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Introduction

Abstract

A commercial Rhodiola rosea (R. rosea) product has previously demonstrated
CYP2C9 inhibition in humans. The purpose of this study was to provide
in vitro inhibitory data for this particular interaction and to classify the
mechanism of the interaction. Another aim was to examine the in vitro influ-
ence of ethanol on the CYP2C9 activity. Human CYP2C9 (wild type) isolated
from a baculovirus-infected cell system was incubated with 0.8 umol/L losar-
tan for 20 min. Sulfaphenazole was used as a positive control. The commer-
cial R. rosea product “Arctic Root” was used as test inhibitor. Formation of
the CYP2C9-produced losartan metabolite EXP-3174 was determined by vali-
dated LC-MS/MS methodology. Possible mechanism-based (irreversible) inhi-
bition was evaluated using time- and NADPH-dependent inhibition assays.
Kinetic constants (K, Vma.o and K;) were calculated from a Lineweaver-Burk
plot. Mode of inhibition was determined. CYP2C9 was inhibited by “Arctic
Root” with an ICs, (extract concentration yielding 50% reduction in enzyme
activity) of 19.2 £+ 2.7 pug/mL. Inhibitor concentrations of 20 pg/mL and
40 pg/mL yielded K; values of 16.37 ug/mL and 5.59 pg/mL, respectively. The
Lineweaver-Burk plot showed noncompetitive inhibition mode. No
time- or NADPH-dependent inhibition was observed. The presence of ethanol
inhibited CYP2C9 activity in a concentration-dependent manner. In conclu-
sion, the commercial R. rosea product “Arctic Root” demonstrated noncom-
petitive inhibition of CYP2C9 Further work identifying the
constituents responsible for this inhibition is needed.

in vitro.

Abbreviations
AUC, area under the curve; IS, internal standard.

industry is large, with over 46 registered international
companies, giving the herb a global distribution (Galam-

Rhodiola rosea L. (Crassulaceae) is a plant in the Crassu-
laceae family, and is mainly found in arctic and moun-
tainous habitats (Ming et al. 2005). Historically, R. rosea
has been used for numerous medical problems, for exam-
ple, headache, hernias, and kidney stones (Panossian et al.
2010). Today, the products are mainly marketed to allevi-
ate mild depression and to increase energy levels, libido,
and mental performance. The commercial R. rosea
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bosi 2005; Edwards et al. 2012).

CYP2C9 is a part of the CYP2C family of enzymes,
which accounts for about 20% of all P450 enzymes in the
human liver (Niwa and Yamazaki 2012). CYP2C9 metabo-
lizes more than 20% of all therapeutic drugs, including
drugs with a narrow therapeutic index, such as phenytoin
and warfarin (Miners and Birkett 1998; Danielson 2002;
Niwa and Yamazaki 2012). Inhibition of CYP2C9
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activity has been shown clinically relevant for numerous
drug inhibitors like amiodarone, trimethoprim, and sul-
faphenazole (Miners and Birkett 1998). Inhibition studies
by these drugs, and also by herbal supplement extracts,
have shown that CYP2C9 can be subject to different types
of inhibition, including competitive inhibition (St. John’s
wort constituents), mixed-model inhibition (Phikud nava-
kot extract), noncompetitive inhibition (Bacopa monnieri
extract), and mechanism-based (irreversible) inhibition
(Lindera aggregate constituent) (Miners and Birkett 1998;
Obach 2000; Ramasamy et al. 2014; Wang et al. 2015; Chi-
angsom et al. 2016).

Several studies have evaluated the inhibitory potential of
R. rosea toward cytochrome P-450 (CYP) enzymes. A pre-
viously published study from our group found an in vitro
inhibition of CYP3A4 enzyme activity by extracts of six R.
rosea clones, with ICsy values (extract concentration yield-
ing 50% reduction in enzyme activity) ranging from 1.7 to
3.1 pg/mL (Hellum et al. 2010). We have also evaluated
the in vitro inhibition potential of several commercial R.
rosea products on CYP1A2, CYP2D6, and CYP3A4 activi-
ties, which produced ICs, values ranging from 7.2 to
186 ug/mL (Thu et al. 2016a). The in vivo interaction
potential of R. rosea has also been studied by some groups.
Panossian et al. (2009) evaluated the influence of 50 mg/kg
R. rosea extracts on CYP2C9 metabolism of warfarin in
rats. They found a 34% increase in warfarin Cp,,,, but did
not notice any significant changes in area under the curve
(AUC) or anticoagulant activity. This result was opposed
by Spanakis et al. (2013), who found an almost twofold
increase in AUC of the CYP2C9 substrate losartan after a
50 mg/kg concurrent administration of a commercial R.
rosea extract to six rabbits in a two-way crossover study,
concluding that R. rosea could be categorized as a moderate
in vivo inhibitor and that a study in humans was needed.
Recently, our group published a study evaluating CYP1A2,
CYP2C9, CYP2C19, CYP2D6, and CYP3A4 interaction in
man by a commercially available R. rosea product similar
to that used by Spanakis et al (2013). In this study, using a
two-phase, randomized cross-over cocktail study in 13
males, we found a 21% reduction in the EXP-3174/losartan
ratio, indicating a significant inhibition of CYP2C9 enzyme
activity (Thu et al. 2016b).

For herbal products with identified bioactive con-
stituents, in vitro studies are usually performed with iso-
lated constituents only, yielding specific data, which can
be extrapolated to herbal products with similar con-
stituent concentration. For R. rosea the rosavins (rosarin,
rosin, and rosavin), salidroside, and tyrosol have been
suggested as bioactive constituents (Hellum et al. 2010),
and the rosavins are now used as identification markers
for the content of R. rosea in commercial products
(Brown et al. 2002; Ma et al. 2011; Mudge et al. 2013).
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However, the constituent(s) responsible for the in vitro
and in vivo CYP inhibition by R. rosea remains to be
identified and the concentration of these constituents
could not be linked to in vitro enzyme inhibition of
CYP1A2, CYP2D6, or CYP3A4 in a previous experiment
(Thu et al. 2016a). Consequently, it is of interest to study
full-extract solutions of R. rosea, as a full extract provides
a more accurate depiction of what the consumers are
exposed to when they ingest these products.

The inhibition of CYP enzymes can broadly be divided
into two types; reversible and irreversible. By observing the
enzyme kinetics of CYP metabolite production, reversible
inhibitors can be further classified into subgroups: compet-
itive, noncompetitive, or uncompetitive inhibitors (Zhang
and Wong 2005). Irreversible inhibitors, or mechanism-
based inhibitors, are inhibitors which mainly satisfies four
criteria (1) Time-dependent inactivation; (2) Inactivation
that is practically irreversible when removing the inhibitor;
(3) The inhibitor should be converted into a reactive inter-
mediate; and (4) The rate of inactivation typically follows
Michaelis-Menten kinetics (Zhang and Wong 2005).

Given the previous studies, where “Arctic Root” was
found to be the most potent in vitro inhibitor among a
selection of commercially available R. rosea products and
also was displaying CYP2C9 inhibition in humans, this
study was undertaken with the aim to provide CYP2C9
in vitro inhibition data, including the classification of the
type of inhibition, using this particular R. rosea product.

Materials and Methods

Losartan potassium (Sigma 61188, lot no. 0001417819),
sulfaphenazole (Sigma S-0758, lot no. 054K0975), and
caffeine (Sigma C0750, lot no. 0001400932) were obtained
from Sigma-Aldrich (St. Louis, MO). EXP-3174 (lot no.
200013283) was kindly donated from Merck (Darmstadt,
Germany). Baculovirus expressed human wild-type
CYP2C9*1 (cat. no. 456258, lot no. 11293), NADPH
regenerating system Solution A (31 mmol/L NADP+,
66 mmol/L glucose-6-phosphate, 66 mmol/L MgCl, in
H20, cat. no. 451220, lot no 57465), and Solution B
(40 U/mmol/L  glucose-6-phosphate dehydrogenase in
5 mmol/L sodium citrate, cat. no. 451200, lot no 56568)
were purchased from BD Biosciences (Woburn, MA). All
other chemicals were of HPLC grade.

The commercial R. rosea product “Arctic Root” (batch/
lot no. 60419, produced by Swedish Herbal Institute, Vall-
berga, Sweden) was obtained from a store for herbal drugs.

One “Arctic Root” tablet was weighed, grounded in a
mortar, and dissolved in 15 mL 50% ethanol. Herbal con-
stituents were extracted at 37°C for 1 h. The extraction
solution was transferred to a falcon tube, centrifuged at
1562 xg for 10 min, and decanted into a new container.
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The residue was added 5 mL of 50% ethanol and the
extraction process was repeated. The first and second
extracts were pooled and the extract solution was evapo-
rated to dryness at 40°C under a gentle stream of air over-
night and weighed. Dried extracts were kept at 4°C,
avoiding light. Before experiments, the extract was dis-
solved in a small amount of 50% ethanol to make herbal
stock solutions with known concentrations. Shelf life was
set to 2 weeks.

The in vitro herbal concentration range tested in the
ICso experiment (0-100 ug/mL) was expected to cover
(and exceed) the herbal concentrations occurring in the
small intestine, liver, and blood in vivo. Our estimates
(Hellum and Nilsen 2007) are based on the total recom-
mended daily intake as stated by the manufacturer.

For mechanism-based experiments, an inhibitor con-
centration of 20 ug/mL was used, and for the enzyme
kinetics experiment, inhibitor concentrations of 20 and
40 pg/mL were used.

The CYP2C9*1 enzyme preparation used was a recom-
binant cDNA-expressed wild-type CYP2C9*1 prepared
from a baculovirus-infected insect cell system. CYP2C9*1
content was 278 pmol/mg protein.

CYP2C9 (12.5 nmol/L) was incubated in conical glass
tubes in a shaking water bath for 15 min at 37°C in a
0.1 mmol/L potassium-phosphate buffer (pH 7.4) con-
taining losartan (0.8 umol/L) and a NADPH regenerating
system (1.25 mmol/L NADP', 3.3 mmol/L Glucose-6-
phosphate, 3.3 mmol/L MgCl,, and 0.4 U/mL glucose-6-
phosphate dehydrogenase). R. rosea, the positive control
inhibitor sulfaphenazole (1.0 umol/L) or buffer/ethanol
was added in volumes of 100 uL. As the herbal solution
contained ethanol, all incubations were performed in
0.8% ethanol with adequate controls. The total incubation
volume was 400 uL. After a 5 min acclimatizing in the
water bath, the reaction was initiated by adding 20 pL of
the regenerating NADPH system. The reaction was termi-
nated on ice by the addition of 200 uL stop solution
(acetonitrile containing the internal standard (IS) caf-
feine). The formation of EXP-3174 was linear from 5 to
20 min with CYP2C9 concentrations up to at least
30 nmol/L and a losartan concentration ranging from
0.05 to 40 pumol/L.

For evaluation of mechanism-based inhibition, time-
and NADPH-dependent inhibition assays were applied. In
the time-dependent assay, CYP2C9 was preincubated at
37°C with R. rosea in the presence of the NADPH regen-
erating system, but without substrate. Preincubation was
continued for different periods of time (0, 15, 30, and
45 min), whereafter the substrate was added to a concen-
tration of 0.8 umol/L and the incubation was continued
for another 15 min. The reaction was terminated on ice
by adding 200 uL of stop solution.

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

CYP2C9 Inhibition by Commercial Rhodiola rosea

The NADPH-dependent assay was performed by prein-
cubating CYP2C9 with R. rosea as described above, but in
the presence and absence of the NADPH regenerating
system for 0 and 45 min. The reaction was initiated by
adding substrate and continued as described above.

EXP-3174 was analyzed by previously published vali-
dated LC-MSMS methodology, with minor adjustments
(Thu et al. 2016b). Details are given in the supplemen-
tary material. A standard curve of EXP3174 was con-
structed from 50 to 90 nmol/L (7 nonzero
concentrations). Limit of quantitation was 5.0 nmol/L.
Within- and between-day coefficients of variation were
<14%. The concentration of the metabolite was esti-
mated from area ratios (metabolite/IS). Data collection
and analysis was handled by Analyst Software 1.5.1
(Applied Biosystems, Waltham, MA).

The CYP2C9 activity was determined from the forma-
tion rate of EXP-3174 from losartan when based on a
total CYP2C9 amount of 5 pmol in the incubation solu-
tion and an incubation time of 15 min. Enzyme activity
was expressed as pmol EXP-3174 formed per pmol
CYP2C9 and min.

The ICsq value of “Arctic Root” was estimated from
nonlinear regression of the inhibition plot where CYP2C9
activity was plotted against increasing herbal concentra-
tions using Sigmaplot (Sigmaplot, Ver. 13.0: Systat Soft-
ware, Inc. San Jose, CA).

K and Vi, values for CYP2C9-mediated metabolism
of losartan were estimated by incubating CYP2C9 with
increasing substrate concentrations (0.4-8.0 umol/L), K,
(app) and V.. (app) were obtained in the presence of
control inhibitor and R. rosea. Data were transformed,
plotted in a Lineweaver-Burk plot using Sigmaplot, and
the mode of inhibition was determined by analyzing the
plot and applying the equations presented in Table 1
(Hellum and Nilsen 2007). K; was calculated by using the
equations given in Table 1.

Data are presented as means + SD of n = 3 replicates.
A two-sample t-test was used to evaluate the effect of the
herbal preparation and inhibitor control on CYP2C9
enzyme activity and linear regression analyses were

Table 1. Equations used for the calculation of K; (Hellum and Nilsen
2007).

Type of inhibition K (app)’ Vimax (app)’
None sz Vmaxz
Competitive K (1 + [IV/K;) Vinax
Noncompetitive Kin Vimax/(1 + [I/K)
Uncompetitive Kn/(1 + [I/K) Vinax/(1 + [IV/K)

Ko (@app) and Vimay (app) are apparent K, and Viay in the presence
of inhibitors.
2K, and Vimax in the absence of inhibitor.
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Figure 1. In vitro CYP2C9 enzyme inhibition by increasing ethanol
concentrations. Ethanol concentrations ranged from 0.0 to 2.0%. The
bars represent mean enzyme activities = SD (n = 3), in the presence
of increasing ethanol concentrations. *Two-tailed t-test between
concentrations, P < 0.05.

performed on standard curves and inhibition plots. Dix-
on’s Q-test was used to identify and remove one potential
outlier per dataset, if applicable (Dean and Dixon 1951).
Statistical analyses were performed on SPSS (SPSS for
Windows, Rel. 13.0. 2004, SPSS Inc., Chicago. IL) or
Microsoft Excel 2010 (Microsoft Cooperation, Redmond,
WA). A P < 0.05 was set a priori to be statistically signifi-
cant.

Results

The mean “Arctic Root” tablet weights for all extractions
were 168 £ 9.0 mg and extraction recovery was 43.4 +
1.7%. CYP2C9 mean enzyme reference (control) activity
without inhibitor was 0.378 £ 0.061 pmol metabolite/
(pmol enzyme min). The ICs, value of the positive control
inhibitor sulfaphenazole was 0.25 4+ 0.1 umol/L (Fig. S1).

Figure 1 shows the effect of ethanol in relevant in vitro
methodological concentrations. At the maximum ethanol
concentration tested of 2.0% the CYP2C9 enzyme activity
was reduced to 50.8 £ 1.8%.

Figure 2 shows the inhibition by R. rosea “Arctic Root”
extract on CYP2C9-mediated metabolism of losartan. The
ICsp value was calculated to be 19.2 &+ 2.7 ug/mL.

Time-dependent inhibition was evaluated by preincu-
bating CYP2C9 in the presence of NADPH and “Arctic
Root” extract (20 ug/mL), but without losartan for 0, 15,
30, and 45 min. Results were CYP2C9 activities of
49.5 £ 0.0, 53.8 + 0.1, 54.5 £ 0.1, and 51.2 + 0.1%
compared to reference without inhibitor, respectively.
NADPH dependency was evaluated by preincubating
CYP2C9 with “Arctic Root” extract (20 pug/mL) with and
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Figure 2. In vitro CYP2C9 enzyme inhibition by ethanol extracts of
the commercial R. rosea product “Arctic Root”. Herbal extract
concentrations ranged from 1 to 100 pug/mL. The filled circles
represent mean enzyme activities & SD (n = 3) in the presence of
“Arctic Root”. The open circle represent mean enzyme activity
(control) + SD (n = 3) without the presence of “Arctic Root".

without NADPH for 45 min. Results were CYP2C9 activi-
ties of 51.2 £ 0.1 and 52.2 £ 0.2%, respectively. No sig-
nificant differences were found (two-tailed t-test) for
time-dependent or NADPH-dependent inhibition.

The Lineweaver-Burk plot is shown in Figure 3. The
plot indicates that the commercial R. rosea “Arctic Root”
is a noncompetitive inhibitor of the CYP2C9-mediated
metabolism of losartan. The corresponding K, and V.«
values are given in Table 2. The following equations
were used: Substrate only (y = 1.1721x + 0.8755), sul-
faphenazole (y = 32.3091x + 2.833), inhibitor 20 pg/mL
(y = 3.1626x + 1.9445), and inhibitor 40 ug/mL (y =
19.3507x + 7.1215). Losartan concentrations for all incu-
bations were 0.4, 0.6, 0.8, 1.2, and 8 umol/L. K; values
were also calculated from the Lineweaver-Burk dataset by
using the equations given in Table 1.

Discussion

In this study, the in vitro inhibitory potential and inhibi-
tion characteristics of the commercial R. rosea product
“Arctic Root” was investigated using cDNA baculovirus-
expressed human CYP2C9 Supersomes. In all experi-
ments, specific positive inhibition control activities and
analytical determination of metabolites fulfilled preset
international acceptance criteria (Food and Drug Admin-
istration 2001). The K, and V... values calculated for
the substrate losartan in the absence of any inhibitor in
our study is similar to previously published data (Mae-
kawa et al. 2009). For the control inhibitor sul-
faphenazole, the calculated K; falls within the range of
similar studies (Brown et al. 2006).

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Figure 3. Lineweaver-Burk inhibition plot on CYP2C9 enzyme
activity, using losartan as substrate. Extract of the commercial
R. rosea product “Arctic Root” as inhibitor is tested at concentrations
of 20 and 40 ug/mL. The known competitive inhibitor sulfaphenazole
is used as a positive control. All incubations were performed with
losartan concentrations of 0.4, 0.6, 0.8, 1.2, and 8 umol/L. Based on
visual inspection of the plot, the effect of “Arctic Root” is consistent
with noncompetitive inhibition.

Table 2. Calculated apparent K, Vinax, and K; based upon the Line-
weaver-Burk plot. Inhibitor is the commercial R. rosea product “Arctic
Root”.

K (app) Vinax (app) Ki
Losartan’ 1.134 umol/L  1.142 umol/L
Sulfaphenazole' 11.405 umol/L  0.353 umol/L ~ 0.11 pmol/L
Inhibitor 20 pg/mL? 1.626 pg/mL  0.514 pg/mL  16.37 pg/mL
Inhibitor 40 ug/mL? 2.717 ug/mL  0.140 pg/mL 5.59 ug/mL

'K and Vimax in the absence of inhibitor.
2K (app) and Vinax (app) are apparent K, and Vi in the presence
of inhibitor.

The mean “Arctic Root” tablet weight and extraction
recovery corresponded well with previously published
results for the same product with identical LOT number.
In addition, we have previously verified the product qual-
ity by quantification of the established R. rosea markers
salidroside, tyrosol, rosavin, rosarin, and rosin (Thu et al.
2016b). The ICsy value of the positive control sul-
faphenazole on CYP2C9 activity was 0.25 £ 0.1 umol/L,
and falls within the range found in studies using similar
methodology (Dinger et al. 2014).

The influence of ethanol at relevant methodological
concentrations presented in Figure 1 demonstrates a
strong decrease in activity with increasing ethanol concen-
tration. This contradicts the findings of Busby et al.
(1999) where only a small inhibition of 7 £ 6% at 3%
ethanol concentration was found when quantifying the
CYP2C9-mediated formation of 4’-hydroxydiclofenac
from diclofenac. In fact, the influence of ethanol on

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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CYP2C9 activity seems to be substrate dependent, with a
significant inhibition on warfarin metabolism at 0.1 vol%
and no inhibition of diclofenac metabolism at 1 vol%
(Tatsumi et al. 2009). In general, the influence of ethanol
on CYP2C9 differs from that on CYP2D6, where Hellum
and Nilsen (2007) found a biphasic effect with a small
inhibition at 0.1%, a significant activation at 0.5%, 0.8%,
1.1%, 1.5%, and 5%, and a significant inhibition at 8%
and 15%. When comparing our observed 32% inhibition
of CYP2C9 at 1% ethanol with the investigated CYP
enzymes at similar ethanol concentration in the study by
Busby et al. (1999), we found that the CYP2C9 inhibition
was more potent than for CYP1A2, CYP2A6, CYP2CS,
and CYP3A4, and weaker than for CYP1A1l, CYP2B6,
CYP2C19, and CYP2D6. These findings show that care
must be taken when conducting experiments with
CYP2C9 where ethanol is used as a solvent, to ensure an
identical ethanol concentration throughout the experi-
mental setup.

In this study, we found an in vitro CYP2C9 ICs,
value of 19.2 4+ 2.7 ug/mL. In a previous investigation
of the inhibition of six commercial R. rosea products
including “Arctic Root” on CYP1A2, CYP2D6, and
CYP3A4, ICsy values of 19.5 £ 5, 30.1 + 3.6, and
11.6 = 1.1 ug/mL, respectively, were found (Thu et al.
2016a). This places the in vitro CYP2C9 inhibition
potential in line with our previous study. However,
CYP2C9 was the only affected enzyme in an in vivo
experiment investigating interactions with CYP1A2,
CYP2C9, CYP2C19, CYP2D6, and CYP3A4 in man using
“Arctic Root” as test compound (Thu et al. 2016b). One
would perhaps expect a more potent in vitro CYP2C9
inhibition based on the in vivo results, but the present
result illustrates the challenges of predicting possible
in vivo interactions by interpretation of in vitro inhibi-
tory data. Similar findings have been demonstrated for
milk thistle, where in vitro CYP3A4 inhibition by its
constituents silymarin and silibinin produced ICs, values
ranging from 27 to 60 umol/L. The constituents were
classified as moderate inhibitors, but no inhibition could
be reproduced in vivo in a study in humans (Goey et al.
2013). A main challenge of in vivo prediction is the
bioavailability of the active constituent responsible for
the inhibition, which in many cases remains unknown
(Goey et al. 2013). No time-dependent inhibition or
NADPH dependency was found for “Arctic Root” dur-
ing preincubation, demonstrating that the observed inhi-
bition is not of mechanistic type. A mechanistic
inhibition has a more complex clinical effect, where in
addition the timing of intake of the inhibitor relative to
the substrate intake is an important factor for a possible
effect in vivo (Lin and Lu 1998). Our results show that
this will not be the case for R. rosea.
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The commercial R. rosea product “Arctic Root” dis-
played a noncompetitive inhibition by visual interpreta-
tion of the Lineweaver-Burk plot given in Figure 3.
Similar studies have also found a noncompetitive inhibi-
tion of CYP2C9 by other herbal products like Bacopa
monnieri (1C5o/K; = 36.49/12.5 ug/mL) (Ramasamy et al.
2014), Hochuekki-to, and Sairei-to (K; of 0.7-0.8 mg/mL
and 0.25 mg/mL, respectively) (Takahashi et al. 2003).
The Bacopa monnieri inhibition is in line with our
R. rosea inhibition, but Hochuekki-to and Sairei-to are sig-
nificantly weaker. We could not find any published
in vivo studies for these herbs. Although our interpreta-
tion of the overall results from the Lineweaver-Burk plots
indicates a noncompetitive inhibition, it is also possible
to argue a dual inhibition mode with noncompetitive
inhibition at low concentrations (20 pug/mL) and compet-
itive at high concentration (40 pg/mL). This shift is
uncommon, but similar findings have previously been
described for gentiopicroside on CYP2A6 (Deng et al.
2013), amiodarone on triiodothyronine binding to thy-
roid hormone receptor beta 1 (Drvota et al. 1995), and
metyrapone on N-demethylation of aminopyrine by
mixed function oxidase cytochrome P-450 in rat (Roots
and Hildebrandt 1973). A noncompetitive inhibition
should also give a K; value close to the ICs, value for any
inhibitor concentration. The calculated K; for the 40 ug/
mL inhibitor concentration was somewhat lower. One
explanation for a shift like this, if there is any, could be
linked to different constituents exerting effects toward the
enzyme at different herbal concentrations. A competitive
inhibitor has a K; value of approximately half the corre-
sponding ICsy value. In our study, sulfaphenazole, a
known competitive inhibitor, had a K; of 0.11 umol/L
and a IC5, of 0.25 umol/L.

In the interpretation of both the in vitro and in vivo
inhibitory potential and characteristics of R. rosea on CYP
enzyme activity, the potential differences in biochemical
activity of multiple unknown constituents must also be
taken into consideration. The supposed bioactive con-
stituents of R. rosea are salidroside, tyrosol, rosavin,
rosarin, and rosin (Ming et al. 2005; Elameen et al. 2010).
Approximately 140 different constituents are identified in
R. rosea (Panossian et al. 2010), but the constituents
responsible for the observed inhibition is yet to be identi-
fied. Hellum et al. (2010) examined whether the concentra-
tion of the supposed bioactive constituents could be
correlated with CYP3A4 enzyme inhibition, but with no
significant findings. Moreover, no correlation between the
supposed bioactive constituents and in vitro CYP1A2,
CYP2D6, and CYP3A4 enzyme activities was found in a
previous publication from our group (Thu et al. 2016a).
However, a moderate noncompetitive in vitro CYP2D6
inhibition by the relatively unknown R. rosea constituents

2017 | Vol. 5 | Iss. 4 | e00324
Page 6

O. K. F. Thu et al.

rhodiosin and rhodionin has recently been published with
ICsp values of 0.47 and 0.19 ug/mL, respectively (Xu et al.
2013). For better prediction of the potential in vivo inhibi-
tion of commercial R. rosea products, the specific con-
stituents responsible for the inhibition must be identified.

In conclusion, this study found a noncompetitive
inhibition of CYP2C9 by the commercial R. rosea pro-
duct “Arctic Root” and adds to the increasing evidence
of both in vitro and in vivo CYP inhibitory potential
of R. rosea. Further studies should evaluate possible
CYP enzyme effects of other commercially available R.
rosea products and in more detail attempt to identify
which of the R. rosea constituents that are responsible
for these effects.

Acknowledgements

The LS-MSMS analysis was provided by the Proteomics
and Metabolomics Core Facility (PROMEC), Norwegian
University of Science and Technology (NTNU). PROMEC
is funded by the Faculty of Medicine at NTNU and
Central Norway Regional Health Authority.

Disclosure

The authors declare that they have no conflict of interest.

References

Brown R, Gerbarg P, Ramazanov D (2002). Rhodiola rosea: a
phytomedicinal overview. Herbal Gram 56: 40-52.

Brown HS, Galetin A, Hallifax D, Houston JB (2006).
Prediction of in vivo drug-drug interactions from in vitro
data: factors affecting prototypic drug-drug interactions
involving CYP2C9, CYP2D6 and CYP3A4. Clin Pharmacokinet
45: 1035-1050.

Busby WEF Jr, Ackermann JM, Crespi CL (1999). Effect of
methanol, ethanol, dimethyl sulfoxide, and acetonitrile on

in vitro activities of cDNA-expressed human cytochromes
P-450. Drug metabolism and disposition: the biological fate
of chemicals 27: 246-249.

Chiangsom A, Lawanprasert S, Oda S, Kulthong K,
Luechapudiporn R, Yokoi T, et al. (2016). Inhibitory and
inductive effects of Phikud Navakot extract on human
cytochrome P450. Drug Metab Pharmacokinet 31: 210-217.
Danielson PB (2002). The cytochrome P450 superfamily:
biochemistry, evolution and drug metabolism in humans. Curr
Drug Metab 3: 561-597.

Dean RB, Dixon WJ (1951). Simplified Statistics for Small
Numbers of Observations. Anal Chem 23: 636—638.

Deng Y, Wang L, Yang Y, Sun W, Xie R, Liu X, et al. (2013).
In vitro inhibition and induction of human liver cytochrome

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.



O. K. F. Thu et al.

P450 enzymes by gentiopicroside: potent effect on CYP2A6.
Drug Metab Pharmacokinet 28: 339-344.

Dinger J, Meyer MR, Maurer HH (2014). Development of an
in vitro cytochrome P450 cocktail inhibition assay for
assessing the inhibition risk of drugs of abuse. Toxicol Lett
230: 28-35.

Drvota V, Carlsson B, Haggblad J, Sylven C (1995).
Amiodarone is a dose-dependent noncompetitive and
competitive inhibitor of T3 binding to thyroid hormone
receptor subtype beta 1, whereas disopyramide, lignocaine,
propafenone, metoprolol, dl-sotalol, and verapamil have no
inhibitory effect. J Cardiovasc Pharmacol 26: 222-226.

Edwards D, Heufelder A, Zimmermann A (2012). Therapeutic
effects and safety of Rhodiola rosea extract WS(R) 1375 in
subjects with life-stress symptoms—results of an open-label
study. Phytother Res 26: 1220-1225.

Elameen A, Dragland S, Klemsdal SS (2010). Bioactive
compounds produced by clones of Rhodiola rosea maintained
in the Norwegian germplasm collection. Pharmazie 65: 618-623.

Food and Drug Administration. Guidance for Industry:
Bioanalytrical Method Validation. 2001. [updated 2001];
Available from: http://www.fda.gov/downloads/Drugs/. ../
Guidances/ucm070107.pdf. (accessed March 2013)

Galambosi B (2005). Rhodiola rosea L., from wild collection to
field production. Medicinal Plant Conservation 11: 31-35.

Goey AK, Mooiman KD, Beijnen JH, Schellens JH, Meijerman
I (2013). Relevance of in vitro and clinical data for predicting
CYP3A4-mediated herb-drug interactions in cancer patients.
Cancer Treat Rev 39: 773-783.

Hellum BH, Nilsen OG (2007). The in vitro inhibitory
potential of trade herbal products on human CYP2D6-
mediated metabolism and the influence of ethanol. Basic Clin
Pharmacol Toxicol 101: 350-358.

Hellum BH, Tosse A, Hoybakk K, Thomsen M, Rohloff J (2010).
Georg Nilsen O. Potent in vitro inhibition of CYP3A4 and
P-glycoprotein by Rhodiola rosea. Planta Med 76: 331-338.

Lin JH, Lu AY (1998). Inhibition and induction of cytochrome
P450 and the clinical implications. Clin Pharmacokinet 35:
361-390.

Ma YC, Wang XQ, Hou FF, Ma ], Luo M, Lu §, et al. (2011).
Rapid resolution liquid chromatography (RRLC) analysis for
quality control of Rhodiola rosea roots and commercial
standardized products. Natural product communications 6:
645—-650.

Maekawa K, Harakawa N, Sugiyama E, Tohkin M, Kim SR,
Kaniwa N, et al. (2009). Substrate-dependent functional
alterations of seven CYP2C9 variants found in Japanese
subjects. Drug Metab Dispos 37: 1895-1903.

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

CYP2C9 Inhibition by Commercial Rhodiola rosea

Miners JO, Birkett DJ (1998). Cytochrome P4502C9: an
enzyme of major importance in human drug metabolism. Br J
Clin Pharmacol 45: 525-538.

Ming DS, Hillhouse BJ, Guns ES, Eberding A, Xie S,
Vimalanathan S, et al. (2005). Bioactive compounds from
Rhodiola rosea (Crassulaceae). Phytother Res 19: 740-743.

Mudge E, Lopes-Lutz D, Brown PN, Schieber A (2013).
Purification of Phenylalkanoids and monoterpene glycosides
from Rhodiola rosea L., roots by high-speed counter-
current chromatography. Phytochemical analysis: PCA 24:
129-134.

Niwa T, Yamazaki H (2012). Comparison of cytochrome P450
2C subfamily members in terms of drug oxidation rates and
substrate inhibition. Curr Drug Metab 13: 1145-1159.

Obach RS (2000). Inhibition of human cytochrome P450
enzymes by constituents of St. John’s Wort, an herbal
preparation used in the treatment of depression. J Pharmacol
Exp Ther 294: 88-95.

Panossian A, Hovhannisyan A, Abrahamyan H, Gabrielyan E,
Wikman G (2009). Pharmacokinetic and pharmacodynamic
study of interaction of Rhodiola rosea SHR-5 extract with
warfarin and theophylline in rats. Phytother Res 23: 351-357.

Panossian A, Wikman G, Sarris J (2010). Rosenroot (Rhodiola
rosea): traditional use, chemical composition, pharmacology
and clinical efficacy. Phytomedicine 17: 481-493.

Ramasamy S, Kiew LV, Chung LY (2014). Inhibition of
human cytochrome P450 enzymes by Bacopa monnieri
standardized extract and constituents. Molecules 19: 2588—
2601.

Roots I, Hildebrandt AG (1973). Non-competitive and
competitive inhibition of mixed function oxidase in rat liver
microsomes by metyrapone. Naunyn Schmiedebergs Arch
Pharmacol 277: 27-38.

Spanakis M, Vizirianakis IS, Batzias G, Niopas I (2013).
Pharmacokinetic interaction between losartan and Rhodiola
rosea in rabbits. Pharmacology 91: 112-116.

Takahashi K, Uejima E, Morisaki T, Takahashi K, Kurokawa
N, Azuma J (2003). In vitro inhibitory effects of Kampo
medicines on metabolic reactions catalyzed by human liver
microsomes. J Clin Pharm Ther 28: 319-327.

Tatsumi A, Tkegami Y, Morii R, Sugiyama M, Kadobayashi M,
Iwakawa S (2009). Effect of ethanol on S-warfarin and
diclofenac metabolism by recombinant human CYP2C9.1. Biol
Pharm Bull 32: 517-519.

Thu OK, Nilsen OG, Hellum B (2016a). In vitro inhibition of
cytochrome P-450 activities and quantification of constituents
in a selection of commercial Rhodiola rosea products. Pharm.
Biol. 54: 3249-3256.

2017 | Vol. 5 | Iss. 4 | e00324
Page 7


http://www.fda.gov/downloads/Drugs/%e2%80%a6/Guidances/ucm070107.pdf.(accessed
http://www.fda.gov/downloads/Drugs/%e2%80%a6/Guidances/ucm070107.pdf.(accessed
http://www.fda.gov/downloads/Drugs/%e2%80%a6/Guidances/ucm070107.pdf.(accessed

CYP2C9 Inhibition by Commercial Rhodiola rosea

Thu OK, Spigset O, Nilsen OG, Hellum B (2016b). Effect of
commercial Rhodiola rosea on CYP enzyme activity in
humans. Eur J Clin Pharmacol 72: 295-300.

Wang H, Wang K, Mao X, Zhang Q, Yao T, Peng Y, et al.
(2015). Mechanism-based inactivation of CYP2C9 by
linderane. Xenobiotica; the fate of foreign compounds in
biological systems 45: 1037-1046.

Xu W, Zhang T, Wang Z, Liu T, Liu Y, Cao Z, et al. (2013).

Two potent cytochrome P450 2D6 inhibitors found in
Rhodiola rosea. Pharmazie 68: 974-976.

O. K. F. Thu et al.

Zhang ZY, Wong YN (2005). Enzyme kinetics for clinically
relevant CYP inhibition. Curr Drug Metab 6: 241-257.
Supporting Information

Additional Supporting Information may be found online
in the supporting information tab for this article:
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