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Fructose-1,6-Bisphosphate Has Anticonvulsant Activity in
Models of Acute Seizures in Adult Rats

Xiao-Yuan Lian, Firdous A. Khan, and Janet L. Stringer
Department of Pharmacology, Baylor College of Medicine, Houston, Texas 77030

A variety of observations suggest that decreasing glycolysis and increasing levels of reduced glutathione, generated by metabolism of
glucose through the pentose phosphate pathway, would have an anticonvulsant effect. Because fructose-1,6-bisphosphate (F1,6BP) shifts
the metabolism of glucose from glycolysis to the pentose phosphate pathway, it was hypothesized to have anticonvulsant activity. The
anticonvulsant activity of F1,6BP was determined in rat models of acute seizures induced by pilocarpine, kainic acid, or pentylenetetra-
zole. The efficacy of F1,6BP was compared with that of 2-deoxyglucose (2-DG; an inhibitor of glucose uptake and glycolysis), valproic acid
(VPA), and the ketogenic diet. One hour before each convulsant, Sprague Dawley rats received either saline (as seizure controls), F1,6BP
(0.25, 0.5 or 1 g/kg), 2-DG (0.25 or 0.5 g/kg), or VPA (0.3 g/kg). Additional animals received the ketogenic diet (starting at 20 or 60 d old).
Time to seizure onset, seizure duration, and seizure score were measured in each group. F1,6BP had dose-dependent anticonvulsant
activity in all three models, whereas VPA had partial efficacy. 2-DG was only effective in the pilocarpine model. The ketogenic diet had no
effect in these models. F1,6BP was also partially effective when given at the first behavioral seizure after pilocarpine. Administration of
sodium lactate, which bypasses the block in the glycolytic pathway, abolished the anticonvulsant activity of 2-DG in the pilocarpine
model, but only decreased the efficacy of F1,6BP. These data demonstrate that F1,6BP has significant anticonvulsant efficacy.
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Introduction
Glucose is the primary source of energy for the CNS. Imaging of
children with Lennox–Gastaut and infantile spasms has shown
decreased glucose utilization between seizures and excessive gly-
colysis immediately before, and during, seizures (Chugani and
Chugani, 1999). In addition, a cerebral deficit in the reduced
form of glutathione (GSH), which is an important free radical
scavenger in the mammalian nervous system (Wu et al., 2004)
and an endogenous anticonvulsant (Abe et al., 2000), has been
shown in patients with partial seizures (Mueller et al., 2001).
Oxidized glutathione is reduced by NADPH generated in the
pentose phosphate pathway. The pentose phosphate pathway is
an alternative pathway for glucose metabolism that generates
NADPH for use in reductive biosynthesis.

Evidence suggests that the changes in glucose metabolism and
decreased glutathione levels observed in the brains of patients
with epilepsy favor the generation of each seizure. First, hyper-
glycemia has been associated with seizure activity (Schwechter et
al., 2003; Lammouchi et al., 2004), whereas relative hypoglycemia
has been shown to have an anticonvulsant effect (Greene et al.,
2001). Second, the ketogenic diet (KD), which provides energy
substrates for the brain that bypass glycolysis, has been shown to

be an effective treatment for seizures (Freeman et al., 2007). Fi-
nally, animals with low levels of GSH have a low seizure threshold
or spontaneous seizures (Wu et al., 2004).

Fructose-1,6-bisphosphate (F1,6BP) has actions that suggest
it may be an effective anticonvulsant (see Fig. 1). First, F1,6BP has
been shown to increase flux of glucose into the pentose phosphate
pathway (Kelleher et al., 1995; Espanol et al., 1998) and preserve
cellular GSH levels (Vexler et al., 2003). Second, F1,6BP modu-
lates the activity of phosphofructokinase-1 (PFK-1), which is the
enzyme that controls the rate-limiting step in glycolysis. F1,6BP is
a weak stimulator of PFK-1, but becomes inhibitory in the pres-
ence of fructose-2,6-bisphosphate (F2,6BP), a potent activator of
PFK-1 (Heylen et al., 1982; Van Schaftingen, 1987). These data
suggest that F1,6BP will slightly enhance basal glucose metabo-
lism, but will prevent stimulation of glycolysis by F2,6BP. Divert-
ing glucose from glycolysis toward the pentose phosphate path-
way, thus increasing GSH levels while maintaining an energy
source for the brain, should provide significant anticonvulsant
efficacy.

This study determined the anticonvulsant activity of F1,6BP
in three rat models of acute seizures. The efficacy of F1,6BP was
compared with the efficacy of 2-deoxyglucose (an inhibitor of
glucose uptake and glycolysis), the ketogenic diet, which de-
creases glycolysis by forcing the body to use fat instead of glucose,
and valproate (VPA), a commonly prescribed anticonvulsant
drug.

Materials and Methods
All animal experiments were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals
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(National Institutes of Health publication 8023; revised 1996) and with
the approval of the local Animal Use Committee. Unless indicated, all
chemicals were obtained from Sigma (St. Louis, MO). Male Sprague
Dawley rats weighing 50 –74 g (young) or 147–309 g (adult) were used in
this study. Acute seizures were induced by kainic acid (KA; Ocean Pro-
duce, Shelburne, Nova Scotia, Canada), pilocarpine, or pentylenetetra-
zole (PTZ) as described previously (Lian et al. 2006). These models were
chosen because they initiate seizures by different mechanisms and the
seizures have a relatively gradual onset compared with seizures initiated
by stimulation. There was no difference in the body weight of the animals
receiving the different convulsants. For pilocarpine, kainic acid, and
PTZ, the mean weights were 219 � 5 g (range, 163–275 g), 215 � 7 g
(range, 183–258 g), and 216 � 13 g (range, 147–309 g), respectively. The
animals in the drug treatment groups were not different in weight from
the animals in the control groups.

After administration of KA (10 mg/kg, i.p.), pilocarpine (scopolamine
methyl bromide 1 mg/kg, s.c., followed 15 min later by 300 mg/kg, i.p.,
pilocarpine) or PTZ (50 mg/kg, i.p.) (Lian et al., 2006), animals were
continuously monitored for seizure activity for at least 5 h after KA or
pilocarpine and for 30 min after PTZ. Behavioral seizures were scored by
an investigator blinded to the treatment. Latency to the first wet dog
shake after KA, latency to the first forelimb clonus (after pilocarpine,
kainic acid or PTZ), and the score and duration of seizures were mea-
sured. When at least 1 h had passed without any head bobbing (for
pilocarpine) or any wet dog shakes (for KA), seizures were considered
over. Status epilepticus lasting longer than 4 h (for KA) or 5 h (for
pilocarpine) were assigned 4 and 5 h, respectively, for seizure duration.
For animals receiving PTZ, the seizure duration was defined as the period
of tonic-clonic seizures. EEG recording in the hippocampus was con-
ducted as described previously (Lian and Stringer, 2004). After anesthe-
sia, a recording electrode was placed in a burr hole centered at 3.0 mm
posterior to bregma, 1.8 mm lateral to the midline, and then lowered 3.0
mm. A ground screw and wire was placed over the frontal region in
another burr hole. This assembly was fixed to the skull with dental
cement.

Each animal was assigned the score of the most severe seizure ob-
served. The behavioral seizures induced by KA or pilocarpine were
scored according to an adjusted version of the scale of Racine (Bough et
al., 2002): stage 1, wet dog shakes after KA or trembling after pilocarpine;
stage 2, head bobbing and stereotypes; stage 3, unilateral forelimb clonus;
stage 4, bilateral forelimb clonus; stage 5, rearing and falling; stage 6,
jumping and/or running followed by falling. Death within 24 h was as-
signed stage 7.

Adult rats received either D-F1,6BP, VPA (0.3 g/kg), 2-DG (0.25, 0.5
g/kg), or normal saline (vehicle) intraperitoneally followed 1 h later by
one of the convulsants. The dose for VPA was based on experimental
evidence that doses from 0.1 to 0.4 g/kg (i.p.) are effective in animal
models (Bough and Eagles, 2001; Manent et al., 2007). Three doses of
F1,6BP (0.25, 0.5, and 1 g/kg) were tested with this dosing schedule. Two
additional groups were administered F1,6BP (0.5 or 1 g/kg; n � 5) after
pilocarpine. In this experiment, the F1,6BP was given intraperitoneally at
the first behavioral seizure, which was chewing movements of the jaw.
Two additional sets of animals were fed the classic ketogenic diet (catalog
#F3666; Bio-Serv, Frenchtown, NJ). One set of animals was given the diet
beginning on postnatal day 22–26 [KD-young (Yng)] and maintained on
this diet for 4 weeks. Thus, the seizures were tested in this group when the
animals had reached approximately the same age (50 –54 d) as the ma-
jority of the animals tested. The other set of animals started the diet as
adults and remained on the diet for 10 d (KD-Adult). �-hydroxybutyrate
levels (Clinical Pathology Laboratory, Texas Children’s Hospital, Hous-
ton, TX) were confirmed to be elevated to levels previously reported
(Bough et al., 1999) using an additional three animals in each diet group
(control, 0.11– 0.31 mmol/L; KD-Yng, 0.72– 0.87 mmol/L; KD-Adult,
1.5–2.7 mmol/kg).

The latency to seizure onset, seizure score, and seizure duration were
averaged across animals in each group. Comparisons between groups
were done with an ANOVA with Bonferroni post hoc test. Statistical
difference was defined as p � 0.05.

Results
Anticonvulsant activity of F1,6BP, 2-DG, valproate and the
ketogenic diet in the pilocarpine model
To begin to test the anticonvulsant activity of F1,6BP, pilo-
carpine, a cholinergic agonist, was used to produce the gradual
onset of generalized seizures. All animals (n � 10) pretreated with
saline followed by pilocarpine had generalized seizures lasting at
least 5 h. The mean seizure score was 5.5 � 0.4 (Fig. 2A). The
mean latency to forelimb clonus was 14 � 1 min. In addition, 4 of
10 animals died within 24 h.

Pretreatment with F1,6BP had a dose-dependent anticonvul-
sant effect. The lowest dose (0.25 g/kg; n � 5) had no effect on the
seizure parameters. In animals pretreated with 0.5 g/kg of F1,6BP,
only 3 of 10 animals had a seizure score �3. In animals pretreated
with 1 g/kg, 2 of 10 had a seizure score �3. In these five animals,
the latency to the seizures was significantly increased. In animals
pretreated with 0.5 or 1 g/kg F1,6BP, seizure duration and seizure
score were significantly decreased. To identify electrographic sei-
zures that do not have a behavioral component, hippocampal
EEG recordings were conducted in two saline-pretreated rats and
four rats pretreated with 1 g/kg F1,6BP followed by pilocarpine.
The four rats treated with F1,6BP had no behavioral or electro-
graphic seizures (Fig. 2B). To determine whether F1,6BP could
alter the course of the pilocarpine-induced seizures once they had
begun, either 0.5 or 1 g/kg (n � 5 for each dose) was administered
at the very first sign of seizure activity, which was chewing move-
ments. The higher dose (1 g/kg) significantly slowed the progres-
sion of the seizures as measured by an increase in the latency to
forelimb clonus and decrease in seizure duration.

Pretreatment with 2-DG was also effective against
pilocarpine-induced seizures, decreasing seizure duration and
seizure score. After treatment with 2-DG at 0.25 g/kg (n � 6),
only one animal had a stage 3 seizure. Pretreatment with VPA
(0.3 g/kg, i.p.; n � 9) significantly reduced the mean seizure score
and duration, but not to the extent of F1,6BP and 2-DG. In these

Figure 1. Schematic illustration of glucose utilization through the glycolytic and the pen-
tose phosphate pathways. The sites of action for F1,6BP are indicated. P, Phosphate; PPP, the
pentose phosphate pathway; (�), stimulatory activity to the pathway or the enzyme; (�),
inhibitory activity.
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animals, six of nine had forelimb clonus and one died. The keto-
genic diet had no effect on any measured seizure parameters. In
the group that received the ketogenic diet for 4 weeks (KD-Yng;
n � 6), two of six died within 24 h. Those that received the
ketogenic diet for 10 d as adults (n � 4) all had severe clonus and
three died within 24 h.

Effect of exogenous lactate on the anticonvulsant efficacy of
F1,6BP and 2-DG
F1,6BP and 2-DG both reduce metabolism of glucose through the
glycolytic pathway, but F1,6BP also increases the flux of glucose
through the pentose phosphate pathway. This increase may contrib-
ute to the anticonvulsant efficacy of F1,6BP. To test this hypothesis,
exogenous sodium lactate (0.5 g/kg, i.p.) was administered 30 min
after F1,6BP (1 g/kg, i.p.) or 2-DG (0.25 g/kg, i.p.). Thirty minutes
later, the animals received pilocarpine (300 mg/kg, i.p.). Lactate
should provide a substrate for the glycolytic pathway beyond the
point of inhibition by either F1,6BP or 2-DG (Fig. 1).

In animals pretreated with F1,6BP and lactate, three of seven
had at least stage 3 seizures and an increase in latency to seizures
(Fig. 2A). The seizure score and seizure duration were signifi-
cantly decreased compared with the seizure control group. In
animals pretreated with 2-DG and lactate, severe seizures (stage
4 –5) were noted in all animals (n � 5). The seizure score and
duration were not different from those in the seizure control
group. These data demonstrate that lactate abolishes the anticon-
vulsant action of 2-DG, but only reduces the efficacy of F1,6BP.

Anticonvulsant activity of F1,6BP, 2-DG, valproate, and the
ketogenic diet in the kainic acid model
To determine whether F1,6BP is effective in other models, addi-
tional animals were given kainic acid, a glutamate receptor ago-
nist, to induce partial seizures with secondary generalization. In
animals pretreated with saline followed by KA (n � 10), one had
only wet dog shakes (stage 1) (Fig. 3) and the remainder had

severe seizures (at least stage 3). The la-
tency to the first wet dog shake was 38 � 4
min, the latency to the first forelimb clo-
nus was 58 � 2 min, values for seizure
score and duration were 3.7 � 0.3 and
3.7 � 0.2 h, respectively. No animals died.
F1,6BP had a dose-dependent effect on the
seizures. At 0.25 g/kg (n � 6), F1,6BP had
no effect. At 0.5 or 1 g/kg, F1,6BP signifi-
cantly delayed the onset of seizures, and
decreased the seizure score and seizure du-
ration. Two of eight animals pretreated
with 0.5 g/kg had no seizures, three had
mild seizures (wet dog shakes or head bob-
bing), and the remaining three had severe
seizures (mean seizure score 2.5 � 0.5).
Three of eight pretreated with 1 g/kg had
no seizures, three had mild seizures (wet
dog shakes or head bobbing), and two had
severe seizures, for an average seizure
score of 1.4 � 0.5 for the entire group. The
mean latency to first forelimb clonus in
this group was 105 � 7 min, which was
statistically different from the control
group.

2-DG at 0.25 g/kg (n � 6) delayed the
appearance of the first wet dog shake, but
not the first forelimb clonus, and had no ef-

fect on the other parameters. At 0.5 g/kg, 2-DG had no additional
activity (n � 3) (data not shown). Although animals pretreated with
VPA (0.3 g/kg, i.p.; n � 6) had severe seizures with a seizure score of
4.5 � 0.2, VPA significantly delayed the appearance of wet dog
shakes, but not the appearance of forelimb clonus and decreased the
duration of seizures. The ketogenic diet only delayed the appearance
of wet dog shakes, but not the appearance of forelimb clonus. All
animals treated with the ketogenic diet (n � 5, KD-Yng; n � 4,
KD-Adult) had severe seizures and three died within 24 h.

Anticonvulsant activity of F1,6BP, 2-DG, valproate, and the
ketogenic diet in the PTZ model
To further test the anticonvulsant activity of F1,6BP, PTZ, a
GABA antagonist, was used to induce a single generalized seizure.
All rats (n � 9) pretreated with saline had generalized tonic-
clonic seizures after PTZ (Fig. 4). The latency to generalized
tonic-clonic seizures was 76 � 6 s and the duration of the seizures
was 170 � 54 s. F1,6BP had a dose-dependent effect on the la-
tency to the seizures (0.25 g/kg, n � 6, latency, 107 � 6 s; 0.5 g/kg,
n � 6, latency, 161 � 16 s; 1 g/kg, n � 7, latency, 259 � 32 s). All
doses reduced the seizure duration to the same degree (0.25 g/kg,
n � 6, duration, 18 � 2 s; 0.5 g/kg, n � 6, duration, 12 � 1 s; 1
g/kg, n � 7, duration, 11 � 3 s). Three of eight animals who
received 1 g/kg F1,6BP had no seizures.

All animals that received 2-DG had seizures and the seizure
latency was not increased (n � 5 for both 0.25 and 0.5 g/kg). The
seizures were significantly shortened by the 0.25 g/kg dose. In
animals pretreated with VPA (0.3 g/kg; n � 8), two animals had
no generalized tonic-clonic seizures and six had a significantly
longer seizure latency (185 � 27 s). VPA also significantly de-
creased the seizure duration (9 � 4 s).

Discussion
This study demonstrates that F1,6BP, a regulator of glucose uti-
lization by inhibition of glycolysis and enhancement of metabolic

Figure 2. A, B, Anticonvulsant effect of F1,6BP in the pilocarpine model. One hour before the pilocarpine (300 mg/kg), animals
received one of the following: saline (as seizure controls; Pilo), F1,6BP (0.25, 0.5, or 1 g/kg; pre-F1,6BP), F1,6BP (1 g/kg) plus
lactate (0.5 g/kg) (F1,6BP/Lac), 2-DG (0.25 g/kg), 2-DG (0.25 g/kg) plus lactate (0.5 g/kg) (2-DG/Lac), VPA (0.3 g/kg), or ketogenic
diet [starting at 20 d old (KD-Yng), or at 2 months of age (KD-Adult)]. Some animals received F1,6BP after the first behavioral
seizure (post-F1,6BP). In A, the mean (� SEM) for each measured seizure parameter is shown for each treatment group. *p �
0.05, **p � 0.01 compared with Pilo; #p � 0.05, ##p � 0.01 vs VPA. In B, the hippocampal EEG 30 min after pilocarpine is
presented from two animals: one pretreated with saline and one pretreated with F1,6BP (1 g/kg).
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flux through the pentose phosphate pathway, has anticonvulsant
efficacy against acute seizures triggered by a cholinergic agonist
(pilocarpine), a glutamate receptor agonist (kainic acid), and a
GABA antagonist (PTZ). F1,6BP was also able to significantly
modify the pilocarpine-induced seizures when administered af-
ter the seizures had begun. 2-DG (an inhibitor of glycolysis) had
some efficacy in these models, but was not as consistently effec-
tive as F1,6BP. The ketogenic diet had limited efficacy. Our data
with the ketogenic diet are consistent with that in the literature
for activity against acute seizures induced by kainic acid (Bough
et al., 2002; Noh et al., 2003), PTZ, or other animal models of
seizures (Nylen et al., 2005). Although additional work is needed
to elucidate the mechanism of F1,6BP, these results suggest that
F1,6BP may be an effective anticonvulsant agent. The finding that
F1,BP is effective in all models tested may be attributable to its
action on a final common pathway in epileptogenesis that is in-
dependent of the mechanism of seizure initiation.

It is possible that the reduction in glycolysis (metabolism of
glucose to pyruvate) is responsible for the anticonvulsant action
of F1,6BP. The ketogenic diet, which forces the body to use fat
instead of carbohydrates, has been used to manage refractory
epilepsy in children (Freeman et al., 2007). Previously, a decrease
in glycolysis has been suggested to be the mechanism of this diet

(Greene et al., 2001, 2003). 2-DG was reported previously to have
anticonvulsant activity (Garriga-Canut et al., 2006). 2-DG blocks
glucose uptake and also inhibits glycolysis by inhibiting hexoki-
nase, the enzyme that phosphorylates glucose (Bissonnette et al.,
1996). In the present experiments, exogenous lactate was given to
provide substrate for cells beyond the point of inhibition in the
glycolytic pathway (Fig. 1). The anticonvulsant action of 2-DG
was completely reversed by lactate suggesting that the inhibition
of glycolysis underlies its anticonvulsant action. The effect of
F1,6BP was only partially reversed. This is presumably related to
the ability of F1,6BP to increase flux of glucose into the pentose
phosphate pathway (Kelleher et al., 1995; Espanol et al., 1998)
and increase levels of GSH (Vexler et al., 2003), a potent endog-
enous anticonvulsant (Abe et al., 2000). Addition of lactate would
not alter this action of F1,6BP. Together these data suggest that
decreasing glycolysis pharmacologically might be an effective an-
ticonvulsant mechanism.

Clinical testing will be needed to determine whether F1,6BP
has activity and can be safely used in patients with epilepsy.
F1,6BP has been administered to humans with no reported tox-
icity. It has been safely used in patients with myocardial damage
(Munger et al., 1994), ischemic heart disease (Pasotti et al., 1989;
Liu et al., 1998), ischemic stroke (Karaca et al., 2002), and during
coronary artery bypass graft surgery (Riedel et al., 2004). It has
also been found to be safe in trials with healthy volunteers in
doses from 5 to 15 g (Ripari and Pieralisi, 1988; Markov et al.,
2000). However, intravenous administration of F1,6BP has been
shown to have an LD50 in rats of 1,068 mg/kg (Nunes et al., 2003).
There are no reports of F1,6BP testing in humans with epilepsy.

If F1,6BP, the ketogenic diet and 2-DG are all altering seizure
susceptibility by an action on glycolysis, then one might predict
that F1,6BP would have fewer side effects. It has been hypothe-
sized that the efficacy of the ketogenic diet is attributable to the
reduction in glucose availability (Greene et al., 2003) and 2-DG
inhibits glucose uptake (Bissonnette et al., 1996). Therefore, both
of these treatments would result in an overall decrease in glucose
utilization (including through the pentose phosphate pathway).

Figure 3. Anticonvulsant effect of F1,6BP in the kainic acid model. One hour before the
kainic acid (10 mg/kg), animals received one of the following: saline (as seizure controls; KA),
F1,6BP (0.5 or 1 g/kg), 2-DG (0.25 g/kg), VPA (0.3 g/kg), or ketogenic diet [starting at 20 d old
(KD-Yng), or at 2 months of age (KD-Adult)]. The mean (� SEM) for each measured seizure
parameter is shown for each treatment group. *p � 0.05, **p � 0.01 vs KA; #p � 0.05, ##p
�0.01 vs VPA.

Figure 4. Anticonvulsant effect of F1,6BP in the PTZ model. One hour before PTZ (50 mg/kg),
animals received one of the following: saline (as seizure controls; PTZ), F1,6BP (0.25, 0.5, or 1
g/kg), 2-DG (0.25 or 0.5 g/kg), or VPA (0.3 g/kg). The mean (� SEM) for each measured seizure
parameter is shown for each treatment group. *p � 0.05; **p � 0.01 compared with PTZ.
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F1,6BP shifts metabolism of glucose from the glycolytic pathway
to the pentose phosphate pathway in astrocytes (Kelleher et al.,
1995). This would provide two apparently beneficial effects: re-
ducing glycolysis and increasing glutathione production. A de-
crease in overall glucose utilization by the ketogenic diet may
impair cognitive function (Zhao et al., 2004). Additionally, sub-
cutaneous administration of 0.3 �mol of 2-DG to a chick has
been shown to inhibit memory consolidation (Gibbs and Sum-
mers, 2002). Because F1,6BP allows glucose utilization, it may
result in less cognitive impairment making it a suitable candidate
for clinical use as an anticonvulsant.
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