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Abstract: Dietary fats and sugars were identified as risk factors for overweight and 
neurodegeneration, especially in middle-age, an earlier stage of the aging process. Therefore, our 
aim was to study the metabolic response of both white adipose tissue and brain in middle aged rats 
fed a typical Western diet (high in saturated fats and fructose, HFF) and verify whether a similarity 
exists between the two tissues. Specific cyto/adipokines (tumor necrosis factor alpha (TNF-α), 
adiponectin), critical obesity-inflammatory markers (haptoglobin, lipocalin), and insulin signaling 
or survival protein network (insulin receptor substrate 1 (IRS), Akt, Erk) were quantified in 
epididymal white adipose tissue (e-WAT), hippocampus, and frontal cortex. We found a significant 
increase of TNF-α in both e-WAT and hippocampus of HFF rats, while the expression of 
haptoglobin and lipocalin was differently affected in the various tissues. Interestingly, adiponectin 
amount was found significantly reduced in e-WAT, hippocampus, and frontal cortex of HFF rats. 
Insulin signaling was impaired by HFF diet in e-WAT but not in brain. The above changes were 
associated with the decrease in brain derived neurotrophic factor (BDNF) and synaptotagmin I and 
the increase in post-synaptic protein PSD-95 in HFF rats. Overall, our investigation supports for the 
first time similarities in the response of adipose tissue and brain to Western diet. 

Keywords: adipose tissue; hippocampus; frontal cortex; adiponectin; haptoglobin; lipocalin; BDNF; 
synaptic proteins. 

 

1. Introduction 

Lifestyle, nutrition and lack of physical exercise is increasing the number of overweight or obese 
people in the global population. The increased consumption of sugar- and fat-rich industrial foods, 
which are cheaper and easily available, contributes to the accumulation of peripheral and/or visceral 
adipose tissue [1]. In the last decade, dietary fats and sugars were also identified as risk factors for 
cognitive decline and neurodegeneration, through altered brain metabolism, neuroinflammation and 
neuronal dysfunction [2–6]. 

The increased risk for obese individuals to develop brain disease might be due to the capacity 
of adipose tissue to communicate with the brain and impact its function. Therefore, the analysis of 
specific markers, whose adipose and/or brain levels are affected by diet, might contribute to unveil 
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the intersection between obesity and neurodegeneration. In particular, proinflammatory cytokines, 
namely tumor necrosis factor alpha (TNFα), are implicated in the development of neuronal insulin 
resistance [7,8]. Since both cytokines and insulin in the brain regulate synaptic plasticity, learning 
and memory, neuroinflammation and neuronal insulin resistance have been proposed to be involved 
in obesity-associated brain impairment [9]. 

Middle-age, an earlier stage of the aging process, is a life phase in which humans and animals 
are more prone to develop diet-induced metabolic alterations. In fact, overweight is especially 
prevalent in the middle-aged population (40.2%) compared to younger or older adults (32.3% and 
37.0%, respectively) [10]. In addition, overweight during midlife has been associated to a higher risk 
of developing cognitive disorders, including Alzheimer’s disease [11,12]. Accordingly, we recently 
found that short-term dietary treatment with a high fat-high fructose diet was able to elicit 
inflammation and oxidative stress in plasma and brain of middle-aged rats [6,13]. We therefore 
decided to investigate the possible similarity in the response of white adipose tissue and brain in 
middle aged rats that were fed a typical Western diet (high in saturated fats and fructose, HFF) for 4 
weeks. In particular, specific cyto/adipokines (TNF-α, adiponectin), critical obesity-inflammatory 
markers (haptoglobin, lipocalin), and insulin signaling or survival protein network (insulin receptor 
substrate 1 (IRS), Akt, Erk) were measured in both adipose tissue and hippocampus/frontal cortex, 
two key areas for learning and memory. Moreover, in order to further highlight whether the HFFdiet 
is associated with an impairment of brain function, we evaluated brain-derived neurotrophic factor 
(BDNF) and its receptor (Tropomyosin receptor kinase B, TrkB), as well as specific pre- and post-
synaptic proteins in the hippocampus and frontal cortex, known to be susceptible to nutritional 
stimuli. 

2. Results 

2.1. Metabolic Characterization 

Dietary administration of HFF diet elicited caloric hyperphagia in the first and, less markedly, 
in the second week, while during the third and fourth week the caloric intake was similar in the two 
groups of rats (Figure 1A). In addition, HFF rats exhibited significantly higher body weight gain, as 
well as higher body content of epididymal white adipose tissue (e-WAT), both as absolute amount 
and as % of body weight (Figure 1B). 

 
Figure 1. Weekly energy intake (A), epididymal white adipose tissue (e-WAT) weight and body 
weight gain (B) in middle-aged rats fed low fat (LF) or high fat-high fructose (HFF) diet for four 
weeks. Values are the means ± SEM of eight rats. * P < 0.05, ** P < 0.01 compared to low-fat diet (two-
way ANOVA followed by Tukey post-test for energy intake data and two-tailed Student’s t-test for 
e-WAT weight and daily body weight gain data). 

Key proteins involved in the regulation of adipocyte function, namely uncoupling protein 2 
(UCP2), peroxisome proliferator-activated receptor alpha (PPAR-α), and peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1α), were found to be downregulated in HFF 
rats compared to rats fed low fat (LF) diet (Figure 2). 
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Figure 2. Protein content (with representative western blot) of uncoupling protein 2 (UCP2) (A), 
peroxisome proliferator activated receptor alpha (PPAR-α) (B) and peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha (PGC-1α) (C) in epididymal white adipose tissue (e-WAT) from 
middle-aged rats fed low fat (LF) or high fat-high fructose (HFF) diet for four weeks. Values are the 
means ± SEM of eight rats. * P <0.05 compared to low-fat diet (two-tailed Student’s t-test). 

2.2. Inflammatory Markers 

Since increased intake of fat and fructose is associated with systemic and tissue inflammation 
[14,15], we wanted to verify whether this response was elicited after our dietary treatment. To this 
end, we assessed markers of inflammation in plasma, e-WAT and brain areas. TNF-α levels were 
significantly increased in plasma, e-WAT and hippocampus of HFF rats compared to controls, while 
no variation was found in frontal cortex (Figure 3). Furthermore, we titrated the level of adiponectin, 
an adipokine which plays a role in the reduction of oxidative stress and inflammatory cascade [16] 
and was also reported to exert neuroprotective effect [17]. Adiponectin amount was found 
significantly reduced in plasma, e-WAT, hippocampus, and frontal cortex of HFF fed rats (Figure 4). 
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Figure 3. Levels of tumor necrosis factor alpha (TNF-α) detected by enzyme-linked immunosorbent 
assayin plasma (A), epididymal white adipose tissue (e-WAT) (B), hippocampus (C), and frontal 
cortex (D) from middle-aged rats fed low fat (LF) or high fat-high fructose (HFF) diets for four weeks. 
Values are the means ± SEM of eight rats. * P < 0.05 compared to low-fat diet (two-tailed Student’s t-
test). 



Int. J. Mol. Sci. 2020, 21, 786 5 of 20 

 

 
Figure 4. Protein content (with representative western blot) of adiponectin in plasma (A), epididymal 
white adipose tissue (e-WAT) (B), hippocampus (C), and frontal cortex (D) from middle-aged rats fed 
low fat (LF) or high fat-high fructose (HFF) diets for four weeks. Plasma adiponectin was detected by 
using 5 μL of sample. Values are the means ± SEM of eight rats. * P < 0.05 compared to low-fat diet 
(two-tailed Student’s t-test). 

The level of haptoglobin and lipocalin, which are considered markers of both inflammation and 
adiposity [18,19], was measured. As shown in Figure 5, no diet-associated variation of lipocalin 
concentration was detected in plasma, hippocampus or cortex, while in e-WAT lipocalin protein 
content significantly increased in HFF rats. Conversely, haptoglobin level was found increased, 
following HFF diet, in plasma, frontal cortex, and hippocampus, while no changes were detected in 
e-WAT (Figure 6). 
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Figure 5. Protein content (with representative western blot) of lipocalin in plasma (A), epididymal 
white adipose tissue (e-WAT) (B), hippocampus (C), and frontal cortex (D) from middle-aged rats fed 
low fat (LF) or high fat-high fructose (HFF) diet for four weeks. Values are the means ± SEM of eight 
rats. * P < 0.05 compared to low-fat diet (two-tailed Student’s t-test). 
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Figure 6. Levels of haptoglobin detected by enzyme-linked immunosorbent assay in plasma (A), 
epididymal white adipose tissue (e-WAT) (B), hippocampus (C), and frontal cortex (D) from middle-
aged rats fed low fat (LF) or high fat-high fructose (HFF) diet for four weeks. Values are the means ± 
SEM of eight rats. * P < 0.05 compared to low-fat diet (two-tailed Student’s t-test). 

2.3. Insulin Signaling 

Plasma metabolic profile evidenced that the HFF diet was able to induce systemic insulin 
resistance, with higher fasting glucose and insulin levels and increased Homeostasis model 
assessment (HOMA) index (Figure 7A). At the tissue level, insulin signaling was impaired by HFF 
diet in e-WAT, as shown by a significant decrease in the activatory phosphorylation of IRS (Figure 
7B), while this effector was not affected by diet in hippocampus (Figure 7C) and cortex (Figure 7D). 
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Figure 7. Plasma levels of glucose and insulin and Homeostatic model assessment (HOMA) index 
(A), protein content (with representative western blot) of phosphorylated Insulin Receptor Substrate 
(p-IRS) in epididymal white adipose tissue (e-WAT) (B), hippocampus (C), and frontal cortex (D) 
from middle-aged rats fed low fat (LF) or high fat-high fructose (HFF) diet for four weeks. Values are 
the means ± SEM of eight rats. * P < 0.05 compared to low-fat diet (two-tailed Student’s t-test). 

The analysis of downstream effectors of IRS, namely Akt and Erk, revealed an impairment for 
both effectors in e-WAT (Figure 8A, B). The activation of the Akt and Erk pathway was found 
significantly decreased by HFF diet in frontal cortex (Figure 8E, F), while in hippocampus was 
evident a significant increase in the Erk activation (Figure 8D), with no variation in the Akt pathway 
(Figure 8C). 
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Figure 8. Protein content (with representative western blot) of phosphorylated Akt (p-Akt) and Erk 
(p-Erk) in epididymal white adipose tissue (e-WAT) (A,D), hippocampus (B,E), and frontal cortex 
(C,F) from middle-aged rats fed low fat (LF) or high fat-high fructose (HFF) diets for four weeks. 
Values are the means ± SEM of eight rats. * P < 0.05 compared to low-fat diet (two-tailed Student’s t-
test). 

2.4. BDNF and TrkB 

BDNF is a key cerebral factor involved in a wide range of neurophysiological processes and has 
a multipotent impact on brain signaling and synaptic plasticity [20]. The BDNF level was measured 
in both the hippocampus and frontal cortex, and a significant diet dependent decrease was observed 
(Figure 9A, C). We also analyzed adipose tissue samples for the presence of BDNF, but we detected 
only a very faint band (data not shown). At present, we cannot say whether this very faint band 
reflects a small amount of BDNF produced locally in e-WAT or a small amount coming from the 
plasma. Further work is required to discriminate between the two options. We further investigated 
whether the dietary treatment could affect the amount of TrkB receptor, as BDNF activities, such as 
enhancement of synaptic plasticity, neuroprotection, and stimulation of neuronal fibers growth, are 
mediated by neurotrophin binding to this receptor [20]. As shown in Figure 9B, TrkB level was 
significantly lower in the hippocampus of HFF rats, while it was not affected by diet in the frontal 
cortex (Figure 9D). 
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Figure 9. Protein content (with representative western blot) of brain derived neurotrophic factor 
(BDNF) and tropomyosin receptor kinase b (TrkB) levels in hippocampus (A,B), and frontal cortex 
(C,D) from middle-aged rats fed low fat (LF) or high fat-high fructose (HFF) diets for four weeks. 
Values are the means ± SEM of eight rats. * P < 0.05 compared to low-fat diet (two-tailed Student’s t-
test). 

2.5. Synaptic Proteins in the Hippocampus and Frontal Cortex 

In order to clarify the impact of HFF diet on key markers of synaptic function, the levels of 
presynaptic proteins synaptophysin, synapsin I and synaptotagmin I, and post synaptic density 
protein 95 (PSD-95) were measured in hippocampus and frontal cortex of HFF and control rats. 
Synaptophysin and synapsin I are involved in synaptic growth, as they play key roles in synapse 
formation, maturation, and maintenance [21]. Synaptotagmin I is a major calcium sensor for 
transmitter release at central synapse and is also crucial for clamping synaptic vesicle fusion in 
mammalian neurons [22]. HFF diet did not affect synapsin I or synaptophysin level, while it was 
associated with a marked decrease of synaptotagmin both in the hippocampus (Figure 10) and the 
frontal cortex (Figure 11). In the next step, we examined the level of PSD-95, a key protein for the 
function of neurotransmitter receptors [23]. Interestingly, we found that the expression PSD-95 was 
significantly increased in hippocampus (Figure 10) and frontal cortex (Figure 11) of HFF rats. 
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Figure 10. Protein content (with representative western blot) of presynaptic proteins synaptophysin 
(A), synapsin I (B) and synaptotagmin I (C), and postsynaptic protein PSD-95 (D) in the hippocampus 
from middle-aged rats fed low fat (LF) or high fat-high fructose (HFF) diets for four weeks. Values 
are the means ± SEM of eight rats. * P < 0.05 compared to low-fat diet (two-tailed Student’s t-test). 



Int. J. Mol. Sci. 2020, 21, 786 12 of 20 

 

 
Figure 11. Protein content (with representative western blot) of presynaptic proteins synaptophysin 
(A), synapsin I (B) and synaptotagmin I (C), and postsynaptic protein PSD-95 (D) in the frontal cortex 
from middle-aged rats fed low fat (LF) or high fat-high fructose (HFF) diets for four weeks. Values 
are the means ± SEM of eight rats. * P < 0.05 compared to low-fat diet (two-tailed Student’s t-test). 

3. Discussion 

The risk of brain dysfunction has been shown to be increased in overweight or obese subjects 
[24–26]. The underlying mechanisms are not precisely defined, but obesity has been associated with 
several processes related to the acceleration of aging, including oxidative stress and inflammation 
[27,28]. The link between obesity and brain disease can be further clarified by studying the alteration 
of adipose tissue physiology, concomitantly with brain modifications in these conditions. In fact, it 
has been suggested that the molecules released or produced by the adipose tissue could be the 
molecular link between obesity and brain dysfunction [29]. Indeed, expansion of adipose tissue leads 
to local inflammation and release of cytokines and adipokines into the systemic circulation, which in 
turn could contribute to the pathogenesis of brain disorders [30,31]. Since this issue has not been 
investigate in depth, we sought to investigate the effect of a short-term Western diet on white adipose 
tissue functional markers and their possible similarity with changes in two critical brain areas for 
learning and memory, namely, the hippocampus and frontal cortex. 

Metabolic phenotyping of middle-aged rats evidenced the deleterious effects of HFF diet, with 
the increase in the absolute and relative weight of e-WAT. This adipose depot is among the largest 
and most readily accessible fat pads in the rat [32],and has been shown to reach its maximum 
expansion earlier (after 4 weeks of high fat feeding) than other adipose tissue depots [33]. The 
expansion of e-WAT in HFF rats well correlates with the increased caloric intake during the first two 
weeks and with the downregulation in the content of key proteins involved in the regulation of 
adipocyte function, namely UCP2, PPAR-α, and PGC-1α. In fact, PPARα and PGC-1α play a central 
role in the metabolic regulation in adipose tissue [34,35]. In addition, UCP2 may influence systemic 
metabolism by regulating the release of adipokines by this tissue [36]. Interestingly, we recently 
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reported a similar decrease in UCP2, PPAR-α, and PGC-1α in brain regions of middle-aged rats fed 
the same Western diet [6]. 

HFF diet elicited whole-body insulin resistance. The same metabolic impairment was evident 
also in e-WAT, where downstream effectors of insulin signaling (IRS, Akt, and Erk) were less 
activated in HFF rats, thus suggesting a condition of insulin resistance in this tissue. 

Systemic inflammation was also found in HFF rats, as demonstrated by the increase in plasma 
levels of both TNF-α and haptoglobin, which is one of the most represented acute-phase proteins. 
Similarly, e-WAT from HFF rats exhibited increased TNF-α content, in agreement with the frequent 
association between insulin resistance and inflammation [37]. The above increase is of relevance and 
could be at the basis of increased lipocalin content found in e-WAT from these animals. In fact, 
lipocalin expression in adipocytes is regulated by obesity and TNF-α and it can, in turn, induce 
insulin resistance [38]. In line with the systemic and adipose inflammatory status, the here presented 
results show that a condition of brain inflammation occurs in response to the HFF diet. As a matter 
of fact, a diet-associated increase in TNF-α was observed in hippocampus, and haptoglobin level was 
found higher both in hippocampus and frontal cortex of HFF rats. It is worth mentioning that no data 
are available thus far on diet-associated changes of haptoglobin in brain of middle-aged rats. The 
increase in brain haptoglobin might represent a protective mechanism against the condition of 
enhanced oxidative stress found in hippocampus and frontal cortex [6], due to its well-known 
antioxidant activity [39,40]. 

The above inflammatory status might contribute to the onset of brain insulin resistance, 
however, interestingly, we did not find an alteration in IRS activation. It is therefore possible that 
HFF diet, administered for only 4 weeks, is able to induce adipose tissue insulin resistance, as well as 
brain inflammation and oxidative stress [6], but does not trigger impaired response to insulin in brain. 
Of note, we recently found a decrease in the protein content of insulin degrading enzyme in 
hippocampus and cortex of middle-aged rats fed an HFF diet (data not shown). Thus, the impairment 
in the pathway of degradation of insulin in the brain could act as a potentiating factor on the action 
of this hormone. 

The increased activation of the Erk pathway in the hippocampus could be envisaged as marker 
of damage of this brain area. In fact, Erk activation seems to play an active role in several models of 
neuronal death, such as hyperglycaemia-mediated neuronal damage [41] or  β-amyloid-induced 
neuronal death [42]. On the other hand, frontal cortex is differently affected, and the decrease in Akt 
and Erk pathways is likely due to the impairment in other mechanisms, including neurotrophin 
signaling, since both Akt and Erk are at the crossroad of several intracellular pathways. 

The analysis of changes in adiponectin shows a downregulation in e-WAT. This result is in good 
agreement with lower protein levels of UCP2 and PPAR-α, since it has been shown that adiponectin 
expression is regulated via adipose PPAR-α [43], and UCP2 controls adiponectin gene expression in 
adipose tissue [40]. 

A diet-associated reduction of adiponectin was also observed in both hippocampus and frontal 
cortex. The origin of adiponectin found in the brain has been debated. Adiponectin can enter the brain 
by passing through the blood–brain barrier [44]. Hence, the peripheral adipose tissue could be the 
source of brain adiponectin, even though it has been reported that adiponectin is also produced inside 
the brain [45]. It is worth mentioning that, beside its role in improving insulin sensitivity and 
modulating lipid and carbohydrate metabolism, adiponectin was reported to influence neurogenesis, 
hippocampal synapses and synaptic plasticity [46–48]. Furthermore, there is strong evidence 
supporting the neuroprotective effects of adiponectin in cell culture and animal models [49,50]. 
Therefore, adiponectin decrease might underlie alteration in brain functioning, as suggested by the 
reduction in BDNF, a further critical marker of brain functioning, playing a key role in modulation 
of adult neurogenesis [51] and synaptic function [52]. Our result is in agreement with previous 
studies showing a downregulation of BDNF signaling both in middle-aged [53] and adolescent [54] 
rats exposed to a Western diet. Accordingly, we found a significant decrease in the amount of 
synaptotagmin I in both hippocampus and frontal cortex of middle aged HFF rats. As known, 
synaptotagmin I participates in the regulation of synaptic vesicle exocytosis, acting for clamping 
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synaptic vesicle fusion in mammalian neurons [22]. Despite a lower level of BDNF in both 
hippocampus and frontal cortex of the HFF group, no differences in the other markers, 
synaptophysin and synapsin I, were detected. Whether this is due to the fact that BDNF levels are 
still enough to maintain downstream targets or to the activation of other signaling pathways remains 
to be elucidated. Intriguingly, a significant increase in the post-synaptic critical protein PSD-95 was 
found in both hippocampus and frontal cortex, that could represent a compensatory mechanism 
against HFF diet-induced presynaptic alterations. 

4. Materials and Methods 

4.1. Materials 

Bovine serum albumin fraction V (BSA), rabbit anti-human haptoglobin, salts, and buffers were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). The dye reagent for protein titration was from 
Bio-Rad (Hercules, CA, USA), and the polyvinylidene difluoride (PVDF) membrane was from GE 
Healthcare (Milan, Italy). Horseradish peroxidase (HRP)-conjugated secondary antibodies were from 
Immunoreagent, (Raleigh, NC, USA) (goat anti-rabbit or goat anti-mouse) or from Sigma-Aldrich (St. 
Louis, MO, USA) (rabbit anti-goat). Fuji Super RX 100 films were from Laboratorio Elettronico Di 
Precisione (Naples, Italy). 

4.2. Experimental Design 

Male Sprague-Dawley rats were purchased from Charles River (Calco, Como, Italy) and used 
for the experiments. All rats 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 
the “Comitato Etico-Scientifico per la Sperimentazione Animale” of the University of Naples Federico 
II (260/2015-PR). 

For the experiments, we used middle-aged rats (11 months old), that were divided in two 
groups, each composed of eight rats, that were fed an HFF or LF diet for 4 weeks. The composition 
of the two diets is reported in Table 1. During the dietary treatment, body weight and food and water 
intake were monitored daily. At the end of the experimental period, the animals were anaesthetized 
with sodium Tiopental (40 mg/kg body weight) and euthanized by decapitation, and blood, 
epididymal white adipose tissue (e-WAT), hippocampus, and frontal cortex were harvested. In 
particular, hippocampus and frontal cortex were dissected as previously published [6,55]. Samples 
were then snap frozen in liquid nitrogen and stored at −80 °C for subsequent analyses. 

Table 1. Diet composition. 

 Low Fat High Fat-High Fructose 
Component, g/1000 g   

Standard chow a 395.3 231.5 
Sunflower oil 19.3 19.3 

Casein 59.7 133.3 
Water 175.7 175.4 

AIN-93 Mineral mix 11.4 11.4 
AIN-93 Vitamin mix 3.2 3.2 

Choline 0.7 0.7 
Methionine 0.9 0.9 
Cornstarch 333.8 ------- 

Butter ------- 129.8 
Fructose ------- 294.6 

Energy content and composition   
ME content, kJ/g b 11.2 14.9 
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Lipids, J/100 J 10.5 39.3 
Proteins, J/100 J 19.9 19.8 

Complex carbohydrates, J/100 J 63.9 7.5 
Simple sugars, J/100 J 5.7 33.4 

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. ME = metabolizable energy. 

4.3. Metabolic Analyses 

The blood samples were centrifuged at 1400× g for 8 min at 4 °C. After centrifugation at 1400× g 
for 8 min at 4 °C, plasma was isolated and stored at −20 °C until used for determination of substrates 
and hormones. Plasma glucose concentration was measured by a colorimetric enzymatic method 
(Pokler Italia, Pontecagnano, Italy). Plasma insulin concentration was measured using an enzyme-
linked immunosorbent assay (ELISA) kit (Diametra, Segrate, Italy) in a single assay to avoid 
interassay variations. HOMA index was calculated as follows: (Glucose (mg/dL) × Insulin 
(mU/L))/405) [56]. 

4.4. Markers of Inflammation in Plasma, e-WAT, Frontal Cortexok, and Hippocampus 

TNF-α concentrations were determined using a rat-specific enzyme linked immunosorbent 
assay (R&D Systems, Minneapolisok, MN, USA) according to the manufacturer’s instruction. 

Haptoglobin concentration in plasma, adipose tissue, frontal cortex, and hippocampus samples 
was measured by ELISA. Samples were diluted (plasma = 1:9000–1:70,000; adipose tissue, 1:1000–
1:30,000; frontal cortex and hippocampus, 1:1000–1:30,000) with coating buffer (7 mM Na2CO3, 17 mM 
NaHCO3, 1.5 mM NaN3, pH 9.6), and aliquots (50 μL) were then incubated in the wells of a microtitre 
plate (Immuno MaxiSorp; overnight, 4 °C). Washing and blocking were carried out as previously 
reported [57], then, the wells were incubated (1 h, 37 °C) with 50 μL of rabbit anti-human haptoglobin 
(1:500 in 130 mM NaCl, 20 mM Tris-HCl, 0.05% Tween, pH 7.4, containing 0.25% BSA), followed by 
60 μl of HRP-coniugated secondary antibody (1:5000 dilution). Peroxidase-catalyzed color 
development from o-phenylenediamine was measured at 492 nm. 

4.5. Western Blotting 

Proteins were extracted from e-WAT by diluting tissue samples 1:1 with lysis buffer (20.0 
mmol/L Tris, pH 8, 5% glycerol, 138 mM NaCl, 2.7 mM KCl, 1% NP-40, 5 mM 
ethylenediaminetetraacetic acid, 5% protease inhibitor cocktail, 1% phosphatase inhibitor cocktail). 
Homogenates were centrifuged (15,000× g, 15 min at 4 °C) and the supernatants were then collected. 
Aliquots of 20 μg were used for electrophoresis. 

Proteins were extracted from hippocampus and frontal cortex by homogenizing aliquots (about 
40 mg) of frozen tissues in six volumes (w/v) of cold buffer, as previously published [58]. 
Homogenates were centrifuged (14,000× g, 45 min, 4 °C), and supernatants were then collected. 
Aliquots of 40 μg were used for electrophoresis. 

All the plasma samples were adjusted to protein concentration of 10 μg/μL and 5 μL were used 
for electrophoresis. 

Samples were fractionated by electrophoresis on 12.5% (to quantify BDNF, synaptophysin, 
synaptotagmin I, adiponectin, lipocalin), or 10% (to quantify synapsin I, PSD-95, TrkB, p-Akt, p-Erk, 
p-IRS, PGC-1α, PPAR-α, UCP2) polyacrylamide gel, under denaturing and reducing conditions. 
After electrophoresis, proteins were blotted onto PVDF membrane, essentially as previously reported 
[6]. 

The membranes were pre-blocked (1 h, 37 °C) in PBS, 3% bovine albumin serum, 0.3% Tween 20 
(blocking PBS), for p-Akt, p-Erk, p-IRS, lipocalin, PGC-1α, PPAR-α, and UCP2 detection, or in 130 
mM NaCl, 20 mM Tris-HCl, pH 7.4, 0.05% Tween 20 (T-TBS) containing 5% non-fat milk (blocking 
TBS) for all other markers. Membranes were then incubated overnight at 4 °C with antibodies at the 
appropriate dilutions (see Table S1) 
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Membranes were washed and then incubated for 1 h with the appropriate HRP-conjugated 
secondary antibodies. For p-Akt, p-Erk, lipocalin, and PPAR-α, the membranes were washed and 
incubated at room temperature with a chemiluminescent substrate, Immobilon (Millipore 
Corporation, Billerica, MA 01821, USA). For all the other markers, detection was carried out using 
the Excellent Chemiluminescent detection Kit (ElabScience, distributed by Microtech, Naples, Italy). 

Quantitative densitometry of the bands was carried out by analyzing chemidoc images or digital 
images of X-ray films exposed to immunostained membranes using Image Lab Software (Biorad 
Laboratories S.r.l., Segrate (MI)—Italy). 

4.6. Statistical Analysis 

Data were expressed as mean values ± SEM. The program GraphPad Prism 8 (GraphPad 
Software, San Diego, CA, USA) was used to perform statistical analysis by applying two-tailed, 
unpaired, Student’s t-test or two-way ANOVA followed by Tukey post-test. P < 0.05 was considered 
significant. 

5. Conclusions 

Overall, the general picture of this study (summarized in Figure 12), in middle aged rodent 
model, shows that the responses to the HFF diet are similar in adipose tissue and brain tissue for 
several (UCP2, PPAR-α, PGC-1α, TNF-α, adiponectin), but not all the measured parameters (i.e., 
insulin resistance onset in e-WAT but not brain, or lipocalin and haptoglobin, whose level is not 
modified in brain or e-WAT, respectively). Whether this similarity is due to crosstalk between the 
two areas or they are interconnected by a third player is currently unknown and represents an 
important issue for further studies. 

 
Figure 12. Summary of the modifications induced by high fat-high fructose (western) diet in brain 
(hippocampus and cortex) and white adipose tissue from middle-aged rats. UCP2=uncoupling 
protein 2 PPAR-α=peroxisome proliferator activated receptor alpha, PGC-1α=peroxisome 
proliferator-activated receptor gamma coactivator 1-alpha, TNF-α= tumor necrosis factor alpha, p-
IRS=phosphorylated insulin receptor substrate, BDNF=brain derived neurotrophic factor, 
TrkB=tropomyosin receptor kinase b. 
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Table S1: List of antibodies used for western blot with provider, ref. no. and appropriate dilution. 
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