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Abstract

Cholesterol sulfate (CS) is one of the most important known sterol sulfates in human plasma and it 

is present as a normal constituent in a variety of human tissues. In both the brain and periphery, CS 

serves as a substrate for the synthesis of sulfonated adrenal steroids such as pregnenolone sulfate 

and dehydroepiandrosterone (DHEA) sulfate and as a constituent of many biological membranes 

including red blood cells where it functions as a stabilizing agent. It also acts as an endogenous 

regulator of cholesterol synthesis. However, the role of CS in brain metabolism and neurological 

disorder is unclear. In the current study we investigated the neuroprotective action of CS as well as 

its role in brain energy metabolism. The neuroprotective effect of CS and its role on cell 

metabolism were determined in primary astrocyte prepared from the cortex of postnatal day 0–2 

C57BL/6 pups and a hippocampal HT-22 cell line using Calcein AM and MTT cell viability assay, 

flow cytometry, Seahorse extracellular flux analysis, and metabolism assay kits. We found that CS 

attenuates glutamate and rotenone induced cell death in HT-22 cells, decrease glutamate induced 

mitochondria membrane potential collapse, and reactive oxygen species production. Additionally, 

CS activates the Akt/Bcl2 pathway. We observed that CS impacts astrocyte metabolism by 

increasing mitochondrial phosphorylation, ATP, and glycogen contents. Our study demonstrated 

that CS modulates brain energy metabolism and its neuroprotective effects might be due to the 

activation of Akt signaling or its ability to decrease reactive oxygen species production.
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1. Introduction

Cholesterol sulfate (CS) is a major known sterol sulfate in human plasma with its 

concentration ranging from 135 to 260 μg/ml (Shi et al., 2014; Strott & Higashi, 2003). CS 
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is distributed in seminal fluid, urine, adrenal glands, liver, hair, nails and uterine 

endometrium (Nakae et al., 2010; Sion, Grizard, & Boucher, 2001; Strott & Higashi, 2003; 

Winter & Bongiovanni, 1968). CS plays an important role in cell membrane stabilization, 

cell adhesion, and protection against osmotic induced cell lysis (Strott & Higashi, 2003). 

Additionally, it has been demonstrated that CS is an inhibitor of gluconeogenesis in 

hepatocytes and play a role in sterologenesis in human Keratinocytes and Fibroblasts (Shi et 

al., 2014; Williams, Hughes-Fulford, & Elias, 1985). CS deficiency has been proposed to be 

involved in the development of atherosclerosis (Seneff, Davidson, Lauritzen, Samsel, & 

Wainwright, 2015). In the brain, CS has been reported to be significantly high in the 

cerebellum compared to other regions, although the specific cerebellum associated role 

remains undefined (Ivanisevic serves et al., 2014). In addition, CS serves as a substrate for 

the synthesis of pregnenolone sulfate and dehydroepiandrosterone (DHEA) sulfate, major 

neurosteroids that affect many neuronal functions (Hochberg, Ladany, Welch, & Lieberman, 

1974; Roberts, Bandi, Calvin, Drucker, & Lieberman, 1964). However, the role of CS in 

brain metabolism and neurological disorder is unclear.

Astrocytes, the most abundant glial cells in the CNS, are critical in maintaining CNS 

homeostasis. Astrocytes play an important role in clearance and metabolism of 

neurotransmitters, regulation of extracellular ions, blood-brain barrier formation, synaptic 

transmission regulation, and controlling local blood flow (Belanger & Magistretti, 2009; 

Sofroniew & Vinters, 2010). Astrocytes play an active role in brain energy production, 

storage, and utilization to meet the metabolic demands of neuron via astrocyte-neuron 

metabolic coupling (Belanger, Allaman, & Magistretti, 2011). In addition, astrocytes have 

been suggested to play a critical role in brain cholesterol metabolism. It has been widely 

accepted that energy metabolism plays a fundamental role in the pathogenesis of many 

neurodegenerative diseases and energy metabolism could be a potential target in the 

prevention and treatment of neuropathologies (Johnson & Imai, 2018; Quansah et al., 2018). 

Similarly, impairments in astrocyte metabolism have been linked to neurodegenerative 

processes (Maragakis & Rothstein, 2006). The goal of this study was to test the hypothesis 

that CS alters brain bioenergetics and offers protection against oxidative insult. This is based 

on several studies which demonstrated the role of CS as a substrate for the synthesis of 

neurosteroids which display neuroprotective properties (Borowicz, Piskorska, Banach, & 

Czuczwar, 2011).

2. Results

2.1. CS protects HT-22 cells against glutamate and rotenone induced cell death

The protective effects of CS were characterized in HT-22 cells against glutamate, glucose 

oxidase, and rotenone insults. The cells were either pre-treated with CS for 24 or 36 hours 

before being exposed to glutamate for 12 hours or treated with CS in the presence of 

glutamate or rotenone. In both Calcein AM and MTT assay, CS dose-dependently protected 

HT-22 cells against glutamate-induced cell death in both pre- and co-treatment paradigms 

(Figure 1A and B). Florescent images of HT-22 cells stained with Calcein AM and 

propidium iodide (PI) also showed that CS increased cell viability when the cells were 

exposed to a toxic dose of glutamate (Figure 1C). In the Calcein AM assay, CS protected 
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HT-22 cells with an EC50 of 17.6 μM when the cells were co-treated with CS and glutamate 

for 12 hours (Figure 1D). When HT-22 cells were pre-treated with CS for 24 and 36 hours 

before glutamate induced cell death, CS increased cell viability with an EC50 of 22.6 μM 

and 11.4 μM, respectively (Figure 1D). Flow cytometry of annexin V and PI staining of 

HT22 cells exposed to glutamate for 12 hours showed that 9.64%, 14.1%, and 48.2% of cells 

were in the early, late and necrotic stages of cell death, respectively, which were 

significantly decreased to 1.54%, 2.38%, and 22.8%, respectively, when pre-treated with CS 

for 24 hours (Figure 1E). Similarly, co-treatment of 30 and 50 μM CS significantly 

decreased rotenone-induced cell death (Figure 2A). Interestingly, CS failed to protect HT-22 

cells against toxic doses of glucose oxidase (Figure 2B).

The effect of CS on glutamate-induced ROS generation was measured using fluorescent 

indicator H2DCFDA which is converted into DCF by ROS. Flow cytometry assay revealed 

that glutamate caused a significant increase in ROS which was attenuated by co-treatment of 

CS (Figure 3A). The inhibitory action of CS on ROS generation in HT-22 cells was also 

verified using a microplate reader. CS significantly decreased ROS production measured as 

total cellular ROS (Figure 3B). Treatment of HT-22 cells with glutamate caused a loss of 

mitochondrial membrane potential evidenced by TMRE microplate reader analysis which 

was attenuated by treatment of CS (Figure 3C).

We investigated the effects of CS on glutamate-induced GSH depletion and observed that CS 

dose-dependently inhibited glutamate-induced loss of GSH (Figure 4A). The effects of CS 

on the activity of superoxide dismutase, an enzyme that converts superoxide radicals to 

hydrogen peroxide and molecular oxygen (Weydert & Cullen, 2010) was measured. We 

observed that CS does not affect SOD activity (Figure 4B). We determined the effect of CS 

on the Akt anti-apoptotic pathway. HT-22 cells were treated with CS for 36 hours. Western 

blot analysis showed that CS dose-dependently increased Akt phosphorylation and increased 

Bcl-2/Bax ratio (Figure 5A and B).

2.2. CS increased ATP content, glycogen storage and mitochondrial respiration in 
astrocytes

The effects of CS on astrocyte metabolism were determined using a Seahorse XFe 96 

analyzer. We measured parameters of oxygen consumption rate (OCR) such as basal and 

maximal respiration, ATP-linked respiration, non-mitochondrial respiration, proton leak, and 

extracellular acidification rate (ECAR) before and after sequential injection oligomycin, 

FCCP, and Rotenone/Antimycin A. After 72 hour treatments of astrocytes with different 

concentrations of CS we observed that 50 μM CS increased basal and maximal respiration, 

spare respiratory capacity, and ATP production linked to OCR (Figure 6A). We also 

observed an increase in non-mitochondrial respiration, a parameter of OCR (Figure 6A). No 

significant increase was observed in the extracellular acidification rate in astrocytes treated 

with CS for 72 hours and the cell energy metabolic phenotype shifted toward mitochondrial 

oxidative phosphorylation upon CS treatment (Figure 6B). A similar effect was also 

observed in CS-treated HT-22 cells (Supplementary Figure 1). We determined the effects of 

CS on ATP levels in astrocytes. CS significantly increased total ATP content after astrocytes 

(Figure 7A) and HT-22 (Supplementary Figure 2) was treated with CS for 72 hours and 
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lactate levels in the astrocyte culture media (Figure 7B). Furthermore, increased glycogen 

(Figure 7C) and lipid content (Figure 7D) in astrocyte was observed after CS treatment.

2.3. CS increased AMPK activation

We determined the effects of CS on the AMPK pathway in primary astrocytes. Western blot 

analysis indicated that 72-hour treatment of CS significantly decreased phosphorylation of 

AMPKα (Figure 8A) while increased mTOR phosphorylation in primary astrocyte cultures 

(Figure 8A). Consistently, decreased phosphorylation of Acetyl-CoA (ACC) and glycogen 

synthase (GS) were observed in primary astrocytes upon CS treatment (Figure 8B).

3. Discussion

Neuroprotective strategies are aimed at protecting and preserving the CNS cell’s structure 

and function from insults arising from toxins and neurodegenerative diseases. Several 

cellular mechanisms are involved in the initiation and progression of events leading to CNS 

cell structure and functional loss. This includes mitochondrial dysfunction, excitotoxicity, 

defects in energy metabolism, and oxidative stress (Belanger & Magistretti, 2009; 

Blaszczyk, 2018; Reynolds, Laurie, Mosley, & Gendelman, 2007). ROS production 

facilitates a vicious cycle of accelerated excitotoxity, lipid peroxidation, accelerated 

mitochondrial damage, and inflammation leading to neuronal loss (Guo, Sun, Chen, & 

Zhang, 2013; Nita & Grzybowski, 2016). Oxidative stress also plays an important role in 

cognitive impairment caused by normal aging and neurodegenerative diseases (Silva et al., 

2004). In this current study, we investigated the neuroprotective role of CS in HT-22 cells 

using various in vitro neurotoxic models.

Our study demonstrated that CS protected HT-22 cells against glutamate and rotenone-

induced cell death. Treatment of CS decreased glutamate-induced increase of total ROS 

levels, mitochondrial membrane potential collapse, and rescued cells from apoptosis. In 

HT-22 cells glutamate blocks the glutamate/cysteine antiporter with saturating 

concentrations of extracellular glutamate resulting in glutathione (GSH) depletion leading to 

cell death (Fukui, Song, Choi, Choi, & Zhu, 2009; Murphy, Miyamoto, Sastre, Schnaar, & 

Coyle, 1989). Our data indicated that CS prevents glutamate-induced GSH depleting. AKT 

and its target B cell lymphoma-2 (Bcl-2) have been recognized as an anti-apoptotic factor 

(Franke, Hornik, Segev, Shostak, & Sugimoto, 2003; Zhou, Li, Meinkoth, & Pittman, 2000) 

In our study, we observed that CS significantly increased AKT phosphorylation as well as 

increased the expression of Bcl2 with no significant change in Bax expression. Our data 

suggest that the anti-apoptotic effect of CS in the presence of glutamate could be attributed 

to its ability to increase anti-apoptotic factors. Interestingly in vivo and in vitro studies have 

shown that many neurosteroids have neuroprotective effects. For instance DHEA, DHEAS, 

and progesterone have been shown to protect hippocampal neurons against glutamate-

induced neurotoxicity (Wojtal, Trojnar, & Czuczwar, 2006). DHEA and DHEAS 

neuroprotective effects have been attributed to its anti-apoptotic effect via AKT/Bcl-2 

pathway (Charalampopoulos et al., 2004; Yousefi et al., 2018; Zhernova & Ivanova, 2012). 

Since cholesterol sulfate serves as a substrate for the synthesis of DHEAS, it is possible that 
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the neuroprotective effects of CS observed could be because CS is converted to DHEAS by 

the cells in vitro.

Astrocytes play a critical role in glucose metabolism to ensure adequate energy substrate 

delivery to neurons in accordance with brain activity (Belanger et al., 2011). In addition, 

astrocytes are the major site of lipid metabolism in the brain which is tightly regulated to 

maintain neuronal structure and function. AMPK regulates energy metabolism under 

physiological and pathological conditions in the brain. It is activated by conditions that 

compromise cellular ATP or increase ATP consumption whereas high ATP concentration 

antagonizes AMPK activation (Cai et al., 2016). In our study, we observed that CS increased 

astrocyte ATP production and inhibited AMPK pathway. Glucose metabolism and ATP 

generation occur in a compartmentalized way in the brain. Whereas astrocytes rely heavily 

on glycolytic metabolism, neurons use the end products of glycolysis for oxidative 

metabolism (Belanger et al., 2011; Halim et al., 2010). Interestingly our cellular 

bioenergetics analysis indicates that CS significantly increases the mitochondrial oxygen 

consumption rate but has no effect on extracellular acidification rate although we observed 

an increase in lactate production by the cells. We expect that the increase in ATP production 

is likely due to the increased OCR as a result of CS-induced increase mitochondrial 

efficiency. Consistent with the inhibition of AMPK we observed an increase in lipogenesis 

and glycogenesis evident by decreased inactivation of ACC and GS. Glycogen a polymer of 

glucose is exclusively localized in astrocytes in the adult brain. It has been reported that 

almost half of the brain’s glucose is taken up by astrocytes under physiological condition. It 

has been demonstrated that increasing astrocytic glycogen stores preserves the neuronal 

function and viability under limited conditions of restricted ATP availability, such as in 

hypoglycemia (Belanger et al., 2011; Brown et al., 2005; Swanson & Choi, 1993). We found 

a significant increase in glycogenesis in astrocytes following CS treatment indicated by the 

decrease in phosphorylated GS and increased glycogen content. The enhancement of 

glycogen stores and glycogenesis might also contribute to the increase in ATP production, 

and OCR observed following CS treatment. We speculate that CS activation of glycogen 

synthesis and increase ATP production might mediate the neuroprotective effect.

There have been conflicting reports about the physiological concentration of Cholesterol 

sulfate in human plasma. Utilizing different methodologies in large group subject, The 

concentration of plasma CS ranged between 135 to 260 μg/ml (Shi et al., 2014; Strott & 

Higashi, 2003), which is approximately 289 μM to 557 μM. However in limited number of 

subjects the concentrations of CS in the plasma range between 174 to 328 μg/100 ml which 

is approximately 4 μM to 7 μM (Bleau, Chapdelaine, & Roberts, 1972; Winter & 

Bongiovanni, 1968). Since the amount of CS in the brain have not been determined in 

human subjects but that in rat brain ranges between 17 to 50 μg/g dry weights, we first did a 

dose response assay as shown in figure 1D, base on which the doses of CS were chosen in 

the cell culture model.

In summary, our current study demonstrates that the CS protected HT-22 cells against 

glutamate-induced cell death. In addition, CS enhanced mitochondrial oxidative 

phosphorylation and increases energy storage in primary astrocytes. Further, in vivo studies 
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are needed to investigate the effects of CS on aging and other neurodegenerative disorders 

associated with oxidative stress and metabolic syndrome.

4. Materials and experimental procedure

4.1. Materials and Reagents

5’AMP-activated protein kinase (AMPK) (monoclonal, cell signaling), Glycogen synthase 

(GS) and Acetyl CoA Carboxylase (ACC) (Monoclonal Cell, signaling), mammalian target 

of rapamycin (mTOR) (monoclonal, cell signaling), Actin and GAPDH (monoclonal, Santa 

Cruz) as well as secondary antibodies from Jackson laboratory (USA) were used for western 

blot. Cell culture dishes, 24 well plates, 12 well plates, and 40 μM cell strainers were all 

purchased from Greiner bio-one (USA). In addition, 6 and 96 well plates were purchased 

from Genesee scientific (USA). L-Glutamic acids, Trypsin-EDTA, trypan blue and poly-L-

Lysine solution were purchased from Sigma Aldrich (USA). Penicillin-streptomycin, sodium 

pyruvate, TrypLE, and glutmax were purchased from Gibco/life technologies (USA). 

Cholesterol sulfate was purchased from Cayman chemical (USA). Dulbecco’s Modified 

Eagle’s Medium (DMEM; Hyclone, USA) high and low glucose were used to culture the 

cells for the experiments.

4.2. Primary astrocyte culture

The institutional animal care and use committee of the University of North Texas Health 

Science Center UNTHSC approved all procedures performed during the isolation or 

preparation of primary astrocytes from C57BL6 mouse (Jackson’s lab). As previously 

described (Roy Choudhury et al., 2015) primary astrocytes were prepared from 1-day old 

C57BL6 pups. Briefly, hypothermia was used to anesthetize day old C57BL6 mouse pups 

followed by decapitation with a sharp surgical scissor. The cerebral cortices were dissected 

and meninges removed under aseptic conditions. TrypLE was used to digest the cortices at 

37 °C for 15 minutes with shaking after every 5mins. A single cell suspension was prepared 

by pipetting through 3 different sized pipettes after which the cell suspension was strained 

through 40 μM size cell strainer. The cells were counted and plated in a culture dish in 

Dulbecco’s Modified Eagle’s medium (DMEM with 5.5 mM glucose, 4 mM L-glutamine, 

1mM sodium pyruvate, thermos scientific) containing charcoal-stripped 10 % fetal bovine 

serum and streptomycin (100 units/ml) - penicillin (100 μg/ml) and allowed to attach for 15 

minutes in a humidified incubator at 37 °C with 5% CO2 after which media was changed. 

When the cells became 80% confluent; the plates were constantly shaken for 24 hours in a 

CO2 incubator at 37°C to eliminate microglia and other cell debris.

4.3. HT-22 Cell Culture

A murine hippocampal cell line HT-22 cells were maintained in high glucose Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with charcoal-stripped 10% fetal bovine 

serum, 1 mM pyruvate and 4 mM glutamine in addition to streptomycin (100 units/ml) - 

penicillin (100 μg/ml) in tissue culture dishes. The cells were incubated at 37 °C under 5% 

CO2. The medium was changed two times weekly, and cells split at confluence. The cells 

were used between passages 10 to 25.
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Our lab have been using HT-22 cell line extensively to characterize the neuroprotective 

effects of many compounds against oxidative stress (Lin, Li, Winters, Liu, & Yang, 2018; 

Poteet et al., 2012). This cell line has also been characterized extensively by other groups. In 

HT22 cells, glutamate blocks glutamate/cysteine antiporter resulting in glutathione (GSH) 

depletion and cell death (Fukui et al., 2009; Murphy et al., 1989). Therefore, we used the 

HT-22 cell line to determine the antioxidative effect of CS.

4.4. Neuroprotective analysis

Cell viability assay—The ability of cholesterol and CS to protect cells against glutamate, 

rotenone and glucose oxidase induced cell death was assessed using different methods as 

previously described (Poteet et al., 2012). Briefly, HT-22 cells were washed with PBS and 

trypsinized to collect and count the cells. Three thousand cells/well were seeded in 96 well 

plates in 100 μl of DMEM (25 mM glucose, 1 mM pyruvate and 10% charcoal strip FBS) 

and allowed to attach for 6 hours at 37 °C with 5% CO2. The cells were either pretreated 

with varying concentrations of CS for 12, 24 and 36 hours or the cells were co-treated with 

cholesterol sulfate, and neurotoxic substances. Cell death was induced with the following 

treatment: 20 mM glutamate for 12 hours, 5 μM rotenone treatments for 24 hours, and 2 U 

glucose oxidase treatments for 2 hours. Hours after treating the cells and incubating them at 

37°C with 5% CO2, MTT assay or Calcein AM viability assay was done using a microplate 

reader. For the MTT assay, plates were removed from the incubator, and 20 μl of 5 mg/ml 

MTT in PBS was added per well and returned into the incubator for 2 hours after gentle 

agitation. After 2 hours, the media was removed and 100 μl of DMSO was added to each 

well. Absorbance was measured at 560 nm with a reference of 670 nm on a Tecan Infinite 

F200 plate reader. For the Calcein AM assay the media was replaced with 1 μM solution of 

Calcein AM in PBS. The cells were then incubated at 37 °C for 5 minutes, and fluorescence 

was measured using a Tecan plate reader (excitation 485 emission 530). For fluorescent 

microscopy, following cell co-treatment with compounds and 20 mM glutamate for 12 

hours, cells were incubated at 37°C in PBS containing 1 μg/ml Calcein AM and 5 μg/ml PI 

(BD Bioscience) for 15 minutes after which images were taken using Zeiss Observer Z1 

microscope.

Apoptosis Analysis.—70,000 HT-22 cells/well were seeded in a 6 well plate and 

incubated overnight in 1 ml of DMEM (25 mM glucose, 1 mM pyruvate and 10% FBS) at 

37°C with 5% CO2. Varying concentrations of cholesterol sulfate and 20 mM glutamate 

were added to each well and incubated for 12 hours at 37°C with 5% CO2. After 12 hours, 

both floating and attached cells were collected and cell apoptosis was analyzed using flow 

cytometry (BD LSR II, San Jose, CA, USA) following annexin–V and propidium iodide 

staining (BD Bioscience) according to the manufacturer’s protocol. During apoptosis the 

membrane phospholipid phosphatidylserine (PS) is translocated to the outer surface of the 

plasma membrane binding Annexin V. Annexin V and Propidium iodide (PI) are used to 

indicate early and late apoptotic cells. Cells that are considered viable or live cells are both 

Annexin V and PI negative (Q4= % Annexin V−/PI−), while cells that are in early apoptosis 

are Annexin positive and PI negative (Q3= % Annexin V+/PI−), and cells that are in late 

apoptosis are both Annexin V and PI positive (Q2= % Annexin V+PI+), and cells are already 

dead are Annexin negative and PI positive (Q1= % Annexin V−PI+).
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Reactive oxygen species (ROS) analysis—ROS fluorescent indicator H2DCFDA 

(Anaspec) was used to examine changes in reactive oxygen species using a fluorescent 

microplate reader and flow cytometry as previously described (Poteet et al., 2012). HT-22 

cells were seeded at a density of 70,000 cells/well in a 6 well plate to attach overnight. Cells 

were treated with different concentrations of cholesterol sulfate, and then 20 mM glutamate 

and incubated for 12 hours at 37°C with 5% CO2. 10 μM H2DCFDA in PBS was added to 

cells for 15 minutes, after which PBS containing H2DCFDA was replaced with fresh PBS, 

and the DCF fluorescence was determined with a Beckman Coulter FC-500. For the 

fluorescent microplate reader, HT-22 cells were seeded at a density of 3000 cells/well and 

incubated overnight in a 96 well plate containing 100 μl of DMEM (25 mM glucose, 1 mM 

pyruvate and 10% FBS) at 37 °C with 5% CO2. Varying concentrations of CS and 20 mM 

glutamate were added to each well and incubated for 12 hours at 37°C with 5% CO2. The 

cells were then incubated in PBS containing 10 μM H2DCFDA for 45 minutes at 37 °C and 

KRH for an additional 15 minutes. DCF florescence was measured using a Tecan Infinite 

F200 plate reader (excitation 485, emission 530) after washing the cells with PBS.

Mitochondrial membrane potential analysis—Mitochondrial membrane potential 

was examined using a fluorescent microplate reader as previously described (Lin et al., 

2018). HT-22 cells were seeded in a 12 well plate at a density of 20,000 cells/well in DMEM 

(high glucose, 1 mM pyruvate and 10% FBS) overnight to attach. Cells were treated with 

different concentrations of CS and 20 mM glutamate after which cells were incubated for 8 

hours at 37°C with 5% CO2. Media was then replaced with PBS containing 1 μM 

Tetramethylrhodamine, Ethyl Ester (TMRE) working solution (Abcam, USA) for 20 min at 

37 °C. Florescence intensity was measured using a Tecan Infinite F200 plate reader 

(Excitation 594, emission 575).

Super oxide dismutase and Glutathione Assay—HT-22 cells were seeded at a 

density of 70,000 cells/well in a 6 well plate and allowed to attach overnight. Cells were 

treated with different concentrations of CS for 24 hours and 20 mM glutamate for 12 hours. 

Super oxide dismutase (SOD) activity and GSH was measured using assay kits (Sigma 

Aldrich) according to the manufacturer’s protocol.

4.5. Cell metabolism assays

Extracellular flux analysis—These experiments were conducted using both HT-22 cells 

and primary astrocytes. Oxygen consumption rate (OCR) and extracellular acidification rate 

(ECAR) was monitored using a Seahorse Bioscience XFe96 Extracellular Flux Analyzer as 

previously described (Prah et al., 2019). Astrocytes were seeded in 96 well seahorse 

microplates with DMEM (low glucose for astrocytes and high glucose for HT-22, 1 mM 

pyruvate and 10% FBS) and were treated with different concentrations of CS for 72 hours. 

On the day of the experiment, the culture media was replaced with XF base media 

(supplemented with 1 mM pyruvate, 2 mM glutamine and 5.5 mM glucose adjusted to pH 

7.4) and incubated for 1 hour in a non-CO2 incubator at 37°C. Rotenone/Antimycin A, 

FCCP, and oligomycin were diluted into the XF base media and loaded into the 

accompanying cartridge to achieve final concentrations of 0.5 μM, 1 μM, and 1 μl, 

respectively. Initial baseline readings were established followed by injections of the drugs 
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into the medium at the time points specified. For cell energy phenotype determination, 

oligomycin and FCCP was diluted in XF medium together to achieve a final concentration 

of 1 μM oligomycin and 1 μM FCCP and loaded into one port. Various metabolic parameters 

were monitored with each cycle set as mix for 3 minutes, delay for 2 minutes, and then 

measure for 3 minutes. Values were normalized to the cell number of each well determined 

by Calcein AM assays.

ATP and NAD/NADH assay—Astrocytes were plated and allowed to attach for 2 days at 

37 °C and CO2. The cells were then treated with different concentrations of CS for 72 hours. 

ATP concentrations in cell lysates were determined using an ATP determination Kit 

(Invitrogen USA) according to the manufacturer’s protocol. Briefly, cells were washed with 

PBS and lysed with ATP releasing buffer (500 mM Tricine buffer, pH 7.8, 100 mM MgSO4, 

2 mM EDTA, and 2 mM sodium azide, 1% Triton X-100). ATP standards and 10 μl of cell 

lysate were added to a 96 well plate after which 100 μl of ATP reaction buffer was added to 

each well. Luminescence was immediately determined using a Tecan Infinite F200 plate 

reader. Total ATP levels were normalized to protein content of the samples determined using 

Pierce 600 nm Protein assay (600 nm absorbance).

Glycogen assay—Total glycogen in astrocytes following treatment of the cells with 

different concentrations of CS for 72 hours was determined. Briefly, astrocytes were 

collected using 0.25% trypsin (Sigma) to detach the cells, washed twice with PBS, and 

resuspended in distilled water. Glycogen assay kits (Sigma-Aldrich, St Louis, MO) were 

used to measure glycogen content according to the manufacturer’s manual. Glycogen levels 

were normalized to the protein concentration of each sample.

Lipid analysis—Lipid content was analyzed using Nile red staining. Propranolol that is 

known to induce accumulation of phospholipids and cyclosporine A that induces formation 

of prominent neutral lipid droplets as previously described (Grandl & Schmitz, 2010) were 

used as positive controls in the experiments. Astrocytes were treated with different 

concentrations of CS and 60 μM propranolol and cyclosporine for 72 hours. The cells were 

fixed with 10% formalin for 15 minutes at room temperature and stained with PBS 

containing 1 μM Nile red solution and 5 μg/ml Hoechst 33342 for 30 minutes. Florescence 

was measured using a Tecan Infinite F200 plate reader at various wavelengths: Neutral lipid 

droplets 488/560, phospholipids 532/>620, Hoechst 33342; 361/486. Values of fluorescence 

were normalized to those of Hoechst fluorescence to control for cell number. Flow 

cytometry analysis was also done after staining the cells with Nile red.

4.6. Western Blot

Cells were collected and lysed in RIPA buffer (50 mM of Tris. HCl, pH 7.4,150 mM NaCl, 

1mM EDTA, 1%Triton X) with protease and phosphatase inhibitors. Protein assay reagent 

Pierce 660 nm (Thermo Scientific) was used to determine the protein content of the samples. 

Protein lysate was run in polyacrylamide gel and transferred to a nitrocellulose membrane. 

After blocking for 1 hour, nitrocellulose membranes were incubated with primary 

antibodies: AMPKα and AMPKβ, GS and ACC, mTOR, Blc2, Akt, Actin overnight. The 

membranes were then incubated with horseradish peroxidase-conjugated secondary antibody 

Prah et al. Page 9

Brain Res. Author manuscript; available in PMC 2020 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for 2 hours at room temperature. Using biospectrum 500 UVP imaging system, 

chemiluminescence signals were detected and protein densities analyzed.

4.7. Statistical analysis

All data are presented as the mean ± S.E.M. The significance of differences among groups 

with one independent variable was determined by one-way ANOVA with Bonferroni’s 

correction for pairwise comparisons between groups when significance was detected. The 

significance of differences among groups where two independent variables were present was 

determined by two-way ANOVA with Bonferroni post-hoc test for planned comparisons 

between groups when significance was detected. For all tests, p< 0.05 (*) was considered 

significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We determined some neuroprotective effects of cholesterol sulfate.

• Cholesterol sulfate protects HT-22 cells against glutamate induced cell death.

• Cholesterol sulfate increases ATP, lipid and glycogen contents in astrocytes.

• Cholesterol sulfate activates Akt signaling and decreases AMPK 

phosphorylation.
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Figure 1. CS protects HT22 cells against glutamate-induced cell death.
(A) Calcien AM viability assay depicts a significant decrease cell viability after 12 hours 

exposure to 20 mM glutamate (F1,56 = 145.7, p < 0.0001 N=6)/ (F1,24 = 16.76, p < 0.0001 

N=6) which was dose-dependently attenuated by CS (F3,56 = 6.405, p < 0.0001 N=6)/ (F3,24 

= 5.155, p < 0.0068 N=6) with significant glutamate and CS interaction (F3,56 = 11.55, p < 

0.0001 N=6)/ (F3,24 = 17.94, p < 0.0001 N=6) in the co-treatment/pre-treatment paradigm 

respectively. (B) ) MTT viability assay depicts a significant decrease cell viability after 12 

hours exposure to 20 mM glutamate (F1,24 = 99.78, p < 0.0001 N=6)/ (F1,24 = 94.54, p < 

0.0001 N=6) which was dose-dependently attenuated by CS (F3,24 = 4.982, p = 0.008 N=6)/ 

(F3,24 = 3.69, p < 0.025 N=6) with significant glutamate and CS interaction (F3,24 = 15.17, p 

< 0.0001 N=6)/ (F3,24 = 14.12, p < 0.0001 N=6) in the co-treatment/pre-treatment paradigm 

respectively. (Two-way ANOVA, Bonferroni’s test). *p< 0.05, **p<0.01 ***p< 0.001 
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compared to vehicle/glutamate, #p< 0.05, ##p<0.01 ###p< 0.001 compared to vehicle/

control (C) Representative Calcein AM fluorescent images of PI (red) and Calcien AM 

(green) depict a dose-dependent neuroprotective effect of CS in HT-22 cells after 20 mM 

glutamate induce insult. (D) Dose-response curve of CS treatment of HT-22 Cells at various 

time points against glutamate-induced toxicity. (E) Representative flow cytometry analysis 

of Annexin-V and PI staining after 24 hours pre-treatment with CS. Apoptosis analysis with 

Two-way ANOVA, Bonferroni’s test (F3,32 = 1200, p < 0.0001) *p< 0.05, **p<0.01 ***p< 

0.001 compared to 20 mM glutamate treatment (N= 4).
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Figure 2. CS inhibited rotenone-induced neurotoxicity in HT-22.
(A) Effects of CS on rotenone-induced cell death. Cells were treated with 5 μM rotenone for 

24 hours in the presence of CS. Two-way ANOVA of cell viability showed a significant 

rotenone and treatment interaction (F3,24 = 26.22, p < 0.0001 N=6), a significant effect of 

CS treatment (F3,24 = 3.462, p = 0.0321 N=5) and rotenone treatment (F1,24 = 444.8, p < 

0.0001 N=5) (B) 24 hours pre-treatment of HT-22 cells with CS failed to protect cells 

against glucose oxidase induced cell death. Two-way ANOVA of cell viability showed no 

significant glutamate and treatment interaction (F3,24 = 2.604, p = 0.0753 N=6), no 

significant effect of CS treatment(F3,24 = 0.9114, p = 0.4502 N=6) and glucose oxidase 

treatment (F1,24 = 498, p < 0.0001 N=6) *p< 0.05, **p<0.01 ***p< 0.001 compared to 

vehicle/glucose oxidase or rotenone, #p< 0.05, ##p<0.01 ###p< 0.001 compared to vehicle/

control
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Figure 3. CS attenuates glutamate-induced ROS production and mitochondrial membrane 
depolarization.
(A) Representative DCF flow cytometry assay depicts a significant increase in ROS after 12 

hours exposure to 20 mM glutamate which was attenuated by CS (F2,6 = 121, p < 0.0001 

N=4), (One way ANOVA and Bonferroni’s test) *p< 0.05, **p<0.01 ***p< 0.001. (B) DCF 

microplate reader assay depicts a significant increase in ROS after 12 hours exposure to 20 

mM glutamate (F1,24 = 79.85, p < 0.0001 N=6) which was dose-dependently attenuated by 

CS (F3,24 = 7.822, p = 0.0008 N=6) with significant glutamate and CS interaction (F3,24 = 

6.545, p = 0.0022 N=6). (C) TMRE plate reader assay shows CS (F3,24 = 3.436, p = 0.0329 

N=6) attenuates glutamate-induced (F1,24 = 178.6, p < 0.0001 N=6) mitochondrial 

membrane potential loss with significant glutamate and CS interaction (F3,24 = 4.988, p = 

0.0079 N=6). (Two way ANOVA and Bonferroni’s test) *p< 0.05, **p<0.01 ***p< 0.001 

compared to vehicle/glutamate, #p< 0.05, ##p<0.01 ###p< 0.001 compared to vehicle/

control
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Figure 4. Pretreatment with CS prevented glutamate induced GSH depletion.
(A) Total GSH assay in HT-22 cells treated with CS and 20 mM glutamate. Glutamate 

induced a decrease total GSH level (F1,31 = 185.5, p < 0.0001 N=5) which was attenuated by 

CS (F3,31 = 4.636, p = 0.0086 N=5) with no significant glutamate and CS interaction (F3,31 

= 2.48, p = 0.0793 N=5) (B) Effects of CS on SOD activity following HT-22 exposure to 

glutamate. Glutamate induced a decrease in SOD (F1,24 = 228.6, p = 0.001 N=5) which was 

not attenuated by CS (F3,24 = 0.4638, p = 0.71 N=5) with no significant glutamate and CS 

interaction (F3,24 = 0.1892, p = 0.9027 N=5) (Two way ANOVA and Bonferroni’s test) *p< 

0.05, **p<0.01 ***p< 0.001 compared to vehicle/glutamate, #p< 0.05, ##p<0.01 ###p< 

0.001 compared to vehicle/control
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Figure 5. CS activates AKT pathway in HT-22 cells.
(A) Representative Western blots (B) Quantitative statistical analysis shows an increase in 

pAkt/Akt (F3,12 = 93.27, p < 0.0001 N=4), and Bcl-2/Bax (F3,12 = 28.62, p <0.0001 N=4), 

after HT-22 cells were treated with CS for 36 hours. (One way ANOVA and Bonferroni’s 

test) *p< 0.05, **p<0.01 ***p< 0.001 compared to control.
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Figure 6. CS increases oxygen consumption rate (OCR) in primary astrocytes.
(A) OCR recordings at baseline and after treatment with oligomycin, FCCP and rotenone/

Antimycin A. Bar graphs indicate CS effects on basal and maximal respiration (F2,30 = 

47.10, p <0.0001), proton leak and non-mitochondrial oxygen consumption (non-MOC) 

(F2,30 = 20.9, p <0.0001), as well as ATP production linked to mitochondrial respiration and 

spare respiratory capacity (SRC) (F2,30 = 50.44, p <0.0001). (B) Cell energy phenotype after 

treatment of astrocytes with CS. Bar graph indicates the baseline and stressed extracellular 

acidification rate (ECAR) after CS treatment (F2,30 = 10.01, p =0.0005). Data represented as 

the mean ±SEM, (Two-way ANOVA, Bonferroni’s test) N= 8 per group, significance at * p< 

0.05, * p< 0.01, ***p<0.001
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Figure 7. CS enhanced ATP production and increased glycogen content in astrocyte.
(A) Total ATP content in primary astrocytes analyzed using an ATP kit were increased in 

astrocytes treated with CS (F3,23 = 61.13, p < 0.0001 N=4) and oligomycin introduction 

(F1,23 = 307.83, p < 0.0001 N=4) as well as a significant oligomycin and treatment(CS) 

interaction (F3,23 = 62.15, p < 0.0001 N=4). (Two way ANOVA and Bonferroni’s test), 

significance at * p< 0.05, ** p< 0.01, ***p<0.001 vs control. (B) Lactate levels were 

increased in primary astrocytes treated with CS (F3,28 = 31.83, p < 0.0001 N=8). (C) 

Glycogen content was increased in primary astrocytes treated with CS but not 

norepinephrine (NE) (decreases glycogen storage) (F4,15 = 56.46, p < 0.0001 N=4). (D) 

Quantitative analysis of lipid content in astrocytes treated with CS, propranolol (induces 

accumulation of phospholipids) and (cyclosporine induces formation of prominent neutral 

lipid droplets) shows an increase in neutral lipids (F5,42 = 131.0, p < 0.0001 N=8) and 

phospholipids (F5,42 = 37.37, p < 0.0001 N=8). in astrocytes treated with propranolol, 

cyclosporine and 50 μM CS. (One way ANOVA and Bonferroni’s test), significance at * p< 

0.05, ** p< 0.01, ***p<0.001 vs control.
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Figure 8. CS inhibits AMPK pathway in astrocytes.
(A) Representative Western blots and statistical analysis indicate a reduction in pAmpkα/

Ampkα (F3,12 = 10.15, p = 0.0013 N=4), pAmpkβ/Ampkβ (F3,12 = 7.132, p = 0.0052 N=4), 

and an increase in pmTOR/mTOR (F3,12 = 9.389, p = 0.0018 N=4), after astrocytes were 

treated with CS for 72 hours. (One way ANOVA and Bonferroni’s test), significance at * p< 

0.05, * p< 0.01, ***p<0.001 vs control. (B) Western blots and statistical analysis of GS and 

ACC after astrocytes were treated with CS for 72 hours indicated a reduction in p-GS/GS 

(F3,12 = 14.20, p = 0.0003 N=4), and P-ACC/ACC (F3,12 = 6.897, p = 0.0059 N=4), (One 

way ANOVA and Bonferroni’s test), significance at * p< 0.05, ** p< 0.01, ***p<0.001 vs 

control.
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