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1. Introduction

ABSTRACT

Sutherlandia frutescens (sutherlandia), an African herbal supplement was recommended by the South
African Ministry of Health for the treatment of AIDS patients. However, no reports yet exist delineat-
ing the effect of sutherlandia on pharmacokinetics of antiretroviral agents. Therefore, this investigation
aimed at screening the effects of short term and chronic exposure of sutherlandia on oral bioavailability
and pharmacokinetics of nevirapine (NVP), a non-nucleoside reverse transcriptase inhibitor, in Sprague
Dawley rats. NVP (6 mg/kg) was administered orally alone (control) and with co-administration of suther-
landia; short term (12 mg/kg single dose) and long term (12 mg/kg, once a day for 5 days). No significant
difference in the pharmacokinetic parameters of NVP was found upon short-term co-administration of
Sutherlandia. However, there was a 50% decrease (p <0.05) in the AUC and Cax Values of NVP after 5 days
of chronic exposure with Sutherlandia. In addition, quantitative RT-PCR studies demonstrated a 2-3-fold
increase in the hepatic and intestinal mRNA expression of CYP3A2, relative to vehicle control. To further
confirm, if this could translate into a clinically relevant pharmacokinetic interaction in patients, we tested
this hypothesis employing LS-180 cells as an in vitro induction model for human CYP3A4. Ninety-six hours
post treatment, similar to positive control rifampicin (25 wM), sutherlandia extract (300 p.g/mL) resulted
in elevated m-RNA expression levels and functional activity of CYP3A4 (human homologue of rodent
CYP3A2) in LS-180 cells. Taken together, these results suggest that a potential drug-herb interaction is
possible when NVP is co-administered with S. frutescens, although this hypothesis still remains to be
investigated in a clinical setting.

© 2011 Elsevier B.V. All rights reserved.

supplements are known to possess various active constituents
which can interact with efflux transporters such as P-glycoprotein

Complementary and alternative medicines are widely co-
administered with therapeutic agents in patients suffering from
HIV, depression and other chronic disorders (Ernst et al., 1998;
Lavretsky, 2009; Liu et al., 2009; Merenstein et al., 2008). Herbal

Abbreviations: CYP, cytochrome P450; MDR1, multi-drug resistance transporter;
MRP, multi-drug resistance associated protein; P-gp, P glycoprotein; BCRP, breast
cancer resistance protein; sutherlandia, Sutherlandia frutescens; AUC, area under the
plasma concentration-time curve; PXR, pregnane X receptor; qRT-PCR, quantitative
reverse transcriptase polymerase chain reaction; Rif, rifampicin; KTZ, ketoconazole;
MRT, mean residence time; TBME, tertiary methyl butyl ether.
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(P-gp), multiple drug resistance associated proteins (MRPs) and
phase I drug metabolizing enzymes such as Cytochrome P4503A
(CYP3A4), resulting in altered clearance and hence the bioavail-
ability of concomitantly administered prescription drugs (Pal and
Mitra, 2006). Oral absorption is primarily limited by a combined
effect of efflux transporters and drug metabolizing enzymes (Benet
et al., 2003). CYP3A4 is a major congener of the CYP 450 super-
family and is responsible for the metabolism of more than 60% of
agents currently indicated in clinical practice. It is highly expressed
in the liver and enterocytes. Inhibition or induction of intestinal and
hepatic CYP3A4 activity can respectively increase or decrease the
oral bioavailability of co-administered substrates and may alter the
therapeutic outcome.

Sutherlandia frutescens (sutherlandia) was recommended by
the South African Ministry of Health for the treatment of AIDS
patients (Mills et al., 2005a). It is also prescribed for treatment
of cancer, tuberculosis, diabetes, anxiety and clinical depression
(Fernandes et al., 2004; Harnett et al., 2005; Ojewole, 2004; Sia,
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2004). L-canavanine, GABA and D-pinitol are the primary known
active constituents of sutherlandia but recently Fu et al. have iso-
lated flavanol and cycloartanol glycosides form its aerial parts (Fu
et al., 2008, 2010). The herbal product is manufactured in South
Africa and is available in the form of 350 mg capsules and tablets.
Though officially not approved by regulatory agencies in Europe
and U.S,, sutherlandia is distributed worldwide by a plethora of
websites claiming it to be an immunity booster. Currently there
are no reports of clinical trials available which suggest the effi-
cacy of this product in AIDS or cancer patients. However, there
have been several reports indicating reduction in viral load, induc-
tion of apoptosis and anti-proliferative effects in some in vitro cell
culture based assays (Chinkwo, 2005; Tai et al., 2004). One study
reported analgesic, anti-inflammatory and anti-diabetic effect of
sutherlandia aqueous extract in various animal models (Ojewole,
2004). Hence, all these evidences indicate widespread use of
sutherlandia across the globe and more than a probability of its co-
administration with anti-retro viral agents, the first line treatment
for AIDS patients.

The rationale for screening sutherlandia for its potential to cause
clinically relevant drug-herb interactions was triggered by a recent
publication by Mills et al. (2005b). The authors concluded a twofold
increase in the activity of pregnane xenobiotic receptor (PXR) with
an alcoholic extract of sutherlandia in a gene reporter based assay
(Mills et al., 2005b). PXR is an orphan nuclear receptor that reg-
ulates the expression of CYP3A4 (Synold et al., 2001). It is highly
expressed in liver and intestine, two key organs responsible for
xenobiotic metabolism (Kliewer et al., 2002, 1998). This report
prompted us to screen sutherlandia for its potential to interact with
CYP3A2 expression following extended exposure in rats. NVP, a
non-nucleoside reverse transcriptase inhibitor is commonly pre-
scribed in South Africa for the treatment of HIV infection and has
a similar metabolic profile in both rodent and humans (Riska et al.,
1999) (Hoffmann et al., 2009; Janneh et al., 2009; Wen et al., 2009).
Moreover, modulation of CYP3A activity can be time dependent,
therefore short-term (for inhibition) and chronic exposure (for
induction) of sutherlandia was tested in pharmacokinetic studies
of NVP.

Given that sutherlandia has many pharmacological actions and
is recommended for the treatment of various chronic disorders,
the question still remains to be answered whether there is any
potential for a pharmacokinetic drug-herb interaction. In this
investigation, we have tried to answer this question by evaluating
the effect of sutherlandia on modulation of CYP3A2 enzyme activ-
ity using rat model. In addition, to extrapolate the chronic effects of
sutherlandia on metabolic activity of CYP3Ain clinic, human adeno-
carcinoma cell line (LS-180) was employed as an in vitro induction
model for human CYP3A4.

2. Materials and methods
2.1. Chemicals

NVP oral suspension (Viramune®) was obtained from a local
pharmacy store and sutherlandia capsules were a generous gift
from Dr. William Folk (University of Missouri-Columbia). Diben-
zepine and rifampicin were procured from Sigma-Aldrich Ltd. (St.
Louie, MO). All HPLC grade solvents were obtained from Fisher
Scientific Co. (Pittsburgh, PA) and were of highest purity grade
available.

2.2. Preparation of sutherlandia extract

1g of sutherlandia powder from capsules was extracted with
20 mL of ethanol in a round bottom flask (RBF) with constant stir-

ring for 2 h. After extraction, the contents were decanted in a 50 mL
centrifuge tube and centrifuged at 20,000 rpm for 5 min. The super-
natant was transferred into a tare weight RBF and the contents
were evaporated using a rota-evaporator (Buchi, Switzerland). The
residue was weighed and dissolved in distilled de-ionized water to
make a stock of 5 mg/mL and stored in —80 °C until further use.

2.3. Cell culture and molecular biology reagents

Human colon adenocarcinoma cell line, LS-180 was obtained
from American Type Culture Collection (ATCC) (Manassas, VA). Cell
culture supplies: Dulbecco’s modified Eagle’s essential medium
(DMEM), trypsin-EDTA solution, non-essential amino acids and
fetal bovine serum (FBS), were procured from Invitrogen (Carls-
bad, CA). Penicillin, streptomycin, sodium bicarbonate and HEPES,
were obtained from Sigma-Aldrich. Culture flasks (75 cm? growth
area) were procured from MidSci (St. Louis, MO). Ninety-six well
culture plates (3.8cm? growth area per well) were obtained
from Corning Costar Corp. (Cambridge, MA). Molecular biology
reagents such as Trizol-LS® reagent was purchased from Invit-
rogen (Carlsbad, CA), oligo dT;5 primer, reverse transcription
reagents and enzymes were procured from Promega (Madison, WI),
OligoPerfect™ Designer (Invitrogen Corp. Carlsbad, CA) software
was used to select the sequence of primers, SYBR® Green Quanti-
tative RT-PCR Kit was purchased from Promega.

2.3.1. Animals

Male Sprague Dawley rats with jugular vein cannulated
catheters, weighing 200-250 g were procured from Charles River
Laboratories International, Inc. (Wilmington, MA). The animals
were used in accordance with the protocols approved by the Uni-
versity of Missouri-Kansas City (UMKC) Institutional Animal Care
and Use Committee and housed in Laboratory Animal Care accred-
ited facilities at UMKC. All animals were allowed to acclimatize for a
minimum of 2-3 days before initiating the studies. Food and water
were provided ad libitum. Rats were fasted overnight (10-12 hrs),
with free access to water prior to the day of an experiment.

2.3.2. Cell line and growth conditions

LS-180 cells were selected as an in vitro model for induction
studies. Cells were nourished with culture medium comprising
DMEM supplemented with 10% FBS, HEPES, sodium bicarbonate,
penicillin (100 pg/mL), streptomycin sulphate (100 pg/mL) and 1%
(v/v) non-essential amino acids, adjusted to pH 7.4. Incubation took
place in 75 cm? culture flasks maintained at 37 °C, in a humidified
atmosphere of 5% CO, and 95% relative humidity. Culture medium
was replaced every alternate day. Cells were subcultured after 5-6
days (subculture ratio, 1:5) with triple express enzyme (Invitrogen)
and plated at an appropriate density (250,000 cells/well for 12 well
plates; 10,000 cells/well for 96 well plates) for each experiment.
Passages 52-59 were employed for further studies.

2.3.3. Oral absorption studies

Dosing solution of NVP (Viramune® suspension, 6 mg/kg) and
sterile filtered aqueous extract (stock solution) of sutherlandia
was diluted to desired concentration (12 mg/kg) with distilled
de-ionized water before dosing. Rats were divided into 3 groups
(n=5-6/group). Three treatment regimens were selected in the
oral absorption studies, i.e. (i) NVP alone (vehicle control), (ii) NVP
co-administered with sutherlandia (short term), and (iii) NVP co-
administered after 5 days of consecutive feeding of sutherlandia
(long term) through oral gavage. The dosing volume was set at
0.8 mL in all experiments. Blood samples (0.2 mL) were withdrawn
from the cannulated jugular vein at pre-determined time intervals
over the period of 8 h post dosing, and replaced with same volumes
of 50U heparin (in saline) so as to prevent clotting of the catheter
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and to compensate for blood loss. Samples were collected in hep-
arin coated micro-centrifuge tubes and centrifuged at 5000 x g for
7 min to collect the plasma which was stored at —80°C until fur-
ther analysis. After the last time point, animals from each group
were euthanized by injecting an excess dose of sodium pentobar-
bital (100 mg/kg). Small intestine and liver lobes were harvested
and stored at —80°C for further quantitative gene expression anal-
ysis. The dose selected for NVP and sutherlandia were similar to the
recommended human doses.

2.4. Plasma sample analysis

Concentrations of NVP in rat plasma were analyzed by
LC/MS-MS. Sample preparation was carried out by liquid-liquid
extraction method with tert-butyl methyl ether (TBME) as the
extracting solvent. Dibenzepine (150ng/mL) served as inter-
nal standard (IS). Quantitative analysis was carried out using
previously published method (Laurito et al., 2002) with slight mod-
ifications. Briefly, 100 L of the plasma sample was mixed with
25 L of internal standard (IS) solution. Five hundred microliters
of TBME was added and vortexed for 2 min. For efficient separa-
tion of the aqueous and organic layers, samples were centrifuged at
10,000 x g for 5 min. Subsequently, the organic layer was collected
and dried in speed vacuum (Gene-vac DD-4X). The residue was
reconstituted in 100 wL acetonitrile/ammonium formate/formic
acid (1:1:0.1, v/v) reconstitution mixture and 25 wL was injected
onto the LC/MS-MS for analysis. Extraction efficiencies for NVP and
IS from plasma samples were approximately 90%.

LC/MS-MS QTrap® API-2000 mass spectrometer (Applied
Biosystems, Foster City, CA, USA) equipped with Agilent 1100 Series
quaternary pump (Agilent G1311A), vacuum degasser (Agilent
G1379A) and autosampler (Agilent G1367A, Agilent Technology
Inc., Palo Alto, CA, USA) was employed to analyze plasma samples.
HPLC separation was performed on an XTerra® MS C18 column
50 mm x 2.1 mm, 5.0 pm (Waters, Milford, MA). The mobile phase
consisted of 50% acetonitrile and 50% water with 0.1% formic acid,
pumped at a flow rate of 0.3 mL/min. Analysis time was 5 min
per run and NVP and dibenzepine eluted within 2-3 min. Multi-
ple reaction monitoring (MRM) mode was utilized to detect the
compounds of interest. The mass spectrometer was operated in the
positive ion mode for detection of NVP. The precursor to product
ions for all the analytes are as follows, NVP (m/z 267 — 226), diben-
zepine (m/z296 — 251). The operational parameters for the tandem
mass spectrum for each analyte were obtained after running them
in quantitative optimization mode. Turbo ion spray setting and
collision gas pressure were optimized (IS voltage: £5500V, tem-
perature: 350°C, nebulizer gas: 40 psi, curtain gas: 30 psi). Limits
of quantification were found to be 10-15 ng/mL for NVP and IS. The
method generated rapid and reproducible results.

VIVID assay for determining CYP3A4 activity (induction and
inhibition)

After observing a significant pharmacokinetic drug-herb inter-
action from the oral absorption studies, it was important to
elucidate if sutherlandia could also modulate the activity of CYP3A4
enzyme in a clinical setting, hence, Vivid CYP3A4 assay was
employed. Following treatment of the LS-180 cells with suther-
landia (300 pg/mL) or rifampicin (25 wM in DMSO), as a positive
control and 0.05% DMSO vehicle in the medium for 96 h, medium
was aspirated and cells were washed twice with phosphate buffer
saline (PBS) at 37 °C. The experiment was performed as published
previously (Trubetskoy et al., 2005). Briefly, to initiate the Vivid
fluorescent assay, 50 pL of 100-wM Vivid CYP3A4 red substrate
diluted in warm PBS was added to each well resulting in a final
concentration of 50 wM substrate and 0.5% acetonitrile. Fluorescent

readings were monitored at 37 °C after 30 min using a 96 well plate
reader (Beckman Coulter® DTX 880) at an excitation wavelength of
535 nm, an emission wavelength of 595 nm, and CYP activity was
measured as the rate of fluorescent metabolite production over the
course of the reaction. Fold-induction was calculated as the activity
observed after treatment with inducer compared with treatment
with 0.1% DMSO (control).

A similar study was performed for CYP3A4 inhibition, concen-
trations ranging from 25 pg/mL to 1500 pwg/mL of sutherlandia
extract were selected for dose dependent inhibition. Ketoconazole
(10 uM, as suggested by the manufacturer) served as a positive
control for inhibition of CYP3A4.

RTPCR and Quantification of m-RNA induction

Total RNA was isolated from cell lysate and rat tissue
using Trizol-LS® reagent (Invitrogen, Carlsbad, CA) accord-
ing to manufacturer’s protocol. Briefly, 1wg of total RNA
was reverse transcribed using standard protocol with MMLV
Reverse Transcriptase (Promega, Madison, WI). After the first
strand cDNA synthesis, 2 L was used for further PCR analy-
sis as per standard protocol using Taq polymerase (Promega,
Madison, WI). Human primers used for the amplification
CYP3A4 (forward 5-AAGACCCCTTTGTGGAAAAC-3’; reverse 5'-
AGAGAACACTGCTCGTGGTT-3') and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (forward 5'-GGGTGTGAACCATGAGAAGT-
3’; reverse 5-TAGAGGCAGGGATGATGTTC-3’) All primers
were designed using OligoPerfect™ Designer (Invitro-
gen Corp. Carlsbad, CA). For rat tissues the primers used
were CYP3A2 (forward 5'-TGCCGAGTAAGGCACCTCCT-
3’; reverse 5'-GACTGCATCCCGTGGCAGAA-3’) and GAPDH
(forward 5’-CATCATCTCCGCCCCTTCCG-3'; reverse 5-
GCTTTCCAGAGGGGCCATCC-3’). Real-time PCR (qRTPCR) was
conducted using an ABI 5700 GeneAmp Sequence Detection System
(PerkinElmer, Applied Biosystems: Foster City, CA). Primers used
for qRTPCR were CYP3A2 (forward 5'-ACCACCAGCAGCACACTCTC-
3’; reverse 5-GAGGTGCCTTACTCGGCAGG-3’) and GAPDH
(forward 5-GGATGGCCCCTCTGGAAAGC-3/; reverse 5'-
GCTCTGGGATGACCTTGCCC-3’). The gqPCR was carried out using
SYBR® Green Quantitative RT-PCR Kit (Promega) as per manufac-
turer’s protocol. The specificity of the target amplification was
tested by melting curve analysis (Wittwer et al.,, 2001; Zhang
et al.,, 2002). Quantitation was carried out using comparative C;
method. Samples for qRTPCR were prepared at least in triplicate.
Quantitative values were obtained above the threshold PCR cycle
number (C;) at which the increase in signal associated with an
exponential growth for PCR products was detected. The relative
mRNA levels in each sample were normalized according to the
expression levels of GAPDH. An induction ratio (treated/untreated)
was determined from the relative expression levels of the target
gene using the equation: 2-4¢ (AC; = C; target gene — C; GAPDH).

2.5. Cytotoxicity studies

To delineate whether the results obtained in the in vitro exper-
iments were not due to the cytotoxic effects of sutherlandia, MTT
assay (Promega) was performed according to manufacturer’s pro-
tocol (Paturi et al., 2010).

2.5.1. Data treatment

Pharmacokinetic parameters for oral absorption studies, such
as maximum plasma concentration (Cpax), time needed to reach
maximum concentration (tmax) and area under the plasma con-
centration curve (AUC) were analyzed with noncompartmental
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analysis method using WinNonlin Professional v5.0 (Pharsight cor-
poration, Mountain View, CA).

2.5.2. Statistical analysis

Invivo oral absorption studies and cellular accumulation studies
were conducted at least in triplicate. Results from in vivo exper-
iments are expressed as mean =+ standard error (S.E.). All other
results are expressed as mean =+ standard deviation (S.D.). Student t
test was applied to determine statistical significance between two
groups, with p <0.05 being considered as statistically significant.

3. Results
3.1. Effects of sutherlandia on plasma pharmacokinetics of NVP

To determine if sutherlandia co-administration could alter
pharmacokinetics of NVP, oral absorption studies were conducted
in Sprague Dawley rats. In case of short term co-administration
of sutherlandia, the noncompartmental analysis of plasma-
concentration time profiles (Fig. 1A) gave an AUCy_j,s and
Cmax Values (see Table 1) of (60544.50+6579.32 minng/mL
and 575.644+51.60ng/mL for vehicle control whereas
62556.58 +£7996.58.55 minng/mL and  534.68 +72.93 ng/mL
respectively for NVP, showing no statistically significant dif-
ference between the two groups (p>0.05). However, five days
pre-treatment with sutherlandia (Fig. 1B) significantly lowered the
AUC_in of NVP from 60544.60 (+6579.32) min ng/ml to 33000.60
(+£7168.55)min" ng/ml (45% decrease) at an oral dose of 6 mg/kg.
Cmax also markedly got reduced from 575.64 (£51.60)ng/mL to
281.1(+£62.80)ng/mL, indicating a 51% decrement (Fig. 2). The
time to reach maximum plasma concentration (tmax) changed
from 60 min to 45min. Chronic administration of sutherlandia,
however, did not significantly affect the mean residence time
(MRT) and the half life (t;,,) of NVP.

3.2. Quantitative RT-PCR analysis

Rat tissue does not express CYP3A4; hence mRNA expression
levels of CYP3A2, a rat homologue of human CYP3A4 was quanti-
tatively determined in the hepatic and intestinal tissues with and
without chronic treatment with sutherlandia. A significant eleva-
tion in CYP3A2 mRNA expression levels was determined after 5
days oral administration of sutherlandia in rats (Fig. 3A). Quantita-
tive analysis revealed an increase of 330% and 200%, respectively
(Fig. 3B) in the hepatic and intestinal rat CYP3A2 expression
levels.

3.3. Modulation of CYP3A4 activity upon sutherlandia treatment
in LS-180 cells

To ascertain any potential for a drug herb interaction upon
sutherlandia co-administration in a clinical setting, human intesti-
nal adenocarcinoma (LS-180) cells were selected as an in vitro
model. Ninety-six hour post exposure, PCR analysis revealed a
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Fig. 1. Plasma concentration-time profile after 6 mg/kg oral dose of NVP upon short
term (A) and (B) chronic (5 days) exposure to sutherlandia in rats. Each data point
represents mean=+S.E. (n=5), (*) and (**) represents significant difference from
control (p<0.05) and (p<0.01), respectively.
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Fig. 2. Ratio of the Cax and AUC values of NVP as obtained in vehicle control (black
bar), after short-term treatment (white bar) and long-term exposure (grey bar)
to sutherlandia in rats. (**) represents significant difference from vehicle control
(p<0.01).

significant increase in the CYP3A4 mRNA expression in both
rifampicin and sutherlandia treated groups (Fig. 4) compared to
the medium control. Since, rifampicin (25 wM), a known inducer of
CYP3A4, yielded an increase in CYP3A4 mRNA, LS-180 cells proved

Pharmacokinetic parameters of NVP after short term and chronic oral administration of sutherlandia in rats.

NVP PO (without sutherlandia) PO (with sutherlandia, short term) PO (after 5 days of sutherlandia, long term)
Dose (mg/kg) 6 6 6

Cmax (ng/mL) 575.64+51.60 534.68+72.93 281.1+62.8"

AUCq_inf (min'ng/ml) 60544.50 £ 6579.32 62556.58 +7996.58 33000.59 +7168.55™

tmax (Min) 60 60 45

Az (min~1) 0.0213 £0.0024 0.0171+0.0017 0.0153+0.0019

Half-life (min) 34.19+£3.56 41.77+3.98 41.18+7.42

MRT (min) 87.26 £4.85 98.13+£4.3 108 +£15.87

“ Represents significant difference from control (p <0.01).
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Fig. 3. (A) PCR analysis: induction of CYP3A2 in rat hepatic and intestinal tissues
with and without 5-day exposure to sutherlandia (12 mg/kg). GAPDH was used
as the house keeping gene. C and T represent control and treated group of rats,
respectively. (B) Quantitative PCR showing fold induction of CYP3A expression in
rat liver and intestine with and without 5 day exposure of sutherlandia in rats. Each
data point represents mean =+ S.D. (n=4). (*) represents significant difference from
control (p<0.05).
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Fig. 4. Induction of CYP3A4 in LS-180 cells after 96 h exposure to sutherlandia
(300 pg/mL) and rifampicin (25 wM). GAPDH was used as the internal standard.

to be a good in vitro human model for studying CYP induction.
To further, confirm the increase in functional activity of CYP3A4
post treatment, Vivid CYP3A4 assay was employed. The func-
tional activity was measured in terms of rate of specific CYP3A4
metabolite formation. Results demonstrated a 2.0-fold and 1.8-fold
increase in the functional activity of rifampicin and sutherlandia
treated cells respectively (Fig. 5). These results although cannot
be directly compared with the in vivo oral absorption studies
in rats, however, our results indicate a similar trend in increas-
ing the metabolizing activity of the CYP3A isoforms in both the
animal and cell culture models. To mimic, the short term co-
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Fig. 5. Vivid assay for determination of functional activity of induced CYP3A4 in
LS-180 cells after 96 h exposure to sutherlandia (Suth, 300 pg/mL), rifampicin (Rif,
25 wM) and acute treatment with ketoconazole (KTZ, 10 wM; as a CYP3A4 inhibitor).
Each data point represents mean+S.D. (n=6). (**) and (***) represents significant
difference from control (p<0.01) and (p <0.001), respectively.
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Fig. 6. Vivid assay for determining the CYP3A4 inhibitory potency:
concentration-response curve shows the % of CYP3A4 activity in presence of
increasing concentrations (25-1200 wg/mL) of sutherlandia. Each data point
represents mean+S.D. (n=7), (**) represents significant difference from control
(p<0.01).

administration experiment in rats, we also tested the inhibitory
potential of sutherlandia on CYP3A4 activity using Vivid CYP3A4
inhibition assay. Sutherlandia was able to inhibit the CYP3A4
activity although at very high concentrations tested (Fig. 6). The
MTT assay was performed to delineate whether the genetic and
activity responses can be attributed to the cytotoxic effects of
sutherlandia. It was observed that none of the tested concentra-
tions had any significant cytotoxic effect on LS-180 cells (data not
shown).

4. Discussion

Recently, many case reports have warranted about loss of thera-
peutic efficacy of prescribed medications with self-administration
of over the counter (OTC) herbal products. One of the most well
documented facts involves St. John's wort (SJW). Indeed, con-
comitant administration of SJW resulted in treatment failure with
digoxin, antiretroviral drugs, cyclosporine and oral contracep-
tives (Hall et al., 2003; Johne et al., 1999; Karliova et al., 2000;
Murphy et al., 2005; Piscitelli et al., 2000). These herb-drug inter-
actions in most cases involve induction of efflux transporter P-gp
and/or drug metabolizing enzyme CYP3A4. It has been reported
that treatment with SJW extract for 14 days in humans resulted
in 1.5-fold increase in the expression of duodenal CYP3A4 (Durr
et al., 2000). Similar to SJW, sutherlandia is an OTC African herbal
medicine known for its potential to reduce the HIV viral load
and boost immune response and appetite in AIDS patients. Mills
et al. recently reported activation of PXR gene following chronic
treatment with sutherlandia in an in vitro assay (Mills et al.,
2005b). However, effect on functional activity of CYP3A homo-
logues upon chronic treatment with sutherlandia remains to be
elucidated. Till date, no work indicating pharmacokinetic interac-
tions involving sutherlandia has been reported. This research article
represents the first report demonstrating correlation between
the elevated protein level expression and functional activity of
CYP3A4 in LS-180 cells (CYP3A2 in rats) upon sutherlandia chronic
exposure.

In our first objective, we demonstrated the induction of CYP3A2
gene expression in vivo in male Sprague Dawley rats by study-
ing the effect of chronic treatment of sutherlandia using NVP as
a substrate for rat CYP3A2. Plasma concentration of NVP did not
change to a statistically significant level upon short-term exposure
to sutherlandia (Fig. 1A). However, a significant decrease in the
pharmacokinetic parameters such as AUC and Cpax for NVP was
evident when administered after 5 days of chronic exposure in rats
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(Fig. 1B, Table 1). This indicates a probable induction of CYP3A2 in
rats. In addition, quantitative RTPCR analysis also suggests signifi-
cant elevation of intestinal and hepatic CYP3A2 mRNA (Fig. 3B). We
postulate that reduction in plasma concentration of NVP is primar-
ily due to enhanced metabolism by elevated levels of CYP3A2 over
five day treatment of sutherlandia in rats resulting in enhanced
intrinsic hepatic clearance of NVP.

Since rats may have a different mechanism of induction when
compared to that of humans, we wanted to test if sutherlandia
could also cause induction or inhibition of CYP3A4, human homo-
logue of rodent CYP3A2. Human intestinal adenocarcinoma LS-180
cells were employed as an in vitro induction model. Recent reports
have suggested this cell line to be a good in vitro model for pre-
dicting CYP3A4 mediated drug interactions (Gupta et al., 2008).
Commonly ingested dose of sutherlandia is close to that of SJW
(400 mg b.i.d.), but no reports exist stating the luminal concentra-
tions achieved after oral dosing of sutherlandia in humans. Since
luminal concentrations attained for SJW is reported to be approx
300 pg/mL (Perloff et al., 2001; Tian et al., 2005), we selected the
same concentration for sutherlandia to carry out in vitro induction
experiments. Significant induction of CYP3A4 mRNA expression
was observed with 96 h treatment of sutherlandia as shown by
PCR analysis. Rifampicin (25 M), a known inducer of CYP3A4 also
yielded similar results. Moreover, to prove the functional activity
of induced CYP3A4 transcripts, VIVID® CYP3A4 assay was carried
out. The assay is based on a simple principle that the VIVID®
substrate (non-florescent) releases a highly florescent metabo-
lite upon oxidation specifically by CYP3A4 enzyme. Ninety-six
hour post exposure to sutherlandia (300 pg/mL) in LS-180 cells
raised metabolite formation to 173%. Positive control rifampicin
also indicated a 200% increase in metabolite formation at the
end of 15 min incubation relative to control (Fig. 5). Ketoconazole
(10 wM, known CYP3A4 inhibitor) reduced metabolite formation
of VIVID® substrate to ~5-fold relative to the control set of wells.
These results suggest that LS-180 cells represent a suitable in vitro
model to assess the role of herbal or therapeutic agents on CYP3A4
activity.

Since sutherlandia is taken as supplement for ailments such
as diabetes and chronic depression along with HIV infection
management, these pre-clinical results indicate that concomi-
tant administration of sutherlandia along with prescription drugs
(CYP3A4 substrates) especially low therapeutic index drugs
could possibly lead to therapeutic failure and clinically rele-
vant drug-herb interactions. Due to the multi-component nature
of sutherlandia, it is difficult to determine which active con-
stituents might have caused this increase in mRNA expression of rat
CYP3A2/human CYP3A4. We are currently carrying out studies to
elucidate the effects of known active constituents, i.e. L-canavanine,
GABA and pinitol on CYP3A4 expression levels in vitro. Since these
compounds are hydrophilic in nature, it is likely that there are
other unknown components in the aqueous extract of sutherlan-
dia that might be involved in rodent CYP3A induction. Recently Fu
et al. (2008, 2010) have characterized and isolated four flavanoid
glycosides (sutherlandins A-D) and four cycloartanol glycosides
(sutherlandiosides A-D) from aerial parts of sutherlandia. Due to
the higher molecular weight and hydrophobic nature of these
compounds, we suspect that these active constituents might be
responsible for induction of CYP3A homologues. Moreover, dose
dependent effect of sutherlandia and duration of exposure might
increase CYP3A4 expression levels to an even greater extent. In
conclusion, this report describes that luminal and plasma concen-
tration of sutherlandia achieved after chronic oral administration
induced intestinal and hepatic CYP3A2 expression levels in rats
and altered the pharmacokinetics of antiretroviral NVP. Further-
more, sutherlandia induces human CYP3A4 in LS-180 cells, thereby
increasing its functional activity. Hence, clinical trials delineating

the role of sutherlandia in causing potential drug-herb interactions
with model CYP3A4 substrates are warranted.
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