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Abstract

The current research was undertaken to determine the existence and magnitude of P-glycoprotein 

(P-gp) expression on the blood ocular barriers by studying the ocular penetration of loperamide, a 

specific P-gp substrate, in P-gp (Mdr1a) knock-out (KO) and wild type (WT) Sprague Dawley 

rats. A clear, stable, sterile solution of loperamide (1 mg/mL), for intravenous administration, was 

formulated and evaluated. Ocular distribution was studied in P-gp KO and WT rats following 

intravenous administration of loperamide (at two doses). The drug levels in plasma, aqueous 

humor (AH) and vitreous humor (VH) samples were determined with the aid of UHPLC- Q-TOF-

MS/MS and the AH/plasma (DAH) and VH/plasma (DVH) distribution ratios were estimated. 

Electroretinography (ERG), ultrastructural analyses and histology studies were carried out, in both 

KO and WT rats, to detect any drug induced functional and/or structural alterations in the retina. 

Dose-related loperamide levels were observed in the plasma of both WT and KO rats. The 

loperamide concentrations in the AH and VH of KO rats were significantly higher compared to 

that observed in the WT rats, at the lower dose. However, a marked increase in the DAH and DVH 

was noted in the KO rats. ERG, ultrastructure and histology studies did not indicate any drug 

induced toxic effects in the retina under the test conditions. The results from these studies 

demonstrate that P-gp blocks the penetration of loperamide into the ocular tissues from the 

systemic circulation and that the effect is more pronounced at lower plasma loperamide 

concentrations.
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Introduction

The delivery of therapeutics into the deep ocular tissues via systemic route remains a 

challenge due to the presence of complex blood ocular barriers (BOB). The BOB comprises; 

blood-aqueous barrier (BAB), formed by the epithelial cells of the iris-ciliary bodies, and the 

blood-retinal barrier (BRB), made up of the endothelial cells of the retinal blood vessels and 

the retinal pigmented epithelium (RPE) (1–5). The tight-junction proteins and the efflux 

proteins present in the BAB and BRB protect the anterior and posterior segment ocular 

tissues by preventing the paracellular and/or transcellular transportation of endobiotics and 

xenobiotics (4–7).

In the recent past, numerous researchers have investigated the impact of efflux transporters 

on the permeability of hydrophobic drugs across various blood-organ barriers (1–3). In this 

regard, one of the most common efflux proteins often discussed is P-glycoprotein (P-gp), the 

major efflux protein of the ATP-binding cassette (ABC) transporters sub-family, that is 

widely expressed in many vital organs such as the brain, liver, lung and kidney, ensuring 

their safety through the efflux of chemical and biological toxic substances. The broad 

substrate specificity of P-gp accounts for a severe reduction in the blood to brain penetration 

of many lipophilic molecules (8–11).

Several investigators have reported the expression of P-gp on the ciliary epithelial cells at the 

BAB, and on the endothelial cells of the retinal blood vessels and the RPE of the BRB, in 

humans and various animal models (12–16). However, the specific involvement of P-gp in 

the blood-organ penetration of lipophilic agents remains ambiguous due to the presence of 

many influx transporters as well as efflux proteins in the blood-organ membrane barriers 

(12,17). The co-existence of several influx transporters, like organic cation/carnitine 

transporters, organic anionic transporters, organic cationic transporters, organic anionic 

transporter polypeptides and multidrug resistance associated efflux proteins in the BOB 

confounds delineation of the contribution of P-gp in hindering the blood-ocular transport of 

drugs (12,18–20).

The application of multidrug resistance Mdr1a gene, responsible for P-gp expression, knock-

out (KO) mice, and recently rat models, have gained importance in delineating the P-gp 

mediated efflux, and its effect on pharmacokinetics of drug substrates (21,22). Numerous 

literature reports have discussed the use of transgenic mice models lacking the Mdr1a gene 

(P-gp KO) as a powerful tool in unlocking the complexity and the role of P-gp at the blood 

brain barrier (BBB), protecting the brain through the efflux of various exogenous and 

endogenous agents (21,23). The utilization of Mdr1a gene KO mice and/or rats, to determine 

the impact of P-gp at BOB, however, has remained largely unexplored.
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Previously, using New Zealand albino rabbits, we reported the contribution of topically 

administered P-gp inhibitors in improving the blood-ocular penetration, and/or 

pharmacokinetics, of systemically and intravitreally administered substrates, confirming the 

role of P-gp in the distribution of drugs across the BOB (24,25). The goal of the current 

study was to determine the extent of the impact of P-gp’s barrier properties by studying the 

transport of loperamide, an established P-gp substrate, across the BOB of Mdr1a KO and 

wild type (WT) rats. It is necessary to rule out drug toxicity induced modifications in the 

retinal ultrastructure, which could affect the pharmacokinetic observations. Thus, 

electroretinography, histology and ultrastructural analyses of the retina were undertaken to 

unveil the toxic effects of loperamide in the eye, if any, by examining the retina for 

functional and structural alterations.

Materials and Methods

Animals.

Six to eight-week-old male WT and Mdr1a gene KO Sprague-Dawley (SD) rats were 

purchased from Horizon Discovery (Saint Louis, MO). The animals had free access to food 

and water. All animal experiments were performed according to the approved protocols of 

the University of Mississippi Institutional Animal Care and Use committee, the University 

of Tennessee Health Science Center Institutional Animal Care and Use committee and the 

Association for Research in Vision and Ophthalmology statement for the Use of Animals in 

Ophthalmic and Vision Research.

Chemical Reagents

Loperamide hydrochloride was procured from Sigma Aldrich (St. Louis, MO, USA). 

Propylene glycol (1,2-Propanediol) was purchased from Fisher Scientific (St. Louis, MO, 

USA). All other high purity chemicals and HPLC grade solvents were obtained from Fisher 

Scientific (St. Louis, MO, USA).

Drug solution preparation and evaluation.

A clear solution of 1mg /mL loperamide was prepared - an appropriate quantity of drug was 

added to a mixture of propylene glycol and saline (1:1 v/v) and then vortexed and sonicated 

until a clear solution was obtained. The formulation was evaluated for pH, assay, drug 

precipitation in phosphate buffer saline (pH 7.4), stability at room temperature and for loss 

during filtration across 0.22μm nylon filter (Millipore. USA).

Instrumentation and experimental conditions

Ultra-High Performance Liquid Chromatography-Mass Spectrometry 
(UHPLC/Q-TOF-MS): The liquid chromatographic system was an Agilent Series 1290 

comprising of the following modular components: binary pump, a vacuum solvent 

microdegasser, an autosampler with 100-well tray and a thermostatically controlled column 

compartment. Separation was achieved on an Agilent Zorbax SB C8 (2.1×100 mm, 1.8μ) 

column. The mobile phase consisted of water with 0.1 % formic acid (A) and acetonitrile 

with 0.1 % formic acid (B) at a flow rate of 0.23 mL/min, which were applied in the 

following gradient elution: 0 min, 80 % A: 20% B, in next 7 min to 100% B. Each run was 
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followed by a 3 min wash with 100 % acetonitrile, and an equilibration period of 5 min. Two 

microliters of sample was injected. The column temperature was set at 35 °C.

The mass spectrometric analysis was performed with a Q-TOF-MS/MS (Model #G6530A, 

Agilent Technologies, Palo Alto, CA, USA) equipped with an ESI source with Jet Stream 

technology using the following parameters: drying gas (N2) flow rate, 10.0 L/min; drying 

gas temperature, 250 °C; nebulizer, 30 psig, sheath gas temperature, 350 °C; sheath gas flow, 

9 L/min; capillary, 3000 V; skimmer, 65V; Oct RF V, 750V; fragmentor voltage, 125V. All 

the operations, acquisition and data analysis were controlled by Agilent MassHunter 

Acquisition Software Ver. A.05.00 and processed with MassHunter Qualitative Analysis 

Software Ver. B.07.00. Each sample was analyzed in positive mode in the range of m/z = 

100–1000. Accurate mass measurements were obtained by means of reference ion correction 

using reference masses at m/z 121.0509 (protonated purine) and 922.0098 [protonated 

hexakis (1H, 1H, 3H-tetrafluoropropoxy) phosphazine or HP-921] in positive ion mode. The 

compounds were confirmed in each spectrum. For this purpose, the reference solution was 

introduced into the ESI source via a T-junction using an Agilent Series 1200 isocratic pump 

(Agilent Technologies, Santa Clara, CA, USA) using a 100:1 splitter set at a flow rate of 20 

μL/min. In the positive ion mode, the protonated species [M+H]+ at m/z 477.2317 

(calculated m/z 477.2303) for compound loperamide and m/z 531.1574 (calculated m/z 
531.156) for internal standard (ketoconazole) were observed.

Sample Preparation

A suitable volume of 1 μg/mL ketoconazole solution was added to each tissue sample 

followed by the introduction of ice cold acetonitrile to extract drug and internal standard 

from the biological matrixes by complete precipitation of proteins. The samples were then 

vortexed and centrifuged at 13000 rpm for 15 min to collect the clear supernatant solution. 

The eluents in the supernatant solution (2 μL) were quantified using the analytical method 

described in the earlier section. The extraction efficiency (EE), limit of detection (LOD) and 

linearity of loperamide in plasma (10–160 ng/mL), AH (0.5–40 ng/mL) and VH (0.5–20 

ng/mL) were assessed.

Ocular distribution

The impact of P-gp, at the BOB, on the ocular penetration of loperamide was estimated 

through ocular distribution studies in WT and KO rats. Since there was no indication in the 

literature that the expression of the transporters on the ocular tissues was gender dependent, 

male SD rats were selected for the study. A total of 48 rats were used in these studies (24 

WT and 24 KO). Twelve of the WT and 12 of the KO rats were administered 0.5 mg/kg 

loperamide, while the other 24 (12 WT and 12 KO) were injected with a 1 mg/kg dose, 

through the tail vein. At the end of 60 and 120 min post dosing, six of the WT and/or KO 

rats from each group (n=6 at each time point) were anesthetized by an intraperitoneal (I.P.) 

administration of a combination of ketamine (35 mg/kg) and xylazine (3.5 mg/kg). Blood 

was collected via cardiac puncture. The animals were then euthanized using an excess 

combination dose of ketamine and xylazine through the I.P. route and the eyes were 

enucleated immediately, followed by the extraction of aqueous humor (AH) and vitreous 

humor (VH). The AH and VH collected from both eyes of each rat was pooled. The blood 
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samples collected were immediately centrifuged at 10,000 rpm for 5 min and the plasma was 

separated. Plasma, AH and VH samples were stored at −80 °C until analysis.

Data Interpretation

Drug distribution into the AH and VH from plasma was calculated according to equations 1 

& 2 respectively,

DAH = Concentration of Loperamide in AH   ng/mL
Concentration of Loperamide in Plasma   ng/mL (Eq. 1)

DV H = Concentration of Loperamide in VH  ng/mL
Concentration of Loperamide in Plasma   ng/mL (Eq. 2)

Where, DAH and DVH represents the distribution ratios delineating the penetration of 

loperamide from plasma into AH and VH, respectively.

The percentage contribution of P-gp in restricting the permeation of loperamide from blood 

into the ocular tissues was determined with the following equation (Eq. 3) (12).

%   P − gp = DAH or V H   KO − DAH or V HW T
DAH or V HW T   × 100 (Eq. 3)

Wherein, the percentage contribution of P-gp is represented as % P-gp.

Electroretinography

The evaluation of drug incompatibility with the retinal tissues was investigated by 

employing electroretinography (ERG) recordings. The analysis was performed on 3 WT and 

KO SD rats from the same cohort. The ERG recording was collected before the 

administration of 0.5 mg/kg loperamide as well as at the end of 2 h, 1 day and 3 days, post-

drug administration. Briefly, dark-adapted rats (overnight prior to commencement) were 

anesthetized with an I.P. injection of ketamine and xylazine combination. Gold ring 

electrodes of 2–3 mm diameter (Roland Consult, Stasche & Finger GmbH), were positioned 

on both corneas after anesthetizing them with topical 0.5% proparacaine hydrochloride 

followed by topical application of 1% tropicamide for pupil dilation. The stainless steel 

surgical needles were inserted subcutaneously into the forehead and back leg to serve as 

reference and ground electrodes respectively. The dark-adapted ERG responses were 

recorded from both the eyes simultaneously, exposing them to flashes of various intensities 

(from −4.0 Log units to 2.88 Log units) delivered by a Ganzfeld light source. The 

amplitudes of a- wave (relevant to photoreceptor functioning by light accommodation) and 

b-wave (relevant to bipolar and/or Müller cell functioning) of WT and KO rats obtained 

before dosing were considered as baseline to compare and find the differences in the 

amplitudes of a- and b- waves recorded by the end of 2 h, 1 day and 3 days after dosing. The 

deviations in the intensities of the amplitudes were reported as percentage changes of 

amplitude.
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Morphological and Ultrastructural analyses

Morphological and ultrastructural analyses of the retina was performed, using standard 

protocols (26,27) in WT and KO SD rats, post drug administration, to assess the toxic effects 

of the drug on the structure of the retina. Briefly, after enucleation at the 120 min time-point, 

post-dosing, both eyes were fixed with a mixture of 2% paraformaldehyde and 2% 

glutaraldehyde in 0.1 M phosphate buffer for about 24h followed by embedding in Araldite/

Embed812 (Electron Microscopy Sciences). One-micron sections were cut through the 

posterior pole of each eye, after aligning the anterior-posterior axis of the eye parallel to the 

cutting surface of the block. All tissue sections were stained with Toluidine Blue O and 

viewed on a Nikon Eclipse 800 microscope for the gross morphological changes in the 

retina, retinal epithelium (RPE) or choroid including changes in thickness of cell layers, 

chromatin condensation, etc., to select the areas of the RPE and/or around retinal blood 

vessels for ultrastructural analyses. The ultrathin sections of selected areas were examined 

for any structural changes in basolateral infoldings of the RPE or the lumen of retinal 

vasculature under JEOL JEM1200EX II electron microscope at high magnification.

Statistical analysis

The data obtained from ocular distribution and ERG studies were subjected to one-way 

analysis of variance (ANOVA) and Tukey’s post hoc HSD (GraphPad Software, San Diego 

California, USA), to estimate the statistical significance (p < 0.05) of the difference in the 

data between WT and KO rats.

Results

The drug solution (pH 7.0 ± 0.1), prepared in equal volumes of saline and propylene glycol, 

was clear, without any precipitation on standing, and showed 99.7% assay (drug content) 

due to the superior cosolvent properties of propylene glycol (28). The proportion of 

propylene glycol incorporated in the drug solution was within the limits mentioned in the 

inactive ingredients (IIG) database provided by US Food and Drug Administration (US-

FDA), indicating the safety and biocompatibility of the formulation (29). A < 0.1% loss of 

drug was noted while passing the formulation through 0.22 μm nylon filter demonstrating 

the suitability of sterile filtration technique for the product. Moreover, precipitation was not 

observed upon addition of the drug solution to phosphate buffer saline (pH 7.4), ruling out 

the possibility of drug precipitation at the site of injection. The drug solution was observed 

to be stable, with ≤ 1% change in the assay, over a period of 60 days, at room temperature.

The bioanalytical method established for the quantification of loperamide was precise, 

accurate, sensitive enough with a limit of detection (LOD) of 0.1 ng/mL, and a limit of 

quantitation (LOQ) of 0.5 ng/mL in all the ocular tissues and showed good linearity, for the 

range of concentrations tested, with r2 values of 0.9942, 0.9903 and 0.9935 in plasma, AH 

and VH, respectively. Loperamide was extracted from all tissues using the protein 

precipitation technique, as reported earlier (30). Briefly, two parts of ice-cold acetonitrile 

was added to one part of plasma, AH or VH to precipitate the proteins efficiently, allowing 

good recovery (≥98%) from the tissue matrix. No interfering peaks were observed, 

demonstrating the specificity of the bioanalytical method. Significant variation in 
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loperamide content was not seen in the samples stored at 4°C (98.4% recovery) versus 

freshly obtained samples (99.6% recovery), suggesting no drug loss on storage of samples 

under the refrigerated conditions.

Ocular distribution

Freshly prepared drug solution was utilized for the ocular distribution studies. The 

loperamide concentration determined in the plasma, AH and VH is represented in figures 1, 

2 and 3, respectively. A dose related increase in the plasma drug levels was observed in both 

WT and KO rats. As the dose of loperamide was increased from 0.5 mg/kg to 1 mg/kg, 1.5 – 

2.0-fold increase in the plasma drug concentrations was observed in both WT and KO rats, 

at the end of both 60 and 120 min (Fig. 1). The plasma drug concentrations were 

significantly different within the WT (only at 60 min) or KO (at 60 min or 120 min) models, 

administered with different doses of loperamide (p<0.05) (Fig. 1). Between the two models, 

although the plasma loperamide concentration in the KO rats was slightly higher compared 

to the WT rats, at the same dose and time-point, the difference was not statistically 

significant (Fig. 1) (p=0.067).

At the lower dose (0.5 mg/kg), loperamide concentrations were below LOD in the AH of the 

WT rats at both time-points (Fig. 2). On the other hand, at the same dose, significant 

loperamide levels were obtained in the AH of KO rats, at the end of 60 and 120 min 

(p<0.05) (Fig. 2). The penetration of loperamide from blood into AH was determined as the 

AH to plasma drug concentration ratio (Table I). The distribution ratio of drug in aqueous 

humor (DAH) of WT rats treated with the low dose was zero for both the time-points since 

no drug levels were detected in the AH (Table I). The DAH of KO rats injected with low dose 

(0.5 mg/kg), was 0.012 ± 0.003 and 0.118 ± 0.008 at 60 and 120 min, respectively, which 

were significantly better compared to that of the WT rats (at low dose and at both time-

points) (p<0.05) (Table I). At the higher dose, loperamide was detected in the AH of both 

WT and KO rats at the 60 and 120 min time-points (Fig. 2). The average concentrations in 

the AH obtained in the KO rats with the higher dose, at both time-points, were greater than 

that of the WT rats; however, the difference was not statistically significant (p=0.06). The 

DAH of WT rats at 60 min and 120 min time-points were almost similar (0.022 ± 0.002 and 

0.020 ± 0.003) (Table I). Similarly, the DAH of KO rats at 60 and 120 min was also not 

different (0.023 ± 0.002 and 0.025 ± 0.007) (Table I). Moreover, the DAH of WT rats and 

DAH of KO rats were also not statistically significantly different from each other (Table I) at 

the higher dose (p=0.925).

In the VH of WT rats, at the lower dose, loperamide concentrations were below LOD at both 

time-points whereas, in the VH of KO rats, the loperamide levels (0.26 ± 0.08 ng/mL) were 

below the LOQ at the 60 min time-point, but significant levels were observed at the 120 min 

time-point (Fig 3). Hence, the plasma to VH loperamide distribution ratio (DVH) in KO rats 

receiving the lower dose, at 120 min, was significantly higher compared to that of the WT 

rats (p<0.05) (Table I). With the higher dose in the WT rats, loperamide was quantifiable in 

the VH at the end of 120 min, but were below the LOQ at the 60 min point (0.39 ± 0.10 ng/

mL). The VH concentrations in the WT and KO rats, however, were not statistically different 

from each other at the higher dose (p=0.176). Thus, the DVH of drug in WT and KO rats did 
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not exhibit any significant difference at both time intervals post higher dose treatment (Table 

I). Interestingly, at lower dose, the drug levels in the VH and DVH of drug in KO rats at 120 

min point was significantly higher compared to those observed in KO rats at 60 min post low 

dose treatment, in KO rats administered with higher dose (at both time-points) and in WT 

rats at both the doses (at two time-points) (Table I and Fig. 3). The relevant DVH values are 

presented in Table I.

Electroretinography (ERG) and Morphology and Ultrastructure analysis

Electroretinography (ERG) was employed to detect loperamide-induced alterations, if any, 

in the functioning of photoreceptors cells and inner retinal cells. The a-wave of the ERG 

measures the function of photoreceptor cells after a stimulus of light. Changes in the 

functioning of photoreceptors cells, light or chemical induced, in the outer segment of the 

retina can be identified by the change in the a-wave recording (27). The b-wave represents 

the functioning of bipolar and Müller cells. Therefore, altered b-wave recordings suggest 

damage to the inner retina (26,27). Hence, the percentage changes in a- and b-wave 

amplitudes were investigated to identify drug induced functional alterations in the retina of 

WT and KO rats, if any.

The percentage changes of a- and b- wave amplitudes obtained from the ERG studies in WT 

and KO rats, pre- and post-dosing, is presented in figure 4. The a-wave amplitude in KO 

rats, 2h post treatment with 0.5 mg/kg of loperamide, changed significantly with respect to 

baseline (p<0.05) (Fig. 4). However, no change was observed in the b-wave amplitude 

confirming the lack of changes in the functioning of the bipolar cells. Furthermore, a 

significant change from baseline in the a- and b-wave amplitudes was not seen in both WT 

and KO rats at days 1 and 3 post-dosing (Fig. 4). The histology of retinal sections in WT and 

KO rats showed intact layers of choriocapillaris (Ch), retinal pigmented epithelium (RPE) 

nucleus, outer segment (OS), inner segment (IS), outer nuclear layer (ONL) and inner 

nuclear layer (INL) without any separation or detachment between different layers (Fig. 5A 

& Fig 5B). Further, the TEM images of the RPE ultrastructure in WT and KO rats did not 

exhibit any morphological alterations in the choriocapillaris (Ch), Bruch’s membrane (BM), 

basolateral infoldings of the retinal pigment epithelium (RPE) or the pigmented granules 

(Fig. 5C & Fig. 5D).

Due to the predominant central opiate effects of loperamide at the higher dose in the KO rats 

(1 mg/kg), the ERG, histology and ultrastructural analyses of retina in WT and KO rats 

could not be undertaken at this exposure level since the P-gp KO rats were not able to 

survive the second dose of anesthesia, as per the ERG study protocol, at the end of 2h post 

higher dose administration.

Discussion

Previously, the Mdr1a gene KO rat and mice models have been successfully used in 

delineating the role of P-gp in the penetration of lipophilic compounds from the blood into 

the vital organs like liver, kidney, lungs and brain (31–33). The current investigations with 

the Mdr1a KO rats were undertaken to delineate the magnitude of the impact of P-gp on the 
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penetration of substrates across the BOBs. Loperamide was used as the model P-gp substrate 

in this study.

The two doses of drug tested in this investigation were selected from literature reports which 

studied the impact of P-gp in the BBB of WT and P-gp KO rats/mice administered with 0.5 

mg/kg and/or 1 mg/kg dose of loperamide (8,21,22,31). Characteristic central opiate effects 

of loperamide, like restricted movements, erected tail, respiratory depression, eye protrusion, 

pupil constriction and lacrimation was seen in the Mdr1a KO rats during the study, 

consistent with the increased CNS partitioning of loperamide (34,35). These effects were 

prominent at the higher dose throughout the study period, but decreased significantly within 

2h in the lower dose study group. The central opiate effects were not seen in the WT rats at 

the doses used, confirming the efflux of loperamide by the Mdr1a protein in the WT rats.

Consistent with previous reports, the mean plasma loperamide concentration in the KO rats 

was slightly higher (not statistically significant (p=0.06)) compared to the WT rats, at both 

doses and time-points (Fig. 1) confirming the absence of P-gp which plays a fundamental 

role in renal clearance of substrate molecules like loperamide (21).

With the low dose treatment, at both time-points, the influence of P-gp on the transport of 

loperamide across the BAB was evident in the WT rats with no drug levels being detected in 

the AH. This was in sharp contrast to the P-gp KO rats which showed significant drug levels 

in the AH (p<0.05) (Fig. 2). Furthermore, the DAH of the KO rats was significantly higher in 

comparison to the WT rats suggesting 100% contribution of P-gp in the active efflux of 

loperamide at the BAB, at this dose (p<0.05) (Table I). These findings agree with previous 

reports on the expression of P-gp at BAB (4,13).

Interestingly, the drug levels in the AH, as well as the DAH, of the KO rats at the 60 min 

time point was significantly lower compared to that observed at the 120 min post dosing 

(p<0.05) (Table I & Fig. 2), which could be due to the strong opioid agonist behavior of 

loperamide. Literature suggests that the μ-opioid agonists modulate the iris-ciliary function 

by increasing AH outflow (36). Dortch-Carnes and Russell, (2006) demontsrated that 

morphine, a μ-opioid agonist, binds to the μ-opioid receptors present in the iris and ciliary 

bodies and reduces intraocular pressure by increasing AH outflow through the dialated 

trabecular meshwork and Sclemm’s canal (37). Loperamide, also an opioid agonist, besides 

inducing central opioid mediated ocular effects, could also enhance AH outflow through 

local morphine-like action, resulting in rapid clearance of loperamide from the AH. The 

increase in outflow would overshadow the increased penetration of loperamide into the AH 

in the KO rats, resulting in lower AH concentrations and DAH at the 60 min time-point. 

Hence, at the 120 min time-point, the higher drug concentrations in the AH of KO rats, 

taken together with the observation that the central opioid effects wore-off by the 2h time-

point for the low dose, strongly supports improved penetration of loperamide across the 

BAB in the absence of P-gp (p<0.05) (Fig. 2). Furthermore, the DAH of the KO rats, at lower 

dose and at 120 min point, was significantly higher compared to that of WT rats suggesting 

100 % contribution of P-gp on the drug penetration across the BAB in WT rats (p<0.05) 

(Table I). However, further investigations, e.g. demonstrating reduction in intraocular 
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pressure (IOP), are needed to confirm the increased outflow of AH produced by the 

interaction of systemically administered loperamide with the μ-opioid pathway.

Loperamide concentrations in the VH of KO rats, low dose study, were significantly higher 

compared to that of the WT rats (no drug levels noticed, at both the time-points), particularly 

at the 120 min time-point, demonstrating the role of P-gp in the active efflux of loperamide 

at the BRB (p<0.05) (Fig. 3). Moreover, the significantly higher DVH of KO rats at 120 min, 

compared to that of the WT rats, demonstrates the superior penetration of loperamide from 

blood to VH through the BRB of subjects lacking P-gp. The data also suggests 100 % 

influence of P-gp, at the lower dose, at the blood-VH interface of WT rats on the penetration 

of loperamide across the BRB (Table I). These results are in agreement with the previous 

literature reports on the barrier properties of P-gp in the BRB (5,12).

At the higher dose (at both the time points), the contribution of P-gp in the blood-ocular 

penetration of loperamide was not as marked as at the lower dose. Although the mean drug 

concentrations in the AH and the VH of KO rats, at 60 and 120 min, were slightly higher 

than that of the WT rats, the difference was not statistically significant (Fig. 3) (p>0.05). 

Moreover, at any given time point, the DAH in the WT rats and the KO rats were almost the 

same (Table I). Furthermore, the DAH in WT rats at the 60 and 120 min time points were 

similar (Table I). These results could be attributed to either elimination of drug from the AH 

of KO rats through increased AH outflow due to the μ-opioid agonistic activity of 

loperamide (36) or a predominant passive diffusion of loperamide into the AH of WT rats 

maybe due to the saturation of P-gp mediated efflux in the BAB. Similarly, at the 120 min 

point, DVH in WT rats and the KO rats was not significantly different which could be either 

due to the rapid clearance of the drug from VH of KO rats as a result of increased retinal 

blood flow due to the μ-opioid receptor induced dilation of retinal vasculature by μ-opioid 

agonists (loperamide) (40) or the passive diffusion of drug into VH of WT rats due to the 

saturation of P-gp activity in BRB at the higher loperamide (P-gp substrate) concentrations 

(Table I) (24,25). Other literature reports also suggest diffusion as the predominant 

mechanism of influx of molecules into the organs from the systemic circulation, due to the 

saturation of P-gp expression at the blood-organ interface, at higher substrate doses 

(24,25,38,39).

Interestingly, the lower loperamide dose produced higher VH concentration and DVH in KO 

rats at the 120 min time-point compared to that in KO rats treated with higher dose at both 

time points (Table I & Fig. 3). This could be due to the μ-opioid receptor induced dilation of 

retinal blood vessels through the neuronal nitric oxide synthase pathway, at higher dose/

plasma concentrations (40), which would lead to increased blood flow to the retina and rapid 

clearence of drug from the VH.

The retinal histology of the KO rats, at 2h, did not demonstrate any significant alteration 

from that of the WT rats (Fig. 5) confirming the absence of loperamide triggered damage to 

the retinal structure (Fig. 5A & Fig. 5B) (26,27). Compromise in retinal structural integrity 

would have been evident through observations of reduced thickness of Bruch’s membrane, 

low or no basal membrane of RPE, and the disappearance of pigmented granules 

accompanied by numerous vacuole formation in the RPE (41), however, none of these 
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aberrant phenotypes were present. Ultrastructural TEM images of the RPE in KO rat 

illustrated the pigmented granules, basal of the RPE and a thick Bruch’s membrane 

separating choroid plexus from the RPE in KO rats (also in WT rats), establishing the safety 

of loperamide with respect to the retinal morphology at the doses tested (Fig. 5C & Fig. 5D). 

The ERG wave forms (a-wave and b-wave) in the KO and the WT rats also did not show any 

significant difference, with respect to % change from baseline readings, except for the a-

wave in KO rats at the 2h time point. The change in the a-wave amplitude is possibly due to 

the fluctuations in the photoreceptor function due to the opioid agonist behavior of 

loperamide (p<0.05) (Fig. 4) (36,37). The electroretinography, histology and ultrastructural 

analyses of retina thus confirm that the differences observed in VH penetration of 

loperamide in the WT ad KO rats were not due to any damage to the retinal ultra-structure.

Conclusion

The ocular distribution studies in WT and Mdr1a KO rats delineated the importance of P-gp 

efflux transporter on the ocular penetration of loperamide from the systemic circulation. A 

dose related effect of loperamide was noticed on the expression of P-gp in the BOBs. The 

impact of Mdr1a efflux transporter on the blood-ocular penetration of loperamide was more 

evident in the low dose. The improved distribution of loperamide into the AH and VH from 

the systemic circulation in the P-gp KO rats, illustrated the existence and magnitude of P-

gp’s barrier characteristics at the BAB and the BRB. Further studies investigating the μ-

opioid agonist activity loperamide on the AH dynamics are warranted.
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Non-Standard Abbreviations:

ABC ATP binding cassette

AH Aqueous humor

BAB Blood aqueous barrier

BM Bruch’s membrane

BOB Blood ocular barrier

BQ Below quantification

BRB Blood retinal barrier

Ch Choriocapillaris

DAH Distribution ratio of loperamide from plasma to aqueous humor

DVH Distribution ratio of loperamide from plasma to vitreous humor
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EE Extraction efficiency

ERG Electroretinography

I.P. Intraperitoneal

IIG Inactive ingredients

INL Inner nuclear layer

IS Inner segment

IV intravenous

KO Knock-out

LOD Limit of detection

LOQ Limit of quantification

Mdr1a Multidrug resistance 1a gene

ONL Outer nuclear layer

OS Outer segment

P-gp P-glycoprotein

PG pigmented granules

Q-TOF Quadrupole time of flight

RPE Retinal pigmented epithelium

SD Sprague Dawley

UHPLC Ultra high performance liquid chromatography

VH Vitreous humor

WT Wild-type
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Fig. 1. 
Plasma concentration of loperamide in WT and P-gp KO rats, (mean ± SEM; n=6 rats). *-

indicates a significant difference (p<0.05) in plasma concentrations between WT 0.5 mg/kg 

and WT 1 mg/kg, or between KO 0.5 mg/kg and KO 1 mg/kg, at the same time point.
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Fig. 2. 
Aqueous humor (AH) concentration of loperamide in WT and P-gp KO rats, (mean ± SEM; 
n=6 rats). N.D.- not detected; *- indicates a significant difference (p<0.05) in AH 

concentrations between WT 0.5 mg/kg and KO 0.5 mg/kg, at the 120 min point; ǂ - indicates 

a significant difference (p<0.05) in AH concentrations between KO 0.5 mg/kg at 120 min 

and KO 0.5 mg/kg, at 60 min point or between KO 0.5 mg/kg at 120 min and KO 1 mg/kg, 

at 60 or 120 min.
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Figure 3. 
Vitreous humor (VH) concentration of loperamide in WT and P-gp KO rats, (mean ± SEM; 
n=6 rats). N.D.-not detected; < LOQ – below the LOQ; *- indicates a significant difference 

(p<0.05) between the KO 0.5 mg/kg vs WT 0.5 mg/kg, at 120 min time point. ǂ - indicates a 

significant difference (p<0.05) between the KO 0.5 mg/kg (120 min) vs KO 0.5 mg/kg (60 

min), or between the KO 0.5 mg/kg (120 min) vs KO 1 mg/kg (60 min or 120 min).
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Figure 4. 
Electroretinography (ERG) data showing percentage changes of a- and b-wave amplitudes, 

from baseline, in WT and P-gp KO rats at A) 2h, B) 1day and C) 3days after intravenous 

administration of loperamide (low dose), (mean ± SEM; n=3). * - indicates significantly 

different from baseline (p<0.05).
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Figure 5. 
Retinal morphology of WT and P-gp KO rats 2h post intravenous administration of 0.5 

mg/kg loperamide. A) and B) are the histology images illustrating a transverse section of 

retina from WT and KO rats, respectively. C) and D) are the TEM images of the RPE in WT 

and KO rats, respectively. Ch-choriocapillaris; RPE-retinal pigmented epithelium; OS-outer 

segment; IS-inner segment; ONL-outer nuclear layer; INL-inner nuclear layer; BM-Bruch’s 

membrane; PG-pigmented granules.
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Table I.

The plasma to aqueous humor (DAH) and plasma to vitreous humor (DVH) distribution ratio of loperamide in 

wild type (WT) and P-gp knock-out rats (KO), (mean ± SEM; n=6).

Rat type Dose (mg/kg) Time (min) DAH DVH

Contribution of P-gp (%)

AH VH

Wild type

0.5
60 0 0 100 N.C.

120 0 0 100 100

1
60 0.022 ± 0.002 N.C. 4.5 N.C.

120 0.020 ± 0.003 0.017 ± 0.004 25 44.2

P-gp knock-out

0.5
60 0.012 ± 0.003* N.C. N.A. N.A.

120 0.118 ± 0.008* 0.066 ± 0.011*, # N.A. N.A.

1
60 0.023 ± 0.002 0.006 ± 0.001 N.A. N.A.

120 0.025 ± 0.007 0.017 ± 0.003 N.A. N.A.

P-gp = P-glycoprotein; N.C. = not calculated as the drug levels were below the quantification limit; N.A. – not applicable.

*
indicates significant difference at p<0.05, between the KO 0.5 mg/kg vs WT 0.5 mg/kg, at same time point.

#
indicates significant difference at p<0.05, between the KO 0.5 mg/kg (120 min) vs KO 0.5 mg/kg (60 min).
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