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Abstract

The advent of effective antiretroviral therapy in the mid-1990s, which successfully pre-
vented the progression to AIDS in people living with HIV (PLWH), was associated with
the appearance of the so-called HIV-associated lipodystrophy. This condition involved
subcutaneous fat atrophy; abdominal fat hypertrophy; and, in some cases, lipomatosis.
It was also associated with systemic metabolic disturbances, primarily insulin resistance
and dyslipidemia. Following the replacement of certain antiretroviral drugs, particularly
the thymidine-analog reverse transcriptase inhibitors stavudine and zidovudine, with less
toxic alternatives, the incidences of lipoatrophy and lipomatosis significantly declined.
However, lipodystrophy resulting from first-generation antiretroviral therapy does not
always resolve after switching to newer agents. Although the widespread use of modern
antiretroviral drugs—especially integrase strand transfer inhibitors and non-lipoatrophic
reverse transcriptase inhibitors such as tenofovir alafenamide—has reduced the incidences
of severe forms of lipodystrophy, these regimens are not entirely free of adipose tissue-
related effects. Notably, they are associated with weight gain that resembles common
obesity and can have adverse cardiometabolic consequences. Recent evidence also suggests
the hypertrophy of specific fat depots, such as epicardial and perivascular adipose tissue, in
PLWH on last-generation treatments, potentially contributing to increased cardiovascular
risk. This evolving landscape underscores the persistent vulnerability of PLWH to adipose
tissue alterations. While these morphological changes may not be as pronounced as those
seen in classic HIV-associated lipodystrophy, they can still pose significant health risks.
The continued optimization of treatment regimens and the vigilant monitoring of adipose
tissue alterations and metabolic status remain essential strategies to improve the health
of PLWH.
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1. Introduction

The development of effective treatments for human immunodeficiency virus (HIV)
infection has been one of the most significant therapeutic successes of recent decades. The
expansion of the HIV epidemic in the 1980s led to high mortality rates associated with the
immunodeficiency caused by the virus, known as acquired immunodeficiency syndrome
(AIDS). This could only be mitigated after the mid-1990s through the development of
combined antiretroviral drugs that effectively prevented the progression to AIDS and
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transformed the disease into a chronic condition. However, it was soon observed that,
despite the success in preventing AIDS in treated patients, a complex syndrome involving
alterations in the amount and distribution of adipose tissue developed, which came to be
called HIV-associated lipodystrophy.

The lipodystrophy observed in people living with HIV (PLWH) is a partial type that
has complex manifestations. Firstly, there is subcutaneous fat loss (lipoatrophy) in the
face, arms, and legs. Secondly, there is also fat hypertrophy in the abdominal area, the
reminiscent of visceral obesity. Lastly, less frequently than the previous phenomena, lipoma-
tous accumulations appear in the dorso-cervical area (commonly called “buffalo humps”)
and sometimes appear in other regions. All these changes can occur simultaneously in
the same individual, or, at times, patients may predominantly manifest only one type of
alteration [1-3] (Figure 1).

Facial lipoatrophy Abdominal lipohypertrophy Dorso-cervical lipomatosis

A

Figure 1. The pictorial representations of the main features of HIV-associated lipodystrophy. (A) Facial
lipoatrophy. (B) Abdominal lipohypertrophy. (C) A lipomatous “buffalo hump” adipose tissue
accumulation in the dorso-cervical region.

Morphological changes in the amount and distribution of fat in PLWH are associated
with systemic metabolic alterations partly resembling those observed in the genetic forms
of partial lipodystrophy. These include insulin resistance, type 2 diabetes, dyslipidemia,
hepatic steatosis, and elevated cardiovascular risk [3,4]. In fact, these metabolic distur-
bances are among the most significant health issues linked to HIV-associated lipodystrophy.
However, other factors—such as the stigmatizing effects of facial lipoatrophy—also greatly
affect the quality of life of PLWH [5].

HIV-associated lipodystrophy showed a remarkable prevalence until the early 2020s,
although the available data on the global prevalence of lipodystrophy (including lipoatro-
phy and/or lipohypertrophy) vary widely. In studies based on the clinical diagnoses of
lipodystrophy, the reported prevalence of HIV-associated lipodystrophy in PLWH receiving
combined antiretroviral therapy (cART) that included first-generation drugs ranged from
23% to 70%. This wide variation in prevalence was attributed to differences in study design
and the length of follow-up across studies [6]. Subsequently, in the 2020s, thanks to the
development of highly effective antiretroviral drugs with minimal toxicity and treatments
starting in the early stages post-infection, the occurrence of novel cases of overt lipodystro-
phy in PLWH has decreased dramatically. However, the persistence of relevant adipose
tissue alterations that are not as obvious as overt lipoatrophy or lipomatosis in PLWH and
the continued presence of lipodystrophy in PLWH who have been on treatment for many
years (see later) remain significant challenges for maintaining a healthy status in PLWH.
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2. Causal Agents of Lipodystrophy in PLWH

The causal agents of lipodystrophy in PLWH are multiple and complex, involving both
the effects of antiretroviral treatments and the consequences of the underlying HIV infection.
Additionally, it appears that the different manifestations of lipodystrophy (lipoatrophy, lipo-
hypertrophy, and lipomatosis) may have distinct causal factors during their development.

2.1. Lipoatrophy

Regarding lipoatrophy, it historically manifested from the use of the initial antiretro-
viral therapy, which was based on a combination of three drugs, a protease inhibitor (PI)
and two nucleoside reverse transcriptase inhibitors (NRTIs), which were, in most cases,
thymidine analogs such as stavudine or zidovudine. It was soon observed that the suc-
cessful maintenance of CD4 T cell levels in people with HIV was accompanied by marked
subcutaneous fat loss, which in many cases could involve losing up to 30% of the fat in
the extremities and a noticeable facial fat reduction [7]. It was noted that the presence of
thymidine-analog NRTIs (stavudine and zidovudine) during treatment was preferentially
associated with the appearance of lipoatrophy [8]. This was later corroborated after the
dramatic reduction in lipoatrophy seen when thymidine-analog NRTIs were replaced with
other antiretroviral drugs that were developed more recently and have lower toxicity [9].
By the late 2000s, it was recommended to avoid using zidovudine as an NRTI during
treatment to prevent lipoatrophy, and the use of tenofovir difumarate (TDF), a newer
nucleotide analog inhibiting HIV reverse transcriptase, became widespread. This drug has
less lipoatrophic action (but not none) [10,11]. More recently, TDF has been replaced by
tenofovir alafenamide (TAF), an analog of TDF devoid of lipoatrophic effects [12]. Addi-
tionally, some other antiretroviral drugs previously used to treat PLWH, such as efavirenz,
a non-nucleoside inhibitor of reverse transcriptase (NNRTI), have also been shown to
exert lipoatrophic actions [12]. There are currently significantly fewer cases of lipoatrophy
in PLWH under the current patterns of antiretroviral treatments, although individuals
that had been treated with thymidine-analog NRTIs and were later switched to newer
treatments have not always achieved the complete reversal of this phenomenon (see more
below). Apart from the key role of thymidine-analog NRTIs, various factors influence
the propensity to develop lipoatrophy; it occurs more frequently in men than in women,
and the infection-related status (low CD4 levels and/or high HIV-1 RNA levels) is also
associated with a higher likelihood of developing lipoatrophy [6].

2.2. Lipohypertrophy

Lipohypertrophy in the abdominal area is another common manifestation in PLWH,
and it concerns intra-abdominal visceral adipose tissue accumulation. In principle, it is un-
clear to what extent such alterations have any differential features distinct from abdominal
obesity occurring in the general population. Trunk lipohypertrophy was primarily at-
tributed to the presence of Pls as part of the combinatorial antiretroviral treatment patterns.
Thus, in the absence of thymidine-based NRTI drugs, the presence of Pls in antiretrovi-
ral treatment patterns was shown to increase trunk adiposity and associated metabolic
alterations in PLWH, similar to what happens in common visceral obesity [13,14].

2.3. Lipomatosis

A third phenomenon characteristic of HIV-associated lipodystrophy is lipomatosis in
anatomical areas such as the dorso-cervical region, the pubic area, or other locations [15,16].
The fat accumulation in these regions is entirely different from visceral lipohypertrophy, as it
occurs in subcutaneous tissue rather than in visceral areas. Additionally, this accumulation
results from a lipomatous process caused by cellular alterations in adipocytes that acquire
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proliferative properties, shown by the enhanced levels of the “proliferating cell nuclear
antigen” (PCNA) and decreased telomere length [17]. In addition to cellular and molecular
studies demonstrating these proliferative characteristics, the lipomatous features of these
fat depots became particularly evident when the use of enlarged dorso-cervical fat to
refill facial lipoatrophy had to be discontinued due to persistent adipose expansion in the
cheeks [18]. Moreover, dorso-cervical lipomatosis is associated with a distortion of the
white/brown phenotype of adipocytes characterized by the expression of typical brown
adipose tissue marker genes such as uncoupling protein-1 (UCP1); however, adipose tissue
in lipomatous areas does not acquire functional thermogenic properties [19,20].

2.4. Systemic Alterations in HIV-Associated Lipodystrophy

Lipodystrophy in PLWH is associated with important systemic alterations, often in-
cluding insulin resistance, type 2 diabetes, dyslipidemia, hepatic steatosis, and elevated
cardiovascular risk. Various processes associated with HIV-related lipodystrophy con-
tribute to this scenario. Both subcutaneous adipose tissue atrophy and visceral hypertrophy
generate local and systemic pro-inflammatory responses [21]. Studies on common obe-
sity have widely indicated that a sustained local pro-inflammatory state in adipose tissue
leads to systemic metabolic alterations, such as insulin resistance [22], which is also ob-
served in PLWH affected by lipodystrophy. Alterations in adipose tissue also lead to
the disrupted secretion of regulatory adipokines, and abnormally low levels of circulat-
ing adiponectin, an anti-inflammatory and insulin-sensitizing factor [23], have long been
observed in PLWH [24]. Several in vitro studies have confirmed that first-generation tran-
scriptase inhibitors and PI drugs induce secretion of inflammatory cytokines and suppress
the secretion of adiponectin by adipocytes [25-28]. Various alterations in the leptin levels
have been reported in PLWH with lipodystrophy, ranging from abnormally low levels to
significantly high levels [29]. This is most likely due to the variable impact on the overall
adipose tissue level resulting from the combination of lipoatrophy in subcutaneous areas
and lipohypertrophy at the visceral level in each individual.

On the other hand, PLWH with lipodystrophy often exhibit, within the same indi-
vidual, the harmful consequences of lipotoxicity arising from both the hypotrophy of
subcutaneous adipose tissue and the hypertrophy of visceral adipose tissue [30,31]. As is
known from the genetic forms of lipoatrophy, an inability to adequately store lipids in adi-
pose tissue promotes ectopic lipid deposition in multiple tissues, impairing their function.
A parallel phenomenon occurs as a result of visceral fat hypertrophy; once its expandability
limits are reached, lipid spillover into other tissues is also promoted. Thus, an increase
in the lipid content in the skeletal muscle of PLWH has been reported, a phenomenon
known to contribute to insulin resistance [32]. Hepatic steatosis also frequently appears in
PLWH affected by lipodystrophy [33] and may evolve to metabolic dysfunction-associated
steatotic liver disease (MASLD). Myocardial lipid accumulation has also been reported in
PLWH, even in the absence of abdominal lipohypertrophy [34].

Microbiota dysbiosis, defined as an imbalance in the composition of the gut microbiota,
is a well-established contributor to systemic chronic inflammation in obesity, and emerging
evidence suggests that similar mechanisms may be present in PLWH. Several studies have
reported intestinal dysbiosis and reductions in bacterial alpha diversity in PLWH [35,36].
Notably, bacterial alpha diversity has been shown to correlate with the visceral adipose
tissue volume in this population [37]. Furthermore, PLWH exhibit a lower abundance of
butyrate-producing bacteria [38], which may impact adipose tissue function, as butyrate is
a key short-chain fatty acid known to influence this tissue. Although existing studies are
still limited, the specific role of microbiota alterations in driving adipose tissue dysfunction
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in PLWH and to what extent they affect lipoatrophic and lipohypertrophic alterations in
distinct adipose depots remain active areas of investigation.

3. Mechanisms Underlying HIV-Associated Lipodystrophy
3.1. Antiretroviral Treatment-Driven Effects

The cellular and molecular mechanisms underlying lipoatrophy in PLWH have been
extensively studied. In affected patients, reductions in the size and accumulation of fat
in subcutaneous adipocytes in lipodystrophic areas are observed, along with apoptosis
and cell death [39]. This is accompanied by the infiltration of macrophages and other
inflammatory cells [40,41].

First-generation NRTI drugs, especially thymidine analogs (e.g., zidovudine and
stavudine), play a key role in lipoatrophy in PLWH. This is not the first case in medicine
where a lipoatrophic reaction to a pharmacological treatment has been observed. However,
the reported cases of subcutaneous lipoatrophy associated with treatments using insulin,
growth hormone analogs, or corticosteroids are typically localized at the injection sites and
tend to resolve spontaneously [42]. In contrast, the lipoatrophic effect of thymidine-analog
NRTISs is systemic and, as previously mentioned, affects multiple subcutaneous adipose
tissue depots across different anatomical sites.

The primary action of zidovudine and stavudine as lipoatrophic agents is attributed
to the so-called mitochondrial toxicity. These drugs, along with their ability to inhibit HIV
reverse transcriptase, have the collateral effect of inhibiting DNA polymerase-gamma, the
enzyme responsible for mitochondrial DNA (mtDNA) replication. Treatment with these
NRTIs results in the depletion of mtDNA levels in multiple tissues and organs at a range
that is lower than that seen in genetic mtDNA depletion diseases but still biologically rele-
vant [43]. The basis for the tissue-specific susceptibility of adipose tissue to this depletion
is not well understood. Mitochondrial dysfunction caused by mtDNA depletion leads to
energy deficits, the increased production of reactive oxygen species, and the abnormal
proliferation of nonfunctional mitochondria, potentially causing adipocyte death. In vitro
studies also demonstrate that these NRTIs inhibit the differentiation of preadipocytes into
mature adipocytes by blocking the expression of key adipogenesis genes such as perox-
isome proliferator-activated-y (PPARY) and others [26,44,45]. As a result, subcutaneous
adipose tissue experiences dysfunction in replacing dead adipocytes with new ones, creat-
ing the context for lipoatrophy. The importance of mtDNA alterations in lipodystrophy
has also been evidenced by the observation of different susceptibilities to lipodystrophy
among individuals with different mitochondrial DNA haplogroups [46]. The basis for the
particular susceptibility of subcutaneous adipose tissue to develop lipodystrophy remains
poorly understood. Although studies on this matter are scarce, it has been reported that
mtDNA depletion is similar in subcutaneous and visceral adipose tissues from PLWH,
despite the latter not showing atrophy [47].

The precise mechanisms of the other main feature of HIV lipodystrophy, abdominal
lipohypertrophy, also have not been fully delineated. The well-known distinct properties
of visceral and subcutaneous adipose tissue may involve differential responsiveness to HIV
infection and antiretroviral treatment insults. It has been reported that visceral and subcu-
taneous adipocytes from humans show differential sensitivity to the metabolic alterations
elicited by PIs [48]. On the other hand, it cannot be ruled out that a relevant component of
fat accumulation in visceral adipose tissue may be secondary to lipoatrophy in peripheral
subcutaneous adipose tissue [49]. The impairment in the fat storage capacity in subcu-
taneous adipose tissue could lead to a redistribution of fat to the visceral compartment,
which, for unknown reasons, does not exhibit atrophy in response to mitochondrial toxicity
caused by drugs.
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As mentioned above, mtDNA depletion cannot explain the differential behavior of
visceral and subcutaneous fat in HIV-associated lipodystrophy, but unaffected adipogenesis
and a milder induction of pro-inflammatory signaling in visceral relative to subcutaneous
fat have been reported [48], which may explain the prevention of fat wasting in visceral
adipose tissue.

The exact causes of lipomatosis are also not fully understood. However, the reduction
in lipoatrophy associated with avoiding the use of thymidine-analog NRTIs has also led to
a decreased occurrence of this phenomenon in PLWH [50]. Importantly, the lipomatous
accumulations in the dorso-cervical area and other sites show similar signs of mtDNA
depletion as lipoatrophic subcutaneous adipose tissue sites [17,19]. However, other al-
terations occurring in adipose depots affected by HIV-associated lipodystrophy, such as
impaired adipogenesis and enhanced inflammation, do not occur in the enlarged adipose
tissues in the dorso-cervical region and other areas [20]. In contrast, lipomatous adipose
tissue in PLWH shows the accumulation of the toxic, non-processed form of lamin A, a
phenomenon previously reported to take place in genetically determined lipomatosis [51]
and in lipoatrophic areas in PLWH [20], so it does not appear to account for the differential
behavior of HIV-associated lipodystrophy and lipoatrophic and lipomatous areas.

Subcutaneous adipose tissue in PLWH with lipodystrophy also shows the reduced
expression of the micro-RNA-processing enzyme DICER, particularly in the lipomatous
dorso-cervical area. This phenomenon is associated with the decreased expression of
brown/beige adipose marker genes [52]. DICER dysregulation is associated with the
duration of antiretroviral use and, interestingly, correlates with alterations in circulating
miRNAs from small extracellular vesicles (enhanced miR-20a-3p and depleted miR-186
and miR-324-5p), which could also contribute to acquired lipodystrophy and associated
metabolic and inflammatory perturbations in PLWH [53].

3.2. HIV Infection-Related Effects

In addition to antiretroviral treatments, various molecular and cellular events associ-
ated with HIV infection also contribute to the development of HIV-associated lipodystrophy.
Although HIV-1 does not significantly infect adipocytes [54], it does target immune cells
infiltrating adipose tissue, primarily macrophages and lymphocytes [55,56]. Adipose tissue
is, in fact, considered a reservoir for HIV-1 in the body, largely due to the infection of
these immune cells. One consequence of HIV-1 infection in adipose tissue is the release
of inflammatory cytokines. This contributes to local alterations in adipose tissue and can
lead to systemic metabolic abnormalities, such as insulin resistance and dyslipidemia [57],
features similar to those observed in obesity, a condition characterized by increased lo-
cal inflammation in adipose tissue. Furthermore, HIV-infected cells secrete extracellular
viral-encoded proteins such as Vpr, Tat, and Nef, which can interfere with adipocyte dif-
ferentiation; promote the expression of pro-inflammatory cytokines; and induce cellular
senescence by inhibiting the expression of target genes of PPAR vy, the master regulator of
adipogenesis, among other actions [58-61]. In this way, several alterations in adipogenic
and mitochondrial gene expression are already present in the adipose tissue of untreated
(naive) HIV patients [62]. Thus, HIV infection of adipose tissue appears to prime the tissue
for increased susceptibility to the structural and functional alterations characteristic of
HIV-associated lipodystrophy that occur in response to antiretroviral therapy.

Figure 2 summarizes the main molecular actors eliciting lipoatrophy and lipohyper-
trophy in PLWH, as well as systemic alterations.
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Figure 2. A summary of the main pathophysiological alterations in subcutaneous and visceral white
adipose tissue associated with lipodystrophy in PLWH. HIV is present within adipose-resident T cells
and macrophages, and interactions between HIV proteins and adipocytes also occur. Additionally,
certain drugs used in cART, such as NRTIs, NNRTIs, and PIs, directly affect the molecular functions
of adipocytes. Together, these factors contribute to the pathological alterations observed in both
the subcutaneous and visceral adipose tissue compartments, which in turn promote lipotoxicity
in other organs. This ultimately leads to several systemic comorbidities, such as cardiovascular
disease, MASLD, metabolic dysfunction-associated steatohepatitis (MASH), dyslipidemia, and in-
sulin resistance.

4. Adipose Tissue Changes Under Modern Antiretroviral Regimens
in PLWH

The implementation of last-generation antiretroviral treatment patterns incorporating
fewer toxic inhibitors of reverse transcriptase and drugs acting on new targets of HIV
biology, e.g., integrase strand transfer inhibitors (INSTIs), has minimized HIV-associated
lipoatrophy and lipomatosis. However, soon after the implementation of these treatments
in PLWH, increased body weight was observed. Although part of this effect was attributed
to the so-called “return to health” state elicited by the initiation of these treatments in PLWH,
growing evidence shows specific treatment effects. Increased weight gain has been observed
more frequently in PLWH treated with INSTIs and TAF [63,64]. Increased adiposity in
response to INSTIs appears to involve the two commonly used INSTI drugs dolutegravir
and bictegravir, and it is additive to the weight gain effects elicited by TAF. Increased
adiposity occurs when INSTI-based treatments replace older patters of treatment, especially
when INSTIs are present in initial treatment regimens after infection [65]. Moreover, some
risk factors associated with increased weight gain in PLWH in response to INSTI-containing
drug patterns have been identified: sex (women are more prone to weight gain than men),
black ethnicity, and aging. Weight gain in PLWH under INSTI/TAF-based treatments
results from generalized increases in adipose tissue mass in both the subcutaneous and
trunk areas [66]. Therefore, the alterations elicited by last-generation drug treatments in
PLWH are more reminiscent of obesity than lipodystrophy [67], at least based on what is
known so far.

Some initial hypotheses suggested that INSTIs could affect the hypothalamic
melanocortin system and thereby interfere with satiety mechanisms, leading to increased
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caloric intake and subsequent weight gain. This was based on some data indicating that
INSTIs may interfere with the melanocortin-4 receptor (MC4R) [68]. However, other reports
do not support this proposition, as the doses of INSTIs that interfere with the MC4R are
higher than those found in treated patients [69]. In fact, there are still no objective studies
that evaluate the effects of INSTIs on food intake [69].

Several experimental studies on human adipocytes [70,71], though not all [72], sug-
gest that the integrase inhibitor dolutegravir has direct pro-adipogenic effects. A possible
explanation for this discrepancy lies in the different sources of adipocytes used in vitro:
some studies [70,71] utilized adipocytes differentiated from primary cultures of adipose
tissue stem cells obtained from healthy women, while another study [72] used cells from
an infant with Simpson-Golabi-Behmel syndrome. Despite these differences, multiple
studies consistently report that dolutegravir suppresses the expression of brown/beige
adipose tissue markers and reduces adiponectin levels in adipocytes [70-73]. Furthermore,
dolutegravir has been associated with increased fibrosis, mitochondrial dysfunction, and
insulin resistance in adipocytes [70,71]. Comparable alterations—including increased fibro-
sis, enlarged adipocytes, and the upregulated expression of adipogenic genes—have also
been observed in subcutaneous and visceral adipose tissues from macaques treated with
INSTIs, both in the absence [71] and presence [70] of concomitant simian immunodeficiency
virus infection, with the latter condition showing a particularly marked impairment in
beige adipose tissue. Fibrosis induction has also been observed in both adipose depots
in PLWH treated with INSTIs [71]. Taken together, these findings consistently point to
adverse structural and functional changes in adipose tissue linked to INSTI treatments,
despite the inherent limitations of studies using in vitro and animal models.

The in vitro and in vivo evidence also reveals complex and sometimes contrasting
effects of TDF and TAF on adipose tissue. In vitro studies using mouse 3T3-L1 adipocytes
showed that TAF and TDF inhibited adipogenesis alone and in combination with IN-
STIs [74], whereas other studies using human adipocytes showed that both drugs moderate
the anti-adipogenic effect of the INSTI dolutegravir [73]. However, the in vivo effects
appear more divergent, with TAF being associated with greater weight gain and fat ac-
cumulation than TDF in both clinical and animal models [75,76]. Several factors may
explain these differences. First, the direct effects of these drugs on adipocytes may differ
from their systemic effects when administered in vivo. Second, their interactions with
other antiretroviral drugs in combination regimens likely play an essential role. Third, the
metabolic context, including the HIV infection status, immune activation, and baseline
metabolic health, may significantly modify the effects of these drugs on adipose tissue.

Another aspect is how the last-generation antiretroviral treatments for PLWH affect
systemic metabolism. There have been some indications that INSTIs may be associated with
positive effects on metabolism, such as improved dyslipidemia and insulin sensitivity [77],
at least compared to non-INSTI-based treatment regimens. However, other studies have
shown deleterious effects on metabolism, which may be due to the actions of the drugs or
may be indirectly caused by visceral obesity that appears in patients. This is the case for
hypoadiponectinemia in PLWH treated with antiretroviral patterns that include dolute-
gravir [78]. Studies examining the impacts of antiretroviral treatments, including INSTIs
such as dolutegravir, on cardiometabolic parameters have found unfavorable changes, such
as increased HbAlc and blood pressure; a higher incidence of cardiovascular disease; and
elevated risks for several cardiometabolic outcomes, including congestive heart failure,
myocardial infarction, and lipid disorders. These effects are especially evident in cases of
long-term treatment with INSTIs combined with TAF [79-81]. However, it remains unclear
whether specific alterations in adipose tissue caused by antiretroviral drugs, beyond the
unhealthy consequences of increased fat mass, contribute to cardiovascular risk.
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5. Conclusions: Current Challenges for Management of Healthy Adipose
Tissue in PLWH

The current clinical concerns related to HIV-associated lipodystrophy manifest in
several ways. The avoidance of thymidine-based NRTIs worldwide has decreased the
prevalence of lipoatrophy in PLWH. However, a significant number of PLWH who were
treated with first-generation NRTIs and developed lipoatrophy did not recover after switch-
ing to a treatment based on last-generation antiretroviral drugs. Among the patients in
the APROCO cohort previously treated with thymidine-analog NRTIs, 22% continue to
experience mixed lipoatrophy/lipohypertrophy and elevated insulin resistance rates, even
after transitioning to modern antiretroviral regimens [82]. Visceral lipohypertrophy often
persists in PLWH who have had long-term exposure to thymidine-analog NRTIs. Each year
of cumulative exposure to first-generation NRTIs is associated with an increase in visceral
fat of 3.7 cm? after the discontinuation of these drugs [83]. The persistent signs of lipodys-
trophy and associated metabolic alterations that occur even after the discontinuation of
more lipodystrophy-prone drugs are especially common in PLWH who started treatment
during childhood. Increased waist circumference is nearly twice as prevalent in adults with
HIV who were exposed to thymidine NRTIs during childhood [84].

Second, although visceral obesity remains the primary adipose alteration in PLWH
undergoing contemporary antiretroviral therapy, a recent report revealed that the subcuta-
neous fat transcriptome in patients with more visceral adipose tissue shows the increased
expression of genes associated with the extracellular matrix and inflammation, along
with the reduced expression of genes related to lipolysis and fatty acid metabolism [85].
This highlights the current persistence of complex alterations in different adipose depots
in PLWH.

Recently, novel aspects relating adipose tissue dysfunction and conditions compromis-
ing health in PLWH are emerging. It has long been known that PLWH show an increased
risk of diastolic dysfunction. Recent data indicate that epicardial adipose tissue, a fat depot
closely associated with the myocardium and known to be involved in cardiac function [86],
is enlarged in PLWH. This is associated with diastolic dysfunction, regardless of the HIV
serostatus and viral suppression [87,88]. Increased pericoronary adipose density has been
found to be independently associated with the prevalence and severity of coronary plaque
in PLWH [89]. There are also data indicating that PLWH show signs of inflammation in
perivascular fat, the type of adipose tissue coating vessels. This inflammation could be
involved in the microvascular disease that often occurs in PLWH [90]. As such, the potential
roles of altered epicardiac, pericoronary, and perivascular adipose tissue in cardiovascular
function among PLWH remain speculative and are based on observed correlations and the
more established impacts of these fat depots on cardiac and vascular pathophysiology in
the general population. In any case, such findings provide further evidence of the influence
of distorted adipose tissue on health conditions in PLWH.

Treatment strategies based on lifestyle changes are increasingly considered to be
relevant for mitigating adipose tissue alterations and systemic cardiometabolic disturbances
in PLWH. When overt lipodystrophy was highly prevalent, some data indicated that
adhesion to a Mediterranean diet and supplementation with omega-3 polyunsaturated
fatty acids ameliorated systemic parameters, including inflammation [91,92]. Notably,
an intervention based on the Mediterranean diet led to a marked increase in the relative
abundance of Bifidobacterium spp., which is linked to a microbiota profile indicative of
beneficial immunometabolic outcomes [93]. In the current context of increased obesity in
PLWH under treatments including INSTIs, even in the absence of accurate specific studies,
clinical practices recommend lifestyle modifications (a decrease in caloric intake and an
increase in exercise habits) as in the first-line treatment approach for common obesity.
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On the other hand, several recent studies have shown that, in PLWH, GLP-1 receptor
agonists commonly used to treat obesity and type 2 diabetes (e.g., semaglutide) produce a
degree of weight loss similar to that observed in the general population [94], along with re-
ductions in both visceral and subcutaneous adipose tissue [95]. A clinical trial investigating
the effects of semaglutide in overweight PLWH found a significant reduction in abdominal
visceral adipose tissue, which was the most pronounced effect [96]. These findings suggest
that incretin analogs, currently used to treat common obesity and type 2 diabetes, may
also hold promise as therapeutic agents for managing visceral lipohypertrophy and the
associated metabolic dysregulation in PLWH [97].

In summary, recent data underscore the ongoing vulnerability of PLWH to changes
in adipose tissue. Although the current alterations in adipose tissue among PLWH may
not be as severe as traditional HIV-related lipodystrophy, they can still have significant
health implications. To improve the well-being of PLWH, it is essential to continue refining
antiretroviral treatment strategies and to monitor potential adipose tissue changes as part
of comprehensive metabolic health management.
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HIV human immunodeficiency virus

INSTI integrase strand transfer inhibitor

MASLD  metabolic dysfunction-associated steatotic liver disease
MASH  metabolic dysfunction-associated steatohepatitis

MC4R melanocortin-4 receptor
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NRTI nucleotide analog reverse transcriptase inhibitor
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PPARy  peroxisome proliferator-activated-y
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