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Abbreviations 

Aβ - amyloid-β, ABC - ATP-binding cassette transporters, AD - Alzheimer’s disease; BBB - 

blood-brain barrier, APP - β-amyloid precursor protein, ATP – adenosine triphosphate, BCRP 

- breast cancer resistance protein, CNS - central nervous system, COX-2 - cyclooxygenase 2; 

CytC - cytochrome c; GluN1 - ionotropic glutamate receptor subunit 1, GLUT1 - glucose 

transporter 1, IL-1β  - interleukin 1β, IL-6 - interleukin 6, LAT1 - L-type amino acid transporter 

1, LC-MS/MS - liquid chromatography tandem mass spectrometry, LPS - lipopolysaccharide, 

MGLL - monoacylglycerol lipase, MRM - multiple reaction monitoring, MRP - multidrug 

resistance-associated protein, NFTs - neurofibrillary tangles, NMDA - N-Methyl-D-aspartate, 

PGE2 - prostaglandin E2, prostaglandin D2 - prostaglandin D2, P-gp - P-glycoprotein, PSEN1 - 

presenilin 1, sAD - sporadic Alzheimer’s disease, SLC - solute carrier, TNFα - tumor necrosis 

factor alpha, QTAP - quantitative targeted absolute proteomics WT – wild type  

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

Abstract 

Alzheimer’s disease (AD) is an incurable disease, with complex pathophysiology and a myriad 

of proteins involved in its development. In this study, we applied quantitative targeted absolute 

proteomic analysis for investigation of changes in potential AD drug targets, biomarkers, and 

transporters in cerebral cortices of lipopolysaccharide (LPS)-induced neuroinflammation 

mouse model, familial AD mice (APdE9) with and without LPS treatment as compared to age-

matched wild type (WT) mice. The ABCB1, ABCG2 and GluN1 protein expression ratios 

between LPS treated APdE9 and WT control mice were 0.58 (95% CI 0.44 – 0.72), 0.65 (95% 

CI 0.53 – 0.77) and 0.61 (95% CI 0.52 – 0.69), respectively. The protein expression levels of 

other proteins such as MGLL, COX-2, CytC, ABCC1, ABCC4, SLC2A1 and SLC7A5 did not 

differ between the study groups. Overall, the study revealed that systemic inflammation can 

alter ABCB1 and ABCG2 protein expression in brain in AD, which can affect intra-brain drug 

distribution and play a role in AD development. Moreover, the inflammatory insult caused by 

peripheral infection in AD may be important factor triggering changes in GluN1 protein 

expression. However, more studies need to be performed in order to confirm these findings. 

The quantitative information about the expression of selected proteins provides important 

knowledge, which may help in the optimal use of the mouse models in AD drug development 

and better translation of preclinical data to humans. 
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Introduction 

Alzheimer’s disease (AD) is a progressive neurodegenerative disease and the primary cause of 

neurocognitive disorders in the elderly. It is an incurable disease with unmet medical needs, 

which poses a huge socio-economic burden to the society. 1 The primary causes of sporadic 

AD (sAD) are still unknown. The major neuropathological hallmarks of AD include 

extracellular deposits of fibrillar and amorphous amyloid-β peptide (Aβ) aggregates and 

neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau. 2 The Aβ and NFT 

accumulation in the brain is associated with neurodegeneration and synaptic loss, which lead 

to impaired learning and memory functions. Moreover, inflammation observed in the brains of 

AD patients is considered to be important factor in the pathogenesis of the disease, and is not 

only associated with neurodegeneration but also facilitates and exacerbates Aβ and NFT 

pathologies. 3 Neuroinflammation can result from systemic inflammation triggered by 

peripheral infections or chronic conditions; thereby, systemic inflammation is thought to 

contribute to the onset of sAD. 4,5  

The majority of the AD drug candidates have failed at the early phase of clinical trials, which 

raised questions about the use of therapeutic strategies and the relevance of animal models to 

reproduce cellular and molecular mechanisms underlying AD. The preclinical models 

mimicking the disease can facilitate drug development by improving the predictability of drug 

candidate pharmacodynamics and pharmacokinetics in AD patients from preclinical data. One 

of the commonly used models for AD drug candidate testing is a transgenic APPswe/PS1dE9 

(APdE9) mouse overexpressing the Swedish mutation of β-amyloid precursor protein (APP) 

and presenilin 1 (PSEN1) deleted in exon 9. 7 The APdE9 mouse reproduces several AD-related 

features, i.e., formation of Aβ plaques, deficits in neuronal activity, mild neuritic abnormalities, 

impairment of pre- and postsynaptic cholinergic transmission, and elevated mortality, and 

therefore can be useful in the development of drug candidates targeting Aβ plagues. 8-11 In our 
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recent study, we demonstrated that inflammation induced by an endotoxin lipopolysaccharide 

(LPS), a Toll-like receptor 4 (TLR-4) ligand, in APdE9 mice lead to higher number of 

significant changes in brain metabolic pathways as compared to saline-treated APdE9 mice, 

and did not affect the brain metabolome and lipidome of wild type (WT) mice. 12 In APdE9 

mice treated with LPS, similarly to AD patients, the levels of lysine, myo-inositol, spermine, 

phosphocreatine, acylcarnitines and diacylglycerols were significantly altered, while these 

changes were not observed in the saline-treated APdE9 mice or LPS-treated WT mice. These 

results indicate that infection-induced systemic inflammation may accelerate the changes in 

biochemical pathways in AD. Moreover, we hypothesised that infection-induced systemic 

inflammation can lead to alterations not only in metabolome and lipidome, but also affect the 

protein expression of several potential drug targets and AD-related proteins. Therefore, the 

investigation of the changes in the protein expression of drug targets and AD-related proteins 

in these models can provide valuable information about the role of inflammation in AD 

pathogenesis as well as aid to understand the relevance of the mouse models to mimic the 

alterations observed in AD patients. 

The pathophysiology of AD has a complex and heterogeneous nature with a myriad of proteins 

involved in the development of the disease, which can be considered as promising drug targets 

for the treatment of AD. One group of these proteins are the N-Methyl-D-aspartate (NMDA) 

receptors. 16 The NMDA receptors are formed by seven subunits (GluN1, GluN2A-D, and 

GluN3A-B) into tetrameric receptor complexes. As the GluN1 subunit is an obligatory subunit 

in all functional NMDA receptors it is widely expressed in the brain. 17 The GluN1 receptor 

has an important role in the normal function of the central nervous system (CNS) and is critical 

for synaptic plasticity and survival of neurons. Therefore, it is not surprising that the GluN1 

receptor antagonists are used in order to prevent glutamate-induced excitotoxicity related 

neuronal loss and in AD. 16,18,19  
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Other highly abundant proteins which have been shown to be involved in neuroinflammation 

and are considered as possible drug targets for the treatment of AD are enzymes 

monoacylglycerol lipase (MGLL) and cyclooxygenase 2 (COX-2). 20,21 MGLL is a serine 

hydrolase which is responsible for the hydrolytic conversion of the endocannabinoid 2-

arachidonoyl-sn-glycerol to arachidonic acid, a precursor for the COX mediated production of 

neuroinflammatory prostaglandins. 20,21 In the CNS, COX-2 takes part in the synthesis of 

prostaglandins associated with AD, such as prostaglandin E2 (PGE2) and prostaglandin D2 

(PGD2). 
22 The binding of PGE2 to its receptors results in the production of inflammatory 

mediators such as interleukin 1β, (IL-1β), interleukin 6 (IL-6) and tumor necrosis factor alpha 

(TNFα). 23 The altered levels of cytokines were found in the brains of AD patients supporting 

the notion that cytokines and neuroinflammation takes part in the AD pathogenesis. 24 Another 

interesting protein, which can serve as a biomarker is cytochrome c (CytC), a small protein 

primarily found in the inner mitochondrial membrane. 25 During cellular stress CytC is released 

into the cytosol where it acts as a key initiator of apoptosis and has been connected to the 

pathogenesis of neurodegenerative diseases such as AD. 25 In addition, CytC may also 

contribute to the progression of neurodegenerative diseases by inducing the levels of 

proinflammatory cytokines, including IL-6 and TNFα. 25 

There is growing evidence that ATP-binding cassette transporters (ABC) and solute carrier 

(SLC) transporters expressed at the blood-brain barrier (BBB) and brain parenchymal cells 

play a key role in AD pathogenesis. 26,27 For instance, several studies demonstrated that P-

glycoprotein (P-gp, ABCB1) and possibly breast cancer resistance protein (BCRP, ABCG2) 

and multidrug resistance-associated protein 1 (MRP1, ABCC1) are responsible for the 

clearance of Aβ from the brain and the reduced function of these transporters can be one of the 

reasons of Aβ accumulation. 26,27 Another transporter, MRP4 (ABCC4), was shown to be 

involved in neuroinflammation. 28 In terms of targeted drug delivery across the BBB and into 
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the brain intracellular space, the glucose transporter 1 (GLUT1, SLC2A1) and L-type amino 

acid transporter 1 (LAT1, SLC7A5) have shown promise in experiments done in mice and rats. 

29,30 In AD patients, reduced expression of GLUT1 at the BBB was found, which supports the 

findings of reduced production of ATP (by 50%) via glucose metabolism in the brain. 31-33 All 

the mentioned ABC and SLC transporters play a crucial role in passage of drugs and other 

xenobiotics to the brain and within the brain by restricting their entry across the BBB and 

cellular barrier of the brain parenchyma in order to protect the brain from harmful molecules. 

The limited entry of drugs across the brain cellular barriers can result in diminished 

concentrations at the target site within the brain, thereby contributing to consequent clinical 

outcome. Currently, the studies focused on quantitative evaluation of changes in transporter 

expression in AD brains include only two reports of alterations in the transporter expression in 

the isolated brain microvessels of AD patients, while there is no quantitative information about 

the transporter expression in the brain parenchymal cells. 34,35 Moreover, none of the studies 

have focused on investigation of possible alterations in brain parenchymal transporter 

expression in the animal AD models. Moreover, the effect of systemic inflammation on the 

protein expression of ABC and SLC transporters in AD has not been investigated.  

Quantitative targeted absolute proteomics (QTAP) approach has been extensively used to 

measure the expression of transporters, receptors, enzymes and other proteins in health and 

disease. 34,36-39 The present QTAP study was aimed to investigate the effects of systemic 

inflammation in AD on absolute protein expression of the mentioned above AD-relevant 

biomarkers, potential drug targets and drug transporters. To achieve the goal, we compared the 

absolute protein expressions of the selected proteins in the brain cortices of LPS-treated APdE9 

mice, LPS-treated WT mice and saline-treated APdE9 mice to saline-treated WT mice. All 

these models were recently characterized in terms of alterations in pro-inflammatory cytokines, 

behavioural changes as well as metabolic and lipidomic perturbations. 12 The changes in protein 
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expressions were compared to those reported in AD patients in order to evaluate the capability 

of the mouse models to mimic AD. For the absolute quantification of the proteins, we 

developed a targeted liquid chromatography tandem mass spectrometry (LC-MS/MS) based 

proteomics method, which allows the accurate, selective quantitative analysis of the proteins 

of interest. 

Materials and methods 

Materials 

Acetonitrile, ethylenediaminetetraacetic acid (EDTA), dithiothreitol, urea, guanidine 

hydrochloride, Tris-HCl, formic acid, Tribromoethanol (#75-80-9, Avertin), LPS (#L2880) and 

protease inhibitor cocktail were purchased from Sigma-Aldrich (St. Louis, MO). Proteome 

Extraction Kit was purchased from Merck KGaA, Darmstadt, Germany. The absolute 

quantified stable isotope-labeled peptides were purchased from JPT Peptide Technologies 

GmbH (Berlin, Germany). Protease-Max surfactant, tosylphenylalanylchloromethyl ketone-

treated trypsin and lysyl endopeptidase (LysC) were purchased from Promega (Madison, WI, 

USA). BioRad Protein Assay was purchased from EnVision (PerkinElmer, Inc., Waltham, MA, 

USA). 

 

Study design and animals  

The animals and treatments were used from our previous study. 12 All animal experiments 

complied with the ARRIVE guidelines and were carried out in accordance with the EU 

Directive 2010/63/EU for animal experiments. All procedures with the animal use were 

approved by the Finnish National Animal Experimental Board (ESAVI-2015-000744). All the 

animals were housed under standard laboratory conditions such as: housing of four to six 

animals per cage, 12-12 h light-dark day cycle, food (Lactamin R36; Lactamin AB, Södertälje, 

Sweden), and water consumption ad libitum, 60% relative humidity. The inclusion/exclusion 
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criteria were based on the health state of animals. The animals that were healthy and showed 

no sign of illness as evaluated by the body weight and visual observations were used in the 

analysis. None of the animals died during the study. Only female C57BL/6J mice were used 

due to the higher prevalence of AD among women compared to men. The age of 16-17 months 

was chosen because at this age the mice show learning and memory deficits. 40 The mice 

referred to one of the four study groups (“Control”, “WT plus LPS”, “APdE9” and “APdE9 

plus LPS”, which detailed characteristic and applied treatments are presented in Fig. 1. The 

“WT plus LPS” group consisted of wild type mice (n = 4) administered i.p. LPS according to 

the schedule presented in Fig. 1. APdE9 mice were treated with either saline solution i.p. 

(referred to “APdE9“, n = 4) or LPS i.p. (“APdE9 plus LPS”, n = 5) according to the same 

schedule described in Fig. 1. The “Control” group consisted of age-matched wild type mice (n 

= 5) treated with saline solution i.p. (Fig. 1). The sample size (n = 4-5) selection in the present 

study was based on previously reported QTAP studies in mice (n = 3). 37,38  

The mice were anaesthetized by tribromoethanol, which use was approved by Finnish National 

Animal Experimental Board (ESAVI-2015-000744). The mouse brains were perfused using 3-

min transcardial perfusion with heparinized saline (2500 IU/L). The brain cortex was separated, 

snap-frozen in liquid nitrogen, and stored at −80 °C until the LC-MS/MS proteomics analysis.  

 

Quantitative targeted absolute proteomic analysis  

The absolute protein expression levels of membrane transporters P-gp (ABCB1),  MRP1 

(ABCC1), MRP4 (ABCC4), BCRP (ABCG2), GLUT1 (SLC2A1), L-type amino acid 

transporter 1 (LAT1, SLC7A5), as well as membrane bound enzymes COX-2, MGLL and 

receptor GluN1 were measured in isolated crude membrane fraction of the mouse brain 

cortices. The protein expression of CytC and proinflammatory cytokines, IL-1β, IL-6 and 

TNFα was measured in cytosolic fraction of the brain cortical tissue of mice. In addition, 
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membrane marker Na+/K+-ATPase was quantified in both crude membrane and cytosolic 

fractions of mouse brain cortices.  

The cytosolic and crude membrane fractions were isolated from the mouse brain cortical tissue 

(26.5 ± 1.52 mg tissue per animal) using ProteoExtract Subcellular Proteome Extraction Kit 

(Merck KGaA, Darmstadt, Germany) according to the manufacturer’s instructions. The total 

protein concentrations in the obtained fractions were measured by the BioRad Protein Assay. 

The total crude membrane protein levels obtained from the brain cortical tissues were 0.013 ± 

0.00092 mg of protein/mg tissue. The samples were prepared according to previously published 

protocol. 36 For preparation of crude membrane fractions, the aliquots (50 µg of protein) were 

solubilized in 7 M guanidine hydrochloride, 500 mM Tris–HCl (pH 8.5) and 10 mM EDTA. 

The cytosolic fraction aliquots (50 μg of protein) were evaporated under nitrogen stream in 

cold water bath followed by solubilization in 9 μl of 100 mM Tris–HCl (pH 8.5) and 6 M urea. 

The proteins in both fractions were reduced with dithiothreitol and S-carbamoylmethylated 

with iodoacetamide and precipitated with methanol and chloroform. The precipitates were 

dissolved by addition of 6 M urea in 0.1 M Tris–HCl (pH 8.5) followed by a 5-fold dilution 

with 0.1 M Tris–HCl (pH 8.5), which was spiked with a mixture of internal standard peptides 

(Table 1). This step was followed by the addition of Lys-C and Protease-Max, and incubation 

at room temperature for 3 h. Finally, tosylphenylalanyl chloromethyl ketone-treated trypsin 

was added for tryptic digestion of the samples (enzyme/substrate ratio of 1:100), which were 

incubated at 37 °C for 16 h. Formic acid in water 20% (v/v) was used to acidify the samples, 

followed by centrifugation at 14000 × g for 5 min at 4 °C. The supernatants were analyzed 

using LC-MS/MS methods described below.  

The LC-MS/MS analysis was conducted by coupling using an Agilent 1290 Infinity LC 

(Agilent Technologies, Waldbronn, Germany) system to an Agilent 6495 Triple Quadrupole 

Mass Spectrometer equipped with an ESI source (Agilent Technologies, Palo Alto, CA, USA). 



11 
 

The HPLC method using Advance Bio Peptide Map column (2.1 × 250 mm, 2.7 μm) was 

applied for separation and elution of peptides as described previously. 41-43 The eluted peptides 

were simultaneously detected using the positive ion multiple reaction monitoring (MRM) 

mode. The dwell time was 20 ms per transition. The source temperature was 210 °C with drying 

gas at a flow rate of 16 L/min. The nebulizer pressure was 45 psi and MS capillary voltage was 

3 kV. The quantitation of the target protein was based on one unique peptide (Table 1) selected 

according to the in silico peptide selection criteria 36 and previous reports. 41-45 Data were 

acquired using the Agilent MassHunter Workstation Acquisition software (Agilent 

Technologies, Data Acquisition for Triple Quad., version B.03.01) and processed with Skyline 

software (version 4.1). Three or four MRM transitions for each specific peptide related to high 

intensity fragment ions were selected for quantification of a stable isotope-labelled peptide and 

the unlabelled investigated peptide (Table 1). The protein expression, quantified using the 

peptides for which signal peaks were obtained at only two or one transition(s), was considered 

as below the lower limit of quantification (LLOQ). The limit of quantification was determined 

as the lowest concentration of a stable isotope-labelled peptide (spiked into the sample 

containing 50 µg of total protein followed by processing in similar way as the study samples) 

for which signal peaks were obtained at three or four transitions (Table 1). The mean of the 

ratios of light to heavy peaks for each MRM transition were used for quantification with a dot-

product value between the peak areas equal to 1 (exact match). The expression levels of target 

proteins in crude membrane and cytosolic fractions of mouse brains were expressed as absolute 

values. 

Statistical analysis   

The data are presented as mean ± standard deviation (SD) for the absolute protein expression 

levels and as the ratios of change of the protein expression levels in the study group to controls 

with the 95% confidence interval (CI) range. Statistical significance between Control group 
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and other investigated groups (“WT plus LPS”, “APdE9” and “APdE9 plus LPS”) was 

analysed by One-way ANOVA followed by Dunnett's multiple comparisons test. A p-value 

less than 0.05 was considered statistically significant. Data analysis was done using GraphPad 

Prism, version 5.03 (GraphPad Software, San Diego, CA).  

 

Results 

The protein expression of the drug transporters (P-gp, MRP1, MRP4, BCRP, GLUT1, LAT1), 

membrane bound enzymes (COX-2, MGLL), receptor GluN1, and cytosolic CytC and 

proinflammatory cytokines (IL-1β, IL-6 and TNFα) was measured using a QTAP methods in 

crude membrane or cytosolic fractions, respectively. The absolute levels of expression of the 

investigated proteins from the cerebral cortical crude membrane and cytosolic fractions for 

each mouse model and WT control group are provided in Table 2 and presented in Fig. 2 and 

3. The results demonstrated that the separation of cytosolic and crude membrane fractions was 

successful as the concentration of membrane marker protein Na+/K+-ATPase was significantly 

higher in crude membrane fraction of all study groups (range 150.0 – 174.8 fmol/µg protein) 

compared to that of cytosolic fraction (range 1.38 – 2.97 fmol/µg protein) between these two 

fractions. In addition, there were no statistically significant differences in the measured levels 

of Na+/K+-ATPase between the investigated groups, and thus the quantitated differences in the 

protein levels are not due to artifacts caused by inaccurate sample preparation. 

The protein expression of GluN1 was significantly decreased in LPS-treated APdE9 (p < 0.01) 

mice compared to age-matched wild type control mice (Table 2. Fig. 2, 3), while no significant 

changes were observed in GluN1 expression in LPS-untreated APdE9 mice compared to 

“control” group. The decreasing trend in the mean protein expression levels of the receptor (not 

statistically significant, p = 0.06) was found in LPS-treated wild type mice vs. “control” group.  
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There were no statistically significant differences in the protein expression of MGLL and COX-

2 in all study groups (Table 2. Fig. 2, 3).  

The mean P-gp (ABCB1) and BCRP (ABCG2) protein expression levels in cerebral cortices 

of APdE9 mice treated with LPS were significantly lower (p = 0.02 and p = 0.03, respectively) 

compared to those in wild type controls (Table 2, Fig. 2, 3). The changes in the mean protein 

expression of these transporters in wild type mice treated with LPS and LPS-untreated APdE9 

mice were not statistically significant compared to wild type control mice (Table 2, Fig. 2, 3). 

There were not statistically significant differences in the mean protein expression of MRP1 and 

MRP4 between the groups (Table 2, Fig. 2, 3). The differences in the mean protein expression 

of the two investigated SLC transporters, GLUT1 (SLC2A1) and LAT1 (SLC7A5) (Table 2, 

Fig. 2, 3) between all study groups were not statistically significant.  

In cytosolic fraction, the mean protein expression of CytC was not statistically significantly 

different in all study groups. However, the mean expression of the protein was more than two 

times higher (not statistically significant, p = 0.14) in LPS-treated APdE9 mice compared to 

“control” group (Table 2. Fig. 2, 3). None of the analysed cytokines (IL-1β, IL-6 and TNFα) 

were detected in cytosolic fraction of the brain cortices of the studied groups.  

 

Discussion 

There is a large unmet medical need for the patients with AD, as most of the drug candidates 

have failed at the early phase of clinical trials (ca. 99%) due to limitations of current knowledge 

about the pathogenesis of the disease, lack of relevant animal models and restricted drug 

delivery to the brain. In the present study, we applied state-of-the-art QTAP method for 

characterizing the mouse models widely used in AD research, i.e. APdE9 mice and LPS-

induced inflammation mouse model, in terms of the changes in expression of several AD-

relevant proteins in the cerebral cortex. In addition, we investigated the inflammation-driven 
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changes in the expression of selected proteins in APdE9 mice after systemic LPS 

administration. 14 As the total volume of the brain endothelial cells in the brain is ca. 0.1%, 46 

we assumed that the changes in protein expression quantified in the brain cerebral cortices 

represent the changes in the brain parenchymal cells and not at the BBB.  

The present study showed, that GluN1 expression significantly decreased in the APdE9 mice 

treated with LPS compared to the wild type control mice, while no changes were observed in 

APdE9 mice without LPS treatment or LPS treated wild-type mice (Fig. 2, 3). Previously 

Snyder et al. (2005) reported that the Aβ-mediated increase in glutamate concentration leads 

to endocytosis and decreased plasma membrane but not total expression of GluN1 in neurons 

derived from APPswe mice. 47 In addition, Chen et al. (2012) found no changes in GluN1 

expression in the hippocampus of 6-month-old 5×FAD transgenic mice compared to wild type. 

48 In AD, the reduced expression of the GluN1 mRNA and protein has been reported in the 

brain and the GluN1 loss has been associated with the severity of AD pathology. 16,19 Although 

there are data available from APdE9 mice providing evidence of altered glutamatergic 

signalling compared to wild type mice, this is the first report on quantitative changes in GluN1 

expression in cerebral cortex of this model. All together these results suggest that decreased 

GluN1 receptor expression can be resulted from systemic inflammation in AD and future 

studies should focus on investigation of this hypothesis.  

Interestingly, COX-2 expression did not show differences between the wild type control group 

and the investigated animal models. This may at first be surprising finding as COX-2 

expression was induced by Aβ, LPS and proinflammatory cytokines in cultured astrocytes and 

glial cells. 49 However, Guan et al. (2019) showed with immunohistochemistry that COX-2 

expression is upregulated in three- and six-month-old APdE9 mice compared to controls, but 

similar to the results of the present study, only small and not statistically significant differences 

were found in the 18-month-old APdE9 mice compared to control mice. 50 In addition, several 
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studies performed using human post-mortem brain samples demonstrated that COX-2 

expression is initially increased and then reduced in the late stages of AD compared to non-

demented controls. 51 Here, we report for the first time the absolute protein expression of COX-

2 in the cerebral cortex of the investigated models and wild type mice. 

MGLL controls the abundance of arachidonic acid and prostaglandins in the brain by 

hydrolysing the anti-inflammatory and neuroprotective endocannabinoid 2-arachidonoyl-sn-

glycerol. 52 Mulder et al. 2011 reported that elevated expression of MGLL correlates with the 

progression of AD. 53 Therefore, MGLL has been considered as a potential drug target for the 

alleviation of neuroinflammation and treatment of AD. 48 Surprisingly, we found relatively 

high MGLL protein expression in the mouse cerebral cortical tissue (5.0 – 6.1 fmol/µg protein), 

which was not significantly changed in the investigated models compared to the wild type 

control mice (Fig. 2, 3). Due to the lack of AD mimicking changes in MGLL protein expression 

in all the investigated groups, other murine AD models should be considered when 

investigating potential AD drugs affecting the endocannabinoid system in the brain.  

CytC release to cytosol is a key step in the Aβ deposit triggered cascade leading to apoptotic 

neuronal cell death in AD. 54 Therefore, cytosolic CytC can be used as a biomarker for 

apoptosis in AD. We quantitated relatively high cytosolic CytC (Table 2) protein expression in 

all investigated cortices. Interestingly, the mean protein expression of cytosolic CytC was more 

than two times higher in LPS-treated APdE9 mice compared to wild type control group. 

However, the difference was not statistically significant (p = 0.14), therefore these results do 

not provide conclusive evidence of induced apoptosis in the cerebral cortical tissues of the 

investigated mouse models. 

In the present study, we investigated changes in the brain cortical protein expression of ABC 

and SLC transporters, which previously demonstrated potential involvement into AD 

pathogenesis. The QTAP analysis revealed that mean P-gp (ABCB1) protein expression was 
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decreased in all three models with significant reduction observed only in the APdE9 mice 

treated with LPS compared to the wild type control mice (Fig. 2, 3). P-gp (ABCB1) is the main 

efflux pump expressed not only at the BBB, but in the brain parenchymal cells such as 

pericytes, astrocytes and neurons, thus limiting the entry of drugs to the brain and into the brain 

parenchymal cells. 26 The transporter plays a key role in AD pathogenesis due to its contribution 

to Aβ clearance across the BBB. 55 The expression levels of P-gp (ABCB1) in the brain 

parenchyma of AD patients are unknown as the P-gp expression in the currently available 

studies has been quantitated only at the BBB. In a study utilizing immunofluorescence analysis, 

P-gp (ABCB1) protein expression levels in the brain vasculature of hippocampus were 

significantly lower in AD subjects (51 – 83 years old) compared to age-matched non-demented 

ones 56. In contrast, the QTAP study by Al-Majdoub et al. (2019) showed that absolute protein 

expression of P-gp (ABCB1) in isolated brain capillaries from five AD patients (70 – 85 years 

old) were similar to those from twelve non-demented subjects (53 – 90 years old). 34  Similarly, 

no significant changes in the P-gp (ABCB1) expression at the BBB of AD patients and age 

matched controls were found in the QTAP study by Storelli et al (2020). 35 The results of our 

study demonstrate that changes in P-gp (ABCB1) expression in the brain cortical tissue may 

be induced by systemic inflammation in AD, which may affect intra-brain distribution of drugs. 

Therefore, future studies should focus on investigation of the transporter expression and 

function in the brain parenchyma in AD and the potential role of systemic inflammation in 

regulation of transporter expression in AD brain.  

Similar to P-gp (ABCB1), the expression of BCRP (ABCG2), another important efflux 

transporter expressed at the BBB and brain parenchymal cells, 26 was reduced significantly 

only in APdE9 mice treated with LPS compared to wild type control animals demonstrating 

that the combination of AD phenotype and inflammatory insult results in diminished protein 

expression of the transporter in the brain cortical tissue. Several studies showed that BCRP 
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(ABCG2) plays a role in AD via elimination of Aβ from the brain extracellular fluid to the 

circulating blood across the BBB 57,58 and preventing generation of reactive-oxygen species 

(ROS) with consequent activation of the ROS responsive transcription factor NF-κB, which 

results in decreased expression of inflammatory genes. 26 Similar to P-gp, the BCRP (ABCG2) 

expression in the brain parenchyma of AD patients has not been reported and only BBB 

expression levels are available. In the study of Xiong et al. (2009) using immunohistochemical 

and western blot analysis, significantly higher BCRP (ABCG2) protein expression was 

reported in the brain microvessels of AD patients with cerebral amyloid angiopathy compared 

to age-matched nondemented control brains; and in the 3×Tg mouse model of AD compared 

to wild type control. 58 In contrast, Al-Majdoub et al. (2019) and Storelli et al (2020) showed 

that absolute protein expression of BCRP (ABCG2) was the same in isolated brain capillaries 

of AD patients and non-demented subjects. 34,35 Our current findings demonstrate that there is 

a need for further investigation of BCRP (ABCG2) expression in the brain parenchyma in AD. 

In the cerebral cortex of the investigated mouse models, the protein expression of MRP1 

(ABCC1) and MRP4 (ABCC4) transporters was not altered significantly. Both MRP1 

(ABCC1) and MRP4 (ABCC4) are expressed at the BBB and brain parenchymal cells. 26 There 

is an evidence that MRP1 (ABCC1) is responsible for Aβ clearance from the brain across the 

BBB, 59,60 while the role of MRP4 (ABCC4) in AD is unknown. MRP4 (ABCC4) was shown 

to be involved in elimination of PGD2 across the BBB, the most abundant prostaglandin in the 

brain, which is involved in the progression and exacerbation of neuroinflammation. 28 

Furthermore, MRP4 (ABCC4) can take part in the transport of PGE2 and PGD2 into the brain 

extracellular space where they bind to their corresponding receptors and mediate their 

proinflammatory effects. 61 Neither MRP1 (ABCC1) nor MRP4 (ABCC4) brain parenchymal 

expression in AD patients has been reported. The absolute expression of MRP1 (ABCC1) was 

not altered in isolated brain microvessels of AD patients compared to non-demented controls. 
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34 In addition, the mRNA and protein expression of MRP4 (ABCC4) measured with western 

blot and qRT-PCR analyses, respectively, was reported to be unaffected at the BBB of the 

hippocampal sections of AD patients compared to non-demented subjects, although 

significantly higher MRP4 (ABCC4) levels were detected in the hippocampal tissue 

homogenates from AD patients. 56  

In the present study, the GLUT1 (SLC2A1) expression did not differ between the mouse 

models and the wild type control mice. The lack of significant reduction of GLUT1 (SLC2A1) 

expression was surprising, as previously we have shown that the GLUT1 (SLC2A1) protein 

expression was significantly decreased in LPS treated astrocyte primary cultures derived from 

wild type and APdE9 mice. 43 However, caution should be used when comparing results from 

brain samples of adult mice and cultured cells from neonatal mice. The protein level of the 

endothelial GLUT1 (SLC2A1) expression is reduced in the AD brains while the expression in 

the brain parenchyma has been shown to be unaltered. 62 Therefore, the lack of changes in the 

GLUT1 (SLC2A1) expression in the brain cortical tissue in all the investigated models 

resembles the findings from the brain parenchyma of AD patients. 

No differences in expression of another SLC transporter, LAT1 (SLC7A5), expressed at the 

BBB and brain parenchymal cells (astrocytes, neurons and microglia) were found in this study. 

In our previous study we demonstrated that LAT1 (SLC7A5) protein expression and function 

were the same in wild type astrocytes with and without LPS treatment as well as in transgenic 

APP/PS1 astrocytes treated with LPS. 43 In the same study, we showed that LAT1 (SLC7A5) 

function was not altered at the BBB of LPS-induced inflammation mouse model and transgenic 

APP/PS1 model. 43 Similar findings were observed in isolated microvessels from AD brains, 

absolute protein expression was similar to that in non-demented subjects. 34 Together, these 

data demonstrate that the brain protein expression of LAT1, a transporter playing important 
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role in amino acid homeostasis and delivery of several CNS drugs, is unlikely to be altered in 

AD. 

The limitations of the study need to be acknowledged. First, although the aim of the study was 

to give first insight about the altered expression levels of the selected proteins, we must 

highlight that future studies with the larger sample size of animals than used in this study (n = 

4-5) need to be conducted. Second, in the QTAP analysis performed in the present study, one 

standard peptide unique for each target protein was used to quantitate the investigated proteins, 

while the use of two or three standard peptides would increase the reliability of the acquired 

results. None of the investigated cytokines, IL-1β, IL-6 and TNFα, were detected from the brain 

cytosolic samples. Therefore, the developed method was not sensitive enough for the 

quantification of the cytokines in the brain samples. However, 0.22 nmol/l of TNFα was 

quantitated from growth media of LPS and interferon gamma (INF-γ) treated immortalised 

murine microglial BV-2 cells (unpublished data), providing evidence of usability of the method 

for in vitro sample analysis. It has to be noted that even IL-1β could have been quantitated it 

would provide the combined concentration of the IL-1β precursor and mature forms. This 

limitation is particular for IL-1β as there are no mature form selective peptide sequences 

fulfilling the properties of a good surrogate peptide for LC-MS/MS quantification. The 

cytokine analysis with the QTAP method would likely be more useful in cell cultures where 

the quantification can be made from the growth media where the activated mature IL-1β is 

secreted. 

Conclusions 

In conclusion, we developed QTAP method and quantified the expression of several proteins 

involved in inflammation and/or AD pathophysiology in cerebral cortices of three mouse 

models commonly used for AD drug candidate testing, such as APdE9 mice, LPS-induced 
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inflammation wild-type and APdE9 mice. Importantly, we report for the first time quantitative 

absolute protein expression of the potential drug targets GluN1, COX-2 and MGLL as well as 

cytosolic CytC, a biomarker of apoptosis, in the mouse cerebral cortical tissue. The results 

indicated that inflammatory insult may take part in the induction of the changes in GluN1 

protein expression in AD brain. In addition, we suggest that the systemic inflammation 

triggered by infection can alter P-gp (ABCB1) and BCRP (ABCG2) expression in the brain in 

AD, which may potentially affect intra-brain distribution of CNS drugs and Aβ processing 

within the brain. These results highlight the importance of investigation of the transporter 

expression not only at the BBB, but in the brain parenchymal cells for evaluation of possible 

changes in drug neuropharmacokinetics in AD, in particular in the patients with chronic 

inflammatory conditions. Moreover, the comparison of the results to published human data, 

demonstrated that treatment with LPS in the transgenic APdE9 mice can be important factor 

providing additional benefits for this model to mimic advanced AD. Ultimately, the study 

provides important quantitative information about the changes in expression of several 

important proteins in AD and may help in the translation of preclinical data to human in terms 

of target validation and drug delivery during the AD drug development.  
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Figure legends 

Figure 1. Characteristics of the study groups and treatments.  

 

Figure 2. Absolute protein expression of the investigated proteins from the crude membrane 

and cytosol fractions of the mouse cerebral cortices in “Control” (n = 5), “WT plus LPS” (n = 

4), “APdE9” (n = 4), and “APdE9 plus LPS” (n = 5). The data is presented for each study group 

as a value from individual animal. Statistical significance of changes in protein expression 

between control group and “WT plus LPS”, “APdE9”, and “APdE9 plus LPS” were analysed 

by One-way ANOVA followed by Dunnett's multiple comparisons test. An asterisk denotes 

statistical significance between groups (*p < 0.05; **p < 0.01). 

 

Figure 3. Comparison of protein expression levels of the investigated proteins in the crude 

membrane fraction of brain cortices of wild type (WT) control (n = 5) versus (A) WT plus LPS 

(n = 4), (B) APdE9 (n = 4) and (C) APdE9 plus LPS (n=5) mice. The top (green) and bottom 



25 
 

(red) dashed lines represent a 2-fold upregulation or downregulation in protein expression, 

respectively, in the WT plus LPS, APdE9 and APdE9 plus LPS mice compared to control mice. 

Data are presented as mean ± SD, with statistically significant downregulation in WT plus LPS 

and APdE9 plus LPS mice denoted by a red data point, with p < 0.05 (One-way ANOVA 

followed by Dunnett's multiple comparisons test). 

 



Table 1. Probe peptide amino acid sequences, MRM transitions for the LC-MS/MS analysis of target 

proteins and lower limits of quantification (LLOQ). 

Protein 

 

 

St/I

S 

 

Unique amino acid 

sequence 

 

Retention 

time 

(min) 

MRM transitions (m/z) LLOQ 

fmol/ug 

protein 
Q1 Q3.1 Q3.2 Q3.3 Q3.4 

GluN1 St  IPVLGLTTR 22.4 485.3 856.5 660.4 547.3  0.001 

 IS  IPVLGLTTR* 22.4 490.3 866.5 670.4 557.3   

MGLL St  LTLPFLLLQGSADR 34.0 722.4 1216.6 746.3 633.2 505.2 0.02 

 IS  LTLPFLLLQGSADR* 34.0 777.4 1226.6 756.3 643.3 515.2  

COX-2 St  YQVIGGEVYPPTVK 20.8 775.4 989.5 803.4 541.3 629.8 0.05 

 IS  YQVIGGEVYPPTVK* 20.8 779.4 997.5 811.4 549.3 633.8  

P-gp 

(ABCB1) 

St  NTTGALTTR 8.7 467.7 719.4 618.3 561.3 490.2 0.1 

IS  NTTGALTTR* 8.7 472.7 729.4 628.3 517.3 500.3  

BCRP 

(ABCG2) 

St  SSLLDVLAAR 27.5 522.8 757.4 644.3 529.3  0.02 

IS  SSLLDVLAAR* 27.5 527.8 767.4 654.3 539.3   

MRP1 

(ABCC1) 

St  TPSGNLVNR 9.7 479.2 759.4 672.3 501.3 388.2 0.01 

IS  TPSGNLVNR* 9.7 484.2 769.4 682.3 511.3 398.2  

MRP4 

(ABCC4) 

St  APVLFFDR 24.6 482.7 796.4 697.3 584.2  0.01 

IS  APVLFFDR* 24.6 487.7 806.4 707.3 594.2   

GLUT1 

(SLC2A1)  

St  TFDEIASGFR  21.0 571.7 894.4 779.4 650.4 537.3 0.1 

IS  TFDEIASGFR*  21.0 576.7 904.4 789.4 660.4 547.3  

LAT1 

(SLC7A5) 

St  VQDAFAAAK  13.7 460.7 821.4 578.3 507.3  0.02 

IS  VQDAFAAAK*  13.7 464.8 829.4 586.3 515.3   

CytC St  TGQAAGFSYTDANK 13.1 715.8 1002.4 798.4 332.2  0.05 

 IS  TGQAAGFSYTDANK* 13.1 719.8 1010.4 806.4 340.2   

IL-1β St  IPVALGLK 20.9 405.7 697.4 600.4 501.3  0.02 

 IS  IPVALGLK* 20.9 409.7 705.4 608.4 509.3   

IL-6 St  IVLPTPISNALLTDK 29.4 797.9 1269.7 1071.6 861.4  0.1 

 IS  IVLPTPISNALLTDK* 29.4 801.9 1277.7 1079.6 869.4   

TNF-α St  GDQLSAEVNLPK 18.5 635.8 970.5 857.4 770.4 471.2 0.05 

 IS  GDQLSAEVNLPK* 18.5 639.8 639.8 978.5 778.4 479.3  

Na+/K+–

ATPase 

St  AAVPDAVGK  12.2 414.3 685.4 586.3 489.3 204.1 0.15 

IS  AAVPDAVGK*  12.2 418.3 693.4 594.3 497.3 212.1  
St – standard, IS – internal standard  

Bold letter with* denotes labeled arginine (R) or lysine (K) with a stable isotope 13C and 15N 
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Table 2. Comparison of cerebral cortical expression (fmol/µg crude membrane protein) of selected proteins in 

the wild type control group (n = 5) vs. wild type mice treated with LPS i.p. (n = 4), APdE9 mice without (n = 

4) and with i.p. LPS administration (n = 5); and APdE9 without LPS vs. APdE9 mice treated with LPS.  

Protein Control  WT plus LPS APdE9 APdE9 plus LPS 

Mean ± SD 

fmol/µg 

crude 

membrane 

protein 

Mean ± SD 

fmol/µg crude 

membrane 

protein 

Ratio of 

change to 

control 

(95% CI) 

p  

value 

Mean ± SD 

fmol/µg crude 

membrane 

protein 

Ratio of 

change to 

control 

(95% CI) 

p  

value 

Mean ± SD 

fmol/µg crude 

membrane 

protein 

Ratio of  

change to 

control 

(95% CI) 

p  

value 

GluN1 0.070 ± 0.015 0.048 ± 0.010 0.71 

(0.63-0.78) 

0.1 0.052 ± 0.015 0.77 

(0.66-0.89) 

0.1 0.041 ± 0.013 0.61* 

(0.52-0.69) 

<0.01 

MGLL 6.1 ± 2.0 5.5 ± 0.78 0.98 

(0.82-1.1) 

0.9 5.0 ± 2.4 0.90 

(0.67-1.1) 

0.7 6.0 ± 1.4 1.0 

(0.88-1.2) 

1.0 

COX-2 0.12 ± 0.043 0.12 ± 0.032 1.1 

(0.92-1.3) 

1.0 0.13 ± 0.039 1.2 

(1.0-1.4) 

0.9 0.16 ± 0.037 1.4 

(1.2-1.7) 

0.3 

P-gp 

(ABCB1) 

0.49 ± 0.19 0.32 ± 0.055 0.78 

(0.60-0.96) 

0.2 0.31 ± 0.10 0.74 

(0.54-0.93) 

0.1 0.24 ± 0.090 0.58* 

(0.44-0.72) 

0.02 

BCRP 

(ABCG2) 

0.40 ± 0.12 0.38 ± 0.052 1.04 

(0.89-1.2) 

01.0 0.32 ± 0.069 0.86 

(0.70-1.0) 

0.4 0.24 ± 0.081 0.65* 

(0.53-0.77) 

0.03 

MRP1 

(ABCC1) 

0.27 ± 0.073 0.25 ± 0.027 0.98 

(0.81-1.14) 

0.9 0.24 ± 0.11 0.93 

(0.69-1.1) 

0.8 0.24 ± 0.091 0.94 

(0.74-1.1) 

0.8 

MRP4 

(ABCC4) 

0.021 ± 

0.0077 

0.019 ± 0.0061 1.0 

(0.79-1.2) 

1.0 0.027 ± 0.013 1.3 

(0.99-1.7) 

0.8 0.028 ± 0.010 1.4 

(1.1-1.7) 

0.5 

GLUT1 

(SLC2A1) 

3.7 ± 1.1 

 

3.7 ± 0.49 

 

1.0 

(0.93-1.2) 

>1.0 3.2 ± 1.1 

 

0.92 

(0.74-1.1) 

0.8 2.7 ± 1.3 0.76 

(0.54-0.99) 

 0.4 

LAT1 

(SLC7A5) 

0.25 ± 0.069 0.23 ± 0.062 0.98 

(0.79-1.1) 

1.0 0.26 ± 0.098 1.0 

(0.87-1.3) 

1.0 0.18 ± 0.12 0.76 

(0.54-0.99) 

0.5 

CytC 3.2 ± 1.6 4.9 ± 2.2 2.1 

(1.1-3.0) 

0.7 2.5 ± 2.4 1.07 

(0.39-1.76) 

1.0 6.6 ± 3.4 2.8 

(1.7-3.9) 

0.1 

* indicates a significant difference in expression between WT control group vs. APdE9 plus LPS group (p< 0.05). 

Data are mean ± standard deviation (SD) for absolute protein expression levels, and the ratio of change of the protein expression levels 

in the study group to controls with the 95% confidence interval (CI) range. 
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