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A B S T R A C T

Background: Previous evidence show foods and beverages rich in polyphenolic compounds to have favourable
effects on the cardiovascular system.
Hypothesis: The current study assessed the modulation of oxidative stress and associated inflammation induced
by diesel exhaust particles (DEP - SRM 2975) by pre-treatment of human umbilical vein endothelial cells
(HUVECs) with aqueous extracts of rooibos [fermented (FR) as well as green form (GR)] and honeybush [fer-
mented form (FH)].
Study design: HUVEC are either exposed to DEP (10 µg/ml) for 4 h or pre-treated with 40 and 60 µg/ml of FR or
GH or FR, or 50 µg/ml orientin (OR) for 6 h prior to DEP exposure.
Methods: In vitro antioxidant capacity of the extracts was assessed and the polyphenol contents were also as-
sessed by HPLC. ROS, cell viability, lactate dehydrogenase leakage, lipid peroxidation, GSH:GSSG ratios, con-
jugated diene and protein carbonyl levels were determined as indices of oxidative stress and cytotoxicity. RT-
qPCR and western blot were used to assess inflammatory cytokines and antioxidant genes expression.
Results: DEP caused a dose and time-dependent increase in ROS production, significant (p< 0.001) increase in
protein carbonyl (PC) formation, thiobarbituric acid reactive substances and conjugated dienes levels (p< 0.01)
and a significant reduction in glutathione (GSH) redox status. Pre-incubation with either the herbal extracts or
orientin attenuated these effects. The significant increase in IL-1α, IL-6, IL-8, VCAM-1 and ATF4 gene expression
caused by DEP (10 µg/ml) were also attenuated by the presence of the FR, GR and FH extracts, and OR . Pre-
treatment with the rooibos extracts or flavone orientin enhanced cell viability, reduced LDH leakage, enhanced
mRNA expression of NQO1 and Nrf2, but repressed CYP1B1 mRNA induced by DEP. Western blot showed both
the herbal tea extracts and orientin to enhance NQO1 and γGSC protein induction by DEP.
Conclusion: Taken together, the herbal extracts offer protection against DEP-induced oxidative stress and in-
flammatory response.

Introduction

Rooibos (Aspalathus linearis (Burm.f.) R.Dahlgren) and honeybush
(Cyclopia species), are plants endemic to South Africa and belong to the
Cape Fynbos biome, which are the major plant species in the Cape
Floral Kingdom accounting for more than 80% of the total plant species

(Joubert et al., 2008). These two legumes both belong to the family
Fabaceae. Rooibos herbal tea is made from the leaves and stems of
Aspalathus linearis and has traditionally been used as a health beverage
since the 1700s (Morton, 1983). While, commercially honeybush herbal
tea is made from mainly two cultivated species, Cyclopia genistoides and
C. subternata and the wild-harvested C. intermedia (Joubert et al., 2011),
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but other species have also been reported to be used for tea making
purposes.

Studies have shown that a high dietary intake of plant foods and
beverages are linked to lower incidence of cardiovascular disease and
other chronic diseases due to their high content of polyphenolic
bioactives compounds (Marnewick et al., 2011). The use of rooibos and
honeybush as health promoting agents is growing fast both locally and
internationally. In vitro and in vivo studies have shown that both herbal
teas exhibit antimutagenic, antioxidant, cancer modulating, and car-
diovascular health properties (Marnewick et al., 2011; Pantsi et al.,
2011).

Diesel exhaust particles (DEP) are a major particulate matter (PM)
generated through the combustion of diesel fuels by motor vehicle
engines and various industries and are an important source of fine and
ultrafine PM size fractions in urban dwellings (Lawal et al., 2016). The
induction of oxidative stress and inflammatory responses have been
identified as important events in the adverse health effects of PM ex-
posure (Montiel-Davalos et al., 2010). DEP is classified as a group 1
human carcinogen due to the ability of its polycyclic aromatic hydro-
carbons (PAHs) component to generate genotoxic metabolites via the
aryl hydrocarbon receptor (AhR)-cytochrome P450 pathway (IARC,
2012; Lawal, 2017). The PAHs bind to the cytosolic AhR to activate the
latter, with its consequent migration into the nucleus where it com-
plexes with AhR nuclear translocator (ARNT). The AhR-ARNT complex
activates the xenobiotic response elements (XRE) in the promoter re-
gion of cytochrome P 450 genes to stimulate transcription
(Lawal, 2017). Studies have shown that the activation of CYP1A1 and
CYP1B1 by PAHs results in DNA adduct formation and cancinogenesis
(Jacob et al., 2011; Vondracek et al., 2009).

Though, several studies have shown the efficacy of different ther-
apeutic and preventive approaches to combating DEP-induced en-
dothelial dysfunction (Lawal et al., 2016), no study has yet investigated
the effectiveness of the use of bioactive plant phytochemicals in com-
bating the toxic effects of DEP in endothelial cells. Therefore, in this
study, the protective effect of both fermented and green rooibos and
fermented honeybush extracts were evaluated against the pro-oxidant
and pro-inflammatory effects induced by DEP in HUVECs in order to
identify a preventive and/or therapeutic initiative for DEP-induced
toxicity, and ultimately enhancing the quality of life.

Materials and methods

Chemicals

2′, 7′-dichlorofluorescein diacetate (DCF-DA), Orientin (purity
≥97%) and protein carbonyl content assay kit (MAK094) were pur-
chased from Sigma-Aldrich (South Africa). Endothelial cell basal
medium-2 (EBM™−2) (CC-3156) and EGM™-2 SingleQuots™ kit (CC-
4176) were obtained from Lonza (Whitehead Scientific, SA). M-MLV
Reverse Transcriptase was obtained from Promega (Madison, WI).
PowerUp™SYBR® Green Master Mix (A25742) was obtained from
Applied Biosystems (Austin, TX). AlamarBlue® Cell Viability Reagent
(DAL1025) was obtained from Invitrogen (Fairland, SA). Pierce™BCA
Protein Assay Kit (23227) was obtained from Thermo Scientific
(Fairland, SA). In Vitro Toxicology Assay Kit, Lactate Dehydrogenase kit
(TOX7) was obtained from Sigma-Aldrich (Sigma-Aldrich, SA). DEP
(standard reference material 2975, SRM 2975) was purchased from
National Institute of Standards and Technology (NIST, Gaithersburg,
MD). Ammonium persulfate, 2-mercaptoethanol, N, N, N’, N’-tetra-
methyl-ethylenediamine (TEMED) and 30% acrylamide/bis solution
were obtained from Bio-rad (Rosebank, SA). IL-1α, IL-8, VCAM-1,
NQO1, γGSC and β-actin-mouse polyclonal antibodies and goat anti-
mouse antibody HRP conjugate antibody were purchased from Santa
Cruz Biotechnology. Enhanced Chemiluminescence (ECL) Western

blotting detection solution was obtained from Bio-rad (Rosebank, SA).
All other chemicals and reagents used were obtained from Sigma-
Aldrich (South Africa).

Preparation of the rooibos and honeybush aqueous extracts

Commercially available lyophilized fermented rooibos (FR), green
rooibos (GR) and fermented honeybush (FH) cold water soluble extracts
were a generous gift from rooibos (Pty) Limited (Clanwilliam, South
Africa). The extracts were prepared by reconstituting the lyophilized
samples at room temperature in double distilled water at a concentra-
tion of 10mg/ml. The extracts were then sterile filtered in the cell
culture hood using a 0.45 μm syringe filter followed by filtration with a
0.22 μm syringe filter. The filtrate samples were then aliquoted and
stored in the dark at −80 °C for further use.

Antioxidant content and antioxidant capacity determination

The total polyphenol contents of the reconstituted aqueous extracts
of FR, GR and FH were determined using Gallic acid as standard in a
Folin-Ciocalteu method described by Singleton and Rossi (1965). The
flavanols in the extracts were determined using the 4-dimethylamino-
cinnamaldehyde (Sigma-Aldrich, SA) spectrophotometric method de-
scribed by Treutter (1989) with catechin (Sigma-Aldrich, SA) as the
standard. Flavonols in the extracts were estimated using quercetin
(Sigma-Aldrich, SA) as standard in the method described by
Mazza et al. (1999). The total antioxidant capacity (TAC) of the three
aqueous extracts were estimated using trolox, an aqueous analogue of
α-tocopherol, as standard in the azinobis (3-ethylbenzothiazoline-6-
sulfonate) or ABTS assay (Re et al., 1999) and the oxygen radical ab-
sorbance capacity (ORAC) assay (Ou et al., 2001). The ability to reduce
iron from the ferric to ferrous state was assessed using the ferric-re-
ducing ability of plasma (FRAP) method described by Benzie and
Strain (1996).

High Pressure Liquid Chromatography (HPLC) analysis

The major phenolic compounds of the herbal tea extracts were
analysed by a modified HPLC method of Ligor et al. (2008). The diluted
samples (20 µl) were separated on a reversed-phase YMC- Pack Pro C18
Column (150 × 4,6mm ID) and acquisition was set at 287 nm for as-
palathin and 360 nm for the other components. The chromatographic
system consisted of an Agilent Technologies 1200 system equipped with
a quaternary pump (G1311A) and an auto sampler (G1329A) and
coupled to a diode array detector (G1315C) and ChemStation for LC 3D
systems Version B 0401 software. The separation was achieved with
gradient mobile phase (A: water and B: methanol, both containing
300 µl trifluoroacetic acid) at a flow rate of 1ml/min. The elution
program's initial setting was 65% mobile phase A, which were held for
5min, where after mobile phase B was linearly increased to 80% to the
25min time point (5–25min). Subsequently, mobile phase B was de-
creases to 35% from the 25min time point to 28min (25–28min) and
maintained from 28 to 30min (65% A). Column temperature was set at
23 °C. The retention time of each component in the extracts varies and
each compound was identified by comparing its retention time with
that of a known standard. All analyses were done in triplicate.

Preparation of diesel exhaust particles (DEP) organic extract

DEP (SRM 2975), was obtained from NIST and has been well
characterized and used in many comparative studies with other types of
DEPs (Forchhammer et al., 2012; Frikke-Schmidt et al., 2011; Lawal
et al., 2015). The DEP methanol extract was prepared as previously
described (Lawal et al., 2015).
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Cell culture treatments

Human umbilical vein endothelial cells (HUVEC) were grown in
endothelial growth medium-2 (EGM™−2 Medium), which was pre-
pared by mixing all the contents of the EGM™-2 SingleQuots™ kit
(Lonza) with EBM™−2 Basal Medium (Lonza). The cells were cultured
in 100mm cell culture dishes (Whitehead Scientific, SA) and main-
tained at 37 °C in a humidified atmosphere of 5% CO2 and 95% air.
Prior to treatment, the cells were re-plated in appropriate cell culture
plates and allowed to attach for 24 h. For treatment in 100mm cell
culture dish, the cells were seeded at a density of 2×105 cells/ml in a
total volume of 8ml/dish. HUVECs were treated for 6 h with 40 and
60 µg/ml of FR, GR or FH freshly prepared from the stock solution of
10mg/ml in EGM™-2 medium or 50 µg/ml standard Orientin (OR)
(purity ≥97% HPLC grade) freshly prepared from the stock solution of
20mg/ml in DMSO just before use. After the incubation, cells were
washed with PBS and then expose to 10 µg/m DEP (prepared in com-
plete growth medium) for 4 h at 37 °C. Hereafter, the cells were washed
with PBS and harvested for various assays. All DEP exposures were
done for 4 h except in the determination of ROS production were the
ROS generation was monitored every 15min for 2 h after DEP exposure.

Cell viability

Cell viability was measured fluorimetrically using AlamarBlue® Cell
Viability Reagent Kit (Invitrogen) according to the manufacturer's
protocol. Briefly, cells were seeded in white (opaque) 96 well plates at
1× 105 cells/ml in a total volume of 100 μl/well for 24 h. Cells were
washed twice with PBS and then treated with different concentrations
of DEP (5–50 μg/ml) for 4 h. The effects of FR, GR, FH and OR on cell
viability was assessed by treating the cells with concentrations range of
0–100 µg/ml of FR, GH, FH or OR for 6 h. In the pre-treatment ex-
periments, cells were exposed to 40 and 60 μg/ml of FR, GR or FH or
50 µg/ml OR for 6 h. After the incubation, the cells were washed twice
with PBS and then treated with 10 μg/ml DEP for 4 h. Hereafter, 10 μl
of AlamarBlue was added to each well and the plates were incubated for
4 h at 37 °C in a humidified 5% CO2 incubator. After the incubation, the
fluorescence of the AlamarBlue was read at 570 nm excitation and
585 nm emission using Cary Eclipse fluorescence spectrophotometer
(Varian, SA). The experiments were done in triplicate (n=3).

Cytotoxicity

Lactate dehydrogenase (LDH) leakage into the cell culture media
from the intracellular space was used to assess the cell membrane da-
mage by measuring the LDH activity using the In Vitro Toxicology
Assay Kit (Sigma-Aldrich, South Africa). Briefly, the cells were seeded
in 96 well plates at a density of 2×105 cells/ml and allowed attach-
ment for 24 h. The cells were incubated for 4 h at 37 °C with 5–50 µg/ml
DEP prepared in serum and pyruvate free media. For the pre-treated
experiments, cells were treated with 40 and 60 µg/ml of FR, GR or FH.
or 50 µg/ml OR, respectively for 6 h after which the cells were washed
with PBS before exposure to 10 µg/ml DEP. After the incubation, the
cell culture plate was centrifuged for 4min at 250xg and 50 μl of the
cell culture media supernatants were transferred into a clean flat
bottom 96 well plate. 100 μl of the lactate dehydrogenase assay mixture
(prepared from the kit contents according to the manufacturer's pro-
tocol) was added to the 50 μl of the supernatant in the 96 well plate.
The plate was covered with aluminum foil to prevent light from en-
tering and then incubated at room temperature for 20–30min. The
reaction was stopped by adding 15 μl of 1 N HCl and properly mixed
before absorbance was read on a Spectra Max plus plate reader
(Labotec, SA) at 490 nm. The background absorbance at 690 nm was
subtracted from the absorbance values. Total LDH in the cells was de-
termined by adding one-tenth of LDH assay lysis solution (supplied in
the kit) into each well and then incubated for 45min at 37 °C. The plate

was then centrifuged at 250xg for 4min and 40 μl of the supernatant
was transferred into a clean flat bottom 96 well plates. Enzymatic
analysis was then carried out as described above. The experiments were
done in triplicate (n=3) and repeated three times.

Detection of intracellular reactive oxygen species (ROS)

Intracellular ROS generation was measured by the fluorescent
probe, 2′,7′-dichlorofluorescein-diacetate (DCF-DA) method as de-
scribed by (Negre-Salvagre et al., 2002). This method monitors the DCF
fluorescence produced by the conversion of dichlorofluorescein diace-
tate, a non-fluorescence compound, into the fluorescent dichloro-
fluorescein (DCF) at 485 nm excitation and 530 nm emission. Briefly,
HUVECs were seeded in 96 well white opaque plates at 2×105 cells/
ml for 24 h. The cells were washed with PBS and then loaded with
25 µM DCF-DA working solution prepared in serum free media for 1 h at
37 °C. After the incubation, the cells were washed twice with PBS before
treatment with different concentrations of DEP (5–50 µg/ml). Fluores-
cence intensity was monitored every 15min for 2 h. In the pre-treat-
ment experiment, the cells were treated with 40 and 60 µg/ml of FR, GR
or FH, or 50 µg/ml OR for 6 h. After the incubation, the cells were
washed twice with PBS and then loaded with 25 µM DCF-DA for 1 h.
Another washing step followed with PBS before the cells were loaded
with 10 µg/ml DEP. Cary Eclipse fluorescence spectrophotometer
(Varian, SA) was used to monitor fluorescence intensity after 30 and
60min of DEP exposure. The experiments were done in triplicate in the
96 well plates and repeated thrice.

Oxidative stress measurement

The protein carbonyl level was determined using the Protein
Carbonyl Content Assay Kit (Sigma-Aldrich, SA) according to the
manufacturer's protocol. The glutathione redox status (GSH/GSSG
ratio) was determined spectrophotometically as previously described
(Asensi et al., 1999). The lipid peroxidation level was determined by
the thiobarbituric acid (TBA) method (Yagi, 1976). Conjugated dienes
(CDs) were determined by the method described by Buege and
Aust (1978).

Gene expression

The gene expression levels were quantified from primers (Table 1)
against cDNA using the real time-quantitative polymerase chain reac-
tion (RT-qPCR) as previously described (Lawal et al., 2015). RNA was
extracted after cell treatment using the RNeasy® Mini Kit (Qiagen).

Table 1
Primer sequence for real-time quantitative polymerase chain reaction (qPCR).

Gene Sequence

β-actin Forward: CCAACCGCGAGAAGATGACC
Reverse: GATCTTCATGAGGTAGTCAGT

IL-1α Forward: CGCCAATGACTCAGAGGAAGA
Reverse: AGGGCGTCATTCAGGATGAA

IL-6 Forward: AGGCACTGGCAGAAAACAAC
Reverse: TTTTCACCAGGCAAGTCT

IL-8 Forward: TGTCAGCACAACATGGTCTTG
Reverse: TGAGGTTTTGATTGTTCATGTCTT

VCAM-1 Forward: TGGACATAAGAAACTGGAAAAGG
Reverse: CCACTCATCTCGATTTCTGGA

ATF4 Forward: TCTCCAGCGACAAGGCTAA
Reverse: CAATCTGTCCCGGAGAAGG

NQO1 Forward: ATGTATGACAAAGGACCCTTCC
Reverse: TCCCTTGCAGAGAGTACATGG

CYP1B1 Forward: TGATGGACGCCTTTATCCTC
Reverse: CCACGACCTGATCCAATTCT

Nrf2 Forward: AAACCAGTGGATCTGCCAAC
Reverse: AGCATCTGATTTGGGAATGTG
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cDNA was synthesized from 1 μg RNA sample using a reverse tran-
scriptase method and the M-MLV Reverse transcriptase (Promega) in a
2-step reaction condition: 70 °C for 5min and 42 °C for 1 h. Real-time
–quantitative PCR (qPCR) was carried out using the StepOnePlus Real-
time PCR system (Applied Biosystems) according to the manufacturer's
protocols. PCR conditions were as follow: 95 °C for 3min, 40 cycles of
95 °C for 15 s, 60 °C for 30 s and 72 °C for 30 s. The relative amount of
cDNA was quantified using the comparative cycle threshold method
(delta-delta (∆∆) CT method) as described by Applied Biosystems. The
Cp values were normalized to the respective Cp values of the β-actin
reference gene.

Western blot analysis

Twenty micrograms (µg) of total protein in the cell lysate was se-
parated by SDS-PAGE at 100mV and then transferred to a nitrocellulose
membrane. IL-1α, IL-8. VCAM-1, NQO1 and γGSC proteins were de-
tected using anti-IL-1α (1:1000), anti-IL-8 (1:1000), anti-VCAM-1
(1:1000), anti-NQO1 (1:500) and anti-γGSC (1:1000) antibodies, re-
spectively and goat anti- mouse antibody (Santa Cruz Biotechnology,
South Africa). β-actin was used as an endogenous control to normalize
protein loading and blots were developed with the ECL reagent ac-
cording to the manufacturer's protocol.

Statistical analyses

Data were expressed as mean ± SEM. Statistical analysis was per-
formed using one-way analysis of variance (ANOVA) with Bonferroni
post-hoc test for multiple comparisons between groups. GraphPad
Prism5 Software was used for statistical analyses. Differences were
considered statistically significant at the p-value of <0.05.

Results

Phytochemical content and in vitro antioxidant capacity of fermented and
green rooibos and fermented honeybush extracts

The antioxidant content and total antioxidant capacity of the com-
mercially available FR, GR and FH lyophilized extracts were de-
termined and results shown in Table 2.The antioxidant content (total
polyphenol, flavanol and flavonol) and –capacity (ORAC, FRAP, ABTS)

of both the rooibos extracts (FR, GR) were significantly (p < 0.001)
higher when compared to that of the fermented honeybush extract. The
GR contained significantly higher levels of total polyphenols (18.5%,
p < 0.01) and flavanols (55.4%, p < 0.001) than the FR, while the
flavonol content of the FR was significantly higher (64.2%, p< 0.001)
than that of the GR. The total antioxidant capacity of the GR extract
measured by ORAC (42.3%, p < 0.001) and FRAP (22.8%, p < 0.001)
was significantly higher when compared to that of the FR extract, while
the ABTS assay showed no significant difference in the antioxidant
capacity between the two rooibos extracts. HPLC analysis of the in-
dividual main polyphenolic components of the extracts showed iso-
orientin (6.59mg/g extract) and aspalathin (54.52mg/g extract) to be
the most abundant in the FR and GR extracts, respectively (Table 2) and
hesperedin (9.14mg/g extract) to be one of the major polyphenolic
compounds in the FH extract, confirming that processing of the plant
material has a significant effect on the polyphenolic content as well as
antioxidant capacity of the extracts prepared from the plant material.

Intracellular ROS production

The data showed that exposing HUVECs to 5–50 µg/ml DEP resulted
in a significant (p < 0.01) increase in ROS production in a dose- and
time-dependent manner when compared with the DCF control
(Fig. 1A). Pre-treatment of the HUVECs with 40 and 60 µg/ml of the
herbal tea extracts and 50 µg/ml OR for 6 h, however, significantly
(p< 0.001) reduced ROS production after 30min exposure to 10 µg/ml
DEP by 11.7% (60 µg/ml FR), 20.1% (40 µg/ml GR), 17.8% (60 µg/ml
GR), 18.7% (40 µg/ml FH) and 17.01% (50 µg/ml OR) when compared
to the DEP control cells (Fig. 1B). After 60min exposure to 10 µg/ml
DEP, the 60 µg/ml FR and GR, and 50 µg/ml OR also significantly
(p < 0.001) reduced the ROS production by 13.3, 13.7 and 15.83%,
respectively when compared to the control cells (Fig. 1B).

DEP-induced oxidative damage

When considering the oxidative damage to important macro-
molecules in the HUVECs, the results showed a significant (190.9%,
p < 0.01) increase in TBARS levels of the HUVECs when exposed to
10 µg/ml DEP (Table 3), while pre-treatment with all the herbal tea
extracts and orientin, except the FR (40 µg/ml), caused significantly
(p < 0.05) decreased levels of the induced TBARS when compared to

Table 2
Characterization of the antioxidant capacity and main phenolic content of the commercial fermented and green rooibos and fermented honeybush
extracts.

Antioxidant parameters Herbal tea extracts

Fermented rooibos (FR) Green rooibos (GR) Fermented honeybush (FH)

FRAP (µmolVitC/g) 1638 ± 69#, *** 2012 ± 76# 808 ± 30
ORAC (µmol TE/g) 2872 ± 137#, *** 4087 ± 116# 2327 ± 53
ABTS (µmol TE/g) 1522 ± 93# 1486 ± 28# 695 ± 48
Total polyphenols (mg GAE/g) 211 ± 7#, *** 250 ± 11# 97 ± 2
Flavanols (µmolcatechin/g) 38.4±1.12#, *** 59.6± 0.98# 21.0± 0.25
Flavonols (mg GAE/g) 108.6± 9.28#, *** 66.2± 2.59# 40.1± 1.43
Aspalathin (mg/g) 3.8 54.52 ND
Orientin (mg/g) 5.13 7.40 ND
Iso-orientin (mg/g) 6.59 7.96 ND
Iso-vitexin (mg/g) 1.86 1.93 ND
Vitexin (mg/g) 1.78 1.62 ND
Hyperoside (mg/g) 2.54 5.64 ND
Quercetin (mg/g) 0.59 0.15 ND
Luteolin (mg/g) 0.34 0.17 ND
Chrysoeriol (mg/g) 0.07 0.06 ND
Hesperidin (mg/g) ND ND 9.14
Mangiferin (mg/g) ND ND 4.68

Values in columns are means± Standard Deviation (SD). #p < 0.0001; significance difference between fermented honeybush (FH) and fermented
rooibos (FR) or green rooibos (GR), ⁎⁎⁎p < 0.0001; significance difference between FR and GR values, ND=not done.
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the 10 µg/ml DEP control (Table 3). There were no significant differ-
ences when comparing the different extracts (Table 3). However, OR
pre-treatment caused a significant (p< 0.01) decrease in TBARS levels
when compared to FR (40 µg/ml) and GR (60 µg/ml) pre-treatment.
When considering the levels of the earlier marker, conjugated dienes,
DEP (10 µg/ml) also caused a significant (p< 0.001) increase of ∼88%
in the levels compared with that of the control cells (Table 3). However,
pre-treatment with 40 and 60 µg/ml FR caused a 31.2% and 38.1%
significant (p < 0.001) decrease in CDs levels, respectively when
compared to the 10 µg/ml DEP control cell levels. Similarly, pre-treat-
ment with 40 and 60 µg/ml FH also significantly attenuated the DEP-
induced CD levels by 23.6 and 23.2% respectively. A significant
(p< 0.01) reduction of the CD levels was only observed at the 40 µg/ml
concentration of GR. In addition, 50 µg/ml OR caused a 28.8%

significant (p< 0.001) decrease in CDs levels when compared to 10 µg/
ml DEP cells. The fermented rooibos extract (at 60 µg/ml) performed
the best when comparing the various extracts with one another
(Table 3).

Exposure to 10 µg/ml DEP caused a significant (p< 0.001) increase
(∼58%) in the protein carbonyl content of the HUVECs when com-
pared to that of the control cells. Pre-treatment with 40 and 60 µg/ml of
both the FR and GR extracts, significantly (p < 0.01) reduced the
10 µg/ml DEP-induced protein carbonyl production (Table 3), with the
honeybush extracts showing no significant reduction. At 40 µg/ml, FR
was the most effective of the three extracts in preventing protein car-
bonyl formation as it caused a 59.6% decrease in protein carbonyl
contents when compared with the DEP-treated cells. Pre-treatment with
50 µg/ml OR caused a 53.8% significant (p < 0.001) decrease in

Fig. 1. Effect of rooibos tea and honeybush on DEP-induced ROS production. (A) HUVEC were exposed to 5–50 µg/ml of DEP and ROS levels were determined every
15min for 2 h using DCF fluorescence. (B) HUVEC were pre-treated with 40 and 60 µg/ml of either FR, GR or FH, or 50 µg/ml OR for 6 h before exposure to 10 µg/ml
DEP and ROS levels were monitored after 30 and 60min of exposure. Values shown are mean ± SEM of three different experiments done in triplicate (n=3).
*p< 0.05, **p< 0.01, ***p< 0.001 as significantly different when compared with the control cells and #p< 0.001 as significantly different as compared with the
10 µg/ml DEP-exposed cells.

Table 3
Effects of diesel exchaust articles (DEP) on conjugated dienes (CDs), malondialdehyde (MDA), carbonyl proteins (CPs) and glutathione redox status (GSH/GSSG)
levels in human umbilical vein endothelial cells (HUVECs) pre-treated with the herbal tea extracts.

Treatment Biomarkers

CDs (µmol/mg) MDA (nmol/mg) CPs (nmol/mg) GSH:GSSG

Negative Control 468 ± 21 0.11 ± 0.05 59.4±0.3 3.04 ± 0.39
DEP (10 µg/ml) 877 ± 26⁎⁎⁎ 0.32 ± 0.06⁎⁎ 93.8±7.4⁎⁎⁎ 0.53 ± 0.21⁎⁎⁎

Fermented rooibos (FR):
40 µg/ml + DEP 604 ± 20**,# 0.24 ± 0.05 37.9±1.7***,# 1.41 ± 0.26***,#

60 µg/ml+DEP 543 ± 37# 0.17 ± 0.05# 59.1±4.4#,s 1.91 ± 0.34**,#

Green rooibos (GR):
40 µg/ml+DEP 763 ± 32***,#,n,x 0.17 ± 0.08# 80.6±4.6***,#,n,x 0.60 ± 0.14***,x

60 µg/ml+DEP 847 ± 47***,a,c 0.23 ± 0.01# 65.4±5.0***,#,a,y 1.74 ± 0.30**,#,y

Fermented honeybush (FH):
40 µg/ml+DEP 670 ± 31***,#,d,f,g 0.14 ± 0.001# 92.0±2.1***,b,d,z 3.23 ± 0.43#, b,d,f,z

60 µg/ml+DEP 673 ± 21***,#,e,m 0.13 ± 0.06# 90.3±4.3***,k,e,m 0.75 ± 0.26***,e,m,h

Orientin (OR)
50 µg/ml+DEP 625 ± 18***,# 0.12 ± 0.02# 43.3±3.8 *,# 1.56 ± 0.11**,#

Values are means± standard deviation (SD) of three (n= 3) different experiments done in triplicate. ⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001 are significantly different
when compared to control, with #p < 0.01 significantly different when compared to the 10 µg/ml DEP control. ap < 0.001 (FR40 vs GR60), bp < 0.001 (FR40 vs FH
40), cp < 0.001 (FR60 vs GR60), dp < 0.01 (FR60 vs FH40), ep < 0.01 (FR60 vs FH60), fp < 0.05 (GR60 vs FH40), gp < 0.001 (GR60 vs FH40), hp < 0.001 (FH40
vs FH60), kp < 0.001 (FR40 vs FH60), mp,0.001 (GR60 vs FH60), np < 0.001 (FH40 vs GR40), sp < 0.001 (FR40 vs FR60), xp < 0.001 (FR60 vs GR40), yp < 0.05
(GR40 vs GR60), zp < 0.001 (GR60 vs FH40) are significance differences between extracts.
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protein carbonyl levels when compared to 10 µg/ml DEP control cells.
OR (50 µg/ml) pre-treatment also caused a significant (p < 0.01) de-
crease in protein carbonyl levels when compared to all the herbal ex-
tracts pre-treatment with the exception of FR (40 µg/ml).

The presence of 10 µg/ml DEP caused an 82.5% significant
(p < 0.001) reduction in the glutathione redox status as shown by the
GSH:GSSG ratio, compared to that of the control cells (Table 3). The
pre-treatment with 40 and 60 µg/ml FR caused significant increases
(165.7% and 258.5%, respectively) in the GSH:GSSG ratios when
compared to that of the DEP-exposed HUVECs. Similarly, 60 µg/ml GR
and 40 µg/ml FH caused a 227.1% and 507.5% significant increase,
respectively in the GSH:GSSG ratio when compared to the 10 µg/ml
DEP exposed HUVECs. The FH extract caused an increase in the redox
status of GSH to similar levels that the negative control HUVECs dis-
played. When comparing the various herbal tea extracts, fermented
honeybush (40 µg /ml) caused the most impressive recovery of the
GSH:GSSG ratio, comparable to that of the negative control cells
(Table 3). Also 50 µg/ml OR caused a 194.3% significant (p < 0.01)
increase in GSH:GSSG ratios when compared to DEP exposed cells.

DEP-induced inflammation

A number of cytokines (IL-1α, IL-6, and IL-8), cell adhesion mole-
cule like VCAM-1 and UPR gene ATF4) were assessed to ascertain if pre-
treatment (6 h) of HUVECs with the herbal tea extracts would infer any
protective effect against the DEP-induced inflammation. Exposure to
10 µg/ml DEP for 4 h induced a significant increase in IL-1α, IL-6, IL-8,
VCAM-1 and ATF4 compared with control (Table 4). Exposure to 10 µg/
ml DEP caused a 2.2 (p < 0.001), 1.3 (p < 0.05), 1.3 (p < 0.05), 2.2
(p < 0.001) and 1.3-fold (p < 0.05) significant increase in IL-1α, IL-6,
IL-8, VCAM-1 and ATF4 mRNA expression level respectively, when
compared to the control (Table 4), indicating the pro-inflammatory role
of DEP in HUVECs. However, the presence of FR, GR and FH sig-
nificantly attenuated the pro-inflammatory effect of DEP. For example,
40 µg/ml FR caused a significant 1.4 (p < 0.01), 1.9 (p < 0.01), 2.4
(p< 0.001), 2.5 (p< 0.001) and 1.3-fold (p< 0.05) decrease in IL-1α,
IL-6, IL-8, VCAM-1 and ATF4 mRNA expression levels, respectively
when compared to non pre-treated HUVECs in the presence of 10 µg/ml
DEP (Table 4). Interestingly, the most pronounced effects of FR, GR, FH
and OR pre-treatment were observed in VCAM-1 (Table 4). In parti-
cular, 50 µg/ml OR, 40 µg/ml FH and 60 µg/ml GR caused a 10.1
(p < 0.001), 9.2 (p < 0.001) and 5.3-fold (p < 0.001) decrease in
VCAM-1 mRNA expression compared with non pre-treated cells

(Table 4). In addition, there were also a 2.5 (p < 0.001), 3.6
(p < 0.001), 4.3 (p < 0.001), and 4.3 (p < 0.001)-fold reduction in
VCAM-1 mRNA expression in HUVECs pre-treated with 40 µg/ml FR,
60 µg/ml FR, 40 µg/ml GR and 60 µg/ml FH, respectively when com-
pared to the 10 µg/ml DEP control (Table 4). Western blot analysis of
IL-1α, IL-8 and VCAM-1 proteins expression further confirmed the anti-
inflammatory effect of the herbal extracts and orientin (Fig. 2). All the
herbal extracts at both concentrations of 40 and 60 µg/ml and 50 µg/ml
OR caused the most pronounced significant (p < 0.001) reduction in
VCAM-1 protein expression compared to cells treated with 10 µg/ml
DEP alone (Fig. 2). Of all the pre-treatment experiments, 50 µg/ml OR
produced the most significant reduction in IL-1α, IL-8 and VCAM-1
protein expression compared to 10 µg/ml DEP. This data indicate that
FR, GR and FH display anti-inflammatory effects against DEP-induced
inflammation in HUVEC, however, OR showed the most potent anti-
inflammatory effects compared to the herbal extracts.

DEP-induced cytotoxicity and cytoprotective enzyme expression

In order to evaluate whether the antioxidant and anti-inflammatory
modulation of the rooibos and honeybush extracts observed in our data
could translate into a cytoprotective effect in HUVECs against DEP-in-
duced toxicity, the effects of pre-treatment of HUVECs with FR, GR and
FH were examined with cell viability (Fig. 3A–C) and membrane in-
tegrity (Fig. 3D and E) as end points. DEP at 5–50 µg/ml caused a dose-
dependent decrease in cell viability (Fig. 3A). The data show a 8.9%

Table 4
Effects of diesel exhaust particles (DEP) on pro-inflammatory cytokines expression in human umbilical vein endothelial cells (HUVECs) pre-treated with the herbal
tea extracts.

Treatment Inflammatory markers (∆CT = CTtarget− CTβ-actin)

IL-1α IL-6 IL-8 VCAM-1 ATF4

Negative control 11.44 ± 0.09 12.06 ± 0.08 9.37 ± 0.28 11.89 ± 0.18 4.12 ± 0.12
DEP (10 µg/ml) 10.48 ± 0.04⁎⁎⁎ 11.67 ± 0.10* 8.94 ± 0.07* 10.77 ± 0.14⁎⁎⁎ 3.78 ± 0.05*
Fermented rooibos (FR):
40 µg/ml+DEP 10.96 ± 0.20***,# 12.63 ± 0.05*,# 10.19 ± 0.14# 12.08 ± 0.15# 4.10 ± 0.15#

60 µg/ml+DEP 10.73 ± 0.14⁎⁎ 12.97 ± 0.16**,# 10.03 ± 0.08# 12.62 ± 0.12# 3.98 ± 0.03
Green rooibos (GR):
40 µg/ml+DEP 11.25 ± 0.13*,# 12.98 ± 0.26*,# 9.76 ± 0.12# 12.87 ± 0.22# 4.27 ± 0.06#

60 µg/ml+DEP 10.88 ± 0.16***,# 13.07 ± 0.11*,# 9.42 ± 0.10a,c 13.18 ± 0.39# 4.10 ± 0.04#

Fermented honeybush (FH):
40 µg/ml+DEP 11.19 ± 0.06**,# 12.67 ± 0.06# 10.22 ± 0.14# 13.98 ± 0.54**,#,b 3.16 ± 0.12***,#,b,d,f,g

60 µg/ml+DEP 10.77 ± 0.12⁎⁎⁎ 12.52 ± 0.20# 9.33 ± 0.02#,e 12.89 ± 0.05# 4.17 ± 0.12#,h

Orientin (OR)
50 µg/ml+DEP 11.33 ± 0.31# 12.98 ± 0.71# 10.23 ± 0.11*,# 14.01 ± 0.43*,# 4.29 ± 0.13#

Values in columns are means± Standard Deviation (SD) of three (n= 3) different experiments done in triplicate. Statistical significance: ⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p
< 0.001 indicate significant differences when compared to the control. #p < 0.01 indicates significant differences when compared to 10 µg/ml DEP. ap < 0.01
(FR40 vs GR 60), bp < 0.001 (FR40 vs FH 40), cp < 0.05 (FR 60 vs GR 60), dp < 0.001 (FR 60 vs FH 40), ep < 0.01 (FR 60 vs FH 60), fp < 0.001 (GR 40 vs FH 40), gp
< 0.001 (GR 60 vs FH 40), hp < 0.001 (FH 40 vs FH 60) indicate significant differences between the herbal extracts

Fig. 2. Effect of rooibos and honeybush herbal extracts on DEP-induced pro-
inflammatory cytokines protein expression. IL-1α, IL-8 and VCAM-1 protein
expression were examined by Western blot in HUVEC cells pre-treated with 40
and 60 µg/ml herbal extracts and 50 µg/ml orientin (OR) for 6 h prior to
treatment with 10 µg/nl DEP for 4 h.
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Fig. 3. Effect of rooibos and honeybush herbal extracts on DEP-induced cytotoxicity. Cell viability using the Alamar Blue assay of (A) HUVEC treated with 5–50 µg/
ml of DEP for 4 h and (B) HUVEC treated with 5–100 µg/ml of herbal extracts and orientin for 6 h (C) HUVEC pre-treated with the herbal extracts amd orientin for 6 h
before exposure to 10 µg/ml DEP for 4 h and LDH leakage assay (D) HUVEC treated with 5–50 µg/ml of DEP for 4 h and (E) HUVEC pre-treated with the herbal
extracts and orientin before exposure to 10 µg/ml DEP for 4 h. Values are mean ± SEM of three different experiments done in triplicate (n=3). *p < 0.05,
**p < 0.01, ***p < 0.001, as significant difference as compared to the controls. #p < 0.001 as significant difference as compared to 10 µg/ml DEP.
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(p < 0.05), 19.3% (p < 0.05) and 24.4% (p < 0.01) significantly de-
creased cell viability in the presence of 10, 25 and 50 µg/ml DEP, re-
spectively after 4 h exposure when compared with control cells, with no
significant differences when considering DEP at 5 µg/ml.

Treatment of HUVEC with 5–100 µg/ml of either of the herbal ex-
tracts (FR, GR, or FH) and OR did not negatively affect the cell viability,
except when using the FH extract at a level of 80 µg/ml (Fig. 3B). Pre-
treatment with either FR or GR (except 40 µg/ml GR) caused a sig-
nificant (p< 0.05) increase in cell survival when compared to the cells
exposed to 10 µg/ml DEP (Fig. 2C). Pre-treatment with 50 µg/ml OR
also caused significant (p< 0.01) increase in cell survival compared to
the cells exposed to 10 µg/ml DEP (Fig. 3C). HUVEC survival sig-
nificantly increased by 11.2, 10.3, 7.9 and 10.22% in the presence of 40
and 60 µg/ml FR, 60 µg/ml GR and 50 µg/ml OR, respectively, when
compared to the cells exposed to 10 µg/ml DEP (Fig. 3C).

When considering the membrane integrity, treatment of HUVEC
with 10, 25 and 50 µg/ml DEP significantly (p < 0.05) increased LDH
leakage by 22.4, 84.7 and 179.8% (p < 0.05), respectively after 4 h
exposure (Fig. 3D). The increase in LDH leakage caused by 10 µg/ml
DEP was significantly (p < 0.05) attenuated by 16.2, 26.2, 12.8 and
23.83% when the cells were pre-treated with FR (40 and 60 µg/ml), GR
(60 µg/ml) and OR (50 µg/ml), respectively (Fig. 3E). No effect was
seen in the presence of the fermented honeybush (FH) extract. In
summary, the data suggest that FR, GR, FH and OR are not cytotoxic at
the concentrations used and that both FR and GR have a potential cy-
toprotective role against the DEP-induced cytotoxic effect. In addition,
OR shows the greatest potency to protect against HUVEC membrane
damage compared to the herbal extracts.

Induction of cytoprotective enzymes such as heme oxygenase-1
(HO-1), has been reported to play an important role in attenuating DEP-
induced toxicity (Lawal et al., 2015). Therefore, in this study, we
evaluated the effect of DEP on the mRNA expression of Nrf2, phase II
antioxidant enzyme, NQO1 and phase I enzyme, CYP1B1. We also as-
sessed whether pre-treatment with the herbal tea extracts had any effect
on the expression of these enzymes. Exposure to 10 and 25 µg/ml DEP
caused a significant 1.4 (p < 0.05) and 2.0-fold (p < 0.001) induction
of NQO1 mRNA expression when compared with the control (Fig. 4A).
The pre-treatment of HUVEC with 40 and 60 µg/ml FR and 60 µg/ml FH
prior to DEP (10 µg/ml) exposure, resulted in a further significant
(p < 0.05) 1.3-fold increase in NQO1 expression, with no effect with
GR and FH (40 µg/ml) when compared to the DEP exposed cells
(Fig. 4B). In addition, pre-treatment with 50 µg/ml OR caused a further
1.4-fold significant increase in NQO1 expression when compared to
DEP treated cells (Fig. 4B). When considering CYP1B1, DEP treatment
(10, and 25 µg/ml) of HUVEC led to a greater induction in the mRNA
expression compared to the control (Fig. 4C), with a significant
(p < 0.001) (17.2 and 23.1-fold) increase respectively. Pre-treatment
with all the herbal extracts (except 40 µg/ml FR) and 50 µg/ml OR
caused significant (p < 0.001) reduction in the CYP1B1 gene expres-
sion compared to the 10 µg/ml DEP-exposed cells (Fig. 4D). Also, ex-
posure to 10 and 25 µg/ml DEP caused a significant 1.9 (p< 0.01) and
1.7-fold (p< 0.01) induction in Nrf2 mRNA expression when compared
with control cells (Fig. 4E). Similarly, pre-treatment with both con-
centrations of FR, GR and HB, and 50 µg/ml OR also caused a sig-
nificant (p< 0.001) induction in Nrf2 gene expression compared to the
control cells but no significant difference when compared to the 10 µg/
ml DEP treated cells (Fig. 4F). The Western blot analyses also showed
DEP to cause an increased induction (16.7 and 12.9-fold) in NQO1 and
γGSC protein expression, respectively (Fig. 4G), which were further
enhanced in the presence of the herbal extracts and orientin. Of the
three extracts, FR pre-treatment at 40 µg/ml enhanced the protein ex-
pression of NQO1 (1.6-fold) and γGSC (1.2-fold) the most when com-
pared to DEP only. The data suggest that the protective effect of FR, GR
and FH against DEP exposure in HUVEC may involve the induction of
both antioxidant enzymes and suppression of phase I metabolising en-
zymes.

Discussion

The present study investigates the protective effect of two com-
mercially available rooibos extracts,i.e.fermented and green, as well as
a fermented honeybush extract against the pro-oxidative, pro-in-
flammatory and cytotoxic effects of DEP (SRM 2975) obtained from an
industrial forklift engine. The results indicate that while DEP caused
significant induction in oxidative stress and pro-inflammatory re-
sponses leading to significant oxidative damage and cytotoxic effects,
the presence of fermented and green rooibos, and honeybush aqueous
extracts attenuated these effects to varying degrees.

We have earlier reported that exposure to DEP at a concentration
range from 5 to 50 µg/ml induced toxicity in human microvascular cells
(HMEC) in a dose dependent manner (Lawal et al., 2015). The con-
centrations of DEP used in this present study fall within this dose range.
The endothelial cells form a first point of contact in the vascular wall for
inhaled nanoparticles that could enter the circulatory blood. When in-
haled, these toxic nanoparticles get deposited in the lungs and cross the
epithelial of the respiratory tract into the interstitum by transcytosis
and thus enter the blood circulation (Oberdorster et al., 2005). Alter-
natively, by endocytosis the nanoparticles deposited in the lungs get
internalised into the cells, become processed and their chemicals enter
the pulmonary interstitium, where they could interact with endothelial
cells and transported into the systemic circulation.

Rooibos and honeybush extracts are important sources of bio-active
compounds, some of which exhibit antioxidant capacity
(Marnewick, 2014). It was previously proposed that the flavonoid
contents of these two herbal tea extracts contribute to the antioxidant
capacity (Marnewick et al., 2011). Flavonoids are powerful anti-
oxidants involve in free radical scavenging, metal chelation, singlet
oxygen quenching and inhibition of enzyme activity. Several studies,
using different assay models, have reported on the antioxidant activity
of various types of rooibos (fermented and green) and honeybush ex-
tracts (Jourbert et al., 2004;Marnewick et al., 2003) and that the fer-
mentation process caused a decrease in the antioxidant potential of
these extracts due to a change in the resultant phenolic constituents and
a decrease in total polyphenol and flavonoid contents (Joubert et al.,
2008). The present study is the first to report on the modulating effects
of fermented and unfermented (green) rooibos, and fermented honey-
bush extracts on the cytotoxic, pro-oxidative and pro-inflammatory
effects of DEP in HUVEC.

First the phytochemical content and in vitro antioxidant activity of
the various extracts show that the GR in comparison with the FR and FH
possesses the highest total polyphenol, flavanol, flavonol and total an-
tioxidant capacity as determined by ORAC, FRAP and ABTS assays.
These results are in line with previous studies that have shown a de-
crease in total polyphenol, flavonoid content and antioxidant potential
in fermented rooibos compared with the green counterpart, probably
due to the fermentation process (Joubert et al., 2008). Furthermore,
through HPLC analyses, the identification and quantification of the
main phenolic compounds present in the three herbal tea extracts
showed that GR contained the highest amount of aspalathin (54.52mg/
g sample) when compared with FR (3.80mg/g sample). Aspalathin is
the major phenolic compound which is unique to rooibos and thus used
as a chemical marker for authentication as well as quality control,
especially, for green rooibos. The lower content of aspalathin in the FR
compared to the GR extract may be attributed to the oxidative de-
gradation of this compound into dihydro-iso-orientin during fermen-
tation. In this study, we compared the effects of these herbal extracts
with Orientin (one of the major flavones found in FR and GR) as a
positive control. The polyphenolic composition of honeybush is, how-
ever, different from that of rooibos. De Nysschen et al. (1996) reported
that variations in the combinations in the quantities of the xanthone
mangiferin and glycosides of the flavanones hesperetin and iso-
sakuranetin are the unique characteristics of the Cyclopia species. In this
study, we showed the presence of hesperidin (9.14mg/g sample) and
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Fig. 4. Effect of rooibos and honeybush
extracts on DEP-induced cytoprotective
genes. HUVEC were treated with 10 and
25 µg/ml of DEP for 4 h while another set of
cells was pre-treated with 40 and 60 µg/ml
of either FR, GR or FH, or 50 µg/mi OR for
6 h followed by 4 h exposure to 10 µg/ml
DEP. (A; B) NQO1 mRNA, (C;D) CYP1B1
and Nrf2 (E;F) mRNA levels were quantified
by real-time qPCR and (G) NQO1 and γGSC
protein expression were examined by
Western blot and the intensity of the bands
was quantified using Image analysis soft-
ware. The relative protein expressions were
compared to control. Values are
mean ± SEM of three different experiments
done in triplicate (n=3). *p < 0.05,
**p < 0.01, ***p < 0.001 significantly
different when compared to the controls,
and #p < 0.001 significantly different
when compared to 10 µg/ml DEP.
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mangiferin (4.68mg/g sample) in the commercial fermented honey-
bush extract. However, despite the higher phenolic content and higher
antioxidant capacity of GR compared to FR and FH obtained from the
water soluble extracts used in this study, it will be premature to con-
clude that GR will be the better health beverage in protecting against
DEP-induced toxicity, as also suggested in a study where the cancer
modulating activity of methanolic fractions from honeybush applied
topically to the skin of ICR mice performed significantly better than that
of fermented and green rooibos (Marnewick et al., 2005).

We hypothesized that DEP-induced pro-oxidative and pro-in-
flammatory effects in HUVEC could be attenuated by pre-treatment
with aqueous extracts of these three herbal tea extracts. Our study
shows that 5–50 µg/ml DEP caused a dose and time-dependent increase
in ROS production, in line with previous studies by
Tobwala et al. (2013), where DEP was shown to cause similar dose and
time-dependent increases in ROS levels in HBMEC after exposure to
10–50 µg/ml DEP. The use of different antioxidants to combat DEP-
induced pro-oxidative effect has been employed in different in vitro and
animal studies (Lawal et al., 2016). Tseng et al. (2015) reported that N-
acetylcysteine (NAC) was efficient in protecting against DEP-induced
ROS production and pro-inflammatory effects in HUVEC, while Frikke-
Schmidt et al. (2011) reported the protective effects of vitamin C
against DEP (SRM 2975)-induced ROS production in HUVEC. These
studies highlight the importance of exogenous antioxidants in sup-
pressing DEP-induced damage. In addition, we have also employed the
use of genetic modulation of HO-1, and reported the protective effect of
increased expression of this gene against DEP-induced oxidative stress
(Lawal et al., 2015). In line with these studies, the present findings
show that FR, GR and FH attenuated ROS generation induced by DEP
after 30min exposure. This is in agreement with earlier studies which
showed that both rooibos and honeybush attenuated ROS production
and oxidative damage using different study models (Marnewick et al.,
2003). We noted that the efficacy of these extracts to protect against
ROS induction by DEP become less after 60min with the exception of
the rooibos extracts (at 60 µg/ml) and 50 µg/ml OR. This may be at-
tributed to the overwhelming effect of DEP at this time point. The en-
dured effect of the rooibos extracts after 60min could be ascribed to
their unique combination and levels of phenolic compounds but also
other unknown bio-actives. On the other hand, orientin tends to exert
greater protection against DEP-induced ROS production with time in-
dicating that lack of interactions with other bioactive components in
the herbal extracts could enhanced activity of individual polyphenol
compounds.

Extensive and prolonged oxidative stress can lead to oxidative da-
mage to important biomolecules. DEP has been shown to induce lipid
peroxidation, GSH level reduction, DNA adduct formation and oxida-
tive damage to other macromolecules (Lawal, 2017; Tobwala et al.,
2013; Tseng et al., 2015). In agreement with these earlier studies, the
present study showed DEP, at 10 and 25 µg/ml, induced a dose-de-
pendent increase in protein carbonyl levels and lipid peroxidation, a
non dose-dependent increase in conjugated diene levels and a decrease
in reduced and oxidized glutathione (GSH:GSSG) ratio, all of which
were reversed by pre-treatment of HUVECs with the herbal tea extracts
used in this study. These findings correlate with the clinical trial study
by Marnewick et al. (2011) in adults at risk for developing cardiovas-
cular disease. They reported that the consumption of fermented rooibos
caused a significant reduction in lipid peroxidation (measured by
TBARS), conjugated dienes and a significant increase in GSH:GSSG ratio
probably due to its unique polyphenolic content with diverse bio-ac-
tivities. This again outline the importance of dietary intervention with a
polyphenol-rich beverage, in human health to support the endogenous
antioxidant defence system. In addition, several animal study models
have highlighted the potential of rooibos and honeybush herbal teas in
attenuating lipid peroxidation and elevating the redox status of glu-
tathione (Marnewick et al., 2003). However, this study shows that FR
extract at both concentrations performed better than all the other

herbal extracts, including orientin, in attenuating DEP-induced con-
jugated diene and protein carbonyl production.

The pro-inflammatory effects of DEP have been extensively studied.
The depletion of the GSH:GSSG ratio by DEP results in the activation of
redox-sensitive signalling pathways such as MAP kinases and the NF-ҡβ
cascade with consequent activation of pro-inflammatory cytokines and
adhesion molecule production (Lawal et al., 2016). Several studies have
shown the pro-inflammatory effects of DEP in HUVEC (Forchhammer
et al., 2012; Frikke-Schmidt et al., 2011; Tseng et al., 2015). Data from
the present study correlate with these earlier studies. We found DEP
caused an increase in the expression of the pro-inflammatory cytokines,
IL-1α, IL-6, IL-8, the cell adhesion molecule, VCAM-1 and the UPR
gene, ATF4. The suppression of inflammation is an important step in the
treatment of cardiovascular diseases and atherosclerosis. Thus, the
oxidative damage caused by DEP can be prevented by the use of bio
actives with antioxidant and anti-inflammatory activities as evidenced
in the work of Frikke-Schmidt et al. (2011) and Tseng et al. (2015) in
HUVEC using vitamin C and NAC, respectively. Here, we show that the
use of 40 and/or 60 µg/ml of either FR, GR or FH attenuated the ex-
pression of the mentioned pro-inflammatory cytokines induced by
10 µg/ml DEP. This may probably be due to the attenuating effects of
the herbal tea extracts on ROS production and the enhanced cellular
redox status. However, orientin exhibited the greatest effect in at-
tenuating the pro-inflammatory cytokines production by DEP compared
to the herbal extracts, probably as a result of its greater negative effects
on ROS production.

Exposure to DEPs or DEP organic chemicals has been reported to
lead to significant cytotoxic effects in vascular cells such as endothelial
cells and macrophages (Lawal et al., 2015, 2016). The present study
supports this earlier report, as the exposure to 10–50 µg/ml DEP in-
duced significant cytotoxic effects in the HUVECs, indicated by the
decreased cell survival and increased membrane damage. The cytotoxic
effects of DEP were, however attenuated by pre-treatment with 40 and
60 µg/ml FR, and 60 µg/ml GR. Our data showed the FH extract had no
significant effects and FR extract with greatest protective effect (among
the herbal extracts) on the cytotoxic effect of DEP, again emphasizing
the effect that different phenolic compositions may have on the potency
of the bio-activity/health promoting effects of these herbal beverages.
Orientin had the greatest effect in protecting HUVEC against the DEP-
induced cytotoxicity, probably due to its most pronounced negative
effects on ROS and pro-inflammatory effects of DEP.

The induction of antioxidant genes by DEP has been previously
reported (Lawal et al., 2015) We have also shown that the induction of
the HO-1 gene after DEP exposure in HMEC plays an important pro-
tective role in combating DEP-induced oxidative stress (Lawal et al.,
2015). Results from the present study indicate that DEP caused a dose-
dependent increase in the antioxidant NQO1 and phase I enzyme,
CYP1B1 gene expressions and dose-independent increase in Nrf2. In
addition, DEP also induced the expressions of NQO1 and γGSC proteins.
Thus, the induction of CYP1B1 is an indication of the carcinogenic ef-
fect of the DEP in agreement with the earlier report of
Jacob et al. (2011). On the other hand, the induced expression of the
antioxidant enzymes in this study could serve as a protective me-
chanism against the induced harmful effects of DEP. More so, the en-
hanced induced expressions of these antioxidant enzymes and reduced
expression of CYP1B1 gene in the presence of FR, GR, FH and OR for-
tified the antioxidant protection against the induced harmful effects,
and thus may be responsible for the attenuating effect of these herbal
tea extracts against the oxidative damage to the macromolecules and
the cytotoxic effects of DEP observed in this study.

Our data support the earlier study of Marnewick et al. (2003), which
reported enhanced activities of the phase II enzymes, glutathione-S-
transferase-alpha and UDP-glucuronosyltransferase in male rats con-
suming rooibos and honeybush herbal teas, leading to enhance their
antioxidant defence system.
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Conclusion

The current study sheds light on possible mechanisms that may be
involved in the protective effect afforded by rooibos and honeybush
extracts (in comparison with a reference standard flavone-orientin) and
demonstrate that water soluble extracts of both fermented and green
rooibos and fermented honeybush protected HUVECs against the pro-
oxidative, pro-inflammatory and cytotoxic effects of the organic extract
of DEP, possibly by enhancing and supporting the endogenous anti-
oxidant defence system within these cells, resulting in the modulation
of pro-inflammatory responses and ultimate induced cell survival. In
addition, the study shows that fermented rooibos (FR) seems to be the
most effective of the three herbal extracts, with fermented honeybush
(FH) being the least, in combating diesel exhaust particles toxicity in
HUVEC. Future works are required to further dissect the main poly-
phenolic compounds that exert these protection.
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