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A B S T R A C T

Topiramate is an anticonvulsant drug also prescribed for migraine prophylaxis that acts through several me-
chanisms of action. Several studies indicate that topiramate induces weight loss and a moderate reduction of
plasma lipids and glucose. Based on these favourable metabolic effects, aim of this study was to evaluate if
topiramate could modulate atherosclerosis development and protect target organs of dysmetabolic conditions.

Thirty apoE-deficient mice were divided into three groups and fed for 12 weeks a high fat diet (Control) or the
same diet containing topiramate at 0.125% and 0.250%. Body weight, water and food intake were monitored
throughout the study. Plasma lipids and glucose levels were measured and a glucose tolerance test was per-
formed. Atherosclerosis development was evaluated in the whole aorta and at the aortic sinus. Histological
analysis of liver, kidney and adipose tissue was performed.

Topiramate did not affect weight gain and food intake. Glucose tolerance and plasma lipids were not changed
and, in turn, atherosclerosis development was not different among groups. Topiramate did not modify liver and
adipose tissue histology. Conversely, in the kidneys, the treatment reduced the occurrence of glomerular lipi-
dosis by decreasing foam cells accumulation and reducing the expression of inflammatory markers. Blood urea
nitrogen levels were also reduced by treatment.

Our results indicate that topiramate does not affect atherosclerosis development, but preserves kidney
structure and function. The study suggests that topiramate could be investigated in drug repurposing studies for
the treatment of glomerular lipidosis.

What is already known

• Topiramate lowers body weight and moderately reduces plasma li-
pids and glucose levels
• Glomerular lipidosis associates to dyslipidemic conditions prone to
the development of kidney disease

What this study adds

• Topiramate does not affect atherosclerosis progression in apoE-de-
ficient mice
• Topiramate protects the kidneys of apoE-deficient mice from de-
veloping glomerular lipidosis
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Clinical Significance

• Topiramate could be considered as a drug repurposing strategy for
the treatment of glomerular lipidosis

1. Introduction

Topiramate is a drug initially marketed for the treatment of epilepsy
[1,2] that over the years showed therapeutic effects also in a number of
neurological conditions such as pain syndromes [3,4] and movement
disorders [5], and it was approved for migraine prophylaxis in 2004
[6]. The variety of possible clinical applications is consistent with the
multiple mechanisms of action, that include the blockade of voltage-
gated sodium channels, enhancement of GABA receptor activity, in-
hibition of glutamate receptors, inhibition of L-type voltage-gated cal-
cium ion channels and inhibition of carbonic anhydrases [7–9]. As for
several antiepileptic drugs, topiramate has been shown to cause weight
loss, through mechanisms that include reduced food intake and altered
efficiency of energy utilization [10]. Topiramate treatment has been
also shown, in experimental and clinical studies, to induce other fa-
vourable metabolic changes, such as a moderate reduction of plasma
lipids, lower glycaemia and increased insulin sensitivity [11,12]. The
combination of weight loss and metabolic improvements by topiramate
treatment led the FDA to approve in 2012 the combination phenter-
mine-topiramate extended release for the long-term treatment of obe-
sity [13].

The multiple metabolic effects exerted by topiramate raise the
question of whether this drug could favourably affect cardiovascular
disease. To this aim, in the present work, topiramate was administered
at two different doses to apolipoprotein E (apoE)-deficient mice, and a
possible effect on atherosclerosis development, as well as on target
organs of dysmetabolic conditions, was evaluated. Topiramate treat-
ment did not alter plasma lipids and glucose levels, nor affect the extent
of atherosclerosis. Interestingly, it displayed a marked protective effect
on kidney by reducing the glomerular lipidosis observed in controls.

2. Methods

2.1. Animals, diet and pharmacological treatment

Procedures involving animals and their care were conducted in
accordance with institutional guidelines that are in compliance with
national (D.L. No. 26, March 4, 2014, G.U. No. 61 March 14, 2014) and
international laws and policies (EEC Council Directive 2010/63,
September 22, 2010: Guide for the Care and Use of Laboratory Animals,
United States National Research Council, 2011). The experimental
protocol was approved by the Italian Ministry of Health (Protocollo
428/2015-PR).

Thirty apoE knockout female mice (strain 002052), aged 8 weeks,
were purchased from Charles River Laboratories (Calco, Italy) and
housed at constant temperature and relative humidity. Scobis Uno, a
vegetable bedding made of wood particles obtained from spruce, was
used. Mice were randomized into three experimental groups (n= 10)
and fed for 12 weeks a high-fat diet (adjusted calories 42% from fat,
0.2% cholesterol) without supplementation (Control), or supplemented
with topiramate 0.125% w/w (T-low) or 0.250% w/w (T-high). Mice
were house 3–4 per cage, n= 3 cages per group.

2.2. Plasma and tissue harvesting

Blood was collected before and at the end of dietary treatment, after
5 h fast, as described [14]. Plasma was separated by centrifugation for
10min at 5900 × g at 4 °C.

At the end of the experimental period, mice were anesthetized with
2% isoflurane and blood was removed by perfusion with PBS [15].
Aorta was rapidly harvested as described [16], longitudinally opened,

pinned flat on a black wax surface in ice-cold PBS and photographed
unstained for plaque quantification (see below). Hearts were removed,
fixed in 10% formalin for 24 h, then transferred into PBS containing
30% sucrose (w/v) for 24 h at 4 °C before being embedded in OCT
compound and stored at −80 °C.

Liver, abdominal white adipose tissue (WAT), brown adipose tissue
(BAT) and kidneys were either snap-frozen in liquid nitrogen for sub-
sequent molecular analyses, or immersion-fixed in 10% formalin for
24 h, then transferred in 70% ethanol and processed for histological
analyses as described [14].

2.3. Plasma measurements and glucose tolerance test

Plasma total cholesterol (TC), triglycerides (TG) and phospholipids
(PL) were measured with enzymatic methods. Quantitative determi-
nation of urea nitrogen in plasma (BUN) and creatinine was assayed by
immunoenzymatic method with the Roche Cobas c311 system.

For the glucose tolerance test, mice were injected, after 5 h fast,
with 2 g/Kg glucose via i.p. injection of 20% w/v sterile glucose solu-
tion in PBS. Glucose levels were determined using the One touch Ultra
glucometer every 30min.

2.4. En face analysis, histology and immunohistochemistry

2.4.1. En face
Aorta images were captured with a stereomicroscope-dedicated

camera (IC80 HD camera, MZ6 microscope, Leica Microsystems,
Germany), and analysed with ImageJ image processing program [17].
Atherosclerosis extent was quantified by two independent operators
blinded to the dietary treatments.

2.4.2. Aortic sinus histology
Serial cryosections (7 μm thick) of the aortic sinus were cut.

Approximately 25 slides with 3 cryosections per slide were obtained,
spanning the three cusps of the aortic valves. Every sixth slide was
stained with hematoxylin and eosin (H&E) to detect plaque area, cal-
culated as the mean area of those sections showing the three cusps of
the aortic valves. Foam cells were quantified as described [18] and
expressed as percent area over total plaque area. Adjacent slides were
stained with Oil red O (O.R.O.) to detect intraplaque neutral lipids.
Macrophages were detected using an anti-Mac2 antibody. The detection
was performed using an ImmPRESS reagent kit, 3,3′-diaminobenzidine
was used as the chromogen and the sections were counterstained with
Gill’s haematoxylin. The Nanozoomer S60 (Hamamatsu Photonics,
Japan) scanner was used to acquire digital images that were subse-
quently processed with the NDP.view2 software (Hamamatsu Photo-
nics, Japan). A blinded operator to dietary treatments quantified plaque
size and composition.

2.4.3. Liver, abdominal WAT, BAT, spleen, kidney histology/
immunohistochemistry

Formalin fixed organs/tissues were dehydrated in a graded scale of
ethanol, and paraffin embedded. Serial sections (5 μm thick) were cut
and stained with H&E. In addition, to investigate the presence of in-
flammatory cells in kidney and liver, macrophages and T lymphocytes
were detected using an anti-Iba1 antibody and an anti-CD3 epsilon
antibody. The specific binding of the primary antibodies was visualized
by the avidin-biotin-peroxidase (ABC) procedure with a commercial
immunoperoxidase kit (Vectastain Standard Elite), using 3,3′-diami-
nobenzidine substrate (DAB) as chromogen and Mayer’s hematoxylin as
counterstain. Images were acquired with a DFC310 FX camera on a
DM2500 microscope (Leica Microsystems, Germany).

Hepatic inflammatory infiltrates were classified considering the
distribution (perivascular or parenchymal) and quantified according
the following classes: small (S): less than 10 cells, medium (M): 11–100
cells, large (L):> than 100 cells. The presence of subendothelial foamy
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macrophage aggregates in the liver was scored as follows: 0: no ag-
gregates, 1: 1–3 aggregates, 2: 4–10 aggregates, 3:> 10 aggregates.

Hepatic glycogen accumulation and steatosis were scored as fol-
lows: 0: absent, 1: slight, 2: moderate, 3: severe.

The severity of glomerular lipidosis in the kidney was scored as
follows: 0: absent, 1:< 3 glomeruli affected, 2: 4–10 glomeruli affected,
3:> 10 glomeruli affected. Tubular necrosis was scored as present (1)
or absent (0). All histological and immunohistochemichal features were

assessed by an operator blinded to dietary treatments.

2.5. RNA extraction and cDNA synthesis

Total RNA was isolated from mouse tissues using the NucleoSpin
RNA extraction kit according to the manufacturer’s instructions, with
on-column DNA digestion. RNA concentration and purity were checked,
and 1 μg RNA was retrotranscribed to cDNA, as described [19]. Possible

Fig. 1. The weight of mice (n= 10 per group) was
monitored 2–3 times a week for a period of 12 weeks
total. Average weight is plotted (thick line) and shown
within± 1 SD (thin line) for each group (A). Likewise,
food and water intake were monitored per cage (mice
were housed 3–4 per cage, n= 3 cages per group) and
shown per time point (B, food intake; D, water intake)
or normalized and averaged over the whole period (C,
daily normalized food intake; E, daily normalized
water intake). Significant differences were determined
by one-way ANOVA with Tukey’s post hoc test. Data
are expressed as mean ± SD, *p < 2.0× 10−5.

Fig. 2. After i.p. injection of 2 g/Kg glucose (n= 5 per group), glycaemia was monitored at intervals of 30min, up to 120min total. Glucose concentration as function
of time is shown (thick line), within± 1 SD (thin line) for each group (A). Baseline glucose levels are charted before (time= 0min, solid bars) and after
(time= 120min, striped bars) the glucose tolerance test (B). Measurements of areas under the curve (AUC) are shown in C, in arbitrary units. Data are expressed as
mean ± SD.

S. Manzini et al. Pharmacological Research 141 (2019) 189–200

191



gDNA contamination was ruled out by running a PCR on 20 ng of
cDNA/RNA with a primer pair producing two amplicons of different
size on cDNA (193 bp) and gDNA (677 bp). Conditions as follows: 95 °C
for 3min, followed by 35 cycles of 30 s at 95 °C, 30 s at 58.5 °C, 45 s at
72 °C for 45”, followed by a final amplification step of 5min at 72 °C,
with primers mmu_Srp14_f: 5’-GGAGGCTTCTGCTGACGGCG-3’ and
mmu_Srp14_r: 5’- GGGCTCGAGGCCCTCCACA-3’.

2.6. Quantitative PCR

20 ng of cDNA were used as template for each qPCR reaction, per-
formed on a CFX Connect thermal cycler with iTAQ Universal Sybr
Green Supermix. Standard fast cycling conditions were used, with
300 nM primer pairs listed in Supplementary Table 1. A final melting
curve analysis was always included. Fold changes relative to Control
group were calculated with the ΔΔCt method [20]. The housekeeping
gene cyclophilin A (Ppia) was chosen as reference gene, as it is among
the most stable in the kidney tissue [21].

2.7. Statistical analyses

Data are expressed as mean ± SD. Group differences were tested
for statistical significance by analysis of variance (ANOVA) for repeated
measurements or by one-way ANOVA, followed by Dunnett’s or Tukey
post hoc test. Liver and kidney histological features were analysed by
the nonparametric Kruskal-Wallis test, followed by the Conover-Iman
post hoc test. Tubular necrosis incidence was evaluated with a 3× 2
chi-square test of independence. Statistical analyses were performed
using the SYSTAT software (Version 13; Systat Software, Inc., Chicago,
IL).

2.8. Materials

Item Type Supplier City Country

Scobis Uno Animal
bedding

Mucedola Settimo
Milanese

Italy

Adjusted calories 42% f-
rom fat, 0.2% cho-
lesterol

Animal diet Mucedola Settimo
Milanese

Italy

anti-CD3 epsilon anti-
body - COD sc-1127

Antibody Dako Carpinteria USA

anti-Iba1 antibody - CO-
D 019-19741

Antibody Wako
Chemicals

Richmond USA

anti-Mac2 antibody - C-
OD CL8942

Antibody Cederlane Ontario Canada

Cholesterol assay - COD
CP A11 A01634

Assay/Kit ABX
Diagnostics

Montpellier France

ImmPRESS HRP Anti-R-
at IgG Polymer Det-
ection Kit MP-7404

Assay/Kit Vector
Laboratories

Burlingame USA

iTAQ Universal Sybr Gr-
een Supermix

Assay/Kit Bio-Rad Segrate Italy

NucleoSpin RNA extrac-
tion kit

Assay/Kit Macherey-
Nagel

Duren Germany

Phospholipids assay Assay/Kit B.L. Chimica Concorezzo Italy
Tryglycerides assay - C-

OD CP A11 A01640
Assay/Kit ABX

Diagnostics
Montpellier France

Vectastain Elite ABC-Pe-
roxidase Staining kit

Assay/Kit Vector
Laboratories

Burlingame USA

3,3'-diaminobenzidine s-
ubstrate (DAB)

Chemical Vector
Laboratories

Burlingame USA

Eosin Y alcoholic solu-
tion

Chemical Bio-Optica Milan Italy

Ethanol Chemical Sigma-
Aldrich

Missouri USA

Gill's hematoxylin Chemical Bio-Optica Milan Italy
Glucose Chemical Sigma-

Aldrich
Missouri USA

Mayer's hematoxylin Chemical Bio-Optica Milan Italy
OCT Chemical Sakura

Finetek
Alphen aan
den Rijn

The
Netherlands

Oil red O (O.R.O.) Chemical Sigma-
Aldrich

Missouri USA

PBS Chemical Sigma-
Aldrich

Missouri USA

Sucrose Chemical Sigma-
Aldrich

Missouri USA

Isoflurane Drug Merial
Animal
Health

Woking UK

Topiramate Drug TCI Zwijndrecht Belgium
Ultra touch glucometer Instrument LifeScan

Italy
Milan Italy

3. Results

3.1. Topiramate did not affect weight gain and food intake, but increased
water intake

At randomization (day 0), mice weighed 19.2 ± 0.9 g (Control),
19.4 ± 1.1 g (T-low) and 19.6 ± 1.3 g (T-high), with p=0.66. The
growth curve of the three groups during the experimental protocol is
shown in Fig. 1A. No significant differences in weight gain were

Fig. 3. Total cholesterol (TC), triglyceride (TG)
and phospholipid (PL) levels (n=10 per
group), quantified after 5 h fasting, are shown
(A). TC and TG distributions among plasma
lipoproteins by FPLC are shown in B and C,
respectively. Each profile was obtained from
pooled plasma of all mice within each experi-
mental group (n=10). Data are expressed as
mean ± SD.
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observed among groups, although, starting from day 4 until the end of
the study, the mean weight of T-high mice remained moderately lower
than that of Control. Food and water intake were periodically mon-
itored (Fig. 1B, D). Daily food intake was comparable within groups:
0.124 ± 0.01 g/g body weight in Control, 0.123 ± 0.01 g/g in T-low
and 0.118 ± 0.00 g/g in T-high, with p=0.77 (Fig. 1C). On the con-
trary, the overall normalized daily water intake increased linearly with
the topiramate concentration, from 0.136 ± 0.01ml/g body weight of
Control, to 0.217 ± 0.02ml/g of T-low and 0.270 ± 0.03ml/g of T-
high (Fig. 1E).

3.2. Topiramate treatment did not influence glucose tolerance

At baseline, after 5 h fast, groups did not differ in blood glucose
levels that were 145.2 ± 16.2mg/dl in Control, 133.6 ± 13.8mg/dl
in T-low and 141.4 ± 19.9mg/dl in T-high, p=0.55 (Fig. 2A and B).
Groups responded similarly to the glucose challenge administered as
i.p. injection of 2 g/Kg glucose, and differences failed to reach statistical

significance at any given time point (Fig. 2A), as well as when con-
sidering the area under the curve (AUC, Fig. 2C). After peaking at
˜30min, glucose levels returned steadily to baseline values, i.e. plasma
levels measured before the glucose challenge (Fig. 2A and B).

3.3. Plasma lipids and lipid distribution were unchanged by topiramate
treatment

At the end of treatment, plasma lipid concentrations were measured
after 5 h fasting. Plasma total cholesterol (TC) levels moderately in-
creased after T-high treatment (+16.3% vs Control), averaging at
1177.2 ± 211.8mg/dl in Control, 1123.6 ± 182.4mg/dl in T-low
and 1369.2 ± 166.31mg/dl in T-high. However, no statistically sig-
nificant differences were detected among groups (p > 0.05, Fig. 3A).
FPLC analysis did not show any relevant difference in cholesterol dis-
tribution among lipoprotein classes (Fig. 3B). Triglyceride (TG) levels
showed a slight, non significant, increase in topiramate-treated groups
compared with Control, averaging at 101.6 ± 30.8mg/dl,

Fig. 4. Representative images of aorta from Control, T-low and T-high groups, obtained by the en face method. The aorta is cut lengthwise and pinned flat onto a
black wax surface, then the exposed plaques are quantified as a percentage of the whole aortic area (A). Plaque extent, reported as percentage of the whole area, for
aortic arch, thoracic aorta, abdominal aorta and total aorta. Data are expressed as mean ± SD (B).
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126.6 ± 39.2mg/dl and 113.5 ± 35.2mg/dl in Control, T-low and T-
high groups, respectively (Fig. 3A, p=0.32). This slight difference was
due to a higher TG content in the fractions corresponding to the VLDL
peak (Fig. 3C). Last, phospholipids showed comparable levels, with
293.6 ± 39.7mg/dl in Control, 313.6 ± 40.0mg/dl in T-low and
303.9 ± 32.9mg/dl in T-high (Fig. 3A).

3.4. Topiramate did not influence atherosclerosis development

Atherosclerotic plaque development was measured on aortas cut
lengthwise, as percentage of area occupied by plaques, in the three
aortic districts: aortic arch, thoracic and abdominal aorta. Plaque de-
velopment in treated groups was not different from that in Control, both

considering the aortic segments separately and the total aorta (Fig. 4A
and B). In this latter case, mean values were 15.3 ± 4.8% in Control,
12.7 ± 3.4% in T-low and 18.5 ± 4.3% in T-high, with p=0.18.
Plaque extent was further quantified at the aortic sinus (Fig. 5), but
likewise we did not find any statistically significant difference. Plaque
area was 6.3×105±0.9×105 μm2, 5.7× 105± 0.7×105 μm2 and
5.5×105± 0.8× 105 μm2 in Control, T-low and T-high, respectively,
with p= 0.17 (Fig. 5). Likewise, there were no significant differences in
the accumulation of neutral lipids, quantified with O.R.O. staining
among experimental groups (28.0 ± 7.2% in Control, 24.6 ± 4.8% in
T-low and 27.3 ± 6.1% in T-high with p= 0.44) (Fig. 5). Foam cells
quantified in the aortic sinus failed to show significant differences
within groups (14.0 ± 4.9% in Control, 13.4 ± 4.5% in T-low and

Fig. 5. Representative H&E and O.R.O. photomicrographs of aortic sinuses (top). Atherosclerotic plaque area, percentage of O.R.O.-positive plaque area and per-
centage of plaque occupied by foam cells were quantified and results were comparable among groups (bottom). Data are expressed as mean ± SD. Bar length=
250 μm.
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14.6 ± 6.9% in T-high, with p= 0.9) (Fig. 5). In addition, a macro-
phage-specific immunohistochemical staining did not highlight differ-
ences among group (29.0 ± 3.7% in Control, 31.2 ± 4.6% in T-low
and 33.6 ± 3.2% in T-high, with p=0.07) (Supplementary Fig. 4).

3.5. Topiramate treatment did not promote significant changes in liver,
abdominal WAT and in BAT

Liver weight at sacrifice was comparable among groups, being
1.45 ± 0.20 g in Control, 1.58 ± 0.15 g in T-low and 1.58 ± 0.14 g
in T-high, respectively (Supplementary Fig. 1). Similarly, no significant
differences were observed in abdominal WAT, spleen, heart and kidneys
(Supplementary Fig. 1).

Representative histology of liver, abdominal WAT and BAT is shown
in Supplementary Fig. 2. Histological analysis of liver showed, as ex-
pected, that the high-fat diet caused an accumulation of both lipids and
glycogen that was not modified by topiramate treatment (Table 1).
Similarly, the amount of subendothelial foamy macrophages and in-
flammatory cell aggregates was comparable in the topiramate-treated
groups and in Control (Table 1 and Supplementary Fig. 3). In addition,
both abdominal WAT and BAT histology were unaffected by topiramate
treatment (data not shown).

3.6. Topiramate treatment prevented glomerular lipidosis

Histological analysis of kidneys showed in Control the strong pre-
sence of glomerular lipidosis, identified by the presence of large foam
cells within the glomerulus (Fig. 6A). Iba-1 immunostaining proved the
macrophagic origin of the foam cells (Fig. 6G and J). Interestingly, a

significantly lower glomerular lipidosis was observed in topiramate-
treated groups vs Control (p= 0.00057, Control vs T-low; p=0.00014,
Control vs T-high) (Fig. 6B-H-K, and C-I-L), with a trend towards a dose-
response effect (Table 2). No significant differences were however
found between T-low and T-high (p= 0.49). No differences in the
number of macrophages infiltrating the renal parenchyma outside the
glomeruli were observed (data not shown). The number of infiltrating T
lymphocytes, although not significant, appeared higher in Control
(Fig. 6).

Tubular necrosis (defined by the presence of hyaline eosinophilic
material in the tubular lumen), often associated with regenerative hy-
perplasia (tubular cells with basophilic cytoplasm and a large nucleus
with a prominent nucleolus), was identified in 3 Controls out of 9
analysed (33.3%). Although not significant, in treated groups the in-
cidence of tubular necrosis/hyperplasia was reduced, being present in
only 1 out of 10 kidneys analysed in T-low (10%), and totally absent in
the T-high group (0%) (Fig. 6 and Table 2).

BUN and creatinine levels were assessed in mouse plasma to eval-
uate kidney functionality. In accordance with the histological findings,
BUN levels were lower in topiramate-treated mice, again in a dose-
dependent manner, even though this reduction reached the statistical
significance only in T-high vs. Control (Fig. 7). Creatinine levels were
instead unchanged by pharmacological treatment (0.24 ± 0.19% in
Control, 0.21 ± 0.09% in T-low and 0.29 ± 0.14% in T-high with
p=0.48).

Tgfb1 (Transforming Growth Factor Beta 1) expression was reduced,
with respect to Control, in both T-low (-28%, p= 0.006) and T-high
(−26%, p= 0.003) (Fig. 8). Likewise, Il6 (Interleukin-6) expression
was reduced vs Control, in both T-low (-66%, p= 0.02) and T-high

Table 1
Liver histological features.

Perivasal Parenchymal Glycogen Steatosis Subendothelial macrophages

Inflammatory infiltrates Inflammatory infiltrates

S M L S M L

Control 0 1 0 3 1 0 1 0 1
1 0 0 3 0 0 0 0 1
2 2 0 3 2 0 0 1 0
1 1 0 3 1 0 2 0 1
1 0 0 3 0 0 0 1 0
0 1 0 3 1 0 0 0 0
1 1 0 3 1 0 2 2 1
1 0 0 2 0 0 1 0 0
1 1 0 3 1 0 1 0 0

T-low 0 0 0 3 2 0 1 0 0
1 0 0 2 0 0 0 0 1
1 0 0 2 1 0 1 1 0
1 1 0 3 2 0 1 0 0
1 1 0 3 0 0 0 1 1
1 0 0 3 0 0 1 1 0
1 0 0 3 1 0 1 1 0
1 0 0 3 1 0 2 0 0
0 0 0 3 1 0 0 0 0
1 2 0 3 1 0 1 2 1

T-high 1 1 0 3 2 0 1 1 1
1 1 1 3 1 0 1 0 0
1 0 0 3 1 0 1 1 0
1 0 0 3 1 0 1 0 1
1 0 0 3 1 0 1 0 0
2 1 0 3 0 0 0 0 1
1 1 0 2 0 0 0 1 0
1 1 0 3 1 0 2 3 0
0 0 0 3 1 0 1 0 0
1 0 0 3 2 0 0 2 0

In the liver, the number of small (S: less than 10 cells), medium (M: 11–100 cells) and large (L: 101 or more cells) inflammatory infiltrates was counted per area, and
ranked as follows: 0 (no infiltrate), 1 (1–3 infiltrates), 2 (4–10 infiltrates), 3 (more than 10 infiltrates). Glycogen accumulation and steatosis were given an arbitrary
score, either 0 (absent), 1 (slight), 2 (moderate) or 3 (severe). The presence of large foamy macrophage aggregates in the subendothelial space or near the cen-
trolobular vein was given a score of 1, 0 otherwise.
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(−56%, p=0.008). Ccl2 (also known as MCP-1, monocyte chemoat-
tractant protein-1) was also reduced, compared to Control, in both T-
low (-64%, p= 0.006) and T-high (−60%, p=0.003) (Fig. 8).

4. Discussion

The main result of the present study is that topiramate treatment

showed a protective effect against kidney injury in apoE-deficient mice.
The study was aimed at investigating a possible effect of topiramate on
atherosclerosis development and related injuries at target organs of
altered metabolic conditions. The apoE–deficient mouse model was
chosen because it develops spontaneous hypercholesterolemia and ar-
terial lesions that, similarly to those observed in humans, progress from
early fatty streaks to advanced lesions, with the formation of a fibrous

Fig. 6. Representative photomicrographs of kidney. H&E images of renal parenchyma show a progressive reduction of glomerular lipidosis from Control (A) to T-low
(B) and T-high (C) and a similar trend for the presence of tubular necrosis in Control (D), T-low (E) and T-high (F). Iba-1 immunostaining highlights the macrophagic
origin of foam cells within glomeruli (low magnification G, H, I and high magnification J, K, L). CD3 immunostaining showed a slight increase in T cells in renal
parenchyma of Control compared to the others (M, N, O). Bar length= 100 μm.
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cap and a necrotic lipid core [22,23]. When fed a high fat, cholesterol-
containing diet, apoE-deficient mice show increased hypercholester-
olemia and accelerated atherosclerosis development [22,23]. In addi-
tion, this dietary treatment leads to altered glucose metabolism [24,25].
Hypercholesterolemia is a well-known risk factor for atherosclerosis
development and it is also considered a contributing factor towards the

development of renal dysfunction in the clinic [26]. In apoE-deficient
mice, dyslipidemia-related kidney injury develops [27,28] and is
characterized by marked pathological alterations that include foam cell
accumulation and lipid deposits in glomerular capillaries termed “li-
poprotein thrombi”. The latter feature is typically found in lipoprotein
glomerulopathy, a renal condition associated to specific apoE mutations
in humans [29,30].

Topiramate was administered at the maximal effective and non-
toxic dose described for mice [31], and at a lower dose, also used in
previous experimental studies [32].

In the present study, possible effects of topiramate on body weight,
glucose metabolism and lipid levels were investigated. The treatment
did not significantly affect food intake as well as body weight, although
a slightly lower weight gain was observed in the T-high group com-
pared with Control. No significant differences among groups were also
found in abdominal fat weight and histology. The weight loss induced
in the clinic by topiramate treatment appears to be significant only in
overweight and obese patients, whereas in experimental studies it
seems to be strongly dependent on the model used and the duration of
treatment [10,33]. Being the present study designed in young, growing
mice, and for a relatively short duration of time, a lack of effect on body
weight in this study is not surprising. Indeed, previous studies in the
same experimental conditions have shown that apoE-deficient mice do
not develop an obese phenotype [15,16,34].

A dose-dependent increase in water intake was observed in topir-
amate-treated mice vs Control. To our knowledge, this effect by topir-
amate treatment has not been described in the clinic, nor in other ex-
perimental studies. Being the increased water intake started just after
the beginning of treatment, it should not be a consequence of possible
biochemical or metabolic changes caused by topiramate. Although
speculative, it could be simply due to the unpleasant taste of topir-
amate-containing food. Indeed, topiramate is known for its bitterness
that, especially in paediatric patients, represents the greatest barrier to
completion of treatment [35].

Topiramate treatment did not modify plasma cholesterol and tri-
glyceride levels, as well as baseline glycaemia and response to glucose
challenge. In the clinic, beneficial effects by topiramate on glycaemic
control and lipid levels have generally been observed in association
with weight loss [36,37]. In the few experimental studies that have
addressed this issue, results seem to be related to the animal models
used. In wild-type and diabetic rats a reduction of glucose and lipid
levels was observed [38,39], whereas in mice the metabolic effects of
topiramate seem to be strongly dependent on the diet and the genotype
[31,33].

One of the main objectives of the present study was the evaluation
of a possible effect by topiramate on atherosclerosis development.
Disappointingly, the pharmacological treatment did not modify the
extent of atherosclerotic lesions, both at the entire aorta and at the
aortic sinus. This result may be at least partially explained by a lack of
changes by treatment of the extremely elevated plasma cholesterol le-
vels that characterize this mouse model.

Table 2
Kidney histological features.

Control T-low T-high

Glomerular
lipidosi

Tubular
necrosis

Glomerular
lipidosis

Tubular
necrosis

Glomerular
lipidosis

Tubular
necrosis

3 0 0 0 2 0
3 0 1 0 1 0
2 0 1 0 0 0
3 0 2 0 3 0
3 0 1 0 2 0
3 1 2 0 1 0
3 1 2 1 0 0
3 0 2 0 1 0
3 1 1 0 2 0

3 0 0 0

In the kidney, glomerular lipidosis was evaluated as the number of glomeruli
affected per area and ranked as follows: 0: no glomeruli affected; 1: 1–3 glo-
meruli affected; 2: 4–10 glomeruli affected; 3: 11 or more glomeruli affected.
Tubular necrosis was scored as present (1) or absent (0).

Fig. 7. Blood urea nitrogen (BUN) was measured in plasma and showed sig-
nificantly lower levels in T-high vs Control (*p=0.016). Data are expressed as
mean ± SD. Significant differences were determined by one-way ANOVA fol-
lowed by Tukey’s post hoc test.

Fig. 8. Box plots of gene expression in the
kidney of Control and topiramate-treated
groups. Fold changes of renal genes, relative to
Control group, are charted. The expression of
Tgfb1, Il6 and Ccl2 were significantly reduced
by treatment (†p= 0.006; ††p= 0.003;
‡p=0.02; ‡‡p= 0.008; #p= 0.006;
##p= 0.003). The upper and lower ends of the
boxes indicate the 25th and 75th percentiles,
respectively. The length of the box depicts the
interquartile range within which 50% of the
values are located. The solid gray lines identify
the median. Significant differences were de-
termined by one-way ANOVA followed Tukey’s
post hoc test.
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Topiramate treatment did not affect glycogen and lipid accumula-
tion in the hepatic cells, as well as the amount of subendothelial foamy
macrophages. Conversely, histological analysis of kidneys showed that
topiramate strongly reduced the accumulation of foam cells in glo-
meruli, which were of macrophagic origin. This alteration has been
described in apoE-deficient mice fed both chow and high fat diet
[27,28,40]. In humans, foam cells accumulation is a feature of glo-
merular lipidosis associated to dyslipidemic conditions, such as type III
hyperlipoproteinemia and LCAT deficiency [29,41,42], both prone to
the development of kidney disease [30,43].

It is unlikely that the reduction of foam cell formation could be a
consequence of a reduced accumulation of lipids in the glomerulus,
since topiramate treatment did not modify plasma lipids. Alternatively,
topiramate could have interfered with foam cell formation by reducing
macrophage uptake of modified lipoproteins. It is known that macro-
phages, as well as other cells of the immune system express GABA re-
ceptors [44] and that topiramate, among its several mechanisms of
action, is a GABA-A receptor agonist [45]. In a previously published
paper, this issue was investigated exposing human monocyte-derived
macrophages (HMDM) to oxidised LDL in the absence or presence of
topiramate. Topiramate was shown to markedly reduce lipid droplets
accumulation and the cholesterol content in HMDM, indicating that
GABA-A receptor stimulation, one of the mechanisms of action of to-
piramate, exerts inhibitory effects on phagocytic activity for oxidized
LDL [46]. This result is consistent with previous observations relating
GABA receptor stimulation with alterations of monocyte/macrophage
activity [47].

In this study the most abundant presence of foamy macrophages in
Control was associated with an increased expression of Il6 and Ccl2/
Mcp-1, indicative of an increased inflammatory milieu within the
kidney parenchyma. A causative role of glomerular foam cells accu-
mulation in impaired renal function has not been yet fully established
[48]. In the present study, plasma BUN and creatinine levels were in the
normal range in all the three groups of mice [49]. It is known that BUN
and creatinine levels rise dramatically only when more than 50% of
renal function is compromised [50,51]. However, fluctuations of these
parameters within the physiological range still reflect changes in the
glomerular filtration rate [50]. In the present study topiramate treat-
ment significantly reduced BUN levels, whereas creatinine concentra-
tion was unchanged by treatment. This is consistent with previous
studies in mice where BUN is subjected to broader fluctuations than
creatinine [52,53]. Thus, a possible protective effect of topiramate on
kidney function cannot be excluded. In accordance, Tgfb1 expression,
which is upregulated in response to harmful stimuli and leads to im-
paired glomerular filtration [54], was significantly reduced after to-
piramate treatment.

It is well known that macrophage-derived foam cells are a relevant
component of atherosclerotic plaques both in humans and in apoE-de-
ficient mice [23,55]. In the present study the accumulation of macro-
phages and foam cells in plaques developing at the aortic sinus was not
different among controls and topiramate-treated mice. This result was
unexpected, based on the reduction of foam cells in glomeruli caused by
treatment. This discrepancy may reside in the different features of the
two anatomical sites. Macrophages in atheromas mostly derive from
circulating blood monocytes, since healthy arterial walls do not harbour
resident phagocytes [56]. Conversely, in kidneys, there is a small po-
pulation of tissue-resident macrophages that are predominantly derived
from embryonic macrophages [57]. Besides oxidised lipoproteins,
atheromas are filled with potent pro-inflammatory stimuli, such as
cellular debris coming from disintegrating macrophages and neu-
trophils, as well as chemokines and cytokines produced by trapped
leukocytes [58]. The conditions within the plaque are so extreme that
the plaque core is not populated with live cells, as the compact nature
of the plaque renders the diffusion of molecules, oxygen and nutrients
extremely difficult [59]. On the contrary, the glomerulus is, by the
means of its function, filled with capillaries, with opposite conditions

than those found in atherosclerotic plaques. Reportedly, the origin and
activation state of the macrophages and the microenvironment in which
they reside are critical determinants of their response to injury [56,57].

Further, foam cell population in atherosclerotic lesions does not
entirely derive from macrophages. Multiple studies have in fact de-
monstrated that foam cells in atherosclerotic plaques, although ex-
pressing typical macrophage markers, are smooth muscle cells derived
[60,61]. Finally, it cannot be excluded that the protective effect by
topiramate against foam cells accumulation may have been overcome
by the severe hyperlipidemia that strongly drives atherosclerotic plaque
formation in apoE-deficient mice fed high fat diet [23].

Being topiramate an inhibitor of carbonic anhydrases, about 1.5% of
adult patients treated with this drug may develop nephrolithiasis and its
incidence increases in the paediatric population [62]. Although this
effect by treatment was not specifically addressed, histological features
seem to exclude this event. The increased water intake observed in
topiramate-treated animals and the relatively short time frame of the
experiment may have accounted for the lack in the incidence of this
adverse effect.

5. Conclusions

In summary, topiramate treatment to apoE-deficient mice displayed
a protective effect against glomerular lipidosis. This condition, de-
scribed in dyslipidemic patients that are prone to develop kidney dis-
ease, is currently without therapeutic options. Considering the wide use
of this drug in the general population, these results are particularly
relevant and potentially open a new scenario in the treatment of this
clinical condition.
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