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Abstract: Microglial cells are highly specialized central nervous system (CNS) cells that can promote the 
inflammation and neurodegeneration seen in Multiple Sclerosis (MS). MS is a neurodegenerative autoimmune 
disease characterized by inflammation, demyelination, and axonal degeneration. In MS patients, demyelination 
is associated with activated microglia. Endothelin-1 (ET-1) is a potent vasoconstrictor that induces severe and 
prolonged cerebral vasoconstriction and inflammation. However, the mechanism of how ET-1 activates a 
proinflammatory response in the CNS is unknown. To investigate ET-1’s role in microglia activation, HMC3 cells 
were treated with ET-1 in the presence or absence of endothelin receptor B antagonist, BQ788. TNFα and IL-6 
levels were measured using ELISA. Nitric Oxide (NO) production was measured using Griess Reagent. Reactive 
oxygen species (ROS) production was measured using the MUSE Oxidative Stress kit. ET-1 increases TNFα 
levels by 56% (p= 0.0003) and IL-6 levels by 86% (p= 0.0111) in HMC3 cells, and it was decreased to basal levels 
in the presence of BQ788. NO and ROS production is induced by ET-1 (p<0.05), and treatment with BQ788 was 
able to decrease them. ET-1 increases STAT-1 activation by 3.5 folds compared to control (p <0.0001) in microglia 
cells. Moreover, to study ET-1 levels in MS, we used C57BL/6 mice brains with or without induced experimental 
autoimmune encephalomyelitis (EAE). The brain ET-1 levels were measured by qPCR and ELISA. We found that 
the ET-1 gene and protein were upregulated by 1.5 folds (p= 0.0199) in EAE mice compared to the control. These 
data suggest that in vitro administration of ET-1-activated microglia significantly increased inflammatory 
cytokine levels and NO and ROS formation. This novel mechanism of microglial cell activation will provide key 
information to understand MS pathogenesis. 
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1. Introduction 
Microglia are the resident cells of the innate immune system in the central nervous system (CNS) 

[1] and provide the defense against invading pathogens and during inflammation. Their primary role 
is to maintain cellular, synaptic, and myelin homeostasis during the normal function of the CNS. [2] 
Microglia readily become activated through stimuli of injury or infection and release cytokines, 
induce phagocytosis, and direct cytotoxicity. Microglia are the major source of reactive oxygen 
species (ROS) and Nitric Oxide (NO) in the CNS. [3] Microglia are very diverse, and during the past 
decade, they have emerged as a critical target in neurodegenerative and neuroinflammatory diseases 
like Multiple Sclerosis (MS). [4] 

MS is an autoimmune neurodegenerative disorder of the CNS characterized by inflammation, 
demyelination, and axonal degeneration. [5] Currently, there is no cure for this condition, and around 
2 million people worldwide suffer from it. [4] MS patient immunopathogenesis has been described 
as heterogeneous due to various types of immune cells participating in neuroinflammation, including 
T cells, B cells, microglia, and macrophages. [6-9] Microglial activation has been linked to active 
demyelination and neurodegeneration, leading to the accumulation of macrophages in the affected 
tissue and contributing to MS pathophysiology. Microglia are involved in the production of 
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proinflammatory cytokines such as interleukin-6 (IL-6), tumor necrosis factor (TNF), and chemokines 
in MS patients. Moreover, activated microglia account for the features of MS pathological findings 
presenting major histocompatibility complex (MHC) class I and II molecules to T cells and activating 
the immune response. [10] 

Endothelin-1 (ET-1) is a regulator of MHC promoter activity. [11] ET-1 is a potent vasoconstrictor 
that induces severe and prolonged cerebral vasoconstriction in MS via its two receptors ETRA and 
ETRB. [12] ET-1 has been associated with cerebral hypoperfusion and reduced extraocular blood flow 
in MS patients. [12-14] Astrocytic ET-1 overexpression directly stimulates nearby microglial cells and 
macrophages, resulting in the production and secretion of proinflammatory cytokines; this same 
astrocytic ET-1 causes severe breakdown of the blood-brain barrier (BBB). [13] 

Although ET-1’s role in inflammation has been described, there is no evidence that indicates the 
mechanism by which ET-1 activates microglial cells. We hypothesize that ET-1 is responsible for the 
differentiation of microglial cells into their pro-inflammatory form, accounting for MS 
pathophysiology and disease progression. ET-1 will stimulate proinflammatory cytokines, NO, and 
ROS. In this study, we used HMC3 cell lines to investigate the ET-1 role in microglia activation. 

2. Materials and Methods 
2.1. Cell Culture 

Human microglial clone 3 cell line, HMC3 (ATCC, CRL-3304, RRID:CVCL_II76), were 
maintained in MEM with 10% FBS (Sigma Aldrich) and 100 U/ml penicillin/streptomycin (Life 
Technologies) at 37°C in a 5% CO2-humidified atmosphere. Briefly, twelve hours before treatment, 
cells were serum starved in EMEM with 0.2% FBS. At the time of treatment, cells were washed with 
PBS and incubated with vehicle, ET-1, or BQ788 in EMEM with 0.2% FBS. The cells were harvested 
for analysis after 24-hour incubation. 

2.2. RNA Extraction and Quantitative Real-Time PCR  
Total RNA was prepared with 1 mL of TRIzol reagent (Invitrogen) according to the 

manufacturer’s instructions. The High Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems) was used to make 20 µL of cDNA from 2 µg of RNA. Gene expression was analyzed 
using real-time PCR using TaqMan gene expression assay for EDN, EDNRA, EDNRB, NOS2, and 
GAPDH (Applied Biosystems) in a StepOne Plus from ABI. The ΔΔ cycle threshold method was used 
to determine mRNA levels. Gene expression was normalized to GAPDH levels. 

2.3. IL-6 ELISA 
To determine the concentration of IL-6 in cell culture media of control or treated HMC3 cells, an 

ELISA kit from R&D systems was used following the manufacturer’s instructions. 

2.4. Determination of ROS Generation  
ROS generation of HMC3 cells was measured by the Muse Oxidative stress kit using the Muse 

cell analyzer (Millipore, Billerica, MA, USA) fluorescent-based analysis. The manufacturer specific 
protocol was followed for the assay. In brief, HMC3 cells were treated with 100 nM ET-1 with or 
without BQ788 treatment and incubated for 24 h. 1 X 107 cells/mL samples were prepared in 1 X assay 
buffer and treated with Oxidative stress reagent, based on dihydroethidium (DHE) used to detect 
ROS that is oxidized with superoxide anion to procedure the DNA-binding fluorophore ethidium 
bromide which intercalates with DNA resulting in red fluorescence. 

2.5. Measurement of Nitric Oxide Levels 
Nitric oxide levels in the culture supernatant were evaluated by measuring NO2, a major stable 

product of nitric oxide. Briefly, 50µL of each supernatant was mixed with an equal amount of the 
Griess solution (0.1% N-(1-naphthyl) ethyl-enediamine and 1% p-aminobenzenesulfonamide in 5% 
ortho-phosphoric acid) at room temperature for 30 min. Absorbance was read at 540nm using a 
microplate spectrophotometer. Sodium nitrite was used for the standard curve. 
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2.6. Detection of STAT-1 Activation 
The signal transducer and activator of transcription 1 (STAT-1) activation in HMC3 cells were 

measured by the Muse® STAT1 Activation Dual Detection Kit using the Muse cell analyzer 
(Millipore, Billerica, MA, USA). The manufacturer specific protocol was followed for the assay. In 
brief, HMC3 cells were treated with 100 nM ET-1 with or without BQ788 treatment and incubated for 
24 h. Cells were fixed for 5 min and then permeabilized for 5 min. The antibody cocktail was added 
to the samples and incubated at room temperature and dark for 30 min. Samples were analyzed using 
the Muse cell analyzer. 

2.7. Mice EAE Induction 
Brain tissue from experimental autoimmune encephalomyelitis (EAE) mice was purchased from 

Hooke Laboratories (MA, USA). As described previously, EAE was induced in female C57BL/6 mice 
(RRID:MGI:2159769). [15] Briefly, 12 female C57BL/6 mice 8 to 12 weeks of age were acclimated to 
the facility for at least seven days and divided into two groups (EAE and control). EAE was induced 
by injecting an emulsion containing 1 mg MOG35-55/mL and 5 mg killed Mycobacterium 
tuberculosis H37Ra/mL subcutaneously at the upper and lower back. This emulsion was 
supplemented with 100 ng pertussis toxin administered on days 0 and 1. Control mice were injected 
using the Hooke Control Kit. Mice are scored daily for EAE severity on a scale of 0-5 in 0.5-unit 
increments. Mice were euthanized at the peak of the disease. Mice were immediately perfused with 
PBS; then, the brain was isolated and snap-frozen in liquid nitrogen. 

2.8. ET-1 ELISA 
Tissue samples were homogenized in the cold using a Bullet Blender Storm 24 (Next Advance) 

in RIPA containing protease inhibitors (Roche) at a 10:1 ratio of buffer volume to tissue wet weight. 
The homogenate was centrifuged at 17,000 g for 20 min at 4°C, and the supernatant was removed and 
saved. An ELISA kit from Invitrogen was used to determine the concentration of ET-1 in mice tissue, 
following the manufacturer’s instructions. 

2.9. Statistical Analysis  
Data were analyzed by one-way or two-way ANOVA with Bonferroni post-test or Student's t-

test when appropriate. The p-value was set to be <0.05. Data are expressed as mean ± SD of (n) 
independent experiments unless otherwise stated.  

3. Results 
3.1. ET-1 induces NO production by HMC3 cells 

The human microglia cell line, HMC3, was used to study the effect of ET-1 in microglia 
activation. HMC3 cells showed an increase in NO concentration when treated with ET-1. When 
treated with ET-1 and BQ788 (ETRB antagonist), NO concentration showed no significant changes 
compared to controls (Figure 1A). HMC3 cells showed an increase in inducible nitric oxide synthase 
(iNOS) expression when treated with ET-1. When treated with ET-1 and BQ788, iNOS expression 
showed no significant changes compared to controls (Figure 1B). 
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Figure 1. ET-1 induces NO production by MHC3 cells. (A) Microglia cells were treated with ET-1 in 
the absence and presence of BQ788, and NO levels were measured using Griess Reagent. ET-1 
treatment increases levels of NO compared to vehicle (p < 0.01, n=4). Co-treatment with ET-1 and 
BQ788 results in significantly lower NO production compared to ET-1 alone (p < 0.001, n=4). (B) RNA 
was extracted from microglia cells treated with ET-1 in the absence and presence of BQ788. Gene 
expression was quantified by qRT-PCR using a Taqman iNOS probe. Data represent mean ± SD (n = 
4). *p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001. 

3.2. ET-1 Induces ROS Production by HMC3 Cells 
HMC3 cells treated with ET-1 showed a significant increase in ROS production when compared 

to controls. HMC3 cells treated with ET-1 and BQ788 showed no significant change in ROS 
production compared to controls. When compared with controls, HMC3 cells treated with BQ788 
show no significant increase in ROS production (Figure 2). 

3.3. ET-1 Increases the Secretion of Proinflammatory Cytokines by HMC3 Cells 
HMC3 cells treated with ET-1 showed an increase in TNFα concentrations when compared to 

controls (Figure 3A). HMC3 treated with both ET-1 and BQ788 showed no significant change in 
concentration of TNFα when compared with control. HMC3 cells treated with ET-1 showed an 
increase in IL-6 concentrations when compared to controls (Figure 3B). HMC3 treated with ET-1 and 
BQ788 showed no significant change in the concentration of IL-6 compared with the control. 

 
Figure 2. ET-1 induces ROS production by microglia cells. HMC3 cells were incubated for 24 hours in 
the absence or presence of 100 nM ET-1 with or without BQ788 (1uM) and analyzed by flow 
cytometric assay. Results represent the mean ± SD of n=4. *, p < 0.05 100nM ET-1 versus vehicle and 
**, p < 0.01 100nM ET-1 versus 100nM ET-1 with 1uM BQ-788. 
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Figure 3. ET-1 increases the secretion of proinflammatory cytokines by HMC3 cells. HMC3 cells were 
incubated for 24 hours in the absence or presence of 100 nM ET-1 with or without BQ788. Supernatants 
were collected to determine secretion levels of TNFα (A) and IL-6 (B) and measured by ELISA assay. 
Results represent the mean ± SD of n=4. *p < 0.05, **p < 0.01, ***p<0.001. 

3.4. ET-1 Activates STAT-1 Pathway 
Human microglia cells treated with ET-1 for 24h showed an increase in STAT-1 activation 

(phosphorylation) when compared to controls (Figure 4). This activation was decreased when cells 
were treated with BQ788, which showed an activation by ET-1 receptor B. 

 
Figure 4. ET-1 activates the STAT-1 pathway. HMC3 cells were treated with 100 nM ET-1 with or 
without BQ788 treatment and incubated for 24 h. Samples were analyzed using a flow cytometry 
assay for p-STAT1. Results represent the mean ± SD of n=4. *p < 0.05, **p < 0.01, ***p<0.001, 
****p<0.0001. 

3.5. ET-1 Is Overexpressed in EAE Mice 
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The results showed that ET-1 is overproduced in EAE mice and contributes to the development 
of the disease. Specifically, EAE-immunized mice showed increased levels of Edn1 gene expression 
(Figure 5A) and ET-1 concentration (Figure 5B) compared to control mice, and the ET-1 receptor ETRB 
was overexpressed in EAE mice (Figure 5C), while ETRA was found in similar levels in both groups 
(Figure 5D). 3.1. Subsection 

4. Discussion 
Our study provides evidence that ET-1 activates microglia cells and produces inflammation. 

Treatment of ET-1 in HMC3 cells resulted in an overproduction of proinflammatory factors as 
cytokines. We found a decrease in the pro-inflammatory response when treating HMC3 cells with 
BQ788, an ETRB receptor blocker. By seeing activation in STAT1, we suggest that the release of these 
inflammatory mediators occurs due to the binding of ET-1 on ETRB, which activates the STAT1 
pathway. An elevation of ET-1 and ETRB in transgenic mice brains induced with EAE demonstrates 
the key importance of ET-1 and ETRB in MS. Blockage of ETRB could represent an innovative 
approach in the development of new pharmacological therapies that can treat the inflammatory state 
and flares in MS patients. 

 
Figure 5. ET-1 is overproduced in EAE mice. Twelve female C57BL/6 mice were divided into EAE 
(n=6) and control (n=6). EAE was induced by injecting MOG35-55/mL and killed Mycobacterium 
tuberculosis H37Ra/mL. Mice were euthanized at the peak of the disease, and the brain was isolated. 
(A) Endothelin 1 gene (Edn) was overexpressed in the EAE brain compared to control (*p < 0.05). (B) 
Using ELISA, it was found that EAE brains have an elevated ET-1 concentration (*p < 0.05). (C) The 
ETRB gene was overexpressed in the EAE brain compared to the control (**p < 0.01). (D) The ETRA 
gene has no change in the EAE brain. Gene expression was quantified by qRT-PCR using Taqman 
Edn, Ednra, and Ednrb probes. 

ET-1 levels have been shown to be elevated in various cerebral diseases. [16,17] Because of its 
vasoconstrictive characteristic, it has been related to cerebrovascular accidents. Elevated ET-1 levels 
can disrupt cerebral circulation, causing hypoperfusion and leaving the brain more susceptible to 
ischemia. [18] Past evidence suggests ET-1 is involved in MS pathogenesis. A previous study reported 
a significant increase of ET-1 in the cerebrospinal fluid of patients suffering from MS.[11] 
Additionally, in MS patients, ET-1 levels were higher in blood drawn from the internal jugular vein 
and a peripheral vein, suggesting ET-1 was released from the brain into the circulation mainly by 
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astrocytes. [12] Furthermore, our study demonstrates an overproduction of ET-1 in EAE mice, 
therefore confirming the role of ET-1 in MS disease pathophysiology.  

ET-1 is normally produced by cells, primarily by endothelial cells, macrophages, neurons, and 
astrocytes in the brain. It acts through two types of receptors: ETRA and ETRB. In this study, we 
found an overexpression of ETRB in EAE mice. This receptor is expressed by many tissues, including 
endothelium, brainstem neurons, and glia. [19] Dysregulation of the endothelin system, including 
abnormalities in ETRB signaling, has been implicated in the pathogenesis of several diseases, such as 
pulmonary hypertension and neurodegenerative diseases, such as Alzheimer's disease. [20,21] ETRB 
has been shown to play a role in neuroinflammation through astrocyte activation. [22] In this study, 
we demonstrate the role of ETRB in the activation of microglia cells by ET-1.       

Microglial cell activation can damage the myelin sheath. [23] The production of ROS and NO 
radicals from microglia leads to the development of brain oxidative stress. Studies have suggested 
that oligodendrocytes, the myelin makers of the CNS, are vulnerable to oxidative burst in activated 
microglia, causing loss and apoptosis of oligodendrocytes and promoting demyelination in MS. [23] 
ROS can also induce damage to neurons and other cells in the CNS, contributing to the 
neurodegeneration observed in MS. [24] We show that ET-1 induced the production of ROS from 
microglia cells through ETRB, potentially contributing to the MS pathophysiology. In MS, NO 
production is primarily attributed to the activity of iNOS, which is upregulated in microglia during 
inflammation. ET-1 induced the gene expression of iNOS in microglia cells, increasing the NO 
production. Increased NO production by microglia can contribute to neuroinflammation and 
neurotoxicity. [25] 

Microglia produce proinflammatory cytokines that contribute to the inflammatory response and 
tissue damage seen in MS. The release of proinflammatory cytokines enhances the inflammatory 
response by stimulating the chemotaxis of more inflammatory cells, including neutrophils and other 
phagocytes. [19] MS is associated with increased IL-6 and TNFα production in the brain. [26,27] IL-6 
and TNFα may contribute to the inflammation and immune response seen in MS and are associated 
with disease activity, severity, and progression. [28] We found that ET-1 increases the production of 
IL-6 and TNFα from microglia cells, consequently contributing to neuroinflammation.   

STAT-1 is a protein that plays a crucial role in cell signaling and immune responses. Over-
activation of STAT-1 signaling contributes to several physiological changes leading to MS. [29] 
Previously, it was found that there is an increased expression of STAT-1 proteins and mRNAs in the 
CNS during the acute phase of disease in EAE mice. [30] Another study found a strong up-regulation 
of pSTAT-1 in MS patients in relapse compared with patients in remission and controls. [31] In our 
study, it was found that ET-1 increases pSTAT-1 through ETRB in microglia cells. The up-regulation 
of pSTAT-1 is associated with the production of proinflammatory cytokines. 

5. Conclusions 
In conclusion, we found that ET-1 activates microglial cells through ETRB and STAT-1 

phosphorylation. ET-1 increased the production of ROS, NO, and proinflammatory cytokines such 
as TNFα and IL-6 in microglia cells. In addition, we found elevated levels of ET-1 and ETRB in EAE 
mice. These findings account for MS pathophysiology and disease progression. These findings 
demonstrate that ETRB antagonists could be used as a potential therapy to treat MS. ETRB blockage 
could limit the stated effects of ET-1 on microglia cells to reduce inflammation and demyelination in 
MS. Further studies on ETRB antagonists need to be done to develop new therapies that can improve 
the wellbeing and reduce the disease progression and relapses of patients with MS. 
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