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Abstract Hyperuricemia is an important risk factor
for gout. Isorhamnetin (3’-O-methylquercetin) is an O-
methylated flavonol, which occurs in onion, almond
and sea buckthorn. It is also one of the metabolites of
quercetin in mammals. In the present study, we
investigated anti-hyperuricemic effect of isorham-
netin adopting both cultured hepatocytes and mice
with hyperuricemia induced by purine bodies. In
cultured hepatocytes, isorhamnetin as well as querce-
tin significantly and dose-dependently inhibited uric
acid (UA) production. We also examined the inhibi-
tory effects on UA production of other mono-methyl-
quercetins, i.e., tamarixetin, 3-O-methylquercetin,
azaleatin, and rhamnetin in addition to isorhamnetin
for studying their structure—activity relationships.
From the results obtained, hydroxyl groups at C-3,
C-5, and especially C-7, but not C-3’ and C-4' of
quercetin are demonstrated to play a critical role in
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suppressing UA production in the AML12 hepato-
cytes. Oral administration of isorhamnetin signifi-
cantly reduced plasma and hepatic UA levels in the
hyperuricemic model mice. Isorhamnetin also
decreased hepatic xanthine oxidase (XO) activity
without changes in XO protein expression, indicating
that anti-hyperuricemic effect of isorhamnetin could
be, at least partly, attributable to suppression of UA
production by directly inhibiting XO activity in the
liver. These findings demonstrate that isorhamnetin
has a potent anti-hyperuricemic effect and may be a
potential candidate for prevention and remediation of
hyperuricemia.

Keywords Isorhamnetin - AML12 hepatocyte -
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Abbreviations

BSS  Balanced salt solution

GMP  Guanosine-5'-monophosphate
IMP  Inosine-5’-monophosphate
UA Uric acid

X0 Xanthine oxidase

Introduction

Hyperuricemia is the high blood uric acid (UA) state
and results from the UA overproduction in the liver
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and/or its underexcretion from the kidney. Hyper-
uricemia is accepted as an important risk factor for
gout (Thottam et al. 2017). Likewise, hyperuricemia is
thought to be risk factors for metabolic syndrome
(Babio et al. 2015). High dietary intake of purine-rich
foods such as meats, seafood, purine-rich vegeta-
bles triggers the increase of UA levels in the blood
(Choi et al. 2004). Purine nucleotides such as
guanosine-5’-monophosphate (GMP) and inosine-5'-
monophosphate (IMP), both of which stimulate
umami taste, are metabolized into uric acid via several
steps of reactions catalyzed by various enzymes like
5'-nucleotidase, purine nucleoside phosphorylase,
guanine deaminase and xanthine oxidase (XO)
(Ishikawa et al. 2013). Allopurinol and febuxostat
are potent XO inhibitors prescribed in the treatment of
hyperuricemia and gouts. However, allopurinol has
some of undesirable side effects such as hepatitis,
nephropathy and allergy, and febuxostat has some of
the effects such as abnormalities in liver function,
diarrhea and rash (Kong et al. 2000; Frampton 2015).
Therefore, it is anticipated to quest for novel and safe
factors in foods and natural resources that suppress
hyperuricemia. Isorhamnetin (3’-O-methylquercetin)
is an O-methylated flavonol, which occurs in onion,
sea buckthorn berry, almond, and wine (La Torre et al.
2006; Chen et al. 2007; Teets et al. 2009; Olsson et al.
2010). It is one of the metabolites of quercetin in
mammals (Manach et al. 1998; Morand et al. 1998).
Quercetin is a well-known flavonoid that is found
naturally in such as onion and strawberry. Isorham-
netin possesses a number of health benefits including
anti-inflammatory, anti-cancer and anti-oxidation
(Dong et al. 2014; Chen et al. 2015b; Li et al. 2015).
Many flavonoids like quercetin and taxifolin are
reported to effective against hyperuricemic model
mice (Mo et al. 2007; Adachi et al. 2017b). A recent
study has revealed that quercetin decreases plasma UA
concentration in pre-hyperuricemic adults (Shi and
Williamson 2016). However, it remains unclear
whether or not isorhamnetin possesses an anti-hype-
ruricemic action.

In the present study, we have attempted to examine
the effect of isorhamnetin on UA production in
cultured hepatocytes and in mice with hyperuricemia
induced by purine-bodies administration. We first
assessed suppressive action of isorhamnetin on UA
production in an in vitro assay system employing the
cultured hepatocytes. In order to investigate the
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structure—activity relationships of mono-methylated
quercetins as inhibitors of UA production, we have
also tested the inhibitory effects in the AMLI12
hepatocytes of the other mono-methylquercetins,
namely, 3-O-methylquercetin, azaleathin (5-O-
methylquercetin), rhamnetin (7-O-methylquercetin)
and tamarixetin (4'-O-methylquercetin) (Fig. 1a).

Materials and methods
Materials

AMLI12 cells were provided by American Type
Culture Collection (ATCC® CRL2254, Manassas,
VA, USA). Isorhamnetin (3'-O-methylquercetin) was
purchased from Cayman Chemical Co. (Ann Arbor,
MI, USA), azaleatin (5-O-methylquercetin) from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA),
DMEM/F-12 from Life Technologies (Grand Island,
NY, USA), fetal bovine serum (FBS) from Hyclone
(Logan, UT, USA), penicillin and streptomycin from
Nacalai Tesque, Inc. (Kyoto, Japan), Pierce™ BCA
Protein Assay kit from Thermo Fisher Scientific Inc.
(Waltham, MA, USA). Guanosine-5'-monophosphate
(GMP) and inosine-5'-monophosphate (IMP) were
purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan), and 3-O-methylquercetin, rhamnetin
(7-0- methylquercetin) and tamarixetin (4’-O-methyl-
quercetin) from Extrasynthese (Lyon, France). Quer-
cetin, selenium, guanosine and inosine were purchased
from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). Allopurinol, dexamethasone, carboxymethyl
cellulose sodium (CMC-Na), dimethylsulfoxide
(DMSO), recombinant human insulin, transferrin from
human blood, uric acid and uric acid assay kit (Uric
acid C-test Wako) were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Cell count-
ing kit-8 was purchased from Dojindo Laboratories
(Kumamoto, Japan). The anti-xanthine oxidase anti-
body and anti-GAPDH antibody were obtained from
Santa Cruz Biotechnology, Inc., horseradish peroxi-
dase (HRP)-conjugated anti-mouse IgG antibody from
GE Healthcare (Buckinghamshire, UK). The other
regents were purchased from Wako Pure Chemical
Industries, Ltd., and they were of guaranteed reagent
grade.
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Fig. 1 Chemical structures of quercetin and mono-methylated
quercetin isorhamnetin, tamarixetin, 3-O-methylquercetin, aza-
leatin and rhamnetin (a). Effects of quercetin and methyl-
quercetin on cell viability in AMLI12 cells (b). The cells were
incubated in BSS with or without various concentrations of

Culture of AML12 cells

AMLI12 cells were cultured in DMEM/F-12 supple-
mented with 10% FBS, 5 pg/ml recombinant human
insulin, 5 pg/ml transferrin from human blood, 3 ng/

Azaleatin (uM)

Rhamnetin (pM)

quercetin and methylquercetin (0, 3, 10, 30 uM) for 2 h. WST-8
reagent was added 1 h before measurement of OD 450 nm. Data
are expressed as a percentage of the vehicle control (DMSO).
Each value represents mean £+ SEM for six wells

ml selenium, 40 ng/ml dexamethasone, 100 U/ml
penicillin and 100 pg/ml streptomycin (10% FBS/
DMEM/F-12) under an atmosphere of 5% CO,/95%
humidified air at 37 °C as described previously (Petrie
et al. 2013) with slight modifications. The cells
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(1.0 x 10° cells/well) into 24-place multiwell plates
and grown for 72 h in 10% FBS/DMEM/F-12, and
then kept for 24 h in serum-free DMEM/F-12.

Effects of quercetin and methylquercetin on uric
acid production in AML12 cells

UA production by AML12 hepatocytes was evaluated
as described previously (Adachi et al. 2017a). In brief,
after 24 h culture in serum-free DMEM/F-12, AML12
cells were washed once with phosphate buffered saline
without calcium or magnesium [PBS (-)] and incu-
bated in 200 pl of balanced salt solution (BSS)
including 188 mM NaCl, 5 mM KCl, 1 mM MgCl,,
0.8 mM CaCl,, 25 mM NaHCOj3;, 1 mM NaH,PO,,
10 mM HEPES and 5 mM glucose (Petrie et al. 2013).
Furthermore, BSS contained guanosine and inosine
(100 pM each) in combination (GI mixture) as UA
precursors in the absence or presence of quercetin,
isorhamnetin, 3-O-methylquercetin, azaleatin, rham-
netin, or tamarixetin (0, 3, 10, 30 uM) at the final
DMSO concentration of 0.15%. On the termination of
2 h incubation, 200 pul of BSS was collected for
determination of UA. UA detected in BSS was
considered to be an index for UA productivity (Adachi
et al. 2017a). The hepatocytes were washed once with
PBS (-) and scraped into 300 pl of buffer including
50 mM Tris and 1 mM sodium phosphate (pH 7.5).
After being sonicated and centrifuged (12,000xg,
5 min, 4 °C), the supernatants were subjected to
protein determination with a Pierce'™ BCA Protein
Assay kit. UA levels in the BSS were determined by
the uricase methods (Uric acid C-test Wako). UA
production was expressed as nmol per 2 h per mg
cellular protein (nmol/2 h/mg protein).

Cell viability assay

Cell viability assays was assessed with a cell counting
kit-8 according to the manufacture’s protocol with
slight modifications. AML12 cells were plated in
96-place multiwell plates at 5 x 10 cells per well and
incubated for 72 hin 10% FBS/DMEM/F-12, and then
kept for 24 h in serum-free DMEM/F-12. After 24 h,
the cells were washed once with PBS (-) and
incubated in 100 pl of GI mixture in the absence or
presence of isorhamnetin, quercetin, 3-O-methyl-
quercetin, azaleatin, rhamnetin, or tamarixetin (0, 3,
10, 30 uM) for 2 h. After washed once with BSS, the
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hepatocytes were incubated in 100 pl of BSS contain-
ing 10 pL of WST-8 reagent for 1 h. The optical
density at 450 nm was read with Spark 10 M (Tecan
Group Ltd., Ménnedorf, Switzerlamd). The cell via-
bility was expressed as a percentage of the value of
cells treated without samples as 100%.

Animals

Male ICR mice (Charles River Japan, Inc., Yokohama,
Japan) at 4 weeks of age were housed in plastic cages
in a room with a 12-h light-dark cycle (dark phase of
18:00-6:00) and constant temperature (22 °C). They
were housed in groups of four mice for 7 days to
acclimatize to the environment. The mice were
maintained on tap water and regular diet (CRF-1,
Oriental Yeast Co., Tokyo, Japan) ad libitum. This
experiment was carried out in accordance with the
guideline for Animal Experiments of Utsunomiya
University Animal Research Committee (ethic
approval number: A14-0017).

Isorhamnetin administration to hyperuricemic
model mice

Anti-hyperuricemic effect in the model mice was
estimated as described previously (Adachi et al.
2017b). Briefly, after acclimatization to the environ-
ment for 1 week, the mice were divided into five
groups with similar body weight: normal group
(n = 8), hyperuricemic model group (n = 12), allop-
urinol group (n = 8), low-dose of isorhamnetin group
(n = 8) and high-dose of isorhamnetin group (n = 8).
In addition, we confirmed anti-hyperuricemic effect of
quercetin, a well-known anti-hyperuricemic polyphe-
nol: normal control group (n = 8), hyperuricemic
model group (n = 10), allopurinol group (n = 8), low-
dose of quercetin group (n = 8) and high-dose of
quercetin group (n = 8). Isorhamnetin, quercetin and
allopurinol were suspended in 0.5% CMC-Na. After
4 h fasting, allopurinol at 10 mg/kg body weight,
isorhamnetin at 100 mg/kg (low-dose group) and
300 mg/kg body weight (high-dose group) and
quercetin at 100 mg/kg (low-dose group) and
300 mg/kg body weight (high-dose group) were orally
given to the mice once a day for the three consecutive
days. Mice of normal control and hyperuricemic
model control group were orally given 0.5% CMC-Na
alone for 3 days. On day 3, the mice were
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intraperitoneally injected with both GMP and IMP
(300 mg each/kg body weight) to induce hyper-
uricemia 1 h after allopurinol, isorhamnetin, querce-
tin, or the vehicle (the model control). GMP and IMP
were dissolved in PBS (—). The normal control group
was injected with the PBS (-) alone as a vehicle. One
hour after GMP and IMP injection, the blood was
collected under isoflurane anesthesia from the inferior
vena cava in the microtube with heparin sodium and
the liver was excised. The blood samples were
centrifuged at 5000x g for 10 min at 4 °C to obtain
the plasma. The plasma was stored at — 80 °C until
analyzed. The excised liver was washed with saline,
cut into three pieces, frozen in liquid nitrogen, and
stored at —80 °C until analyzed (Adachi et al. 2017b).

Liver sample preparation

Liver sample preparation was performed according to
the methods previously described (Adachi et al.
2017b) with slight modifications. One piece of the
liver sample was homogenized in ice-cold 100 mM
Tris-HCl (pH 7.5), sonicated, and centrifuged
(10,000xg, 5 min, 4 °C). The supernatant fraction
was used for determination of UA. Another piece was
homogenized in ice-cold 100 mM Tris—HCI (pH 7.5)
containing 1 mM EDTA-Na, sonicated, and cen-
trifuged (10,000xg, 5 min, 4 °C). The supernatant
fraction was used to determine XO activity. The other
piece was homogenized in ice-cold RIPA lysis buffer
(Nacalai Tesque) and centrifuged (10,000x g, 5 min,
4 °C). The supernatant fraction was subjected to
Western blotting.

Determination of uric acid level of plasma
and liver

Plasma and liver UA levels were measured by the
uricase method (Uric acid C-test Wako). Protein
contents in the liver homogenates were determined
with a Pierce™ BCA Protein Assay kit. Liver UA
levels were expressed as mg per g liver protein.

Liver xanthine oxidase activity assay

Liver XO activity assay was carried out according to
the procedure as previously described (Mo et al. 2007)
with slight modifications using 96 well multi-plates
(Adachi et al. 2017b). Liver homogenates (40 pL) and

ice-cold 100 mM Tris—HCI (pH 7.5) containing 1 mM
EDTA-2Na (30 pL) were applied into 96-well plates.
The reaction was initiated by the addition of 180 pl of
150 pM xanthine in the same buffer. Immediately
after the addition of the substrate buffer, the
absorbance at 295 nm and 37 °C was measured with
Spark 10 M for 30 min. UA production was calculated
from the increase of the absorbance for 30 min based
on the UA standard curve. Protein concentrations in
the liver homogenates were determined with Pierce™
BCA Protein Assay kit. XO activity was expressed as
pmol UA produced per min mg protein.

Western blotting

Immunoblotting was processed as previously
described (Minakawa et al. 2011), with minor mod-
ifications. In each group, we selected four mice that
had plasma uric acid levels close to the mean value of
the group. Liver protein samples were separated by
SDS-PAGE, transferred to a PVDF membrane which
was blocked for 1 h with 5% bovine serum albumin in
Tris-buffered saline with 0.1% Tween-20 (Sigma-
Aldrich Chemical Co.), and incubated overnight at
4 °C with the primary antibody. The primary anti-
body was detected with HRP-conjugated anti-mouse
secondary antibody and visualized by using Amer-
sham™ ECL™ Western blotting detection reagent
(GE healthcare).

Statistical analysis

Data are expressed as means & SEM. Data on cell
viability and UA production in AML12 cells were
analyzed by one-way ANOVA and Tukey’s multiple-
comparisons test as a post hoc test. The results of the
animal experiments were analyzed by one-way
ANOVA with Dunnett’s multiple-comparisons test.
P values < 0.05 were considered statistically signif-
icant. These analyses were conducted by using the
Prism 6 software package (GraphPad, San Diego, CA,
USA).
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Results

Effects of quercetin and methylquercetins on cell
viability in AMLI12 cells

The effects of quercetin and mono-methylated quer-
cetins on the viability of AMLI12 cells were first
determined using WST-8 assay. The treatment of
AMLI12 cells with quercetin, isorhamnetin, tamarix-
etin, 3-O-methylquercetin, azaleatin, and rhamnetin
did not show any cytotoxic effects up to the concen-
tration of 30 uM (Fig. 1b). Based on these results, we
adopted the 30 UM of quercetin and methylquercetins
for estimating the inhibitory effects on UA production
in the hepatocytes without causing cellular damage.

Effects of quercetin and methylquercetin on uric
acid in AML12 cells

UA production in AMLI12 cells treated with 3, 10 and
30 uM quercetin was lower than that treated without

quercetin (0 pM) (Fig. 2a). Similarly, the treatment of
hepatocytes with isorhamnetin, tamarixetin, 3-O-
methylquercetin, azaleatin and rhamnetin significantly
and dose-dependently decreased the UA production in
the hepatocytes (Fig. 2b, c, d, e, f). At the identical
concentration of 3 uM, UA production by AML12
hepatocytes treated with quercetin, isorhamnetin and
tamarixetin was significantly lower than that of the
control (0 uM sample) (Fig. 3a). On the other hand,
3-O-methylquercetin, azaleatin and rhamnetin at dose
of 3 uM did not inhibit UA production (Fig. 3a). At
the concentration of 10 pM, quercetin and all the
mono-methylquercetins significantly suppressed UA
production (Fig. 3b). Inhibitory effects of 10 pM
quercetin, isorhamnetin and tamarixetin on UA pro-
duction were stronger than those of 3-O-methyl-
quercetin, azaleatin and rhamnetin (Fig. 3b).
Hepatocytes treated with quercetin and all the mono-
methylquercetins at 30 uM significantly decreased
UA production (Fig. 3c). Quercetin, isorhamnetin and
tamarixetin significantly suppressed the production as
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Fig. 2 Effects of quercetin and mono-methylated quercetin on
UA production in AML12 cells. AML hepatocytes were treated
with 0, 3, 10 and 30 uM querctin (a), isorhamnetin (b),
tamrixetin (c), 3-O-methylquerctin (d), azaleatin (e) and rham-
netin (f) for 2 h in BSS containing guanosine + inosine
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Azaleatin (uM)

Rhamnetin (uM)

(100 uM each). Each value represents mean £ SEM for six
wells (duplicate measurement per well). Values not sharing a
common letter are significantly different at P < 0.05 (Tukey’s
test)
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Fig. 3 Comparison of effects of quercetin and mono-methyl-
quercetin at the same concentration on UA production in
AMLI12 hepatocytes. AML cells were treated with querctin,
isorhamnetin, tamrixetin, 3-O-mrthylquerctin, azaleatin and
rhamnetin at 3 (a), 10 (b) and 30 (c) uM for 2 h in BSS

compared with 3-O-methylquercetin, azaleatin and
rhamnetin (Fig. 3c). Inhibitory effects of 3-O-methyl-
quercetin and azaleatin at 30 pM were more
notable than that of rhamnetin (Fig. 3c).

Effect of isorhamnetin on the plasma uric acid
level in hyperuricemic model mice

The intraperitoneal injection of GMP and IMP in
combination into mice significantly increased the
plasma UA concentration (model control group) as
compared with that of mice injected with PBS (-)
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Fig. 4 Effects of quercetin and isorhamnetin on plasma UA
levels in hyperuricemic model mice. The mice were perorally
administered with quercetin (a) or isorhamnetin (b) at the
different doses indicated. The mice were then intraperitoneally
injected with both IMP and GMP (300 mg/kg body weight) to
induce hyperuricemia. Normal control and model control groups

containing guanosine + inosine (100 pM each). DMSO alone
was used as control. Each value represents mean = SEM for six
wells (duplicate measurement per well). Values not sharing a
common letter are significantly different at P < 0.05 (Tukey’s
test)

alone (normal control group, Fig. 4a, b). The oral
administration of allopurinol at 10 mg/kg body
weight, isorhamnetin and quercetin at 100 and
300 mg/kg body weight significantly suppressed the
increase in plasma UA concentration as compared
with that of model control group (Fig. 4a, b).
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Each value represents mean = SEM for 8-12 mice (duplicate
measurement per mouse). For statistical significance, *P < 0.05
and **P < 0.01 when the treated groups were compared with
the model control group (Dunnett’s test)
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Effect of isorhamnetin on the liver uric acid level
and xanthine oxidase activity in hyperuricemic
model mice

The liver UA level in model control group was
significantly higher than that in normal control group.
The oral administration of allopurinol at 10 mg/kg
body weight, isorhamnetin at 100 and 300 mg/kg body
weight and quercetin at 300 mg/kg body weight
significantly cancelled the increase in hepatic UA
concentration as compared with that of model control
group (Fig. 5a, b).

The intraperitoneal injection of GMP and IMP into
mice significantly promoted the liver XO activity than
that of PBS (—) alone (normal control group vs. model
control group, Fig. 5c, d). The XO activities in
allopurinol (10 mg/kg body weight), high-dose
(300 mg/kg body weight) of isorhamenetin and high-
dose (300 mg/kg body weight) of quercetin groups
were significantly lower than that of model control
group (Fig. 5c, d).

Effects of quercetin and isorhamnetin on liver
xanthine oxidase (XO) protein expression
in hyperuricemic mice

There was no difference in the hepatic XO protein
expression levels among normal control, model con-
trol, allopurinol, low-dose (100 mg/kg body weight),
and high-dose (300 mg/kg body weight) of quercetin
administration (Fig. 6a). Likewise, there was no
difference in the XO protein levels among normal
control, model control, allopurinol, low-dose
(100 mg/kg body weight), and high-dose (300 mg/kg
body weight) of isorhamnetin (Fig. 6b).

Discussion

We reported that UA levels in BSS increased dose-
dependently and significantly by addition of UA
precursors, while the UA levels in AML12 hepato-
cytes were constant (Adachi et al. 2017a). Thus, the
extracellular UA level was considered to be a simple
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Fig. 5 Effects of quercetin and isorahmnetin on hepatic uric
acid levels and xanthine oxidase (XO) activity in hyperuricemic
mice. a and b Indicate liver uric acid levels in the mice treated
with quercetin and isorhamentin, respectively. ¢ and d Show
liver XO activity in the mice treated with quercetin and
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isorhamentin, respectively. Each value represents mean += SEM
for 812 mice (duplicate measurement per mouse). For
statistical significance, *P < 0.05 and **P < 0.01 when the
treated groups were compared with the model control group
(Dunnett’s test)
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Fig. 6 Effects of quercetin and isorhamnetin on liver xanthine
oxidase (XO) protein expression in hyperuricemic mice by
Western blot analysis. a and b Indicate liver XO protein levels in

index of UA production in the hepatocytes. Employing
the cells, we have contrived assay system in vitro for
screening compounds that possess inhibitory effects of
UA production and constructed in vivo purine bodies-
induced hyperuricemic model mice. Allopurinol is an
XO inhibitor prescribed clinically for the treatment of
hyperuricemia and gout. Recently, quercetin has been
reported to lower plasma UA levels in pre-hyper-
uricemic humans (Shi and Williamson 2016). We have
confirmed that both allopurinol and quercetin dose-
dependently reduce UA production in the AML12
cells and suppress hyperuricemia induced by UA
precursor purine bodies in mice, indicating that our
in vitro and in vivo assay systems work adequately.
Moreover, we found that taxifolin, present in Siberian
larch and strawberries, decreased UA production in
the AML12 hepatocytes and inhibited the rises in the
plasma UA levels in the model mice by the assay
systems (Adachi et al. 2017b).

Quercetin has been found in a wide variety of foods,
such as onions and strawberries. Isorhamnetin, tamar-
ixetin, 3-O-methylquercetin, azaleatin and rhamnetin
are O-methylated quercetin, and present in food and
natural substances. Isorhamnetin  (3’-O-methyl-
quercetin) is reported to be present in onion, sea
buckthorn berry, almond and wine. Tamarixetin (4'-O-
methylquercetin), 3-O-methylquercetin, azaleatin (5-
O-methylquercetin) and rhamnetin (7-O-methyl-
quercetin) are isolated from Chromolaena odorata,
Nicotiana tabacum L., Rhododendron dauricum L.
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the mice treated with quercetin and isorhamentin, respectively.
Each value represents mean + SEM for 4 mice

and Cassia sophera Linn, respectively (Phan et al.
2001; Zhang et al. 2010; Mondal et al. 2013; Schilaty
etal. 2014). In this study, we have examined inhibitory
effects of these mono-methylated quercetins on UA
production by the cultured AML12 hepatocytes when
quercetin was used as the positive control. All the
mono-methylated quercetins dose-dependently and
significantly reduced UA production in the cells
(Fig. 2). When compared among the compounds at
the identical concentration, isorhamnetin and tamar-
ixetin exhibited equivalently strong inhibitory effects
on UA production to quercetin at 3, 10 and 30 uM
(Fig. 3). In contrast, the suppressive effects of 3-O-
methylquercetin, azaleatin and rhamnetin were lower
than that of quercetin. Additionally, at 30 uM, rham-
netin had the lowest inhibitory effect on UA produc-
tion among the mono-methylquercetins. As above-
mentioned, the inhibitory action on UA production of
quercetin was weakended by O-methylation of C-3,
C-5, or C-7 position, whereas O-methylation of C-3 or
C-4" position did not affect the inhibitory effect of
quercetin. These results strongly suggest that C-3, C-5,
and especially C-7, but not C-3’ and C-4’ hydroxyl
groups of quercetin play an important role in inhibition
of UA production in AMLI12 cells. UA production in
AML12 hepatocytes was reported to be suppressed via
inhibition of XO, catalyzing oxidation of hypoxan-
thine and xanthine to UA (Tsushima et al. 2013).
Therefore, in this study, suppression of UA production
by quercetin and methylquercetins in AMLI12
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hepatocyte is considered to result from direct inhibi-
tion of XO by them. It was reported that the hydroxyl
groups at C-3, C-5 and C-7 were important for
inhibition of XO by flavonoids including quercetin
(Cos et al. 1998; Nessa et al. 2010). On the other
hands, O-methylatoion on C-3' or C-4’ position of
quercetin was demonstrated not to be influence its XO
inhibition (Cos et al. 1998; Nessa et al. 2010). The
results on suppressive effects on UA production in the
present study correspond well with these previous
reports. Zhang et al. have shown that two hydrogen
bonds were formed between hydroxyl groups of
quercetin and the hydrogen atoms on amino acid
residues of XO, and the hydroxyl group at C-5 and C-7
of quercetin was connected with Glu263 and Arg394
of XO, respectively by molecular docking analysis,
indicating that the hydrogen bonding may play a key
role in the XO inhibitory process of quercetin (Zhang
et al. 2018). In our experiment, diminution of
inhibitory effects on UA production by O-methylation
at C-5 and C-7 hydroxyl groups of quercetin may be
due to the loss of the hydrogen bonds between
quercetin and XO.

As shown in vitro study, isorhamnetin and tamar-
ixetin possessed strong inhibitory effects on UA
production in AML12 hepatocytes compared to the
other mono-methylated quercetins. When rats were
orally given quercetin, approximately 63% and 4% of
the quercetin were reported to be methylated to
isorhamnetin and tamarixetin, respectively (Morand
et al. 2000). Thus, we have investigated the effect of
isorhamnetin on hyperuricemia in the present study.
As a matter of course, hypouricemic effect of tamar-
ixetin should be clarified in the future. Isorhamnetin at
dose of 100 and 300 mg/kg body weight, as well as
quercetin and allopurinol for the positive control drugs
in this study, dose-dependently and significantly
cancelled the rise in plasma UA levels in purine
bodies-induced hyperuricemia (Fig. 4). Thus, these
findings provide evidence that isorhamnetin has a
hypouricemic potential for the first time. Intraperi-
toneally injection of GMP and IMP in combination
also caused rises in the mice liver UA levels and
enhanced hepatic XO activities (Fig. 5). Similarly to
quercetin (300 mg/kg body weight) and allopurinol
(10 mg/kg body weight), isorhamnetin (100 and
300 mg/kg body weight) dose-dependently and sig-
nificantly reduced hepatic UA levels in hyperuricemic
mice (Fig. 5a, b). Furthermore, isorhamnetin
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(300 mg/kg body weight) as well as quercetin
(300 mg/kg body weight) and allopurinol (10 mg/
kg) suppressed significantly hepatic XO activities
(Fig. 5c, d). On the other hands, XO protein expres-
sion levels were not significantly increased by GMP
and IMP combination (normal control group vs. model
control group, Fig. 6). Isorhamnetin, quercetin, and
allopurinol had no effects on XO protein expression
levels (Fig. 6). These results indicate that isorham-
netin shows anti-hyperuricemic effect by directly
suppressing XO activity in the hyperuricemic model
mice induced by GMP and IMP.

Flavonoids, including quercetin and isorhamnetin
have been described as health-promoting, disease-
preventing dietary supplements. In addition, flavo-
noids themselves are considered to have no or little
toxic effects and have a long history of human
consumption (Middleton et al. 2000). Indeed, supple-
mentation with quercetin at 500 mg/day for 4 weeks
progressively decreased plasma UA levels in pre-
hyperuricemic adults without inducing changes in
BM]I, in fasting blood glucose or showing any adverse
effects (Shi and Williamson 2016). In addition,
quercetin supplementation at 730 mg/day for 4 weeks
has been reported to reduce blood pressure in hyper-
tensive subjects with no side-effects (Edwards et al.
2007). As above-mentioned, isorhamnetin is one of the
metabolites of quercetin in mammals, suggesting the
possibility of safety of isorhamnetin. In this study,
body weight loss or adverse effects have not been
observed in the mice administered quercetin and
isorhamnetin.

The increases of plasma and liver UA levels may be
regulated also by other systems, such as UA produc-
tion from adipose tissues and cells (Tsushima et al.
2013). In addition, morin, one of flavonols, and
polyphenols from green tea demonstrated anti-hype-
ruricemic effects by inhibiting UA reabsorption and
enhancing UA secretion in the kidney of the potassium
oxonate-induced hyperuricemic model mice (Wang
etal. 2010; Chen et al. 2015a). Apart from suppressing
UA production via XO inhibition in the liver, there is a
possibility that isorhamnetin may promote UA excre-
tion from the kidney. In this study, quercetin at lower
dose (100 mg/kg body weight) repressed the rise in the
plasma UA levels, but not hepatic UA levels or XO
activity. Moreover, isorhamnetin at the low dose of
100 mg/kg body weight inhibited the rise in not XO
activity but the plasma and liver UA levels. These
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inconsistencies may be due to the reason that the rises
in the plasma and liver may be modulated through
above-mentioned other systems. Further studies are
needed to elucidate precise mechanism for anti-
hyperuricemic effect of isorhamnetin.

In summary, isorhamnetin has a high inhibitory
action of UA production in AMLI2 hepatocytes.
Structure—activity relationship of mono-methylated
quercetins indicates that hydroxyl groups at C-3, C-5,
and especially C-7, but not C-3’ and C-4' of quercetin
play a critical role in suppressing UA production in the
cells. Furthermore, we have demonstrated that
isorhamnetin inhibits the rises in the plasma and
hepatic UA levels in mice with hyperuricemia induced
by purine bodies, at least partly, due to its effect on
hepatic XO activity. Although further studies are
required to clarify precise mechanisms involved, these
findings suggest that isorhamnetin may be a potential
candidate for prevention and remediation of
hyperuricemia.
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