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INTRODUCTION 
 
African traditional medicines (ATMs) are commonly 
used by HIV/AIDS patients in South Africa [1-4]. 
The use of the indigenous Southern African plants, 
Hypoxis hemerocallidea (African potato) and 
Sutherlandia frutescens (SF) for the treatment of 
HIV/AIDS has previously been described. [5]. The 
risk which such ATMs may pose to the safety and 
efficacy of antiretrovirals (ARVs) and the potential 
mechanisms which underlie such effects may have 
clinical significance and relevance and yet there is a 
dearth of knowledge in this regard. 

The protease inhibitor (PI), atazanavir (ATV), 
like other PIs, is a substrate of the efflux transporter, 
P-gp [6,7], which modulates absorption in the small 
intestine, as well as CYP3A4 and CYP3A5 [8] 
enzymes which facilitate metabolism in the small 
intestine and liver. ATV may thus be susceptible to 
pharmacokinetic (PK) interactions with agents able 
to modulate the activities of this transporter and 
family of CYP enzymes, thereby potentially altering 
the safety or therapeutic profile of the PI. 

We conducted in vitro studies [9] which showed 
that aqueous extracts (10 mg/ml) of SF may have the 
potential to reduce ATV absorption and to inhibit 
ATV metabolism. A methanolic extract of SF in 
which less polar constituents in comparison to the 
aqueous extract are likely present, may also inhibit 
ATV metabolism. Triterpenoid and flavonoid 
glycosides as well as D-Pinitol and L-Canavanine 
are known to be present in SF [10-13]. A triterpenoid 
glycoside fraction isolated from SF enhanced 
absorption and metabolism of ATV. These results 
alluded to the potential for SF to induce a drug-drug 
interaction with ATV. Furthermore, synergistic and 
contradictory effects were observed for different 
extracts and components of the plant and it was not 
clear which of these would predominate. An in vivo  
 

 
 
study with a PK analysis was required to provide 
further insight into a drug-drug interaction, if any. 

The rate and extent to which a drug reaches the 
systemic circulation, may be used as a predictor of a 
clinical response which may lead to the therapeutic 
and/or toxic effects of a drug. Changes in the 
bioavailability of a drug in an individual as a result 
of an interaction with another drug, food or herbal 
medicine may thus alter these pharmacodynamic 
(PD) responses, thereby impacting on the efficacy or 
toxicity of the prescribed medication [14-16]. 

Clinical drug-drug interaction studies are 
designed to compare substrate (S) drug 
concentrations with and without an interacting (I) 
drug in humans [14-16]. The most commonly used 
PK parameters of the substrate drug in the analysis 
of PK oral drug-drug interaction data include the area 
under the plasma concentration vs time curve 
(AUC), the peak plasma concentration (Cmax), the 
time to reach Cmax (tmax), and the minimum 
concentration (Cmin).  

An analogy may be drawn between drug-drug 
interaction and bioequivalence studies in that both 
seek to ascertain whether a clinically significant 
change in bioavailability of a drug has occurred 
when administered under different conditions [14-
17], where such conditions are either the co-
administration of another drug (drug-drug 
interactions) or the delivery of the same drug in a 
different formulation (bioequivalence) [17]. The 
European [14], US [15] and Canadian [16] drug-drug 
interaction guidances therefore all recommend that 
the statistical approach for bioequivalence be applied  
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to drug-drug interaction studies. The underlying 
principle is always that for given lower and upper 
tolerance limits, bioequivalence (or no drug-drug 
interaction) is claimed if the difference between the 
mean (or ratio of geometric mean) of the test and 
reference (or S and S + I) of a PK parameter is within 
the tolerance limits with some degree of certainty 
[18]. In a drug-drug interaction study, if both CI 
limits fall inside the no-effect boundary of 0.8–1.25, 
then no clinically significant interaction is implied.  

An ATV single dose/ SF multiple doses, one 
sequence crossover drug-drug interaction study in 
healthy male subjects was conducted [19] and 
revealed that the lower limit of a 90 % CI interval for 
the geometric mean ratios (ATV/ATV + SF) of both 
Cmax and AUC0-24hr were below the “no-effect” 
boundary of 0.8 – 1.25. This implied that SF reduced 
the systemic exposure of ATV, which may have 
clinical significance, with respect to the safety and/or 
efficacy of ATV. 

When a drug-drug interaction occurs, changes in 
PK exposure parameters such as Cmax and AUC may 
not provide complete information regarding the 
particular mechanism of interaction. For example, 
changes in these exposure metrics could be due to 
changes in absorption or in the clearance or 

elimination of the drug itself, or both. In the 
aforementioned study [19], a visual comparison of 
the concentration-time profiles of ATV (i) in the 
absence and presence (ii) of SF showed a similar rate 
of elimination, suggesting that the mechanism by 
which SF reduced the systemic exposure of ATV 
may have been more likely related to absorption 
rather than elimination (Figure 1)[19]. Fitting the 
ATV and ATV + SF drug-drug interaction data with 
a robust population pharmacokinetic model may thus 
be helpful in confirming or refuting the 
postulation(s) of the possible mechanism(s) of the 
interaction [20-22].  

The main objective of this study was to use a 
population PK analysis to fit and explain the plasma 
concentration vs. time profiles of ATV [19], in order 
to understand and postulate on the potential 
mechanism(s) of the drug-drug interaction.  

 
Study Population and Study Design 
The methods, materials and study population were as 
previously described [19,23]. The study design 
involved a one-sequence crossover, two phase 
clinical study with a single dose/multiple dose 
regimen combination for ATV and SF respectively 
[19]. 

 

 
Figure 1.  Comparison of mean ATV plasma concentration-time profiles for Phase I (ATV alone) and Phase II (ATV + 
SF). Each point represents the mean ± standard deviation (n=12) 
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Noncompartmental PK Analysis 
The PK parameters of ATV before and after co-
administration with SF were determined by 
noncompartmental analyses. Exposure measures, 
AUC0-24 and Cmax were the primary PK parameters 
used to evaluate whether multiple dosing of SF 
altered the single-dose PK of ATV. Other parameters 
which were monitored included t½, tmax, and kel. 
These analyses were all conducted using the SAS® 
software (version 9.1.3, SAS Institute Inc, Cary, 
North Carolina, USA) and have been reported in the 
literature [19]. 
 
Population Compartmental PK Analysis 
All concentration vs. time data were also 
simultaneously characterized and explained by a 
population compartmental model created with 
ADAPT5® [26].  Several models were created in 
order to explain appropriately and in a simultaneous 
manner all concentrations of ATV whether or not SF 
was administered. Models were modified in a 
sequential manner in order to obtain the most 
appropriate model to describe and explain all data. 
Quality of fit between potential models were 
compared using various different tools. A new 
preferred model compared to a previous model  had 
to possess many or all of the following attributes: A 
lower Minimum value of the Objective Function 
(MOF) and of the Akaike Information criterion test 
(AIC), a better quality of fit as evidenced by 
improved predicted versus observed concentrations 
over time for ATV data in every subject, a lower 
value of the residual variability, and an improvement 
in other different graphical representations such as 
the weighted residuals versus predicted 
concentrations, and weighted residuals versus time. 

Once a structural model was found to be the most 
appropriate and declared to be final, a population PK 
analysis was undertaken with this final model to 
ensure the robustness of the results. The population 
PK analysis was done using a mixed-effect modeling 
approach as implemented in the ITS tool of 
ADAPT5® [26]. Validation of the population PK 
study results were conducted using visual predictive 
checks and nonparametric bootstraps. One thousand 
studies were simulated and the observed data from 
the study were to be overlaid on the graphical 
representation of the 5-95% confidence intervals 
from the nonparametric bootstraps. 
 
 
 

RESULTS AND DISCUSSION 
 
The different PK models investigated to describe the 
concentration vs time data of ATV regardless of the 
absence or presence of SF are presented in Table 1. 
Inspection of the mean concentration-time profiles in 
Figure 1[19] suggested that the absorption of ATV 
appeared to have mixed mechanisms, in that a zero-
order “active” absorption process (depicted by the 
PK parameter K0) was occurring at the same time as 
a first order “passive” process (represented by the PK 
parameter Ka). The first model was therefore a one 
compartment model with a dual-absorption process, 
where the co-administration of SF could change all 
of the PK parameters of the model (e.g., Ka, Tlag, K0, 
CL/F and V/F). The fit, as shown by high MOF, AIC 
and residual variability, suggested that the one 
compartment model was not appropriate, therefore 
the model was changed to a two-compartment one 
(Model #2). This change resulted in a very good fit 
of the observed data with a low residual variability 
of 10%, indicating that the model explained the data 
very well. This model took into account the potential 
of SF to affect the overall bioavailability (F) of ATV 
as well its CL and V, whether or not changes in F 
occurred. In addition, the model made provision for 
potential changes in all absorption parameters (Ka, 
Tlag and K0), since these appeared necessary as 
evidenced by the concentration-time profiles of ATV 
and ATV + SF and the noncompartmental PK 
results. Results from this model suggested that once 
changes in F for ATV occurred, no additional 
changes in V and CL were observed, thus the next 
model allowed the changes to be only in CL/F and 
V/F (Model #3) of ATV without a separate F 
parameter, while Model #4 allowed the change in 
CL/F and V/F of ATV, caused by SF to result only 
from a change in F. In this case,  SF would not 
change the true systemic V or  CL parameters of 
ATV, but only F, thereby resulting in a change in V/F 
and CL/F. Model #4 gave an improved MOF and 
AIC and was therefore judged to be the most optimal 
model for the concentration-time data of ATV in the 
absence and presence of SF. Goodness of fit figures 
as well as the fitted versus observed concentrations 
of ATV with and without SF co-administration in 
one subject are presented in Figures 2 and 3, 
respectively. The model was validated using 
nonparametric bootstraps and visual predictive 
checks. These are presented in Figure 4, where it can 
be seen that the observed data were well 
characterized by the PK model. 
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The population PK analysis conducted with 
model#4 (Table 2) suggested that SF decreased ATV 
absorption by 13 %, via an “active” process (K0). A 
13 % reduction in bioavailability indicates that the 
concomitant administration of SF does not cause a 
change in any other PK parameter of ATV, namely, 
distribution, elimination and “passive” absorption 
(Ka) of the PI. The hypothesis that SF reduces the 

bioavailability of ATV via absorption and not 
elimination is thus probable. Moreover, the role of 
transporters and/or CYP enzymes of the intestinal 
tissue in mediating the effect are also supported as 
only the “active” and not the “passive” absorption 
process of ATV was impacted after administration of 
SF. 

 
 

 

 

 

 

 

 

 

 

 
Figure 2. Goodness of fit representations for ATV plasma concentrations using the final Model #4 (a) Individual Standardized 
Residual vs Model prediction and (b) Measured Data vs Individual Model Prediction. 
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Figure 3. Predicted and observed ATV concentrations (µg/ml) versus time in one subject using the final Model #4, (a) 
ATV at baseline (Day 1) and (b) ATV after 15 days administration of SF 
 

a) b) 

a) b) 
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Figure 4. Visual Predictive Checks of the ATV PK model at baseline (Panel A) and after 15 days of co-administration of 
SF (Panel B) 

 

 

Table 1: PK models investigated during the Population PK analysis in order to appropriately describe the ATV 
concentrations whether or not SF is co-administered (Retained final model is in bold) 

Model tested Quality of Fit 

Model # ATV Alone Change in parameters 
allowed when SF is co-

administered 

Residual 
variability 

MOF AIC 

1 1-cpt model with 1 active 
(K0) and 1 passive (Ka) 
absorption process 

Ka, Tlag, K0, CL/F and V/F are 
estimated separately with and 
without SF 

26% 102.964 286.964 

2 Changed to a 2-cpt  with 
1 active (K0) and 1 
passive (Ka) absorption 
process 

Ka, Tlag, K0, F CL/F and V/F 
are estimated separately with 
and without SF 

10% -351.112 -77.1121 

3 Same as Run#2. Ka, Tlag, K0, CL/F and V/F are 
estimated separately with and 
without SF 

10% -396.406 -154.406 

4 Same as Run#2. Ka, Tlag, K0 and Frel are 
estimated separately with 
and without SF 

10% -508.775 -296.775 

Abbreviations:  
1-cpt = one-compartment model; 2-cpt = two-compartment model; Ka = absorption rate constant;  
Tlag = lag time; K0 = zero order absorption rate constant; CL= clearance; V= volume of distribution; 
F= bioavailability 
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Table 2: Individual PK parameter results from the population PK analysis (Final Model #4) describing potential changes in 
ATV that would be due to SF co-administration. 

 PK parameters 

Day 1 
(ATV alone) 

Day 8 
(ATV + SF) 

Change from Day 1 to Day 8 
Mean CV % Mean CV % 

Relative 
Bioavailability 

Frel  87% 31.4% SF appeared to decrease the 
overall bioavailability of ATV 
by 13% (Frel). Most of this 
change appeared to be caused 
by a change in the % of dose 
absorbed via a zero-order 
active process (K0) which 
decreased by 13%. 

Absorption Percentage of 
absorption through 
K0 route 

20.68% 68% 7.8% 53% 

Tlag before Ka 
starts 

2.08 25% 1.70 51% 

Ka 0.35 26% 0.37 40% 
Distribution 
and Clearance 
parameters  

Vc/F (L) 18.8 65% Note: Day 1 values 
divided by Frel  

Change only due to an overall 
bioavailability change (F) by 
SF and not due to any change 
in systemic clearances or 
volumes of distribution. 

Vp/F (L) 449 145% 
CL/F (L/h) 26.8 43% 
CLd/F 16.7 72% 

Half -lives Absorption half-
life (Ka) 

2.1 h 28% 2.2 h 47%  

Distribution half- 
life 

0.3 h 63% No change 

Elimination half-
life 

14.8 h 
(arithmetic 
mean) 

149% 

Abbreviations:  
1-cpt = one-compartment model; 2-cpt = two-compartment model; Ka = absorption rate constant;  
Tlag = lag time; K0 = zero order absorption rate constant; CL= clearance; V= volume of distribution; 
F=bioavailability 
 
 
CONCLUSIONS 
 
The population PK Compartmental Analysis of ATV 
before and after a two-week regimen of Phyto Nova 
Sutherlandia SU1 tablets which contain SF plant 
material indicated that a two compartment model 
with a dual absorption mechanism best explained the 
data. The dual absorption mechanism is 
hypothesized to reflect “passive” (first-order, Ka 
parameter) and “active” (zero-order, K0 parameter) 
absorption processes. The population PK analyses 
suggested that the mechanism by which SF reduced 
the overall bioavailability of ATV may be modulated 
via the inhibition of the “active” absorption process. 
This study has highlighted the utility of population 
PK analyses in postulating the most probable 
mechanism(s) whereby an ATM or a herbal 
medicine interacts with an allopathic drug. This may 
be particularly useful when in vitro studies show 
contradictory results for different extracts and 
components of the ATM or herbal medicine. 
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