mazibuko et al. 2015). Similarly, the two
treatments ameliorated palmitate-induced insulin
resistance by increasing insulin-stimulated glucose
uptake from 118.4 ± 3.8% to 177.3 ± 5.7% and
163.1 ± 6.1% for ARRE (10 mg/mL) and Asp
(10 lM), respectively. ARRE and Asp treatments
increased basal fatty acid uptake of palmitate-treated
cells from 43.0 ± 7.7% to 110.2 ± 3.9% and
90.2 ± 10.1%, respectively. Western blot analysis
indicated that ARRE and Asp reduced basal activation
of NF-jB to 18.2 ± 3.7% and 53.6 ± 8.9%, respectively, and insulin-stimulated activation from
90.6 ± 4.4% to 31.1 ± 10.5% and 66.9 ± 6.4%,
respectively. ARRE and Asp reduced the basal IRS1
(Ser 307) protein expression and insulin-stimulated
IRS1 (Ser 307), while increasing insulin-stimulated
AKT (Ser473) phosphorylation in the presence of
palmitate by 257.7 ± 24.5% and 174.0 ± 26.3%,
respectively. The enriched rooibos extract reversed
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palmitate-induced activation of AMPK (Thr172) under
both basal and insulin-stimulated conditions, while
Asp did not significantly affect the activation. Instead,
Asp increased both basal and insulin-stimulated
PPARc protein expression by 167.6 ± 31.4% and
94.6 ± 23.5%, respectively, and increased insulinstimulated CPT1 protein expression by 32.8 ± 8.6%.
In contrast, ARRE had no effect on PPARc or on
palmitate-treated insulin-stimulated CPT1 expression.
Both ARRE and Asp increased basal CPT1 protein
expression by 66.8 ± 5.7% and 49.6 ± 6.3%, respectively, while ARRE alone increased GLUT4 protein
expression by 82.5 ± 10.9% and 44.9 ± 11.9% in
basal and insulin-stimulated cells, respectively. Asp
was inactive against GLUT4 protein expression. The
study identified Asp as an active ingredient that
effectively ameliorate insulin resistance. The effectiveness of Asp (10 lM) in reducing hepatic insulin
resistance was further investigated by MazibukoMbeje et al. (2019) on C3A liver cells which displayed
improved substrate (palmitate) metabolism following
treatment with Asp. Asp also increased insulin
signaling by controlling PI3K/AKT pathway, activated AMPK to regulate FFA oxidation, enhanced
metabolic activity, improved mitochondrial respiration and glycolytic rate in palmitate-exposed hepatocytes. Asp can be used as nutraceuticals to alleviate
metabolic disease-associated complications.
Aspalathin was reported to induce glucose uptake
in insulin-sensitive cardiomyocytes from young and
aged rats, but not in high-caloric diet animals (Smit
et al. 2018). At a concentration of 10 lM it induced the
uptake of 2-[3H]-deoxyglucose in young cardiomyocytes (37.2 ± 13.9 vs. 25.7 ± 2.5 pmol 2-[3H]deoxyglucose/mg protein) and enhanced insulin-mediated 2-[3H]-deoxyglucose uptake in control cells
(32.4 ± 6.4 versus 23.5 ± 10.0 pmol 2-[3H]deoxyglucose/mg protein). Asp improved insulin
action through phosphatidylinositol 3-kinase (PI3K)dependent mechanisms. The results indicated that the
dosage duration of Asp is very specific and that its
effects are dose dependent. When included in the diet
of db/db mice, Asp (0.1–0.2%) significantly suppressed the increase of fasting blood glucose (FBG)
level of the mice for 5 weeks (Kawano et al. 2009).
This hypoglycemic effect was comparable to that of
pioglitazone (452 ± 736 and 472 ± 734 mg/dL,
respectively). Asp also improved the impaired glucose
tolerance at 30, 60, 90, and 120 min in db/db mice in

the intraperitoneal glucose tolerance test (IPGTT).
The in vivo studies further confirm the hypoglycemic
property of the molecule. Asp (100 mg/kg/day/mouse)
significantly suppressed an increase in FBG level and
improved glucose tolerance in a type 2 diabetic mouse
model (C57BL/6 J-ob/ob) (Son et al. 2013). In
addition, the expression of glucose metabolising
enzymes,
phosphoenolpyruvate
carboxykinase
(PEPCK) and glucose-6-phosphatase (G6Pase), was
reduced, while the under-expression of glycogen
synthase (GS) returned to normal. The over-expression of glycogen phosphorylase (LGP) was significantly suppressed by Asp treatment. Asp treatment
suppressed lipogenic genes such as stearoyl-coenzyme
A desaturase 1 (SCD), acetyl-CoA carboxylase
(ACC), and fatty acid synthase (FAS). The results
support the potential antidiabetic effect of Asp as
documented by other researchers. The protective
ability of ARRE against ROS in obese diabetic KKAy mice has been investigated (Kamakura et al. 2015).
Subchronic feeding with ARRE suppressed the
increase in FBG levels in type 2 diabetic model KKAy mice. This in vivo results strongly support the antidiabetic potential of ARRE.
Mikami et al. (2015) investigated the inhibitory
effects of ARRE and Asp on postprandial hyperglycemia, in normal ddY mice orally administered
along with four carbohydrates (D-glucose, maltose,
sucrose, and starch). Intake of Asp (20 mg/mL/100 g
BW) suppressed the levels of all four carbohydrates.
Likewise, ARRE (80 mg/mL/100 g BW) lowered the
levels of the carbohydrates except sucrose. An IPGTT
test was conducted in an attempt to shed some light on
the mechanism of action. The ability of ARRE and
Asp to inhibit the activites of carbohydrate-hydrolyzing enzymes (a-glucosidase and a-amylase) was
investigated in vitro. The results of the IPGTT
indicated that ARRE and Asp did not decrease blood
glucose levels, while they inhibited the activities of
enzymes in a dose-dependent manner. The findings
indicate that ARRE and Asp may inhibit glucose
absorption in the digestive tract or increase glucose
uptake into tissues.
The majority of glucose reabsorption in the kidneys
occurs through sodium glucose co-transporter 2
(SGLT2) which is a promising therapeutic target for
the development of alternatives in the treatment of
type 2 diabetes (Kinne and Castaneda 2011). Hence,
this target has been investigated as a possible
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mechanism for Asp action (Liu et al. 2015). Homology
modelling was used to reconstruct the human sodium
dependent glucose co-transporter 2 (hSGLT2) receptor, where after molecular docking and dynamic
simulations were performed for Asp and SGLT2
complexes, using dapagliflozinas as a positive control.
The results revealed that the binding energy
(- 277.44 ± 14.37 kJ/mol) and binding mode of
Asp was similar to that of dapagliflozinas
(-273.89 ± 12.54 kJ/mol), suggesting that Asp may
exert antidiabetic effects by inhibiting the SGLT2
receptor. The predicted permeability value of Asp was
low, which could be the basis for poor absorption, and
subsequent weak SGLT2 inhibition.
Moens et al. (2020) investigated the cytoprotective
effect of Asp (0, 5, 10, 30, or 60 lM) on b cells against
different stress-inducing agents as streptozotocin
(STZ), H2O2 and chronic high glucose (glucotoxicity).
The results revealed that Asp protects INS1E b cells
against STZ in a dose-dependent manner and H2O2
induced apoptotic cell death. All these activities were
related to enhanced translocation of oxidative stress
response genes namely NRF2, Hmox1, NAD(P)H,
(NQO-1), and SOD-1. It is suggested that Asp protects
b cells against glucotoxicity and oxidative stress and
maybe considered a potential b cell cytoprotectant.
A combination of metformin and Asp in db/db
mouse model at a low dose of Asp (13 mg/kg) showed
good antidiabetic effect, while a high dose (130 mg/
kg) showed a superior effect than metformin. The
results showed that metformin and Asp combination
therapy was more valuable than the use of each
compound alone (Dludla et al. 2018). The effect of
Asp on a-amylase activity at various concentrations
(0, 50, 100 and 150 lM) on blood sugar and lipid
levels was investigated in male wistar rats. Asp
inhibited a-amylase activity (IC50 = 91.7 lM) and
significantly reduced the blood glucose level while
improving the lipid profile and body weight (Najafian
et al. 2016).
Anti-inflammatory activity
The anti-inflammatory effect of ARRE was observed
in a dextran sodium sulfate (DSS)-induced rat colitis
model (Baba et al. 2009). In the study, seven week old
Wistar rats were divided into two groups: water and
ARRE. The ARRE-treated group showed significant
increase in serum superoxide dismutase (SOD) levels,

while a reduction in urine 8-hydroxy-20 -deoxyguanosine levels was observed. SOD levels were significantly higher in the ARRE group compared to the
controls. Consequently, a decrease in haemoglobin
level was not averted in ARRE group as opposed to the
controls. ARRE demonstrated the potential to reduce
DNA damage from oxidative stress in vivo.
The inhibitory potential of a mixture of Asp and
nothofagin (Not) on 12-O-tetradecanoylphorbol-13acetate (TPA)-induced endothelial cell protein C
receptor (EPCR) shedding in endothelial cells was
observed with optimal effect at concentrations of
20–30 lM (Kwak et al. 2015). However, Asp and Not
alone were ineffective on shedding of EPCR. Furthermore, Asp and Not suppressed TNF-a or IL-1bmediated EPCR shedding in HUVEC cells. This
inhibitory effect of Asp was confirmed in an in vivo
cecal ligation puncture (CLP) mouse model (Male
C57BL/6 mice). Although a single dose of Asp
(27.1 lg/mouse, 12 h after CLP) was ineffective,
two doses, one at 12 h and another at 50 h post-CLP,
caused a reduction in EPCR shedding. Treatment of
endothelial cells with various concentrations of Asp
inhibited TPA-induced TNF-a converting enzyme
(TACE) expression and its subsequent activity in
endothelial cells. The protein C (PC) pathway is a
negative feedback mechanism that regulates coagulation, and Asp was demonstrated to have a suppressive
effect on the CLP-induced decrease of PC levels.
Activation of the coagulation cascades is an essential
component in the development of multi-organ failure
in sepsis. Again, Asp displayed a dose-dependent
inhibition of thrombin production from prothrombin in
HUVEC cells. Synergistic anti-EPCR shedding effects
of each MAP kinase inhibitor PD-98059 (a pharmacological inhibitor of ERK1/2 activity), SB-203580
(an inhibitor of p38 MAPK), and SP-600125 (an
inhibitor of JNK) was also found with Asp on the TPAmediated EPCR shedding. The compound inhibited
the responses of TPA-stimulated expression of TACE
and phosphorylation of p38 MAPK, ERK1/2, and
JNK, hence it inhibited EPCR shedding via the
inhibition of the TPA-stimulated expression of TACE
and the activation of MAPKs. Asp can therefore be
considered a potential treatment for severe vascular
inflammatory diseases such as sepsis and septic shock.
This claim was corroborated by a subsequently study
involving the effect of Asp on lipopolysaccharide
(LPS)-induced release of HMGB1, as well as in the
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CLP-induced septic mouse model (Lee et al. 2015).
Asp inhibited LPS-induced release of HMGB1, and
also suppressed HMGB1-mediated septic responses.
The permeability assay showed a concentrationdependent decrease in LPS or HMGB1-mediated
disruption of barrier integrity in HUVECs, thereby
confirming the vascular barrier protective effect. In
addition, Asp also demonstrated inhibitory effects in;
HMGB1-induced activation of p38 MAPK, formation
of HMGB1-induced paracellular gaps with the formation of dense F-actin rings, and the upregulation of
the surface expressions of cell adhesion molecules
(CAMs) such as ICAM-1, VCAM-1, and E-selectin.
The molecule did, however, promote down-regulation
of THP-1 cell adherence and migration across activated endothelial cells, although it caused a significant
reduction of peritoneal leukocyte count. Asp treatment
decreased the levels of pro-inflammatory cytokines
(TNF-a, IL-1a, IL-1b, IL-12, and IL-6), indicating an
important role in the regulation of signals involved in
the induction of pro-inflammatory responses in human
endothelial cells. HMGB1 is responsible for increased
activation of NF-kB and ERK1/2. However, in the
presence of Asp, a significant reduction was observed,
confirming the vascular protective effects of Asp. The
study also confirms the potential therapeutic role of
Asp in vascular inflammatory diseases.
In another study (Lee and Bae 2015), Asp demonstrated a suppressive role in the production of TNF-a,
IL-6 and activation of NF-jB or ERK, and caused a
significant reduction in LPS-induced iNOS mRNA
expression in HUVECs. Its hydroperoxyl radical
scavenging abilities were observed through the inhibition of ROS-induced fluorescence and a reduction in
20 ,70 -dichlorofluorescein diacetate (DCF) oxidation. A
protective role in LPS-induced lethal endotoxemia
model was demonstrated when the administration of a
double dose (at 12 h and at 50 h after LPS injection) of
Asp resulted in an increase in the survival rate from 0
to 50%. The compound also exhibited a protective role
in CLP-induced pulmonary injury in that alterations in
pulmonary architecture and lung injury score were
reduced when compared to the control groups.
Furthermore, Asp demonstrated anti-inflammatory
functions by inhibiting hyperpermeability, expression
of CAMs, and adhesion and migration of leukocytes,
thereby confirming its usefulness as a therapy for
vascular inflammatory diseases.

Bae and Seop (2016) reported the action of
preventing or treating sepsis by extracts containing
Asp (1, 30 lM) in C57BL/ 6 mice, administered
intravenously. The extracts were reported to suppress
the expression of HMGB1 and displayed considerable
effect on preventing mouse mortality thus it can be
used as a natural product to alleviate sepsis.
Antimicrobial activity
There are very few reports on the application of
rooibos extract as an anti-infective agent, but its use on
the skin may have prompted investigations on its
potential antimicrobial properties. The antimicrobial
activity of natural ARRE, artificial rooibos infusions
and their pure compounds was assessed by Simpson
et al. (2013) against Staphylococcus epidermidis
(Se19), Staphylococcus aureus (ATCC 25,923) and
Escherichia coli (CFT073). Application of the
microdilution assay indicated no observable bacteriostatic/cidal activity against the pathogens tested
(Simpson et al. 2013). The ARRE displayed inhibitory
activity against food-borne pathogens that include
Staphylococcus aureus, Listeria monocytogens and
Escherichia coli at 5 and 10 g/L (Human et al. 2020).
The most potent activity was observed against Listeria
monocytogens for each concentration (94% and 99%,
respectively). The study confirms the use of green
rooibos extract with high Asp content as a food
ingredient in processed meat products.
Antimutagenic activity
Numerous phytoconstituents including phenolic compounds have chemoprotective activities that inhibit
cancer initiation and progression. Ethanol/acetonesoluble fractions containing Asp were prepared from
methanolic extracts of processed and unprocessed
rooibos tea, and investigated using a two-stage mouse
skin carcinogenesis assay (Marnewick et al. 2005).
The results demonstrated a protective effect against
12-O-tetradecanoylphorbol-13-acetate
(TPA)-induced tumour progression by suppressing skin tumorigenesis and the mean number of tumours per mouse.
The unprocessed and processed rooibos extracts
showed greater (91% and 65%, respectively) protection against hepatic microsomal lipid peroxidation.
The results of the study suggest that the extratcs might
be involved in the inhibition of tumor growth. The
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antimutagenic properties of Asp (0.3 mM) in the
Salmonella mutagenicity assay, using aflatoxin B1
(AFB1) and 2-acetylaminofluorene (2-AAF) as mutagens have been investigated (van der Merwe et al.
2006). The results indicated that Asp had limited
chemoprotective effects with 30.42 ± 6.39% inhibition against AFB1-induced mutagenesis and
11 ± 4.05% inhibition against 2-AAF-induced mutagenesis. In another study (Snijman et al. 2007), Asp
displayed moderate antimutagenic effects against
2-AAF and AFB1, although no clear dose–response
effect was observed. The compound displayed
27 ± 3%, 30 ± 5% and 31 ± 4% inhibition against
2-AAF, and 43 ± 7%, 48 ± 5% and 33 ± 3% inhibition against AFB1, at concentrations of 0.8, 0.4 and
0.08 mM, respectively.
The potential anticancer activity of ARRE was
revealed by the modulation of methylbenzylnitrosamine (MBN)-induced oesophageal squamous cell
carcinogenesis in male F344 rats (Sissing et al. 2011).
ARRE showed weak inhibitory effects ( \ 30%
inhibition) against tumor multiplicity, but the mean
total papilloma size was reduced by 87%. Asp is
pressumed to be a major contributor to the modulating
effect observed for ARRE. A computational approach
(AutoDock) was employed by Yadav et al. (2013) to
investigate the possibility of Asp acting as an inhibitor
of the Bcl-2 family of proteins. Asp displayed potent
binding affinity against the Bcl-2 proteins with a high
mean binding affinity of -9.07 kcal/mole (Yadav et al.
2013). Its mechanism of action is not well understood,
although it is believed to act as an antagonist for the
Bcl-2 proteins.
Doxorubicin (Dox) is an efficient chemotherapeutic
agent against various cancers. Its regular clinical use is
restricted due to cardiotoxic side effects. A study was
conducted to investigate Asp (0.2 lM) inhibitory
activity on Dox-induced cardiotoxicity (Johnson
et al. (2017b) in H9c2 Cells. The findings revealed
Asp cytoprotective action by decreasing p53 expression (108.2 ± 6.5%), increasing the Bcl-2/Bax ratio
(0.65 ± 0.06%) and reducing cell apoptosis. The
latter effect was reduced through Asp-induced stimulation of autophagy-related genes (Atgs; Atg5, Atg7,
Becln1 (Atg6), BNIP3). Cell viability was also
significantly reduced in Caov-3 cells when compared
to the normal control (14.84 ± 1.9 versus
100 ± 19.16).

Anti-oxidant activity
The bibliometric analysis revealed that considerable
efforts have been devoted to investigating the antioxidant properties of Asp and rooibos extracts. This is
partly due to the phenolic composition (of rooibos), a
co-occurring term in the anti-oxidant (red) cluster in
the term map (Fig. 6), thereby confirming a connection between phenolic compounds and anti-oxidant
activity. Several in vitro anti-oxidant activity studies
on Asp have been documented since the 1990s. These
studies were performed using a wide range of assays
including the b-carotene bleaching, 2,2-diphenyl-bpicrylhydrazyl (DPPH) radical scavenging, superoxide anion, 2,20 -azino-bis(3-ethylbenzothiazoline-6sulfonic acid (ABTS?) scavenging, oxygen radical
absorbance capacity (ORAC) and the Rancimat lard
oxidation.
The earliest work on Asp indicated a high activity
in the DPPH radical scavenging assay with 91.74%
inhibition (von Gadow et al. 1997). Asp was slightly
less active than caffeic acid (93.65%), one of the most
potent DPPH radical scavengers, but more effective
than the commercial anti-oxidants a-tocopherol, butylated hydroxytoluene (BHT), and butylated hydroxyanisole (BHA). Similarly, Joubert et al. (2004)
reported a potent 81.01% inhibition by pure Asp at a
concentration of 0.5 mM. Crude Asp and unfermented
rooibos fractions were the most active DPPH radical
scavengers with 93.5% and 92.9% inhibition, respectively. Noteworthy, unfermented rooibos fractions and
extracts displayed higher activities than their fermented counterparts. This was attributed to the
presence of polyphenols with high antioxidant activity, of which Asp is the most abundant. The activity of
pure Asp was comparable to that of propyl gallate, an
anti-oxidant added to food to prevent oxidation. The
results support the potential use of Asp as an antioxidant additive for food. Furthermore, Asp and
related products were also evaluated for their superoxide anion (O2-) radical scavenging capacity. Asp
was a better scavenger of superoxide anion radical
(O2-) than of the DPPH radical. Overall, quercetin
was the most potent rooibos flavonoid in both assays
where Asp was less effective than quercetin towards
DPPH but as potent as quercetin towards O2-. von
Gadow et al. (1997) also evaluated the anti-oxidant
capacity of Asp using the b-carotene bleaching assay.
Asp showed effective inhibition of b-carotene
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bleaching, due to the presence of the 20 ,40 ,60 -hydroxy
groups, as well as the keto-enol equilibrium. However,
Asp was less active than quercetin and other commercial anti-oxidants. Asp also displayed potent antioxidant activity in the Rancimat lard oxidation assay.
In this assay, the anti-oxidant activity is determined by
how the addition of an anti-oxidant affects the
induction time for the oxidation of lard under accelerated aging conditions (von Gadow et al. 1997). The
higher the induction time compare to the control (lard
only), the better the anti-oxidant capacity of the
compound. All phenolic compounds tested, including
Asp, showed an increase in induction time at a
concentration of 0.02% (w/w) anti-oxidant to lard. Asp
displayed poor anti-oxidant capacity in terms of
induction time; however, it was more active than
other phenolic acids, with the exception of caffeic
acid. Although the antiradical potential of Asp and
related dihydrochalcones has been established, structure-radical activity relationship and mechanistic
studies of this class of compounds have received little
attention. Xue et al. (2020) investigated the free
radical scavenging potential and possible mechanism
of action of Asp. The density functional theory (DFT)
calculations were employed where 20 ,60 -dihyroxyacetophenone moiety was found to contribute to the
scavenging activity of Asp, which is in line with a
previously reported theoretical study (Snijman et al.
2009).
A linear relationship between Asp content and the
total anti-oxidant capacity of rooibos products has
been established (Schulz et al. 2003). The total antioxidant activity was determined according to the
ABTS•? scavenging method. The Asp content of
unfermented rooibos was found to be 4.89 ± 0.93 g/
100 g dry weight, representing between 35 and 68% of
the total polyphenols, which contributed 22–57% of
the total anti-oxidant activity. Thus, a good correlation
(R2 = 0.8115) between the total anti-oxidant activity
of commercial green rooibos and Asp content of the
plant product was established. As expected, its contribution to the total anti-oxidant activity of fermented
rooibos was very low, due to its low content in the
product. Subsequently, Snijman et al. (2009) examined the ABTS•? scavenging activity of selected
rooibos flavonoids including Asp. The most potent
scavengers were Asp (IC50 = 3.33 lM), the standard
epigallocatechin gallate (IC50 = 3.46 lM), quercetin
(IC50 = 3.60 lM), and nothofagin (IC50 = 4.04 lM).

In addition, Krafczyk et al. (2009b) also reported a
high potency of Asp and rooibos tea against ABTS•?
compared to other flavonoids. The peroxyl radical
scavenging activity of two aqueous rooibos infusions
and their most abundant glycosylated polyphenols and
quercetin have been investigated, using the ORAC
assay (Simpson et al. 2013). The anti-oxidant activity
was evaluated using the pyrogallol red (PGR) and
fluorescein (FL)-based oxygen radical absorbance
ratio or ORAC ratio (ORAC-PGR/ ORAC-FL). Asp
and Not showed high antioxidant activity with ORAC
ratios of 0.068 and 0.042, respectively. The high
activity of the chalcones was attributed to the hydroxy
(OH) groups located at positions C-20 and C-60 as well
as the tautomerism of the methylene group adjacent to
the carbonyl. By examining the contribution of
polyphenols to the anti-oxidant capacity of rooibos,
the authors observed a similarity between the sum of
the weight contribution of Asp and Not to the ORAC
ratio for green rooibos (0.096). For this reason, the
antiperoxyl radical potential of rooibos was attributed
to the presence of both Asp and Not.
The pro-oxidant activity of Asp has been investigated using the deoxyribose degradation assay (Joubert et al. 2005). At a concentration of 0.1 mg/mL,
pure Asp (purity [ 95%) displayed high pro-oxidant
activity with 9.50 ± 0.10% deoxyribose inhibition. At
a ten-fold higher concentration (1.0 mg/mL), the
molecule showed lower potency (2.06 ± 0.04% inhibition). Pure Asp was more active than Asp of lower
purity (46%) and ethyl acetate fractions of fermented
and unfermented rooibos at the same concentrations.
The pro-oxidant activity of unfermented rooibos
extracts and fractions was proportional to the Asp
content. Contrary to the anti-oxidant assays, Asp
displayed higher activity in purer form than in a
mixture with other polyphenols. The study highlights
the need to always consider the potential adverse
biological effects of anti-oxidants when dealing with
dietary supplements or herbal beverages. Oxidative
stress has been linked to the progression of numerous
disorders, including diabetes, cardiovascular problems, and neurodegenerative diseases such as Alzheimer’s disease (Chen et al. 2013). The effect of Asp
against oxidative stress in vivo was the subject of a
recent study (Chen et al. 2013), using Caenorhabditis
elegans, a model invertebrate for aging and longevity.
Asp and ARRE attenuated the intracellular ROS level
in C elegans, indicating the absorption of rooibos
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phenols and their metabolites by the worms. Asp and
ARRE also decreased oxidative damage caused by
juglone, the superoxide anion radical generator.
Therefore, Asp played a major role in protecting C.
elegans against oxidative stress and increased its life
span under high glucose-induced oxidative stress
conditions. These findings suggest that rooibos extract
and Asp increase stress resistance and promote
longevity. Further studies on a diabetic male Wistar
rat model provided more evidence of the protective
role of ARRE against oxidative damage (Ayeleso et al.
2014). Asp also amelioriated Dox-induced oxidative
stress in H9c2 cardiomyoblasts. Furthermore, cotreatment of Dox with Asp significantly decreased
ROS production and enhanced anti-oxidant levels
(Shabalala et al. 2019).
Another study, revealed that concurrent administration of fermented rooibos aqueous extract (Rf)
(containing 1.9 nM of Asp) and ethanol (oxidative
stress inducer) counteracted the actions of ethanol on
cell viability and proliferation, in endothelial cells of
the brain blood barrier (Fisher et al. 2020). Renal
protecting action of Asp (0.08, 0.17, 0.33, and
1.00 mg/kg body weight) against CLP-induced kidney
injury and septic lethality was determined in male
C57BL/6 mice. Asp treatment decreased blood urea
nitrogen, creatinine, urine protein, and LDH in mice
plasma with CLP-induced renal injury. It further
reduced NF-jB initiation and decreased the production of NO-synthase and nitric acid. Asp treatment also
condensed NO, TNF-jB, IL-6, and MPO level in
plasma and reduced lethality due to CLP-induced
sepsis, improved lipid peroxidation, and evidently
boosted the antioxidant defense system by renovating
the levels of antioxidant enzymes in kidney tissues
(Yang et al. 2018).
Despite the beneficial effects of rooibos and its
polyphenols in humans, there is a possibility of some
adverse effects that can compromise their use as
dietary supplements. The reports of adverse effects
have been attributed to high intake of polyphenols
(Skibola and Smith 2000). For this reason, van der
Merwe et al., (2015) investigated the possible adverse
biological effects associated with a high intake of
ARRE. Male Fischer rats were fed with ARRE for 28
and 90 days. The daily intake was 29.5 mg/kg bw,
which represents a human equivalent dose of 4.8 mg/
kg bw/day. High consumption of ARRE significantly
altered the expression of anti-oxidant defense and

oxidative stress-related genes. Hence, a high intake of
ARRE can lead to some adverse effects in the liver. On
the other hand, a high intake of ARRE has been
associated with the prevention of skin cell carcinogenesis as demonstrated in a recent study (Magcwebeba et al. 2016). ARRE exhibiting the highest
phenolic content and anti-oxidant capacity was the
most effective in reducing cell viability, indicating a
correlation between anti-oxidant activity and carcinogenesis. Therefore, the anti-oxidant ARRE exhibits
chemopreventive properties against skin cancer. Further analysis of the pure constituents of ARRE
suggested that Asp may not be the main active
ingredient in ARRE, despite its high content in the
plant.
Hepatoprotective activity
Various health properties have been ascribed to
rooibos extract among which is the potential for
hepatoprotection. An in vivo study by Layman et al.
(2019) suggested that unfermented green rooibos
extract (GRE) offers hepatoprotection to the rat liver
as observed through histomorphometric analysis. In
the study, liver injury was induced by a high fat diet
(HFD) and the parameters assessed include liver mass,
steatosis, inflammation and morphology. Animals
treated with GRT showed reduced symptoms of liver
damage as illustrated by reduced liver mass, steatosis
(volume and area) and improved liver architecture and
tissue morphology. Fewer steatosis lesions were
observed in groups treated with GRT while the
volume density of steatosis was significantly lower
compared to the untreated groups, confirming the
hepatoprotective effects of GRE.
A similar in vivo study by Ulična0 et al. (2019) on
CCl4-induced rat liver damage model, showed morphological changes in rats treated with rooibos tea
(RT) where liver steatosis was lower in shape and
volume compared to the untreated group. Markers for
liver injury such as elevated liver enzyme activity;
aminotransferase (ALT) and aspartate aminotransferase (AST) were reduced in the presence of RT, as
well as albumin (Alb) and total bilirubin (tBil) levels
in the blood. Mitochondrial respiratory function was
monitored through oxygen consumption which
improved following consumption of RT.
A study by Millar et al. (2020) reported on the
outcomes of concomitant administration of
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aspalathin-rich rooibos extract (GRT) on atorvastatininduced hepatotoxicity in vitro. Atorvastatin was used
to increase oxidative stress, cellular reactive oxygen
species production (ROS), apoptosis and disruption of
mitochondrial integrity in C3A liver cells. The results
showed that GRT did not offer protection to C3A liver
cells since the ROS production, cell death and loss of
mitochorial integrity could not be improved. These
contradictory findings warrant further investigation of
this important aspect in Asp research, which could
potentialyl to broaden its application.
Bone protection
Sagar et al. (2020) reported the possible bone protective properties of Asp (10–1000 lM) using murine
RAW264.7 macrophages and primary extracted
mouse (C57BL/6) bone marrow cells to study the
impact on osteoclasts and osteoblasts. The results
revealed that Asp could decrease osteoclast differentiation in a murine osteoclast/osteoblast co-culture
model and modify the balance of bone remodeling
towards bone formation by decreasing osteoclast
activity and enhancing osteoblast activity.
Antiviral activity
The antiviral activity of Asp with influenza N1
neuraminidase was evaluated by Müller and Downard
(2015). Madin-Darby canine kidney (MDCK) cells
were infected with the seasonal type A H1N1
influenza virus strains (A/Perth/25/2013 and A/Victoria/503/2013) to evaluate the inhibitory effect on the
growth of influenza virus particles. Asp displayed a
weak (EC50 [ 400 lM) inhibitory effect on plaque
formation; hence, the compound has poor activity
against the influenza virus (Müller and Downard
2015).
Xanthine oxidase inhibitory activity
Hyperuricemia is known as the key risk factor for gout,
as well as a risk factor for metabolic syndrome and
cardiovascular disease (Lin et al. 2000; Dawson et al.
2007). An ARRE (containing 21.4% of Asp) and pure
Asp displayed potent in vitro xanthine oxidase
inhibitory (XOD) activity with IC50 values of
20.4 lg/mL (4.4 lg/mL Asp equivalents) for ARRE
and 4.5 lg/mL for pure Asp. Since the IC50 values for

Asp in ARRE was similar to that of pure Asp, the
molecule is believed to be responsible for the observed
activity in ARRE. Through Lineweaver–Burk plot
analysis, the compound was found to act as a
competitive inhibitor of xanthine oxidase, with an
inhibition constant (Ki) of 3.1 lM. Oral treatment of
hyperuricemic male ddY mice, induced by inosine-50 monophosphate, with ARRE (100, 200, or 600 mg/kg
BW) and Asp (18, 37, or 110 mg/kg BW) significantly
suppressed the increased plasma uric acid level in a
dose-dependent manner. ARRE suppressed the uric
acid levels by 7%, 25%, or 33%, but Asp was more
effective, causing 20%, 36%, or 49% suppression at
the tested concentrations, respectively. The results of
the study suggest that Asp showed potent XOD
inhibitory activity and can reduce the plasma uric
acid levels in mice (Kondo et al. 2013). Table 1 is a
summary of the discussed pharmacological activities
reported for Asp and ARRE.
Toxicity
Although no harmful effects have been reported after
centuries of regular rooibos use by indigenous communities, the use of concentrated and enriched extracts
in health products necessitates toxicity testing on both
the extracts and pure Asp to protect consumers. To
evaluate the cytotoxicity of Asp, cell viability assays
using the MTT assay were carried out in HUVECs.
Cell viability was not affected at Asp concentrations of
up to 30 lM (Lee et al. 2015) and 50 lM (Ku et al.
2015; Lee and Bae 2015). The MTT assay was also
used to measure the effect of ARRE and Asp on
palmitate-induced mitochondrial activity and ATP.
The addition of ARRE and Asp to the media increased
basal MTT activity from 67.2 ± 2.8% to
106.9 ± 2.5% and 115.5 ± 5.1%, and insulin-stimulated MTT activity from 72.8 ± 3.7% to
108.3 ± 2.8% and 104.6 ± 4.2%, respectively. These
treatments also reversed the reduction in ATP by
palmitate, under basal conditions, to 112.1 ± 5.8%
and 108.9 ± 4.7% and with regard to insulin stimulation, increase in ATP to 126.4 ± 5.8% and
121.6 ± 4.2%, for ARRE and Asp, respectively was
observed (Mazibuko et al. 2015). The cytopathogenic
effect of Asp was assessed by (Müller and Downard
2015) using the MTT assay on Madin-Darby canine
kidney (MDCK) cells, and no cytotoxicity was
reported. Flavonoids are responsible for the
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Table 1 Summary of in vitro and in vivo pharmacological studies conducted on aspalathin
Bioactivity

Type of assay/
method

Organism/Cell line

Results

References

Antimutagenic

Salmonella
mutagenicity assay

(aflatoxin B1 (AFB1) and
2-acetylaminofluorene
(2-AAF)

Asp inhibited 30.42 ± 6.39 and 11 ± 4.05% against
(AFB1) and (2-AAF) respectively

(van der
Merwe
et al.
2006)

Modulation of
esophageal papilloma
development

male F344 rats

ARRE reduced papilloma size by 87%

(Sissing
et al.
2011)

Salmonella
mutagenicity assay

Asp showed moderate antimutagenic properties

ATP assay

Salmonella typhimurium
strains TA98 and
TA100

(Snijman
et al.
2007)

ATP assay

H9c2 Cells
Caov-3 ovarian cancer
cells

Antidiabetic

a-glucosidase
inhibition assay
In vitro glucose uptake
and metabolism

Asp reduced ATP metabolic activity
Asp reduced cell vaibily of Caov-3
Asp showed no ATP metabolic activity

ARRE showed IC50 = 2.2 lg/mL
C2C12
(CRL-1772),
Chang (CCL-13)

In C2C12 cell ARRE at concentration 5 9 10–5 to
50 lg/mL and Asp (at 1–100 lM concentration)
increased glucose uptake

ARRE at concentrations 5 and 25 mg/kg BW showed a
sustained reduction in plasma glucose. Asp reduced
plasma glucose 11.6 ± 3.4% at concentration 1.44 mg/
kg BW

Oral glucose tolerance
test

Wistar rats

ARRE at concentration 30 mg/kg BW showed 27.3%
reduction

2-deoxy-[3H]-Dglucose uptake

C2C12

ARRE increased both basal (32.4 ± 2.3 to 93.4 ± 6.2%)
and insulin-stimulated (28.4 ± 2.0 to 103.7 ± 9.0%)

ATP assay

ViaLightTM plus

ARRE increased the basal and insulin-stimulated ATP
from 40.7 ± 0.8 to 135.2 ± 17.0% and 34.1 ± 0.7 to
165.0 ± 11.6%, respectively

rat model)

ATP kit
Western blot analysis

C2C12

Basal pPKCØ ratio levels were decreased from
138.7 ± 19.5% to 80.9 ± 18.0%; and insulin
stimulated levels were reduced from 194.5 ± 17.5% to
111.1 ± 19.6% by ARRE

Western blot analysis

C2C12

Phosphorylation of basal AMPK was increased by ARRE
from 48.1 ± 7.8% to 112.5 ± 11.6%; AKT
phosphorylation was increased by ARRE in the
presence of insulin (from 554.8 ± 44.3% to
1556 ± 162.3%), but had no effect on basal noninsulin stimulated AKT phosphorylation

Western blot analysis

C2C12

ARRE increased insulin-stimulated GLUT4 protein
expression compared to palmitate-treated controls from
31.3 ± 8.5% to 208.5 ± 21.98%

In vitro glucose uptake

L6 myotubes

Asp promoted glucose uptake at concentrations
25–100 lM

RIN-5F cells

Asp reduced the basal ROS levels suppressed the AGEinduced rise in the ROS level

(Mazibuko
et al.
2013)

(Son et al.
2013)

Asp at 50 lM stimulated the phosphorylation of AMPK

Western blot analysis
Measurement of
intracellular reactive
oxygen species
(ROS)

(Muller
et al.
2012)

In Chang cell ARRE increased glucose uptake but Asp
did not increased glucose uptake

Wistar rats

In vivo (Glucose
lowering effect STZinduced diabetic

(Johnson
et al.
2017b)
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Table 1 continued
Bioactivity

Type of assay/
method

Organism/Cell line

Results

Blood glucose levels

C57BL/6 J-ob/ob mice

Asp suppressed the increase in fasting blood glucose
levels, improved glucose intolerance and decreased
expression of hepatic genes related to gluconeogenesis
and lipogenesis

In vitro glucose uptake

L6 myotubes

ARRE (400–800 lg/L) increased glucose uptake in dosedependent manner

Fasting blood glucose
levels

KK-Ay mice

ARRE (0.6%) reduced the increases in fasting blood
glucose levels

Treatment of insulinresistant 3T3-L1
adipocytes

C2C12 cells

ARRE and Asp increased fatty acid uptake

2-Deoxy-[3H]-Dglucose uptake assay

C2C12 cells

ARRE and Asp increased insulin-stimulated glucose
uptake

Western blotting/
ELISA

C2C12 cells

ARRE and Asp suppressed (NF-jB), (serine 307) IRS1
(Ser307) and AKT activation. Asp increased both basal
and insulin stimulated PPARa protein expression

Blood glucose levels
determination

male ddY mice

ARRE and Asp suppressed the elevation of blood glucose
levels; ARRE and Asp showed the highest inhibitory
activity against maltase (IC50 \ 2.5 mg/mL and
0.8 mg/ mL, respectively)

a-Amylase assay

(Kamakura
et al.
2015)

(Mazibuko
et al.
2015)

(Mikami
et al.
2015)

97.9% at 40 mg/mL by ARRE and 70.0% inhibition at
8 mg/mL Asp

In vitro glucose uptake

L6 myotubes

Asp increased glucose uptake

Determination of
insulin secretion

RIN-5F cells

Asp stimulated insulin secretion

In vitro glucose uptake

Cardiomyocytes

Asp at 10 lM glucose uptake

(Smit et al.
2018)

Glucose tolerance test

Monkeys

90 mg/day/kg of ARRE showed a significant decline in
glycaemia

(Orlando
et al.
2019)

Plasma lipid profile

Decreased plasma low-density lipoprotein (LDL) levels

Anti-inflammatory

References

(Kawano
et al.
2009)

2-Deoxy-[3H]-Dglucose uptake assay

C3A liver cells

Asp increased the insulin signaling by controlling PI3K/
AKT and AMPK signaling pathways

(MazibukoMbeje
et al.
2019)

Cell survival and
apoptosis

INS1E b cells and rat
pancreatic islets b cells

Asp protects b cells against cytotoxicity and apoptosis

(Moens
et al.
2020)

a-amylase ezyme assay

Wistar rats

Asp inhibited a-amylase activity with IC50 = 91.7 lM
and significantly dropped the blood glucose level

(Najafian
et al.
2016)

LPS and CLP mediated
release of HMGB1

HUVECs, Male C57BL/6
mice

Asp inhibited the release of HMGB1 at
concentrations [ 5 lM and showed marked inhibition
of CLP-induced release of HMGB1

(Lee et al.
2015)

Permeability assay

HUVECs

Asp showed a concentration-dependent decrease in LPS
or HMGB1-mediated disruption of barrier integrity

Western blotting/
ELISA

HUVECs

Asp significantly inhibited up-regulation of
phosphorylated p38 expression, TNFa-, IL-1a, IL-1b,
IL-12, and IL-6 and ICAM-1, VCAM-1, and E-selectin

CLP

Male C57BL/6 mice

Twice administration of Asp at dose 27.1 lg/mouse
increased the survival rate from 30 to 50%

Permeability assay

HUVECs

Inhibited hyperpermeability

In vivo permeability
and the leukocyte
migration

Male C57BL/6 mice

Induced marked inhibition of the peritoneal leakage of
dye
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Table 1 continued
Bioactivity

Anti-oxidant

Type of assay/
method

Organism/Cell line

Results

References

Elisa for Tlr4 and
Phospho p-38

HUVECs

Asp showed significant inhibition of Tlr4 and
phosphorylated p38 expression

Immunofluorescence
staining

HUVECs

Asp at concentration 30 lM induced formation of dense
F-actin rings

ELISA

HUVECs

Asp at concentration 30 lM showed downregulation of
LPS-induced levels of VCAM-1, ICAM-1, and
E-selectin; suppressed the production of NF-jB,
ERK1/2, IL-6, and TNF-a

Real-Time PCR

HUVECs

Asp at concentration 30 lM significantly reduced iNOS
mRNA expression

CAA

HUVECs

Asp reduced the oxidation

LPS-induced lethal
endotoxemia model

Male C57BL/6 mice

Survival rate increased from 0 to 50% after two times
administration of Asp

ELISA

HUVECs

Asp induced potent inhibition of phorbol-TPA, (TNF)-a,
(IL)-1b

CLP and ELISA for
protein C

HUVECs

Asp inhibited cecal ligation and puncture (CLP)-induced
EPCR and suppressed CLP-induced decrease of PC
levels

TACE activity assay

HUVECs

The activity of TPA-induced TACE in endothelial cells
was reduced by Asp

CLP

Male C57BL/6 mice

Increase in the survival rate to 30–50% after twice
administration of Asp

Measurement of
thrombin production

HUVECs

Asp showed a dose dependent inhibition of production of
thrombin

ELISA

HUVECs

Asp reduced TPA-stimulated phosphorylation of p38,
(ERK) 1/2, and c- JNK

Permeability assay
in vivo

HUVECs

Asp showed dose-dependent decrease in HG-mediated
membrane disruption

Permeability assay
in vitro

Mice (male C57BL/6)

Asp inhibited peritoneal leakage of dye induced by HG

Expression of CAMs
by ELISA

HUVECs

Asp showed maximum inhibitory effect 50 lM

Cell–cell adhesion
assay

HUVECs

Asp inhibited adhesion of monocytes toward HUVECs

H2O2 release assay

HUVECs

Asp significantly inhibited HG-induced H2O2 level

Western blotting

HUVECs

Asp suppressed the activation of NF-jB

Dextran sodium sulfate
(DSS)-induced rat
colitis model

Male Wistar rats

SOD levels was increased while urine 8-OHdG levels
were decreased

(Baba et al.
2009)

DPPH radical
scavenging

Asp showed 91.74% inhibition

(Gadow
et al.
1997)

DPPH radical
scavenging

Asp showed 81.01% inhibition

Superoxide anion
radical scavenging

Asp showed 87.62% inhibition

(Joubert
et al.
2004)

(Kwak et al.
2015)

(Ku et al.
2015)

Investigation of the
anti-oxidant enzyme

Male Wistar rats

ARRE improved liver SOD and ORAC plasma,
enhanced liver GPx, reduced plasma TBRAS

(Ayeleso
et al.
2014)

Intracellular ROS
levels

Caenorhabditis elegans

ROS level diminished by 30.6% for ARRE at
concentration 20 and 50 lM. Asp reduced the level of
ROS by up to 34.8% and 47.4%, respectively

(Chen et al.
2013)

Life span assay

Caenorhabditis elegans

ARRE increased the life span by 22.5% and Asp
extended life span by 24.4% and 20.5% in groups
treated with 20 lM and 50 lM, respectively
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Table 1 continued
Bioactivity

Type of assay/
method

Organism/Cell line

Results

Survival assay

Age-synchronized L1
larvae

ARRE showed survival rate 106% and Asp exhibited
158.2% at 10 lM, 160.1% at 20 lM and 152.6% at
50 lM respectively against oxidative stress

ABTS assay

IC50 of Asp was found 3.33 lM

Inhibition of Fe(II)induced microsomal
lipid peroxidation

IC50 of Asp was found 50.2 lM

Lipid peroxidation
assay

28.46 ± 10.67% Inhibition of crude Asp at concentration
of 0.1 mg/mL

Deoxyribose
degradation assay

Crude Asp showed 8.50 ± 0.10 and 1.52 ± 0.06%
inhibition at concentration of 0.1 and 1.0 mg/mL,
respectively. Pure Asp showed 9.50 ± 0.13 and
2.06 ± 0.04% inhibition at 0.1 and 1.0 mg/mL,
respectively

ROS levels

H9c2 cardiomyoblasts

Asp and Dox decresedd ROS production
Asp and Dox enhanced anti-oxidant levels

Antimicrobial

Cardio protective
effects

(Snijman
et al.
2009)
(Joubert
et al.
2005)

(Shabalala
et al.
2019)

CLP-induced renal
injury

C57BL/6 mice

Asp protects mice against renal sepsis-triggered injury

(Yang et al.
2018)

Trypan blue exclusion
assay

Barin endothelial cell line

Fermented rooibos extract was able to invalidate the
effect of ethanol on cell proliferation and cell viability

(Fisher et al.
2020)

Growth inhibition

Staphylococcus aureus,
Listeria monocytogens
and Escherichia coli

ARRE (5 and 10 g/L) inhibited the growth of all bacterial
strains

(Human
et al.
2020)

H9c2 cardiomyocytes

Asp enhance mRNA expression r of antioxidant genes

RT2-PCR Array
Analysis

The highest inhibition effect was observed against
Listeria monocytogens (94% and 99%, respectively

(Dludla
et al.
2017)

Real-Time PCR

H9c2 cardiomyocytes

Enhance Nrf2 expression and its downstream target genes

Measurement of FPG
Concentrations

Male C57BLKS/J
homozygous (db/db)
mice

Asp at low dose (13 mg/kg) was ineffective while at high
dose (130 mg/kg). Reduced the FPG level

Fatty acid uptake and
oxidation

H9c2 (ATCC, CRL-1446)
cardiac muscle cells

Asp reduced fatty acid uptake and subsequent boxidation

2-Deoxy-[3H]-Dglucose uptake

H9c2

Asp increased glucose uptake

Western blot analysis

H9c2

Asp increased Bcl-2\Bax ratio, mRNA expression of
GLUT4 and decreased the expression of pAMPK
(Thr172)

Cardio-protective
effects against
ischaemia
reperfusion injury

Male Wistar rats

Asp protects against myocardial ischaemia/reperfusion

(Pantsi et al.
2011)

Free fatty acid (FFA)
and glucose oxidation

H9c2 cardiomyocytes

The combined treatment of Asp and PPAG showed a
decline in FFA oxidation by 44% and an increase in
glucose oxidation by 25%

(Dludla
et al.
2020)

Oxidative stress
assessment

Hepatoprotection

References

(Johnson
et al.
2016)

Asp and PPAG diminished several oxidative stress
markers including NADPH oxidase activity and
glutathione content

ROS production

C3A liver cells

Co-administration of GRT with ATV did not offer
protection to C3A liver cells

(Millar et al.
2020)

Histomorphometric
analysis

Wistar rat

GRT reduced body and liver mass, steatosis and
improved liver architecture and tissue morphology

(Layman
et al.
2019)

Histomorphology
analysis

CCl4-induced rat liver

Consumption of rooibos tea improved respiratory control
index, rate of oxygen uptake by the mitochondria

(Ulična
et al.
2019)
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Table 1 continued
Bioactivity

Type of assay/
method

Organism/Cell line

Results

References

stimulated with ADP and oxidative phosphorylation in
mitochondria
Bone protection

Alamar blue assay

murine RAW264.7
macrophages

Asp did not significantly affect cell viability

(Sagar et al.
2020)

Anti-viral activity

Plaque forming assay
and

Madin-Darby canine
kidney (MDCK) cells

Asp did not show plaque forming activity

(Müller and
Downard
2015)

Adrenal
steroidogenic
enzymes
inhibition
activity

Adrenal steroidogenic
enzymes inhibition

Human adrenal H295R
cell line

Asp reduced the total steroid output

(Schloms
and Swart
2014)

Xanthine oxidase
inhibition
activity

Xanthine oxidase

IC50 was 20.4 lg/mL and 4.5 lg/mL for ARRE and and
Asp respectively

(Kondo
et al.
2013)

(C57BL/6) mouse cells

plaque inhibition assay

male ddY mice

modulation of the clinically relevant CYP2C8,
CYP2C9, and CYP3A4 enzymes, which can change
drug metabolism through changes in the expression or
activity of CYP enzymes, thereby disturbing the
plasma concentration of co-administered chronic
drugs. The effect of ARRE, a fermented rooibos
extract and Asp on Vivid recombinant CYP450
enzymes indicated that ARRE and fermented rooibos
extract inhibited the activity of CYP2C8 (IC50
7.69 ± 8.85 lg/mL and 8.93 ± 8.88 lg/mL, respectively) and CYP3A4 (31.33 ± 4.69 lg/mL and
51.44 ± 4.31 lg/mL, respectively), while Asp moderately inhibited CYP3A4 activity with an IC50 value
of 69.57 ± 4.03 lg/mL. Although ARRE and Asp did
not induce toxicity in a number of trials, caution is
needed when nutraceuticals containing rooibos
extracts are co-administered with hypoglycemic
drugs, since herb-drug interactions are likely to occur
(Patel et al. 2016).
Huang et al. (2019) investigated the effect of GRT
on the proliferation and cell cycle progression of
CRPC cells both in vitro and in vivo. The results
indicated in vitro apoptosis of LNCaP 104-R1 induced
by GRT and cell cycle arrest of PCa cells in the S
phase, suppression of cell proliferation and survival of

Plasma uric acid concentration was suppressed

CRPC cells in the presence of GRT. The in vivo aspect
confirmed the in vitro findings and further elucidated
the mechanism of cytotoxic action to be due to the
inhibition of Akt signalling. Huang et al. (2020) in a
further study investigated the possible effect of
Aspalathin-rich green rooibos extract to supress the
migration and invasion of castration-resistant prostate
cancer (CRPC) cells. The two cell lines used in the
study were; LNCaP C4-2B and 22Rv1 cells. The
results showed that GRT reduced migration and
invasion of LNCaP C4-2B cell in a dose-dependent
manner at concentrations 25–100 ug/mL. At similar
concentrations, GRT also dose-dependently supressed
the expression of proteins regulating migration and
invasion of LNCaP C4-2B and 22Rv1 cells. The GRT
displayed comparable cytotoxicity to anatural compound EGCG, that has been previously reported to
supress PCa cells. Samodien et al. (2020) demonstrated antiproliferative activity of GRE against three
human cell lines (HepG2), colon (HT-29) and rat
hepatocytes (PH) while weaker inhibitory effect was
observed for Asp and luteolin. Although GRE induced
apoptosis in HepG2 cells, the same effect could not be
achieved with Asp which instead reduced apoptosis in
HepG2 and HT-29 cells.
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Metabolism and transport of aspalathin
Since the therapeutic effects of bioactive molecules in
the body are determined by their bioavailability,
several studies have been conducted to determine the
absorption of rooibos constituents and Asp in particular, into the bloodstream. Transport to the liver, as
well as the excretion of transformed metabolites by the
kidneys, as reflected by the urine concentrations were
also investigated. The first step to such metabolic
studies is the establishment of analytical methods to
determine low concentrations of the starting compounds and their metabolites. Kreuz et al. (2008)
established, for the first time, an analytical method for
quantifying Asp and its metabolites in plasma and
urine. They went further to identify and determine the
plasma and urine concentrations of Asp and several
other metabolic products in pigs. Rooibos extract
(containing 16.3% Asp), produced from unfermented
rooibos, was administered to pigs as part of their food.
The daily dose per pig was 96 g rooibos extract, which
equates to 1.1 kg dried rooibos material. The extract
was administered over a period of 11 days (oral
dosage 157–167 mg Asp/kg bw, daily). On days 7 and
11, and days 1 and 2 after termination, urine was
collected at 24 h intervals, while plasma samples were
collected on days 7 and 10, at 6 and 10 h after the
feeding, and on day 11 at 2, 6, and 10 h after the
feeding. Six metabolites (glucuronidated aspalathin,
glucuronidated and methylated aspalathin, aspalathin,
methylated aspalathin, glucuronidated aglycone of
aspalathin and methylated eriodictyol with two glucuronic acid groups) were identified in the urine by
liquid chromatography–mass spectrometry (LC–MS).
The results indicated the absorption of Asp by the
intestine after C-glycoside cleavage and the subsequent formation of the aglycone. Methylated Asp was
found as the major metabolite in the enzymatically
treated samples. On days 7 and 11 of the feeding study,
only 0.1–0.9% of the administered dose of Asp could
be detected in the urine, indicating substantial conversion of the molecule. However, Asp or any of its
metabolites were not detected in plasma samples. It is
assumed that the hydroxy groups of Asp have a great
affinity for albumin, thereby forming a protein-phenol
complex. The formation of this complex may have
been responsible for the lack of detection of Asp.
In a bioavailability study in humans to determine
the fate of Asp and other flavonoids from rooibos,

urine and plasma samples were analysed 0–24 h after
a single 500 mL intake of bottled drinks of unfermented and fermented rooibos tea (Stalmach et al.
2009). The results of the high-performance liquid
chromatography-photodiode array-mass spectrometry
(HPLC–PDA-MS) analysis indicated that O-methylaspalathin-O-glucuronide was mainly excreted after
ingestion of the unfermented drink, followed by
aspalathin-O-sulfate, O-methyl-aspalathin-O-sulfate,
and aspalathin-O-glucuronides. Most of the Asp
metabolites were excreted within 5 h of tea consumption, indicating that most of the absorption takes place
in the small intestine, while only low levels are
absorbed in the large intestine. In contrast, urine
collected after drinking the unfermented tea did not
contain detectable concentrations of aspalathin-Oglucuronide. No flavonoids or their metabolites were
present in demonstrable quantities in plasma after
drinking either the fermented or the unfermented
beverages.
Two metabolites, namely 3-O-methylaspalathin
and 3-O-methylaspalathin glucuronide were detected
in urine samples by liquid chromatography-tandem
mass spectrometry (LC–MS/MS) multiple-reaction
monitoring (MRM) analysis after oral administration
of an ARRE (300 mL at 5 C, which contained
91.2 mg of Asp) by human subjects (Courts and
Williamson 2009). A comparative study of aspalathin
O-methylation in human liver and intestinal cytosolic
fractions revealed that the relative O-methylation rate
of the intestinal extract was somewhat higher than that
of the liver extract, for both methyl aspalathin forms.
The outcomes confirmed that flavonoid C-glycosides
are methylated and glucuronidated in vivo in an intact
form in humans.
A human bioavailability and metabolism study
involving twelve healthy male volunteers, using a
placebo and different rooibos drinks (rooibos tea and
an isolated active fraction) prepared from unfermented
rooibos, was conducted to identify the metabolites.
Blood samples were collected before, and at 0.5, 1,
1.5, 2, 3, 5, and 8 h after consumption, while urine
samples were collected at six different intervals
(before, and 0–2, 2–4, 4–6, 6–8, and 8–24 h after
administration). The different metabolites of aspalathin (sulfated, glucuronidated, methylated, both
glucuronidated and methylated aspalathin, and glucuronidates of the aglycones of aspalathin) were
identified in urine samples by HPLC–MS/MS.
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Methylated aspalathin was found as the main metabolite excreted, which corresponds to results of Kreuz
et al. (2008). Intact Asp was also detected in urine
samples of the volunteers after administration of both
the rooibos tea and the active fraction indicating a low
bioavailability of asplathin. The results from this study
confirmed that the dihydrochalcone-, flavone-C-, and
flavonol-O-glycosides contained in both the unfermented rooibos tea and the active fraction, are
bioavailable and therefore have therapeutic potential
(Breiter et al. 2011). The in vitro metabolism of Asp
was investigated in microsomal and cytosolic subcellular rat liver fractions obtained from induced (Aroclor
1254) male Fischer rats by observing glucuronyl and
sulfate conjugates (van der Merwe et al. 2010).
Analyses using HPLC–DAD, LC–MS, and LC–MS/
MS indicated the formation of two aspalathin glucuronide metabolites and one Asp metabolite (aspalathin monosulfate) after sulfation. An investigation
(Bowles et al. 2017) of Asp transport across the
intestinal barrier (Caco-2 monolayer), tested at
1–150 lM, indicated that Asp completely passed
through the Caco-2-cell monolayer as reflected by
the apparent rate of permeability (Papp) of 1.73 X
10-6 cm/s, and no metabolites were detected by
HPLC–DAD/MS. The results confirmed that the
glucose transporters SGLT1 and GLUT2, and the
efflux
protein,
P-glycoprotein
(PgP)
(1.84 9 10-6 cm/s; efflux ratio: 1.1) did not act as
primary transporters, since the Papp of Asp was not
affected by the presence of specific inhibitors. However, the presence of a high glucose concentration
(20.5 mM) decreased the Papp value to
2.9 9 10-7 cm/s. Furthermore, neither Asp nor its
metabolites, could be detected in the blood, but 13
aspalathin metabolites (sulfated, glucuronidated and
methylated) were detected in mouse urine, following
an oral dose of 50 mg/kg body weight of Asp. The
sulfate derivatives were the most abundant. The results
indicate that Asp is absorbed and metabolised in mice,
to mostly sulfate conjugates, and that the compound is
not actively transported by the glucose transporters,
but seems to pass through the monolayer in a
paracellular fashion.
An in vitro study of the transport of Asp and ARRE
across intestinal epithelial cells and the human
abdominal skin was carried out in vertical Franz
diffusion cells and Caco-2 cell monolayers in Transwell 6-well plates (Huang et al. 2008).

Percutaneous permeation resulted in only 0.01% of
the initial Asp dose, from both the test solution and
extract infusing through the skin, which was in
agreement with the log P prediction value of -0.347
for Asp. Only 0.07% of the initial Asp dose penetrated
the different layers of the skin for the ARRE solution,
and 0.08% for the pure Asp. The transport of Asp
(tested at concentrations of 1, 5 and 10 mg/mL) across
Caco-2 cell monolayers was concentration dependent
and reached almost 100% (Papp = 20.93 9 10-6 cm/
s) of the initial dose at the highest concentration tested
for the ARRE, and 79.03% (Papp = 15.34 9 10–6
cm/s) of the initial dose for the highest concentration
of Asp (tested at 0.2, 1 and 2 mg/mL).
Herb-drug interactions/Pharmacokinetics
The possible interaction of methanolic extracts of A.
linearis aerial parts with drug metabolising enzymes
was demonstrated by Fantoukh et al. (2019). In the
study, the extracts inhibited major human CYP450
isozymes with the greatest inhibition observed against
CYP3A4. Aspalathin moderately activated pregnaneX-receptor which subsequently led to increased
expression of CYP3A4 and CYP1A2. Abrahams
et al. (2019) also reported interactions between GRE
and drug metabolising enzymes in a rat liver and
kidney. The extract upregaulated genes for aldehyde
dehydrogenase, glucose phosphate isomerase and
CYP450 in the liver. In vitro, Asp downregulated
17b-hydroxysteroid dehydrogenase 2, similar to GRE
in vivo. Differential modulation of the expression of
xenobiotic metabolizing genes in vivo and in vitro by
GRE was reported to be dose-related, related to
exposure period, tissue type. Patel et al. (2019)
reported on the effect of GRE on the pharmacokinetics
of atorvastatin (ATV) and metformin. The results
showed that co-administration of GRE ? ATV significantly increased the plasma concentration of ATV,
however there was no change in the pharmacokinetics
of metformin following co-administration with GRE.

Conclusions
Aspalathin is the principal monomeric flavonoid in
unprocessed rooibos. Prior to its detection in Aspalathus pendula in 2017, Aspalathus linearis was the
only known natural source. Asp content is considered
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as a quality parameter for the standardisation of
rooibos products. As a result, various analytical
methods have been developed to quantify Asp in
rooibos products. One of the most important biological
activities of Asp is anti-oxidant property. There is
plenty of evidence from in vitro studies to suggest that
Asp is a potent radical scavenger. Asp was demonstrated to be more effective than commercial standards
in several assays. It also showed activities similar to
quercetin in the ABTS•? and superoxide assays.
Unfortunately, very few animal studies have been
carried to validate these results. Nevertheless, the
molecule has been recommended as an anti-oxidant
additive for the food industry. Its application in the
food industry may be hampered by undesirable
adverse effects since it has been reported to exhibit
pro-oxidant activity in the deoxyribose assay. A high
intake of Asp has also been linked to adverse effects on
liver function. This is confirmation that although the
consumption of rooibos and Asp containing products
is beneficial to human health, adverse effects maybe
experienced if not taken in moderation and in recommended dosages. More studies are needed for the
comprehensive evaluation of the toxicity and safety
profiles of this important natural compound.
Asp has shown promising results in the management of diabetes and its complications. Numerous
in vivo studies have confirmed its hypoglycemic effect
in diabetic rats. In some cases, the activity was
comparable to that of existing drugs. Aspalathin also
increased insulin secretion from pancreatic cells.
These interesting results should ignite interest in the
application of Asp products as herbal beverage and
dietary supplements for diabetes management. Diets
supplemented with flavonoid-rich, plant-based foods
and beverages may influence the endocrine system and
impact on metabolic diseases (Schloms and Swart
2014). Although ARRE and Asp did not induce
toxicity in a number of trials, caution is needed when
nutraceuticals containing rooibos extracts are coadministered with hypoglycemic drugs, since herbdrug interactions are likely to occur (Patel et al. 2016).
The antimicrobial and antiviral properties should be
studied extensively to expand the range of biological
applications of these products. Overall, the routine
intake of green rooibos tea may be safe and useful in
preventing various diseases for all ages due to high
Asp content and the absence of caffeine.
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Simpson MJ, Hjelmqvist D, López-Alarcón C et al (2013) Antiperoxyl radical quality and antibacterial properties of
rooibos infusions and their pure glycosylated polyphenolic
constituents. Molecules 18:11264–11280. https://doi.org/
10.3390/molecules180911264
Sissing L, Marnewick J, De Kock M et al (2011) Modulating
effects of rooibos and honeybush herbal teas on the
development of esophageal papillomas in rats. Nutr Cancer
63:600–610.
https://doi.org/10.1080/01635581.2011.
539313
Skibola CF, Smith MT (2000) Potential health impacts of
excessive flavonoid intake. Free Radic Biol Med
29:375–383
Smit SE, Johnson R, van Vuuren MA, Huisamen B (2018)
Myocardial glucose clearance by aspalathin treatment in
young, mature, and obese insulin-resistant rats. Planta Med
84:75–82. https://doi.org/10.1055/s-0043-117415
Snijman PW, Joubert E, Ferreira D et al (2009) Antioxidant
activity of the dihydrochalcones aspalathin and nothofagin
and their corresponding flavones in relation to other rooibos (Aspalathus linearis) flavonoids, epigallocatechin
gallate, and trolox. Agric Food Chem 57:6678–6684.
https://doi.org/10.1021/jf901417k
Snijman PW, Swanevelder S, Joubert E et al (2007) The
antimutagenic activity of the major flavonoids of rooibos
(Aspalathus linearis): some dose- response effects on

123
Content courtesy of Springer Nature, terms of use apply. Rights reserved.

Phytochem Rev
mutagen activation-flavonoid interactions. Mutat Res
631:111–123
Son MJ, Minakawa M, Miura Y, Yagasaki K (2013) Aspalathin
improves hyperglycemia and glucose intolerance in obese
diabetic ob/ob mice. Eur J Nutr 52:1607–1619. https://doi.
org/10.1007/s00394-012-0466-6
Stalmach A, Mullen W, Pecorari M et al (2009) Bioavailability
of C-linked dihydrochalcone and flavanone glucosides in
humans following ingestion of unfermented and fermented
rooibos teas. J Agric Food Chem 57:7104–7111. https://
doi.org/10.1021/jf9011642
Stander EA, Williams W, Rautenbach F et al (2019) Visualization of Aspalathin in Rooibos (Aspalathus linearis)
Plant and Herbal Tea Extracts Using Thin-Layer Chromatography. Molecules 24:1–11. https://doi.org/10.3390/
molecules24050938
Stander MA, Van Wyk BE, Taylor MJC, Long HS (2017)
Analysis of Phenolic Compounds in Rooibos Tea (Aspalathus linearis) with a Comparison of Flavonoid-Based
Compounds in Natural Populations of Plants from Different Regions. J Agric Food Chem 65:10270–10281. https://
doi.org/10.1021/acs.jafc.7b03942
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