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Off target effects of HIV integrase strand transfer
inhibitors in cell and animal models: a scoping review
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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.
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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.

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 and Drug Administration 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
that were approved from 2013 onwards. Second generation
INSTTIs show structural similarities (Supplemental Figure
1, Supplemental Digital Content, http://links.Iww.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
Reliet (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 naive 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 vitro model systems, such as pluripotent stem cells, are a
useful tool to identity 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 eftects 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

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.10/h2bg8).

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 INSTT 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 INSTTIs, 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, the Web of Science
Core Collection, and PubMed. The Ovid MEDLINE
search strategy can be found in Supplemental Table 1,
Supplemental Digital Content, http://links.Iww.com/
QAD/D591. Search terms included medical subject
headings (MeSH terms), keywords, and concept words to
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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/eftect 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.

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 (n =90), with an additional five
conference proceedings and one preprint included. Most
studies were conducted in the United States (n=43),
with Italy (n=10) and Canada (n=38) 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 (n=63), followed by RAL (n=45), EVG
(n=18), BIC (n=11), and CAB (n=15). 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 (n=29), reproductive
(n=20), circulatory (n = 6), immune (1 =19), endocrine
(n=16), hepatic (n=38), hematologic (n=>5), musculo-
skeletal (n=4), renal (n=1), respiratory (n=1), and
unclassified (n=>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 INSTT off target
effects and toxicity in cell and animal models.

Synthesis of results

The concentration of INSTT to which 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 (n=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
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Studies from databases/registers (n = 9946)
MEDLINE (n = 2854)
Embase (n =2657)
Scopus (n = 2470)
PubMed (n = 1408)
Web of Science (n =557)

References from other sources (n = 4)
Citation searching (n = 4)
Grey literature (n = 0)
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No Cell or Animal Models (n = 2)

Old Conference Proceedings (n = 69)

No Dysregulation/Change Measured (n = 72)
Non-Clinically Relevant InSTI formulation (n = 23)

Fig. 1. Preferred reporting items for systematic review and meta-analysis-extension for scoping review (PRISMA-ScR) flow chart

of study selection.

(DMSO, n=17 with unknown final DMSO concentra-
tion), and six studies used a different vehicle. Among those,
two used H,O, and one of each used Hank’s Balanced Salt
Solution, Dulbecco’s phosphate buftered saline, methanol,
and dimethyl sulfone 4 30% polyethylene glycol 300 +
10% Tween 80 4 55% double distilled water. Most of the
articles reporting both cell and animal data also utilized
DMSO as the drug vehicle (n=6, two of unknown
concentration). Two other studies reported using either
H,O or DMSO:solutol:50 mM N-methylglucamine in 3%
mannitol, and one study did not specify a drug diluent
(Fig. 4). Among articles that reported animal data, H,O
was most often the drug vehicle (n=9), while three used
DMSO, two used 0.5% hydroxypropylmethylcellulose

with 0.1% Tween 80, one used Dulbecco’s phosphate
buffered saline, one used DMSO:solutol:50 mM 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 eftects were investigating RAL, and the remaining
four (29%) investigated DTG. These ten studies represent
nearly a quarter (22%) of those that reported on RAL

Copyright © 2025 Wolters Kluwer Health, Inc. All rights reserved.
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Reproductive
16
2
Hematologic

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 INSTTIs, found no eftect associated with
RAL exposure, whether on all overarching metrics (63%,
n=22/35), regulation and response (57%, n=26/46),
reproductive and health and survival developmental
health (57% n=4/7), and metabolic regulation and
cellular stress (76%, n=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%, n =22/
34), regulation and response (88%, n=>56/64), repro-
ductive and developmental health (61% n=19/31), and
metabolic regulation and cellular stress (95%, n=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).

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
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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. The median [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).

Discussion

Summary of evidence

In this scoping review, we identified 96 sources of
evidence that investigated dysregulation associated with
INSTTI 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 eftects 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.
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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 uM as the peak plasma concentration (1 x
Cimax) for EVG, and 13.69 puM as the 1x Cpax 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 wM (c). Studies
marked with 1 do not report on drug diluent concentration and those with } do not provide any drug diluent information.
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Effect of drug exposure
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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 INSTT 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 INSTTs are highly
protein-bound in vive. 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-

therapeutic concentrations may be exposing the cells to
exceedingly high drug concentrations.

Most studies (~85%) reported eftects with exposure to
one or more INSTIs. RAL consistently appeared to be
the least harmful INSTT 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
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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 (n=50) the studies included metrics of
metabolic regulation and cellular stress. Specifically, 29
studies investigated measures 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 1is metabolic functions, such as

mitochondrial health, oxidative status (e.g., the eftects
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 eftects, 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 INSTT off target eftects 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 HIV or SIV
infected animals when they did not also include
uninfected but INSTI-exposed control animals. This

Table 2. Descriptions of study limitations and recommendations for future work in pre-clinical studies.

Studies

Missing information and/or limitation affected n (%)

Recommendation for future studies

Unknown INSTI concentration used for exposure

In vitro drug concentration used are all above 7(7)
pharmacologically relevant levels

Unknown diluent used for INSTIs 15 (16)

Unknown diluent concentration 33 (34)

Unknown sample size 10 (10)

Small sample size [n < 3] 35 (36)

Always report INSTI concentration to allow for meaningful interpretation of
the results

Use pharmacologically relevant concentration for drug exposure
experiments, while also considering serum protein concentration of the
media used.

Use appropriate diluents for experiments such as 0.1% DMSO or H,O to
ensure minimal off-target effects. If using other diluents, demonstrate
lack of toxicity.

When using diluents other than H,O, report concentrations, and use lowest
concentrations required to solubilize INSTI, for minimal off-target effects

Always report sample size for readers to synthesize and interpret results
appropriately

Use sample size (independent or biological replicates) larger than 3 to meet
assumptions of statistical tests and generate reliable estimates of effects.

INSTI, integrase strand transfer inhibitor.
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exclusion criterium resulted in the removal of several
large animal studies. Studies on INSTTIs that are not FDA-
approved, as well as modes of delivery of INSTTIs 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 eftects 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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