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Abstract: In the last three decades, there has been a considerable improvement in human immun-
odeficiency virus (HIV) therapy. Acquired immunodeficiency syndrome (AIDS) is no longer a
common cause of death for people living with HIV (PLWH) in developed countries, and co-infections
with hepatitis viruses can be effectively managed. However, metabolic syndrome and metabolic
dysfunction-associated steatotic liver disease (MASLD) are emerging threats these days, especially as
the HIV-positive population gets older. The factors for MASLD development in PLWH are numerous,
including non-specific (common for both HIV-positive and negative) and virus-specific. We focus on
what is known for both, and in particular, on the burden of antiretroviral therapy (ART) for metabolic
health and liver damage. We review data on contemporary drugs, including different groups and
some particular agents in those groups. Among current ART regimens, the switch from tenofovir
disoproxil fumarate (TDF) to tenofovir alafenamide fumarate (TAF) and particularly its combination
with integrase inhibitors (INSTIs) appear to have the most significant impact on metabolic distur-
bances by increasing insulin resistance, which over the years promotes the evolution of the cascade
leading to metabolic syndrome (MetS), MASLD, and eventually metabolic dysfunction-associated
steatohepatitis (MASH).

Keywords: HIV; cART; ART; antiretroviral therapy; NAFLD; MAFLD; MASLD; NASH; MASH;
steatohepatitis; weight gain; insulin resistance; review

1. Timeline Aspect
1.1. The Evolution of Antiretroviral Treatment

In the last three decades, there has been a considerable improvement in human
immunodeficiency virus (HIV) therapy—dozens of drugs have been developed, with
newer generations consequently gaining on their predecessors [1,2].

The first drugs used in monotherapy lacked efficacy in suppressing viral replica-
tion. Subsequently, with the development of successive drug classes, the highly active
antiretroviral therapy (HAART) era began, which led to viral suppression. However, those
regimens had numerous drawbacks, such as high pill burden, multiple drug interactions,
risk of developing drug resistance and treatment-limiting toxicities, including long-term
irreversible ones like lipoatrophy (particularly with thymidine analogue NRTIs), bone
marrow suppression, hepatotoxicity, and peripheral neuropathy [1,2].

In the new millennium, new generations of drugs have been introduced due to the
advancement of research. They no longer require strict food and storage rules, showing a
lower pill burden and more favourable toxicities [1]. This has led to well-tolerated single-
tablet regimens (STRs), drugs with a high barrier to resistance for people living with HIV
(PLWH), and even pre-exposure prophylaxis (PrEP) for those at high risk of infection [1].

There are now approx. 40 anti-HIV drugs of six major, widely available classes.
Of the four enzymatic activities found in HIV-1 proteins (protease, reverse transcriptase
polymerase, reverse transcriptase, ribonuclease H, and integrase), only ribonuclease H
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has no approved therapeutical agents targeting it (although effective inhibitors have been
found, they show a high level of toxicity and lack selective inhibition) [3]. Also, new drug
classes, such as capsid and nucleoside reverse transcriptase translocation inhibitors, have
been recently introduced or are in advanced investigation phases [4,5].

As a result of antiretroviral therapy (ART), the mortality rate among PLWH due to
acquired immunodeficiency syndrome (AIDS) has decreased over 90 times. Moreover, with
better control over the virus, life expectancy among patients rises. In developed countries,
even more than 40% of PLWH is over 50, and this value is estimated to reach 73% in
2030. As the drugs are efficient in viral suppression, the issue of improving not only life
expectancy but also life quality is raised [6]. Therefore, to the well-known 90–90–90 strategy,
another ‘90’ is now added: good health-related quality of life [7].

As attention shifts to the quality of health and life, new antiretroviral (ARV) drugs have
to be considered in that aspect, and due to that, they are not completely free of concerns.

1.2. Liver Diseases in PLWH over Decades

Liver diseases and liver steatosis in PLWH have been present since the dawn of the
HIV pandemic. However, over the last decades, there has been a shift in their origin [8].

The co-infection with primary hepatotoxic viruses (hepatitis B virus (HBV) and hepati-
tis C virus (HCV)), which have the same transmission route as HIV, was the main reason
for hepatic injury. However, at present, those infections can be easily eradicated (HCV) or
prevented and controlled (HBV) in developed countries [9,10]. Therefore, when compared,
it is evident that the prevalence of HBV/HCV co-infection among PLWH is now signifi-
cantly lower than in past decades [11], which is also correlated with fewer cases of HIV
infections related to injection drug use (IDU) [12].

Abuse of intravenous drugs, apart from potential infection with hepatotropic viruses,
can also be toxic to the liver. Hepatopathy associated with intravenous (IV) drugs alone
(including opioids) is rare. Nonetheless, drug abuse frequently co-occurs with alcohol
abuse, and this combination has a much higher hepatotoxic potential [13].

Although the hepatitis type B and C viruses are no longer a significant threat, liver
steatosis in HIV mono-infection remains one. In the pre-antiretroviral therapy era, it was
related to malnutrition and opportunist infections. Later, it was linked with hepatotoxicity
caused by first-generation NRTIs (such as didanosine (ddI) and stavudine (d4T)). Then,
it was associated with the development of metabolic syndrome (MetS) in PLWH, which
subsequently leads to metabolic dysfunction-associated steatotic liver disease (MASLD) [14].
It is a serious emerging threat to the health and life of HIV-positive individuals, as shown
in statistics. Though the mortality rate among PLWH has generally decreased and AIDS
development is no longer a primary concern for the ARV-treated, the death rate due to liver
disease complications has increased 8–10 fold compared to the pre-ART era [2] and is among
the leading causes of death in PLWH, along cardiovascular diseases and non-AIDS-related
neoplasms [15,16].

2. Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD)
2.1. Introduction

Formerly known as NAFLD (non-alcoholic fatty liver disease), the disease has been
recently renamed and is presently known as MASLD [17]. The new name and definition of
the disease encompass the inclusion criteria rather than (as previously) the exclusion of
other liver diseases, which is consistent with the current understanding of this disease [17].

It is an umbrella term for a cluster of conditions in a continuum ranging from simple
steatosis, inflammatory process (steatohepatitis) to liver fibrosis, cirrhosis, and its entire
burden (i.e., liver insufficiency, hepatocellular cancer (HCC), etc.) [18].

MASLD presents with an accumulation of excess lipids in the liver, connected with
insulin resistance (IR). It is defined as steatosis of >5% of liver parenchyma. Pathogenetically,
it is divided into simple steatosis (formerly called non-alcoholic fatty liver (NAFL)) and
metabolic dysfunction-associated steatohepatitis (MASH) [19]. Although the natural history
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of MASLD remains mild and involves simple steatosis for many years, MASH may develop
over time in about 20–40% of cases. In addition, about 23–35% of inflamed livers will
develop liver fibrosis. Among those, 9–20% will subsequently progress to liver cirrhosis
and its complications [20]. In the USA, the incidence rates of HCC increased from 4.4
(in 2000) to 6.7 (in 2012) per 100,000. Also, HCC has been the fastest-rising cause of
cancer-related deaths in the USA [21].

Until recently, NAFLD diagnosis required excluding other factors that might result
in liver steatosis (alcohol abuse, viral hepatitis, hepatotoxic drugs, and other liver dis-
eases) [19]. However, overlapping of those circumstances may be present [19]. Therefore, in
the new consensus, simplified criteria for MASLD diagnosis were stated, including steatosis
found by imaging or biopsy and the presence of at least one of the five cardiometabolic
risk factors (CMRFs) [17]. In case of doubt, the final diagnosis depends on the liver biopsy
histopathological result [19].

The incidence of MASLD among lean people (hitherto ‘lean NAFLD’) is defined as the
presence of hepatosteatosis in a person with a normal body mass index (BMI), excluding
the factors mentioned above, for example, alcohol abuse. This condition occurs in approx.
20% of MASLD cases in Europeans and approx. 5–45% MASLD cases in Asians. In the
general population (i.e., non-infected with HIV), dissimilarity in pathogenesis is underlined
(including the role of microbiota and individual metabolic factors) [18,22]. This term is
specifically relevant for MASLD in PLWH as the percentage of affected is higher than in
the general population (35.4% and 24.2%, respectively) [2].

2.2. MASLD Pathogenesis in the General Population

The progression of MASLD from simple steatosis, through MASH, to HCC was
originally described as a two-hit model involving the initial development of steatosis (con-
ditioning susceptibility to further damage) and a second factor triggering the exacerbation
of lipid peroxidation and inflammation. However, based on the evidence, the model has
been rearranged to a multi-hit or multi-parallel hit model, including multiple pathways
promoting progressive fibrosis and oncogenesis. This model includes multiple cellular,
genetic, immunological, metabolic, and endocrine factors [23].

The main factor is overnutrition, which leads to obesity. This is followed by the
development of MetS and comorbidities, including type 2 diabetes mellitus (T2DM), hyper-
tension (HT), hyperlipidaemia (HL) or dyslipidaemia (DL), chronic kidney disease (CKD),
cardiovascular disease (CVD), obstructive sleep apnoea (OSA), osteoarthritis, malignancies
(e.g., of the breast, colon, and prostate), and MAFLD [24]—which is the main subject of
this paper. Still, it is difficult to speak about it in isolation from the rest of the components
of metabolic syndrome. Also, irrespective of MASLD, diabetes and obesity increase HCC
risk [21].

A link between MASLD and T2DM appears evident. These two pathologic conditions
frequently coexist, and there is a bidirectional correlation, as obesity and insulin resistance
are key pathogenic factors for both. Previous studies prove that T2DM is an established risk
factor for the progression from simple steatosis to MASH and cirrhosis, but the presence of
MASLD might also precede and promote T2DM development [25].

Adipose tissue is not only an energy supply but also an important hormone-secreting
tissue (producing adipokines and lipokines). Its accumulation leads to disturbances of
hormonal activity—hypertrophic adipocytes present in obese individuals show increased
production of pro-inflammatory cytokines and reduced production of anti-inflammatory
cytokines, such as adiponectin, affecting the insulin sensitivity of tissues. This leads to
the growth of insulin resistance [18,26]. In turn, this results in impaired lipolysis and
increased lipogenesis, causing a metabolic overload of the liver. The accumulation of lipids
in hepatocytes restrains their oxidative capacity, subsequently promoting lipid oxidation.
The lipotoxic lipids induce cellular stress, followed by increased reactive oxygen species
(ROS), thus promoting interleukin 6 (IL-6) and cytokeratin 18 (CK-18) production and
stimulating cell apoptosis and fibrogenesis [2,18].
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Another factor to be considered is gut microbiota alterations. Dysbiosis is associated
with the development of MASLD. However, it is hard to precisely describe the complex
interplay between gut microbiota, its metabolites, and MASLD progression [27].

In addition, a certain genetic component has been attributed to MASLD; several
genetic variants have been described, though the best defined and associated with the
development of the disease are single nucleotide polymorphisms (SNPs) in the patatin-like
phospholipase domain-containing 3 (PNPLA3) gene. However, this and other variants
account for a small number of cases and produce a synergistic effect with environmental
factors [18,22].

2.3. PLWH-Specific Factors for MAFLD Development

As mentioned, liver steatosis is widespread in the general population and PLWH. In
the latter, it has a higher prevalence, not infrequently more severe course, and is associated
with specific aetiopathogenetic factors [2].

The general population’s MASLD prevalence ranges from 13.5% in Africa to 31.8%
in the Middle East [18]. It occurs in 47.3–63.7% of patients with T2DM and up to 80% of
individuals with obesity. In comparison, MAFLD occurs in about 35–48% of PLWH (though
some studies report a range of 13–73%) [28,29].

The pathogenesis of MASLD in PLWH is a consequence of classic pathogenetic factors
(mindful of their different severity in this group) on the one hand, but also a specific set of
factors associated with HIV on the other hand [2]. Mentioned here are MetS (HT, DL, waist
circumference (WC), and IR), HIV-associated lipodystrophy, hyperuricaemia, ART, HIV
(the virus itself), and gut microbiota [30].

A higher steatosis incidence was observed in histopathological studies in PLWH not
treated with ART [20]. Though HIV is not considered a classic hepatotropic virus, its
envelope interacts with hepatocytes, promoting ROS production and oxidative stress. Also,
macrophage activation occurs. This enhances inflammation and fibrogenesis following
tissue regeneration [7]. Long-time infection and even minimal HIV replication cause low-
grade chronic inflammation and constant minimal immune stimulation, promoting faster
ageing of the body and thus metabolic burdens associated with ageing [31]. The term
’inflamm-ageing’ has been coined to describe it [30].

HIV infection also affects the architecture of the intestinal wall and the gut microbiota
composition. This promotes the translocation of intestinal bacteria and the constant stimu-
lation of the host’s immune system. In addition, PLWH suffer from the impoverishment of
microbiota diversity—which appears to be quite similar to that found in obese individuals
(i.e., a greater share of Enterobacteriaceae and fewer Bacteroidetes and Firmicutes). ART is
unlikely to restore intestinal diversity, as found in uninfected individuals. Translocation
of bacteria, especially lipopolysaccharides, increases inflammatory processes in adipose
tissue and subsequently promotes the production of IL-6, tumour necrosis factor (TNF),
and other pro-inflammatory cytokines [26].

The advancement of immunodeficiency, referred by nadir CD4+ T-cell count, seems to
be another risk factor for MASLD [29].

Last but definitely not least, aspects of the MASLD pathogenesis in PLWH are the
adverse effects of ART, which may contribute to the development of liver steatosis [29].
In the old generations of drugs (especially thymidine-derived NRTIs such as zidovudine
(AZT), ddI, and d4T), lipodystrophy was often accompanied by dyslipidaemia and liver
steatosis or steatohepatitis [32]. Currently, the mechanism by which modern drugs promote
the development of metabolic disorders is more complex and is the subject of ongoing
research [33].

3. Impact of Antiretroviral Agents
3.1. General Approach

Several mechanisms are to be listed in the matter of ART-induced liver damage, includ-
ing hypersensitivity reactions (idiosyncratic hepatotoxicity) through direct mitochondrial
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inhibition, direct cell stress, or immune reconstitution, particularly in the presence of vi-
ral hepatitis co-infection, lipid/carbohydrate metabolism disturbances, and steatosis as a
separate mechanism [3].

In the 1990s, after introducing several antiretroviral drugs, the model therapy consisted
of three agents—two nucleoside reverse transcriptase inhibitors (NRTIs) and a protease
inhibitor (PI) (such as ddI, d4T and indinavir (IDV), nelfinavir (NFV), and ritonavir (RTV),
respectively). Unfortunately, the undesirable outcome was lipodystrophy in up to 50%
of patients. Nevertheless, new generations of antiretroviral agents, despite having a
much safer metabolic profile and not causing severe lipodystrophy, appear to promote
metabolic disturbances, resulting in increased BMI and the development of the components
of MetS [31,34].

Assessing the impact of particular substances is difficult due to their use in combined
therapy. Therefore, the effects (including adverse) of treatment that can be observed are the
cumulative work of several agents applied simultaneously.

Below, the different groups of drugs and their impact on liver health are described.
A summary of the proposed metabolic effects of ARV drugs in the main ART groups

is shown in Table 1.

Table 1. A summary of proposed ARV agents’ metabolic effects.

Group of ARV Agents Agents Metabolic Effects Additional Information

NRTIs

First generation ddC, ddI,
d4T, and AZT

High mitochondrial toxicity due to the
inhibition of mitochondrial gamma

polymerase

No longer in
common use

Second generation

TDF Appetite suppression, improvement
of lipid profile

TAF

No effect or increase of serum lipids;
weight gain—peculiarly when

switched from another NRTI agent,
especially from TDF; effects

particularly possible in combination
with INSTIs

ABC Probable weight suppression effect

NNRTIs

First generation

NVP
Hepatic and mitochondrial toxicity;

hypersensitivity reactions; suggested
DAMP pathway in hepatocyte death

No longer in
common use

EFV

Suggested PXR-dependent manner of
causing steatosis; accumulation of FAs

and TGs in cytoplasm; has been
connected with appetite suppression

No longer in
common use

Second generation RPV

Relatively good metabolic safety,
potential hepatoprotective effect (due

to mitigation of hepatic stellate cell
activation) and even possible

improvement in the lipid profile
(prevents excessive lipid droplet

accumulation)

Third generation DOR
Provides slight improvement in the

lipid profile, comparable weight gain
with DRV
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Table 1. Cont.

Group of ARV Agents Agents Metabolic Effects Additional Information

PIs

First generation and
older second generation

INV, IDV, RTV,
LPV, and ATV

Mitochondrial dysfunction, increased
ROS production; impairment of

GLUTs—resulting in IR development

No longer in common
use, except for RTV as

a booster

Newer second generation DRV
No or non-significant impact on IR;

possible GIT toxicity causing
weight loss

INSTIs

DTG, EVG,
and RAL

Potential changes in adipocyte
metabolism and adipokine secretion;

increase of IR;
lack of GIT AEs—good appetite and

greater calorie intake

DTG seems to show the
greatest weight gain;

higher weight gain, in
particular, when used in
combination with TAF

CAB

Shows favourable metabolic profile
(no interference with weight gain or

glucose and lipid profile); possibly no
effect on liver steatosis induction

3.2. NRTIs

The first generation of NRTIs (zalcitabine (ddC), ddI, d4T, and AZT) is no longer used
in developed countries. These drugs present mitochondrial toxicity. They inhibit not only
the HIV reverse transcriptase but also mitochondrial gamma polymerase, which affects
mitochondrial divisions, providing impaired mitochondrial function and increased lactate
production as well as abnormal lipid oxidation in the liver, leading to steatosis and other
lipid disorders [14].

The second generation of NRTIs, including tenofovir, has a much safer profile [35].
Interestingly, tenofovir disoproxil fumarate (TDF) is associated with an improved lipid

profile. In comparison, tenofovir alafenamide (TAF) seems to have no effect on serum lipids.
However, switching from TDF to TAF results in increased serum lipids, and switching
back to TDF decreases those parameters, indicating the specificity of the effect of TDF [31].
Therefore, it is suggested that TDF and other non-TAF NRTIs suppress appetite. In the case
of TDF, other mechanisms affecting the lipid profile are also suspected, but they are still
unknown [36,37].

Another study regarding metabolic and liver functions in 190 patients showed that
within six months after switching from TDF to TAF, there was a decrease in the activity
of liver enzymes, with a simultaneous increase in glucose (Glc), total cholesterol (TC),
high-density lipoprotein (HDL), and low-density lipoprotein (LDL) [38].

In a study group of >4000 people who switched from TDF to TAF regimen, after
18 months, the lipid profile deteriorated, and overweight was observed in the switch
group. This was regardless of whether TAF was combined with PIs, non-nucleoside reverse
transcriptase inhibitors (NNRTIs), or integrase inhibitors (INSTIs). This study ruled out
the recovery effect (which may result in weight gain after starting ART) because all study
participants had already been treated. Although weight gain and dyslipidaemia favour
IR, the study results demonstrated no clear evidence that DM is more common in TAF
(during 18 months of this study). The weight gain effect was also noticed after switching
from abacavir (ABC) to TAF [37].

Changing the regimen from ABC to TAF resulted in an increase in body weight, but it
was less significant than in the switch from TDF to TAF. There is a proposal that ABC also
has a weight-suppressive effect. It remains unclear whether this ABC property is a side
effect (average drug tolerance) that affects appetite and caloric intake or whether it impacts
mitochondrial and adipocyte function [36]. Because TAF shows better tolerance than ABC,
it may not bring this effect in such an interpretation [39].
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Another study involving 146 individuals indicated that participants exposed to TAF
were twice as likely to have steatosis as those unexposed [40].

In a meta-analysis of eight randomized clinical trials (RCTs), TAF/emtricitabine (FTC)
was associated with the highest weight gain, ABC/lamivudine (3TC) and TDF/FTC with a
slightly lower weight gain, and AZT/3TC with weight stability [39].

In an analysis comparing ATV and NRTIs (TAF, ABC, and TDF), the first showed
lower weight gain than the others. However, among these, ATV is the most toxic for the
gastrointestinal tract (GIT), which may result in lower caloric intake [39].

PrEP studies provide exciting results showing that individuals unburdened by HIV
infection are exposed to dual NRTI therapy. For example, a study evaluating the effect of
PrEP with TDF/FTC vs. placebo on weight gain found a lower weight gain in the TDF
group, suggesting an effect of inhibiting mass growth by TDF; in turn, when comparing
PrEP TAF/FTC and TDF/FTC regimens, after 48 weeks, there was an increase in weight by
1.1 kg in the TAF group and no increase in the TDF group [39].

3.3. NNRTIs

First-generation NNRTIs have been associated with a number of mechanisms that
can lead to liver damage, including mitochondrial toxicity and hypersensitivity. However,
second-generation NNRTIs seem to be liver-safe [3].

Nevirapine (NVP) is a remarkably hepatotoxic drug. A significant number of patients
exposed to NVP develop short-term hypersensitivity reactions, which can manifest as
hepatotoxicity, for example. Also, late-onset hepatotoxicity is common. The mechanism
is not fully understood; however, damage-associated molecular patterns (DAMPs) and
subsequent immune activation triggering with coexisting mitochondrial dysfunction are
proposed to be the reason for hepatocyte death [3].

Efavirenz (EFV) has been associated with an increased risk of progressive liver steatosis
in HIV/HCV co-infections. In mice, it induces liver steatosis in a hepatic pregnane X
receptor (PXR)-dependent manner. PXR is known for regulating the expression of genes
mediating cholesterol biosynthesis [14]. EFV also shows a relatively high concentration
in adipocytes [41]. Higher EFV concentrations have been shown to cause cell stress in
the liver by acutely inhibiting mitochondrial function and leading to the accumulation of
fatty acids (FAs) and TG in the cytoplasm [28]. The mitochondrial toxicity of EFV has been
proposed as a reason for the BMI increase [42]. On the other hand, it has been connected
with appetite suppression [36].

Rilpivirine (RPV) seems to have a good safety profile compared to other NNRTIs, like
EFV, regarding lipid abnormalities and blood TC and TG. It has been observed that RPV
also prevents excessive lipid droplet accumulation. Also, some cases of improved lipid
profiles after treatment with RPV have been reported [43]. Perhaps the hepatoprotective
role of RPV is associated with an alteration of autophagy, which mitigates hepatic stellate
cell activation [44].

Doravirine (DOR) is a novel third-generation NNRTI. In a study comparing DOR
with darunavir boosted with ritonavir (DRV/r), the first had better LDL and non-HDL
cholesterol profiles than the latter. DOR shows at least a slight improvement in the lipid
profile, where DRV/r deteriorates it [45]. Another analysis demonstrates a comparable
mean weight gain in the DOR, DRV/r, and EFV groups (1.7, 1.4, and 0.6 kg after 48 weeks,
respectively). In addition, the proportion of individuals whose BMI increased to overweight
or obese or those who noted at least a 10% weight gain did not differ significantly between
the groups [46]. Also, short-term liver toxicity for DOR seems uncommon [45].

3.4. PIs

Exposure to older protease inhibitors (such as IDV and lopinavir (LPV)) may accelerate
the development of metabolic syndrome components through multiple pathways, includ-
ing exacerbated mitochondrial dysfunction, increased ROS and pro-inflammatory cytokine
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production, and impaired function of glucose transporters (GLUTs), resulting in the devel-
opment of IR [47], which is the main pathogenetic factor leading to MASLD/MASH [28].

In a cross-sectional study involving 136 HIV-positive patients, the use of LPV was sig-
nificantly associated with an increased controlled attenuation parameter (CAP) in transient
elastography, while DRV showed a negative correlation with CAP [48].

In an analysis of several RCTs (>1000 individuals), insulin sensitivity did not show
significant changes with ATV, whether this study involved healthy individuals for a short
term or HIV-infected individuals for the long term in combination with other drugs, like
tenofovir and FTC, parallelly. LPV had increased IR, and DRV did not demonstrate any
significant changes in insulin resistance in HIV-infected individuals in long-term use in
combination with another drug [49].

In the case of the deterioration of the lipid profile, the mechanism by which PIs may
cause it is vague. It is suggested that an increase in the activity of apolipoprotein B, which
transports circulating LDL, very-low-density lipoprotein (VLDL), and TG, may be involved.
A study in mice showed that RTV inhibits the clearance of TG from circulation [14].

In terms of weight loss or gain, the issue of gastrointestinal disorders (subsequently
resulting in reduced calorie intake) due to drugs’ adverse effects is often raised. A large
(>16,000 individuals) cohort study compared currently used INSTIs and DRV in terms of
gastrointestinal disorders and showed no difference in ART-naïve patients, though DRV in
the switch group appeared to trigger adverse effects in the gastrointestinal tract more often
than some INSTIs [15].

3.5. INSTIs

INSTIs are the newest widespread drug class. They show favourable pharmacokinetics
and efficacy and are generally well tolerated by PLWH. They are currently preferred
components for individuals initiating therapy. However, numerous data indicate they are
associated with more weight gain than NNRTIs and PIs [50]. The mechanism of INSTI-
related weight gain remains unclear. Several explanations are suggested [41]. Also, there
seem to be noteworthy differences among various INSTIs and backbone drugs—NRTIs
(particularly TAF) as the most considerable [41].

INSTIs potentially affect adipocyte differentiation, thermogenesis, and oestrogen-
dependent metabolic pathways; it is proposed that they may impact the secretion of
adiponectin or other hormones regulating glucose and lipid metabolism. In addition, they
seem to inhibit the stimulation of melanocortin, which may increase appetite. They also
have a potential for magnesium chelating, which promotes insulin resistance [41].

A decrease in resting energy expenditure (REE) is also proposed due to the rapid
suppression of viral load, which may explain the greater increase in BMI in treatment-naïve
individuals. However, weight gain is also noticeable in patients with suppressed viral load
prior to the onset of INSTI treatment [41,51].

Furthermore, it is hypothesized that weight gain and metabolic disturbances are
secondary to microbiota disturbances; however, no direct mechanism has been revealed.
INSTIs have been associated with microbiota modification and subsequent changes in the
concentration of fatty-acid-binding proteins (FABPs). This is known to be an independent
predictor of weight and visceral adipose tissue gain in ART-treated individuals [41,51].

It has been found that dolutegravir (DTG) has a potential for inhibiting melanotropin
(MSH) binding to melanocortin 4 receptor (MC4R), which affects leptin signalling responsi-
ble for food intake (its deficiency is linked with monogenic obesity) [14,39]. Nonetheless,
another study indicates the lack of dependency between the grade of this effect and drugs’
potential for body mass increase (e.g., elvitegravir (EVG) is a 25-times more potent MC4R
antagonist and has a lesser impact on weight gain). Furthermore, this phenomenon is
observed in vitro, with drug concentrations multiple times exceeding therapeutic ones.
Most probably, INSTIs affect other metabolic pathways, albeit this has not yet been con-
firmed [52].
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In the case of EVG, the mechanism of causing oxidative stress connected with fibroblast
growth factor 21 (FGF21) and betaKlotho is described. The former is a marker of metabolic
disturbances in individuals with obesity or DM, and the latter impairs glucose uptake.
Other INSTIs are neutral for those substances [53].

Ultimately, the weight gain connected with the group may be due to the effects of
INSTIs and/or the fact that one is treated with an INSTI regimen instead of an appetite
suppressant (e.g., containing EFV) [36].

A cohort study with >16,000 individuals has shown that a moderate-to-high liver
parameter increase in INSTI-treated is uncommon. There are also no significant differences
among DTG, EVG, and raltegravir (RAL) in that area. The hepatotoxicity of each of those
drugs is low [15].

In another study on the hepatosteatosis effect of INSTIs, exposure to EVG and RAL
was associated with higher odds of moderate-to-severe hepatic steatosis; no association
was found with exposure to DTG. Furthermore, the relationship with EVG was consistent
regardless of the combination with TDF or TAF [54]. Also, other authors report that DTG
has no impact on liver steatosis [40].

In the case of weight gain, a meta-analysis of eight studies from 2022 proves that
relevant weight gain is to be observed mainly in therapy with DTG (79.2%) and BIC (77.9%).
Its probability is less significant when RAL (33.2%) or EVG (9.7%) are used [51].

Also, in a prospective cohort study lasting five years, INSTIs (without specifying
which ones) were linked with hepatic steatosis in the context of increased body weight
gain [29].

On the other hand, a recent Spanish study (including almost 5,000 patients) has
proved that being exposed to INSTIs was associated with a lower risk for hepatic steatosis
(measured with the Hepatic Steatosis Index (HSI)) [55].

Cabotagravir (CAB), a novel INSTI, dosed as a long-acting injection, has shown a
favourable metabolic profile in PrEP vs. placebo study—with no interference with body
weight or glucose and lipid profile [56]. Furthermore, another study comparing CAB/RPV
vs. DTG/RPV has indicated no hepatic steatosis onset in the CAB arm [57].

3.6. CCR5 Receptor Antagonists (aCCR5)

Data on MVC concerning liver and metabolic parameters usually come from in vitro
or murine studies. These studies prove it has the potential to regulate genes responsible
for cytokine release and affect microbiota, which may result in BMI reduction and insulin
sensitivity improvement [14,58,59]. However, drug-induced liver injury (DILI) has been
reported in humans, and another agent from this group has been withdrawn from further
development due to prominent hepatotoxicity [3].

3.7. New Drug Classes

Lenacapavir (FDA-approved in December 2022) is a novel, first-in-class, multi-stage,
selective inhibitor of the HIV capsid protein. In the short term, carbohydrate metabolism
disturbances occur infrequently [60]. In a recent update from week 80 of a phase 2 trial with
co-administration of other ARV agents, a noticeable weight gain has been shown (+4.7 kg)
only in arms with added TAF; however, in arms with no TAF, the gain has been milder
(+2.6 kg) [61].

Islatravir (in development) is a long-acting, first-in-class nucleoside reverse transcrip-
tase translocation inhibitor (NRTTI) with versatile dosing routes and intervals; so far,
it has shown good efficacy in the short-term, showing a low risk of triggering severe
hypertriglyceridaemia and hypertransaminasaemia [62–64].

3.8. Intergroup Comparison

In a study comparing regimens including FTC with a combination of TAF/DTG,
TDF/DTG, and TDF/EFV in >1000 treatment-naïve patients, DTG, especially when com-
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bined with TAF, affects body mass increase greater than EFV. Weight and visceral adipose
tissue gain in the TAF arm have been twice as high as in the EFV arm [42].

A switch from boosted PIs (DRV, ATV, and LPV) to INSTIs (RAL and DTG) regimens
has shown an improvement in insulin sensitivity, reduction of insulin (and homeostatic
model assessment—insulin resistance (HOMA-IR)) and leptin levels. No difference between
these two INSTIs has been revealed. However, this result is inconsistent with other studies
that showed no significant difference in HOMA-IR among regimens with TDF/FTC with
ATV/r, DRV/r, or RAL [6].

Another study with a switch from EFV to RAL (with an unchanged dual NRTI back-
bone) reports hepatosteatosis mitigation in the latter group [28]. Also, a study with a switch
from DRV-, ATV-, and LPV-based regimens to RAL has demonstrated improvement in
steatosis [6].

However, a meta-analysis of >5000 PLWH indicates that INSTIs have a greater weight
gain potential than NNRTIs or PIs [39]. In the comparison of ATV and NRTIs (TAF, ABC,
and TDF), the former has shown a lower gain than the latter. However, among these, ATV
is the most toxic for the gastrointestinal tract (GIT), which may reduce caloric intake [39].

4. Conclusions

Undoubtedly, hepatic steatosis has a multifactorial background. A large part of the
circumstances underlying this condition has been revealed; however, the exact impact of
each is yet to be estimated.

In the general population, the presence of steatosis reflects metabolic disturbances
(both in lipids and carbohydrates). The presence of T2DM or prediabetic state often
coexists or precedes the appearance or progression of hepatosteatosis. In PLWH, the
aforementioned components common for both HIV+ and HIV− people (including major
ones such as metabolic syndrome, overnutrition, and probably minor ones such as gut
dysbiosis and genetic factors) have to be considered, as well as the factors specific to PLWH
(drug adverse effects (AEs), chronic immune activation, and additional gut immune tissue
and microbiota alterations). From the latter, the antiretroviral drugs seem relevant in
pathogenesis, though estimating their precise influence remains unlikely.

New therapeutic regimens show distinctly more favourable safety profiles than their
predecessors. They are less hepatotoxic, so direct liver damage is sporadic, albeit they (or at
least some of them) have the potential to affect metabolic disorders and their development.
Apart from the mechanism, it is relevant to distinguish the ‘return to health’ effect (of
treatment) from unwelcomed weight gain.

Among current ART regimens, INSTIs used with TAF appear to have the most sig-
nificant impact on metabolic disturbances by increasing insulin resistance, which over the
years, promotes the evolution of metabolic syndrome components, eventually triggering
inflammatory processes, accelerating ageing, and leading to steatohepatitis. For INSTIs
alone, the current literature presents discordant data.

Studies are emerging, focusing not only on lipid abnormalities but also on carbohy-
drate metabolism (which should be considered important in the development of metabolic
disturbances in PLWH or ART patients). This will, hopefully, bring improvement in the care
of HIV-positive individuals. In addition, the two-drug regimen trials show good results,
predicting a new paradigm promising fewer drug adverse effects and interactions [65].

Most of the reviewed studies lasted 48 or 96 weeks. Also, the trials (including safety
outcomes) for drugs usually last 48 or 96 weeks [66–68], as recommended by the Food
and Drug Administration (FDA) for developing antiretroviral (ARV) drugs [69]. Because
direct hepatotoxicity of concurrent ARV drugs is low or unnoticeable, it often takes years
to develop metabolic complications. Therefore, the most valuable studies are those with
long follow-up periods, which comprise a small number of ARV drug studies.

Last but not least, the importance of lifestyle needs to be underlined [19,70]. Many
factors must be included in MASLD pathogenesis, but the modifiable factors have an
important role. Lifestyle modification, including caloric restriction (500–1000 kcal/day,
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targeting gradual weight loss of 7–10% in overweight/obese persons), restraint in simple
carbohydrate intake, Mediterranean diet, and moderate aerobic exercise (150–200 min
a week during 3–5 sessions) [71,72] should be an essential part of a holistic approach
to patient’s therapy—unfortunately, the physician’s involvement alone in this regard is
often insufficient. Patients should be under the care of an entire team of multidisciplinary
specialists, including dietetic, psychological, and physical effort aspects.

Author Contributions: M.B. performed the literature search and drafted the manuscript. M.C. and
M.I. provided critical intellectual contributions. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: M.B. has served as a speaker for Gilead. M.C. has served as a consultant for
Pfizer as well as a speaker for AbbVie, Gilead, and Janssen. M.I. has served as a consultant for Gilead,
GKS-ViiV, Janssen, and Merck, as well as a speaker for AbbVie, Gilead, GKS-ViiV, Janssen, and Merck.

References
1. Tseng, A.; Seet, J.; Phillips, E.J. The Evolution of Three Decades of Antiretroviral Therapy: Challenges, Triumphs and the Promise

of the Future: Three Decades of Antiretroviral Therapy. Br. J. Clin. Pharmacol. 2015, 79, 182–194. [CrossRef] [PubMed]
2. Cervo, A.; Shengir, M.; Patel, K.; Sebastiani, G. NASH in HIV. Curr. HIV/AIDS Rep. 2020, 17, 601–614. [CrossRef]
3. Benedicto, A.M.; Fuster-Martínez, I.; Tosca, J.; Esplugues, J.V.; Blas-García, A.; Apostolova, N. NNRTI and Liver Damage:

Evidence of Their Association and the Mechanisms Involved. Cells 2021, 10, 1687. [CrossRef]
4. Dvory-Sobol, H.; Shaik, N.; Callebaut, C.; Rhee, M.S. Lenacapavir: A First-in-Class HIV-1 Capsid Inhibitor. Curr. Opin. HIV AIDS

2022, 17, 15–21. [CrossRef]
5. Matthews, R.P.; Jackson Rudd, D.; Zhang, S.; Fillgrove, K.L.; Sterling, L.M.; Grobler, J.A.; Vargo, R.C.; Stoch, S.A.; Iwamoto, M.

Safety and Pharmacokinetics of Once-Daily Multiple-Dose Administration of Islatravir in Adults without HIV. JAIDS J. Acquir.
Immune Defic. Syndr. 2021, 88, 314–321. [CrossRef]

6. Rodés, B.; Cadiñanos, J.; Esteban-Cantos, A.; Rodríguez-Centeno, J.; Arribas, J.R. Ageing with HIV: Challenges and Biomarkers.
EBioMedicine 2022, 77, 103896. [CrossRef]

7. Bavaro, D.F.; Laghetti, P.; Poliseno, M.; De Gennaro, N.; Di Gennaro, F.; Saracino, A. A Step Closer to the “Fourth 90”: A Practical
Narrative Review of Diagnosis and Management of Nutritional Issues of People Living with HIV. Diagnostics 2021, 11, 2047.
[CrossRef]

8. Seth, A.; Sherman, K.E. Fatty Liver Disease in Persons with HIV Infection. Top. Antivir. Med. 2019, 27, 75–82.
9. Allen, A.M.; Talwalkar, J.A. Liver Disease Associated with Systemic Viral Infection. In Zakim and Boyer’s Hepatology; Elsevier:

Amsterdam, The Netherlands, 2018; pp. 556–567.e3, ISBN 978-0-323-37591-7.
10. Mauss, S.; Boesecke, C. Communicable and Noncommunicable Liver Disease in HIV. Curr. Opin. HIV AIDS 2021, 16, 152–155.

[CrossRef]
11. Alter, M.J. Epidemiology of Viral Hepatitis and HIV Co-Infection. J. Hepatol. 2006, 44, S6–S9. [CrossRef]
12. Bosh, K.A.; Hall, H.I.; Eastham, L.; Daskalakis, D.C.; Mermin, J.H. Estimated Annual Number of HIV Infections—United States,

1981–2019. MMWR Morb. Mortal. Wkly. Rep. 2021, 70, 801–806. [CrossRef]
13. Büttner, A. Hepatopathien und Drogenkonsum. Rechtsmedizin 2019, 29, 185–189. [CrossRef]
14. Gervasoni, C.; Cattaneo, D.; Filice, C.; Galli, M. Drug-Induced Liver Steatosis in Patients with HIV Infection. Pharmacol. Res. 2019,

145, 104267. [CrossRef] [PubMed]
15. Wohlfeiler, M.; Mounzer, K.; Brunet, L.; Fusco, J.; Vannappagari, V.; Curtis, L.; Payvandi, N.; Aboud, M.; Hsu, R.; Lackey, P.; et al.

Antiretroviral Therapy and Liver Disorders in the OPERA® Cohort. Ther. Adv. Drug Saf. 2020, 11, 2042098620976953. [CrossRef]
16. Farahani, M.; Mulinder, H.; Farahani, A.; Marlink, R. Prevalence and Distribution of Non-AIDS Causes of Death among HIV-

Infected Individuals Receiving Antiretroviral Therapy: A Systematic Review and Meta-Analysis. Int. J. STD AIDS 2017, 28,
636–650. [CrossRef] [PubMed]

17. Rinella, M.E.; Lazarus, J.V.; Ratziu, V.; Francque, S.M.; Sanyal, A.J.; Kanwal, F.; Romero, D.; Abdelmalek, M.F.; Anstee, Q.M.; Arab,
J.P.; et al. A multisociety Delphi consensus statement on new fatty liver disease nomenclature. Hepatology 2023, 78, 1966–1986.
[CrossRef] [PubMed]

18. Powell, E.E.; Wong, V.W.-S.; Rinella, M. Non-Alcoholic Fatty Liver Disease. Lancet 2021, 397, 2212–2224. [CrossRef] [PubMed]
19. European Association for the Study of the Liver (EASL); European Association for the Study of Diabetes (EASD); European

Association for the Study of Obesity (EASO). EASL–EASD–EASO Clinical Practice Guidelines for the Management of Non-
Alcoholic Fatty Liver Disease. J. Hepatol. 2016, 64, 1388–1402. [CrossRef]

20. van Welzen, B.J.; Mudrikova, T.; El Idrissi, A.; Hoepelman, A.I.M.; Arends, J.E. A Review of Non-Alcoholic Fatty Liver Disease in
HIV-Infected Patients: The Next Big Thing? Infect. Dis. Ther. 2019, 8, 33–50. [CrossRef]

https://doi.org/10.1111/bcp.12403
https://www.ncbi.nlm.nih.gov/pubmed/24730660
https://doi.org/10.1007/s11904-020-00531-0
https://doi.org/10.3390/cells10071687
https://doi.org/10.1097/COH.0000000000000713
https://doi.org/10.1097/QAI.0000000000002755
https://doi.org/10.1016/j.ebiom.2022.103896
https://doi.org/10.3390/diagnostics11112047
https://doi.org/10.1097/COH.0000000000000675
https://doi.org/10.1016/j.jhep.2005.11.004
https://doi.org/10.15585/mmwr.mm7022a1
https://doi.org/10.1007/s00194-019-0310-x
https://doi.org/10.1016/j.phrs.2019.104267
https://www.ncbi.nlm.nih.gov/pubmed/31077811
https://doi.org/10.1177/2042098620976953
https://doi.org/10.1177/0956462416632428
https://www.ncbi.nlm.nih.gov/pubmed/26868158
https://doi.org/10.1097/HEP.0000000000000520
https://www.ncbi.nlm.nih.gov/pubmed/37363821
https://doi.org/10.1016/S0140-6736(20)32511-3
https://www.ncbi.nlm.nih.gov/pubmed/33894145
https://doi.org/10.1016/j.jhep.2015.11.004
https://doi.org/10.1007/s40121-018-0229-7


Viruses 2023, 15, 2432 12 of 14

21. Kulik, L.; El-Serag, H.B. Epidemiology and Management of Hepatocellular Carcinoma. Gastroenterology 2019, 156, 477–491.e1.
[CrossRef]

22. Eslam, M.; Sanyal, A.J.; George, J. International Consensus Panel MAFLD: A Consensus-Driven Proposed Nomenclature for
Metabolic Associated Fatty Liver Disease. Gastroenterology 2020, 158, 1999–2014.e1. [CrossRef] [PubMed]

23. Ramai, D.; Facciorusso, A.; Vigandt, E.; Schaf, B.; Saadedeen, W.; Chauhan, A.; di Nunzio, S.; Shah, A.; Giacomelli, L.; Sacco, R.
Progressive Liver Fibrosis in Non-Alcoholic Fatty Liver Disease. Cells 2021, 10, 3401. [CrossRef] [PubMed]

24. Polyzos, S.A.; Kountouras, J.; Mantzoros, C.S. Obesity and Nonalcoholic Fatty Liver Disease: From Pathophysiology to Therapeu-
tics. Metabolism 2019, 92, 82–97. [CrossRef] [PubMed]

25. 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] [PubMed]

26. Koethe, J.R.; Lagathu, C.; Lake, J.E.; Domingo, P.; Calmy, A.; Falutz, J.; Brown, T.T.; Capeau, J. HIV and Antiretroviral Therapy-
Related Fat Alterations. Nat. Rev. Dis. Primers 2020, 6, 48. [CrossRef] [PubMed]

27. Park, E.; Jeong, J.-J.; Won, S.-M.; Sharma, S.P.; Gebru, Y.A.; Ganesan, R.; Gupta, H.; Suk, K.T.; Kim, D.J. Gut Microbiota-Related
Cellular and Molecular Mechanisms in the Progression of Nonalcoholic Fatty Liver Disease. Cells 2021, 10, 2634. [CrossRef]
[PubMed]

28. Calza, L.; Colangeli, V.; Borderi, M.; Coladonato, S.; Tazza, B.; Fornaro, G.; Badia, L.; Guardigni, V.; Verucchi, G.; Viale, P.
Improvement in Liver Steatosis after the Switch from a Ritonavir-Boosted Protease Inhibitor to Raltegravir in HIV-Infected
Patients with Non-Alcoholic Fatty Liver Disease. Infect Dis Lond 2019, 51, 593–601. [CrossRef]

29. Bischoff, J.; Gu, W.; Schwarze-Zander, C.; Boesecke, C.; Wasmuth, J.-C.; van Bremen, K.; Dold, L.; Rockstroh, J.K.; Trebicka, J.
Stratifying the Risk of NAFLD in Patients with HIV under Combination Antiretroviral Therapy (cART). EClinicalMedicine 2021,
40, 101116. [CrossRef]

30. Guaraldi, G.; Lonardo, A.; Maia, L.; Palella, F.J. Metabolic Concerns in Aging HIV-Infected Persons: From Serum Lipid Phenotype
to Fatty Liver. AIDS 2017, 31 (Suppl. S2), S147–S156. [CrossRef]

31. Lagathu, C.; Béréziat, V.; Gorwood, J.; Fellahi, S.; Bastard, J.-P.; Vigouroux, C.; Boccara, F.; Capeau, J. Metabolic Complications
Affecting Adipose Tissue, Lipid and Glucose Metabolism Associated with HIV Antiretroviral Treatment. Expert. Opin. Drug Saf.
2019, 18, 829–840. [CrossRef]

32. Rockstroh, J.K. Non-Alcoholic Fatty Liver Disease (NAFLD) and Non-Alcoholic Steatohepatitis (NASH) in HIV. Curr. HIV/AIDS
Rep. 2017, 14, 47–53. [CrossRef] [PubMed]

33. Pires, L.B.; Rocha, R.; Vargas, D.; Daltro, C.; Cotrim, H.P. Non-Alcoholic Fatty Liver Disease in Patients Infected with Human
Immunodeficiency Virus: A Systematic Review. Rev. Assoc. Med. Bras. 2020, 66, 81–86. [CrossRef] [PubMed]

34. Coronel-Castillo, C.E.; Qi, X.; Contreras-Carmona, J.; Ramírez-Pérez, O.L.; Méndez-Sánchez, N. Nonalcoholic Fatty Liver Disease
and Nonalcoholic Steatohepatitis in HIV Infection: A Metabolic Approach of an Infectious Disease. Expert. Rev. Gastroenterol.
Hepatol. 2019, 13, 531–540. [CrossRef] [PubMed]

35. Mayer, K.H.; Molina, J.-M.; Thompson, M.A.; Anderson, P.L.; Mounzer, K.C.; De Wet, J.J.; DeJesus, E.; Jessen, H.; Grant, R.M.;
Ruane, P.J.; et al. Emtricitabine and Tenofovir Alafenamide vs. Emtricitabine and Tenofovir Disoproxil Fumarate for HIV
Pre-Exposure Prophylaxis (DISCOVER): Primary Results from a Randomised, Double-Blind, Multicentre, Active-Controlled,
Phase 3, Non-Inferiority Trial. Lancet 2020, 396, 239–254. [CrossRef] [PubMed]

36. Wood, B.R.; Huhn, G.D. Excess Weight Gain With Integrase Inhibitors and Tenofovir Alafenamide: What Is the Mechanism and
does It Matter? Open Forum Infect. Dis. 2021, 8, ofab542. [CrossRef] [PubMed]

37. Surial, B.; Mugglin, C.; Calmy, A.; Cavassini, M.; Günthard, H.F.; Stöckle, M.; Bernasconi, E.; Schmid, P.; Tarr, P.E.; Furrer, H.; et al.
Weight and Metabolic Changes after Switching from Tenofovir Disoproxil Fumarate to Tenofovir Alafenamide in People Living
with HIV: A Cohort Study. Ann. Intern. Med. 2021, 174, 758–767. [CrossRef]

38. Squillace, N.; Ricci, E.; Menzaghi, B.; De Socio, G.V.; Passerini, S.; Martinelli, C.; Mameli, M.S.; Maggi, P.; Falasca, K.; Cordier, L.;
et al. The Effect of Switching from Tenofovir Disoproxil Fumarate (TDF) to Tenofovir Alafenamide (TAF) on Liver Enzymes,
Glucose, and Lipid Profile. Drug Des. Dev. Ther. 2020, 14, 5515–5520. [CrossRef]

39. Sax, P.E.; Erlandson, K.M.; Lake, J.E.; Mccomsey, G.A.; Orkin, C.; Esser, S.; Brown, T.T.; Rockstroh, J.K.; Wei, X.; Carter, C.C.; et al.
Weight Gain following Initiation of Antiretroviral Therapy: Risk Factors in Randomized Comparative Clinical Trials. Clin. Infect.
Dis. 2020, 71, 1379–1389. [CrossRef]

40. Riebensahm, C.; Berzigotti, A.; Surial, B.; Günthard, H.F.; Tarr, P.E.; Furrer, H.; Rauch, A.; Wandeler, G. Swiss HIV Cohort Study
Factors Associated with Liver Steatosis in People with Human Immunodeficiency Virus on Contemporary Antiretroviral Therapy.
Open Forum Infect. Dis. 2022, 9, ofac538. [CrossRef]

41. Eckard, A.R.; McComsey, G.A. Weight Gain and Integrase Inhibitors. Curr. Opin. Infect. Dis. 2020, 33, 10–19. [CrossRef]
42. Venter, W.D.F.; Sokhela, S.; Simmons, B.; Moorhouse, M.; Fairlie, L.; Mashabane, N.; Serenata, C.; Akpomiemie, G.; Masenya, M.;

Qavi, A.; et al. Dolutegravir with Emtricitabine and Tenofovir Alafenamide or Tenofovir Disoproxil Fumarate versus Efavirenz,
Emtricitabine, and Tenofovir Disoproxil Fumarate for Initial Treatment of HIV-1 Infection (ADVANCE): Week 96 Results from a
Randomised, Phase 3, Non-Inferiority Trial. Lancet HIV 2020, 7, e666–e676. [CrossRef] [PubMed]

43. Carbonell Ballesteros, E. Molecular Mechanisms Involved in the Anti-Inflammatory and Hepatoprotective Effects of the Antiretro-
viral drug Rilpivirine. Ph.D. Thesis, Universitat Politècnica de València, València, Spain, 2022.

https://doi.org/10.1053/j.gastro.2018.08.065
https://doi.org/10.1053/j.gastro.2019.11.312
https://www.ncbi.nlm.nih.gov/pubmed/32044314
https://doi.org/10.3390/cells10123401
https://www.ncbi.nlm.nih.gov/pubmed/34943908
https://doi.org/10.1016/j.metabol.2018.11.014
https://www.ncbi.nlm.nih.gov/pubmed/30502373
https://doi.org/10.1038/s41575-021-00448-y
https://www.ncbi.nlm.nih.gov/pubmed/33972770
https://doi.org/10.1038/s41572-020-0181-1
https://www.ncbi.nlm.nih.gov/pubmed/32555389
https://doi.org/10.3390/cells10102634
https://www.ncbi.nlm.nih.gov/pubmed/34685614
https://doi.org/10.1080/23744235.2019.1629008
https://doi.org/10.1016/j.eclinm.2021.101116
https://doi.org/10.1097/QAD.0000000000001483
https://doi.org/10.1080/14740338.2019.1644317
https://doi.org/10.1007/s11904-017-0351-2
https://www.ncbi.nlm.nih.gov/pubmed/28284005
https://doi.org/10.1590/1806-9282.66.1.81
https://www.ncbi.nlm.nih.gov/pubmed/32130386
https://doi.org/10.1080/17474124.2019.1599284
https://www.ncbi.nlm.nih.gov/pubmed/30905208
https://doi.org/10.1016/S0140-6736(20)31065-5
https://www.ncbi.nlm.nih.gov/pubmed/32711800
https://doi.org/10.1093/ofid/ofab542
https://www.ncbi.nlm.nih.gov/pubmed/34877366
https://doi.org/10.7326/M20-4853
https://doi.org/10.2147/DDDT.S274307
https://doi.org/10.1093/cid/ciz999
https://doi.org/10.1093/ofid/ofac538
https://doi.org/10.1097/QCO.0000000000000616
https://doi.org/10.1016/S2352-3018(20)30241-1
https://www.ncbi.nlm.nih.gov/pubmed/33010240


Viruses 2023, 15, 2432 13 of 14

44. Lucantoni, F.; Benedicto, A.M.; Gruevska, A.; Moragrega, Á.B.; Fuster-Martínez, I.; Esplugues, J.V.; Blas-García, A.; Apostolova, N.
Implication of Autophagy in the Antifibrogenic Effect of Rilpivirine: When More Is Less. Cell Death Dis. 2022, 13, 385. [CrossRef]
[PubMed]

45. Molina, J.-M.; Squires, K.; Sax, P.E.; Cahn, P.; Lombaard, J.; DeJesus, E.; Lai, M.-T.; Rodgers, A.; Lupinacci, L.; Kumar, S.; et al.
Doravirine versus Ritonavir-Boosted Darunavir in Antiretroviral-Naive Adults with HIV-1 (DRIVE-FORWARD): 96-Week Results
of a Randomised, Double-Blind, Non-Inferiority, Phase 3 Trial. Lancet HIV 2020, 7, e16–e26. [CrossRef] [PubMed]

46. Stockdale, A.J.; Khoo, S. Doravirine: Its Role in HIV Treatment. Curr. Opin. HIV AIDS 2022, 17, 4–14. [CrossRef] [PubMed]
47. 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] [PubMed]
48. Calza, L.; Colangeli, V.; Borderi, M.; Coladonato, S.; Tazza, B.; Bon, I.; Re, M.C.; Viale, P. Improvement in Insulin Sensitivity

and Serum Leptin Concentration after the Switch from a Ritonavir-Boosted PI to Raltegravir or Dolutegravir in Non-Diabetic
HIV-Infected Patients. J. Antimicrob. Chemother. 2019, 74, 731–738. [CrossRef] [PubMed]

49. Kajogoo, V.D.; Gorret Atim, M.; Amare, D.; Geleta, M.; Muchie, Y.; Tesfahunei, H.A.; Olomi, W.; Acam, J.; Manyazewal, T. HIV
Protease Inhibitors and Insulin Sensitivity: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Front.
Pharmacol. 2021, 12, 635089. [CrossRef]

50. Scarsi, K.K.; Havens, J.P.; Podany, A.T.; Avedissian, S.N.; Fletcher, C.V. HIV-1 Integrase Inhibitors: A Comparative Review of
Efficacy and Safety. Drugs 2020, 80, 1649–1676. [CrossRef]

51. Bai, R.; Lv, S.; Wu, H.; Dai, L. Effects of Different Integrase Strand Transfer Inhibitors on Body Weight in Patients with HIV/AIDS:
A Network Meta-Analysis. BMC Infect. Dis. 2022, 22, 118. [CrossRef]

52. McMahon, C.; Trevaskis, J.L.; Carter, C.; Holsapple, K.; White, K.; Das, M.; Collins, S.; Martin, H.; Burns-Naas, L.A. Lack of an
Association between Clinical INSTI-Related Body Weight Gain and Direct Interference with MC4 Receptor (MC4R), a Key Central
Regulator of Body Weight. PLoS ONE 2020, 15, e0229617. [CrossRef]

53. Kolakowska, A.; Maresca, A.F.; Collins, I.J.; Cailhol, J. Update on Adverse Effects of HIV Integrase Inhibitors. Curr. Treat. Options
Infect. Dis. 2019, 11, 372–387. [CrossRef] [PubMed]

54. Kirkegaard-Klitbo, D.M.; Thomsen, M.T.; Gelpi, M.; Bendtsen, F.; Nielsen, S.D.; Benfield, T. Hepatic Steatosis Associated With
Exposure to Elvitegravir and Raltegravir. Clin. Infect. Dis. 2021, 73, e811–e814. [CrossRef] [PubMed]

55. Navarro, J.; Curran, A.; Raventós, B.; García, J.; Suanzes, P.; Descalzo, V.; Álvarez, P.; Espinosa, N.; Montes, M.L.; Suárez-García, I.;
et al. Prevalence of Non-Alcoholic Fatty Liver Disease in a Multicentre Cohort of People Living with HIV in Spain. Eur. J. Intern.
Med. 2023, 110, 54–61. [CrossRef] [PubMed]

56. Landovitz, R.J.; Zangeneh, S.Z.; Chau, G.; Grinsztejn, B.; Eron, J.J.; Dawood, H.; Magnus, M.; Liu, A.Y.; Panchia, R.; Hosseinipour,
M.C.; et al. Cabotegravir Is Not Associated with Weight Gain in Human Immunodeficiency Virus-Uninfected Individuals in
HPTN 077. Clin. Infect. Dis. 2020, 70, 319–322. [CrossRef] [PubMed]

57. Mills, A.; Richmond, G.J.; Newman, C.; Osiyemi, O.; Cade, J.; Brinson, C.; De Vente, J.; Margolis, D.A.; Sutton, K.C.; Wilches, V.;
et al. Long-Acting Cabotegravir and Rilpivirine for HIV-1 Suppression: Switch to 2-Monthly Dosing after 5 Years of Daily Oral
Therapy. AIDS 2022, 36, 195–203. [CrossRef] [PubMed]

58. Pérez-Martínez, L.; Ochoa-Callejero, L.; Rubio-Mediavilla, S.; Narro, J.; Bernardo, I.; Oteo, J.-A.; Blanco, J.-R. Maraviroc Improves
Hepatic Triglyceride Content but Not Inflammation in a Murine Nonalcoholic Fatty Liver Disease Model Induced by a Chronic
Exposure to High-Fat Diet. Transl. Res. 2018, 196, 17–30. [CrossRef]

59. Pérez-Matute, P.; Pérez-Martínez, L.; Aguilera-Lizarraga, J.; Blanco, J.R.; Oteo, J.A. Maraviroc Modifies Gut Microbiota Composi-
tion in a Mouse Model of Obesity: A Plausible Therapeutic Option to Prevent Metabolic Disorders in HIV-Infected Patients. Rev.
Esp. Quimioter. 2015, 28, 200–206.

60. Long-Acting Lenacapavir in People with Multidrug-Resistant HIV-1: Week 52 Results. Available online: https://www.natap.org/
2022/CROI/croi_08.htm (accessed on 8 April 2023).

61. Long-Acting Lenacapavir in a Combination Regimen for Treatment NaÃ ve PWH: Week 80. Available online: https://www.
natap.org/2023/CROI/croi_59.htm (accessed on 9 April 2023).

62. Molina, J.-M.; Yazdanpanah, Y.; Afani Saud, A.; Bettacchi, C.; Chahin Anania, C.; Klopfer, S.O.; Grandhi, A.; Eves, K.; Hepler, D.;
Robertson, M.N.; et al. Brief Report: Efficacy and Safety of Oral Islatravir Once Daily in Combination With Doravirine Through 96
Weeks for Treatment-Naive Adults With HIV-1 Infection Receiving Initial Treatment With Islatravir, Doravirine, and Lamivudine.
J. Acquir. Immune Defic. Syndr. 2022, 91, 68–72. [CrossRef]

63. Markowitz, M.; Grobler, J.A. Islatravir for the Treatment and Prevention of Infection with the Human Immunodeficiency Virus
Type 1. Curr. Opin. HIV AIDS 2020, 15, 27–32. [CrossRef]

64. Bernice, F.; Kilcrease, C. Novel and Investigational HIV Therapies for Treatment and Prevention: Focus on Cabotegravir, Islatravir,
and Lenacapavir. Curr. Infect. Dis. Rep. 2022, 24, 1–8. [CrossRef]

65. Cahn, P.; Madero, J.S.; Arribas, J.R.; Antinori, A.; Ortiz, R.; Clarke, A.E.; Hung, C.-C.; Rockstroh, J.K.; Girard, P.-M.; Sievers, J.; et al.
Dolutegravir plus Lamivudine versus Dolutegravir plus Tenofovir Disoproxil Fumarate and Emtricitabine in Antiretroviral-Naive
Adults with HIV-1 Infection (GEMINI-1 and GEMINI-2): Week 48 Results from Two Multicentre, Double-Blind, Randomised,
Non-Inferiority, Phase 3 Trials. Lancet 2019, 393, 143–155. [CrossRef] [PubMed]

https://doi.org/10.1038/s41419-022-04789-7
https://www.ncbi.nlm.nih.gov/pubmed/35443746
https://doi.org/10.1016/S2352-3018(19)30336-4
https://www.ncbi.nlm.nih.gov/pubmed/31740348
https://doi.org/10.1097/COH.0000000000000709
https://www.ncbi.nlm.nih.gov/pubmed/34740228
https://doi.org/10.3390/ijms222112020
https://www.ncbi.nlm.nih.gov/pubmed/34769448
https://doi.org/10.1093/jac/dky507
https://www.ncbi.nlm.nih.gov/pubmed/30541118
https://doi.org/10.3389/fphar.2021.635089
https://doi.org/10.1007/s40265-020-01379-9
https://doi.org/10.1186/s12879-022-07091-1
https://doi.org/10.1371/journal.pone.0229617
https://doi.org/10.1007/s40506-019-00203-7
https://www.ncbi.nlm.nih.gov/pubmed/33380904
https://doi.org/10.1093/cid/ciab057
https://www.ncbi.nlm.nih.gov/pubmed/33493297
https://doi.org/10.1016/j.ejim.2023.01.028
https://www.ncbi.nlm.nih.gov/pubmed/36764905
https://doi.org/10.1093/cid/ciz439
https://www.ncbi.nlm.nih.gov/pubmed/31125395
https://doi.org/10.1097/QAD.0000000000003085
https://www.ncbi.nlm.nih.gov/pubmed/34652287
https://doi.org/10.1016/j.trsl.2018.01.004
https://www.natap.org/2022/CROI/croi_08.htm
https://www.natap.org/2022/CROI/croi_08.htm
https://www.natap.org/2023/CROI/croi_59.htm
https://www.natap.org/2023/CROI/croi_59.htm
https://doi.org/10.1097/QAI.0000000000002879
https://doi.org/10.1097/COH.0000000000000599
https://doi.org/10.1007/s11908-022-00780-7
https://doi.org/10.1016/S0140-6736(18)32462-0
https://www.ncbi.nlm.nih.gov/pubmed/30420123


Viruses 2023, 15, 2432 14 of 14

66. Raffi, F.; Orkin, C.; Clarke, A.; Slama, L.; Gallant, J.; Daar, E.; Henry, K.; Santana-Bagur, J.; Stein, D.K.; Bellos, N.; et al. Brief Report:
Long-Term (96-Week) Efficacy and Safety After Switching From Tenofovir Disoproxil Fumarate to Tenofovir Alafenamide in
HIV-Infected, Virologically Suppressed Adults. J. Acquir. Immune Defic. Syndr. 2017, 75, 226–231. [CrossRef] [PubMed]

67. Orkin, C.; DeJesus, E.; Ramgopal, M.; Crofoot, G.; Ruane, P.; LaMarca, A.; Mills, A.; Vandercam, B.; de Wet, J.; Rockstroh, J.; et al.
Switching from Tenofovir Disoproxil Fumarate to Tenofovir Alafenamide Coformulated with Rilpivirine and Emtricitabine in
Virally Suppressed Adults with HIV-1 Infection: A Randomised, Double-Blind, Multicentre, Phase 3b, Non-Inferiority Study.
Lancet HIV 2017, 4, e195–e204. [CrossRef] [PubMed]

68. Cohen, C.; Wohl, D.; Arribas, J.R.; Henry, K.; Van Lunzen, J.; Bloch, M.; Towner, W.; Wilkins, E.; Ebrahimi, R.; Porter, D.;
et al. Week 48 Results from a Randomized Clinical Trial of Rilpivirine/Emtricitabine/Tenofovir Disoproxil Fumarate vs.
Efavirenz/Emtricitabine/Tenofovir Disoproxil Fumarate in Treatment-Naive HIV-1-Infected Adults. AIDS 2014, 28, 989–997.
[CrossRef]

69. Center for Drug Evaluation and Research. Human Immunodeficiency Virus-1 Infection: Developing Antiretroviral Drugs
for Treatment. Available online: https://www.fda.gov/regulatory-information/search-fda-guidance-documents/human-
immunodeficiency-virus-1-infection-developing-antiretroviral-drugs-treatment (accessed on 15 March 2023).

70. EACS Guidelines 2022. Available online: https://eacs.sanfordguide.com (accessed on 9 April 2023).
71. Fitch, K.V. Contemporary Lifestyle Modification Interventions to Improve Metabolic Comorbidities in HIV. Curr. HIV/AIDS Rep.

2019, 16, 482–491. [CrossRef]
72. Zelber-Sagi, S.; Godos, J.; Salomone, F. Lifestyle Changes for the Treatment of Nonalcoholic Fatty Liver Disease: A Review of

Observational Studies and Intervention Trials. Ther. Adv. Gastroenterol. 2016, 9, 392–407. [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.

https://doi.org/10.1097/QAI.0000000000001344
https://www.ncbi.nlm.nih.gov/pubmed/28272164
https://doi.org/10.1016/S2352-3018(17)30031-0
https://www.ncbi.nlm.nih.gov/pubmed/28259777
https://doi.org/10.1097/QAD.0000000000000169
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/human-immunodeficiency-virus-1-infection-developing-antiretroviral-drugs-treatment
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/human-immunodeficiency-virus-1-infection-developing-antiretroviral-drugs-treatment
https://eacs.sanfordguide.com
https://doi.org/10.1007/s11904-019-00467-0
https://doi.org/10.1177/1756283X16638830

	Timeline Aspect 
	The Evolution of Antiretroviral Treatment 
	Liver Diseases in PLWH over Decades 

	Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD) 
	Introduction 
	MASLD Pathogenesis in the General Population 
	PLWH-Specific Factors for MAFLD Development 

	Impact of Antiretroviral Agents 
	General Approach 
	NRTIs 
	NNRTIs 
	PIs 
	INSTIs 
	CCR5 Receptor Antagonists (aCCR5) 
	New Drug Classes 
	Intergroup Comparison 

	Conclusions 
	References

