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Abstract
Objective: For an antiseizure medication (ASM) to be effective in status epilep-
ticus (SE), the drug should be administered intravenously (i.v.) to provide quick 
access to the brain. However, poor aqueous solubility is a major problem in the 
development of parenteral drug solutions. Given its multiple mechanisms of ac-
tion, topiramate (TPM) is a promising candidate for the treatment of established 
or refractory SE, as supported by clinical studies using nasogastric tube TPM ad-
ministration. However, TPM is not clinically available as a solution for i.v. admin-
istration, which hampers its use in the treatment of SE. Here, we describe a novel 
easy-to-use and easy-to-prepare i.v. TPM formulation using the U.S. Food and 
Drug Administration (FDA)–approved excipient meglumine.
Methods: During formulation development, we compared the solubility of 
TPM in bi-distilled water with vs without a range of meglumine concentrations. 
Furthermore, the solubility of combinations of TPM and levetiracetam and TPM, 
levetiracetam, and atorvastatin in aqueous meglumine concentrations was deter-
mined. Subsequently, the pharmacokinetics and tolerability of meglumine-based 
solutions of TPM and TPM combinations were evaluated in rats, including ani-
mals following fluid percussion injury or pilocarpine-induced SE.
Results: The amino sugar meglumine markedly enhances the aqueous solubil-
ity of TPM. A comparison with data on dissolving TPM using sulfobutylether-β-
cyclodextrin (Captisol) demonstrates that meglumine is much more effective for 
dissolving TPM. Furthermore, meglumine can be used to prepare drug cocktails 
where TPM is co-administered with another ASM for SE treatment. The toler-
ability studies of the meglumine-based TPM solution and meglumine-based TPM 
combinations in normal rats and the rat fluid percussion injury and pilocarpine-
induced SE models demonstrate excellent tolerability of the novel drug solutions. 
Preclinical studies on antiseizure efficacy in the SE model are underway.
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1   |   INTRODUCTION

Topiramate (TPM; Figure 1) is a broad-spectrum antiseizure 
medication (ASM) with established efficacy as oral mono-
therapy or adjunctive therapy in the treatment of adult and 
pediatric patients with partial seizures (with or without 
generalized seizures), generalized tonic–clonic seizures, 
and seizures associated with Lennox–Gastaut syndrome.1,2 
In addition, TPM is used for the prevention of migraine,3 
and in combination with the amphetamine derivative 
phentermine, has been cleared by the U.S. Food and Drug 
Administration (FDA) for appetite suppression.4 TPM has 
activity at multiple molecular targets,5,6 which may account 
for why it is effective in both epilepsy and migraine.

Based on its multiple mechanisms of action, TPM is 
a promising candidate for the treatment of benzodiaze-
pine (BDZ)–resistant (established) status epilepticus (SE) 
and SE that fails to respond to BDZ and at least one other 
ASM, a condition termed refractory SE (RSE). Indeed, sev-
eral clinical studies indicate that oral and nasogastric tube 
TPM administration may ameliorate RSE.7–10 However, 
TPM is not clinically available as a solution for intrave-
nous (i.v.) administration, which hampers its use in the 
treatment of SE.

Topiramate's water solubility (~6–10  mg/mL) is too 
limited to allow the development of its aqueous solu-
tion for i.v. administration. By using sulfobutylether-β-
cyclodextrin (SBE-β-CD; Captisol) as an excipient, an i.v. 
TPM solution was developed and patented,11 but it has not 
been approved by the FDA and, to our knowledge, it is not 
in clinical development for treatment of SE. The high con-
centrations of SBE-β-CD needed to dissolve TPM in water 
may limit its clinical use (see Discussion).

We developed a novel, easy-to-use and easy-to-prepare, 
intellectual property (IP)–protected i.v. TPM formulation 
using the FDA-approved excipient meglumine, which 
provides excellent i.v. tolerability and compatibility with 
multiple pharmaceuticals and lacks the limitations of 
SBE-β-CD.12 This can allow the i.v. use of TPM in SE and 
RSE and potentially improve treatment of RSE.

Meglumine (N-methyl-d-glucamine; Figure  1) is a 
derivative of sorbitol that has regulatory acceptance as 
a well-tolerated excipient for drug formulations. It has a 
high water solubility (240 mg/mL), increases the aqueous 

solubility of lipophilic drugs, and improves their absorp-
tion.12,13 Meglumine is applied either as a counterion to 
form a salt with the active pharmaceutical ingredients 
(used for instance in contrast media) or as a functional 
excipient. In addition to enhancing drug solubility, me-
glumine is used to improve drug stability and adjust pH 
values. For instance, oxcarbazepine film-coated tablets 
contain meglumine. To our knowledge, meglumine has 
not been used previously to dissolve ASMs for parenteral 
use.

Here, we describe the novel meglumine-based i.v. for-
mulation of TPM and compare the solubility of TPM in 
meglumine with its solubility in SBE-β-CD (Captisol). 
Furthermore, we report that meglumine can be used to 
prepare drug cocktails, for example, TPM and the ASM 
levetiracetam (LEV; Figure 1) in one solution, which may 
enhance the antiseizure capacity of an injectable agent in 
SE and RSE treatment. As recently reported,14 such cock-
tails with TPM may also be promising candidates for the 
prevention or modification of epilepsy after brain injury. 
The pharmacokinetics and tolerability of parenteral ad-
ministration of meglumine-based solutions of TPM and 
TPM cocktails were evaluated in rats.

Significance: In conclusion, the novel meglumine-based solution of TPM pre-
sented here may be well suited for clinical development.

K E Y W O R D S

atorvastatin, benzodiazepines, cyclodextrins, levetiracetam, status epilepticus

Key Points

•	 Status epilepticus is a medical emergency and 
more effective treatments are urgently needed.

•	 Given its multiple mechanisms of action, topira-
mate is a promising candidate but not clinically 
available for parenteral injection.

•	 Here we describe the development of a novel 
aqueous solution of topiramate by using the 
U.S. Food and Drug Administration (FDA)–
approved excipient meglumine.

•	 Meglumine is much more effective for dis-
solving topiramate than sulfobutylether-β-
cyclodextrin (Captisol).

•	 Pharmacokinetic and tolerability studies in rats 
demonstrate excellent tolerability of the novel 
drug solution, which is thus well suited for clin-
ical development.

 15281167, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/epi.17520 by W

olfgang L
oscher - Stiftung T

ierärztliche H
ochschule H

annover , W
iley O

nline L
ibrary on [13/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense
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2   |   MATERIALS AND METHODS

The novel TPM formulation using meglumine as the pri-
mary excipient (PrevEp004) as well as combinations of 
TPM and other drugs in the same formulation is described 
in a provisional US patent application no. 62/926130, 
which was submitted recently for worldwide protection 
under WO 2020/214960 A1. For animal experiments on 
the parenteral TPM formulation, adolescent or adult male 
Sprague–Dawley rats (body weight range ~100–170 g for 
the experiments in naive rats and rats with traumatic brain 
injury [TBI] and ~350–400 g for the experiments with pi-
locarpine) were used. All animal procedures were con-
ducted in accordance with protocols approved by the local 
Institutional Animal Care and Use Committee (IACUC) 
and the principles outlined in the National Institutes of 
Health (NIH) Guide for the Care and Use of Laboratory 
Animals.

2.1  |  TPM solution in meglumine

The maximum solubility of TPM in bi-distilled water 
with vs without a range of meglumine concentrations 
was determined under stirring at room temperature. 
Before adding TPM, meglumine (available as a powder) 
was dissolved in water to yield meglumine concentra-
tions of 0.5%, 1%, 2.5%, or 3.5%. The meglumine solutions 
were prepared fresh daily and stability was determined 
over 20 h at room temperature. The pH of the solutions 
was measured and, if needed, adjusted using dilute HCl. 

Based on general recommendations for i.v. solutions,15,16 
a pH <9 was used as a goal pH. Each experiment was 
performed at least twice to determine the maximum solu-
bility of TPM.

2.2  |  Solutions of TPM combinations 
in meglumine

In additional experiments, we dissolved TPM together 
with LEV in meglumine solutions (PrevEp005). We fur-
ther determined whether a combination of TPM, LEV, 
and atorvastatin sodium (ATV; Figure 1) can be dissolved 
in the same meglumine solution because PrevEp, Inc is 
evaluating this combination (PrevEp001) for the preven-
tion of posttraumatic epilepsy. In some of these experi-
ments, we also used the FDA-approved amphipathic, 
nonionic surfactant Tween 80 (polysorbate 80) together 
with meglumine to inhibit the recrystallization of drugs 
in solutions.17

For comparison with meglumine, we used the hydroxy-
propyl derivative of β-cyclodextrin (HP-β-CD; Kleptose). 
Furthermore, we used the solubility data of TPM in SBE-
β-CD (Captisol) from the patent11 for comparison with 
meglumine.

TPM and LEV were purchased from Chemenu (Mount 
Laurel, NJ), ATV (as sodium salt) from abcr (Karlsruhe, 
Germany), and meglumine from Merck (Darmstadt, 
Germany). HP-β-CD (Kleptose) was kindly provided by 
Roquette-Pharma (Frankfurt, Germany). Tween 80 was 
purchased from AppliChem (Darmstadt, Germany).

F I G U R E  1   Structures of the compounds used in this study.
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      |  891RUNDFELDT et al.

2.3  |  Pharmacokinetics of meglumine-
based solutions of TPM and TPM 
combinations in rats

In a group of four, naive young male Sprague–Dawley 
rats, a cocktail of TPM, LEV, and ATV was administered 
i.p. 3 times a day (every 8 h) for 1 week. The three drugs 
were dissolved freshly each day in an aqueous solution of 
0.3% meglumine (pH 8.9) and administered at the follow-
ing doses t.i.d.: TPM, 30 mg/kg; LEV, 200 mg/kg; and ATV 
sodium, 10 mg/kg, respectively. These doses were based 
on previous preclinical experiments with these drugs.14,18 
Blood was withdrawn at 0.5 h and 8 h following the first 
administration on day 1 and 8 h after the last administra-
tion on day 7.

Drug levels in plasma were determined by ultra-
performance liquid chromatography (UPLC) mass spec-
trometry (MS) by the Chemical Analytical Facility Core 
(Environmental and Occupational Health Sciences 
Institute) of Rutgers University (Piscataway, NJ). Details 
of the analytical conditions including UPLC, ESI (electro-
spray ionization), and MS mode have been described in 
detail previously.19–21

2.4  |  Tolerability of meglumine-based 
solutions of TPM and TPM combinations 
in rats following fluid percussion injury

We previously showed that the tolerability of ASMs and 
other drugs may be lower in rodents with brain insults 
than in uninjured rodents.22 Thus the tolerability of a 
cocktail of TPM, LEV, and ATV was examined in young 
male Sprague–Dawley rats following fluid percussion in-
jury (FPI), using a model of rostral parasagittal FPI (rpFPI) 
as described in detail previously.23,24 The rpFPI model of 
TBI has a historical mortality rate of about 10% by 1-week 
post-injury. A group of 14 FPI rats was treated intraperito-
neally (i.p.) t.i.d, with a cocktail of TPM, LEV, and ATV in 
0.3% meglumine, using the dosing protocol described pre-
viously for the pharmacokinetic experiments. Treatment 
was started at 1 h after FPI. Mortality, body weight, and 
general behavior (such as locomotor activity, posture, and 
grooming) of the rats were examined during treatment. A 
group of 15 vehicle-treated FPI rats was used as a control.

2.5  |  Tolerability of a meglumine-
based solution of TPM injected i.v. after 
diazepam in rats following SE

The pilocarpine (or lithium-pilocarpine) model in rats is 
widely used as a model of established SE and RSE.25–27 

Here, we used it to test the tolerability of TPM when ad-
ministered i.v. after diazepam. For induction of SE, rats 
received lithium chloride 3  mEq/kg,  i.p., followed 24 h 
later by an i.p. injection of 50 mg/kg pilocarpine. Methyl-
scopolamine (1 mg/kg, i.p.) was administered 1 h before 
pilocarpine to block the peripheral cholinergic effects of 
the convulsant. Following pilocarpine, each animal was 
monitored continuously for the occurrence of behavioral 
and electrographic seizures. SE was defined by continu-
ous behavioral limbic seizures, interrupted by generalized 
convulsive seizures, or by intermittent generalized con-
vulsive seizures (with inter-seizure intervals of less than 
3  min) without normalization of the animal's behavior 
(i.e., exploring the cage, eating, responding to external 
stimuli) between seizures. On electroencephalography 
(EEG), continuous spiking >2 Hz and amplitude >2 times 
the background were defined as the start of SE (time = 0). 
TPM (at doses ranging from 15 to 120 mg/kg, i.v.) was ad-
ministered at different intervals after diazepam (1–10 mg/
kg) (see Results for details). Following i.v. administration 
of TPM, the animals were observed closely for behavioral 
adverse effects and mortality over a period of at least 4 h.

2.6  |  Statistics

Student's paired t test was used to analyze the pharma-
cokinetic data. Statistical tests and correlation analyses 
were performed by GraphPad Prism version 9 (La Jolla, 
CA, USA).

3   |   RESULTS

The main outcome of the experiments is summarized in 
Table 1.

3.1  |  TPM solution in meglumine

In water without meglumine, a maximum of 10 mg TPM 
could be dissolved in 1 mL by stirring and moderate heating, 
but it took ~30 min before TPM was completely dissolved. 
When meglumine was dissolved in water at different con-
centrations (ranging from 0.5% to 3.5%), TPM was dissolved 
immediately in  these  solutions  without heating. A linear 
correlation between the concentration of meglumine and 
the maximum solubility of TPM was obtained (Figure 2A). 
At 3.5% meglumine, 46 mg TPM could be dissolved per mil-
liliter, thus increasing the solubility of TPM about 5-fold 
compared to water without meglumine. Because meglu-
mine is basic (pKa =  9.5 at 20°C), the pH of the solution 
increased with increasing concentrations of meglumine, 
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892  |      RUNDFELDT et al.

being 8.5 for 0.5% and 1% meglumine, 9.0 for 2.5%, and 9.66 
for 3.5% meglumine, respectively, but could be easily ad-
justed to <9.0 by dilute HCl. The solutions were stable for at 
least 20 h; longer periods were not tested. No precipitation 
occurred, if stored at 2–8°C or room temperature.

3.2  |  Solutions of TPM combinations 
in meglumine

Next we tested whether TPM can be dissolved together 
with LEV in a meglumine solution. In contrast to TPM, 
LEV is highly water soluble (~1 g/mL). Based on typical 
antiseizure and neuroprotective doses of TPM and LEV in 
rodents, that is, 30 mg/kg TPM and 200 mg/kg LEV,6,28,29 
and an intended injection volume of 3  mL/kg, we at-
tempted to dissolve 10 mg/mL TPM and 67 mg/mL LEV 

in one solution. This was possible in water without any 
excipient but required ~30 min of stirring and moderate 
heating. When using aqueous  meglumine (0.5%, 1%, or 
2.5%) solutions, both ASMs were dissolved immediately 
without any heating. The same was true when the TPM 
concentration was further increased, for example, to 
20 mg/mL. The solutions were stable for at least 20 h at 
room temperature without signs of precipitation.

We then tested whether a triple-drug combina-
tion of TPM, LEV, and ATV sodium can be dissolved in 
aqueous  meglumine  solutions, intending an ATV dose 
of ~10  mg/kg in an injection volume of 3  mL/kg (i.e., 
~3.5 mg/mL). The dose of ATV was based on preclinical 
data substantiating its neuroprotective potential.18 All 
three drugs could be dissolved easily in a 0.3% meglu-
mine solution (TPM, 10 mg/mL; LEV, ~67 mg/mL; ATV, 
~3.5  mg/mL) under stirring for about 20 min at room 

T A B L E  1   Summary of the main outcome of the study

Experiments Outcome

1. Solubility of TPM in water with meglumine (0.5%–3.5%) Up to ~5-fold increase in solubility compared to water without 
meglumine

2. Solubility of TPM combinations in water with meglumine 
(0.5%–2.5%)

Either double (TPM + LEV) or triple (TPM + LEV + ATV sodium) 
combinations are easily dissolved

3. Pharmacokinetics of meglumine-based solutions of TPM 
and TPM combinations in rats

Elimination half-lives of ~2 h (TPM, LEV) and 1.7 h (ATV); no 
accumulation during i.p. treatment for 1 week with TPM (30 mg/
kg t.i.d.), LEV (200 mg/kg t.i.d.), and ATV (10 mg/kg t.i.d.)

4. Tolerability of meglumine-based solutions of TPM and 
TPM combinations following FPI in rats

No increased mortality or distress during i.p. treatment for 1 week 
with TPM (30 mg/kg t.i.d.), LEV (200 mg/kg t.i.d.), and ATV (10 mg/
kg t.i.d.)

5. Tolerability of a meglumine-based solution of TPM after 
SE in rats

No obvious adverse effects and no mortality following i.v. doses of 15–
120 mg/kg TPM, injected 15 min after diazepam

Abbreviations: ATV, atorvastatin; FPI, fluid percussion injury; LEV, levetiracetam; SE, status epilepticus; t.i.d., three times daily; TPM, topiramate.

F I G U R E  2   Solubility of topiramate (TPM) in aqueous solutions of meglumine (A) vs sulfobutylether-β-cyclodextrin (SBE-β-CD; Captisol 
[B]). Data on SBE-β-CD were taken from the patent of James Cloyd.11 Correlation analysis was performed by the method of Pearson.
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      |  893RUNDFELDT et al.

temperature. The pH of the solution was 8.9. Increasing 
the meglumine concentration to 0.5%, 1%, or 2.5% did not 
reduce the time required to dissolve the three compounds 
together. The solution was initially clear but some precipi-
tate was observed after 20 h at room temperature. This was 
avoided by the addition of 0.3% Tween 80 to the solution to 
inhibit recrystallization.

In an additional experiment, we used a 10% solution of 
HP-β-CD (Kleptose) to dissolve the three drugs. This was 
possible by stirring for 30 min. The clear solution became 
cloudy after 21 h storage at room temperature, indicating 
partial precipitation. When compared to the experiments 
with meglumine, the concentration of HP-β-CD needed 
to dissolve the three drugs was 33 times higher, and the 
stability was limited.

3.3  |  Pharmacokinetics of meglumine-
based solutions of TPM and TPM 
combinations in rats

As shown in Figure  3A, 30 min after i.p. injection of  
30 mg/kg TPM, the median plasma level in a group of four 
rats was 27 μg/mL. Plasma levels declined to 1.7  μg/mL  
within 8  h, indicating an elimination half-life of ~2  h, 
which corresponds to published values in rats.1 When 
TPM (30 mg/kg) was i.p. administered t.i.d. over 1 week 
and plasma levels were determined 8 h after the last dose 
on day 7, the median plasma level was 0.64 μg/mL, which 
was not significantly different from the 8-h value deter-
mined after the first administration (p = .0818).

As shown in Figure  3B, 30 min after i.p. injection of 
200 mg/kg LEV, the median plasma level in a group of four 
rats was 288 μg/mL. Plasma levels declined to 24.9 μg/mL 
within 8  h, indicating an elimination half-life of ~2  h, 
which corresponds to published values in the rat.1 When 
LEV (200 mg/kg) was i.p. administered t.i.d. over 1 week 
and plasma levels were determined 8 h after the last dose 
on day 7, the median plasma level was 18.8 μg/mL, which 
was not significantly different from the 8-h value deter-
mined after the first administration (p = .2431).

As shown in Figure  3C, 30 min after i.p. injection of 
10 mg/kg ATV, the median plasma level in a group of four 
rats was 1.81 μg/mL. Plasma levels declined to 0.008 μg/mL  
within 8 h, indicating an elimination half-life of ~1.7 h, 
which is lower than the published half-life of 4.4 h deter-
mined after oral administration in male rats.30 When ATV 
(10  mg/kg) was i.p. administered t.i.d. over 1 week and 
plasma levels were determined 8 h after the last dose on 
day 7, the median plasma level was 0.0045 μg/mL, which 
was not significantly different from the 8-h value deter-
mined after the first administration (p = .2939).

3.4  |  Tolerability of meglumine-based 
solutions of TPM and TPM combinations 
in rats following fluid percussion injury

For tolerability testing, the triple-drug cocktail of TPM 
(30 mg/kg), LEV (200 mg/kg), and ATV (10  mg/kg) in 
0.3% meglumine was administered three times daily at 8-h 
intervals over 7 days after FPI in a group of 14 rats. Two 

F I G U R E  3   Pharmacokinetics of topiramate (A), levetiracetam (B), and atorvastatin (C) following i.p. administration of a triple-drug 
solution in meglumine in a group of four rats. The three drugs were dissolved in an aqueous solution of 0.3% meglumine and administered 
at the following doses t.i.d.: TPM, 30 mg/kg; LEV, 200 mg/kg; ATV, 10 mg/kg, respectively. Blood was withdrawn at 0.5 h and 8 h following 
the first administration on day 1 and 8 h after the last administration on day 7. Data are shown as boxplots with whiskers from minimum 
to maximal values; the horizontal line in the boxes represents the median value. In addition, individual data are shown. Plasma levels 
determined 8 h after the first and last drug administrations were not significantly different (see text).
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rats (14%) died within 1 h after FPI (i.e., before the onset 
of drug treatment) compared to 1 of 15 (6.7%) vehicle-
treated control rats. During drug treatment, no rats died. 
All treated animals had normal grooming behavior, activ-
ity level, and body weight growth, indicating an absence 
of distress. Therefore, there was no evidence that 1 week 
of treatment with the meglumine-based drug cocktail in-
creases mortality or distress of the animals.

3.5  |  Tolerability of a meglumine-
based solution of TPM injected i.v. after 
diazepam in rats with status epilepticus

This experiment aimed to examine whether the 
meglumine-based TPM solution is tolerable when i.v. 
administered after diazepam in rats with a pilocarpine-
induced SE, thus simulating the situation in established 
SE. In five rats in which diazepam (5 or 10 mg/kg) was 
injected i.p. either 10 or 30 min after pilocarpine, no rat 
died within 24 h following an injection of the convulsant. 
In the first experiment with TPM in two rats, 5 mg/kg of 
diazepam was injected i.v. 15 min after SE onset, followed 
5 min later by rapid i.v. injection of 15 mg/kg TPM. One 
rat died 24 h after pilocarpine and the other rat had to be 
sacrificed because of poor health conditions. We, there-
fore, modified the experimental protocol by (1) reducing 
the i.v. dose of diazepam from 5 to 1 mg/kg, (2) increasing 
the interval between diazepam and TPM from 5 to 15 min, 
and (3) slowing the injection speed. In this respect, it is im-
portant to note that 5 mg/kg diazepam, which is typically 
used with i.p. administration in this model,27,31 is a huge 
dose when injected i.v., because most of the i.p. adminis-
tered diazepam is subject to rapid first-pass metabolism, 
which does not occur with i.v. administration.32 Thus, at 
least in part, the toxicity that occurred in our initial pro-
tocol with diazepam and TPM may have been due to a too 
high dose of diazepam and too rapid injection of both di-
azepam and TPM. For clinical treatment of SE, diazepam 
is i.v. injected at a dose of 0.15 mg/kg with 5  mg/min.33 
Using a factor of 6 for dose conversion between humans 
and rats,34 a dose of 0.15 mg/kg in humans would corre-
spond to a dose of 0.9 mg/kg in rats, which was rounded 
to 1 mg/kg for the present study. Therefore, in the subse-
quent experiments with the modified experimental proto-
col, rats received an i.v. dose of 1 mg/kg diazepam 15 min 
after SE onset. Fifteen minutes later, TPM was slowly in-
jected i.v. at doses of 15, 30, or 120 mg/kg in two rats per 
dose. These doses of TPM were based on previous experi-
ments with i.p. administration of TPM in the pilocarpine 
model in rats.35,36 With this modified protocol, no obvi-
ous adverse effects and no mortality were observed, even 

when the i.v. dose of diazepam was increased to 3 mg/kg. 
Because of the low sample size per dose, antiseizure effi-
cacy was not determined in these experiments.

4   |   DISCUSSION

In the present study, we demonstrate that TPM can be dis-
solved easily in water using relatively low concentrations 
of meglumine. Furthermore, low concentrations of meg-
lumine can be used to dissolve TPM in combinations with 
other drugs such as LEV and ATV.

4.1  |  The highly tolerable amino sugar 
meglumine as a drug solvent

Most drugs have very limited solubility in water and 
some can be extremely difficult to formulate as paren-
teral solutions. For parenteral solutions, the dose of the 
drug should preferably be dissolved in a small volume 
of aqueous media without the use of organic solvents 
or surface-active agents, because that can result in drug 
precipitation upon injection, pain, inflammation, and 
hemolysis.37 Meglumine, an amino sugar derived from 
sorbitol, is used as a highly tolerable solubilizing agent in 
several FDA-approved parenteral pharmaceutical formu-
lations and is regarded as an inert and nontoxic vehicle 
at the levels usually employed as an excipient.13 Typical 
FDA-approved meglumine concentrations in drug solu-
tions, for example, in intravascular contrast media with 
iodine-containing compounds or gadolinium-containing 
contrast media, range from 2.5% to 15% for meglumine io-
troxate (Biliscopin) and meglumine iotalamate (Conray), 
respectively. The total meglumine dose administered 
amounts to 2.5  g in the case of meglumine iotroxate, if 
dosed as prescribed at a volume of 100 mL. Meglumine-
based drug solutions are also approved for prolonged (or 
repeated) i.v. administration in humans; for instance, in 
the treatment of diabetic peripheral neuropathy with a 
meglumine-based solution of the antioxidant alpha-lipoic 
acid (ALA).38 The ALA solution contains 600 mg ALA and 
567 mg meglumine in 50 mL, which corresponds to a me-
glumine concentration of 1.23%. For the treatment of pa-
tients with diabetic peripheral neuropathy, 50 mL of the 
solution is infused per day over 2–4 weeks, corresponding 
to a daily dose of meglumine of 567 mg. In contrast to SBE-
β-CD (Captisol; see below), there is no FDA-stipulated 
limit for daily exposure to meglumine. The i.p. median le-
thal dose (LD50) of meglumine in mice is 1.7 g/kg, and full 
life-span studies with high-dose meglumine in rodents re-
ported no detrimental effects.39
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4.2  |  Solubility of topiramate in 
meglumine vs cyclodextrins

When TPM solubility in meglumine was compared with 
its published solubility in SBE-β-CD (Captisol), the advan-
tage of meglumine became rapidly apparent (Figure  2). 
For dissolving TPM over the chosen concentration range 
of 10–50 mg/mL, meglumine concentrations of 0.5%–3.5% 
were sufficient, whereas >10-fold higher concentrations 
of SBE-β-CD were needed. When this comparison was 
based on the molecular weight of the solvents (meglu-
mine, 195.21 g/mol; SBE-β-CD, 1451.287 g/mol), the ca-
pacity of meglumine to dissolve TPM in water was ~80 
times higher than that of SBE-β-CD.

Cyclodextrins (CDs) have been used extensively to 
increase the solubility, dissolution rate, and bioavailabil-
ity of poorly water-soluble drugs.37,40 The ability of CDs 
to modify these characteristics has been attributed to the 
formation of an inclusion complex between cyclodextrins 
and “guest” drug molecules. Whereas unsubstituted crys-
talline CDs had limitations such as renal toxicity, more 
recently developed modified β-CDs such as HP-β-CD 
(Kleptose) and SBE-β-CD (Captisol) have more accept-
able tolerability, but still renal toxicity potential at high 
doses.37 For humans, permitted daily i.v. exposures (PDEs) 
are 320 mg/kg/day for HP-β-CD and 280 mg/kg/day for 
SBE-β-CD (European  Medicines  Agency [EMA], 2014). 
However, PDEs may be much lower in children and pa-
tients with renal impairment.

As described in the introduction, for TPM, an i.v. solu-
tion in SBE-β-CD has been developed and patented.11 The 
formulation has not been evaluated for efficacy in epi-
lepsy patients or in SE or RSE models. In epileptic dogs, 
i.v. TPM doses of 10 or 20 mg/kg were well tolerated and 
EEG recordings indicated a rapid onset of action,41 which 
is in line with the rapid brain penetration of TPM in ro-
dents after i.p. or i.v. administration.6,42 In healthy vol-
unteers or patients with epilepsy or migraine, single i.v. 
doses of 25–200 mg TPM dissolved by SBE-β-CD were well 
tolerated.43–46 Following i.v. TPM in volunteers, maximal 
plasma levels were higher and occurred earlier than with 
oral TPM.44 In the studies in humans, the TPM solution 
contained 10  mg/mL TPM, solubilized with 100 mg/mL 
SBE-β-CD, that is, a 10% solution of SBE-β-CD, but such a 
solution has not yet been approved for clinical use.

In theory, a 1% TPM solution in 10% SBE-β-CD could 
also be suitable for the treatment of SE or RSE. However, 
this may result in safety issues. Based on clinical studies 
with oral or nasogastric administration of TPM8,47 and 
our own clinical experience (P.K., unpublished observa-
tions), the initial i.v. loading dose of TPM should be ~400–
1200 mg; if 1200 mg, then followed by 600 mg, 6 and 12 h 
later. This would result in a daily dose of 24 g SBE-β-CD 

(or ~370 mg/kg/day), which is above its PDE of 280 mg/
kg/day. The injection volume for such a dose would be 
240 mL.

Similar problems exist for SBE-β-CD solutions of car-
bamazepine, which is the only ASM for which a paren-
teral solution with a substituted β-cyclodextrin has been 
approved.48 According to the prescription information, 
this solution (Carnexiv) should generally not be used 
in patients with moderate or severe renal impairment. 
Currently, Carnexiv is not on the market, apparently be-
cause of FDA issues with precipitation of the product, 
which is another issue with drug solutions in SBE-β-CD.

Given the much higher solubility of TPM in meglu-
mine, for instance, a 4% TPM solution (i.e., 40 mg/mL) can 
be achieved with only 3% meglumine. The injection vol-
ume for a daily dose of 2400 mg would be only 60 mL, and 
the meglumine dose (1.8 g or ~28 mg/kg) would not be as-
sociated with any safety issues, including for patients with 
renal impairment. Based on the high safety of meglumine, 
the injection volume of the TPM solution could be further 
decreased by increasing the concentration of meglumine 
and thus the solubility of TPM.

4.3  |  Mechanism of TPM dissolution 
by meglumine

Meglumine does not form a salt with TPM. Because of the 
strong electron withdrawing -S=O of the sulfamate moi-
ety (see Figure 1), the -NH2 group of topiramate will not 
be ionized at physiological pH—which is also why TPM 
has very poor water solubility—and not  be  able to par-
ticipate in salt formation. However, the polyol (numer-
ous hydroxyl groups) structure of meglumine and that of 
topiramate strongly favors hydrogen bond interactions. 
Thus the various oxygen atoms of the fructopyranose ring 
of TPM as well as the oxygens in the SO2 group could in-
teract with the hydrogens from the numerous hydroxy 
groups in meglumine in hydrogen bonding, thus forming 
a meglumine:TPM complex that is highly water soluble. 
Such complex or supramolecular adduct formation with 
meglumine has been shown previously for several water 
insoluble drugs, such as for instance some nonsteroidal 
anti-inflammatory drugs.49

4.4  |  Potential clinical use of 
meglumine-based solutions

Based on studies with oral or nasogastric tube adminis-
tration of TPM or administration by percutaneous endo-
scopic gastrostomy, the clinical perspective of an i.v. TPM 
solution for the treatment of SE or RSE is promising.7–9,47,50 
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In clinical practice, TPM has been used when first- or 
second-line ASMs failed to terminate SE.7 For the treat-
ment of RSE, in one retrospective study, TPM success-
fully terminated RSE in over 70% of patients when it was 
given as the fourth to seventh ASM,50 although another 
study did not observe such high efficacy.10 Nasogastric 
administration of TPM as used in the above studies leads 
to variable absorption with unpredictable plasma levels 
and time to peak concentration, for example, in patients 
in whom RSE may be accompanied by paralytic ileus, as 
well as first-pass metabolism by the liver—similar to oral 
administration. An intravenous TPM formulation can be 
expected to result in a more rapid onset of action and im-
proved efficacy.

4.5  |  Experiments with topiramate in the 
pilocarpine rat model

In preclinical studies using the pilocarpine model of SE 
and RSE, parenteral (i.p.) administration of TPM was 
reported to suppress pilocarpine-induced SE at doses of 
10 mg/kg36 or 40–80 mg/kg51; however, similar to oral ad-
ministration, first-pass liver metabolism after i.p. admin-
istration will reduce the antiseizure potency of TPM.52 To 
our knowledge, i.v. administration of TPM has not been 
tested previously in rodent models of SE or RSE.

In the present study, we examined whether a 
meglumine-based solution of TPM is safe when adminis-
tered i.v. after diazepam in the pilocarpine model of estab-
lished SE in rats. No obvious adverse effects or mortality 
were observed. Likewise, the solution was well tolerated 
following FPI in rats.

4.6  |  Combinations of topiramate with 
levetiracetam and atorvastatin

In contrast to TPM, the commonly used ASM LEV is avail-
able as an FDA-approved aqueous solution for i.v. ad-
ministration as adjunct therapy in patients with epilepsy 
when oral administration of LEV is temporarily not feasi-
ble. The LEV i.v. solution is increasingly being used in the 
treatment of SE and RSE.53–55

LEV acts predominantly by modulation of the presyn-
aptic synaptic vesicle glycoprotein 2A (SV2A), which is in-
volved in the release of neurotransmitters.56 In contrast to 
LEV, TPM acts primarily via postsynaptic targets, includ-
ing γ-aminobutyric acid type  A  (GABAA)  receptor and 
different subtypes of glutamate receptors.5 Thus a combi-
nation of TPM and LEV may provide synergistic efficacy, 
which was reported for seizure models but not yet for SE 
models.57 As shown here, meglumine allows dissolving of 

TPM and LEV in the same solution, which would facilitate 
their combined use in the treatment of SE.

In addition to the treatment of SE, TPM combinations 
are promising candidates for interfering with epileptogen-
esis after brain injury. TPM alone exerts neuroprotective 
effects when administered after SE.28 We recently reported 
that a combination of TPM and LEV exerted an antiepi-
leptogenic effect when administered after SE induced by 
intrahippocampal kainate injection in mice.14 Based on 
preclinical and clinical evidence that ATV may have an an-
tiepileptogenic potential, due possibly to its neuroprotec-
tive and anti-inflammatory effects,58 we hypothesized that 
adding ATV to the combination of TPM and LEV should 
increase their antiepileptogenic efficacy, which needs to 
be proven. Here, we show that such a triple-drug combina-
tion can be dissolved in low concentrations of meglumine. 
Furthermore, we characterized the pharmacokinetics and 
tolerability of this meglumine-based triple-drug solution 
in rats (Table 1). It is important to note that as yet no par-
enteral solution of ATV is commercially available.

4.7  |  Further development of the 
meglumine-based solution of topiramate

The novel meglumine-based TPM solution presented 
here  is well-suited for clinical development. In addi-
tion to the treatment of SE, this solution should also be 
suited as short-term parenteral replacement therapy for 
oral TPM in patients with epilepsy or migraine when 
oral administration is temporarily not feasible. As ex-
pected from other meglumine-based drug formulations, 
the tolerability of the novel TPM solution was high in 
experimental animals and can be expected to be also 
high in patients. This expectation is substantiated by a 
recent case report in which the meglumine-based TPM 
solution was well tolerated following i.v. administration 
in a patient with epilepsy.59 The planned development 
path of the novel meglumine-based TPM solution will 
include (1) the evaluation of the efficacy of different i.v. 
doses of TPM to terminate established SE in the pilocar-
pine rat model, using LEV as a reference drug; (2) the 
determination of plasma and brain pharmacokinetics of 
effective doses of i.v. TPM in rats; (3) the pharmaceuti-
cal optimization of the i.v. formulation, including the 
determination of chemical and physical stability and es-
tablishment of a GMP (Good Manufacturing Practice) man-
ufacturing process to enable clinical trial supply; (4) a 
GLP  (Good  Laboratory  Practice)-compliant multiple 
dose PrevEp004 toxicity study in rats to establish local 
tolerance at the injection site, blood compatibility, and 
systemic toxicity of the formulation; (5) conduct of a sin-
gle and multiple-dose phase I clinical study in healthy 
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volunteers, in which the safety and pharmacokinetics of 
i.v. TPM will be compared with oral TPM. The outcome 
of these studies will then determine the further clinical 
development path.

4.8  |  Conclusions

The results of this study provide support for the further 
development of meglumine-based solutions of TPM for 
i.v. treatment of SE and short-term replacement therapy 
for oral TPM.
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