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Abstract 

Accumulated evidence indicates that neuroinflammation induces insulin resistance in the brain. 

Moreover, both processes are intimately linked to neurodegenerative disorders, including Alzheimer’s 

disease. Potential mechanisms underlying insulin resistance include serine phosphorylation of the insulin 

receptor substrate (IRS) or insulin receptor (IR) misallocation. However, only a few studies have focused 

on IRS expression in the brain and its modulation in neuroinflammatory processes.  

This study used the high-fat diet (HFD) model of neuroinflammation to study the alterations of IR, an 

insulin-like growth factor receptor (IGF1R) and IRS expressions in the hippocampus. We observed that 

HFD effectively reduced mRNA and protein IRS2 expression. In contrast, a HFD induced the 

upregulation of the IRS1 mRNA levels, but did not alter an IR and IGF1R expression. As expected, we 

observed that a HFD increased hippocampal tumour necrosis factor alpha (TNFα) and amyloid precursor 

protein (APP) levels while reducing Brain derived neurotrophic factor (BDNF) expression and 

neurogenesis. Interestingly, we found that TNFα correlated positively with IRS1 and negatively with 

IRS2, whereas APP levels correlated positively only with IRS1 but not IRS2. These results indicate that 

IRS1 and IRS2 hippocampal expression can be affected differently by HFD-induced neuroinflammation. 

In addition, we aimed to establish whether abscisic acid (ABA) can rescue hippocampal IRS1 and IRS2 

expression, as we had previously shown that ABA supplementation prevents memory impairments and 

improves neuroinflammation induced by a HFD. In this study, ABA restored HFD-induced hippocampal 

alterations, including IRS1 and IRS2 expression, TNFα, APP and BDNF levels and neurogenesis. In 

conclusion, this study highlights different regulations of hippocampal IRS1 and IRS2 expression using an 

HFD, indicating the important differences of these scaffolding proteins, and strongly supports ABA 

therapeutic effects. 

 

 

Introduction 

Adult neurogenesis is a sensitive process that is very susceptible to different toxic insults, such as the 

presence of beta amyloid plaques (characteristic in Alzheimer’s disease) [1], insulin resistance [2] or 

inflammation [3]. Impairment of neurogenesis is associated with alterations of hippocampal-dependent 

functions, including spatial awareness, long-term memory, emotionality and mood [4, 5]. 

For more than 20 years, neuroinflammation has been considered to underlie the onset of 

neurodegenerative disorders [6], including Alzheimer’s disease [7–10]. Importantly, neuroinflammatory 

processes resulting from obesity and stress can induce insulin resistance [11]. These processes cause a 

considerable increase of reactive microglia, which secrete a variety of cytokines (e.g. TNFα), which 

activate specific intracellular cascades, including IKKβ and JNK [12]. Aside from this, a large body of 
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evidence has accumulated correlating insulin resistance induced by chronic inflammatory processes and 

the development of the disease [13]. In contrast, numerous preclinical and clinical studies have shown 

how  insulin sensitization improved cognitive damage, cytokine levels and mitochondrial function after a 

fat enriched-diet period [14, 15].  

Interestingly, insulin/IGF1 signalling has been shown to protect against these toxic insults and improves 

neurogenesis [16]. In line with this, physical exercise improves insulin sensitivity and increases 

hippocampal neurogenesis [17, 18]. The mechanisms of the exercise-induced improvement of 

neurogenesis may be a result of several factors, importantly the augmented blood flow to the brain [19] 

with the consequent affluence of growth factors, in particular IGF1 [20]. Highlighting the importance of 

IGF1, pilocarpine-induced epilepsy has been shown to increase the IGF1 expression via CREB 

stimulation in the SGZ-surrounding microglia, improving neurogenesis [21]. Another important factor in 

neurogenesis is the brain derived neuronal factor (BDNF) [22]. In fact, there is evidence that hippocampal 

BDNF expression is also augmented by exercise [23]. Furthermore, a crosstalk between BDNF and IGF1 

has been reported to play an important role in exercise-induced neurogenesis [24] 

Insulin and IGF1 signalling cascades are very similar: both peptides exert their actions through tyrosine 

kinase receptors via the subsequent activation of the IRSs [25–27]. Of the four known receptor substrates 

isoforms, the IRS1 and IRS2 isoforms are highly expressed in brain [28, 29]. Insulin and IGF1 receptors 

are expressed in dentate gyrus in rat and mouse brains [30–33], but the specific expression of the IRS in 

these areas is largely unknown. Neuroinflammation may induce insulin resistance through IRS 

inactivation by specific serine phosphorylation. In humans, IRS1 P-Ser 307 may determine insulin 

resistance in type 2 diabetes [34, 35]. One of the consequences of P-Ser in IRS1 is to increase the 

degradation of the protein using ubiquitination [36]. However, this process does not appear to occur for 

IRS2 degradation [37], which suggests differential regulation of both proteins, at least in certain cell 

types.  

In addition to exercise, other factors, such as phytohormones have been proposed as neuroprotectors, 

precisely due to their insulin sensitizer activity and anti-inflammatory properties [38]. For instance, ABA 

a PPARPγ agonist [39] can improve glucose tolerance in obesity models, reduce neuroinflammation and 

restore HFD-induced neurological alterations  [40–42]. The mechanism underling ABA action involves 

the activation of Lanthionine synthetase C-like 2 (LANCL2) [43, 44].  

In this study, we evaluate the effects of HFD-induced neuroinflammation and ABA treatment in the 

expression levels of several members of the insulin/IGF1 pathway, along with inflammation markers, in 

the hippocampus. One of the well-known effects of HFD exposure is the reduction of adult hippocampal 

neurogenesis [43]; therefore, we evaluated whether ABA treatment could rescue the HFD-induced 

reduction in hippocampal neurogenesis via its anti-inflammatory and insulin sensitizing properties. 
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Materials and methods 

Animals and diet 

Eight-week-old male Wistar rats (Janvier Labs, Saint-Berthevin, France) were kept at the animal facility 

of the University Jaume I. The procedures followed directive 86/609/EEC of the European Community on 

the protection of animals used for experimental and other scientific purposes. The experiments were 

approved by the Ethics Committee of the University Jaume I (approval number 2014/VSC/PEA00209). 

The animals were maintained on a 12 h:12 h light–dark cycle and housed in pairs to reduce stress due to 

social isolation. Rats were divided randomly into four experimental groups: SD, control animals fed the 

standard rodent diet (Ssniff, Soest, Germany); SD-ABA, animals fed standard diet supplemented with 

ABA (Fernandez-Rapado, Spain) in their drinking water (20 mg/L); HFD, animals fed an HFD (5736 

kcal/kg, Ssniff) and HFD-ABA, animals fed an HFD and that had ABA in their drinking water (20 mg/L). 

We have used ABA concentration as described [40]. The four groups were fed ad libitum for 12 weeks. 

Immunoblotting 

Rats were lightly anesthetized (Dolethal, 200 mg/Kg Vetoquinol S.A., Madrid, Spain) and then killed by 

decapitation. Brains were rapidly removed and frozen in cold isopentane (Sigma-Aldrich, St Louis, MO, 

USA). Hippocampi were dissected at ˗15 °C (using a cryostat) to preserve the protein phosphorylation. 

Tissue was lysed in a RIPA buffer containing protease and phosphatase inhibitors (SERVA 

Electrophoresis, Heidelberg, Germany). Mechanical tissue lysis was achieved using a sonicator (Hielsher 

Ultrasound Technology, Teltow, Germany). Thirty (30) µg of the total protein were subjected to SDS-

PAGE, transferred to Immobilon-P membranes (MERCK Millipore, Darmstadt Germany), which were 

blocked for non-specific binding and incubated with primary antibodies: anti-phospho IKKαβ (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA; 1:500); anti-phospho TAU (Abcam, Cambridge, UK; 1:1000); 

anti-SOD (Abcam, Cambridge, UK; 1:5000); anti-IRS1 (EMD Millipore, Temecula, CA, USA; 1:500); 

anti-IRS2 (Cell Signaling, Danvers, MA, USA 1:1000) and anti-β-Actin (Sigma-Aldrich, St Louis, MO, 

USA; 1:2000) overnight at 4 °C. After several washes with a washing buffer containing 0.3 % Triton X-

100, the membranes were incubated for 1 h at room temperature with peroxidase-conjugated secondary 

antibodies (anti-rabbit and anti-mouse, Jackson Immunoresearch, Suffolk, UK). Staining was developed 

using ECL (BioRad, Hercules CA, USA), and digital images were captured with a charge-coupled device 

imager (IMAGEQUANT LAS 4000, GE Healthcare Little Chalfont, UK). Immunoreactive bands were 

quantified with Image J blots toolkit software (National Institutes of Health, Baltimore, MD, USA), 

which was normalized to the β-Actin signal in each sample. Data were expressed as a percentage of the 

control (standard diet) normalized signal as the mean plus and minus the standard error of mean (SEM).  

Immunohistochemistry  
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Rats were anesthetized with pentobarbital (120 mg/kg Eutanax, Fatro, Barcelona, Spain) and 

transcardially perfused with saline (0.9 %), followed by a 4 % paraformaldehyde (PFA) fixative in 0.1 M 

phosphate buffer, pH 7.4. After perfusion, the brains were removed and post-fixed overnight at 4 °C in 

PFA, followed by 48 h in a 30 % sucrose solution for cryoprotection. Sliding Microtome Leica SM2010R 

(Leica Microsystems, Heidelberg, Germany) was used to obtain 40-µm thick coronal frozen sections. The 

brains were cut in rostrocaudal direction; six series of slices were collected from each brain and stored at 

˗20 °C. Sections were rinsed twice in 0.05 M Tris-buffered saline (TBS), pH 8.0, containing 0.2 % Triton 

X-100 at room temperature. Slices were incubated in blocking solution (containing 2 % donkey serum 

and 4 % serum albumin bovine for 1 h); anti-Doublecortin (DCX) (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA; 1:1000) was used. After several washes, the slides were incubated with the biotinylated 

secondary antibody (Jackson 1: 200) in TBS with 0.2 % Triton X-100. Then sections were rinsed 3x for 

10 mins and transferred to a 1:50 avidin–biotin–horseradish peroxidase complex solution for 90 mins 

(VECTASTAIN® Elite® ABC-HRP Kit; Peroxidase, Standard, USA). Then, sections were rinsed 2x for 

10 mins in TBS and 2x for 10 mins in 0.05 M 7.6 Ph Tris Buffer (TB). Colour reaction was achieved by 

incubation with DAB (Sigma-Aldrich, St Louis, MO, USA) and 2 µl of H2O2 in TB for 15-20 minutes. 

The reaction was stopped by several rinses in phosphate buffered saline solution. Finally, the slices were 

mounted on gelatinized slides and air dried overnight. Then, sections were rehydrated, alcohol 

dehydrated, xylene cleared and cover-slipped with a DPX mounting medium. 

Image Analysis 

Images were taken by a Nikon optical microscope (Nikon, Tokyo, Japan) attached to a Leica camera 

(Leica Microsystems), which was connected to the Leica software (Leica Microsystems), to acquire the 

images. To quantify the DCX positive neurons, six images were taken for each anatomical subdivision of 

the hippocampus in the four treatments (HFD, HFD-ABA, SD and SD-ABA). The DCX positive neurons 

were counted with Image J (National Institute of Health, Baltimore, MD, USA) at levels rostral (Bregma 

˗3.72mm) and caudal (Bregma ˗6.00mm) levels (Paxinos and Watson, 2013[45]). Data were expressed as 

the mean and the SEM of the DCX positive neurons (n = 6). The researcher performing the quantification 

of DCX positive neurons was blind to the experimental condition. 

RNA extraction and real-time quantitative polymerase chain reaction (RT-qPCR) 

Total RNA was extracted from the rat hippocampus (n = 5-11) and homogenized in 500 µL of lysis buffer 

according to the Norgen Fatty Tissue RNA Purification Kit (Norgen biotek corp, product #36200, ON, 

Canada). Genomic DNA was removed using a spin-column process during the RNA extraction. In 

addition, DNAse I treatment (Thermo-Fisher Scientific, Waltham, Massachusetts, USA) was performed 

to ensure the complete removal of genomic DNA. RNA samples were eluted in 50 µL of nuclease-free 

water and reverse transcribed to cDNA using a PrimeScript™ RT reagent kit (Takara, Shiga, Japan) 
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following the manufacturer’s instructions. Primers were designed using the Primer3 software tool 

(http://primer3.ut.ee/) (Table 1). RT-qPCR reactions were carried out using SYBR PREMIX Ex Taq (Tli 

RNase H Plus) (TAKARA Bio Inc., Shiga, Japan) in an Applied Biosystems StepOne Plus™ Real-Time 

PCR System (Foster City, California, USA). At the end of each PCR reaction, a melting curve stage was 

performed to confirm that only one PCR product was amplified in these reactions. The relative gene 

expression to SD was calculated by using the 2-ΔΔCt method for each reaction and by using the 

housekeeping gene GAPDH as internal control. 

 

Statistics 

Data were expressed as mean ± SEM and subjected to a Kolmogorov-Smirnov normality test, and only 

when the test was positive for normality (alpha= 0.05) were the data analysed using a parametric one-way 

analysis of variance (ANOVA) followed by a post-hoc Newman-Keuls test. To evaluate the associations 

between variables, we used a two-tailed Pearson correlation test. The correlation coefficient r values (± 

0.1 to ± 0.3) reveal a weak association, are a (± 0.3 to ± 0.5) medium and are higher than ± 0.5 strong 

correlation [46–48]. Positive or negative r values mean positive or negative correlations, respectively 

[49]. 

 

Results 

A HFD alters hippocampal IRS1 and IRS2 mRNA expression. ABA treatment can prevent these 

changes. 

We found that TNFα levels were increased significantly by HFD treatment, and ABA administration, 

along with a HFD, prevented this significant increase (F3,39 = 9.363). Similarly, we observed that the 

BDNF mRNA level in the hippocampus was significantly reduced in HFD-treated animals compared to 

SD and that the treatment with ABA in the drinking water prevented this reduction (F3,16 = 5.898). 

Interestingly, the APP mRNA expression levels also showed a significant increase with HFD exposure 

(F3,19 = 4.524).  

Next, we wanted to evaluate the effects of a HFD on the proteins’ expression of the insulin-signalling 

pathway. Even though it is widely accepted that a HFD and neuroinflammation induces insulin resistance, 

whether a HFD affects mRNA levels of IR, IRS1 and IRS2 is largely unknown. In our model, we 

observed a significant reduction of IRS2 mRNA levels in the hippocampus of rats fed a HFD with respect 

to SD (Table 2). Most interestingly, ABA treatment prevented this significant reduction in the 

hippocampal IRS2 levels in rats fed a HFD (F3,37 = 5.911). Moreover, there was a significant increase in 

the mRNA levels of IRS1 in those animals fed a HFD, which can also be rescued by ABA administration 

(F3,22 = 4.301) (Table 2). Hence, these results suggest that the modulation of IRS1 and IRS2 gene 
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expression may be different, depending on the environmental conditions, which suggests that these 

proteins may be involved in different cellular needs, in insulin signalling and in neuroinflammation. IR 

did not change with diet or ABA treatment; however, the IGF1R did show a change in those control 

samples that were treated with ABA (F3,16 = 3.025) (Table 2). 

ABA can effectively restore HFD-induced reduction in hippocampal IRS2 protein. 

To evaluate the effect of a HFD on protein expression in the hippocampus, we measured the levels of 

both IRS1 and IRS2 and the inflammatory markers phosphrorylated IKK (pIKK) [50] and Tau (pTau) 

[51] using a western blot (Fig. 1A). We observed that IRS2 protein levels were significantly lower in the 

HFD group (0.61 ± 0.05; n = 11) compared to SD group (0.99 ± 0.02; n = 9), HFD supplemented with 

ABA group (1.00 ± 0.16; n = 12) and the SD-ABA group (1.29 ± 0.17; n = 7), ANOVA (F3,35 = 4.897; p 

= 0.006) (Fig, 1B). In contrast, hippocampal IRS1 protein levels from matched samples were not different 

from each other [HFD (0.97 ± 0.12; n = 5), HFD-ABA (1.05 ± 0.12; n = 5), SD (0.96 ± 0.02; n = 5), SD-

ABA (1.31 ± 0.25; n = 5)] (Fig. 1C). On the other hand, pIKK did not show any significant differences 

between groups [HFD (1.38 ± 0.32; n = 6), HFD-ABA (1.28 ± 0.20, n = 6), SD (0.98 ± 0.01, n = 7), SD-

ABA (1.15 ± 0.07, n = 7)] (Fig. 1D). We found that ABA increased pTau expression in SD-ABA animals 

(1.37 ± 0.19; n = 7) with respect to the SD group (0.99 ± 0.02; n = 9), that the HFD-treated animals had 

lower levels, although not significantly lower (0.68 ± 0.12, n = 11), and ABA added to HFD group (0.88 

± 0.07; n = 11) did not significantly alter the pTau levels, ANOVA (F3,34 = 6.012; p = 0.002) (Fig. 1E). 

ABA rescues the HFD- induced reduction in hippocampal neurogenesis. 

To evaluate hippocampal neurogenesis, we quantified DCX, which was expressed in differentiating and 

migrating neurons during embryonic and postnatal development [52] using immunohistochemistry in the 

rostral (Bregma ˗3.72 mm) and caudal hippocampus (Bregma ˗6.00 mm) (Fig 2A), following the rat brain 

atlas [45]. Data were expressed as the mean of DCX positive neurons ± SEM. In the rostral hippocampus, 

we found that the number of DCX positive neurons decreased significantly in HFD-fed rats (131.9 ± 41.4; 

n = 6) compared to SD-fed controls (275 ± 34.15; n = 6). The ABA treatment rescued the DCX 

expression in HFD-ABA animals (339.1 ± 43.99; n = 6) and did not alter the DCX in SD animals (257.2 

± 34.15; n = 6). ANOVA (F3,20 = 6.150; p = 0.0039)] (Fig 2B). There were representative images of DCX 

positive neurons in SD (Fig. 2C), a HFD (Fig. 2D), SD+ABA, (Fig 2E) and HFD+ABA (Fig. 2F). An 

identical pattern was followed in the caudal hippocampus (data not shown). 

IRS1 and IR21 mRNA levels correlate differently with TNFα, BDNF and APP. 

We have observed that diet and ABA treatment can differently affect the expression of IRS1 and IRS2. 

To further understand the relationships of IRS expression and other biomarkers of inflammation, we 

aimed to ascertain if there was a relationship between the levels of IRS1 and IRS2 gene expression with 

TNFα, APP and BDNF. We observed that IRS1 correlates positively with TNFα (Pearson r = 0.574; p = 
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0.02) (Fig 3A), whereas IRS2 correlates negatively with TNFα (Pearson r = ˗0.498; p = 0.05) (Fig 3B). 

Interestingly, IRS1 showed a positive correlation with APP (Pearson r = 0.672; p = 0.003) (Fig 3C). In 

contrast, IRS2 did not correlate with APP either way (Fig 3D). None of the substrates showed any 

correlation with BDNF levels (Fig 3E and F, respectively). 

The IRS1 expression correlates with weight gain but IRS2 does not. 

Due to the different patterns of expression showed by both isoforms of IRS, we aimed to elucidate if there 

was a relationship between the percentage of weight gain and the IRS expression. Interestingly, IRS1 

showed a positive correlation with the percentage of weight gain (Pearson r = 0.498; p = 0.019) (Fig 4A). 

However, the IRS2 expression did not show any significant correlation when plotted versus the 

percentage of weight gain (Fig 4B).  

 

Discussion. 

Excessive caloric intake can induce neuroinflammation and insulin resistance. Both processes are 

considered major risk factors that lead to cognitive alterations [53–55].  

In this study, we have made use of a well-established model of neuroinflammation – feeding rats a HFD 

for three months – to study its effects on the insulin-signalling pathway. In addition, we have evaluated 

the effects of the phytohormone ABA in hippocampal insulin signalling. ABA targets peroxisome 

proliferator-activated receptor gamma (PPAR-γ) in a manner similar to the Thiazolidinediones class of 

anti-diabetic drugs [56, 57] and curcumin, a well-known potent anti-inflammatory molecule [58] and also 

PPAR-γ agonist [59]. In fact, given their capability to reduce inflammation, this family of PPAR-γ agonist 

molecules has been proposed as a new class of molecules with which to treat central nervous system 

disorders [60]. 

We have analysed the mRNA of IR and IGF1R and their substrates, IRS1 and IRS2. We found no 

changes in hippocampal IR or IGF1R in the hippocampus of HFD-fed animals compared to the controls. 

However, our study shows for the first time that a HFD can reduce IRS2 expression in hippocampal 

tissue, both at the messenger RNA and protein levels, therefore providing an additional plausible 

mechanism of hippocampal insulin resistance in obesity and metabolic syndrome. These results are also 

in line with previous reports showing that IRS2 is reduced in dorsal root ganglia from diabetic (insulin 

resistance) rodent models [61]. Moreover, in the gastrocnemius muscle, IRS2 expression was found to be 

significantly reduced in diabetic animals compared to the controls [62]. On the contrary, we observed that 

HFD increased IRS1 levels. These results may be paradoxical; however, they are in line with earlier 

reports indicating that IRS1 mRNA is increased in the hippocampus of APP/PS1 transgenic mice 

compared to aged-matched controls [63]. 
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Interestingly, we have observed that treatment with ABA restored IRS1 and IRS2 expression, which 

could account for beneficial effects improving the cognitive performance of HFD-fed animals [40]. These 

results are supported by studies showing that PPAR-γ agonists can restore pathological IRS levels, that 

curcumin reduced the IRS1 levels in double APP/PS1 transgenic mice [63] and that pioglitazone 

increased the pancreatic IRS2 expression in a model of diabetic transgenic mice [64].  

To our knowledge, our study reports for the first time that HFD alters hippocampal IRS1 and IRS2 

expression and that supplementation with ABA is capable of restoring these alterations. 

Protein expression was studied using immunodetection and confirmed the alterations observed in the 

IRS2 mRNA levels, but not IRS1 mRNA. This discrepancy in messenger and protein expression could be 

due to the fact that the IRS1 protein levels may be regulated by degradation, and, therefore, the increase 

in mRNA is not being detected in the protein. Paradoxically, pIKK and pTau were not found to be 

increased in a HFD as expected given the fact that inflammation augments the phosphorylation of IKK 

[65, 66] and that insulin resistance results in tau hyperphosphotylation [67]. Nevertheless, supporting our 

results, pIKK levels are not altered in HFD-treated rats [68], indicating that pIKK may not be a universal 

and reliable marker for neuroinflammation. However, further studies should be carried out to elucidate the 

role of pIKK in hippocampal HFD-induced inflammation. Similarly, future research will help to 

understand the conditions required for accumulation of pTau derived from an insulin-resistance situation. 

It is plausible that time is an important factor for observing such accumulation. 

Furthermore, we have observed that ABA treatment is capable of restoring a HFD-induced reduction in 

neurogenesis, as evaluated by DCX positive neurons in the subgranular layer of the dentate gyrus. It is 

well accepted that a HFD reduces neurogenesis and that exercise and learning can improve it [69]. 

Consistent with our data, many insulin sensitizer molecules used against type 2 diabetes have been proven 

effective in restoring altered neurogenesis [70]. In addition, BDNF signalling is closely related to 

neurogenesis modulation, synaptic plasticity and the formation and recall of hippocampal-dependent 

memories [71]. BDNF reduction has also been proposed as one of the earliest events in HFD-induced 

cognitive impairment [72, 73]. In this study, in addition to showing impaired neurogenesis, we observed 

that the BDNF mRNA levels were reduced in the hippocampus with HFD and that ABA treatment could 

efficiently prevent this reduction. This is in line with previous studies reporting that neurogenesis and 

BDNF levels can be rescued using insulin and BDNF-sensitizing nutritional compounds [74] and anti-

inflammatory supplementation [75]. BDNF may be able to induce IRS1 and IRS2 tyrosine 

phosphorylation [76] but, to date, it has not been reported to regulate IRS1 or IRS2 expression. In fact, we 

found no correlation between IRS1 and IRS2 with BDNF levels. 

On the other hand, TNFα, a well-accepted marker of neuroinflammation, insulin resistance and cognitive 

impairment [77], increases in the brain of HFD-treated animals [78]. As expected, we found that TNFα 
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levels were increased in the hippocampus of HFD-treated rats and that ABA treatment significantly could 

prevent it. This result confirms that ABA is an effective anti-neuroinflammatory molecule. Furthermore, 

since TNFα levels are also closely linked to impaired neurogenesis and reduction in BDNF [79], our 

study confirms the close relationship of these processes with IRS expression. 

APP transgenic mice have been extensively used as a model for Alzheimer’s disease in an attempt to 

over-express a mutated protein that promotes oligomers aggregation [80]. We have found that 

endogenous APP levels are increased in the hippocampus of HFD-fed rats. It is plausible that this 

increment can favour Aβ accumulation [81] and mediate some of the deleterious effects of a HFD in 

cognition. We found that ABA treatment could effectively counteract these effects, preventing the 

overexpression of APP. Other studies have also shown that supplementary nutrients can effectively 

downregulate APP endogenous expression [82]. Therefore, the anti-inflammatory and insulin-sensitizing 

actions also regulate APP expression, preventing further complications of Aβ deposition. 

Finally, to understand the relationship between IRSs, the biomarkers used in this study and obesity, we 

analysed the normalized levels of IRS1 and IRS2 with TNFα, APP, BDNF rat hippocampal tissue and the 

percentage of weight gain. Interestingly, we observed the levels of TNFα correlate inversely with the 

expression of IRS2 and positively with IRS1. This fact strongly suggests that IRS1 and IRS2 can be 

differentially affected by neuroinflammatory processes and therefore modulates distinct aspects of insulin 

resistance. Further confirming this hypothesis, we found that APP correlates positively with IRS1 but 

does not correlate at all with IRS2; thus, it is plausible that the signalling pathway that affects APP can 

target only IRS1 but not IRS2. Moreover, the percentage of weight gain correlates positively with IRS1 

but not with IRS2 expression.  

Considering all these data, we conclude that both IRS1 and IRS2 expression regulation, although 

modulating insulin and IGF1 signalling, are totally independent of each other, suggesting that their 

implication in neuroinflammation and brain insulin resistance may also be different. Further studies 

should be carried out to establish the mechanism underlying these differences, such as location, protein 

interactions and promoter sensitivity. These findings will be crucial for opening different methods of 

brain insulin resistance treatment. 

Moreover, we confirm that ABA can effectively restore neuroinflammation and neurogenesis, supporting 

the beneficial effects on memory that we have reported previously [40]. In addition, we show that ABA 

can also influence IRS1 and IRS2 expression levels, providing a mechanistic link to how ABA can restore 

insulin signalling.  

 

References 

 



11 
 

1.  Lazarov O, Hollands C (2016) Hippocampal neurogenesis: Learning to remember. Progress in 

Neurobiology 138–140:1–18 . doi: 10.1016/j.pneurobio.2015.12.006 

2.  Lang BT, Yan Y, Dempsey RJ, Vemuganti R (2009) Impaired neurogenesis in adult type-2 

diabetic rats. Brain Research 1258:25–33 . doi: 10.1016/j.brainres.2008.12.026 

3.  Ryan SM, Nolan YM (2016) Neuroinflammation negatively affects adult hippocampal 

neurogenesis and cognition: can exercise compensate? Neuroscience & Biobehavioral Reviews 

61:121–131 . doi: 10.1016/j.neubiorev.2015.12.004 

4.  Ramirez S, Liu X, Lin P-A, et al (2013) Creating a False Memory in the Hippocampus. Science 

341: 

5.  O’Leary OF, Cryan JF (2014) A ventral view on antidepressant action: roles for adult hippocampal 

neurogenesis along the dorsoventral axis. Trends in Pharmacological Sciences 35:675–687 . doi: 

10.1016/j.tips.2014.09.011 

6.  Stephenson J, Nutma E, van der Valk P, Amor S (2018) Inflammation in CNS Neurodegenerative 

Diseases. Immunology. doi: 10.1111/imm.12922 

7.  Breitner JC (1996) The role of anti-inflammatory drugs in the prevention and treatment of 

Alzheimer’s disease. Annual review of medicine 47:401–411 . doi: 10.1146/annurev.med.47.1.401 

8.  Eikelenboom P, Bate C, Van Gool WA, et al (2002) Neuroinflammation in Alzheimer’s disease 

and prion disease. Glia 40:232–239 . doi: 10.1002/glia.10146 

9.  Eikelenboom P, Veerhuis R, Scheper W, et al (2006) The significance of neuroinflammation in 

understanding Alzheimer’s disease. Journal of Neural Transmission 113:1685–1695 . doi: 

10.1007/s00702-006-0575-6 

10.  Heneka MT, Carson MJ, Khoury J El, et al (2015) Neuroinflammation in Alzheimer’s disease. 

The Lancet Neurology 14:388–405 . doi: 10.1016/S1474-4422(15)70016-5 

11.  Yuan M, Konstantopoulos N, Lee J, et al (2001) Reversal of Obesity- and Diet-Induced Insulin 

Resistance with Salicylates or Targeted Disruption of Ikkbeta. Science 293:1673–1677 . doi: 

10.1126/science.1061620 

12.  Gao Z, Hwang D, Bataille F, et al (2002) Serine Phosphorylation of Insulin Receptor Substrate 1 

by Inhibitor  B Kinase Complex. Journal of Biological Chemistry 277:48115–48121 . doi: 

10.1074/jbc.M209459200 

13.  de la Monte SM (2017) Insulin Resistance and Neurodegeneration: Progress Towards the 

Development of New Therapeutics for Alzheimer’s Disease. Drugs 77:47–65 . doi: 

10.1007/s40265-016-0674-0 

14.  Wang D, Yan J, Chen J, et al (2015) Naringin Improves Neuronal Insulin Signaling, Brain 

Mitochondrial Function, and Cognitive Function in High-Fat Diet-Induced Obese Mice. Cellular 



12 
 

and Molecular Neurobiology 35:1061–1071 . doi: 10.1007/s10571-015-0201-y 

15.  Pipatpiboon N, Pratchayasakul W, Chattipakorn N, Chattipakorn SC (2012) PPAR agonist 

improves neuronal insulin receptor function in hippocampus and brain mitochondria function in 

rats with insulin resistance induced by long term high-fat diets. Endocrinology 153:329–338 . doi: 

10.1210/en.2011-1502 

16.  Sun X, Yao H, Douglas RM, et al (2010) Insulin/PI3K signaling protects dentate neurons from 

oxygenâ€“glucose deprivation in organotypic slice cultures. Journal of Neurochemistry 112:377–

388 . doi: 10.1111/j.1471-4159.2009.06450.x 

17.  Gage FH, van Praag H, Kempermann G (1999) Running increases cell proliferation and 

neurogenesis in the adult mousedentate gyrus. Nature Neuroscience 2:266–270 . doi: 

10.1038/6368 

18.  Vivar C, Potter MC, van Praag H (2013) All about running: synaptic plasticity, growth factors and 

adult hippocampal neurogenesis. Current topics in behavioral neurosciences 15:189–210 . doi: 

10.1007/7854_2012_220 

19.  Timinkul A, Kato M, Omori T, et al (2008) Enhancing effect of cerebral blood volume by mild 

exercise in healthy young men: A near-infrared spectroscopy study. Neuroscience Research 

61:242–248 . doi: 10.1016/j.neures.2008.03.012 

20.  Nishijima T, Piriz J, Duflot S, et al (2010) Neuronal Activity Drives Localized Blood-Brain-

Barrier Transport of Serum Insulin-like Growth Factor-I into the CNS. Neuron 67:834–846 . doi: 

10.1016/j.neuron.2010.08.007 

21.  Choi Y-S, Cho H-Y, Hoyt KR, et al (2008) IGF-1 receptor-mediated ERK/MAPK signaling 

couples status epilepticus to progenitor cell proliferation in the subgranular layer of the dentate 

gyrus. Glia 56:791–800 . doi: 10.1002/glia.20653 

22.  Wei Z, Liao J, Qi F, et al (2015) Evidence for the contribution of BDNF-TrkB signal strength in 

neurogenesis: An organotypic study. Neuroscience Letters 606:48–52 . doi: 

10.1016/j.neulet.2015.08.032 

23.  Wrann CD, White JP, Salogiannnis J, et al (2013) Exercise Induces Hippocampal BDNF through a 

PGC-1α/FNDC5 Pathway. Cell Metabolism 18:649–659 . doi: 10.1016/j.cmet.2013.09.008 

24.  Ding Q, Vaynman S, Akhavan M, et al (2006) Insulin-like growth factor I interfaces with brain-

derived neurotrophic factor-mediated synaptic plasticity to modulate aspects of exercise-induced 

cognitive function. Neuroscience 140:823–833 . doi: 10.1016/j.neuroscience.2006.02.084 

25.  Bedse G, Di Domenico F, Serviddio G, Cassano T (2015) Aberrant insulin signaling in 

Alzheimer’s disease: Current knowledge. Frontiers in Neuroscience 9:1–13 . doi: 

10.3389/fnins.2015.00204 



13 
 

26.  Wilcox G (2005) Insulin and insulin resistance. The Clinical biochemist Reviews / Australian 

Association of Clinical Biochemists 26:19–39 . doi: 10.1016/S0025-7125(03)00128-7 

27.  Duarte AI, Moreira PI, Oliveira CR (2012) Insulin in central nervous system: More than just a 

peripheral hormone. Journal of Aging Research 2012: . doi: 10.1155/2012/384017 

28.  Zemva J, Udelhoven M, Moll L, et al (2013) Neuronal overexpression of insulin receptor substrate 

2 leads to increased fat mass, insulin resistance, and glucose intolerance during aging. Age 

(Dordrecht, Netherlands) 35:1881–97 . doi: 10.1007/s11357-012-9491-x 

29.  Moloney AM, Griffin RJ, Timmons S, et al (2010) Defects in IGF-1 receptor, insulin receptor and 

IRS-1/2 in Alzheimer’s disease indicate possible resistance to IGF-1 and insulin signalling. 

Neurobiology of Aging 31:224–243 . doi: 10.1016/j.neurobiolaging.2008.04.002 

30.  Zhao W, Chen H, Xu H, et al (1999) Brain insulin receptors and spatial memory. Correlated 

changes in gene expression, tyrosine phosphorylation, and signaling molecules in the hippocampus 

of water maze trained rats. The Journal of biological chemistry 274:34893–902 . doi: 

10.1074/JBC.274.49.34893 

31.  Mir S, Cai W, Carlson SW, et al (2017) IGF-1 mediated Neurogenesis Involves a Novel 

RIT1/Akt/Sox2 Cascade. Scientific reports 7:3283 . doi: 10.1038/s41598-017-03641-9 

32.  Nieto-Estévez V, Defterali Ç, Vicario-Abejón C (2016) IGF-I: A Key Growth Factor that 

Regulates Neurogenesis and Synaptogenesis from Embryonic to Adult Stages of the Brain. 

Frontiers in neuroscience 10:52 . doi: 10.3389/fnins.2016.00052 

33.  Marks JL, Porte D, Stahl WL, Baskin DG (1990) Localization of insulin receptor mRNA in rat 

brain by in situ hybridization. Endocrinology 127:3234–3236 . doi: 10.1210/endo-127-6-3234 

34.  Schmitz-Peiffer C (2000) Signalling aspects of insulin resistance in skeletal muscle: mechanisms 

induced by lipid oversupply. Cellular signalling 12:583–94 

35.  Sesti G, Federici M, Hribal ML, et al (2001) Defects of the insulin receptor substrate (IRS) system 

in human metabolic disorders. FASEB journal 15:2099–111 . doi: 10.1096/fj.01-0009rev 

36.  Pederson TM, Kramer DL, Rondinone CM (2001) Serine/threonine phosphorylation of IRS-1 

triggers its degradation: possible regulation by tyrosine phosphorylation. Diabetes 50:24–31 

37.  Potashnik R, Bloch-Damti A, Bashan N, Rudich A (2003) IRS1 degradation and increased serine 

phosphorylation cannot predict the degree of metabolic insulin resistance induced by oxidative 

stress. Diabetologia 46:639–648 . doi: 10.1007/s00125-003-1097-5 

38.  Cardoso S, Santos R, Correia S, et al (2009) Insulin and Insulin-Sensitizing Drugs in 

Neurodegeneration: Mitochondria as Therapeutic Targets. Pharmaceuticals 2:250–286 . doi: 

10.3390/ph2030250 

39.  Bassaganya-Riera J, Guri AJ, Lu P, et al (2011) Abscisic acid regulates inflammation via ligand-



14 
 

binding domain-independent activation of peroxisome proliferator-activated receptor gamma. The 

Journal of biological chemistry 286:2504–16 . doi: 10.1074/jbc.M110.160077 

40.  Sánchez-Sarasúa S, Moustafa S, García-Avilés Á, et al (2016) The effect of abscisic acid chronic 

treatment on neuroinflammatory markers and memory in a rat model of high-fat diet induced 

neuroinflammation. Nutrition & Metabolism 13:73 . doi: 10.1186/s12986-016-0137-3 

41.  Magnone M, Ameri P, Salis A, et al (2015) Microgram amounts of abscisic acid in fruit extracts 

improve glucose tolerance and reduce insulinemia in rats and in humans. The FASEB Journal 

29:4783–4793 . doi: 10.1096/fj.15-277731 

42.  Qi CC, Ge JF, Zhou JN (2015) Preliminary evidence that abscisic acid improves spatial memory in 

rats. Physiology and Behavior 139:231–239 . doi: 10.1016/j.physbeh.2014.11.053 

43.  Lu P, Hontecillas R, Horne WT, et al (2012) Computational Modeling-Based Discovery of Novel 

Classes of Anti-Inflammatory Drugs That Target Lanthionine Synthetase C-Like Protein 2. PLoS 

ONE 7:e34643 . doi: 10.1371/journal.pone.0034643 

44.  Lu P, Hontecillas R, Philipson CW, Bassaganya-Riera J (2014) Lanthionine synthetase component 

C-like protein 2: a new drug target for inflammatory diseases and diabetes. Current drug targets 

15:565–72 

45.  Paxinos G, Watson C (2013) The Rat Brain in Stereotaxic Coordinates : Hard Cover Edition. 

Elsevier Science 

46.  Pearson K (1895) Note on Regression and Inheritance in the Case of Two Parents. Proceedings of 

the Royal Society of London (1854-1905) 58:240–242 . doi: 10.1098/rspl.1895.0041 

47.  Stigler SM (1989) Francis Galton’s Account of the Invention of Correlation. Statistical Science 

4:73–79 . doi: 10.1214/ss/1177012580 

48.  Galton F (1886) Regression Towards Mediocrity in Hereditary Stature. 15:246–263 

49.  Cohen J (1988) Statistical power analysis for the behavioral sciences, 2nd ed. L. Erlbaum 

Associates, Hillsdale  N.J. 

50.  Elmarakby AA, Imig JD (2010) Obesity is the major contributor to vascular dysfunction and 

inflammation in high-fat diet hypertensive rats. Clinical Science 118:291–301 . doi: 

10.1042/CS20090395 

51.  Bhat NR, Thirumangalakudi L (2013) Increased tau phosphorylation and impaired brain 

insulin/IGF signaling in mice fed a high fat/high cholesterol diet. Journal of Alzheimer’s disease : 

JAD 36:781–9 . doi: 10.3233/JAD-2012-121030 

52.  Korzhevskii DE, Karpenko MN, Kirik O V. (2012) Microtubule-Associated Proteins as Indicators 

of Differentiation and the Functional State of Nerve Cells. Neuroscience and Behavioral 

Physiology 42:215–222 . doi: 10.1007/s11055-012-9556-4 



15 
 

53.  Petrov D, Pedrós I, Artiach G, et al (2015) High-fat diet-induced deregulation of hippocampal 

insulin signaling and mitochondrial homeostasis deficiences contribute to Alzheimer disease 

pathology in rodents. Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease 

1852:1687–1699 . doi: 10.1016/j.bbadis.2015.05.004 

54.  Liu Z, Patil IY, Jiang T, et al (2015) High-fat diet induces hepatic insulin resistance and 

impairment of synaptic plasticity. PloS one 10:e0128274 . doi: 10.1371/journal.pone.0128274 

55.  Alfaro FJ, Gavrieli A, Saade-Lemus P, et al (2018) White matter microstructure and cognitive 

decline in metabolic syndrome: a review of diffusion tensor imaging. Metabolism 78:52–68 . doi: 

10.1016/j.metabol.2017.08.009 

56.  Stump M, Mukohda M, Hu C, Sigmund CD (2015) PPARγ Regulation in Hypertension and 

Metabolic Syndrome. Current Hypertension Reports 17:89 . doi: 10.1007/s11906-015-0601-x 

57.  Guri AJ, Hontecillas R, Ferrer G, et al (2008) Loss of PPARγ in immune cells impairs the ability 

of abscisic acid to improve insulin sensitivity by suppressing monocyte chemoattractant protein-1 

expression and macrophage infiltration into white adipose tissue. The Journal of Nutritional 

Biochemistry 19:216–228 . doi: 10.1016/j.jnutbio.2007.02.010 

58.  Ullah F, Liang A, Rangel A, et al (2017) High bioavailability curcumin: an anti-inflammatory and 

neurosupportive bioactive nutrient for neurodegenerative diseases characterized by chronic 

neuroinflammation. Archives of Toxicology 91:1623–1634 . doi: 10.1007/s00204-017-1939-4 

59.  Lin J, Chen A (2008) Activation of peroxisome proliferator-activated receptor-γ by curcumin 

blocks the signaling pathways for PDGF and EGF in hepatic stellate cells. Laboratory 

Investigation 88:529–540 . doi: 10.1038/labinvest.2008.20 

60.  Bernardo A, Minghetti L (2006) PPAR-gamma agonists as regulators of microglial activation and 

brain inflammation. Current pharmaceutical design 12:93–109 

61.  Grote CW, Morris JK, Ryals JM, et al (2011) Insulin Receptor Substrate 2 Expression and 

Involvement in Neuronal Insulin Resistance in Diabetic Neuropathy. Experimental Diabetes 

Research 2011:1–12 . doi: 10.1155/2011/212571 

62.  Agarwal P, Srivastava R, Srivastava AK, et al (2013) miR-135a targets IRS2 and regulates insulin 

signaling and glucose uptake in the diabetic gastrocnemius skeletal muscle. Biochimica et 

Biophysica Acta (BBA) - Molecular Basis of Disease 1832:1294–1303 . doi: 

10.1016/j.bbadis.2013.03.021 

63.  Feng HL, Li RS, Wang H, et al (2013) Effect of curcumin on hippocampal IRS-1 and p-IRS-1 

expressions in APP/PS1 double transgenic mice. Zhongguo Zhong Yao Za Zhi 38:1290–1294 . 

doi: 10.4268/cjcmm20130905 

64.  Hirukawa H, Kaneto H, Shimoda M, et al (2015) Combination of DPP-4 inhibitor and PPARγ 



16 
 

agonist exerts protective effects on pancreatic β-cells in diabetic db/db mice through the 

augmentation of IRS-2 expression. Molecular and Cellular Endocrinology 413:49–60 . doi: 

10.1016/j.mce.2015.06.010 

65.  Arkan MC, Hevener AL, Greten FR, et al (2005) IKK-β links inflammation to obesity-induced 

insulin resistance. Nature Medicine 11:191–198 . doi: 10.1038/nm1185 

66.  Hacker H, Karin M (2006) Regulation and Function of IKK and IKK-Related Kinases. Science’s 

STKE 2006:re13-re13 . doi: 10.1126/stke.3572006re13 

67.  Zhang Y, Huang N, Yan F, et al (2018) Diabetes mellitus and Alzheimer’s disease: GSK-3β as a 

potential link. Behavioural Brain Research 339:57–65 . doi: 10.1016/J.BBR.2017.11.015 

68.  Castorena CM, Arias EB, Sharma N, Cartee GD (2015) Effects of a brief high-fat diet and acute 

exercise on the mTORC1 and IKK/NF-κB pathways in rat skeletal muscle. Applied Physiology, 

Nutrition, and Metabolism 40:251–262 . doi: 10.1139/apnm-2014-0412 

69.  Poulose SM, Miller MG, Scott T, Shukitt-Hale B (2017) Nutritional Factors Affecting Adult 

Neurogenesis and Cognitive Function. Advances in nutrition (Bethesda, Md) 8:804–811 . doi: 

10.3945/an.117.016261 

70.  Yoo DY, Kim W, Nam SM, et al (2011) Reduced Cell Proliferation and Neuroblast Differentiation 

in the Dentate Gyrus of High Fat Diet-Fed Mice are Ameliorated by Metformin and Glimepiride 

Treatment. Neurochemical Research 36:2401–2408 . doi: 10.1007/s11064-011-0566-3 

71.  Bekinschtein P, Cammarota M, Medina JH (2014) BDNF and memory processing. 

Neuropharmacology 76:677–683 . doi: 10.1016/j.neuropharm.2013.04.024 

72.  Wang H, Wang B, Yin H, et al (2017) Reduced neurotrophic factor level is the early event before 

the functional neuronal deficiency in high-fat diet induced obese mice. Metabolic Brain Disease 

32:247–257 . doi: 10.1007/s11011-016-9905-z 

73.  Stranahan AM, Norman ED, Lee K, et al (2008) Diet-induced insulin resistance impairs 

hippocampal synaptic plasticity and cognition in middle-aged rats. Hippocampus 18:1085–1088 . 

doi: 10.1002/hipo.20470 

74.  Mi Y, Qi G, Fan R, et al (2017) EGCG ameliorates high-fat– and high-fructose–induced cognitive 

defects by regulating the IRS/AKT and ERK/CREB/BDNF signaling pathways in the CNS. The 

FASEB Journal 31:4998–5011 . doi: 10.1096/fj.201700400RR 

75.  Carey AN, Gildawie KR, Rovnak A, et al (2017) Blueberry supplementation attenuates microglia 

activation and increases neuroplasticity in mice consuming a high-fat diet. Nutritional 

Neuroscience 1–11 . doi: 10.1080/1028415X.2017.1376472 

76.  Yamada M, Ohnishi H, Sano S i, et al (1997) Insulin receptor substrate (IRS)-1 and IRS-2 are 

tyrosine-phosphorylated and associated with phosphatidylinositol 3-kinase in response to brain-



17 
 

derived neurotrophic factor in cultured cerebral cortical neurons. The Journal of biological 

chemistry 272:30334–9 

77.  Grimble RF (2002) Inflammatory status and insulin resistance. Current opinion in clinical nutrition 

and metabolic care 5:551–9 

78.  Guillemot-Legris O, Muccioli GG (2017) Obesity-Induced Neuroinflammation: Beyond the 

Hypothalamus. Trends in Neurosciences 40:237–253 . doi: 10.1016/j.tins.2017.02.005 

79.  Wadhwa M, Prabhakar A, Ray K, et al (2017) Inhibiting the microglia activation improves the 

spatial memory and adult neurogenesis in rat hippocampus during 48 h of sleep deprivation. 

Journal of neuroinflammation 14:222 . doi: 10.1186/s12974-017-0998-z 

80.  Crews L, Rockenstein E, Masliah E (2010) APP transgenic modeling of Alzheimer’s disease: 

mechanisms of neurodegeneration and aberrant neurogenesis. Brain Structure and Function 

214:111–126 . doi: 10.1007/s00429-009-0232-6 

81.  Nuzzo D, Picone P, Baldassano S, et al (2015) Insulin Resistance as Common Molecular 

Denominator Linking Obesity to Alzheimer’s Disease. Current Alzheimer research 12:723–35 

82.  Choi J, Jang J, Son D, et al (2017) Antarctic Krill Oil Diet Protects against Lipopolysaccharide-

Induced Oxidative Stress, Neuroinflammation and Cognitive Impairment. International Journal of 

Molecular Sciences 18:2554 . doi: 10.3390/ijms18122554 

 

Figure legends 

Table 1. Primers sequences 

Primer sequences were obtained from the Primer3 software tool. 

Table 2. Hippocampal mRNA expression of neuroinflammation markers and insulin/IGF-1 

pathway genes. 

The mRNa levels were quantified and RNA loading corrected using GAPDH as a housekeeping gene. 

Data are expressed as being normalized to SD levels. Data passed the KS normality test and were 

analysed using a one-way ANOVA followed by a post-hoc Newman-Keuls test. *p < 0.05, **p < 0.01 

*** p < 0.001, compared to HFD. 

Figure 1. A western blot analysis was carried out to evaluate the expression of the proteins in the 

hippocampus.  

Representative images of IRS2, IRS1, pIKK pTAU and loading control β-Actin (A). Quantifications of 

IRS2 protein levels (B); IRS1 (C); pIKK (D), pTAU (E). HFD (white columns); HFD-ABA (diagonal 

lines); SD (horizontal lines) and SD-ABA (black columns). Data are represented as the mean ± SEM 

(n = 6). The ANOVA was followed by a post-hoc Newman-Keuls Test (n = 5-11). *p < 0.05; 

**p < 0.01;*vs. HFD; #vs. HFD-ABA; +vs. SD.  
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Figure 2. ABA rescues the HFD-induced reduction in the number of DCX positive neurons in the 

hippocampus.  

A Patxinos drawing of a rostral hippocampus (Bregma ˗3,72 mm) (A). The quantification of DCX 

positive neurons (B). Data are represented as the mean ± SEM (n = 6) and analysed using a one-way 

ANOVA followed by  post-hoc Newman-Keuls test. *p < 0.05; **p < 0.01, with respect to HFD. The 

representative images are of DCX imunolabeling in SD (C); HFD (D); SD +ABA (E) and HFD+ABA (F). 

Calibration bar, 100 µm.  

Figure 3. The correlation of IRS1 and IRS2 with TNFα, APP and BDNF. The IRS1 expression 

correlates positively with the TNFα (A) and APP (B) expression. IRS1 does not correlate with the BDNF 

expression (C). The IRS2 gene expression correlates negatively with TNFα and does not correlate with 

the APP (E) or BDNF (F) expression.  

Figure 4. The correlation of IRS1 and IRS2 versus the percentage of weight gain. The IRS1 

expression correlates positively with the percentage of weight gain (A). There is no significant correlation 

between IRS2 and the percentage of weight gain (B).  

  


