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In the past decade, integrase strand transfer inhibitor (INSTI)-containing regimens have
become the most widely used HIV treatment worldwide. Despite their high efficacy and
tolerability, numerous adverse effects have been reported, including weight gain,
neuropsychiatric effects, and reproductive health concerns. These reports were the
impetus for an array of postapproval in vitro and in vivo studies. This scoping review
consolidates and discusses all research conducted post-INSTI approval, from 2007 to
2024, that focused on the effects of INSTI exposure in cell and animal models. It
provides insights into potential effects and mechanistic details that may not be revealed
through clinical trials. Copyright © 2025 Wolters Kluwer Health, Inc. All rights reserved.
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Introduction

The advent and success of combination antiretroviral
therapy has led to over 70% of people living with HIV
worldwide gaining access to effective treatment, resulting
in a significant decline in HIV-associated mortality [1,2].
Since the approval of the first antiretroviral drug in 1987,
the field of HIV management has evolved dramatically
from frequent dosing and high pill burden to a single
combination pill once a day, and more recently, a single
combination injection once a month [3–5]. The World
Health Organization recommends first-line combination
antiretroviral therapy regimens consisting of three
antiretrovirals: two different nucleoside reverse transcrip-
tase inhibitors serving as the ‘‘backbone’’ of the regimen
and a third ‘‘base’’ drug chosen from the protease
inhibitor, nonnucleoside reverse transcriptase inhibitors,
or integrase strand transfer inhibitor (INSTI) drug classes.
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INSTIs are a particularly powerful class of HIV antiretro-
viral as there are no known human analogs of the integrase
enzyme, thus reducing potential off-target effects [6].
Owing to their efficacy and generally favorable tolerability,
INSTIs have gained popularity and global use [7]. There
are currently five Food andDrugAdministration approved
INSTIs, namely raltegravir (RAL), elvitegravir (EVG),
dolutegravir (DTG), bictegravir (BIC), and cabotegravir
(CAB). RAL and EVG are often referred to as ‘‘first-
generation’’ INSTIs, as they were approved prior to 2012.
The other three represent ‘‘second-generation’’ INSTIs
thatwere approved from2013onwards. Second generation
INSTIs show structural similarities (Supplemental Figure
1, Supplemental Digital Content, http://links.lww.com/
QAD/D592) and were developed with the intent of
overcoming resistance observed in first generation INSTIs,
with additional advancements in potency and overall
clinical efficacy [8–10].
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DTG is one of the most widely used antiretrovirals, with
more than 80% of people living with HIV receiving DTG
in 2021, in approximately 40 countries supported by the
United States President’s Emergency Plan for AIDS
Relief (PEPFAR) [11,12]. INSTIs exhibit a high barrier
to resistance and are particularly useful for treatment-
experienced individuals with resistance to other antire-
troviral drug classes [13]. Their popularity also stems from
their ease of use, with RAL requiring two pills twice a
day, BIC, DTG, and EVG all available as fixed doses taken
once per day, and CAB available as a once-monthly
injectable.

Integrase strand transfer inhibitor toxicity in the
clinical setting
Despite their relatively high tolerability, several toxicities
have been observed with INSTIs in clinical settings, both
in treatment naı̈ve individuals, and individuals switching
to INSTI-containing regimens. Slight elevations in
creatinine have been noted for several INSTIs, suggesting
a potential effect on renal function [14]. Neuropsychiatric
symptoms such as anxiety, insomnia, and depression have
also been associated with INSTI use [15]. Of recent
concern are the numerous reports of weight gain
following initiation of INSTI-based regimens, implicat-
ing metabolic disturbances and possible mitochondrial
etiology [16–18].

An instance of potential INSTI toxicity that sparked a
plethora of in vitro research are the Tsepamo study
findings, whereby the incidence of neural tube defects
was reported to be significantly elevated in infants whose
mothers were treated with DTG during pregnancy [19].
However, with additional participants added to this study,
the effect was lost. In addition, recent in vitro and in vivo
(animal model) research investigating the role of DTG has
yielded conflicting results, with the presence of folate, a
critical factor in neural tube development, adding another
layer of complexity to the interpretation of DTG-
associated toxicity [20–24]. Other classes of antiretrovir-
als have been shown to exert toxic effects in vitro in a
variety of cell models, replicating the effects observed in
clinical settings [25–27].

In vitromodel systems, such as pluripotent stem cells, are a
useful tool to identify early developmental drug toxicity
[28–30]. For example, a recent study investigating
developmental toxicity of single INSTIs in mouse and
human stem cell-based 3D morphogenesis models noted
adverse morphological and gene expression changes
following exposure to DTG [24]. Another group failed to
detect any DTG effects on rat whole embryo cultures,
however, that study-initiated exposure to the antiretrovi-
ral on gestational day 9, which is beyond early stages of
neurulation, hence neural tube development [31,32].

The reporting of INSTI toxicities in clinical settings
postapproval is common, but it is unclear whether these
Copyright © 2025 Wolters Kluwer H
toxicities could have been detected in the preclinical
setting, either in cell or animal models. Available
literature on the preclinical examination of INSTI
toxicity has not been congregated. The primary objective
of this scoping review is to examine a wide array of cell
and animal models, and report on observations that may
shed light on potential INSTI toxicities and gaps in
preclinical antiretroviral studies.
Methods

Protocol and registration
This review was conducted according to Joanna Briggs
Institute methodology for scoping reviews [33,34]. The
protocol for this review was created following the
Preferred Reporting Items for Systematic Review and
Meta-Analysis-Extension for Scoping Review
(PRISMA-ScR) checklist [35]. The final protocol was
registered prospectively on Open Science Framework on
October 24, 2022 (https://osf.io/h2bq8).

Eligibility criteria
For this review, INSTIs were selected as the exposure,
dysregulation as the outcome, and cell and/or animal
models as the target study population. To be eligible for
inclusion, studies must have reported on toxicity or
dysregulation, in cell and/or animal models, following
exposure to any INSTI, be written in English, and
include cell and/or animal data. Quantitative experi-
mental intervention laboratory studies were included but
human studies such as case reports, observational and
cohort studies, and clinical trials were excluded. All
studies published from the time the first INSTI was
approved for use in 2007 to April 2024 were included. In
the case of studies on HIV or Simian immunodeficiency
virus infection in addition to INSTI exposure, only those
with a drug exposure control condition (i.e., no HIV or
SIV control) were included. Studies that collected
specimens from humans with exposure to INSTIs, but
did not conduct ex vivo drug exposures, were excluded.
Exposure to INSTI could be as a single drug or in
combination with other antiretrovirals and could utilize
any clinically relevant modes of drug delivery which, at
the time of this review, included oral delivery for all
INSTIs, as well as injections for CAB.

Information sources and search
The search strategy was designed in consultation with a
research librarian. Comprehensive searching of relevant
documents on the topic was conducted in Ovid
MEDLINE, Ovid EMBASE, Scopus, theWeb of Science
Core Collection, and PubMed. The Ovid MEDLINE
search strategy can be found in Supplemental Table 1,
Supplemental Digital Content, http://links.lww.com/
QAD/D591. Search terms included medical subject
headings (MeSH terms), keywords, and concept words to
ealth, Inc. All rights reserved.
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search titles, abstract, subject headings, and registry word
fields. Additionally, references of highly-relevant seed
papers and systematic reviews, papers and conference
proceedings on relevant websites, and other sources of
grey literature were examined. Limits were applied to
exclude studies not conducted in cell or animal models.

Selection of sources of evidence
The search results from all databases were imported into
Covidence where duplicates were removed. English
language articles were independently screened by two
authors using Covidence. Titles and abstracts were
screened first to exclude irrelevant references followed
by a full text review by two authors to assess eligibility.
Disagreements were resolved by the third author.

Data charting process and data items
Two authors developed a data extraction template in
Covidence to chart relevant variables (Supplemental
Figure 2, Supplemental Digital Content, http://links.
lww.com/QAD/D592), and data were independently
extracted from selected articles. To minimize reporting
bias, information was reported verbatim from the source,
wherever possible. As above, disagreements were resolved
by a third author. Information was collected on article
characteristics (e.g., country of origin, funding source,
conflicts of interest), model type (e.g., cell line, mouse
strain), INSTI exposure information (e.g., INSTI drug,
single or combination, concentration, length of expo-
sure), measurement methods [e.g., quantitative polymer-
ase chain reaction (qPCR), flow cytometry, etc.], and
dysregulation/effect outcomes.

Synthesis of results
The extracted information was organized based on several
characteristics. First, studies were grouped based on
INSTI examined, namely BIC, CAB, DTG, EVG, or
RAL. Second, studies were grouped based on the organ
system modeled or dysregulated, namely circulatory,
endocrine, hematologic, hepatic, immune, musculoskel-
etal, nervous, renal, reproductive, respiratory, or unclas-
sified. Lastly, studies were placed in four groups based on
the effects measured, namely health and survival,
regulation and response, reproductive and developmental
health, or metabolic regulation and cellular stress. These
were then further stratified. For example, the health and
survival category was stratified into cell proliferation, cell
and animal survival, autophagy, and telomere length. The
regulation and response category included cellular
development, cell-specific function, and response to
stimuli. The reproductive and developmental health
category included embryo/fetal morphology, embryo/
fetal health, pregnancy outcomes, placental health,
postnatal development, and reproductive health. Finally,
the metabolic regulation and cellular stress category
included mitochondrial health, oxidative status, glucose/
insulin regulation, and lipid metabolism.
Copyright © 2025 Wolters Kluwer
Results

Selection of sources of evidence
Article selection following the PRISMA-ScR guidelines
is summarized in Fig. 1. Ninety-six articles remained
eligible for inclusion in this review.

Characteristics of sources of evidence
Of the selected articles, 70 reported in vitro data, 17 in vivo,
and nine both in vitro and in vivo. Most studies were peer-
reviewed journal articles (n¼ 90), with an additional five
conference proceedings and one preprint included. Most
studies were conducted in the United States (n¼ 43),
with Italy (n¼ 10) and Canada (n¼ 8) as distant second
and third most common locations, though all continents
except South America were represented (Supplemental
Figure 3, Supplemental Digital Content, http://links.
lww.com/QAD/D592).

Many studies included more than one INSTI. DTG
exposure showed the highest prevalence of reporting on
dysregulation (n¼ 63), followed by RAL (n¼ 45), EVG
(n¼ 18), BIC (n¼ 11), and CAB (n¼ 5). This prevalence
of reporting aligns closely with how long each drug has
been approved, apart from DTG where its increasing
worldwide use and the pregnancy safety signal are likely
related to its elevated study prevalence. Based on the
model and outcomes measured, each study was classified
into one or two organ systems (Fig. 2). These
classifications included nervous (n¼ 29), reproductive
(n¼ 20), circulatory (n¼ 6), immune (n¼ 19), endocrine
(n¼ 16), hepatic (n¼ 8), hematologic (n¼ 5), musculo-
skeletal (n¼ 4), renal (n¼ 1), respiratory (n¼ 1), and
unclassified (n¼ 5). Each study was unique, with many
investigating different models, different INSTIs, and
different organ systems (Fig. 3).
Results of individual sources of evidence

Table 1 summarizes the literature on INSTI off target
effects and toxicity in cell and animal models.

Synthesis of results
The concentration of INSTI towhich cells (in vitro and ex
vivo) and animals (in vivo) were exposed to ranged widely
within and between studies (Fig. 4). Among the 79 cell-
based studies, 53, 17, and 9 studies examined INSTI
concentrations within, below and above the therapeuti-
cally relevant range, respectively. More than half the
studies included (n¼ 52) examined INSTIs at multiple
concentration, allowing the documentation of concen-
tration-dependent effects.

Among the studies reporting cell-based data, 15 did not
specify the diluent in which the drug solution was
prepared, 47 diluted the INSTIs in dimethyl sulfoxide
 Health, Inc. All rights reserved.
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Fig. 1. Preferred reporting items for systematic review andmeta-analysis-extension for scoping review (PRISMA-ScR) flow chart
of study selection.
(DMSO, n¼ 17 with unknown final DMSO concentra-
tion), and six studies used a different vehicle. Among those,
two used H2O, and one of each used Hank’s Balanced Salt
Solution, Dulbecco’s phosphate buffered saline, methanol,
and dimethyl sulfone þ 30% polyethylene glycol 300 þ
10% Tween 80 þ 55% double distilled water. Most of the
articles reporting both cell and animal data also utilized
DMSO as the drug vehicle (n¼ 6, two of unknown
concentration). Two other studies reported using either
H2OorDMSO:solutol:50mMN-methylglucamine in 3%
mannitol, and one study did not specify a drug diluent
(Fig. 4). Among articles that reported animal data, H2O
was most often the drug vehicle (n¼ 9), while three used
DMSO, two used 0.5% hydroxypropylmethylcellulose
Copyright © 2025 Wolters Kluwer H
with 0.1% Tween 80, one used Dulbecco’s phosphate
buffered saline, one used DMSO:solutol:50mM N-
methylglucamine in 3% mannitol, and one did not report
their diluent (Fig. 4).

A total of 25 studies (26%) identified at least one INSTI
that was not associated with any dysregulation, including
14 (15%) reporting no effect on any measure for any
INSTI investigated.

Ten of the 14 studies (71%) that did not identify any
INSTI effects were investigating RAL, and the remaining
four (29%) investigated DTG. These ten studies represent
nearly a quarter (22%) of those that reported on RAL
ealth, Inc. All rights reserved.
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Fig. 2. Organ system classifications based on in vitro/in vivo model used and/or effects measured in the study. Circulatory (6,
pink), endocrine (16, orange), hematologic (5, red), hepatic (8, light green), immune (19, yellow), musculoskeletal (4, brown),
nervous (29, teal), renal (1, dark green), reproductive (20, purple), respiratory (1, dark blue) and unclassified (5, grey).
exposure, whereas the other four studies represent only
6% of those that reported on DTG exposure. In fact, the
majority of studies that included RAL, either alone or
alongside other INSTIs, found no effect associated with
RAL exposure, whether on all overarching metrics (63%,
n¼ 22/35), regulation and response (57%, n¼ 26/46),
reproductive and health and survival developmental
health (57% n¼ 4/7), and metabolic regulation and
cellular stress (76%, n¼ 25/33) (Fig. 5). This is in contrast
with DTG in which most studies were associated with a
dysregulation of overall health and survival (65%, n¼ 22/
34), regulation and response (88%, n¼ 56/64), repro-
ductive and developmental health (61% n¼ 19/31), and
metabolic regulation and cellular stress (95%, n¼ 36/38)
(Fig. 5). Most studies that included BIC, CAB, or EVG
also noted dysregulation in all metrics (Fig. 5).

Within the 96 studies included, 21 (22%) included
authors who disclosed conflicts of interest related to
INSTIs, including six studies among those identifying at
least one INSTI with no associated effect(s).
Copyright © 2025 Wolters Kluwer
To investigate the effect of INSTIs on fetal development,
several animal models were employed, including rat,
mouse, rabbit, zebrafish and worm. Herein, we
consolidated data on exposure times and exposure
concentrations in three of these models, specifically the
mouse, rat and rabbit as they more closely mimic human
development. In most studies (10/14), animals were
exposed to INSTIs shortly after conception, denoted as
gestational day 0.5, until sacrifice, usually close to full
term. Such models do not fully recapitulate human
exposure, as most women conceive while already on
INSTIs. However, exposure to INSTIs immediately after
conception and throughout gestation enables researchers
to determine the effect of INSTIs on neural tube
development, fetus size and embryo morphology.

One study evaluated the effect of INSTI exposure on
fertilization, implantation, placental morphology and
weight. In these animals, dolutegravir exposure began
14 days prior to mating until gestational day seven [73].
This model allowed the authors to investigate parameters
 Health, Inc. All rights reserved.
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Fig. 3. Sankey diagram indicating type of model used, INSTI(s) utilized in the study, and organ system(s). As several studies
investigated more than one drug and/or more than one organ system, the size of the bins may not always align. Made at
SankeyMATIC.com
related to fertility but does not provide a comprehensive
model of fetal development. Among four studies that
started INSTI exposure mid-gestation, one found an
increased incidence of cleft palates with dolutegravir
exposure, and an increased incidence of neural tube
defects in low folate diet conditions [124]. The three
other studies did not report any INSTI-related fetal
toxicity, however one only exposed mice to INSTIs on
gestational day 9–11, which is post neurulation, the
gestation period at which neural tube defects develop
[31].

The number of independent replicates or animals per
exposure group in the articles varied, with many studies
reporting on small sample sizes. Themedian [interquartile
range] sample size was 3 [3–6] for in vitro studies, 6 [4–20]
for in vivo studies, and 3 [3] for studies that included both
in vitro and in vivo experiments. Overall, there were nine
studies that did not report their sample size (eight in vitro;
one in vitro and in vivo), and 24 studies in which the largest
sample size was three (20 in vitro; three in vivo, one in vitro
and in vivo).
Copyright © 2025 Wolters Kluwer H
Discussion

Summary of evidence
In this scoping review, we identified 96 sources of
evidence that investigated dysregulation associated with
INSTI off target effects in cell and/or animal models. This
substantial volume of information necessitated consoli-
dated data reporting to observe general trends. Overall,
our findings indicate that there are many INSTI-
associated effects in both cell and animal models reported
in the literature.

Most of the studies included utilized cultured cell models,
with few reporting on animals or in both cell and animal
models. The popularity of cell models is likely due to their
ease of use and the availability of standardized protocols to
measure toxicity [127]. Cell models can also provide
information on specific mechanisms, metabolism, and
cytotoxicity of the drug [127,128]. As these were
postapproval studies, the cost of conducting larger animal
studies may only be justified when toxicities are noted
in humans.
ealth, Inc. All rights reserved.
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Fig. 4. INSTI concentrations in vitro, ex vivo and animal studies. (a) The light grey vertical box indicates the range of
therapeutically relevant concentrations of all INSTIs, which all fall between 3.77 mM as the peak plasma concentration (1�
Cmax) for EVG, and 13.69 mM as the 1� Cmax for BIC. INSTI concentration and diluent information were not reported for one in
vitro study Khanal et al. [71]. Two animal studies did not report INSTI dosage or concentration information [86,119]. Studies
conducted in mammals reported drug exposures as mg/kg/day (b), whereas zebrafish and worm studies reported as mM (c). Studies
marked with y do not report on drug diluent concentration and those with z do not provide any drug diluent information.

Copyright © 2025 Wolters Kluwer Health, Inc. All rights reserved.
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Fig. 5. Effects measured in cell and animal models. All effects reported in each study are included. Most studies reported on more
than one effect and the directionality of each specific effect is represented. Specific functions encompass cell-type specific
functions and processes such as differentiation and maturation. Response to stimuli represents effects on processes such cytokine
release and cellular activation. Oxidative status encompasses reactive oxygen species and antioxidant presence, with greater
reactive oxygen species resulting being coded as a decreased effect, and greater antioxidant levels as an increased effect.
The majority of the studies either examined RAL, the
first-in-class INSTI, or DTG, currently the most widely
used INSTI globally. Of note, many of the cell culture
studies utilized therapeutically relevant INSTI concen-
trations, but the concentration of free drug would be
impacted by protein concentration, as INSTIs are highly
protein-bound in vivo. Cell culture media often contain
lower protein concentrations than human blood, thus the
exposure to free drug in vitro may be increased by up to
10-fold compared to in vivo levels. Given this, studies
investigating sub-therapeutic INSTI concentrations
below the reported therapeutic levels may still be utilizing
relevant concentrations, while those using supra-
Copyright © 2025 Wolters Kluwer H
therapeutic concentrations may be exposing the cells to
exceedingly high drug concentrations.

Most studies (�85%) reported effects with exposure to
one or more INSTIs. RAL consistently appeared to be
the least harmful INSTI in cell and animal models, with
more than 80% of the studies finding no adverse effects
with RAL exposure. DTG had the most observed effects,
dysregulating many key processes in both directions
relative to controls. Among the relatively few BIC, CAB,
and EVG studies, the majority also noted dysregulation.
These key findings highlight the relative safety of RAL
and the greater reporting of DTG-induced dysregulation
ealth, Inc. All rights reserved.
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in the literature. They also demonstrate a knowledge gap
pertaining to the effects of exposure to the newer second-
generation INSTIs BIC and CAB.

A prevalent organ system group in this review was
reproductive, in which developmental and reproductive
dysregulations were reported in 20 studies. DTG was
investigated in 17 of the 20 studies, with dysregulation
noted in 15. Six studies specifically investigated
developmental toxicity with exposure to DTG, and
potential association with folate [22,23,92,114,124,126],
as folate deficiency in the first trimester of pregnancy is
associated with increased risk of neural tube defect.[129–
131] Given the modifiable nature of folate status, many
countries fortify grains and cereal products with folic acid
to prevent neural tube defects. Thus far, the literature is
inconsistent regarding the involvement of DTG in folate
transport pathways [21–23,114,132].

Over half (n¼ 50) the studies included metrics of
metabolic regulation and cellular stress. Specifically, 29
studies investigatedmeasures of mitochondrial health, and
34 studies evaluated oxidative status, with levels of
oxidative stress and/or antioxidants measured. An
additional six studies evaluated glucose/insulin regula-
tion, and seven investigated lipid metabolism. This high
level of interest in metabolic regulation is predominantly
driven by the report of weight gain in human studies with
INSTI exposure, prompting research to identify
mechanistic links.

In the conglomeration of the data, we noticed three major
themes of toxicity and/or dysregulation measured. The
first is the evaluation of specific cell function, which
includes their ability to grow, proliferate, survive, and
respond to stimuli. These are essential to everyday
function and survival of different organ systems, such as
cardiomyocytes, adipocytes, neurons, and immune cells.
Another theme is metabolic functions, such as
Table 2. Descriptions of study limitations and recommendations for futu

Missing information and/or limitation
Studies

affected n (%) Reco

Unknown INSTI concentration used for exposure 1 (1) Alwa
the

In vitro drug concentration used are all above
pharmacologically relevant levels

7 (7) Use
ex
me

Unknown diluent used for INSTIs 15 (16) Use
en
lac

Unknown diluent concentration 33 (34) Whe
co

Unknown sample size 10 (10) Alwa
ap

Small sample size [n � 3] 35 (36) Use s
ass

INSTI, integrase strand transfer inhibitor.

Copyright © 2025 Wolters Kluwer
mitochondrial health, oxidative status (e.g., the effects
of antioxidants or presence of reactive oxygen species),
glucose/insulin regulation, and lipid metabolism. These
metrics may link to mechanisms behind INSTI-related
metabolic changes such as weight gain. The final theme is
the interplay between INSTI and reproductive health,
which includes embryo and fetal health/morphology,
pregnancy outcomes, placental health, and postnatal
development. As INSTI are widely used among
individuals of reproductive age, these measures may be
relevant to study reproductive health effects, including
in pregnancy.

Drug diluent information was not always reported, and
when it was, its nature and concentration showed
substantial variability between studies. This is a concern
as even moderate increases in DMSO concentrations can
exert cytotoxic effects and substantially impact mito-
chondrial health [133–135].

Finally, the studies varied widely in sample size, and the
latter was often low for meaningful inference statistics.
We have summarized common limitations and sugges-
tions for future studies in Table 2. On a positive note, we
did not detect any biases in relation to conflicts of interest
in the literature included in this scoping review.

Strengths and limitations
This scoping review is, to our knowledge, the first to
conglomerate data on INSTI off target effects and toxicity
in cell and animal models. It provides a valuable summary
of experimental evidence that may be utilized to
compare, contrast, and/or validate findings in human
research.

To ensure the number of studies included in this review
was feasible, we excluded those that utilized HIVor SIV
infected animals when they did not also include
uninfected but INSTI-exposed control animals. This
re work in pre-clinical studies.

mmendation for future studies

ys report INSTI concentration to allow for meaningful interpretation of
results

pharmacologically relevant concentration for drug exposure
periments, while also considering serum protein concentration of the
dia used.
appropriate diluents for experiments such as 0.1% DMSO or H2O to
sure minimal off-target effects. If using other diluents, demonstrate
k of toxicity.
n using diluents other thanH2O, report concentrations, and use lowest
ncentrations required to solubilize INSTI, for minimal off-target effects

ys report sample size for readers to synthesize and interpret results
propriately
ample size (independent or biological replicates) larger than 3 tomeet
umptions of statistical tests and generate reliable estimates of effects.

 Health, Inc. All rights reserved.
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exclusion criterium resulted in the removal of several
large animal studies. Studies on INSTIs that are not FDA-
approved, as well as modes of delivery of INSTIs that are
not approved (i.e., injectable DTG) were also excluded,
preventing us from commenting on these diverse areas of
research. Given the nature of this scoping review, the
quality of reported evidence was not assessed. We note
that numerous studies reported the presence or absence of
INSTI-associated effects but included a sample too small
to apply appropriate statistics to support the claims. This
may introduce bias in the quality of the consolidated data.

Taken together, these data indicate that DTG and RAL
are extensively studied in the literature. This also
identifies a knowledge gap pertaining to the effects of
the newer second-generation INSTIs BIC and CAB, in
both cell and animal models. Additionally, DTG appeared
to dysregulate numerous metrics of cellular and animal
health, whereas RAL exhibited a safer profile, a finding
that warrants further investigation.
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L, Zúñiga-Gonz�alez GM. Micronucleated erythrocytes in
Copyright © 2025 Wolters Kluwer
newborn rats exposed to raltegravir placental transfer.
Biomed Res Int 2014; 2014:851820.

46. Zhang X, Cao R, Liu R, Zhao R, Huang Y, Gurley EC, et al.
Reduction of the HIV protease inhibitor-induced ER stress and
inflammatory response by raltegravir in macrophages. PLoS
One 2014; 9:e90856.

47. Eadon MT, Zhang H, Skaar TC, Hato T, Dagher PC, Gupta SK,
Desta Z. A two-week regimen of high-dose integrase inhibi-
tors does not cause nephrotoxicity in mice. Antivir Chem
Chemother 2015; 24:72–76.

48. Nabekura T, Kawasaki T, Kamiya Y, Uwai Y. Effects of antiviral
drugs on organic anion transport in human placental BeWo
cells. Antimicrob Agents Chemother 2015; 59:7666–7670.

49. Bhuyan AAM, Signoretto E, Bissinger R, Lang F. Enhanced
eryptosis following exposure to dolutegravir. Cell Physiol
Biochem 2016; 39:639–650.

50. Bissinger R, Al Mamun Bhuyan A, Signoretto E, Lang F.
Stimulating effect of elvitegravir on suicidal erythrocyte
death. Cell Physiol Biochem 2016; 38:1111–1120.

51. Frezza C, Grelli S, Federico M, Marino-Merlo F, Mastino A,
Macchi B. Testing anti-HIV activity of antiretroviral agents in
vitro using flow cytometry analysis of CEM-GFP cells infected
with transfection-derived HIV-1 NL4-3. J Med Virol 2016;
88:979–986.

52. Miserocchi A, Musumeci G, Bon I, Morini S, Longo S, Borderi
M, et al. Effects of antiretroviral molecules on survival and
gene expression of an osteoblast-like cell Line. Curr HIV Res
2016; 14:497–505.

53. Moure R, Domingo P, Gallego-Escuredo JM, Villarroya J,
Gutierrez Mdel M, Mateo MG, et al. Impact of elvitegravir
on human adipocytes: alterations in differentiation, gene
expression and release of adipokines and cytokines. Antiviral
Res 2016; 132:59–65.

54. Afonso P, Auclair M, Caron-Debarle M, Capeau J. Impact of
CCR5, integrase and protease inhibitors on human endothe-
lial cell function, stress, inflammation and senescence. Antivir
Ther 2017; 22:645–657.

55. HirakawaH,GatanagaH,Ochi H, Fukuda T, Sunamura S,Oka
S, et al. Antiretroviral therapy containing HIV protease in-
hibitors enhances fracture risk by impairing osteoblast differ-
entiation and bone quality. J Infect Dis 2017; 215:1893–1897.

56. Lisi L, Pizzoferrato M, Miscioscia FT, Topai A, Navarra P.
Interactions between integrase inhibitors and human arginase
1. J Neurochem 2017; 142:153–159.

57. Stauch KL, Emanuel K, Lamberty BG, Morsey B, Fox HS.
Central nervous system-penetrating antiretrovirals impair
energetic reserve in striatal nerve terminals. J Neurovirol
2017; 23:795–807.

58. Xu P, Wang Y, Qin Z, Qiu L, Zhang M, Huang Y, Zheng JC.
Combined medication of antiretroviral drugs tenofovir dis-
oproxil fumarate, emtricitabine, and raltegravir reduces neur-
al progenitor cell proliferation in vivo and in vitro. J
Neuroimmune Pharmacol 2017; 12:682–692.

59. Latronico T, Pati I, Ciavarella R, Fasano A, Mengoni F, Lichtner
M, et al. In vitro effect of antiretroviral drugs on cultured
primary astrocytes: analysis of neurotoxicity and matrix me-
talloproteinase inhibition. J Neurochem 2018; 144:271–284.

60. Moure R, Domingo P, Villarroya J, Gasa L, Gallego-Escuredo
JM, Quesada-Lopez T, et al. Reciprocal effects of antiretrovir-
al drugs used to treat HIV infection on the fibroblast growth
factor 21/beta-Klotho system. Antimicrob Agents Chemother
2018; 62:e00029–18.

61. Stern AL, Lee RN, Panvelker N, Li J, Harowitz J, Jordan-Sciutto
KL, Akay-Espinoza C. Differential effects of antiretroviral
drugs on neurons in vitro: roles for oxidative stress and
integrated stress response. J Neuroimmune Pharmacol
2018; 13:64–76.

62. Karahoda R, Ceckova M, Staud F. The inhibitory effect of
antiretroviral drugs on the L-carnitine uptake in human pla-
centa. Toxicol Appl Pharmacol 2019; 368:18–25.

63. Korencak M, Byrne M, Richter E, Schultz BT, Juszczak P, Ake
JA, et al. Effect of HIV infection and antiretroviral therapy on
immune cellular functions. JCI Insight 2019; 4:.

64. Saida SJ, Manikandan A, Kaliyaperumal M, Rumalla CS, Khan
AA, Jayaraman VB, et al. Identification, isolation and char-
acterization of dolutegravir forced degradation products and
their cytotoxicity potential. J Pharm Biomed Anal 2019;
174:588–594.
 Health, Inc. All rights reserved.



1864 AIDS 2025, Vol 39 No 13
65. Tripathi A, Thangaraj A, Chivero ET, Periyasamy P, Callen S,
Burkovetskaya ME, et al. Antiretroviral-mediated microglial
activation involves dysregulated autophagy and lysosomal
dysfunction. Cells 2019; 8:E1168.

66. Velichkovska M, Surnar B, Nair M, Dhar S, Toborek M.
Targeted mitochondrial COQ 10 delivery attenuates antire-
troviral-drug-induced senescence of neural progenitor cells.
Mol Pharm 2019; 16:724–736.

67. Zhang X, Huang H, Zhang G, Li D, Wang H, Jiang W.
Raltegravir attenuates experimental pulmonary fibrosis in
vitro and in vivo. Front Pharmacol 2019; 10:903.

68. Auclair M, Guenantin A-C, Fellahi S, Garcia M, Capeau J.HIV
antiretroviral drugs, dolutegravir, maraviroc and ritonavir-
boosted atazanavir use different pathways to affect inflam-
mation, senescence and insulin sensitivity in human coronary
endothelial cells. PLoS One 2020; 15:e0226924–e1226924.

69. Cheney L, Guzik H, Macaluso FP, Macian F, Cuervo AM,
Berman JW. HIV Nef and antiretroviral therapy have an
inhibitory effect on autophagy in human astrocytes that
may contribute to HIV-associated neurocognitive disorders.
Cells 2020; 9:E1426.

70. Gorwood J, Bourgeois C, Pourcher V, Pourcher G, Charlotte F,
Mantecon M, et al. The integrase inhibitors dolutegravir and
raltegravir exert proadipogenic and profibrotic effects and
induce insulin resistance in human/simian adipose tissue and
human adipocytes. Clin Infect Dis 2020; 71:e549–e560.

71. Khanal S, Tang Q, Cao D, Zhao J, Nguyen LN, Oyedeji OS,
et al. Telomere and ATM dynamics in CD4 T-cell depletion in
active and virus-suppressed HIV infections. J Virol 2020; 94:
e01061-20.

72. Ma Q, Schifitto G, Venuto C, Ocque A, Dewhurst S, Morse
GD, et al. Effect of dolutegravir and sertraline on the blood
brain barrier (BBB). J Neuroimmune Pharmacol 2020; 15:7–9.

73. Stanislaus DJ, Posobiec LM, Laffan SB, Solomon HM, Ziejews-
ki MK, Romach EH. Absence of developmental and repro-
ductive toxicity in animals exposed to dolutegravir. Birth
Defects Res 2020; 112:245–261.

74. Tripathi A, Thangaraj A, Chivero ET, Periyasamy P, Burkovets-
kayaME,Niu F, et al.N-Acetylcysteine reverses antiretroviral-
mediated microglial activation by attenuating autophagy-ly-
sosomal dysfunction. Front Neurol 2020; 11:840.

75. Alburquerque-gonz�alez B, Bernab�e-garcı́a �A, Bernab�e-garcı́a
M, Ruiz-sanz J, L�opez-calder�on FF, Gonnelli L, et al. The FDA-
approved antiviral raltegravir inhibits fascin1-dependent in-
vasion of colorectal tumor cells in vitro and in vivo. Cancers
2021; 13:1–22.

76. Bade AN, McMillan JM, Liu Y, Edagwa BJ, Gendelman HE.
Dolutegravir inhibition of matrix metalloproteinases affects
mouse neurodevelopment.Mol Neurobiol 2021; 58:5703–5721.

77. Cazzaniga A, Scrimieri R, Galli M, Maier J, Rusconi S. Un-
veiling the basis of antiretroviral therapy-induced osteopenia:
the effects of dolutegravir, darunavir and atazanavir on os-
teogenesis. AIDS 2021; 35:213–218.

78. Chen L, Al-Harthi L, Hu XT. Triumeq increases excitability of
pyramidal neurons in the medial prefrontal cortex by facil-
itating voltage-gated Ca2R channel function. Front Pharmacol
2021; 11:617149.

79. Dubowsky M, Carr J, Walker A, Gold J, Rogers M. Effects of
antiretroviral therapy on motor behaviour, TDP-43 proteino-
pathy and immune response in a motor neuron disease mouse
model. Amyotrophic Lateral Sclerosis Frontotemp Degener
2021; 22 (Suppl 2):124–125.

80. George JW, Mattingly JE, Roland NJ, Small CM, Lamberty BG,
Fox HS, Stauch KL. Physiologically relevant concentrations of
dolutegravir, emtricitabine, and efavirenz induce distinct
metabolic alterations in HeLa epithelial and BV2 microglial
cells. Front Immunol 2021; 12:639378–1639378.

81. Hui L, Ye Y, SolimanML, Lakpa KL, Miller NM, Afghah Z, et al.
Antiretroviral drugs promote amyloidogenesis by de-acidify-
ing endolysosomes. J Neuroimmune Pharmacol 2021; 16:159–
168.

82. Pickering RT, Asundi A, Lin N. In vitro model to assess
antiretroviral therapy on adipocyte biology. Top Antiviral
Med 2021; 29:192–1192.

83. Roberts O, Kinvig H, Owen A, Lamorde M, Siccardi M, Scarsi
KK. In vitro assessment of the potential for dolutegravir to
affect hepatic clearance of levonorgestrel. HIV Med 2021;
22:898–906.
Copyright © 2025 Wolters Kluwer H
84. Roth LM, Zidane B, Festa L, Putatunda R, Romer M, Monnerie
H, et al. Differential effects of integrase strand transfer in-
hibitors, elvitegravir and raltegravir, on oligodendrocyte ma-
turation: a role for the integrated stress response. Glia 2021;
69:362–376.

85. Surnar B, Shah AS, Park M, Kalathil AA, Kamran MZ, Ramirez
Jaime R, et al. Brain-accumulating nanoparticles for assisting
astrocytes to reduce human immunodeficiency virus and drug
abuse-induced neuroinflammation and oxidative stress. ACS
Nano 2021; 15:15741–15753.

86. Bush K, Wairkar Y, Tang SJ. Nucleoside reverse transcriptase
inhibitors are the major class of HIV antiretroviral therapeu-
tics that induce neuropathic pain in mice. Int J Mol Sci 2022;
25:9059.

87. Ding H, Jambunathan K, Jiang G, Margolis DM, Leng I, Ihnat
M, et al. 3D spheroids of human primary urine-derived stem
cells in the assessment of drug-induced mitochondrial toxi-
city. Pharmaceutics 2022; 14:1042.

88. Domingo P, Quesada-Lopez T, Villarroya J, CairoM, Gutierrez
MDM, Mateo MG, et al. Differential effects of dolutegravir,
bictegravir and raltegravir in adipokines and inflammation
markers on human adipocytes. Life Sci 2022; 308:120948–
1120948.

89. Jung I, Tu-Sekine B, Jin S, Anokye-Danso F, Ahima RS, Brown
TT, Kim SF. Dolutegravir suppresses thermogenesis via dis-
rupting UCP1 expression and mitochondrial function in
brown/beige adipocytes in preclinical models. J Infect Dis
2022; 226:1626–1636.

90. Li J, Lin J, Lin JR, Farris M, Robbins L, Andrada L, et al.
Dolutegravir inhibits proliferation and motility of BT-20 tu-
mor cells through inhibition of human endogenous retrovirus
type K. Cureus 2022; 14:e26525.

91. Madzime M, Theron AJ, Anderson R, Tintinger GR, Steel HC,
Meyer PWA, et al.Dolutegravir potentiates platelet activation
by a calcium-dependent, ionophore-like mechanism. J Immu-
notoxicol 2022; 19:1–8.

92. Mohan H, Nguyen J, Yee A, Laurette EY, Sanghvi T, Tejada O,
et al. Reproductive feto-toxicity studies to evaluate dolute-
gravir in combination with emtricitabine and tenofovir in
pregnant mice on a folate deficient diet. Birth Defects Res
2022; 114:413–1413.

93. Ngono Ayissi K, Gorwood J, Le Pelletier L, Bourgeois C,
Beaupere C, Auclair M, et al. Inhibition of adipose tissue
beiging by HIV integrase inhibitors, dolutegravir and bicte-
gravir, is associated with adipocyte hypertrophy, hypoxia,
elevated fibrosis, and insulin resistance in simian adipose
tissue and human adipocytes. Cells 2022; 11:1841.

94. Pickering RT, Soden KM, Asundi A, Lin N.Metabolic pertuba-
tions by integrase inhibitors in differentiated human adipo-
cytes. Top Antiviral Med 2022; 30 (Suppl):234–1234.

95. Richter E, Bornemann L, Korencak M, Alter G, Schuster M,
Esser S, et al. Reduction of CD8T cell functionality but not
inhibitory capacity by integrase inhibitors. J Virol 2022; 96:
e0173021.

96. Smith AS, Ankam S, Farhy C, Fiengo L, Basa RCB, Gordon KL,
et al. High-content analysis and kinetic image cytometry
identify toxicity and epigenetic effects of HIV antiretrovirals
on human iPSC-neurons and primary neural precursor cells. J
Pharmacol Toxicol Methods 2022; 114:107157.

97. Smith MSR, Mohan H, Ajaykumar A, Hsieh AYY, Martineau L,
Patel R, et al. Second-generation HIV integrase inhibitors
induce differentiation dysregulation and exert toxic effects
in human embryonic stem cell and mouse models. J Infect Dis
2022; 226:1992–2001.

98. Theron AJ, Anderson R, Madzime M, Rossouw TM, Steel HC,
Meyer PWA, et al. Pro-inflammatory interactions of dolute-
gravir with human neutrophils in an in vitro study.Molecules
2022; 27:19–32.

99. Wallace J, Gonzalez H, Rajan R, Narasipura SD, Virdi AK,
Olali AZ, et al. Anti-HIV drugs cause mitochondrial dysfunc-
tion in monocyte-derived macrophages. Antimicrob Agents
Chemother 2022; 66:e0194121–e1194121.

100. Ajaykumar A, Caloren LC, Povshedna T, Hsieh AYY, Zakaria
A, Cai R, et al. Dolutegravir-containing HIV therapy rever-
sibly alters mitochondrial health and morphology in cultured
human fibroblasts and PBMC. AIDS 2023; 37:19–32.

101. Akcora-Yildiz D, Gonulkirmaz N, Ozkan T, Beksac M, Sun-
guroglu A: HIV-1 integrase inhibitor raltegravir promotes
ealth, Inc. All rights reserved.



Scoping review: HIV INSTI off-target effects Smith et al. 1865
DNA damage-induced apoptosis in multiple myeloma. Chem
Biol Drug De 2023;101262549.

102. Festa LK, Clyde AE, Long CC, Roth LM, Grinspan JB, Jordan-
Sciutto KL: Antiretroviral treatment reveals a novel role for
lysosomes in oligodendrocytematuration. J Neurochem 2023;
jav:2985190r.

103. Huang C, Hoque T, Bendayan R. Antiretroviral drugs efavir-
enz, dolutegravir and bictegravir dysregulate blood-brain
barrier integrity and function. Front Pharmacol 2023;
14:1118580.

104. Mohan J, Ghazi T, Mazibuko MS, Chuturgoon AA. Antiretro-
virals promote insulin resistance in HepG2 liver cells through
miRNA regulation and transcriptional activation of the
NLRP3 inflammasome. Int J Mol Sci 2023; 24:6247.

105. Moses AK, Ghazi T, Nagiah S, Chuturgoon A. The effect of
ARVs on the MEKKK1 gene promoter, inflammatory cytokine
expression and signalling in acute treated Jurkat T cells.
Xenobiotica 2022; 52:1041–1051.

106. Perna A, Carleo MA, Mascolo S, Guida A, Contieri M, Sellitto
C, et al. Adipocyte differentiation of 3T3-L1 cells under
tenofovir alafenamide, tenofovir disoproxil fumarate, and
integrase strand transfer inhibitors selective challenge: an
in-vitro model. AIDS 2023; 37:561–570.

107. Zizioli D, Zanella I, Mignani L, Degli Antoni M, Castelli F,
Quiros-Roldan E. Cabotegravir exposure of zebrafish (Danio
rerio) embryos impacts on neurodevelopment and behavior.
Int J Mol Sci 2023; 24:1994.

108. Cai R, Hsieh A, Zakaria A, Cote HCF. Several InSTI affect
immune cell mitochondria, proliferation, and apoptosis ex
vivo. Top Antiviral Med 2023; 31:275.

109. Gelineau-van Waes J, van Waes MA, Hallgren J, Hulen J,
Bredehoeft M, Ashley-Koch AE, et al. Gene-nutrient interac-
tions that impact magnesium homeostasis increase risk for
neural tube defects inmice exposed to dolutegravir. Front Cell
Dev Biol 2023; 11:1175917.

110. Jung I, Jin S, Tu-Sekine B, Anokye-Danso F, Brown TT, Kim S.A
loss of ERalpha attentuates DTG-mediated disruption of ther-
mogenesis in brown adipocytes. Top Antiviral Med 2023;
31:60–61.

111. Kaur H, Minchella P, Alvarez-Carbonell D, Purandare N,
Nagampalli VK, Blankenberg D, et al. Contemporary antire-
troviral therapy dysregulates iron transport and augments
mitochondrial dysfunction in HIV-infected human microglia
and neural-lineage cells. Int J Mol Sci 2023; 24:12242.

112. Kulbe JR, Nguyen L, Le AA, Laird AE, Taffe MA, Nguyen JD,
Fields JA. Nicotine, THC, and dolutegravir modulate E-cigar-
ette-induced changes in addiction- and inflammation-asso-
ciated genes in rat brains and astrocytes. Brain Sci 2023;
13:1556.

113. Kuo S-H, Hsu W-L, Wu C-Y, Lai Y-C, Chen T-C. Dolutegravir-
induced growth and lifespan effects in Caenorhabditis ele-
gans. BMC Pharmacol Toxicol 2023; 24:74.

114. Mohan H, Nguyen J, MacKenzie B, Yee A, Laurette EY,
Sanghvi T, et al. Folate deficiency increases the incidence
of dolutegravir-associated foetal defects in a mouse preg-
nancy model. EBioMedicine 2023; 95:104762.

115. Mohan J, Ghazi T, Sibiya T, Chuturgoon AA. Antiretrovirals
promotemetabolic syndromethroughmitochondrial stress and
dysfunction: an in vitro study. Biology (Basel) 2023; 12:580.

116. MonnerieH, RomerM,Roth LM, LongC,Millar JS, Jordan-Sciutto
KL,Grinspan JB. Inhibition of lipid synthesis by theHIV integrase
strand transfer inhibitor elvitegravir in primary rat oligodendro-
cyte cultures. Front Mol Neurosci 2023; 16:1323431.

117. Singh S, Thangaraj A, Chivero ET, Guo M-L, Periyasamy P,
Buch S. Role of dysregulated autophagy in HIV Tat, cocaine,
and cART mediated NLRP3 activation in microglia. J Neu-
roimmune Pharmacol 2023; 18:327–347.

118. Caiaffa CD, TukemanG,DelgadoCZ, Ambekar YS,Mekonnen
TT, Singh M, et al. Dolutegravir induces FOLR1 expression
during brain organoid development. Front Mol Neurosci
2024; 17:1394058.
Copyright © 2025 Wolters Kluwer
119. Chege BM, Mwangi PW, Githinji CG, Bukachi F. Dietary
regimens appear to possess significant effects on the devel-
opment of combined antiretroviral therapy (cART)-associated
metabolic syndrome. PloS One 2024; 19:e0298752.

120. Kress TC, Ajala P, Jordan CR, Mintz J, MacArthur R, Kennard S,
et al. 12-week Dolutegravir treatment marginally reduces
energy expenditure but does not increase body weight or
alter vascular function in a murine model of human immu-
nodeficiency virus infection. Vasc Pharmacol 2024;
155:107288.

121. Kwizera E, Wampande EM, Kato CD, Mujinya P, Wandera A,
Bwambale F, et al. Hepatoprotective effect of methanol fruit
extract of Punica granatum L in highly active antiretroviral
therapy-induced toxicity in Wistar rats. Drug Chem Toxicol
2024; 47:243–251.

122. McMullan HM, Gansemer BM, Thayer SA. Antiretroviral
drugs from multiple classes induce loss of excitatory synapses
between hippocampal neurons in culture. Front Pharmacol
2024; 15:1369757.

123. Quesada-Lopez T, Cereijo R, Blasco-Roset A, Mestres-Arenas
A, Prieto P, Domingo JC, et al. Divergent effects of the
antiretroviral drugs, dolutegravir, tenofovir alafenamide,
and tenofovir disoproxil fumarate, on human adipocyte func-
tion. Biochem Pharmacol 2024; 220:116010.

124. Tukeman GL, Wei H, Lin YL, Wlodarczyk BJ, Finnell RH,
Cabrera RM. Dolutegravir-induced neural tube defects in
mice are folate responsive. AIDS 2024; 38:439–446.

125. Zanre V, Bellinato F, Cardile A, Passarini C, Monticelli J, Di
Bella S, Menegazzi M. Lamivudine, doravirine, and cabote-
gravir downregulate the expression of human endogenous
retroviruses (HERVs), inhibit cell growth, and reduce invasive
capability in melanoma cell lines. Int J Mol Sci 2024; 25:1615.

126. Zizioli D, Quiros-Roldan E, Ferretti S, Mignani L, Tiecco G,
Monti E, et al. Dolutegravir and folic acid interaction during
neural system development in zebrafish embryos. Int J Mol Sci
2024; 25:4640.

127. Chapman KL, Holzgrefe H, Black LE, Brown M, Chellman G,
Copeman C, et al. Pharmaceutical toxicology: designing stu-
dies to reduce animal use, while maximizing human transla-
tion. Regul Toxicol Pharmacol 2013; 66:88–103.

128. Bajpai M, Esmay JD. In vitro studies in drug discovery and
development: an analysis of study objectives and application
of good laboratory practices (GLP). Drug Metab Rev 2002;
34:679–689.

129. Smithells RW, Sheppard S, Schorah CJ, Seller MJ, Nevin NC,
Harris R, et al. Possible prevention of neural-tube defects by
periconceptional vitamin supplementation. Lancet 1980;
1:339–340.

130. Keuls RA, Finnell RH, Parchem RJ. Maternal metabolism
influences neural tube closure. Trends Endocrinol Metab
2023; 34:539–553.

131. Prevention of neural tube defects: results of the Medical
Research Council Vitamin Study. MRC Vitamin Study Re-
search Group. Lancet 1991; 338:131–137.

132. Romach EH, Stanislaus D, Zamek-Gliszczynski MJ. The antag-
onism of folate receptor by dolutegravir: developmental
toxicity reduction by supplemental folic acid. AIDS 2020;
34:162–163.

133. Yuan C, Gao J, Guo J, Bai L, Marshall C, Cai Z, et al. Dimethyl
sulfoxide damages mitochondrial integrity and membrane
potential in cultured astrocytes. PLoS One 2014; 9:e107447.

134. de Abreu Costa L, Henrique Fernandes Ottoni M, Dos Santos
MG, Meireles AB, Gomes de Almeida V, de F�atima Pereira W,
et al. Dimethyl sulfoxide (DMSO) decreases cell proliferation
and TNF-(, IFN-(, and IL-2 cytokines production in cultures of
peripheral blood lymphocytes. Molecules 2017; 22:1789.

135. VerheijenM, LienhardM, Schrooders Y, ClaytonO, Nudischer
R, Boerno S, et al. DMSO induces drastic changes in human
cellular processes and epigenetic landscape in vitro. Sci Rep
2019; 9:4641.
 Health, Inc. All rights reserved.


	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA

	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA

	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA

	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA

	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA

	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA





