
Food &
Function

PAPER

Cite this: Food Funct., 2021, 12, 1020

Received 5th October 2020,
Accepted 23rd December 2020

DOI: 10.1039/d0fo02611e

rsc.li/food-function

Comprehensive in vitro antidiabetic screening of
Aspalathus linearis using a target-directed
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The antidiabetic potential of Aspalathus linearis has been investigated for over a decade, however, its

characterisation remains incomplete with results scattered across numerous journals making the infor-

mation difficult to compare and integrate. To explore whether any potential antidiabetic mechanisms for

A. linearis have been neglected and to compare the suitability of extracts of green and “fermented”

A. linearis as potential antidiabetic treatment strategies, this study utilised a comprehensive in vitro antidia-

betic target-directed screening platform in combination with high content screening and analysis/cello-

mics. The antidiabetic screening platform consisted of 20 different screening assays that incorporated 5

well-characterised antidiabetic targets i.e. the intestine, liver, skeletal muscle, adipose tissue/obesity and

pancreatic β-cells. Both the green and fermented extracts of A. linearis demonstrated very broad antidia-

betic mechanisms as they revealed several promising activities that could be useful in combatting insulin

resistance, inflammation, oxidative stress, protein glycation and pancreatic β-cell dysfunction and death –

with a strong tendency to attenuate postprandial hyperglycaemia and the subsequent metabolic dysfunc-

tion which arises as a result of poor glycaemic control. The green extract was more successful at combat-

ting oxidative stress in INS-1 pancreatic β-cells and enhancing intracellular calcium levels in the absence

of glucose. Conversely, the fermented extract demonstrated a greater ability to inhibit α-glucosidase
activity as well as palmitic acid-induced free fatty acid accumulation in C3A hepatocytes and differentiated

L6 myotubes, however, further studies are required to clarify the potentially toxic and pro-inflammatory

nature of the fermented extract.

1. Introduction

The World Health Organisation has classified diabetes as one
of the four priority non-communicable diseases to be targeted
for action by global leaders. This is largely due to the inaccessi-
bility of affordable treatments for diabetes in many low- and
middle-income countries which results in countless compli-
cations and premature deaths, thus placing undue strain on
an already overburdened healthcare system.1 Consequently,
there is an urgent need for the discovery of alternative antidia-
betic treatment strategies that are more affordable and easily
accessible to those living in developing countries.

To date, no cure for diabetes exists and current treatment
approaches are thus aimed at controlling blood glucose levels
in an attempt to reduce the risk of diabetes associated compli-
cations. Despite the wide array of antidiabetic pharmacological

agents, most of these medications are accompanied by adverse
side-effects including weight gain, severe bouts of hypoglycae-
mia, gastrointestinal problems and in severe cases, liver and
heart failure. More importantly, these drugs remain expensive
and largely inaccessible to most of those in the African popu-
lation that need it.2

Medicinal plants and functional foods have emerged as a
plausible strategy to improve diabetic outcome,2–4 and others

however, the vast majority remain essentially undefined in
terms of antidiabetic efficacy and safety. Given the substantial
repertoire of African medicinal plants used to treat diabetes,2

and the excessive costs to clinically confirm therapeutic
efficacy, few are likely to ever be sufficiently characterised to
fully justify their inclusion into healthcare programs. The
multi-factorial nature of diabetes combined with the multi-
component complexity of plant extracts create an extremely
challenging task to define the true therapeutic potential of
medicinal plants. In general, most studies relating to antidia-
betic medicinal plants are based on a trial and error approach,
in which animal models are selected based on popularity and
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availability rather than the molecular mechanism(s) simply
because the precise therapeutic target is not revealed in exist-
ing traditional knowledge. Consequently our understanding of
the antidiabetic properties of these plants remain at best
incomplete and highly fragmented.

Recent technological advancements in cell culture tech-
niques which allow high throughput screening and improved
predictive capacity, through the advent of cellomics,5 raises
the possibility for an alternative approach in which target-
directed in vitro screening forms the basis to identify the full
domain of antidiabetic mechanisms prior to animal and clini-
cal studies. No doubt the accuracy of such an approach is
highly dependent on the comprehensiveness of the screening
platform to ensure all possible therapeutic targets are
accounted for. Once established and confirmed suitable,
extensive screening can rapidly provide the data required to
advance antidiabetic medicinal plants to appropriate animal
models and optimal experimental designs.

Aspalathus linearis (Burm.f.) R.Dahlgren (Leguminosae) is
commonly referred to as rooibos and is classified as part of
the Fabaceae family. It is a shrub that grows up to 2 metres in
height with small, yellow flowers and needle-shaped leaves
that are bright green in colour. Upon fermentation, the leaves
turn reddish-brown thus giving rise to ‘fermented rooibos’ as
opposed to the unfermented aspalathin-rich variety commonly
referred to as ‘green rooibos’. Throughout this study, reference
to the green and fermented extracts of A. linearis thus refer to
these ‘green’ and ‘fermented’ plant preparations. The main
active ingredients that have been isolated from rooibos include
aspalathin and nothofagin.6

Rooibos is endemic to South Africa and is commonly con-
sumed as a health beverage in the form of an herbal tea.
While rooibos has not traditionally been used to treat diabetes,
a study conducted by Kamakura et al.7 reported several antidia-
betic activities for green rooibos including increased glucose
uptake, AMP-activated protein kinase (AMPK) phosphorylation,
protein kinase B (Akt) phosphorylation and GLUT-4 transloca-
tion in L6 myotubes. Kamakura et al.7 further demonstrated
the ability of green rooibos to suppress advanced glycation
end-product (AGE)-induced oxidative stress in RIN-5F pancrea-
tic β-cells. Additionally, green rooibos has been shown to sup-
press postprandial hyperglycaemia in mice and inhibited the
activities of the digestive enzymes α-amylase and α-glucosidase
in an in vitro experiment.8

An aspalathin-enriched green rooibos extract and a fermen-
ted extract of A. linearis have both previously demonstrated
blood glucose lowering effects in streptozotocin induced dia-
betic rats.9,10 Furthermore, several compounds found in
A. linearis including aspalathin and Z-2-(β-D-glucopyranosy-
loxy)-3-phenylpropenoic acid (PPAG) have previously been
shown to reduce blood glucose levels in T2D ob/ob mice11 and
obese insulin resistant rats,12 respectively.

A. linearis and its isolated compounds have also previously
demonstrated numerous anti-obesity effects. A green extract
enhanced glucose metabolism and decreased lipid accumu-
lation as well as lipolysis in C3A hepatocytes and improved

insulin sensitivity in obese insulin-resistant rats through
increased GLUT-2 expression as well as increased phosphoino-
sitide 3-kinase (PI3K)/Akt, phosphorylated AMPK and insulin
receptor substrate (IRS) 1 and 2.13 Furthermore, A. linearis
green extract and aspalathin both ameliorated palmitate-
induced insulin resistance in 3T3-L1 adipocytes by reducing
nuclear factor kappa B (NF-κB), IRS1 and phosphorylated
AMPK while increasing Akt phosphorylation.14 The green
extract further promoted GLUT-4 expression, however, this
effect was not observed with aspalathin suggesting that the
crude extract might provide additional benefits as a multi-
target treatment approach compared to its isolated
compounds.

Several polyphenols found in A. linearis have demonstrated
pancreatic lipase inhibitory effects15 while fermented
A. linearis successfully inhibited lipid accumulation and pro-
moted basal glucose uptake in 3T3-L1 adipocytes.16 Several
anti-inflammatory and immune modulatory effects thought to
involve a reduction in inflammatory cytokines such as TNF-α,
cyclooxygenase-2 (COX-2), IL-6, inducible nitric oxide synthase
(iNOS), nitric oxide (NO) and NF-κB have also been documen-
ted for A. linearis,17,18 aspalathin and nothofagin.19–21

It is therefore clear that in contrast to most other African
medicinal plants, A. linearis represents a relatively well-studied
example of an antidiabetic plant with an established potential
to impact multiple therapeutic targets. As such, the extensive
literature evidence provides a unique comparative opportunity
to explore the feasibility of target directed in vitro screening,
including cellomics, as a pre-clinical tool to reveal therapeutic
potential in a more cost effective and practical manner.
Furthermore, despite the numerous meaningful efforts to
uncover the antidiabetic properties of rooibos, some thera-
peutic targets still remain untested.

To date no clinical trials exploring the effects of rooibos on
diabetic parameters have been conducted. Attempts to inte-
grate the existing literature for such studies is complicated due
to the use of different models, experimental setups, relevance
of extract concentrations tested and untested responses to
certain known therapeutic targets. The current study addresses
these problems by conducting an in depth in vitro characteris-
ation of the antidiabetic effects of both green and fermented
rooibos in 5 well-characterised antidiabetic targets – i.e. the
intestine, liver, skeletal muscle, adipose tissue/obesity and
pancreatic β-cells. The antidiabetic screening platform con-
sisted of 20 different screening assays incorporating both
target-directed screening assays and cellomics/high-content
screening.

To date, the antidiabetic potential of over 185 plant species
from Africa have been investigated.2 Most of the available
studies, however, remain incomplete or preliminary in nature
thus leaving much of their antidiabetic potential unexplored.
As neither clinical trials nor in vivo models can provide a prac-
tical short term solution, in vitro screening with its high
throughput capacity represents a feasible solution. The novelty
and usefulness of this screening platform thus lies in identify-
ing the antidiabetic potential of plant extracts and/or com-
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pounds – particularly when little to no information is avail-
able. Consequently, establishment of such a screening plat-
form can be viewed as an integral component to enable
natural product antidiabetic research to progress to the point
where natural products can be commercialised and incorpor-
ated into meaningful healthcare programs.

While it is acknowledged that simple monolayer cell
based models may not fully replicate the complex cellular
interactions as they occur in vivo, a plausible solution to
overcoming the limitations of in vitro studies would be to
design comprehensive screening platforms, such as the one
developed during the present study, which would allow
in vitro assays to compliment in vivo models. Not only will
this reduce the number of animal models required by elimi-
nating much of the guess work involved in selecting appro-
priate models and targets for further studies, but it will also
improve confidence in the research findings and enable the
identification of potential signalling pathways that may be
involved.

2. Methods and materials
2.1 Reagents and chemicals

Except where specified, all chemicals and reagents were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). DMEM,
RPMI-1640 and FBS were acquired from HighClone
Laboratories, Inc. (South Logan, Utah, USA) while penicillin–
streptomycin and PBS were purchased from Lonza
(BioWhittaker, Verviers, Belgium). Phospho-NF-κB p65
(Ser536)(93H1) Rabbit mAb, Cox2 (D5H5) XP Rabbit mAb
(Alexa Fluor 488 Conjugate) and iNOS (D6B6S) Rabbit mAb (PE
Conjugate) antibodies were purchased from Cell Signalling
Technology, Inc. (Danvers, MA, USA). Horse serum and 1%
non-essential amino acids were obtained from Biowest.

2.2 Extract preparation

The green and fermented extracts of A. linearis were kindly
donated by Profs. E. Joubert and D. de Beer from the
Agricultural Research Council (Stellenbosch, South Africa).
Rooibos herbal tea (green and fermented) was obtained from
Rooibos Ltd (Clanwilliam, South Africa). Extraction of the
plant material was carried out using hot water as described by
Joubert and de Beer.22 Briefly, 1 L of boiling water was added
to 100 g of the plant material and incubated in a water bath
for 30 min at 93 °C. Extracts were then filtered through
Whatman nr 4 filter paper and freeze-dried. Retention
samples of the green and fermented rooibos extracts were
coded ALI_L0091_1028B1_1604 and ALI_L0193_1029B1_1604,
respectively. Major phenolic compounds present in each
extract was quantified as described by Walters et al.23 All
stocks were prepared fresh weekly in DMSO (40 mg mL−1).

2.3 Cell culture and maintenance

Selected cell lines were maintained in 10 cm treated poly-
styrene Petri dishes in the relevant culture medium sup-

plemented with 10% FBS as well as 1% (v/v) penicillin/strepto-
mycin and incubated in a humidified incubator at 37 °C with
5% CO2. Cultures were assessed daily for contamination using
an Axiovert 40C inverted microscope (Carl Zeiss, Germany) and
sub-cultured when they reached approximately 80% confluence.
Furthermore, the culture medium was replaced every third to
fourth day to stimulate and maintain optimal growth
conditions.

2.4 Cytotoxicity screening

Cells were seeded into TPP tissue culture treated 96-well
microtiter plates at the following densities: 6 × 103 cells per
well for C3A hepatocytes (MEM with 1% non-essential amino
acids), 3 × 104 cells per well for RAW 264.7 macrophages (low-
glucose DMEM) and 2 × 104 cells per well for INS-1 pancreatic
β-cells (RPMI-1640). These cells were then left to attach over-
night after which they were exposed to the specified treat-
ments. L6 myoblasts (high-glucose DMEM) were seeded at a
density of 3 × 103 cells per well, however, they were differen-
tiated into myotubes prior to treatment with the relevant
extracts. Briefly, L6 myoblasts seeded in high-glucose DMEM
containing 10% FBS were grown to 90% confluence after
which the medium was replaced with high-glucose DMEM
containing 2% horse serum. The myotubes were cultured in
horse serum for an additional 6 days, replacing the medium
every 2nd to 3rd day and then exposed to the relevant treat-
ments on day 7 for 24 hours.

All extracts were tested up to a maximum concentration
of 200 μg mL−1 for all cell lines. Following the appropriate
treatment period, the culture medium was gently aspirated
and cells were incubated in 50 μL of Hoechst 33342 (5 μg
mL−1 in PBS) at room temperature for 10 minutes protected
from light. Next, 50 μL of PI (100 μg mL−1 in PBS) was
added directly before image acquisition. All fluorescent
micrographs were captured using the DAPI and Texas Red
filter sets for Hoechst 33342 and PI, respectively. Nine
image sites were acquired per well using a 10× magnifi-
cation and the percentage of live and dead cells were
calculated. See section 2.8 for further detail on image
acquisition.

2.5 Targeting postprandial hyperglycaemia

2.5.1 Alpha-amylase inhibition. Alpha-amylase inhibition
was measured using the colorimetric assay method used to
quantify starch-iodine complexes as described by Xiao et al.24

with slight modifications. Briefly, in a 96-well microtiter
plate, 15 μL of test sample was incubated with 5 μL porcine
pancreatin (1 mg mL−1 in 1× PBS buffer solution; prepared
fresh and kept on ice) for 10 minutes at 37 °C. The reaction
was initiated by the addition of 20 μL starch solution (2 mg
mL−1 in distilled water; boiled with continuous stirring for
15 minutes until the solution turned clear; cooled to room
temperature with continuous stirring and the volume of evap-
orated water was replaced) and allowed to proceed for
30 minutes at 37 °C. The reaction was halted by the addition
of 10 μL HCl (1 M in distilled water) and 75 μL iodine
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reagent (0.127 g iodine and 0.083 g potassium iodide in
100 mL distilled water) and the absorbance was measured at
580 nm. Acarbose (500 μM stock solution prepared in PBS)
was included as a positive control. No enzyme and no sub-
strate controls were included for each sample to account for
the absorbance of the extracts. The absorbance of the
enzyme and substrate-free wells was subtracted from the
absorbance readings of the wells containing enzyme and sub-
strate and the percentage α-amylase inhibition was calculated
using the following formula:

% α‐amylase inhibition ¼
ðamylase activity of control� amylase activity of test sampleÞ

amylase activity of control

� 100

where

amylase activity ¼ A 580 nm without enzyme
� A 580 nm with enzyme:

2.5.2 Alpha-glucosidase inhibition. To measure
α-glucosidase inhibition, yeast α-glucosidase from Saccharomyces
cerevisiae was utilized using the method described by Akinloye
et al.25 with slight modifications. In a 96-well plate, 5 μL of
sample was incubated in the presence of 20 μL enzyme (50 μg
mL−1) and 60 μL reaction buffer (67 mM potassium phosphate,
pH 6.8 to which 3 mM reduced glutathione was added directly
before use). The reaction was pre-incubated for 5 minutes at
37 °C followed by the addition of 10 μL of substrate (10 mM
p-nitrophenyl α-D-glucopyranoside). The reaction was allowed
to proceed for 30 minutes at 37 °C after which it was halted by
the addition of 25 μL of sodium carbonate (100 mM).
Epigallocatechin gallate (ECGC) was included as a positive
control for α-glucosidase inhibition and the quantity of
p-nitrophenol released was determined spectrophotometrically
at 405 nm. The percentage α-glucosidase inhibition was calcu-
lated as follows:

% α‐amylase inhibition ¼
ðA 405nmof control� A 405nmof test sampleÞ

A 405nmof control
� 100:

No enzyme and no substrate controls were included for
each sample to account for the absorbance of the extracts. The
absorbance of the enzyme and substrate-free wells was sub-
tracted from the absorbance readings of the wells containing
enzyme and substrate.

2.5.3 DPP-iv inhibition. DPP-iv inhibition was measured
using the chromogenic substrate Gly-Pro p-nitroanilide hydro-
chloride (Gly-Pro pNA) in combination with recombinant
human DPP-iv. In a 384-well plate, 14 μL test sample (pre-
pared in 50 mM Tris-HCl buffer, pH 8.0) was pre-incubated
in the presence of 0.2 μL enzyme (undiluted) for 5 minutes at
37 °C in a BioTek PowerWave XS spectrophotometer
(Winooski, VT, USA). After the addition of 20 μL substrate
(20 mM Gly-Pro pNA stock solution prepared in DMSO and
diluted to 0.2 mM with Tris-HCl buffer, pH 8.0), the absor-

bance was measured at 410 nm every 3 minutes for
30 minutes. Diprotin A (17.5 μg mL−1) was included as a posi-
tive control and the absorbance was plotted against time for
each sample. The linear portion of the slope was then used
to calculate the percentage DPP-iv inhibition using the follow-
ing formula:

%DPP‐iv inhibition ¼
ðGradient of control� gradient of test sampleÞ

Gradient of control
� 100:

2.5.4 Glycation inhibition. The glycation inhibitory poten-
tial of A. linearis was measured using BSA as described pre-
viously by Matsuura et al.26 In an Eppendorf tube, 250 μL BSA
(400 μg), 240 μL glucose (200 mM) and 10 μL test sample (all
prepared in 50 mM phosphate buffer, pH 7.4) were combined
and heated to 60 °C in a heating block for 30 hours. After
removing the samples from the heating block, they were left to
cool to room temperature and 100 μL was transferred into a
new Eppendorf tube and placed on ice. After adding 10 μL of
100% (w/v) cold tricarboxylic acid, the sample was agitated
using a vortex and centrifuged at 15 000g for 4 minutes at
4 °C. The supernatant containing glucose and interfering sub-
stances was discarded and the pellet left to dissolve in 400 μL
alkaline PBS (137 mM NaCl, 8.1 mM Na2HPO4, 2.68 mM KCl
and 1.49 mM KH2PO4, pH 10.0) overnight. Once the pellet was
completely dissolved, samples were transferred into a 96-well
plate (90 μL per well) and the fluorescence measured using the
AGE excitation/emission wavelengths of 370/440 nm by means
of a Fluoroskan Ascent FL fluorometer (ThermoLabsystems,
Finland).

2.6 Targeting insulin resistance and inflammation

2.6.1 Hepatocyte glucose utilisation. C3A hepatocytes were
seeded into tissue culture treated 96-well plates overnight (1 ×
104 cells per well) in MEM containing 10% FBS and 1% non-
essential amino acids (NEAA). Cells were exposed to the speci-
fied treatments for 48 hours at 37 °C. The culture medium
was gently aspirated and the cells were washed with PBS
(100 μL). The glucose uptake was then measured by adding
25 μL of incubation buffer (RPMI-1640 diluted in PBS contain-
ing 0.1% BSA to achieve a final glucose concentration of
8 mM). The cells were incubated for a further 4 hours at
37 °C and the glucose remaining in the medium was
measured using the standard glucose oxidase/peroxidase
method as described by Lott and Turner27 with modifications.
Briefly, 5 μL of the culture medium was transferred to corres-
ponding wells in a new 96-well plate followed by the addition
of 200 μL glucose oxidase reagent (3 mM phenol, 0.4 mM
4-aminoantipyrine, 0.25 mM EDTA and 2.5 U mL−1 horse-
radish peroxidase in 0.5 M PBS buffer, pH 7.0; 1 mU mL−1

glucose oxidase from Aspergillus niger was added directly
before use). The reaction was incubated for 15 minutes at
room temperature after which the absorbance was measured
at 510 nm. Cell-free wells containing incubation buffer served
as an indicator of the starting glucose concentration while the
blank represents cells without treatment. The glucose con-
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sumption was calculated as a percentage of the blank using
the following formula:

Glucose consumption ¼
ðA 510nmof cell‐freewells� A 510nmof test sampleÞ

ðA 510 nmof cell‐freewells� A 510 nmof blankÞ � 100:

2.6.2 Inhibition of hepatocyte lipid accumulation. C3A
hepatocytes were seeded into 96-well plates overnight (6 × 103

cells per well) at 37 °C. All treatments were prepared in MEM
containing 2% BSA (fatty acid-free) and 1% NEAA (sterile-fil-
tered using a 0.1 μm syringe filter). Steatosis was induced by
incubating the cells with test sample as well as 1 mM palmitic
acid (stock solution prepared in absolute ethanol and diluted
in culture medium; prepared freshly before use) for 24 hours
at 37 °C. The lipids were then stained using LipidTox Red for
neutral lipids (ThermoFisher Scientific) according to the man-
ufacturer’s instructions. Briefly, the cells were fixed by adding
formaldehyde to a final concentration of 4% directly to the
culture medium for 15 minutes at room temperature. The
medium was gently aspirated and cells were washed with PBS.
Cells were then incubated in 50 μL staining solution contain-
ing Hoechst 33342 (5 μg mL−1 prepared in PBS) and LipidTox
Red (diluted 1 : 1000 to achieve a 1× solution) for 30 minutes
at room temperature protected from light. Fluorescent micro-
graphs capturing 9 image sites per well using the Texas Red
filter set were acquired and the mean stain area of LipidTox
Red was calculated. See section 2.8 for further detail on image
acquisition.

2.6.3 Skeletal muscle glucose utilisation and inhibition of
lipid accumulation. L6 skeletal myoblasts were seeded into
96-well plates and differentiated as described in section 2.4.
Cells were then exposed to the specified treatments for
24 hours at 37 °C. All treatments were prepared in high-
glucose DMEM containing 2% BSA (fatty acid-free). Insulin re-
sistance was induced through the addition of 1 mM palmitic
acid to the culture medium (prepared as described in section
2.6.2). Glucose utilisation was measured using the same proto-
col described for C3A hepatocytes (section 2.6.1) except that
the incubation period was reduced to 3 hours. This was fol-
lowed by lipid staining using LipidTox Red as described for
C3A hepatocytes (section 2.6.2).

2.6.4 Pancreatic lipase inhibition. Porcine pancreatic
lipase inhibition was measured using the chromogenic sub-
strate p-nitrophenyl palmitate (pNPP). Sample (10 μL) was pre-
incubated at 37 °C for 15 minutes in the presence of porcine
pancreatin (100 mg mL−1 prepared in 100 mM Tris-HCl, pH
8.0; the solution was centrifuged at 5000g for 5 minutes and
the supernatant used as the source of the enzyme; the solution
was kept on ice until use). Substrate (170 μL) was added and
the reaction allowed to proceed for a further 5 minutes at
37 °C after which the absorbance was measured at 405 nm.
The substrate solution was prepared by combining solution A
containing pNPP (1 mg mL−1 dissolved in isopropanol) with
solution B containing gum arabic (1 mg mL−1), sodium deoxy-
cholate (2 mg mL−1) and Triton X-100 (5 μL per mL) prepared

in 100 mM Tris-HCl (pH 8.0). The percentage pancreatic lipase
inhibition was calculated as follows:

% lipase inhibition ¼
A 405 nmof blank� A 405nmof test sample

405nmof blank
� 100:

2.6.5 Inhibition of nitric oxide production. In a 96-well
plate, RAW 264.7 macrophages were seeded (1 × 105 cells per
well) and left to attach at 37 °C overnight after which the
culture medium was gently aspirated and replaced with the
specified treatments together with LPS (200 ng mL−1).
Following a 24 hour incubation period at 37 °C, the Griess
reaction was carried out as described previously.28 Briefly,
50 μL of the culture medium was transferred to corresponding
wells of a new 96-well microtiter plate. After adding Griess
reagent for nitrite in a 1 : 1 ratio, the reaction was allowed to
proceed for 10 minutes at room temperature. Lastly, the absor-
bance was measured spectrophotometrically at 540 nm and
the results were calculated as a percentage of the LPS control.
All results were normalised for cell density using a standard
crystal violet staining assay. Aminoguanidine (100 μg mL−1), a
known inhibitor of NO production, was included as a positive
control.

2.6.6 Nitric oxide scavenging. The NO scavenging assay
was performed as described previously with modifications.29

In a 96-well plate, test sample (50 μL) was incubated in the
presence of 10 mM sodium nitroprusside (50 μL) at room
temperature for 150 minutes under direct light. Griess reagent
(100 μL) was added and incubated for a further 10 minutes at
room temperature after which the absorbance was measured
spectrophotometrically at 540 nm. Aminoguanidine (200 μg
mL−1) was included as a positive control and the percentage of
NO scavenged was calculated as follows:

%NOscavenging ¼
A 540nmof control� A 540nmof test sample

A 540nmof control
� 100:

2.6.7 Immunofluorescent detection of iNOS, COX-2 and
NF-κB. COX-2, iNOS and phosphorylated NF-κB levels were
measured in LPS-activated RAW 264.7 macrophages using fluo-
rescent antibodies. Cells were seeded into sterile 96-well plates
(3 × 104 cells per well) and left to attach at 37 °C overnight.
Cells were then incubated for a further 24 hours in the pres-
ence of A. linearis as well as LPS (200 ng mL−1) for the COX-2
and iNOS assays. For NF-κB nuclear translocation, cells were
incubated in the presence of A. linearis extracts for 24 hours
with LPS only being added during the final 60 minutes of incu-
bation. For COX-2 and NF-κB, cells were fixed in a fume hood
with formaldehyde (4% final concentration added directly to
the culture medium) for 15 minutes at room temperature.
After gently aspirating the fixative and washing twice with PBS
(100 μL), the cells were permeabilised in ice-cold methanol
(100 μL) for 10 minutes at −20 °C. After aspirating the metha-
nol, cells were incubated in PBS for 5 minutes at room temp-
erature. For iNOS, cells were fixed and permeabilised using the
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IntraPrep permeabilisation reagent kit (Beckman Coulter)
according to the manufacturer’s instructions.

Following fixation and permeabilisation, all cells were
washed twice with a 1% solution of BSA prepared freshly in
PBS and incubated in blocking solution (3% BSA solution con-
taining 0.2% Triton-X 100 prepared fresh in PBS) for
45 minutes at room temperature. The blocking solution was
gently aspirated and the cells were incubated in 50 μL of the
relevant antibody for 1 hour at 37 °C. Phospho-NF-κB p65
(Ser536)(93H1) Rabbit mAb, Cox2 (D5H5) XP Rabbit mAb
(Alexa Fluor 488 Conjugate) and iNOS (D6B6S) Rabbit mAb (PE
Conjugate) antibodies were prepared in 1% BSA/PBS using
1 : 800 dilutions. Care was taken to keep the cells out of direct
light and plates were wrapped in tinfoil to prevent quenching
of the antibodies.

For NF-κB, the primary antibody was gently aspirated and
cells were washed twice with a 1% BSA/PBS solution
(100 μL). Cells were then incubated in 50 μL of Anti-Mouse
IgG (H + L) F(ab′)2 Fragment (Alexa Fluor 488 Conjugate)
using a 1 : 1000 dilution for 60 minutes at 37 °C protected
from light. This step was skipped for COX-2 and iNOS stain-
ing as the primary antibodies were already conjugated to
fluorescent dyes. All cells were then washed twice with PBS
and the nuclei were stained for 10 minutes using Hoechst
33342 (5 μg mL−1 in PBS) at room temperature. Fluorescent
micrographs were captured using a 40× objective for NF-κB
and a 20× objective for iNOS and COX-2 with nine image
sites acquired per well. NF- κB and COX-2 were acquired
using the FITC filter set while iNOS was acquired using the
TRITC filter set. See section 2.8 for further detail on image
acquisition.

2.7 Targeting pancreatic beta-cell function

2.7.1 Calcium dependent insulin secretion. INS-1 pancrea-
tic β-cells were seeded into 96-well microtiter plates (1 × 104

cells per well) in RPMI-1640 medium with 10% FBS and
incubated at 37 °C for 48 hours. After the incubation period,
the medium was gently aspirated and cells were loaded with
dye by incubating them in 50 μL of staining solution con-
taining 2 μM Fluo-4 AM (ThermoFisher Scientific) and
Hoechst 33342 (5 μg mL−1) prepared in PBS (+Ca2+/Mg2+) for
45 minutes at 37 °C protected from light. The staining solu-
tion was then gently aspirated and the cells were incubated
in PBS (50 μL) for a further 30 minutes at 37 °C. Finally,
cells were incubated in the presence of the specified treat-
ments prepared in PBS (+Ca2+/Mg2+) for 10 minutes at 37 °C
after which fluorescent micrographs were captured. Nine
image sites were acquired per well using the DAPI and FITC
filter sets. See section 2.8 for further detail on image
acquisition.

2.7.2 Ferric reducing antioxidant power (FRAP) assay. The
FRAP assay was conducted as previously described by Boukes
and van de Venter.30 Into a 96-well plate, FRAP reagent
(200 μL) was added to 50 μL of sample. The tested sample con-
centrations ranged from 0 to 200 μg mL−1. The FRAP reagent
was prepared by combining 20 mL sodium acetate buffer

(300 mM) with 2 mL TPTZ (10 mM), 2 mL ferric chloride
(20 mM in distilled water) and 2.4 mL distilled water and was
prepared fresh on the day of use. After a 30 minutes incu-
bation period at 37 °C, the absorbance was measured at
593 nm. Absorbance values were plotted against the concen-
tration of each extract to obtain the gradient of the slope. The
results were then expressed as Trolox equivalents (TE) using
the following equation:

Trolox equivalents ðg=gÞ ¼ Gradient of trolox
� gradient of sample:

2.7.3 DPPH free radical scavenging assay. To measure the
DPPH radical scavenging ability of A. linearis, sample (5 μL)
was incubated in the presence of 120 μL Tris-HCl buffer
(50 mM; pH 7.4) as well as 120 μL of DPPH (0.1 mM prepared
in absolute ethanol) in a 96-well microtiter plate for
20 minutes at room temperature. The reaction was protected
from light and the absorbance was subsequently measured at
513 nm. The percentage radical scavenging activity was calcu-
lated using the following formula:

%DPPH scavenging ¼
A 513nmof control� A 513 nmof test sample

A 513nmof control
� 100:

2.7.4 CellROX Orange. The ability of A. linearis to protect
INS-1 cells against tert-Butyl hydroperoxide (TBHP)-induced
oxidative stress was measured using the CellROX Orange
reagent (ThermoFisher Scientific). INS-1 cells were seeded
into 96-well plates (2 × 104 cells per well) overnight at 37 °C
and then pre-treated with the specified extracts for 24 hours
at 37 °C. Oxidative stress was then induced by adding TBHP
(30 μM) directly to the culture medium without removing
the extract containing spent medium. Following a 2 hour
incubation period at 37 °C, the medium was gently aspi-
rated. The quantity of ROS was measured by staining the
cells with the CellROX Orange reagent (5 μM) for
30 minutes at 37 °C. Hoechst 33342 (5 μg mL−1) was
included in the staining solution to enable the identification
of individual cells. The reaction was protected from light
and fluorescent micrographs were captured, acquiring nine
image sights per well using a 10× objective with the DAPI
and Texas Red filter sets. Antioxidant activity was deter-
mined using the mean stain area for CellROX Orange. This
activity reflects a combination of both the direct ROS scaven-
ging effect (intracellular and extracellular) as well as any
potential changes in the inherent capacity of the cell to
resist oxidative stress. See section 2.8 for further detail on
image acquisition.

2.7.5 Beta cell proliferation and promotion of cell survival.
To measure β-cell proliferation, INS-1 cells were seeded into
96-well plates (2 × 104 cells per well) in RPMI-1640 medium
with 10% FBS and incubated overnight at 37 °C. Cells were
then exposed to the specified treatment conditions over
24 hours after which the total cell numbers were calculated
from fluorescent micrographs using Hoechst 33342 (5 μg mL−1)
staining as described previously. The same protocol was used
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to measure promotion of cell survival in INS-1 cells with the
addition of 3.5 μM TBHP in the culture medium to promote
oxidative stress-induced cell death. See section 2.8 for further
detail on image acquisition.

2.8 Imaging, data- and statistical analysis

All fluorescent micrographs were captured using Molecular
Devices ImageXpress Micro XLS Widefield Microscope for high
content analysis and were analysed by means of MetaXpress
6.1 High Content Image Acquisition and Analysis Software
using the Multi-Wavelength Cell Scoring application module.
For the purpose of statistical analysis all experiments were con-
ducted three times, each in triplicate. The standard deviation
is expressed through the use of error bars and was calculated
from the mean of three independent experiments. Using the
ANOVA and two-tailed Student’s t-test functions from
Microsoft Excel’s data analysis package, the means of the data
sets were compared. The data was only considered significant
in cases where p < 0.05.31

3. Results and discussion
3.1 Basal cytotoxicity screening

As the toxicity of A. linearis has previously been explored in
both in vitro and in vivo settings, the risk for severe toxicity
appears low. In order to select suitable experimental con-
centrations which eliminate the confounding problems
associated with cell death and that could be considered bio-
logically relevant, the cytotoxicity of the green and fermen-
ted extracts of A. linearis were tested on four different cell
lines using Hoechst 33342 (Fig. 1) and propidium iodide
(PI) dual-staining. Results from PI staining were not shown
in Fig. 1 due to the low number of cells that stained posi-
tive with significant increases reported in the text only. In
the present study, responses were considered (i) non-toxic
in cases where no significant decreases in total cell number
or increases in PI staining were recorded, (ii) cytostatic if
a significant decrease in total cell number was not
accompanied by a significant increase in PI staining and
(iii) cytotoxic in cases where a significant decrease in total
cell number was accompanied by a significant increase in
PI staining.

To date, no reports of toxicity for A. linearis at concen-
trations normally consumed in its tea form have been recorded
and it is thus generally considered safe for consumption.32

The green and fermented extracts of A. linearis were, however,
found to promote moderate to mild cytostatic responses in
C3A hepatocytes from 150 μg mL−1 (Fig. 1A). Additionally, the
green extract induced a moderate cytostatic response in acti-
vated RAW 264.7 macrophage-like cells from 100 μg mL−1

while the fermented extract induced a seemingly cytostatic
response from 50 to 150 μg mL−1 (Fig. 1C) as a statistically sig-
nificant (p > 0.05) increase in PI staining was only observed at
200 μg mL−1. No cytotoxic or cytostatic responses were
recorded for differentiated L6 cells (Fig. 1B) or INS-1 pancreatic

β-cells (Fig. 1D). Several publications have confirmed the non-
cytotoxic nature of A. linearis.33,34 and others

3.2. Targeting postprandial hyperglycaemia

Postprandial hyperglycaemia is present in both T1D and T2D
and presents an attractive antidiabetic target as treatment
thereof has been found to reduce oxidative stress, inflam-
mation, NF-κB activation, myocardial blood flow as well as
endothelial dysfunction.35 Carbohydrates account for approxi-
mately 40 to 45 percent of the daily caloric intake by humans
and are thus important contributors to postprandial
hyperglycaemia.36

While digestive enzymes do not directly regulate blood
glucose levels, the pharmacological inhibition of these
enzymes, particularly those responsible for breaking down
carbohydrates into simple sugars, can counterbalance the
inadequate glucose disposal observed in diabetes and thereby
reduce the occurrence of postprandial hyperglycaemia.
Furthermore, these enzymes occur at the top of the starch
digestion cascade and their inhibition will consequently also
limit the availability of substrates for other digestion enzymes
which are ultimately responsible for liberating glucose.37

To this end, the α-amylase (Fig. 2A) and α-glucosidase
(Fig. 2B) inhibitory potentials of the green and fermented
extracts of A. linearis were assessed. A. linearis green extract sig-
nificantly inhibited the activity of α-amylase in a dose-depen-
dent manner, however, these responses were considered weak
as they did not exceed 15% inhibition (Fig. 2A). A previous
report on the effects of A. linearis green extract on postprandial
hyperglycaemia in a non-diabetic mouse model revealed that it
significantly suppressed postprandial blood glucose elevations
in response to oral glucose administration as well as other
carbohydrates such as maltose and starch. This was suggested
to be due to reduced glucose absorption in the gut as well as
the action of natural α-amylase and α-glucosidase inhibitors.8

The results from the current study confirm these findings
as the green extract of A. linearis promoted a robust increase in
α-glucosidase inhibition of 63 to 86% at extract concentrations
ranging from 100 to 500 µg mL−1 (Fig. 2B). Rather weak
α-amylase inhibition was documented during the present
study (13% at 500 μg mL−1); however, the study conducted by
Mikami et al.8 tested excessive extract concentrations between
2.5 and 40 mg mL−1 compared to the maximum concentration
of 500 μg mL−1 tested during the current study. The fermented
extract demonstrated marginally superior α-glucosidase inhibi-
tory effects of 85 to 95% at the tested concentrations (Fig. 2B).

Great research efforts are currently being focused on identi-
fying new DPP-iv inhibitors as a treatment strategy for T2D.
This is because DPP-iv inhibitors successfully inhibit the
action of the principle enzyme which prevents the degradation
of endogenous incretins such as GLP-1 and GIP. Consequently,
active incretin concentrations rise and a significant lowering
of both fasting and postprandial glucose levels due to
improved β-cell responsiveness as well as the suppression of
glucagon secretion is observed.38 Because GLP-1 activity is
glucose-dependent, the risk of hypoglycaemia is greatly
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reduced. Furthermore, GLP-1 has been shown to stimulate
β-cell proliferation in the pancreas.39

While the green and fermented extracts of A. linearis
demonstrated significant DPP-iv inhibitory activities (Fig. 3A),
neither of these values exceeded 30% when tested at a concen-
tration of 100 μg mL−1. It is tempting to say that these are
promising results; however, the reality is that the concen-
trations of extract that will be required to achieve 50% inhi-
bition of DPP-iv activity will most likely exceed 200 μg mL−1.
Unlike the inhibitors of carbohydrate digesting enzymes which
exert their effects directly in the gastrointestinal tract, DPP-iv
inhibitors are required to cross the intestinal brush border
and be absorbed into the blood stream to exert their effects.
While the concentrations used for intestinal enzyme inhibition
were substantially higher than 200 μg mL−1, absorption/bio-
availability requirements of DPP-iv inhibitors places into ques-
tion the physiological relevance of such activity. This is con-
firmed by the lack of published data and in vivo studies regard-
ing the DPP-iv inhibitory potential of A. linearis.

It is well accepted that AGEs not only contribute substan-
tially to oxidative stress and inflammation in diabetes, but also

play a large role in the development of long-term diabetic com-
plications. While little is known regarding the role of AGEs in
glucose homeostasis, it has previously been postulated that
AGEs could promote glycaemic impairment through the acti-
vation of oxidative, ER and inflammatory stress in insulin-sen-
sitive tissues.40 To this end, AGEs have been shown to impair
in vitro glucose disposal in 3T3-L1 adipocytes.41,42 More
recently, chronically administered AGE-albumin was shown to
impair glycaemic homeostasis regardless of whether hypergly-
caemia was present in rat skeletal muscle cells. This was
shown to be due to the activation of inflammatory and ER
stress which ultimately repressed GLUT-4 expression.40

There is thus a real possibility that AGEs could worsen gly-
caemic control in diabetic individuals through the impairment
of postprandial glucose disposal. Consequently, pharmaco-
logic anti-AGE therapies are under current investigation. While
their efficacy remains to be proven, reducing endogenous
levels of hyperglycaemia-induced AGE formation is sure to
provide lasting benefits against both diabetes and its compli-
cations.43 Consequently, the glycation inhibitory potential of
A. linearis was also explored (Fig. 3B).

Fig. 1 Cytotoxicity screening of A. linearis green and fermented extracts comparing results obtained for (A) C3A hepatocytes after 48 hours, (B)
differentiated L6 myotubes after 24 hours, (C) RAW 264.7 macrophages in the presence of LPS after 48 hours and (D) INS-1 pancreatic β-cells after
24 hours. Cytotoxicity was measured using Hoechst 33342 and propidium iodide (PI) staining. Results are reported as the mean ± standard deviation
(error bars shown in black) with each experiment performed three times, each in triplicate (T-test: *p > 0.05, **p < 0.01, ***p < 0.005 compared to
control).
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At 200 μg mL−1, A. linearis green extract demonstrated the
same glycation inhibitory potential of 48% as the positive
control, aminoguanidine (10 mM), whereas the glycation
inhibitory potential of the fermented extract exceeded that of
aminoguanidine at concentrations as low as 100 µg mL−1

(54%). The glycation inhibitory potential of A. linearis has pre-
viously been demonstrated both in vitro and in vivo. Kamakura
et al. previously showed that a green rooibos extract success-
fully reduced ROS levels induced by AGEs in RIN-5F pancreatic
β-cells.7 During a study conducted by Kinae et al.,44 a fermen-
ted extract of A. linearis successfully suppressed the formation
of glycated albumin by almost 30% at a concentration of
200 μg mL−1 while a study investigating the antidiabetic poten-
tial of fermented A. linearis demonstrated a marked reduction
of AGEs in the plasma of streptozotocin-induced diabetic rats
in response to both alkaline and aqueous extracts.45

3.3. Targeting insulin resistance and inflammation

Insulin resistance is a key antidiabetic target, however, very
few animal models display both hyperglycaemia and insulin
resistance simultaneously. Furthermore, animal models of
insulin resistance are frequently accompanied by several disad-
vantages and frequently display limited translational value.46

In vitro studies thus remain crucial in identifying natural pro-
ducts with this mode of action. To this end, both hepatic and
skeletal muscle glucose utilisation and inhibition of lipid
accumulation were explored using palmitic acid to model free
fatty acid (FFA)-induced insulin resistance and lipid
accumulation.

Upon examination of the potential of A. linearis to promote
normal hepatic function, the green extract marginally stimu-
lated hepatic glucose utilisation (12.7%) at higher concen-

Fig. 2 Comparison of (A) the α-amylase inhibitory potential of A. linearis using a colorimetric assay to quantify starch-iodine complexes with (B)
α-glucosidase inhibitory activities. Acarbose and epigallocatechin gallate (EGCG) were included as positive controls for the inhibition of α-amylase
and α-glucosidase activities, respectively. Results are reported as the mean ± standard deviation (error bars shown in black) with each experiment
performed three times, each in triplicate (T-test: *p < 0.05; **p < 0.01; ***p < 0.005 compared to control).

Fig. 3 The in vitro (A) DPP-iv inhibitory effects of A. linearis using human recombinant DPP-iv and (B) glycation inhibitory effects using glycated
BSA. Diprotin A (17.5 µg mL−1) and aminoguanidine (10 mM) were included as positive controls for DPP-iv inhibition and glycation inhibition, respect-
ively. Results are reported as the mean ± standard deviation (error bars shown in black) with the DPP-iv experiment performed once in triplicate and
the glycation inhibition experiment performed three times, each in triplicate (T-test: *p < 0.05; **p < 0.01; ***p < 0.005 compared to control).
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trations (100 μg mL−1) (Fig. 4A). While A. linearis green extract
significantly reduced FFA-induced lipid accumulation (p <
0.005) in hepatocytes at concentrations lower than 100 μg
mL−1, a dramatic increase in lipid accumulation was observed
at the highest tested concentration (Fig. 4B). The increase in
the mean stain area of the lipids at 100 μg mL−1 for A. linearis
green extract was not accompanied by a reduction in total cell
numbers (results not shown) compared to the palmitic acid
control. A recent study conducted by Mazibuko-Mbeje et al.13

demonstrated that a green extract of A. linearis significantly
improved hepatic energy metabolism by promoting hepatic
glucose and lipid uptake in palmitic acid-induced insulin
resistant C3A hepatocytes at a concentration of 10 μg mL−1.

This was shown to be due to the enhanced phosphorylation of
AKT and AMPK as well as a reduction in gluconeogenesis due
to increased FoxO1 expression.

The increase in lipid accumulation observed for A. linearis
green extract at 100 μg mL−1 (Fig. 4B) could thus either be
due to an increase in lipid synthesis as a result of enhanced
Akt phosphorylation or due to the increased uptake of lipids.
An earlier study reported similar hepatoprotective and hypoli-
pidemic effects of an aqueous rooibos extract in mice fed a
high fat diet.47 During this study, a decrease in serum trigly-
cerides was accompanied by a decrease in hepatic steatosis
due to enhanced AMPK activation in the liver. Consequently,
hepatocytes were converted from an ATP-consuming to an

Fig. 4 A comparison of glucose consumption and the inhibition of lipid accumulation in C3A hepatocytes and differentiated L6 skeletal myotubes
in the presence of A. linearis demonstrating (A) glucose consumption in C3A hepatocytes after 4 hours following a 48 hour treatment period. All
values were normalised for cell density using the crystal violet assay (T-test: *p > 0.05, **p < 0.01, ***p < 0.005 compared to control); (B) lipid stain-
ing in C3A hepatocytes after a 24 hour treatment period with palmitic acid in the presence of A. linearis; (C) glucose consumption in differentiated
L6 skeletal myotubes after 3 hours following a 24 hour treatment period. Palmitic acid was used to induce an insulin resistant state while metformin
was included as a positive control for increased skeletal muscle glucose uptake; and (D) lipid accumulation in differentiated L6 skeletal muscle cells
in the presence of palmitic acid after 24 hours. Metformin was included as a positive control to prevent the palmitic acid-induced accumulation of
lipids. All results are reported as the mean ± standard deviation (error bars shown in black) with all experiments performed three times, each in tripli-
cate (T-test: *p < 0.05; **p < 0.01; ***p < 0.005 compared to palmitic acid control).
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ATP-producing state thus promoting fatty acid and glucose
oxidation.

It is thus more likely that the increase in lipid accumulation
observed at higher concentrations for A. linearis green extract
during the present study was due to enhanced fatty acid
uptake that perhaps exceeded the rate of fatty acid oxidation in
C3A hepatocytes. Regardless of the cause of increased lipid
droplet size at higher concentrations, A. linearis green extract
was not found to promote palmitic acid-induced lipotoxicity.
Conversely, A. linearis fermented extract was shown to effec-
tively reduce palmitic acid-induced lipid accumulation in a
dose-dependent manner at concentrations ranging from 12.5
to 100 μg mL−1 with no accompanying increase in lipid
accumulation at higher concentrations (Fig. 4B).

In the presence of palmitic acid, skeletal muscle glucose
uptake in insulin resistant L6 myotubes was greatly enhanced
in the presence of A. linearis (Fig. 4C) with the strongest
response of 27% (p < 0.005) and 29% (p < 0.005) recorded for
the green and fermented extracts, respectively, at 50 μg mL−1.
Green and fermented extracts of A. linearis thus exerted almost
identical effects with regards to skeletal muscle glucose utilis-
ation. These effects have been confirmed for the green extract
with a previous study showing that cultured L6 myotubes
demonstrated a significant dose-dependent increase in
glucose utilisation for extract concentrations ranging from 400
to 800 μg mL−1 in the absence of insulin.7 This was shown to
be due to the dual activation of both Akt and AMPK.
Compared to aspalathin alone, the green rooibos extract
exerted a more dominant effect and the overall glucose stimu-
lating effect of A. linearis green extract was thus concluded to
be due to the combined synergistic activity of several com-
pounds including aspalathin and various other polyphenols.

An earlier study conducted by Mazibuko et al.48 also
reported enhanced glucose utilisation in palmitic acid-
induced insulin resistant C2C12 muscle cells with the green
extract demonstrating a stronger effect than the fermented
extract at 10 μg mL−1. In addition to upregulating the protein
levels of GLUT-4, possible mechanistic pathways that were
explored include the down-regulation of PKCθ activation as
well as the increased activation of Akt and AMPK which are key
regulatory signalling molecules involved in insulin-dependent
and insulin-independent signalling pathways in skeletal
muscle cells.

In addition to promoting glucose uptake, the fermented
extract of A. linearis also significantly reduced FFA-induced
lipid accumulation in L6 myotubes (Fig. 4D) by 22% (p < 0.05)
at 12.5 μg mL−1. Higher concentrations were found to have the
opposite effect with increasing extract concentrations promot-
ing FFA-induced lipid accumulation such that the lipid levels
exceeded those induced by palmitic acid alone by 15% at
100 μg mL−1 (p < 0.05). This was accompanied by a significant
increase in total cell number (p < 0.05) back to levels observed
for the palmitic-acid free control (results not shown) and the
fermented extract of A. linearis was thus more than likely exert-
ing a protective effect rather than promoting the palmitic acid-
induced lipotoxicity.

Due to the success of pancreatic lipase inhibitors in treat-
ing obesity and lipid dysregulation associated with insulin re-
sistance and T2D, the presence of natural pancreatic lipase
inhibitors in A. linearis green and fermented extracts was
assessed using porcine pancreatic lipase in combination with
the synthetic substrate p-nitrophenyl palmitate. Neither the
green nor the fermented extract of A. linearis demonstrated
any significant pancreatic lipase inhibitory effects up to a con-
centration of 500 µg mL−1 (results not shown).

Revealing the close link between chronic low-grade inflam-
mation and metabolic diseases such as obesity, insulin resis-
tance and T2D has generated a novel research avenue through
which these diseases can be targeted.49 Due to the numerous
pathway intermediates involved in inflammation, combatting
chronic inflammation could provide astronomical benefits
during the treatment of insulin resistance and T2D. To date,
several nonsteroidal anti-inflammatory drugs have demon-
strated promising antidiabetic effects in various preclinical
and clinical models. Two such drugs include salsalate which
was shown to improve glycaemic control in patients with T2D
and naproxen which inhibited glycogen synthase kinase
during in vitro enzyme inhibition assays and in vivo
studies.50,51 A. linearis was thus screened for potential anti-
inflammatory activity using activated RAW 264.7 macrophages
(Fig. 5).

While the exact role of NO in the development of insulin re-
sistance is still under investigation, previous studies have
shown that iNOS promotes the proteasomal degradation of
IRS-1. Furthermore, ablation of the iNOS gene in mice fed on a
high-fat diet improved glucose tolerance, promoted insulin
sensitivity and prevented impairments in the PI3K/Akt signal-
ling pathway.52 NO has thus emerged as a key mediator of
both energy metabolism as well as body composition that
exerts its effects primarily through regulating insulin sensi-
tivity and oxidative capacity in adipose tissue.53 Subsequently,
the ability of A. linearis to inhibit NO production was assessed
using LPS-activated RAW 264.7 macrophages to recreate the
pro-inflammatory phenotype of macrophages typically present
in adipose tissue during insulin resistance and obesity.

The green extract of A. linearis demonstrated great potential
as an anti-inflammatory therapy due to its ability to effectively
reduce NO by 21.5% (Fig. 5A), iNOS by 20% (Fig. 5C) and
COX-2 levels by 18% (Fig. 5D) in LPS-activated macrophages.
This was shown to be at least partly due to the NO scavenging
ability of this extract (Fig. 5B) as well as its capacity to reduce
NF-κB nuclear translocation by almost 18% (Fig. 5E). A slightly
more complex scenario was documented for the fermented
extract as it moderately reduced NO levels by 24% (Fig. 5A) yet
had no effect on iNOS (Fig. 5C). This reduction in NO levels
thus appears to be solely due to the strong NO scavenging
ability of this extract (Fig. 5B). Furthermore, A. linearis fermen-
ted extract stimulated LPS-induced COX-2 to levels almost
double that of the LPS treatment alone at the highest tested
concentration (Fig. 5D) yet significantly reduced NF-κB nuclear
translocation by 15% (p < 0.05) and 9% (p > 0.05) at 50 and
100 μg mL−1, respectively (Fig. 5E).
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Fig. 5 Anti-inflammatory potential of A. linearis in LPS-activated RAW 264.7 cells comparing (A) the inhibition of NO production with (B) NO
scavenging, (C) iNOS expression, (D) COX-2 and (E) NF-κB nuclear translocation. Aminoguanidine (AG) was included as a positive control for the inhi-
bition and scavenging of NO, respectively, while resveratrol was included as a positive control for the expression of iNOS and COX-2. Data for NO
production was normalised for cell density using the crystal violet assay. Results are reported as the mean ± standard deviation (error bars shown in
black) with all experiments performed three times, each in triplicate (T-test: *p < 0.05; **p < 0.01; ***p < 0.005 compared to LPS for A, C, D, E and
compared to control for B).
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A previous study conducted by Mueller et al.54 confirmed
the effects of a fermented extract of A. linearis on iNOS and
COX-2 levels in LPS-activated RAW 264.7 macrophages and
further showed that this extract reduced the secretion of IL-6
and IL-10 but had no effect on TNF-α. Due to the increase in
COX-2 levels induced by fermented A. linearis, it is tempting to
conclude that this is surely evidence of a pro-inflammatory
response. It is important to remember, however, that COX-2
regulates the synthesis and secretion of both pro- and anti-
inflammatory prostaglandins and an increase in COX-2 could
thus also be associated with an anti-inflammatory reaction.55

Further confirming the anti-inflammatory nature of A. linearis
is the fact that several in vivo studies have documented its anti-
inflammatory potential.56,57 and others

Despite previous studies that have reported potentially pro-
inflammatory effects such as increased NO levels in various
cell models for A. linearis, particularly the fermented extract, to

date no evidence confirming the pro-inflammatory nature of
A. linearis during in vivo studies have been documented.58 A
plausible explanation is that fermented A. linearis is likely to
contain endotoxins which will induce a strong pro-inflamma-
tory response in an in vitro setting, however, LPS is not bioa-
vailable if taken orally thus eliminating such pro-inflammatory
effects in the in vivo situation. The exceptional potency of LPS
could override any anti-inflammatory effects in a cell culture
experiment and thus mask its anti-inflammatory potential.

3.4. Targeting pancreatic beta-cell function

As diabetes progresses, β-cell function gradually declines
resulting in β-cell exhaustion and eventual β-cell death charac-
terised by a decrease in β-cell mass.59 Consequently, thera-
peutic strategies targeted towards promoting β-cell mass and
function could provide unprecedented benefits during the
treatment of both T1D and T2D. While much time and

Fig. 6 Effect of A. linearis on INS-1 pancreatic β-cell function and survival comparing (A) intracellular calcium levels after a 10 minute treatment
period in the absence of glucose with tolbutamide (400 µM) included as a positive control for calcium influx; (B) β-cell proliferation after 24 hours
using Hoechst 33342 staining of the nuclei with gamma-aminobutyric acid (GABA) included as a positive control; (C) intracellular ROS accumulation
after being exposed to TBHP (20 µM) for 2 hours using the CellROX Orange reagent; and (D) promotion of cell survival after 24 hours using TBHP
(3.5 µM) to promote oxidative stress-induced cell death. Results are reported as the mean ± standard deviation (error bars shown in black) with all
experiments performed three times, each in triplicate (T-test: *p < 0.05; **p < 0.01; ***p < 0.005 compared to control for A, B and compared to
TBHP for C, D).
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research has been dedicated towards the development of treat-
ment strategies targeting pancreatic β-cell mass, no such drugs
are currently in clinical use.60 To this end, the ability of
A. linearis to promote insulin secretion and proliferation while
protecting β-cells against oxidative stress and apoptosis were
investigated.

Because increased cellular levels of calcium stimulate the
mobilisation of insulin granules to the plasma membrane and
subsequent insulin secretion from pancreatic β-cells, cytosolic
calcium levels are frequently used as an indirect measure of
insulin secretion.61 Furthermore, the measurement of calcium
levels appears more suitable for screening purposes than
directly measuring insulin secreted into the medium with
quantitative fluorescence microscopy being less time-consum-
ing and more affordable than enzyme-linked immunosorbent
assays (ELISA) or radioimmunoassays (RIA).62 Consequently,
the ability of A. linearis green and fermented extracts to
potentiate intracellular calcium levels and presumably stimu-
late insulin secretion was measured in INS-1 pancreatic β-cells
where a higher measure of intracellular calcium level was pre-
sumed to be accompanied by a stronger propensity to stimu-
late insulin secretion as is known for tolbutamide. A. linearis
green extract demonstrated the greatest ability to potentiate
intracellular calcium levels and presumably insulin secretion
in pancreatic β-cells in the absence of glucose, producing a
stronger effect than the positive control tolbutamide (400 μM)
at an extract concentration of 100 μg mL−1 (Fig. 6A). While
A. linearis fermented extract also demonstrated a highly prom-
ising ability to stimulate intracellular calcium flux (p < 0.005),
this response was only equivalent to 50% of the effect of the
green extract at the highest tested concentration of 100 μg
mL−1. A previous study documenting the effects of aspalathin,
one of the major polyphenols isolated from A. linearis, on
RIN-5F pancreatic β-cells concluded that this compound sig-
nificantly stimulated insulin secretion at a concentration of
100 μM.11 The increased activity of the green extract compared
to the fermented extract on β-cell insulin secretion can thus be
attributed to the increased presence of aspalathin.7

Due to the low antioxidative capacity of pancreatic β-cells
and the propensity of diabetes to induce oxidative stress, the
antioxidative potential of A. linearis was explored. Here it was
found that the green extract of A. linearis presented the stron-
gest antioxidative potential as this aspalathin-rich extract is
specifically produced to contain a higher phenolic content and
consequently higher antioxidant activity.63 This extract pro-
duced the lowest recorded Trolox equivalent (TE) value (0.87)
and EC50 value (4.92 μg mL−1) during the FRAP and DPPH
scavenging assays, respectively. The fermented extract demon-
strated a slightly weaker but still rather promising antioxida-
tive response (1.33 TE during FRAP; EC50 value of 7.33 μg
mL−1 during DPPH) due to the presence of fewer antioxidative
compounds such as flavonoids and polyphenols as many of
them are modified or destroyed during the fermentation
process.23,64 These results are not surprising as the antioxida-
tive potential of A. linearis has been well documented.65–67 and

others Both the green and fermented extracts also demonstrated

significant abilities to reduce TBHP-induced oxidative stress in
INS-1 β-cells (Fig. 6C) at extract concentrations of 50 μg mL−1

with the green extract once again producing a slightly stronger
response.

T1D and T2D present very similar clinical symptoms prior
to diagnosis yet they are defined by profoundly different aetiol-
ogies and underlying mechanisms. Nevertheless, both forms
of this disease are ultimately characterised by a considerable
reduction in β-cell mass and function.68 Therapeutic strategies
targeted towards preserving and promoting β-cell mass could
thus provide unparalleled advantages with regards to treating
and potentially reversing diabetes altogether. To this end, the
ability of A. linearis to promote β-cell mass by stimulating pro-
liferation and/or promoting cell survival in the presence of oxi-
dative-stress in INS-1 β-cells was investigated.

Both the green and fermented extracts of A. linearis exerted
almost identical proliferation-stimulating abilities in INS-1
cells from 50 μg mL−1 (Fig. 6B). Surprisingly, both extracts also
presented almost identical capacities to promote β-cell survival
by attenuating the effects of TBHP on cell density by approxi-
mately 17% (p < 0.05) at 12.5 μg mL−1 (Fig. 6D). This suggests
that the effects of A. linearis on INS-1 β-cell mass are not
dependent on the concentration of phenolic compounds
present in these extracts and must therefore be attributed to
the presence of some other compounds that are not affected
by the fermentation process.

A previous study attributed several of the antidiabetic
effects of A. linearis on a phytochemical called PPAG and
showed that this compound could protect pancreatic β-cells in
male Balb/c mice against the acute toxic effects of streptozoto-
cin, glucotoxicity and oxidative stress. Furthermore, PPAG
demonstrated both anti-apoptotic and anti-necrotic effects but

Table 1 Phenolic content (g per 100 g of extract) of the green and fer-
mented extracts of A. linearis*

Compounds Green Fermented

(S)-Eriodictyol-6-C-β-D-glucopyranosidea nd 1.03
(R)-Eriodictyol-6-C-β-D-glucopyranosidea nd 0.974
(S)-Eriodictyol-8-C-β-D-glucopyranosidea nd 0.278
(R)-Eriodictyol-8-C-β-D-glucopyranosidea nd 0.326
Z-2-(β-D-glucopyranosyloxy)-3-phenylpropenoic
acid (PPAG)

0.535 0.605

Aspalathin 11.70 0.297
Nothofagin 0.948 0.041
Iso-orientin 1.037 0.886
Orientin 1.187 1.128
Quercetin-3-O-robinobiosideb 1.287 0.605
Vitexin 0.193 0.195
Hyperoside 0.419 0.129
Rutin 0.554 0.117
Iso-vitexin and Isoquercitrinc 0.612 0.269
Luteolin-7-O-β-D-glucopyranoside 0.036 0.041

aQuantified in eriodictyol-7-O-β-D-glucopyranoside equivalents.
bQuantified in rutin equivalents. c Sum of isovitexin and isoquercitrin
in isovitexin equivalents. nd = not detected.*The extracts and the
characterisation information were supplied by Prof Elizabeth Joubert
and Prof Dalene de Beer from the Agricultural Research Council, South
Africa.
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was not found to function as an antioxidant or protect cells
against extensive DNA damage thus making it an interesting
potential treatment strategy for the therapeutic or preventative
application in diabetes/pre-diabetes.69 Examination of the phe-
nolic content of the green and fermented extracts of A. linearis
(Table 1) revealed that PPAG is indeed one of the few com-
pounds present in both extracts in nearly equal concentrations
(0.535 and 0.605 g per 100 g extract for the green and fermen-
ted extracts, respectively) with previous studies confirming that
PPAG does not undergo degradation during the fermentation
process.23,64

4. Conclusions

In accordance with existing literature, both the green and fer-
mented extracts of A. linearis demonstrated strong abilities to
target multiple antidiabetic pathways, with the green extract
often being superior and having a lower risk for toxicity than
the fermented extract. Effective treatment concentrations rep-
resent pharmacologically relevant ranges of 100 to 500 μg
mL−1 in the intestine and 12.5 to 200 μg mL−1 for the remain-
ing targets. The strong correlation to previously identified
therapeutic mechanisms in various in vivo models, provides
confidence as to the accuracy of the screening platform and
the feasibility of this approach to characterise the antidiabetic
capacity of medicinal plants. Moreover, significant effects on
multiple independent therapeutic mechanisms clearly demon-
strate the necessity to consider medicinal plants as multi-
target therapeutics, a characteristic often overlooked in
attempts to define the antidiabetic potential of medicinal
plants including rooibos.

An important finding of the present study is the remarkable
propensity for rooibos to target multiple facets regulating post-
prandial hyperglycaemia and the related secondary events
which ensue in response to post meal glucose spiking. Proper
glycaemic control is a major concern for diabetic patients with
the postprandial state having a higher insulin requirement
than the fasting state since blood glucose levels increase faster
and more aggressively after meals.70 Furthermore, postpran-
dial hyperglycaemia is recognised as a major contributory
factor in the progression toward overt diabetes and is an inde-
pendent risk factor for the development of atherosclerosis, a
major diabetic complication.71,72 Subsequently, targeting post
meal hyperglycaemia represents a therapeutic strategy with
relevance to various facets of diabetes, ranging from early
disease progression, poor glycaemic control at advanced
stages, as well as complications associated with the disease.

With respect to postprandial hyperglycaemia, both rooibos
extracts demonstrated rather promising abilities to delay
carbohydrate digestion by inhibiting α-glucosidase, the
enzyme responsible for releasing glucose from dietary carbo-
hydrates. Further, carbohydrate digestion controls incretin
hormone activity and subsequent incretin induced insulin
secretion. It is estimated that incretin hormones are respon-
sible for a substantial portion of postprandial insulin

release,73 aiming to increase the disposal of blood glucose and
restore glycaemic control. Inhibition of DPP-iv, an enzyme
involved in incretin hormone degradation, displays significant
postprandial glucose lowering effects.74 The capacity for
rooibos to inhibit DPP-iv activity, albeit relatively weak, may
therefore also contribute to alleviating postprandial hypergly-
caemia by sustaining incretin hormone induced insulin
release.

In contrast to the fasting state, postprandial glucose metab-
olism occurs predominantly via insulin sensitive pathways,
placing pancreatic β-cell function as an essential component
to counteract postprandial hyperglycaemia.75 Green rooibos,
and to a lesser extent, fermented rooibos were found to
strongly stimulate calcium-dependent insulin secretion in pan-
creatic β-cells, thereby providing an additional mechanism
attributable to rooibos with the potential to mitigate postpran-
dial hyperglycaemia.

Oxidative stress is a direct consequence of hyperglycaemia.
Elevated blood glucose stimulates mitochondrial metabolism
and as a result increases ROS production.76 Pancreatic β-cells
are particularly sensitive to oxidative stress,77 therefore
repeated hyperglycaemic insults leads to β-cell destruction and
cumulative pancreatic dysfunction, both characteristics of dia-
betes. The strong antioxidant capacity of A. linearis effectively
reduced ROS formation and promoted cell survival in INS-1
β-cells under conditions of severe oxidative stress. In addition,
both green and fermented rooibos were strong activators of
β-cell proliferation, raising the potential for rooibos to not only
protect against post meal hyperglycaemia induced β-cell
demise, but to also restore pancreatic function through
neogenesis.

Poor glycaemic control is clinically diagnosed as elevated
levels of glycated haemoglobin,78 indicating that in vivo
advanced glycation end products are regarded a direct result of
hyperglycaemia, including post meal glucose spiking. Protein
glycation is a known causal factor for many diabetes related
morbidities including chronic wounds, cardiovascular diseases
and neuropathy.79 Rooibos was found to be a strong inhibitor
of AGE formation which may dampen the negative impact of
postprandial hyperglycaemia on the development of diabetes
complications. In addition, activation of macrophages via AGE
receptors (RAGE) promotes, through NF-kB signalling, a pro-
inflammatory phenotype contributing to the inflammatory
component of diabetes.80 Green rooibos was found to reduce
NF-kB translocation in activated macrophages with a concomi-
tant decline in NO production as well as the levels of the
inflammatory markers; iNOS and COX-2.

Collectively, our data provides evidence to support the idea
that the overall therapeutic potential of A. linearis represents a
composite of many inter-related antidiabetic mechanisms with
a strong tendency to attenuate postprandial hyperglycaemia
and the subsequent metabolic dysfunction which arises as a
result of poor glycaemic control. To the best of our knowledge
no studies have been conducted to evaluate the effects of
rooibos on postprandial hyperglycaemia in a diabetic animal
model.

Paper Food & Function

1034 | Food Funct., 2021, 12, 1020–1038 This journal is © The Royal Society of Chemistry 2021

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 8

/8
/2

02
4 

12
:1

6:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0fo02611e


Targeting postprandial hyperglycaemia is a well-established
treatment strategy, however, treatment must coincide with the
glycaemic load in order to be successful. One possible strategy
to ensure this overlap would be to fortify high glycaemic foods
with rooibos, provided the effective dosage does not impact on
the sensory properties of such foods. Further studies should
be focused on conducting well-designed in vivo experiments
that may confirm the antidiabetic mechanisms of A. linearis
proposed here.
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