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ABSTRACT The ouabain-like sodium pump inhibitor in
mammals (so-called ‘‘endogenous ouabain’’) has been consid-
ered a subtle structural isomer of ouabain. Its structural
investigation, however, has long been hindered by the paucity
of sample material. Our recent purification of endogenous
ouabain (3 mg) from bovine hypothalamus allowed the mea-
surement of its 1H-NMR. The obtained spectrum as well as
reexamination of past microscale structural studies on en-
dogenous ouabain led us to identify the purified material as
ouabain in an unusual manner. It turned out that the struc-
tural analysis had been complicated by a facile ouabain–
borate complexation in borosilicate glassware. In retrospect,
it is not surprising that the polyhydroxylated ouabain mole-
cule serves as a polydentate ligand to inorganic species. In its
physiological environment, ouabain may exist as some un-
known complex. The chemical species giving rise to the
reported biological activities of hypothalamic inhibitory factor
preparations remain to be clarified.

Search for the endogenous ligands of Na1,K1-ATPase has
been an enticing yet puzzling research subject for the last
several decades (1–4). Putative endogenous sodium pump
inhibitors have been detected many times in various mamma-
lian tissues and plasma. However, purification, structural
analysis, and physiological characterization of such compounds
have been fraught with difficulties. Part of the reason for this
problem is that the enzyme assays are susceptible to many
nonspecific interferences, which sometimes lead to false-
positive results (1). Recognition of this problem led to the
employment of multiple assay systems, which greatly reduced
the risk of falsely detecting putative physiologic Na1,K1-
ATPase inhibitors. Nevertheless, progress is still hindered by
the extreme paucity of material available from tissues.

Among the putative endogenous inhibitors of Na1,K1-
ATPase are a group of compounds that are considered to be
related to ouabain, a plant-origin cardiac glycoside (5). These
compounds have been extracted from various animal tissues,
and in several cases sufficient material, albeit submicrogram-
to-low microgram quantity, was purified to allow further
chemical and physiological characterizations. The molecular
mass appeared to be identical to ouabain by MS, and the
retention time of reversed-phase HPLC (RP-HPLC) was the
same as ouabain. Moreover, two compounds, ouabain-like
compound (OLC) from human plasma (6) and ‘‘adrexin C’’
from bovine adrenal (7), were indistinguishable from plant
ouabain by multiple biochemical and physiological criteria.

On the other hand, a factor from bovine hypothalamus
(hypothalamic inhibitory factor, HIF) showed different phys-
iological profiles from ouabain in various assays, such as
inhibition of ouabain-insensitive isoform (rat a1) of Na1,K1-
ATPase (8), inhibition of sarcoplasmic reticulum Ca21-

ATPase, and inhibition of ‘‘backdoor’’ phosphorylation of
purified Na1,K1-ATPase (9), binding kinetics to kidney epi-
thelial cells and purified enzyme (10, 11), lipid bilayer perme-
ability (11), and reversible inotropic effect on cardiac myocytes
(12). For the structural characterization of HIF, further puri-
fication was carried out by using affinity chromatography
combined with RP-HPLC (13). It turned out that the purified
HIF was identical to ouabain by LCyMS. Furthermore, gly-
cosidase treatment and acid hydrolysis showed HIF to be an
a-L-rhamnoside, as is ouabain; also, des-rhamnosyl HIF, the
aglycone, was indistinguishable from ouabagenin by LCyMS.

These findings led to attempts to differentiate HIF and plant
ouabain by using nanogram-scale chemical derivatization.
Naphthoylation of HIF (300 ng) followed by RP-HPLC
showed that the major derivatization product from HIF eluted
slightly earlier than ouabain pentanaphthoate, the major prod-
uct from ouabain naphthoylation; moreover, CD spectroscopy
revealed that this HIF derivative showed no distinct CD,
whereas ouabain pentanaphthoate showed a clear positive CD
couplet. Although the molecular ion peak of this HIF deriv-
ative was not clear, the product was described as HIF pentan-
aphthoate (13). Subsequent microscale derivatization of OLC
(400 ng, gift from Upjohn Laboratories) also gave the same
RP-HPLC and CD (‘‘zero-CD’’) profiles as those of HIF
pentanaphthoate (14). This led to the conclusion that the
ouabain-like sodium pump inhibitor is an ouabain isomer,
often referred to as endogenous ouabain (2, 4, 5), even though
the physiological discrepancies between HIF and other com-
pounds still remained to be clarified (2): the term endogenous
ouabain has been used to distinguish this compound from plant
ouabain (2, 4, 5), although its true origin has not yet been
clarified.

Based on the chromatographic and spectroscopic informa-
tion from the naphthoylation studies on endogenous ouabain,
a search for the isomer of ouabain pentanaphthoate with the
same HPLC and CD (zero-CD) profile was initiated. Two lines
of structural evidence, the fact that the HIF aglycone was
indistinguishable from ouabagenin by LCyMS and that the
sugar moiety of HIF was a-L-rhamnoside, suggested that HIF
could be an a-L-rhamnoside position isomer of ouabain. This
led to the computation of CD spectra of all possible sugar
position isomers of ouabain pentanaphthoate and determina-
tion of the validity of calculations by preparing as many
synthetic isomers as possible (15). The series of comparison
between theoretical and experimental data demonstrated that
theoretical CD calculation can fairly accurately reproduce
experimental CD couplets of ouabain pentanaphthoate iso-
mers despite their substantial conformational f lexibility. How-
ever, the theoretically calculated 18 isomers and experimen-
tally prepared 13 isomers showed that all searched isomers
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have intense positive couplets (15). With no conceivable
candidate among sugar position isomers of ouabain, our study
came to the point of reexamining the results obtained from the
previous nanogram-scale naphthoylation of HIF and OLC
(13, 14).

More recently, we succeeded in the purification of 3 mg of
HIF (‘‘3-mg HIF’’) with a modified HIF purification protocol
that omitted cation and anion exchangers and substituted an
affinity column by using anti-digoxin antibody 26-10 (16, 17)
for immobilized Na1,K1-ATPase to improve the recovery of
HIF. The 1H-NMR of the purified HIF as well as the reex-
amination of the past nanogram-scale naphthoylation study led
to identify this 3-mg HIF as ouabain in an unusual manner. The
past microscale structural analyses on endogenous ouabain
(13, 14) are reevaluated in light of our current findings, and the
implications of the current findings with respect to endogenous
ouabain research are discussed.

MATERIALS AND METHODS

Materials. Ouabain octahydrate and sodium tetraborate
decahydrate were from Acros Organics (Pittsburgh), and all
other chemicals and HPLC solvents were from Aldrich. Anti-
digoxin antibody 26-10 (16, 17) was a gift from M. N. Margolies
at Harvard Medical School (Boston). Electrospray ionization
(ESI) MS was measured by using Micromass Q-Tof at Micro-
mass (Manchester, U.K.) and the Suntory Institute for Bioor-
ganic Research (Osaka). NMR spectra [1H, correlated spec-
troscopy, heteronuclear multiple quantum correlation, hetero-
nuclear multiple bond correlation, and rotating-frame
Overhauser effect spectroscopy (ROESY)] were recorded on
a Bruker DMX500 or a Bruker DRX300WB distortionless
enhancement by polarization transfer (DEPT) [13C, 11B] spec-
trometer. NMR samples were dissolved in 10% acetonitrile-d3
in deuterium oxide. The methyl group of acetonitrile-d3 was
used as an internal standard for the 1H- and 13C-NMR
chemical shift. Boron trif luoride diethyl etherate (BF3zOEt2)
was used as an external standard for the chemical shift of
11B-NMR. ROESY of ouabain borate was measured with a
spin-lock time of 100 ms.

Anti-Digoxin Antibody 26-10 Affinity Column. Cyanogen
bromide-activated Sepharose 4B was suspended in 1 mM HCl.
The gel was washed with the same HCl solution on a glass
filter. After the HCl solution was suction-removed, the gel was
immediately transferred to the solution of antibody 26-10 (16,
17), which had been dialyzed against 0.1 M sodium bicarbonate
(pH 8.3) containing 0.5 M sodium chloride. The coupling
reaction was done at 4°C with gentle shaking for 3 days. The
obtained antibody–Sepharose resin was stored in 0.1 M PBS
(pH 7.2) containing 0.1% sodium azide.

Purification of HIF (3-mg HIF). Methanol extract of bovine
hypothalamus was purified by gel filtration (Sephadex LH-20),
and reversed-phase LC (Mitsubishi CHP20P gel) as reported
(13). Na1,K1-ATPase inhibitory activity was monitored by the
86Rb1 uptake assay by using human erythrocytes (9). The dried
material from the reversed-phase LC (CHP20P) was dissolved
in 0.1 M PBS buffer (pH 7.2), loaded onto the antibody 26-10
affinity column. and incubated at 4°C overnight. The bound
HIF was eluted with 40% methanol in water. The dried
material was reconstituted in water and purified by semi-
preparative RP-HPLC (Waters mBondapak C18, 10 mm, 125Å,
19 3 150 mm, 0–30% acetonitrile, 6 mlymin). The purified
material was subjected to RP-HPLC [Alltech Alltima C18, 5
mm, 4.6 3 250 mm, 5–30% acetonitrile containing 0.05%
trif luoroacetic acid (TFA) over 20 min]. The elution was
monitored by a Hewlett-Packard Photodiode Array Detector
(Series 1100), and the peak with butenolide UV profile (lmax
220 nm) was collected into a disposable borosilicate glass tube
(10 3 75 mm), and the solution was dried in vacuo. The
purified HIF (3 mg), which was quantified by the UV absorp-

tion at 220 nm, was submitted to the 1H-NMR measurement,
in which signal was averaged by overnight accumulation.

Preparation of Ouabain Tetrahedral-Borate. Method A.
Ouabain aqueous solution (1 mg or less in 100 ml of water) was
placed in a new borosilicate vial (a disposable vial, 1 dram),
kept at ambient temperature overnight, and lyophilized to give
a white powder. ESIMS showed distinct peaks at myz 633.24
(ouabain 1 11BO-H 1 Na)1 and at 632.26 (ouabain 1 10BO-H
1 Na)1. ESIMSyMS of the peak at myz 633.24 gave a
dominant fragment peak at myz 487.24 (ouabagenin 1 11BO-H
1 Na)1. It should be noted that a new disposable glass vial (1
dram) could contain soluble borate enough to convert as much
as '20 mg of ouabain into its borate complex, although this
depends on the kind of borosilicate glass. Rinsing a new vial
removes most of the borate and other ionic species; however,
plastic vials should be used for long-term storage of low
microgram or submicrogram quantities of ouabain. Small
amounts of ouabain that have already been dried in borosili-
cate glassware can be efficiently dissolved in 10% acetonitrile
in water, and ouabain can be recovered by RP-HPLC using
0.1% trif luoroacetic acid (TFA)-containing eluents.

Method B. Sodium tetraborate (2.6 mg, 6.8 mmol) was added
to ouabain octahydrate (5 mg, 6.9 mmol) in water (1 ml), and
the solution was lyophilized. 1H- and 13C-NMR assignments
are shown in Table 1. For the 1H-NMR measurement in acidic
pH (Fig. 4A), the obtained material (0.2 mg) was dissolved in
10% acetonitrile-d3 in deuterium oxide containing 0.1% TFA.

Preparation of Ouabain Trigonal-Borate. Ouabain octahy-
drate (10 mg, 14 mmol) was dissolved in water (1 ml). Boric acid
(1 mg, 16 mmol) was added, and the solution was lyophilized.
1H- and 13C-NMR assignments are shown in Table 1.

Naphthoylation Protocol. The ‘‘glassware-treated’’ ouabain
prepared by using method A (containing 200 ng ouabain) was
added to 1-(2-naphthoyl)-imidazole (2 mg in 200 ml of anhy-
drous acetonitrile) and 1,8-diazabicyclo[5,4,0]undec-7-ene (20
ml of 2% anhydrous acetonitrile solution). The mixture was
stirred at room temperature for 2 hr and quenched with water
(0.5 ml). Acetonitrile was removed under reduced pressure,
and the white aqueous suspension was loaded onto a Waters
Sep-Pak C18 cartridge. The cartridge was washed successively
with 20%, 40%, and 50% acetonitrile in water (10 ml, 10 ml,
and 5 ml, respectively). The naphthoylated products were
eluted with acetonitrile (6 ml) and then subjected to RP-HPLC
on a Vydac 218TP column (C18, 4.6 3 250 mm, 300 Å, 5 mm)
by using isocratic elution with acetonitrileywater (82:18) at 1
mlymin. The elution was monitored with a Shimadzu RF-551
fluorescence detector (lex 234 nm, lem 360 nm).

The naphthoylation of glycerol (2 mg) was also done with the
same protocol except that the amounts of reagents were scaled
up accordingly.

RESULTS
1H-NMR of Purified HIF (3-mg HIF). The modified HIF

purification protocol with the anti-digoxin antibody affinity
column yielded 3 mg of HIF, which allowed 1H-NMR mea-
surement. The obtained spectrum appeared to be a mixture of
two different compounds, which is indicated by the two peaks
in the methyl proton region around 0.85 ppm (Fig. 1A).
Although some of the HIF peaks (Fig. 1A) appeared to match
the signals of ouabain (Fig. 1B), we had no clue about the rest
of the HIF signals at that point. The answer to this puzzling
1H-NMR profile of HIF, however, came from the subsequent
reexamination of past nanogram-scale naphthoylation studies
on HIF and OLC (13, 14).

The Zero-CD Product from Endogenous Ouabain. At that
point, ouabain was also included in the scope of our research
as a viable candidate for endogenous ouabain, because all
microscale structural analyses, except for the nanogram-scale
naphthoylation (13, 14), pointed to ouabain. In addition, the
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CD calculation study (15) had made suspect the ‘‘zero-CD’’
product obtained from the past naphthoylation of endogenous
ouabain (13, 14). We subsequently, in retrospect accidentally,
encountered the elusive zero-CD product in a reaction mixture
resulting from a nanogram-scale ouabain naphthoylation. An

aqueous solution of ouabain ('200 ng) had been stored
overnight in a borosilicate vial and lyophilized before this
naphthoylation reaction. Surprisingly, this ouabain naphthoy-
lation did not afford the expected major product, ouabain
pentanaphthoate, but instead gave a product that coeluted

FIG. 1. 1H-NMR spectra of 3-mg HIF (A), ouabain (B), an ouabain sample (10 mg) that had been stored in a borosilicate vial as an aqueous
solution (C), and ouabain tetrahedral-borates (D). A and B were measured in 10% acetonitrile-d3 in D2O, whereas C and D were measured in D2O.
p indicates the peaks arising from either mechanical noise or because of unidentified impurities.

Table 1. NMR data for ouabain–borate complexes

Tetrahedral borate

No.

Major isomer Minor isomer Trigonal borate
13C 1H 13C 1H 13C 1H

76.4 3.46 74.1 4.77 1 71.3 5.07
39.1 2.00, 1.63 33.2 2.05, 1.81 2 32.1 2.19, 2.05
71.1 3.56 71.1 3.95 3 71.5 4.09
44.1 1.85, 1.62 34.6 2.04, 1.59 4 34.1 2.22, 1.71
75.3 — 74.2 — 5 76.2 —
31.1 1.63, 1.40 36.4 1.77, 1.42 6 33.7 1.41**
22.0 1.80, 1.40 24.0 1.81, 1.19 7 23.2 1.83, 1.26
36.3 2.20 40.0 1.64 8 39.9 1.81
52.4 1.43 45.1 1.55 9 46.5 1.64
44.9 — 41.3 — 10 45.3 —
67.2 3.80 67.8 3.62 11 68.8 3.95
47.7 1.65, 1.42 49.7 1.61, 1.38 12 49.3 1.67, 1.42
50.5 — 50.7 — 13 50.9 —
87.5 — 86.0 — 14 86.0 —
32.8 2.11, 1.71 32.3 2.06, 1.67 15 32.5 2.12, 1.71
27.0 2.14, 1.74 27.4 2.12, 1.74 16 27.5 2.15, 1.77
51.1 2.86 50.4 2.81 17 50.4 2.84
17.0 0.88 17.0 0.79 18 17.1 0.86
61.3 3.92 65.5 4.27, 3.83 19 59.1 4.05, 3.79

179.5* — 179.1* — 20 179.0* —
75.9 4.95 75.8 4.92 21 75.8 4.93

117.1 5.91 117.1 5.88 22 117.3* 5.90
179.0* — 179.0* — 23 178.9 —

98.8 4.83 98.4 4.80 19 98.8 4.75
71.4 3.79 71.5 3.86 29 71.2 3.82
71.1 3.67 71.1 3.85 39 71.1 3.72
73.0 3.32 73.3 3.30 49 73.1 3.33
69.6 3.68 69.2 3.77 59 69.6 3.68
17.5 1.19 17.5 1.17 69 17.5 1.19

*Assignments in the same column may be reversed.
**The methylene protons are overlapped.
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with the HIF pentanaphthoate obtained earlier (14) (Fig. 2).
This product gave the same zero-CD profile as HIF penta-
naphthoate and OLC pentanaphthoate(13, 14), whereas its
UV showed the presence of the naphthoate group (data not
shown). ESIMS of this zero-CD product gave a distinct
(M1H)1 peak at myz 555.1834. The UVyCD spectra and the
calculated elemental composition (C36H27O6) suggested that
the product could be glycerol trinaphthoate, which would have
an intense naphthoate band but no CD. Synthetic glycerol
trinaphthoate indeed reproduced the RP-HPLC retention
time and the zero-CD profile encountered earlier in the HIF
and OLC studies (13, 14). The glycerol found in this study
presumably arises from an incidental contamination during the
nanogram-level handling of the sample. This unexpected find-
ing, however, solved our long-standing enigma regarding the
zero-CD product from endogenous ouabain naphthoylation.

Structural Characterization of Glassware-Treated
Ouabain. The presence of glycerol in the ouabain sample,
however, does not explain why ouabain pentanaphthoate was
not obtained in the reaction above, where a large excess of the
naphthoylation reagent was used. Spectroscopic analyses of the
ouabain sample that had been stored in a borosilicate vial not
only solved this additional mystery but also led us eventually
to identify the structure of the 3-mg HIF. ESIMS of this
glassware-treated sample gave an intense peak corresponding
to the ouabain 11B-borate complex with one sodium (myz
633.24) together with its smaller 10B-isotope peak (myz
632.26). 1H-NMR showed two distinct sets of signals with a
ratio of '3:2 as clearly seen in the high field (around 0.9 ppm)
and low field (around 5.9 ppm) regions (Fig. 1C). The two sets
of peaks matched neither the ouabain signals (Fig. 1B) nor the
signals of the 3-mg HIF (Fig. 1 A) (The difference between
glassware-treated ouabain and 3-mg HIF is discussed below.)
Because ESIMS showed that the ratio between ouabain and
borate is 1:1 (ouabain ‘‘mono’’-borate), the two sets of NMR
signals were assumed to arise from two coordination isomers
of ouabain borate. For further characterization by NMR, a
milligram-scale chemical preparation of ouabain borate was
carried out (method B above). The chemically prepared
ouabain borate reproduced the 1H-NMR profile of the glass-
ware-treated ouabain (Fig. 1D). The NMR signals of the major
and minor isomers were separately assigned to the framework
of ouabain by using 1H, 13C, DEPT (90° and 135°), correlated
spectroscopy, heteronuclear multiple quantum correlation,
heteronuclear multiple bond correlation (4, 8, and 12 Hz), and
ROESY (100 ms) (Table 1).

The most notable structural difference between the two
isomers is in ring A (Fig. 3). The chemical shift of H-1 in the
major isomer is 3.46 ppm, whereas the same proton in the
minor isomer appears at 4.77 ppm (Table 1). In addition, a
ROESY (100 ms) cross-peak, which is in a positive phase
(NOE peak) (18, 19), is observed between H-1 and H-9 of the
major isomer (see the supplemental data on the PNAS web

site, www.pnas.org). These results suggest that ring A of the
major isomer is distorted into a boat-like form, where H-1 is
placed in a shielded axial-like position and sterically closer to
H-9. Moreover, negative ROESY crosspeaks were observed
between major and minor isomers, e.g., between H-1 (major)
and H-1 (minor), which indicate the occurrence of an exchange
between the two coordination isomers (18, 19) (see the
supplemental data on the PNAS web site, www.pnas.org).

The borate coordination site in each isomer was determined
by ESIMSyMS and 11B-NMR. ESIMSyMS of the ouabain
borate ion at myz 633.24 gave a dominant fragment ion at myz
487.24, corresponding to ouabagenin borate with sodium.
Therefore, borate is attached to the aglycone moiety. Further-
more, 11B-NMR showed a borate peak at 0.78 ppm (broad
singlet) from BF3zOEt2 indicating the presence of tetrahedral
borate; tetrahedral and trigonal borates appear around 0 ppm
and 20 ppm, respectively, in 11B-NMR (chemical shift refer-
ence: BF3zOEt2) (20). These ESIMSyMS and 11B-NMR results
show that tetrahedral borate is attached to three hydroxyls on
the aglycone moiety. The only possible combinations of three
hydroxyls that can accommodate the tetrahedral borate group
are 1,11,19- and 1,5,19-hydroxyl groups. The major isomer
observed in the NMR analysis fits the 1,11,19-borate, in which
the coordinated borate stabilizes the ring A boat conformation
(Fig. 3). On the other hand, NOE peaks in the minor isomer
are consistent with the 1,5,19-borate, in which borate forma-
tion fixes ring A into its chair conformation (Fig. 3).

Because of this ‘‘cyclic borate protection’’ at 1,11,19- or
1,5,19-hydroxyl groups, the nanogram-scale naphthoylation of
the glassware-treated ouabain had not yielded the anticipated
ouabain 1,19,29,39,49-pentanaphthoate.

Structure of the 3-mg HIF. Subsequent study found that the
two interconverting complexes between ouabain and tetrahe-
dral borate, as seen above (Fig. 3), do not survive acidic pH and
decompose into a mixture of ouabain and its trigonal borate
complex, which exhibit the 1H-NMR signals observed in the
previously obtained 3-mg HIF spectrum (Fig. 1 A). 1H-NMR
comparison between ouabain borate in acidic pH (Fig. 4A) and
the 3-mg HIF (Fig. 4B) showed that both contain the same two
species although the ratio between the two species are slightly
different: the doublet at 1.2 ppm and peaks around 3.6 ppm in
Figs. 1A and 4B are background impurities. It turns out that
the 1H-NMR spectrum of 3-mg HIF (Fig. 5B) is simply a
summation of the signals of ouabain (Fig. 5A) and the ouabain-
trigonal borate (Fig. 5C), which can be prepared from ouabain
and boric acid (see Materials and Methods). Thus, 3-mg HIF is
confirmed to be ouabain, which has been, however, partially
converted into its trigonal borate after purification in a dis-
posable borosilicate glass tube; trigonal borate formed because
of TFA used in the HPLC eluents.

DISCUSSION

The structural analysis of the 3-mg HIF was initially hindered
by the unexpected borate complexation, which had occurred in
a disposable borosilicate glass tube. The confusing 1H-NMR
profile, however, eventually led to the identification of the
purified molecule as ouabain. At the final HPLC purification
stage, the peak corresponding to HIF was collected in a
borosilicate tube, which resulted in converting almost half of
the purified HIF (3 mg) into its trigonal borate as seen in the
obtained 1H-NMR. Trigonal borate, instead of tetrahedral
borates (Fig. 3), had formed because the TFA from HPLC
eluents kept the sample at acidic pH. The HIF samples used
for the past structural studies (13, 14), however, were purified
without the use of TFA at the final RP-HPLC step. Therefore,
the past HIF samples probably consisted of the tetrahedral
borate complex formed in the borosilicate glassware.

Although ouabain has already been purified from bovine
adrenals, in which its structure was confirmed by UV, MS, and

FIG. 2. Fluorescence-detected HPLC traces for the naphthoylation
product (retention time '10 min) from the ouabain sample that had
been stored in a borosilicate vial as an aqueous solution (see text) (A),
the naphthoylation product from HIF (14) (B), and coinjection of A
and B (C).
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1H-NMR (21), its relation to the endogenous ouabain research
has been obscured because of the widely accepted notion that
endogenous ouabain is a structural isomer of plant ouabain
(13, 14). This notion is based on the zero-CD product from the
nanogram-scale naphthoylation of HIF and OLC. The assign-
ment of this zero-CD product to HIF pentanaphthoate has
been questioned because of the ambiguous fast atom bom-
bardment MS result of this compound (3), and our recent
theoretical and experimental CD study also resulted in making
us suspect of the past assignment of this product (15). The
subsequent reexamination of the nanogram-scale naphthoyla-
tion study accidentally clarified that the zero-CD product was
a byproduct of glycerol contamination. Hence, there is no
structural data that indicate the presence of ouabain isomer in
mammalian tissues and plasma, and the notion from our past
naphthoylation study (13, 14) has to be retracted. The finding
of ouabain in mammals still leaves many questions about its
origin, which is, however, beyond the scope of the current
study.

In addition to the glycerol contamination, the borate com-
plexation had complicated the past nanogram-scale naphthoy-
lation study on endogenous ouabain. As pointed out above, the
HIF and OLC samples used for the past naphthoylation (13,
14) were ‘‘protected’’ by the borate group, which prevented the
formation of ouabain pentanaphthoate, the major product
from ouabain naphthoylation. The conspicuous glycerol tri-
naphthoate as well as the absence of ouabain pentanaphthoate
misled the entire naphthoylation study on endogenous
ouabain. On the other hand, the past LCyMS study on HIF was
not affected by this borate complexation (13), indicating that

the complex did not survive the HPLC condition (pH 4.7) used
in this analysis. In general, organic borate esters are stable in
basic conditions, in which they exist as tetrahedral borates,
whereas, in acidic pH, they are converted into less stable
trigonal borates: cyclic borate has been used for the protection
of a catechol group in organic synthesis, in which protection
and deprotection were carried out in basic and acidic pH,
respectively (22). Therefore, even if the HIF sample had
formed borate adducts before the LCyMS analysis, the acidic
buffer transformed the complex into trigonal borate, which is
easily hydrolyzed in the HPLC conditions used. Attempts to
determine the borate coordination site in ouabain trigonal
borate has been hindered by this chemical instability. In
addition, the trigonal-borate coordination site is hard to
determine because the trigonal borate group has only two
attachment points to ouabain, and ouabain has many permu-
tations of diols that could accommodate the trigonal borate.

The current finding of ouabain borate suggests that the
polyhydroxylated ouabain molecule serves as a polydentate
ligand to many other inorganic species. In addition to the
prevalent inorganic species, many trace elements, such as
boron and vanadium, are known to be present in the body in
microgram quantities or more, but their physiological roles are
still at a speculative stage (23). On the other hand, many
inorganic salts and reagents are used in the detection, purifi-
cation, and biological studies of endogenous ouabain. The
dynamic isomeric interconversion, as seen in ouabain borate
(Fig. 3), as well as the complexation itself should affect
solubility, chromatographic profiles, and the affinity to
biopolymers, including the sodium pump and the antibodies

FIG. 3. Structures of the two coordination isomers of ouabain tetrahedral-borates.

FIG. 4. 1H-NMR spectra of ouabain borate dissolved in acidic solvent (containing 0.1% TFA) (A), 3-mg HIF, same as Fig. 1A (B), and ouabain
trigonal-borate (C). All measurements were carried out in 10% acetonitrile-d3 in D2O. p indicates the peaks arising from either mechanical noise
or because of unidentified impurities. The spectrum in C also contains signals from a small amount of ouabain.
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used for the detection of endogenous ouabain. Many previous
contradictory results regarding the detection, purification, and
biological studies of endogenous ouabain need to be reviewed
in the light of such possibilities (24–34).

The biological discrepancies between HIF and the other
ouabain-like sodium pump inhibitors, such as OLC and ad-
rexin C, still remain unresolved. The previous HIF purification
protocols indicate that the HIF samples for biological studies
(9, 12, 35, 36) were relatively crude compared with the one
used for structural studies (13, 14), where repetitive RP-HPLC
was used for purification. Therefore, the HIF preparations that
showed the distinct biological properties could have contained
not only ouabain, but also other chemical, i.e., inorganic
andyor organic, species. It is still possible that some uniden-
tified species with high-affinity binding and unique kinetic
interactions with the sodium pump might have been respon-
sible for the biological activity known as HIF.

Another possibility that has to be considered is whether
inorganic complexation was the cause for the reported bio-
logical properties of HIF. Our preliminary biochemical study
showed that the glassware treatment (method A in Materials
and Methods) of ouabain affected the outcome of the coupled
enzyme assay by using the rat kidney Na1,K1-ATPase (rat a1
isoform), which had been used previously for the distinction
between HIF and ouabain (8): IC50 of glassware-treated
ouabain, ranging from 1025 M to 1027 M, was somewhat
inconsistent but was clearly lower than that of ouabain ('1023

M). These differences from ouabain, however, may not be due
to the sodium pump inhibition, because ouabain and glass-
ware-treated ouabain appeared identical (low affinity) when
the activity of the same Na1,K1-ATPase (rat a1 isoform) was
directly measured by the amount of released phosphate.

In conclusion, the ouabain-like sodium pump inhibitor
isolated from mammalian brain in previous studies (13, 14) was
in fact ouabain. Under certain conditions, however, it was
converted into its borate andyor other inorganic derivatives;
the form in vivo adopted by ouabain is unknown. The current
findings have clarified the ambiguities associated with past
structural studies on HIF and OLC. It is necessary to be aware
of the possible occurrence of inorganic complexation during
the detection, purification, and biological studies of endoge-
nous ouabain when dealing with low microgram or sub-
microgram quantities of material.
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