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Abstract
Antiretroviral therapy (ART) restricts human immunodeficiency virus type one (HIV-1) replication and by so doing, improves the
quality and longevity of life for infected people. Nonetheless, treatment can also lead to adverse clinical outcomes such as drug
resistance and systemic adverse events. Both could be affected by long-acting slow effective release ART. Indeed, maintenance of
sustained plasma drug levels, for weeks or months, after a single high-level dosing, could improve regimen adherence but, at the
same time, affect systemic toxicities. Of these, the most troubling are those that affect the central nervous system (CNS). To
address this, dolutegravir (Tivicay, DTG), a potent and durable HIV integrase inhibitor used effectively in combination ARTwas
tested. Rodents were administered parenteral 45-mg/kg doses. DTG-associated changes in CNS homeostasis were assessed by
measuring brain metabolic activities. After antiretroviral treatment, brain subregions were dissected and screened by mass
spectrometry-based metabolomics. Metabolic drug-related dysregulation of energy and oxidative stress were readily observed
within the cerebellum and frontal cortex following native drug administrations. Each was associated with alterations in neural
homeostasis and depleted canonical oxidation protection pools that included glutathione and ascorbic acid. Surprisingly, the
oxidative stress-related metabolites were completely attenuated when DTG was administered as nanoformulations. These data
demonstrate the importance of formulation design in control of DTG or perhaps other antiretroviral drug-associated CNS events.
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Introduction

Human immunodeficiency virus type one (HIV-1) infection is
associated with a spectrum of comorbid conditions that in-
cludes the central nervous system (CNS) [1–3]. Nonetheless,
many of these conditions have been either reduced or elimi-
nated following the widespread use of antiretroviral therapy
(ART). ART has enabled infected people to live nearly normal
lives by reducing plasma and tissue HIV-1 RNA to levels
below the limits of detection [4, 5]. Nonetheless, disease mor-
bidities remain, albeit at lower levels, both as a consequence
of viral infection and concomitant illnesses. This includes
abuse of illicit drugs, nutritional deficiencies, neuropsychiatric
disorders, and a variety of comorbid infectious diseases that
include hepatitis and opportunistic viral and parasitic infec-
tions. Malignancies, depression, and immune dysfunctions
are specifically linked to cognitive and behavioral abnormal-
ities as are antiretroviral drugs (ARVs) themselves. The latter
plays a role in direct neurotoxicity and consequent neuropsy-
chiatric compromise [6, 7]. Among them, to date, efavirenz is
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known to affect neuronal function [8]. The potential effects
that other ARVs may have on brain function and metabolism
remain poorly understood.

Such drug-associated toxicities could become more pro-
nounced as commonly used ARVs are transformed into
long-acting slow effective release ART (LASER ART).
Such achievements have been made possible by chemical
drug modifications enabling lipophilic hydrophobic
nanocrystals to be created that markedly prolong the drug’s
apparent half-life ([9, 10]). One of the ARVs, dolutegravir
(DTG), has received notable attention for its potential for
transformation into a long-acting drug as well as its potential
albeit rare toxicities [11]. In 2013, DTG was approved by the
U.S. Food and Drug Administration [12] and soon afterwards
broadly incorporated in combination ART regimens based on
its potency and limited viral resistance patterns [13, 14].While
the drug is generally well tolerated, reports have emerged that
in some aged patients and females, adverse events could sig-
nal off-target drug effects involving the central nervous sys-
tem (CNS) [11]. Given DTG’s key role in HIV-1 therapeutic
regimens, studying the intricate metabolic mechanism of how
andwhy neural effects occur could improve disease outcomes.
Further, as DTG use increases among older patients, the
knowledge of who could be at risk and any means to prevent
it appears timely. The realization of LASER ART could, in
part, facilitate any untoward drug effects as the circulating
drug half-life broadens further. Alternatively, nanoformulated
drug improvements in ARV uptake, retention, and
biodistribution into tissues and organs where free drug may
not easily reach could attenuate adverse events by further re-
ducing the impact of virus on disease events and in control of
untoward macrophage inflammatory responses.

Indeed, while LASER ART can significantly improve an-
tiretroviral clinical potency [15–19], it requires high doses to
maintain the required four times the effective dose 90 in plas-
ma to elicit sustained viral restriction ([9, 10]). With this in
mind, we investigated the metabolic effects of free and
nanoformulated DTG in five different anatomical brain re-
gions using untargeted and unbiased metabolomic detections.
DTG was administered intramuscularly at 45-mg/kg doses
over a 7-day time course. This enables up to 100 times the
oral therapeutic plasma concentration. Reported steady-state
plasma concentration obtained from HIV-infected adults after
ten doses of monotherapy with 50 mg (once daily) DTG tab-
lets is 3.34 μg/mL (Cmax) [20, 21], whereas in the current
study, plasma concentration of injectable DTG for a single
free DTG injection was up to 11.29 μg/mL. The frontal cortex
(FC), ventral cortex (VC), dorsal cortex (DC), hippocampus
(H), and cerebellum (CR) were dissected and then analyzed
using liquid chromatography-mass spectrometry (LC-MS)-
based global metabolomics. The results showed that “high
parenteral doses” of free DTG induced disordered brain me-
tabolism as defined by increases in specific energy-related

metabolites and their pathways all linked to oxidative cellular
processes. These were seen predominantly in the cerebellum
and cortex and were attenuated to basal levels by the use of
DTG delivered as a nanoformulation. While higher dosages of
DTG could affect neurotoxicities, any concern in such admin-
istration as a long-acting antiretroviral was abrogated by an
established nanoformulated drug delivery system.

Methods

Preparation and Characterization of Nanoformulated DTG For
preparation of P407-DTG, 0.5% (w/v) P407 was mixed with
1% drug. The suspensions were homogenized at 20,000 psi
using an Avestin Emulsiflex C3 homogenizer (Avestin Inc.,
Ottawa, ON, Canada) until the desired particle size (300–
400 nm) was reached. Free polymers and nonencapsulated
drug particles were removed by centrifugation; the nanoparti-
cles were resuspended in 0.2% P407. Drug loading was deter-
mined using reversed-phase high-performance liquid chroma-
tography (HPLC) and ultra-performance liquid chromatogra-
phy tandemmass spectrometry (UPLC-MS/MS) as described.
Particle size, polydispersity, and zeta potential for the
nanoformulations were determined by dynamic light scatter-
ing using a Malvern Zetasizer Nano-ZS instrument (Malvern
Instruments Inc., Westborough, MA, USA).

DTG Inject ion and Brain Tissue Col lect ion Both
nanoformulated and free DTG with their corresponding con-
trols (vehicle only) were introduced by intramuscular injec-
tions with a loading dose of 45 mg/kg. Animals treated with
nanoformulations were treated once while the free DTG group
was treated every other day over a 1-week span (i.e., 4 total
injections over 7 days) to maintain drug levels in the animals.
Free DTG was dissolved in a buffer of (v/v) 43% ethanol, 5%
cremophor, 20% propylene glycol (propane-1,2-diol), and
32% PBS. In the global metabolomics analysis, the same buff-
er and nanoformulation without DTG were used as controls.
Mice were anesthetized with 1–2% isoflurane in oxygen and
then aligned in a water-jacketed holder for microwave irradi-
ation with a Muromachi Microwave Fixation System (10-kW
model, Muromachi Kikai Co., Ltd., Chuo-ku, Tokyo, Japan).
Irradiation time was 800 ms at 4.9 kW [22]. Single voxel
localized spectra were acquired post-mortem at the midbrain
to ensure metabolite level stabilization using point-resolved
spectroscopy. Spectra were acquired with a repetition time of
4 s and echo time of 50 ms, 128 averages, using birdcage coil
transmit, and received on a 7-Tesla/16-cm Bruker Pharmascan
(Karlsure, Germany) MRI/MRS system. Single-scan, localized,
unsuppressed water signals were acquired as a reference for me-
tabolite normalization. Brains with abnormal N-acetylaspartate
(NAA) or lactate concentrations were eliminated from further
analysis. Five animals were selected for further brain dissection
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and analysis. All specimens were from the same genetic strain
(Balb/cJ), males and similar ages (7 weeks). After spectroscopic
validation of microwave irradiation euthanasia, brains were iso-
lated and initially split into hemispheres, with both hemispheres
dissected into subregions. Subregional dissection followed ana-
tomical boundaries to separate the frontal cortex, ventral cortex,
dorsal cortex, hippocampus, and cerebellum. Following dissec-
tion, all tissues were flash frozen in dry ice and stored at − 80 °C.

Metabolome Extraction Brain tissue subregions were extracted
as previously described [23]. Briefly, 0.6 mL of cold
methanol:H2O (4:1, v/v) were added per 10 mg tissue (solvent
volume was adjusted accordingly to tissue weight).
Homogenization was performed with glass beads in a homoge-
nizer and sonicated in an ice bath for 10 min. The mixtures were
then transferred to 1.5-mL Eppendorf vials and rinsed with ad-
ditional 200 μL extraction solvent. To precipitate proteins, the
samples were incubated for 1 h at − 20 °C, followed by a 15-min
centrifugation at 13,000 rpm at 4 °C. The resulting supernatant
was evaporated to dryness in a vacuum concentrator. The dry
extracts were then reconstituted in acetonitrile:H2O (1:1, v/v),
normalized by tissue weight, sonicated for 10 min, and centri-
fuged for 15 min at 13000 rpm and 4 °C to remove insoluble
debris. The supernatants were transferred to HPLC vials and
stored at − 80 °C prior to LC-MS analysis.

HILIC-MS and Data Analysis The extracts were analyzed on a
6550 iFunnel QTOF mass spectrometer coupled with a 1290
UPLC system (Agilent Technologies, Santa Clara, CA). For
global metabolomics, a Luna Aminopropyl, 3 μm, 150 mm×
2.0 mm I.D. HILIC column (Phenomenex, Torrance, CA) was
used. Themobile phase was composed of A = 20mM ammoni-
um acetate and 40 mM ammonium hydroxide in 5% ACN and
B = 95% acetonitrile. A linear gradient from 100%B (0–2 min)
to 100%A (17–33min) was applied with a 15-min re-equilibra-
tion time. The flow rate and injection volume were 250 μL/min
and5μL, respectively.ESIsourceconditionsweresetas follows:
dry gas temperature, 200 °C; flow, 11L/min, fragmentor, 380V;
sheath gas temperature, 300 °C; flow, 9 L/min; nozzle voltage,
500V; andcapillaryvoltage,− 500VinESI-negativemode.The
instrument was set to acquire data over the m/z range 50–1000,
with theMSacquisition rate of 1 spectra/s. The sample sequence
was randomized to avoid systematic decreases in signals over
sample sets. For the MS/MS of selected precursors, the default
isolation width was set as narrow (∼ 1.3m/z), with a MS acqui-
sition rate at 2 spectra/s andMS/MS acquisition at 2 spectra/s to
acquire over them/z range 50–1000 and 25–1000; respectively.
MS/MS data were acquired at the collision energy of 20V.

LC-MS data were converted to mzXML files using
Masshunter Acquisition Software (Agilent Masshunter
6.0B). The mzXML files were uploaded to XCMS Online
web platform for data processing (https://xcmsonline.scripps.
edu) including peak detection, retention time correction,

profile alignment, and isotope annotation [24]. Data were
processed using both pairwise and multigroup comparisons,
and the parameter settings were as follows: centWave for
feature detection (Δ m/z = 15 ppm, minimum peak width =
10 s, and maximum peak width = 60 s); obiwarp settings for
retention time correction (profStep = 0.5); and parameters for
chromatogram alignment, including mzwid = 0.015,
minfrac = 0.5, and bw = 5. The relative quantification of
metabol i te fea tures was based on extrac ted ion
chromatogram areas. Paired parametric t test and one-way
ANOVA (post hoc Tukey test) were used to test the variation
pattern of metabolite features between and across cell sam-
ples. The result outputs, including EICs, pairwise/multigroup
cloud plot, multidimensional scaling plots, and principle com-
ponents, were exported directly from XCMS Online.
Generally, the numbers of total pairwise comparison features
and significantly altered features (statistically defined as p
value < 0.01, including both upregulated and downregulated
features) were reported in this study.

MDM and Neuronal Culture AssaysHuman monocyte-derived
macrophages (MDM) were isolated and then differentiated as
described [25]. MDM were cultured in Dulbeccos Modified
Eagle medium (Invitrogen) supplemented with 2 mM L-glu-
tamine, 100 μg mL−1 streptomycin, 100 U mL−1 penicillin,
and 2% fetal calf serum. Murine neurons were isolated from
E16-E17 (embryonic) mouse whole brain tissues. Briefly, em-
bryonic day 16 mice were harvested by cesarean section from
anesthetized pregnant dams (C57BL/6 strain). The animal
protocol was approved by the Animal Care and Use
Committee of University of Nebraska Medical Center.
Whole brain tissues were isolated and dissociated by 10%
(v/v) trypsin (Life Technologies, Bethesda, MD) digestion
and trituration with a fire-polished Pasteur pipette. Cell culture
dishes were coated with 33 μg/mL poly-D-lysine. The cells
were plated in neurobasal medium supplemented with B27,
300 μM glutamine, 25 μM mercaptoethanol, and
streptomycin/amphotericin B (Life Technologies, Waltham,
MA). Three days after plating, 50% of the medium was
changed and subsequently the medium was changed every
6 days. Cells were maintained in the culture for 8–10 days
for complete differentiation before any treatment.

Cell-Based DTG Measurements MDM and neuron cells with
different treatments were rinsed with phosphate-buffered sa-
line (PBS) and extracted with acetonitrile:H2O:methanol
(2:1:2, v/v/v) using freeze-thaw method as described else-
where [26]. The samples were centrifuged at 16,000g at
4 °C for 15 min and the supernatant was directly injected into
the triple-quad 6495 (Agilent Technologies, Santa Clara, CA)
operated inmultiple reactionmonitoringmode (MRM), where
the collision energies and product ions (MS2 or quantifier and
qualifier ion transitions) were pre-optimized (quantifier ion
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420 to 295 and qualifier ion 420–277). Cycle time was 150ms
for each transition. ESI source conditions were set as follow-
ing: gas temperature 250 °C, gas flow 14 L/min, nebulizer
20 psi, sheath gas 250 °C, sheath gas flow 11 L/min, capillary
voltage 3000 V, nozzle voltage 1500 V, and EMV 1000 V in
ESI-positive mode. The analyses were performed on a Waters
UPLC BEH Amide column (50 × 1 mm, 1.7 μm) (Waters
Corporation, Milford. MA). The mobile phase was composed
of A = water with 20 mM ammonium formate and 0.1%
formic acid and B = acetonitrile with 0.1% formic acid. A
linear gradient from 5% B (0–0.5 min) to 30% B (0.5–
5 min, maintaining for 2 min) was applied. Then, the gradient
was set to the initial 5% B within the next 1 min. A 2-min re-
equilibration time was applied to the column for re-equilibra-
tion. The flow rate was 200 μL/min, and the sample injection
volume was 2 μL.

Reactive Oxygen Species (ROS) Measurements ROS were
measured in neuron and MDM cells with the probe DCFDA
(dichlorofluorescin diacetate, abcam, Cambridge, MA). Cells
were seeded on black, clear-bottomed 96-well plates. After
cells were pre-cultured with different treatments, the media
were removed and the cells were washed with 1× buffer (sup-
plied with the kit). Cells were incubated for 45 min in 1×
buffer containing 25 μM DCFDA at 37 °C. DCF production
was measured by fluorescence spectroscopy with excitation
wavelength at 485 nm and emission wavelength at 535 nm. In
this study, the cells were treated with increasing concentra-
tions of free DTG, nano-DTG, and various vehicle, positive,
and negative controls to compare ROS generation and lactate
dehydrogenase (LDH)-based cytotoxicity generated by such
treatments. The highest DTG levels measured in the mouse
brain is in the micromolar range so the highest dosing concen-
tration used for ROS experiment was set to 500 μM in the

dosing medium, which did not show significant cytotoxicity.
TBHP (tert-butyl hydroperoxide; 10 μM) and PBS were used
as the positive and negative controls, respectively. The vehicle
control for nanoformulated DTGwas composed of poloxamer
micelles without the drug. The vehicle control for free DTG
was composed of 43% ethanol, 5% cremophor, 20% propyl-
ene glycol (propane-1,2-diol), and 32% PBS (v/v). To further
validate the protective effect of the P407 nanoformulation in
mediating the oxidative stress, we conducted additional exper-
iments to measure ROS formation in neurons and MDM cells
treated with free and nanoformulated DTG with a series of
dilutions from 10 to 100 μM of drug and then challenged with
the positive control 10 μM TBHP to induce further oxidative
stress. Specifically, cells (both MDM and neurons) were treat-
ed for 2 h with various vehicle or drug concentrations. Then,
cells were washed and new media was added, and after 24-h
culture, cells were challenged with TBHP for 2 h, followed by
fluorescence-based ROS measurements.

Results

Brain Region-Specific Metabolomics After Free
and Nanoformulated DTG Injections

Following free and nanoformulated DTG mouse injections,
global metabolomics were performed on five dissected brain
subregions including the FC, VC, DC, H, and CR (Fig. 1).
The effects of free DTG on the brain metabolome were more
pronounced within the FC and CR (Fig. 2a). In free DTG-
treated mice, the FC and CR showed the most pronounced
metabolite dysregulations with 130 and 73 features in com-
parison to 50, 58, and 61 for the VC, DC, and H. Each of the
numbers listed are posted in comparison to controls. The

Fig. 1 Workflow of mouse brain global metabolomics study with free
and nanoformulated DTG with drug administered every other day for
three total injections or by a single bolus of 45 mg/kg, respectively. All
mice were sacrificed after 1 week following treatment. After heat fixation

by microwave irradiation euthanasia, brain hemispheres were dissected
into subregions including the FC, the VC, the DC, the H, and the CR.
Brain subregions were extracted for untargeted LC-MS metabolic
profiling (mice specimens = 5, total 50 sub-samples)
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dysregulated metabolites observed in the CR overlapped, in
part, with those observed in the other four brain subregions. In
contrast to the metabolite effects seen by free DTG,
nanoformulated DTG-treated animals showed few dysregulat-
ed features. Interestingly, the number of dysregulated features
had a narrower range from 33 to 17, which on average repre-
sents a third of the number in the free DTG treatment group.
Furthermore, equivalent DTG drug concentrations were mea-
sured in all five brain regions inmice treated with either free or
nanoformulated DTG, demonstrating the advantages of in-
creasedmacrophage uptake and retention and apparent plasma
drug half-life of the nanoparticle delivered DTG compared to
free drug as a delivery system. Statistical significant differ-
ences in DTG concentrations were only observed in the H,
where lower drug concentrations were measured in the
nanoformulated drug-treated mice. However, the fold change
(0.63) was valued as small and unlikely to affect the observed
metabolite response differences (Fig. 2b). Indeed, DTG nano-
particles are rapidly endocytosed by macrophages and release
drug in a controlled manner in tissue target locations, which
more likely reflects the differences seen.

Among the many dysregulated metabolites seen in brain
subregions in the free DTG-treated group, the most affected
were identified as energy-related pathways, including glycol-
ysis and the tricarboxylic acid (TCA) cycle (Fig. 3). Also, the
dysregulation of nicotinamide adenine dinucleotide (NAD)
and nicotinamide adenine dinucleotide phosphate (NADP),
known cofactors in redox reactions, proved highly relevant
due to linkages to oxidative stress related to xenobiotics and
environmental pollutants affecting biological systems. The
dysregulation of these was not observed between controls
and DTG nanoparticles, which suggests negligible drug brain

Fig. 2 a Total number of dysregulated features among the FC, VC, DC,
H, and CR. All the features were manually filtered. b DTG concentration
in brain regions for free and nanoformulated DTG (nano-DTG) (error
represents SEM and “*” represents p value < 0.05). For each
experiment, a minimum of four experimental replicates were used

Fig. 3 Glycolysis/TCA pathways
and redox partners with identified
metabolites as well as their fold
change between free DTG and the
corresponding control. Those
values in circles had a p value <
0.05. All the metabolites were
identified using METLIN MS/
MS fragment match and
confirmed with their pure
standards
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metabolic disrupt ion when DTG was encased in
nanoformulations.

DTG and Oxidative Stress

In addition to energy-related pathways, the most significant
change in DTG-induced brain metabolism was in ascorbic
acid and glutathione degradation. These changes are depicted
in Fig. 4 for both free (a, b) and nanoformulated (c, d) DTG in
each brain subregion. These values represent the ratio of the
amount found in the controls divided by the amount found in
the treated mice for ascorbic acid and GSH, as they are de-
pleted with oxidative stress. Conversely, the values for
threonate and GSSG represent the ratio of the amount found
in the treated mice divided by the amount found in their cor-
responding controls. In these assays, higher ratios reflect
greater degrees of oxidative stress seen as visual darker shades
with oxidation, red for depletion of protecting metabolites

(ascorbic acid and GSH) and green for the increase in oxida-
tion products (threonate and GSSG).

The most substantial changes in ascorbic acid levels were
observed in the FC and CR in animals treated with free DTG.
Similarly, increases in threonate further support the presence
of oxidative stress (Fig. 4a). Analogous to ascorbic acid and
threonate metabolic dysregulation in free DTG treatment
groups, GSH and GSSG showed similar effects with the ex-
ception of increases in oxidative stress seen across each of the
five brain regions (Fig. 4b). All changes found in free DTG
groups are statistically significant (p value < 0.05) with the
exception of ascorbic acid levels observed in the H (Sup.
Fig. 2a–d). In contrast to free DTG, nanoformulated DTG-
treated animals showed less ROS brain-associated metabolic
dysregulation. In Fig. 4c, d, more limited changes were seen
without statistical significance compared to controls. It should
be noted that similar brain drug levels between free and
nanoformulated drugs were seen across both formulations

Fig. 4 Fold change of metabolites indicative of oxidative stress in five
different brain regions for both free DTG and nanoformulated DTG
treatments with their corresponding controls. Ascorbic acid is oxidized
to threonate and GSH is oxidized to GSSG. The color scheme was
selected to show oxidation with darker shades of red for ascorbic acid
and GSH and green for threonate and GSSG. a Ascorbic acid and
threonate fold changes for free DTG treatment. b GSH and GSSG fold

changes for free DTG treatment. c Ascorbic acid and threonate fold
changes for nanoformulated DTG treatment. d GSH and GSSG fold
changes for nanoformulated DTG treatment (n = 10 samples from 5
mice). All fold changes in a and b except for H in a have p values <
0.05. None were found to be statistically significant in c and d. The
experiments listed represent a minimum of four replicates for each group
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and as such cannot explain the experimental differences
(Fig. 2b). To investigate the metabolic source of the oxidative
stress and the association with nanoformulation, a number of
mechanistic laboratory experiments were performed for cross
validation and extension.

Nanoparticle DTG Encasement Abrogates Brain
Oxidative Stress

In attempts to elucidate any neuroprotective mechanism un-
derlying the DTG nanoformulations, we employedmouse em-
bryonic neuron cells and human MDM for testing. Each was
treated with free and nanoformulated DTG with the addition
of their respective vehicle controls. ROS formation was mea-
sured orthogonally in neurons and MDM using fluorescence-

based commercial kits (DCFDA, Fig. 5a, b, respectively) and
administered at 100 and 500 μM. Values are reported as fold
changes compared to respective vehicle controls. Neurons
treated with free but not nanoformulated DTG showed in-
creases in ROS of up to 1.5 times of control. In contrast for
MDM, free and nanoformulated DTG induced more limited
ROS effects altering metabolite concentrations 0.8 and 1.2
times, respectively, when given at 100 μM.

The abilities of nanoparticles to modestly increase ROS sug-
gested that P407 by itself is not an antioxidant but that the pro-
tective mechanism could be more physically linked. ROS levels
in free DTG cell cultures were higher than those in the vehicle
controls as aligned with the notion that DTG can itself induce
oxidative stress. More interestingly, comparisons between free
and nanoformulated DTG supported the hypothesis that

Fig. 5 ROS formation and drug
uptake of free and
nanoformulated DTG in neurons
andMDM cultures. a, bROS fold
change of neurons and MDM
relative to their respective
controls, respectively (error
represent SEM and “*” represents
p value < 0.01). c, d ROS levels
after TBHP challenge in the
neurons and MDM treated with
free DTG, nanoformulated DTG,
and their respective vehicle
controls with a series of dilution
from 10 to 100 μM. The data was
normalized with TBHP-positive
control (10 μM). e, f DTG
concentration in neurons and
MDM respectively treated with
free DTG and nanoformulated
DTG. The DTG concentration in
neurons treated with 100 μM free
DTG equals the DTG
concentration treated with 10 μM
nanoformulated DTG (dotted
line, 168 ng/106 cells). This
comparison by cellular uptake is
indicated by the dotted line in c
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nanoformulation can reduce oxidative stress and protect neurons
(Sup. Fig. 3a–d). In attempts to sort out these differences and to
better elucidate the effects of free and nanoformulated DTG and
relevant drug delivery vehicles on ROS induction, we performed
dose-response ROS induction following oxidative stress induced
by TBHP. In these experiments, neuron and MDM cells were
treated with both free and nanoformulated DTG (concentration
between 10 and 100 μM) followed by the addition of 10 μM
TBHP as an oxidative stress inducer. As shown in Fig. 5c, a clear
ROS response was seen in neurons treated with either free or
nanoformulated DTG, while no effect was seen for vehicle con-
trols. Most importantly, for MDM (Fig. 5d), free DTG chal-
lenged with TBHP induced ROS formation in a dose-response
at higher concentrations (60 to 100 μM), reflective of what was
observed previously in neurons. In contrast, addition of
nanoformulated DTG to the cultures attenuated the TBHP re-
sponse signaling control of ROS or the ability to buffer such
effects by the nanoformulations. These latter data provide a
mechanism for how the nanoformulation could control ROS
production in specific brain regions. Finally, we measured cel-
lular uptake of free and nanoformulated DTG at 1, 10, and
100 μM (Fig. 5e, f) in attempts to better uncover mechanisms.
As shown in Fig. 5e, the concentrations of nanoformulated
DTG in neurons were almost one order of magnitude higher
than those in the free DTG drug. However, for MDM, the
concentrationwas similar between two forms of DTG treatment
(Fig. 5f), which could be explained by different drug uptake
mechanisms, biotransformations, and cell metabolic capacity
between both cell types. However, considering the fact that
DTG concentrations of nano-DTG-treated cells are one order
of magnitude higher than those of free DTG-treated cells at the
same dosing concentration (Fig. 5a, b), the nanoformulation
shows its protective effect in modulating ROS level (e.g., fold
change of 4 at 100 μM for free DTG and fold change of 1.2 at
10 μM for nano-DTG). As for MDM cells (Fig. 5f), the free
DTG drug challenged with TBHP induced ROS formation with
a clear concentration-response at higher concentrations (60 to
100 μM), similar to neurons. This explains, in part, the unex-
pected increase in ROS production during initial TBHP chal-
lenge in neurons (Fig. 5c).

Discussion

The possible link between ART and neurotoxicities has only
been postulated. Here, we investigated for the first time the
effect of DTG on global metabolome during administration of
free and nanoformulated drugs. The results showed that while
free DTG delivered at high doses can affect the brain metab-
olism for oxidative stress, the effects can be curtailed by how
the drug is formulated. Altogether, our results affirm that if
and when DTG is used in part of a LASER ART regimen, it
can be administered safely. It is acknowledged and despite

restricted viral growth by cART, up to 60% of HIV-1-
infected patients showHAND-related cognitive and behavior-
al abnormalities induced by comorbid infectious, cancerous,
metabolic, and neuropsychiatric events [27]. ARVs them-
selves are potential contributors and most can elicit varying
degrees of neurotoxic reactions. Each of these “purported”
adverse effects is independent of drug class that includes nu-
cleoside reverse transcriptase inhibitors (NRTIs, e.g., abacavir
and lamivudine), non-NRTIs (e.g., efavirenz), entry inhibitors
(e.g., maraviroc), inhibitors of the viral protease (e.g.,
atazanavir), and integrase inhibitors (INSTI, e.g., DTG).
Notwithstanding, each of the drugs has revolutionized patient
care and has improved longevity and disease morbidities con-
siderably, and to the degree, HIV/AIDS is now a treatable
chronic, managed disease. DTG, in particular, is used com-
monly in both first- and second-line therapies that have been
projected by 2019 to account for 37% of the adult first-line
NNRTI/INSTI market, representing 3.8 million patients [28].
Compared to NRTIs, DTG is durable and can cross the blood-
brain barrier (BBB) allowing it to easily achieve therapeutic
brain concentrations [29]. However, side effects of DTG are
reported and include insomnia and headache as well as more
significant allergic reactions and abnormal liver function in
dual hepatitis virus-infected people [12]. Low concentrations
of DTG can trigger suicidal death in erythrocytes character-
ized by cell shrinkage and membrane scrambling with
phosphatidylserine translocation to the erythrocyte surface
[30]. Putative neuropsychiatric effects were reported in adult
patients who received DTG, raltegravir, and elvitegravir, sug-
gesting specific toxicities linked to integrase strand transfer
inhibitors [7, 11, 31–35]. Nonetheless, others have debunked
such results with a sole substantiated DTG metabolic effect
being a rise in serum creatinine due to tubular secretion inhi-
bitions [36, 37].

Oxidative stress plays a principal role in the pathogenesis of
neurodegenerative disorders including Alzheimer’s disease,
Parkinson’s disease, amyotrophic lateral sclerosis, and HIV-
associated dementia [38]. A spectrum of xenobiotics, mitochon-
drial dysfunction, accumulation of aberrant misfolded proteins,
inflammation, and defects in protein clearance are all known to
accumulate ROS. Xenobiotics can be oxidized to free radicals by
cytochrome P450 (CYP) and generate ROS following the
quenching of the radicals. DTG has been shown to be oxidized
by CYP3A4, even though the major metabolic reaction was
glucuronidation of DTG principally by metabolic reaction was
glucuronidation of DTG principally (in humans) [39].
Dysregulation of glycolysis, TCA cycle, and redox cofactors
could indicate a need of cells engaging in neutralizing ROS
processes. Another ART drug, efavirenz, was also reported to
alter mitochondrial respiration and enhance ROS generation,
resulting in CNS damage [8, 40–42]. Therefore, the need for
novel therapeutic strategies that attenuate neuroinflammation
and protect neurons against oxidative stress is immediate for
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DTG. Despite the higher DTG dose used in this study over those
administered to HIV infected patients the drug concentrations in
brain were equivalent (Fig. 2b). Of interest no significant oxida-
tive stress increase was observed during nanoformulated DTG
treatment compared to free DTG-injected mice. Thus, it is spec-
ulated that P407 nanoformulation could play a vital role in me-
diating ROS formation. Several other non-ionic surfactants in-
cluding polyethylene glycol (PEG) and poloxamer 188 have
shown protective effects from oxidative damage in both labora-
tory and animal models of human disease [43–46]. For example,
using a guinea pig spinal cord injury model, it has been shown
that PEG could significantly decrease injury-induced ROS ele-
vation and lipid peroxidation levels [45]. A further investigation
showed that PEG is not an effective free radical scavenger nor
does it have the ability to suppress xanthine oxidase, a key en-
zyme in generating superoxide, but can significantly accelerate
and enhance the healing process to restore membrane integrity
[42].

Our in vitro study suggested that surfactant poloxamer-407
could decrease the oxidative stress and cell damage. Thus, it is
very likely that P407 has a beneficial effect on the drug efficacy
of DTG treatment besides its role as a drug delivery system.
This protective effect of non-ionic surfactant nanoformulations
could have significant implications on future drug discovery,
given the fact that oxidative stress is one of the most common
side effects of many therapeutic drugs. Induction of oxidative
stress can lead to drug failure in clinical trials or phase-out in the
market in later use. Though oral ingestion of antioxidants could
deem effective in counteracting such toxicity, it is not an ideal
therapeutic solution due to their side effects or interactions with
other medications or supplements [47–49]. Interestingly, the
nanoformulated non-ionic surfactant tested in this study did
not show any obvious toxicity in affecting brain metabolism.
Previous studies have also found that nanoparticles can pene-
trate the BBB possibly via receptor-mediated endocytosis in
brain capillary endothelial cells [50]. This suggests that another
advantage of nanoformulations in antagonizing oxidative stress
is the colocalization of nanoparticles and drug during distribu-
tion, resulting in possible in situ restoration of normal physio-
logical conditions. Further investigation on the optimization of
the material type, size, and formulation as well as its potential
application for generic drug modification is needed. It is worth
noting that oxidative stress and malformations in embryonic
developmental including those linked to neural tube defects
could occur [51–55]. Future works are certainly required to
see if such relationships could occur between DTG and mater-
nal fetal abnormalities. Indeed, following the submission of this
manuscript, a potential increased risk of neural tube defects was
reported in infants born to womenwhowere taking DTG-based
regimens at the time of conception [56–63]. As DTG-
containing regimens would be administered to 15 million peo-
ple in low- and middle-income countries, concerns for drug
administration were discussed [63–67]. Thus, it is of some

importance to expand research into any potential adverse effects
of the medicine on fetal brain development.

In conclusion, we examined DTG brain metabolic activities
using mass spectrometry-based metabolite profiling and ob-
served significant dysregulation in energy and oxidative stress
pathways; most notably, glutathione and ascorbic acid were
depleted. This effect was significantly attenuated when DTG
was administered as a nanoformulation. This data provides a
possible pathway for the advantages of nanoformulations or
other relevant therapeutic drug delivery systems to preclude
systemic toxic reactions and most notably those that involve
the nervous system.
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