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Abstract The drastic increase in the consumption of fructose
encouraged the research to focus on its effects on brain
physio-pathology. Although young and adults differ largely
by their metabolic and physiological profiles, most of the pre-
vious studies investigated brain disturbances induced by long-
term fructose feeding in adults. Therefore, we investigated
whether a short-term consumption of fructose (2 weeks) pro-
duces early increase in specific markers of inflammation and
oxidative stress in the hippocampus of young and adult rats.
After the high-fructose diet, plasma lipopolysaccharide and
tumour necrosis factor (TNF)-alpha were found significantly
increased in parallel with hippocampus inflammation, evi-
denced by a significant rise in TNF-alpha and glial fibrillar
acidic protein concentrations in both the young and adult
groups. The fructose-induced inflammatory condition was as-
sociated with brain oxidative stress, as increased levels of lipid
peroxidation and nitro-tyrosine were detected in the hippo-
campus. The degree of activation of the protein kinase B,
extracellular signal-regulated kinase 1/2, and insulin receptor
substrate 1 pathways found in the hippocampus after fructose
feeding indicates that the detrimental effects of the fructose-
rich diet might largely depend on age. Mitochondrial function
in the hippocampus, together with peroxisome proliferator-
activated receptor gamma coactivator 1-alpha content, was
found significantly decreased in fructose-treated adult rats.

In vitro studies with BV-2 microglial cells confirmed that
fructose treatment induces TNF-alpha production as well as
oxidative stress. In conclusion, these results suggest that un-
balanced diet, rich in fructose, may be highly deleterious in
young people as in adults and must be strongly discouraged
for the prevention of diet-associated neuroinflammation and
neurological diseases.
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Introduction

The consumption of fructose has increased drastically over the
past two centuries [1], mainly because of consumption of su-
crose or high-fructose corn syrup in industrial foods and bev-
erages. Fructose may have a role in the development of obe-
sity by contributing, together with other nutrients, to an overall
excessive energy intake [2]. In addition, a high-fructose intake
also increases hepatic de novo lipogenesis, very low-density
lipoprotein triglyceride secretion, and intrahepatic fat concen-
trations [2]. The fructose-fed rat represents a commonly used
animal model for studying diet-induced metabolic distur-
bances [3]. Using this experimental animal model, we previ-
ously showed that long-term treatment with a fructose-rich
diet elicits in adult rats the development of obesity, insulin
resistance, and hepatic steatosis [4–6]. We also demonstrated
that fructose worsened the deleterious effects of a high-fat diet
after just 2 weeks of treatment [7, 8], thus suggesting that even
short periods of high-fructose intake may induce metabolic
perturbations.

In the last decade, attention was focused on the harmful
effects of fructose intake on the brain as well. Indeed, long-
term high-fructose intake was shown to induce a reduction of
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hippocampal neurogenesis [9], accumulation of advanced
glycation end products, widespread reactive gliosis, and al-
tered mitochondrial activity in the hippocampus [10]. In addi-
tion, high-fructose diet was associated with hypothalamic
astrogliosis and neuroinflammation [11] and with high extent
of brain oxidative stress [10, 12, 13], which are both implicat-
ed in the pathogenesis of neurodegenerative diseases [14].

Widespread overconsumption of added sugars, especially
fructose-sweetened beverages, which are the hallmark of
modern lifestyles, is particularly prominent in young popula-
tions [15]. Although young and adults differ largely by their
metabolic and physiological profiles, most of the previous
studies investigated fructose-induced metabolic disturbances
in adults. In addition, no data are available about the effect of
high-fructose diet on the hippocampus of rats of different
ages, although aging is associated with increased susceptibil-
ity to disease and represents the dominant non-genetic risk
factor for neurodegenerative disorders such as Alzheimer’s
disease (AD) [16]. Hence, we investigated the effect of fruc-
tose feeding on specific markers of inflammation and oxida-
tive stress, as well as on mitochondrial function, in the hippo-
campus of young and adult rats. This brain region, crucial for
learning and memory, is considered one of the most vulnera-
ble sites in AD and other neurodegenerative disease develop-
ment [17] and is particularly susceptible to disruption by die-
tary factors. Since most studies on hippocampal dysfunction
due to fructose administration addressed the impact of long-
term feeding, for more than 4 weeks, the present work focused
on the early alterations in this brain region after a short-term
consumption of fructose of 2 weeks.

Methods

Materials

Bovine serum albumin fraction V (BSA), goat anti-rabbit
horseradish peroxidase-conjugated IgG (GAR-HRP), mouse
anti-β actin IgG, goat anti-mouse horseradish peroxidase-
conjugated IgG (GAM-HRP), o-phenylenediamine, MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide], hexadecyltrimethylammoniumbromide (HTAB), 3-ami-
no-1,2,4 triazole, and salts and buffers were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Tetramethylbenzidine
(TMB) was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). Rabbit anti-N-Tyr of Covalab was pur-
chased from Vinci-Biochem (Vinci, Italy). Goat anti-rabbit al-
kaline phosphatase-conjugated secondary antibody (GAR-AP)
was purchased from Promega (WI, USA). The dye reagent for
protein titration and PVDF membranes were from Bio-Rad
(Bio-Rad, Hercules, CA). Polystyrene 96-well ELISA
MaxiSorp plates, with high affinity to proteins with mixed
hydrophilic/hydrophobic domains, were purchased from

Nunc (Roskilde, Denmark). Cell culture medium and compo-
nents were from Gibco (Life Technologies Italy, Monza, Italy).
Cell culture flasks (75 cm2) and 12- and 96-well cell culture
plates of Sarstedt (Verona, Italy) were used.

Animals and Treatments

Male Sprague-Dawley rats (Charles River, Italy) of 25
(young) or 90 (adult) days of age were caged singly in a
temperature-controlled room (23 ± 1 °C) with a 12-h light/
dark cycle (06.30–18.30). Treatment, housing, and euthanasia
of animals met the guidelines set by the Italian Health
Ministry. All experimental procedures involving animals were
approved by BComita to Et ico-Scient i f ico per la
Sperimentazione Animale^ of the University of Naples
Federico II.

The young and adult rats were divided into two groups and
were fed a fructose-rich or control diet for 2 weeks. The two
diets were obtained by adding the components reported in
Table 1 to 50 g of standard chow (4RF21, Mucedola, Italy).
The rats were pair-fed for the whole experimental period, by
giving them the same amount of diet, both as weight and as
caloric content, and each rat consumed the full portion of the

Table 1 Composition of experimental diets

Control diet Fructose diet

Component (g/100 g)

Standard chowa 50.5 50.5

Sunflower oil 1.5 1.5

Casein 9.2 9.2

Alphacel 9.8 9.8

Starch 20.4 –

Fructose – 20.4

Water 6.4 6.4

AIN-76 mineral mix 1.6 1.6

AIN-76 vitamin mix 0.4 0.4

Choline 0.1 0.1

Methionine 0.1 0.1

Gross energy density (kJ/g) 17.2 17.2

Metabolisable energy density (kJ/g)b 11.1 11.1

Proteins (% metabolisable energy) 29.0 29.0

Lipids (% metabolisable energy) 10.6 10.6

Carbohydrates (% metabolisable energy) 60.4 60.4

Of which:

Fructose – 30.0

Starch 52.8 22.8

Sugars 7.6 7.6

a 4RF21, Mucedola, Italy
b Estimated by computation using values (kJ/g) for energy content as
follows: protein 16.736, lipid 37.656, and carbohydrate 16.736
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diet. During the treatment, body weight, food, and water in-
take were monitored daily. At the end of the experimental
period, the rats were euthanized by decapitation and blood
was collected for subsequent analyses.

The brain was quickly removed and the hippocampus was
dissected on ice. Samples were snap-frozen in liquid nitrogen
immediately and stored at −80 °C for subsequent analyses.

Cell Culture

The mouse microglial cell line BV-2 was purchased from
IRCCS Azienda Ospedaliera Universitaria San Martino-
Istituto Nazionale per la Ricerca sul Cancro (Genova, Italy).
Cells (1.5 × 106) were seeded in 250-ml tissue culture flasks
(75-cm2 surface) and grown in RPMI supplemented with 10%
FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml
streptomycin (complete medium) at 37 °C under humidified
atmosphere of 5%CO2 in air. The mediumwas changed twice
a week, and the cells were sub-cultivated when confluent.

In order to evaluate the effect of fructose on survival of BV-
2, cells were cultured into a 96-well plate (20,000 cells/well)
for 20 h in complete medium, rinsed with RPMI, and finally
incubated (24 h, 37 °C) in serum-free RPMI containing dif-
ferent amounts of fructose (0, 0.005, 0.05, 0.1, 0.5, 1.0, 1.5,
2.5, 5, 7.5, or 10 mM). The medium was then removed, and
cell survival was evaluated by MTT reduction assay [18]. The
data were expressed as viability percentage, assuming the ab-
sorbance value from untreated cells as 100%.

In order to study the influence of fructose on cell inflam-
matory and oxidative status, as well as on mitochondrial bio-
genesis, BV-2 cells were cultured for 20 h into a 12-well plate
(250,000 cells/well) and, after medium removal and rinsing
with RPMI, were incubated (24 h, 37 °C) in RPMI containing
different amounts of fructose (0, 2.5, 5, or 10 mM). At the end
of incubation, media samples were collected, supplemented
with Tissue Protease Inhibitor Cocktail (Sigma-Aldrich,
1:500, v/v), cleared of any cellular debris by centrifugation
(400×g, 10 min), and then used for titrating tumour necrosis
factor (TNF)-alpha concentration by ELISA sandwich, as de-
scribed below.

In order to titrate nitro-tyrosine (N-Tyr) or peroxisome
proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1α), the cells were extensively washed with RPMI,
detached by treatment (5 min, 37 °C) with 250 μl of trypsin
(TrypLE Express, Gibco), and finally lysed with 125 μl of
RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, 0.5% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, pH 8) containing the
protease inhibitor cocktail (1:500, v/v). The lysates were cen-
trifuged (12,000×g, 30 min, 4 °C) and analysed for total pro-
tein concentration [19] and for N-Tyr by ELISA or PGC-1α
content by western blotting as reported below.

In order to assess thiobarbituric acid-reactive substance
(TBARS) concentration, BV-2 cells, after trypsin treatment,

were centrifuged at 500×g for 5 min and pellets used for
TBARS measurement as described below.

In several experiments, after incubation with fructose, cells
were resuspended in RPMI medium and used for measure-
ment of oxygen consumption as reported below.

Plasma LPS Levels

Plasma lipopolysaccharide (LPS) determinations were per-
formed using a kit based upon a Limulus amaebocyte lysate
(LAL) extract (Lonza, Switzerland). Briefly, samples were
mixed with the LAL reagent and chromogenic substrate re-
agent for 16 min, and absorbance readings were performed on
a plate reader at 405 nm.

TNF-Alpha Levels in Plasma, Hippocampus, and BV-2
Cell Supernatants

TNF-alpha concentrations in plasma and hippocampus
were determined using a rat-specific enzyme-linked im-
munosorbent assay (ELISA) (R&D Systems, MN, USA)
according to the manufacturer’s instruction. Briefly, the
wells of a microtitre plate were coated with 100 μl of
mouse anti-rat TNF-alpha (4 μg/ml) in PBS (137 mM
NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 mM
KH2PO4, pH 7.4) and incubated overnight at room tem-
perature. The antibody excess was then removed by wash-
ing with wash buffer (containing 0.05% (v/v) Tween 20 in
PBS, pH 7.4), and the remaining sites on the plate were
blocked with a reagent diluent (PBS containing 1% BSA;
1 h, room temperature). After extensive washing, 100 μl
of plasma (1:10 dilution in a reagent diluent) were added
to the wells and incubated for 2 h at room temperature.
After further washing, the wells were incubated with bio-
tinylated goat anti-rat TNF-alpha (225 ng/ml in a reagent
diluent) followed by treatment with streptavidin-HRP
(1:200 dilution; 1 h, room temperature). Peroxidase-
catalysed colour development from o-phenylenediamine
was measured at 492 nm. Data were reported as pico-
grams of TNF-alpha per millilitre of plasma.

For quantification of TNF-alpha in the hippocampus, pro-
teins were extracted by homogenizing frozen tissues as previ-
ously reported [18]. Hippocampal homogenates were centri-
fuged at 18,000×g for 45 min at 4 °C, and the protein concen-
tration of soluble samples was measured according to a pub-
lished procedure [19]. TNF-alpha concentration was titrated
by ELISA as described for plasma samples. Each hippocam-
pus homogenate was diluted (1:5, 1:10, 1:30) in the assay.
Data were reported as picograms of TNF-alpha per milligram
of proteins.

TNF-alpha secretion by the BV-2 cell line was evaluated in
cell culture supernatants using the mouse TNF-alpha ELISA
MAX kit (BioLegend, distributed by Aurogene, Rome, Italy),
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essentially according to the manufacturer’s instructions. Each
supernatant was diluted (1: 10, 1:30) in the assay. Data were
reported as picograms of TNF-alpha per milligram of cell
proteins.

MPO Activity in the Hippocampus

The determination of myeloperoxidase (MPO) activity can be
used as a surrogate marker of inflammation, since it has been
shown that the activity of MPO solubilized from inflamed
tissue is directly proportional to the number of neutrophils
seen in histologic sections [20]. MPO activity was therefore
assessed in the hippocampus using a modification of the meth-
od reported by Kim et al. [21]. Briefly, tissue samples were
homogenized in HTAB buffer (0.5% HTAB in 50 mM phos-
phate buffer, pH 6.0) and centrifuged at 15,000×g for 40 min
at 4 °C. Then, supernatants were sonicated for 2 min and
thereafter incubated for 1 h at 37 °C with 20 mM 3-amino-
1,2,4 triazole (catalase inhibitor). Aliquots of the treated sam-
ples (containing about 87 μg of tissue) were combined with
200 μl of TMB-hydrogen peroxide (0.26 g/l). The change in
absorbance at 450 nm was measured, and 1 unit of MPO
activity was defined as that degrading 1 μmol of peroxide
per minute at 25 °C.

Lipid Peroxidation in Rat Hippocampus or BV-2 Lysates

Lipid peroxidation was determined according to Fernandes
et al. [22], by measuring TBARS, using the thiobarbituric acid
assay. Aliquots of hippocampal homogenates prepared in KCl
medium were added to 0.3 ml of ice-cold 40% trichloroacetic
acid. Then, 1 ml of 0.67% of aqueous thiobarbituric acid con-
taining 0.01% of 2,6-di-tert-butyl-p-cresol was added. The
mixtures were heated at 90 °C for 15 min, then cooled in ice
for 10 min, and centrifuged at 850×g for 10 min. The super-
natant fractions were collected, and lipid peroxidation was
estimated spectrophotometrically at 530 nm. The amount of
TBARS formed was calculated using a molar extinction coef-
ficient of 1.56 × 105/M/cm and expressed as nanomoles of
TBARS per gram of tissue.

Pellets from BV-2 cells were mixed with 0.5 ml of ice-cold
40% trichloroacetic acid and 0.5 ml of 0.67% of aqueous
thiobarbituric acid containing 0.01% of 2,6-di-tert-butyl-p-
cresol. The mixture was then processed as above, and the
results were expressed as nanomoles of TBARS per milligram
of proteins.

Titration of N-Tyr in Rat Hippocampus or BV-2 Lysates

For N-Tyr titration, proteins were extracted from the hippo-
campus by homogenizing frozen tissues (−80 °C) as previous-
ly described [18]. N-Tyr in individual hippocampal homoge-
nates or in BV-2 lysates was quantified by ELISA. Samples

were diluted (1:500, 1:1500, 1:3000, and 1:6000) with coating
buffer, and aliquots (50 μl) were then incubated in the wells of
a microtitre plate (overnight, 4 °C). After four washes with T-
TBS (130 mM NaCl, 20 mM Tris-HCl, 0.05% Tween 20,
pH 7.4) and four washes with high-salt TBS (500 mM NaCl,
20 mM Tris-HCl at pH 7.4), the wells were blocked with TBS
containing 0.5% BSA (1 h, 37 °C). After washing, the wells
were incubated (2 h, 37 °C) with 50 μl of rabbit anti-N-Tyr
(1:600 dilution in T-TBS containing 0.25% BSA) followed by
60 μl of GAR-HRP IgG (1:3500 dilution; 1 h, 37 °C).
Peroxidase-catalysed colour development from o-
phenylenediaminewas measured at 492 nm. Data were report-
ed as OD per milligram of proteins.

Mitochondrial Analyses in the Hippocampus and BV-2
Cells

Tissue samples were homogenized in a KCl medium contain-
ing 100 mM KCl, 50 mM HEPES, 5 mM MgCl2, 1 mM
EDTA, 5 mM EGTA, and 1 mM ATP, pH 7.0. Aliquots of
homogenates were then incubated for 30 min at 0 °C after the
addition of 1.5 mg/ml Lubrol.

Samples of tissue homogenates were transferred into 2-
ml calibrated Oxygraph-2k (O2k, Oroboros Instruments,
Innsbruck, Austria) chambers. Oxygen polarography was
performed at 37 ± 0.001 °C (electronic Peltier regulation)
in the O2k chambers, and oxygen concentration (μM) as
well as oxygen flux per tissue mass (pmol O2/s/mg) were
recorded real-time using DatLab software (Oroboros
Instruments, Innsbruck, Austr ia) . The substrate-
uncoupler-inhibitor titration protocol was used for mea-
surement of the single step of cytochrome oxidase (COX)
activity in a medium containing 75 mM HEPES, 30 μM
cytochrome c, 10 mM malonate, 4 μM rotenone, 0.5 mM
dinitrophenol, 4 mM ascorbate, and 0.3 mM N,N,N′,N′-
tetramethyl-P-phenylenediamine [23]. Chemical back-
ground oxygen consumption induced by auto-oxidation
of TMPD and ascorbate was assessed after inhibition of
CIV by sodium azide (100 mM) and reoxygenation with
gaseous oxygen. Respiratory fluxes were corrected auto-
matically for instrumental background by DatLab taking
into account oxygen consumption of the oxygen sensor
and oxygen diffusion out of or into the oxygraph chamber
measured at experimental conditions in incubation medium
without a biological sample.

Citrate synthase (CS) activity was measured according to
Srere [24] by following the appearance of the free SH group of
the released CoASH at 412 nm by using 5,5′-dithiobis-(2-
nitrobenzoate).

BV-2 cells (75 × 103) suspended in RPMI medium were
incubated in the same medium at 37 °C in the Oxygraph-2k
for polarographic measurement of oxygen consumption.
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Western Blotting

Proteins were extracted from the hippocampus by homogenizing
frozen tissues (−80 °C) in ten volumes (w/v) of cold RIPA buffer
containing Tissue Protease Inhibitor Cocktail (Sigma-Aldrich,
1:500, v/v). Homogenates were then centrifuged (14,000×g,
45 min, 4 °C), and the protein concentration of supernatants
was measured according to a published procedure [19].

The supernatants were then used to evaluate the content of
several proteins, namely extracellular signal-regulated kinases
(Erk) 1 and 2, p-Erk 1 and 2, glial fibrillar acidic protein
(GFAP), PGC-1α, p-insulin receptor substrate (IRS) 1, protein
kinase B (Akt), and p-Akt.

Aliquots (40 μg) of supernatants were fractionated by elec-
trophoresis on 12% (in order to quantify p-Akt/Akt) or 10%
(in order to quantify p-Erk/Erk, GFAP, and PGC-1α) or 7.5%
(in order to quantify p-IRS) polyacrylamide gel, under dena-
turing and reducing conditions [25]. After electrophoresis,
proteins were blotted onto PVDF membranes. The mem-
branes for detecting p-Erk/Erk, GFAP, and PGC-1α were
blocked with T-TBS containing 5% non-fat milk (60 min,
37 °C), while the membrane for detecting p-IRS was blocked
with TBS containing 0.1% Tween 20 and 3% BSA. p-Erk 1
and 2 were revealed by incubation (overnight, 4 °C) with anti-
p-Erk IgG (Cell Signaling, MA, USA; 1:2000 dilution in T-
TBS containing 5% BSA), followed by GAR-HRP IgG
(1:4000 dilution in T-TBS containing 0.25% non-fat milk;
1 h, 37 °C). After p-Erk detection, the membrane was exten-
sively washed with T-TBS and submerged in stripping buffer
(100 mM β-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl,
pH 6.7; 45 min, 50 °C). Erk1/2 was revealed by incubation
(overnight, 4 °C) with rabbit anti-Erk1/2 (Cell Signaling, MA,
USA; 1:1000 in T-TBS containing 5% BSA) followed by
RAG-HRP IgG (1: 4000 dilution in T-TBS containing
0.25% non-fat milk; 1 h, 37 °C).

PGC-1αwas revealed by incubation (overnight, 4 °C) with
rabbit anti-human PGC-1α IgG (Millipore, MA, USA; 1:2000
dilution in T-TBS containing 0.25% non-fat milk), followed
by GAR-HRP IgG (1:15,000 dilution; 1 h, 37 °C). GFAP was
revealed by incubation (overnight, 4 °C) with rabbit anti-
human GFAP IgG (Cell Signaling, MA, USA; 1:1000 dilution
in T-TBS containing 3% BSA), followed by GAR-HRP IgG
(1:8000 dilution T-TBS containing 5% non-fat milk; 1 h,
37 °C). p-IRS 1 was revealed by incubation (overnight,
4 °C) with mouse anti-p-IRS1 (Millipore; 1:1000 dilution in
blocking buffer), followed by GAM-HRP IgG (1:20,000 di-
lution in blocking buffer; 1 h, 37 °C).

Loading control was carried out by incubating the
membranes (overnight, 4 °C) with mouse anti-β-actin
IgG (1:1000 dilution in T-TBS containing 0.25% non-fat
milk) followed by GAM-HRP IgG (1:10,000 dilution). All
the above immunocomplexes were detected by the ECL
detection system.

The membranes for detecting p-Akt/Akt were preblocked
in blocking buffer (PBS, 5% milk powder, 0.5% Tween 20)
for 1 h and then incubated overnight at 4 °C with polyclonal
antibody for p-Akt (Cell Signaling, MA, USA; diluted 1:1000
in blocking buffer). The membranes were washed three times
for 15 min in PBS/0.5% Tween 20 and three times for 15 min
in PBS and then incubated for 1 h at room temperature with
GAR-AP (diluted 1:5000 in blocking buffer) (Promega, WI,
USA). The membranes were washed as described above,
rinsed with distilled water, and incubated at room temperature
with a chemiluminescent substrate, CDP-Star (Sigma-
Aldrich, MO, USA). Akt was detected with polyclonal anti-
body (Cell Signaling, MA, USA; diluted 1:1000 in blocking
buffer), followed by GAR-AP (diluted 1:7000 in blocking
buffer).

Quantification of signals was carried out by UN-SCAN-IT
gel software (Silk Scientific, UT, USA).

Statistical Analysis

Data were expressed as mean values ± SEM. The program
GraphPad Prism 6 (GraphPad Software, San Diego, CA)
was used to perform one-way or two-way ANOVA, followed
by the Tukey post hoc test. Linear regression analysis was
used to analyse the association between variables. P < 0.05
was considered significant.

Results

Animal Data

During the 2-week period of dietary treatment, no significant
variation was evident in body weight, epididymal fat weight,
body weight gain, and food intake of the rats (Table 2).

Plasma Levels of Inflammation Markers

Plasma concentrations of LPS and TNF-alpha were detected
asmarkers of systemic inflammation, and the results show that
after 2 weeks of dietary treatment with a fructose-rich diet,
LPS and TNF-alpha were significantly increased in both
young and adult rats (Fig. 1a, b). These results show that a
short-time feeding of a fructose-rich diet is associated with a
systemic inflammatory condition. In addition, an age-
dependent increase in inflammatory profile was found in the
control and fructose-fed rats (Fig. 1).

Analysis of Inflammation Markers in Rat Hippocampus

TNF-alpha was titrated in hippocampus homogenates, and
significant diet-related changes of its level were observed. In
particular, TNF-alpha concentration was significantly higher
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in the fructose-fed rats than in the control rats, in both the
young (about 2.3-fold; p < 0.0001) and adult (about 1.5-fold;
p < 0.01) groups (Fig. 2a), thus suggesting that just 2 weeks of
high-fructose feeding might induce brain inflammation.
GFAP was evaluated as a marker of astrogliosis, and its
amount was found significantly higher in the fructose-fed rats
in both young (about 2.6-fold; p < 0.001) and adults (about

1.4-fold; p < 0.05) (Fig. 2b). Overall, these results suggest an
early reactive astrocytic response of the hippocampus to the
fructose diet. Further, age-related changes of TNF-alpha and
GFAP concentrations were observed in the control rats
(Fig. 2a, b). In particular, we found that the concentration of
this cytokine was about 1.7-fold higher (p < 0.05) in adult than
in young rats (Fig. 2a). These results show that aging, in rats
receiving a standard diet, is associated with the increase in
cerebral inflammation markers, in agreement with the age-
associated shift toward an inflammatory profile previously
described in the brain [26].

The degree of hippocampus inflammation was also evalu-
ated by measuring the activity of MPO (an enzyme produced
in leukocytes and whose activity is linearly related to neutro-
phil infiltration of the tissues) as an index of inflammatory
response under pathological conditions [20] (Fig. 2c).
Increasing age or high-fructose intake did not have any effect
on neutrophil infiltration in this brain region.

Oxidative Damage in the Hippocampus

High-fructose diet was previously reported to induce oxida-
tive stress in the liver and skeletal muscle of rats [4, 5]. More
recently, acute fructose administration and long-term fructose
diet feeding were shown to induce oxidative stress in rat brain
[13, 27, 28]. Therefore, we investigated whether short-term
fructose diet affects brain oxidative status. In order to verify
this hypothesis, we analysed lipid peroxidation and N-Tyr
levels in the hippocampus of control and fructose-fed rats as
a marker of oxidative damage to lipids and proteins,
respectively.

Lipid peroxidation was significantly higher in the young
and adult rats fed a fructose-rich diet (Fig. 3a). In addition, the
N-Tyr level was found more elevated in the hippocampus of
the fructose-fed than in the control diet-fed rats in both young
(Fig. 3c) (about 1.5-fold; p < 0.05) and adult (about 1.7-fold;
p < 0.0001) rats. These results suggest that fructose feeding
can induce oxidative damage to lipids and proteins in the
brain. Further, we observed age-dependent differences of N-

Fig. 1 Plasma inf lammatory markers . Concentrat ions of
lipopolysaccharide (LPS) (a) and tumour necrosis factor (TNF)-alpha
(b) were measured in plasma samples from young or adult rats fed a
control or fructose-rich diet for 2 weeks. Data reported as
means ± SEM of six rats/group. *p < 0.05, **p < 0.01, ****p < 0.0001
compared to control rats, §p < 0.05, §§p < 0.01, §§§§p < 0.0001 com-
pared to young rats (two-way ANOVA followed by the Tukey post-test)

Table 2 Body weights and food
intake of young and adult rats fed
a control or fructose-rich diet

Young Adult

Control Fructose Control Fructose

Initial body weight (g) 90 ± 1 91 ± 2 491 ± 10 490 ± 11

Final body weight (g) 202 ± 5 214 ± 5 537 ± 12 544 ± 18

Body weight gain (g) 111 ± 6 123 ± 4 46 ± 6 54 ± 9

Epididymal fat (g/100 g b.w.) 0.5 ± 0.02 0.5 ± 0.03 1.1 ± 0.08 1.1 ± 0.07

Body weight gain (g/day) 7.9 ± 0.4 8.8 ± 0.3 3.3 ± 0.4 3.9 ± 0.6

Food intake (g/day) 24.8 ± 1.5 24.9 ± 0.9 36.6 ± 1.3 36.8 ± 1.5

Food intake (g/(g b.w. × day)) 17.7 ± 0.5 16.7 ± 0.3 6.6 ± 0.2 6.7 ± 0.2

Values are means ± SEM of six different rats
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Tyr amount only in the fructose-fed rats. Indeed, the N-Tyr
level was about 1.3-fold higher (p < 0.05) in the adult than in
the young rats after fructose-rich diet (Fig. 3c), thus suggest-
ing that adult rats are more prone to cerebral protein nitration
when fed a fructose-rich diet.

Interestingly, a positive correlation between the hippocam-
pal level of TNF-alpha and TBARS (r2 = 0.2330; p = 0.0197;
Fig. 3b) or N-Tyr amount (r2 = 0.4262; p = 0.0005 Fig. 3d)
was observed. This result suggests that inflammatory status is
associated with a higher extent of lipid peroxidation and pro-
tein nitration in the brain, in agreement with the previously
described strong association between oxidative stress and in-
flammation [29].

Fructose Effect on p-Akt, p-Erk, and p-IRS1 Protein
Levels in the Hippocampus

The activation of the Akt pathway, namely the ratio p-Akt/
Akt, was evaluated by western blot. This ratio was found
significantly decreased by high-fructose diet in young rats,
while the opposite effect, i.e. a significant increase, was found
in adult rats (Fig. 4). p-IRS1 was found significantly lower in
both young and adult rats (Fig. 4).

The activation of the Erk 1 and 2 pathways was also evaluat-
ed, and a different effect of fructose feeding in young and adult
rats was found (Fig. 5). In fact, the p-Erk1/Erk1 ratio was found
significantly increased in young and adult rats after fructose-rich
diet (Fig. 5c), due to a decrease in Erk1 in young rats (Fig. 5b) or
to an increase in the degree of phosphorylation of Erk1 in adult
rats (Fig. 5a). As for Erk2, again young and adult rats displayed a
different response. In fact, no variation was found in young rats,
while a significant increase in the p-Erk2/Erk2 ratio was evident
in adult rats (Fig. 5f), due to an increase in the degree of phos-
phorylation of Erk2 (Fig. 5d). Finally, the degree of phosphory-
lation of Erk1 and 2 significantly decreased with increasing age,
independent of dietary treatment (Fig. 5c, f).

Mitochondrial Function in Rat Hippocampus

Mitochondrial function in the hippocampus was evaluated on
whole tissue homogenates. CS activity is a commonly used
functional marker of the content of intact mitochondria
representing a single-enzymemarker of the mitochondrial ma-
trix, while COX activity is a functional marker of the electron
transport chain [30]. We found a significant age-induced in-
crease in COX activity in the control groups and a significant
decrease induced by the fructose-rich diet only in the adult rats
(Fig. 6a). To discriminate whether the above change could be
the result of changes in the activity of the enzyme or in the
mitochondrial mass, we also assessed the behavior of the en-
zyme CS, which is representative of the Krebs cycle (Fig. 6b).
The very similar magnitude of the decrease found here for the
two different enzymes seems to be indicative of a decrease in
mitochondrial mass. The analysis of PGC-1α was performed
as a marker of mitogenesis, and we found a significantly lower
level in the fructose-fed adult rats with respect to the control
rats (Fig. 6c) in line with the results obtained from COX and
CS activity measurement.

Fig. 2 Inflammatory markers in rat hippocampus. Tumour necrosis
factor (TNF)-alpha was titrated by sandwich ELISA (a), glial fibrillary
acidic protein (GFAP) was quantified by western blot (b), while
myeloperoxidase (MPO) activity was assessed spectrophotometrically
(c) in the hippocampus of young or adult rats fed a control or fructose-
rich diet for 2 weeks. Data are reported as means ± SEM of six rats/group.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to control
rats, §p < 0.05, §§p < 0.01 compared to young rats (two-way ANOVA
followed by the Tukey post-test)

Mol Neurobiol (2018) 55:2869–2883 2875

Author's personal copy



Fructose Effect on TNF-Alpha Production
and Mitochondrial Function in BV-2 Microglial Cells

As reported above, our results demonstrate that a 2-week feed-
ing with fructose-rich diet is associated with a significant in-
crease in hippocampal TNF-alpha. The induction of brain in-
flammation might be the consequence of systemic inflamma-
tion or might be generated by fructose entry into the brain by
Glut-5 [10, 31], thus inducing a local event of gliosis and
inflammation. In order to further investigate this last possibil-
ity, we studied the effect of fructose treatment on BV-2
microglial cells.

Preliminarily, the effect of this compound on cell survival
was evaluated by MTT assay, in order to choose concentra-
tions not affecting cell viability (data not shown).

BV-2 cells were incubated (24 h, 37 °C) in RPMI containing
different amounts of fructose (0, 2.5, 5, or 10 mM). After each
treatment, cell culture supernatants were analysed by sandwich
ELISA for measuring TNF-alpha concentration. As shown in
Fig. 7b, we found that fructose treatment stimulates TNF-alpha

secretion by BV-2 cells by about 1.3-fold (p < 0.05) at any
concentration used. These results suggest that fructose might
directly act as a pro-inflammatory stimulus on microglial cells,
in agreement with previous data showing a higher level of TNF-
alpha mRNA level in fructose-treated BV-2 cells [32]. No mito-
chondrial impairment was evident with all the tested concentra-
tions, since oxygen consumption of the cells after the treatment
was not affected by fructose (Fig. 7a). In addition, no significant
change in the level of PGC-1α was found at any concentration
used (Fig. 7c).

Fructose Effect on Oxidative Status of BV-2 Microglial
Cells

Our data demonstrate that fructose feeding, just for 2 weeks, is
associated with increased lipid and protein oxidative damage
in rat hippocampus. We therefore investigated whether this
result can be ascribed to an increase in microglial cell oxida-
tive modifications as well. To this aim, BV-2 cells were incu-
bated, as described above, with different amounts of fructose

Fig. 3 Markers of oxidative damage in rat hippocampus. Lipid
peroxidation (a) was measured in the hippocampus of young or adult
rats fed a control or fructose-rich diet for 2 weeks by assessing the amount
of thiobarbituric acid-reactive substances (TBARS). N-Tyr amount (c) was
measured by ELISA in the hippocampus of young or adult rats fed a
control or fructose-rich diet for 2 weeks. Values are reported as

means ± SEM of six rats/group. *p < 0.05 compared to control
rats;****p < 0.0001 compared to control rats; §p < 0.05 compared to
young rats (two-way ANOVA followed by the Tukey post-test).
Correlation between TNF-alpha and lipid peroxidation (b) or TNF-
alpha and N-Tyr content (d) in rat hippocampus was evaluated by linear
regression analysis
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(0, 2.5, 5, or 10 mM), and at the end of treatment, cells were
lysed and analysed for lipid peroxidation and N-Tyr content.
A pro-oxidative effect of fructose on lipids was found starting
from a 5-mM concentration (Fig. 8a). In addition, we found
that fructose treatment induces an increase in the cell content
of N-Tyr, at any concentration used (p < 0.05; Fig. 8b).

Discussion

The deleterious effects of unbalanced nutrition on brain
function have been extensively investigated in the last
decade, and a high-fructose intake was recently proposed
as a risk factor for neurodegenerative diseases [33–35].
Since there is no information about early modifications
that occur during high intake of fructose in the hippocam-
pus, the primary goal of this work was to study biochem-
ical changes in this particular region of short-term fruc-
tose-fed rats. It is important to mention that the diet used
in this work substantially reflects western habits of con-
suming diets containing high-fructose syrup and therefore
is a good model to study metabolic alterations due to
high-fructose consumption.

High-fructose intake for 2 weeks did not affect either
body weight gain or epididymal fat mass, taken as an
index of whole body adiposity. Nevertheless, key markers
of systemic inflammation, namely plasma LPS and TNF-
alpha, were significantly increased in fructose-fed rats. In
addition, an age-dependent increase in systemic inflam-
mation was evident, in both control and fructose-fed rats,
in agreement with the notion of Binflammaging^ theory
[36]. Our present data indicate that inflammation elicited
by a fructose-rich diet is an early event that takes place
before the onset of obesity. We have previously shown
that after 8 weeks of fructose feeding in adult rats, a re-
modeling of intestinal microbiota takes place, with a con-
comitant increase in systemic plasma concentrations of
LPS and TNF-alpha [37]. Although the dietary treatment
in the present study is shorter than that performed in the
previous study [37], the similarity of the plasma inflam-
matory profile suggests that microbiota remodeling is al-
ready present in this condition.

Another relevant finding of the present study is that the
concentration of TNF-alpha, as well as of GFAP, was
higher in the hippocampus of fructose-fed rats, in both
young and adult rats, thus indicating that the fructose-
rich diet is also associated with neuroinflammation. The
fructose effects on the hippocampus could be due to its
entry into the brain, since the fructose transporter Glut-5
is expressed in the choroid plexus and hippocampal
microglial cells [10, 31]. Fructose feeding was also re-
ported to induce an increased expression of both Glut5
mRNA and protein in the brain of young (35-day-old)
and adult rats [38]. Further, it was shown that rat neocor-
tex cells, as well as mice hippocampal cells, are able to
take up and metabolize fructose [10, 31].

Oxidative stress and inflammation were suggested to
play a central role in fructose-induced damage to the brain
[10, 32], as inflammation is associated with the release of
reactive oxygen and nitrogen species [39] and with the
activation of the inducible nitric oxide synthase (iNOS)

Fig. 4 Fructose-induced changes in the activation of kinase Akt and p-
IRS1 in the hippocampus. The degree of activation of protein kinase B
(Akt) and insulin receptor substrate (IRS) 1 pathways was evaluated by
measuring p-Akt/Akt and p-IRS1/actin ratio, respectively, bywestern blot
on protein extracts from the hippocampus of young or adult rats fed a
control or fructose-rich diet for 2 weeks. Data (with representative west-
ern blots shown below) are reported as means ± SEM of six (p-Akt) or
four (p-IRS) rats/group. *p < 0.05, **p < 0.01 compared to control rats
(two-way ANOVA followed by the Tukey post-test)
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gene in astrocytes and microglia [40, 41]. Therefore, we
evaluated whether the fructose-induced inflammation
would be associated with oxidative brain injury. We titrat-
ed N-Tyr to evaluate the extent of oxidative damage to
protein, as they are the footprint of peroxynitrite, a potent
oxidant which has been implicated in neuronal cell death,
together with the amount of TBARS, as markers of oxi-
dative damage to lipids. We report here that short-term
fructose feeding is associated with a higher extent of brain
oxidative damage, as N-Tyr and TBARS levels were sig-
nificantly higher in the hippocampus of fructose-fed rats,
in both the young and adult groups. Further, we detected
an age-dependent increase in cerebral protein nitration in
fructose-fed rats, thus suggesting that aging might exacer-
bate the oxidative condition induced by this diet. This
result is of relevance, since protein nitration was shown
to play a role in the pathogenesis and progression of AD
[42–45]. Our results also support the hypothesis that the
fructose-induced inflammatory condition could contribute
to the increased hippocampal oxidative damage, as TNF-
alpha concentration correlates with both N-Tyr and T-
BARS amount.

Intriguingly, we found that high-fructose diet induces a
significant decrease in p-Akt in the hippocampus of
young rats, while an increase in Akt phosphorylation is
found in adult rats. Kinase Akt is at crossroad of several
signaling pathways. To better characterize the early effects
of fructose feeding on both metabolic and survival signal-
ing, we analysed additional markers, namely p-IRS1 and
p-Erk. The decrease in p-IRS found in young and adult
rats suggests an impairment in insulin signaling (Fig. 4),
in agreement with systemic insulin resistance found at the
whole body level in these rats (data not shown). On the
other hand, the analysis of Erk1 and Erk2 pathways sug-
gests that the severity of the stress caused by fructose
feeding may largely depend on age. Indeed, adult rats
seem to be more affected by fructose feeding than young
ones, as evidenced by the marked increase in the activa-
tion of both Erk1 and Erk2 pathways. The activation of
the Erk pathway is suggestive of the onset of hippocampal
damage. In fact, Erk1/2 activation seems to play an active
role in several models of neuronal death [46]. For exam-
ple, Erk1/2 activation is implicated in hyperglycemia-

mediated cerebral damage [47] as well as in β-amyloid-
induced neuronal cell death [48]. Finally, an anti-
inflammatory mechanism of resveratrol involving the in-
activation of the Erk1/2 pathway has been evidenced in
the hippocampus [49]. In line with previous similar re-
sults, we also found an age-related decrease in Erk1 and

Fig. 6 Markers ofmitochondrial activity and biogenesis in rat hippocampus.
Cytochrome oxidase activity was assessed polarographycally (a), citrate
synthase activity was measured spectrophotometrically (b), and peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) was
quantified by western blot (c) in hippocampus homogenates from young or
adult rats fed a control or fructose-rich diet for 2weeks. Values are reported as
means ±SEMof six rats/group. *p<0.05 compared to control rats, §p<0.05,
§§p < 0.01 compared to young rats (two-way ANOVA followed by the
Tukey post-test)

�Fig. 5 a–f Fructose-induced changes in the Erk1 and Erk2 pathways in
the hippocampus. The degree of activation of extracellular signal-
regulated kinases (Erk) 1 and 2 was evaluated by measuring the p-Erk/
Erk ratio by western blot on protein extracts from the hippocampus of
young or adult rats fed a control or fructose-rich diet for 2 weeks. Data
(with representative western blots shown below) are reported as
means ± SEM of six rats/group. *p < 0.05, **p < 0.01 compared to
control rats; §p < 0.05 compared to young rats (two-way ANOVA follow-
ed by the Tukey post-test)
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Erk2 activation. Overall, the above results seem to sug-
gest that the reduced p-Akt found in young rats is mainly
the result of a decreased insulin signaling, while the in-
creased p-Akt found in adult rats, similarly to Erk activa-
tion, mainly reflects a more detrimental effect of fructose
feeding. Interestingly, some papers reported increased,
rather than decreased, accumulation of active phosphory-
lated Akt in models of neurodegeneration [50–52].

In the brain, the energy requirements are so high that
any defect in mitochondria could be potentially the cause
of cognitive impairments [53]. Therefore, we focused on
the functioning of mitochondrial compartment in response
to fructose-rich diet. The parallel decrease found in COX
and CS activity in the hippocampus from adult, but not
young, rats is suggestive of a decrease in the mass of
these organelles in response to a fructose-rich diet. This
hypothesis is supported by the reduction in the expression
of PGC-1α. Accordingly, suppression of mitochondrial
biogenesis, leading to reduced mitochondrial mass and
impaired mitochondrial respiratory capacity, has been
found in preparations from postmortem AD cortex com-
pared to controls [54]. The reduced mitochondrial mass
implies a decrease in the cellular capacity to produce ATP,
which in turn may result in the loss of synapses and syn-
aptic function leading to cognitive decline [55]. In addi-
tion, increased mitochondrial COX and CS activity found
in adults compared to young rats could be related to the
increasing energy needs required for the energy metabo-
lism of a fully developed, neurologically competent mam-
malian brain. Accordingly, increased respiration rates
were found in 14-month-old rats as compared with 1-
month-old rats [56], and a significant increase in the ex-
pression of mitochondrial proteins has been found in adult
mice compared to young ones [57].

It is generally assumed that oxidative stress is a consequence
of mitochondrial respiratory chain dysfunction. However, other
cellular sites of ROS production are present in the cells, such as
NADPH oxidase and NOS [58, 59]. In particular, there is

evidence for the presence of oxidative stress and the involvement
of NADPH oxidase in neurodegeneration [60, 61]. In addition,
an increased oxidative stress could also arise from decreased
antioxidant defenses. In agreement, a significant decrease in the
activity of the antioxidant enzyme superoxide dismutase has
been found in the liver [4], skeletal muscle [5], and brain [10].

The ability of fructose to induce TNF-alpha secretion and
affect oxidative status was confirmed in a culture of microglial
cells, which are known to be at the forefront of inflammation. In
fact, microglia respond to and propagate inflammatory signals

�Fig. 7 Effect of fructose on TNF-alpha secretion and mitochondrial ac-
tivity and biogenesis in BV-2 cells. BV-2 cells were incubated into a 12-
well plate (24 h; 250,000 cells/well) in RPMI containing different
amounts of fructose (0, 2.5, 5, or 10 mM). aMitochondrial was measured
spectrophotometrically in RPMImedium at 37 °C, and data are expressed
as nanomoles of O2 per minute x milligrams of cell protein. bZ At the end
of incubation, media samples were collected, and TNF-alpha was mea-
sured, in individual samples, by sandwich ELISA. Data were expressed
as picograms per milligram of cell protein. c Peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1α) was quantified
by western blot and normalized to actin signal. Values are reported as
means from three independent experiments ± SEM.*p < 0.05, **p < 0.01,
****p < 0.0001 compared to control cells cultured in the absence of
fructose (one-way ANOVA followed by the Tukey post-test)
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initiated at the periphery, thus producing pro-inflammatory cyto-
kines [62] and secondary inflammatory mediators [63, 64].
Therefore, we supposed that the diet-dependent effects on in-
flammatory and oxidative status in the hippocampus might be
likely due to the activation of resident microglia. This hypothesis
was supported by the finding of an increase in TNF-alpha con-
centration, N-Tyr amount, and TBARS level following BV-2
microglia cell incubation with fructose, in the absence of any
deleterious effect on mitochondrial function or PGC-1α
expression.

In conclusion, this work provides novel evidence of the early
biochemical alterations caused by short-term fructose feeding in
the hippocampus of rats of different ages, whichmight determine
cognitive impairment and neurodegenerative disease susceptibil-
ity after longer exposure to such a nutritional imbalance.Western
diet, rich in fructose, may be highly deleterious in young people

and must be strongly discouraged for the prevention of diet-
associated neuroinflammation and neurological diseases.
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