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An aspalathin-rich green rooibos extract (Afriplex GRT™) has demonstrated anti-diabetic
and hypolipidemic properties, while also moderately inhibiting CYP3A4 activity, suggesting
a potential for herb—drug interaction. The present study, therefore, evaluated the effects of
orally administered GRT on the pharmacokinetics of atorvastatin and metformin in Wistar
rats. Wistar rats were orally treated with GRT (50 mg/kg BW), atorvastatin (40 mg/kg BW)
or metformin (150 mg/kg BW) alone or 50 mg/kg BW GRT in combination with 40 mg/kg
BW atorvastatin or 150 mg/kg BW metformin. Blood samples were collected at 0, 10, and
30minand 1, 2, 4, 6, and 8 h and plasma samples obtained for Liquid chromatography-
mass spectrometry (LC-MS/MS) analyses. Non-compartment and two-compartment
pharmacokinetic parameters of atorvastatin and metformin in the presence or absence of
GRT were determined by PKSolver version 2.0 software. Membrane transporter proteins,
ATP-binding cassette sub-family C member 2 (Abcc2), solute carrier organic anion
transporter family, member 1b2 (Slco1b2), ATP-binding cassette, sub-family B (MDR/TAP),
member 1A (Abcb7a), and organic cation transporter 1 (Oct7) mRNA expression were
determined using real-time PCR expression data normalized to p-actin and hypoxanthine-
guanine phosphoribosyltransferase (HPRT), respectively. Co-administration of GRT with
atorvastatin substantially increased the maximum plasma concentration (C,,,,) and area
of the plasma concentration-time curve (AUGC,, ) of atorvastatin by 5.8-fold (p = 0.03) and
5.9-fold (p = 0.02), respectively. GRT had no effect on the plasma levels of metformin.
GRT increased Abcc2 expression and metformin downregulated Abcbia expression
while the combination of GRT with atorvastatin or metformin did not significantly alter
the expression of Slco1b1 or Oct1 did not significantly alter the expression of Sclo1b2
or Oct1. Co-administration of GRT with atorvastatin in rats may lead to higher plasma
concentrations and, therefore, to an increase of the exposure to atorvastatin.
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INTRODUCTION

Diabetes mellitus (DM), characterized by failure to maintain
physiological glucose and lipid levels, is a complex metabolic
disorder that affects approximately 15.5 million people in Africa
(International Diabetes Federation, 2017). Current DM treatment
regimens frequently involve the use of multiple therapeutics, such
as metformin combined with atorvastatin to control glycemia and
dyslipidemia, thereby ensuring adequate metabolic control (Bell,
2004; Padwal et al., 2005; Matafome et al., 2011). Metformin, a
biguanide anti-diabetic drug, enhances peripheral insulin sensitivity,
resulting in lowered blood glucose levels through the reduction in
hepatic glucose production (DeFronzo etal., 1991; Bailey and Turner,
1996; Krentz and Bailey, 2005). Atorvastatin is a lipid-lowering
agent that competitively inhibits 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA) reductase, thus reducing cholesterol levels and
cardiovascular risk in type 2 diabetic patients (Pichandi et al., 2011;
Guo and Nair, 2017; Norhammar et al., 2017).

Lately, therapeutics derived from natural products are
becoming popular as alternative treatment strategies. These
often include the use of extracts containing complex mixtures
of bioactive phenolic compounds (Kang et al., 2012; Haddad
et al., 2015; Oh, 2015; Shay et al., 2015). Aspalathus linearis,
better known as rooibos, an indigenous South African fynbos
legume shown to offer several health benefits, such as anti-
inflammatory (Baba et al, 2009), anti-obesity (Sanderson
et al, 2014), and more importantly, anti-diabetic (Muller et
al., 2018) effects. The role of aspalathin as a major bioactive
C-glucosyl dihydrochalcone in rooibos extracts was reviewed
by Johnson et al. (2018). An aspalathin-enriched green rooibos
extract (GRE) containing 18% aspalathin (Muller et al., 2012),
as well as purified aspalathin has been reported to augment
glucose uptake in L6 myotubes by activating 5’adenosine
monophosphate-activated protein kinase (AMPK) and glucose
transporter type 4 (GLUT 4) translocation to the cell membrane
(Son et al., 2013; Kamakura et al., 2015). Aspalathin and GRE
also demonstrated the ability to increase glucose uptake via
GLUT 4 in palmitate-treated 3T3-L1 adipocytes and C2C12
muscle cells, thereby ameliorating palmitate-induced insulin
resistance (Mazibuko et al., 2013; Mazibuko et al., 2015). In an
in vitro study, a pharmaceutical-grade green rooibos extract
(Afriplex GRT™), containing 12% aspalathin, has been shown
to inhibit CYP3A4 activity (Patel et al., 2016), one of the CYPs
responsible for metabolizing atorvastatin (Rowan et al., 2012).

Abbreviations: AUC, area under the curve; AMPK, AMP-activated protein kinase;
BW, body weight, CI/E systemic plasma clearance following oral administration
of a xenobiotic; C,,,, peak plasma concentration; CYPs, cytochrome P450
enzymes; DM, diabetes mellitus; DMSO, dimethyl sulfoxide; F, bioavailability;
GRE, green rooibos extract; GRT, Afriplex green rooibos extract; HMG-CoA,
3-hydroxy-3-methylglutaryl-CoA; LC-MS/MS, liquid chromatography-tandem
mass spectrometry; LOD, limit of detection; LOQ, limit of quantification; MRT,
mean residence time; P-gp, P-glycoprotein; PPAG, Z-2-(B-D-glucopyranosyloxy)-
3-phenylpropenoic acid; QC, quality control; t,,,, half-life; T,
Cpas Vz/E apparent (oral) volume of distribution; B-actin, beta-actin; HPRT,
hypoxanthine-guanine  phosphoribosyltransferase; ~ Octl, organic cation
transporter 1; Slo1b2, solute carrier organic anion transporter family, member
1b2; Abcbla, ATP-binding cassette, sub-family B (MDR/TAP), member 1A; Abcc2,
ATP-binding cassette subfamily C member 2.

time to attain

However, currently, there is a lack of in vivo evidence on the
effect that rooibos extracts could have on the pharmacokinetics
of prescribed chronic medications, specifically those used to
treat diabetes and its related complications. This study, therefore,
investigated the effect of GRT on the pharmacokinetics of
atorvastatin and metformin in Wistar rats.

MATERIALS AND METHODS
Plant Extract

The pharmaceutical-grade green rooibos extract, Afriplex
GRT™ (GRT; 12% aspalathin), previously characterized in
terms of major flavonoids and Z-2-(B-D-glucopyranosyloxy)-
3-phenylpropenoic acid (PPAG) and investigated by Patel et al.
(2016), was used in the current study.

Materials and Reagents

Atorvastatin calcium (=98%), sterile tissue culture water,
dimethyl sulfoxide (DMSO), methanol, and HPLC grade
acetonitrile and formic acid were purchased from Sigma-Aldrich
(St. Louis, MO, United States). Metformin HCI 850 (> 99%;
Sandoz SA Pty Ltd.) was purchased from MKEM Pharmacy
(Bellville, South Africa).

Instrumentation and Chromatographic
Conditions

Liquid chromatographic separation of plasma samples (3 pL)
was performed at 30°C on a BEH C18 column (2.1 x 100 mm,
1.7 um; Waters, Milford, United States), using a Waters Acquity
Classic ultra-performance liquid chromatograph connected to a
Waters Xevo TQ-MS mass spectrometer (Waters, Milford, MA,
USA). Data were acquired using electrospray positive ionization
in multiple reaction monitoring modes, with precursor-to-
product ion transition of m/z 130 > 60.10 for metformin, m/z
559.50 > 440.40 for atorvastatin, and m/z 260.20 - 183.00 for
propranolol (internal standard) with instrumental parameters
as follows: capillary voltage 3.50 kV, desolvation temperature
400°C, and desolvation gas flow 800 L/h. The mobile phase
consisted of 0.1% formic acid in water (A) and 0.1% formic
acid in acetonitrile (B) delivered at a flow rate of 0.4 mL/min in
gradient mode. The gradient started at 100% solvent A for 0.5
min and changed linearly to 100% B over 4 min. It then returned
to initial conditions (100% A) after 4.1 min, with a total run time
of 6 min to allow for column equilibration.

Preparation of Standard Solutions and
Quality Control Samples

Stock solutions of both atorvastatin and metformin standards
were prepared by dissolving 50 mg of each compound in 50 ml
of methanol. For each standard, 200 pl of the compound solution
and 800 ul of acetonitrile were pipetted into an Eppendorf
vial. The content of the vial was vortexed for 1 min and then
centrifuged at 12,550 rpm for 3 min, whereafter an aliquot of the
supernatant was transferred into an autosampler vial.
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Plasma Sample Preparation

Frozen plasma samples were thawed, allowed to equilibrate to
room temperature and an aliquot (200 pl) vortexed after addition
of 800 pl ice-cold acetonitrile, spiked with 1 pg/ml propranolol
as an internal standard. Further processing was performed as
described for the standards.

Validation Procedures

Specificity

Plasma samples were spiked with 0.002 pg/ml atorvastatin and
0.002 pg/ml metformin and the chromatograms for atorvastatin
and metformin in the absence and presence of blank rat plasma
compared to evaluate specificity.

Linearity

The linearity interval tested was 0.002 to 0.1 pg/ml for
atorvastatin and 0.002 to 0.1 pg/ml for metformin with replicate
samples injected in triplicate. The linearity correlation coeflicient
(r*) was estimated by regression analysis. The limit of detection
(LOD) and limit of quantification (LOQ) were calculated as the
lowest concentration of an analyte in a sample which yielded a
signal-to-noise ratio of 3 (LOD) and 10 (LOQ), respectively. The
baseline noise was estimated using MassLynx software (Waters,
Milford, MA, United States).

Accuracy and Precision

Accuracy was determined for three concentrations (0.0075, 0.025,
and 0.08 pg/ml) of atorvastatin or metformin with nine replicates
at each concentration. Precision was expressed as repeatability
(intra-day measurements) and intermediate precision (inter-
day measurements). Plasma samples were spiked to give
concentrations ranging from 0.002 to 0.1 pg/ml of atorvastatin or
metformin with three replicates for each concentration.

Pharmacokinetic Experiments in Rats
Twelve-week-old, male Wistar rats (weighing between 200
and 300 g) were housed at the Primate Unit and Delft Animal
Centre (PUDAC) of the South African Medical Research Council
(SAMRC) in a temperature-controlled room under a 24-h light/
dark cycle, with food and water ad libitum. Approval for the
study was granted by the Ethics Committee for Research on
Animals (ECRA) of the South African Medical Research Council
(ref. 04/15). All experiments were performed in accordance with
the principles and guidelines of ECRA.

For pharmacokinetic studies, rats were randomly divided into
six experimental groups (n = 24/group) and treated daily for 3
weeks through oral gavage. Treatment groups included: group
1, GRT (50 mg/kg BW); group 2, atorvastatin (40 mg/kg BW);
group 3, metformin (150 mg/kg BW); group 4, combination of
atorvastatin and GRT (atorvastatin, 40 mg/kg + GRT, 50 mg/
kg BW); and group 5, combination of metformin and GRT
(metformin, 150 mg/kg + GRT, 50 mg/kg BW). DMSO solution
(0.01%) was used as vehicle control for untreated animals
(Group 6). Body weight and blood glucose measurements
via tail prick using a glucometer (One-Touch select; M-Kem

Pharmacy, South Africa) were determined weekly. Rats were
fasted overnight with free access to drinking water before dose
administration. On day 21, blood samples (approximately 4 ml)
were collected in heparinized tubes via the inferior vena cava at
0, 10, 30, min, and 1, 2, 4, 6, and 8 h post-treatment with GRT.
Following blood collection, liver tissue was collected at 1, 2, 4,
6, and 8 h post-treatment with GRT. Rats were sacrificed by
exsanguination using fluothane gas anesthesia. Plasma samples
were obtained by centrifugation of the blood at 4000 rpm for 15
min and stored at —80°C for further analysis. Liver tissues were
collected for molecular analysis.

Quantitative Real-Time PCR Analyses

Total RNA was extracted from rat liver tissue collected at the
4- and 8-h post-treatment timepoints using the RNeasy kit
(ThermoFischer Scientific Inc. Waltham, MA, United States).
Briefly, tissues were homogenized using a TissueLyser (Qiagen
GmbH, Hilden, Germany) at 13,500 rpm for 3 min, processed
according to the manufacturer’s instructions and the extracted
RNA was purified with RNeasy kit. RNA concentration and
purity were quantified using a Nanodrop One spectrophotometer
(Thermo Electron Scientific Instruments LLC, Madison, WI,
United States). The RNA quality was determined using an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United
States). The Turbo DNase kit (ThermoFischer Scientific Inc)
was used to remove genomic DNA as per the manufacturer’s
recommendations. RNA samples were converted to cDNA
using the High Capacity Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, United States) as recommended
by the manufacturer. The mRNA levels of drug transporter
genes; Abcc2 (Rn00563231_m1l), Slcolb2 (Rn01492635_ml),
Abcbla (Rn01639253_m1), and Oct 1 (Rn00562250_m1) were
determined by performing quantitative real-time PCR using
the ABI 7500 Instrument (ThermoFischer Scientific Inc.). Gene
expression data were normalized to P-actin (Rn00667869_m1)
and HPRT (Rn01527840_m]1), respectively.

Data Analyses

The plasma concentration versus time profiles of atorvastatin and
metformin in the presence and absence of GRT were processed
by PKSolver version 2.0 software (Pharsight, Mountain View, CA,
USA). Non-compartment analysis was performed to estimate
pharmacokinetic parameters, including the area under the plasma
concentration-time curve (AUC,4 and AUC, ., and apparent
terminal half-life (T, ,), mean residence time (MRT), apparent (oral)
volume of distribution (Vz/F) and clearance (CL/F), peak plasma
concentration (C,,,,), and the time to attain C_,, (T,,,). Since the
semi-logarithmic representation of the concentration—time data was
well fitted by a straight line, it was appropriate to estimate terminal
half-line as In2/m, where m was the slope of regression line. In
addition, apparent volume of the central or plasma compartment
(V,), apparent volume of the peripheral compartment (V,),
transfer rate constant from the central to peripheral compartment
(K),), and transfer rate constant from the peripheral to central
compartment (K,,) were estimated using two-compartment model.
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Statistical comparisons between treatments were performed using
GraphPad Prism® version 7.03 (GraphPad Software Inc., San
Diego, CA, United States). All data were expressed as mean + SD.
Comparisons between groups were performed using unpaired
student t-test for PK parameters and one-way ANOVA with
Dunnetts multiple comparison test to compare mRNA gene
expression with p < 0.05 considered statistically significant.

RESULTS

Effect of GRT, Atorvastatin, and
Metformin, Alone or in Combination, on
Body Weight and Blood Glucose Levels
Body weight and blood glucose levels were assessed weekly after
daily oral administration of GRT, atorvastatin, and metformin,
or combinations of GRT and the drugs for 3 weeks. After this
treatment period, no significant changes (p = 0.5) in body weight
were observed. GRT monotherapy increased blood glucose levels,
but the increase remained within the normal range (Table 1).

LC-MS/MS Determination of Atorvastatin
and Metformin

For the determination of atorvastatin and metformin in rat
plasma, an LC-MS/MS method was developed and validated.

TABLE 1 | Body weight and glucose levels of rats (n = 144) treated with GRT,
atorvastatin alone, and combined with GRT and metformin alone and combined
with GRT for 3 weeks.

Groups Body weight Glucose
Control 314.0+254 42 +0.4
Ator 309.8 + 30.3 43+0.6
Met 311.0+27.8 43+0.6
GRT 322.2+28.5 5.0 £ 0.8"**
GRT + Ator 324.1 +39.7 4.2 +0.2
GRT + Met 316.9 + 34.7 43+03

Values are presented as the mean + SD of body weight (g) and blood glucose
(mmol/L), ****p < 0.0001. All treatment groups are compared to the control. Ator,
atorvastatin, Met, metformin; GRT, green rooibos extract.

Specificity was evaluated by comparing blank rat plasma to
plasma spiked with atorvastatin or metformin. Representative
chromatograms of atorvastatin, metformin, and propranolol
(internal standard) are shown in Supplementary Figures
1A-C. Good recoveries were obtained for atorvastatin (97.9%
+7.3%) and metformin (100.1% + 0.5%) in the spiked samples
at the 0.1 pg/ml level (Table 2). The lowest recoveries were
93.6 = 6.6 for atorvastatin and 97.1 + 3.5 for metformin,
both at 0.005 pg/ml. The LOD values for metformin and
atorvastatin were 0.001 and 0.002 pg/ml, respectively, while
their LOQ values were 0.002 and 0.005 ug/ml, respectively.
Accuracy values for the two analytes are presented in Table
3. The matrix effect was evaluated by comparing the peak
areas of the analytes spiked into post-treated blank plasma
samples with those for analytes spiked into the mobile phase
at the same concentrations. No matrix effects were detected
as no significant suppression or enhancement of peak area
under the current chromatographic, and mass spectrometry
conditions were observed.

Pharmacokinetic Analysis of Atorvastatin
and Metformin

The plasma concentration versus time profiles of the drugs
alone and in combination with GRT, after oral administration,
are depicted in Figures 1A, B. Pharmacokinetic parameters of
atorvastatin and metformin alone, as well as in combination
with GRT, are summarized in Table 4. Concomitant intake
of GRT increased the plasma concentration of atorvastatin
(Figure 1A). C,,, of atorvastatin in combination with GRT
was increased by 5.8-fold when compared to atorvastatin

TABLE 3 | Accuracy data for QC samples (spiked rat plasma).

Metformin (n = 9) Atorvastatin (n = 9)

Measured Accuracy Measured Accuracy
Conc Conc
Low spike 7.5 pg/L 7.3 Q7.7 6.9 91.5
Med spike 25 pg/L 25.3 101.2 25.4 101.5
High spike 80 pg/L 80.3 100.3 83.2 104.1

TABLE 2 | Mean recovery, repeatability, and intermediate precision for atorvastatin and metformin in rat plasma.

Compounds Nominal concentration Determined concentration Repeatability % Recovery Intermediate
(ng/ml) (ng/ml) Precision
Atorvastatin 0.002 0.002 + 0.1 85+1.8 100.0 £ 9.4 10.6
0.005 0.005 + 0.3 4809 93.6 + 6.6 7.2
0.01 0.010+ 0.3 22+1.2 108.0 + 3.4 7.7
0.02 0.021 £ 0.6 5.0+29 1029 £6.5 2
0.05 0.052 + 0.3 11+£04 103.1 £ 1.4 3.8
0.1 0.098 + 2.5 6.4+27 97973 5.4
Metformin 0.002 0.002 + 0.2 8.6 +3.4 104.2 £ 14.3 0.7
0.005 0.005 + 0.2 1.8+0.7 97.1+£35 3.6
0.01 0.010 £ 0.1 1.3+0.8 98917 1.9
0.02 0.020 + 0.2 156+04 99.3+1.9 1.5
0.05 0.050 + 0.5 05+03 100.4 £1.0 1.4
0.1 0.100 + 0.4 0.3+0.1 100.1 £ 0.5 8.6
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FIGURE 1 | Semi-log plot of the plasma concentration versus time of (A)
atorvastatin and (B) metformin in the absence and presence of GRT in Wistar
rats (n = 24 per group). The black line indicates atorvastatin or metformin,
and gray lines indicate atorvastatin with GRT and metformin with GRT. Ator,
atorvastatin; Met, metformin; GRT, green rooibos extract.

given alone (from 8.42 + 3.88 ug/ml to 48.72 + 20.38 pg/ml;
p = 0.03). Similarly, the AUC,; was significantly increased
by 5.9-fold (from 23.16 + 0.62 pg-ml-"h™! to 135.66 + 53.24
pg-ml-t-h=!; p = 0.02; Table 4). Both CL/F, and Vz/F values of
atorvastatin were significantly decreased by 78% and 83% in
the presence of GRT. A significant reduction in the apparent
volume of the peripheral compartment, V, and a decrease of
k,, were observed for atorvastatin when co-administered with
GRT (p < 0.01). The plasma concentrations of metformin did
not change significantly when co-administered with GRT
(Figure 1B), and none of the pharmacokinetic parameters was
significantly affected (Table 4).

mRNA Expression of Drug Transporters

To gain an insight into the molecular mechanism of the
potential interaction of GRT with metformin and/or
atorvastatin via drug transporters in the liver samples of
treated rats, we measured the mRNA levels of Abcc2, Slcolb2,
Abcbla, and Oct1 genes. Treatment with GRT alone increased
the expression of Abcc2 (p < 0.05, Table 5). Metformin
downregulated the expression of Abcbla (p < 0.0001, Table 5)
which was sustained by the addition of GRT. No significant
effects on the expression of Slcolb2 or Octl were observed
across treatment groups (Table 5).

DISCUSSION

Clinical case studies have highlighted possible herb-drug
interactions of rooibos with hypolipidemic medications,
such as statins resulting in elevated liver enzymes and toxicity
(Sinisalo et al., 2010; Reddy et al., 2016). The current study
was performed to assess the effect of GRT on the in vivo
pharmacokinetics of atorvastatin and metformin in Wistar rats.

GRT  contains high levels of dihydrochalcones
(aspalathin and nothofagin, 7400 ug/50 mg dose), flavonols

TABLE 4 | Pharmacokinetic parameters of atorvastatin (40 mg/kg) and metformin (150 mg/kg) alone or in combination with GRT (50 mg/kg) in Wistar rats (n = 144).

Pharmacokinetic parameters Ator Ator + GRT Met Met + GRT

Toax (N) 0.78 + 1.06 0.67 +0.29 1.67 +0.58 1.00 + 0.87

Crax (Wg/mL) 8.42 +3.88 48.72 + 20.38* 4,727.97 = 1471.97 3, 530.64 + 517.61
Ty () 4.60 +1.97 3.12 +1.31 2.38 +0.82 275+ 1.15
AUC g (ug/mL*h) 23.16 + 0.62 135.66 + 53.27* 15, 983.48 + 3529.562 12,538.03 + 1919.92
AUC,_.. (ug/mL’h) 37.47 +9.48 176.27 + 67.75 17, 856.48 + 4797.19 14, 667.16 + 2696.19
MRT,_.. (h) 7.71+2.81 548 + 1.64 3.78 +0.67 4.29 +1.36
Vz/F (mg/kg)/(L/kg) 6.88 + 1.28 1.14 £ 0.55™ 0.08 +0.01 0.04 £ 0.01
CL/F (mg/kg)/(L/kg*hr) 1.11+£0.27 0.25 + 0.06%* 0.01 +0.00 0.01 +0.00

V, (mg/kg)/(ug/mL) 2.96 +2.67 0.37 +0.40 0.02 +0.01 0.03 +0.01

V, (mg/kg)/(ug/mL) 22.61 +21.00 1.66 + 0.93* 0.06 +0.10 0.01 £0.02

Ky (1/h) 33.70 £ 57.23 7.06 +9.94 0.41+0.45 0.45+0.78

Ky (1/h) 0.40 +0.38 0.38 +0.38 0.37 +£0.29 0.69 + 0.49

Data are the mean + SD (n = 24 per group). "p < 0.05; " p < 0.01, compared to atorvastatin with GRT and atorvastatin alone.
T nae time to reach maximum (peak) plasma concentration; C,,,,, maximum (peak) plasma drug concentration; T,,,, elimination half-life; AUC, s, area under the plasma concentration—
time curve from time zero to time 8; AUC, .., area under the plasma concentration—time curve from time zero to infinity; MRT,,..., mean residence time from time zero to infinity; Vz/F,
apparent volume of distribution during terminal phase after non-intravenous administration; CL/F, apparent total clearance of the drug from plasma after oral administration; V,,
apparent volume of the central or plasma compartment in a two-compartment model; V., apparent volume of the peripheral compartment in a two-compartment model; K., transfer
rate constant from the central to peripheral compartment; K.,, transfer rate constant from the peripheral to central compartment.
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TABLE 5 | Relative gene expression of GRT alone and combined with atorvastatin and metformin.

Abcc2 Sico1b2 Abcb1a Oct1
4h 8h 4h 4h 8h 4h 8h
Control 1.04 + 0.00 0.96 + 0.25 1.11+£0.19 0.96 + 0.24 1.07 £ 0.27 1.13 £0.07 0.70+0.13 1.08 +0.18*
Ator 0.99 + 0.27 1.01 £ 0.29 0.81 +0.21 1.01£0.14 0.97 +0.06 0.89 +0.25 0.49 +0.05 0.82 +0.05
Met 0.49 + 0.01 0.78 £ 0.11 0.79 £ 0.30 0.50 + 0.21 0.66 + 0.07 0.34 + 0.10"* 0.75+0.18 0.82 £ 0.21
GRT 1.70 £ 0.49 1.63 + 0.06* 1.14 +0.28 1.13 + 0.00 1.08 £ 0.20 1.15 £ 0.07 0.67 +0.12 1.18 +0.19
Ator + GRT 1.28 £0.16 1.12+£0.20 1.03+0.17 222 +2.06 1.39 £ 0.65 2.27 +1.86 0.39 + 0.86 1.03 £ 0.26
Met + GRT 1.88 +1.79 1.45 + 0.38 1.24 +0.27 0.78 +0.35 1.01 £ 0.51 0.60 + 0.28** 2.40+2.23 116 +0.17

Gene expression levels are presented relative to p-actin and HPRT. Liver tissue was collected at 4- and 8-h timepoints, respectively. Data are the mean + SD (n = 3 animals per
group/timepoint). ‘p < 0.05; “p < 0.01; “'p < 0.0007 compared to the control. *p < 0.05 compared to the 4-h timepoint.

(quercetin-3-O-robinobioside, isoquercitrin, rutin, and
hyperoside, 1250 pg/50 mg dose) and flavones (orientin,
isoorientin, vitexin, and isovitexin, 1650 ug/50 mg dose)
(Patel et al., 2016). These constituents may possibly affect the
bioavailability of atorvastatin. Quercetin, the aglycone of the
quantified rooibos flavonols, has modulatory effects on function
and expression of CYP3A4 in rats, and inhibits P-glycoprotein
(P-gp) ATPase, as well as P-gp—mediated efflux of ritonavir
in Caco-2 cells (Cho and Yoon, 2015). In vivo, quercetin has
been shown to increase the plasma concentrations of CYP3A4
substrates, such as pioglitazone (Ming et al., 2008; Umathe et
al., 2008), rosiglitazone (Kim et al.,, 2005), and rivastigmine
(Palle and Neerati, 2017).

The significant increase in the plasma concentration of
atorvastatin, when co-administered with GRT, could be due
to an effect on absorption and/or metabolism of atorvastatin.
Co-administration of GRT was associated by a similar percentage
decrease of Vz/F and CL/F (78% and 83%), confirming an
increase in the bioavailability (F) of atorvastatin in the presence
of GRT. This could be due to a possible interaction via drug
metabolizing and transporter genes in the enterocytes and/or in
the hepatocytes.

We have previously shown that GRT moderately inhibits
CYP3A4 activity in vitro (Patel et al., 2016), which can affect
the bioavailability of drugs metabolized by this CYP iso-
enzyme, such as atorvastatin (Palle and Neerati, 2017). Since
the bioavailability of atorvastatin is ca. 14% (Lennernds, 2003;
Khan and Dehghan, 2011), a significant increase through
inhibition of CYP3A4 by GRT could explain the increased
plasma concentrations. Elevated plasma drug concentrations,
C..x and AUC in vivo correlates with the in vitro effect of
GRT on the inhibition of CYP3A4, resulting in a decrease
of the high intestinal clearance and first-pass metabolism
of atorvastatin (Lennernds, 2003). The compartmental
pharmacokinetic analysis confirmed the decrease of the
apparent peripheral volume of distribution. The lack of effect
of GRT on K,, is due to the fact that the transfer from the
peripheral to the central compartment is not expected to be
affected by pharmacokinetic interaction.

Concomitant administration of GRT with metformin did
not have an effect on metformin plasma concentrations in
the present study. Previous studies showed that polyphenols
widely distributed in medicinal plants can affect the

oral bioavailability of metformin (Kamble et al, 2016).
Pomegranate juice significantly reduced the efficacy of
metformin in rats (Awad et al., 2016). In contrast to these
findings, the concomitant administration of GRT with
metformin in vivo did not affect the plasma concentration of
metformin, suggesting that interaction of GRT (rooibos) with
metformin is unlikely. Although metformin is not dependent
on cytochrome P450 (CYP450) metabolism, drug transporting
membrane proteins, such as the solute carrier family of
transporters, including organic cation transporters (OCTs),
and ATP-binding cassette transporters alters the extent of its
pharmacological effects (Mato et al., 2018; Wu et al., 2018).
GRT alone significantly increased Abcc2 mRNA expression,
while in combination with metformin or atorvastatin, no
significant effect was demonstrated. Metformin monotherapy
reduced Abcbla mRNA expression, and in combination with
GRT, Abcbla mRNA expression remained downregulated.
These findings suggest that GRT does not substantially
interfere with the major drug transporters involved in the
pharmacokinetics of metformin and atorvastatin. The role of
hepatocellular uptake and efflux cell membrane transporters
is important in the metabolic clearance of drugs (Shitara et
al., 2006; Shugarts and Benet, 2009; Lusin et al., 2016; Kimoto
et al., 2018). Specifically, the metabolism and elimination
of statins are largely dependent on the ability of the liver
to uptake, metabolize, and clear these drugs (Fong, 2016).
Statins are both substrates and inhibitors of Abcc2, suggesting
that statin-mediated hepatotoxic effects may result from
the inhibition of these efflux transporters. However, the
genes measured in this study does not explain the observed
changes in atorvastatin pharmacokinetics. Atorvastatin is
a substrate for organic anion transporting polypeptide 1bl
(oatplbl [human]) and in rats mediated primarily through
Slco1b2 prior to undergoing extensive metabolism by CYP3A
(Chang et al.,, 2014). In a previous study, we have shown that
GRT moderately inhibits CYP3A4 activity using a Vivid®
recombinant CYP3A4 enzymatic assay (Patel et al., 2016).
This in vivo non-clinical study showed a significant
pharmacokinetic interaction between GRT and atorvastatin,
suggesting that the interaction of GRT may affect the safety
and efficacy profile of this drug. Although further studies are
required to elucidate the precise mechanism of pharmacokinetic
interference, patients on atorvastatin should be cautioned
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for possible herb-drug interaction when

rooibos products.

consuming

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
manuscript/Supplementary Files.

ETHICS STATEMENT

Thisstudywascarried outin accordance with the recommendations
of the Ethics Committee for Research on Animals (ECRA) of
the South African Medical Research Council (ref. 04/15). The
protocol was approved by the Ethics Committee for Research on
Animals (ECRA) of the South African Medical Research Council.

AUTHOR CONTRIBUTION

OP, CM, EJ, BR, and CA participated in research design. OP, MT,
and CA conducted laboratory experiments. OP, CM, and CA
contributed new reagents or analytical tools. OP, CM, MT, and

REFERENCES

Awad, R., Mallah, E., Khawaja, B. A., Dayyih, W. A., El-Hajji, F.,, Matalka, K. Z., et al.
(2016). Pomegranate and licorice juices modulate metformin pharmacokinetics
in rats. Neuro Endocrinol. Lett. 37, 202-206.

Baba, H., Ohtsuka, Y., Haruna, H., Lee, T., Nagata, S., Maeda, M., et al. (2009).
Studies of anti-inflammatory effects of Rooibos tea in rats. Pediatr. Int. 51,
700-704. doi: 10.1111/.1442-200X.2009.02835.x

Bailey, C. J., and Turner, R. C. (1996). Metformin. N. Engl. J. Med. 334, 574-579.
doi: 10.1056/NEJM199602293340906

Bell, D. S. (2004). Type 2 diabetes mellitus: what is the optimal treatment regimen?
Am. J. Med. 116: Suppl 5A, 235-29S. doi: 10.1016/j.amjmed.2003.10.017

Chang, J. H,, Ly, ], Plise, E., Zhang, X., Messick, K., Wright, M., et al. (2014).
Differential effects of rifampin and ketoconazole on the blood and liver
concentration of atorvastatin in wild-type and cyp3a and oatpla/b
knockout mice. Drug Metab. Dispos. 42, 1067-1073. doi: 10.1124/
dmd.114.057968

Cho, H. J., and Yoon, I. S. (2015). Pharmacokinetic interactions of herbs with
cytochrome p450 and p-glycoprotein. Evid. Based Complement. Alternat. Med.
2015, 736431. doi: 10.1155/2015/736431

DeFronzo, R. A., Barzilai, N., and Simonson, D. C. (1991). Mechanism of
metformin action in obese and lean noninsulin-dependent diabetic
subjects. J. Clin. Endocrinol. Metab. 73, 1294-1301. doi: 10.1210/
jcem-73-6-1294

Fong, C. (2016). Statins in therapy: cellular transport, side effects, drug-drug
interactions and cytotoxicity the unrecognized role of lactones. [Research
Report] Eigenenergy, hal-01185910v2.

Guo, R, and Nair, S. (2017). Role of microRNA in diabetic cardiomyopathy: From
mechanism to intervention. Biochim. Biophys. Acta 1863, 2070-2077. doi:
10.1016/j.bbadis.2017.03.013

Haddad, P. S., Eid, H. M., Nachar, A., Thong, F, and Sweeney, G. (2015).
The molecular basis of the antidiabetic action of quercetin in cultured
skeletal muscle cells and hepatocytes. Pharmacogn. Mag. 11, 74-81. doi:
10.4103/0973-1296.149708

International Diabetes Federation (2017). IDF diabetes atlas. 8th edn. brussels,
belgium: international diabetes federation. http://www.diabetesatlas.org. 17
January 2018.

CA performed data analysis. OP, CM, EJ, BR, MT, JL, and CA
wrote or contributed to the writing of the manuscript.

FUNDING

This work was supported in part by the National Research
Foundation (NRF) Thuthuka Programme (Grant 99381) and
the Biomedical Research and Innovation Platform of the South
African Medical Research Council. Afriplex GRT" was provided
by Afriplex, Paarl, South Africa.

ACKNOWLEDGMENTS

Special thanks to the staff of PUDAC, especially Joritha van
Heerden for all her assistance with the animal work.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2019.01243/
full#supplementary-material

Johnson, R., de Beer, D., Dludla, P. V., Ferreira, D., Muller, C. J. E, and Joubert, E.
(2018). Aspalathin from Rooibos (Aspalathus linearis): a bioactive C-glucosyl
dihydrochalcone with potential to target the metabolic syndrome. Planta Med.
84, 568-583. doi: 10.1055/5-0044-100622

Kamakura, R., Son, M. J., de Beer, D., Joubert, E., Miura, Y., and Yagasaki, K.
(2015). Antidiabetic effect of green rooibos (Aspalathus linearis) extract in
cultured cells and type 2 diabetic model KK-A(y) mice. Cytotechnology 67,
699-710. doi: 10.1007/s10616-014-9816-y

Kamble, B., Gupta, A., Moothedath, 1., Khatal, L., Janrao, S., Jadhav, A, et al.
(2016). Effects of gymnema sylvestre extract on the pharmacokinetics and
pharmacodynamics of glimepiride in streptozotocin induced diabetic rats.
Chem. Biol. Interact. 245, 30-38. doi: 10.1016/j.cbi.2015.12.008

Kang, M. H.,, Lee, M. S., Choi, M. K., Min, K. S., and Shibamoto, T. (2012).
Hypoglycemic activity of Gymnema sylvestre extracts on oxidative stress and
antioxidant status in diabetic rats. J. Agric. Food Chem. 60, 2517-2524. doi:
10.1021/j£205086b

Khan, F.N., and Dehghan, M. H. G. (2011). Enhanced bioavailability of atorvastatin
calcium from stabilized gastric resident formulation. AAPS PharmSciTech 12,
1078-1088. doi: 10.1208/s12249-011-9673-3

Kim, K. A., Park, P. W,,Kim, H. K., Ha, J. M., and Park, J. Y. (2005). Effect of quercetin
on the pharmacokinetics of rosiglitazone, a CYP2C8 substrate, in healthy
subjects. J. Clin. Pharmacol. 45, 941-946. doi: 10.1177/0091270005278407

Kimoto, E., Mathialagan, S., Tylaska, L., Niosi, M., Lin, J., Carlo, A. A., et al. (2018).
Organic anion transporter 2-mediated hepatic uptake contributes to the clearance of
high-permeability-low-molecular-weight acid and zwitterion drugs: evaluation using
25 drugs. J. Pharmacol. Exp. Ther. 367, 322-334. doi: 10.1124/jpet.118.252049

Krentz, A.J., and Bailey, C.J. (2005). Oral antidiabetic agents: current role in type 2
diabetes mellitus. Drugs 65, 385-411. doi: 10.2165/00003495-200565030-00005

Lennernds, H. (2003). Clinical pharmacokinetics of atorvastatin. Clin.
Pharmacokinet. 42 (13), 1141-1160. doi: 10.2165/00003088-200342130-00005

Lusin, T. T., Mrhar, A., Stieger, B., Kristl, A., Berginc, K., and Trontelj, J. (2016).
Efflux and uptake transporters involved in the disposition of bazedoxifene. Eur.
J. Drug Metab. Pharmacokinet. 41, 251-257. doi: 10.1007/s13318-015-0256-7

Matafome, P, Louro, T., Rodrigues, L., Crisostomo, J., Nunes, E., Amaral, C., et al.
(2011). Metformin and atorvastatin combination further protect the liver in
type 2 diabetes with hyperlipidaemia. Diabetes Metab. Res. Rev. 27, 54-62. doi:
10.1002/dmrr.1157

Frontiers in Pharmacology | www.frontiersin.org

October 2019 | Volume 10| Article 1243 |


https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fphar.2019.01243/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2019.01243/full#supplementary-material
https://doi.org/10.1111/j.1442-200X.2009.02835.x
https://doi.org/10.1056/NEJM199602293340906
https://doi.org/10.1016/j.amjmed.2003.10.017
https://doi.org/10.1124/dmd.114.057968
https://doi.org/10.1124/dmd.114.057968
https://doi.org/10.1155/2015/736431
https://doi.org/10.1210/jcem-73-6-1294
https://doi.org/10.1210/jcem-73-6-1294
https://doi.org/10.1016/j.bbadis.2017.03.013
https://doi.org/10.4103/0973-1296.149708
http://www.diabetesatlas.org
https://doi.org/10.1055/s-0044-100622
https://doi.org/10.1007/s10616-014-9816-y
https://doi.org/10.1016/j.cbi.2015.12.008
https://doi.org/10.1021/jf205086b
https://doi.org/10.1208/s12249-011-9673-3
https://doi.org/10.1177/0091270005278407
https://doi.org/10.1124/jpet.118.252049
https://doi.org/10.2165/00003495-200565030-00005
https://doi.org/10.2165/00003088-200342130-00005
https://doi.org/10.1007/s13318-015-0256-7
https://doi.org/10.1002/dmrr.1157

Patel et al.

Effect of Green Rooibos Extract on Atorvastatin

Mato, E. P. M., Guewo-Fokeng, M., Essop, M. E, and Owira, M. O. (2018). Genetic
polymorphisms of organic cation transporters 1 (OCT1) and responses to
metformin therapy in individuals with type 2 diabetes mellitus: a systematic
review protocol. Syst. Rev. 7, 105. doi: 10.1186/s13643-018-0773-y

Mazibuko, S. E., Joubert, E., Johnson, R., Louw, J., Opoku, A. R., and Muller, C.
J. (2015). Aspalathin improves glucose and lipid metabolism in 3T3-L1
adipocytes exposed to palmitate. Mol. Nutr. Food Res. 59, 2199-2208. doi:
10.1002/mnfr.201500258

Mazibuko, S. E., Muller, C. J., Joubert, E., De Beer, D., Johnson, R., Opoku, A. R,,
et al. (2013). Amelioration of palmitate-induced insulin resistance in C2C12
muscle cells by rooibos (Aspalathus linearis). Phytomedicine 20, 813-819. doi:
10.1016/j.phymed.2013.03.018

Ming, E. E., Davidson, M. H., Gandhi, S. K., Marotti, M., Miles, C. G., Ke, X, et al.
(2008). Concomitant use of statins and CYP3A4 inhibitors in administrative
claims and electronic medical records databases. J. Clin. Lipidol. 2, 453-463.
doi: 10.1016/j.jacl.2008.10.007

Muller, C. ., Joubert, E., De Beer, D., Sanderson, M., Malherbe, C. J., Fey, S. ., et al.
(2012). Acute assessment of an aspalathin-enriched green rooibos (Aspalathus
linearis) extract with hypoglycemic potential. Phytomedicine 20, 32-239. doi:
10.1016/j.phymed.2012.09.010

Muller, C. J. E, Malherbe, C. J., Chellan, N., Yagasaki, K., Miura, Y., and
Joubert, E. (2018). Potential of rooibos, its major C-glucosyl flavonoids,
and Z-2-(B-D-glucopyranosyloxy)-3-phenylpropenoic acid in prevention
of metabolic syndrome. Crit. Rev. Food Sci. Nutr. 58, 227-246. doi:
10.1080/10408398.2016.1157568

Norhammar, A., Mellbin, L., and Cosentino, F. (2017). Diabetes: prevalence,
prognosis and management of a potent cardiovascular risk factor. Eur. J. Prev.
Cardiol. 24, 52-60. doi: 10.1177/2047487317709554

Oh, Y. S. (2015). Plant-derived compounds targeting pancreatic beta cells for the
treatment of diabetes. Evid. Based Complement. Alternat. Med. 2015, 629863.
doi: 10.1155/2015/629863

Padwal, R., Majumdar, S. R., Johnson, J. A., Varney, J., and Mcalister, E. A. (2005). A
systematic review of drug therapy to delay or prevent type 2 diabetes. Diabetes
Care 28, 736-744. doi: 10.2337/diacare.28.3.736

Palle, S., and Neerati, P. (2017). Enhancement of oral bioavailability of rivastigmine
with quercetin nanoparticles by inhibiting CYP3A4 and esterases. Pharmacol.
Rep. 69, 365-370. doi: 10.1016/j.pharep.2016.12.002

Patel, O., Muller, C., Joubert, E., Louw, J., Rosenkranz, B., and Awortwe, C.
(2016). Inhibitory interactions of aspalathus linearis (Rooibos) extracts and
compounds, aspalathin and Z-2-(B-D-glucopyranosyloxy)-3-phenylpropenoic
acid, on cytochromes metabolizing hypoglycemic and hypolipidemic drugs.
Molecules 21, 1-13. doi: 10.3390/molecules21111515

Pichandi, S., Pasupathi, P, Rao, Y. Y., Farook, J., Ambika, A., and Ponnusha, B. S.
(2011). The role of statin drugs in combating cardiovascular diseases—A review.
Int. J. Curr. Sci. Res. 1, 47-56.

Reddy, S., Mishra, P, Qureshi, S., Nair, S., and Straker, T. (2016). Hepatotoxicity
due to red bush tea consumption: a case report. J. Clin. Anesth. 35, 96-98. doi:
10.1016/j.jclinane.2016.07.027

Rowan, C. G., Brunelli, S. M., Munson, J., Flory, J., Reese, P. P,, Hennessy, S.,
et al. (2012). Clinical importance of the drug interaction between statins
and CYP3A4 inhibitors: a retrospective cohort study in the health
improvement network. Pharmacoepidemiol. Drug Saf. 21, 494-506. doi:
10.1002/pds.3199

Sanderson, M., Mazibuko, S. E., Joubert, E., De Beer, D., Johnson, R., Pheiffer, C.,
et al. (2014). Effects of fermented rooibos (Aspalathus linearis) on adipocyte
differentiation. Phytomedicine 21, 109-117. doi: 10.1016/j.phymed.2013.08.011

Shay, J., Elbaz, H. A., Lee, 1., Zielske, S. P,, Malek, M. H., and Huttemann,
M. (2015). Molecular mechanisms and therapeutic effects of
(-)-Epicatechin and other polyphenols in cancer, inflammation, diabetes,
and neurodegeneration. Oxid. Med. Cell. Longev. 2015, 181260. doi:
10.1155/2015/181260

Shitara, Y., Horie, T., and Sugiyama, Y. (2006). Transporters as a determinant of
drug clearance and tissue distribution. Eur. J. Pharm. Sci. 27, 425-446. doi:
10.1016/j.¢jps.2005.12.003

Shugarts, S., and Benet, L. Z. (2009). The role of transporters in the
pharmacokinetics of orally administered drugs. Pharm. Res. 26, 2039-2054.
doi: 10.1007/s11095-009-9924-0

Sinisalo, M., Enkovaara, A. L., and Kivisto, K. T. (2010). Possible hepatotoxic effect
of rooibos tea: a case report. Eur. J. Clin. Pharmacol. 66, 427-428. doi: 10.1007/
500228-009-0776-7

Son, M. J., Minakawa, M., Miura, Y., and Yagasaki, K. (2013). Aspalathin improves
hyperglycemia and glucose intolerance in obese diabetic ob/ob mice. Eur. J.
Nutr. 52, 1607-1619. doi: 10.1007/s00394-012-0466-6

Umathe, S. N, Dixit, P. V., Kumar, V,, Bansod, K. U., and Wanjari, M. M. (2008).
Quercetin pretreatment increases the bioavailability of pioglitazone in rats:
involvement of CYP3A inhibition. Biochem. Pharmacol. 75, 1670-1676. doi:
10.1016/j.bcp.2008.01.010

Wu, C., Qiu, S., Zhu, X,, Lin, H., and Li, L. (2018). OCT1-mediated metformin
uptake regulates pancreatic stellate cell activity. Cell. Physiol. Biochem. 47,
1711-1720. doi: 10.1159/000491003

Conflict of Interest: The authors declare no conflict of interest. The founding
sponsors had no role in the design of the study; in the collection, analyses, or
interpretation of data; in the writing of the manuscript, and in the decision to
publish the results.

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2019 Patel, Muller, Joubert, Rosenkranz, Taylor, Louw and Awortwe. This is
an open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

October 2019 | Volume 10| Article 1243 |


https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org
https://doi.org/10.1186/s13643-018-0773-y
https://doi.org/10.1002/mnfr.201500258
https://doi.org/10.1016/j.phymed.2013.03.018
https://doi.org/10.1016/j.jacl.2008.10.007
https://doi.org/10.1016/j.phymed.2012.09.010
https://doi.org/10.1080/10408398.2016.1157568
https://doi.org/10.1177/2047487317709554
https://doi.org/10.1155/2015/629863
https://doi.org/10.2337/diacare.28.3.736
https://doi.org/10.1016/j.pharep.2016.12.002
https://doi.org/10.3390/molecules21111515
https://doi.org/10.1016/j.jclinane.2016.07.027
https://doi.org/10.1002/pds.3199
https://doi.org/10.1016/j.phymed.2013.08.011
https://doi.org/10.1155/2015/181260
https://doi.org/10.1016/j.ejps.2005.12.003
https://doi.org/10.1007/s11095-009-9924-0
https://doi.org/10.1007/s00228-009-0776-7
https://doi.org/10.1007/s00228-009-0776-7
https://doi.org/10.1007/s00394-012-0466-6
https://doi.org/10.1016/j.bcp.2008.01.010
https://doi.org/10.1159/000491003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Pharmacokinetic Interaction of Green Rooibos Extract With Atorvastatin and Metformin in Rats

	Introduction

	Materials and Methods

	Plant Extract

	Materials and Reagents

	Instrumentation and Chromatographic Conditions

	Preparation of Standard Solutions and Quality Control Samples

	Plasma Sample Preparation

	Validation Procedures

	Specificity

	Linearity

	Accuracy and Precision


	Pharmacokinetic Experiments in Rats

	Quantitative Real-Time PCR Analyses

	Data Analyses


	Results

	Effect of GRT, Atorvastatin, and Metformin, Alone or in Combination, on Body Weight and Blood Glucose Levels

	LC-MS/MS Determination of Atorvastatin and Metformin

	Pharmacokinetic Analysis of Atorvastatin and Metformin

	mRNA Expression of Drug Transporters


	Discussion

	Data Availability Statement

	Ethics Statement

	Author Contribution

	Funding

	Acknowledgments

	Supplementary Material

	References



