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A B S T R A C T   

There is growing evidence that membrane transporters expressed at the blood-brain barrier (BBB) and brain 
parenchymal cells play an important role in Alzheimer’s disease (AD) development and progression. However, 
quantitative information about changes in transporter protein expression at neurovascular unit cells in AD is 
limited. Here, we studied the changes in the absolute protein expression of five ATP-binding cassette (ABC) and 
thirteen solute carrier (SLC) transporters in the isolated brain microvessels and brain cortical tissue of TgF344- 
AD rats compared to age-matched wild-type (WT) animals using liquid chromatography tandem mass spec-
trometry based quantitative targeted absolute proteomic analysis. Moreover, sex-specific alterations in trans-
porter expression in the brain cortical tissue of this model were examined. Protein expressions of Abcg2, Abcc1 
and FATP1 (encoded by Slc27a1) in the isolated brain microvessels of TgF344-AD rats were 3.1-, 2.0-, 4.3-fold 
higher compared to WT controls, respectively (p < 0.05). Abcc1 and 4F2hc (encoded by Slc3a2) protein 
expression was significantly up-regulated in the brain cortical tissue of male TgF344-AD rats compared to male 
WT rats (p < 0.05). The study provides novel information for the elucidation of molecular mechanisms under-
lying AD and valuable knowledge about the optimal use of the TgF344-AD rat model in AD drug development 
and drug delivery research.   

1. Introduction 

Alzheimer’s disease (AD) is a progressive neurodegenerative disease 
with an alarming increase in incidence over the last years (Alzheimer’s 
Association, 2016). At present, there is no treatment available to cure or 

to slow the AD progression, which is mainly due to the limitations of 
current knowledge about the disease pathogenesis (Mehta et al., 2017). 
The extensive research on AD has so far revealed several hallmarks of 
the disease, such as presence of extracellular amyloid-β (Aβ) plaques, 
deposition of Aβ in cerebral medium-sized and microvessels, known as 
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cerebral amyloid angiopathy (CAA), accumulation of intracellular ag-
gregates of hyperphosphorylated tau protein, neurodegeneration, syn-
aptic loss, inflammatory reaction, alteration in metabolic pathways and 
lipid metabolism (Guo et al., 2020; Heneka et al., 2015). All these 
mechanisms lead to irreversible degeneration of the brain resulting in 
memory and cognition impairment followed by the death from brain 
failure. The familial form of AD (FAD) is caused by mutations in the 
genes involved in Aβ production, i.e. presenilin 1 and 2 (PSEN1 and 
PSEN2) or β-amyloid precursor protein (APP). The knowledge about the 
mechanisms underlying the development and progression of the more 
common (95% of all cases) AD form - sporadic AD (SAD), is still limited. 
Interestingly, two-thirds of the AD patients are women (Laws et al., 
2018). Large population studies displays that women are at greater risk 
of developing the disease, and show faster cognitive decline after diag-
nosis of AD dementia (Ferretti et al., 2018; Gao et al., 1998; Laws et al., 
2018). Although sex-specific discrepancies in underlying AD pathology 
have been found (Filon et al., 2016; Malpetti et al., 2017), the molecular 
mechanisms behind the differences in AD manifestation and progression 
between men and women are unknown. 

The blood-brain barrier (BBB) is a crucial physical and biochemical 
barrier for controlling brain homeostasis and regulating blood-to-brain 
flux of endogenous and exogenous compounds including drugs. The 
BBB is primarily formed by the brain microvascular endothelial cells 
(ECs), which protective function is attributed to the presence of tight 
junctions between the ECs, expression of metabolizing enzymes, and 
membrane transporters (Kadry et al., 2020). However, the “barrier” 
characteristics of the brain microvascular ECs is achieved by highly- 
regulated cell-cell communication with glial cells (i.e., astrocytes, 
microglia), pericytes that share the same basement membrane as the 
ECs, neurons initially observed in brain capillary beds, and extracellular 
matrix (Menaceur et al., 2021). All these cells, including ECs, form the 
neurovascular unit (NVU). The NVU and particularly the BBB have been 
shown to be disrupted in AD (Liu et al., 2019; Sweeney et al., 2018). The 
resulting disturbance of the protective function of the BBB is thought to 
be one of the causes and consequences of AD (Erickson and Banks, 
2013). The BBB dysfunction in AD leads to the altered transport of 
essential nutrients to the brain, impaired clearance of metabolites across 
the BBB, entry of toxic blood-derived compounds, cells, and pathogens 
to the AD brain followed by inflammatory and immune responses 
associated with multiple neurodegenerative pathways (Erickson and 
Banks, 2013). 

The membrane transporters expressed at the cells of the NVU play 
important roles in mediating the influx (mainly Solute carrier family 
transporters, or SLCs) and efflux (mainly adenosine triphosphate (ATP)- 
binding cassette transporters, or ABCs) of solutes, including nutrients, 
metabolites and drugs, across the BBB and the membranes of the brain 
parenchymal cells (Abbott et al., 2010). There is growing evidence that 
ABC and SLC transporters expressed at the NVU cells play a key role in 
AD pathogenesis by contributing to several molecular pathways 
involved in the disease progression (Jia et al., 2020; Pereira et al., 2018). 
For instance, ABCB1 (also known as multidrug resistance protein 1, 
MDR1) is responsible for the clearance of Aβ from the brain, and its 
reduced function at the BBB in AD patients can be one of the reasons of 
extracellular Aβ accumulation in the brain (Chai et al., 2020; van 
Assema et al., 2012). In addition, there is mounting evidence that other 
transporters, such as ABCG2 (also known as breast cancer resistance 
protein, BCRP), ABCC1 (also known as multidrug resistance-associated 
protein 1, MRP1) and ABCA1 (also known as cholesterol efflux regula-
tory protein, CERP), are involved in Aβ transport across the BBB (Jia 
et al., 2020; Pereira et al., 2018). SLC transporters, such as those 
encoded by SLC2A1, SlC7A1, SLC7A5, SLC16A1, SLC19A1, SLCO1A2, 
SLCO1C1, SLC22A1, SLC22A6, SLC22A8, SLC27A1, SLC29A1, can play 
a potential role in AD pathogenesis, as their function and/or expression 
were shown to be altered in AD brains or preclinical models of AD (Al- 
Majdoub et al., 2019; Czapiga and Colton, 2003; Dobryakova et al., 
2019; Furst and Lal, 2011; Jia et al., 2020; Lyros et al., 2014; Ochiai 

et al., 2019; Robinson et al., 2018; Roostaei et al., 2017; Wittmann et al., 
2015). The changes in transporter expression and function in the cells of 
the NVU can result in biochemical perturbations in AD as well as altered 
drug delivery to the brain and distribution within the brain, thereby 
contributing to consequent clinical outcome. There is limited informa-
tion about the changes in transporter expression in the cells of the NVU 
in AD brains and animal models of the disease. Moreover, sex-related 
differences in transporter expression in AD have not been yet studied. 
Therefore, the investigation of changes in transporter protein expression 
in the NVU cells in AD with particular focus on sex-specific differences is 
important for development of effective AD treatments. 

Animal models are essential for the identification of the molecular 
mechanisms underlying the progression of the disease, validating drug 
targets, and testing therapeutic interventions. Animal models of AD 
have been designed to reproduce the simplified disease phenotype with 
a focus on AD-related histopathological lesions and the utilization of 
FAD-associated genetic mutations, assuming that the events occurring 
after the initial trigger are the same in SAD and FAD (Guo and Zhou, 
2018). TgF344-AD rat model expressing mutant human APPsw and 
PS1ΔE9 genes provides several advantages over the mice expressing the 
same mutant human transgenes (Cohen et al., 2013). TgF344-AD rats 
manifest the full array of AD pathological features, such as age- 
dependent accumulation of cerebral Aβ, CAA, tauopathy, gliosis, 
apoptotic loss of neurons, and cognitive disturbance (Cohen et al., 
2013). However, the model has not been characterized in terms of the 
changes in transporter protein expression at the BBB and brain paren-
chymal cells. 

Quantitative targeted absolute proteomics (QTAP) approach has 
been extensively used to measure the expression of transporters, re-
ceptors, enzymes and other proteins in health and disease (Al-Majdoub 
et al., 2019; Ohtsuki et al., 2011; Pan et al., 2018, 2019; Puris et al., 
2021; Uchida et al., 2013). The LC-MS/MS-based QTAP analysis pro-
vides a highly sensitive and robust quantification of target proteins and 
confers several advantages over the conventionally used antibody-based 
methods (Aebersold et al., 2013). The aim of the present study was to 
investigate AD-related changes in protein expression of ABC and SLC 
transporters in the isolated brain microvessels and the brain cortical 
tissue in TgF344-AD rats versus age-matched wild-type (WT) animals. In 
addition, we investigated sex-specific changes in transporter protein 
expression in the brain cortical tissue of TgF344-AD rats compared to 
WT animals. Finally, we compared the changes in transporter expression 
in the isolated brain microvessels and brain cortex in the rat AD model to 
the previously reported findings in AD patients to evaluate the relevance 
of the model to mimic AD-related alterations in transporter expression in 
humans. 

2. Materials and methods 

2.1. Materials 

Acetonitrile, ethylenediaminetetraacetic acid (EDTA), dithiothreitol, 
urea, guanidine hydrochloride, Tris-HCl, formic acid and protease in-
hibitor cocktail were purchased from Sigma-Aldrich (St. Louis, MO). 
Proteome Extraction Kit was purchased from Merck KGaA, Darmstadt, 
Germany. The absolute quantified stable-isotope labelled 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). 

2.2. Animals 

Heterozygous TgF344-AD rats expressing mutant human APPsw and 
PS1ΔE9 genes (n = 14) (Cohen et al., 2013) and their age-matched WT 
Fischer344 counterparts (n = 13) were used in this study. Among the 
animals, there were female (n = 6) and male (n = 8) TgF344-AD rats, as 
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well as female (n = 5) and male (n = 8) WT rats. The rats were purchased 
from the Rat Resource & Research Center (RRRC) of the University of 
Missouri (Columbia, MO) and bred in the Animal Research Facility of 
Leiden University by the Predictive Pharmacology group of Prof. Eliz-
abeth C.M. de Lange. The animal age of 42–44 weeks was chosen 
because at this time the TgF344-AD rats develop a full range of AD 
pathological features (Cohen et al., 2013). Information about the indi-
vidual weight and age of the animals is presented in Additional file 1. 
The animals were housed in social groups (4 males or 5 females per 
cage) maintained on a 12-h light/dark cycle in a temperature-controlled 
environment (at a constant temperature of 21 ± 1 ◦C) with free access to 
food (Laboratory chow, Special Diets Services, Tecnilab BMI, Someren, 
the Netherlands) and water. All animal experiments complied with the 
ARRIVE guidelines and were carried out in accordance with the EU 
Directive 2010/63/EU for animal experiments and Dutch laws on ani-
mal experimentation. All procedures were approved by the Ethics 
Committee for Animal Experiments of Leiden University 
(AVD1060020171766). 

2.3. Sample collection 

Animals were killed by means of carbon dioxide asphyxiation. Rats 
were transcardially perfused with Tris-buffered saline to remove the 
blood. The brains were excised, the cerebrums were extracted and 
transferred to ice cold buffer A (101 mM NaCl, 4.6 mM KCl, 5 mM 
CaCl2⋅2H2O2, 1.2 mM KH2PO4, 1.2 mM MgSO4⋅7H2O, 15 mM HEPES; 
pH 7.4) for the immediate microvessel isolation. The part of the pre-
frontal cortex (ca. 15 mg) was collected, snap frozen and stored at 
− 80 ◦C until the LC-MS/MS proteomics analysis (section 2.7), Aβ ELISA 
assays (section 2.4) or gene quantification (section 2.5). 

2.4. Aβ ELISA assays 

The total levels of Aβ1–40 and Aβ1–42 were analysed by ELISA from 
freshly frozen cortical samples. The brain cortical samples (100 mg) 
were homogenized in 800 μL of guanidine buffer (5 mM guanidine-HCl/ 
50 mM Tris-HCl, pH 8) followed by dilution with DPBS containing 
complete inhibitory mixture (Roche Diagnostics, Mannheim, Germany) 
according to previously published protocol (Oakley et al., 2006). Sam-
ples were centrifuged for 20 min at 16000 ×g at 4 ◦C. Supernatant was 
taken for analysis of Aβ. The levels of Aβ40 and Aβ42 were measured 
using Human Aβ40 and Aβ42 ELISA Kits (Thermo Fisher Scientific, 
KHB3481 for Aβ40 and KHB3544 for Aβ42), following the manufacturer’s 
instructions. The levels of Aβ1–40 and Aβ1–42 were standardized to brain 
tissue weight and expressed as micrograms of Aβ per gram (wet brain 
cortical tissue). The data are presented as mean ± SEM. 

2.5. Quantitative real-time polymerase chain reaction (qRT-PCR) 

Quantitative real-time polymerase chain reaction (qRT-PCR) anal-
ysis was used for quantification of gene expression of inflammation 
markers, such as Cyclooxygenase-2 (COX2) and inflammatory cytokines, 
Interleukin-1 alpha (ll1a) and 1 beta (Il1b) in brain cortical tissues of WT 
and TgF344-AD rats. In addition, qRT-PCR was performed for demon-
stration of enrichment and purity of the isolated brain microvessels by 
quantification of the gene expression of cell-specific markers in the 
isolated brain microvessels vs. the corresponding brain cortical tissue 
(Section 2.6). First, total RNA was extracted from brain cortical tissue of 
WT and TgF344-AD rats using the RNeasy Mini Kit (Qiagen, Stockach, 
Germany) according to the manufacturer’s instructions and quantified 
by a NanoDrop (Thermo Scientific, Dreieich, Germany). Subsequently, 
cDNA was synthetized using iScriptTM cDNA synthesis kit (Bio-Rad 
Laboratories, Munich, Germany) according to the manufacturer’s pro-
tocol. Total RNA (1 μg) was used as template for reverse transcription in 
20 μL reaction volumes and then diluted with RNase-free water. After 
that, the synthesized cDNA was mixed with the PowerUp SYBR Green 

MasterMix (Life Technologies) and various sets of gene-specific primers 
(Table S1) validated previously (Peinnequin et al., 2004) and purchased 
from (ThermoFisher Scientific). Normalized relative expression per 
sample was calculated by dividing the relative quantity of a given 
target/sample by the geometric mean of the relative quantities of 
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase 
(Gapdh) according to Taylor et al. (2019) (Taylor et al., 2019). The qRT- 
PCR was performed using a LightCycler 96 (Roche Diagnostics), data 
were acquired using LightCycler® 96 SW 1.1 software, v. 1.1.0.1320 
(Roche Diagnostics, Mannheim, Germany; 2011). 

2.6. Brain microvessel isolation 

Rat brain microvessels were isolated by a combination of dextran 
density gradient separation and size filtration according to the published 
validated protocols with minor modifications (Al-Majdoub et al., 2019; 
Hoshi et al., 2013). This isolation method is commonly used for LC-MS/ 
MS-based QTAP analyses of the transporter protein expression in human 
and animal models. All isolation procedures were carried out at 4 ◦C. 
Two rat cortices (approximately 3 g) were dissected into 1 mm pieces 
and homogenized using the Dounce homogenizer with 20 up-and-down, 
unrotated strokes in five volumes of buffer A per tissue weight (g). The 
homogenate was centrifuged at 2000 ×g for 10 min at 4 ◦C. The resulting 
pellet was suspended in buffer B (buffer A containing 16% dextran). The 
suspension was centrifuged at 4500 ×g for 15 min at 4 ◦C. The super-
natant was transferred to a new tube, and centrifuged again at 4500 ×g 
for 15 min at 4 ◦C. The two resulting pellets were suspended and mixed 
in buffer C (buffer A containing 5 g/L bovine serum albumin). The ob-
tained suspension was passed through a 200 μm nylon mesh, followed by 
the mesh wash with 10 mL of buffer C. The resulting suspension was 
passed through a 100 μm nylon mesh, followed by the mesh wash with 
10 mL of buffer C. The suspension passing through the 100 μm nylon 
mesh was loaded onto 20 μm nylon mesh. The brain medium-sized 
vessels retained on the 100 μm nylon mesh were immediately 
collected by diverting the 100 μm nylon mesh and washing the mesh 
with buffer C (30 mL). Subsequently, the mesh was washed with 40 mL 
of buffer C. The brain microvessels retained on the 20 μm nylon mesh 
were immediately collected by diverting the 20 μm nylon mesh and 
washing the mesh with buffer C (30 mL). The suspension containing the 
brain microvessels and medium-sized vessels was centrifuged at 1000 
×g for 5 min at 4 ◦C. After discarding the supernatant, the pellet was 
suspended in 1 mL of buffer A. The suspension obtained after centrifu-
gation of the brain medium-sized was centrifuged at 1000 ×g for 5 min 
at 4 ◦C. After complete removal of the supernatant, the pellet was snap 
frozen and stored at − 80 ◦C until the western blot analysis as described 
below. The suspension obtained after centrifugation of the brain 
microvessels was used to observe the brain capillaries through a mi-
croscope. Finally, the suspension was centrifuged at 1000 ×g for 5 min at 
4 ◦C, and the supernatant was completely removed. The pellet was used 
for crude membrane fraction isolation as described below. 

The enrichment and purity of the isolated brain microvessel fraction 
were evaluated microscopically as described above. In addition, to 
confirm the enrichment and purity of the isolated brain microvessels, 
the gene expression of cell-specific marker of ECs, platelet and endo-
thelial cell adhesion molecule 1 (Pecam1); astrocyte marker, glial 
fibrillary acidic protein (Gfap); pericyte marker, platelet-derived growth 
factor receptor beta, (Pdgfrb); neuronal marker, synaptophysin (Syp), 
were measured using qRT-PCR in freshly isolated brain microvessels or 
corresponding brain cortical tissue from three wild-type rats. The qRT- 
PCR analysis was performed in a similar way as discussed in section 
2.5 using gene-specific primers (Table S1) purchased from (Thermo-
Fisher Scientific). In addition, the purity of the brain microvessel prep-
arations was evaluated by measuring the protein expression levels of the 
plasma membrane marker Na+/K+-ATPase localized on abluminal 
membrane of brain capillaries and the endothelial marker γ-glutamyl-
transferase (γ-Gtp) localized on luminal membrane of brain capillaries 
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(Cornford and Hyman, 2005). 

2.7. Quantitative targeted absolute proteomic analysis 

The absolute protein expression levels of ABC and SLC transporters 
(Table 1) as well as plasma membrane marker Na+/K+-ATPase and 
endothelial cell marker γ-Gtp were quantified in crude membrane 
fraction of the rat brain cortices and isolated brain microvessels. The 
following transporters with potential or proven role in AD were selected 
for the quantification: Abcb1a/b (Mdr1a/b), Abcg2 (Bcrp), Abcc1 
(Mrp1), Abcc4 (Mrp4), Abca1 (Cerp), alanine/serine/cysteine/threo-
nine transporter 1 (ASCT1, encoded by Slc1a4), facilitated glucose 
transporter member 1 (GLUT1, encoded by Slc2a1), large neutral amino 
acids transporter small subunit 1 (LAT1, encoded by Slc7a5) and 4F2 
cell-surface antigen heavy chain (4F2hc, encoded by Slc3a2), high af-
finity cationic amino acid transporter 1 (CAT-1/Slc7a1), 

monocarboxylate transporter 1 (MCT1, encoded by Slc16a1), reduced 
folate transporter (RFC/Slc19a1), organic anion-transporting poly-
peptide 1a4 (OATP1A4, encoded by Slco1a4), a rat ortholog of human 
OATP1A2 (encoded by SLCO1A2), organic anion-transporting poly-
peptide 1C1 (OATP1C1, encoded by Slco1c1), organic cation transporter 
1 (OCT1, encoded by Slc22a1), organic anion transporter 1 (OAT3, 
encoded by Slc22a8), fatty acid transport protein 1 (FATP1, encoded by 
Slc27a1), equilibrative nucleoside transporter 1 (ENT1, encoded by 
Slc29a1) (Al-Majdoub et al., 2019; Czapiga and Colton, 2003; Dobrya-
kova et al., 2019; Furst and Lal, 2011; Jia et al., 2020; Lyros et al., 2014; 
Ochiai et al., 2019; Pereira et al., 2018; Robinson et al., 2018; Roostaei 
et al., 2017; Wittmann et al., 2015). The crude membrane fractions were 
isolated using ProteoExtract Subcellular Proteome Extraction Kit (Merck 
KGaA, Darmstadt, Germany) according to the manufacturer’s in-
structions. After measuring total protein concentrations in the crude 
membrane fraction by the Bio-Rad DC Protein Assay, the samples were 

Table 1 
Probe peptide amino acid sequences and multiple reaction monitoring transitions for the LC-MS/MS analysis of target proteins.  

Protein/gene name St/IS Unique amino acid sequence Retention time (min) MRM transitions (m/z) 

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

ABC transporters 
Abcb1/Abcb1a St NTTGALTTR 8.7 467.7 719.4 618.3 561.3  

IS NTTGALTTR* 8.7 472.7 729.4 628.3 517.3  
Abcg2Abcg2 St SSLLDVLAAR 27.7 522.8 757.4 644.3 529.3  

IS SSLLDVLAAR* 27.7 527.8 767.4 654.3 539.3  
Abcc1/Abcc1 St TPSGNLVNR 9.7 479.2 759.4 672.3 501.3   

IS TPSGNLVNR* 9.7 484.2 769.4 682.3 511.3  
Abcc4/Abcc4 St APVLFFDR 24.8 482.7 796.4 697.3 584.2   

IS APVLFFDR* 24.8 487.7 806.4 707.3 594.2  
Abca1/Abca1 St FVSPLSWDLVGR 30.2 688.4 1129.6 1042.6 247.1   

IS FVSPLSWDLVGR* 30.2 693.4 1139.6 1052.6 247.1   

SLC transporters 
ASCT1/ Slc1a4 St ETVDSFLDLLR 32.5 654.3 1077.6 978.5 863.5 776.5  

IS ETVDSFLDLLR* 32.5 659.3 1087.6 988.5 873.5 786.5 
GLUT1/Slc2a1 St TFDEIASGFR 21.4 571.7 894.4 779.4 650.4 537.3  

IS TFDEIASGFR* 21.4 576.7 904.4 789.4 660.4 547.3 
4F2hc/Slc3a2 St VAGSPGWVR 14.6 464.7 829.4 758.4 701.4 614.3  

IS VAGSPGWVR* 14.6 469.7 839.4 768.4 711.4 624.3 
CAT-1/Slc7a1 St TILSPK 11.7 329.7 557.4 444.4 331.2   

IS TILSPK* 11.7 333.7 565.4 452.4 339.2  
LAT1/Slc7a5 St VQDAFAAAK 12.1 460.7 821.4 578.3 507.3   

IS VQDAFAAAK* 12.1 464.8 829.4 586.3 515.3  
MCT1/Slc16a1 St SITVFFK 23.5 421.3 641.4 441.2 294.2  

IS SITVFFK* 23.5 425.3 649.4 449.2 302.2  
RFC/Slc19a1 St DSFLVR 17.0 368.7 534.3 387.3 274.2  

IS DSFLVR* 17.0 373.7 544.3 397.3 284.2  
OATP1A4/ 

Slco1a4 
St EVATHGVR 5.0 434.7 640.4 468.3 331.2  
IS EVATHGVR* 5.0 439.7 650.4 478.3 341.2  

OATP1C1/ 
Slco1c1 

St DFLPSLK 22.8 410.2 557.4 444.3 263.1  
IS DFLPSLK* 22.8 414.2 565.4 452.3 263.1  

OCT1/Slc22a1 St ENTIYLQVQTGK 18.2 697.4 773.5 660.4 532.3  
IS ENTIYLQVQTGK* 18.2 701.4 781.5 668.4 540.3  

OAT3/Slc22a8 St YGLSDLFR 27.1 485.8 807.4 637.3 550.3  
IS YGLSDLFR* 27.1 490.8 817.4 647.3 560.3  

FATP1/Slc27a1 St LLPQVDTTGTFK 20.5 660.4 1093.6 996.5 868.44 769.4 
IS LLPQVDTTGTFK* 20.5 664.4 1101.6 1004.5 876.4 777.4 

ENT1/Slc29a1 St EESGVPGPNSLPANR 15.0 762.4 1022.5 457.3 502.2  
IS EESGVPGPNSLPANR* 15.0 767.4 1032.5 467.3 502.2   

Endothelial marker, luminal membrane 
γ-Gtp St LFQPSIQLAR 22.4 586.8 784.4 687.4 600.4   

IS LFQPSIQLAR*  591.8 794.4 697.4 610.4   

Plasma membrane marker 
Naþ/Kþ–ATPase St AAVPDAVGK 10.8 414.3 685.4 586.3 489.3  

IS AAVPDAVGK* 10.8 418.3 693.4 594.3 497.3  

Abcb1 refers to both Abcb1a and Abcb1b. 
St – standard, IS – internal standard. 
Bold letter with* denotes labelled arginine (R) or lysine (K) with a stable isotope 13C and 15N. 
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prepared according to previously published methods (Gynther et al., 
2017; Uchida et al., 2011). Briefly, the aliquots of samples containing 50 
μg of total protein were solubilized in 7 M guanidine hydrochloride, 500 
mM Tris–HCl (pH 8.5) and 10 mM EDTA. The proteins were reduced 
with dithiothreitol and S-carbamoylmethylated with iodoacetamide, 
followed by precipitation with methanol and chloroform. The pre-
cipitates 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, with 
subsequent incubation at room temperature for 3 h. Finally, tosylphe-
nylalanyl chloromethyl ketone-treated trypsin was added for tryptic 16- 
h digestion of the samples (enzyme/substrate ratio of 1:100) at 37 ◦C. 
Formic acid in water 20% (v/v) was used to acidify the samples, fol-
lowed by centrifugation at 14000 ×g for 5 min at 4 ◦C. The supernatants 
were used for LC-MS/MS analysis described below. The LC-MS/MS 
analysis was performed by coupling an Agilent 1290 Infinity LC (Agi-
lent Technologies, Waldbronn, Germany) system to an Agilent 6495 
Triple Quadrupole Mass Spectrometer equipped with an ESI source 
(Agilent Technologies, Palo Alto, CA, USA). 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 (Gynther 
et al., 2017; Gynther et al., 2018; Puris et al., 2019). 

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 (Uchida et al., 2011) and previous reports 
(Gynther et al., 2017; Gynther et al., 2018; Hoshi et al., 2013; Puris 
et al., 2019). 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 level was determined as the average of the 
three or four quantitative values. A ratio dot product, defined as the 
normalized dot product of the light transition peak areas with the heavy 
transition peak areas, was equal to 1.0 (an exact match). The protein 
expression, quantified using the peptides for which signal peaks were 
obtained at only two or one transition(s), was considered as under the 
limit of quantification (ULQ). The limit of quantification was deter-
mined as the lowest concentration of a stable isotope-labelled peptide 
for which signal peaks were obtained at three or four transitions. 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). The 
expression levels of target proteins in crude membranes of isolated rat 
brain microvessels and brain cortical tissue were expressed as absolute 
values. 

2.8. Western blot analysis 

Isolated brain medium-sized vessels from WT and TgF344-AD were 
weighed and diluted in tissue lysis buffer (50 mM Tris, pH 7.4, 1 mM 
EDTA, 1% SDS, protease inhibitor cocktail) at a 1:10 tissue weight/lysis 
buffer volume ratio. Samples were then sonicated and total protein 
sample content determined by using the Pierce BCA Protein Assay Kit 
(Thermo Fisher Scientific) according to the manufacturer’s recommen-
dations. Samples were aliquoted and stored at − 80 ◦C until the analysis. 

Total protein (25 μg) from each sample was mixed with Laemli 
electrophoresis loading buffer (1 M Tris-HCl, pH 6.8; 20% sodium 
dodecyl sulphate; 0.4 μL/mL glycerol; 2 g/L bromophenol blue and 2 M 
dithiothreitol) and resolved in 18% acrylamide gels through SDS-PAGE. 
Proteins were transferred into nitrocellulose membranes for 90 min at a 
constant current of 400 mA. Membranes were then blocked in PBS-0.1% 

Tween 20–5% skimmed milk for 1 h and then incubated overnight with 
primary antibodies against GAPDH (1:5000; rabbit polyclonal Cat# 
NB300–327, Novusbio) and mouse monoclonal IC16 antibody recog-
nizing residues 1–16 of the human Aβ (1:500) (Jager et al., 2009) diluted 
in PBS-0.1% Tween 20–5% skimmed milk. Then, membranes were 
washed 3 times for 10 min with PBS-0.1% Tween 20 and incubated with 
HRP-linked secondary antibody goat anti-rabbit (1:5000; Cat# 
111–035-144, Jackson ImmunoResearch Labs) and with HRP-linked 
secondary antibody goat anti-mouse (1:5000; Cat# 074–1806, KPL 
Kirkegaard & Perry Labs) for 90 min at RT and visualized by Western 
Lightning Plus-ECL (Enhanced ChemiLuminescence Substrate; Perki-
nElmer). Images were acquired with a Biorad Chemidoc imager and 
densitometric analysis was performed by using Biorad Image Lab soft-
ware (Version 5.1). 

2.9. Immunofluorescence staining 

Isolated brain microvessels were mounted on microscope slides and 
fixed with 4% paraformaldehyde in phosphate buffer for 20 min. Spe-
cific sites were blocked with PBS-0.1% Triton X-100 and 5% bovine 
serum albumin (BSA; Sigma-Aldrich) for 1 h at room temperature. 
Samples were incubated overnight at 4 ◦C with primary antibodies 
against collagen IV (1:250; Cat # 1340–01, Southern Biotech) and 
Aβ1–16 (IC16 antibody; 1:500) all diluted in PBS-0.1% Triton X-100 and 
2.5% BSA. Then, the samples were washed 3× for 10 min with PBS-0.1% 
Triton X-100 and incubated with donkey anti-goat IgG Alexafluor 488 
(1:1000; Abcam; Cat# ab150129) and goat anti-mouse IgG Alexafluor 
555 (1:500; Thermo Fisher; Cat# A21422) all diluted in PBS-0.1% 
Triton X-100 and 2.5% BSA for 2 h. Finally, the microscope slides were 
washed, and the capillaries were coverslipped with mounting medium. 
Negative controls were incubated in the absence of a primary antibody. 
The images were acquired with Leica TCS SP5 confocal microscope 
using a 63× water immersion objective. 

2.10. Statistical analysis 

The absolute protein expression levels are presented as mean ±
standard deviation (SD) as well as a ratio of protein expression between 
WT and TgF344-AD rats. Statistical significance of differences in protein 
expression between WT and TgF344-AD rats was analysed by unpaired t- 
test. Statistical significance of sex-specific changes in protein expression 
between male and female WT and TgF344-AD rats was analysed by two- 
way ANOVA followed by Turkey’s multiple comparisons post hoc test 
(when appropriate) to examine main genotype, sex and genotype*sex 
interaction effects between WT and TgF344-AD rats. A p-value of less 
than 0.05 was considered to be statistically significant. Data analysis 
was done using GraphPad Prism, version 5.03 (GraphPad Software, San 
Diego, CA). 

3. Results 

3.1. Characterization of the TgF344-AD rat model 

The rat model of familial AD, TgF344-AD, was extensively charac-
terized previously (Cohen et al., 2013). In this study, we confirm the 
presence of Aβ pathology and inflammation in the brain cortical tissue of 
investigated TgF344-AD rats. The levels of total Aβ1–40 and Aβ1–42 in the 
brain cortical tissue of TgF344-AD rats were 0.76 ± 0.015 μg/g brain 
cortical tissue and 0.75 ± 0.017 μg/g brain cortical tissue, respectively 
(Fig. 1a). As expected, Aβ1–40 and Aβ1–42 were not detected in the brain 
cortical tissues of WT rats (ULQ < 1.56 pg/mL for Aβ1–42 and ULQ <
7.81 pg/mL for Aβ1–40). In addition, the mRNA expression of inflam-
mation markers, such as COX2, and inflammatory cytokines Il1a and 
Il1b were significantly increased in the brain cortical tissue of TgF344- 
AD rats compared to WT controls (Fig. 1b–d). The Aβ levels and 
mRNA expression of inflammation markers in female and male rats were 
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comparable. In addition, the accumulation of Aβ in the isolated brain 
medium-sized vessels and microvessels was demonstrated in TgF344-AD 
by western blot (Fig. 1e–f) and immunofluorescence staining analysis 
(Fig. 1g). These results indicate that TgF344-AD rats used in the study 
developed CAA, which is in accordance with the previous study by 
Cohen et al. (2013)(Cohen et al., 2013). 

3.2. Changes in transporter protein expression in the isolated brain 
microvessels 

The absolute protein expression levels of ABC and SLC transporters 
were measured in crude membrane fraction of the isolated brain 
microvessels of WT and TgF344-AD rats (Table 2, Table S2). The com-
parable purity of the brain microvessel preparations was demonstrated 
as the protein expression of the endothelial cell marker γ-Gtp was similar 
in the isolated brain microvessels in both study groups (Table 2), while 
in the corresponding brain cortical tissues, the protein expression was 
lower than 0.03 fmol/μg total protein (ULQ). In addition, the enrich-
ment and purity of the isolated brain microvessels were confirmed 
microscopically and by comparing the normalized gene expression of 
the brain parenchymal cell markers, i.e. Gfap, Syp, Pdgfrb and endo-
thelial cell marker Pecam1 in isolated brain microvessels versus 

corresponding brain cortical tissue (Appendix A, Fig. S1, S2). The results 
(Fig. S2) demonstrated that the isolated microvessels from fresh rat 
brains represent a combination of the cells and cell fragments including 
the brain capillary ECs, pericytes and some fraction of astrocytes. In 
addition, protein expression of the plasma membrane marker Na+/K+- 
ATPase was quantified in the isolated brain microvessels in both study 
groups at not significantly different levels (Table 2). Thus, the enrich-
ment of the extracted membrane fraction was comparable between the 
samples, and the observed differences in the protein expression levels of 
the transporters were not due to the variation in the purity of the 
extracted membrane fraction. 

The study revealed more than three times higher mean protein 
expression levels of Abcg2 (Bcrp) in the isolated brain microvessels of 
TgF344-AD rats compared to WT animals (p = 0.01) (Table 2, Fig. 2a). 
The comparison of the Abcc1 (Mrp1) protein expression between the 
study groups demonstrated twice higher protein expression of the 
transporter in TgF344-AD rats compared to WT animals (p = 0.0002) 
(Table 2, Fig. 2a). The mean protein expression of Abca1 (Cerp) was 2.8- 
fold higher in the TgF344-AD rats compared to WT animals, although 
the difference was not statistically significant (p = 0.09) (Table 2, 
Fig. 2a). For other ABC transporters, i.e. Abcb1 (Mdr1) and Abcc4 
(Mrp4), no significant differences in the mean protein expression levels 

Fig. 1. (a) The total levels of brain cortical Aβ1–40 and Aβ1–42 in TgF344-AD rats (n = 10). The data are present as mean ± SEM. (b-d) Comparison of gene expression 
of cyclooxygenase-2 (COX2), Interleukins-1 alpha (Il1a) and 1 beta (Il1b) in the brain cortical tissue of the TgF344-AD rats (n = 9) and wild-type (WT) rats (n = 9). 
The data are present as mean ± SD. The gene expression was normalized against the glyceraldehyde-3-phosphate dehydrogenase (Gapdh) house-keeping gene. 
Statistical significance of changes in protein expression between groups were analysed by unpaired t-test (**p < 0.005). (e-f) Western Blot and relative densitometry 
of Aβ IC16 expression in medium-sized vessels isolated from WT and TgF344-AD rat brain cortices. Data are shown as the ratio between Aβ IC16 and GADPH as 
reference loading control. Each bar represents the mean ± SEM (n = 6 per group). (g) Microvessels isolated from WT and TgF344-AD rat brain cortices were 
immunolabeled with collagen IV antibody to specifically detect cerebral microvessels (green) and Aβ - IC16 antibody (red) to identify fibrillar amyloid. 63 ×
magnification, scale bar = 25 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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between the TgF344-AD and WT rats were observed (Table 2, Fig. 2a). 
The mean protein expression of Fatp1 was significantly higher (4.3- 

fold) in the isolated brain microvessels of TgF344-AD rats compared to 
WT animals (p = 0.01). The mean protein expression levels of other SLC 
transporters, i.e. ASCT1, GLUT1, OATP1C1, OAT3, CAT-1, ENT1, and 
heavy chain subunit 4F2hc did not differ between the study groups 
(Table 2, Fig. 1a). Protein expression of LAT1, MCT1, RFC, OATP1A4, 
OCT1 were below the limits of the quantification, as the acceptable 
number of fragment ions for corresponding peptides were not detected 
(Table 2). 

3.3. Changes in transporter protein expression in the brain cortical tissue 

The absolute protein expression levels of the transporters in the 
crude membrane fractions of the rat brain cortical tissue were measured 
and presented in Table 3 and Table S3. 

As the total volume of the brain ECs in the brain accounts approxi-
mately 0.1% (Pardridge, 2020), we assumed that the transporter protein 
expression quantified in the brain cortical tissues represents the 
expression in the brain parenchymal cells, and the impact of the BBB 
transporter expression is negligible and does not reflect on the observed 
changes in the brain cortices. The protein expression levels of the plasma 
membrane marker Na+/K+-ATPase did not show statistically signifi-
cantly difference between the study groups (Table 3) indicating com-
parable enrichment of the isolated membrane fraction from the sample. 

In the brain cortical tissue, no differences in the quantified ABC and 
SLC transporters were observed while comparing combined protein 
expression of male and female TgF344-AD rats and WT rats (Table 3, 
Fig. 2b). However, a two-way ANOVA comparison of protein expression 

between the male and female TgF344-AD and WT rats revealed a sta-
tistically significant interaction between the effects of genotype and sex 
for 4F2hc (F(1,21) = 5.9, p = 0.01), Abcc1 (Mrp1) (F(1,23) = 7.2, p =
0.009). Simple main effects analysis showed that gender had a statisti-
cally significant effect on the brain cortical protein expression of Abcc1 
(Mrp1) in rats (p = 0.01). In male TgF344-AD rats, the protein expres-
sion of Abcc1 (Mrp1) in the brain cortical tissue was significantly 
increased compared to male WT animals (p = 0.01), while no changes 
were observed in female rats (Fig. 3a). Similarly, a significantly higher 
protein expression of 4F2hc was observed in male TgF344-AD rats 
compared to WT rats, while no differences were found in female 
TgF344-AD and WT rats (Fig. 3b). There were no sex-specific changes in 
protein expression of Abcb1 (Mdr1), Abcg2 (Bcrp), Abca1 (Cerp), 
ASCT1, GLUT1, LAT1, FATP1, OATP1C1 in the brain cortical tissue of 
the TgF344-AD rats compared to WT rats. The protein expression levels 
of Abcc4 (Mrp4), MCT1, CAT-1, RFC, OCT1, OAT3, ENT1 were below 
the limit of quantification in the brain cortical samples of both study 
groups (Table 2). 

3.4. Comparison of the changes in transporter protein expression levels in 
the isolated brain capillaries in AD patients and across the animal models 

In this study, changes in absolute protein expression observed in 
TgF344-AD rat model were compared to those previously reported data 
in AD patients and animal models. At present, there are three quanti-
tative reports of absolute protein expression of the transporters in AD: 
two studies in AD patients and our previous report of the transporter 
expression in the brain cortical tissue of the transgenic mouse APdE9 
model (Al-Majdoub et al., 2019; Puris et al., 2021; Storelli et al., 2021). 

Table 2 
Protein expression levels of SLC and ABC transporters (fmol/μg total protein) in crude membrane fraction of the isolated brain microvessels in wild-type (WT) rats (n =
6) and TgF344-AD rats (n = 6) as well as comparison to protein expression levels in plasma membrane of the isolated brain microvessels in AD patients (n = 5) versus 
non-demented (ND) individuals (n = 12) (Al-Majdoub et al., 2019).  

Protein name/gene name Isolated brain microvessels in the present study Isolated brain microvessels (Al-Majdoub et al., 2019) 

WT rats 
Mean ± SD 

TgF344-AD rats 
Mean ± SD 

Ratio 
TgF344-AD to WT 

p-value ND 
individuals 
Mean ± SD 

AD 
patients 

Mean ± SD 

ABC transporters 
Abcb1/Abcb1 1.6 ± 0.52 2.2 ± 0.61 1.3 0.1 2.6 ± 0.93 2.3 ± 1.5 
Abcg2/Abcg2 0.12 ± 0.040 0.37 ± 0.18 3.1 0.01 2.2 ± 0.61 1.9 ± 0.84 
Abcc1/Abcc1 0.021 ± 0.007 0.041 ± 0.004 2.0 <0.01 <0.050 (ULQ) <0.060 (ULQ) 
Abcc4/Abcc4 0.046 ± 0.025 0.052 ± 0.034 1.1 0.7 NQ NQ 
Abca1/ Abca1 0.012 ± 0.009a 0.033 ± 0.022 2.8 0.09 NQ NQ  

SLC transporters 
ASCT1/Slc1a4 0.17 ± 0.10 0.20 ± 0.18 1.2 0.7 NQ NQ 
GLUT1/Slc2a1 19.0 ± 7.6 20.0 ± 6.5 1.1 0.7 22.0 ± 9.8 18.0 ± 13.0 
4F2hc/Slc3a2 0.43 ± 0.22 0.42 ± 0.24 1.0 0.9 NQ NQ 
CAT-1/Slc7a1 0.49 ± 0.21 0.53 ± 0.12 1.1 0.7 NQ NQ 
LAT1/Slc7a5 <0.020 (ULQ) <0.020 (ULQ)   0.59 ± 0.15 0.56 ± 0.14 
MCT1/Slc16a1 <0.10 (ULQ) <0.10 (ULQ)   5.4 ± 3.7 3.1 ± 1.3 
RFC/ Slc19a1 <0.15 (ULQ) <0.15 (ULQ)   NQ NQ 
OATP1A4/ Slco1a4b <0.015 (ULQ) <0.015 (ULQ)   0.54 ± 0.10 0.47 ± 0.11 
OATP1C1/ Slco1c1 0.13 ± 0.040 0.11 ± 0.080 0.85 0.7 0.27 ± 0.030 0.26 ± 0.040 
OCT1/ Slc22a1 <0.15 (ULQ) <0.15 (ULQ)   0.58 ± 0.11 0.44 ± 0.090 
OAT3/ Slc22a8 0.086 ± 0.053 0.089 ± 0.038 1.1 0.9 0.24 ± 0.030 0.24 ± 0.010 
FATP1/ Slc27a1 0.051 ± 0.038 0.22 ± 0.13 4.3 0.01 NQ NQ 
ENT1/ Slc29a1 0.027 ± 0.018 0.020 ± 0.012 0.74 0.5 0.22 ± 0.090 0.24 ± 0.040 
Endothelial marker, luminal membrane 
γ-Gtp 0.61 ± 0.12 0.71 ± 0.11 1.1 0.2 NQ NQ  

Plasma membrane marker, abluminal 
Naþ/Kþ-ATPase 15.0 ± 6.8 19.0 ± 4.1 1.3 0.2 17.0 ± 16.0 22.0 ± 28.0 

Data are expressed as mean ± SD. Statistical significance of the changes in protein expression between groups was analysed by unpaired t-test. 
NQ - not quantified, as not investigated in the study; ULQ - under limit of quantification. 

a Abca1 protein expression was quantified in five isolated brain microvessel samples in WT rats, while in one sample the acceptable number of fragment ions of 
corresponding peptides were not detected. 

b OATP1A4 is an ortholog of human OATP1A2. 
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The comparison of our findings to the transporter protein expression 
reported by Storelli et al. (2021) was not possible, as the authors used 
normalisation by GLUT1 expression to correct the variation in the 
enrichment of the isolated microvessels in the samples assuming the 
selective expression of GLUT1 at the BBB (Storelli et al., 2021). How-
ever, this and previous studies provide solid evidence that GLUT1 is 
expressed in the cerebral parenchyma, e.g. in astrocyte cell bodies and 
processes, as well as in astrocytic end feet surrounding the BBB, and the 
transporter expression in the brain parenchyma and the BBB can be 
altered differently (Ding et al., 2013; Gynther et al., 2018; Morgello 
et al., 1995; Yu and Ding, 1998). Therefore, we compared the absolute 
protein expression levels in the isolated brain microvessels between rats 
(WT vs. TgF344-AD) and humans (AD patients vs. non-demented in-
dividuals) reported by Al-Majdoub et al. (2019) as shown in Table 2 (Al- 
Majdoub et al., 2019). In addition, we compared the changes in absolute 
protein expression of the transporters in the brain cortical tissue of 
TgF344-AD rat model to those observed in transgenic APdE9 mice, 
which, similarly to rats, overexpress the human APPsw and PS1ΔE9 
mutations (Puris et al., 2021) as compared to WT animals (Table 3, 
Fig. 2c,d). 

At first sight, the brain capillary absolute protein expression of the 
majority of the transporters was lower in rats (both WT and TgF344-AD) 
compared to humans (Table 2). However, although the plasma 

membrane marker expression was comparable between species, the 
direct comparison and evaluation of statistically significant rat-human 
differences in the expression of the transporters was not possible due 
to discrepancies in the methods used for membrane isolation in the 
studies. Therefore, we compared the changes in transporter expression 
in isolated brain microvessels between the species in order to evaluate 
the relevance of the TgF344-AD rat model to mimic the alterations 
observed in AD patients. Similar to AD patients, there were no changes 
in Abcb1/ABCB1, GLUT1, OAT3, OATP1C1, ENT1 expression in the 
isolated brain microvessels of TgF344-AD rats compared to controls 
(Table 2). Surprisingly, the altered cerebral microvacular expression in 
Abcg2/ABCG2 observed in TgF344-AD rats was not shown in AD pa-
tients compared to non-demented individuals (Table 2). The protein 
expression levels of other transporters were below the limit of quanti-
fication or were not investigated in one of the studies used for the 
comparison. 

The comparison of changes in transporter protein expression in the 
brain cortical tissue of two animal AD models, TgF344-AD rats and 
APdE9 mice, revealed no alterations in protein expression of Abcb1 
(Mdr1), Abcg2 (Bcrp), Abcc1 (Mrp1), LAT1 and GLUT1 compared to the 
respective WT controls (Table 3). It should be noted that the comparison 
was done for female animals, as transporter expression in mouse AD 
model has been reported for females. The protein expression levels of 

Fig. 2. Comparison of protein expression levels of the transporters in the crude membrane fraction of: (a) the isolated brain microvessels of WT rats (n = 6) versus 
TgF344-AD rats (n = 6), (b) the brain cortices of WT rats (n = 13) versus TgF344-AD rats (n = 14), (c) the brain cortices of female WT mice (n = 5) versus female WT 
rats (n = 5), (d) the brain cortices of female APdE9 mice (n = 4) versus female TgF344-AD rats (n = 8) (Puris et al., 2021). The top and bottom dashed lines represent 
a 2-fold upregulation or downregulation in protein expression, respectively, between the studied groups. Data are presented as mean ± SD. 
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other transporters were below the limit of quantification or were not 
investigated in one of the studies used for the comparison. Interestingly, 
the comparison of the absolute protein expression levels between mice 
and rats, both WT and transgenic AD models, showed more than 2-fold 
higher protein expression of Abcg2 (Bcrp), Abcc1 (Mrp1), LAT1, Na+/ 
K+-ATPase and Abcb1 (Mdr1) (only WT) in mice compared to rats 
(Fig. 1c,d), which cannot be explained by differences in membrane 
isolation procedure, as the same methodology and analysis was used in 

both studies. The differences in expression levels of Abcb1 (Mdr1) (AD 
models) and GLUT1 (both WT and AD models) were within 2-fold range 
of the changes (Fig. 2c,d). 

4. Discussion 

ABC and SLC transporters expressed at the brain barriers may play a 
significant role in AD, and their expression and/or function can be 
altered in AD. However, there is a lack of information about quantitative 
changes in transporter expression and function in the NVU cells in AD 
patients and animal models. Therefore, there is urgent need for inves-
tigation of the changes in transporter protein expression in AD and 
characterization of the animal models in terms of these changes for their 
optimal use during drug development. 

In the present study, we quantified ABC and SLC transporter protein 
expression in isolated brain microvessels and brain cortical tissues of the 
rat AD model and age-matched WT rats, and compared the findings to 
previous reports in AD patients and animal models. We combined 
several unique study designs that have not been incorporated in previ-
ous reports. First, we used rat model of familial AD, such as TgF344-AD 
rats, which was characterized in terms of Aβ pathology, CAA and 
inflammation in this and previous studies, and demonstrated to be more 
relevant model of AD compared to the mouse models expressing the 
same mutant human transgenes (Cohen et al., 2013). Second, this is the 
first report of AD-related changes in transporter expression in both the 
isolated brain microvessels and the brain cortical tissue investigated in 
the same animals. Third, we evaluated for the first time sex-specific 
changes in transporter expression in the brain cortical tissue in AD. 
Finally, we quantified absolute protein expression of the transporters 
using the state-of-the-art LC-MS/MS-based QTAP approach providing 
high selectivity, sensitivity, and reproducibility (Aebersold et al., 2013). 

The study revealed more than three times higher protein expression 
of Abcg2 (Bcrp) in the isolated brain microvessels in TgF344-AD rats 
compared to WT controls, while expression in the brain cortical tissue of 
TgF344-AD rats did not differ from that in WT animals. ABCG2/Abcg2 is 
an efflux transporter, which is expressed at the brain endothelial cells as 
well as pericytes, astrocytes and microglia, mediating the cellular efflux 
of sulfoconjugated organic anions and hydrophobic and amphiphilic 
drugs with significant overlap in substrate specificity with ABCB1/ 
Abcb1 (Pereira et al., 2018). Several studies showed that ABCG2/Abcg2 
plays a role in AD via transporting Aβ1–40 across the BBB (Do et al., 2012; 
Xiong et al., 2009; Zhang et al., 2013); preventing generation of reac-
tive‑oxygen species (ROS) and consequent activation of the ROS 
responsive transcription factor NF-κB, which results in decreased 
expression of inflammatory genes (Shen et al., 2010). Interestingly, 
absolute protein expression of ABCG2 in isolated brain capillaries was 
the same in AD patients and non-demented individuals (Al-Majdoub 
et al., 2019). However, similar to our findings, Xiong et al. (2009) 
revealed significantly higher BCRP protein expression in the brain 
microvessels of AD patients with CAA compared to age-matched non- 
demented subjects using immunohistochemical and western blot anal-
ysis, while ABCG2 protein expression in AD patients without CAA did 
not differ from non-demented controls (Xiong et al., 2009). As TgF344- 
AD rat model is characterized by CAA, one of the explanations of the 
observed changes in Abcg2 protein expression in the isolated brain 
microvessels of TgF344-AD rats can be accumulation of Aβ in the cere-
bral vessels of this model. Similarly to this study, we did not observe 
changes in Abcg2 expression in the brain cortical tissue of transgenic 
APdE9 mice (Puris et al., 2021). Future studies are required to investi-
gate the mechanisms underlying the up-regulation of Abcg2 selectively 
at the brain microvessels. In addition, as the transporter plays an 
important role in drug delivery, the overexpression of ABCG2 at the 
brain microvessels can result in lower extent of brain delivery of drugs, 
which can lead to reduced pharmacological response in AD patients. 

Interestingly, the protein expression of another important efflux 
pump, Abcb1 (Mdr1), was not altered in both isolated brain microvessels 

Table 3 
Protein expression levels of SLC and ABC transporters in crude membrane 
fraction of the brain cortical tissue of wild-type (WT) rats (n = 13) and TgF344- 
AD rats (n = 14) as well as the comparison to the protein expression levels in 
crude membrane of the brain cortices in transgenic APdE9 mice (n = 4) versus 
age-matched WT (n = 5) mice (Puris et al., 2021).  

Protein 
name/gene 
name 

Brain cortical tissue in the present study Brain cortical tissue 
(Puris et al., 2021) 

WT rats 
Mean ±

SD 
(fmol/ 

μg 
protein) 

TgF344- 
AD rats 
Mean ±

SD 
(fmol/ 

μg 
protein) 

Ratio 
TgF344- 
AD to 
WT 

p- 
value 

WT 
mice 

(fmol/ 
μg 

protein) 

APdE9 
mice 

(fmol/ 
μg 

protein) 

ABC transporters 
Abcb1/ 

Abcb1 
0.18 ±
0.049 

0.17 ±
0.056 0.94 0.7 

0.49 ±
0.19 

0.31 ±
0.10 

Abcg2/ 
Abcg2a 

0.036 
± 0.018 

0.034 
± 0.016 0.94 0.8 

0.40 ±
0.12 

0.32 ±
0.070 

Abcc1/ 
Abcc1 

0.069 
± 0.021 

0.081 
± 0.029 1.1 0.3 

0.27 ±
0.070 

0.24 ±
0.11 

Abcc4/ 
Abcc4 

<0.010 
(ULQ) 

<0.010 
(ULQ)   

0.020 
± 0.010 

0.030 ±
0.010 

Abca1/ 
Abca1a 

0.031 
± 0.021 

0.028 
± 0.015 0.90 0.7 NQ NQ 

SLC transporters 
ASCT1/ 

Slc1a4 
0.19 ±
0.17 

0.21 ±
0.22 1.1 0.8 NQ NQ 

GLUT1/ 
Slc2a1 

2.4 ±
0.55 

2.4 ±
1.0 1.0 0.9 

3.7 ±
1.1 

3.1 ±
1.1 

4F2hc/ 
Slc3a2 

0.33 ±
0.11 

0.42 ±
0.16 1.3 0.1 NQ NQ 

CAT-1/ 
Slc7a1 

<0.15 
(ULQ) 

<0.15 
(ULQ)   NQ NQ 

LAT1/ 
Slc7a5 

0.064 
± 0.018 

0.058 
± 0.026 0.91 0.5 

0.25 ±
0.070 

0.26 ±
0.10 

MCT1/ 
Slc16a1 

<0.10 
(ULQ) 

<0.10 
(ULQ)   NQ NQ 

RFC/ 
Slc19a1 

<0.15 
(ULQ) 

<0.15 
(ULQ)   NQ NQ 

OATP1A4/ 
Slco1a4a 

0.21 ±
0.13 

0.15 ±
0.12 0.63 0.4 NQ NQ 

OATP1c1/ 
Slco1c1 

0.061 
± 0.039 

0.039 
± 0.028 0.64 0.1 NQ NQ 

OCT1/ 
Slc22a1 

<0.15 
(ULQ) 

<0.15 
(ULQ)   NQ NQ 

OAT3/ 
Slc22a8 

<0.15 
(ULQ) 

<0.15 
(ULQ)   NQ NQ 

FATP1/ 
Slc27a1 

0.74 ±
0.17 

0.72 ±
0.27 0.97 0.8 NQ NQ 

ENT1/ 
Slc29a1 

<0.01 
(ULQ) 

<0.01 
(ULQ)   NQ NQ  

Plasma membrane marker 
Naþ/Kþ- 

ATPase 
51.0 ±
14.0 

57.0 ±
19.0 1.1 0.3 

170 ±
33.0 

150 ±
42.0 

Data are expressed as mean ± SD. Statistical significance of the changes in 
protein expression between groups was analysed by unpaired t-test. 
NQ - not quantified, as not investigated in the study; ULQ - under limit of 
quantification. 

a Abcg2, Abca1, OATP1A4 protein expression levels were quantified in the 
brain cortical tissue of WT (n = 13 – Abcg2; n = 10 – Abca1; n = 6 – OATP1A4) 
and TgF344-AD (n = 11 – Abcg2; n = 11 – Abca1; n = 6 - OATP1A4) rats. 
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and the brain cortical tissue of the TgF344-AD rats compared to WT 
animals. ABCB1/Abcb1 is expressed at the brain capillary ECs, pericytes, 
astrocytes and neurons and thought to be a key player in AD patho-
genesis (Pereira et al., 2018). ABCB1/Abcb1 mediates Aβ clearance 
across the luminal side of the BBB to systemic circulation, and its 
reduced expression and function at the BBB was found to be associated 
with Aβ accumulation (Hartz et al., 2010; van Assema et al., 2012; 
Wijesuriya et al., 2010). However, the quantitative study of the absolute 
protein expression of ABCB1 in isolated brain capillaries from AD pa-
tients and non-demented subjects did not show difference between 
groups, being in accordance with our findings (Al-Majdoub et al., 2019). 
Moreover, similar to TgF344-AD rats, in the transgenic APdE9 mice, 
Mdr1 expression in the brain cortical tissue was not altered as compared 
to WT controls (Puris et al., 2021). Previous studies in knockout mouse 
and in vitro models pointed to a compensatory and cooperative role of 
ABCG2/Abcg2 and ABCB1/Abcb1 at the BBB (Jani et al., 2014; Rob-
inson et al., 2019). Thus, one can suggest that the overexpression of 
Abcg2 observed in the isolated brain microvessels in TgF344-AD rats 
could be a compensatory mechanism occurring in order to increase the 
clearance of Aβ from the brain. Future studies are needed to shed light 
on a possible cooperative role of ABCG2/Abcg2 and ABCB1/Abcb1 in 
AD. 

Protein expression of Abcc1 (Mrp1) in the isolated brain microvessels 
of TgF344-AD rats was twice higher compared to WT rats. The trans-
porter is expressed at the brain capillary ECs, pericytes, astrocytes, and 
neurons (Pereira et al., 2018). Studies in mice suggest the potential 
involvement of Abcc1 in Aβ clearance from the brain to blood across the 
BBB (Hofrichter et al., 2013; Krohn et al., 2011). The relative expression 
of ABCC1 was not altered in isolated brain microvessels of AD patients 
compared to non-demented controls (Al-Majdoub et al., 2019). There-
fore, further studies are required to investigate whether the increase in 
absolute Abcc1 protein expression in the isolated brain microvessels of 
the rat AD model is a compensatory mechanism, which might occur in 
order to facilitate the clearance of Aβ from the brain in addition to Abcg2 
up-regulation. Interestingly, in the brain cortical tissue, Abcc1 trans-
porter protein expression was significantly (1.5-fold) up-regulated in 
male TgF344-AD rats compared to the WT male. These changes were not 
observed in female TgF344-AD rats, as well as in female transgenic 
APdE9 mice compared to female WT controls (Puris et al., 2021). The 
mechanisms underlying the sex-specific changes in Abcc1 expression in 
AD are unknown and need to be elucidated in future studies. 

Protein levels of Abcc4, which are expressed at the brain capillary 
ECs, astrocytes and microglia (Pereira et al., 2018), were not different in 
the isolated brain microvessels of TgF344-AD rats and WT controls. The 
transporter plays a role in the inflammation process, which accompanies 
AD, by mediating the transport of prostaglandins PGE2 and PGD2 into 
the brain extracellular space where they bind to the corresponding re-
ceptors and induce the proinflammatory effects (Reid et al., 2003). 
Changes in protein expression of the transporter at the NVU in AD have 
not been reported. Wijesuriya et al. (2010) demonstrated significantly 
higher ABCC4 protein levels in lysates of hippocampal sections from AD 
brains compared to non-demented ones using western blot analysis 
(Wijesuriya et al., 2010). In transgenic APdE9 mice, we did not observe 
the alterations in protein expression of Abcc4 in the brain cortical tissue 
(Puris et al., 2021). In this study, transporter expression levels in the rat 
brain cortical tissue were under quantification limits, and should be 
investigated in the future. 

Another ABC transporter, which is expressed in brain capillary ECs, 
astrocytes, oligodendrocytes, microglia and neurons, is an ABCA1/ 
Abca1 (CERP/Cerp) (Jani et al., 2014). The changes in absolute protein 
expression of ABCA1/Abca1 at the brain capillary ECs and other NVU 
cells in AD have not been previously studied. Here, the expression of 
Abca1 in the isolated brain microvessels was 2.8-fold higher (not sta-
tistically significant) in TgF344-AD rats compared to WT controls. Abca1 
protein expression in the brain cortical tissue was similar between the 
study groups. A potential role of ABCA1/Abca1 in AD is based on 
functional studies of the transporter, which includes the efflux of 
cholesterol and phospholipid to enable apoprotein E (ApoE) lipidation, 
while ApoE is regarded as a chaperone for Aβ, affecting its clearance and 
aggregation (Boehm-Cagan et al., 2016). Impaired cholesterol meta-
bolism in the brain have been considered to be a risk factor in AD 
pathogenesis, as cholesterol levels are associated with production of Aβ 
and high β- and γ-secretase activities in AD brains compared to non- 
demented controls (Feringa and van der Kant, 2021; Varma et al., 
2021; Xiong et al., 2008). Wahrle et al. (2008) demonstrated increased 
ApoE lipidation and decreased Aβ deposition in the brain of mice 
overexpressing Abca1 (Wahrle et al., 2008). Our findings highlight the 
importance of investigation of the transporter at the NVU of AD patients. 

A significant (4.3-fold) increase in protein expression of FATP1 in the 
isolated brain microvessels was observed in TgF344-AD rats compared 
to WT animals, while no differences were found in the brain cortical 
tissue. FATP1 is expressed at the brain capillary ECs, neurons and glia, 

Fig. 3. Sex-specific changes in the protein expression of Abcc1 (Mrp1) (a) and 4F2hc (b) in the brain cortices of wild-type (WT) rats (n = 5 female, n = 8 male) and 
TgF344-AD rats (n = 8 female, n = 6 male). Data are presented as mean ± SD. Statistical significance of changes in protein expression between groups were analysed 
by two-way ANOVA followed by Tukey’s multiple comparisons test. An asterisk denotes statistical significance between groups (*p < 0.05, **p < 0.01). 
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and mediates the ATP-dependent import of long-chain fatty acids into 
the cells and also exhibits acyl-CoA ligase activity for long-chain and 
very-long-chain fatty acids (Liu et al., 2017; Mitchell et al., 2011; Sha-
wahna et al., 2011). The changes in expression of the transporter in AD 
patients and animal models have not been investigated. However, there 
is growing evidence that FATP1 is involved in AD pathogenesis. Thus, in 
the plasma membrane of in vitro BBB model, immortalized human brain 
capillary ECs (hCMEC/D3), FATP1 protein expression was significantly 
decreased (by 96.0%) after incubation with Aβ25–35, which resulted in 
diminished transport of its substrate, unesterified docosahexaenoic acid 
(DHA), from the hCMEC/D3 cells (Ochiai et al., 2019). DHA is an 
abundant polyunsaturated fatty acid in the human brain, which is 
essential for maintenance of cognitive function (Yurko-Mauro et al., 
2015). The reduction of DHA in the brain has been shown to contribute 
to AD development (Astarita et al., 2010). Future studies should inves-
tigate whether the up-regulation of FATP1 expression in the isolated rat 
brain microvessels observed in the present study is aimed at increasing 
the transport of DHA from blood to the brain in order to maintain the 
DHA levels in the AD brain. 

The expression of the investigated amino acid transporters CAT-1, 
ASC1 as well as LAT1 light (encoded by Slc7a5) and heavy chain 
4F2hc (encoded by Slc3a2) subunits in the isolated brain microvessels 
(except LAT1) and brain cortical tissues (except CAT-1) of TgF344-AD 
rats did not differ from that in WT animals. All these proteins play an 
important role in regulating the transport of amino acids across the BBB, 
and the cell membrane of the brain parenchymal cells (Kasai et al., 2011; 
Puris et al., 2020; Stoll et al., 1993). Surprisingly, a closer look at the sex- 
specific changes in protein expression pointed to significant (1.7-fold) 
up-regulation of heavy chain subunit 4F2hc in male TgF344-AD rats 
compared to male WT, but not in female rats. 4F2hc is a glycoprotein, 
which is coupled with the light chain functional subunits (SLC7A5, 
SLC7A8, etc.) and acts as a molecular chaperone localizing the light 
chain subunit at the plasma membrane (Verrey et al., 2000). The 
expression and function of this protein in AD has not been investigated. 
Thus, our study revealed intriguing differences in 4F2hc protein 
expression in the brain cortical tissue between male and female AD vs. 
WT rats, which deserve further study. 

The protein expressions of other SLC transporters, such as GLUT1, 
OAT3, ENT1 and OATP1C1, in the isolated brain microvessels of 
TgF344-AD rats were similar to those in WT animals. This is in accor-
dance with the findings in AD patients, i.e., not altered levels in these 
transporters in the isolated brain microvessels in AD patients compared 
to non-demented individuals (Al-Majdoub et al., 2019). Similarly, there 
were no changes in protein expression of GLUT1, OATP1C1, OATP1A4 
(an ortholog of human OATP1A2) in the brain cortical tissue of TgF344- 
AD rats compared to WT animals. Likewise, in transgenic APdE9 mice, 
the protein expression of GLUT1 in the brain cortical tissue was not 
altered compared to WT mice (Puris et al., 2021). 

The limitations of the study need to be acknowledged. First, the sex- 
specific changes in transporter protein expression in the brain cortical 
tissue representing the combination of the brain parenchymal cells need 
to be further investigated in individual brain parenchymal cell pop-
ulations. In addition, due to the limited sample size, sex-specific changes 
in the protein expression of the transporters in isolated brain micro-
vessels have not been examined in the present study. Therefore, future 
research will address this issue. Second, one should remember that the 
changes observed in the isolated brain microvessels represent alterations 
in combination of the NVU cells and not only endothelial cells. Third, 
despite the technological progress over the past decade, there is still 
potential for improvement in the field of LC-MS/MS-based proteomics 
applied to quantify very low abundance proteins. Finally, the charac-
terization of the investigated AD rats was performed in terms of Aβ 
pathology, CAA and inflammation, all of which can impact the trans-
porter expression at the BBB (Kania et al., 2011; Varatharaj and Galea, 
2017). Future studies should focus on determination of the specific 
molecular mechanisms underlying the changes in transporter protein 

expression observed in the present study. 

5. Conclusions 

In conclusion, absolute protein expression levels of ABC and SLC 
transporters in the isolated brain microvessels and the brain cortical 
tissue of rat TgF344-AD model and age-matched WT controls were 
quantified using LC-MS/MS-based QTAP approach. The study revealed 
significant up-regulation of Abcg2 (Bcrp), Abcc1 (Mrp1) and FATP1 in 
the isolated brain microvessels of the TgF344-AD rats indicating po-
tential involvement of these transporters in AD pathogenesis. The 
changes in transporter protein expression in the isolated brain micro-
vessels and the brain cortical tissue were different indicating of various 
transporter expression regulation mechanisms in the cells comprised of 
these tissues in AD. Moreover, we investigated for the first time sex- 
specific changes in protein expression of the transporters in the rat 
brain cortical tissue. The study revealed male-specific alterations in 
Abcc1 (Mrp1) and 4F2hc protein expression indicating the potential 
differences in regulation of their expressions in AD between men and 
women. These findings highlight the importance of the investigation of 
sex-specific changes in biochemical perturbations in AD. Finally, 
TgF344-AD rat model was characterized in terms of the relevance to 
mimic the changes in transporter expression in AD patients and 
compared to available data in animal models. The study sheds light not 
only on the potential role of transporters in molecular mechanisms un-
derlying AD, but on the rational use of animal models for drug candidate 
testing and evaluation of drug delivery in AD. 
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