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Abstract: Metabolic syndrome (MetS) is a non-communicable disease characterized by a cluster of
metabolic irregularities. Alarmingly, the prevalence of MetS in people living with Human Immun-
odeficiency Virus (HIV) and antiretroviral (ARV) usage is increasing rapidly. Insulin resistance is a
common characteristic of MetS that leads to the development of Type 2 diabetes mellitus (T2DM).
The progression of insulin resistance is strongly linked to inflammasome activation. This study aimed
to draw links between the combinational use of Tenofovir disoproxil fumarate (TDF), Lamivudine
(3TC), and Dolutegravir (DTG), and inflammasome activation and subsequent promotion of insulin
resistance following a 120 h treatment period in HepG2 liver in vitro cell model. Furthermore, we
assess microRNA (miR-128a) expression as a negative regulator of the IRS1/AKT signaling path-
way. The relative expression of phosphorylated IRS1 was determined by Western blot. Transcript
levels of NLRP3, IL-1β, JNK, IRS1, AKT, PI3K, and miR-128a were assessed using quantitative PCR
(qPCR). Caspase-1 activity was measured using luminometry. Following exposure to ARVs for 120 h,
NLRP3 mRNA expression (p = 0.0500) and caspase-1 activity (p < 0.0001) significantly increased. This
was followed by a significant elevation in IL-1β in mRNA expression (p = 0.0015). Additionally,
JNK expression (p = 0.0093) was upregulated with coinciding increases in p-IRS1 protein expres-
sion (p < 0.0001) and decreased IRS1 mRNA expression (p = 0.0004). Consequently, decreased AKT
(p = 0.0005) and PI3K expressions (p = 0.0007) were observed. Interestingly miR-128a expression was
significantly upregulated. The results indicate that combinational use of ARVs upregulates inflam-
masome activation and promotes insulin resistance through dysregulation of the IRS1/PI3K/AKT
insulin signaling pathway.
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1. Introduction

MetS is classified by the World Health Organization (WHO) as a global public hazard
that affects 20–30% of adults. The non-communicable disease can be classified by several
different pathologies, including insulin resistance, obesity, arterial hypertension, and dys-
lipidaemia [1,2]. These isolated pathologies may contribute to the development of more
severe conditions such as Type 2 diabetes mellitus (T2DM) and cardiovascular diseases
(CVD) [2].

The literature indicates a strong correlation between the occurrence of MetS in people
living with HIV (PLWH) [3–5]. HIV severely affects a considerable portion of the global
population, with greater specificity in Sub-Saharan Africa. By the end of 2019, roughly
38 million people worldwide were living with HIV, with 1.7 million new infections for the
year [6]. Of these statistics, 7.8 million PLWH were localised to South Africa [7].

Of the total infected global population, 26 million had access to antiretroviral (ARV)
treatment at the end of 2019 [6]. Highly active antiretroviral therapy (HAART) has signifi-
cantly decreased the HIV-infected population’s mortality [8,9]. However, clinical studies
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have indicated that the usage of HAART promotes MetS in PLWH [10], with at least
21% displaying insulin resistance [11–13]. Despite these findings, proper mechanisms of
action surrounding the combinational usage of HAART remain elusive.

Insulin signaling is imperative for glucose uptake in muscular and skeletal cells [14];
however, in the liver, insulin is responsible for initiating fatty acid synthesis through
the regulation of de novo lipogenesis [15]. Aberrations in the insulin signaling pathway
lead to fatty acid accumulation and the progression of non-alcoholic fatty liver disease
(NAFLD) [16]. The latter is closely linked with the development of T2DM and other
metabolic complications [17].

It is well understood that inflammation is strongly linked to the occurrence of insulin
resistance [18]. The upregulation of inflammatory genes and proteins leads to the serine
phosphorylation of the insulin receptor I (IRS1), which has several downstream targets that
reduce insulin sensitivity [19]. More specifically, increased phosphorylated IRS1 (p-IRS1)
causes decreased expression of Protein kinase B (AKT), and phosphoinositide 3-kinase
(PI3K) allows for the progression of insulin resistance [20].

Aside from the more common pro-inflammatory cytokines, the (NOD-like) pyrin
domain containing 3 (NLRP3) inflammasome has gained popularity for its implications
in insulin resistance [21]. This is observed through the cleavage of pro- interleukin 1β to
interleukin- 1β (IL-1β), which allows for the phosphorylation of IRS1 both directly and
indirectly [19]. The occurrence of the NLRP3 inflammasome in PLWH has been well studied;
however, mechanisms surrounding combinational ARV usage and possible activation of
inflammasomes and its linkage to insulin resistance remain limited [22].

Additionally, insulin resistance can be regulated epigenetically through the expression
of miRNAs [23]. Increased expression of specific miRNAs results in decreased expression
of targets related to insulin resistance. In this study, we focus on miR-128a, which is known
to negatively regulate the IRS1/AKT axis, thus promoting insulin resistance [24].

In 2016, the WHO suggested the usage of TDF, 3TC, and emtricitabine (FTC)/efavirenz
(EFV) as the preferred combinational treatment for HIV in young adolescents and adults.
However, as research progressed, the WHO updated its recommendations. Guidelines pub-
lished in 2018 recommended DTG for use in first-line treatment leading to combinational
treatment of 3TC, TDF, and DTG being popularised following approval by the WHO [25].
Studies often assess the side effects of these drugs in isolation, with very few studies
evaluating biochemical mechanisms involved in their combinational usage [26]. This study
aimed to understand the relationship between the combinational use of TDF, 3TC and
DTG and inflammasome activation and its promotion of insulin resistance in liver cells
following prolonged in vitro exposure. HepG2 cells were used, as they mimic the physio-
logical functions and epigenetic profiles of primary hepatocytes [27]. Additionally, they
have commonly been used as in vitro models for studies assessing ARV toxicity [28–30].
Following an extensive review of the literature, a treatment period of 120 h (h) was selected
to assess the chronic effects of ARVs in HepG2 cells. This duration is often used in ARV in
in vitro studies [28,29].

Furthermore, we highlight miRNA regulation and its possible implications for the
progression of insulin resistance. Evidence from this study can be used to develop therapies
with reduced side effects related to MetS.

2. Results
2.1. Combinational Usage of ARVs Results in the Upregulation of Key Components of the
Inflammasome Pathway

The main components of the inflammasome pathway were assessed to determine
activation following prolonged exposure. NLRP3 results in several downstream actions
that cleave procaspase-1 to caspase-1. This ultimately leads to the activation of IL-1β from
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pro-IL-1β. Following exposure to ARVS, NLRP3 mRNA expression was significantly
increased (Figure 1A; p = 0.0500) with resulting increases in caspase-1 activity (Figure 1B;
p =< 0.0001). This was accompanied by increased expression of IL-1β mRNA (Figure 1C;
p = 0.0015).
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Figure 1. ARVs increase the expression and activity of components in the NLRP3 inflammasome.
NLRP3 mRNA expression was significantly increased ((A); * p < 0.05). Additionally, caspase-1 activity
showed significant upregulation following exposure ((B); *** p < 0.0001). IL-1β mRNA showed
significant elevations in expression ((C); ** p < 0.005).

2.2. Exposure to ARVs Alters JNK and Insulin Receptor Expressions

The expression of IRS1 and intermediates was assessed after confirmation of inflam-
masome activity. IL-1β can lead to JNK activation and a decrease in IRS1 expression. JNK
allows for the phosphorylation of present IRS1 to yield p-IRS1. The latter is responsible
for the progression of insulin resistance. After exposure to ARVs, JNK mRNA expression
significantly increased (Figure 2A; p = 0.0093) with resulting decreases in IRS1 mRNA ex-
pression (Figure 2B; p = 0.0004). Furthermore, p-IRS1 showed increased protein expression
(Figure 2C: p < 0.0001).
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Figure 2. ARVs interfere with insulin receptor expressions via JNK. JNK expression was significantly
increased ((A); ** p < 0.005) whereas IRS1 expressions showed suppression ((B); *** p < 0.0001). Fur-
thermore, phosphorylated IRS1 protein expression showed significant elevations ((C); *** p < 0.0001).
Bands for protein expression of p-IRS1 and β-actin were obtained from the same membrane.

2.3. Prolonged Exposure to ARVs Resulted in Disruption of the PI3K/AKT Pathway via
Inflammasome Activation and miR-128a Expression

Elevation in p-IRS1 expressions coincides with decreased AKT and PI3K expression.
Such effects result in insulin resistance promotion. Furthermore, miR-128a is known
to regulate the expression of AKT and IRS1 negatively. Following exposure, both AKT
(Figure 3A; p = 0.0005) and PI3K (Figure 3B; p = 0.0007) were significantly reduced, whereas
the expression of miR-128a showed significant elevation (Figure 3C; p = 0.0002).
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AKT ((A); *** p < 0.0001) and PI3K ((B); *** p < 0.0001) mRNA expression showed significant decreases.
Conversely, miR-128a was elevated ((C); *** p < 0.0001).

3. Discussion

MetS is a non-communicable disease that is diagnosed by having one or more of a
cluster of metabolic irregularities. Alarmingly, the prevalence of MetS in PLWH and ARV
usage is increasing rapidly. Older generations of ARVS were associated with severe side
effects that resulted in patients discontinuing use [26,28]. Fortunately, newer generations of
drugs have fewer side effects but are still associated with metabolic complications [31]. The
WHO has stressed the need for developing new ARVs and phasing in newer generations of
ARVs to ensure side effects are manageable and reduce HIV drug resistance [8,25]. This
study aimed to look at biochemical mechanisms and epigenetic modifications associated
with ARVs and MetS in liver cells which originate from the metabolic hub of the human
body. Evidence from this study will aid in understanding possible mechanisms associated
with ARV usage and insulin resistance. More specifically, we highlight the role of the
NLRP3 inflammasome in the progression of insulin resistance and miRNA regulation of
targets associated with insulin resistance/sensitivity.

Previous evidence has shown links between inflammasome activation and the constant
pro-inflammatory states associated with HIV infection [22,32]. Little evidence exists to
show the combinational use of ARVs and inflammasome activation. Inflammasomes are
multimeric protein complexes that assemble in response to different stressors. Several
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different types of inflammasomes exist with similar functions and different response stim-
uli [33,34]. The NLRP3 inflammasome is mostly activated in response to mitochondrial
stress (Figure 4). Upon stimulation, the NLRP3 proteins bind to the ASC proteins via
pyridinoline interactions [35–37]. Pro-caspase-1 then interacts with the ASC protein via
CARD domains, which ultimately leads to the auto-proteolytic maturation of pro-caspase-1
into active caspase-1 [37]. The latter allows for pro-inflammatory cytokines into their bioac-
tive forms. More specifically, pro-IL-1β is cleaved to IL-1β and can perform inflammatory
functions [33].

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 6 of 13 
 

 

More specifically, pro-IL-1β is cleaved to IL-1β and can perform inflammatory functions 
[33]. 

 
Figure 4. Inflammasome activation and subsequent occurrence of insulin resistance. Following activa-
tion of inflammasomes via stress, IL-1β allows for JNK activation leading to increases in p-IRS1 and 
aberration in AKT/PI3K signaling. Furthermore, decreased expression of IRS1 occurs. 

The current study shows significant increases in NLRP3 gene expression and caspase-
1 activity. Additionally, IL-1β mRNA expression showed substantial elevations. The evi-
dence presented coincides with the upregulation of inflammasome at a transcriptional level. 
The ARVs tested have previously been associated with increased ROS production and mi-
tochondrial stress. More specifically, DTG has been implicated in the rise in ROS production 
via the dysregulation of Ca2+ signaling [38]. Aside from this, studies in rat liver and kidneys 
showed that using TDF and 3TC increased lipid peroxidation (a consequence of ROS pro-
duction) and depleted glutathione levels when paired with Efavirenz [39]. These are com-
mon markers for mitochondrial dysfunction. The ability of the ARVs tested to induce ROS 
production provides plausible reasoning for the increase of genes and components related 
to the NLRP3 inflammasome. Despite the individual ARVs being unable to cause a signifi-
cant increase in NLRP3 gene expression (Supplementary Figure S1A), combinational usage 
caused considerable elevation. This is possibly attributed to synergistic effects in mitochon-
drial dysfunction observed in previous studies [38,39]. 

In in vitro work, IL-1β suppresses insulin sensitivity by increasing JNK-dependent ser-
ine phosphorylation of IRS1 (Figure 4). Subsequently, increased p-IRS1 causes aberrations 
in insulin-induced PI3K/Akt signaling in cells [19]. Aside from activation via IL-1β, JNK can 
be upregulated by detecting excessive ROS production and mitochondrial dysfunction [20]. 
The present study shows a significant increase in JNK expression following exposure. Fur-
thermore, p-IRS1 protein expression increased, coinciding with the increases in JNK. Aside 
from this, previous studies show correlations between increased IL-β expression and de-
creased IRS1 expression [19], correlating with data from the present study. Similarly, singu-
lar ARV treatment produced no significant change in JNK expression (Supplementary Fig-
ure S2A); however, combinational usage prompted responses. Studies have shown that DTG 
can reduce mitochondrial ATP production and redox activity in murine cells, further 

Figure 4. Inflammasome activation and subsequent occurrence of insulin resistance. Following
activation of inflammasomes via stress, IL-1β allows for JNK activation leading to increases in p-IRS1
and aberration in AKT/PI3K signaling. Furthermore, decreased expression of IRS1 occurs.

The current study shows significant increases in NLRP3 gene expression and caspase-1
activity. Additionally, IL-1β mRNA expression showed substantial elevations. The evi-
dence presented coincides with the upregulation of inflammasome at a transcriptional level.
The ARVs tested have previously been associated with increased ROS production and mito-
chondrial stress. More specifically, DTG has been implicated in the rise in ROS production
via the dysregulation of Ca2+ signaling [38]. Aside from this, studies in rat liver and kid-
neys showed that using TDF and 3TC increased lipid peroxidation (a consequence of ROS
production) and depleted glutathione levels when paired with Efavirenz [39]. These are
common markers for mitochondrial dysfunction. The ability of the ARVs tested to induce
ROS production provides plausible reasoning for the increase of genes and components
related to the NLRP3 inflammasome. Despite the individual ARVs being unable to cause a
significant increase in NLRP3 gene expression (Supplementary Figure S1A), combinational
usage caused considerable elevation. This is possibly attributed to synergistic effects in
mitochondrial dysfunction observed in previous studies [38,39].

In in vitro work, IL-1β suppresses insulin sensitivity by increasing JNK-dependent
serine phosphorylation of IRS1 (Figure 4). Subsequently, increased p-IRS1 causes aber-
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rations in insulin-induced PI3K/Akt signaling in cells [19]. Aside from activation via
IL-1β, JNK can be upregulated by detecting excessive ROS production and mitochondrial
dysfunction [20]. The present study shows a significant increase in JNK expression fol-
lowing exposure. Furthermore, p-IRS1 protein expression increased, coinciding with the
increases in JNK. Aside from this, previous studies show correlations between increased
IL-β expression and decreased IRS1 expression [19], correlating with data from the present
study. Similarly, singular ARV treatment produced no significant change in JNK expression
(Supplementary Figure S2A); however, combinational usage prompted responses. Studies
have shown that DTG can reduce mitochondrial ATP production and redox activity in
murine cells, further providing reasoning for JNK activation [40]. In similar studies using
rat kidneys, TDF was found to reduce ATP production via action on electron transport
chain complexes signaling for aberrant mitochondrial metabolism [41]. The individual
capacity of these drugs to initiate mitochondrial dysfunction [41,42] provides reasoning
for their synergistic activation of related targets such as JNK and, subsequently, IRS1
gene expression.

Under typical conditions, IRS1 allows for the activation of PI3K and AKT. The latter
intermediates allow for an increase in glucose uptake, vasodilation, and insulin secretion in
cells. However, elevated expression of p-IRS1 as a consequence of serine phosphorylation
by JNK causes a decrease in PI3K and AKT expression, thus promoting the occurrence of
insulin resistance and, ultimately, T2DM if not controlled [20]. The current study showed
significant decreases in AKT and PI3K expression, coinciding with the observed elevation
of p-IRS1 expression. Previous literature indicates that DTG can promote insulin resistance
in adipose tissue through the induction of oxidative stress; however, mechanisms remained
unclear [23]. In earlier studies, using 3TC with other ARVs caused disturbances in glucose
metabolism with a significant decrease in insulin-mediated glucose disposal, thus showing
the promotion of insulin resistance. However, no biochemical mechanism of action was
established [43]. The current study provides possible mechanisms for the occurrence of
insulin resistance at a genomic and protein level following combinational usage.

Aside from this, the evidence suggests that the tested ARVS can promote insulin
resistance through epigenetic changes. It is well known that miRNAs can negatively
regulate the expression of specific targets [44]. We assessed the expression of miR-128a,
which was found to negatively regulate IRS1/AKT signaling in previous studies [24]. This
occurs when miR-128a binds to the 3′-untranslated region (3′-UTR) of target mRNA [24].
Following exposure in the current study, miR-128a was significantly increased while AKT
and IRS1 showed correlating decreases. Individual exposure showed no significant changes
(Supplementary Figure S3C). The data suggest that combinational ARVs can promote
insulin resistance through the upregulation of miRNA expression. This has implications for
future studies that are imperative to understanding epigenetic changes induced by ARV
exposure. At present, studies showing combinational use and epigenetic modifications
remain limited.

The current study highlights the transcriptional activation of inflammasomes and
provides insights into the possible mechanism of insulin resistance. Previous studies use
transcript levels as a suitable indicator for promotion of inflammasome activation [45] and
insulin resistance [46,47]. This information is useful for future in vivo studies that may
evaluate more detailed markers.

Furthermore, we show miRNA regulation that coincided with insulin resistance pro-
motion in cells. Combinational usage showed an increase in inflammasome-related genes
and enzymes, resulting in reduced IRS1 signaling and, subsequently, promotion in insulin
resistance despite the drugs not achieving the same result during individual exposure.
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4. Materials and Methods
4.1. Materials

Antiretroviral drugs were obtained from the NIH AIDS reagents program. HepG2
cells were purchased from American Type Culture Collection (Johannesburg, South Africa).
Cell culture media and supplements were purchased from Lonza (Basel, Switzerland).
Luminometry kits were obtained from Promega (Madison, WI, USA). Western blot reagents
were purchased from Bio-Rad (Hercules, CA, USA). Unless otherwise stated, all remaining
reagents were obtained from Merck (Darmstadt, Germany).

Cell culture and treatment: HepG2 cells were cultured in 25 cm3 cell culture flasks us-
ing CCM [Eagle’s minimum essentials medium (EMEM) supplemented with 10% foetal calf
serum, 1% pen-strep-fungizone, and 1% L-glutamine] and maintained in a humidified incu-
bator (37 ◦C, 5% CO2) until approximately 70% confluent. All treatments were carried out
using cells from the same passage to avoid any discrepancies in data (Passage number: 3).

Cells were then exposed to physiological concentrations (Cmax- maximum plasma
concentration) of ARVs (3TC: 1.51 µg/mL, TDF: 0.3 µg/mL, DTG: 3.67 µg/mL) [48–50] for
120 h as per Nagiah et al., 2015 [28]. ARVs were dissolved in phosphate buffered saline
(PBS) for treatment. Cells were washed every 24 h with 0.1 M PBS and fresh CCM with
ARVs were added to flasks. Untreated cells containing CCM only were used for controls.
Further assays were carried out following treatment as explained above.

4.2. Caspase 1 Detection

Caspase-1 activity was measured using the Caspase-Glo® 1 Inflammasome Assay
(G9951, Promega, Madison, WI, USA). Following incubation cells with treatment, 50 µL
of cell suspension (20,000 cells/well in 0.1 M PBS) was added into an opaque microtitre
plate in triplicate. The Caspase-Glo® 1 reagents were reconstituted as per manufacturer’s
guidelines and 50 µL was added to each well containing cells. Plates were then incubated
(dark, 1 h, Room temperature (RT)). Luminescence was measured using a Modulus™
Microplate Reader (Turner Biosystems, Sunnyvale, CA, USA). Results were expressed as
relative light units (RLU).

4.3. Western Blot

Following 120 h treatment of HepG2 cells with ARVs, cells were washed with 0.1 M
PBS. Thereafter, 150 µL Cytobuster™ Reagent was added to each flask (Novagen, San Diego,
CA, USA, catalogue no. 71009) and incubated on ice for 30 min (min). Mechanical lysis of
cells was performed using a cell scraper, and contents were transferred to 1.5 mL micro-
centrifuge tubes, followed by centrifugation (400× g, 10 min, 4 ◦C). The supernatant
containing crude protein isolates was removed and transferred to fresh micro-centrifuge
tubes, and protein concentration was quantified. The bicinchoninic acid assay (BCA) was
used to quantify proteins, and samples were standardised to a concentration of 1.5 mg/mL.
Protein samples were prepared for further usage by boiling (5 min, 100 ◦C) in Laemmli
Buffer (distilled water, glycerol, 10% SDS, β-mercaptoethanol, 0.5 M Tris-HCl (pH 6.8),
1% bromophenol blue and glycerol).

A Bio-Rad compact supply was used to electrophorese 20 µL samples (1 h, 150 V)
in sodium dodecyl sulphate (SDS) polyacrylamide gels (4% stacking, 10% resolving).
Separated proteins were transferred onto nitrocellulose membranes using the Bio-Rad
Trans-Blot® Turbo Transfer. Blocking of membranes was carried out using 5% Bovine
Serum Albumin (BSA) in Tween 20-Tris buffer saline (TBS-T: 150 mM NaCl, 3 mM KCl,
25 mM Tris, 0.05% Tween 20, dH2O, pH 7.5) for 1 h at room temperature (RT).

Membranes were then immuno-probed with the requisite primary antibody (Cell
signaling Technology, Danvers, MA, USA; Phospho-IRS1 (Ser1101) Antibody (#2385T)
1:1000 dilution in 5% BSA) for 1 h at RT and overnight at 4 ◦C. Thereafter, membranes
were washed 5 times for 10 min using 5 mL TBS-T. Membranes were then incubated in
horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell signaling Technology;
anti-rabbit (#7074S) 1:5000 in 5% BSA) for 1 h at RT. Following incubation, membranes
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were washed (5 × 10 min in TBS-T) and rinsed with distilled water. Proteins were detected
following the addition of Clarity Western ECL Substrate detection reagent (400 µL) (Bio-Rad,
Hercules, CA, USA), and images were captured using the Bio-Rad ChemiDoc™ XRS+
Imaging System.

Membranes were quenched using 5% hydrogen peroxide for 30 min at 37 ◦C, blocked
using 5% BSA, and incubated in HRP-conjugated antibody for β-actin (A3854, Sigma-
Aldrich, St. Louis, MO, USA). β-actin is a housekeeping protein expressed evenly across
cells. Image Lab™ Software version 6.0 (Bio-Rad, Hercules, CA, USA) was used for analysis
of results. Relative band density of protein was calculated by normalizing results against
β-actin.

4.4. Quantitative PCR
4.4.1. RNA Isolation and Quantification

Following treatment, cells were washed using 0.1 M PBS and incubated with 500 µL
Trizol and 500 µL PBS (5 min, RT). Mechanical lysis of cells was performed using a cell
scraper and contents was transferred to 1.5 mL micro-centrifuge tubes and stored (24 h,
−80 ◦C). Thereafter, samples were thawed and 100 µL chloroform was added to each tube
followed by centrifugation (12,000× g, 10 min, 4 ◦C). Supernatants were removed and trans-
ferred to 1.5 mL micro-centrifuge tubes containing 250 µL. Tubes were incubated overnight
at−80 ◦C. Following incubation, samples were thawed and centrifuged (12,000× g, 20 min,
4 ◦C). Supernatants were aspirated and discarded, and the remaining pellet was washed
in 500 µL of 75 % cold ethanol followed by centrifuge (7400× g, 15 min, 4 ◦C). RNA pel-
lets were air-dried (30 min, 24 ◦C) and re-suspended in 15 µL nuclease-free water. RNA
quantification was carried out using Nanodrop2000 spectrophotometer (Thermo-Fisher
Scientific, Waltham, MA, USA). RNA quality was determined using the A260/A280 ratio.
All RNA samples were standardised to 1000 ng/µL.

4.4.2. Quantification of mRNA Expression

The cDNA was synthesised from the standardised RNA samples using the iScript™
cDNA Synthesis kit as per manufacturer’s instructions (Bio-Rad, 107-8890, Hercules,
CA, USA).

Transcript levels of relevant genes (Table 1) were assessed using the SsoAdvanced™
Universal SYBR® Green Supermix (Bio-Rad, 1725270) and the CFX96 Touch™ Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA). The thermo-cycler conditions for
each gene were as follows: initial denaturation (8 min, 95 ◦C), followed by 40 cycles of
denaturation (15 s, 95 ◦C), annealing (40 s, Table 1), and extension (30 s, 72 ◦C). Data were
normalized against the housekeeping gene, GAPDH, which is evenly expressed across
cells. Results were calculated using the Livak and Schmittgen (2001) method and was
represented as fold change relative to the control cells (2−∆∆CT) [51].

Table 1. Primer sequences with respective annealing temperatures for genes assessed.

Gene Sequence (5′-3′) Annealing
Temperature (◦C)

NLRP3 Forward
Reverse

CAGGTGTTGGAATTAGACAAC
TTCAGACAACCCCAGGTTCT 60

IL-1β
Forward
Reverse

ACGAATCTCCGACCACCACTAC
TCCATGGCCACAACAACTGACG 60

AKT Forward
Reverse

TGGACTACCTGCACTCGGAGAA
GTGCCGCAAAAGGTCTTCATGG 59

PI3K Forward
Reverse

GAAGCACCTGAATAGGCAAGTCG
GAGCATCCATGAAATCTGGTCGC 59
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Table 1. Cont.

Gene Sequence (5′-3′) Annealing
Temperature (◦C)

IRS1 Forward
Reverse

AGTCTGTCGTCCAGTAGCACCA
ACTGGAGCCATACTCATCCGAG 59

JNK Forward
Reverse

GACGCCTTATGTAGTGACTCGC
TCCTGGAAAGAGGATTTTGTGGC 59

GAPDH Forward
Reverse

TCCACCACCCTGTTGCTGTA
ACCACAGTCCATGCCATCAC —

4.4.3. Quantification of miR-128a Expression

As per the manufacturer’s instructions, cDNA was synthesised using standardised
RNA using the miScript II RT kit (Qiagen, 218161, Hilden, Germany). The expression of
miR-128a was assessed using the miScript SYBR Green PCR Kit (Qiagen, 218073, Hilden,
Germany) and CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
USA). The thermo-cycler conditions were as follows: initial denaturation (15 min, 95 ◦C),
followed by 40 cycles of denaturation (15 s, 94 ◦C), annealing (30 s; 55 ◦C) and extension
(30 s; 70 ◦C). Data were normalized against the housekeeping gene, GAPDH, which is
evenly expressed across cells. Results were calculated using the Livak and Schmittgen
(2001) method and was represented as fold change relative to the control cells (2−∆∆CT) [51]

4.5. Statistical Analysis

All assays were performed in triplicate with three replicates per sample (n = 3). Graph-
Pad Prism version 5.0 (GraphPad Prism Software Inc., San Diego, CA, USA) was used to
perform all statistical analyses. Data were analysed using an unpaired t-test with data
having p < 0.05 considered to be significant.

5. Future Recommendations and Limitations

The present study was carried out using HepG2 cells. HepG2 cells have commonly
been used for toxicity and drug-metabolising studies due to the similarities in the physi-
ological profile of primary hepatocytes. However, both cell lines are not identical, and it
is recommended that primary hepatocytes be used in future studies to fully understand
the effects of ARVs in the human liver. Additionally, other cell lines possibly derived from
muscle or heart tissue can be used to support findings of metabolic syndrome in the human
body. Future studies should assess similar markers in an in vivo HIV+ model at different
exposure periods to fully understand mechanisms. Aside from this, future work should
include protein analysis to determine insulin resistance initiation in the HIV+ in vivo model
rather than the transcriptional promotion shown in the current study. We solely assessed
the effect on inflammasome and insulin resistance markers; however, future studies should
examine the effects of combinational ARV treatment on inflammasome activators (mi-
tochondrial stress) to provide a better understanding of inflammasome activation. The
present study assesses the expression of miR-128a as a regulator of the IRS1/AKT pathway;
however, future studies need to include more markers and experiments that can contribute
to understanding epigenetic modifications associated with ARV usage.
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5. Sapuła, M.; Suchacz, M.; Załęski, A.; Wiercińska-Drapało, A. Impact of combined antiretroviral therapy on metabolic syndrome

components in adult people living with HIV: A literature review. Viruses 2022, 14, 122. [CrossRef]
6. UNAIDS. Global HIV & AIDS Statistics—2020 Fact Sheet. Available online: https://www.unaids.org/en/resources/fact-sheet

(accessed on 11 February 2022).
7. Stats-SA. 2020 Mid-Year Population Estimates. Available online: http://www.statssa.gov.za/?p=13453 (accessed on 11

April 2022).
8. WHO. HIV/AIDS. Available online: https://www.who.int/news-room/fact-sheets/detail/hiv-aids (accessed on 20 January 2022).
9. Cheney, L.; Barbaro, J.M.; Berman, J.W. Antiretroviral Drugs Impact Autophagy with Toxic Outcomes. Cells 2021, 10, 909.

[CrossRef]
10. Tagliari, C.; de Oliveira, C.N.; Vogel, G.M.; da Silva, P.B.; Linden, R.; Lazzaretti, R.K.; Notti, R.K.; Sprinz, E.; Mattevi, V.S.

Investigation of SIRT1 gene variants in HIV-associated lipodystrophy and metabolic syndrome. Genet. Mol. Biol. 2020,
43, e20190142. [CrossRef]

11. Chhoun, P.; Tuot, S.; Harries, A.D.; Kyaw, N.T.T.; Pal, K.; Mun, P.; Brody, C.; Mburu, G.; Yi, S. High prevalence of non-
communicable diseases and associated risk factors amongst adults living with HIV in Cambodia. PLoS ONE 2017, 12, e0187591.
[CrossRef]

12. Hyle, E.P.; Naidoo, K.; Su, A.E.; El-Sadr, W.M.; Freedberg, K.A. HIV, tuberculosis, and non-communicable diseases: What is
known about the costs, effects, and cost-effectiveness of integrated care? J. Acquir. Immune Defic. Syndr. (1999) 2014, 67, S87.
[CrossRef]

13. Araujo, S.; Bañó, S.; Machuca, I.; Moreno, A.; Pérez-Elıas, M.J.; Casado, J.L. Prevalence of insulin resistance and risk of diabetes
mellitus in HIV-infected patients receiving current antiretroviral drugs. Eur. J. Endocrinol. 2014, 171, 545–554. [CrossRef]

14. Takenaka, N.; Nakao, M.; Matsui, S.; Satoh, T. A Crucial Role for the Small GTPase Rac1 Downstream of the Protein Kinase Akt2
in Insulin Signaling that Regulates Glucose Uptake in Mouse Adipocytes. Int. J. Mol. Sci. 2019, 20, 5443. [CrossRef]

15. Sokolowska, E.; Blachnio-Zabielska, A. The role of ceramides in insulin resistance. Front. Endocrinol. 2019, 10, 577. [CrossRef]
16. Leavens, K.F.; Birnbaum, M.J. Insulin signaling to hepatic lipid metabolism in health and disease. Crit. Rev. Biochem. Mol. Biol.

2011, 46, 200–215. [CrossRef]
17. Targher, G.; Corey, K.E.; Byrne, C.D.; Roden, M. The complex link between NAFLD and type 2 diabetes mellitus—Mechanisms

and treatments. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 599–612. [CrossRef]
18. Gnanasekaran, N. The missing link between HAART, mitochondrial damage and insulin resistance. Biomed. Pharmacol. J. 2020,

13, 965–972. [CrossRef]
19. Jager, J.; Grémeaux, T.; Cormont, M.; Le Marchand-Brustel, Y.; Tanti, J.-F. Interleukin-1β-induced insulin resistance in adipocytes

through down-regulation of insulin receptor substrate-1 expression. Endocrinology 2007, 148, 241–251. [CrossRef]
20. Kim, J.-A.; Wei, Y.; Sowers, J.R. Role of mitochondrial dysfunction in insulin resistance. Circ. Res. 2008, 102, 401–414. [CrossRef]
21. Jorquera, G.; Russell, J.; Monsalves-Álvarez, M.; Cruz, G.; Valladares-Ide, D.; Basualto-Alarcón, C.; Barrientos, G.; Estrada, M.;

Llanos, P. NLRP3 inflammasome: Potential role in obesity related low-grade inflammation and insulin resistance in skeletal
muscle. Int. J. Mol. Sci. 2021, 22, 3254. [CrossRef]

22. Mullis, C.; Swartz, T.H. NLRP3 Inflammasome signaling as a link between HIV-1 infection and atherosclerotic cardiovascular
disease. Front. Cardiovasc. Med. 2020, 7, 95. [CrossRef]

23. Choi, H.; Koh, H.W.; Zhou, L.; Cheng, H.; Loh, T.P.; Parvaresh Rizi, E.; Toh, S.A.; Ronnett, G.V.; Huang, B.E.; Khoo, C.M. Plasma
protein and microRNA biomarkers of insulin resistance: A network-based integrative-omics analysis. Front. Physiol. 2019, 10, 379.
[CrossRef]

24. Motohashi, N.; Alexander, M.S.; Shimizu-Motohashi, Y.; Myers, J.A.; Kawahara, G.; Kunkel, L.M. Regulation of IRS1/Akt insulin
signaling by microRNA-128a during myogenesis. J. Cell Sci. 2013, 126, 2678–2691. [CrossRef]

http://doi.org/10.1016/j.bbadis.2020.165838
http://doi.org/10.1007/s11906-018-0812-z
http://doi.org/10.1186/s13643-018-0927-y
http://doi.org/10.3947/ic.2022.0061
http://doi.org/10.3390/v14010122
https://www.unaids.org/en/resources/fact-sheet
http://www.statssa.gov.za/?p=13453
https://www.who.int/news-room/fact-sheets/detail/hiv-aids
http://doi.org/10.3390/cells10040909
http://doi.org/10.1590/1678-4685-gmb-2019-0142
http://doi.org/10.1371/journal.pone.0187591
http://doi.org/10.1097/QAI.0000000000000254
http://doi.org/10.1530/EJE-14-0337
http://doi.org/10.3390/ijms20215443
http://doi.org/10.3389/fendo.2019.00577
http://doi.org/10.3109/10409238.2011.562481
http://doi.org/10.1038/s41575-021-00448-y
http://doi.org/10.13005/bpj/1965
http://doi.org/10.1210/en.2006-0692
http://doi.org/10.1161/CIRCRESAHA.107.165472
http://doi.org/10.3390/ijms22063254
http://doi.org/10.3389/fcvm.2020.00095
http://doi.org/10.3389/fphys.2019.00379
http://doi.org/10.1242/jcs.119966


Int. J. Mol. Sci. 2023, 24, 6267 12 of 13

25. WHO. Update of Recommendations on First-and Second-Line Antiretroviral Regimens. Available online: https://apps.who.int/
iris/bitstream/handle/10665/325892/WHO-CDS-HIV-19.15-eng.pdf (accessed on 12 December 2021).

26. Mohan, J.; Ghazi, T.; Chuturgoon, A.A. A Critical Review of the Biochemical Mechanisms and Epigenetic Modifications in HIV-
and Antiretroviral-Induced Metabolic Syndrome. Int. J. Mol. Sci. 2021, 22, 12020. [CrossRef]

27. Ruoß, M.; Damm, G.; Vosough, M.; Ehret, L.; Grom-Baumgarten, C.; Petkov, M.; Naddalin, S.; Ladurner, R.; Seehofer, D.; Nussler,
A. Epigenetic modifications of the liver tumor cell line HepG2 increase their drug metabolic capacity. Int. J. Mol. Sci. 2019, 20, 347.
[CrossRef]

28. Nagiah, S.; Phulukdaree, A.; Chuturgoon, A. Mitochondrial and oxidative stress response in HepG2 cells following acute and
prolonged exposure to antiretroviral drugs. J. Cell. Biochem. 2015, 116, 1939–1946. [CrossRef]

29. Nagiah, S.; Phulukdaree, A.; Chuturgoon, A. Inverse association between microRNA-124a and ABCC4 in HepG2 cells treated
with antiretroviral drugs. Xenobiotica 2016, 46, 825–830. [CrossRef]

30. Sibiya, T.; Ghazi, T.; Mohan, J.; Nagiah, S.; Chuturgoon, A.A. Spirulina platensis Ameliorates Oxidative Stress Associated with
Antiretroviral Drugs in HepG2 Cells. Plants 2022, 11, 3143. [CrossRef]

31. Otto, A.O.; Rivera, C.G.; Zeuli, J.D.; Temesgen, Z. Hepatotoxicity of Contemporary Antiretroviral Drugs: A Review and Evaluation
of Published Clinical Data. Cells 2021, 10, 1263. [CrossRef]

32. Leal, V.N.C.; Reis, E.C.; Pontillo, A. Inflammasome in HIV infection: Lights and shadows. Mol. Immunol. 2020, 118, 9–18.
[CrossRef]

33. Guo, H.; Callaway, J.B.; Ting, J.P. Inflammasomes: Mechanism of action, role in disease, and therapeutics. Nat. Med. 2015, 21,
677–687. [CrossRef]

34. Huang, Y.; Xu, W.; Zhou, R. NLRP3 inflammasome activation and cell death. Cell. Mol. Immunol. 2021, 18, 2114–2127. [CrossRef]
35. Lu, A.; Magupalli, V.G.; Ruan, J.; Yin, Q.; Atianand, M.K.; Vos, M.R.; Schröder, G.F.; Fitzgerald, K.A.; Wu, H.; Egelman, E.H.

Unified polymerization mechanism for the assembly of ASC-dependent inflammasomes. Cell 2014, 156, 1193–1206. [CrossRef]
[PubMed]

36. Cai, X.; Chen, J.; Xu, H.; Liu, S.; Jiang, Q.-X.; Halfmann, R.; Chen, Z.J. Prion-like polymerization underlies signal transduction in
antiviral immune defense and inflammasome activation. Cell 2014, 156, 1207–1222. [CrossRef]

37. El-Sharkawy, L.Y.; Brough, D.; Freeman, S. Inhibiting the NLRP3 Inflammasome. Molecules 2020, 25, 5533. [CrossRef] [PubMed]
38. Wang, W.-J.; Mao, L.-F.; Lai, H.-L.; Wang, Y.-W.; Jiang, Z.-B.; Li, W.; Huang, J.-M.; Xie, Y.-J.; Xu, C.; Liu, P. Dolutegravir derivative

inhibits proliferation and induces apoptosis of non-small cell lung cancer cells via calcium signaling pathway. Pharmacol. Res.
2020, 161, 105129. [CrossRef] [PubMed]

39. Hamed, M.; Aremu, G.; Akhigbe, R. Concomitant administration of HAART aggravates anti-Koch-induced oxidative hepatorenal
damage via dysregulation of glutathione and elevation of uric acid production. Biomed. Pharmacother. 2021, 137, 111309. [CrossRef]

40. George, J.W.; Mattingly, J.E.; Roland, N.J.; Small, C.M.; Lamberty, B.G.; Fox, H.S.; Stauch, K.L. Physiologically Relevant
Concentrations of Dolutegravir, Emtricitabine, and Efavirenz Induce Distinct Metabolic Alterations in HeLa Epithelial and BV2
Microglial Cells. Front. Immunol. 2021, 12, 639378. [CrossRef]

41. Ramamoorthy, H.; Abraham, P.; Isaac, B. Mitochondrial dysfunction and electron transport chain complex defect in a rat model of
tenofovir disoproxil fumarate nephrotoxicity. J. Biochem. Mol. Toxicol. 2014, 28, 246–255. [CrossRef]

42. Gorwood, J.; Bourgeois, C.; Pourcher, V.; Pourcher, G.; Charlotte, F.; Mantecon, M.; Rose, C.; Morichon, R.; Atlan, M.; Le Grand, R.
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. [CrossRef]

43. Blümer, R.M.; van Vonderen, M.G.; Sutinen, J.; Hassink, E.; Ackermans, M.; van Agtmael, M.A.; Yki-Jarvinen, H.; Danner, S.A.;
Reiss, P.; Sauerwein, H.P. Zidovudine/lamivudine contributes to insulin resistance within 3 months of starting combination
antiretroviral therapy. Aids 2008, 22, 227–236. [CrossRef]

44. Jia, J.; Yao, P.; Arif, A.; Fox, P.L. Regulation and dysregulation of 3′ UTR-mediated translational control. Curr. Opin. Genet. Dev.
2013, 23, 29–34. [CrossRef]

45. Ge, Q.; Chen, X.; Zhao, Y.; Mu, H.; Zhang, J. Modulatory mechanisms of NLRP3: Potential roles in inflammasome activation. Life
Sci. 2021, 267, 118918. [CrossRef] [PubMed]

46. Kang, S.; Tsai, L.T.; Rosen, E.D. Nuclear mechanisms of insulin resistance. Trends Cell Biol. 2016, 26, 341–351. [CrossRef] [PubMed]
47. Bhattacharya, S.; Dey, D.; Roy, S.S. Molecular mechanism of insulin resistance. J. Biosci. 2007, 32, 405–413. [CrossRef] [PubMed]
48. Cottrell, M.L.; Hadzic, T.; Kashuba, A.D. Clinical pharmacokinetic, pharmacodynamic and drug-interaction profile of the integrase

inhibitor dolutegravir. Clin. Pharmacokinet. 2013, 52, 981–994. [CrossRef]
49. Erickson-Viitanen, S.; Wu, J.-T.; Shi, G.; Unger, S.; King, R.W.; Fish, B.; Klabe, R.; Geleziunas, R.; Gallagher, K.; Otto, M.J. Cellular

pharmacology of D-d4FC, a nucleoside analogue active against drug-resistant HIV. Antivir. Chem. Chemother. 2003, 14, 39–47.
[CrossRef] [PubMed]

https://apps.who.int/iris/bitstream/handle/10665/325892/WHO-CDS-HIV-19.15-eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/325892/WHO-CDS-HIV-19.15-eng.pdf
http://doi.org/10.3390/ijms222112020
http://doi.org/10.3390/ijms20020347
http://doi.org/10.1002/jcb.25149
http://doi.org/10.3109/00498254.2015.1118649
http://doi.org/10.3390/plants11223143
http://doi.org/10.3390/cells10051263
http://doi.org/10.1016/j.molimm.2019.12.001
http://doi.org/10.1038/nm.3893
http://doi.org/10.1038/s41423-021-00740-6
http://doi.org/10.1016/j.cell.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24630722
http://doi.org/10.1016/j.cell.2014.01.063
http://doi.org/10.3390/molecules25235533
http://www.ncbi.nlm.nih.gov/pubmed/33255820
http://doi.org/10.1016/j.phrs.2020.105129
http://www.ncbi.nlm.nih.gov/pubmed/32783976
http://doi.org/10.1016/j.biopha.2021.111309
http://doi.org/10.3389/fimmu.2021.639378
http://doi.org/10.1002/jbt.21560
http://doi.org/10.1093/cid/ciaa259
http://doi.org/10.1097/QAD.0b013e3282f33557
http://doi.org/10.1016/j.gde.2012.12.004
http://doi.org/10.1016/j.lfs.2020.118918
http://www.ncbi.nlm.nih.gov/pubmed/33352170
http://doi.org/10.1016/j.tcb.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/26822036
http://doi.org/10.1007/s12038-007-0038-8
http://www.ncbi.nlm.nih.gov/pubmed/17435330
http://doi.org/10.1007/s40262-013-0093-2
http://doi.org/10.1177/095632020301400104
http://www.ncbi.nlm.nih.gov/pubmed/12790515


Int. J. Mol. Sci. 2023, 24, 6267 13 of 13

50. Adefolaju, G.A.; Scholtz, K.E.; Hosie, M.J. Expresión de VEGF165b Antiangiogénico en Células MCF-7 y MCF-10A de Mama
Humana Expuesto a Inhibidores de la Transcriptasa Inversa y la Proteasa. Int. J. Morphol. 2017, 35, 148–156. [CrossRef]

51. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−∆∆CT method.
Methods 2001, 25, 402–408. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.4067/S0717-95022017000100024
http://doi.org/10.1006/meth.2001.1262

	Introduction 
	Results 
	Combinational Usage of ARVs Results in the Upregulation of Key Components of the Inflammasome Pathway 
	Exposure to ARVs Alters JNK and Insulin Receptor Expressions 
	Prolonged Exposure to ARVs Resulted in Disruption of the PI3K/AKT Pathway via Inflammasome Activation and miR-128a Expression 

	Discussion 
	Materials and Methods 
	Materials 
	Caspase 1 Detection 
	Western Blot 
	Quantitative PCR 
	RNA Isolation and Quantification 
	Quantification of mRNA Expression 
	Quantification of miR-128a Expression 

	Statistical Analysis 

	Future Recommendations and Limitations 
	References

