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Abstract 

Treatment for HIV-associated neurocognitive disorders (HAND) remains elusive. 7,8-dihydroxyϐlavone (DHF), an analog of brain-derived neurotrophic 
factor (BDNF) and a high-afϐinity TrkB agonist, has been proposed as a viable therapeutic alternative to BDNF in crossing the Blood-Brain Barrier (BBB) 
and promoting growth, differentiation, maintenance, and survival of neurons. Here, we expand on our previous study investigating the therapeutic role of 
DHF on the cortical and hippocampal brain regions of the Tg26 mice, an animal model of HAND. We detected increased immunoreactivity for ion channels 
(SUR1, TRPM4) and the water channel aquaporin-4 (AQP4), suggesting an ionic and osmotic imbalance in the brains of Tg26 mice. Tg26 mice also 
exhibited loss of synaptic stability (SYN, SYP) and nicotinamide metabolism (NAMPT, SIRT1) that were associated with astrogliosis. Furthermore, Tg26 
mice demonstrated increased iNOS and reduced HO-1/NRF2 expressions, implicating increased ER and oxidative stress. DHF treatment in Tg26 mice 
reversed these pathological changes. These data suggest crosstalk among TrkB, Akt, and related transcription factors (NF-κB, STAT3, and NRF2) as an 
underlying mechanism of Tg26-associated pathology in the brain. Finally, taken together with our prior study, these results further highlight a therapeutic 
role of DHF in promoting neuroprotection in HAND that may be applied in conjunction with current antiviral therapies.
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Introduction
The prevalence of severe human immunodeϐiciency virus 

(HIV)-associated dementia (HAD) has been decreased by the 
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treatment of combined antiretroviral therapy (cART). On 
the other hand, the incidence of milder and chronic forms 
of HIV-associated neurocognitive disorder (HAND) and HIV-
associated major depressive disorder is increasing [1]. HIV 
persists in the brain despite cART [2]. Several studies have 
reported the toxic effects of HIV-associated viral proteins 
including gp120, integrase, nef, vpr, and tat within the 
central nervous system (CNS). Still, conclusive data about 
the production, release, and associated bystander toxicity 
are not clearly documented with cART [3,4]. Several animal 
models have been developed to examine the toxic effects of 
HIV viral proteins and their role in HIV-associated cognitive 
impairment [5-7]. Brain-derived neurotrophic factor 
(BDNF), one of the most abundant growth factors in the 
brain, is prominently involved in neuronal survival, synaptic 
transmission, and synaptic plasticity underlying learning and 
memory through its interaction with the tropomyosin-related 
kinase B (TrkB) cellular receptor [8-10]. Increased BDNF 
levels have decreased the odds of developing HAND [10]. 
Abassi, et al. [11] in a Ugandan population, showed lower 
cerebrospinal ϐluid (CSF) BDNF levels in HIV patients with 
dementia compared with HIV-positive individuals without 
dementia. Falasca, et al. [12] were able to correlate BDNF 
levels with different domains of neurocognition. They 
showed a signiϐicant correlation between reduced serum 
BDNF levels and poor performance on the Grooved Pegboard 
test for the dominant hand test but no association between 
BDNF serum levels and attention, executive function, and 
working memory availability [12]. Processing of pro-BDNF 
into mature BDNF is reduced in HIV. This contributes to 
synapto-dendritic injury and synaptic dysfunction seen in 
HAND. Studies have shown that pro-BDNF levels in HAND 
subjects were higher than those in HIV-negative as well 
as HIV-positive subjects without dementia. BDNF reduces 
the degeneration of synapses and axons triggered by viral 
proteins. These HIV proteins interact with surface receptors 
on the neurons or activate caspases to effect neuronal 
damage. The mechanisms by which these viral proteins 
induce neurotoxicity include the production of free radicals, 
nitric oxide, and the release of excitotoxins such as glutamate 
and inϐlammatory cytokines [13]. Due to the inability of 
BDNF to cross the blood-brain barrier (BBB) and its short 
half-life, efforts have been focused on identifying a small 
molecule that could mimic the neurotrophic effects of BDNF. 
Recently, 7,8-diydroxyϐlavone (DHF), a naturally occurring 
ϐlavone, was found to be a potent TrkB receptor agonist that 
mimics the action of BDNF downstream signaling [14]. In 
vivo mouse studies showed that 7,8-DHF crosses the BBB [15] 
and causes increased levels of phospho-TrkB protein in 
the brain [16,17], consistent with the notion that it acts as 
a BDNF analog and TrkB agonist. Moreover, our studies 
indicate that 7,8-DHF has beneϐicial effects in a mouse model 
of HAND [18]. Others reported beneϐicial effects of DHF in 
models of neurodegenerative diseases, such as Huntington’s 
disease, schizophrenia, and Down Syndrome [19].

In this study, we sought to determine if DHF will exhibit 
efϐicacy in preventing or slowing down HAND-related 
astrogliosis, synaptic plasticity, neuronal metabolic stress, 
and oxidative stress in a transgenic Tg26 mouse model of 
HAND. We report that DHF treatment reduced astrogliosis, 
prevented synaptic degeneration, protected against 
metabolic changes, and increased the antioxidant capacity 
in the hippocampus, suggesting that DHF treatment is a 
promising adjunct therapy with cART.

Results
DHF treatment downregulates activation of astrocytes 
and Aquaporin 4 in the brain of Tg26 mice

Astrocytes: (GFAP-immunoreactivity): Astrocytes are 
signiϐicant contributors to HIV-1-associated neurological 
disorders by modulating the microenvironment in the CNS 
and releasing proinϐlammatory cytokines [20]. Reactive 
astrogliosis is a pathological hallmark of HIV infection in 
brains and is detected by increased glial ϐibrillary acidic 
protein (GFAP) staining [21]. 

In the present study, GFAP was signiϐicantly increased 
in the hippocampus (p < 0.001) and cortex (p < 0.01) of 
Tg26 mice, indicative of astrogliosis and DHF signiϐicantly 
decreased GFAP immunoreactivity in the hippocampus 
(p < 0.01), and cortex (p < 0.05) (Figure 1) of Tg26 mice 
compared to untreated Tg26 mice. Enhanced astrogliosis 
before DHF treatment is due to inϐlammatory molecules 
enhancing their activities as well as an imbalance of ionic 
homeostasis. Astroglia dysfunctions are ampliϐied via gap 
junctions, directly or indirectly impacting surrounding 
neurons and signiϐicantly contributing to the pathogenesis of 
HIV-associated neuropathology.

Aquaporin-4 (AQP4): (Astrocyte immunoreactivity): 
AQP4 is a water channel expressed on astrocytic end feet 
in the brain. Increasing evidence suggests that AQP4 is 
involved in brain inϐlammation, lymphatic ϐluid clearance, 
synaptic plasticity and memory formation, and regulation 
of extracellular space (ECS) volume and potassium 
homeostasis [22,23]. The involvement of AQP4 in several 
pathogenic conditions is mainly based on ϐindings in post-
mortem brain tissue, in vitro studies, and the usage of AQP4-
deϐicient rodent models [24]. 

AQP4 was signiϐicantly increased in the hippocampus 
(p < 0.01) and cortex (p < 0.01) of Tg26 mice, indicative of 
astrogliosis. DHF treatment reduced AQP4 signiϐicantly in 
these brain regions (hippocampus [p < 0.01] and cortex 
[p < 0.05]) of Tg26 mice compared to Tg26 mice with no 
treatment (Figure 2). These studies highlight the potential 
inϐluence AQP4 may have on the neuropathology associated 
with HAND and suggest that AQP4 expression may be 
altered in HAND and/or in response to exogenous molecules. 
Additional studies may be warranted to determine whether 
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Figure 1: Diminished reactive astrogliosis following DHF treatment in Tg26 mouse brains. Representative images of immunohistochemical staining of (A) glial ϐibrillary acidic 
protein (GFAP) and (B) the astrocytic water channel aquaporin-4 (AQP4) from the hippocampus (HC) and cortex (CTX) of the following mice: wildtype mice (WT, n = 3 or 4); HIV-
associated Tg26 (Tg26, n = 3 or 4); and Tg26 treated with DHF (Tg26+DHF, n = 4). Quantiϐications from 4-6 immunostained and imaged sections were averaged for each biological 
replicate. Scale bar = 100 μm. (*** p < 0.001. ** p < 0.01, * p < 0.05).

Figure 2: DHF treatment decreases Tg26-induced upregulation of SUR1-TRPM4. Representative images of immunohistochemical staining of (A) sulfonylurea receptor 1 (SUR1) 
and (B) transient receptor potential cation channel melastatin-4 (TRPM4) from the hippocampus (HC) and cortex (CTX) of wildtype mice: wildtype (WT, n = 4); HIV-associated 
Tg26 (Tg26, n = 4) mice; and Tg26 mice treated with DHF (Tg26+DHF, n = 4). Quantiϐications from 5-7 immunostained and imaged sections were averaged for each biological 
replicate. Scale bar = 100 μm. (** p < 0.01, * p < 0.05).
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of recent advances in understanding the role of the SUR1/
TRPM4 channel in HAND-associated pathology and DHF-
mediated neuroprotection.

DHF treatment upregulates synaptic activity-related 
proteins in the brain of Tg26 mice

Synapsin-1: Synapsin-1 is a major endogenous substrate 
for cyclic AMP-dependent protein kinase and for calcium-
dependent protein kinase in the presynaptic terminal [27]. 
At the cellular level, subjects with HAND exhibit synapto-
dendritic damage and decreased synaptic and dendritic 
density [28], which can lead to the interruption of the neural 
network and ultimately caspase-3-dependent neuronal 
apoptosis [29]. Tg26 mice exhibited signiϐicantly (p < 0.05) 
decreased Synapsin-1 expression in comparison to the 
hippocampus and cortex of intact mice (Figure 3A) and DHF 
treatment signiϐicantly (p < 0.05) increased its expression in 
comparison to Tg26 mice without DHF treatment. 

Synaptophysin: Synaptophysin is a 38-kd synaptic vesicle 
glycoprotein in all types of synaptic vesicle membranes. 
Synaptophysin is a major synaptic vesicle protein involved 
in neurotransmitter release. Synaptin-1 and its associated 
calmodulin-dependent kinase II are additional components 
of the presynaptic plasma membrane. The main functions 
of synaptophysin are for docking fusion and endocytosis, 

altered AQP4 expression represents a protective and/or 
maladaptive response to CNS inϐlammation and whether 
DHF has a neuroprotective role by regulating AQP4.

DHF treatment reduces astrogliosis through SUR1-
TRPM4 channel downregulation in the brain of Tg26 
mice

SUR1: Sulfonylurea receptor (SUR) belongs to the ATP-
Binding Cassette (ABC) transporter family; however, SUR is 
also associated with ion channels and acts as a regulatory 
subunit determining the opening or closing of the pore [25]. 
SUR1-regulated ion channels have been shown to play critical 
roles as negative regulators of Ca2+ inϐlux. 

SUR1 was signiϐicantly increased in the hippocampus 
(p < 0.01) and cortex (p < 0.05) in Tg26 mice and DHF 
signiϐicantly (p < 0.05) decreased it (Figure 3) compared 
to untreated animals, suggesting again that DHF reduces 
astrogliosis in these brain regions. 

TRPM4: TRPM4 is a non-selective monovalent cation 
channel activated by intracellular calcium and modulated by 
ATP, calmodulin, Protein Kinase-C (PKC), phosphatidylinositol 
4,5-bisphosphate, and H2O2 [26]. TRPM4 was signiϐicantly (p 
< 0.01) increased in the hippocampus and cortex of Tg26 
mice, conϐirming astrogliosis, and DHF signiϐicantly (p < 0.05) 
decreased it (Figure 4). These data suggest the importance 

Figure 3: DHF treatment rescues Tg26-induced loss of synaptic stability. Representative images of immunohistochemical staining of (A) synapsin (SYN) and (B) synaptophysin 
(SYP) from the hippocampus (HC) and cortex (CTX) of wildtype mice (WT, n = 4); HIV-associated Tg26 mice (Tg26, n = 4); and Tg26 mice treated with DHF (Tg26+DHF, n = 4). 
Quantiϐications from 6-8 immunostained and imaged sections were averaged for each biological replicate. Scale bar = 100 μm. (** p < 0.01, * p < 0.05).
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otherwise known as membrane trafϐicking [30,31]. Tg26 
mice exhibited signiϐicantly decreased Synaptophysin in 
comparison to intact mice (p < 0.01), and DHF treatment 
signiϐicantly (p < 0.05) increased its expression in the 
hippocampus and cortex (Figure 3B). 

In summary, we identiϐied that synaptic impairment may 
be contributed to the brain of Tg26 mice, and DHF treatment 
improved the destruction of synaptic plasticity which is 
perturbed in HAND.

Downregulation of the NAD+-related enzymes NAMPT 
and SIRT1 in Tg26 mouse brains is reversed by DHF 
treatment

NAMPT: Nicotinamide phosphoribosyl transferase 
(NAMPT) is necessary for the recycling of NAM to NAD, 
which is part of the salvage pathway of NAD synthesis [32]. 
Numerous studies have shown that synaptic plasticity is 
impaired by changes in neurotransmission, immune system 
malfunction, metabolic dysfunction, and other factors [33]. 
Among others, lower NAD levels were linked to metabolic and 
neurodegenerative diseases [34]. NAMPT was signiϐicantly 
(p < 0.05) decreased in the hippocampus and cortex of Tg26 
mice, indicative of decreased NAD levels. DHF signiϐicantly 
(p < 0.05) increased NAMPT (Figure 4A) in these brain 
regions of Tg26 mice. These results suggest that DHF reduces 

astrogliosis in the hippocampus and cortex of Tg26 mice also 
by increasing NAD levels. 

SIRT1: SIRT1 plays an important role in neurodegenerative 
diseases as well as in HAND [35,36]. Similar to our previous 
study [18] in which it was found that SIRT3 expression 
was downregulated in Tg26 mice, in this study, Tg26 mice 
also exhibited a signiϐicant (p < 0.01) decrease in SIRT1 
expression in the hippocampus and cortex in comparison 
to control mice, and DHF treatment signiϐicantly (p < 0.05) 
increased the expression of SIRT1 in these regions of the 
brain in comparison to those of the Tg26 mice without DHF 
treatment (Figure 4B). 

Our results also suggest that strategies to augment NAMPT 
protein expression by upregulation of NAD+ by DHF may 
have therapeutic beneϐits to prevent HAND, and the role of 
SIRT1 during HAND may be important with special reference 
to HAND-associated pathology and neuroprotection.

DHF treatment reverses Tg26-induced increased 
phosphorylation of STAT3

STAT3: The signal transducer and activator of 
transcription 3 (STAT3) is a pleiotropic molecule that 
regulates multiple cellular functions. Upon phosphorylation 
on tyrosine 705 (Tyr705) residue, STAT3 dimerizes and 
translocates to the nucleus where, it regulates the expression 

Figure 4: Downregulation of NAD+-related enzymes NAMPT and SIRT1 in Tg26 mouse brains is improved by DHF treatment. Representative images of immunohistochemical 
staining of (A) nicotinamide phosphoribosyl transferase (NAMPT) and (B) NAD-dependent deacetylase sirtuin-1 (SIRT1) from the hippocampus (HC) and cortex (CTX) of wildtype 
mice (WT, n = 4); HIV-associated Tg26 mice (Tg26, n = 4); and Tg26 mice treated with DHF (Tg26+DHF, n = 4). Quantiϐications from 4-7 immunostained and imaged sections were 
averaged for each biological replicate. Scale bar = 100 μm. (** p < 0.01, * p < 0.05).
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of genes that play a role in cell growth, proliferation, 
differentiation, and survival [37]. Here, we tested the 
hypothesis that STAT3 contributes to the orchestration of 
the antioxidant defense response against the brains of Tg26 
mice by DHF treatment (Figure 5). Tg26 mice exhibited 
signiϐicantly increased phosphorylation of STAT-3 in 
comparison to intact mice in the hippocampus (p < 0.05) and 
cortex (p < 0.01) and DHF treatment signiϐicantly decreased 
its expression in these brain regions (p < 0.05). Thus, DHF 
treatment has neuroprotective effects against HAND via 
promoting synaptic plasticity through activating TrkB/Akt/
STAT3 [18] (as we showed before by activating TrkB/Akt 
signaling).

DHF treatment ameliorates Tg26-induced ER stress in 
the brain

iNOS: Nitric oxide (NO) is synthesized from three 
different isoforms of nitric oxide synthase (NOS): endothelial 
NOS (eNOS), neuronal NOS (nNOS) and inducible NOS 
(iNOS). Among these, iNOS is not usually expressed in the 
brain. However, activated microglial cells are a major cellular 
source of iNOS in the brain. The excessive release of NO by 

activated microglial cells correlates with the progression of 
neurodegenerative disorders [38,39].

A considerable number of human diseases have an 
inϐlammatory component, and a key mediator of immune 
activation and inϐlammation is iNOS, which produces NO from 
L-arginine. Overexpressed or dysregulated iNOS has been 
implicated in numerous pathologies including HAND [38,39]. 
We found that in both the hippocampus and cortex of Tg26 
mice, iNOS (Figure 6) expression was signiϐicantly (p < 0.01) 
upregulated in comparison to intact mice, and DHF treatment 
signiϐicantly (p < 0.01) downregulated the expression of 
this enzyme. These results suggest that DHF modulates the 
expression of iNOS in the hippocampal and cortical regions 
of Tg26 mice. Further, the data suggest that induction of 
iNOS in the brain of Tg26 mice may be contributing to HAND-
associated pathology. DHF reduces iNOS expression and 
provides neuroprotection.

DHF treatment improves suppressed antioxidant 
expression in Tg26 mice

Heme oxygenase 1 (HO-1): The Heme oxygenase-1 (HO-

Figure 5: DHF treatment reverses Tg26-induced increased phosphorylation of STAT3. Representative images of immunohistochemical staining of phosphorylated STAT3 
(pSTAT3) from the hippocampus (HC) and cortex (CTX) of wildtype mice (WT, n = 3); HIV-associated Tg26 mice (Tg26, n = 3); and Tg26 mice treated with DHF (Tg26+DHF, n = 4). 
Quantiϐications from 5-8 immunostained and imaged sections were averaged for each biological replicate. Scale bar = 100 μm. (** p < 0.01, * p < 0.05).

Figure 6: DHF treatment ameliorates Tg26-induced ER stress in the brain. Representative images of immunohistochemical stains of inducible nitric oxide synthase (iNOS) from 
the hippocampus (HC) and cortex (CTX) of wildtype mice (WT, n = 4); HIV-associated Tg26 mice (Tg26, n = 4); and Tg26 mice treated with DHF (Tg26+DHF, n = 4). Quantiϐications 
from 6-8 immunostained and imaged sections were averaged for each biological replicate. Scale bar = 100 μm. (** p < 0.01, * p < 0.05).
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1) system is believed to be a crucial mechanism for the nervous 
system under stress conditions. HO degrades heme to carbon 
monoxide, iron, and biliverdin. Several lines of evidence 
indicate that HO-1 dysregulation is associated with brain 
inϐlammation and neurodegeneration, including Parkinson’s 
and Alzheimer’s disease [40]. We found that in both the 
hippocampus and cortex of Tg26 mice, HO-1 expression 
was signiϐicantly downregulated (p < 0.01) in comparison to 
intact mice, and DHF treatment signiϐicantly upregulated this 
enzyme (p < 0.05) expression (Figure 7A). Our data shows 
that HO-1 induction by DHF treatment could be a therapeutic 
strategy for neuroprotection against HAND. HO-1 modulates 
endogenous antioxidant and immune-modulatory pathways, 
thus, limiting oxidative stress associated with HAND. The use 
of pharmacological inducers of endogenous HO-1 expression 
may be a potential adjunctive neuroprotective therapeutics 
in HAND.

Nrf2: The transcription factor Nrf2 (nuclear factor-
erythroid 2 p45-related factor 2) plays a crucial role in 
cellular redox and metabolic systems. Activation of Nrf2 may 
be an effective therapeutic approach for neuroinϐlammatory 
disorder, through activation of the antioxidant defense 
system, lowering inϐlammation, regulating the mitochondrial 
function, and balancing of protein homeostasis [41]. Tg26 
mice exhibited signiϐicantly decreased phosphorylation of 

Nrf2 in comparison to untreated mice (p < 0.01), and DHF 
treatment signiϐicantly (p < 0.05) increased the expression of 
Nrf-2 in the hippocampus and cortex (Figure 7B). Nrf2 plays 
a key role in stabilizing the oxidation–antioxidation balance 
and reducing tissue damage caused by oxidative stress 
against HAND.

Discussion
HAND is a serious disease of people living with HIV 

(PLWH) despite treatment with antiretroviral therapy 
(ART). Considering the high prevalence of HIV and increased 
survival rates with ART, it is important to develop treatments 
for HAND and the resulting clinical deϐicits. BDNF, an 
endogenous neuroprotective agent, plays a critical role in 
brain development, learning, and memory and may play a role 
in HAND. Lower CSF BDNF levels were found in HIV patients 
with dementia [11] and could contribute to the neuronal 
degeneration seen in HAND. A treatment for HAND should 
be effective, affordable, non-invasive, and have minimal 
side effects [42]. DHF is a natural analog of BDNF, which is a 
potent TrkB agonist, and neuroprotective in several animal 
models of neurodegenerative diseases [11]. We found that 
DHF injection into Tg26 mice, an animal model of HAND, 
increased TrkB activation in the cortex and hippocampus of 
the brain [18]. The work described here expands upon that 
ϐinding.

Figure 7: Reduced brain antioxidant expression in Tg26 mice is recovered following DHF treatment. Representative images of immunohistochemical staining of (A) heme 
oxygenase-1 (HO-1) and (B) nuclear factor erythroid-related factor 2 (NRF2) from the hippocampus (HC) and cortex (CTX) of wildtype mice (WT, n = 4); HIV-associated Tg26 mice 
(Tg26, n = 4); and Tg26 mice treated with DHF (Tg26+DHF, n = 4). Quantiϐications from 5-7 immunostained and imaged sections were averaged for each biological replicate. Scale 
bar = 100 μm. (** p < 0.01, * p < 0.05).
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We also demonstrated that TLR4, a neuro-inϐlammatory 
receptor [18,43] was upregulated in the brains of Tg26 mice 
and DHF treatment down-regulated the receptor expression. 
The HIV co-receptors, including CXCR4 and CCR5, play a 
crucial role even in neuroAIDs [44]. Our previous study 
demonstrated that these co-receptors were highly expressed 
in the brains of Tg26 mice and decreased after DHF 
treatment [18]. This overview below is about what is known 
and what remains to be explored regarding TrkB, TLR4, co-
receptor signaling, and crosstalk between these membrane-
bound receptors with special reference to HAND and BDNF-
TrkB signaling. Astrocytes are the most abundant glial cells 
in the CNS. They maintain BBB by providing structure and 
support as well as serve to maintain the homeostatic balance 
of molecules and ions, including ATP, calcium, and glutamate 
within and around the tripartite neuronal synaptic clefts 
and astrocytes [45,46]. In HAND, dysregulation of astrocytes 
is well-documented [18,45]. It was shown that HIV-1 
expression correlates with the activation of proinϐlammatory 
markers (TLR4, TNF-α, and NF-κB) and the SUR1-TRPM4 
channel in astrocytes of HIV-infected postmortem human and 
transgenic Tg26 mouse brain tissues [46]. Furthermore, it 
was reported that Tg26 mice exhibited impaired cognitive 
skills and reduced learning abilities compared to wild-type 
mice, particularly in spatial memory. Interestingly, male Tg26 
mice displayed signiϐicant differences in spatial memory 
losses, while no signiϐicant differences were identiϐied in 
female mice [47,48]. 

Consistent with our early results, SUR1-TRPM4 
channels were upregulated in Tg26 mice along with GFAP 
and AQP4, conϐirming the role of reactive astrocytes and 
neuroinϐlammation in HAND [47]. Interestingly, the present 
results demonstrate the upregulation of ion channels 
including SUR1, TRPM4, and AQP4 in addition to astrogliosis 
in the brains of Tg26 mice together with increased expression 
of CXCR4, CCR5, and TLR4 together with the decreased TrkB 
activity [18]. On the other hand, DHF treatment suppressed all 
those ion channels and astrogliosis together with decreased 
CXCR4, CCR5, and TLR4 and increased TrkB activation [18]. 
These ϐindings suggest that TrkB-ligands as well as CXCR4, 
CCR5, and TLR4 receptors signaling might be involved in 
the regulation of those ion channels associated with the 
pathology, and neuroprotection of HAND. These ϐindings 
also allow us to explore the new concept of ion channel 
and membrane-bound receptor cross-talks associated with 
HAND and accompanying pathology. 

Now we demonstrated that DHF treatment in Tg26 
mice decreased the expression of GFAP, SUR1, TRPM4, and 
AQP4 in the brain. Earlier, it has been shown that SUR1, 
TRPM4, and AQP4 made a complex structure in activated 
astrocytes during CNS injury [49]. It was demonstrated 
that SUR1-TRPM4-AQP4 transmembrane water inϐlux was 
altered by increased Ca2+, which is prominent in astrocytes 
after brain injury [50]. Astrocyte swelling reduces the 

extracellular space, which impairs the clearance of toxic 
metabolites [51]; dysregulates the release of glutamate, 
which contributes to neuronal death [52]; and increases 
cerebral edema [50], which worsens CNS injury outcomes. 
Therefore, we could speculate that SUR1, TRPM4, and AQP4 
expressions, increased in the brain of Tg26 mice, might 
suggest transmembrane water inϐlux by unbalancing Na+, K+, 
and Ca2+ levels. Our earlier ϐindings [47] may indicate that the 
SUR1-TRPM4-AQP4 complex is particularly important in the 
HAND-associated pathology. 

AQP4 is upregulated in HAND and if AQP4 is dependent 
on ion channel function, ion channel antagonists could be 
used to indirectly modulate AQP4. Given that AQP4-speciϐic 
inhibition has not yet become practical, this is a tempting 
prospect. Considering our ϐindings, indirect attenuation of 
AQP4, SUR1, and TRPM4 functions may partially underlie 
the beneϐicial effects of DHF-supported neuroprotection 
mechanisms in HAND. Earlier it has been shown that 
TrkB activation also modulates ion channels that can alter 
neuronal excitability, including Na+, Ca2+, and K+ channels 
through activating signaling pathways [53,54]. For example, 
BDNF/TrkB activation modulates neuronal excitability by 
gating Na+ current via Nav1.9 [55]. Furthermore, our data 
suggest that HIV genes induce proinϐlammatory responses 
by activating TLR4, CXCR4, and CCR5 and inhibiting TrkB and 
are mediated at least in part through the SUR1, TRPM4, and 
AQP4 channels in astrocytes. Previously, it is reported that 
TrkB cross-talk with the Kv1.3 potassium channel [56] and 
CXCR4 and CCR5 interplay with ion channels [57,58]. TLR4 
receptors also crosstalk with different ion channels [59]. 
This is the ϐirst time we report the neuroprotective action 
of DHF in the brain of Tg26 mice by crosstalk between 
membrane-bound receptors (TrkB, TLR4, CXCR4, and CCR5) 
and membrane-bound ion channel proteins (SUR1, TRPM4, 
and AQP4). Furthermore, the central challenge that emerges 
from our ϐindings is to better understand DHF-mediated 
neuroprotection in HAND and elucidate the mechanistic and 
temporal interrelation of the above-mentioned ion channel 
proteins and membrane-bound receptor proteins. 

Synaptic degeneration represents an important 
histopathological hallmark of HAND [60]. Synaptic dendritic 
networks in the brain undergo continuous remodeling, a 
process termed neuroplasticity. Earlier [47], we reported 
that a reduction in neurosynaptic responses, as indicated 
by the downregulation of SYN1 and SYP, plays a role in 
synaptopathy as a possible mechanism associated with 
cognitive and motor skill deϐicits. Inhibition of synaptic 
degeneration therefore provides an attractive therapeutic 
target to prevent HAND pathogenesis. BDNF is one of the 
mediators to protect synaptic plasticity [61,62]. Recently, 
it has been shown that BDNF delivery with nanoparticles 
enhances neurogenesis, synaptogenesis, and cognitive 
function in an animal model of neuro-AIDs [63] conϐirming 
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that a deϐicit in BDNF/TrkB signaling contributes to the 
synaptic dysfunction of HAND [10]. We have shown that 
synaptogenesis (which is determined by SYN1 and SYP) was 
downregulated in the hippocampus and cortex of Tg26 mice 
and DHF treatment enhanced synaptogenesis. In our ϐindings, 
we demonstrated that DHF in Tg26 mice increased synaptic 
plasticity by inhibiting membrane-bound ion channels 
(including SUR1, TRPM4, and AQP4) and membrane-bound 
receptors (TLR4, CXCR4, and CCR5) and the interplay 
between them results in activation of TrkB [18]. Previously, 
we have also demonstrated that those ion channel and 
receptor proteins are involved in neuroinϐlammation which 
may be one of the causes of synaptic degeneration [18,47]. 
It has been shown that activation of TLR4, CXCR4, and 
CCR5 are involved in regulating synaptic plasticity [64-66]. 
Importantly, it has been shown that oral administration of 
DHF enhances synaptic plasticity and prevents memory 
deϐicits in an animal model of Alzheimer’s Disease [67]. 
Furthermore, Zeng, et al. showed that activation of TrkB by 
NAD prevents fear memory defects and facilitates synaptic 
plasticity in the amygdala of aging rats [68]. 

NAD+ is a key cofactor, in cellular energy metabolism [69] 
and in the modulation of inϐlammatory signaling [70]. In 
multiple species, NAD decline with age has been linked to 
deϐicits in mitochondrial function and metabolic capacity and 
a decline in the activity of sirtuins, a class of NAD+-dependent 
enzymes that control inϐlammation, and mitochondrial 
metabolism [71]. Age-related decline of NAD is due in 
part to hydrolysis by an intrinsic NADase activity of the 
activation marker CD38 [72]. Defects in NAD+ metabolism 
have been associated with many neurodegenerative diseases 
including HAND [73-75]. Tat protein inhibited nicotinamide 
phosphoribosyltransferase (NAMPT), an enzyme converting 
NADH to NAD+ [76]. In this context, NAMPT, the rate-limiting 
factor for NAD synthesis, was decreased in the brain of 
Tg26 mice and was upregulated by DHF treatment. These 
results show that HAND-associated neurological dysfunction 
is coupled with inhibition of NAD+ synthesis and DHF 
treatment shows its neuroprotective function by increasing 
NAD+ level. NAD also inϐluences inϐlammatory signaling, in 
part, through NAD-dependent SIRT1 deacetylation of the 
p65 subunit of NF-κB, a heterodimeric transcription factor 
regulating multiple inϐlammatory genes [77]. A signiϐicant 
role of SIRT1 in the pathogenesis of neurological disorders 
in HIV-infected patients [78] has been reported. HIV tat gene 
also negatively affects SIRT1 activity by affecting the NAD+/
NADH ratio, a key factor for the modulation of its activity 
[76]. This is the ϐirst time, that in Tg26 mice, we have found a 
signiϐicant decrease of SIRT1 expression in the hippocampus 
and cortex compared to WT animals and increased SIRT1 
expression by DHF treatment. 

Furthermore, we previously observed NF-kB activation in 
the Tg26 brains and downregulation by DHF treatment [18]. It 

was reported that an intact intestinal microbiome is required 
to mediate both, cellular signaling and metabolic protection 
by increasing SIRT1 elicited by oral DHF in female mice [79]. 
Occludin is one of the proteins in pericytes, which via the 
NF-κB/SIRT-1 pathway, modulates HIV-1 transcription, 
pointing to a signiϐicant role of SIRT1 in the pathogenesis 
of neurological disorders in HIV-infected patients [77,78]. 
We also found that DHF treatment regulates neurological 
disorders in Tg26 mice via the NF-kB/SIRT1 pathway. SIRT1 
activation via resveratrol has been found to inhibit NF-κB and 
diminish amyloid-β’s (Aβ) neurotoxic effect in microglia [80]. 
Furthermore, we determined the roles of signal transducer 
and activator of transcription 3 (STAT3) in the brain of Tg26 
mice before and after DHF treatment. We demonstrated 
that STAT3 expression was decreased in the brain of Tg26 
mice but enhanced by DHF treatment (Figure 5). Previously, 
it has been shown that STAT3 and its phosphorylation are 
involved in HIV-1 tat-induced transactivation of GFAP [81]. 
To date, however, limited information is available about 
the involvement of STAT3 in HAND pathogenesis. Our 
recent work has shown that STAT3 downregulation is 
associated with neurodegeneration and upregulation of 
STAT3 is involved with neuroprotection associated with 
DHF treatment. This signaling is involved in TrkB/AKT/
SIRT1/NF-kB/STAT3 mediated interplay (as we found TrkB/
AKT/NF-kB signaling) [18]. Previously, the neuroprotective 
role was established by AMPK/SIRT1 and JAK2/STAT3/
NF-kB signaling pathway [82]. Furthermore, SIRT1 activity 
has also demonstrated a neuroprotective role in slowing 
neurodegenerative disease progression in pathologies such 
as Parkinson’s disease (PD) and amyotrophic lateral sclerosis 
(ALS) by upregulating autophagy [83]. SIRT1 has also been 
shown to be a promising therapeutic target for inhibiting 
p53 involvement in neurodegenerative diseases [84]. SIRT1 
overexpression down-regulates the presence of Aβ and 
p-tau in the Alzheimer’s disease model while increasing 
the expression of BDNF [85]. Research shows that SIRT1 is 
a factor in promoting mitochondrial biogenesis, activating 
acetyl-CoA synthetase 2 (AceCS2), then AMPK, which in 
turn phosphorylates and activates PGC-1α [86]. Previously, 
we found that SIRT3 was also downregulated in the brain of 
Tg26 mice and DHF treatment enhanced SIRT3 by increasing 
mitochondrial biogenesis [18]. Furthermore, it has been 
shown that high levels of SIRT1 expression in the brain 
exhibited regular synaptic plasticity and memory and it was 
concluded that SIRT1 is indispensable for normal learning, 
memory, and synaptic plasticity in mice [87]. Therefore, 
DHF in our model system balanced metabolic homeostasis, 
increased mitochondrial biogenesis [18], and showed 
neuroprotection by enhancing synaptic plasticity via SIRT1 
and SIRT3-mediated pathways [84]. 

Moreover, recent evidence places a key role of chronic 
inϐlammation, and more speciϐically, oxidative stress, 
and nitrative stress (ROS/RNS) to contribute to the 
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underproduction of antioxidants in HAND-associated 
pathogenesis [45,88,89]. Reports indicate that HIV infection 
hastens the normal aging-related neurodegenerative 
process by accelerating neuronal excitotoxicity, atypical 
Ca+ signaling, and dysregulated production of ROS/RNS 
that contribute to oxidative/nitrative stress (OS/NS) [90-
92]. This imbalance in the oxidation-reduction (redox) 
state can be cytotoxic to neurons through the inhibition of 
cellular respiration, dysregulation of mitochondrial electron 
transport, and posttranslational modiϐication of neuronal 
structural proteins [93,94].

We now demonstrate a signiϐicant increase in iNOS 
expression and inϐlammation [18] in the hippocampus and 
cortex of Tg26 mice compared to WT mice. On the other 
hand, DHF treatment reduced the iNOS expression and 
inϐlammation [18]. Peroxynitrite and protein nitration 
appear to be important for HIV-mediated neurodegeneration 
since the rates and severity of HIV-mediated dementia 
correlated with the levels of gp41 and iNOS in HIV-1-
infected patients [95,96]. These results indicate that HIV-
mediated increased nitroxidative stress plays a critical role 
in contributing to neuroprotection.

To counter the neuroinϐlammation and oxidative stress, 
a normal cellular response involves acute induction of HO-1 
expression, which generates the potent antioxidants bilirubin 
and biliverdin, as well as carbon monoxide, which also has 
pro-survival effects [97,98] by regulating neuroinϐlammation 
and oxidative stress. HO-1 may induce the production of 
glutathione, a potent endogenous antioxidant [98,99], 
and depletion of glutathione may itself trigger HO-1 
induction [97]. HO-1 deϐiciency was reported in HAND [100]. 
Thus, HO-1 induction could be another therapeutic 
strategy for neuroprotection against HAND. Here, we have 
demonstrated a signiϐicant deϐiciency of HO-1 expression 
in the hippocampus and cortex and the stimulation of HO-1 
expression after DHF treatment in Tg26 mice (Figure 7A).
HO-1-modulation of endogenous antioxidant and immune-
modulatory pathways, thus limiting the oxidative stress that 
can promote HIV disease progression in the CNS. Increased 
HO-1 expression and decreased iNOS expression in the 
hippocampus from adult spontaneously hypertensive rats 
have been reported [101], and we also found a decrease in 
the brain of Tg26 mice after DHF treatment. 

Nrf2 is a transcription factor, which is induced by OS/NS 
and binds to the antioxidant response elements of phase 2 
antioxidant enzymes. Nrf2 positively regulates the expression 
of antioxidants that protect cells from oxidative stress [102]. 
We also found reduced Nrf2 expression in the hippocampus 
and cortex of the Tg26 mice which was enhanced by DHF 
treatment. We also demonstrated that STAT3 an oxidative 
stress suppressor was upregulated by DHF treatment 
(Figure 5). Studies have conϐirmed that Nrf2 activation 
is accompanied by increased antioxidants and decreased 

inϐlammatory cytokine levels, which is expected to reduce 
cellular oxidative damage [102]. Furthermore, Nrf2/HO-1 is 
a primary regulator of essential cytoprotective responses in 
the brain [103]. Downregulation of Nrf2/HO-1 antioxidant 
signaling is primarily responsible for the development 
of HAND [102,104]. We have identiϐied downregulation 
of the Nrf2/HO-1 pathway in the brain of Tg26 mice and 
upregulation by DHF treatment (Figure 7). It is also reported 
that HO-1 leads to reduced NF-κB p65/RelA levels [105,106], 
which may suggest a negative feedback mechanism of 
NF-κB. Previously, it has been shown that DHF down-
regulated NF-κB, iNOS, and caspase-3, and up-regulated the 
expression of Nrf2, HO-1, and BDNF in the hippocampus [19]. 
It is demonstrated that DHF exerts anti-oxidation, anti-
inϐlammatory, and anti-apoptotic effects by activating the 
BDNF-TrkB pathway, thereby improving memory dysfunction 
induced by alcohol and a high-fat diet [107]. Collectively 
HAND-induced changes in NF-kb, STAT3, and Nrf2 activities 
contribute to the pathology of the brain of Tg26 mice, as well 
as neuroprotection associated with DHF treatment. Crosstalk 
between the NF-κb, STAT3, and Nrf2 pathways can induce 
neuronal damage and neuronal protection via regulating 
ionic homeostasis [46,47], neuroinϐlammation, metabolic 
stress, mitochondrial dysfunction/ER stress [18], oxidative 
stress, and antioxidant defense system. Earlier, many studies 
highlighted the interplay between HIV and host protein 
involvement in HIV-mediated neurodegeneration [3,108]. 
Tg26 mice are the unique pre-clinical model of HAND where 
the interplay of host and viral proteins are involved with HIV-
associated neurotoxicity and DHF-mediated neuroprotection 
is also associated with protein-protein cross-talks. There 
is no evidence of clinical trials with DHF and its different 
derivatives on HAND. It is reported that R13, a prodrug 
molecule DHF has been tested in a phase 1 clinical trial for 
Alzheimer’s disease [109]. DHF has been examined from the 
perspective of pharmacokinetics [110]. In the monkey model 
of Parkinson’s disease, no toxic effect of DHF was found [111]. 
Our comprehensive analysis of Tg26 mice brains identiϐies 
several proteins and their interactions associated with 
neurodegeneration and neuroprotection before and after 
DHF treatment. We have identiϐied the association of various 
host proteins and neuronal activities with their involvement 
in multiple pathways responsible for the development of 
neurotoxicity and neuroprotection. Future studies will be 
conducted using qPCR and Western blot to elucidate the 
expression of these targets. 

Materials and methods
Animals: All animal studies were conducted at the Animal 

Care Facility of the Institute of Human Virology, University of 
Maryland, Baltimore, and were approved by The Maryland 
University Institutional Animal Care and Use Committee. All 
experiments were conducted by the guidelines and regulations 
approved by the National Institute of Health. Tg26, an HIV-
1 Transgenic mice were used in all experiments. Wild-type 
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plotted using the GraphPad Prism software (version 9.5.1, 
GraphPad, San Diego, CA). Data for each group of mice (WT, 
Tg26, Tg26 + DHF) are presented as means ± SEM. Each data 
point per group represents one mouse as a biological replicate, 
with quantiϐication averaged from multiple immunostained 
sections speciϐied in the ϐigure legends. Statistical analyses 
were performed using the one-way ANOVA followed by 
Bonferroni’s multiple comparison post hoc test to compare 
each pair of groups. Statistical signiϐicance was accepted 
at p < 0.05 and is indicated in the plotted data (*p < 0.05, 
**p < 0.01, ***p < 0.001).

Conclusion
In conclusion, this study provides new evidence for the 

molecular mechanisms and signaling pathways triggered by 
DHF treatment in the brain of Tg26 mice, an animal model 
of HAND, emphasizing the role of BDNF-TrkB signaling [18] 

(WT) mice with an FVB/N genetic background developed 
from the same litter of Tg26 mice were used as controls in 
this study. The generation of transgenic mouse line Tg26 has 
been described previously [112]. The transgene is derived 
from the pNL4-3 provirus and contains a 3-kb deletion that 
spans most of the gag/pol region. Heterozygous mice were 
used because homozygotes rarely survive to weaning. The 
colony developing leukemia/lymphoma was generated by 
crossbreeding heterozygous mice with skin lesions [113]. 
Mice were euthanized at ages 5–12 mo. All mice were on the 
FVB/N background.

Drug: 7,8-dihydroxyϐlavone (DHF) (Tokyo Chemical 
Industry) was dissolved in 0.2% DMSO/PBS. Mice received 
one intraperitoneal (i.p.) injection of 7,8-DHF (5 mg/Kg) or 
vehicle (controls). We chose this dose of DHF as it has been 
widely used by others and us [18] and shown to improve 
symptoms in several disease models [114-118]. Mice were 
divided into 3 groups: untreated control group (3-month-old 
female Tg26 mice); DHF-treated (3-month-old female Tg26 
mice) (Tg + DHF); and Wild type mice (3-month-old female 
wild-type mice). Tg26 + DHF mice received a daily dose of 
DHF and controls of vehicle (200 μl of 0.2% DMSO in PBS) 
for one month.

Immunohistochemistry

Mice of all three groups were euthanized after one 
month of DHF treatment using the general anesthetic 
isoϐlurane/oxygen mixture and perfused with saline and 
4% paraformaldehyde. Brains were removed from the skull, 
immersion-ϐixed for a day, washed in saline, dehydrated, 
and embedded in parafϐine. 7 μm thick sections containing 
the hippocampus and cerebral cortex were prepared for 
immunohistochemical staining. Staining methods are 
described previously [18]. Histological quantiϐication was 
performed by a blind observer using Image J. All cell labeling 
experiments (antibodies listed in Table 1) were quantiϐied 
based on the number of positive cells/ϐields. 

Statistical analysis

Statistical analyses were performed, and data were 

Table 1: List and concentration of antibodies used in the study.

Antibody Target Vendor / Cat # Dilution Poly/monoclonal

Anti-SUR1 Sulfonylurea receptor- 1 Custom made - NA 1:250 Polyclonal

Anti-TRPM4 Transient receptor Potential Cation Channel Subfamily M Member 4 Millipore Sigma - ABn418 1:200 Polyclonal

Anti-GFAP Glial ϐibrillary acidic protein Millipore Sigma - AB5541 1:100 Polyclonal

Anti- AQP4 Aquaporin 4 Santa Cruz Biotechnology - sc-32739 1:100 Monoclonal

Anti- Synapsin-1 Synapsin-1 / synaptic marker Biosensis – NR-1822 1:200 Polyclonal

Anti- Synaptophysin Synaptophysin / synaptic maker Novus Biologicals – NB300-653 1:200 Polyclonal

Anti-pSTAT3 Phosphorylated Stat3 transcription factor Cell Signaling Technology - 9145 1:50 Monoclonal

Anti-SIRT1 Sirtuin family class I LifeSpan Bioscience – 11748-MM04 1:500 Monoclonal

Ant-NAMPT Visfatin, PBEF Novus Biologicals – NBP276-368 1:100 Monoclonal

Anti-Nrf2 Oxidative stress Santa Cruz Biotechnology SC:365949 1:500 Monoclonal

Anti-HO-1 Heme oxygenase 1 Santa Cruz Biotechnology SC:390991 1:500 Monoclonal

Anti-iNOS Inducible nitric oxide synthase Novus Biologicals – NB300-605 1:200 Polyclonal

Figure 8: Proposed mechanism of DHF improving neurodegeneration in the brain of 
Tg26 mice. DHF may be acting through the BDNF-TrkB and downstream signaling 
pathways such as Akt, NF-κB, Nrf-2, and crosstalk with STAT3 (TrkB, Akt, and 
NF-κB) in various brain regions [18]. Through this signaling pathway, DHF may 
increase synaptic proteins in hippocampal and cortical regions, retain synaptic 
structure and function, protect SIRT1/NAD+-associated metabolic stress, and 
preserve mitochondrial function [18] by activating anti-inϐlammatory properties 
and enhancing antioxidant capacity. As a result, DHF may also reduce astrogliosis 
and expression of membrane-bound ion channels (SUR1, TRPM4, and AQP4) and 
receptor (TrkB, CXCR4, and CCR5) crosstalk in the brain [18].
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https://doi.org/10.1002/hipo.20906 
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as well as other signaling pathways in contributing to viral 
pathogenesis and neuroprotection. Figure 8 describes the 
potential mechanisms or crosstalk of mechanisms associated 
with DHF treatment in regulating neuroprotection in HAND. 
These ϐindings deϐine the association between brain HIV-
1 infection and the involvement of the interplay of several 
proteins related to HAND and neuroprotection and establish 
a proof-of-concept therapeutic link to HIV induction as an 
adjunctive approach for HAND-associated neuroprotection 
with DHF treatment. Given the powerful therapeutic efϐicacy 
of DHF in preclinical animal models, it is reasonable to believe 
that DHF has a potential future in clinical trials for HAND.
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