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Fire Ant Venom Alkaloid, Isosolenopsin A, a Potent
and Selective Inhibitor of Neuronal Nitric

Oxide Synthase
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Massive, multiple fire ant, Solenopsis invicta, stings are often
treated aggressively, particularly in the elderly, despite limited ev-
idence of systemic toxicity due to the venom. Over 95% of the
S. invicta venom is composed of piperidine alkaloid components,
whose toxicity, if any, is unknown. To assess a possible pharma-
cological basis for systemic toxicity, an alkaloid-rich, protein-free
methanol extract of the venom from whole ants was assayed for
inhibitory activity on the following nitric oxide synthase (NOS)
isoforms, rat cerebellar neuronal (nNOS), bovine recombinant en-
dothelial (eNOS), and murine recombinant immunologic (iNOS).
Cytosolic NOS activity was determined by measuring the conver-
sion of "Hjarginine to [*H]citrulline in vitro. Rat RNOS activity
was inhibited significantly and in a concentration-dependent man-
ner by the alkaloid-rich venom extract. For nNOS, enzyme activ-
ity was inhibited by approximately 50% with 0.33 £ 0.06 pg of
this venom extract, and over 95% inhibition of the three isoforms,
nNOS, eNOS, and iNOS, was found with doses of 60 ug in 60- 1 re-
action mixture, These results indicate that the alkaloid components
of 8. invicte venom can produce potent inhibition of all three major
NOSisoforms.IsosolenopsinA(cis-2-methyl-6-undecylpipeﬁdine),
a naturally occurring fire ant piperidine alkaloid, was synthesized
and tested for inhibitory activity against the three NOS isoforms.
Enzyme activities for nNOS and eNOS were over 95% inhibited
with 1000 M of isosolenopsin A, whereas the activity of iNOS was
inhibited by only about 20% at the same concentration. The ICs,
for each of three NOS isoforms was approximately 18 +3.9 ;M
for nNOS, 1561 10 uM for eNOS, and >1000 M for iNOS, re-
spectively. Kinetic studies showed isosolenopsin A inhibition to be
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noncompetitive with L-arginine (X; = 19 £ 2 4M). The potency of
isosolenopsin A as an inhibitor of nNOS compares favorably with
the inhibitory potency of widely used nNOS inhibitors, Inhibition
of NOS isoforms by isosolenopsin A and structurally similar com-
pounds may have toxicological significance with respect to adverse
reactions to fire ant stings,

Keywords Fire Ant Venom, Isosolenopsin A, Natural Product, Nitric
Oxide, nNOS Inhibition

The imported fire ant, Solenopsis invicta, has spread through-
out the Southeast United States and become a menace to farm-
land and wildlife (Stafford 1996; Javors et al. 1993). Moreover,
infiltration of fire ants into urban areas has greatly increased hu-

- man contact with them. The chemical and biological aspects of

fire ant venom have been extensively studied, but new interest
in the toxicity of the venom has arisen with cases of massive fire
ant attacks on neonates and in health care facilities (Kemp et al.
2000). The imported fire ant stings multiple times, with each
sting containing 0.04 to 0.11 ! of venom (Kemp et al. 2000;
deShazo, Butcher, and Banks 1990). The unique venom contains
over 95% dialkyl piperidine alkaloids, which have antibacterial
(Jouvenaz, Blum, and MacConnell 1972), histamine-releasing
(Read, Lind, and Oda 1978; Lind 1982), fungicidal, insectici-
dal, and hemolytic properties (Javors et al. 1993). The alkaloid
components cause the sterile necrotic lesion at the site of enven-
omation (Rakich et al. 1993). The antigens in the proteins (less
than 5%) are probably responsible for any anaphylactic reactions
(Kemp et al. 2000; deShazo, Butcher, and Banks 1990). The
venom alkaloids of Solenopsis species are composed of varying
ratios of cis and/or trans 2-methyl-6-alkyl- or alkenylpiperidines
that can be useful taxonomic aids (MacConnell et al. 1976). In
S. invicta and S. richteri, the trans forms of alkyl and alkenyl
chain piperidines predominate, but in S. xyloni and S. geminata,
cis forms are in the majority (Brand et al. 1972; Deslippe and
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FIGURE 1
Structures of fire ant venom alkaloids.

Guo 2000; Leclercq et al. 1994, 1996). These alkaloids have
been prepared synthetically by MacConnell, Blum, and Fales
(1971) (Figure 1).

The venom of S. richteri has alkaloid components similar to
the alkaloid components of S. invicta and inhibits against Na*-

K* and oligomycin-sensitive Mg?* ATPase activities (Koch and
Desaiah 1975, 1977). The venom of the fire ant has been shown

to be toxic to a variety of insects and possesses antibiotic activ-
ity toward an assortment of microorganisms (Blum et al. 1958;
Jouvenaz, Blum, and MacConnell 1972; Storey et al. 1991).
Yeh, Narahashi, and Almon (1975) reported that the alkaloid
derivatives block neuromuscular transmission postsynaptically
through a decrease in the sensitivity of the end-plate membrane
to acetyicholine. The alkaloid components of the venom also
cause activation of platelets and neutrophils through a rise in
intracellular Ca* (Javors et al. 1993).

Nitric oxide has important roles as a neurotransmitter, in im-
mune response~induced cytostasis, in the cardiovascular system
as a vasodilator, as an inhibitor of platelet aggregation, and in

septic shock (Ignarro 2000). Nitric oxide synthase (NOS) cat-

alyzes the production of nitri¢ oxide and L-citrulline through
oxidation of L-arginine and by utilizing molecular oxygen and
cofactors like NADPH, flavin adenine dinucleotide (FAD), flavin

5'-monophosphate nucleotide (FMN), tetrahydro-L-biopterin

(BH,), and calmodulin (CaM) (Marletta 1993; Alderton, Cooper,
and Knowles 2001; Marin and Rodriguez-Martinez 1997). Three
NOS isoforms have been identified, two of which, neuronal
(nNOS) and endothelial (eNOS), were identified as constitu-
tive forms regulated by Ca?*. The third (iNOS) was identified
as a inducible form in macrophages. The overproduction of NO
by nNOS may play a role in various neurodegenerative disorders
such as Alzheimer's and Parkinson’s diseases and other forms
of neurotoxicity (Moncada, Palmaer, and Higgs 1991; Kerwin
and Heller 1994; Hyman et al. 1992). More potent and selec-
tive nNOS inhibitors are under investigation for the treatment
of neurotoxic diseases (Sorrenti et al. 2001; Zhang et al. 1997;
Alderton, Cooper, and Knowles 2001).

Based on the important roles of nitric oxide in various physio-

logical and inflammatory processes throughout the body and the
hypothesis that NOS would be inhibited by S. invicta venom al-
kaloids, extracts of S. invicta venom alkaloid were tested against
rat cerebellar neuronal, bovine endothelial, and inducible NOS
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isoforms. Furthermore, isosolenopsin A, a component of S. in-
victa venom alkaloids, was synthesized chemically and tested
for inhibitory effects against each of the three isoforms.

MATERIALS AND METHODS

Materials

Theee purified NOS isoforms and BH, were purchased from
Cayman Co. and L-[2,3,4->H]arginine hydrochloride (40 Ci/
mmol) was purchased from New England Nuclear. CaM, CaCl,,
Tris-HC), HEPES, Dowex AG50WX-8 (H* form), EDTA,
NADPH, FAD disodium salt dihydrate, FMN sodium salt di-
hydrate were purchased from Sigma-Aldrich. Spin X-centrifuge
filters (cellulose acetate; pore size: 0.45 m) and 7-nitroindazole
were purchased from Fisher Scientific.

Atotal of 1.5kg of S. invicta workers were extracted with hex-
ane as previously described (Vander Meer, Alvarez, and Lofgren
1988). The hexane extract was subjected to silica gel gravity col-
umn chromatography to give hexane, chloroform, and methanol
fractions. The methanol fraction containing the venom alka-
loids was vacuum evaporated leaving ca. 100 ml of residue, then

* 400 ml of hexane was added and the mixture transferred to a sep-

aratory funnel. The mixture was washed three times with 200 ml
of 2 N HCV/methanol (1:1). The combined HCl/methanol frac-

" tions were made basic with 10% NaOH (ca. 600 ml). The free

alkaloids were isolated by extracting the aqueous mixture three
times with 200 ml of chloroform. The process starting from the
addition of HCl/methanol was repeated two additional times.
The chloroform fractions were analyzed by gas chromatography
(GC) for venom alkaloids as previously described (Ross et al.
1987). The chloroform extracts were vacuum evaporated to con-
stant weight to yield ca. 4.3 g of venom alkaloids that had the
typical GC pattern associated with S. invicta. 7'he neat alkaloids
were then dissolved in methanol (readily soiuble) (maximum
concentration was ca. 5% weight/volume).

The racemic isosolenopsin A (cis-2-methyl-6-undecylpi-
peridine) was synthesized by following previously published
procedures with little modification (MacConnell et al. 1971;
Jefford and Wang 1993; Leclercq et al. 1994). Each observed
spectral scan of the product showed the following: IR (AgBr,
em™'): 3350, 2925, 2855, 1463, 1375, 1331 1115, 744; 'H
NMR (400 MHz, CDCl;, ppm): 0.87 (t, 3H), 0.98 (m, 2H), 1.05
(d, 3H), 1.24 (br s, 18H), 1.32 (m, 4H), 1.56 (m, 2H), 1.67
(m, 2H), 2.45 (br m, 1H), 2.62 (br m, 1H); and *C NMR
(100 MHz, CDCls, ppm): 14.18, 22.76, 23.15, 24.96, 26.09,
29.42, 29.68, 29.69, 29.70, 29.74, 29.91, 31.99, 32.31, 34.48,
37.53, 52.57, 57.24. Based on the 'H NMR spectrum, the ana-
lyte contained over 95% cis-2-methyl-6-undecylpiperidine, with
less than 5% trace impurities.

Assay of NOS

NOS activity was measured by monitoring the conversion of
[PH]arginine to [*H]citrulline (Bretand Synder 1990). Commer-
cially prepared purified and highly concentrated NOS (nNOS,
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602 units/ml, 14.9 mg/ml, and iNOS, 249.7 units/ml, 21.1 mg/ml)
were diluted 1:10 in assay buffer before using (Rusche and
Marletta 2001; Stevens-Truss and Marletta 1995; Marletta 2001;
Hevel, White, and Marletta 2001). Endothelial NOS (32 units/
ml, 18.6 mg/ml) was used directly without dilution. Unless other-
wise indicated, each tube was incubated at 37°C for 60 minutes.
Assay buffer contained 50 mM Tris-HCI (pH = 7.4), 2,3,4-L-
[*H]arginine, 2 mM CaCl,, | mM NADPH, 10 #M BH,, 5 uM
FAD, 5 uM FMN, and 10 ug/ml CaM. After incubation, the as-
say reaction was halted by addition 0f400 1.1 of buffer containing
5 mM EDTA and 50 mM HEPES. Equilibrated resin (200 pl1,
Dowex AG50WX-8 (Nat form) was added to the sample re-
actions and the reaction mixtures were transferred to spin cups
and into cup holders. The mixture was passed through columns
containing Dowex AG50 resin and the filtrate was collected in
a spin cup. The NOS activity was determined by counting the
radioactivity (counts/min) in the flow-through (unbound) frac-
tion. Each sample was prepared in duplicate and assays were
repeated twice. .

Kinetic Measurements :

For determinations of X;, NOS activities were measured by
determining the conversion of L-[>H]arginine to L-[*H]citrulline.
Reaction mixtures were contained in a final volume of 100 x),
50 mM Tris-HCI (pH = 7.4), 2 mM CaCl,, 1 mM NADPH,
10 uM BHy4, 5 uM FAD, 5 uM FMN, and 10 pg/ml CaM.
Each concentration of L-arginine (33.3 uM, 50 4M, 100 uM)
containing the appropriate ratio of L-[*Hlarginine (L-arginine:
L- [*H]arginine = 1000:1) was prepared to yield serial dilutions
of the substrate. The NOS activity was determined by monitor-
ing the conversion of [*H]arginine to [*H]citrulline following a
similar method. The X; value was determined by using Dixon
plot analysis. e

Statistical Analysis o

Data are presented as the mean values + SE (1= 2~4). The
ICso values were calculated from individual plots. One hun-
dred percent NOS activity is defined as the amount of conver-
sion of L-[H>Jarginine to L-[H?]citrulline by the. measurement
of CPM in the absence of inhibitor. The ranges of conversion of
L-[H*Jarginine to L-[H]citrulline by NOS in the absence of in-
hibitor were 70% to 80% for ANOS, 75% to 85% for iNOS, and
30% to 40% for eNOS respectively. SigmaPlot and SigmaStat
were used for statistical plotting and treatment, respectively.

RESULTS

inhibition of NOS Activity

The addition of fire ant venom alkaloids resulted in a
concentration-dependent inhibition of nNOS activity, with ap-
proximately 50% inhibition being noted by addition of 0.33 +
0.06 g of venom alkaloid (Figure 2). Greater than over 95%
inhibition was noted with 25 and 250 pg, respectively. The ac-
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FIGURE 2
Inhibition curve for addition of increasing amounts of FAVA
(in p£g) to the nNOS assay. Data are expressed as mean & SEM,
100% NOS activity is defined as the amount of conversion of
L-arginine to L-citrulline in the absence of inhibitor.

tivity of eNOS and iNOS isoforms was also inhibited 93% = 5%
for eNOS and 92% =+ 7% for iNOS following the addition of |
concentration of 60 g fire ant venom alkaloids (FAVA).

Inhibition of NOS Activity by Isosolenopsin A :

The pure isosolenopsin A, cis-2-methyl-6-undecylpiperidine,
was synthesized and tested for inhibitory activity againstall three
NOS isoforms. For isosolenopsin A, the enzyme activities for
nNOS and eNOS were inhibited by greater than 95% with 1 mM
(15.18 pg/60 pl). The iNOS activity was inhibited by only 20%. ..z
from control at the same concentration. The ICsy values for
isosolenopsin A were 184+3.9 uM (0.273 +0.006 ug/60 pl)
for nNOS, 156 % 10 uM (2.37 £ 0.15 ug/60 p1) for eNOS, and
>1000 pM (15.18 pg/60 ul) for INOS, respectively (Figure 3).
The ICsp values for 7-nitroindazole (3.5 +0.9 uM for nNOS,
12.3 +3.0 uM for iNOS, and 7.3 + 5.0 uM for eNOS), a well-
known NOS inhibitor, were obtained in our system to com-
pare with the potency of isosolenopsin A inhibition (Alderton,
Cooper, and Knowles 2001).

A kinetic study was conducted to determine the nature of
nNOS inhibition by isosolenopsin A. The Dixon plot of enzyme
kinetics in the presence of and absence of isosolenopsin A is
consistent with a pattern of noncompetitive inhibition with re-
spectto L-arginine for nNOS (Figure 4). The calculated X; value
for isosolenopsin A is 194 2 uM for nNOS. ‘

DISCUSSION

A major finding of this study is the ability of the alkaloid
components of S. invicta venom to inhibit three NOS isoforms.
This suggests mechanisms by which S. invicta envenomation
might produce both local and systemic pathological reactions,
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FIGURE 3
Activity inhibition curves for three NOS isoforms (nNOS,
INOS, eNOS) in the presence of isosolenopsin A
(cis-2-methyl-6-undecylpiperidine) and nNOS activity in the
presence of 7-nitroindazole. Data are expressed as mean +
1 SEM. 100% NOS activity is defined as the amount of
conversion of L-arginine to L-citrulline in the absence of
inhibitor. Standard incubations were performed as described in
Materials and Methods using the indicated concentrations of
isosolenopsin A and 7-nitroindazole. Calculated ICsy values of
isosolenopsin A inhibition are 18 £ 3.9 uM for nNOS,
300 uM for eNOS, and > 1000 M for iNOS, respectively.
The comparable calculated ICs, value of 7-nitroindazole
-against aANOS is 3.5+ 0.9 uM.

independently of any of the recognized protein-based hypersen-
sitivity reactions (James et al. 1976; Kemp et al. 2000). In the
absence of defined evidence for systemic toxicities of nonprotein
venom components, a conservative approach to management of
even massive fire ant envenomations has been recommended
(deShazo etal. 1999). Previous investigations have shown a vari-
ety of biological effects that have been attributed to the alkaloid
components of the venom, including antibacterial (Jouvenaz,
Blum, and MacConnell 1972; Blum et al. 1958), insecticidal
(Blum etal. 1958), platelet-aggregating (Javors etal. 1993), and
inhibitory effects on Na*-K* ATPase (Koch and Desaiah 1975,
1977). However, none of these actions seems likely to be re-
sponsible for significant systemic toxicity. Yeh, Narahashi, and
Almon (1975) observed inhibition of neuromuscular transmis-
sion in the frog neuromuscular junction at micromolar concen-
trations of a synthetic alkaloid (2-methyl-6-undecylpiperidine),
but there is no whole animal evidence of paresis or paralysis to
extend that observation. Other piperidines with structural simi-
larity to isosolenopsin A, such as coniine, exhibit toxicologically
significant acute neuromuscular blockade following oral inges-
tion. This action has been attributed to nicotinic receptor block-
ade (Lopez et al. 1999). The transmission blockade observed by
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FIGURE 4
Dixon plot of isosolenopsin A inhibition for ANOS. Reaction
mixtures were as described in Materials and Methods and the
concentration of isosolenopsin A was varied over the range
shown (from 0 «M to 20 uM). L-Arginine concentrations were
33 uM (), 50 uM (o), and 100 M (e), respectively.

Yeh, Narahashi, and Almon (1975) was delayed, requiring 15
to 30 minutes for a maximal effect to become evident. This was
suggested to result from poor penetration into muscular tissues
and such an action might not affect a sufficient mass of the to-
tal neuromuscular junctions to cause a discernable reduction in
motor function.

Concem has been expressed about potential neurological im-
pairmentfollowing massive envenomation, particularly in a case
involving a single newbomn (Hardwick et al. 1992). The inhibi-
tion of nNOS that has been observed in the present study does
suggest a mechanism that could account for neurological com-
plications. The ability of the alkaloid-enriched venom extracts to
inhibit two other major NOS isoforms suggests additional toxic
potential. Of particular concern is the induction of a hypercoag-
ulable state by platelet activation (Javors et al. 1993) and loss of
NO inhibition of platelet aggregation.

A second major finding of this study is that cis-2-methyl-6-
undecylpiperidine (isosolenopsin A), a synthetic alkaloid from
Solenopsis species venom, inhibits 1NOS selectively. On the ba-
sis of ICsy values with each isoform, it is apparent that there is a
considerable degree of selectivity in favor of nNOS. The potency
of inhibition of nNOS by cis-2-methyl-6-undecylpiperidine is
over 55 times that of iINOS and 8.7-fold that of eNOS. To the
best of our knowledge, this cis-2-methyl-6-undecylpiperidine is
the first synthetic natural product that acts as a selective inhibitor
of nNOS. These data compare favorably with the inhibitory po-
tency of widely used nNOS inhibitors, such as 7-nitroindazole,
which is not a selective inhibitor for aNOS (Alderton, Cooper,
and Knowles 2001; Babbedge et al. 1993). Isosolenopsin A
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exerts a noncompetitive inhibition like the imidazole derivatives
(Sorrenti etal. 2001), contrary to the competitive NOS inhibitors
(Zhang et al. 1997; Desaiah et al. 1999; Frey et al. 1994).

Isosolenopsin A comprises only a trace amount of the venom
alkaloids content from S. invicta, but is much more prevalent in
other Solenopsis species (Brand et al, 1972; Deslippe and Guo
2000; Leclercq et al. 1994, 1996). Demonstration that this com-
pound is a potent, selective inhibitor of ENOS, coupled with the
finding that alkaloids-enriched venom from S invicta inhibits
all major NOS isoforms, strongly suggests that NOS inhibition
is a class effect of this alkaloid family. Furthermore, the re-
sults indicate that solenopsins other than isosolenopsin A may
exert selective inhibitory activity against eNOS and/or iNOS
isoforms,

In conclusion, our findings suggest that the inhibition of
nNOS by fire ant vernom alkaloids may predispose to neurotox-
icity and hypercoagulability after massive stings. Isosolenopsin
A may also provide a useful research tool for studying biolog-
ical responses to selective inhibition of nNOS and would be of
interest to researchers working in the area of diseases causing
excess production of nitric oxide by the nNOS isoform.

These findings indicate that an alkaloid extract of S. invicta
venom is a potent inhibitor of nNOS, eNOS, and iNOS isoforms.
We propose that the inhibition of nNOS by the venom alkaloids
be evaluated as a mechanism whereby Solenopsis species venom
mightcause systemic neurotoxic or other systematic toxic effects
in human after massive envenomation.
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