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ABSTRACT
INTRODUCTION: Methylphenidate is a psychostimulant prescribed for symptoms of attention-deficit
hyperactivity disorder (ADHD), and is metabolized by carboxylesterase-1 (CES1) enzyme. There is little
information on herbal medicine used for ADHD and their interactions with CES1.
METHODS: An in vitro study was conducted with extracts of 21 herbal medicines using a recombinant human
CES1 enzyme inhibition assay to determine if the extracts influence enzyme activity. Extracts were initially
evaluated for their potential to inhibit CES1 metabolism of 4-nitrophenyl acetate using an in vitro Microtiter plate
enzyme inhibition assay. The most active extracts were serially diluted to establish the half maximal inhibitory
concentration (IC50) and were then tested for potential irreversible inhibition using a time-dependence enzyme
assay. Phytochemical characterization of selected extracts was performed, and marker compounds were
evaluated for their potential to inhibit CES1-mediated metabolism of the probe substrate.
RESULTS: The extracts exhibited a range of inhibition of CES1 activity, ranging from 15–95% at a standard
screening concentration of 200 µg/mL. Rhodiola rosea was the most potent inhibitor of CES1 (IC50 = 4.7 µg/mL).
No time-dependent inhibitors of CES1 were identified in this study. At 10 µg/mL, marker compounds of ginger,
[8]-gingerol (60.3%) and [10]-gingerol (67.2%), showed significant (P < 0.05) inhibition of CES1 compared to
vehicle control.
DISCUSSION: The herbal medicine extracts showed varying inhibition at supraphysiologic concentrations
and no risk of mechanism-based inhibition was observed. Herbal medicine used by ADHD patients have the
potential to interact with CES1-mediated metabolism. To mitigate potential risk of herb-drug interactions,
patients using herbal medicine alongside CES1-metabolized drugs should discuss their use with healthcare
professionals.
CONCLUSIONS: In vivo and clinical research are required to determine if the potential interactions would
significantly affect safety and efficacy of methylphenidate at a clinical level.
KEYWORDS: Adverse events; dietary supplements; drug metabolizing enzymes; herb-drug interactions;
integrative medicine; natural health products; pharmacokinetics; polypharmacy

Introduction
Attention-deficit hyperactivity disorder (ADHD)
is among the most prevalent childhood psychiatric
disorders, globally affecting 5 to 7% of children and youth
[1, 2]. Psychostimulants (methylphenidate and salts of
amphetamine) are first-line treatments and are generally
https://doi.org/10.33211/jnhpr.11

effective at treating symptoms of ADHD but are associated with adverse events (AEs) [3].
Whereas amphetamine is metabolized by cytochrome
P450 2D6 [4], methylphenidate is metabolized by
human carboxylesterase-1 (CES1) [5]. CES1 is a serine
hydrolase enzyme, belonging to the multi-gene family
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of α/β hydrolase fold proteins [6], and is responsible for
metabolism of endogenous and exogenous substances
including esters, amides, and thioesters [7, 8]. CES1 is
primarily expressed in the liver, but also in the intestine,
kidneys, and lungs to a lower extent [9], and selectively
hydrolyses substrates with small alcohol groups, or large
acyl groups [10]. CES1 converts methylphenidate to its
inactive metabolite, ritalinic acid (Figure 1) [5].
Herbal medicines are one of the most commonly used
form of natural health products (NHPs; dietary supplements in the United States) by children with ADHD
[11], and among the most common NHPs used concurrently with psychostimulants [12]. Herbal medicines are
chemically complex and contain substances that, when
used concurrently with prescription medication, may
interfere with drug metabolism, transport, or action and
lead to herb-drug interactions that can potentially cause
AEs [13].
Several studies demonstrated that many herbal
medicines used to manage ADHD symptoms inhibit and/
or induce cytochrome P450 (CYP P450) enzymes [14].
Goldenseal, traditionally used as an anti-inflammatory
for infections [15], is an inhibitor of CYP 3A4 and
CYP 2D6 in vitro and in vivo [16]. However, with only
a few in vitro studies examining the inhibitory potential of NHPs, the impact of herbal medicines on CES1
activity remains largely unexplored for potential herbdrug interactions [17]. Sun et al. (2016) [18] reported
that the constituents of Psoralea (used widely in Asia
for asthma, diarrhea, and osteoporosis) were inhibitors
of CES1-mediated metabolism in vitro in human liver
microsomes (HLM). Among these, the flavonoids and
their derivatives neobavaisoflavone, corylifolinin, coryfolin, and corylin inhibited CES1 non-competitively,
with respective inhibitory constant (Ki) of 5.3, 9.4, 1.9,
and 0.7 µM. Oleanolic acid and urosolic acid, widely

distributed in herbal medicines, were identified as
potent inhibitors of CES1 metabolism, with half maximal inhibitory concentration (IC50) values of 0.28 and
0.24 µM, respectively [19]. Black cohosh showed strong
competitive inhibition (Ki: 1.62 mg/mL) of CES1mediated bioactivation of irinotecan, an anti-cancer
prodrug, in HLM [20]. Liu et al. (2010) [21] reported
extracts of goldenseal strongly inhibit (75%), and aqueous extracts of echinacea to mildly inhibit (18%) HLMmediated metabolism of oseltamivir. HLM-mediated
metabolism studies are usually specific to the substrate
used, and may not be generalizable to other CES1 substrates. However, from a limited number of studies,
there is some evidence that medicinal plants can interfere with CES1, potentially altering the metabolism of
methylphenidate, resulting in changes in efficacy or
safety.
Time-dependent inhibition, also known as mechanism-based or irreversible inhibition, occurs with the
covalent binding of a chemically reactive intermediate
to the enzyme and results in loss of enzyme activity only
recovered with de novo production of the enzyme. Timedependent inhibition results in stronger inhibition when
the inhibitor is pre-incubated with the enzyme before
the addition of substrate [22, 23]. A well-known example is the irreversible inhibition of CYP 3A4 by furanocoumarins in grapefruit (6′,7′-dihydroxybergamottin
and bergamottin) that, when consumed concurrently
with substrate drugs, can lead to increased blood levels
of the drug with potential to cause AEs in patients if
blood levels move beyond the therapeutic window into
the toxic range [24]. Though not widely studied with
herbal medicine [25] and rarely studied with respect
herb-CES1 interactions, time-dependent inhibitors
are common among serine hydrolases, and can cause
serious AEs in clinical settings [26]. Consequently, due

Figure 1. Major pathway of the metabolism of methylphenidate in humans.
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to the complex chemical nature of herbal medicines, it
is important to understand if and how they interact with
CES1.
Although limited clinical research has been conducted on the use of herbal medicine specifically for
ADHD, in a previous review [14], we identified 21
herbal medicines used by children with neurological
disorders, including ADHD. Many of these herbal medicine have not been studied extensively for effects on
CES1-mediated metabolism [17] so their potential for
interactions with methylphenidate remain unknown.
To assess the potential risk of herb-drug interactions
related to concurrent use of herbal medicine with CES1
substrates, such as methylphenidate, herbal extracts
were evaluated in vitro for inhibitory effects on the
activity of CES1. For the most active extracts, the inhibitory potency was determined, followed by assessment
of inhibitory potential of their marker compounds.
The mode of inhibition of these extracts was investigated using time-dependent assays and comparison to
a known irreversible (JZL184) and reversible competitive inhibitor (oseltamivir) of CES1 [27, 28]. JZL 184 is a
carbamate compound known for irreversible inhibition
of the serine hydrolase family through covalent modification of the active site [27]. Oseltamivir is an anti-viral
ester prodrug activated through CES1-mediated biotransformation to the active hydrolytic metabolite, oseltamivir carboxylate [28].

Methods
Chemicals and Reagents

Recombinant human CES1 was purchased from Corning
Life Sciences (Tewksbury, U.S.A.). Oseltamivir,
4-nitrophenyl acetate (4-NA), Tris, bilobalide, menthol
and rosmarinic acid were purchased from SigmaAldrich (Oakville, Canada). JZL184 was obtained from
Cayman Chemical Company (Ann Arbor, U.S.A.).
Rosarin, rosavin, rosin, salidroside and tyrosol were
purchased from ChromaDex (Los Angeles, U.S.A.). [6],
[8], and [10]-gingerol, ginkgolide A and ginkgolide B
were purchased from Extrasynthese (Genay, France).
All solvent used in chromatographic analysis were
HPLC grade from Fisher Scientific (Ottawa, Canada).
Commercial Plant Extracts and Tinctures

A targeted selection of 21 commercial grade tinctures
were generously provided by St. Francis Herb Farm
(Combermere, Canada). The label information of these
tinctures are presented in Table 1.
For each tincture, 30 mL was weighed then dried using
a Labconnco Centrivap Concentrator with a Centrivap
https://doi.org/10.33211/jnhpr.11

Cold Trap to remove alcohol and an EC Modulyo Freeze
Drier (Thermo Electron, Ottawa, Canada) to remove
remaining water. Dried extracts were weighed and
stored in darkness at −20°C until use. A 10 mg aliquot of
each dried extract was reconstituted in 20% acetone and
filtered using 0.2 μm PTFE filters to obtain 10 mg/mL
stock solutions. Stock solutions were vortexed and
sonicated to ensure homogeneity before use.
CES1 Inhibition Assay
Preliminary evaluation of herbal medicine extracts

A Microtiter plate assay was used to evaluate the
inhibitory potential of commercial plant extracts
towards recombinant CES1-mediated metabolism of
4-NA. The procedure from R&D Systems based on
Ajandouz et al. (2016) [29] and Murakami et al. (2010)
[30] was adapted and modified to include herbal medicine extract as a test sample (R&D Systems, n.d.).
The assays were performed in 96-well clear-bottom
Microtiter plates (Corning Costar) and absorbance was
measured using a Cytation 3 cell Imaging Multi-Mode
Reader (BioTek Instruments Inc., Winooski, U.S.A.).
The chromogenic probe substrate 4-NA was used
for rapid monitoring and quantification of CES1 activity. Samples were incubated in the presence (test) and
absence (test-blank) of recombinant CES1 (6.5 nM)
and 4-NA (1 mM) in 50 mM Tris buffer at a pH of 7.5
at 37°C. JZL184 (2 µM) was used as a positive control
and 20% acetone was used as vehicle control (VC-final
well concentration: 2%). The total assay volume was
100 µL. The plate was incubated for 15 minutes at 37°C
after the addition of CES1. Absorbance readings were
taken at 405 nm to determine the rate of formation of
4-nitrophenol from the hydrolysis of 4-NA.
The positive and negative control incubations were
carried out under the same conditions. All samples were
tested in triplicate in three independent experiments.
Percent inhibition was measured using the difference in
absorption between test/test-blank wells and the mean
difference between the test/test-blank wells.
Concentration-dependent response curves

Ginger, ginkgo, peppermint, and rhodiola exhibited the
strongest inhibition relative to the VC (P < 0.05) in the
preliminary evaluation (Figure 2), and were tested for
concentration-dependent response analysis. Rosemary
extract was also further tested as it approached significance relative to vehicle control (P = 0.053) in the initial
evaluation. Serial dilutions of stock solutions were
performed for the 5 tinctures to yield six to ten concentrations (0.8 µg/mL–200 µg/mL,) to evaluate concentrationdependent response and determine the IC50.
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Table 1. List of herbal medicine tested in this study.
Botanical common name
(Scientific name)

Plant part

Standardized quantity per mL
(Quantity crude equivalent ratio)

Bacopa (Bacopa monnieri)

Whole plant

250 mg (1:4)

Chamomile (Matricaria chamomilla)

Flower

250 mg (1:4)

Echinacea (Echinacea angustifolia)

Roots, rhizome

250 mg (1:4)

Echinacea (Echinacea purpurea)

Flower, leaf, root

1000 mg (1:1)

Echinacea (Echinacea angustifolia + Echinacea purpurea)

Root, rhizome

667 mg per 0.67 mL (1:1),

Tops, roots

83 mg per 0.33 mL (1:4)

Eleuthero (Eleutherococcus senticosus)

Root

250 mg (1:4)

Garlic (Allium sativum)

Bulb

250 mg (1:4)

Ginger (Zingiber officinale)

Rhizome

1000 mg (1:1)

Ginkgo (Ginkgo biloba)

Leaf

250 mg (1:4)

Goldenseal (Hydrastis canadensis)

Roots, rhizome

200 mg (1:5)

Green tea (Camellia sinensis)

Leaf

250 mg (1:4)

Kava (Piper methysticum)

Dried rhizome

250 mg (1:4)

Lemon balm (Melissa officinalis)

Tops

250 mg (1:4)

Linden (Tilia cordata)

Dried flower

250 mg (1:4)

Passion flower (Passiflora incarnata)

Tops

250 mg dry (1:4) or 1000 mg fresh (1:1)

Peppermint (Mentha x piperita)

Leaf

250 mg (1:4)

Rhodiola (Rhodiola rosea)

Root

250 mg (1:4)

Rosemary (Rosmarinus officinalis)

Leaf

250 mg (1:4)

Scullcap (Scutellaria lateriflora)

Flowering top

250 mg (1:4)

St. John’s wort (Hypericum perforatum)

Flowering top

250 mg (1:4)

Valerian (Valeriana officinalis)

Root

250 mg dry (1:4) or 1000 mg fresh (1:1)

Irreversible time-dependent kinetic activity

Irreversible inhibition was assessed in vitro for extracts
of ginger, ginkgo, peppermint, rosemary, and rhodiola
using time-dependent assays with the pre-incubation
method described by Yamamoto et al. (2002) [31]. Two
solutions were prepared: the pre-incubation solution
contained sample (JZL184, oseltamivir, or plant extract)
and CES1 (6.5 nM) in 50 mM tris buffer (pH: 7.5). The
reaction solution contained 4-NA (1 mM) in 50 mM
tris buffer (pH: 7.5). After 0, 5, and 10, minutes of preincubation at 37°C, the reaction solutions were added to
the pre-incubation solutions (total volume: 100 µL). The
absorbance from the metabolism of 4-NA was measured
after 15 minutes of incubation to determine the residual
activity of CES1 relative to VC. The kinetic response of
extracts (40 µg/mL) was compared to JZL184 (0.5 µg/mL),
and oseltamivir (1 mg/mL).
Evaluation of marker compounds for CES1 inhibition

Select standard marker compounds of rhodiola (rosarin,
rosavin, rosin, salidroside, tyrosol), rosemary (rosmarinic acid), peppermint (menthol), ginger ([6]-gingerol,
[8]-gingerol, [10]-gingerol), and ginkgo (quercetin, bilobalide, ginkgolide A, and ginkgolide B) were evaluated
at 10 µg/mL for their ability to inhibit CES1-mediated
© 2021 The Author(s). Published by NHP Publications

metabolism in vitro using the CES1 inhibition assay
methods described above.
Phytochemical Analysis of Extracts

High-performance liquid chromatography with diode
array detector (HPLC-DAD) was used to analyze
extracts of ginger, rosemary, rhodiola, and ginkgo. An
Agilent 1100 HPLC system was used for analysis. The
system consisted of an autosampler (G1313A with
100 µL loop), Quaternary pump (G1311A), solvent
degasser (G1322A), a column oven (G1316A), and a
diode array detector (G1315A).
Separation of marker compounds in ginger, rosemary
and rhodiola were performed on Phenomenex Synergi
Max-RP (250 × 3 mm 4 µ particle size). Mobile phase A
was 0.1% trifluoroacetic acid in water, and mobile phase B
was 0.1% trifluoroacetic acid in acetonitrile. The injection volume was 1 µL, and the column oven temperature
was set at 55°C. The flow rate was 0.5 mL/minute and
the DAD was set to 280 nm to 350 nm.
For ginger, the gradient initiated with 5% B for
1 minute and increased to 100% in 17 minutes. The
gradient was held at 100% B for 7 minutes, followed by
a 5-minute re-equilibration period. For rosemary and
rhodiola, the gradient initiated with 10% B, and increased
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Figure 2. The inhibitory effect of 21 extracts of commercial herbal tinctures (200 μg/mL) on carboxylesterase-1
mediated metabolism of 4-nitrophenyl acetate. JZL184 (2 μM or 1 µg/mL) was used as positive control (PC).
Percent inhibition was calculated relative to vehicle control (VC: 2% acetone final concentration). Means ± SEM
are presented for three independent trials. Significant differences between extracts (P < 0.05) are denoted
by *, as determined by Kruskal-Wallis one-way analysis of variance on ranks, with Dunn’s post hoc analysis. (BAC)
bacopa; (EPU) Echinacea purpurea; (GAR) garlic; (SCU) skullcap; (ELE) eleuthero; (PFL) passion flower; (LBM) lemon
balm; (CHA) chamomile; (VAL) valerian; (EAC) EchinAce; (KAV) kava, (EAN) Echinacea angustifolia; (GOL) goldenseal;
(LIN) linden; (GTE) green tea; (SJW) St. John’s wort; (ROS) rosemary; (PEP) peppermint; (GIN) ginger; (RHO)
rhodiola; and (GBI) Ginkgo.

to 50% B in 19 minutes. The gradient was increased to
100% B over 5 minutes, and kept at this condition for
5 minutes, followed 5 by minutes of re-equilibrium.
Separation of ginkgo was performed on Phenomenex
Luna C18 column (150 × 2 mm, 3 µ particle size). Mobile
phase A was water, and mobile phase B was methanol,
with a flow rate of 0.3 mL/min. Mobile phase B was held
at 25% for 1 minute, increased to 100% over 24 minutes,
held at 100% for 10 minutes, and reduced to 25%
at 35.1 minutes. The column was equilibrated for
7 minutes. The detector was set to 210 nm–330 nm at
55°C. The injection volume was 10 µL.
Gas chromatography with flame ionization detector
(GC-FID) was used to analyse extracts of peppermint.
The method to identify menthol was adapted by Lee
(2019) [32] from Supelco Analytical Products (Munich,
Germany). Briefly, 1 µL of peppermint extract (1 mg/mL
in 99% ethanol) was injected on Agilent 6890N Network
Gas Chromatogram with an autosampler (7683 series)
and dual injector (7683 series) with a FID and SLB-5MS
GC Column (30 m × 0.25 mm × 0.25 µm). The injector
temperature was 230°C. The oven was set to 60°C for
3.5 minutes, 3.5°C/minute to 155°C, 30°C/minute to
300°C with a post run at 340°C for 10 minutes. The
carrier gas was hydrogen and was set at a flow rate of
https://doi.org/10.33211/jnhpr.11

1.4 mL/minutes. Methanol standard was prepared at
250 µg/mL in 99% ethanol.
For both HPLC and GC, peak identification was
confirmed through relative retention times of standard
marker compounds with further confirmation through
comparison of UV absorption spectra (for HPLC results
only). All data was processed in ChemStation software
(Version B 3.02).
Statistics

A Kruskal-Wallis one-way analysis of variance on ranks,
followed by a Dunn’s post hoc test was used to evaluate
the non-parametric screening data (percent inhibition
of CES1) to perform multiple comparisons between
extracts and the vehicle control. IC50 values were obtained
by plotting percent inhibition against log-transformed
concentration (mg/mL) using the log[inhibitor] vs.
normalized response-variable slope function on Prism
GraphPad (version 8.1.0). For the time-dependent
experiments, an ANOVA with Dunnett’s post hoc test
was performed to determine effects on the activity
of CES1 when comparing 5-, 10-, or 15-minute preincubation times relative to the 0-minute incubation for
each inhibitor. A P < 0.05 was considered significant for
all comparisons.
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Results
Preliminary evaluation of herbal medicine extracts

Figure 2 displays the mean percent inhibition of CES1
for the 21 tested extracts at a supraphysiological concentration of 200 μg/mL. Four of the extracts elicited strong
inhibition relative to VC including ginkgo, rhodiola,
ginger, and peppermint (P < 0.05). The rosemary extract
approached significance with an average of 74% inhibition with P = 0.053. The remaining extracts exhibited
0-68% inhibition.
Concentration-dependent responses

Figure 3 depicts the concentration response curves and
the IC50 with the 95% confidence interval. Rhodiola was
the most potent towards CES1 with an IC50 of 4.3 µg/mL
(P < 0.05), followed by ginkgo (22.2 µg/mL), ginger
(53.2 µg/mL), peppermint (70.9 µg/mL), and rosemary
(74.2 µg/mL).
Time-dependent kinetic activity

In the time-dependent study (Figure 4), JZL184 displayed
decreasing CES1 residual activity with increasing preincubation times, as expected. Significant differences were
observed between the 0 and 5-minute (P < 0.0001, 95%
CI: 9.2 to 28.4), 0 and 10-minute (P < 0.0001, 95% CI:
20.5 to 39.8), and 0 and 15-minute (P < 0.0001, 95%
CI: 31.2 to 50.5) pre-incubation times for JZL184.
In contrast and as expected, the residual activity of
CES1 remained relatively constant with increasing
time of pre-incubation with oseltamivir, a competitive
inhibitor. No significant differences in CES1 activity
were observed for ginger, peppermint, rhodiola, and
rosemary extracts for pre-incubation times 5, 10, and
15 minutes relative to the 0-minute pre-incubation
time. A significant increase (P < 0.04, 95% CI: −30.6 to
1.5) in CES1 residual activity was observed for ginkgo
between the 0 and 10-minute pre-incubation times, but
no significant differences were found between 5-minute
pre-incubation times relative to 0 minutes for ginkgo.
Overall, no herbal time-dependent inhibitors of CES1
were identified in this study.
Inhibition of CES1 by marker compounds

Marker compounds of ginger, ginkgo, peppermint,
rosemary, and rhodiola were tested for their inhibitory potential against recombinant CES1 at 10 µg/mL
(Figure 5). Marker compounds of ginger, [8]-gingerol
(P = 0.005, 95% CI: −107.8 to −12.8), and [10]-gingerol
(P = 0.002, 95% CI: −114.7 to −19.7), showed significant
inhibition compared to vehicle control. [6]-gingerol
inhibited CES1 by 24% but this was not statistically
significant (P = 0.77, 95% CI: −71.6 to 23.4). Marker
© 2021 The Author(s). Published by NHP Publications

compounds of ginkgo, rhodiola, rosemary and
peppermint showed weak to zero inhibition. The
positive control, JZL184, inhibited CES1 completely.
Phytochemistry Marker Compounds

Phytochemical profiling of extracts was performed to
confirm the presence of marker compounds. HPLCDAD chromatogram in Figure 6A–D illustrates the
presence of respective marker compounds in commercial extracts of ginger, ginkgo, rosemary, and rhodiola. Gas chromatography with flame-ionized detection
(GC-FID) was used to confirm the presence of menthol
in peppermint (Figure 6E).

Discussion
The use of herbal medicine by children with ADHD,
especially those concurrently using the psychostimulant
methylphenidate, is common [12]. Although licenced
herbal medicines are generally considered safe to use,
their safety profile when used concurrently with conventional drugs, especially those that are substrates of
CES1, has not been studied extensively [33].
Our study demonstrated that the majority of the 21
tested herbal extracts showed some inhibition of CES1mediated metabolism of the probe substrate 4-NA at
supraphysiological concentrations. Only a few other
studies have examined the effects of these herbal medicine in CES1-mediated metabolism. Gorman et al.
(2013) [20] found St. John’s wort to be a weak inhibitor
(49.4 mg/mL) of CES1-mediated metabolism of chemotherapeutic agent, irinotecan, in HLM. In the current study, St. John’s wort displayed relatively moderate
inhibition of recombinant CES1. However, in a passive
monitoring of AEs, Mazhar et al. (2019) [34] found 2
reports involving St. John’s wort and methylphenidate
to be causally linked to be herb-drug interactions.
Therefore, St. John’s wort could have product-specific
effects on CES1 inhibition, or could show varying inhibition based on the plant material or extract as well as
the substrate or enzyme source used. Liu et al. (2010)
[21] reported goldenseal to be a strong inhibitor (75%
inhibition), and the aqueous extract of Echinacea
purpurea extract (18% inhibition) to be a relatively mild
inhibitor of CES1-mediated metabolism of the antiviral
drug, oseltamivir, in HLM. Our study, the first to target
CES1 specifically using a human recombinant enzyme,
showed Echinacea purpurea to have negligible inhibition and goldenseal to have 62% inhibition at a supraphysiological concentration (200 µg/mL). Variation
in inhibition may reflect differences in experimental
models or in phytochemistry of extracts due to a host of
intrinsic (plant species and source) and extrinsic factors
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Figure 3. The mean half maximal inhibitory concentration (IC50) values and 95% confidence intervals for
commercial extracts of ginger, ginkgo, rhodiola, rosemary, and peppermint on carboxylesterase-1 mediated
metabolism of 4-nitrophenyl acetate. Concentrations were transformed into log form and percent inhibition was
calculated relative to vehicle control (2% acetone final concentration), (n = 3). IC50 values were obtained using the
log[inhibitor] vs. normalized response-variable slope function on Prism GraphPad (version 8.1.0).

(environment and growth conditions, extraction protocols, product processing and storage, contamination or
adulteration) [35, 36]. Nonetheless, like drugs, the dose
and rate at which herbal medicines are consumed could
be a factor in their safety.
Ginger has been reported as a strong inhibitor of
CES1-mediated metabolism of irinotecan in HLM,
with an indeterminate mode of inhibition [20]. Our
https://doi.org/10.33211/jnhpr.11

study showed ginger to be a reversible inhibitor of
CES1. Moreover, we reported that marker compounds
of ginger, [6]-gingerol, [8]-gingerol, and [10]-gingerol,
showed 24%–67% inhibition of CES1 activity at approximately 30 µM. The inhibition of CES1 by ginger-based
products, as in our study, may be due to additive or synergistic inhibition by the gingerols and possibly other
constituents. To our knowledge, other herbal products
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Figure 4. Determining mode of inhibition for commercial herbal extracts on carboxylesterase-1 (CES1) mediated
metabolism of 4-nitrophenyl acetate using a Microtiter assay. The activity of CES1 after pre-incubation with
extracts (0.04 mg/mL), JZL184 (0.5 μg/mL), and oseltamivir (1 mg/mL) were compared at 0, 5,10, or 15-minute
pre-incubation times. Values are shown as mean CES1 residual activity ± SEM (n = 3). An ANOVA with Dunnett’s
post hoc was used to compare the differences in residual activity of time 0 vs. 5, 10 and 15-minute
pre-incubation time for each control and extract. Significance is marked by * (P < 0.05).

Figure 5. The inhibitory effect of marker compounds (10 µg/mL) of commercial herbal extracts on
carboxylesterase 1 mediated metabolism of 4-nitrophenyl acetate. Means ± SEM are presented for three
independent trials. JZL184 (2 μM or 1 µg/mL) was used as a positive control (PC). (RR) rosarin; (RV) rosarin; (RS)
rosin; (SA) salidroside; (TY) tyrosol; (BI) bilobalide; (GI-A) ginkgolide A; (GI-B) ginkgolide B; (ME) menthol; (RA)
rosmarinic acid; (6-G) [6]-gingerol; (8-G) [8]-gingerol; (10-G) [10]-gingerol. A one-way ANOVA with Dunnett’s
multiple comparisons test was used to compare percent inhibition to vehicle control (2% acetone final
concentration) *P < 0.05.
© 2021 The Author(s). Published by NHP Publications
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Figure 6. Identification of phytochemical marker compounds in the tested commercial extracts of ginger,
rosemary, rhodiola, ginkgo, and peppermint. HPLC-DAD chromatogram of 10 mg/mL (A) ginger at 280
nm; (B) rosemary at 350 nm; rhodiola at (C1) 210 nm and (C2) 280 nm; (D) ginkgo at 220 nm; and (E) gas
chromatogram of commercial extract of peppermint (1 mg/mL). Peaks of marker compounds are identified
as (1) [6]-gingerol; (2) [8]-gingerol; (3) [10]-gingerol; (4) rosmarinic acid; (5) salidroside; (6) tyrosol; (7) rosarin;
(8) rosavin; (9) rosin; (10) bilobalide; (11) ginkgolide A; (12) ginkgolide B; and (13) menthol.

examined in this study have not yet been studied for
their effects on CES1 inhibition.
Many of the 21 herbal medicine investigated in the
current study have been tested in vitro for their effects
on CYP 450 system. In the context of ADHD, CYP 2D6
and CYP 3A4 are important enzymes involved in the
metabolic pathways of ADHD drugs amphetamine,
atomoxetine, and guanfacine [37, 38]. Previous studies
report rhodiola [39, 40], St. John’s wort [41, 42], goldenseal [43, 44] and kava [45] to be moderate to strong
inhibitors of CYP 2D6 and CYP 3A4. Green tea [46] and
peppermint [47] were moderate to strong inhibitors of
CYP 3A4. In the current study, these products showed
potential for interaction with CES1 as inhibition ranged
https://doi.org/10.33211/jnhpr.11

from 62%–93%. Bacopa is a moderate inhibitor of CYP
3A4 [48], but did not show inhibition in our study. In
general, herbal medicines known to inhibit CYP 3A4
and CYP 2D6 were among the moderate to stronger
inhibitors of CES1 in our study.
Analyses of concentration-dependent and timedependent responses indicated that rhodiola was a
reversible yet potent inhibitor of human CES1 and
may pose a risk to individuals concurrently using conventional drugs, such as methylphenidate, that are
substrates of CES1. Moreover, ginkgo, ginger, peppermint, and rosemary were mild reversible inhibitors
of CES1 under these study conditions that may also
pose a risk of interaction when used concurrently with
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CES1-substrate drugs. It is important to highlight that
in vitro herb-drug interactions do not always translate
to clinically relevant interactions, in part due to the
supraphysiologic concentrations of inhibitor and substrate used in assays. However, they can demonstrate a
potential for risk and provide better understanding of
the mechanisms of herb-drug interactions to minimize
and/or avoid therapeutic failures and toxicity.
The HPLC-DAD profile of rhodiola extract in this
study confirmed the presence of marker compounds to
which commercial rhodiola products are typically standardized, including salidroside, tyrosol, rosavin, rosin,
and rosarin [49]. Considering the IC50, rhodiola was
the most potent commercial product identified in our
study, however, its marker constituents showed little to
no activity at 10 µg/mL. Moreover, rhodiola constituents did not show inhibition of various cytochrome
P450 enzymes [39, 50, 51]. Hence, the tested marker
compounds do not explain the observed CES1 inhibitory activity of the extract, meaning that the level of
risk (for CES1 inhibition) cannot be determined based
on the marker compounds labelled on the product.
Additional research is needed to understand variation
in the inhibition between various products of rhodiola, and identifying phytochemicals contributing to the
inhibitory activity.
CES1 activates several ester containing prodrugs,
such as antivirals (e.g. oseltamivir) and anti-hypertensive
angiotensin-converting enzyme inhibitor drugs (e.g.
imidapril), and inactivates many other therapeutic
agents including anti-epileptic drugs (e.g. rufinamide),
and antithrombotic drugs (e.g. clopidogrel) [28, 52–54].
Like methylphenidate, the risk of herb-drug interaction
for patients taking these therapeutic agents is elevated,
especially for those patients who practice polypharmacy.
Patients taking CES1 substrate drugs with a narrow
therapeutic index (e.g. clopidogrel and irinotecan) are
particularly susceptible to clinically relevant pharmacokinetic herb-drug interactions [55, 56]. Studies reported
CES1 polymorphisms resulting in reduced ability to
hydrolyze CES1 substrates including methylphenidate,
clopidogrel, and oseltamivir [51, 57, 58]. Reduction in
enzyme activity can result in an increase in the concentration of active parent drugs leading to potential
toxic effects, and poor efficacy for prodrugs requiring
activation through CES1. It is important to note that
not all pharmacokinetic herb-drug interactions result
in adverse effects in patients. However, individuals with
CES1 polymorphisms utilizing herbal medicine that
we identified as CES1 inhibitors may have an increased
risk of changes in drug pharmacokinetics leading to
clinically significant adverse effects.
© 2021 The Author(s). Published by NHP Publications

Conclusions
Considering the overall observed CES1 inhibition by
extracts, the concurrent use of methylphenidate (and
other CES1 substrate drugs) with herbal medicine
tested, in general, is likely safe. However, patients using
higher or frequent doses of herbal medicine (especially
of ginkgo, rhodiola, peppermint, rosemary, and ginger
products) are at higher risk of herb-drug interactions
and should monitor their AEs. It is also fundamental for
patients to communicate with their healthcare professionals about the use of herbal medicine, and for healthcare practitioners to routinely inquire about the use of
these products. Healthcare professionals should gain
familiarity about the effects of concurrent use of popular
herbs with therapeutic drugs to provide evidence-based
information to patients.
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