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ABSTRACT: Na+,K+-ATPase inhibitors possessing inhibitory activities against the specific binding of ouabain 
to Na+,K+-ATPase and 86Rb uptake into hog erythrocytes have been purified from the plasma of acutely 
saline-infused hog. The purifications were performed by a combination of Amberlite XAD-2 adsorption 
chromatography and four steps of high-performance liquid chromatography with four different types of 
columns. Fast atom bombardment (FAB) mass and proton N M R  spectrometric studies identified the purified 
substances as y-arachidoyl- [LPCA(y), 34%], @-arachidoyl- [LPCA(@), 4%], y-linoleoyl- (LPCL, 33%), 
and y-oleoyl- (LPCO, 25%) lysophosphatidylcholine, expressed in molar ratio in the plasma. Small amounts 
of y-docosapentaenoyl-, y-eicosatrienoyl-, and y-palmitoyllysophosphatidylcholine were also detected by 
both FAB mass and 'H N M R  spectrometric studies. Only y-acyl-LPC's showed inhibitory activities on 
Na+,K+-ATPase and ouabain-binding activities. These LPC's were effective at 100 pM levels in attaining 
50% inhibition of the enzyme activity. The inhibition of Na+,K+-ATPase activity due to these compounds 
was always more sensitive than that of both ouabain-binding and 86Rb uptake activities. The ouabain- 
displacing activity in plasma due to these compounds increased with time during saline infusion. The maximal 
plasma level was approximately 10 times higher than that in the preinfusion plasma sample. Although these 
results suggest the y-acyl-LPC's with long-chain polyunsaturated fatty acids are not simple competitive 
inhibitors to  Na+,K+-ATPase, these compounds could be implicated in the pathogenesis of the circulation 
abnormality through the modulation of membrane enzyme. 

Recogni t ion  of the presence of a receptor in Na+,K+-AT- 
Pase for cardiac glycosides such as ouabain and digitalis-de- 
rived compounds has prompted speculation of the existence 
of an endogenous ligand for the receptor. In support of this 
hypothesis, many investigations have reported the existence 
of putative Na+,K+-ATPase inhibitors in plasma of both 
clinically hypertensive subjects (Hamlyn et al., 1982; Graves 
& Williams, 1984) and experimentally hypertensive animals 
(Buckalew & Nelson, 1974; Huot et al., 1983; Pamnani et al., 
1983; Castaneda-Hernandez & Godfraind, 1984) and im- 
plicated the inhibitors in the pathogenesis of essential hy- 
pertension (Grault et al., 1983; Vassallo et al., 1985). How- 
ever, neither the structure nor the nature of the interaction 
of these inhibitors with Na+,K+-ATPase is clear. In the course 
of numerous attempts to identify these compounds, contro- 
versies have arisen. Some investigators have attributed the 
inhibitory activity to an acidic peptide (Gruber & Buckalew, 
1978; Gruber et al., 1980) while others have proposed the 
activity to be due to nonpeptidic substances (Kojima, 1984; 
Kelly et al., 1985). It has also been postulated that this in- 
hibitor interacts with an antibody to digoxin (Gruber et al., 
1980; Kojima, 1984; Kelly et al., 1985). Studies in this field 
have been exceedingly complicated because different metho- 
dologies for the extraction and purification have been used and 
most of the studies are not complete. We have attempted to 
contribute to the clarification of this complicated problem by 
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the complete purification and structural analysis of the in- 
hibitors. We have recently demonstrated that multiple 
Na+,K+-ATPase inhibitors were detected in saline-infused hog 
plasma, using a method generally used for the purification of 
steroids or their conjugates (Tamura et al., 1985). We also 
demonstrated that inhibitory activity in the plasma of vol- 
ume-expanded animals was attributable to unsaturated fatty 
acids (Tamura et al., 1985). In this paper we report complete 
purification and identification of the structure of the remaining 
inhibitory activities. 

MATERIALS AND METHODS 
Chemicals. [y-32P]Aden~~ine  5'-triphosphate tetrakis- 

(triethylammonium) salt (30.0 Ci/mmol), [ 12~~-~H]digoxin  
(19.0 Ci/mmol), 86RbC1 (2.55 mCi/mg), and [G-3H]ouabain 
(18.0 Ci/mmol) were purchased from New England Nuclear. 
Antisera against digoxin conjugated to bovine serum albumin 
were from Miles Laboratories, Inc. (Elkhart, IN). Adenosine 
5'-triphosphate (vanadium free), digoxin, ouabain, and Am- 
berlite XAD-2 polymeric adsorbent were from Sigma Chem- 
ical Co. Organic solvents were of HPLC' grade. Other 
chemicals were of analytical grade. 

Abbreviations: HPLC, high-performance liquid chromatography; 
LPC, lysophosphatidylcholine; LPCA(P), P-arachidoyllyso- 
phosphatidylcholine; LPCA(y), y-arachidoyllysophosphatidylcholine; 
LPCD, y-docosapentaenoyllysophosphatidylcholine; LPCE, y- 
eicosatrienoyllysophosphatidylcholine; LPCL, y-linoleoyllyso- 
phosphatidylcholine; LPCO, y-oleoyllysophosphatidylcholine; LPCP, 
y-palmitoyllysophosphatidylcholine; FAB, fast atom bombardment; ' H  
NMR, proton nuclear magnetic resonance; EGTA, ethylene glycol bis- 
(P-aminoethyl ether)-N,N,N',N'-tetraacetic acid: Tris-HCI, tris(hydrox- 
ymethy1)aminomethane hydrochloride; EDTA, ethylenediaminetetra- 
acetic acid. 
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Preparation of Plasma. Plasma of volume-expanded hogs 
was prepared as described previously (Tamura et al., 1985). 
In brief, 10% (body weight) isotonic saline was infused to 
cross-bred hogs kept on regular dog chow and anesthetized 
with pentobarbital over 60 min. The infusion was continued 
thereafter at 40% of the initial rate for an additional 60-90 
min. After stabilization of urine flow, the blood was collected 
from the femoral artery in a heparin-containing flask and 
centrifuged for 20 min at 4000g and 25 OC. The separated 
plasma was stored at -60 O C  until use. 

Assays. The capacities to inhibit Na+,K+-ATPase activity 
and to displace [3H]ouabain binding to this enzyme were 
determined as described previously with partially purified rat 
brain Na+,K+-ATPase (Tamura et al., 1985). In the assay 
for Na+,K+-ATPase inhibitory activity, a 0.5-mL reaction 
mixture consisted of 100 mM NaC1, 20 mM KCl, 4 mM 
MgCl,, 4 mM ATP, 0.5 mM EGTA, 80 pg of the enzyme 
protein, 50 mM imidazole hydrochloride buffer (pH 7.4), and 
18-30 nCi of [y3,P]ATP. After incubation at 37 OC for 30 
min, the reaction was terminated by addition of 50 pL of 
ice-cold 55% trichloroacetic acid. The radioactivity of inor- 
ganic phosphate released was separated from unreacted [y- 
32P]ATP by addition of 0.5 mL of 5% (w/v) activated charcoal 
and counted by liquid scintillation counting. The ouabain- 
sensitive Na+,K+-ATPase activity was calculated as the dif- 
ference between inorganic phosphate released in the absence 
and presence of 1 mM ouabain. The assay was performed at 
fixed concentrations of K+ (20 mM) and ATP (4 mM). 

The ouabain-displacing activity was determined by meas- 
uring the binding of [3H]ouabain to rat brain Na+,K+-ATPase 
in competition with an inhibitor. A 0.5-mL reaction mixture 
contained the following constituents: 50 mM Tris-HC1 buffer, 
pH 7.4,0.5 mM EDTA, 80 mM NaC1,4 mM MgS04, 2 mM 
ATP, 62.5 nCi of [3H]ouabain, 80 pg of Na+,K+-ATPase 
preparation, and various concentrations of sample or ouabain 
standard (2 nM to 2 pM). After incubation at 37 "C for 60 
min, the reaction was terminated by the addition of 3 mL of 
ice-cold 50 mM Tris-HC1 buffer, pH 7.4. Bound [3H]ouabain 
was trapped by Whatman GF/B filter (Whatman, Inc., 
Clifton, NJ), and the radioactivity on the filter was counted 
in aqueous counting scintillant (Amersham, Arlington Heights, 
IL). Ouabain-displacing activities are expressed as ouabain 
molar equivalents or nanograms of ouabain equivalent per 
milliliter of plasma. 

Na+,K+ pump activity in hog erythrocytes was assayed by 
measuring 86Rb-uptake activity according to the method of 
Diamandis et al. (1985). Blood (85 volumes) obtained from 
a local slaughterhouse was quickly mixed with 15 volumes of 
the solution containing 41.6 mM citric acid, 85.2 mM sodium 
citrate and 122 mM D-glucose. Red blood cells were separated 
by centrifugation for 5 min at 2000g and washed 3 times in 
potassium-free Ringer's solution containing 162.1 mM Na', 
1.34 mM Ca2+, 1.26 mM Mg2+, 127.4 mM C1-, and 4.5 mM 
glucose. For the assay, 0.2 mL of packed red cells was mixed 
with 0.4 mL of potassium-free Ringer's solution and 0.1 mL 
of samples or ouabain standards (10 nM to 0.1 MM). After 
preincubation for 2 h at 37 OC, 20 pL of 2 pCi of [86Rb]RbCl 
in 15 mM KC1 was added to each tube, and the reaction 
mixture was incubated for 1 h in a shaking water bath. The 
reaction was terminated by the addition of 4 mL of ice-cold 
potassium-free Ringer's solution, and the red cells were washed 
3 times with the Ringer's solution by sedimenting the cells in 
the medium for 5 min at 2000g. Radioactivity incorporated 
into the red cells was counted in a y counter (Micromedic 
System 2/200, Atlanta, GA). 

T A M U R A  E T  A L .  

Digoxin-like immunoreactivity was measured by radioim- 
munoassay according to the method of Gruber et al. (1980) 
with anti-digoxin antibodies. Free digoxin was separated from 
antibody-bound digoxin by adsorption to charcoal. The sen- 
sitivity of this radioimmunoassay system was 4 ng/tube. 

Extraction of Na+,K+-ATPase Inhibitors. Volume-ex- 
panded hog plasma (600 mL) obtained after saline infusion 
for 2 h was treated with 5.4 L of acetone/methanol (1:l v/v) 
at -20 OC for 16 h. The mixture was filtered through 
Whatman No. 1 filter paper and concentrated by a rotary 
evaporator. The resultant water phase was lyophilized. 

Adsorption Chromatography. Amberlite XAD-2, a non- 
ionic polymeric adsorbent, was prewashed with 20 volumes 
of methanol and distilled water and packed in a glass column 
(2.8 X 60 cm). Plasma extract obtained from 600 mL of 
plasma from the volume-expanded animal was suspended in 
an equal volume of distilled water and applied to the column 
preequilibrated with distilled water. After the column was 
washed with 3 column volumes of distilled water, the inhibitory 
activity was eluted with 3 volumes of methanol at a flow rate 
of 60 mL/min and at room temperature. Methanol in the 
eluate was evaporated by flash evaporation, and the remaining 
aqueous solution was lyophilized. This chromatography was 
repeated to obtain a sufficient amount of activity. The dry 
material was dissolved in a small amount of methanol for 
HPLC. 

High-Performance Liquid Chromatography. HPLC on an 
aminopropyl (NH,) columns (0.46 X 25 cm, Alltech, Deer- 
field, IL, and Du Pont, Wilmington, DE) was carried out with 
a decreasing linear concentration gradient of acetonitrile at 
a flow rate of 1 mL/min. Reverse-phase HPLC on a Zorbax 
octadecylsilane (ODS) column (0.46 X 25 cm, Du Pont, 
Wilmington, DE) and on a SynChropak octylsilane (C-8) 
column (0.41 X 25 cm, SynChrom, Linden, ID) were run with 
linear gradients of acetonitrile or 2-propanol in 0.1% tri- 
fluoroacetic acid at a flow rate of 1 mL/min. The absorbance 
was monitored at 214 nm. 

Structure Analysis. 'H  NMR spectra were recorded on 
Bruker AM-400 and IBM NR-300 spectrometers operated at 
400 and 300 MHz, respectively, with samples dissolved in 
[2H4]methanol. The spectra were standardized against the 
residual CD2HOD signal in the solvent, which was assigned 
to 3.30 ppm. Assignments were made on the basis of chemical 
shifts, multiplicities, and peak areas and confirmed by ho- 
monuclear decoupling. In a typical data acquisition, 16 384 
data points, 10 ppm sweep width, and a 40'-60' pulse were 
employed. 

Fast atom bombardment (FAB) mass spectra of purified 
substances were obtained on a VG 10/250 GC-MS instrument 
equipped with a high-field magnet and a VG 11 /250 data 
system. The fast atom bombardment gun was of the saddle 
field type (Ion-Tech) and was operated at 8 kV with xenon 
gas as the source of fast atoms. The mass spectrometer was 
adjusted to a resolving power of 2500, and spectra were ob- 
tained at an accelerating voltage of 6 kV. Scans were obtained 
at 10 s/decade by switching on alternate scans between the 
positive ion and negative ion modes. Purified samples (1-4 
Fg) in methanol (1-1.5 FL) were introduced on a stainless steel 
target with a thin film of neat glycerol as the matrix. 

RESULTS 
Purification of Ouabain-Displacing Activities. A crude 

extract was prepared from 1.4 L of plasma of acutely sa- 
line-infused hog as described previously (Tamura et al., 1985). 
An Amberlite XAD-2 column was used for adsorption chro- 
matography of the crude extract as the second step of puri- 
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FIGURE 1 : Scheme of purification of ouabain-displacing activities in volume-expanded hog plasma. 

fication for removing substances that interfere with the assays. 
Active materials obtained from the Amberlite XAD-2 column 
chromatography separated into two distinct activity peaks by 
HPLC on an Alltech aminopropyl column (Figure 1). The 
first peak contained free fatty acid as reported previously 
(Tamura et al., 1985). The second peak from the aminopropyl 
column, with a retention time of 39 min, was further resolved 
into two broad activity peaks on an ODS column (Figure 2). 
The first activity peak, which eluted from the ODS column 
at 26-40 min and was designated P2-1, showed strong optical 
absorbance at 214 nm. Ouabain-displacing activity under P2-1 
was seen to consist of at least three components as shown in 
Figure 2; however, separation of the three components could 
not be achieved by reverse-phase (Zorbax ODS column) or 
normal-phase HPLC [Alltech silica (Sil) (0.46 X 25 cm) and 
Zorbax cyanopropyl (CN) (0.46 X 25 cm) columns]. P2-1A 
(retention time of 26-32 min on the ODS column), peak 2-1B 
(retention time of 34-36 min), and P2-1C (retention time of 
36-40 min) were further purified individually by HPLC on 
an octylsilane (C-8) column (Figure 3). As shown in Figure 
3, each of the three fractions was resolved into two activity 
peaks. However, it was found that the trailing part of the 
activity of P2-1B (retention time of 31-34 min in Figure 3B) 
corresponded to P2-1C and the early eluting activity peak on 
the chromatogram of P2-1C (retention time of 21-24 min in 
Figure 3C) corresponded to P2-1B. Materials under these five 
activity peaks were purified individually by HPLC on a Zorbax 
NH2 column. P2-1Aa and P2-1AP were further resolved into 
two activity peaks each (Figure 4). Thus, a total of seven 
highly purified active substances were obtained by rechro- 
matography on a Zorbax NH2 column (Figure 1). P2-2 was 
purified to homogeneity as reported (Tamura et al., 1986, 
1987). 

Structure Analysis of the Ouabain-Displacing Substances. 
Structures of the purified substances were identified by 

.-- 

I 
- 

Retention Time ( m i d  

P 
0 :  e 

L 

ap 
c 

FIGURE 2: Elution profile of ouabain-displacing activities on an ODS 
column. The second activity peak from Alltech aminopropyl HPLC 
derived from 32 mL of plasma was fractionated by ODS HPLC with 
a linear gradient of 2-propanol (45-69%) in 0.1% TFA over 60 min. 
The arrow indicates the time of sample injection. Two-minute fractions 
were collected and monitored for ouabain-displacing activity. Active 
fractions under brackets were individually collected. 

high-field 'H NMR spectrometry (Figures 5 and 6 )  and FAB 
mass spectrometry (Figure 7). The NMR spectra provided 
clear evidence for all of the compounds being lyso- 
phosphatidylcholines. In particular, all of the compounds gave 
intense singlets at 3.20 ppm for the trimethylammonium cation 
and multiplets near 4.27 and 3.63 for the ethylene linkage in 
the choline fragment. Further examination of the signals for 
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FIGURE 3: Elution profiles of ouabain-displacing activities by HPLC on a C-8 column. P2-1A fractions (retention time = 26-32 min), P2-1B 
fractions (34-36 min), and P2-1C fractions (36-40 min) indicated by the brackets in Figure 1 were further purified by HPLC on C-8 columns 
with a linear gradient of acetonitrile (38-50% for P2-1A and P2-1B, 40-52% for P2-1C) in 0.1% TFA over 50 min. Arrows indicate the time 
of sample injection. Two-minute fractions were collected, except for the active peak fractions, which were collected manually. Flow rates 
were uniformly 1 mL/min. Ouabain-displacing activity of these fractions is indicated in hashed bars. 
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FIGURE 4: Elution profiles of ouabain-displacing activities in HPLC on a Zorbax NH2 column. P2-1A fractions (retention time of 19-21 min) 
and P2-1A fractions (22-25 min) indicated by the brackets in Figure 2A were purified by HPLC on Zorbax NH2 columns with a decreasing 
linear gradient of acetonitrile (8147%) in distilled water over 40 min. The purified compounds under brackets were pooled. The ouabain-displacing 
activity was monitored as described in Figure 2. 

the glycerol fragment revealed that the purified lyso- structural groups were assigned as the y-acyl and &acyl iso- 
phosphatidylcholines fell into two classes (Figure 5 ) .  All but mers, respectively, on the basis of the signal (of area 1.0) for 
one gave three signals for the glycerol fragment in a 2:2:1 ratio the @-hydrogen on the glycerol being deshielded approximately 
at  3.89, 4.13, and 3.96 ppm. The remaining one, designated 1 ppm by acylation of the hydroxyl group at  that position. 
P2-1Aa1, gave signals a t  3.69, 4.00, and 5.00 ppm. The two From the comparison of the signals of the acyl fragments, it 
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FIGURE 5 :  Assignment and chemical shifts of purified p- (and y-) 
arachidoyl-, y-linoleoyl-, and y-oleoyllysophosphatidylcholines. 
Chemical shifts are referenced to the residual CD2HOD signal in the 
solvent a t  3.30 ppm. 

was revealed that all of the acyl moieties of the purified 
compounds have one to four double bonds as follows: P2- 1 Aa l  
and P2- 1 APl , four double bonds; P2- 1 AP2, two double bonds; 
P2-1C, one double bond. 

This information together with the nominal masses obtained 
from positive ion FAB mass spectra established the molecular 
mass and chain lengths of the fatty acid moieties. P2-1Aa1, 
P2-1AP1, P2-1AP2, and P2-1C produced only single proton- 
ated molecular ion peaks at  m / z  544, 544, 520, and 522, 
respectively, while P2- 1Aa2, P2- 1 Ba, and P2- 1 BO produced 
multiple protonated molecular ion peaks at mlz 520 and 544, 
496 and 570, and 496 and 546, respectively. Fragmentation 
peaks for all of the purified compounds were detected at m/z  
58, 86, 104, 125, 166, and 184, which are derived from the 
phosphocholine chain as shown in Figures 7 and 8. Negative 
ion FAB mass spectra obtained with all of the compounds did 
not show peaks due to (M - H)-, but each did show an intense 
peak attributed to MH' - CH, - H (data not shown). The 
negative ion spectra also showed intense peaks attributed to 
the anions of the fatty acid moieties. These characteristic 
fragmentation patterns obtained from positive and negative 
ion FAB mass spectra as well as protonated molecular ion 
peaks from all of the compounds established the structure of 
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Table I: Time Course of Ouabain-Displacing Activities during 
Saline Infusion' 

infusion period 
0 min 30 min 60 min 120 min 

peak 2-1 3.27 8.73 35.09 10.96 
' Ouabain-displacing activities were extracted from plasma samples 

during time course studies on the effect of saline infusion and partially 
purified by Amberlite XAD-2 chromatography and then by HPLC on 
NH2 and ODS columns. The active fraction was then subjected to the 
determination of the ouabin-displacing activity. Values are means of 
two experimental hogs and are expressed as nanograms of ouabain 
equivalents per milliliter of plasma. The hogs had been kept on dog 
chow before the infusion. 

the purified compounds as y- or P-acyllysophosphatidylcholines 
but did not distinguish between them. From the results ob- 
tained from both 'H N M R  and FAB mass spectrometric 
studies, the purified compounds were identified as follows: 
P2-1Aa1,P-arachidoyllysophosphatidylcholine [LPCA(P)]; 
P2- 1Aa2, mixture of y-arachidoyl- [LPCA(y)] and y-lino- 
leoyl- (LPCL) lysophosphatidylcholine (1 : 1); P2-1AP1, 
LPCA(y); P2- 1AP2, LPCL; P2-1 Ba, mixture of y-palmitoyl- 
(LPCP) and y-docosapentaenoyl- (LPCD) lyso- 
phosphatidylcholine (1:l); P2-1BP, mixture of LPCP and 
y-eicosatrienoyllysophosphatidylcholine (LPCE) (1: 1); P2-1 C, 
y-oleoyllysophosphatidylcholine (LPCO). The quantities of 
the LPC's recovered from the present experiment were cor- 
rected for their recovery and expressed as nanomoles per 
milliliter of the plasma as follows: LPCA(P), 1.3; LPCA(y), 
10.1; LPCL, 9.8; LPCO, 7.6; LPCP, 0.7; LPCD, 0.4; LPCE, 
0.2. These LPC's accounted for approximately 48% of total 
ouabain-displacing activity in plasma collected after 120 min 
of saline infusion. 

Relationship between Lysophosphatidylcholines and Acute 
Saline Infusion. In order to assess the relationship between 
LPC's and extracellular fluid volume expansion, the total 
ouabain-displacing activity under P2- 1 was measured at time 
intervals during saline infusion. Two hogs kept on regular dog 
chow were used. Preinfusion plasma collected at time zero 
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FIGURE 6:  Assignment and chemical shifts of purified 6- (and y-) arachidoyl-, y-linoleoyl-, and y-oleoyllysophosphatidylcholines. Chemical 
shifts are  referenced to the residual CDzHOD signal in the solvent a t  3.30 ppm. 



2802 B I O C H E M I S T R Y  

al 

0 
0 c 

2 
312 

T A M U R A  E T  A L .  

A 
I O 0  

MH* 
5 4 4  

0 
300 400 5 00 600 

50 i). lly 

MH* 

?' 

MH' 

I 
~ 

54 4 

MH+ 

0 

D 

100 5e 

II 

100 2 0 0  - 
2 

I84 
c 
0 
a8 
- 
a 

5 0 .  

0 

5 00 600 300 400  

7 

3GH* 

4GH* 

369 

M/Z 
FIGURE 7:  FAB mass spectrum of the purified substances: (A) P2-1Aal; (B) P2-1Aa2; (C) P2-1ABl; (D) P2-1AP2; (E) P2-1Ba; (F) P2-IBP; 
( G )  P2-1C. The ions at  m / z  461, 369, 277, 185, and 93 are respectively protonated penta-, tetra-, tri-, di-, and monoglycerol ions from the 
matrix employed in FAB mass spectrometry. 

was used as a control. As shown in Table I, the ouabain- 
displacing activity in P2-1 increased during the first 60-min 
period of saline infusion. The increased level was approxi- 
mately 11 times higher than that of the preinfusion level. The 
ouabain-displacing activity in P2-1 began to decrease after 120 
min of saline infusion. 

Characterization of the Inhibitors, The inhibitory potencies 
of the purified compounds LPCA(/3), LPCA(y), LPCL, and 
LPCO against Na+,K+-ATPase activity, ouabain binding to 
the enzyme, 86Rb uptake activity, and digoxin binding to 
anti-digoxin antibody were compared (Figures 9 and 10). In 
the study of Na+,K+-ATPase inhibitory activity, LPCA(y), 
LPCL, and LPCO at 1 mM almost completely inhibited the 

ouabain-sensitive Na+,K+-ATPase (Figure 9A). In contrast, 
LPCA(P) was not inhibitory, even at 1 mM. The enzyme 
activity was increased by addition of LPCA(0) to 0.4-0.8 mM. 
The maximal increase in the activity was approximately 40%. 
Under the present conditions, a 50% inhibition of the ATPase 
activity was obtained at 286 pM LPCA(y), 59 pM LPCL, 
and 105 pM LPCO. Ouabain inhibited this enzyme with an 
IDSo of 0.8 pM (Figure 9A). 

The binding of [3H]~uabain to the rat brain ATPase 
preparation was also completely inhibited at 1 mM LPCA(?), 
LPCL, and LPCO. However, LPCA(/3) did not affect this 
receptor binding at 1 mM. A 50% inhibition was observed 
at 521 pM LPCA(y), 257 pM LPCL, and 336 pM LPCO 
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FIGURE 8: Sequence information derived from the fragmentations 
observed in the FAB mass spectrum (Figure 7) of the purified ly- 
sophosphatidylcholines. 

(Figure 9B). Under these conditions, 50% binding of radio- 
active ouabain was displaced by 35 nM unlabeled ouabain. 

In the study of 86Rb fluxes into hog erythrocytes, LPCA(y), 
LPCL, and LPCO showed concentration-dependent inhibition 
(Figure 9C). LPCA(P) showed negligible inhibition of 86Rb 
influx even at  high concentrations. Hemolysis was observed 
at  higher concentration (over 400 pM) for all of the com- 
pounds. A 50% inhibition was observed at 11 nM ouabain 
without any cytolytic effect on the red blood cells. Approx- 
imately 80% of 86Rb uptake flux was inhibited at 0.1 pM 
ouabain. 

None of the purified compounds inhibited the binding of 
[3H]digoxin to specific rabbit anti-digoxin antibody (Figure 
10). Instead, increased binding of [3H]dig~xin to these com- 
pounds was observed for all of the purified compounds. 

DISCUSSION 
We had demonstrated that there are at least two groups of 

humoral Na+,K+-ATPase inhibitors in acutely volume-ex- 
panded hog and that one of these is unsaturated fatty acids 
(Tamura et al., 1985). However, approximately half of the 
inhibitory activity in plasma has eluded attempts for its iso- 
lation and identification. We now extend these studies to the 
identification of the other type of Na+,K+-ATPase inhibitor 
in hog plasma that emerged upon acute expansion of extra- 
cellular fluid volume by saline infusion. 

Several tissues were used as a source for the purification 
and characterization of Na+,K+-ATPase inhibitors (Gruber 
& Buckalew, 1978; Haupert & Sancho, 1979; Raghavan & 
Gonick, 1980; Crabos et al., 1984; Cloix et al., 1985; Fagoo 
& Gcdfraind, 1985; Kramer, 1985; Morgan, 1985). It is likely 
that the humoral inhibitors have partial structural similarity 
to cardiac glycosides such as digitalis and ouabain, since the 
inhibitors displace ATPase-bound ouabain (Lichtstein & 
Samuelov, 1980; Crabos et al., 1984) and cross-react with 
anti-digoxin antibody (Gruber et al., 1980; Kojima, 1984; Kelly 
et al., 1985). It is also likely that its physicochemical char- 
acteristics are similar to cardiac glycosides (Kelly et al., 1985). 
Accordingly, a strategy for the extraction and purification of 
steroids and their conjugates was employed in this study as 
well as previous studies (Tamura et al., 1985, 1987; Tamura 
& Inagami, 1986). While the possibility is not completely 
excluded that minor inhibitory activities might be discarded 
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FIGURE 9: Inhibitory effect of purified LPCA(7) (0), LPCA(@) (O), 
LPCL (A), and LPCO (A) on Na+,K+-ATPase activity (A), on 
binding of [3H]ouabain to Na+,K+-ATPase (B), and on 86Rb uptake 
into hog erythrocytes (C). Dose-response curves of these activities 
were determined in comparison to ouabain (0) under the same assay 
conditions. Each point is the mean of duplicate determinations in 
two separate experiments and expressed as the percentages of maximal 
Na+,K+-ATPase activity, maximal binding of [3H]ouabain to 
Na+,K+-ATPase, and maximal 86Rb uptake activity. 

in the early stage of purification, a steroid or steroid-like 
compound was not found as the major inhibitory component. 
Instead, a series of very unusual lysophosphatidylcholines 
(LPC’s) containing long-chain polyunsaturated fatty acids, 
predominantly y-arachidoyl or y-linoleoyl, were found, which 
represent a new group of inhibitors. In addition, small amounts 
of LPC’s with saturated fatty acids such as stearic (Tamura 
& Inagami, 1986; Tamura et al., 1987) and palmitic acids (this 
study) were also isolated (Figure 1). The ouabain-displacing 
activity due to these LPC’s under P2 corresponds to approx- 
imately 95% of total activity in plasma before saline infusion 
and 48% of the total activity after 120 min of saline infusion. 
The remainder is accounted for by free fatty acids. 

P2, which eluted at  a retention time of 39 min by amino- 
propyl HPLC, produced two active peaks upon further puri- 
fication by ODS HPLC (Figure 2). The second peak (P2-2) 
had been purified and identified as y-stearoyllyso- 
phosphatidylcholine (Tamura & Inagami, 1986; Tamura et 
al., 1987). P2-1, with a retention trime of 26-40 min, yielded 
several active peaks on HPLC using a C-8 column with large 
pore size packing. This HPLC made it possible to isolate a 
series of LPC’s. Additional purification of these LPC’s was 
performed by Zorbax aminopropyl HPLC, and a series of 
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FIGURE 10: Cross-reactivity of purified LPCA(y) (O), LPCA(0) (e), 
LPCL (A), and LPCO (A) with anti-digoxin antibodies. Dose-re- 
sponse curves of the activities were determined in comparison to digoxin 
(n) under the same assay conditions. Each point is the mean of 
duplicate determinations in two separate experiments and expressed 
as the percentage of maximal binding of [3H]digoxin to anti-digoxin 
antibody. 

LPC’s were subsequently identified. In the identification 
procedures, FAB mass spectrometric and ‘H NMR studies 
indicated that four of seven purified activities (P2-1Aa1, 
P2- 1 AP1, P2- 1A/32, and P2- 1 C) were homogeneous since only 
one protonated molecular ion peak was observed for each in 
the FAB mass spectrum and the locations, areas, and mul- 
tiplicities of signals in the ‘H spectra were consistent with the 
materials being single substances. The remaining three pu- 
rified materials (P2-1Aa2, P2-1Ba, and P2-1BO) were a 
mixture of PLC’s. While these three samples were not pure 
enough for complete structural analysis by ‘H NMR,  com- 
bined FAB mass and ‘H NMR spectrometric studies suggest 
that these three active substances consisted of LPC‘s containing 
long-chain fatty acids (225, 20:3, 18:2, and 16:O) in which 
all acyl moieties were linked to the y-hydroxyl group of the 
glycerol moiety. Although it is assumed that all double bonds 
are in cis configurations, this point was not established except 
for arachidoyl compounds. In the case of the y-arachidoyl 
compound, a comparison of the spectrum with that of ara- 
chidonic acid itself (in CDCl,) showed very good agreement 
in peak location, size, and multiplicity. Therefore, all double 
bonds of arachidoyl compound were considered to be cis. 
Although the cis-trans configuration of the fatty acid moieties 
of the other purified compounds have not been determined, 
they also are presumed to be cis on the basis of comparisons 
with authentic fatty acids and also on the basis of existing 
knowledge that most of the double bonds of naturally occurring 
fatty acids are in the cis configuration. 

It is noteworthy that y-acyllysophosphatidylcholines con- 
taining long-chain polyunsaturated fatty acids were discovered 
to emerge in the hog plasma by acute extracellular volume 
expansion. In addition, this is, to the best of our knowledge, 
the first identification and characterization of arachidoyl- 
lysophosphatidylcholine. Generally, fatty acids linked to the 
y-position of the glycerol backbone of phosphatidylcholine are 
saturated while those at the &position are unsaturated. 
Phosphatidylcholine is considered to be a parent molecule for 
the LPC. Furthermore, most fatty acid moieties in LPC’s are 
known to be long-chain saturated fatty acids. This study 

indicates that most of the LPC’s purified from P2 are y- 
acyl-LPC’s and fatty acid moieties are predominantly poly- 
unsaturated fatty acids (98% of P2-1 fraction and 92% of P2 
fraction). It is unlikely that P-acyl-LPC’s were chemically 
shifted to y-acyl-LPC’s during purification and storage for 
the following reasons. First, freshly prepared plasma was used 
for the purification. Second, organic solvents, mainly meth- 
anol, were used under N, gas during storage. Finally, the 
purification of P2-1 fractions was repeated in as short a time 
as possible, but only y-acyl compounds were detected again 
by ‘H NMR analysis. However, the possibility that P-acyl- 
LPC’s underwent a rapid transformation to y-acyl-LPC’s at 
a very early stage after their formation cannot be excluded. 

Aside from the structural peculiarity, the ratio of unsatu- 
rated/saturated fatty acids of LPC’s recovered from these 
experiment was unusual. Approximately 38% of the purified 
compounds were arachidoyl-LPC, and linoleoyl- and oleoyl- 
LPC’s accounted for 33 and 25%, respectively. Palmitoyl- and 
stearoyl-LPC’s accounted for 2 and 6%, respectively. However, 
it is unlikely that most of the LPC‘s containing saturated fatty 
acids had failed to be recovered during the extraction and 
purification procedures since a certain amount of LPCP and 
LPCS were recovered from the active P2 fraction. It was 
difficult to separate LPC’s with saturated and unsaturated 
fatty acids from each other by the methods of organic solvent 
extraction and chromatography employed in the early steps 
of this purification. Thus, it is apparent that further study 
is necessary for the evaluation of the physiological significance 
of these LPC’s. On the other hand, we can only conjecture 
as to the origin of these lysophospholipids. The characteristic 
fatty acid compositions of lipoprotein-lipid conjugates and 
plasma membranes of platelets suggest that LPC’s rich in 
polyunsaturated fatty acids might be derived from these 
sources. It has been reported that the percentage of arachi- 
donic acid in phospholipids of the lipoprotein-lipid conjugates 
(10%) and in the total lipids of platelets (24%) is much higher 
than those of other tissues such as vascular and adipose tissues 
(Picard et al., 1972; Safrit et al., 1972). 

The observations that a series of purified LPC’s, except 
LPCA(P), showed Na+,K+-ATPase inhibitory activity as well 
as ouabain-displacing activity are in agreement with our 
previous finding (Tamura & Inagami, 1986; Tamura et al., 
1987) and that of Bidard et al. (1984), who reported that a 
commercially obtained mixture of LPC’s, which consists 
mainly of saturated fatty acids, inhibits Na+,K+-ATPase and 
displaces ouabain from the ATPase. However, the concen- 
trations exhibiting 50% inhibition in both ouabain-binding and 
Na+,K+-ATPase activity obtained in this study were higher 
than that from their experiment. This discrepancy could be 
explained by the difference of the Na+,K+-ATPase employed 
in the two studies. Indeed, the inhibitory potencies observed 
with the purified canine kidney Na+,K+-ATPase were ap- 
proximately 10 times higher than those with the membrane 
preparation (our unpublished data). Although the LPC’s 
[LPCA(y), LPCL, and LPCO] purified in this study showed 
inhibition of 86Rb uptake into hog red cells in dose-dependent 
manners, they also showed hemolysis at concentrations above 
400 pM. Therefore, it is not clear whether the inhibition of 
*6Rb uptake is due to hemolysis. It is also not clear whether 
the effects of LPC’s in this range (400 pM) is of physiological 
significance since this concentration is very high. However, 
the 86Rb uptakes were slightly inhibited at lower concentrations 
(10-40 pM) of LPC’s with y-arachidoyl and y-linoleoyl 
whereas LPC with oleoyl did not show any effect at this 
concentration. These observations suggest that LPC’s with 
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In regard to the specificity of LPC’s, it is worth pointing 
out that the ouabain-displacing and Na+,K+-ATPase inhibitory 
activities have not been observed with other lysophosphatidylic 
acids such as lysophosphatidylethanolamines (Bidard et al., 
1984). These observations indicate that the actions of LPC’s 
on Na+,K+-ATPase is not simple nonspecific actions of lyso- 
phosphatidic acids in general. On the other hand, the ATPase 
activity is strongly modulated by certain types of detergents. 
This modulation has been shown to be affected by monovalent 
cations such as Na+ and K+ as well as substrate concentration 
(Huang et al., 1986). A variety of detergents have been found 
to inhibit or stimulate Na+,K+-ATPase under different con- 
ditions (Huang et al., 1986). It is possible that the action of 
LPC’s on Na+,K+-ATPase may also involve the site where the 
detergents bind to the enzyme. The finding that LPC’s with 
long-chain polyunsaturated and saturated fatty acids inhibit 
Na+,K+-ATPase and displace ouabain from the ATPase 
suggests that part of endogenous ouabain-like activity in 
plasma could be attributable to the LPC’s. However, LPC 
did not cross-react with digoxin antibody even at millimolar 
concentrations. The lack of immunoreactivity with digoxin 
antibody is reasonable in view of vast structural differences 
between LPC and digoxin. The apparent increase of the 
binding of [3H]dig~xin to antibodies in the higher concen- 
tration range of LPC’s may be due to interference of the lipids 
to the radioimmunoassay system. 

LPC did not show ouabain-displacing activity and 
Na+,K+-ATPase inhibitory activity when a high concentration 
(40 mg/mL) of bovine serum albumin (fraction V, Sigma) 
was added in the assay system. This phenomenon is in 
agreement with a recent observation by Kelly et al. (1985) in 
which Na+,K+-ATPase inhibitory activities in all three active 
fractions from human plasma separated by HPLC on an ODS 
column were diminished by bovine or human serum albumin. 
It is well-known that most of LPC’s, as well as phosphati- 
dylcholine, are bound to plasma protein under physiological 
conditions. Binding by protein will reduce the effective con- 
centration of free LPC’s in plasma available for the inhibition 
of the ATPase. This is important in view of the ubiquity and 
key physiological roles of the ATPase. This binding may also 
protect various tissues from cytolytic action of LPC. Ac- 
cordingly, it would be of interest to know whether plasma LPC 
levels increase in chronic renal failure where plasma 
Na+,K+-ATPase inhibitor activity has been reported to in- 
crease (Mayer et al., 1986). Whether LPC’s will play pa- 
thological or physiological roles in the regulation of Na,K- 
ATPase is still unclear and requires further investigation. 

A series of these studies indicate the multiplicity of the 
ouabain-displacing activity in the plasma of volume-expanded 
animals. Two groups of the components were separated by 
HPLC on an aminopropyl column. One of them has been 
found to consist of unsaturated fatty acids (Tamura et al., 
1985). The other yielded two peaks upon HPLC with an ODS 
column. One of them has now been identified as LPC’s with 
long-chain polyunsaturated fatty acids and palmitic acid. The 
other one has been identified as y-stearoyllysophosphatidyl- 
choline (Tamura & Inagami, 1986; Tamura et al., 1987). 
Further efforts are being made to evaluate the pathophysio- 
logical significance of these compounds. While this paper was 
in review, a paper by Kelly et al. (1986) appeared that reported 
observation of mass spectrometric signals corresponding to 
palmitoyl-LPC as a component in a peak fraction with 
Na+,K+-ATPase inhibitory activity isolated by HPLC from 
normal human plasma. These authors have also identified 
various free fatty acids in fractions exhibiting Na+,K+-ATPase 

polyunsaturated fatty acids are different from LPC’s with 
unsaturated fatty acids containing one double bond in terms 
of Na+,K+ pump inhibition due to LPC. 

The finding that LPCA(j3) does not inhibit any of these 
three activities at  a similar concentration range to the other 
three compounds suggests that the linkage of fatty acid to the 
y-position of the glycerol backbone is essential for the inhib- 
ition of Na+,K+ pump and Na+,K+-ATPase activities and 
ouabain binding to the enzyme. On the other hand, the ob- 
servation that Na+,K+-ATPase activity was stimulated at high 
concentration of LPCA(j3) whereas the ouabain binding was 
not affected at  the same concentration may indicate that the 
interaction of LPC’s and Na+,K+-ATPase is not simple com- 
petitive binding to the cardiac glycoside binding site in the 
enzyme. Indeed, the dose-dependent inhibitions of 
Na+,K+-ATPase by the purified y-acyl-LPC’s occurred in- 
variably at  lower LPC concentrations than those required for 
the inhibitions of ouabain binding to the enzyme. It was also 
observed that Ca2+,Mg2+-ATPase including basal Mg2+-AT- 
Pase activity is slightly inhibited at high concentration of LPC‘s 
(approximately 10% of the activity was inhibited by 400 pM 
y-acyl-LPC’s), whereas ouabain did not affect these ATPase 
activities under the same assay condition. In addition, the 
[3H]ouabain displacement curves obtained with authentic 
unlabeled ouabain and LPC’s were not parallel. These phe- 
nomena also suggest that inhibition of the Na+,K+ pump by 
LPC’s is not by the same mechanism with ouabain. 

However, for pathogenesis of hypertension and for the ex- 
planation of the Na+ retention in the volume-dependent type 
of hypertension, LPC’s can still be considered as candidates 
for endogenous inhibitors of Na+,K+-ATPase under certain 
pathophysiological conditions. In this relation it is worth 
pointing out that s6Rb-uptake activities of hog erythrocytes 
were decreased after 120 min of saline infusion, and this de- 
crease was presumably due to a membrane abnormality (our 
unpublished observation). It was also observed that a similar 
inhibitory activity increased in rat brain by Na+ loading caused 
by prolonged drinking of 1.7% NaCl solution (our unpublished 
observation). Together with the present finding of an increase 
in abnormal LPC’s in plasma after saline infusion, these ob- 
servations suggest that LPC’s with polyunsaturated long-chain 
fatty acids may be implicated in the modulation of the de- 
velopment of certain types of hypertension through their in- 
hibition of a certain membrane-bound enzyme(s). Indeed, 
LPC has been implicated in certain pathological conditions 
including cardiac arrythmia subsequent to the development 
of cardiac ischemia (Sobel et al., 1978; Corr et al., 1982). 
During the ischemia, LPC was found to increase significantly 
in cardiac tissue. The accumulation of LPC has been observed 
in the region of atherosclerosis (Andreoli & Cazzulo, 1969; 
Portman & Alexander, 1969). LPC was also implicated in 
the modulation of several membrane enzymes (Fiscus & 
Schneider, 1966; Jones & Wakil, 1967) including Ca2+,- 
Mg2+-ATPase (Martonosi et al., 1968). These observations 
support the hypothesis that LPC’s play an important role in 
the modulation of membrane-bound enzymes. In contrast to 
the generation of LPC’s in tissues as cited above, the present 
observation deals with increases in Na+,K+-ATPase inhibitory 
activity in plasma largely due to LPC. However, the number 
of animals tested is just two, and plasma concentrations of 
phospholipids as well as fatty acids in pre- and postinfusion 
animals were not individually determined in this study. 
Therefore, precise quantification of changes in plasma lipids 
and clarification of the pathophysiological role of LPC’s in 
plasma will require further studies. 
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inhibitory activity. Our present identification of y-palmito- 
yl-LPC as a component of the Na+,K+-ATPase inhibitory 
substance in plasma confirms their finding, even though the 
inhibitory activities were not completely purified to homoge- 
neity in their study. The identification of free fatty acids by 
them is in agreement with our earlier observation (Tamura 
et al., 1985) that unsaturated free fatty acids account for a 
sizable portion of Na+,K+-ATPase inhibitory activity in 
plasma. The present identification of LPC’s with unsaturated 
fatty acids as another group of the ATPase inhibitors and that 
their concentrations are increased upon plasma volume ex- 
pansion in experimental animals further extend our knowledge 
on the plasma ATPase inhibitors. 

Registry No. LCPA(y), 63 163-02-0; LPCL, 5655-12-9; LPCO, 
3542-29-8; LPCA(j3), 67341-29-1; LPCP, 14863-27-5; LPCD, 
107557-99-3; LPCE, 107558-00-9; ATPase, 9000-83-3. 
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