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Abstract 

P-glycoprotein (P-gp) is an efflux transporter at the blood brain barrier (BBB) that 

prevents cytotoxic substances from entering the CNS. However, P-gp also prevents therapeutic 

drug delivery for treating CNS pathologies due to its ability to efflux a wide variety of drugs. !-

carrageenan-induced peripheral inflammatory pain (PIP) increases P-gp activity by the loss of 

disulfide bonded protein complexes containing P-gp and alters intracellular P-gp trafficking. 

Proteins interact with P-gp to anchor it to the plasma membrane, traffic it between subcellular 

compartments, and alter its conformation during its activation. In this in vivo study, we combined 

proteomics and western blot analyses, to identify proteins that co-localize with P-gp. We found 

that protein disulfide isomerase (PDI), ATP synthase beta subunit, and glucose transporter 

(GLUT-1) are located in the same fraction as P-glycoprotein, whereas, thioredoxin (TRX), 

quiescin sulfhydryl oxidase (QSOX1), and cytochrome C oxidase (COX IV) are not. By 

identifying the proteins associating with P-gp we can now test whether they are involved in P-gp 

activation in response to a !-carrageenan stimulus. Our results suggest that targeting P-gp 

associated proteins may be a novel approach in pharmacotherapy as a way to regulate P-gp 

function to increase drug delivery efficacy to the CNS. 

 

 

 

 

 

 

 

 



Introduction 

The blood-brain barrier (BBB) is a dynamic physical and biochemical barrier that 

separates the central nervous system (CNS) from the circulatory system1. It protects the CNS 

from potentially harmful substances that may enter the circulation system and maintains a stable 

and balanced environment in the brain that is necessary for proper neuronal functioning2. It 

regulates the access of substances to the brain through two different mechanisms that contribute 

to its selectivity in allowing substances to enter the CNS2. The BBB is comprised of an extensive 

network of microcapillaries3. The microcapillary lumen is surrounded by nonfenestrated 

endothelial cells4 with pericytes5 and astrocytes1. The lack of endothelial fenestrations combined 

with the tethering of the tight junction protein complexes that limit paracellular diffusion 

provides a physical barrier between the blood and the CNS6. The second mechanism is a 

biochemical mechanism that includes metabolizing enzymes and drug transporters, particularly 

ATP-binding cassette (ABC) transporters situated at the luminal plasma membrane of the 

endothelial cells7. Hydrolysis of ATP drives the efflux function of these transporters to provide a 

neuroprotective effect by recognizing and preventing an accumulation of cytotoxic substances 8.  

The major BBB efflux transporter that is highly expressed on the luminal side of brain 

capillary endothelial cells at the plasma membrane is P-glycoprotien (P-gp), a 170 kDa9 

transporter that is encoded by the multidrug resistant gene (mdr1)10. P-gp plays the biggest role 

in regulating CNS drug uptake at the BBB because it recognizes and eliminates a broad array of 

toxic substrates that can accumulate in the brain, such as organic cations, weak organic bases7, 

and a majority of drugs including anti-tumor drugs, antibiotics, steroid hormones, "-receptor 

blockers, and HIV-protease inhibitors11. These administered drugs are often prevented from 

exerting their therapeutic effects due to the tight regulation of substrate movements across the 



barrier12. This presents a major challenge for treating pathologies with a CNS component, such 

as Parkinson disease13, Alzheimer disease14, epilepsy15, brain cancer6, and peripheral 

inflammatory pain17. As a result of this obstacle of drug delivery to the brain, P-gp has been the 

target of intense pharmacotherapy research. Regulation of P-gp activity can affect its efflux 

property and increase drug transport to the CNS allowing drugs to exert their analgesic effect. 

Drug delivery depends on the activity of these transporters leading pharmacological research to 

focus on the development of efflux transporter inhibitors. However, P-gp inhibitors have been 

proven to be ineffective because of increased neurotoxicity16. The failure of P-gp inhibitors in 

the clinic has directed the research focus in the field toward identifying alternative mechanisms 

of inhibiting P-gp activation6. 

Previous research has shown that pathophysiological stressors, such as cerebral 

inflammation18, hypoxia, trauma, and pain6 can increase P-gp activity and expression resulting in 

decreased drug uptake into the brain and reduced drug efficacy19. Our laboratory has shown that 

peripheral inflammatory pain (PIP), induced three hours after an injection of !-carrageenan into 

the left hind paw of a rat, results in increased activity of P-gp and alters its intracellular 

trafficking6. An increase in P-gp activity results in an increase in its efflux function, which 

results in a decrease in opioid analgesic uptake, the major drug type used for pain treatment19.  

Fractionation of isolated brain microvessels showed that P-gp is stored in a reservoir of 

high molecular weight, disulfide bonded protein complexes. Following a PIP stimulus, there is a 

loss of the disulfide-bonded complexes that sequester P-gp and an increase in movement of P-gp 

between subcellular compartments that accompanies the increase in P-gp activity. Protein-

protein interactions are responsible for anchoring P-gp in the membrane, trafficking it between 

subcellular compartments, and altering its conformation leading to its activation. Previous 



experiments done by our laboratory have shown that !-carrageenan induced PIP redistributes P-

gp on the plasma membrane of endothelial cells to denser protein complexes, indicating an 

alteration in P-gp associated proteins. These data suggest that identifying the P-gp associated 

proteins will suggest novel therapeutic targets that could be exploited to prevent P-gp activation.    

The goal of the current study was to identify proteins that co-fractionate with P-gp. We 

hypothesized that co-fractionating proteins would contain a subset of proteins capable of 

disulfide bond reduction and rearrangement that would catalyze disassembly of the high 

molecular weight complexes following PIP. We found that protein disulfide isomerase (PDI) was 

located in the same fraction as P-gp, but quiescin sulfhydryl oxidase (QSOX1) and thioredoxin 

(TRX) were not. P-gp and PDI were in the fraction containing the plasma membrane marker, 

glucose transporter 1 (GLUT-1). We also found ATP synthase subunit " (ATPB) in this fraction, 

but no evidence of a mitochondrial membrane marker, cytochrome C oxidase (COX IV). This 

study identifies several P-gp associated proteins that could play a role in regulating P-gp activity 

and trafficking after a PIP stimulus.  

Materials and Methods 

Materials 

OptiPrep was obtained from Accurate Chemical (Westbury, NY, USA). Clarity Western 

Enhanced Chemiluminescence substrate was acquired from Bio-Rad (Hercules, CA, USA) and 

blue autoradiography film was purchased from ISC Bioexpress (Kaysville, UT, USA). 4-20% 

Criterion gels, 12% Criterion gels, XT reducing reagent, 4x Laemmli sample buffer, and pre-

stained molecular weight markers were acquired from Bio-Rad. The rabbit monoclonal antibody 

against P-glycoprotein (sc8313) was purchased from Santa Cruz Biotechnology (Santa Cruz, 

CA, USA). The mouse monoclonal antibodies against protein disulfide isomerase (ab2792) and 



ATP synthase beta subunit (ab14730) were obtained from Abcam (Cambridge, MA, USA). The 

rabbit polyclonal antibodies against glucose transporter 1 (ab32551) and thioredoxin (ab86255) 

were purchased from Abcam. The rabbit polyclonal antibody against the quiescin sulfhydryl 

oxidase 1 protein was purchased from Proteintech Group, Inc (Chicago, IL, USA). The rabbit 

monoclonal antibody against cytochrome C oxidase IV (3E11) was obtained from Cell Signaling 

Technology (Danvers, MA, USA). Mouse and rabbit secondary antibodies conjugated to 

horseradish peroxidase were acquired from GE Healthcare Bio-Sciences (Piscataway, NJ, USA). 

All other reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise 

stated.  

Animal Treatment  

Animal handling protocols follow the guidelines set by the National Institute of Health 

and approved by the University of Arizona Institutional Animal Care and Use Committee. 

Female Sprague–Dawley rats of 250–300 grams weight were obtained from Harlan Sprague-

Dawley (Indianapolis, IN, USA). They were provided food and water and housed under standard 

12-hour light/12-hour dark conditions. The rats received a 100 µL subcutaneous injection of 

saline (0.9% NaCl) into the plantar surface of the left hind paw. After 3 hours, the animals were 

anesthetized with an intraperitoneal injection of sodium pentobarbital (64 mg/kg) and sacrificed 

to prepare for microvessel isolation.  

Microvessel Isolation and Fractionation  

After the animals were decapitated, the brains were immediately placed in ice-cold 

Buffer I (136.9 mmol/L NaCl, 2.7 mmol/L KCl, 1 mmol/L CaCl2.2H2O, 1.5 mmol/L KH2PO4, 

8.1 mmol/L Na2HPO4, 0.5 mmol/L MgCl2.6H2O, 5 mmol/L glucose, 1 mmol/L Na pyruvate, pH 

7.4) containing EDTA-free Complete Protease Inhibitor (Roche, Basel, Switzerland), 2 mM of 



phenylmethanesulfonyl fluoride, and protease inhibitor cocktail (Sigma-Aldrich). The brain 

microvessels were removed and harvested as previously described6.  

The isolated rat brain microvessels were subjected to a detergent-free OptiPrep 

fractionation method as previously described6 to separate P-gp protein complexes, with minor 

modifications. OptiPrep gradients from 10-35% were used instead of a 5-30% gradient to allow 

for greater separation of P-gp complexes from the rest of the proteins loaded onto the gradient. 

Fractions were aliquoted for refractive index measurements, total protein measurements, and 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for western blotting. 

Gradient densities were calculated by measuring absorbance at 340 nm. Total protein in each 

fraction was measured using the BCA Protein Assay (ThermoFisher Scientific, Waltham, MA, 

USA) using the manufacturer’s protocol.   

Western Blot Analysis 

Protein samples were mixed with 4X sample loading buffer and XT reducing agent, 

tris(2-carboxyethyl)phosphine (TCEP). They were then heated for 10 minutes at 70°C and 

benchtop centrifuged at 13,000 rpm for 5 minutes. The samples were separated by SDS-PAGE 

on 4-20% Criterion or 12% Criterion gels at 120 volts for 2 hours using Tris-Glycine-SDS 

running buffer. The gels were transferred onto a polyvinylidene diflouride (PVDF) membrane 

(ThermoFisher) at 6 volts for 30 minutes and 20 volts for 2 hours using methanol transfer buffer. 

The blots were blocked for 1 hour at room temperature in 5% non-fat milk in TBST. They were 

then incubated with primary antibodies to P-glycoprotein, protein disulfide isomerase, ATP 

synthase beta subunit, quiescin sulfhydryl oxidase 1, cytochrome c oxidase IV, and glucose 

transporter 1 at a dilution of 1:1000 at 4°C overnight. After the blots were washed with TBST 

they were incubated in the appropriate anti-mouse and anti-rabbit secondary antibody at a 



dilution of 1:2000 for 1.5 hours in 5% non-fat milk in TBST. The membranes were incubated in 

Western ECL reagent substrate and exposed to film.  

Proteomics 

Isolated brain microvessel samples from saline treated rats were separated on a density 

gradient as previously mentioned. Samples from fraction 12 or 15 were pooled and concentrated 

using an Amicon Ultra-0.5 mL Centrifugal Filter Concentrator (MWCO: 10,000) (Millipore, 

Billerica, MA, USA). 1% SDS and reducing agent, TCEP, were added to the concentrated 

samples before they were sent to Kendrick Labs (Madison, WI, USA) for 2D gel electrophoresis 

and proteomic analysis by LC-MS/MS.  

Results 

Density Gradient Separation of P-gp Containing Complexes  

To identify proteins associated with P-gp, the first step was to enrich for P-gp complexes 

using a detergent-free OptiPrep stepwise 10% to 35% gradient. As shown in Figure 1A, fraction 

densities of the gradient increased linearly from approximately 1.08 g/ml at fraction 1 to 1.2 

g/mL at fraction 24. The major pool of P-gp was found  fractions 11 and 12 with a second pool 

found in fraction 15 (Fig. 1B).  

Identification of P-gp Associated Proteins  

In order to identify proteins that associate with P-gp, we performed a proteomic analysis 

on the fractions that contain P-gp. This approach allows us to identify proteins that are directly 

bound to P-gp or proteins that are geographically near the protein complex in the cell. Fractions 

from multiple gradients were pooled to increase total protein and decrease the chance of 

identifying proteins unique to individual animals. Table 1 indicates the major proteins found in 



the 25-100 kDa range in fraction 12 that contained the major pool of P-gp. We identified PDI as 

a potential regulator of protein complex disassembly.  

PDI and ATP Synthase Beta Subunit Co-Localize with P-gp in the Gradient Fractions 

To determine whether the previously identified proteins from proteomics are located in 

the same fraction as P-gp, western blots were probed for PDI and ATP Synthase " subunit 

(ATPB) (Fig. 2). A major portion of the PDI was found in fraction 12 although a significant 

amount was also seen in fraction 24, which contains the protein complexes too dense to enter the 

gradient. ATPB is mostly found in fraction 11, where P-gp is also located. This further validates 

the results from proteomics and indicates their potential function in regulating P-gp activity. Our 

hypothesis is that proteins that catalyze disulfide bond rearrangements and reduction would co-

fractionate with P-gp, so we tested for the presence of two additional proteins that could perform 

this function. The first of these is quiescin sulfhydryl oxidase (QSOX1), another enzyme that 

catalyzes disulfide bond rearrangement that could potentially target P-gp containing disulfide 

bonded structures20. However, QSOX1 was not located in the same fraction as P-gp (Fig. 2). 

Instead, it was located at higher density fractions. This suggests that QSOX1 is not interacting 

with P-gp because it is not in the same location and is unlikely to be responsible for reducing 

disulfide bonds to activate P-gp. We also probed for thioredoxin (TRX), a protein that catalyzes 

disulfide bond reduction21. TRX levels were below our limit of detection (data not shown).  

Immunolocalization studies show that P-gp is mostly found in the plasma membrane10.To 

determine whether P-gp in our gradients co-localizes with other plasma membrane proteins we 

probed for GLUT-1, a plasma membrane marker, which was located in the P-gp containing 

fractions indicating that fractions 11 and 12 contained plasma membrane. ATPB is a 

mitochondrial membrane protein, but can also be found in the plasma membrane22. To determine 



whether mitochondrial membrane proteins were in fraction 12, the density gradients were probed 

with a mitochondrial membrane marker, cytochrome C oxidase IV (COX IV). COX IV was not 

found in any of the fractions (data not shown). This indicates that the membrane in fraction 12 or 

15  is not mitochondrial, which indicates that the ATPB found in the gradients samples is likely 

from the plasma membrane.   

Discussion 

In this study we identified a group of proteins that cofractionate with P-gp and have the 

potential to regulate its activation and trafficking. We confirmed by western blot that PDI was 

located in the same fraction as P-gp, but thioredoxin and QSOX1 were not. ATP synthase beta 

subunit was found in the same fraction as P-gp and PDI, along with the plasma membrane 

marker, GLUT-1. There was no COX IV, a mitochondrial membrane marker in the P-gp 

containing fraction. Our data suggest PDI and ATP synthase beta subunit could be close enough 

to P-gp to play a role in P-gp activation.   

Disulfide bond rearrangement and loss of high molecular weight P-gp containing 

complexes accompany P-gp activation and trafficking6. Our data shows that PDI cofractionates 

with P-gp in fraction 12, with a second pool of protein in the higher density fraction 24. PDI is 

an enzyme that catalyzes oxidation of disulfide bonds and isomerization by acting on cysteine 

residues in a protein. Disulfide bond formation causes a conformational change as the protein 

folds into a new three-dimensional structure that allows disulfide bond interactions23. These 

results suggest that PDI could rearrange P-gp cysteine residues to alter its conformation. A 

conformational change in P-gp that stimulates disulfide bond production could increase its 

activity by opening ligand-binding sites for effective binding to enhance activity in the new 

three-dimensional structure. Another potential mechanism is PDI catalyzed disassembly of P-gp 



containing high molecular weight protein complexes by removing the disulfide-bonded 

structures that stored P-gp. Rearrangement of disulfide cross-linking in P-gp increases its 

ATPase activity24. Therefore, the elimination of these cross bridges should enhance P-gp efflux 

function. The disassembly of these complexes by PDI would also release sequestered P-gp, 

allowing it to traffic to the membrane to inhibit drug access to the CNS.  

Although we did not identify the presence of thioredoxin, (TRX), an enzyme that 

catalyzes the reduction of disulfide bonds, in our proteomics analysis, we tested for this and 

another enzyme that alters disulfide-bond formation. Our data show that thioredoxin is not 

located in any of the fractions, which indicates that it cannot interact with P-gp to affect its 

function. A rearrangement of disulfide bonds would require the enzyme to colocalize with P-gp 

in order to directly alter the protein complex.  

QSOX1 is an enzyme involved in the catalysis of disulfide-bond formation25. We 

investigated its location in the P-gp containing gradient to determine whether it could be 

involved in regulation of P-gp, however, our data shows no evidence of its cofractionation with 

P-gp. Instead, it is located at higher density fractions. This suggests that QSOX1 could be 

functioning in different protein complexes with a higher molecular weight than the P-gp 

containing complex and is unlikely to directly interact with P-gp.  

P-gp is highly expressed and active at the plasma membrane. PDI is expressed in the 

endoplasmic reticulum, but can also be located on the plasma membrane26.We chose to probe for 

GLUT-1, a glucose transporter that is located at the plasma membrane to facilitate glucose 

transport, as a plasma membrane marker to determine colocalization of proteins with P-gp in the 

plasma membrane27. GLUT-1 was located in the same fraction as P-gp and a portion of the PDI 

indicating that fraction 12 contains plasma membrane. These data suggest that the PDI that 



cofractionates with P-gp in fraction 12 is located at the plasma membrane. Co-localization of 

these proteins at the plasma membrane would allow PDI to contribute to P-gp activation and 

trafficking in response to a pain stimulus.  

ATP Synthase subunit " is primarily found in the mitochondria, but it can also be found 

at the plasma membrane22. ATP synthase " is an enzyme that exploits the established proton 

gradient to stimulate ATP production as part of oxidative phosphorylation29. Fraction 11, where 

ATP synthase " subunit was located in our gradients did not contain any COX IV, a 

mitochondrial membrane protein marker, but did not contain GLUT-1. This data suggests that 

the ATP synthase " subunit we observe in the gradients is located in the plasma membrane with 

P-gp. Co-localization of ATP synthase " with P-gp could be affecting P-gp activation. P-gp 

hydrolyzes ATP for energy to efflux drugs30. Therefore, an increase in P-gp activity would 

require additional ATP6. ATP synthesis at the plasma membrane may provide energy for this 

type of activity. Another possibility is that the ATP produced at the plasma membrane acts as a 

signaling molecule to regulate P-gp activity31. The role of ATP production in the plasma 

membrane in general and its effect on P-gp remains to be investigated.  

The identification of proteins that cofractionate with P-gp in rat brain microvessels has 

allowed us to generate testable models to determine whether these proteins are involved in P-gp 

activation and trafficking in response to a stimulus. Testing these models will determine whether 

the identified proteins are viable drug targets. Targeting P-gp associated proteins that regulate its 

activity and localization at the BBB is a novel approach in pharmacotherapy. Our long-term goal 

is to use this approach to enhance drug delivery efficacy for pain patients.  
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Fig. 1 OptiPrep fractionation of rat brain microvessels show that P-glycoprotein was 
located mostly in fraction 11, 12, and 15 of the density gradient. A) The graph shows the 
density (diamonds) and the protein concentration (circles) of gradient fractions. B) The 
western blot probed for P-glycoprotein indicates the densities of the P-gp containing 
fractions. The sample loaded on the gradient is a pool of microvessels from three rats. 
The densities and protein measurements are from six gradients (mean +/- S.D.). The blot 
is representative of results from three independent gradients.  
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Fig. 2 Western blots analysis of microvessel samples that were loaded onto a Criterion 4-
20% gel and analyzed for expression of P-glycoprotein (P-gp), protein disulfide 
isomerase (PDI), ATP synthase ! subunit, quiescin sulfhydryl oxidase 1 (QSOX1), and 
glucose transporter 1 (GLUT-1). The blots are representative of results from three 
independent gradients.  
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