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A B S T R A C T   

This study was focused on exploring the role of the HIV-1 Tat protein in mediating microglial ferroptosis. 
Exposure of mouse primary microglial cells (mPMs) to HIV-1 Tat protein resulted in induction of ferroptosis, 
which was characterized by increased expression of Acyl-CoA synthetase long-chain family member 4 (ACSL4), 
in turn, leading to increased generation of oxidized phosphatidylethanolamine, elevated levels of lipid peroxi-
dation, upregulated labile iron pool (LIP) and ferritin heavy chain-1 (FTH1), decreased glutathione peroxidase-4 
and mitochondrial outer membrane rupture. Also, inhibition of ferroptosis by ferrostatin-1 (Fer-1) or deferox-
amine (DFO) treatment suppressed ferroptosis-related changes in mPMs. Similarly, the knockdown of ACSL4 by 
gene silencing also inhibited ferroptosis induced by HIV-1 Tat. Furthermore, increased lipid peroxidation 
resulted in increased release of proinflammatory cytokines, such as TNFα, IL6, and IL1β and microglial activa-
tion. Pretreatment of mPMs with Fer-1 or DFO further blocked HIV-1 Tat-mediated microglial activation in vitro 
and reduced the expression and release of proinflammatory cytokines. We identified miR-204 as an upstream 
modulator of ACSL4, which was downregulated in mPMs exposed to HIV-1 Tat. Transient transfection of mPMs 
with miR-204 mimics reduced the expression of ACSL4 while inhibiting HIV-1 Tat-mediated ferroptosis and the 
release of proinflammatory cytokines. These in vitro findings were further validated in HIV-1 transgenic rats as 
well as HIV + ve human brain samples. Overall, this study underscores a novel mechanism(s) underlying HIV-1 
Tat-mediated ferroptosis and microglial activation involving miR-204–ACSL4 signaling.   

1. Introduction 

The advent of combination antiretroviral therapy (cART) has 
changed HIV-1 infection from a death sentence to a manageable chronic 
disease. An estimated 37.7 million people living with HIV-1 (PLWH) 
worldwide, of which 28.2 million have access to antiretroviral therapy 
[1]. While cART therapy cannot wholly eliminate HIV-1, it significantly 
reduces the viral burden and opportunistic infections, remarkably 
improving the life expectancy of PLWH. Interestingly, despite effective 
virus suppression, early viral proteins, including the HIV-1 Trans-
activator of Transcription (Tat), persist in tissues such as the brain and 
lymph nodes. HIV-1 Tat was first identified as a neurotoxin [2] and is of 
particular interest owing to its ability to elicit neuroexcitatory responses 
[3–7]. This protein has gained much attention in the context of 

HIV-1-associated neurocognitive disorders (HAND) due to its higher 
expression in the postmortem brain of HIV-1-infected patients [8,9]. 
HIV-1 Tat primarily enters cells through heparan sulfate proteoglycans, 
which act as receptors for HIV-1 Tat uptake [10,11]. It is also reported 
that HIV-1 Tat can penetrate the cell membrane through a 
non-receptor-mediated transport mechanism [12,13]. After entering the 
cells, HIV-1 Tat accumulates in endolysosomes and causes lysosomal 
deacidification. These events subsequently increase the efflux of endo-
lysosomal iron [14,15]. In a state of the excess iron pool, the available 
free iron produces highly reactive hydroxyl radicals through the Fenton 
reaction [16,17], further underpins the importance of tight iron control 
in tissues and cells [18]. Notably, iron is stored in ferritin as a cellular 
deposit to protect cells from the detrimental effects of the Fenton reac-
tion. Ferritin is a multimeric protein complex composed of heavy and 
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light subunits [19,20]. Several studies have suggested a potential link 
between iron metabolism, oxidative stress, and the progression of HIV-1 
infection and pathogenesis [21–24]. A recent clinical study shows that 
higher levels of iron transport proteins in cerebrospinal fluid are coupled 
with an increased prevalence of HAND [25]. 

The brain is vulnerable to oxidative stress because of high levels of 
polyunsaturated fatty acids [26–28], high levels of redox transition 
metals [29,30], and high consumption of oxygen for its functioning [31, 
32]. Free radicals produced during metabolism attack the poly-
unsaturated fatty acids leading thereby to the generation of highly 
reactive electrophilic aldehydes such as malondialdehyde (MDA) and 
4-hydroxynonenal (4-HNE) [33]. These electrophilic aldehydes are toxic 
lipid peroxidation products that need to be cleared by the system [34, 
35]. Cells are equipped with a battery of antioxidants to combat these 
lipid peroxides. Glutathione peroxidase 4 (GPX4) is one of the antioxi-
dants that quench lipid peroxides in the membrane [36–38]. In HIV-1 
patients, MDA was significantly elevated with a concomitant decrease 
in total antioxidant status [39], suggesting the occurrence of lipid per-
oxidation and oxidative stress in PLWH. Many studies have reported 
HIV-1 Tat-mediated production of reactive oxygen species (ROS) fol-
lowed by lipid peroxidation and increased oxidative stress in various 
cells [40–44]. HIV-1 Tat can also modulate the functions of CNS cells, 
including microglia and astrocytes [45–47] and is presumed to be 
involved in the pathogenesis of HAND and also premature aging 
[48–53]. 

Microglia are brain-resident immune cells that can store iron for 
cellular functions. Microglia also elicit differential sensitivity towards 
the stress stimuli based on their activation state, i.e., M1 (proin-
flammatory) or M2 (anti-inflammatory) phenotype. It is well-known 
that activated M1-microglia secrete several proinflammatory cytokines 
via dysregulated iron metabolism, increased labile iron pool (LIP), and 
ROS production [54,55]. A recent study also demonstrated that acti-
vated M1-microglia undergo a newly identified type of iron-dependent, 
oxidative, and non-apoptotic cell death called ferroptosis [56]. The 
accumulation of intracellular LIP and increased lipid peroxides are 
critical events in ferroptosis [56]. Microglia also generate selective lipid 
peroxidation, leading to the pro-ferroptotic signal formation by 
Acyl-CoA synthetase long-chain family member 4 (ACSL4) [56]. ACSL4 
is an enzyme activating polyunsaturated fatty acids, is expressed by all 
the CNS cells [57], and is found in the mitochondria-associated mem-
brane, mitochondria, endoplasmic reticulum, and peroxisomes [58,59]. 
Many studies have reported the role of ACSL4 in many biological 
functions, including inflammation, steroidogenesis, cell death, female 
fertility, and cancer [60–65]. 

Many studies have examined the contribution of HIV-1 Tat to 
neuropathology, including HAND [66]. Iron overload is also a risk factor 
for the rapid progression of HAND [67] and other neurodegenerative 
disorders, including Alzheimer’s disease, Parkinson’s disease, and 
Huntington’s disease [67]. Ferritin heavy chain has been reported to act 
as a novel intracellular mediator in dendritic damage, thereby contrib-
uting to neurocognitive impairments associated with NeuroHIV [68,69]. 
Despite significant progress made over the years, no previous research 
has investigated HIV-1 Tat-mediated ferroptosis in microglial cells. The 
current study provides the first evidence to show that HIV-1 Tat induces 
ferroptosis in microglial cells and provides evidence that HIV-1 Tat 
mediates all the signature events of ferroptosis involving decreased 
expression of GPX4, increased iron levels, increased lipid peroxidation, 
and rupture of the outer mitochondrial membrane via the 
miR-204–ACSL4 axis. 

2. Material and methods 

2.1. Reagents 

Deferoxamine (DFO; D9533), Erastin (E7781), and Ferrostatin (Fer- 
1; SML0583) were purchased from Sigma-Aldrich, St. Louis, MO, USA. 

BODIPY™ 581/591 C11 (Lipid Peroxidation Sensor; D3861) was pur-
chased from ThermoFisher Scientific. TaqMan miR assays for has-miR- 
204 (Cat No. 000508), TaqMan miR Control Assay U6 snRNA (Cat No. 
4427975), miR-204 mimic (Assay ID: MC11116), mirVana™ miRNA 
mimic, negative control (Cat No. 4464061), ACSL4 siRNA (Assay ID: 
122,221) and Silencer™ Negative Control No. 1 siRNA (Cat No. 
AM4611) was obtained from ThermoFisher Scientific, Inc., Pittsburgh, 
PA, USA. Antibodies used in this study were procured from these sour-
ces: mouse monoclonal anti-GPX4 (Cat No. Sc-166,570; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA), rabbit polyclonal anti-FTH1 (Cat 
No. ab75973; Abcam, Boston, MA, USA), rabbit polyclonal anti-4-HNE 
(Cat No. ab46545; Abcam, Boston, MA, USA), rabbit monoclonal anti- 
ACSL4/FACL4 (Cat No. ab205199; Abcam, Boston, MA, USA), rabbit 
polyclonal anti-CD11b (Cat No. NB110-89474; Novus Biologicals, LLC. 
Centennial, CO, USA), Anti Iba1, Rabbit, (Cat No. 019–19741; Wako 
Pure Chemical Industries, Ltd., Irvine, CA, USA), anti-β-Actin-HRP (Cat 
No. Sc-47778 HRP; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), 
Peroxidase-AffiniPure Goat Anti-Rabbit IgG (H + L) (Cat No. 111035- 
003; Jackson ImmunoResearch Inc. West Grove, PA, USA) and 
Peroxidase-conjugated AffiniPure Goat Anti-Mouse IgG (H + L) (Cat No. 
115-035-003; Jackson ImmunoResearch Inc. West Grove, PA, USA). 

2.2. Animals 

HIV-1 transgenic (Tg) rats and their corresponding age, sex-matched 
wild-type rats (15 month old male) were used in this study (n = 4/ 
group). Rats were housed as per the Institutional Animal Care and Use 
Committee protocol (Approval number #18-030-04-FC). The animals 
were killed, the brain was dissected, and the brain regions were removed 
and stored at − 80 ◦C. 

2.3. Human studies 

The human frontal cortex brain sections (donors age range between 
45 and 60 years) were received from National NeuroAIDS Tissue Con-
sortium (NNTC), and the details of the human frontal cortex brain sec-
tions were published earlier [70]. Briefly, the human frontal cortex brain 
samples were divided into 2 groups: Group 1 (HIV− ve, n = 3) and Group 
2 (HIV + ve, mild neurocognitive disorders, n = 4). Paraffin fixed sec-
tions were used for immunostaining of ferroptosis markers such as 
ACSL4 and 4-HNE. Ten fields from the frontal cortex from each 
post-mortem human brain sample were used for quantification via 
Image J Launcher software. 

2.4. Mouse primary microglia (mPMs) isolation 

mPMs isolation was performed as previously published [71–73]. 
Briefly, mixed mouse primary glia cultures were prepared from 1 to 
3-day C57BL/6 newborn pups. After 9–11 days of culturing, mPMs were 
collected and seeded on cell culture plates for all experiments. 

2.5. Adult rat microglia isolation 

We isolated the adult microglia from the wild-type and HIV-1 Tg rats 
(15-month-old, male) using an Adult Brain Dissociation kit (Cat No. 130- 
107-677, Miltenyi Biotec Inc. Auburn, CA, USA) as per manufacturer’s 
instructions. Isolated pure adult microglial cells were used for the fer-
roptosis experiments. 

2.6. Lipidomics study 

Overnight serum-starved microglial cells were exposed to HIV-1 Tat 
(100 ng/ml; Cat No. 1032-10; ImmunoDX, Woburn, MA, USA) for 48 h. 
At the end of the experiment, cells were collected, stored at − 80 ◦C, and 
then shipped in dry ice to the Southeast Center for Integrated Metab-
olomics at the University of Florida for lipidomic analysis. The data 
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generated from positive and negative ion modes were individually 
examined and normalized using LipidMatch software [74]. 

2.7. BODIPY™ 581/591 C11 imaging 

Overnight serum-starved mPMs or ACSL4 siRNA, or miR-204 mimics 
transfected mPMs, were exposed to HIV-1 Tat, erastin, and other fer-
roptosis inhibitors for 48 h. After the treatment, C11-BODIPY (2 μM) and 
1 μM Hoechst 33,342 (Cat No. H3570; ThermoFisher Scientific, Inc., 
Pittsburgh, PA, USA) were added and further incubated for 30 min in a 
CO2 incubator at 37 ◦C. After washing with HBSS, fluorescence images 
were acquired using a Z1 inverted microscope (Carl Zeiss Microscopy, 
LLC, White Plains, NY, USA). 

2.8. Western blotting 

After treatment, cell/tissue lysates were used to determine the pro-
tein expression levels of ferroptosis markers and microglial activation 
markers using Western blotting, as per our earlier publications [72,73, 
75,76]. 

2.9. Malondialdehyde (MDA) assay 

The levels of MDA in mPMs were determined using the Lipid Per-
oxidation Assay Kit (Cat No. ab118970; Abcam, Boston, MA, USA) as per 
the manufacturer’s instructions. 

2.10. Labile iron pool (LIP) quantification 

mPMs were cultured in a six-well plate and, after overnight starva-
tion, exposed to HIV-1 Tat as described. mPMs were then lysed using the 
iron assay buffer, and the levels of total LIP were determined using the 
iron assay kit (Cat No. ab83366; Abcam, Boston, MA, USA). 

2.11. Transmission electron microscopy 

Overnight starved mPMs were treated with either HIV-1 Tat (100 ng/ 
ml) or 5 μM erastin for 48 h. After that, cells were harvested, washed, 
and fixed with EM-grade glutaraldehyde fixative buffer for 30 min. After 
processing, images were obtained using an FEI Tecnai G2 Spirit trans-
mission electron microscope (FEI, Houston, TX, USA). 

2.12. Seahorse cell mito stress test 

Oxygen consumption rate (OCR) was measured in mPMs exposed to 
HIV-1 Tat, erastin, or ferroptosis inhibitors using a Seahorse XFp 
Extracellular Flux Analyzer as published earlier [47]. The OCR values 
were analyzed using the Seahorse Wave 2.2.0 (Seahorse Bioscience, 
Santa Clara, CA, USA). 

2.13. TaqMan miR-204 assays 

The expression of miR-204 was quantified using TaqMan® miR as-
says as described earlier [46]. Briefly, total RNA was used in cDNA 
synthesis with specific miR primers using TaqMan® miR Reverse 
Transcription kit (Cat No. 4366596; ThermoFisher Scientific, Inc., 
Pittsburgh, PA, USA). Then the expression level of miR-204 was 
analyzed by the Applied Biosystems® QuantStudio™ 3 Real-Time PCR 
System (Applied Biosystems, Grand Island, NY, USA) using TaqMan 
Universal PCR Master mix, no AmpErase UNG (Cat No. 4324018; 
ThermoFisher Scientific, Inc., Pittsburgh, PA, USA), using the compar-
ative 2− ΔΔCt method. 

2.14. miR-204 overexpression 

mPMs were transiently transfected with either miR-204 mimic or 

miR-control using Lipofectamine™ RNAiMAX (Cat No. 13778150; 
ThermoFisher Scientific, Inc., Pittsburgh, PA, USA) as described previ-
ously [45,46,72,75]. Then the transfected cells were exposed to HIV-1 
Tat (100 ng/ml; 48 h) to determine the ferroptosis signaling. 

2.15. Quantification of proinflammatory cytokines by qPCR 

Isolated total RNA was reverse transcribed using a Verso cDNA 
Synthesis Kit (Cat No. AB-1453/B; ThermoFisher Scientific, Inc., Pitts-
burgh, PA, USA) and used for determining the proinflammatory cyto-
kines gene expression. TaqMan probes for TNFα (Mm00443258), IL1β 
(Mm00434228), IL6 (Mm00446190), and GAPDH (Mm99999915) were 
purchased from Applied Biosystems, Grand Island, NY. The expression 
levels of TNFα, IL1β, and IL6 were normalized with GAPDH. 

2.16. ACSL4 siRNA transfection 

mPMs were transiently transfected with either ACSL4 siRNA or 
scrambled siRNA using Lipofectamine™ RNAiMAX (Cat No. 13778150; 
ThermoFisher Scientific, Inc., Pittsburgh, PA, USA) as described previ-
ously [45,46,72,75]. Then the transfected cells were exposed to HIV-1 
Tat (100 ng/ml; 48 h) to determine the ferroptosis signaling. 

2.17. ELISA for proinflammatory cytokines 

Cell culture supernatants were collected after HIV-1 Tat exposed 
mPMs with and without ferroptosis inhibitors and were analyzed for 
secreted cytokines such as IL1β (Cat No. ab197742, IL6 (Cat No. 
ab222503), and TNFα (Cat No. ab208348) using the ELISA kit (Abcam, 
Boston, MA, USA). 

2.18. Immunohistochemistry 

Immunohistochemistry was performed as previously published [73, 
76] for determining the expression profile of ferroptosis marker, FTH1, 
ACSL4, and 4-HNE. After processing, fluorescence images were acquired 
using a Z1 inverted microscope (Carl Zeiss Microscopy, LLC, White 
Plains, NY, USA). 

2.19. Ago2 immunoprecipitation 

Ago2 immunoprecipitation was performed using the miR Target IP 
Kit (Cat No. 25500; Active Motif, Carlsbad, CA, USA). After the pull-
down, RNA extraction was performed using the Phenol: Chloroform 
method per the manufacturer’s instructions. Total and Ago2- 
immunoprecipitated RNA samples were then used for determining the 
enrichment of ACSL4 by qPCR. 

2.20. Statistical analysis 

All the data were expressed as mean ± SD, and appropriate statistical 
significance was chosen based on the experimental strategy using 
GraphPad Prism version 9. For multiple group comparisons, nonpara-
metric Kruskal–Wallis one-way ANOVA followed by Dunn’s post hoc test 
was used, and for two group comparisons, the Wilcoxon matched-pairs 
signed rank test was used. An unpaired Student’s t-test was used to 
compare two groups for the in vivo experiments. Values were statistically 
significant when P < 0.05. 

3. Results 

3.1. HIV-1 tat-induced lipid oxidation in mPMs 

To determine HIV-1 Tat-mediated microglial lipid oxidation, we first 
sought to determine the expression levels of 4-HNE-modified protein 
adducts using the 4-HNE antibody [77] in cells exposed to HIV-1 Tat 
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Fig. 1. HIV-1 Tat-induced lipid oxidation in mPMs. 
Representative western blotting imaging showing the dose (A) and time (B) dependent expression of 4-HNE in HIV-1 Tat exposed mPMs. β-actin was used as an 
internal control for all the experiments. Bar graph showing the levels of MDA in HIV-1 Tat exposed mPMs (C). The data are presented as mean ± SD from six in-
dependent experiments. Nonparametric Kruskal–Wallis one-way ANOVA followed by Dunn’s post hoc test was used to determine the statistical significance of 
multiple groups. *P < 0.05 versus control. Representative fluorescent microscopy images showing the oxidized lipids levels in HIV-1 Tat exposed mPMs, magnifi-
cation: 20× and scale bar: 10 μm (D). Lipidomics analysis (heatmap; N = 3) showing the altered expression of major phospholipids in HIV-1 Tat exposed microglial 
cells (E). Bar graph showing the oxidized phosphatidylethanolamine (OxPE) normalized with μg of protein (F). An unpaired Student t-test was used to determine the 
statistical significance. *P < 0.05 versus control. E− Erastin (5 μM; 48 h), HT-Heat inactivated HIV-1 Tat (100 ng/ml; 48 h). 
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Fig. 2. HIV-1 Tat-mediated induction of ferroptosis in mPMs. 
Representative western blotting imaging showing the time-dependent expression levels of ACSL4 (A), FTH (B), and GPX4 (C) in HIV-1 Tat (100 ng/ml) exposed 
mPMs. Bar graph showing the levels of LIP in HIV-1 Tat exposed mPMs in a time-dependent manner (D). Representative western blotting imaging showing the time- 
dependent expression of CD11b (E) in HIV-1 Tat exposed mPMs. β-actin was used as an internal control for all the experiments. Bar graph showing the levels of 
cytotoxicity in HIV-1 Tat exposed mPMs (F). The data are presented as mean ± SD from 6 independent experiments. Nonparametric Kruskal–Wallis one-way ANOVA 
followed by Dunn’s post hoc test was used to determine the statistical significance of multiple groups. *P < 0.05 versus control. Representative Transmission electron 
microscopic images showing the altered mitochondrial ultrastructure in HIV-1 Tat exposed mPMs (G). N, nucleus; M, mitochondria. Scale bar: 500 nm. Seahorse 
mitostress analysis showing the OCR levels in HIV-1 Tat exposed mPMs (H). Bar graph showing individual mitochondrial function parameters calculated from the 
OCR data (I). The data are presented as mean ± SD from 3 independent experiments. Nonparametric Kruskal–Wallis one-way ANOVA followed by Dunn’s post hoc 
test was used to determine the statistical significance of multiple groups. *P < 0.05 versus control; #P < 0.05 versus HIV-1 Tat. E− Erastin (5 μM; 48 h). 
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protein. For this, mPMs were exposed to varying doses of HIV-1 Tat (25 
ng–200 ng/ml) for 48 h, and the levels of 4-HNE adducts were measured 
by western blotting. As shown in Fig. 1A, the expression of 4-HNE was 
dose-dependently increased in mPMs with increased expression in cells 
exposed to 100 ng/ml of HIV-1 Tat compared with control cells. As 
expected, there was an increased expression of 4-HNE in the erastin (5 
μM; 48 h)-exposed mPMs (positive control) and no significant expres-
sion in mPMs exposed to heat-inactivated HIV-1 Tat (100 ng/ml). Based 
on these findings, HIV-1 Tat (100 ng/ml) was selected for all further 
experiments. 

Since exposure of mPMs to HIV-1 Tat increased the levels of 4-HNE in 
a dose-dependent manner, we next performed a time-course experiment 
in mPMs exposed to 100 ng/ml of HIV-1 Tat for varying time points (0, 
3, 6, 12, 24, and 48 h) and assessed the lysates for the expression of 4- 
HNE adducts and the formation of MDA. The levels of 4-HNE (Fig. 1B) 
and MDA (Fig. 1C) were time-dependently increased in mPMs exposed 
to HIV-1 Tat, with the maximal increase observed at 24 and 48 h. As 
expected, erastin treatment (5 μM; 48 h) elicited increased levels of 4- 
HNE (Fig. 1B) and MDA (Fig. 1C) in mPMs. To further confirm the 
generation of lipid peroxidation products, we measured lipid oxidation 
using C11-BODIPY™ (581/591) staining, a redox-sensitive dye that in-
tegrates into membranes and shifts its fluorescence from red to green 
upon oxidation. mPMs were exposed to either HIV-1 Tat or erastin for 
48 h, followed by incubating the cells with C11-BODIPY™ (581/591) for 
live imaging. As shown in Fig. 1D, mPMs exposed to HIV-1 Tat and 
erastin demonstrated increased levels of lipid oxidation compared with 
control cells. LC-MS Untargeted Lipidomics analysis was also employed 
to understand HIV-1 Tat-mediated changes in the cellular lipid meta-
bolism in mPMs exposed to HIV-1 Tat (100 ng/ml) for 48 h. As shown in 
Fig. 1E, LC-MS analysis revealed specific accumulations of different 
species of phospholipids in HIV-1 Tat exposed mPMs compared with 
untreated control cells. A significant reduction in phosphatidyletha-
nolamine and phosphatidylcholine was also observed in cells exposed to 
HIV-1 Tat. In contrast, a significant (P < 0.05) increase in oxidized 
phosphatidylethanolamine was observed in cells exposed to HIV-1 Tat 
(Fig. 1F). Overall these results strongly suggest that HIV-1 Tat induced 
lipid oxidation in microglia cells. 

3.2. HIV-1 Tat-mediated induction of ferroptosis in mPMs 

Next, we sought to determine the consequences of oxidized lipids in 
mPMs, particularly their role in the execution of iron-dependent cell 
death, known as ferroptosis. Since ACSL4 plays a crucial role in fer-
roptosis by producing the ferroptotic precursors, the time-dependent 
expression of ACSL4 was assessed in mPMs exposed to HIV-1 Tat 
(100 ng/mL), along with the positive control, erastin (5 μM; 48 h). As 
shown in Fig. 2A, the expression of ACSL4 was time-dependently 
increased in HIV-1 Tat-exposed mPMs, and as expected, ACSL4 expres-
sion was also significantly (P < 0.05) increased in erastin-exposed 
mPMs. Next, the expression of other ferroptosis markers, such as FTH1 
and GPX4, was determined in HIV-1 Tat-exposed mPMs. As expected, 
and shown in Fig. 2B and C, the expression of FTH1 (Fig. 2B) was time- 
dependently increased, while that of GPX4 (Fig. 2C) demonstrated a 

downregulation in HIV-1 exposed mPMs compared with control cells. As 
expected, mPMs exposed to erastin (5 μM; 48 h) significantly (p < 0.05) 
increased the levels of FTH1 with a concomitant decrease in the levels of 
GPX4. Cells exposed to heat-inactivated HIV-1 Tat exhibited no signif-
icant changes compared with control cells (Fig. 2B and C). Next, we 
assessed the intracellular levels of LIP in mPMs exposed to HIV-1 Tat 
(100 ng/ml) for varying times, and as shown in Fig. 2D, the intracellular 
LIP was significantly (P < 0.05) increased in a time-dependent manner 
in the presence of HIV-1 Tat compared with control cells. 

Next, we wanted to determine HIV-1 Tat-mediated microglial acti-
vation by determining the expression levels of CD11b. As shown in 
Fig. 2E, exposure of mPMs to HIV-1 Tat (100 ng/ml) time-dependently 
increased the expression of CD11b compared with control cells, thus 
confirming the cellular activation in this experimental setup. We also 
determined the cellular toxicity in this experimental setup using a 
lactate dehydrogenase cytotoxicity assay. As expected and shown in 
Fig. 2F, mPMs exposed to HIV-1 Tat (100 ng/ml) elicited ~20% cell 
toxicity compared with control cells. Cell toxicity was significantly (P <
0.05) increased in erastin-exposed mPMs. We next sought to determine 
the changes in cellular ultrastructure induced by HIV-1 Tat (100 ng/ml; 
48 h) using transmission electron microscopy. There was increased 
mitochondrial membrane rupture, disruption of cristae, and mitochon-
drial shrinkage in HIV-1 Tat-exposed mPMs compared with control cells 
(Fig. 2G). Similar ultrastructural changes were also observed in erastin- 
exposed mPMs. To further understand the contribution of HIV-1 Tat- 
mediated microglial ferroptosis, we performed mitochondrial function 
analysis using the Seahorse XF cell mitostress test in mPMs. As shown in 
Fig. 2H and I, mPMs exposed to HIV-1 Tat exhibited altered oxygen 
consumption rate (Fig. 2H) and notable (P < 0.05) decrease in mito-
chondrial basal and maximal respiration, ATP production, and spare 
respiratory capacity compared with the control mPMs (Fig. 2I). Collec-
tively, these results suggest that HIV-1 Tat induced ferroptosis, as all the 
hallmarks of ferroptosis were observed in mPMs. 

3.3. Pharmacological inhibition of ferroptosis in HIV-1 Tat-exposed 
mPMs 

We next sought to investigate the direct involvement of HIV-1 Tat- 
mediated ferroptosis in mPMs. For this, we confirmed HIV-1 Tat-medi-
ated ferroptosis using pharmacological inhibitors such as Fer-1 or DFO. 
For this, mPMs were pretreated with 10 μM Fer-1 or 2 μM DFO for 1 h, 
followed by exposure with HIV-1 Tat (100 ng/ml; 48 h) and studied for 
ferroptosis markers such as 4-HNE, ACSL4, FTH1, and GPX4. As shown 
in Fig. 3A-D, in mPMs exposed to HIV-1 Tat, 4-HNE (Fig. 3A), ACSL4 
(Fig. 3B), and FTH1 (Fig. 3C) expressions were significantly (P < 0.05) 
increased with a concomitant decrease in GPX4 (Fig. 3D) expression. In 
contrast, pretreatment of mPMs with Fer-1 significantly blocked all the 
key ferroptosis markers except ACSL4 (Fig. 3B). Similar results were 
found in mPMs pretreated with DFO followed by HIV-1 Tat (100 ng/ml; 
48 h) exposure (Fig. 3E-H). Cell toxicity findings also demonstrated that 
pretreatment of mPMs with either Fer-1 or DFO significantly (P < 0.05) 
ameliorated cellular cytotoxicity induced by HIV-1 Tat (Fig. 3I). Next, 
we determined lipid oxidation levels using C11-BODIPY™ (581/591) 

Fig. 3. Pharmacological inhibition of ferroptosis in HIV-1 Tat-exposed mPMs. 
Representative western blotting imaging showing the expression levels of 4-HNE (A), ACSL4 (B), FTH (C), and GPX4 (D) in Fer-1 (10 μM; 1 h) pretreated and HIV-1 
Tat (100 ng/ml) exposed mPMs. Representative western blotting imaging showing the expression levels of 4-HNE (E), ACSL4 (F), FTH (G), and GPX4 (H) in DFO (2 
μM; 1 h) pretreated and HIV-1 Tat (100 ng/ml) exposed mPMs. β-actin was used as an internal control for all the experiments. The data are presented as mean ± SD 
from 6 independent experiments. Nonparametric Kruskal–Wallis one-way ANOVA followed by Dunn’s post hoc test was used to determine the statistical significance 
of multiple groups. *P < 0.05 versus control; #P < 0.05 versus HIV-1 Tat; &Not significant versus HIV-1 Tat. Bar graph showing the cytotoxicity in mPMs pretreated 
with Fer-1 (10 μM; 1 h) or DFO (2 μM; 1 h) followed by HIV-1 Tat (100 ng/ml) for 24 h (I). Representative fluorescent microscopy images showing the oxidized lipids 
levels in either Fer-1 (10 μM; 1 h) or DFO (2 μM; 1 h) pretreated and HIV-1 Tat (100 ng/ml) exposed mPMs; magnification: 20× and scale bar: 10 μm (J). Seahorse 
mitostress analysis showing the OCR levels in either Fer-1 (10 μM; 1 h) or DFO (2 μM; 1 h) pretreated and HIV-1 Tat (100 ng/ml) exposed mPMs (K). Bar graph 
showing individual mitochondrial function parameters calculated from the OCR data (L). The data are presented as mean ± SD from 3 independent experiments. 
Nonparametric Kruskal–Wallis one-way ANOVA followed by Dunn’s post hoc test was used to determine the statistical significance of multiple groups. *P < 0.05 
versus control; #P < 0.05 versus HIV-1 Tat. Fer-1: Ferrostatin, DFO: Deferoxamine. 
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Fig. 4. HIV-1 Tat-mediated induction of ferroptosis involved ACSL4 in mPMs. 
Representative western blotting imaging showing the expression levels of 4-HNE (A), ACSL4 (B), FTH (C), and GPX4 (D) in ACSL4 silenced mPMs exposed with HIV-1 
Tat (100 ng/ml; 48 h). β-actin was used as an internal control for all the experiments. The data are presented as mean ± SD from 6 independent experiments. 
Nonparametric Kruskal–Wallis one-way ANOVA followed by Dunn’s post hoc test was used to determine the statistical significance of multiple groups. *P < 0.05 
versus control; #P < 0.05 versus HIV-1 Tat. Representative fluorescent microscopy images showing the oxidized lipids levels in ACSL4 silenced mPMs exposed with 
HIV-1 Tat, magnification: 20× and scale bar: 10 μm (E). 
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staining and found that HIV-1 Tat-mediated increased lipid oxidation 
was notably blocked in mPMs pretreated with both Fer-1 and DFO fol-
lowed by HIV-1 Tat exposure (Fig. 3J). Next, we assessed mitochondrial 
functional analysis in mPMs pretreated with either Fer-1 or DFO fol-
lowed by HIV-1 Tat exposure for 48 h. As shown in Fig. 3K and L, 
mitochondrial respiration (basal and maximal respiration and ATP 
production) was significantly (P < 0.05) increased in the presence of 

both Fer-1 and DFO in HIV-1 Tat exposed mPMs compared with control 
cells. Together, these findings indicate that HIV-1 Tat directly induced 
ferroptosis in mPMs, and both Fer-1 and DFO did not reverse the levels 
of ACSL4, suggesting that ACSL4 could be an upstream signaling 
mediator. 

Fig. 5. miR-204 targets 3′-UTR of ACSL4 in mPMs. 
The putative binding site of miR-204 in the 3′-UTR of mouse ACSL4 mRNA (A). The potential complementary binding residues are shown in red color. Representative 
qPCR analysis showing time-dependent downregulation of miR-204 expression in HIV-1 Tat (100 ng/ml; 48 h) exposed mPMs (B). U6 was used as an endogenous 
control. miRNA target validation assay confirmed increased enrichment of ACSL4, the miR-204 target mRNA, in miR-204 overexpressed BV2 cells. GAPDH was used 
as an endogenous control (C). Representative qPCR analysis showing the transfection efficiency of miR-204 in mPMs overexpressed with miR-204 mimic followed by 
HIV-1 Tat (100 ng/ml; 48 h) exposure (D). U6 was used as an endogenous control. Representative western blotting imaging showing the expression levels of ACSL4 
(E), 4-HNE (F), FTH (G), and GPX4 (H) in mPMs overexpressed with miR-204 mimic followed by HIV-1 Tat (100 ng/ml; 48 h) exposure. β-actin was used as an 
internal control for all the experiments. The data are presented as mean ± SD from 6 independent experiments. Nonparametric Kruskal–Wallis one-way ANOVA 
followed by Dunn’s post hoc test was used to determine the statistical significance of multiple groups. *P < 0.05 versus control; #P < 0.05 versus HIV-1 Tat. 
Representative fluorescent microscopy images showing the oxidized lipids levels in mPMs overexpressed with miR-204 mimic followed by HIV-1 Tat (100 ng/ml; 48 
h) exposure, magnification: 20× and scale bar: 10 μm (I). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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3.4. HIV-1 Tat-mediated induction of ferroptosis involved ACSL4 in 
mPMs 

To further understand whether ACSL4 was an upstream mediator in 
HIV-1 Tat-mediated ferroptosis in mPMs, we employed the gene 
silencing approach using ACSL4 siRNA. mPMs were transfected with 
either scrambled or mouse-specific ACSL4 siRNA followed by HIV-1 Tat 
(100 ng/ml; 48 h) exposure. As shown in Fig. 4A, there was efficient 
inhibition of ACSL4 expression in ACSL4 siRNA transfected cells 
compared with control cells. We next determined the expression levels 
of 4-HNE, FTH1, GPX4, and lipid oxidation in ACSL4 silenced, HIV-1 
Tat, exposed mPMs. ACSL4 siRNA silenced mPMs failed to induce 
HIV-1 Tat-mediated ferroptosis markers such as 4-HNE (Fig. 4B), FTH1 
(Fig. 4C), GPX4 (Fig. 4D), and lipid oxidation (Fig. 4E). Together, these 

findings suggest that ACSL4 silencing inhibited or reversed HIV-1 Tat- 
mediated ferroptosis. Hence, we hypothesize that ACSL4 is upstream of 
HIV-1 Tat-mediated ferroptosis. 

3.5. miR-204 targets 3′-UTR of ACSL4 in mPMs 

Our results thus far are consistent with a model that ACSL4 could be 
an upstream in HIV-1 Tat mediated ferroptosis in mPMs. We next sought 
to explore the upstream modulator for ACSL4 expression. Based on the 
TargetScan analysis, ACSL4 is a predicted novel target of miR-204 and 
has a highly conserved 3′-untranslated region (UTR) binding site for 
miR-204 (Fig. 5A). We thus next sought to determine time-dependent 
expression levels of miR-204 in HIV-1 Tat (100 ng/ml) exposed mPMs. 
As shown in Fig. 5B, the expression of miR-204 was time-dependently 

Fig. 6. HIV-1 Tat-mediated ferroptosis induced proinflammatory cytokines in mPMs. 
qPCR (A) and ELISA (B) analysis showing the expression levels of proinflammatory cytokines such as IL1β, IL6, and TNFα in either Fer-1 (10 μM; 1 h) or DFO (2 μM; 1 
h) pretreated and HIV-1 Tat (100 ng/ml) exposed mPMs. qPCR (C) and ELISA (D) analysis showing the expression levels of proinflammatory cytokines such as IL1β, 
IL6, and TNFα in ACSL4 silenced mPMs exposed with HIV-1 Tat (100 ng/ml; 48 h). qPCR (E) and ELISA (F) analysis showing the expression levels of proinflammatory 
cytokines such as IL1β, IL6, and TNFα in mPMs overexpressed with miR-204 mimic followed by HIV-1 Tat (100 ng/ml; 48 h) exposure. The data are presented as 
mean ± SD from 6 independent experiments. Nonparametric Kruskal–Wallis one-way ANOVA followed by Dunn’s post hoc test was used to determine the statistical 
significance of multiple groups. *P < 0.05 versus control; #P < 0.05 versus HIV-1 Tat. 
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decreased in mPMs exposed to HIV-1 Tat, and as expected, erastin- 
treated mPMs also elicited downregulation of miR-204. To further 
confirm the direct binding and regulation of miR-204 with the 3′-UTR of 
ACSL4, we performed argonaute immunoprecipitation using a miR 
target validation kit per the manufacturer’s instructions. As shown in 
Fig. 5C, miR Target IP confirmed ACSL4 as a direct target of miR-204, 
based on significant (P < 0.05) enrichment of ACSL4 mRNA bound to 
Ago protein in cells overexpressing miR-204 mimic. 

Next, we wanted to demonstrate the role of miR-204 in HIV-1 Tat- 
mediated ferroptosis in mPMs. mPMs were transfected with either miR- 
control or miR-204 mimic, followed by HIV-1 Tat (100 ng/ml; 48 h) 
exposure for determining the expression of miR-204, ACSL4, 4-HNE, 
FTH1, GPX4 and lipid oxidation. We first determined the transfection 
efficiency of miR-204 in miR-204 mimic transfected, HIV-1 Tat exposed 
mPMs using qPCR (Fig. 5D). As shown in Fig. 5E-I, HIV-1 Tat-mediated 
increased expression of ACSL4 (Fig. 5E), 4-HNE (Fig. 5F), FTH1 
(Fig. 5G), and lipid oxidation (Fig. 5I) with a concomitantly decreased 
expression of GPX4 (Fig. 5H), and this was significantly (P < 0.05) 
reversed in miR-204 overexpressed mPMs exposed to HIV-1 Tat. These 
results suggest that miR-204 is upstream of ACSL4, and overexpression 
of miR-204 mimic reduced HIV-1 Tat-mediated ferroptosis in mPMs. 

3.6. HIV-1 Tat-mediated ferroptosis induced proinflammatory cytokines 
in mPMs 

We next sought to determine the interplay of ferroptosis and the 
release of proinflammatory cytokines in HIV-1 Tat-exposed mPMs. 
mPMs were pretreated with either Fer-1 (10 μM; 1 h) or DFO (2 μM; 1 h), 

followed by HIV-1 Tat (100 ng/ml; 48 h) exposure and assessed for the 
production of proinflammatory cytokines such as interleukin (IL)1β, IL6, 
and tumor necrosis factor (TNF)-α using both qPCR and ELISA. As shown 
in Fig. 6A and B, inhibition of ferroptosis by Fer-1 or DFO significantly 
(P < 0.05) inhibited HIV-1 Tat-mediated increased mRNA (Fig. 6A) and 
protein (Fig. 6B) expression of IL1β, IL6, and TNFα in mPMs. Similarly, 
gene silencing of ACSL4 (Fig. 6C and D) and overexpression of miR-204 
(Fig. 6E and F) also significantly (P < 0.05) reduced HIV-1 Tat-mediated 
increased expression proinflammatory cytokines (IL1β, IL6, and TNFα). 
These results suggest that inhibition of ferroptosis reduced the HIV-1 Tat 
mediated inflammation. 

3.7. HIV-1 Tat-mediated ferroptosis induced cellular activation in mPMs 

Since, we found that inhibition of ferroptosis reduced the levels of 
inflammation. Next, we sought to determine the cellular activation 
status in the context of HIV-1 Tat-meditated ferroptosis in mPMs. mPMs 
were pretreated with either Fer-1 (10 μM) or DFO (2 μM) for 1 h, fol-
lowed by exposure of cells to HIV-1 Tat (100 ng/ml; 48 h) and lysates 
were used to determine the expression of microglial activation marker, 
CD11b. As shown in Fig. 7A and B, inhibition of ferroptosis by pre-
treatment of mPMs with Fer-1 or DFO followed by HIV-1 Tat exposure 
ameliorated HIV-1 Tat-mediated induction of CD11b (cellular activa-
tion) expression. Similarly, gene silencing of ACSL4 (Fig. 7C) and 
overexpression of miR-204 (Fig. 7D) also significantly (P < 0.05) 
reduced HIV-1 Tat-mediated increased microglial activation in mPMs. 
Consistent with the results for pro-inflammatory cytokines, inhibition of 
ferroptosis reduced the levels of microglia activation mediated by HIV-1 

Fig. 7. HIV-1 Tat-mediated ferroptosis induced 
cellular activation in mPMs. 
Representative western blotting imaging showing the 
expression levels of CD11b in either Fer-1 (10 μM; 1 
h) or DFO (2 μM; 1 h) pretreated and HIV-1 Tat (100 
ng/ml) exposed mPMs (A and B). Representative 
western blotting imaging showing the expression 
levels of CD11b in ACSL4 silenced mPMs exposed 
with HIV-1 Tat (C). Representative western blotting 
imaging showing the expression levels of CD11b in 
mPMs overexpressed with miR-204 mimic followed 
by HIV-1 Tat (D) exposure. β-actin was used as an 
internal control for all the experiments. The data are 
presented as mean ± SD from 6 independent experi-
ments. Nonparametric Kruskal–Wallis one-way 
ANOVA followed by Dunn’s post hoc test was used 
to determine the statistical significance of multiple 
groups. *P < 0.05 versus control; #P < 0.05 versus 
HIV-1 Tat.   
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Fig. 8. Microglial ferroptosis in the brains of HIV-1 Tg rats. 
Representative western blotting imaging showing the ferroptosis markers such as 4-HNE (A), ACSL4 (B), FTH1 (C), LIP (D), and GPX4 (E) in the frontal cortices of 
wild-type and HIV-1 Tg rats (n = 4). β -actin was probed as a protein loading control for all experiments. Representative western blotting imaging showing the 
ferroptosis markers such as 4-HNE (F), ACSL4 (G), FTH1 (H), and GPX4 (I) in the adult microglia isolated from the cortices of wild-type and HIV-1 Tg rats (n = 4). 
Representative immunofluorescence staining for IBA1, microglial activation marker (green), FTH1 (red), and DAPI (blue) in the frontal cortices of wild-type and HIV- 
1 Tg rats, magnification: 20× and scale bar: 10 μm (J). Bar graph showing the percentage colocalization of FTH1 with IBA-1 in the frontal cortices of wild-type and 
HIV-1 Tg rats. β-actin was probed as a protein loading control for all experiments. An unpaired Student t-test was used to determine the statistical significance. *P <
0.05 versus control. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Tat. 

3.8. Microglial ferroptosis in the brains of HIV-1 Tg rats 

We next sought to validate the in vitro findings in the brains of HIV-1 
Tg rats in vivo. 15-month-old male HIV-1 Tg rats and their corresponding 
wild-type rats were used in this study. As shown in Fig. 8A-E, the 
expression of 4-HNE (Fig. 8A), ACSL4 (Fig. 8B), FTH1 (Fig. 8C), and the 
levels of LIP (Fig. 8D) were significantly (P < 0.05) increased in the 
frontal cortices of HIV-1 Tg rats compared with wild type controls. 
Similar to the in vitro findings, we also found a concomitant decrease in 
the expression of GPX4 (Fig. 8E) in the brains of these rats. Similar re-
sults were found in the other brain regions, such as the striatum (Fig. S1) 
and hippocampus (Fig. S2) of HIV-1 Tg rats, compared with the same 
regions of wild-type controls. However, the levels of GPX4 were not 
significantly (P < 0.05) reduced in the hippocampus (Fig. S2). We also 
performed ex vivo adult microglia isolation from the frontal cortices of 
HIV-1 Tg rats and assessed them for the expression of ferroptosis 
markers. As shown in Fig. 8F-I, all the ferroptosis markers, such as 4- 
HNE (Fig. 8F), ACSL4 (Fig. 8G), and FTH1 (Fig. 8H), were increased. 
At the same time, the expression of GPX4 was decreased (Fig. 8I) in ex 
vivo adult microglia isolated from the frontal cortices of HIV Tg rats 
compared with adult microglia from the same region of wild-type rats. 
Immunofluorescence for the microglial-specific expression of FTH1 was 
also performed in the frontal cortices of HIV-1 Tg and wild-type rats. As 
shown in Fig. 8J, we found increased intensity and localization of FTH1 
with Iba1 in the frontal cortices of HIV-1 Tg rats versus wild-type rats. 
These results validated our in vitro findings, and further confirmed the 
induction of ferroptosis in the context of HIV. 

3.9. Increased expression of ferroptosis markers in the brains of HIV + ve 
individuals 

We next validated our findings in the frontal cortices of HIV + ve 
individuals. For this, we assessed the localization and expression levels 
of key ferroptosis markers, ACSL4 and 4-HNE, in the frontal cortices of 
HIV + ve individuals and their age-matched negative controls. As shown 
in Fig. 9A and B, the mean fluorescence intensity of ACSL4 and 4-HNE 
was high in HIV + ve individuals compared to their controls. All the 
HIV + ve individuals were on cART at the time of death. Overall, this 
study confirmed the involvement of ferroptosis in HIV-1/HIV-1 Tat- 
mediated microglial activation. 

4. Discussion 

Microglia have been identified as critical players in tissue homeo-
stasis and disease pathogenesis and are highly reactive cells that respond 

to aberrations such as increased iron levels. Of the various CNS cells 
containing iron, microglia are the most iron-rich cells [78]. These cells 
have been implicated as the guardians of ferroptosis within the neuronal 
system owing to their critical role in brain diseases involving iron 
accumulation [78,79]. While many studies implicating HIV-1 Tat-me-
diated induction of lipid peroxidation products in microglia are extant 
[80–82], the concept of HIV-1 Tat-mediated ferroptosis in microglial 
cells largely remains unexplored. This study, for the first time, un-
derscores the detrimental effects of HIV-1 Tat on the induction of fer-
roptosis in microglial cells with the involvement of the miR-204–ACSL4 
axis. 

ACSL4 catalyzes the activation of fatty acids by introducing CoA and 
then incorporating it into phospholipids. In a milieu of rich oxidant 
products, these phospholipids are the primary target for lipid oxidation 
[83,84]. Recent studies have reported high expression of ACSL4-induced 
ferroptosis in many cell types, including microglia [85–87]. These 
findings show that increased ACSL4 plays a vital role in ferroptosis 
execution. We demonstrated increased lipid oxidation products in 
microglial cells exposed to HIV-1 Tat. 

Lipid peroxidation is a hallmark of ferroptosis and directly abolishes 
cellular membranes, thereby causing ferroptosis [83]. It has been shown 
that ferroptosis inhibitors, such as Fer-1 (a synthetic antioxidant) or DFO 
(an iron chelating agent), inhibited graphene quantum dots-mediated 
ferroptosis in microglial cells [56]. Along these lines, we also used 
Fer-1 and DFO inhibitors in this study and confirmed HIV-1 Tat-me-
diated ferroptosis in microglial cells, suggesting that HIV-1 Tat-induced 
ferroptosis involved increased lipid peroxidation and iron levels in 
microglial cells. Emerging studies have revealed a direct link between 
low levels of reduced glutathione that directly impacts GPX4 activity 
[88] and impaired survival in HIV-1 infection [89] and increased pro-
duction of lipid peroxidation in PLWH [39,90–93]. It has also been 
demonstrated that GPX4 deficiency increases lipid oxidation, resulting 
in the generation of various lipid peroxidation products and, ultimately, 
cell death [38]. GPX4 is critical for repairing oxidized lipids to prevent 
ferroptosis. In this study, we demonstrated that HIV-1 Tat exposure 
downregulated the expression levels of GPX4 in mPMs. 

Further, ferroptosis is linked with mitochondrial damage, bio-
energetics, and metabolism in various disease conditions [94,95]. In this 
study, HIV-1 Tat altered mitochondrial ultrastructure and mitochondrial 
respiration in microglial cells. Inhibition of ferroptosis improved mito-
chondrial respiration, thus suggesting mitochondrial involvement in this 
process. In addition, we also found that silencing of ACSL4 in mPMs 
ameliorated microglial activation and suppressed the secretion of 
proinflammatory cytokines in mPMs exposed to HIV-1 Tat. Similarly, 
Fer-1 or DFO pretreatment also notably reduced the production of the 
proinflammatory cytokines in HIV-1 Tat-exposed mPMs. The relation-
ship between lipid peroxidation and proinflammatory cytokine 

Fig. 9. Increased expression of ferroptosis markers in the brains of HIV + ve individuals. 
Representative immunofluorescence staining for IBA1, microglial activation marker (red), ACSL4 (white), 4-HNE (green), and DAPI (blue) in the frontal cortices of 
HIV-ve and HIV + ve individuals, magnification: 100× and scale bar: 10 μm (A). Bar graph showing the mean fluorescence intensity of ferroptosis markers such as 
ASCL4 and 4-HNE in the frontal cortices of HIV-ve and HIV + ve individuals. An unpaired Student t-test was used to determine the statistical significance. *P < 0.05 
versus HIV-ve. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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secretion is well-established in microglia during neuroinflammation 
[96,97]. We validated the in vitro findings in a well-established animal 
model, HIV-1 Tg rats. 

For the current study, we chose the HIV-1 Tg rats [98]. These rats 
serve as a suitable model for NeuroHIV mimicking PLWH on cART 
[99–102]. As expected, our in vivo studies also found increased expres-
sion of 4-HNE, ACSL4, FTH1, and lipid peroxidation and decreased 
expression of GPX4 in the prefrontal cortex of these animals as well as ex 
vivo isolated adult microglia of HIV-1 Tg rats compared with the 
wild-type controls. Similar to HIV-1 Tg rats, HIV + ve human frontal 
cortex brain samples also showed higher expression of ACSL4 and 
4-HNE with IBA1+ve microglia, demonstrating the prevalence of fer-
roptosis in HIV + ve human frontal cortex brain samples. 

It is well-known that CNS homeostasis involves crosstalk among 
various CNS cells, including microglia and neurons. These interactions 
range from direct cell-to-cell contact to the use of soluble factors for 
short and long-distance biological material transfer across cells. Both 
vesicular and non-vesicular mechanisms mediate these interactions 
[103]. Several growth factors, neurotransmitters, proinflammatory cy-
tokines, chemokines, innate-immune mediators, tissue damage mole-
cules, ROS, and metabolic mediators like glutamate are exchanged 
through these interactions among microglia, astrocytes, and neurons 
[104,105]. Emerging studies also point out that microglia-released 
extracellular vesicles (EVs) are used to communicate with astrocytes 
and neurons since these EVs contain active biomolecules such as mRNA, 
proteins, and non-coding RNAs that can modulate the expression of 
target genes in the recipient cells. More recently, findings from our lab 
have reported that EVs released from HIV-1 Tat exposed microglia carry 
microglial enriched inflammasome protein, NLRP3, and the proin-
flammatory cytokine, IL1β that can be taken up by the neurons, leading 
to somatodendritic injury [106]. Likely, HIV-1 Tat-mediated microglial 
ferroptosis could also involve the transfer of oxidized lipids, LIP, and 
lipid peroxidation products to neighboring glial cells such as astrocytes 
and neurons. Collectively, ferroptosis could thus contribute to the neu-
roinflammatory milieu underlying the pathogenesis of NeuroHIV. 
Studies also demonstrated an increased accumulation of ferritin heavy 
chain in the cortices of HIV-1 Tg rats, and the accumulation of ferritin 
heavy chain was speculated with the HIV-1 viral protein, gp120 via 
TNFα and IL1β signaling [68]. 

In summary, this study confirmed that HIV-1 Tat-induced microglial 

ferroptosis by downregulating the expression of miR-204, which, in 
turn, upregulated the expression of its target - ACSL4. Increased 
expression of ACSL4 resulted in increased lipid peroxidation leading to 
microglial activation and secretion of pro-inflammatory cytokines, 
eventually resulting in neuroinflammation (Fig. 10). Blocking of ACSL4- 
dependent microglial ferroptosis could thus be considered a potential 
therapeutic target for ameliorating neuroinflammation associated with 
HAND. However, further studies are needed to understand the molec-
ular mechanism(s) underlying ACSL4-mediated ferroptosis in HIV-1 Tat- 
mediated microglial activation and its functions. 
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