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Abstract 

 

Effect of soluble TNF signaling on blood-brain barrier permeability and neuroinflammation in a 

5xFAD mouse model of Alzheimer’s disease fed a high-fat high-fructose diet  

By Lindsey J. Sniffen 

 

In the United States, there are over 5 million people living with Alzheimer’s Disease 

(AD), and the prevalence is expected to increase as the population ages (Alzheimer’s 

Association, 2016). One risk factor for AD is metabolic disorders such as type 2 diabetes which 

increases risk for AD by 65% (Xu, 2011). Consuming a high-fat and high-sugar diet causes 

weight gain and is a risk factor for metabolic disorders. Both metabolic disorders such as type 2 

diabetes and AD have an increase in chronic low-level inflammation in the brain and body that 

can activate the immune system (de Sousa Rodrigues, 2016). A proposed mechanism for this 

inflammation is through soluble tumor necrosis factor (solTNF). Increased inflammation can 

damage the blood-brain barrier (BBB) and increase its permeability. The BBB consists of 

membrane proteins such as claudin 2 (CLDN2) and zona occludins-1 (ZO-1) on the surface of 

endothelial cells to form tight junctions (Stamatovic, 2008). Chemokine (C-C motif) ligand 2 

(CCL2) attracts CCR2 expressing macrophages to the site of inflammation (Khoury, 2007). 

Cluster of differentiation 45 (CD45) is highly expressed on monocytes and is increased with 

increases of neuroinflammation (Jeong, 2013). IL-6 is a proinflammatory cytokine that is 

secreted by T-cells and brain immune cells. Using qPCR, we observed hippocampal mRNA 

expression of TNF, CCL2, ZO-1, CLDN2, CD45, and IL-6. We also looked at hippocampal 

protein expression of ZO-1. We analyzed 5-point familial Alzheimer’s Disease (5xFAD) and 

wild-type mice either fed a control diet (CD) or high-fat high-fructose (HFHF) diet. Some mice 

from each group were also administered Xpro® 1595, which inhibits solTNF signaling 

(MacPherson, 2017), to observe its effects on inflammatory markers. Our study demonstrates 

that HFHF diet increases hippocampal inflammation as measured by TNF mRNA in WT mice, 

XPro reduces TNF mRNA levels in the hippocampus of TG mice, and 5xFAD mice fed a HFHF 

diet have increased CCL2 mRNA in the hippocampus that is ameliorated by blockade of solTNF 

signaling with XPro®1595. 
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Introduction 

Alzheimer’s Disease (AD) affects more than 5 million Americans and is the sixth leading 

cause of death in the US (Alzheimer’s Association, 2016). AD is the most common form of 

dementia, and the symptoms may include memory difficulties, communication issues, inability to 

focus, and problems with reasoning. The exact cause of this disease is still unknown. One 

proposed mechanism is accumulating amyloid plaques and tau tangles, which are found along 

with brain atrophy in post mortem AD brains. In AD tau proteins aggregate together in the cell, 

which leads to a collapse of the cytoskeleton and neuronal death (Hardy, 1991). Amyloid plaques 

form outside of the cell when one misfolded protein accumulates with other misfolded proteins, 

resulting from the genetic amyloid precursor protein (APP) cleaved incorrectly. The neuronal 

cell death from Tau and amyloid plaques cause microglia to be called to the damaged site as 

signaled by inflammatory proteins. Microglia act as the brain’s resident immune system and 

function similarly to macrophages by repairing or stopping further neuronal damage, but 

microglia may contribute to protein misfolding with chronic inflammation. Together with the 

blood brain barrier (BBB), a semipermeable membrane that regulates trafficking to the brain, 

they are responsible for protecting the brain. 

The increase in prevalence of AD in the United States may be attributed to an increase in 

American Western diet consumption that is high in fat and sugar (de Sousa Rodrigues, 2016). 

Consuming a high-fat and high-sugar diet causes weight gain and is a risk factor for obesity and 

diabetes. Metabolic disorders such as type 2 diabetes increase risk for AD by 65% (Xu, 2011). 

Metabolic disorders can cause low-level chronic inflammation that interferes with the gut-brain 

axis (de Sousa Rodrigues, 2017). High-fat and high-sugar diet can promote gut inflammation, 

which is associated with an increase in intestinal permeability. It can also increase adipose tissue, 
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and obese patients have increased activated macrophages in these adipose tissues which can 

cause metabolic stress (Surmi and Hasty, 2008). This can activate the immune system in the 

periphery and the brain (de Sousa Rodrigues, 2016). This process occurs, in part, through the 

hypothalamic-pituitary-adrenal (HPA) axis. Chronic activation of the HPA axis by metabolic 

stress causes a chronic increased level of cortisol (Simsek, 2016). Chronic increased cortisol 

production increases oxidative stress, leading to increased inflammatory processes (Simsek, 

2016). This peripheral inflammation due to diet consumption can increase permeability in the 

BBB, leading to further increased brain inflammation.  

A predicted pathway for this response is through soluble tumor necrosis factor (solTNF). 

SolTNF is found in the brain, peripheral nervous system plasma and cerebral spinal fluid (CSF). 

It is trafficked through the BBB into the brain where it is involved in inflammatory signaling 

(Selkoe, 2013). This pro-inflammatory state is marked by an increase in the number of 

monocytes, microglia, and higher levels of inflammatory markers. solTNF binds to tumor 

necrosis factor receptor 1 (TNFR1) to initiate a pathway that activates nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-B) which signals for pro-inflammatory processes at the 

nuclear level (McCoy and Tansey, 2008). 

The blood-brain barrier is a vital structure made up of astrocytes and endothelial cells that 

prevents potential hazards and peripheral immune cells from crossing into the brain (Pardridge, 

2005). When the highly selective semipermeable BBB becomes damaged, it becomes less 

selective and more permeable leading to detrimental effects (Varatharaj, 2016). Aging and other 

pro-inflammatory states cause the BBB to become more permeable and susceptible to the 

peripheral immune system (Simsek, 2016). Tight junctions between endothelial cells create the 

BBB, and these tight junctions are formed by several transmembrane proteins such as occludin, 
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claudins, and junctional adhesion molecule (JAM). These proteins attach to the cytoskeleton of 

endothelial cells by the protein complex zona occludens -1 (ZO-1; Stamatovic, 2008). Overgaard 

et al. 2011 found that increased expression of claudin 2 (CLDN2) increases permeability of tight 

junctions. ZO-1 expression is decreased in mice with a more permeable BBB (Dimitrijevic, 

2006). A more permeable BBB is more susceptible to peripheral immune cell trafficking into the 

brain. Chemokine (C-C motif) ligand 2 (CCL2) is a signal of inflammation that attracts CCR2 

expressing macrophages to the site of inflammation (Khoury, 2007). Increased CCL2 in the brain 

due to BBB damage may cause increased trafficking of peripheral macrophages that express 

CCR2 in addition to resident macrophages. Additionally, CCL2 interaction with ZO-1 has been 

shown to decrease ZO-1 expression (Stamatovic, 2003).  

Another marker of inflammation is cluster of differentiation 45 (CD45), which is highly 

expressed on monocytes (Jeong, 2013). Therefore, if there is more inflammation, more 

monocytes will be recruited to the brain and will increase the number of cells that have high 

expression of CD45. Interleukin-6 (IL-6) and tumor necrosis factor (TNF) are proinflammatory 

cytokines and therefore markers of inflammation. IL-6 is secreted by T-cells and brain immune 

cells, and stimulates an immune response after trauma. TNF is not only found peripherally, but is 

also synthesized in the brain. The Dominant-Negative TNF inhibitor Xpro® 1595 (Xpro) inhibits 

solTNF signaling by forming inactive heterotrimers with native solTNF to prevent TNFR1 

binding (Steed, 2003) thereby decreasing neuroinflammation (MacPherson, 2017). This selective 

solTNF neutralization was also found to decrease amyloid plaques in 5-point mutation Familial 

Alzheimer’s Disease (5xFAD) mice. Therefore, it may decrease BBB permeability and affect 

ZO-1, CLDN2, IL-6, and CD45 expression. 
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This study analyzed changes in mRNA and protein expression following Western diet 

manipulation in wild- type C57BL/6 mice and transgenic 5xFAD mice. 5xFAD mice have 5 

human familial Alzheimer's Disease (AD) gene mutations. Three amyloid precursor protein 

mutations from the Swedish, Florida and London families, along with 2 mutations in presenilin-

1. This model demonstrates dysregulation in the production of amyloid, early Aβ42 deposition, 

and age-dependent cognitive decline and neurodegeneration by 4-5 months of age (Oakley, 

2006) making it ideal for studying AD. The mice were fed either a control chow diet (CD) or a 

high-fat high-fructose diet (HFHF). Diet was started at 2 months as this is the age 5xFAD mice 

begin to show amyloid plaques (Oakley, 2006). This study analyzed the hippocampus, as it is 

susceptible to damage and increased permeability in the BBB, and is implicated in the 

pathogenesis of AD (Khoury, 2007). ZO-1 and CLDN2 were analyzed to investigate BBB 

permeability, CCL2 to investigate immune cell trafficking, and TNF, CD45, and IL-6 to 

investigate changes in inflammation.  

We hypothesize that HFHF diet combined with a genetic predisposition for AD increases 

inflammation leading to increased BBB permeability and neuroinflammation. Additionally, we 

hypothesized that solTNF would mediate inflammation and changes in BBB permeability in the 

hippocampus. If HFHF diet damages the BBB and increases permeability, then we expect an 

upregulation of CLDN2 and a downregulation of ZO-1. Additionally, if HFHF diet increases 

inflammation and transport into the brain, then we expected an upregulation of TNF, CD45, 

CCL2, and IL-6 in both wild-type (WT) and transgenic 5xFAD (TG) mice, and to a greater 

extent in the transgenic genotype due to gene-diet interaction. If Xpro® 1595 decreases 

inflammation, then we expected to see downregulation of TNF, CD45, CCL2, and IL-6 in all 

conditions (region, genotype, and diet), especially TG HFHF. If Xpro® 1595 decreases 
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inflammation, then there should be a decrease in permeability in the BBB and we expect 

upregulation of ZO-1 and downregulation of CLDN2. Additionally, we expected a decrease in 

expression of TNF, CD45, CCL2, and IL-6 with Xpro® 1595 administration. Furthermore, we 

analyzed the weight changes of the mice to see if HFHF-induced obesity correlated with gene 

and protein expression, as mice that are more susceptible to weight gain may have increased 

expression of neuroinflammatory markers. Only female mice were used in this study as female 

5xFAD mice show increased amyloid plaque formation and AD pathology as compared to males 

(Dinkins, 2015). It has been previously shown that a HFHF diet causes both male and female 

3xFAD mice to gain similar amounts of weight and have similar amounts of abdominal adipose 

fat (Barron, 2013). 
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Methods 

Experimental Design 

Table 1. Experimental groups 

Genotype Diet Treatment Number of mice 

 

Wild-type C57BL/6J 

 

Control Saline 6 

Xpro® 1595 6 

High-fat high-fructose Saline 8 

Xpro® 1595 6 

 

Transgenic 5xFAD 

Control Saline 7 

Xpro® 1595 6 

High-fat high-fructose Saline 9 

Xpro® 1595 4 

Female animals started control chow or HFHF diet treatment at 2 months of age, and diet 

was continued until 4 months of age. Two months of age is early adulthood and 4 months is 

mature adulthood. Drug administration of Xpro® 1595 (10 mg/kg, subcutaneous) or saline was 

started at 3 months of age and was administered once every 3 days for 4 weeks. At experiment 

end, animals were anesthetized with isoflurane and brains were rapidly removed. The brains 

were not perfused but the meninges and vasculature were stripped. The hippocampus was 

microdissected on dry ice and flash frozen in 2-methylbutane on dry ice. The hippocampus was 

stored at -80 degrees Celsius until processing.  

 

qPCR 

RNA was extracted from the hippocampus under RNase-free conditions. Tissue was 

lysed with TRIzol on ice. RNA was isolated and purified with QIAshredder and RNeasy kits 

according to manufacturer’s protocol (Qiagen, 2012). Protein was saved for further analysis in 

sodium dodecyl sulfate (SDS) and stored at -80 degrees Celsius. Concentration and purity of 

RNA was analyzed with a Nano-Drop 2000 spectrophotometer. RNA samples were standardized 

to 4ug concentration and then reverse transcribed using Applied Biosystems RNA to cDNA 
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reagents. cDNA was run in triplicate using a SYBR green master mix with primers ZO-1, 

CLDN2, TNF, CCL2, CD45, and IL-6. (see Table 2 for primer sequences). The universal two-

step RT-PCR cycling conditions used with SYBRgreen mastermix on the 7900HT Sequence 

Detection System were: 50 °C (2 min), 95 °C (10 min), 40 cycles of 95 °C (15 s) and 60 °C (1 

min). Samples were run in triplicate, and the coefficient of variation within the triplicates was no 

more than 4%. TaqMan method of qPCR has a higher specificity, but with proper protocol the 

cost-effective use of SYBR green can produce accurate results (Tajadini, 2014). 

Table 2. Primer sequences designed and purchased from Integrated DNA Technologies (IDT)  

CLDN2 Forward- CAC CCA CAG ATA CTT GTA AGG 

Reverse- AGC CTC TAA TCC CTT ATT TCA C 
 

ZO-1 Forward- CCT GAA GGA ATT GAG CAA GA 

Reverse- GCA GAG TTT CAC CTT TCT CT 

CCL2 Forward- CAC CCA CAG ATA CTT GTA AGG 

Reverse- AGC CTC TAA TCC CTT ATT TCA C 

TNF Forward- CTG AGG TCA ATC TGC CCA AGT AC 

Reverse- CT CAC AGA GCA ATG ACT CCA AAG 

CD45 Forward- TCA TGG TCA CAC GAT GTG AAG A 

Reverse- AGC CCG AGT GCC TTC CT 

IL-6 Forward- GAG GAT ACC ACT CCC AAC AGA CC 

Reverse- AAG TGC ATC ATC GTT GTT CAT ACA 

To analyze data, the triplicates of each sample’s cycle threshold (Ct) were averaged. 

Several mouse housekeeping genes (Hprt1, TATA, Cyclo, 36B4, and GAPDH; Applied 

Biosystems, Foster City, CA) were run in order to determine the optimal endogenous control, but 

none of the housekeeping controls nor their geometric means remained invariant among all eight 

experimental groups. Thus, to ensure standardization in total cDNA across groups, cDNA was 

quantified via the PicoGreen Assay (Invitrogen, Carlsbad, CA) and then standardized so that all 

samples started quantitative RT-PCR with 1ug cDNA (Kelly, 2015). Then each WT sample’s Ct 

was normalized to the control condition by subtracting the average WT CD saline Ct, and for 

each TG sample’s Ct was normalized to TG CD saline Ct. Then each sample’s Ct was converted 

to fold change by the formula 2Ct. Fold changes were analyzed using a 2-way ANOVA using 
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GraphPad Prism. One 2-way ANOVA test with post hoc analysis was run with WT mice data 

and another with TG mice. For both genotypes, diet and Xpro-treatment were the two main 

effects compared, and alpha was set at 0.05.  

 

Western Blot of ZO-1 

Protein concentration was calculated using a bicinchoninic acid assay (BCA) of total 

protein, and western blots were done as previously described (Lee, 2012). Protein was prepared 

in 5X Laemmli sample buffer and loaded on pre-cast 4-20% 15-well sodium dodecyl sulfate–

polyacrylamide gel electrophoresis gels (SDS-PAGE; Bio-Rad, Hercules, CA, USA), transferred 

onto Polyvinylidene (PDVF) membranes (Millipore), and probed for ZO-1 (1:4000, rabbit anti-

mouse antibody; Life Technologies) and -actin (1:2000, mouse anti-mouse antibody; Santa 

Cruz Biotechnology, Santa Cruz, CA, USA) followed by horseradish peroxidase (HRP)-

conjugated secondary antibodies (goat anti-rabbit and goat anti-mouse, respectively) at 1:2000 

(Jackson ImmunoResearch Lab, West Grove, PA, USA). Immunoreactive bands were visualized 

with SuperSignal West Pico HRP substrate (Thermo Fisher Scientific, Rockford, IL, USA) 

according to the manufacturer’s instructions and imaged on Azure Chemi Gel documentation 

station. The exposure time was 120 seconds and brightness and contrast was adjusted to be the 

same for each blot. Using Photoshop, images were converted to grayscale and 600 dots per inch 

(dpi). The lanes were plotted and the areas and percentage of total areas of peaks were found 

using ImageJ for both ZO-1 and beta-actin. Each percentage was normalized to a reference 

sample between gels. The average of the WT CD saline group and TG CD saline group was 

found, and each sample was normalized to the mean respectively. The normalized housekeeping 

protein beta-actin was subtracted from the ZO-1 values and plotted in Prism. One 2-way 
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ANOVA test with post hoc analysis was run with WT mice data and another with TG mice. For 

both, diet and Xpro-treatment were the two main effects compared, and alpha was set at 0.05. 

 

Correlation Analysis of Weight Change 

Mice weight gain varied; therefore, regression analyses were done to observe if this 

correlated with the expression of qPCR inflammation markers. Percent weight change was 

calculated for each mouse by the formula = ((final weight-initial weight)/final weight) *100. 

Values were plotted in Prism against the respective mouse’s mRNA or protein fold change using 

correlation analysis. Groups were analyzed by genotype, diet, and Xpro treatment.  
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Neuroinflammatory mRNA in the Hippocampus 

WT mice showed an increase in hippocampal TNF mRNA expression when fed a HFHF 

diet compared to CD [F(1, 22)=5.6; p=0.027]. Xpro® 1595 had no effect on TNF mRNA 

expression in WT mice. TG mice showed a decrease in TNF expression in XPro-treated mice 

compared to saline-treated mice regardless of diet type [F(1, 22)=4.64; p=0.042]. Post hoc 

analysis was not significant in either genotype group. WT mice may show an increase in IL-6 

mRNA expression when fed a HFHF diet compared to CD mice [F(1, 22)=4.27; p=0.0506]. As  

was equal to 0.05, it did not reach significance, but indicates a trend. TG mice show no 

significant changes in IL-6 expression due to diet or drug treatment. Both WT and TG mice had 

no significant changes in CD45 mRNA expression due to diet or drug treatment as referenced in 

Figure 1.  
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Fig. 1. A) TNF mRNA expression increased in WT mice fed HFHF diet [F(1, 22)=5.6; p=0.027]. 

B) TNF mRNA expression decreased in TG mice due to Xpro® 1595 administration [F(1, 
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22)=4.64; p=0.042]. C, D) No significant differences in IL-6 expression in WT mice or TG mice. 

E, F) No significant differences in CD45 expression in WT mice or TG mice.  

 

Blood-Brain Barrier mRNA in the Hippocampus 

WT mice had no significant change in CCL2 mRNA expression, however there was a 

trend of an increase in expression in HFHF diet compared to CD [F(1,21)=3.62; p=0.071]. TG 

mice had an increase in CCL2 mRNA expression in HFHF diet mice compared to CD mice 

[F(1,22)=4.33; p=0.049]. Post hoc analysis showed a significant increase from CD saline-

treatment to HFHF saline-treatment (p=0.03). There were no significant differences when CD 

saline-treated mice were compared to CD Xpro-treated p>0.99, or compared to HFHF Xpro-

treated p=0.99. Post hoc analysis was significant when CD Xpro-treated mice were compared to 

HFHF saline-treated mice p=0.04, and not significant when compared to HFHF Xpro-treated 

p=0.99. There were no significant differences when HFHF saline-treated mice were compared to 

HFHF Xpro-treated mice p=0.14. There were no significant changes in CLDN2 mRNA 

expression in either WT or TG mice regardless of diet or Xpro-treatment. WT mice showed an 

interaction of diet and drug treatment in ZO-1 mRNA expression [F(1,22)=12.34; p=0.002]. Post 

hoc analysis showed CD Xpro-treated mice had a significant decrease in ZO-1 mRNA 

expression as compared with CD saline-treated mice, HFHF saline-treated mice, and HFHF 

Xpro-treated mice (p=0.008, p=0.0001, p<0.0001, respectively). There were no significant 

differences between CD saline-treated mice compared to HFHF saline-treated mice (p=0.08). 

HFHF Xpro-treated mice had a significant decrease in ZO-1 mRNA expression compared to CD 

saline-treated mice (p=0.007). There was no significant difference between HFHF saline-treated 
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mice and HFHF Xpro-treated mice (p=0.55). TG mice showed no significant differences in ZO-1 

mRNA expression due to diet or drug treatment as referenced in Figure 2. 
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Fig. 2. A, B) Diet, genotype, and Xpro® 1595 administration have no significant effects on 

CLDN2 mRNA expression C) Diet and Xpro® 1595 administration have no significant effects 
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on CCL2 mRNA expression in WT mice. D) TG mice had a significant increase in CCL2 mRNA 

expression in HFHF diet mice compared to CD [F(1,22)=4.3; p=0.049].  Post hoc analysis 

showed a significant increase in CCL2 in HFHF saline-treated mice compared to CD saline-

treated mice p=0.03 and CD Xpro-treated mice p=0.04. E) ZO-1 mRNA expression main diet 

effect and interaction in WT mice [F(1,22)=48.9; p<0.0001]; and [F(1,22)=12.34; p=0.002], 

respectively. Post hoc analysis showed CD saline-treated mice compared to CD Xpro-treated 

mice (p=0.008), compared to HFHF saline-treated (p=0.08), and compared to HFHF Xpro-

treated mice (p=0.007). CD Xpro-treated mice compared to HFHF saline-treated mice 

(p=<0.0001) and HFHF Xpro-treated mice (p<0.0001). F) ZO-1 mRNA expression of TG mice 

is not significant due to diet or Xpro-treatment. 

 

Correlation Analysis of Weight Changes 

A 2-way ANOVA comparing the average weight of each group overtime for WT mice 

and a second 2-way ANOVA comparing TG mice was performed. WT mice showed an 

interaction of time and diet and treatment [F(24,184)=3.455; p<0.0001], a main time effect 

[F(8,184)=51.36; p<0.0001], no main diet-treatment effect [F(3,23)=2.5; p=0.085], and matching 

of subjects [F(23,184)=30.92; p<0.0001]. Post hoc analysis showed no significant differences. 

TG mice showed an interaction of time and diet and treatment [F(24,160)=6.84; p<0.0001], a 

main time effect [F(8,160)=60; p<0.0001], a main diet-treatment effect [F(3,20)=5.77; p=0.005], 

and matching of subjects [F(20,160)=34.06; p<0.0001]. Post hoc analysis showed a significant 

increase in weight in HF saline and HF Xpro mice compared to CD saline mice (p=0.041, 

p=0.023; respectively). There were no significant differences between CD saline compared to 

CD Xpro (p=0.99) or HF saline compared to HF Xpro (p=0.74). There were no significant 
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differences between CD Xpro compared to HF saline (p=0.068). There was a significant increase 

in average weight in HF Xpro mice compared to CD Xpro mice (p=0.033) as referenced in 

Figure 3. 

WT mice:  There were no significant correlations between weight gain and mRNA levels 

of hippocampal TNF mRNA in CD saline-treatment group [p=0.24, R2=0.32], CD Xpro-

treatment group [p=0.84, R2=0.012], HFHF saline-treatment group [p=0.21, R2=0.25], and 

HFHF Xpro-treatment group [p=0.26, R2=0.302] or for CLDN2 mRNA in CD saline-treatment 

group [p=0.35, R2=0.22], CD Xpro-treatment group [p=0.74, R2=0.029], HFHF saline-treatment 

group [p=0.63, R2=0.041], and HFHF Xpro-treatment group [p=0.26, R2=0.39]. CCL2 mRNA 

did not correlate with weight gain in CD saline-treatment group [p=0.76, R2=0.025], CD Xpro-

treatment group [p=0.82, R2=0.014], HFHF saline-treatment group [p=0.33, R2=0.19], and 

HFHF Xpro-treatment group [p=0.14, R2=0.46]. IL-6 mRNA did not correlate with weight gain 

CD saline-treatment group [p=0.46, R2=0.14], CD Xpro-treatment group [p=0.76, R2=0.025], 

HFHF saline-treatment group [p=0.28, R2=0.19], and HFHF Xpro-treatment group [p=0.19, 

R2=0.38]. CD45 mRNA did not correlate with weight gain CD saline-treatment group [p=0.77, 

R2=0.02], CD Xpro-treatment group [p=0.36, R2=0.21], HFHF saline-treatment group [p=0.39, 

R2=0.12], and HFHF Xpro-treatment group [p=0.95, R2=0.001]. ZO-1 mRNA did not correlate 

with weight gain CD saline-treatment group [p=0.25, R2=0.31], CD Xpro-treatment group 

[p=0.83, R2=0.012], HFHF saline-treatment group [p=0.25, R2=0.21], and HFHF Xpro-treatment 

group [p=0.82, R2=0.01] as referenced in Figure 4. 

 

TG mice: Hippocampal TNF mRNA did not correlate with weight gain in CD saline-

treatment group [p=0.33, R2=0.187], CD Xpro-treatment group [p=0.37, R2=0.201], HFHF 

saline-treatment group [p=0.68, R2=0.026], and HFHF Xpro-treatment group [p=0.88, 
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R2=0.013]. CLDN2 mRNA did not correlate with weight gain in CD saline-treatment group 

[p=0.25, R2=0.249], CD Xpro-treatment group [p=0.54, R2=0.102], HFHF saline-treatment 

group [p=0.39, R2=0.106], and HFHF Xpro-treatment group [p=0.169, R2=0.691]. Hippocampal 

CCL2 mRNA did not correlate with weight gain in CD saline-treatment group [p=0.42, 

R2=0.17], CD Xpro-treatment group [p=0.42, R2=0.168], HFHF saline-treatment group [p=0.89, 

R2=0.004], and HFHF Xpro-treatment group [p=0.92, R2=0.003]. Hippocampal IL-6 mRNA did 

not correlate with weight gain in CD saline-treatment group [p=0.11, R2=0.42], CD Xpro-

treatment group [p=0.81, R2=0.017], HFHF saline-treatment group [p=0.25, R2=0.18], and 

HFHF Xpro-treatment group [p=0.72, R2=0.081]. For hippocampal CD45 mRNA, CD saline-

treatment group [p=0.2, R2=0.3], CD Xpro-treatment group [p=0.64, R2=0.06], HFHF saline-

treatment group [p=0.08, R2=0.37], and HFHF Xpro-treatment group [p=0.88, R2=0.014]. 

Hippocampal ZO-1 mRNA did not correlate with weight gain in CD saline-treatment group 

[p=052, R2=0.09], CD Xpro-treatment group [p=0.87, R2=0.007], HFHF saline-treatment group 

[p=0.26, R2=0.18], and HFHF Xpro-treatment group [p=0.73, R2=0.07] as referenced in Figure 

5. 
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Fig. 3. A) Average weight of the WT groups increases over time, however there are no 

significant differences in post hoc analysis. B) There is an signficiant increase in average weight 

gain over time in TG HF saline mice compared to TG CD saline mice (p=0.041) and in TG HF 

Xpro mice compared to TG CD Xpro mice (p=0.033). 
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Fig. 4. A, B, C, D, E, F) There were no significant correlations between percent weight change 

and fold change of hippocampal mRNA in WT mice regardless of genotype or diet.  
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Fig. 5. A, B, C, D, E, F) There were no significant correlations between percent weight change 

and fold change of hippocampal mRNA in TG mice regardless of genotype or diet. 
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ZO-1 Hippocampal Protein Expression and Correlation Analysis with Percent Weight Change 

ZO-1 protein expression was not significant due to diet or drug treatment effects in either WT 

[F(1,15)=0.72, p=0.41; F(1,15)=0.002, p=0.97, respectively] or TG mice [F(1,11)=0.056, 

p=0.82; F(1,11)=1.78, p=0.21, respectively]. Correlation analysis in WT mice showed that 

protein expression was not significantly correlated with weight change in CD saline-treated mice 

[p=0.79, R2=0.103], CD Xpro-treated mice [p=0.75, R2=0.06], or HFHF saline-treated mice 

[p=0.132, R2=0.47]. An increase in weight was significantly correlated with an increase in ZO-1 

protein expression in HFHF Xpro-treated mice [p=0.025, R2=0.85]. Correlation analysis in TG 

mice showed that protein expression was not significantly correlated with weight change in CD 

saline-treatment group [p=0.898, R2=0.025], CD Xpro-treatment group [p=0.87, R2=0.007], or 

HFHF saline-treatment group [p=0.44, R2=0.31]. No correlation was performed for HFHF Xpro-

treatment group because n=2 as referenced in Figure 6. 
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Fig. 6. A, B) There were no significant diet or drug treatment main effects in ZO-1 protein 

expression in either WT or TG mice. C) There was a significant correlation between weight 

change and ZO-1 protein expression in HFHF Xpro-treated WT mice [F(1,3)=17.16, p=0.025, 

R2=0.85]. D) ZO-1 protein expression in TG mice was not correlated with percent weight change 

regardless of drug treatment or diet. 
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Discussion 

 High-fat high-fructose (HFHF) diet causes an increase in chronic low-level inflammation, 

which may increase BBB permeability, and increase neuroinflammatory processes (Varatharaj, 

2016) that contribute to neurodegenerative diseases including Alzheimer’s Disease (AD). TNF is 

a cytokine that signals for increased inflammation in the periphery and the brain, and Xpro® 

1595 is a soluble TNF signaling inhibitor, which reduces inflammation (MacPherson, 2017). We 

found a significant increase in TNF mRNA expression in WT mice that were fed a HFHF diet. 

This is aligned with previous literature that TNF is increased in the brain when there is an 

increase in peripheral stress and metabolic disease (Mu, 2017), and supports our hypothesis that 

chronic metabolic challenge increases neuroinflammation. Xpro® 1595 had no significant effects 

on WT mice, but, despite no increase in TNF in mice fed HFHF diet, XPro®1595 reduced 

expression of hippocampal TNF mRNA in TG mice fed either CD or HFHF diet. Increasing 

concentration or frequency of the dose may reduce TNF more effectively in WT mice. 

 TNF is an activator of CCL2 release, and CCL2 recruits macrophages to a site of 

inflammation (Hasan, 2005). CCL2 is associated with increased trafficking of peripheral 

macrophages into the brain due to BBB damage (Khoury, 2007). TG mice demonstrated 

significant increases in CCL2 mRNA expression due to HFHF diet. Acute inflammation 

increased CCL2 expression, which causes increased infiltration of CCR2 macrophages in the 

hippocampus (Howe, 2017), indicating that in TG mice, there may be increased trafficking of 

macrophages into the brain due to HFHF diet-induced chronic inflammation. Xpro® 1595 

administration seems to decrease CCL2 mRNA in HFHF diet-fed mice; however, the decrease is 

not significant (p=0.14). With significance, this would also complement the TNF mRNA results. 

We expected an increase in CCL2 mRNA expression due to diet because there was an increase in 
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TNF expression due to diet in WT mice and CCL2 and TNF levels correlate according to the 

literature (Hasan, 2015). Our results indicated no significant effects of CCL2 mRNA expression 

in the WT mice, however, with increased N’s there may be a significant increase in CCL2 

expression as our p value was close to 0.05 (p=0.071). 

 ZO-1 or tight junction protein 1 (TJP-1) is a scaffolding protein that links tight junction 

fibril proteins such as claudins and occludins to the cell cytoskeleton (Itoh, 1997). Previous 

literature demonstrates that ZO-1 expression decreases when there is an increase in BBB 

permeability (Dimitrijevic, 2006). We predicted a decrease in ZO-1 expression in HFHF diet 

mice compared to CD mice due to the increase in TNF inflammation from metabolic disease. We 

expected an increase in ZO-1 expression in Xpro-treated mice compared to saline-treated mice, 

as inhibiting TNF decreases inflammation. Our results indicated an interaction between diet and 

drug treatment in WT mice. When WT mice fed CD were administered Xpro® 1595 they had a 

significant decrease in ZO-1 expression as compared with WT mice fed a CD and given saline.  

These results are contrary to our predictions that XPro®1595 would increase ZO-1 expression to 

restore BBB function.  

While excessive TNF decreases ZO-1, little is known about the constitutive regulation of 

the BBB by TNF (Rochfort, 2015).  As TNF can be beneficial to normal neuron and glia 

functioning (Tanaka 2000, Hattori et al. 1993), and regulate junctional protein turnover 

(Rochfort, 2015), inhibition of TNF in the absence of chronic inflammation may disrupt normal 

TNF-mediated tight junction protein formation. WT mice did not have a significant change in 

ZO-1 mRNA expression when fed a HFHF diet and given saline treatment when compared to 

CD saline-treatment (p=0.08). While these results do not support our hypothesis that HFHF-diet 

induce inflammation would disrupt the BBB, we may need to investigate other BBB proteins. 
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One study found that diabetic rats had no change in hippocampal ZO-1 expression compared to 

control rats, but reductions in occludins and claudin-5, which were attributed to the increased 

BBB permeability, were noted (Yoo, 2016). Our results may indicate that inflammation caused 

by HFHF does not increase BBB permeability through ZO-1 expression.  

TG mice had no significant changes in ZO-1 mRNA expression due to diet or drug 

treatment which may be due to the variability of the data. Additionally, ZO-1 mRNA expression 

may be altered due to the 5xFAD genotype and may be more resistant to changes due to diet and 

drug treatment.  Our TG mice results do not support our hypothesis that genetic risk for AD and 

Western Diet compound to disrupt the BBB. Further investigation of other BBB proteins is 

warranted. CLDN2 is a pore forming BBB protein that is linked to ZO-1 and demonstrates an 

increase in expression when there is increased BBB permeability (Overgaard, 2011). Our results 

showed no significant differences in CLDN2 expression. This may mean TNF mediated 

inflammation does not affect CLDN2 mRNA expression. Additionally, there are other claudins 

that respond to inflammation such as CLDN5 which decrease due to inflammation (Gunzel and 

Yu, 2013) which may respond to TNF mediated inflammation. 

 Hippocampal IL-6 and CD45 mRNA expression did not significantly increase due to the 

chronic inflammation of a HFHF diet, and Xpro administration did not have an effect in either 

WT or TG mice. We predicted an increase in IL-6 expression, as it was previously found that 

TNF induces IL-6 signaling in astrocytes (Benveniste, 1990). CD45 is also a marker of 

inflammation and was expected to increase due to HFHF diet (Jeong, 2013). CD45 is expressed 

on peripheral macrophages and we expected an increase in infiltration due to HFHF diet 

weakening the BBB (MacPherson, 2017). Additionally, previous studies have indicated that mice 

with metabolic syndrome have a decrease in memory tasks associated with increases in IL-6 and 
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TNF expression in the hippocampus (Dinel, 2011). However, our results did not support the 

previous literature, which may be due to the variability of mRNA expression we found. A 

proposed factor for the variability found in some of the inflammatory markers mRNA expression 

was the variability in mouse weight change. Some mice gained less weight than others within the 

same group. However, we found no significant correlations between percent weight change and 

mRNA expression.  

 Due to the interaction found in the ZO-1 mRNA expression results, a western blot was 

done to clarify these results by looking at protein expression. Post-transcriptional changes can 

sometimes occur to the mRNA and alter the resulting protein expression. Our findings indicated 

that the increased inflammation from HFHF diet did not significantly alter ZO-1 protein 

expression in WT or TG mice. Additionally, Xpro® 1595 administration had no significant 

effects on WT or TG hippocampal ZO-1 protein. However, the number of mice analyzed on the 

western blot was reduced compared to qPCR because many mice had low protein concentration. 

This is partly because we analyzed the hippocampus, which is a small part of the brain that yields 

low levels of protein. Additionally, there may be differences in mRNA and protein expression in 

different regions of the hippocampus. Previous studies show more BBB breakdown in the 

dentate gyrus and cornu ammonius 1 (CA1) regions of the hippocampus (Montagne, 2015). 

These regional effects would have been lost in our studies as the entire hippocampus was 

processed for protein levels.  

We also performed correlation analyses on ZO-1 protein expression and percent weight 

change. Our findings showed a significant correlation in HFHF diet WT mice administered 

Xpro® 1595. Mice that gained more weight had increased protein expression of ZO-1. This may 

mean that with more samples, there may be a significant increase in ZO-1 protein expression due 
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to increased inflammation in the HFHF diet WT mice. This supports our ZO-1 mRNA 

expression results that there is an increase in ZO-1 expression due to HFHF diet and Xpro-

treatment. This may mean that the diet and drug treatment interaction is still present in WT mice, 

and HFHF diet increases ZO-1 expression only when administered Xpro® 1595. 

In the future, we would like to assess TNF, ZO-1, CLDN2, and CCL2 mRNA expression 

and protein levels in the hypothalamus and cortex of the brain. The hypothalamus is involved 

with the regulation of hunger and insulin secretion and may an important factor in the cause of 

obesity and diabetes (Osundiji, 2012). Additionally, we would look at protein expression in these 

areas to determine correlation with mRNA levels. We may also perform immunohistochemistry 

to gain a better understanding of how the BBB is disrupted due to a HFHF diet and how Xpro® 

1595 may affect it. Furthermore, we can at the effects of HFHF diet over longer period in 

5xFAD mice to learn about the effects of HFHF diet on amyloid plaque formation and 

Alzheimer’s pathology. 

In conclusion, our study demonstrates that HFHF diet increases hippocampal 

inflammation as measured by TNF mRNA in WT mice, XPro reduces TNF mRNA levels in the 

hippocampus of TG mice, and 5xFAD mice fed a HFHF diet have increased CCL2 mRNA in the 

hippocampus that is ameliorated by blockade of solTNF signaling with XPro®1595. Work is 

ongoing to increase the number of animals in each group and further elucidate the combinatorial 

effect of genetic susceptibility for AD and metabolic challenge.   
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