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ABSTRACT. Atractylon, a major component of the crude drug “Byaku-jut&’ (rhizomes of Atractylodes japon- 
ica), strongly inhibited Na+,K+-ATPase activity with an I,, value of 8.9 x 10e6 M. It also inhibited Mg2’- 

ATPase, H+,K+-ATPase, H+-ATPase and Ca2+-ATPase activities, but less potently. No effects on alkaline and 

acid phosphatase activities were observed. The inhibition of Na+,K+-ATPase activity by atractylon was non- 
competitive with respect to ATP and was greater with increasing K’ concentration, whereas it was not affected 
by Na+ concentration. The activity of K+-dependent p-nitrophenyl phosphatase, a partial reaction of Na+,K+- 
ATPase, was inhibited noncompetitively with respect to substrate (I,, value of 1.8 x 10m5 M), and the inhibition 

rate was independent of the K’ concentration. Furthermore, atractylon increased the iYx value for Na+ from 130 
to 190 mM, but did not alter the Kc value for ATP. Inhibition of the phosphoenzyme formation by atractylon 
was greater at 0.1 M than at 1 M NaCl. K+-dependent dephosphorylation (Ez-P to K 1 E,) was inhibited by 

atractylon, whereas ADP-sensitive (Na . E,-P to Na E,) and non-specific dephosphorylation steps were not 
affected. These results suggest that atractylon, a specific inhibitor of Na+,K+-ATPase, interacts with enzyme in 
the E, state and inhibits the reaction step from E,-P to K. E,. BIOCHEM PHARMACOL 51;3:339-343, 1996. 
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“Byaku-jutsu” (rhizomes of Atructylodes japonica) is an impor- 

tant traditional Chinese drug used for the treatment of water 
retention in the body. Administration of the decoction of 
Byaku-jutsu causes diuresis in humans [l], and its alcohol ex- 
tract has a diuretic effect in mice [2]. Previously, we found that 
the ethanol extract of ByakuFjutsu strongly inhibits Na+,K+- 
ATPase activity (I,, value of 15.2 yg/mL) [3]. Byaku-jutsu 
contains 1.5 to 3.0% (w/w) sesquiterpenoids, such as atracty- 
lon (Fig. l), atractylenolide III, 3P-hydroxyatractylon and 3p- 
acetoxyatractylon, as well as polyacetylene compounds such as 
TDDM,? (6E,12E)-tetradecadiene-8,lO-diyne-1,3-diol and 
6-methyl-2-geranyl-p-benzoquinone [4-81. We found that 
Na+,K+-ATPase activity is inhibited by atractylenolide III and 
TDDM with I,, values of 7.0 x 10m4 and 1.7 x 10e4 M, re- 
spectively [8]. Atractylon, which accounts for 20% of the ses- 
quiterpenoids [4], was reported to prevent hepatotoxicity due 
to CuCl, in rats [9]. Furthermore, it has anti-microbial activ- 
ity, anti-inflammatory activity [lo], and anti-ulcer action [ll]. 
Atractylon was found in the present work to be the strongest 
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inhibitor of Na+,K+-ATPase among the constituents of Byaku- 
jutsu that we examined, and the mechanism of its action was 
investigated. 

MATERIALS AND METHODS 

The crude membrane fraction and purified Na+,K+-ATPase 
(SDS-enzyme) of horse kidney [12], and rat gastric membrane 
vesicles were prepared according to methods described previ- 
ously [13]. Horse and rat brain membrane fractions were pre- 
pared according to Sweadner [14]. Atractylon (98% pure) was 
purchased from the Yoneyama Yakuhin Industries Co. (Osaka, 
Japan). EDTA, EGTA, and CDTA were obtained from the 
Dojindo Chemical Co. (Kumamoto, Japan). Other reagents 
were of the highest grade commercially available. 

Quantification of Atractylon 

The stability of atractylon in the reaction mixture was exam- 
ined by HPLC analysis and UV absorbance measurements 
(UV-250, Shimadzu). HPLC was carried out with a column 
of TSK-GEL ODS-80T, (TOSOH) with acetonitrile:water 
(8:Z) at a flow rate of 1 mL/min. The absorbance of the peaks 
at 219 nm was monitored to quantify atractylon. 

Assay of Enzyme Activities 

Na+,K+-ATPase (ouabain-sensitive) activity was determined 
essentially according to a method reported previously [ 151, and 
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Atractylon 
FIG. 1. Structure of atractylon. 

Mg’+-ATPase activity was estimated as ouabain-insensitive 
activity [16]. Atractylon was dissolved in ethanol:DMSO (8:2, 
v/v). An aliquot of the solution (10 pL) was added to the 
reaction mixture (0.5 mL) containing SDS-enzyme (1 pg pro- 
tein/ml) or crude membrane fraction (100 pg protein/ml), 3 
mM ATP, 140 mM NaCl, 14 mM KCl, 5 mM MgCl,, 0.5 mM 
EDTA, 1 mM EGTA, and 50 mM imidazole-HCl buffer (pH 
7.2) with or without 0.5 mM ouabain. The activity of SDS- 
enzyme was inhibited almost completely by 1.0 x 10e5 M oua- 
bain. The concentrations of ethanol and DMSO (1.6 and 
0.4%, respectively) in the reaction mixture had no effect on 
the enzyme activities. Mg’+-, H’- and Ca’+-ATPase activities 
were determined with horse kidney crude membrane fraction. 
The enzyme for H+-ATPase activity was sonicated just before 
incubation with a sonifier (Branson B-12). The reaction mix- 
ture (0.5 mL) for H+-ATPase contained 5 mM ATP, 20 mM 
phosphoenol pyruvic acid, 32 pg pyruvate kinase, 5 mM 
MgSO, and Tris-H,SO, buffer (pH 7.4) [17] and that for 
Ca’+-ATPase activity contained 3 mM ATP, 5 mM MgCl,, 
140 mM NaCl, 14 mM KCl, 0.1 mM ouabain, 0.5 mM EGTA, 
0.8 mM CaC12 and 30 mM imidazole-HCl buffer (pH 7.4) 
[18]. H+,K+-ATPase was determined by rat gastric membrane 
vesicles (100 pg protein/ml) in a reaction mixture (0.5 mL) 
containing 1 mM ATP, 2 mM MgCl, and 20 mM Tris-HCl 
buffer (pH 6.8) with or without 10 mM KC1 [13]. Alkaline 
phosphatase [19] and acid phosphatase [20] were measured as 
determined previously. K+-pNPPase activity was determined 
in a reaction mixture (0.5 mL) containing SDS-enzyme (1 pg 
protein/ml), 20 mM pNPP, 15 mM KCl, 10 mM MgCl,, 0.1 
M Tris-HCl buffer (pH 7.7) and 10 yL of atractylon solution 
at 37” for 10 min [21]. Phosphorylation and dephosphorylation 
of the SDS-enzyme were carried out according to a previous 
report [16]. 

RESULTS 
Effects of Atractybn 011 
ATPase and Phosphatase Activities 

The inhibition of Na+,K+-ATPase activity by atractylon was 
detected at a concentration as low as 5.0 x lop7 M, and was 
concentration dependent (Fig. 2). At 5.0 x lo4 M, atractylon 
caused more than 95% inhibition of the activity (Fig. 2). The 
apparent I,, value of atractylon for Na+,K+-ATPase from pu- 
rified horse kidney enzyme was 8.9 x 10d6 M, which was about 
the same as with rat brain enzyme from membrane fraction. 
Moreover, the inhibition curves of these two enzyme prepara- 
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FIG. 2. Effect of atractylon on ATPase activities. Enzyme ac- 
tivities were determined in the presence of various concentra- 
tions of atractylon. ATPase activities without atractylon were 
taken as lOO%, and were 39.8,0.23, 0.04,O.ll and 0.04 Fmol 
Wmg protein/min for Na+,K+dATPase (0) in SDS-enzyme, 
Mg’+-ATPase (A), H+-ATPase (A) and Ca’+-ATPase (0) in 
horse kidney crude membrane fraction, and H+,K+-ATPase 
(0) in rat gastric membrane vesicles, respectively. The SD was 
always less than 2.5% (N = 6). 

tions coincided exactly (data not shown). In our experiments, 
we did not find any difference between horse kidney and rat 
brain in terms of I,, values and inhibition curves. 

Atractylon at a concentration of 8.9 x 10e6 M (I,, value for 
Na+,K+-ATPase) inhibited Mg’+-ATPase activity by only 8%, 
and no inhibition of H+,K+-ATPase, Ca2+-ATPase or H’- 
ATPase was observed (Fig. 2). The I,, values of 4.4 x 10e4 M 
for Mg’+-ATPase and of 3.5 x low4 M for Ca2+-ATPase were 
much greater than the value for Na+,K+-ATPase. The extents 
of inhibition of H+,K+-ATPase and H+-ATPase activities were 
only 30 and 20%, respectively, when the concentration of 
atractylon was raised to 1.0 x 1O-3 M (Fig. 2). Furthermore, 
atractylon had no effect on alkaline and acid phosphatase 
activities (data not shown). These results demonstrate that 
atractylon predominantly inhibited Na+,K+-ATPase activity 
among the phosphatases examined. 

Interaction of Atractylon and Na+,K+-ATPase 

The assay of Na+,K+-ATPase activity was started by the addi- 
tion of SDS-enzyme and ATP to the reaction mixture con- 
taining 8.9 x lop6 M atractylon that had been preincubated at 
37” (Table 1). The preincubation of atractylon in the presence 
of ATP was also examined (Table 1). The inhibition by atrac- 
tylon was 50% without preincubation in each case, but was 
decreased to 22% and less than 2% by preincubation for 10 
and 45 min, respectively. The inhibitory effect remained con- 
stant at 50%, however, when the assay of enzyme activity was 
started by adding ATP after preincubation of atractylon with 
SDS-enzyme for up to 45 min (Table 1). These results indi- 
cated that atractylon was unstable when the enzyme was not 
present in the reaction mixture. HPLC analysis showed that 
the amount of atractylon was decreased to less than 1% after 
a 45-min incubation in the reaction mixture at 37”. 

The inhibition of Na+,K+-ATPase activity by atractylon was 
completely reversible, i.e. the activity returned to the control 
value when atractylon was removed by centrifugation follow- 
ing dilution of the reaction mixture. 
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TABLE 1. Effects of preincubation of atractylon on the activity the absence of atractylon. Furthermore, the I,, value of atrac- 
of Na+,K+-ATPase tylon was not altered by the addition of 3.9 x lo-’ M ouabain. 

Preincubation 

Condition Time (min) Inhibition (%) 

Atractylon 

Atractylon + ATP 

Atractylon + enzyme 

0 50.2 f 1.0 
10 22.4 + 0.4 

45 <2 
0 50.4 x!L 1.1 

10 22.2 * 0.4 
45 <2 

0 50.2 + 1.0 
10 49.7 rt 0.9 
45 50.4 f 1.0 

Preincubation of atractylon (8.9 x 10” M) at 37” was performed under various condi- 

tions. Then, the reaction of Na+,K+-ATPase was started by adding SDS-enzyme plus 

ATP. SDS-enzyme, and ATP, respectwely. Values are means + SD (N = 7). The basal 

value for Na+,K+-ATPase activity was 32.5 ~mol P,/mg/min. 

Effects of Atractylon on Na+,K+-ATPase 
Activity in the Presence of Various Ligands 

Na+,K+-ATPase activity was assayed in the presence of atrac- 
tylon and various concentrations of ATP in the reaction mix- 
ture, and the mode of inhibition was found to be noncompet- 
itive with respect to ATP. 

Na+,K+-ATPase activity was assayed in a reaction mixture 
containing various concentrations of K’ or Na+ with or with- 
out 8.9 x 10m6 M atractylon (Fig. 3). Atractylon had no effect 
on ATPase activity in the absence of K’. The inhibition by 
atractylon was small at low concentrations of K’ (4% at 0.3 
mM K+). However, it gradually increased as the K’ concen- 
tration was raised, and at concentrations above 3.8 mM it was 
almost constant (50%). On the other hand, the extent of 
inhibition by atractylon (8.9 x 10m6 M) was constant at 50% 
irrespective of the Nat concentration in the range of 0 to 
200 mM. 

The inhibitory effect of ouabain, a specific inhibitor of 
Na+,K+-ATPase activity, was examined in the presence of 8.9 
x 1O-6 M atractylon. The I,, value (3.9 x low7 M) of ouabain 
for the SDS-enzyme was the same regardless of the presence or 
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FIG. 3. Effect of K+ or Na+ concentration on Na+,K+eATPase 
activity in the presence of atractylon. The SDS-enzyme was 
incubated with (0) or without (0) atractylon (8.9 x 10m6 M). 
(a) The concentration of NaCl was fixed at 140 mM and that of 
KC1 was varied. (b) The concentration of KC1 was fived at 14 
mM and that of NaCl was varied. The percent inhibition 
caused by atractylon at each point is indicated (x). The SD was 
always less than 2.4% (N = 5). 

Effects of Atractylon on K+-pNPPase Activity 

K+-pNPPase activity, which reflects reaction in the E, state of 
Na+,K+-ATPase [22], was inhibited by atractylon in a concen- 
tration-dependent manner, with complete inhibition by 4.0 x 

1 0e4 M (Fig. 4). The apparent I,, value was 1.8 x 1 Oe5 M. The 
mode of inhibition appeared to be noncompetitive with re- 
spect to pNPP (data not shown). The I,, value of ouabain for 
K+-pNPPase activity (5.1 x 10e6 M) was not altered by the 
addition of atract-ylon (data not shown). 

The inhibition rate by atractylon was independent of K’ 
concentration (Fig. 5a). However, K+-pNPPase activity was 
decreased with an increase of Na” concentration from 6.3 to 
500 mM; the K, value for Na+ obtained from a Hill plot was 
130 mM. In the presence of 1.8 x 10m5 M atractylon (JO), the 
inhibitory effect of Naf was less, and the Ki value for Na+ was 
190 mM (Fig. 5b). 

Although K+-pNPPase activity was inhibited by ATP, the 
inhibition rate was almost the same in the presence and ab- 
sence of 1.8 x lop5 M atractylon (data not shown). 

Effects of Atractylon on 
Phosghorylation and Dephosphorylation of the Erqyme 

The effect of atractylon on phosphoenzyme formation, which 

is dependent on ATP, Na+, and Mg*+, was examined at steady 
state (Fig. 6). Phosphoenzyme formation was decreased with 
increasing concentrations of atractylon. The inhibition by 
atractylon was greater in 0.1 M than in 1 M NaCl, with I,, 
values of 2.0 x low5 and 1.0 x 10e3 M, respectively. 

Dephosphorylation was carried out in the presence of atrac- 
tylon. The phosphoenzyme formed in 0.1 M NaCl at 0” for 10 
set was chased with CDTA (non-specific dephosphorylation), 
CDTA + ADP (ADP-sensitive dephosphorylation), or CDTA 
+ KC1 (K+-dependent dephosphorylation) at 0” for 5 set (Fig. 
7). Non-specific or ADP-sensitive dephosphorylation was not 
affected by the addition of atractylon. The phosphoenzyme 
was decreased to an undetectable level after the chase with 
CDTA + 1 mM KC1 in the absence of atractylon. When the 
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FIG. 4. Inhibition of K+-pNPPase activity by atractylon. En. 
zyme activity was determined in the presence of various con- 
centrations of atractylon. The activity without atractylon was 
taken as 100% (6.1 pmol/mg proteinlmin). The SD was always 
less than 1.9% (N = 4). 
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FIG. 5. Effect of atractylon on K+-pNPPase activity in the pres. 
ence of various concentrations of K+ or Na+. Enzyme activity 
was determined with (0) or without (0) atractylon (1.8 X 
10e5 M). (a) The concentration of KC1 was varied. (b) The 
concentration of KC1 was fixed at 15 mM and that of NaCl 
was varied. The percent inhibition caused by atractylon at 
each point is indicated (x). The SD was always less than 2.2% 
(N = 5). 

phosphoenzyme was chased with CDTA + 0.5 mM KCl, the 
remaining phosphoenzyme level was 7% of the initial phos- 
phoenzyme level in the absence of atractylon, and the corre- 
sponding values were 15, 40 and 73% in the presence of 1 .O x 

10-6, 1.0 x 1o-5 and 1.0 x 10e3 M atractylon, respectively. 
Thus atractylon inhibited the K+-dependent dephosphoryla- 
tion in 0.1 M NaCl. On the other hand, in 1 M NaCl, non- 
specific, ADP-sensitive and K+-dependent dephosphorylations 
were not altered notably by the addition of atractylon (data 
not shown). 

DISCUSSION 

Atractylon was found to be a specific inhibitor of Na+,K+- 
ATPase (I,, = 8.9 x 10e6 M) on the basis of its effects on 
a group of phosphatase activities (Na+,K+-ATPase, Mg’+- 
ATPase, Ca2+-ATPase, H+,K+-ATPase, H+-ATPase, and al- 
kaline and acid phosphatases). The results imply that the in- 
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FIG. 6. Effect of atractylon on the phosphorylation of Na+,K++ 
ATPase. The SDS-enzyme (sp. act. 46 umol PJmg protein/ 
min) was phosphorylated with 1 pM [y~32P]ATP for 10 set at 
0” in a solution of 2 mM MgCl,, 20 mM histiclme-HCl buffer, 
pH 7.5, and 1 or 0.1 M NaCl in the presence of various con- 
centrations of atractylon. The phosphoenzyme levels without 
atractylon in 1 M (A) and 0.1 M (0) NaCl, 30.3 nmobmg 
protein and 45.5 nmokmg protein, respectively, were taken as 
100%. The SD was always less than 4.6% (N = 4). 

0 1o-6 1o-5 1o-4 1o-3 

Atractylon (M) 
FIG. 7. Effect of atractylon on the dephosphorylation of 
Na+,K+MATPase. The dephosphorylation of phosphoenzyme 
formed in 0.1 M NaCl without atractylon (Fig. 6) was per. 
formed for 5 set at 0” in the presence of 20 mM CDTA + 0.5 
mM KC1 (m), 20 mM CDTA + 5 mM ADP @) or 20 mM 
CDTA (Cl) with various concentrations of atractylon. Values 
are given as percentages relative to the initial phosphoenzyme 
level (100%) formed without atractylon as described in the 
legend to Fig. 6. The SD was always less than 3.7% (N = 4). 

hibitory effect of Na+,K+-ATPase in Byaku-jutsu is attribut- 
able mainly to atractylon, not atractylenolide III or TDDM. 

In the reaction of Na+,K+-ATPase, the conformation of the 
enzyme changes from K . E, to Na . E, when the Na+ concen- 
tration reaches a certain level, and Na * E, is phosphorylated 
by ATP to afford Na . E,-P. The Na . Ei-P converts to E,-P 
and dephosphorylates to K. E, when the K+ concentration 
reaches a certain level (Scheme 1) [23, 241. The inhibition by 
atractylon of Na+,K+-ATPase increased with an increase of the 
K’ concentration, but the extent of inhibition was not affected 
by Na+ concentration. The inhibition of K+-pNPPase was in- 
dependent of the concentration of K+. On the other hand, the 
K, value for Na+ was decreased by the addition of atractylon. 

k K’ 

Pi 

a 

K.E2+--T E2-P 
K’ 

SCHEME 1. 
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Therefore, atractylon may interact with the enzyme in the E, 
state to inhibit the Na+,K+-ATPase activity. 

When the phosphorylation reaction by ATP is carried out 
in 0.1 M NaCl, Na . E, is converted to E,-I’ via Na . El-P, for 
the most part [25,26]. On the other hand, the phosphoenzyme 
formed in 1 M NaCl is mainly Na * E,-P [25, 261. Our results 
indicate that the inhibition of E,-P formation in 0.1 M NaCl 
by atractylon was greater than that of El-P formation in 1 M 
NaCl. However, atractylon inhibited K+-dependent dephos- 
phorylation (from E,-P to K . E,). We presume that the block- 
ing of the K+-dependent dephosphorylation process (from EL-P 
to K * E,) ultimately leads to the inhibition of E . P formation. 

The effects of atractylon on the overall and partial reactions 
of Na+,K+-ATPase support the idea that atractylon interacts 
with E,-P and inhibits the reaction step from E,-P to K . E,. 

However, the binding site of atractylon was considered to be 
different from that of ouabain, which also inhibits Na+,K+- 
ATPase activity by binding to the enzyme in the E, state [23]. 

We previously elucidated the inhibition mechanism of 
Na+,K+-ATPase by P-eudesmol. P-Eudesmol, a major compo- 
nent of So-jutsu, is a specific inhibitor of Na+,K+-ATPase 
activity (I50 value of 1.6 x lop4 M) and prevents the transition 
from Na . E, to Na . E,-P [16, 211. Atractylon and /3-eudesmol 
should be useful inhibitor probes, since they interact with the 
enzyme in different states. It would be interesting to identify 
the receptor sites at the structural level. 

The inhibition of Na+,K+-ATPase activity by atractylon 
causing the suppression of reabsorption of water and Na+ in 
the kidneys could explain at least one of the diuretic effects of 
Byaku-jutsu in humans and mice. In Chinese traditional med- 
icine, a crude drug is not used independently, but rather is 
prescribed as part of a combination. We intend to examine the 
effects of combinations of atractylon and other constituents of 
Byaku-jutsu with components of other Chinese medicines used 
with Byaku-jutsu in order to obtain insight into the effects of 
the combined prescriptions. 

We thank Dr. T. Seto and Dr. I. Yasuda at the Department of Pharma- 
ceutical Sciences, The Tokyo Metropolitan Research Laboratory of Public 
Health, for advice on the stability of atractylon and the components of 
Byaku-jutsu. 
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