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Abstract

For over two decades, highly active antiretroviral therapy (HAART) was able to help prolong the 

life expectancy of people living with HIV-1 (PLWH) and eliminate the virus to an undetectable 

level. However, an increased prevalence of HIV- associated neurocognitive disorders (HAND) was 

observed. These symptoms range from neuronal dysfunction to cell death. Among the markers of 

neuronal deregulation, we cite the alteration of synaptic plasticity and neuronal communications. 
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Clinically, these dysfunctions led to neurocognitive disorders such as learning alteration and 

loss of spatial memory, which promote premature brain aging even in HAART-treated patients. 

In support of these observations, we showed that the gp120 protein deregulates miR-499-5p 

and its downstream target, the calcineurin (CaN) protein. The gp120 protein also promotes the 

accumulation of calcium (Ca2+) and reactive oxygen species (ROS) inside the neurons leading to 

the activation of CaN and the inhibition of miR-499-5p. gp120 protein also caused mitochondrial 

fragmentation and changes in shape and size. The use of mimic miR-499 restored mitochondrial 

functions, appearance, and size. These results demonstrated the additional effect of the gp120 

protein on neurons through the miR-499-5p/calcineurin pathway.
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1. Introduction

It is well-described that mitochondria integrity is critical for its functions. Along with 

generating ATP, mitochondrial dynamics to undergo fission and fusion to maintain their 

shape and activity are equally important and could be used to decipher cellular integrity 

(Amorim et al., 2022). Under normal physiological conditions, a delicate balance exists 

between fission and fusion machinery; however, during cellular stress, this dynamic is 

altered (Kumar and Ashraf, 2022; Scheffer et al., 2022; Spurlock et al., 2020; Uchikado 

et al., 2022). Altered mitochondrial dynamics have been reported in several diseases like 

cancer (Fontana and Limonta, 2021), pulmonary hypertension (Sharma et al., 2021), patent 

ductus arteriosus (Bentley et al., 2021), cardiac myopathies (Quiles and Gustafsson, 2022), 

and in several neurodegenerative diseases (e.g., Parkinson, Alzheimer, and Huntington) 

(Nabi et al., 2022).

Mitochondrial fission generates fragmented mitochondria, while mitochondrial fusion 

causes an elongated mitochondrial network. This phenomenon is managed by Drp1, Fis1 

proteins (fission), and Mfn1, Mfn2, and Opa1 proteins (fusion) (Agarwal et al., 2016; Youle 

and van der Bliek, 2012). Fusion is involved in rescuing/inhibiting potential stress-induced 

damage and preventing the loss of mtDNA (Chen and Chan, 2010; Nhu et al., 2022). It 

is also required for proper mitochondrial distribution and dendritic spine outgrowth. The 

deletion of the Mfn2 protein leads to cerebellar neurodegeneration (Chen et al., 2007).

Mitochondrial fission, on the other hand, is critical for cell growth and development. 

Inhibiting Drp1 activity has neuroprotective effects both in-vitro and in-vivo in hippocampal 

neurons (Ali et al., 2022; Grohm et al., 2012).

There has been a tremendous effort to understand the role of mitochondrial dynamics 

(Liu and Yang, 2022; Xue et al., 2022); however, in the case of HIV, the mechanisms 

involved in mitochondrial dynamics remain unclear (Day and O’Neill, 2021; Halcrow et 

al., 2022). Previously, we demonstrated the effect of gp120 on mitochondrial bioenergetics 

and metabolic reprogramming (Allen et al., 2022a; Allen et al., 2022b; Shrestha et al., 

2022); here, we focused on the effect of gp120 on upstream factors such as glutamate 
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excitotoxicity, ROS, and miRNAs specifically miR-499-5p; that might lead to altered 

mitochondrial shape by altering fission and fusion proteins that could contribute to the 

development of HAND.

2. MATERIALS AND METHODS

2.1. Cell culture.

The human neuroblastoma cell line (SH-SY5Y) was purchased from ATCC (CRL-2266) and 

grown in Dulbecco modified eagle medium: nutrient type-12 (DMEM F12) supplemented 

with 10% fetal bovine serum (FBS), 1% non-essential amino acid, and 1% sodium pyruvate. 

The cells were incubated at 37°C supplemented with 5% CO2 and passaged at 85–90% 

confluency. Only the cells within 10 passages from the time purchased were used. The cells 

were seeded at the density of 5×105 cells/per well for 6 well plates and differentiated with 

10 μM retinoic acid (RA) treatment for at least 3–4 days.

2.2. Chemicals and gp120 treatment.

Recombinant HIV-1 gp120-IIIB was kindly received from NIH AIDS Reagent Program 

(Catalog # 11784). Samples were treated with 100ng/ml of gp120 for 24 or 48 hours. HIV-1 

gp120-IIIB is a T-tropic protein. CXCR4 inhibitor (AMD3100, kindly received from the 

AIDS Reagent Program Cat # 8128) was used at a concentration of 2 mM (Donzella et al., 

1998).

2.3. Transient transfection assay.

pDsRed2-Mito was purchased from Clontech (Catalog #632421). The hsa-miR-499-5p 

mimic (HMI0615) and mimic control were purchased from Sigma. The SH-SY5Y cells were 

seeded at 5×105/ml in the culture dishes. On the day of transfection, the cells were incubated 

in the OPTI MEM medium for 1 hour before transfection. For transfection, mimic-499-5p 

or the mimic control with the working concentration of 5 nM and dsMito-Red with 1.5 

μg/μl using lipofectamine 2000; were prepared in the transfection medium (Opti MEM). 

The cells were then incubated for 4–6 hours at 37°C. The transfection medium Opti MEM 

was replaced by the differentiation medium DMEM F12 with 10 μM retinoic acid after 4–6 

hours. The cells were left to differentiate for 4 days followed by the different treatment 

conditions specified per experiment and then subjected to the respective experiments.

2.4. Western blot assay.

The whole-cell lysate was prepared using Radioimmunoprecipitation assay (RIPA) lysis 

buffer (25mM Tris–HCl pH 7.6, 150mM NaCl, 1% Triton, and 0.1% SDS) + protease 

inhibitor and phosphatase inhibitor cocktail. Protein concentrations were estimated using 

a Bradford Assay (Bio-Rad Catalog # 500–0006). Lysates (25 μg) were mixed with 6X 

loading dye containing b-ME followed by boiling at 95°C on a dry bath, then loaded. 

The gel was transferred to a nitrocellulose membrane. The membrane was blocked with 

5% BSA for 1 hour at room temperature. Primary antibodies were prepared in a 5% BSA 

solution as well and the membranes were incubated overnight at 4°C with gentle shaking. 

Antibodies used to detect the target proteins: MCU (Santa Cruz), MCUR1 (Santa Cruz), 

Calcineurin (Cell Signaling), Drp1 (Novus), phosphor-Drp1S637 (Cell Signaling), Fis1 
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(Santa Cruz), and NMDAR (Cell Signaling). Species-specific secondary antibodies were 

used from Santa Cruz and the membranes were incubated for 1 hour at room temperature. 

Chemiluminescence was used to detect the signal. The densitometry ratio of the bands was 

determined using an ImageJ that was normalized to GAPDH.

2.5. RNA extraction.

Total RNA was extracted from the sample treated with different conditions using the 

SurePrep TrueTotal RNA purification kit from Fisher Bioreagents as per the manufacturer’s 

instructions. Nanodrop was used to determine the purity and concentration of the RNA 

extracted.

2.6. miRNA.

For microRNA expression cDNA was synthesized using miRCURY LNA Universal RT 

microRNA PCR from EXIQON with 100 ng of RNA. Primers for miR-499-5p were 

purchased from Exiqon. U6 was used as an internal control.

2.7. mRNA Gene Expression.

cDNA was synthesized using a SuperScript VILO cDNA synthesis kit (Invitrogen 11754–

050). Following primers were purchased from IDT: DRP1: (F- 5’-acttgacctccctactggc-3’); 

(R- 5’-tcctctatcccgttgacacc-3’); GAPDH: (F- 5′-gccttccgtgttcctacc-3’); (R- 5′-

cctcagtgtagcccaagatg-3’)

2.8. ROS assay.

The trafficking of 2,3,4,5,6-pentafluorodihydro-tetramethylfosamine (redox sensor red 

CC-1; Invitrogen) was used to detect reactive oxygen intermediates. Redox Sensor Red 

CC-1 is oxidized in the cytosol and accumulates in either the mitochondria or the lysosomes 

depending on the oxidation of the cell. Thus, Redox Sensor Red is a measurement of 

redox potential. Differentiated SH-SY5Y cells under different treatment conditions were 

incubated for 5 minutes with 1μM of Redox Sensor Red CC-1 and a mitochondria-specific 

dye, MitoTracker Green FM (25 nM, Molecular Probes). 100 nM H2O2 was used as a 

positive control. Culture slides were washed with 1X PBS and visualized using an EVOS 

cell imaging system. If Redox Sensor Red is co-localized with MitoTracker Green in the 

mitochondria, then the oxidation level of the cell is high. Note that all ROS measurement 

experiments were performed at least three times.

2.9. Immunofluorescence assay.

Cells were fixed with 2% paraformaldehyde for 3 minutes, followed by rinsing with 1X 

PBS, and blocked with 1% BSA for 1 hour. Next, they were incubated in a specific primary 

antibody (Fis1 and Drp1) (1:100 dilutions) overnight at 4°C followed by incubation in 

a fluorescein-tagged secondary antibody for 1 hour at room temperature. The cells were 

then washed and mounted in DAPI containing medium. Leica EL600 DMI3000 confocal 

microscopy system was used to visualize them.
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2.10. Immunohistochemistry:

Gp120 transgenic mice brain.—Imaging for gp120-tg mice brains (HPX1481) and WT 

(HPX1477) was done in Dr. Kaul’s Lab (Sanford Burnham Presbys Medical Discovery 

Institute). WT and gp120 tg mice were provided by Dr. Lennart Mucke (Gladstone Institute 

of Neurological Disease, University of California) (Toggas et al., 1994). The mice were 9 

months of age for both WT and gp120-tg where they were anesthetized with Isoflurane 

and transcardially perfused with 0.9% saline. The brains were quickly removed and fixed 

with 4% paraformaldehyde for 48 hours at 4°C. The brain sections (frontal cerebral cortex 

layer III) of 5 μm thickness were obtained for the histological studies. The slides were 

permeabilized with 1% Triton X-100 for 30 mins followed by blocking with 10% heat-

inactivated goat serum in PBS containing 0.5% Tween-20 for 1.5 hours. The sections were 

then stained with Calcineurin (Cell Signaling) and MAP-2 (Sigma) overnight followed by 

Alexa Flour 488-labeled goat anti-rabbit (Molecular Probes). Nuclear DNA was labeled with 

H33342. Per animal, at least three sagittal sections were analyzed, and, in each section, 

five fields were recorded using Zeiss inverted Axiovert 100M fluorescence microscope. 

Fluorescence and volumetric quantitation were performed with the Slide book software 

package.

2.11. Glutamate Assay.

Glutamate level was measured using the Glutamate Assay Kit from BioVision-MA 

(Catalog #K629-100) following the manufacturer’s instruction. Cells treated under different 

conditions were homogenized in 100 μl Assay buffer and centrifuged at 13,000g for 10 

minutes to remove any insoluble materials. 10 μl of each sample was used in a 96-well 

plate, then, 40 μl of the assay buffer was added to each plate to bring the volume to 50 μl. 

The reaction mix was prepared as indicated and 100 μl of it was added to each well on the 

standard set and the sample set. The mix was incubated at 37°C for 30 minutes protected 

from the light. The signal was measured at OD=450 nM using a Modulus microplate reader. 

The data is presented in a relative form as compared to the untreated control.

2.12. Calcium measurement.

The SH-SY5Y cells were grown on poly-D-Lysine coated coverslips and differentiated for 

at least 72 hours. The cells were untreated (control) or treated with gp120 for 3 hours 

before transferring to a cation-safe buffer (10mM NaCl, 7.2mM KCl, 1.2mM MgCl2, 

11.5mM Glucose, 20mM HEPES-NaOH, 1mM CaCl2, pH 7.2) and loaded with Fura2-

acetoxymethylester (Fura2-AM; 2 μM) for 30 min at 24°C as previously described (Go et 

al., 2019; Hooper et al., 2015) followed by 10 mM rhod-2 AM (Invitrogen) and incubated 

at 37°C, 5% CO2 for 1 hour. Cells were washed and allowed to de-esterify for a minimum 

of 30 min at 24°C. Ca2+ measurements were made using a Leica DMI 6000B fluorescence 

microscope controlled by Slidebook Software (Intelligent Imaging Innovations; Denver, 

CO). Fura2 fluorescence emissions were measured at 505 nm while alternating between 340 

and 380 nm excitation wavelengths at a frequency of 0.67 Hz; cytosolic Ca2+ measurements 

are shown as 340/380nm ratios obtained from groups (35 to 45) of single cells. Rhod-2 

fluorescence emissions at 605 nm were monitored after 546 nm excitation at a frequency of 

0.67 Hz. To induce store-operated Ca2+ entry, the function of SERCA was inhibited by the 
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addition of thapsigargin (Tg: 2 μM) followed by the addition of 1 mM Ca2+ after recovery of 

cytosolic Ca2+ content.

2.13. Mitochondria membrane potential.

Mitochondrial membrane potential was measured using the guava MitoPotential assay which 

is based on fluorescence. JC-1, a cationic dye, changes color with the change in the 

membrane potential to either green or orange. The polarized mitochondria caused JC-1 

to accumulate in the mitochondria forming J-aggregates and fluoresce orange (~590nm) 

and with the loss of the membrane potential, the mitochondria become depolarized thus 

losing the concentration of the dye and dissociation of the J-aggregates and will fluoresce 

green (~530 nm). The differentiated SH-SY5Y cells with different treatment conditions were 

seeded at 1 × 106 cells/ml. After the treatment, the cells were trypsinized and re-suspended 

in the warm DMEM F-12 medium containing 2 μM of JC-1 and incubated in a 96-well 

microplate for 30mins. Carbonyl cyanide m-chlorophenyl hydrazine (CCCP) was used as a 

control for membrane depolarization. Guava easyCyte HT system was used to measure the 

mitochondrial membrane polarization (MMP) and the data were analyzed with the software 

provided by Guava easyCyte 2.7.

2.14. Statistical Analysis.

All the experiments were repeated at least in triplicate. Statistical analysis was performed 

using a one-way analysis of variance with a post hoc Student’s t-test. Data are expressed 

as the mean of ± S.D. Results were judged statistically significant if p<0.05 by analysis 

of variance. (Marked in the figure as *p<0.05; **p<0.01; ***p<0.001 where needed). Data 

were plotted either using GraphPad Prism version 5.0 or 7.0.

3. RESULTS

gp120 protein deregulates Ca2+ homeostasis in human neurons.

To determine how gp120 affects Ca2+ homeostasis in human neurons, we monitored 

its effects on both cytosolic and mitochondrial Ca2+ levels by fluorescence microscopy 

using Fura2 and Rhod2, respectively. SH-SY5Y cells were differentiated and treated with 

recombinant gp120 protein for 3 hours. No changes in basal cytosolic Ca2+ content were 

observed, however, gp120 caused a marked decrease in basal mitochondrial Ca2+ content 

(Fig 1A). Thapsigargin (Tg) is a Sarcoplasmic/ER Ca2+ ATPase inhibitor used to deplete 

the ER Ca2+ store which stimulates store-operated Ca2+ entry (SOCE), detected by the 

addition of 1mM Ca2+. While there were no gp120-induced differences in ER Ca2+ content 

(based on Tg-induced Ca2+ release), increased SOCE was observed in gp120-treated cells 

(Fig 1A; grey lines). While mitochondrial Ca2+ levels followed a similar pattern in the 

presence or absence of gp120, mitochondrial Ca2+ content was consistently lower after the 

gp120 treatment (Fig 1A; red lines). Decreased mitochondrial Ca2+ content can lead to 

the upregulation of NMDA receptors to facilitate additional Ca2+ entry into the cells as a 

compensatory mechanism. Hence, we determined the expression levels of NMDA receptors.
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gp120 treatment increases the expression of NMDAR and glutamate levels.

To determine if the addition of gp120 protein induces neuronal deregulation through 

the activation of NMDAR and causes an increase in intracellular calcium (Haughey and 

Mattson, 2002; Hoke et al., 2009; Sanchez et al., 2016; Xu et al., 2011), we examined 

the expression levels of NMDAR. SH-SY5Y cells were differentiated and treated with 100 

ng/ml of recombinant gp120 protein for 24 hours. The cell extracts were collected and 

subjected to Western blot analysis using anti-NMDAR antibodies. As shown in Fig 1B, 

the expression level of NMDAR protein increased in gp120-treated cells compared to the 

control untreated.

Increased NMDAR expression and activity are often associated with glutamate release 

and potential toxicity (Bachis and Mocchetti, 2004; Jadhav and Nema, 2021; Potter et al., 

2013). As a neurotransmitter, glutamate is released from a pre-synaptic neuron to stimulate 

the post-synaptic neuron; hence, we measured its levels. The cells were differentiated and 

treated with 100 ng/ml of recombinant gp120 protein for 24 hours. The glutamate level 

was measured using a colorimetric glutamate assay kit. As shown in Fig 1C, a significant 

increase in glutamate level was observed in gp120-treated cells compared to the control 

untreated.

Along with NMDAR activation, a flux of extracellular calcium into the cell activates calpain 

expression (del Cerro et al., 1994; Ferragamo et al., 2009; Lai et al., 2014). To corroborate 

these. results, we evaluate the expression of calpain protein in gp120-treated SH-SY5Y. The 

cells were differentiated and treated with 100 ng/ml of recombinant gp120 protein for 24 

hours. The cells were collected, and protein extracts were subjected to Western blot analysis. 

As shown in Fig 1D, the addition of gp120 protein led to increased calpain expression, 

indicating that the Ca2+-dependent mechanism might be involved.

Overall, data from Figure 1 showed that the addition of gp120 protein deregulates 

mitochondrial calcium homeostasis, activates the NMDA receptor, and increases expressions 

of calpain and glutamate.

gp120 disturbs the mitochondrial uniporter complex expression levels.

Decreased mitochondrial calcium (Fig 1A) gave the rationale to measure expression levels 

of the mitochondrial uniporter MCU and MCUR. The mitochondrial uniporter complex is 

present in the inner mitochondrial membrane and is involved in Ca2+ transport into the 

mitochondria. Increased Ca2+ influx has been linked to mitochondrial damage and cellular 

deregulation in neurons (Kawamata and Manfredi, 2010). To validate this observation, we 

examined the status of proteins involved in mitochondrial calcium entry. Differentiated 

SH-SY5Y cells were treated with 100 ng/mL of gp120 protein for 24 hours. The cells were 

collected and subjected to Western blot analysis using anti-MCU and MCUR1 antibodies. 

As shown in Fig 2A, increased expression of both MCU and MCUR1 was observed 

in gp120-treated cells compared to the control untreated, confirming their role in gp120-

mediated Ca2+ entry in the mitochondria. Panel B represents the quantification of MCU and 

MCUR1 expressions.
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HIV-gp120 promotes ROS accumulation.

Calcium flux regulates mitochondrial reactive oxygen species (ROS); hence, we measured 

ROS levels in gp120-treated SH-SY5Y cells using the RedoxSensor Red dye. RedoxSensor 

Red dye localizes to the cytosol, mitochondria, or lysosomes. In the presence of gp120, 

the total ROS levels, indicated by the RedoxSensor Red fluorescence intensity, were 

significantly elevated compared to control cells (Fig 1C). We also labeled mitochondria 

with a counterstain (MitoTracker Green), so the colocalization of the RedoxSensor Red 

and MitoTracker Green can be imaged and visualize redox potential in the mitochondria. 

The addition of gp120 increased the colocalization of RedoxSensor (red) and MitoTracker 

(green), suggesting that mitochondrial ROS also increased in these cells (Figs 1C, D). The 

Redox Red dye accumulated in the mitochondria of cells treated with HIV-1 gp120 and 

H2O2 (used as a positive control) indicates a high redox potential of the cytosol in these 

cells (supported by the colocalization of the redox red and mito green dyes). Disturbance 

in mitochondrial ROS can act on mitochondrial fusion and fission proteins resulting in 

fragmented mitochondria.

gp120 treatment leads to altered mitochondrial morphology.

Mitochondria are highly dynamic and often undergo fission and fusion to meet the energy 

demand of the cells. However, during stress conditions, their dynamics are altered. Further, 

smaller, swollen, and fragmented mitochondria were observed in the stressed cell compared 

to elongated worm-like structure mitochondrial shape in the control cells (Bottone et 

al., 2013; Khasho et al., 2015; Wiemerslage and Lee, 2016). Oxidative stress has been 

reported as one of the major factors altering mitochondrial morphology (Ahmad et al., 

2013; De Gaetano et al., 2021). Therefore, we examined the impact of gp120 protein on 

the mitochondrial shape. SH-SY5Y cells were transfected with dsMito-RED to visualize 

the mitochondria followed by differentiation and then treated with gp120 (100 ng/ml for 

24 hours). Using a confocal microscope (Leica EL600 DMI3000), we visualized small, 

round, and short with a bleb shape mitochondrion in gp120-treated cells compared to tubular 

and long mitochondria in the control (Fig 3A). Small and round mitochondria have been 

reported in the visual cortex and the hippocampus of Alzheimer’s postmortem brain patients 

as compared to the control along with fragmented Golgi bodies and reduced synaptic profile 

(Baloyannis SJ, 2011). Also, mitochondrial volume and distribution seem to be altered in 

gp120-treated cells compared to the control (Fig 3A). Decreased mitochondrial volume 

and altered mitochondrial shape (donut vs straight or curved) have been associated with 

decreased synaptic vesicles (Ivannikov et al., 2013) and impaired memory (Hara et al., 

2014). These observations indicate that gp120 deregulates mitochondrial shape and volume 

in the neurons and corroborate previous studies (Khacho et al., 2015).

gp120 deregulated mitochondrial fission and fusion protein expression.

The mitochondrial shape is regulated by several fission and fusion proteins. Since we 

observed small and round mitochondria, we examined the expression of the proteins 

involved in fission and fusion. Differentiated SH-SY5Y cells were treated with recombinant 

gp120 protein for 24 hours, then subjected to Western blot analysis using anti- Drp1, 

-pDrp1S637, and -Fis1 antibodies. We observed an increased expression of Drp1 and Fis1 
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proteins in gp120-treated cells compared to the Control, but a decreased phosphorylation 

of pDrp1S637 (Fig 3B). Panel C represents the quantification of Drp1, pDrp1, and Fis1 

expression levels. Note that Drp1S637 phosphorylation increases the dissociation of Drp1 

from mitochondria and inhibits mitochondrial fission (Kashatus et al., 2011; Wang et 

al., 2012), while its dephosphorylation facilitates its translocation to mitochondria and 

subsequently increases mitochondrial fission, (Campello and Scorrano, 2010).

We confirmed the Western results using an immunocytochemistry assay. We transfected the 

cells with pDsRED Mito, differentiate them, then treated them with recombinant gp120 

protein. The cells were probed with either Drp1 or Fis1 antibodies followed by Alexa 

488 (secondary antibody). Figures 3D and E showed the increased expression (green) and 

mitochondrial localization (yellow-orange) of Drp1 and Fis1, respectively, in gp120-treated 

cells versus the untreated control. These data suggest that the addition of gp120 protein 

alters mitochondrial morphology by targeting fission proteins such as Drp1 and Fis1.

gp120 deregulates the expression levels of Calcineurin and miR-499-5p.

To better understand the mechanism used by gp120 in deregulating the fission proteins, 

we examined the upstream regulator of Drp1. The activity of Drp1 depends on its 

phosphorylation on serine residues 637 and 616, which are regulated by several kinases 

and phosphatases (Knott et al., 2008). Phosphorylation of Drp1 on serine residue 637 causes 

its translocation from the cytosol to the mitochondria outer membrane (OMM), which could 

be neutralized by the Ca2+-dependent phosphatase, calcineurin (CaN) (Cereghetti et al., 

2008). SH-SY5Y cells were differentiated and treated with recombinant gp120 protein, 

then subjected to Western blot analysis using an anti-CaN antibody. As shown in Fig 4A, 

the expression level of CaN alpha protein increases in gp120-treated cells compared to 

the untreated group. These results were confirmed using brain tissues prepared from gp120-

transgenic mice. As shown in Fig 4B, the expression level of CaN alpha protein increases in 

gp120-tg mice compared to the control mice. Panel C represents the quantification of CaN-α 
expression in mice brains.

The calcium-dependent phosphatase, Calcineurin, is activated following increased cytosolic 

Ca2+, which is triggered by the collapse of the mitochondrial membrane potential 

(Cereghetti et al., 2008). To corroborate these results, we measured the mitochondrial 

membrane potential using differentiated SH-SY5Y cells treated with gp120 protein and 

the control. Indeed, the addition of gp120 protein decreased the mitochondrial membrane 

potential compared to the untreated cells (Fig 4D). These results support the increased 

calcineurin expression.

Further, calcineurin is a direct target of miR-499-5p. This miRNA (miR-499-5p) has been 

shown to have a protective effect in cardiomyocytes and regulates mitochondrial fission 

and fusion by targeting the calcineurin gene and inhibiting its activity along with its 

downstream target Drp1 (Wang et al., 2011). The role of miR-499-5p in the brain was 

established in neuropsychiatric disorders and hypoxic-ischemic encephalopathy (Banigan et 

al., 2013; Jia et al., 2020; Smalheiser et al., 2014). This gave us the rationale to examine 

the expression level of miR-499-5p in differentiated SH-SY5Y cells treated with gp120 
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protein. We observed a decrease in miR-499-5p expression (Fig 4E). Hence, we concluded 

that gp120 alters mitochondrial shape via inhibition of miR-499-5p.

Overexpressing miR-499-5p downregulates the Calcineurin and Drp1 expression levels.

To further determine whether gp120 is deregulating Calcineurin and Drp1 via miR-499-5p, 

we transfected SH-SY5Y cells in duplicate with 5nM of the mimic-499-5p or the control 

RNA (scrambled or sRNA) followed by differentiation and gp120 treatment as described 

in the Methods section. RNA was collected from the first set and subjected to RT-qPCR, 

while protein extracts were collected from the second set and used for Western blot analysis 

using an anti-calcineurin antibody. As shown in Fig 5A, gp120 protein decreased the 

expression level of endogenous miR-499-5p but failed to do so in cells transfected with 

the mimic499-5p. The addition of gp120 protein did not affect the endogenous level of 

miR-499-5p in cells transfected with the scrambled RNA. Similarly, overexpression of 

mimic miR-499-5p led to decreased expression levels of Calcineurin (Fig 5B) and Drp1 (Fig 

5C) proteins.

Next, we transfected the cells with the mimic and examined the shape of the mitochondria. 

As indicated in Fig 5D, the cells transfected with the mimic have long mitochondria. The 

mimic499-5p also prevented the rounding of mitochondria in gp120-treated cells. These data 

point to a potential role of miR-499-5p in deregulating mitochondrial dynamics and shape 

via a Calcineurin-dependent mechanism.

4. DISCUSSION

Here, we focused on the mechanism used by the HIV-gp120 protein to alter mitochondrial 

functions, a phenomenon that could promote HIV-1-associated neurocognitive disorders 

(HAND). We previously demonstrated that the gp120 protein affects neuronal functions 

through CREB dephosphorylation (Shrestha et al., 2022). While here, we added the 

involvement of miR-499-5p (Fig 6). Indeed, while the gp120 protein changes mitochondrial 

shape, fusion, fission, and movement, it failed to do so in the presence of miR-499-5p.

Interestingly, treatment of neuronal cells with gp120 protein increases calcium flux, which 

leads to miR499-5p functional inhibition. We demonstrated that gp120 protein increases 

the NMDAR protein expression (Fig1 A) and glutamate levels (Fig 1B), suggesting a 

role for gp120 in the hyperactivation of NMDAR. Forward trafficking and clustering of 

NMDAR on the cell surface have been reported in gp120-treated cells (Xu et al., 2011). Our 

data corroborate the literature where NMDAR antagonists protect against gp120-induced 

cognitive disorders in rat neurons (Zeng et al., 2022; Zhou et al., 2017). Our results are not 

unprecedented. Studies showed that the HIV-1 Tat protein activates the NMDAR receptor 

and increases Ca2+ flux in neurons (Krogh et al., 2015).

The glutamate level depends on the glutamate transporter ability (EAAT2) to clear secreted 

extracellular glutamate and minimizes glutamate toxicity. Interestingly, the EAAT2 receptor 

activity decreases in the brains of patients suffering from neurodegenerative diseases or 

AIDS. Hence, causing an excess in intracellular glutamate and increased hyperactivity of 

NMDAR (Fernandes et al., 2007; Wang et al., 2003; Ye et al., 2017).
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One of the outcomes of NMDAR hyperactivity is the influx of Ca2+, which is associated 

with Ca2+/calmodulin-dependent kinase II (CaMKII)-mediated increase in phosphorylation 

of AMPA (glutamate) receptors (Barria et al., 1997). AMPA receptors (AMPARs) are 

tetrameric ion channels assembled from GluA1-GluA4 subunits that mediate most synaptic 

transmission in the brain. In the hippocampus, most synaptic AMPARs are composed of 

GluA1/2 or GluA2/3. Phosphorylation of GluA1 S831 and S845 by the cAMP-dependent 

protein kinase (PKA) and CAMKII prime extra-synaptic receptors for synaptic insertion 

in response to NMDA receptor Ca2+ signaling during long-term potentiation (LTP). On 

the other hand, CaNα dephosphorylates GluA1 on S831 and S845, causing long-term 

depression (LTD) (Sanderson et al., 2012). Indeed, we showed that adding gp120 protein 

alters synaptic plasticity (Shrestha et al.,2022).

Further, we found that gp120 causes intracellular Ca2+ increase (Fig 2A), which leads to 

increased mitochondrial ROS production (Fig 2D) and activation of the calpain pathway. 

These results are not unprecedented; several labs, including ours, showed that the addition 

of viral proteins to neurons increases calcium secretion (Chang et al., 2011; Hu X, 2016; 

Kim et al., 2018; Nath et al., 1995; Rom et al., 2009; Weissman et al., 1997). Also, neuronal 

treatment with gp120 protein increased the expression levels of MCU and MCUR1 proteins 

(Fig 2B). MCU is the pore-forming subunit through which the Ca2+ enter (Chaudhuri et 

al., 2013), while MCUR1, the integral membrane protein that binds to MCU, is required 

for MCU-dependent Ca2+ entry into the mitochondria (Shanmughapriya et al., 2015). 

MCUR1 knockdown alters MCU-dependent Ca2+ uptake (Mallilankaraman et al., 2012). 

These results suggest that both proteins are involved in HIV-1-induced mitochondrial Ca2+ 

entry. Here, we only examined the expression levels of MCU and MCUR1 proteins because 

they are essential for MCU complex assembly (Tomar et al., 2016). However, other proteins 

in the complex that plays a role as Ca2+ sensors and regulate the entry, like EMRE and 

MICU, should be studied to understand the function of the MCU complex in HAND.

Moreover, gp120 promotes changes in mitochondria shape (blebbed, rounded, and donut-

shaped structure). These changes are often observed in neurodegenerative diseases (Gao et 

al., 2001; Lu et al., 2007). Further, increased ROS (Fig 2C) could change mitochondria 

shape, decrease mitochondrial membrane potential (Fig 4D), and alter fission and fusion 

proteins (Drp1, Fis1, Opa-1, or Mfn-2) activities. Furthermore, decreased ATP and MMP, 

and ROS generation has often been referred to as the vicious cycle (Sanz et al., 2006), where 

one can affect the others, leading to a complex mechanism of mitochondrial deregulation. 

These results also point to a disrupted function of the RhoT1/Miro1 protein, which is 

deregulated following the loss of mitochondrial membrane potential and indicates a problem 

with mitochondrial movement (Grossmann et al., 2020; Shrestha et al., 2022).

As we previously showed, the gp120 protein causes a loss of mitochondrial dynamics 

(Shrestha et al., 2022), which can cause aberrant fission and fusion leading to neuronal 

damage (Knott et al., 2008). Indeed, we observed an increase in Drp1 expression levels 

along with another fission protein, Fis1, in gp120-treated cells (Fig 3B), indicating possible 

increased fission leading to the above-observed phenotype (mitochondrial shape). Once 

activated, the cytosolic protein Drp1 translocates to the mitochondrial outer membrane 

(OMM). The binding of Drp1 to the OMM is mediated by the mitochondrial fission factor 
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(Mff) (Otera et al., 2010). Drp1 translocation also depends on the mitochondrial outer 

membrane proteins such as Miff, MiD49, and Fis1.

The role of Fis1 in recruiting Drp1 to the OMM remains unclear; however, adding gp120 

protein increases the expression level of both proteins (Figs 3B–E). In the case of HIV-1, 

one study contradicts our findings, where the authors reported decreased Drp1 expression 

in the HIV-1 brain and possible increased fusion (Fields et al., 2016), while other studies 

corroborate our data (Kanda et al., 2016; Teodorof-Diedrich and Spector, 2018).

Although this study lacks human samples, our results corroborate data regarding other 

neurodegenerative diseases where increased mitochondrial fission was reported. Alzheimer’s 

mice model showed increased expression of fission genes and proteins and decreased 

fusion genes and proteins, causing shorter and fragmented mitochondria. The same study 

also reported that this phenomenon precedes decreased synaptic formation observed via 

decreased PSD-95 (Calkins et al., 2011). These studies support our published data showing 

decreased pre- and post-synaptic proteins with gp120 treatment (Shrestha et al., 2022). 

Increased fission also suggests a possible autophagy/mitophagy involvement leading to 

aberrant-shaped mitochondria in gp120-treated cells.

Further, Drp1 activation depends on its phosphorylation status. Loss of Drp1 

phosphorylation on serine residue 637 by calcineurin causes its translocation to the outer 

mitochondrial membrane and increases mitochondrial fission (Cereghetti et al., 2008), 

leading to increased neurodegenerative diseases, and cancer. It also triggers mitochondrial 

fragmentation, uncontrolled cell cycle, and alters the metabolic cycle (Serasinghe and 

Chipuk, 2017), which we previously described and published (Allen et al., 2022, Shrestha et 

al., 2022). These results also confirm that gp120 is involved in spatial memory impairment 

since excessive mitochondrial fission plays a role in synaptic depression and cognitive 

impairment in an AD model (Baek et al., 2017). Based on the literature, increased cytosolic 

Ca2+ activates calcineurin and triggers the collapse of the mitochondrial membrane potential 

activation (Cereghetti et al., 2008). Adding gp120 protein corroborates the results in Figures 

4A–C using neuronal cells line and gp120-tg mice. This observation was reversed in the 

presence of mimic miR-499, confirming the importance of this miRNA in HAND pathology. 

Indeed, restoring miR-499-5p expression and function plays a therapeutic role in heart 

disease (Wang and Wu, 2022), and protects against lung injury (Zhang et al., 2021), and 

hypoxic-ischemic encephalopathy (Jia et al., 2020).

The Calcineurin-Drp1 pathway also plays a role in Parkin-mediated mitochondrial fission in 

a Parkinson’s model, in heart disease, AD, and now in HIV-1 (Baek et al., 2017; Buhlman et 

al., 2014; Tangmansakulchai et al., 2016; Wang et al., 2011). Inhibition of CaN reverses this 

pathway in all the above diseases, as confirmed in our data. Increased calcineurin expression 

can also dephosphorylate the CREB protein leading to CREB loss of function and memory 

impairment, which corroborates our data (Kim and Seo, 2011, Shrestha et al., 2022).

Overall, our results provide insight into the players involved in mitochondrial deregulation in 

gp120-treated cells. Altered fission and fusion lead to changes in mitochondrial density and 

bioenergetics. This was linked to memory impairment and learning disability in monkeys 
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and mice (Hara et al., 2014; Ivannikov et al., 2013) and could be one of the factors causing 

similar effects in the brain of PLWH, and gp120 is one of the viral proteins responsible for 

these alterations. Therefore, identifying and targeting factors like miR-499-5p could present 

a potential therapy to prevent HAND pathology.
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Highlights

• A novel and unknown mechanism that implicates miR-499-5p used by HIV-1 

gp120 protein leading to neuronal deregulation premature aging.

• gp120 protein disrupts mitochondrial functions, shape, and size through the 

activation of the calcineurin pathway.

• Gp120 effect was neutralized in the presence of miR-499-5p, an upstream 

effector of calcineurin.

• We propose a novel therapy based on miR-499 activation.
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Figure 1. HIV-1 gp120 treatment leads to increased NMDAR expression and glutamate levels.
(A) Cytosolic and mitochondrial Ca2+ levels were measured using a ratiometric dye Fura2-

AM (Grey) and Rhodamine (Red) for the cytosolic and mitochondrial Ca2+. Expression 

levels of NMDAR (B) and Calpain (D) isolated from untreated or gp120-treated SH-SY5Y 

as obtained by western blot assays, respectively. Quantitative analysis of the western blot 

was presented along with the bands as a bar graph. The data shown are from a single 

experiment (n-3) and were statistically significant. GAPDH represents the loading control. 

(C) Relative glutamate level was measured using a plate reader at O.D. 450 nm for 

different treatment conditions. The experiments were done in triplicate and the p values 

were calculated using the Student t-test (mean ± S.D.) (*p<0.05; **p<0.01; ***p<0.001).
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Figure 2. An aberrant expression of MCU proteins in gp120-treated cells
(A) Expression levels of MCU complex proteins (MCU and MCUR1) isolated from 

untreated or gp120-treated SH-SY5Y as obtained by western blot assays. GAPDH 

represents the loading control. (B) Bar graphs represent the quantitative analysis of the 

western blot. The data shown are from a single experiment (n=3) and were statistically 

significant. Data represent the mean ± S.D. Results were judged statistically significant 

if p <0.05 by analysis of variance. (C) Representative images of RedoxSensor (red) 

and MitoTracker (green) staining for ROS in differentiated SH-SY5Y cells treated with 

100ng/ml of gp120 for 24 hours or H2O2. ROS production is seen by the colocalization of 

the two dyes in the mitochondria. Data shown here are from a single that was replicated 3 

times and were statistically significant. (D) Quantification of ROS signal in panel D using 

the Student t-test. Data were statistically significant (p<0.05) when comparing gp120-treated 

cells to the control (Ctrl) group (one-way ANOVA).
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Figure 3. HIV-1 gp120 alters the mitochondrial shape and Drp1 and Fis1 expression levels.
(A) SH-SY5Y cells were transfected with a pDsRed2-Mito expression plasmid for 24 

hours and then differentiated for 3 days. The cells were then treated with 100ng/ml of 

recombinant gp120 protein for an additional 24 hours. Images of the mitochondria were 

captured using Leica EL600 DMI3000 confocal microscopy 63x lenses. The rod-shaped 

elongated mitochondria are the healthy mitochondria and the rounded mitochondria seen 

in gp120-treated cells indicate the swelling of mitochondria and possible increased fission. 

(B) The western blot analysis represents the protein expressions of total Drp1, phosphor-

Drp1S637, and Fis1. GAPDH was used as a loading control. (C) Quantitative analysis of the 

western blot was presented along with the bands. Data represent the mean ± S.D. Results 

were judged statistically significant if p<0.05 by analysis of variance. (*p<0.05; **p<0.01; 

***p<0.001). (D, E) SH-SY5Y cells were plated on the glass chamber slides followed 

by transfection with pDsRed2-Mito to label the mitochondria, differentiated for 3 days, 

then treated with gp120 for an additional 24 hours. An immunocytochemistry assay was 

performed using anti-Drp1 (D) or anti-Fis1 (E) antibodies. Mitochondria are labeled in red, 
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Drp1 or Fis1 are green, and DAPI (blue) was used to label the nuclei. Colocalization of 

the proteins with mitochondria is indicated by the presence of an orange or yellow signal 

(zoom). (Control = Ctrl)
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Figure 4. Calcineurin and miR-499-5p expression in the presence of HIV-1 gp120.
(A) The whole cell extract was subjected to the western blot analysis showing the 

protein expression of Calcineurin in untreated control and gp120 treated for 24 hours. 

Quantitative analysis of the western blot was presented along with the bands. (B) The 

immunohistochemistry and the quantitation of the fluorescence of the frontal cerebral 

cortex layer III (no neighbor deconvolution, scale bar = 40 μm) brain slides of a 9-month-

old gp120-Tg mouse (HPX1481) and the age-matched control (HPX1477). Calcineurin – 

green; MAP-2 – red; and nuclei – blue (DAPI). (C) Quantitative analysis of fluorescent 

calcineurin was presented as a bar graph. (D) Mitochondrial membrane potential change was 

measured using JC-1 dye on differentiated SH-SY5Y cells subjected to different treatment 

conditions using a Guava Flow cytometer. CCCP was used as a control to determine the 

mitochondrial membrane potential collapse. (E) The relative expression of miR-499-5p 

normalized to an internal control U6. Data represent the mean ± S.D. Results were judged 

statistically significant if p<0.05 by analysis of variance. (*p<0.05; **p<0.01; ***p<0.001). 

(Control=Ctrl).

Shrestha et al. Page 24

Mitochondrion. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Overexpression of miR-499-5p neutralizes the gp120 effect.
(A) Relative expression of miR-499-5p normalized to the untreated control (log10) 

indicating the overexpression of miR-499-5p using a mimic-499-5p and U6 as an internal 

loading control. (B) Overexpression of miR-499-5p led to inhibition in Calcineurin 

expression, thus rescuing the effect of gp120. (C) Relative DRP1 expression level 

normalized to internal control. The GAPDH represents the effect of overexpressed 

miR-499-5p that caused the inhibition of calcineurin and decreased expression of Drp1. 

Data represent the mean ± S.D. Results are statistically significant (p<0.05 by analysis 

of variance, *p<0.05; **p<0.01; ***p<0.001). (D) Cells transfected with miR-499-5p 

displayed elongated mitochondrial structure and rescued the effect of gp120. (Control=Ctrl)
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Figure 6. The potential pathway used by gp120.
A schematic representation of the possible pathway involved in gp120-mediated 

mitochondrial shape deregulation that leads to neurocognitive disorders such as spatial 

memory impairment (cartoon created using BioRender.com software).
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