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Purpose: Microglial inflammation plays a significant role in a variety of neurological disorders. Dolutegravir as a antiretroviral drug 
has been reported to inhibit the secretion of pro-inflammatory cytokines. Meanwhile, compounds containing 1,2,3-triazole have shown 
potential anti-inflammatory properties. Therefore, this study aims to investigate the anti-inflammatory potential of dolutegravir- 
1,2,3-triazole structural derivatives and elucidate its associated mechanisms of action.
Methods: Dolutegravir-1,2,3-triazole derivatives were synthesized through click chemistry reactions. The anti-inflammatory activity 
against microglial inflammation and cytotoxicity of these derivatives were evaluated using the Griess assay and MTT assay. In vitro, 
the effects of the compounds on the expression of inflammatory mediators in LPS-stimulated BV-2 microglial cells were assessed 
using Real-time PCR, ELISA, and Western blot. In vivo, the effects of the compounds on microglial inflammation and synaptic deficits 
in the hippocampus of LPS-challenged mice were evaluated using Real-time PCR, immunofluorescence, and Western blot.
Results: We discovered compound 4k exhibits the best inhibitory effect on microglial inflammation (IC50 = 5.01 ± 0.57 μM) among 
the 27 dolutegravir derivatives. Compound 4k significantly attenuates the expression of LPS-induced microglial M1 phenotype 
markers, NO, IL-1β, IL-6, TNF-α, iNOS, and COX-2, while concurrently enhancing the expression of M2 phenotype markers, IL-4 
and Ym-1. Further mechanistic exploration has elucidated that compound 4k modulates the polarization of microglia by suppressing 
the phosphorylation and nuclear translocation of STAT1/3 proteins. In the hippocampus of LPS-challenged mice, compound 4k 
markedly diminishes the expression of the microglial activation marker Iba1 and inflammatory mediators IL-1β, TNF-α, and COX-2 
which led to an enhancement in the expression of the synaptic protein synaptophysin, thereby mitigating the synaptic defects.
Conclusion: Compound 4k exerts significant anti-microglial inflammatory effects by modulating the STAT signaling pathway to 
alleviate synaptic defects, which offers promising avenues for developing innovative anti-microglial inflammatory treatment 
strategies.
Keywords: microglial inflammation, dolutegravir, LPS, STAT signaling pathway

Introduction
Neuroinflammation is an innate physiological reaction elicited by a spectrum of stimuli occurring in the nervous tissues, 
which is mainly mediated by the activation of microglia, the central nervous system’s resident innate immune cells.1,2 An 
exaggerated or chronic neuroinflammatory state, characterized by the continuous secretion of pro-inflammatory media
tors, results in synaptic impairments, neuronal degeneration, and cognitive deficits, which potentially participate in 
neuropathological conditions including Alzheimer’s disease, Parkinson’s disease, depression, and pain.3–7
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Microglia, the principal innate immune cells of the brain and spinal cord, exert pivotal roles in orchestrating 
neuroinflammatory processes as well as various neuronal functions, such as immune surveillance and the modulation 
of neuroplasticity.8–10 Under pathological conditions, microglia swiftly adopt an activated state, which can be categorized 
into two principal phenotypes based on their functional and phenotypic characteristics: the classically activated M1 
phenotype and the alternatively activated M2 phenotype.11,12 Upon exposure to noxious stimuli like lipopolysaccharide 
(LPS) or nerve injury, microglial cells undergo M1-type activation, thereby initiating inflammatory cascades. Activated 
microglial cells overexpress inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), culminating in 
heightened nitric oxide (NO) synthesis, accompanied by a substantial secretion of pro-inflammatory cytokines, including 
interleukin-1β (IL-1β), interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α).13 However, alternatively activated M2 
type microglia generate an array of neuroprotective elements such as interleukin-4 (IL-4), interleukin-10 (IL-10), 
chitinase-3-like-3 (Chil3, Ym-1 in rodents), Arginase 1 (Arg-1) that serve to mitigate neuronal harm.12,14 Given the 
multifaceted role of microglia, facilitating the polarization of microglia from an M1 to an M2 phenotype could represent 
a more promising approach in the treatment of neurological diseases.15–17

The STAT signaling pathway can be activated by cytokines, growth factors, or inflammatory stimuli such as LPS. 
Upon LPS stimulation, STAT in the cytoplasm undergoes phosphorylation, dimerization, and nuclear translocation, which 
initiates the transcription of downstream genes and engages in the inflammatory process.18,19 STAT signaling pathway is 
involved in the regulation of the balance between the M1 and M2 polarization states of microglia. Furthermore, several 
studies have shown that modulating the STAT signaling pathway could facilitate the transition of microglia from an M1 
to an M2 polarization state.17,20,21

Dolutegravir, a highly active integrase inhibitor of the human immunodeficiency virus (HIV), belongs to first-line 
antiretroviral drugs with good safety.22 Dolutegravir has demonstrated anti-inflammatory properties, as evidenced by its 
capacity to suppress the secretion of pro-inflammatory cytokines and adhesion molecules, specifically IL-6, interleukin-8 
(IL-8), soluble intercellular adhesion molecule-1 (sICAM-1), and soluble vascular cell adhesion molecule-1 (sVCAM-1) 
by inhibiting NF-κB signaling pathway in human coronary artery endothelial cells.23

A 1,2,3-triazole scaffold is renowned within the realm of nitrogen-containing heterocycles for its versatility in 
interacting with various biological targets through the formation of diverse non-covalent bonds.24 The unique characteristics 
of the 1,2,3-triazole scaffold enable it to mimic various functional groups, rendering it a valuable bioisostere in drug 
discovery endeavors.24–26 Previous studies have demonstrated that 1,2,3-triazole-containing compounds could possess anti- 
inflammatory potential.27–29 It was reported that 1,2,3-triazole substituted N-phenyl nitrone derivatives exhibited significant 
inhibition of IL-1β secretion in THP1 monocytes.27 In addition, 1,2,3-triazole tethered indole-3-glyoxamide derivatives had 
significant anti-inflammatory activity by targeting COX-2.28 According to the report, the anti-inflammatory activity of 
hesperetin was improved by introducing 1,2,3-triazole.29 Therefore, the modification with the 1,2,3-triazole group repre
sents a highly promising strategy for the advancement of innovative therapeutics targeted at neuroinflammation.

Therefore, we utilized the structure of dolutegravir as a parent nucleus and introduced a 1,2,3-triazole group through 
a click reaction to obtain 27 structural derivatives. Through evaluating the anti-microglial inflammatory activity of 27 
structural derivatives, we found that compound 4k had the most potent inhibitory effects. Consequently, this research 
focused on a series of in vitro and in vivo evaluations of the anti-microglial inflammatory activity of compound 4k, as 
well as its impact on the M1/M2 polarization phenotype of microglia via the STAT signaling pathway, and further 
discovered its ability to attenuate LPS-induced neuroinflammation.

Materials and Methods
General Procedure for the Prepa ration of Compound 4a-4m and 5a-5n
The synthesis route was shown in Figure 1 and substituents tabulated in Table S1. Compound 1 (0.3 g, 1 mmol), 
3-aminophenylacetylene (0.14 g, 1.2 mmol), HATU (0.57 g, 1.5 mmol), DIPEA (0.39 g, 3 mmol), and DMF (50 mL) 
were introduced to a 100 mL reaction flask and stirred under nitrogen for 24 hours at room temperature. Upon 
completion, the light brown reaction mixture was poured into 50 mL of water, causing a solid to precipitate. The solid 
was filtered, washed, and dried to obtain compound 2.
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Subsequently, in a flask, compound 2 (3 mmol), a substituted azide (3.6 mmol), tert-butanol (70 mL), water (70 mL), 
tetrahydrofuran (70 mL), anhydrous copper sulfate (1.2 g, 6 mmol), and sodium ascorbate (0.36 g, 1 mmol) were 
sequentially added. The mixture was stirred and refluxed at 70°C for 6 hours. After the reaction, the mixture was 
extracted with 100 mL dichloromethane three times. Then the organic phase was combined and washed with 100 mL 
saturated sodium chloride solution twice and then with 100 mL brine twice. The organic phase was dried using sodium 
sulfate, and the solvent was removed under reduced pressure to yield the crude product. Recrystallization from ethyl 
acetate provided the desired compound, which was of sufficient purity for further characterization and biological studies.

The method was also suitable for the preparation of compounds 5a-5n. The structural characterization of Compound 
4a-4m and 5a-5n was provided in supplementary information.

Cell Culture
BV-2 microglia cells, from Shanghai Institute of Materia Medica, were cultured in flask with DMEM high-glucose 
medium (LifeTech, Grand Island, NY, USA) containing 10% fetal bovine serum (Gibco, Grand Island, NY, USA) in 
a humidified, 37 °C and 5% CO2-containing incubator.

Animals
Male C57BL/6J mice (8–10 weeks old) and Kunming mice (KM mice, 8–10 weeks old) obtained from Henan Skbex 
Biotechnology Co., Ltd were maintained under standard conditions, featuring a 12-hour inverted light/dark cycle and 
a temperature range of 22–25 °C with unrestricted access to both food and water. All animal experimentation was 
conducted according to the guidelines and regulations established by the Animal Care and Use Committee of Henan 
University of Science and Technology, with the approval reference number being HAUST-024-M081001.

Griess Method
Griess method was used to detect the nitrite content in the culture medium. BV-2 cells were plated in a 96-well cell 
culture plate at a density of 2 × 104 cells per well. After incubation for 24 hours, test compound was added to achieve 
final concentrations of 5 μM and 10 μM, while the normal control group (Control group) and the model group (LPS 
group) received equal volume of solvent. Following 2 hours, LPS solution was added to reach a final concentration of 
100 ng/mL, while the normal control group (Control group) received an equivalent volume of solvent. After 24 hours, 
cell culture supernatant from each well was mixed with an equivalent volume of Griess reagent (Beyotime Biotechnology 
Co., Ltd. Shanghai, China). The optical density (OD) was detected by a microplate reader (BioTek Instruments, Inc., 
Winooski, VT, USA) at a wavelength of 540 nm. Concurrently, a standard curve was constructed using sodium nitrite as 

Figure 1 Synthesis route of compound 4a-4m and 5a-5n. Utilizing compound 1 (1 is for compound 1) as the initial reagent, condensation with 3-aminephenylacetylene in the 
presence of HATU and DIPEA, producing the terminal alkyne compound 2 (2 is for compound 2). The reaction of compound 2 with a substituted azide in a solvent system 
containing tert-butanol, water, tetrahydrofuran (THF), anhydrous copper sulfate, and sodium ascorbate yielded compounds 4a–4m. Using an analogous procedure, 
compound 1 was condensed with 4-aminophenylacetylene in the presence of HATU and DIPEA to generate compound 3, which subsequently underwent reaction with 
diversely substituted azides to furnish compounds 5a–5n.
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the standard, and the nitrite content in the culture medium was calculated based on this standard curve. The raw data for 
nitrite content in LPS-treated groups was provided in Table S2.

Enzyme-Linked Immunosorbent Assay (ELISA)
The conditioned culture supernatants were collected from BV-2 cells and centrifuged to remove cellular debris, then 
processed according to the manufacturer’s instructions for the ELISA kits specific to IL-6 or TNF-α (Novus Biologicals, 
CO, USA). Briefly, 50 μL of sample diluent was added to the microplate wells coated with antibodies, followed by the 
addition of 50 μL of the test sample that had been diluted in the same proportion. After incubation at room temperature 
for 2 hours, the wells were washed five times with the wash solution on a plate shaker, then 100 μL of enzyme-linked 
horseradish peroxidase-conjugated antibody was added and incubated at room temperature for 2 hours. The wells were 
washed five times, and 100 μL of substrate was added for color development at room temperature. After 30 minutes, 
100 μL of stop solution was added, and the optical density (OD) was measured at a wavelength of 450 nm by a microplate 
reader (BioTek Instruments, Inc., Winooski, VT, USA), with correction made using the OD value at 570 nm. 
Concurrently, a standard curve was constructed using the respective standards diluted in a gradient, and the OD450 
values were determined following the aforementioned steps. The content of IL-6 or TNF-α in the culture medium was 
calculated based on this standard curve.

RNA Extraction and Quantitative Real-Time PCR
Trizol (Invitrogen, Carlsbad, CA, USA) was used to collect total RNA according to the manufacturer’s instructions. The 
RNA concentration of each group was measured using a Nano Drop spectrophotometer (Thermo Scientific, Wilmington, 
DE, USA). Reverse transcription was performed according to the instructions of HiScript III RT SuperMix for qPCR 
(Vazyme Biotech Co., Ltd, Nanjing, China). The resulting cDNA from the reverse transcription of each group was 
subjected to quantitative Real-time PCR according to the manufacturer’s instructions for the ChamQ Pro Universal 
SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd, Nanjing, China) using an Applied Biosystems 7500 real-time PCR 
system (Applied Biosystems, Foster City, CA, USA) under the following conditions: initial denaturation at 95 °C for 
30 seconds; followed by 40 cycles of denaturation at 95 °C for 5 seconds, and annealing at 60 °C for 30 seconds, with 
a melting curve analysis. Relative quantification was performed using the ΔΔCT method with threshold cycle (Ct) values. 
The sequences of the primers used in the reactions are listed in Table 1.

Western Blot Assay
Total protein of cells or tissue samples was extracted using RIPA lysis buffer (containing 1% protease inhibitor, 1 mM 
NaF, 1 mM Na3VO4, 1 mM PMSF). For nuclear protein extraction, NE-PER™ Nuclear and cytoplasmic extraction 
reagents (Pierce, Thermo Fisher Scientific, Inc., Rockford, IL, USA) were used based on the manufacturer’s instructions. 
The protein concentration was determined using a BCA protein assay kit. Equal amounts of protein from each group 
were separated by SDS-PAGE and transferred to a 0.2 μm nitrocellulose membrane using a wet transfer method. Then, 

Table 1 Primer Sequence

Gene Forward Primer (5’ to 3’) Reverse Primer (5’ to 3’)

IL-6 GGAGGCTTAATTACACATGTT TGATTTCAAGATGAATTGGAT
IL-1β GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT

TNF-α CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

iNOS GTTCTCAGCCCAACAATACAAA GTGGACGGGTCGATGTCAC
COX-2 TTGAAGACCAGGAGTACAGC GGTACAGTTCCATGACATCG

IL4 TCAACCCCCAGCTAGTTGTC TCTCCTGTGACCTCGTTCAA

Ym-1 GAAGGAGCCACTGAGGTCTG TTGTTGTCCTTGAGCCACTG
Arg-1 GACCTGGCCTTTGTTGATGT CCATTCTTCTGGACCTCTGC

GAPDH GGTGAAGGTCGGTGTGAACG GGTAGGAACACGGAAGGCCA
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the membrane was then blocked with 5% non-fat dry milk or bovine serum albumin (BSA) solution at room temperature 
for 1 hour. After that, the membrane was incubated with the primary antibody solution overnight at 4 °C. The next day, 
the membrane was washed three times with TBST buffer for 10 minutes each on a shaking bed, then incubated with the 
secondary antibody solution (Kangchen Biotechnology, Shanghai, China) at room temperature for 2 hours. After further 
washing with TBST buffer three times for 10 minutes each, the bands were visualized using an ECL detection reagent on 
an automatic chemiluminescence image analysis system (Shanghai Tanon Science and Technology, Ltd., Shanghai, 
China), and the band density was quantified using ImageJ software through the following procedure: Scanned gel images 
were digitally inverted, followed by systematic selection of standardized rectangular regions of interest (ROIs) encom
passing individual bands. Quantitative analysis was performed by determining mean pixel intensity values within the 
defined ROIs, with background subtraction from adjacent non-band areas implemented for signal normalization.

The antibodies used were as follows: anti-iNOS (1:500, BD Biosciences # 610328), anti-COX-2 (1:1000, CST # 
12282), anti-phospho-STAT1 (1:1000, CST # 9167), anti-STAT1 (1:5000, CST # 14994), anti-phospho-STAT3 (1:1000, 
CST # 9145), anti-STAT3 (1:5000, CST # 30835), anti-β-actin (1:10000, Sigma-Aldrich, # A5441), anti-TBP (1:5000, 
Proteintech # 66166-1-Ig), anti-Synaptophysin (1:1000, Proteintech # 67864-1-Ig), HRP Goat Anti-Rabbit IgG (H+L) 
(1:5000, Kangchen Biotechnology, KC-RB-035), HRP Goat Anti-Mouse IgG (H+L) (1:5000, Kangchen Biotechnology, 
KC-MM-035).

Immunocytochemistry
BV-2 cells were plated in a 24-well cell culture plate with glass coverslips coated with poly-L-lysine (PLL). After 
treatment, the cells were fixed with 4% paraformaldehyde for 15 minutes and permeabilized in methanol at −20 °C for 
10 minutes, followed by three rinses with PBS for 5 minutes each. Subsequently, the cells were blocked with an 
immunocytochemistry blocking solution for 1 hour. Thereafter, the primary antibody solution was applied, and the 
coverslips were incubated overnight at 4 °C in a humidified chamber. The following day, the coverslips were washed 
three times with TBST for 5 minutes each. The appropriate secondary antibody solution was added and incubated at 
room temperature for 2 hours. The cells were then stained with 1 × DAPI solution (Beijing Solarbio Science & 
Technology Co., Ltd., Beijing, China) at room temperature for 10 minutes, washed three times with TBST for 5 minutes 
each, and mounted with antifade mounting medium (Beyotime Biotechnology Co., Ltd. Shanghai, China). Images were 
captured using an confocal laser microscope (Nikon, Tokyo, Japan) (63 × objective lens; green channel: 488 nm laser 
excitation, 500–550 nm emission) and analyzed with ImageJ software. The nuclear-to-cytoplasmic fluorescence intensity 
ratio of the target protein was analyzed using ImageJ as follows: Multichannel fluorescent images were separated into 
nuclear (eg, DAPI) and protein-of-interest channels. Nuclei were segmented via thresholding, binary processing, and 
watershed separation, generating nuclear regions of interest (ROIs). The mean fluorescence intensity of the target protein 
within nuclear ROIs was quantified. Cytoplasmic ROIs were defined by nuclear area subtraction from whole cells’ ROIs. 
After measuring cytoplasmic fluorescence intensity, the cytoplasmic/nuclear ratio was calculated.

The antibodies used were as follows: anti-phospho-STAT1 (1:100, CST # 9167), anti-phospho-STAT3 (1:100, CST # 
9145), CoraLite488-conjugated Goat Anti-Rabbit IgG (H+L) (1:200, Proteintech, SA00013-2).

LPS-Induced Inflammation Animal Model
Male C57BL/6J mice (6–8 weeks old) were randomly assigned to the following groups: Vehicle control group, LPS 
(Sigma-Aldrich, St Louis, MO, USA, 5 mg/kg, i.p). group, and LPS+ compound 4k (10 mg/kg, i.p). group (n = 5 per 
group). The mice in compound 4k treated group received daily intraperitoneal (i.p). injections of compound 4k at a dose 
of 10 mg/kg, while the other groups received an equivalent volume of vehicle (5% DMSO + 40% PEG300 + 1% Tween 
80 + 54% saline) for two consecutive days. On the second day, one hour after the administration, the LPS and LPS+ 
compound 4k groups were given an intraperitoneal injection of LPS at a dose of 5 mg/kg, whereas the Vehicle group 
received an equivalent volume of saline. Twenty-four hours after LPS treatment, the mice were anesthetized and perfused 
for brain collection. The right hemisphere of the brain was fixed in 4% paraformaldehyde for subsequent sectioning and 
immunofluorescence staining experiments; the hippocampal tissue of the left hemisphere was isolated for biochemical 
indexes.
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Immunofluorescence
The cerebral hemispheres, fixed with 4% paraformaldehyde, were immersed in a gradient series of ethanol, followed by 
embedding in paraffin. The brain tissues were sectioned into 7-micron-thick slices for subsequent immunofluorescence 
staining. In brief, the paraffin sections were deparaffinized in xylene for 10 minutes three times and rehydrated through 
a series of gradient ethanol. Subsequently, the sections were boiled in 10 mm citrate buffer for antigen retrieval for 
15 minutes, blocked with immunofluorescence antibody blocking solution for one hour, and then incubated with the 
corresponding primary antibody solution overnight at 4 °C in a humid chamber. The next day, the sections were 
incubated with the corresponding secondary antibody solution at room temperature for one hour, followed by rinsing 
with PBS for three 5-minute intervals. The sections were then treated with an anti-fluorescence quenching agent 
(Beyotime Biotechnology Co., Ltd. Shanghai, China) and mounted, and images were captured using a fluorescence 
microscope (Nikon, Tokyo, Japan) (10 × objective lens; green channel: 488 nm laser excitation, 500–550 nm emission) 
and analyzed with ImageJ software. Quantification of intensity of Iba1 and the number of Iba1+ cells was performed 
using ImageJ as follows: For intensity quantification, fluorescence images were calibrated using a predefined scale, and 
ROIs were selected for analysis. Background fluorescence was subtracted by measuring non-cellular areas, and mean 
fluorescence intensity (MFI) was recorded from 8-bit grayscale-converted images. For positive cell counting, threshold 
segmentation was applied to generate binary masks, followed by particle analysis with size and circularity filters.

The antibodies used were as follows: anti-Iba1 (1:100, Wako # 019–19741), CoraLite488-conjugated Goat Anti- 
Rabbit IgG (H+L) (1:200, Proteintech, SA00013-2).

Acute Toxicity Test
Eight-week-old KM mice were assigned to the following groups at random: compound 4k group (female), solvent 
control group (vehicle group, female), compound 4k group (male), and solvent control group (vehicle group, male). The 
mice in the compound 4k group received a single gavage of 250 mg/kg compound 4k, whereas the mice in the vehicle 
group received an equivalent volume of solvent (5% DMSO + 40% PEG300 + 1% Tween 80 + 54% saline). The body 
weights of the mice were recorded for the full 14-day period. On day 14 after administration, the mice were anesthetized, 
blood was collected, and then the mice were sacrificed. Representative organs, including the heart, liver, spleen, lungs, 
and kidneys, were weighed to calculate the organ index (organ index = organ weight/body weight × 100%), and fixed in 
10% formaldehyde and paraffin-embedded for histological examination. In addition, the activities of aspartate amino
transferase and alanine aminotransferase in the blood of each mouse were detected in accordance with the instructions of 
the kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Statistical Methods
Each experimental group was independently replicated a minimum of three times. Data are presented as the mean ± 
standard error of the mean (SEM). The Student’s t-test was employed to determine the statistical significance between 
two groups. One-way analysis of variance (ANOVA) coupled with Dunnett’s multiple comparison test was utilized to 
ascertain the statistical significance among multiple groups for a single variable. A P-value of less than 0.05 was 
considered to indicate statistical significance.

Results
Chemistry
Compound 4a-4m and 5a-5n were synthesized as previously described.30 Utilizing (4R)-7-methoxy-4-methyl-6,8-dioxo- 
3,4,6,8,12,12a-hexahydro-2H-pyrido[1’,2’:4,5] pyrazino[2,1-b][1,3]oxazine-9-carboxylic acid (compound 1) as the initial 
reagent, a multi-step synthesis process was initiated. Initially, compound 1 was condensed with 3-aminephenylacetylene 
in the presence of HATU and DIPEA, producing the terminal alkyne compound 2. Subsequent reactions of compound 2 
with various azide compounds with unique substituents, led to the creation of 13 target compounds (compound 4a-4m), 
as depicted in Figure 1 and substituents tabulated in Table S1. By the same method, 4-aminephenylacetylene was used to 
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produce compound 5a-5n. The structures of these target compounds were characterized via 1H and 13C nuclear magnetic 
resonance (NMR) spectroscopy (Supplementary Figures S1-S27).

Biological Evaluations
Screening for Anti-Microglial Inflammatory Activity of Dolutegravir Derivatives
Upon exposure to LPS, microglia generates a plethora of inflammatory mediators, including the cytokines NO, IL-6, and 
TNF-α.31 To identify compounds with anti-microglial inflammatory activity, the Griess method was employed to detect 
the NO content in the supernatants of LPS-induced microglial cells after being treated with compounds. Cell viability has 
an influence on the determination of NO content, then the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide 
(MTT) was utilized to assess the vitality of BV-2 microglial cells. In Table 2, the inhibitory effects of 27 compounds on 
NO production and cell viability at concentrations of 1 μM and 10 μM are presented. Resveratrol was used as control, 
and at 20 μM, it reduced NO levels in the cell supernatant to 44.22 ± 2.64% of the LPS group (P<0.001). Dolutegravir at 
10 μM decreased NO levels to 51.62 ± 2.47% of the LPS group but exhibited significant cytotoxicity. Among the 27 
structural derivatives, we identified (4R)-N-(3-(1-(2-bromophenyl)-1H-1,2,3-triazol-4-yl)phenyl)-7-methoxy-4-methyl- 

Table 2 The Inhibitory Effects of Compounds on LPS-Induced NO Production in BV-2 
Cells

Compounds NO Production (% LPS) Cell Viability (% LPS)

1 μM 10 μM 1 μM 10 μM

4a 101.00±11.33 92.94±6.90 63.55±4.70### 53.85±3.38###

4b 90.32±4.57 11.36±1.08*** 97.52±5.51 14.15±12.35###

4c 78.67±3.88* 42.20±5.679*** 110.30±2.90 69.76±3.92###

4d 70.26±2.57** 66.04±6.96** 115.80±3.64 68.13±3.81###

4e 71.26±7.42 29.60±16.60** 101.20±1.42# 32.92±14.55##

4f 91.35±4.18 74.50±10.84 105.00±0.73## 71.06±0.95###

4g 89.13±2.68* 60.57±3.01*** 108.70±1.92 70.62±6.29##

4h 75.76±2.22 97.71±11.27 106.50±2.09 62.04±5.68###

4i 87.27±3.50 56.09±11.79** 104.80±0.70## 55.33±0.73###

4j 85.63±9.32 60.88±11.23* 106.00±1.29## 48.14±0.77###

4k 61.21±5.72** 29.97±7.30*** 86.70±19.58 80.62±13.34

4l 71.34±5.49 65.87±11.29* 112.70±3.91 94.51±9.86

4m 96.57±6.20 72.89±7.03* 100.80±3.80 90.94±8.37
5a 99.88±4.40 49.60±8.64** 106.00±2.62 98.89±1.91

5b 87.14±3.04 81.88±5.72* 77.06±3.19## 48.20±3.45###

5c 117.20±10.08 136.40±6.99* 101.70±0.65 25.37±2.50###

5d 106.30±7.29 84.22±6.11 65.93±1.41### 37.95±3.06###

5e 102.20±0.27 98.00±3.17 105.30±1.73 80.80±10.21

5f 96.25±11.00 85.69±7.91 51.64±2.06### 46.41±2.31###

5g 100.70±5.35 119.8±5.56* 68.00±9.64# 42.14±1.71###

5h 112.10±1.45 131.10±28.32 111.10±0.92## 61.42±2.90###

5i 71.13±14.57 76.48±9.57 105.00±2.02 74.04±6.41##

5j 102.30±7.63 86.16±5.80 104.00±1.2 103.20±4.23

5k 108.80±2.83 77.87±10.81 101.10±0.092 100.00±2.03

5l 87.68±8.49 86.31±20.42 103.20±2.43 89.34±5.35
5m 86.08±4.16* 85.81±2.19* 103.10±2.05 100.60±0.73

5n 95.05±3.592 67.72±5.08** 103.40±2.03 90.75±6.38

dolutegravir 98.47±2.91 51.62±2.47*** 99.65±1.60 74.18±4.45###

Resveratrol (20 μM) 44.22±2.64*** 89.20±7.50

Notes: *P < 0.05, **P < 0.01, ***P < 0.001 vs the LPS group, #P < 0.05, ##P< 0.01, ###P< 0.001 vs the control 
group; n = 3.
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6,8-dioxo-3,4,6,8,12,12a-hexahydro-2H-pyrido[1’,2’:4,5]pyrazino[2,1-b][1,3]oxazine-9-carboxamide (compound 4k) 
having the most potent anti-microglial inflammatory activity, reducing NO levels to 29.97 ± 7.30% at 10 μM without 
noticeable cytotoxicity.

Compound 4k Inhibited the Production of Inflammatory Cytokines in BV-2 Microglial Cells Induced by LPS
To further ascertain the regulatory effect of compound 4k on the release of LPS-induced inflammatory cytokines in 
microglia, the levels of the inflammatory mediator including NO, IL-6 and TNF-α were measured. The Griess method 
was employed to detect NO production in BV-2 microglial cells. Compound 4k was found to reduce the LPS-induced 
elevation of nitrite levels in a concentration-dependent manner, and the IC50 for compound 4k in inhibiting NO 
production was 5.01 ± 0.57 μM (Figure 2A). Therefore, subsequent studies will focus on compound 4k at concentrations 
of 5 μM and 10 μM. Utilizing the MTT assay, it was observed that compound 4k, at final concentrations of 5 μM and 
10 μM, did not significantly affect the viability of BV-2 microglial cells, indicating that compound 4k is non-toxic to 
microglia at the tested concentrations, as depicted in Figure 2B.

Consistent with the above results, the ELISA test indicated that the levels of pro-inflammatory cytokines IL-6 and 
TNF-α in the supernatant significantly increased following LPS stimulation, which were concentration-dependently 
reduced by compound 4k pretreatment, with IL-6 in the supernatant decreasing to 1698 pg/mL (P < 0.001) and 1221 pg/ 

Figure 2 Effect of compound 4k on the release of LPS-induced inflammatory cytokines in BV-2 microglial cells. (A) BV-2 microglial cells were pretreated with compound 4k 
(0, 1, 2.5, 5, 10, and 20 μM) for 2 h and then exposed to LPS (100 ng/mL) for 24 h. The production of NO was measured using the Griess assay (n = 3). BV-2 microglial cells 
were pretreated with compound 4k (5, and 10 μM) for 2 h and then exposed to LPS (100 ng/mL) for 24 h. (B) Cell viability were measured by MTT (n = 3). (C and D) The 
levels of IL-6 and TNF-α were measured by ELISA (n = 3). Statistical comparisons between the control group and the LPS-treated group were analyzed using an unpaired 
Student’s t-test, ###P < 0.001 vs the control group; Statistics among LPS-treated group and compound 4k-treated groups performed by one-way ANOVA coupled with 
Dunnett’s multiple comparison test, **P < 0.01, ***P < 0.001 vs the LPS-treated group.
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mL (P < 0.001, Figure 2C) at 5 μM and 10 μM, respectively, with parallel reductions in TNF-α to 1948 pg/mL (P < 0.01) 
and 1765 pg/mL (P < 0.01, Figure 2D). This indicates that compound 4k could dose-dependently decrease the release of 
LPS-induced inflammatory cytokines IL-6 and TNF-α in BV-2 microglial cells.

Compound 4k Modulates the M1/M2 Polarization of BV-2 Microglial Cells
In order to assess the impact of compound 4k on the phenotypes of microglia, the mRNA levels of the markers of 
microglial M1/M2 polarization were examined by quantitative real-time PCR technology. Under LPS treatment, the 
mRNA levels of M1 markers IL-1β, IL-6, and TNF-α were significantly upregulated, whereas the mRNA levels of M2 
markers IL-4, Ym-1, and Arg-1 were markedly downregulated (Figure 3). By contrast, pre-incubation with compound 4k 
reduced the LPS-induced rise in IL-1β, IL-6, and TNF-α mRNA levels, with a maximum effect at 10 μM (Figure 3A–C). 
As for M2 markers, compound 4k notably increased the mRNA levels of IL-4 and Ym1 in LPS-induced BV-2 microglial 
cells (Figure 3D and E), while no significant effect on the mRNA level of Arg-1 in compound 4k-treatment groups 
(Figure 3F). The real-time PCR results demonstrated that compound 4k suppressed the M1 pro-inflammatory phenotype 
and promoted the M2 anti-inflammatory phenotype in microglia.

Figure 3 Compound 4k modulated the M1/M2 polarization of BV-2 Microglial cells. (A-F) BV-2 microglial cells were pretreated with compound 4k (5, and 10 μM) for 
2 h and then exposed to LPS (100 ng/mL) for 6 h. The mRNA levels of M1 markers IL-1β, IL-6, TNF-α and M2 markers IL-4, Ym-1, Arg-1 were measured by quantitative real- 
time PCR (n = 3). Statistical comparisons between the control group and the LPS-treated group were analyzed using an unpaired Student’s t-test, #P < 0.05, ###P < 0.001 vs 
the control group; Statistics among LPS-treated group and compound 4k-treated groups performed by one-way ANOVA coupled with Dunnett’s multiple comparison test, 
*P < 0.05, ***P < 0.001 vs the LPS-treated group.
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Compound 4k Reduced the Expression of Pro-Inflammatory Mediators iNOS and COX-2 Induced by LPS in 
BV-2 Microglia
To further establish the inhibitory activity of compound 4k on LPS-stimulated microglial inflammation, the transcrip
tional and protein levels of upstream pro-inflammatory mediators iNOS and COX-2 were assessed using quantitative 
real-time PCR technology and Western blot analysis, respectively. The results from the real-time PCR demonstrated that 
compound 4k significantly attenuated the upregulation of iNOS and COX-2 transcription levels induced by LPS. At 
a concentration of 5 μM, compound 4k reduced mRNA levels of iNOS and COX-2 to 77.34% (P < 0.05) and 68.01% (vs 
LPS-treated group), respectively. This suppression was further enhanced at 10 μM, where iNOS and COX-2 mRNA 
levels decreased to 63.55% (P < 0.01, Figure 4A) and 54.15% (P < 0.05, Figure 4B). Consistent with the results of 

Figure 4 Compound 4k reduced the expression of pro-inflammatory mediators iNOS and COX-2 in BV-2 Microglial cells. (A and B) BV-2 microglial cells were pretreated 
with compound 4k (5, and 10 μM) for 2 h and then exposed to LPS (100 ng/mL) for 6 h. The mRNA levels of iNOS and COX-2 were measured by quantitative real-time 
PCR (n = 3). (C and D) BV-2 microglial cells were pretreated with compound 4k (5, and 10 μM) for 2 h and then exposed to LPS (100 ng/mL) for 24 h. The protein levels of 
iNOS and COX-2 were measured by Western blot (n = 3). Statistical comparisons between the control group and the LPS-treated group were analyzed using an unpaired 
Student’s t-test, ###P < 0.001 vs the control group; Statistics among LPS-treated group and compound 4k-treated groups performed by one-way ANOVA coupled with 
Dunnett’s multiple comparison test, *P < 0.05, **P < 0.01 vs the LPS-treated group.
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transcriptional level, treatment with compound 4k led to a concentration-dependent decrease in the protein levels of 
iNOS and COX-2 in BV-2 microglial cells under the influence of LPS (Figure 4C and D).

Compound 4k Reduced LPS-Induced Activation of the STAT Signaling Pathway
The STAT signaling pathway is a crucial mediator in the inflammatory processes of microglia. To elucidate the potential 
anti-inflammatory mechanism of compound 4k, the levels of phosphorylation of STAT1 and STAT3 were examined using 
Western blot analysis. As shown in Figure 5, there was a significant increase in the levels of phosphorylated STAT1 
(Tyr701) and STAT3 (Tyr705) following LPS treatment. In contrast, treatment with compound 4k markedly reduced the 
LPS-induced elevation of phosphorylated STAT1 (P < 0.001 compared to the LPS group, Figure 5A) and phosphorylated 
STAT3 (P < 0.01 compared to the LPS group, Figure 5B). Concurrently, neither LPS nor compound 4k treatment 
significantly affected the total protein levels of STAT1/3.

Compound 4k Suppressed LPS-Induced Nuclear Translocation of the Transcription Factor STAT
Upon activation of the JAK/STAT signaling pathway, the transcription factor STATs were phosphorylated and translo
cated to the nucleus to initiate the transcription of downstream genes.19 To further verify the regulatory effect of 
compound 4k on the LPS-induced JAK/STAT signaling pathway, immunofluorescence and Western blot analysis were 
employed to examine the impact of compound 4k on the intracellular distribution of the transcription factor STAT. The 
immunofluorescence results indicated that exposure to LPS led to an increase in the levels of p-STAT1 within the cell 
nucleus (Figure 6A and B). However, treatment with compound 4k significantly reduced the levels of nuclear p-STAT1. 
We further assessed the nuclear proteins by Western blot analysis. The results were consistent with the aforementioned 
findings, showing a marked decrease in the levels of phosphorylated STAT1 in the nucleus following compound 4k 
treatment (Figure 6C). Meanwhile, we performed immunofluorescence and Western blot analyses to assess the nuclear 

Figure 5 Compound 4k inhibited the phosphorylation of STAT1/3 in BV-2 Microglial cells. BV-2 microglial cells were pretreated with compound 4k (5, and 10 μM) for 
2 h and then exposed to LPS (100 ng/mL) for 3 h. (A) The protein levels of p-STAT1 and STAT1 were measured by Western blot (n = 4). (B) The protein levels of p-STAT3 
and STAT3 were measured by Western blot (n = 4). Statistical comparisons between the control group and the LPS-treated group were analyzed using an unpaired Student’s 
t-test, ###P < 0.001 vs the control group; Statistics among LPS-treated group and compound 4k-treated groups performed by one-way ANOVA coupled with Dunnett’s 
multiple comparison test, *P < 0.05, **P < 0.01, ***P < 0.001 vs the LPS-treated group.
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Figure 6 Compound 4k inhibited the nuclear translocation of STAT1/3 in BV-2 Microglial cells. BV-2 microglial cells were pretreated with compound 4k (10 μM) for 2 h and 
then exposed to LPS (100 ng/mL) for 3 h. (A and D) The expression and intracellular localization of p-STAT1/3/5 (green fluorescence) were assessed by immunofluor
escence assay (n = 3). Scale bar = 20 μm. (B and E) Quantification of nuclear/cytoplasmic fluorescence ratio of p-STAT1/3. (C and F) The protein level of p-STAT1/3 in the 
nucleus was measured by Western blot (n = 3). Statistical comparisons between the control group and the LPS-treated group were analyzed using an unpaired Student’s 
t-test, ##P < 0.01, ###P < 0.001 vs the control group; Statistics between LPS-treated group and compound 4k-treated group performed by an unpaired Student’s t-test, *P < 
0.05, **P < 0.01, ***P < 0.001 vs the LPS-treated group.
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distribution levels of p-STAT3. It was observed that compound 4k markedly suppressed the LPS-induced upregulation of 
p-STAT3 levels in the nucleus (Figure 6D–F). These results demonstrate that compound 4k treatment not only reduced 
the levels of intracellular p-STAT1/3 following LPS exposure but also effectively decreased their nuclear translocation.

Compound 4k Ameliorates LPS-Induced Microglial Inflammation in the Hippocampus of Mice
We conducted an acute toxicity study in mice to assess the safety profile of compound 4k. An equal number of male and 
female mice were observed continuously for 14 days after administration of compound 4k (250 mg/kg, p.o). The 
evaluation was performed across several parameters, including body weight, organ indices, pathological changes analysis 
(H&E staining) and biochemical indicators serum glutamic pyruvic transaminase (GPT), glutamic oxaloacetic transami
nase (GOT). The aboved results indicated that compound 4k at a dose of 250 mg/kg exhibited no significant toxic effects 
(Figure 7).

To further assess the in vivo anti-microglial inflammatory effects of compound 4k, the LPS-induced neuroinflamma
tion mice model was used to evaluate the impact of compound 4k on the status of microglia and levels of inflammatory 
factors in the hippocampus of mice. After treatment, the mice were anesthetized, perfused, and sacrificed to obtain hemi- 
brains. Then, immunofluorescence staining was conducted utilizing a specific antibody against Iba1 (a marker of 
activated microglia) to ascertain the activation status of microglia. Following treatment with LPS, the mice exhibit 
a pronounced neuroinflammatory response with activation and proliferation of microglia. According to the results shown 
in Figure 8, the upregulated level of Iba1 in the hippocampal region was significantly observed in the LPS group, which 
was reversed by treatment with compound 4k (Figure 8A–C).

Activated microglia are associated with pro-inflammatory responses and neuroinflammation.32 The mRNA levels of 
pro-inflammatory cytokines IL-1β and TNF-α, as well as the protein level of pro-inflammatory mediator COX-2, in the 
hippocampus of mice were measured. After exposure to LPS, increased mRNA levels of the pro-inflammatory cytokines 
IL-1β and TNF-α were detected by Real-time PCR in the hippocampal region of mice, while co-administration of 
compound 4k (10 mg/kg) significantly ameliorated the overproduction of IL-1β (P < 0.05 compared to the LPS group, 
Figure 8D) and TNF-α (P < 0.01 compared to the LPS group, Figure 8E). Consistently, compound 4k treatment also 
significantly improved the LPS-induced increase in COX-2 protein levels (Figure 8F and G).

Furthermore, neuroinflammation induces neurotoxicity leading to cell damage and neuronal loss, which in turn causes 
synaptic dysregulation.33 Therefore, the protein level of the synaptic protein synaptophysin (SYN) in the hippocampal 
region was assessed to explore synaptic defects. Western blot results indicated that the protein level of synaptophysin in 
the hippocampal region significantly decreased under the influence of LPS, which was reversible upon compound 4k 
treatment (Figure 8F and H). These findings suggest that compound 4k could reduce microglial activation, decrease 
inflammatory factors, and alleviate the synaptic defects in the hippocampal region of mice under LPS-induced stress 
conditions.

Discussion
In the present study, we have elucidated that: 1) the incorporation of the 1,2,3-triazole moiety into the structure of 
dolutegravir has yielded 27 dolutegravir structural derivatives; 2) Among 27 dolutegravir structural derivatives, com
pound 4k possesses low toxicity and high efficacy against LPS-induced microglial inflammation both in vitro and 
in vivo; 3) Compound 4k suppresses M1-type microglia and promotes the M2 polarization of microglia by inhibiting the 
STAT signaling pathway; 4) Compound 4k inhibits the activation of microglia and the expression of inflammatory factors 
in the hippocampal region, alleviating synaptic deficits.

Dolutegravir has been documented to exhibit anti-inflammatory regulatory effects.23,34 Jacqueline Capeau et al 
reported that dolutegravir mitigates oxidative stress, inflammation, and senescence to improve endothelial dysfunction 
via suppression of the NF-κB pathway.34 Additionally, studies indicate that dolutegravir reduces the secretion of pro- 
inflammatory cytokines IL-6 and IL-8, thereby alleviating inflammatory responses.23 Consistent with these findings, our 
experiments demonstrated that dolutegravir at 10 μM significantly decreased nitric oxide (NO) levels in cell supernatants 
to 51.62 ± 2.47% of the LPS-treated group, albeit with concomitant cytotoxicity (Table 2). The 1,2,3-triazole moiety is 
recognized for its ability to engage in diverse non-covalent interactions with biological targets, conferring multifunctional 
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Figure 7 Acute toxicity of compound 4k with a single oral administration of 250 mg/kg. (A and B) Body weight after oral administration of 250 mg/kg compound 4k for 14 
days (n = 3). (C and D) The organ coefficient of critical organ on the 14 day after administration (n = 3). (E and F) The levels of GPT and GOT in the plasma of mice (n = 3). 
(G) H&E staining were performed on various organs of mice treated with compound 4k. Scale bar = 100 μm.
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bioactivities such as anti-inflammatory,29,35 anticancer,36,37 antimicrobial effects,38,39 and so on. In this study, structural 
modification of dolutegravir with 1,2,3-triazole moiety bearing varied substituents led to significant alterations in anti- 
inflammatory activity and cytotoxicity. Notably, compound 4k derived from the conjugation of the dolutegravir core with 
a triazole moiety via 1,3-position linkage on a benzene ring, exhibited enhanced NO inhibitory activity and reduced 
cytotoxicity compared to the parent compound. The incorporation of 1,2,3-triazole modifications into dolutegravir 
significantly enhanced its anti-inflammatory efficacy against LPS-induced microglial inflammation while concurrently 
reducing cellular toxicity.

Figure 8 Compound 4k alleviated LPS-induced activation of microglia and synaptic defects in the hippocampus of mice. Mice were injected with compound 4k (10 mg/kg, i. 
p.) or vehicle (5% DMSO + 40% PEG 300 + 1% Tween 80, i.p.) daily for 2 days, followed by injection with LPS (5 mg/kg, i.p.) or saline for 1 day. (A) Activation of microglia 
(Iba1+) in the hippocampus was detected by immunofluorescence staining (n = 5). Scale bar = 100 μm. (B) Quantification of the number of Iba1+ cells in the hippocampus. 
(C) Quantification of mean fluorescence intensity of Iba1. (D and E) The mRNA levels of IL-1β and TNF-α in the hippocampus were measured by real-time PCR (n = 5). (F– 
H) The protein level of COX-2 and synaptophysin (SYN) was measured by Western blot (n = 4–5). Statistical comparisons between the Vehicle group and the LPS group 
were analyzed using an unpaired Student’s t-test, #P < 0.05, ###P < 0.001 vs the Vehicle group; Statistics between LPS-treated group and compound 4k-treated group 
performed by an unpaired Student’s t-test, *P < 0.05, **P < 0.01 vs the LPS group.
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Microglia could adopt an activated state by undergoing morphological and phenotypic transformations once cerebral 
injury and pathological conditions occur.14 The classical pro-inflammatory (M1) phenotype of microglia is typified by 
overexpression of pro-inflammatory cytokines and chemokines, while, the alternative anti-inflammatory (M2) phenotype 
of microglia is characterized by an anti-inflammatory profile that facilitates processes such as repair of nerve injury and 
the clearance of cellular debris.40 In the current study, treatment of compound 4k suppressed the expression of M1 
markers such as IL-1β, IL-6, TNF-α, iNOS, and COX-2. Conversely, the M2 markers IL-4 and Ym-1 were upregulated in 
compound 4k-treated BV-2 microglial cells, which indicated that compound 4k treatment led to a shift towards an anti- 
inflammatory M2-like phenotype of microglia.

Increasing evidence showed that interfering STAT signaling pathway could effectively inhibit microglial inflammation 
by switching the microglia phenotype from M1 to M2.12 Parthenolide has been demonstrated to attenuate neuroin
flammation by modulating microglial polarization via STAT1/3 signaling pathway.41 In addition, it was found that 
PLXNA2 knockdown reduced the expression of M1 markers (ie IL-6, IL-1β, TNF-α, and iNOS) and reversed the low 
expression of M2 markers (ie CD206, IL-10, and TGF-β), modulating microglia (M1/M2 polarization) to reduce 
neuroinflammation by inhibiting the activation of STAT3.42 In the present study, compound 4k downregulated LPS- 
mediated increases in the phosphorylation levels of STAT1/3, and suppressed the nuclear translocation of transcription 
factor STAT1/3, which indicated that the STAT signaling pathway participates in the regulation of inflammatory 
responses by compound 4k.

The concurrent activation of pro-inflammatory markers and the production of cytotoxic factors during neuroin
flammatory processes exert deleterious effects on neurons by modulating synaptic protein expression. 
Neuroinflammation has been demonstrated to reduce the levels of synaptic markers, such as synaptophysin, which 
mediates the cognitive deficits observed in neurodegenerative and neuropsychiatric disorders.43,44 After the LPS 
challenge, a significant increase in Iba1+ microglia levels in the hippocampus of mice was observed, accompanied 
by high mRNA levels of pro-inflammatory cytokines IL-1β and TNF-α, corroborating the findings from previous 
studies.45 Moreover, the expression of presynaptic synaptophysin decreased in the hippocampus of LPS-injected mice. 
However, compound 4k treatment significantly reduced the levels of Iba1, down-regulated the mRNA levels of TNF-α 
and IL-1β, and reversed the LPS-induced synaptic defects of reduced synaptophysin expression. The data suggested 
that compound 4k could prevent LPS-induced microglial inflammation and relieve neuron damage by attenuating 
synaptic defects.

Conclusion
In this study, a series of dolutegravir-1,2,3-triazole structural derivatives were designed and synthesized. Among 27 
structural derivatives, compound 4k shows the most potent suppressive effects on microglial inflammation in vitro. 
Furthermore, compound 4k exerted an inhibitory effect on the M1 phenotype of microglia, with a reduction of M1 
markers including NO, IL-1β, IL-6, TNF-α, iNOS, and COX-2, while elevating the levels of the M2 marker IL-4 and 
Ym-1. Compound 4k facilitated the polarization of microglia towards the M2 phenotype and modulated the M1/M2 
polarization balance of microglia through the inhibition of the STAT signaling pathway, thereby effectively mitigating the 
inflammatory response induced by LPS. Moreover, compound 4k reduced microglial activation, decreased the over
production of inflammatory factors IL-1β and TNF-α, and alleviated the synaptic defects in the hippocampus of C57BL/ 
6J mice subjected to LPS challenge. The study presents robust evidence supporting the therapeutic potential of compound 
4k as an anti-microglial inflammatory agent.
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