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Abstract

Human immunodeficiency virus (HIV)-infected individuals display an enhanced production of 

reactive oxygen species (ROS). This reduction of antioxidant capacity in host tissues has been 

related to the decrease in total levels of ROS scavengers such as glutathione (GSH). Prevention 

of opportunistic infections due to a weakened immune system is becoming a key strategy along 

with HIV elimination. Research in these directions is clearly warranted, especially a combination 

of antiretrovirals and antioxidants to ameliorate oxidative stress, improve intracellular uptake and 

target viral reservoirs. Hence, we aimed to formulate liposomes loaded with the antiretroviral 

drug efavirenz (EFA) in the presence of glutathione, as these carriers can be engineered to 

enhance the ability to reach the target reservoirs. The goal of the present work was to investigate 

the intracellular uptake of EFA-loaded liposome (with and without GSH) by human monocytic 

leukemia cells (THP-1 cells) and examine cell viability and ROS scavenging activity. Results 

obtained provided significant data as follows: (i) treatment with EFA and GSH combination could 

enhance the uptake and reduce cytotoxicity; (ii) encapsulation of EFA into liposomes increased 

its levels in the macrophages, which was further enhanced in the presence of GSH; (iii) delivery 

of EFA in the presence of GSH quenched the intracellular ROS, which was significantly higher 

when delivered via liposomes. Data revealed that a combination of EFA and GSH encompasses 

advantages; hence, GSH supplementation could be a safe and cost-effective treatment to slow the 

development of HIV infection and produce an immune-enhancing effect.
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1. Introduction

According to the World Health Organization, at the end of 2020, about 37.7 million 

(30.2–45.1 million) people were infected with the human immunodeficiency virus (HIV); 

680,000 [480,000–1.0 million] people died from HIV-related causes and 1.5 million 

[1.0–2.0 million] people have acquired HIV [1]. HIV mainly targets immune cell types 

such as CD4+ T cells, monocytes, macrophages, and natural killer (NK) cells [2,3]. 

Innumerable opportunistic infections associated with HIV infections include Kaposi 

sarcoma, Pneumocystic pneumonia, Herpes virus and Mycobacterium tuberculosis (M. tb), 

all of which could result in poor patient survival [3]. These infections flourish due to a 

compromised immune system, which follows the depletion of CD4+ T cells.

In recent years, mycobacterial infections have increased due to growing numbers of highly 

susceptible immunocompromised individuals arising from the AIDS epidemic. Oxidative 

stress and immunological dysfunction are believed to adversely impact mycobacterial 

outcomes, resulting in higher risks of disease relapse and mortality and a greater propensity 

for developing drug-resistant infections [4–7]. Mycobacterial co-infection is a leading cause 

of mortality in HIV patients and a major contributor to antimicrobial resistance. Efavirenz 

(EFA) is a drug of choice to treat HIV patients with mycobacterial infections [8]. EFA is 

an antiretroviral, non-nucleoside reverse transcriptase inhibitor (NNRTI) used specifically 

in the treatment of HIV-1 infection in combination with other antiretrovirals (ARVs). 

These non-nucleoside reverse transcriptase inhibitors (NNRTIs) are essential components 

of highly active antiretroviral therapy (HAART) against HIV-1 infections. NNRTIs bind 

to an allosteric site of reverse transcriptase, resulting in inhibition of the enzyme activity. 

Implications of oxidative stress during long-term antiretroviral therapy with NNRTIs are 

also reported, thus complicating the existing scenario further [9].

Mechanisms of viral pathology reveal that a redox imbalance in the cells, as a result of 

oxidative stress, causes dysregulation in the levels of glutathione (GSH) [2,5–7]. GSH in the 

reduced form is the major intracellular redox buffer, exerting its effect directly or indirectly 

regulating antimicrobial activity in immune cells [6].

GSH-enhancing agents elevate the cellular immune response while antagonizing the 

humoral response. This is accomplished mainly by favoring cytokine expression profiles 

of TH-1 CD4+ cells and promoting the functions of NK cells. Another explanation 

for the rising incidence of M. tb among individuals with an HIV infection is due to 

decreased levels of GSH, which impairs immune cell function [10]. Our lab has previously 

demonstrated that rGSH directly controls M. tb infection through natural killer cells and 

T cells [2,11]. A therapeutic limitation to GSH is that a high dose is necessary to achieve 

the desired effect. GSH is known to have a short plasma half-life along with its inability 

to cross the cell membrane. Instead, GSH needs to be broken down into amino acids and 

resynthesized to GSH intracellularly—a process often impaired during viral infections [12]. 

Earlier clinical findings report that supplementation with liposomal glutathione (L-GSH) 

restored redox homeostasis, induced a cytokine balance, and improved immune responses 

against M. tuberculosis infection [13,14]. To overcome its biochemical and pharmacokinetic 
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limitations, pro-GSH molecules have been proposed to restore or increase GSH levels for 

easier membrane transportation or constitute a source of thiols for GSH synthesis [15–17].

On the other hand, antiretroviral therapy (ARV) has reduced AIDS-related morbidity 

and mortality. However, several drawbacks in the current therapy still exist. Failure 

to target macrophages and dendritic cells that are involved in the transmission of the 

virus to CD4+ TH cells (helper T lymphocytes) increases the risk of relapse [18]. 

Among the various approaches to treat HIV infection, strategies targeting viral reservoirs 

are highly attractive. In this context, the development of delivery systems that can 

target monocytes/macrophages intracellularly is crucial. Liposomes are the most widely 

investigated delivery system for phagocyte-targeted therapies, providing advantages such as 

low immunogenicity, biocompatibility, cell specificity, and drug protection [19]. Lipid-based 

nanocarriers are reported to hold great promise, with 15 commercial nano lipid medicines as 

liposomes or lipid nanoparticles, which includes AmBisome®, DaunoXome®, Amphotec®, 

Fungizone®, Diprivan®, Estrasorb® Mepact®, Myocet®, Visudyne®, DepoCyt®, DepoDur®, 

Doxil®,Inflexal® V, Marqibo®, Abelcet® [20–22]. A recent inclusion is the Pfizer/BioNTech 

Moderna COVID-19 vaccines used for prophylaxis of severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) infection. One of the main reasons for their well-acceptance is 

because of their structural units, which are generally recognized as safe (GRAS) [23].

The combinational administration of GSH and ARV agents, such as efavirenz, during 

HIV infection treatment is among one of the most underexplored areas to the best of our 

knowledge. GSH supplements have been considered useful because they allow patients to 

alleviate toxic side effects, decrease multidrug resistance (MDR), and provide protection 

against opportunistic mycobacterial infection.

After administration, liposomes are avidly removed from the circulation by the macrophages 

of the reticuloendothelial system (RES) or mononuclear phagocyte system (MPS) [24]. 

Apparently, this propensity to be taken up by the macrophages is advantageous in the 

treatment of diseases such as AIDS, where macrophages harbor infectious HIV [24,25]. 

This can be achieved by varying lipid composition to control physicochemical properties 

such as size and charge [19]. The size of liposomes ranging from 50 to 800 nm in 

diameter and composed of different types of lipids with neutral, positive, or negative charges 

have been shown to influence the drug uptake by macrophages [19,26]. Various examples 

of therapeutic applications using monocyte/macrophage-targeted liposomes are reported 

elsewhere. Among them is dideoxycytidine-5-triphosphate for HIV [19]. With efavirenz 

being a lipophilic molecule and glutathione a hydrophilic molecule, delivery of EFA + GSH 

can be achieved via liposomes. Liposomes are versatile carriers to encapsulate either/and 

a hydrophilic or lipophilic molecule, therefore suitable for co-delivery of one or two 

molecules. Evidence obtained by in vitro studies indicates that short-term treatments with 

clinically relevant concentrations of EFA reduce cellular proliferation and/or compromise 

cell viability [9].

Since prevention is becoming a key strategy to eliminate HIV, research in these directions 

clearly warrants dual drug delivery of antiretrovirals and antioxidants.
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We hypothesize that delivery of EFA and GSH formulated as liposomal carriers could 

promote site-specific drug delivery, eliminate viral accumulation, and provide cytoprotective 

effects in non-infected macrophages (THP-1 cells). Hence, the goal of the present work 

is to investigate the intracellular uptake of EFA-loaded liposome (with and without GSH) 

by human monocytic leukemia cells (THP-1 cells) and examine cell viability and ROS 

scavenging activity.

2. Materials and Methods

2.1. Materials

Efavirenz was obtained from VWR, USA. Dimyristoylphosphatidylcholine (DMPC) and 

distearoyl-phosphatidylcholine (DSPC) were purchased from Avanti Polar Lipids (Alabaster, 

AL, USA). Phospholipon 90H (PL-90H) was obtained from Lipoid LLC (Newark, NJ, 

USA). Cholesterol, n-dodecane, Roswell Park Memorial Institute media (RPMI), AB serum, 

Phorbol 12- myristate 13-acetate (PMA), poly-lysine and 10% fetal bovine serum (FBS) 

were purchased from Sigma Aldrich (St. Louis, MO, USA). Inertsil, ODS-3 was purchased 

from GL sciences, Torrance, CA, USA. Paraformaldehyde (PFA) was purchased from 

EMD Chemicals, MA, USA. DAPI fluoromount was obtained from Southern Biotech, AL, 

USA. Rhodamine 123 was purchased from Marker Gene Technologies, Oregon, USA. All 

the organic solvents were HPLC grade and obtained from Fisher Scientific (Pittsburgh, 

PA, USA). CellTiter 96® Aqueous One Solution Reagent was purchased from Promega, 

Madison, WI, USA. CellROX® Deep Red Reagent was obtained from (CAT 10422) 

Molecular Probes, Eugene, OR, USA.

2.2. Methodology

2.2.1. Formulation of Liposomes—Efavirenz liposomes: Liposomes loaded with 

efavirenz were prepared as per the composition shown in Table 1 using thin-film hydration 

method. Initial formulations were prepared using different lipids with and without tween-80. 

Briefly, lipid phase composed of lipids and cholesterol was prepared using chloroform or 

CHCl3: MeOH (2:1 v/v) in a dry round bottom flask. Organic solvent was removed by 

a vacuum evaporator (Rotavapor-R, W.Büchi, Flawil Schweiz) above the respective lipid 

transition temperature (DMPC 23 °C; DSPC 55 °C; SPC 51 °C and DMPC/DMPG 23 

°C). The deposited lipid film was further stored overnight in the desiccator under vacuum 

for the complete removal of organic solvent. The film was hydrated with an appropriate 

volume of phosphate buffer pH 6.8 by rotation for 1–2 h at a temperature above 23 °C. 

Small unilamellar (SUV) liposomes were obtained by subjecting the dispersions to probe 

sonication for 2 min using cooling pads. Control liposomes were prepared similarly without 

efavirenz. Finally, the liposomal dispersions prepared were stored at room temperature for 

2 h to anneal any structural defects. To separate the non-encapsulated drug from liposomal 

suspension, Sephadex® G-50 fine (1 cm × 20 cm) column equilibrated with 150 mM NaCl 

solution was used. Opalescent liposome fractions collected were used to determine the drug 

concentration.

Efavirenz, being a lipophilic molecule, was included in the lipid phase; GSH was added 

in the aqueous phase during the lipid film hydration to prepare glutathione liposomes; 
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liposomal formulation of EFA + GSH combination consisted of EFA and GSH in respective 

phases in the formulation.

2.2.2. Characterization of Liposomes—Particle size and zeta potential: Liposomal 

dispersion of EFA liposomes was used to determine the particle size (Z-average mean size 

and polydispersity index) and ζ—potential using Nano ZS90, Malvern, Malvern Instruments 

Ltd., Worcestershire, UK) using dynamic light scattering (DLS) after appropriate dilution 

(1:10 with water). An aliquot of EFA liposomal formulation was further diluted (1:100) 

and filled into electrophoretic cell. Zeta potential was determined from the electrophoretic 

mobility of the sample.

Encapsulation efficiency (EE): To measure the amount of efavirenz encapsulated, liposomal 

suspension of EFA and EFA + GSH was used. Centrifugal ultrafiltration was performed 

using Nanosep 300 K (MWCO 300 kDa) and 100 K (MWCO 100 kDa). A 0.5-mL 

aliquot of liposomes was loaded and centrifuged at 5 °C for 5 min at 14,000 rpm. The 

filtrate was collected, and the content of EFA and GSH was analyzed using HPLC [27,28]. 

Encapsulation efficiency (%) was calculated using the following Equation (1).

Encapsulation Efficiency (EE):

EE% = Total amount of drug − amount of drug unentrapped
Total amount of drug × 100 (1)

2.3. HPLC Analysis

Liquid chromatography was carried out by Agilent 1260 Infinity LC system consisting 

of a thermostated autosampler, a binary pump, a degasser, and a thermostated column 

compartment. Analytes were monitored using a poly diode array detector (PDA). Open lab 

was the software package used for system control and data acquisition.

2.3.1. Chromatographic System for Efavirenz Analysis—Separation was 

performed using Inertsil, ODS-3 (5 micron, 250 × 4.6 mm) analytical column. A reversed-

phase isocratic elution was achieved using a mobile phase consisting of 75% solvent A 

(acetonitrile) and 25% solvent B (Milli-Q water; pH adjusted to ±3.2 using 1% formic acid). 

All solvents were degassed prior to use. EFA was detected at 247 nm at a flow rate of 1 

mL/min at ambient temperature, the run time was 10 min, and the injection volume was 10 

μL. Stock solutions of EFA were prepared using the mobile phase composition to achieve 

a final concentration of 0.01 mg/mL. Method was validated for linearity (r2 = 0.9997; y = 

16.519x − 1.989).

2.3.2. Chromatographic System for Glutathione Analysis—Separation was 

performed using XBridge C-18 Waters column (5 μm× 4.6 mm× 150 mm). Isocratic elution 

was achieved using a mobile phase consisting of 10% solvent A (methanol) and 90% solvent 

B (Milli-Q water; pH adjusted to ±2 using 0.1% TFA). All solvents were degassed prior 

to use GSH was detected at 210 nm at a flow rate of 1 mL/min at ambient temperature, 

run time was 10 min, and the injection volume was 20 μL. Stock solutions of GSH were 
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prepared using the mobile phase composition to achieve a final concentration of 0.01 

mg/mL. Method was validated for linearity (r2 = 0.9883; y = 10.341x – 91.461).

2.4. Intracellular Uptake of EFA Liposomes in Mo/Mac Cells (THP-1 Cells)

2.4.1. THP-1 Cell Culture—Human monocytic leukemia cells (THP-1 cell line) were 

cultured in RPMI medium with 10% fetal bovine serum at 37 °C and 5% CO2. After 

resuspension, THP-1 cells (2 × 105/well) were distributed in poly-lysine coated 24-well 

tissue culture plates. Differentiation of THP-1 cells to macrophages was achieved by adding 

PMA (Phorbol 12-myristate 13-acetate) at a concentration of 10 ng/mL and incubated for 24 

h.

2.4.2. Quantification of Efavirenz Intracellular Uptake—To assess the intracellular 

targeting capacity of lipid carriers, differentiated macrophages were incubated with EFA 

loaded liposomes and aqueous EFA dispersion (50 μM to 400 μM) for 24 h at 37 °C with 5% 

CO2. THP-1 cells were washed in sterile 1X PBS. To determine the concentration of EFA 

in the cell lysate, 100 μL of methanol was added to 100 μL of cell lysate sample, vortexed, 

centrifuged at 1500 rpm for 15 min, and the filtered supernatant was used to analyze the 

concentration of EFA using HPLC.

2.4.3. Rhodamine 123 (R123) Loaded EFA Liposomes and EFA Aqueous 
Dispersions—Liposomes loaded with Rhodamine 123, a fluorescent dye in the lipid phase 

(0.04% w/w of lipid) and aqueous dispersion of pure EFA prepared with R123 was used to 

compare the uptake using confocal microscopy.

2.4.4. Confocal Laser Scanning Microscopy (CLSM)—To perform imaging 

studies, sterilized cover glass (coated with 0.001% poly-lysine) was placed in the cell culture 

plates, and cells were cultured on the cover glass using RPMI fresh media supplemented 

with 10% FBS. When the cells were ready to be used, rhodamine123 loaded preparations 

were added and incubated for 24 h. Then the cells were washed with ice-cold PBS and 

fixed with PFA (3.8% paraformaldehyde) for 30 min at room temperature. Further, the cells 

were washed with PBS 3 times (5 min per time). Cover glass was inverted and mounted 

onto slides with mounting media containing DAPI stain to visualize cell nuclei, further 

sealed cover glass by clear nail polish stored in dark till imaging. Images were captured by 

the Leica TCS SPE-II system (Leica Microsystems Italia, Milan, Italy). Uptake studies of 

fluorescent liposomes by differentiated macrophages were carried out by CLSM. Selected 

wavelengths were 365–375 nm (DAPI, blue) and 450–490 nm (R123, green).

2.5. MTS Cytotoxicity Assay

Cell viability and in vitro cytotoxicity was performed using MTS assay, as it offers several 

advantages over other cytotoxicity tests such as MTT [29]. Intensity of the color varies 

based on the amount of formazan and is proportional to the number of viable cells; 

reduction of this intensity is indicative of cellular damage. To perform this assay, 20 μL of 

CellTiter 96® Aqueous One Solution Reagent, which is composed of the novel tetrazolium 

compound MTS and an electron coupling reagent phenazine methosulfate (PMS), was added 

to each well containing cells treated with EFA. After 3 h in culture, the cell viability was 
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determined by measuring the absorbance of a coloured, water-soluble formazan at 490 nm 

using a microplate reader. Results are expressed as a percentage of viability in control cells 

incubated in medium alone

2.6. Measurement of ROS-Induced Fluorescence by Flow Cytometry

The cell-permeant CellROX red reagent is non-fluorescent in a reduced state and produces 

bright near-infrared fluorescence upon oxidation. The resulting fluorescence was measured 

using flow cytometry with absorption/emission wavelength at ~644/665 nm. In addition to 

allowing ROS detection in live cells, the signal was retained after formaldehyde fixation. 

EFA preparations (pure EFA and liposomal EFA with and without GSH) were added and 

incubated for 24 h at 37 °C with 5% CO2. After 24 h, the cells were washed with ice cold 

PBS and fixed with PFA (3.8% paraformaldehyde) per well for 30 min at room temperature. 

Further, the cells were washed with PBS for 3 times (5 min per time). Thereafter, the cells 

were centrifuged at 1000 RPM; the pellet was re-suspended with PBS and stored on ice for 

immediate FACS analysis (BD Accuri™ C6 P flow cytometer, BD Biosciences, San Jose, 

CA, USA). Fluorescence intensity of cellROX was measured in FL-4 at a wavelength of 640 

nm. For each measurement, a total number of 50,000 events were recorded and analyzed 

using CFlow Plus® software.

2.7. Statistical Analysis

Data are presented as mean ± standard deviation. ‘n’ represents the number of independent 

experiments. Differences were tested for significance using two-way ANOVA, one way 

ANOVA and unpaired t-test. Tukey’s and Bonferroni’s multiple comparisons test were used 

as a post hoc test. p < 0.05 was considered to be significant.

3. Results

3.1. Formulation and Characterization of Liposomes

Liposomal formulations were prepared initially to encapsulate efavirenz alone (without 

GSH) using different lipids/ lipid mixtures along with cholesterol (Table 1) and water as 

hydration media. As depicted in Table 1, we observed that liposomal suspension prepared 

using a single lipid led to coagulation within 24 h of storage, whereas formulations prepared 

using lipid mixture of DMPC/DMPG-Na along with cholesterol, hydrated with phosphate 

buffer pH 6.8 were stable. Hence, this composition was selected to prepare EFA liposomes 

with and without GSH, which is illustrated in Table 2.

On the other hand, GSH, an endogenous tripeptide, is a water-soluble molecule with a 

molecular weight of 307.32 Da that was to be encapsulated within the aqueous phase. 

Liposomes are able to encapsulate: (a) hydrophobic molecules such as efavirenz in the 

bilayer membrane and (b) hydrophilic compounds such as glutathione in the aqueous 

internal cavity.

Hence in this present work, lipid mixtures (DMPC and DMPG) were used to encapsulate 

hydrophobic EFA, which led to % EE greater than 90% facilitating its inclusion into the 
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lipid bilayers and hydrophilic GSH (% EE of 43%) within the aqueous core during the 

formation of the liposomes.

Particle size reported as the Z-average diameter was about 120 nm to 205 nm without and 

with GSH, respectively, whereas polydispersity index value <0.3 indicated that liposomal 

vesicles were unimodal, revealing that sonication led to the formation of a homogeneous 

population.

Negative surface charge on the liposomes as indicated by the zeta potential values were 

greater than −50 mV leading to stable suspensions with reduced aggregation. The negative 

surface charge could be due to the polar head group of phospholipid and hydroxyl groups of 

cholesterol [30].

3.2. Intracellular Uptake by Macrophages

To evaluate the influence of glutathione on the EFA uptake, cells were treated with a pure 

form of efavirenz with and without GSH, (Figure 1). Later, a liposomal form of EFA and 

GSH were examined (Figure 2). It was observed that the addition of GSH along with EFA 

demonstrated an almost two-fold increase in the intracellular concentration of pure EFA in 

comparison to pure EFA alone Figure 1A. To further confirm the uptake, confocal images 

were captured, which revealed that the viability was improved, as evidenced by an increase 

in the number of cells (Figure 1B,C).

Further, the incorporation of EFA into liposomes was investigated and compared with pure 

EFA at various concentrations. As represented in Figure 2A, the initial dose-escalation study 

was carried out using 100 μM to 400 μM of EFA in the pure form and liposomal form. After 

24 h of incubation, intracellular lysate concentrations revealed a significantly higher amount 

of EFA taken up by the cells from EFA liposomes compared to pure EFA. A dose-dependent 

increase in the uptake of EFA was observed. Nevertheless, at all concentrations evaluated, 

we observed that encapsulation of EFA into the liposomes increased its uptake by the 

macrophages. The concentration of 400 μM resulted in the highest uptake when liposome 

loaded EFA was administered, which was selected for further evaluation.

Further, the influence of the immunomodulatory agent GSH on the uptake of EFA 

encapsulated into liposomes was examined. Formulation composed of EFA + GSH (F2) 

was incubated with the THP-1 cells. As depicted in Figure 2B, the inclusion of GSH into 

EFA liposomes led to a 1.2-fold increase in EFA uptake in comparison to EFA liposomes at 

the end of 24 h of cellular uptake study.

Thus loading EFA into liposomes influenced higher uptake, which was augmented in the 

presence of GSH (100 μM). Various other studies have reported that lipid composition and 

charge can affect the cellular uptake of drug encapsulated liposomes. Liposomes having long 

saturated fatty acyl phospholipid along with cholesterol (50% molar ratio) displayed the best 

stability in the intra-macrophagic compartment [31]. Monocyte/macrophage cellular uptake 

of tritium labelled stavudine (d4T) liposomes revealed that the presence of sphingomyelin 

decreased the uptake of d4T, and the presence of negative charge was more effective [24]. 
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In the present investigation, negatively charged EFA + GSH liposomes were found to have 

improved uptake.

To supplement the quantitative measurement of cell uptake, images of the formulations 

labelled with Rhodamine 123 were captured using confocal microscopy. After 24 h 

incubation, the microscopic images displayed intact cells, and the respective fluorescent 

images visualized the uptake of RH123 labelled liposomes by these cells. The nuclei were 

stained with DAPI (blue). As noticed in Figure 2C,D, the images reveal that a higher amount 

of EFA from liposomes was internalized by the THP-1 Mo/Mac cells. In comparison to the 

pure form of EFA, liposomal EFA demonstrated an enhanced fluorescent Rhodamine uptake 

by the cells, which is clearly evidence of intracellular localization of drug, further intensified 

in the presence of GSH.

3.3. Cytotoxicity Study

The effect of EFA and GSH on the viability of THP-1 cells as assessed by the MTS method 

is illustrated in Figure 3. An aqueous dispersion of pure EFA was prepared using 1% sodium 

CMC as a suspending agent. Using the data obtained from cell uptake studies, we tested the 

viability at a selected concentration of EFA (400 μM) to assess the cytotoxicity potential of 

the liposome formulation in comparison to the pure form of EFA.

MTS results indicated that EFA formulated in liposomes significantly increased the cell 

viability up to 78% of untreated cells in comparison to only 5 % with pure EFA (Figure 

3A,B).

The potentiality of pure GSH, when incubated alone or co-administered with pure EFA 

in THP-1 cells, is depicted in Figure 3A,B. In the present work, it was observed that 

co-administration of GSH enhanced the viability of EFA by 4-fold despite that the viability 

with GSH alone was >70%. As portrayed in Figure 3C,D, the presence of GSH improved the 

viability of THP-1 cells in the presence of EFA to 21.9% from 5.5% (about 4-fold). Further, 

delivery of liposome-encapsulated EFA + GSH signifies the influence of glutathione, as 

the viability was 100% relative to control cells. MTS results clearly demonstrated that 

GSH improved the viability of THP-1 non-infected cells. Overall, MTS assay provides 

strong evidence that EFA is encapsulated into liposomes and, when co-delivered with GSH, 

significantly increases the cell viability by 15.6-fold and 20-fold, respectively, in comparison 

to pure EFA. Supportive to the colorimetric estimation by MTS assay, confocal images 

displayed an increase in the number of cells and increased uptake (overlay) of R123 labelled 

liposomes (Figure 3E,F), demonstrating the biocompatibility and non-toxicity of liposomes. 

This was further confirmed by the elimination of cytotoxicity of EFA at a concentration of 

400 μM when encapsulated into liposomes.

3.4. Measurement of ROS-Induced Fluorescence by Flow Cytometry

The results of the flow cytometry analysis using THP-1 cells treated with pure forms EFA 

and GSH alone and in combination is depicted in Figure 4, and when encapsulated into 

liposomal carriers is shown in Figure 5. Comparison of mean fluorescence data when cells 

are incubated with pure EFA and pure GSH and a combination of both is exhibited in Figure 

4A. As observed, a strong fluorescent signal of CellROX was visible in the control cells due 
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to PMA-induced ROS generation (Figure 4B,C). In the present study, an increase in total 

ROS was observed, indicating an increase in the oxidative stress in response to the treatment 

with EFA (Figure 4D) as reported in earlier studies also [9,32,33].

Forward scatter (FSC) vs. side scatter (SSC) dot plots were used to visualize the 

expression of fluorescence of the cells. Dot plots obtained from the flow cytometric analysis 

demonstrated that ROS-induced fluorescence was reduced by 1.2 fold in comparison with 

pure EFA, and was further reduced by 2.3 fold in the presence of GSH (Figure 4D,F).

However, to further evaluate the ability of liposomal systems to reduce the ROS-dependent 

cellROX fluorescence, THP-1 cells were also incubated with the EFA liposomes (Figure 

5A) and EFA + GSH liposomes (Figure 5B) for 24 h. The overlay image (Figure 5A,B) 

indicate that the combination of GSH with EFA was more active than the singly loaded EFA 

liposomes and the pure EFA as well. Hence, EFA-loaded liposomes effectively protected 

the oxidative damage by 1.8 fold relative to pure EFA. Data obtained from flow cytometric 

analysis reveal that EFA, when encapsulated into liposomes, could effectively quench the 

intracellular accumulation of ROS, exhibiting a synergistic effect in combination with GSH 

(2.5 fold) as displayed in Figure 5C.

4. Discussion

With the inception of highly active antiretroviral therapy (HAART), the quality of life of 

HIV-infected patients has seen a major transition and has increased life expectancy. The 

combination of drugs efficiently suppresses an HIV viral load, thereby prolonging the life 

of HIV/AIDS patients almost to one of the general population. However, HIV infection 

leads to pronounced oxidative stress through various mechanisms by which the virus triggers 

ROS production [34]. Virus triggered ROS production is a strong modulator of the immune 

system leading to opportunistic infections [34]. Thus, such effects need to be controlled 

and targeted for immune suppression of viral replication. In a wide range of disease states 

characterized by increased oxidative stress, antioxidants have been demonstrated to boost 

immune function as reported in human intervention studies [35]. Furthermore, immune 

modulators, which are potential candidates in the prevention and treatment of HIV/AIDS, 

are thoroughly reviewed and reported elsewhere [36].

Research findings have demonstrated that an alteration of the intracellular redox balance 

characterizes several viral infections and the progression of viral-induced diseases [5]. 

In case of HIV, it has been suggested that increased levels of inflammatory cytokines 

can induce both depletion of GSH and oxidative stress [34,37–39]. GSH, being the most 

powerful antioxidant, puts the cell at risk for oxidant damage when it is deficient. It 

has been observed that a wide range of pathologies, including cancer, and many viral 

infections, including HIV-1, leads to an imbalance in GSH levels, and various reports 

have provided evidence for the use of GSH molecules being able to replenish intracellular 

GSH levels during antiviral therapy [2,11,34]. While the combined use of antioxidants and 

chemotherapeutic agents has been explored, the interactive effects of using ARVs and AOs 

are very limited.
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The drug of interest in the present investigation was efavirenz (EFA), which remains the 

ARV of choice when it comes to the treatment of individuals co-infected with mycobacterial 

infections. Efavirenz is known to exhibit similar behaviour to so-called brick dust drugs 

due to its high melting point and stable crystalline structure in which strong intermolecular 

bonds significantly limit the dissolution and bioavailability of their pharmaceutical forms 

[40]. Poor solubilization of efavirenz, a benzoxazinone compound with 40 to 45% of 

oral bioavailability, obscures its therapeutic functionality. To enhance the therapy of HIV 

infection, lipid-based oral drug delivery systems of such poorly soluble drugs are under 

investigation. Nevertheless, various other lipid carriers of EFA are reported by several 

authors [41–45]. However, liposomal delivery to achieve effective drug concentrations in 

viral reservoirs has gained importance in the last few decades, yet EFA delivery by way of 

liposomes is limited. Furthermore, its co-delivery along with GSH is not reported so far. 

Another molecule, nevirapine belonging to the group of NNRTI, has been reported to be 

loaded into liposomal formulations to improve targeted delivery to select compartments in 

the cells, thereby alleviating systemic toxic side effects [46].

By application of film hydration procedure, liposomes incorporating EFA with and without 

GSH were prepared to obtain encapsulation efficiency up to the range of 90%. The 

encapsulation efficiency of GSH was less prominent, which could mean that a substantial 

amount of GSH was present in the aqueous core. Furthermore, the polydispersity index 

less than 0.3 indicated a narrow size distribution and homogenous distribution of colloidal 

particles, hence a good quality for all the formulations. Furthermore, a large negative 

zeta potential further enhanced the stability of vesicular suspension by simple electrostatic 

stabilisation with negativity being imparted by phospholipid and cholesterol. The presence 

of GSH in liposomes loaded with EFA did not influence the physicochemical properties 

when compared with liposomes loaded with EFA alone (Table 2). Earlier, encapsulation 

of cytochrome C, a hydrophilic protein was, along with lipophilic vitamin E, developed to 

obtain more efficient drug encapsulations and examine their release using the same lipid 

mixture [47], whereas using a single lipid such as phospholipon 90H, lipophilic resveratrol 

was encapsulated along with a hydrophilic vitamin C to investigate the ameliorative 

antioxidant effect [48].

HIV-1 infection harbors the virus in latent reservoirs such as macrophages, one of the key 

targets of HIV-1 infected patients. Macrophages, commonly referred to as virus reservoirs 

sites, are not killed by the HIV infection, thus aiding the virus to reproduce and supply 

the body with new virus [49]. It is well known that macrophages play a crucial role in the 

host defense against HIV-1 infection, as they produce multiple intracellular HIV restriction 

factors [50]. Studies have proved that the intracellular concentrations of antiretrovirals were 

significantly lower in macrophages than in T lymphocytes [51]. In this purview, THP-1 

Mo/Mac cells were used to examine the uptake, cytotoxicity and ROS-induced fluorescence 

of efavirenz when delivered both as pure form and via liposomes with and without GSH.

Firstly, intracellular lysate concentrations revealed a significantly higher amount of 

liposomal EFA taken up by the cells in comparison to pure form. The choice of co-

delivering GSH was made on the basis of the evidence that supplementing GSH will 

result in a restoration of intracellular rGSH and a corresponding restoration of macrophage 
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functions [2,6,52]. Earlier studies also suggest that GSH-liposomes were the most protective 

since they increased cell viability from 28% (blank liposomes) to 67% when encapsulated 

within liposomes [53]. Thus, as a supplement to ARV therapy, GSH-replenishing agents 

may attenuate the toxic effects of HAART. Previously, it has been demonstrated that the 

administration of high doses of GSH was able to reduce the progression of the disease, 

providing additional effects to azidothymidine (AZT) therapy using a murine model [54,55]. 

As depicted in Figures 1 and 2, the presence of GSH (depicted as EFA + GSH) enhanced 

the uptake of EFA when the cells were treated either in pure form (2.46 fold) or in liposomal 

form (1.68 fold). Liposome delivery to such pathogen reservoirs has received successful 

attention in the past few years, which is also thoroughly reviewed and discussed [19,26].

In our study, EFA liposomes were negatively charged with particle size less than 150 nm, 

which could have led to a higher uptake than the pure form. While greater uptake of small 

liposomes (<100 nm) by mononuclear phagocytic system MPS cells has been reported in 

the literature [56], various other studies have shown liposome uptake by MPS cells to be 

improved with increased size [19].

Second, MTS assay data further revealed that encapsulation of EFA into liposomes could 

be an alternative approach to conventional EFA forms to reduce cytotoxicity; results 

demonstrated 15.2 fold increase in the viability, thereby improving the proliferation of non-

infected THP-1 cells. This increase in the cell viability appears to be due to encapsulation 

into lipid vesicles based on the assumption that liposome membranes either fuse with 

cell membranes or are endocytosed by the cells and release their content intracellularly 

[57]. This mechanism could also depend on the particular liposome formulation, thereby 

suggesting that negative charge improved endocytosis. Additionally, the antioxidant defense 

system, due to the presence of GSH within the liposomal vesicle, could have led to a 

reduction of oxidative stress (Figure 3). Supporting the results of quantitative uptake and 

MTS assay, confocal images displayed an increase in proliferation of cells as seen with 

R123 labeled liposomes (Figure 5A,B), thus confirming the elimination of cytotoxicity of 

EFA at a concentration of 400 μM and a further improvement in the presence of GSH (100 

μM).

Finally, flow cytometry data reveal that fluorescence intensity was higher when the cells 

were treated with pure EFA. Loading of EFA into liposomes was effective in reducing the 

intracellular accumulation of ROS with a synergistic effect by additional GSH (2.5 fold). 

This finding suggests that the presence of glutathione moieties within liposomes could 

lead to an increase in the cellular uptake of liposomes. The results of measurement of the 

reduction in oxidative stress demonstrated that the anti-oxidative effect of GSH was not 

impaired by the liposome carrier system and its encapsulation along with EFA within the 

lipid layers. Furthermore, EFA loaded into liposomes along with GSH exhibited generally 

a small but significant increased activity in comparison with the same concentration of free 

forms. Thus encapsulation of glutathione and efavirenz in liposomes apparently facilitate 

intracellular delivery and prolong the retention time of entrapped agents inside the cell. 

Nonetheless, co-administration of GSH favoured the reduction of ROS fluorescence when 

delivered via liposomes form to a greater extent than in the pure form of EFA + GSH 

(Figures 4 and 5).
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Studies using three different humanized mouse models demonstrated provided important 

insights confirming the roles of macrophages, and other myeloid cells can sustain HIV 

replication and produce HIV in vivo in the absence of CD4 T cells [58,59]. These study 

findings indicate that macrophages can serve as a genuine target for HIV infection in vivo by 

sustaining and transmitting HIV infection [59].

Honeycutt et al. also determined the specific roles of macrophages in HIV persistence 

during long-term suppressive ART [60]. Their study findings reveal that ART induced 

the suppression of HIV infection in tissue macrophages, as evident from a significant 

decrease in the plasma viral load and a reduction in the levels of cell-associated virus. 

There was no viral rebound in the plasma of the majority of the ART-treated animals’ 

several weeks after ART interruption. However, in a small subset of animals, a delayed viral 

rebound was observed that is consistent with the establishment of persistent infection in 

tissue macrophages [60]. These observations further signify the persistence of HIV in tissue 

macrophages in vivo.

The data presented in this manuscript are findings from our initial studies exclusively 

using differentiated human macrophage cell lines. While the uptake of formulations, 

toxicity, oxidative stress, and GSH levels in macrophages were thoroughly investigated, our 

compelling results have propelled us to continue future efficacy studies in HIV-infected cells 

such as monocytes, dendritic cells and CD4 T cells. Both in vitro studies using isolated CD4 

T cells, dendritic cells and monocytes from the peripheral blood and in vivo studies using 

humanized mice will be performed to further characterize the effects of these formulations 

against HIV.

5. Conclusions

In summary, our study provided significant data as follows (i) treatment with EFA and GSH 

in combination could enhance the uptake and reduce cytotoxicity (ii) encapsulation of EFA 

into liposomes increased its levels in the macrophages further enhanced in the presence of 

GSH; (iii) co-delivery of EFA + GSH quenched the intracellular ROS, significantly higher 

when delivered via liposomes. Combination of EFA and GSH contains advantages; hence, 

supplementation with GSH recommends being a safe and cost-effective treatment to slow 

the development of HIV infection and produce an immune-enhancing effect. Although a 

robust understanding of GSH role in combination with EFA has to be studied using HIV-

infected macrophages, our primary attempt using normal macrophages clearly demonstrated 

the beneficial effect of GSH. Maintaining flexibility and focus on the therapeutic goals 

for this highly dynamic antiretroviral treatment process is the key to victory in improving 

the outcome of HIV disease worldwide. To date, there is no product for an antiretroviral 

drug in combination with either antioxidants or immune modulators accepted as yet. 

Hence this study could add to the database to evaluate the beneficial use of GSH as an 

immunomodulator in the treatment of HIV/AIDS. However, the future goal is to evaluate the 

combination of EFA + GSH in HIV infected THP-1 Mo/Mac cells.
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Figure 1. 
(A) Comparison of intracellular lysate concentrations of pure EFA with and without GSH 

(*** indicate p < 0.001). Values are means ± S.D. of three independent experiments. 

(B,C) represent the uptake of rhodamine123-containing pure EFA without and with 

GSH by the THP-1 monocyte/macrophage cells respectively. Cells were incubated with 

sample preparation for 24 h at 37 °C. Fluorescent images were acquired at ×40 original 

magnification. Nucleus is stained with DAPI (blue); R123-loaded EFA shown as green 

fluorescence.
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Figure 2. 
(A) Intracellular lysate concentrations of pure EFA and liposomal EFA after 24 h at 37 

°C incubation of THP-1 monocyte/macrophage cells with liposomal EFA. (A) Intracellular 

lysate concentrations of EFA with varying concentrations of pure (pure EFA) and liposomal 

EFA (L-EFA), significant difference between uptake of pure EFA and L-EFA was observed 

at 200, 300 and 400 μM (**** indicate p < 0.0001). (B) Significant difference between 

uptake of liposomal EFA with and without GSH was observed (* indicate p < 0.05). Values 

are means ± S.D. of three independent experiments (C,D) represent the uptake of rhodamine 

123-containing liposomal EFA with and without GSH by the THP-1 monocyte/macrophage 

cells. Cells were incubated with sample preparation for 24 h at 37 °C. Fluorescent images 

were acquired at ×40 original magnification. Nucleus is stained with DAPI (blue); R123-

loaded EFA liposomes shown as green fluorescence.
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Figure 3. 
(A) Influence of EFA on viability of THP-1 monocyte/macrophage cells treated with pure 

EFA with and without GSH after 24 h incubation; (B) Influence of liposomal loaded 

EFA with and without GSH on viability of THP-1 monocyte/macrophage cells; (C–F) 

represent merged fluorescent images acquired at × 40 original magnification. Control 

indicates untreated cells, whereas cells were treated with pure EFA without and with GSH 

(C,D); liposomal EFA without and with GSH (E,F). Nucleus is stained with DAPI (blue); 

R123-loaded EFA liposomes shown as green fluorescence (**** indicate p < 0.0001; *** 

indicate p < 0.001 and ** indicate p < 0.01). Values are means ± S.D. of six independent 

experiments.
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Figure 4. 
Flow cytometry analysis depicting the measurement of reduction in mean fluorescence 

intensity (MFI) of PMA-induced oxidative stress in THP-1 monocyte/macrophage cells. 

(A) Dot plots representing the data of MFI reduction in cells treated with pure efavirenz 

(EFA) with and without GSH in comparison with pure GSH (**** indicates p < 0.0001; 

*** indicates p < 0.001).Values are means ± S.D. of three independent experiments. 

(B–F) represent dot plot of forward scatter to cellROX-derived red fluorescence showing 

the cellROX gate (gated events) and the below plots represent the dot plot depicting ROS-

dependent cellROX fluorescence when cells treated with pure EFA with and without GSH. 

Untreated cells with no cellROX dye (B); untreated cells with cellROX dye (control—(C)).
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Figure 5. 
Flow cytometry analysis depicting the measurement of reduction in mean fluorescence 

intensity (MFI) of PMA-induced oxidative stress in of THP-1 monocyte/macrophage cells. 

(A,B) represent dot plot of forward scatter to cellROX-derived red fluorescence showing 

the cellROX gate (gated events) and the below plots represent the dot plot depicting ROS-

dependent cellROX fluorescence when cells treated with pure EFA with and without GSH. 

Confocal fluorescent images acquired at × 40 original magnification from cells treated with 

Liposomal EFA without GSH (A) and with GSH (B). Nucleus is stained with DAPI (blue); 

R123-loaded EFA liposomes shown as green fluorescence and oxidative stress is shown as 

red fluorescence. (C) Represents the data of MFI reduction in cells treated with liposome 

loaded efavirenz (EFA) with and with GSH in comparison; (**** indicate p < 0.00001) 

significant difference of liposomal EFA and liposomal EFA + GSH. Values are means ± S.D. 

of three independent experiments.
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Table 1.

Composition formula of liposomes loaded with efavirenz.

Formula Code Lipid Drug: Lipid: Sterol: T-80 (w/v) Physical Appearance (Post 24 h)

E1 SPC 1: 2:0.5:0.1 Coagulation

E2 DMPC 1: 2:0.5:0.1 Coagulation

E3 DSPC 1: 2:0.5:0.1 Coagulation

F DMPC/DMPG 1:5/15: 0.1:0 Milky suspension (stable)
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Table 2.

Formulation and characterization data of efavirenz liposomes loaded with and without glutathione.

Formula Code EFA: GSH (mM) Size (nm) Zeta Potential (mV)
Encapsulation Efficiency (%)

EFA GSH

F1 3.17: 0.0 127.7 ± 12.98 −93.8 ± 3.56 95.63 ± 3.91 -

F2 3.17: 0.95 205.03 ± 11.59 −89.2 ± 2.58 96.23 ± 3.45 43.5 ± 4.87
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