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Background: Goldenseal (Hydrastis canadensis L.) inhibits various cytochrome P450 (CYP) isoforms
such as CYP2C9, CYP2C19, CYP2D6, CYP2E1, and CYP3A in vitro. High doses of acetaminophen | \yebsite:

(APAP) generate the highly reactive intermediate, N-acetyl-p-benzoquinone imine (NAPQI), catalyzed | www.phcogres.com
mainly by CYP2E1. The aim of this study was to investigate the hepatoprotective effects of orally | DOI:

administrated goldenseal against APAP-induced acute liver failure (ALF) via inhibition of CYP2E1. | 10.4103/0974-8490.89745
Materials and Methods: Male Wistar rats were treated orally with goldenseal (300 and 1000 mg/ | Quick Response Code:
kg) 2, 18, and 26 h before and 6 h after oral APAP (400 mg/kg) administration. Serum aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) activities as well as serum APAP
concentration were evaluated. Results: Goldenseal extract inhibited CYP1A2, CYP2D6, CYP2E1,
and CYP3A activity, and the inhibitory effect on CYP2E1 was the strongest (IC_, 4.32 ug/mL).
Treatment with goldenseal (300 mg/kg) significantly attenuated the APAP-induced increase
in serum AST and ALT, and the hepatoprotective effect of goldenseal was stronger than that
of silymarin (200 mg/kg). Moreover, serum APAP concentration was increased by goldenseal
treatment, presumably as a result of the inhibitory effect of goldenseal on the metabolism of
APAP to NAPQI. Conclusion: These results suggest that goldenseal ameliorates APAP-induced
ALF and that this protection can likely be attributed to the inhibition of CYP2E1 activity, which
generates the highly reactive intermediate of APAP.
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INTRODUCTION

Acetaminophen (APAP) is one of the most commonly
used drugs worldwide to reduce fever in adults and
children and is generally considered a safe drug, However,
in large single-dose ingestions, it causes acute liver failure
(ALF) that may be fatal in both humans and experimental
animals.l'"?l Between 400 and 500 deaths occur annually in
the United States due to APAP-related liver failure.! APAP
poisoning currently represents the most common cause of
ALF in North America and Europe.”! Between 1998 and
2007, the adult ALF Study Group enrolled 1147 patients,
and the most frequent single cause of ALF, accounting
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for 46% of cases, was APAP overdose.! Availability of
APAP as an over-the-counter medication either alone
or in combination with other prescription and over-the-
counter drugs creates a situation that may lead to exposure
to excessive quantities of the drug. Unintentional liver
injury from self-medication for pain or fever with daily
doses exceeding the recommended 4 g/day is also well
recognized. However, unintentional overdosing is usually
only recognized after symptoms have developed.!

Use of complementary and alternative medicine (CAM)
by U.S. adults has increased since 1990, and the most
commonly used CAM modality has been herbal therapy,
which accounted for about 38 million adults (18.6% of
adult population) in 2002." Goldenseal (Hydrastis canadensis
L.) is a plant native to North America with a history of
use in folk medicine for the treatment of gastrointestinal
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disturbances, urinary disorders, hemorrhage, inflammation,
and various infections. Often combined with echinacea and
taken to treat the common cold or upper respiratory tract
infections, goldenseal currently ranks among the top-selling
botanical supplements in the United States. Recent studies
have shown that goldenseal inhibits various cytochrome
P450 (CYP) isoforms in vitro, including CYP2C9,
CYP2C19, CYP2D6, and CYP3A4.F'"! Furthermore, it
has also been reported that goldenseal inhibits CYP2EL1,
and this inhibition appeared to be related to the presence
in the extract of the alkaloids berberine, hydrastine, and
canadine.!"”

With higher dosing, APAP generates the highly
reactive intermediate N-acetyl-p-benzoquinone imine
(NAPQI) by CYP enzymes. In humans and rodents,
CYP2E1 and CYP1A2 are the major enzymes of APAP
bioactivation.l”) In particular, CYP2E1 is an important
isoform that has been implicated in the generation of
reactive oxygen species such as superoxide and hydrogen
peroxide and may mediate the toxic effects of a variety of
xenobiotic compounds." Furthermore, when CYP2E1-
knockout mice were challenged with APAP, they were
found to be considerably less sensitive to its hepatotoxic
effects than wild-type animals."” These results suggest that
herbs with the ability to inhibit CYP2E1 may be useful
in the prevention of the hepatotoxic effects of APAP
overdosing,

Goldenseal, as well as APAP, is most populatly used for
cold and flu treatment. This makes it easy to co-administer
goldenseal with APAP. Therefore, this study was designed
to investigate the hepatoprotective effects of orally
administrated goldenseal against APAP-induced ALF via
inhibition of CYP2E1.

MATERIALS AND METHODS

Materials

Goldenseal root was purchased from Nature’s Way
Products (Springville, UT). Silymarin, chlorzoxazone, and
carboxymethylcellulose (CMC) were obtained from Sigma
Chemical (St. Louis, MO), and APAP, ¢-acetamidophenol
(2-AAP), and phenacetin were obtained from Wako Pure
Chemical Institute (Osaka, Japan). In the iz vitro analysis,
goldenseal was extracted by placing in a 5-fold volume of
methanol at 40 °C for 2 h. The resulting extract was filtered
and evaporated to dryness using a centrifugal concentrator
(DNA-mini, Heto, Denmark).

Animals

All experiments and procedures were approved by the
Chiba University Institutional Animal Care and Use
Committee. Male Wistar rats, 8 weeks of age, were obtained

Pharmacognosy Research | October 2011 | Vol 3 | Issue 4

from Japan SLC Inc. (Hamamatsu, Japan) and housed
under controlled conditions of light (07:00-19:00) and
temperature (24 °C) with food and water available ad /ibitum.

Drug treatment regimens

Goldenseal (300 or 1,000 mg/kg) and silymarin (200 mg/
kg) were suspended in 0.5% CMC and administered in the
morning (09:00) and evening (17:00) on days 1 and 2. Rats
were fasted for 24 h starting from day 1 (17:00) but given
tap water ad libitum. APAP (400 mg/kg) was suspended in
0.5% CMC (w/v) and administered orally once 2 h after the
morning administration of goldenseal or silymarin on day
2 (11:00). APAP non-treatment animals (Nil) were treated
with vehicle at each treatment point.

Preparation of hepatic microsomes

After perfusion with 50 mM potassium phosphate buffer
(containing 250 mM sucrose and 1.15% KCI, pH 7.4),
rat livers were excised, pooled, and homogenized. Next,
the liver homogenate was centrifuged at 9,500 X g for 30
min. The supernatant was ultracentrifuged at 105,000 X
g for 60 min, and the resulting microsomal pellets were
suspended in ice-cold potassium phosphate buffer and
ultracentrifuged at 105,000 X g for 60 min. The resulting
pellets were homogenized with 50 mM potassium
phosphate buffer (containing 0.1 mM EDTA, pH 7.4) ata
protein concentration of 20 mg/mL and stored at —80 °C
until use. The microsomal protein content was determined
by the method of Lowry, using the DC protein assay kit
(BIO RAD).

Measurement of CYP isozyme activity

Phenacetin, dextromethorphan, chlorzoxazone, and
testosterone are specific substrates for CYP1A2, CYP2Do,
CYP2E1, and CYP3A, respectively. To ensure the selectivity
of these markers and to represent the concentration of
the drug 7n vitro, the substrate concentration near its K _
value was utilized in all incubation samples in the assay.
The incubation sample (volume 450 uL) contained hepatic
microsomes (1 mg protein/mL), 250 mM potassium
phosphate buffer (containing 0.25 mM EDTA, pH 7.4),
substrate, and goldenseal extract. The samples were
preincubated for 5 min before the addition of NADPH-
generation system (1.25 mM 8-NADP*, 12.5 mM G-6-P, 5
mM MgCl,, 4 U G6PDH), following a 60-min incubation at
37 °C. The reactions were terminated by the addition of 400
uL ethyl acetate, and then the internal standard was added.
Next, the organic phase was vortexed and centrifuged at
9,100 X g for 5 min to separate protein fractions. The
supernatant of each sample was transferred to a clean tube
and evaporated to dryness using a centrifugal concentrator.
The residues were dissolved in a 100-uL aliquot of the
mobile phase and analyzed by high-performance liquid
chromatography (HPLC).
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Chromatographic conditions

The activity of CYP1A2, CYP2D06, CYP2E1, and CYP3A
isozymes was analyzed using different probe drugs with the
Shiseido Nanospace SI-2 (Tokyo, Japan) HPLC system.

For CYP1A2, the mobile phase was 90% 50 mM sodium
acetate (pH 4.0)/10% acetonitrile, and phenacetin and
APAP were detected at a wavelength of 254 nm. A
CAPCELLPAK C18 UG120 column (1.5 X 150 mm, 3 um,
Shiseido) was used at 40 °C with a flow rate of 100 uL./min.

For CYP2D6, the mobile phase was 90% 50 mM
potassium phosphate buffer (pH 4.0)/10% acetonitrile,
and dextromethorphan and dextrophan were detected at
a wavelength of 277 nm. A CAPCELLPAK C18 UG120
column was used at 30 °C with a flow rate of 100 pl./min.

For CYP2E1, the mobile phase was 90% 50 mM
potassium phosphate buffer (pH 4.0)/10% acetonitrile, and
chlorzoxazone and 6-hydroxychlorzoxazone were detected
at a wavelength of 290 nm. A CAPCELLPAK C18 AQ
column (1.5 X 250 mm, 3 pum, Shiseido) was used at 35 °C
with a flow rate of 100 ul./min.

For CYP3A, the mobile phase was 50% methanol/50%
water, and testosterone and 6@-hydroxytestosterone were
detected at a wavelength of 240 nm. A CAPCELLPAK
C18 UG120 column was used at 30 °C with a flow rate
of 100 pl./min.

Measurement of serum aminotransferase activities
Blood was collected from the tail vein 8 and 24 h after
the administration of APAP. Serum was then obtained by
centrifugation at 1,000 X g for 20 min at 4 °C and stored
at —30 °C until use. Serum alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) activities were
determined using Transaminase ClI-test Wako (Wako Pure
Chemical Institute).

Measurement of serum APAP concentration

Blood was collected from the inferior vena cava 8 h after
the administration of APAP. Serum was then obtained by
centrifugation at 1,000 X g for 20 min at 4°C and stored at
—30°C until use. Serum levels of APAP were determined
by HPLC. Briefly, 20-uL aliquots of standards or samples
were transferred to 1.5-mL Eppendorf centrifuge tubes. A

10-uL aliquot of internal standard solution (2-AAP, 100 ug/
mlL final concentration) was added to the serum followed
by 100 pL ethyl acetate and briefly mixed on a vortex mixer.
The mixture was centrifuged at 5,000 X g for 5 min at
4°C to remove precipitated proteins. The supernatant was
then transferred to a 1.5-mL Eppendorf centrifuge tube
and evaporated to dryness using a centrifugal concentrator
(DNA-mini, Heto, Denmark). Then, a 15-ul. aliquot
of the HPLC mobile phase (96.5% 50 mM sodium
acetate/3.5% acetonitrile) was added and transferred to
a 250-uL injection vial. A 5-uL aliquot of the sample or
standard solution in the injection vial was subjected to
HPLC analysis. A Shiseido Nanospace SI-2 HPLC system
was used to analyze APAP. A CAPCELLPAK C18 UG120
column was used at 35°C with a flow rate of 100 pL/
min. The mobile phase was 96.5% 50 mM sodium acetate
(pH 4.0)/3.5% acetonitrile, and APAP was detected at a
wavelength of 254 nm.

Statistical analysis

All data are presented as the mean + SEM. Statistical
significance was analyzed using Fisher’s least significant
difference test for multiple comparisons. Statistical
differences between two groups were analyzed using
the Student’s #test or Welch’s test following an F-test.
Differences at P < 0.05 were considered statistically
significant. All statistical analyses were conducted using
StatLight software (Yukms Co., Ltd. Tokyo, Japan).

RESULTS

CYP isoform activities

An enzymatic assay of the inhibitory effect of goldenseal
extract on CYP isoforms was performed. The ability of
goldenseal extract to alter four rat hepatic microsomal
CYP-marker enzymatic activities, phenacetine deethylation
(CYP1A2), dextromethorphan demethylation (CYP2DG6),
chlorzoxazone hydrocylation (CYP2E1), and testosterone
hydroxylation activities (CYP3A), is shown in Table 1.
Goldenseal extract inhibited phenacetin de-ethylation,
dextromethorphan demethylation, chlorzoxazone
hydroxylation, and testosterone hydroxylation activities
with interpolated IC, values of 15.65,7.35,4.32,and 52.07
ug/mlL, respectively. Goldenseal showed the strongest
inhibitory effect on CYP2E1 among all investigated
isoforms.

Table 1: Inhibition of rat cytochrome P450 isoforms by goldenseal and positive controls

Cytochrome Substrate Inhibitor IC,, (Mg/mL)
P450 Goldenseal Inhibitor
1A2 Phenacetine a-Naphthoflavone 15.65 26.53
2D6 Dextromethorphan Quinidine 7.35 61.74
2E1 Chlorzoxazone Diethyldithiocarbamate 4.32 5.90
3A Teststerone Itraconazole 52.07 2.04
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Effects on serum AST and ALT activities

Serum AST and ALT activities were assessed 8 and 24 h
after a single administration of APAP. Serum AST and
ALT activities significantly increased 8 and 24 h after APAP
administration. The increase in serum AST and ALT levels
24 h following APAP administration was decreased by both
goldenseal (300 and 1000 mg/kg) and silymarin (200 mg/
kg), but only goldenseal at 300 mg/kg caused a significant
reduction [Figure 1b]. Goldenseal, at a dose of 300 mg/kg,
only moderately (30-35%) decteased the levels of AST and
ALT in serum 8 h after APAP administration [Figure 1a].

Effects on serum APAP concentration

In the vehicle group, serum APAP concentration 8 h
after the APAP administration was 56.8 £ 7.0 pg/mL.
Administration of 300 and 1,000 mg/kg goldenseal
enhanced the APAP concentration by 38.2% and 19.5%,
respectively, compared with the vehicle group [Figure 2].
Silymarin treatment, as a positive control, also increased
the APAP concentration by 30.6% compared with vehicle
control.

DISCUSSION

To our knowledge, this is the first study to show the
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Figure 1: Effects of goldenseal and silymarin on serum AST and
ALT activities in APAP-induced liver failure. Rats were administered
goldenseal or silymarin 2, 18, and 26 h before and 6 h after oral APAP
(400 mg/kg) administration. Blood was collected 8 h (a) or 24 h (b)
after APAP administration, and serum AST and ALT activities were
determined. Values represent the mean + SEM of five rats. #P < 0.05
vs. Nil; *P < 0.05 vs. vehicle
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hepatoprotective effects of goldenseal on APAP-induced
ALF in rats.

It has been reported that the formation of the
highly reactive intermediate, NAPQI, from APAP is
mediated by CYP2E1, CYP1A2,l'"Y CYP3A4,!'"! and
CYP2D6." 1In this study, we investigated the inhibitory
effect of goldenseal on all cited isoforms and found that
goldenseal inhibited CYP1A2 activity in addition to that of
the previously reported isoforms, CYP2E1," CYP2D6, and
CYP3A4.” Furthermore, the inhibitory effect of goldenseal
on CYP2E1 was the strongest among the four isoforms
we investigated. CYP2E1 has been considered to be a
major isoform responsible for the bioactivation of APAP
in humans."! Recent studies demonstrated that transgenic
CYP2E1-knockout mice were considerably less sensitive to
APAP hepatotoxicity. In this study, we focused initially
on the strong inhibitory effect of goldenseal on CYP2E1
and then investigated its hepatoprotective potential on
APAP-induced ALF by concomitant administration of
goldenseal plus APAP. As expected, administration of
goldenseal, started 1 day before APAP treatment, markedly
ameliorated the APAP-induced ALF.

In the clinical setting, serum APAP levels can be useful for
determining the severity of injury if the time of ingestion
is known.” In this study, we measured serum APAP
levels to estimate the inhibitory effect of goldenseal on
the metabolism of APAP to NAPQI. Oral administration
of goldenseal increased the serum concentration of
unchanged APAP. We found a strong correlation between
the increasing levels of unchanged APAP concentration
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Figure 2: Effects of goldenseal and silymarin on serum APAP
concentration in APAP-induced liver failure. Rats were administered
goldenseal or silymarin 2, 18, and 26 h before and 6 h after oral
APAP (400 mg/kg) administration. Blood was collected 8 h after APAP
administration and serum APAP concentrations were determined.
Values represent the mean + SEM of five rats
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and the suppressive effect of goldenseal on serum AST
and ALT levels. Taken together, these observations suggest
that the hepatoprotective effect of goldenseal is due to a
decrease in the formation of NAPQI via inhibition of
CYP2E1 and other isoforms that metabolize APAP to
NAPQL.

Silymarin is hepatoprotective via its antioxidant and cell-
regenerating functions® and is often used as a positive
control for investigating hepatic injury. We found that
silymarin increased serum APAP concentration while
reducing the elevation of serum aminotransferases. It
was reported that silymarin extract showed moderate
inhibition of CYP2E1, CYP2D6, and CYP3A4
activities.”” Therefore, it is likely that the elevation of
serum APAP concentration is mediated, at least in part,
by the inhibitory effect of silymarin on CYP isoforms.

In this study, the hepatoprotective effects of goldenseal
were not dose dependent. It has been reported that
APAP-induced ALF is associated with the immune
response.”’ Furthermore, goldenseal may enhance immune
function.” Therefore, itis likely that the immunostimulatory
action of a high dose of goldenseal may, at least in part, play
a role in reducing the hepatoprotective effect. In addition,
it was reported that oral administration of high dose of
goldenseal resulted in increased incidences of hepatocyte
hypertrophy in the liver of rats.”) We hypothesized
that high dose of goldenseal might induce liver injury.
Therefore, the hepatoprotective effect might have been
weakened in a high dose of goldenseal. However, further
studies are required to confirm these.

In this study, 300 mg/kg of goldenseal was the most
effective on hepatoprotective effect in rats. If we convert
this animal dose to human equivalent dose based on body
surface area, it will be 50 mg/kg (300/6.2). This dosage
of goldenseal is within the usual recommended range of
supplement doses in human.

Our results suggest that goldenseal might have
hepatoprotective effects that ameliorate APAP-induced
ALF and that this protection is due to inhibition of
CYP2E1 activity, which generates the highly reactive
intermediate NAPQIL. When APAP is taken to reduce fever
caused by, for example, a cold or flu, concomitant use of
goldenseal may be useful for preventing APAP-induced
ALF as a result of unintentional overdosing.
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