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Rooibos (Aspalathus linearis) is a South African fynbos plant, well-known for its strong anti-oxidant capacity and
use in cosmetic products. The anti-ageing properties of fermented and green (unfermented) rooibos were investigated using a cell culture model designed to evaluate the involvement of mitochondrial dysfunction in the
age-related decline in preadipocyte function. Mitochondrial dysfunction was induced through long-term exposure of 3T3-L1 preadipocytes to ethidium bromide (EtBr). Mitochondrial DNA (mtDNA) depleted (ρ0) 3T3-L1
preadipocytes showed a signiﬁcantly reduced rate of proliferation, delayed cell cycle progression (G0/G1 phase
arrest), decreased mitochondrial membrane potential (ΔΨm), and increased glucose utilization and lactate
production. Treatment with rooibos stimulated cell growth, attenuated G0/G1 phase arrest, improved ΔΨm, and
increased glucose utilization and lactate production. Cellular ATP was signiﬁcantly improved and AMPK activation was observed. The results obtained indicate that rooibos, particularly green rooibos, exhibit eﬀects which
preserve the functional capacity of preadipocytes exposed to ageing related insults.

1. Introduction
The natural process of ageing in multicellular organisms is associated with the progressive accumulation of deleterious changes in the
functional capacity of biological systems, leading to an exponential
decrease in the ability of cells to maintain homeostasis and ultimately
increasing the probability of death (Ashok & Ali, 1999; Calabrese et al.,
2012; Lui, Chen, Barnes, & Baron, 2010; Sohal & Orr, 2012). The freeradical hypothesis ﬁrst proposed by Denham Harman in 1956 (Harman,
1956) has been considered as the most accepted and widely tested
theory of ageing. Gradually it has evolved and been modiﬁed to include
the concept of oxidative stress, and it is now believed that the process of
ageing is induced, at least in part, by an imbalance between endogenous reactive oxygen species (ROS) and anti-oxidant defences
(Calabrese et al., 2012).
As the main intracellular source of ROS, it is believed that mitochondria play a signiﬁcant role in ageing and age-related diseases.
Mitochondrial function declines with age, resulting in the impairment
and/or alteration of mitochondria and any of its associated functions,
including the inhibition of oxidative phosphorylation and respiration,
mitochondrial network fragmentation, membrane depolarization, mitochondrial uncoupling or proton leak, ROS production, as well as the
build-up of mitochondrial protein aggregates (Brand & Nicholls, 2011;
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Demine, Reddy, Renard, Raes, & Arnould, 2014; Pellegrino, Nargund, &
Haynes, 2013). The consequences of mitochondrial dysfunction is as
diverse as its cellular involvement, and it has been implicated in the
process of ageing, as well as age-related neurodegenerative and metabolic diseases (Bratic & Larsson, 2013; Harman, 1972; Lagouge &
Larsson, 2013; Page, Robb, Salway, & Stuart, 2010; Park & Larsson,
2011; Trifunovic & Larsson, 2008; Wallace, 2005; Yakes & Van Houten,
1997).
Changes in adipose tissue mass and distribution have been linked to
mechanisms involved in longevity, age-related diseases and metabolic
dysfunction (Sepe, Tchkonia, Thomou, Zamboni, & Kirkland, 2010;
Tchkonia et al., 2010). The loss of subcutaneous adipose tissue predisposes to the development of altered cosmetic appearance (wrinkles,
sunken eyes, skin folds), whereas the accumulation of visceral adipose
tissue is associated with increased risk of age-related diseases, including
those encompassed by the metabolic syndrome such as diabetes, hypertension, cancer, cognitive dysfunction, and atherosclerosis leading
to heart attacks and strokes (Tchkonia et al., 2010). Recent studies have
demonstrated that preadipocytes lose their ability to replicate and differentiate during ageing, and although the precise mechanisms involved remain to be established, it has been suggested that factors
which are likely to contribute include mitochondrial dysfunction
(Cartwright, Tchkonia, & Kirkland, 2007; Kusminski & Scherer, 2012;
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et al., 2012). The Pierce™ LAL Chromogenic Endotoxin Quantitation Kit
(Thermo Scientiﬁc, USA), capable of detecting endotoxin levels as low
as 0.1 endotoxin unit (EU)/mL or ± 0.01 ng endotoxin/mL, showed
that both the fermented and green rooibos extracts were free of detectable endotoxins (data not shown).

Sepe et al., 2010; Tchkonia et al., 2010). Therefore, it is possible that
preventing preadipocyte dysfunction may slow down or reverse agerelated adipose dysfunction and its associated risks.
Treatment with anti-oxidants such as vitamin C, -E and polyphenols
have been shown to be eﬀective in improving resistance to oxidative
stress, and subsequently prevent or attenuate cellular ageing (Baret
et al., 2013; Masaki, 2010; Queen & Tollefsbol, 2010). Thus, it is not
surprising that natural products rich in anti-oxidants have attracted
remarkable interest in the cosmetic and pharmaceutical industry for its
potential to restore and reverse the eﬀects of ageing. Rooibos (Aspalathus linearis (Burm.f.), R. Dahlgren) is a robust fynbos plant endemic
to the Cederberg Mountain region in the Western Cape of South Africa
(Joubert & de Beer, 2011; Morton, 1983). Despite its increasing popularity as a value-added product in cosmetic products and its well-known
anti-oxidant capacity, there exists little published research on its precise
molecular and cellular involvement against ageing.
In this study an in vitro cell culture model, representative of the agerelated mitochondrial dysfunction observed in preadipocytes, was established through the gradual depletion of mitochondrial DNA
(mtDNA) achieved by long term exposure to sub-lethal concentrations
of ethidium bromide (EtBr) (Amuthan et al., 2002; King & Attardi,
1989; Lim et al., 2006; Park & Lee, 2007; Schroeder, Gremmel,
Berneburg, & Krutmann, 2008; Vankoningsloo et al., 2006). Mitochondrial dysfunction was subsequently evaluated and conﬁrmed
using known biochemical indicators including changes in survival n
galactose medium, population doubling time, cell cycle distribution,
mitochondrial membrane potential (ΔΨm), lactate production and
glucose utilization. The potential anti-ageing properties of unfermented
(green) and fermented rooibos (Aspalathus linearis) were then investigated by evaluating possible improvements using dysfunctional
3T3-L1 preadipocytes.

2.3. Cell culture and establishment of ρ0 3T3-L1 preadipocyte cell line
3T3-L1 mouse embryonic ﬁbroblasts (ATCC® CL-173™), were
maintained in DMEM (containing 4 mM L-glutamine, 25 mM glucose
and sodium pyruvate) supplemented with 50 μg/mL uridine and 10%
FBS at 37 °C in a humidiﬁed atmosphere with 5% CO2. To generate
mitochondrial DNA (mtDNA) depleted (ρ0) cells, 3T3-L1 preadipocytes
(referred to as wild type cells) were exposed to 50 ng/mL EtBr every
day for a minimum of 10 passages (≥30 days) in complete medium
(DMEM: 10% FBS) supplemented with 50 μg/mL uridine. Both wild
type and ρ0 3T3-L1 cells were concurrently maintained from passage
number 10–25, and conﬂuency not allowed to exceed 80%. To evaluate
the mtDNA status of the EtBr treated cells, a representative sample
(1 × 105) of cells was frequently sub-cultured in pyruvate free DMEM
medium, without uridine and EtBr, and cell survival monitored. MtDNA
depleted cells are characteristically auxotrophic for pyruvate and pyrimidines (uridine) and are therefore unable to survive in their absence
(Wilkins, Carl, & Swerdlow, 2014; Yu et al., 2007). Subsequently, the
inability of EtBr treated cells to survive in the absence of uridine served
to conﬁrm the depleted mtDNA status. No antibiotics were added
during routine maintenance, however 1% (v/v) penicillin/streptomycin
was added to long term experiments exceeding 5 days.
2.4. Experimental design
Rooibos extracts were freshly reconstituted prior to each experiment
at a stock concentration of 40 mg/mL in dimethyl sulfoxide (DMSO),
and diluted with complete medium to a working concentration of
100 μg/mL. Wild type and ρ0 3T3-L1 cells were treated with 100 μg/mL
green (GRE) and fermented (FRE) rooibos extracts for the indicated
amount of time (24–48 h) to evaluate changes in cell characteristics
after a more long-term exposure to treatments (i.e. changes resulting
from gene/protein expression alterations). Natural repletion of mtDNA
is reported to occur only after ± 7–12 days (Park & Lee, 2007; SeidelRogol, 2002), and therefore the mtDNA status of the ρ0 3T3-L1 cells are
considered to remain unaﬀected during 24–48 h treatment times. Included in each experiment was an untreated control, a vehicle control
(0.25% DMSO in complete medium), as well as appropriate positive
controls where relevant.

2. Materials and methods
2.1. Materials, reagents and chemicals
HyClone™ High glucose Dulbecco’s modiﬁed Eagle’s medium
(DMEM), HyClone™ fetal bovine serum (FBS) and MitoTracker® Green
FM were purchased from Thermo Scientiﬁc (GE Healthcare Life
Sciences, Logan, Utah, USA). Galactose, Bovine Serum Albumin (BSA),
3,8-diamino-5-ethyl-6-phenylphenanthridinium bromide (Ethidium
bromide, EtBr), bisBenzimide H 33342 trihydrochloride (Hoechst
33342), uridine, penicillin/streptomycin, phenol, glucose oxidase, lactate oxidase, peroxidase, 4-aminoantipyrine, 5,5′,6,6′tetrachloro1,1′,3,3′-tetraethylbenzimidazol-carbocyanine iodide (JC-1) and valinomycin were all purchased from Sigma-Aldrich (St. Louis, MO, USA).
The Coulter® DNA Prep™ and IntraPrep™ kits were purchased from
Beckman Coulter (Brea, CA, USA). The CellTiter-Glo® 2.0 and CellTiterBlue® assay reagents were obtained from Promega (Madison, WI, USA).
Primary AMPKα (23A3) and p-AMPKα (Thr172) (40H9) rabbit monoclonal antibodies, and secondary anti-rabbit IgG (H + L), F(ab′)2
Fragment (Alexa Fluor® 488 Conjugate) antibodies were all obtained
from Cell Signalling Technology (Beverly, MA, USA).

2.5. Cell viability and growth characteristics
Wild type and ρ0 3T3-L1 cells were seeded at 10 000 cells/10 mL in
10 cm culture dishes. Cell number and viability was determined every
day for 6 consecutive days using trypan blue exclusion and an automated cell counter, Luna™ (Logos Biosystems, Korea). Population
doubling times were calculated during the most linear growth phases
(48–120 h) using the formula:

2.2. Extracts

DT =
Fermented and green rooibos extracts were kindly provided by Prof.
E. Joubert from the Post-Harvest and Wine Technology Division of the
Agricultural Research Council of South Africa (ARC InfruitecNietvoorbij, Stellenbosch, South Africa), and used “as-is”. The aspalathin-enriched green rooibos extract (GRE), also known as SB1/ARC2,
was prepared according to a patented process described by GrünerRichter, Otto, and Weinreich (2008), whereas the fermented rooibos
extract (FRE), also known as ARC61, was prepared as described by
Mazibuko et al. (2013). The phenolic composition of both extracts was
previously characterised by HPLC-DAD (Mazibuko et al., 2013; Muller

tln(2)
X

ln X e

b

X e = Cell number at time point (t).
Xb = Cell number at t = 0
2.5.1. Cell viability in glucose/galactose medium
Wild type and ρ0 3T3-L1 cells were seeded at 20 000 cells/mL in
200 μL aliquots in 96 well plates and left overnight to attach and recover. Cells were washed with phosphate buﬀered saline (PBS) and the
culture medium replaced with either the usual complete medium
185

Journal of Functional Foods 55 (2019) 184–192

A.C. Hattingh, et al.

(DMEM, 25 mM glucose, 10% FBS) or DMEM substituted with 25 mM
galactose instead of glucose. After 48 h of incubation, cell viability was
determined using the CellTiter-Blue® assay. Fresh complete medium
(containing glucose) was added to all wells, along with 20 μL of
CellTiter-Blue®, and incubated for 4 h at 37 °C. Fluorescence (560Ex/
590Em) was recorded using a BioTek® Synergy multi mode plate reader
(Winooski, VT, USA).

stack) images taken at 1 μm intervals along the z axis, were acquired
using a Plan-Apochromat 63× oil immersion objective (NA = 1.4). The
laser light intensity and detector gains were set such that ﬂuorescence
intensities of the dyes were below saturation levels. Similarly, the
pinhole size was kept constant throughout acquisition at 192 μm (CH2)
and 220 μm (CH3) to avoid oversampling.

2.6. Cell cycle analysis

2.9. Metabolic parameters: Glucose utilization and lactate production

Wild type and ρ0 3T3-L1 cells were seeded at 30 000 cells/1.5 mL in
6 well culture dishes and left overnight to attach and recover. Cells
were synchronised through serum deprivation overnight, after which
the serum free medium was replaced with complete culture medium
containing 10% FBS, to stimulate re-entry into the cell cycle.
Cells were collected by trypsinisation 24 and 48 h after adding the
10% FBS (in the absence of EtBr) and exposure to treatments. Cell
suspensions (1 mL in PBS) were transferred into suitable polypropylene
ﬂow cytometry tubes (Beckman Coulter). The Coulter®DNA Prep™ kit
was used for DNA cell cycle analysis, as per manufacturer's instructions.
Brieﬂy, cells were collected by centrifugation at 500 × g for 5 min at
room temperature. A 100 μL aliquot of lysis reagent was added to each
sample, vortexed and incubated for 5 min at room temperature.
Thereafter, 500 μL propidium iodide (PI) (50 μg/mL) was added to the
samples and incubated in the dark for 15 min at 37 °C, after which
samples were analysed using a Beckman Coulter Cytomics FC500 Flow
Cytometer. Data was recorded in FL3.

Assay reagents containing 3 mM phenol, 0.4 mM 4-aminoantipyrine,
2.5 mM EDTA, peroxidase, and either glucose oxidase or lactate oxidase
in PBS (pH 7.4) were freshly prepared prior to each experiment. Wild
type and ρ0 3T3-L1 cells were seeded at 20 000 cells/mL in 200 μL
aliquots in 96 well plates and left overnight to attach and recover. After
24 and 48 h of exposure to treatments, 5 μL of the culture medium was
removed and added to 200 μL of the glucose oxidase and lactate oxidase
assay reagents respectively. Samples were incubated for 10 min at 37 °C
and the absorbance was recorded at 520 nm using a BioTek®
PowerWave XS spectrophotometer (Winooski, VT, USA).

2.10. ATP content
Wild type and ρ0 3T3-L1 cells were seeded at 20 000 cells/mL in
200 μL aliquots in white 96 well plates and left overnight to attach and
recover. After 48 h of exposure to treatments, the CellTiter-Glo® 2.0
assay reagent was added according to manufacturer’s instructions.
Brieﬂy, 100 μL of reagent was added to each well, the plate was placed
on an orbital shaker for 2 min and then incubated in the dark for 10 min
at room temperature. Luminescence was recorded using a BioTek®
Synergy multi mode plate reader.

2.7. Mitochondrial membrane potential (ΔΨm)
Wild type and ρ0 3T3-L1 cells were seeded at 30 000 cells/1.5 mL in
6 well culture dishes and left overnight to attach and recover. Changes
in ΔΨm were evaluated using the cytoﬂuorimetric, lipophilic cationic
dye JC-1. Cells were collected after 24 and 48 h of exposure to treatments (in the absence of EtBr) into polypropylene ﬂow cytometry tubes,
and JC-1 (1 mg/mL) was added to a ﬁnal concentration of 2 μg/mL in
pre-warmed, complete medium. Samples were incubated for 10 min in
the dark at room temperature, after which three wash steps were performed using 500 μL PBS and centrifugation at 500g for 5 min. Red
(FL3) and green (FL1) ﬂuorescence was recorded using a Beckman
Coulter Cytomics FC500 Flow Cytometer. Valinomycin, a K+ ionophore, was used as a positive control due to its ability to dissipate the
ΔΨm (Felber & Brand, 1982).

2.11. AMPK activation
Wild type and ρ0 3T3-L1 cells were seeded at 20 000 cells/mL in
200 μL aliquots in 96 well plates and left overnight to attach and recover. After 48 h of exposure to treatments, the cells were ﬁxed and
permeabilised using the IntraPrep™ kit according to manufacturer’s
instructions. Cells were incubated with blocking buﬀer (0.5% BSA in
PBS) and thereafter incubated with the antibodies separately (1:100 for
AMPKα and 1:100p-AMPKα) for 1 h at 37 °C. Cells were washed and
incubated with the conjugated secondary antibody (1:1000) for 30 min
at 37 °C in the dark. Cells were washed and stained with Hoechst 33342
(1 μg/mL) in PBS for 30 min. Fluorescent micrographs were acquired
using an ImageXpress® Micro XLS wide-ﬁeld high content analysis
system (Molecular Devices, San Jose, CA, USA). Nine image sites were
acquired per well using a 10× objective and appropriate DAPI and
FITC ﬁlter sets.

2.8. Confocal microscopy
JC-1 (2.7) and MitoTracker® Green FM were used in conjunction
with a Zeiss Axiovert LSM 510 META confocal microscope, equipped
with a ZeissAxioCam camera for ﬂuorescent imaging. The confocal
microscope stage was also equipped with a specialized preheated
(37 °C) humidiﬁed chamber supplied with 5% CO2, thus enabling live
cell imaging.
Wild type and ρ0 3T3-L1 cells were seeded at 2000 cells/500 μL in
specialized 35 mm glass bottom culture dishes to enable the use of
higher objective imaging, and left overnight to attach and recover. JC-1
and MitoTracker® Green FM staining were performed according to
manufacturer’s instructions. Brieﬂy, cells were incubated with prewarmed complete culture medium containing either JC-1 (2 μg/mL) or
MitoTracker® Green FM (20 nM) for 20 min, in the dark at 37 °C. The
staining solutions were removed and cells were carefully washed using
PBS. Fresh complete culture medium was added to the culture dishes,
which were then allowed to equilibrate in the chamber for ± 10 min. A
488 nm laser line was used for excitation, along with appropriate band
pass ﬁlters (CH2: BP 500–550 IR; CH3: BP 575–630 IR) to enable detection of green (CH2) and red (CH3) ﬂuorescence emissions. High
resolution static images, time lapse images, as well as optical slice (Z-

2.12. Data analysis and statistics
Unless otherwise stated, each experiment was performed in triplicate and repeated 3 independent times (n = 3). Results are expressed as
mean ± standard deviation (SD). Statistical signiﬁcance was determined using the two-tailed student’s t-test where p ≤ 0.05 (*) and
p ≤ 0.005 (**) were considered signiﬁcant. For ﬂow cytometry, a
minimum of 10 000 gated events were recorded for each sample and
results and histograms obtained were analysed using FlowJo v10 software (Tree Star Inc., USA). Post-acquisition confocal microscopy image
processing was performed using ZEN 2012 software (Carl Zeiss
Microscopy GmbH, 2011). Fluorescent micrographs were analysed
using the Multi-wavelength cell scoring module from MetaXpress®
High-Content Image Acquisition and Analysis Software (Version 6.1,
Molecular Devices, San Jose, CA, USA).
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Metabolic alterations became visibly apparent as a progressive increase in acidiﬁcation of the cell culture medium (indicated by the
colour change of the pH indicator phenol red) was observed during
routine maintenance of ρ0 3T3-L1 cells. This was attributed to an increase in lactate production, which was conﬁrmed by the ± 57.8% increase in lactate production observed relative to wild type cells.
Depletion of mtDNA, encoding complex I, III, and IV of the respiratory chain, results in dysfunctional mitochondrial respiration and
oxidative phosphorylation, thereby constraining the cell to use alternative energy generation pathways such as glycolysis. The overreliance
on this more ineﬃcient ATP generating process results in a signiﬁcantly
increased demand for glucose, which was evident in the ± 18% increase in glucose utilization relative to wild type cells. Furthermore,
mtDNA depletion and subsequent reduction in the transfer of electrons
from NADH to O2 results in a severe decrease in the NAD/NADH ratio
which will ultimately restrict glycolysis unless NAD is regenerated. The
conversion of pyruvate to lactate by lactate dehydrogenase serves to
regenerate NAD and thus sustain the elevated glycolytic ﬂux in mtDNA
depleted cells. Elevated glucose consumption and lactate production
are thus often used as markers to indicate mitochondrial health/dysfunction (Kemppainen et al., 2016). The decreased ATP content (47.8%
relative to wild type cells) further supports a less eﬃcient capacity to
generate ATP in the ρ0 cells. Although the expected increase in AMPK
phosphorylation and activation can be observed in ρ0 cells relative to
wild type cells, this result was not statistically signiﬁcant.
Mitochondrial depolarization is indicated by a decrease in the red/
green ﬂuorescence intensity ratio of JC-1, independent of changes in
mitochondrial size, shape or density. A ± 32% decrease in mitochondrial membrane potential (ΔΨm) was observed relative to wild type
cells and treatment with Valinomycin resulted in a 62.4% and 69%
decrease in ΔΨm for both wild type and ρ0 3T3-L1 cells, respectively.
This signiﬁcant decrease in ΔΨm indicates that EtBr treatment negatively aﬀects mitochondrial health, mimicking the aged phenotype,
without aﬀecting cell viability - considering that cell viability remained
unaﬀected throughout exposure to EtBr and cells retained their ability
to proliferate, albeit at a much-reduced rate. Maintenance of a low ΔΨm
in the absence of respiration has frequently been observed in other ρ0
cell lines and is said to be due to the reversed action of adenine nucleotide translocator (ANT) in combination with F1-ATPase activity
(Arnould et al., 2003; Buchet & Godinot, 1998).
MitoTracker® Green FM accumulates in the mitochondria irrespective of ΔΨm and is
commonly used to determine and observe mitochondrial mass,
morphology and distribution (Cottet-Rousselle, Ronot, Leverve, &
Mayol, 2011; Pendergrass, Wolf, & Poot, 2004; Stankov, Lücke, Das,
Schmidt, & Behrens, 2010). Fluorescence intensities, indicating the
accumulation of MitoTracker® Green FM within the mitochondria, was
determined from images acquired using confocal microscopy and Zen
software post-acquisition processing. Using 10 randomly selected cells
from both the wild type and ρ0 3T3-L1 cell populations, the mean
ﬂuorescence intensity ± SD obtained for ρ0 3T3-L1 cells
(42.19 ± 5.97) indicated no signiﬁcant change relative to that obtained for the wild type cells (42.72 ± 7.01). This is in accordance
with ﬁndings by Armand et al. (2004), Holmuhamedov, Jahangir,
Bienengraeber, Lewis, and Terzic (2003), Gilkerson, Margineantu,
Capaldi, and Selker (2000) and Kukat et al. (2008), indicating that
mtDNA depletion does not aﬀect the number or biogenesis of mitochondria.

Table 1
Comparison of wild type (wt) and ρ0 3T3-L1 preadipocyte cell characteristics.

Population doubling time (h)
Cell cycle analysis (% cell population in G1/
G0 phase)
Cell viability in glucose mediumb (%
relative to wt control)
Cell viability in galactose mediumb (%
relative to wt control)
Mitochondrial membrane potential (ΔΨm)
Mean ﬂuorescent intensity ratio (FL3/
FL1)a
Mitochondrial massc
Mean ﬂuorescent intensity
Glucose utilizationb
(% increase relative to wt control)
Lactate productionb
(% increase relative to wt control)
AMPK activation
(% increase in p-AMPK relative to wt
control)
ATP contentb
(% relative to wt control)

wt

ρ0

18.8 ± 2.10
42.2 ± 2.78

30.2 ± 4.20**
49.0 ± 2.70**

–

98.2 ± 3.80

–

15.5 ± 1.03**

1.50 ± 0.69
+ Valinomycin
0.564 ± 0.08*
42.72 ± 7.01

1.02 ± 0.50*
+ Valinomycin
0.316 ± 0.05**
42.19 ± 5.97

–

18.0 ± 2.32**

–

57.8 ± 3.93**

–

14.6 ± 18.6

–

47.8 ± 4.23**

Summary data are shown as the mean ± standard deviation of three independent experiments, each performed in triplicate (n =3).
Each parameter was compared for signiﬁcant diﬀerences between wild type and
ρ0 cells using the student’s t-test where p ≤ 0.05 (*) and p ≤ 0.005 (**) were
considered signiﬁcant.
a
Mean ﬂuorescent intensity ratio. Mitochondrial depolarization is accompanied by a decrease in red (FL3)/green (FL1) ﬂuorescence intensity ratio.
b
Results normalised relative to cell density.
c
Mitochondrial mass indicated by the mean ﬂuorescence intensity of
MitoTracker® Green FM determined during live cell imaging using confocal
microscopy (63× oil immersion magniﬁcation).

3. Results
3.1. Generation and characterization of ρ0 3T3-L1 preadipocytes
After continuous, long term exposure of 3T3-L1 preadipocytes to
50 ng/mL EtBr, mtDNA depleted (ρ0) 3T3-L1 cells were generated and
subsequently characterised through biochemical indicators of mitochondrial dysfunction including changes in cell growth characteristics, survival in galactose medium, population doubling time, cell
cycle distribution, mitochondrial mass and membrane potential (ΔΨm),
ATP content, lactate production and glucose utilization (Table 1).
Ρ0 3T3-L1 cells exhibited a signiﬁcantly reduced growth rate, as
illustrated by the increased population doubling time (30.2 ± 4.2 h)
compared to wild type cells (18.8 ± 2.1 h), as well as the delay in cell
cycle progression - indicated by a 16% increase in the number of cells
remaining in the G1/G0 phase relative to wild type cells. Cell viability,
determined by trypan blue exclusion, remained unaﬀected throughout
EtBr treatment (data not shown). However, ρ0 3T3-L1 cells suﬀered a
progressive decline in cell number over several days once pyruvate and
uridine were removed from the cell culture medium (data not shown).
Auxotrophic reliance on pyruvate and uridine is commonly associated
with ρ0 cells, and this simple test is considered a useful indicator of the
cellular respiratory status and mtDNA content of ρ0 cells (Wilkins et al.,
2014; Yu et al., 2007). Furthermore, wild type 3T3-L1 cells exhibited no
change in cell viability when glucose was substituted with galactose as
the sole sugar source in the culture medium, whereas ρ0 3T3-L1 cell
viability decreased to 15.5% after 48 h. Replacing glucose with galactose in the culture medium, forces cells to rely on mitochondrial
oxidative phosphorylation to generate suﬃcient cellular ATP for survival and is commonly used to diagnose mitochondrial toxicity and
dysfunction (Dykens, Marroquin, & Will, 2007; Gohil et al., 2011;
Komulainen et al., 2015).

3.2. Eﬀect of rooibos on ρ0 3T3-L1 preadipocytes
The potential anti-ageing properties of green (GRE) and fermented
(FRE) rooibos extracts were investigated using ρ0 3T3-L1 preadipocytes,
representative of mitochondrial dysfunction, a characteristic associated
with the age related decline in preadipocyte function (Kusminski &
Scherer, 2012). The eﬀects of rooibos on cell growth and proliferation,
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with GRE (Fig. 1).

Table 2
Summary of cell cycle analysis results obtained after treatment of ρ0 3T3-L1
preadipocytes with GRE and FRE (100 μg/mL). Cell cycle analysis was performed using PI staining 24 and 48 h after re-entry into the cell cycle following
synchronization through serum deprivation.
ρ0
24 h

48 h

Sub-G1
G1/G0
S
G2/M
Sub-G1
G1/G0
S
G2/M

2.43
48.8
18.8
23.2
2.02
49.0
13.3
31.7

GRE
±
±
±
±
±
±
±
±

1.53
3.34
3.02
2.68
0.46
2.70
3.47
2.15

1.68
42.0
18.3
32.0
2.61
52.4
16.8
24.3

3.2.3. Mitochondrial membrane potential (ΔΨm)
The eﬀect of rooibos treatment on the ΔΨm was determined using
the lipophilic cationic dye JC-1, which exhibits a potential-dependent
accumulation in the mitochondria. JC-1 will either be retained in the
mitochondria due to the negative charge, established by the intact
ΔΨm, and form J-aggregate complexes emitting a red ﬂuorescence
(polarised mitochondria), or will diﬀuse into the cytoplasm due to a
collapse in ΔΨm, where the monomeric form will exhibit a green
ﬂuorescence (depolarised mitochondria).
As shown in Fig. 2 an initial decrease of ± 30% in ΔΨm was observed after 24 h of treatment with GRE. At 48 h, the ΔΨm was restored
to the same level as that of the untreated ρ0 3T3-L1 control. Increased
polarization of the mitochondrial membrane is observed after 48 h of
treatment with FRE.

FRE
±
±
±
±
±
±
±
±

0.35
0.83**
1.45
2.63**
0.43
5.60
3.91
2.95**

2.56
47.1
17.1
28.1
2.68
59.8
15.0
18.9

±
±
±
±
±
±
±
±

0.66
2.17
1.87
1.77*
1.11
4.92**
4.80
3.36**

Values indicate mean % ± SD of three independent experiments, each performed in triplicate (n = 3). Statistical signiﬁcance was determined using the
two-tailed Student t-test and is indicated for p ≤ 0.05 (*) and p ≤ 0.005 (**)
relative to the untreated ρ0 control.

3.2.4. Confocal microscopy
To conﬁrm and visualise the ΔΨm changes observed with ﬂow cytometry (Section 3.2.3), rooibos treated ρ0 3T3-L1 cells were stained
with JC-1 and analysed using confocal microscopy and Zen software
post-acquisition processing. One representative of 15 images taken for
each respective treatment, during a single experiment is shown in
Fig. 3. A ratio of red/green ﬂuorescence intensity, indicating the ΔΨm,
was determined for 10 randomly selected cells exposed to either GRE or
FRE for 48 h.
During the progression of the cell cycle, mitochondria undergo
changes in morphology, size, distribution and abundance (Arakaki
et al., 2006; Ferree & Shirihai, 2012). This morphological spectrum has
been characterised according to the cell cycle progression into tubular,
intermediate and fragmented conformations (Margineantu et al., 2002;
Mitra, Wunder, Roysam, Lin, & Lippincott-Schwartz, 2009). As can be
seen in Fig. 3, a primarily fragmented mitochondrial distribution was
observed in ρ0 3T3-L1 cells, indicating G1 arrested or G0 phase cells,
which is consistent with the results obtained for cellular growth characteristics and cell cycle analysis (Table 1). This is in accordance with
ﬁndings by Arduíno et al. (2012); Margineantu et al. (2002) and
Minamikawa et al. (1999) indicating similar trends in mitochondrial
morphology and distribution for mtDNA depleted 143B osteosarcoma
cells and NT2 teratocarcinoma cells. GRE and FRE treated ρ0 3T3-L1
cells have a more intermediate mitochondrial arrangement, typical of
proliferating cells (G1-S or S phase), with tubular elements clearly
visible.

ΔΨm, metabolic parameters such as glucose utilization and lactate
production, ATP content and AMPK activation were evaluated.
3.2.1. Cell growth characteristics
A signiﬁcant increase in cell density is observed after 24 h of
treatment with GRE, although this eﬀect becomes less pronounced after
48 h. Although FRE seems to indicate a possible increase in cell density
over 24 and 48 h, these changes were not statistically signiﬁcant. This is
congruent to population doubling times indicating no eﬀect after FRE
treatment (30.3 ± 4.9 h) and a slight improvement after GRE treatment (28.0 ± 3.7 h) relative to ρ0 3T3-L1 controls (30.2 ± 4.2 h),
however results remained markedly higher relative to the wild type
controls (18.8 ± 2.1 h).
3.2.2. Cell cycle analysis
Cell cycle analysis was performed on synchronised rooibos treated
and untreated ρ0 3T3-L1 cells after 24 and 48 h. A summary of the
percentage cells present in each cell cycle phase is presented in Table 2.
Considering that ρ0 3T3-L1 cells generally exhibit a delay in G1-S
phase transition (Table 1), the signiﬁcant decrease (6.8%) in the
number of cells in the G1/G0 phase after 24 h of treatment with GRE,
along with a concurrent increase (8.8%) in the number of cells present
in the G2/M phase, indicates that the rooibos treatment stimulated cell
cycle progression. A similar but less signiﬁcant eﬀect is observed for
FRE treated cells. However, after 48 h of treatment with GRE and FRE, a
complete change in the cell cycle distribution is seen due to the increase
in the number of cells present in the G1/G0 phase as well as the S phase,
compared to a signiﬁcant decrease in the number of cells present in the
G2M phase. Although more diﬃcult to interpret due to the 48 h time
period after synchronisation, these results are in accordance with the
increased proliferation and cell density observed after 24 h of treatment

3.2.5. Metabolic parameters: Glucose utilization and lactate production.
Given that glucose metabolism is strongly correlated to mitochondrial function, glucose utilization and lactate production (Fig. 4) were
investigated as markers for changes in mitochondrial function upon
treatment with rooibos.
Relative to wild type cells, ρ0 3T3-L1 cells demonstrated a marked
Fig. 1. Eﬀect of GRE and FRE (100 μg/mL) on
cell density and population doubling time of ρ0
3T3-L1 preadipocytes. Cell density was determined using the Luna™ automated cell
counter (Logos Biosystems, Korea) and is represented as a percentage of the total viable cell
number relative to the ρ0 control (100%). Error
bars represent SD of four independent experiments, each performed in triplicate (n = 4).
Statistical signiﬁcance was determined using
the two-tailed Student t-test and is indicated for
p < 0.05 (*) relative to the ρ0 control.
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Fig. 2. Eﬀect of GRE and FRE (100 μg/mL) on the
mitochondrial membrane potential of ρ0 3T3-L1
preadipocytes. Cells were stained with the polychromatic, ΔΨm sensitive probe JC-1. The ΔΨm is
represented as the ratio of the mean ﬂuorescence
intensity of FL3 (red) to FL1 (green). Error bars represent SD of three independent experiments, each
performed in triplicate (n = 3). Statistical signiﬁcance was determined using the two-tailed
Student t-test and is indicated for p < 0.05 (*) and
p < 0.005 (**) relative to untreated ρ0 control. (For
interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web
version of this article.)

respectively).

increase in glucose utilization after treatment with GRE and FRE, with
GRE treatment resulting in a ± 25.8% increase which remains unchanged after 48 h, and FRE treatment resulting in a ± 7.76% and ±
20.2% increase after the respective 24 and 48 h treatments. Lactate
production was signiﬁcantly decreased after 24 and 48 h of GRE and
FRE treatment, thus indicating a decrease in the reliance on glycolysis
to supply the ATP needs of these mitochondrially depleted cells
(Table 1). This is in accordance with numerous other studies which
have demonstrated that rooibos (green and fermented) treatment increases glucose uptake in mitochondrial competent cells (Joubert & de
Beer, 2011; Muller et al., 2012; Sanderson et al., 2014). It is, however,
diﬃcult to distinguish between metabolic alterations arising from direct eﬀects on mitochondrial dysfunction per se and that resulting from
any other metabolic perturbation in response to rooibos treatment.
Although the decreased lactate production upon treatment with
GRE and FRE suggests a decreased requirement for NAD regeneration
and consequently an improvement in mitochondrial function, corresponding glucose consumption remains increased, in contrast arguing
in favour of an increased reliance on glycolytic ATP production and
thus a decline in mitochondrial capacity. The signiﬁcant decrease in
ΔΨm in GRE treated ρ0 3T3-L1 cells argues in favour of a weaker mitochondrial function while improvements in the growth characteristics
are in line with an improved mitochondrial function.

3.2.7. AMPK activation
AMPK is an important coordinator of many age-related signalling
pathways, correspondingly increased AMPK activity has been shown to
extend the lifespan of lower model organisms (Salminen & Kaarniranta,
2012). Previous studies have already shown that rooibos can activate
AMPK (Mazibuko et al., 2013) thus, it was important to evaluate the
eﬀect of GRE and FRE on ρ0 3T3-L1 cells (Fig. 6). After 48 h an increase
in phosphorylation of basal AMPK was observed for GRE (2.04 ± 0.30)
and FRE (2.17 ± 0.31) treated cells relative to untreated ρ0 3T3-L1
cells (1.61 ± 0.26), suggesting an improvement in the cellular energy
status and thus corroborating changes observed for ATP levels.
4. Discussion
In this study, a ρ0 3T3-L1 preadipocyte cell line was successfully
established through exposure to 50 ng/mL EtBr for ± 30 days. EtBr is a
cationic phenanthridine dye that binds to, and intercalates with, double
stranded DNA through electrostatic interactions (Das, Parveen, &
Pradhan, 2014; Khan, Smigrodzki, & Swerdlow, 2007). Its positive
charge allows it to preferentially accumulate within the negatively
charged mitochondria, where it inhibits replication and transcription of
mitochondrial DNA (mtDNA) subsequently leading to the gradual depletion of mtDNA without signiﬁcantly aﬀecting nuclear DNA (Khan
et al., 2007; King & Attardi, 1989). Although the complete mechanism
of action and eﬀects of EtBr treatment on other aspects of cell integrity
remains to be established, using EtBr to deplete mtDNA remains a
popular method to generate ρ0 cells (van Gisbergen et al., 2015;
Warren, Aicher, Fessel, & Konradi, 2017).

3.2.6. ATP content
To further investigate the apparent discrepancy in glucose utilization and lactate production, cellular ATP content of FRE and GRE
treated ρ0 cells were measured (Fig. 5). After 48 h of treatment with
both GRE and FRE, a signiﬁcant increase in ATP content can be observed relative to the ρ0 3T3-L1 control (13.6% and 24.8%,

ȡ0

ǻȌm

GRE

1.093 ± 0.20

FRE

1.120 ± 0.17

1.316 ± 0.43
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Fig. 3. Representative confocal microscopy
images of JC-1 stained mitochondria in ρ0
3T3-L1 preadipocytes after 48 h treatment
with GRE and FRE (100 μg/mL). Live cell
imaging was performed using confocal microscopy (63× oil immersion magniﬁcation). JC-1 is a polychromatic ΔΨm sensitive
ﬂuorescent probe, exhibiting ΔΨm accumulation and aggregate formation within the
mitochondria. Polarized (red) and depolarized (green) mitochondria are indicated with
yellow colouration representing overlap.
One representative of 10 images taken for
each respective cell population, during a
single experiment. (For interpretation of the
references to colour in this ﬁgure legend, the
reader is referred to the web version of this
article.)
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Fig. 4. Eﬀect of GRE and FRE (100 μg/mL) on
glucose utilization and lactate production of ρ0
3T3-L1 preadipocytes. Error bars represent SD of
three independent experiments, each performed in
triplicate (n = 3). Statistical signiﬁcance was determined using the two-tailed Student t-test and is
indicated for p < 0.05 (*) and p < 0.005 (**)
relative to untreated ρ0 control, and normalised
relative to cell density.

delayed cell cycle progression. This is in accordance with ﬁndings by
Lim et al. (2006) using C2C12 myotubes, and Yu et al. (2007) using
T47D human breast cancer cells. The reliance on external supplementation of pyruvate and uridine can be attributed to dysfunctional
mitochondrial respiration and oxidative phosphorylation (Armand
et al., 2004; Magda et al., 2008; Yu et al., 2007). Uridine dependence is
attributed to inactive dihydroorotate dehydrogenase, an enzyme that
relies on the activity of the electron transport chain to catalyse the
conversion of dihydroorotic acid to orotic acid and following downstream processes to produce uridine (Khan et al., 2007). Similarly,
pyruvate auxotrophy is a result of a compensatory overreliance on
glycolysis to produce cellular energy, thereby leading to increased accumulation of cytosolic NADH (Armand et al., 2004; Khan et al., 2007;
Yu et al., 2007). Excess pyruvate can therefore assist in the regeneration
of NAD through the conversion of pyruvate to lactate via lactate dehydrogenase. This change in metabolic function was conﬁrmed by the
signiﬁcantly increased glucose consumption and lactate production of
ρ0 3T3-L1 cells relative to wild type cells.
Ρ0 3T3-L1 cells progressed through the cell cycle much slower than
wild type cells, as indicated by the signiﬁcantly increased number of
cells remaining in the G1/G0 phase, as well as the reciprocal reduction
in the number of cells present in the S phase after 24 and 48 h (Table 1).
These results may be attributed to the activation of the mitochondrial
damage check point or mitocheckpoint, which will permit cells to arrest
in the cell cycle and repair some mitochondrial function in order to
avoid apoptosis (Singh, 2004; Yu et al., 2007). Additionally, reduced
mitochondrial dynamics and bioenergetics associated with mitochondrial dysfunction could also be a contributing factor due to the fact that
mitochondria are required to coalesce into a large hyperpolarised, hyperfused tubular network prior to the transition from G1 to S phase
(Finkel & Hwang, 2009; Mitra et al., 2009). Mitochondrial morphology
and distribution observed through confocal microscopy indicated a
fragmented mitochondrial distribution in ρ0 3T3-L1 cells, further indicating G1 arrested or G0 phase cells. Mitochondrial membrane potential (ΔΨm), established through the activity of oxidative phosphorylation, is an important indicator of mitochondrial function and the
overall health status of a cell. The signiﬁcantly decreased ΔΨm observed
for ρ0 3T3-L1 cells was insuﬃcient to induce cell death, supported by
the observation that cell viability and sub-G1 phase cell populations
were unaﬀected by EtBr treatment. ATP content in ρ0 3T3-L1 cells was
also signiﬁcantly reduced, supporting the results obtained for ΔΨm as
well as glucose utilization and lactate production. P0 cells are thought
to maintain their low ΔΨm through consumption of ATP in their mitochondria as a result of the reversed action of ANT in combination
with F1-ATPase activity (Chandel & Schumacker, 1999). Collectively,

Fig. 5. Eﬀect of GRE and FRE (100 μg/mL) on the ATP content of ρ0 3T3-L1
preadipocytes after 48 h of treatment. Error bars represent SD of three independent experiments, each performed in triplicate (n = 3). Statistical signiﬁcance was determined using the two-tailed Student t-test and is indicated for
p < 0.05 (*) and p < 0.005 (**) relative to untreated ρ0 control, and normalised relative to cell density.

Fig. 6. Eﬀect of rooibos (100 μg/mL) on AMPK activation in ρ0 cells. The ratio
of pAMPK: AMPK is shown as a measure of AMPK activation. Error bars represent SD of three independent experiments, each performed in triplicate
(n = 3). Statistical signiﬁcance was determined using the two-tailed Student ttest and is indicated for p < 0.005 (**) relative to untreated ρ0 control.

Relative to wild type 3T3-L1 preadipocytes, ρ0 3T3-L1 preadipocytes exhibited a signiﬁcantly reduced growth rate, as illustrated
by the substantially increased population doubling time as well as
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the above data conﬁrmed that 3T3-L1 preadipocytes treated with EtBr
produced an in vitro cell culture model representative of mitochondrial
dysfunction as a consequence of the proposed eﬀect of EtBr treatment
on mtDNA. Furthermore, the growth and biochemical characteristics of
these mitochondrial dysfunctional cells reﬂect that of ageing adipose
tissue preadipocytes and therefore provide a suitable model to investigate potential anti-ageing therapeutics.
Throughout this study, notable diﬀerences in activity were observed
between GRE and FRE treatments. Although both GRE and FRE treated
ρ0 3T3-L1 cells exhibited a change in mitochondrial distribution to a
more intermediate mitochondrial arrangement, typical of proliferating
cells (G1-S or S phase), GRE was ultimately more eﬀective at improving
cell growth and proliferation, as illustrated by a decreased population
doubling time and attenuation of G1 arrest (Tables 1 and 2). GRE
treatment also exhibited greater modulation of glucose utilization and
restoration of lactate production, illustrated by an increase in glucose
utilization and a decrease in lactate production, relative to ρ0 control
cells. Interestingly however, treatment with FRE exhibited a more
prominent eﬀect on mitochondrial health, as shown by the increased
ΔΨm, as well a greater capacity to attempt to restore the p-AMPK/
AMPK ratio and ATP content relative to wild type cells. This is in accordance with results published on the anti-diabetic properties of
rooibos, although an increase in AMPK activation has only been shown
in liver and not adipose tissue (Beltrán-Debón et al., 2011; Mazibuko
et al., 2015).
Taken together, it is clear that GRE and FRE have diﬀerent biochemical activities, which can be attributed to their diﬀerent phytochemical compositions. As reported by Muller et al. (2012) and
Mazibuko et al. (2013), GRE had a signiﬁcantly higher total phenolic
content compared to FRE (26.2 and 3.9% respectively), as well as
50.7× more aspalathin, and ± 2× more rutin, iso-rutin and quercetin,
all of which are known to be involved in the regulation of glucose
uptake and AMPK activation (Mazibuko et al., 2013). Although further
investigation into the exact role of individual or combinations of speciﬁc polyphenols is still required, this could provide some information
with regards to the fact that throughout this study, notable diﬀerences
in activity were observed between the GRE and FRE treatments. It is
important to note however that these results could also suggest that
rooibos does not directly target mitochondrial function, the cell would
thus become resistant to mitochondrial dysfunction resulting in an
improvement in growth kinetics and mitochondrial function.
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