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Purpose: In the current study, the evaluation of anti-inflammatory (in vitro) activity of chemically synthesized Urolithin-C was
examined.

Methods: The synthesis of Urolithin-C (3,8,9-trihydroxy-6H-benzo[c]chromen-6-one) was carried out by chemical method and
it was characterized using various techniques. The anti-inflammatory efficacy of synthesized Urolithin-C was studied by
membrane stabilization, protein denaturation and protease inhibition assays. In addition, MTT (3-[4,5-dimethylthiazol-2-yl]
2,5-diphenyl tetrazolium bromide) assay was employed to evaluate the cytotoxic effect of Urolithin-C. The anti-inflammatory
property of Urolithin-C was further examined using LPS (Lipopolysaccharide) induced RAW 264.7 (Mouse macrophage) cells.
Furthermore, the anti-inflammatory properties of Urolithin-C was studied by quantifying pro/anti-inflammatory cytokines using
ELISA (enzyme-linked immunosorbent assay). The mechanism of action of Urolithin-C on NF-kB (Nuclear Factor-kappa B)
translocation was studied using CLSM (confocal laser scanning microscopy). While gene expression pattern was analyzed
using RT-qPCR (Reverse Transcription quantitative Polymerase Chain Reaction).

Results: In comparison to the positive control aspirin, Urolithin-C showed a strong anti-inflammatory effect by preventing
lysosomal degradation, protein denaturation and inhibition of protease. Furthermore, at the higher dose (200 pg/mL), Urolithin-
C was found to be toxic to the mouse macrophages; however, at lower concentration (25 ng/mL) it did not cause toxicity to the
said. Thus, 25 pg/mL of Urolithin-C was used to assess the anti-inflammatory activity. Interestingly, Urolithin-C efficiently
reduced the expression of pro-inflammatory inducible enzyme (Cox-2), cytokines (IL-2, IL-6, and TNF-alpha) and increased
the anti-inflammatory cytokine (TGF-betal), compared to positive control diclofenac (DFC). Urolithin-C effectively abrogated
the NF-kB p65 phosphorylation and its translocation to the nucleus as well. Most importantly, Urolithin-C efficiently
suppressed the expression of pro-inflammatory genes and elevated the expression of anti-inflammatory gene.

Conclusion: Urolithin-C exhibited anti-inflammatory properties by regulating the expression of pro-inflammatory inducible enzyme,
cytokines and the translocation of NF-kB p65 to the nucleus.
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Introduction
Inflammation is a key cellular defense mechanism activated by harmful stimuli such as reactive oxygen species (ROS),
pathogens, toxic compounds, radiation, and certain drugs.' Perhaps it is a vital phenomenon that eliminates tissue injuries
by initiating the healing process.” Typically, during acute inflammatory conditions, there could be a cellular and
molecular interaction that potentially regulates the impeding injury/infection that maintains tissue homeostasis.?
However, uncontrolled acute inflammation turns into chronic inflammation implicated in the development and progres-
sion of tissue damage, thrombosis, stroke, cancer, diabetes, atherosclerosis, autoimmune and neurodegenerative
disorders.* Numerous inflammatory pathways, including collective inflammatory mediators and regulatory mechanisms,
impact the pathophysiology of the aforementioned chronic illnesses.” Inflammatory mediators are created when intra-
cellular signaling pathways are triggered by microbial pathogens and tissue injury.® By interacting with the toll-like
receptors (TLRs), IL-1 receptor (IL-1R), IL-6 receptor (IL-6R), and TNF receptor (TNFR), cytokines including inter-
leukin-1p (IL-1p), interleukin-6 (IL-6), and tumour necrosis factor-a (TNF-o)) mediated inflammation.” Key intracellular
signaling pathways, including nuclear factor kappa-B (NF-kB), mitogen-activated protein kinase (MAPK), and Janus
kinase-signal transducer and activator of transcription (JAK-STAT) pathways, are triggered when receptors are
activated.® '° Tissue damage and inflammatory illnesses are caused by an overabundance of the inflammatory mediators
TNF-a, IL-1p, and IL-6, in addition to iNOS (inducible nitric oxide synthase) and COX-2 (cyclooxygenase-2).'' !
However, inflammation regulation happens through macrophages, which detect external triggers to generate inflam-
matory mediators. Gram-negative bacteria activate macrophages through their lipopolysaccharide core elements, acting
as an extensive in-vitro inflammatory trigger. The binding activation sequence between Toll-like receptor 4 (TLR4)
activation often leads to the production of TNF-a, then TNF-a modulates TLR4 expression and signaling. The LPS binds
to TLR4 and triggers NF-kB activation and mitogen-activated protein kinase signaling, which in turn triggers the
upregulation of protein kinase B activation followed by pro-inflammatory mediators.'*'> IxBa and p65 NF-kB are the
inactive dimers upon phosphorylation (IkBo subunit), resulting in the release of p65 NF-kB (active), which then
translocate into the nucleus which in turn activates the inflammatory genes transcription. The inhibitory proteins
(IxBa) trap NF-kB in the cytoplasm of resting cells.'®'® Research on anti-inflammatory drugs must figure out how to
stop the signaling pathways. Nonsteroidal anti-inflammatory medications (NSAIDs), which include naproxen and
ibuprofen with aspirin as a frequent companion, are a major component of the current anti-inflammatory therapeutic
strategies.'>*° Due to gastrointestinal, renal and cardiovascular complications during prolonged NSAID use, patients

need more protective alternatives that function effectively,zh22 Curcumin, colchicine, resveratrol, capsaicin,
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epigallocatechin-3-gallate (EGCQG), and quercetin are examples of naturally occurring manmade chemicals that help
prevent the side effects of anti-inflammatory medications.**

The group of tannins called ellagic acid (EA) are produced when the human digestive tract hydrolyses ellagitannins
(ETs), which are present in fruits, nuts, and seeds. The gut microbiota further transforms EA into other types of Urolithin
derivatives (A, B, C, D, M-5, M-6, and M-7). Because they may be found in pomegranates as well as other fruits and nuts
including strawberries, raspberries, grapes, walnuts, and chestnuts. The antioxidant and anti-inflammatory properties of
natural polyphenols, particularly ellagitannins (ET) and ellagic acid (EA), are of interest to researchers.**** The poor rate
of absorption of these chemicals in the body limits their therapeutic potential. In addition, the role of Urolithin-C on
inflammation is little understood, but the pharmacological characteristics and anti-inflammatory effect of Urolithins
A and B were well established.?®?® For instance, Urolithin A pacifies the production of pro-inflammatory cytokines such
as TNF-a, IL-6, and IL-1B and inhibits the NF-kB signaling pathway by avoiding the phosphorylation of NF-kB p65. In
addition, Urolithin A also regulates the MAPK pathways (ERK1/2 and p38).*2° While Urolithin B exhibits anti-
inflammatory properties by desensitizing the NF-kB, JNK (Jun N-terminal Kinase), and ERK (Extracellular signal-
regulated kinase) pathways.>' As far as Urolithin C is concerned, anti-inflammatory effect was studied only in the
framework of neuroinflammation and type I diabetes. None of the studies available on the anti-inflammatory action of
chemically synthesized Urolithin-C on LPS induced inflammation in macrophages. Therefore, this study aims to
synthesize Urolithin-C in-house and evaluate its anti-inflammatory potential in LPS-stimulated RAW 264.7 macrophages,
focusing on its effect on key inflammatory mediators and signaling pathways, particularly NF-«B.

Materials and Methods

Chemicals and Reagents

In the current study, the reagents used were of superior quality and purchased from certified suppliers. 2-Formyl phenyl
boronic acid, K,CO; (Potassium Carbonate), 2-bromo-1-iodo-4-methoxybenzene, THF (Tetrahydrofuran), PdCl,(PPh;),
[dichloro bis (triphenylphosphine) palladium (II)], EtOAc (Ethyl acetate), BBr; (Boron tribromide), HCI (Hydrochloric
acid), Methanol, phosphate buffer saline (PBS), bovine serum albumin (BSA), egg albumin, and trypsin. RAW 264.7- Mouse
monocyte/macrophage-like cell line (NCCS, Pune, India). DMEM (Dulbecco’s Modified Eagle Medium) with high glucose
medium, Fetal Bovine Serum D-PBS, LPS from E. coli, DMSO (dimethyl sulfoxide), MTT (3-(4, 5-dimethylthiazol-2-yl)-2,
S-diphenyltetrazolium bromide), Antibiotic-Antimycotic solution-100x, Trypsin, EDTA, Tween-20, Diclofenac sodium,
Primers-Mouse TNF-alpha, Cox-2, NF-kB, IL6, TGF-betal and GAPDH (glyceraldehyde-3-phosphate dehydrogenase),
RNAiso plus-Total RNA extraction reagent, TB Green Premix Ex Taq II (Tli RNase H plus), Primer script RT reagent kit
(Perfect Real Time), DEPC (Diethyl Pyro carbonate), RayBio Mouse IL-2 ELISA Kit, RayBio Mouse TNF-alpha (Tumor
Necrosis Factor alpha) ELISA Kit, RayBio Mouse TGF-beta 1 (Transforming Growth Factor beta-1) ELISA Kit, Mouse IL6
ELISA Kit, Elabscience Mouse PTGS2/Cox-2 ELISA Kit, PE anti NF-kBp65 antibody, Poly-L-Lysine, Fixative solution,
DAPI (4°,6-diamidino-2-phenylindole) (hydrochloride), NF-kBp65 (F6) FITC (Fluorescein Isothiocyanate) antibody. The
chemicals were obtained from Invitrogen (India) and Sigma Aldrich (USA).

Urolithin-C Synthesis

Urolithin-C was synthesized by following the previously described method of Tetrahedron,****

in brief, with a slight
modification of the Suzuki-Miyaura coupling reaction and copper-catalyzed cyclization method. All the spectral and

physical properties of Urolithin-C matched with literature values.>* ¢

Synthesis of 6-(2-Bromo-4-Methoxyphenyl) Benzo[D] [1,3] Dioxole-5-Carbaldehyde (3)

2-Formylphenylboronic acid (1.0 equivalent), 2-bromo-1-iodo-4-methoxybenzene (2.0 equivalents), and 5 mol%
bis-triphenylphosphine palladium (II) dichloride (PdCl, (PPh;),) were combined in 5 mL of tetrahydrofuran (THF)
in a reaction vessel. Agitation of the reaction mixture was done at room temperature, maintaining an inert
environment. Using a syringe, a solution of 2 N K,CO; (potassium carbonate) was gradually added to the
reaction, causing the mixture to become brown red. Then the reaction mixture was kept stirring overnight at
room temperature while utilizing thin layer chromatography (TLC) to track its development. Ethyl acetate (EtOAc)
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was used to extract the mixture after the reaction was quenched with water. Finally, preparative thin layer
chromatography was employed and EtOAc/hexane was used to purify the crude product. 65% brown oil: b.p.
128-131 °C, Rf 0.52 (10% EtOAc/Hexane). IR (KBr): Aoy 2902, 2852, 1674, 1606, 1478, 1239, 1039 cm '

Synthesis of 3 Methyl 6-(2-Bromo-4-Methoxyphenyl) Benzo[D] [1,3] Dioxole-5-Carboxylate (4)

After adding pyridine (5 mL) and water (15 mL) to the solution of 2’-bromo-4-methoxy-(1,1’-biphenyl)-2-carbal-
dehyde (3) (1.0 equivalent), KMnO, (2.0 equivalent) was added at room temperature. The reaction mixture was
then refluxed at 100—160 °C until the starting material was fully oxidized. The reaction mixture was then allowed to
cool to room temperature before being acidified with 2 N HCI to produce a white precipitate and recrystallized
using a 1:4 ratio of ethyl acetate (EtOAc) to hexane to produce biaryl carboxylic acid. The obtained product was
dissolved using 25 mL of dichloromethane (CH,Cl,) in a round-bottom flask. Three drops of oxalyl chloride were
gradually added to this carboxylic acid and dimethylformamide (DMF) solution that had already cooled. The
obtained yellow residue was concentrated under low pressure after being agitated for two hours at 0 °C. At room
temperature, 25 mL of methanol was used to esterify the residue. Ethyl acetate (EtOAc) was used to extract the
reaction after it had been quenched with water. The residue was obtained by washing the organic layer with brine,
drying it with anhydrous sodium sulphate (Na,SO,), and then concentrating it under reduced pressure. Dark red
solid (52%): R¢ 0.21 (10% EtOAc/Hexane). m. p. 84-86 °C. IR (KBR): Apnax 2952, 2908, 1724, 1604, 1472, 1242,
1034, 855 cm .

Synthesis of 3-Methoxy-6H- [I,3] Dioxole [4’,5":4,5] Benzo [|,2-C] Chromen-6-One (5)

TMEDA (1.0 equivalent) was added to a mixture of methyl 6-(2-bromo-4-methoxyphenyl) benzo[d] [1,3] dioxole-5-carbox-
ylate (4) (1.0 equivalent), CuTC (0.5 equivalent), and K,CO;5 (0.5 equivalent) in deionized water (2 mL) in a 100 mL round-
bottom flask. The reaction mixture was then heated to 300 °C for 10 minutes, and thin-layer chromatography (TLC) was
performed to follow the reaction. Following completion, the solution was rinsed with 100 mL of EtOAc and filtered through
silica gel. A pale-yellow solid was obtained by removing the solvent under low pressure; this material was further refined
using TLC (EtOAc/Hexane) to get the product. Brown solid (35%): Ry 0.39 (CH,Cly,/Hexane 50%). m. p. 117-1190 °C. IR
(KBR): Apax 2919, 2852, 2152, 1718, 1611, 1478, 1268, 1034, 935 cm ™"

Synthesis of 3,8,9-Trihydroxy-6H-Benzo[C]chromen-6-One (Urolithin-C) (6)

Methyl ether of Urolithin-C (1.0 equivalent) was cooled to 0 °C in an aromatic environment, and boron tribromide
(BBr3) was gradually supplemented to the mixture and later the mixture was acidified with 2 N HCI solution. The
product was then extracted using ethyl acetate (EtOAc), and the crude product was purified by washing thoroughly
with hot ethyl acetate, methanol, and water. Filtered and used a variety of methods to verify the final product’s
purity. Light tan color solid, yield 52%, R¢ 0.22 (90% Hexane/EtOAc); m. p. 328-332 °C. IR (Apax): 3340, 3156,
1701, 1615, 1460 and 1282 cm™'. "H NMR (400 MHz, DMSO-d6): & 10.39 (br s, 1H), 10.16 (br s, 1H), 10.12 (br
s, 1H), 7.85 (d, 1H), 7.49 (s, 1H), 7.41 (s, 1H), 6.81 (dd, 1H), 6.69 (d, 1H). *C NMR (100 MHz, DMSO-d6): &
161.2, 159.3, 154.2, 152.4, 147.3, 129.9, 125.6, 115.3113.8, 112.2, 111.1, 107.7, 104.4. ESI m/z (%): 244 (12).
Anal. Caled for C13HgOs5: C, 63.94; H, 3.30. Found: C, 63.92; H, 3.34%.

Thin Layer Chromatography (TLC)

The product obtained was combined with 10% methanol and DCM (dichloromethane) and spotted on silica-plated
aluminum sheets. A chromatogram was then created by means of a mobile phase consisting of 1% ethyl acetate and
n-hexane. By visualizing the spot in an iodine chamber, the generated chromatogram was found.>* With a retardation
factor (Rf) value of 0.3 cm, the first reaction intermediate was seen. The final product, which had undergone acidification,
bromination, and 2 N HCI, had an Rf value of 0.2 cm.
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High-Performance Liquid Chromatography (HPLC)

HPLC was performed by loading 20 pL of the synthesized Urolithin-C through a 250x4.6 mm C-18 column (Agilent
Technologies system in Santa Clara, California). A constant flow rate of 1 mL/minute was maintained. Water,
acetonitrile, and 0.1% trifluoroacetic acid (TFA) were used in the gradient elution process.>’

Nuclear Magnetic Resonance Spectroscopy (NMR)

The protons of synthesized Urolithin-C were identified and confirmed by using 'H NMR. After being dissolved in
dimethyl sulfoxide (DMSO), the synthesized Urolithin-C was run through an NMR spectrometer set to 400 MHz for
proton frequency. The many carbon atom habitats inside a molecule were represented by peaks in the '*C NMR spectra,
which were used to clarify the structure of molecules. Urolithin-C was dissolved in DMSO and subjected to analysis
using an NMR spectrometer set to run at a proton frequency of 400 MHz, much like in "H NMR. A Bruker 400 MHz

device (Bruker, Bremen, Germany) was used to record NMR spectra.*>**

Fourier Transform Infrared Spectroscopy (FTIR)

The active functional groups found in the synthesized Urolithin-C were examined by the FTIR analytical method. A
Shimadzu FTIR-8400 spectrometer was used to determine the FTIR spectra at wave numbers ranging from 600 to
4000 cm ™'

Liquid Chromatography Mass Spectrometry (LC-MYS)

The analytes included in the synthesized Urolithin-C were identified and quantified using LC-MS. The Micro Mass
Quattro Micro API (LCMS) from Waters was used to obtain the mass data. A 50x4.6 mm WATERS X Bridge C-18
column with a particle size of 3.5 p was used for the chromatographic separation. At 1.2 mL/minute, the flow rate was
kept constant. A solvent system including 0.1% formic acid, water, and acetonitrile was used to carry out gradient
elution.”’

Anti-Inflammatory Activity (in-vitro)
Assay for Membrane Stabilization
The previously mentioned method was used to quantify the membrane stabilization activity.>® Nine milliliters of 10 mM
PBS (pH 7.4) were added to 1 mL of human red blood cells. For 1 hour at 37 °C, 1 mL diluted blood sample was exposed
to varying doses of 0-25 pg of Urolithin-C. 9 mL of ice-cold 10 mM PBS (pH 7.4) was added to stop the hemolytic
process. The samples were centrifuged at 37 °C for 10 minutes at 1500 rpm. A positive control was provided by Triton-
X100. By measuring and comparing the quantity of hemoglobin produced in the sample supernatant at 540 nm, the
degree of hemolysis was determined. The following formula was used to get the hemolysis percentage:

Hemolysis inhibition percentage = 1-test sample absorption/control absorption % 100.

Protein Denaturation Assay

The protein denaturation test was carried out with previously published procedures.>® Urolithin-C doses ranging from 0
to 25 ng were combined with 4.78 mL of phosphate-buffered saline (PBS) and 0.2 mL of 1% bovine serum albumin and
egg albumin to create a reaction mixture. Aspirin served as a positive control. After being incubated at room temperature
for 15 minutes, the reaction mixture was heated for 5 minutes in a water bath that was maintained at 70 °-
C. A spectrophotometer was used to measure the absorbance of turbidity at 660 nm after the fluid containing tubes
had cooled. The percentage of denaturation inhibition was calculated using the formula below:

% inhibition of denaturation = 1-test sample absorbance/control absorbance x 100.

Protease Inhibition Study

Inhibition of protease was quantified using a method.* In a dry, clean test tube, Urolithin-C (0-25 pg) was added, and it
was allowed to incubate at room temperature for 5 minutes. 0.06 mg of trypsin and 1 mL of 20 mM Tris-HCI buffer (pH
7.4) were added to the reaction mixture. After adding 1 mL of 0.8% (w/v) casein, the reaction was sustained for
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20 minutes. To stop the reaction, 2 mL of 70% perchloric acid was added and centrifuged the tubes for 10 minutes at
1500 rpm. The supernatant was collected and the absorbance was measured at 210 nm.

Molecular Docking Studies

The protein (PDB ID: 2PTN) and the chemical Urolithin-C were docked into the active region of the protein using Auto
Dock Vina. The chemical structure of the substance was achieved from the PubChem database using the appropriate 2D
orientation. Furthermore, ChemBio3D was used to minimize the molecule’s energy. Following energy minimization, the
ligand molecule was used as input for Auto Dock Vina to carry out the docking simulation. The Protein Data Bank
provided trypsin’s crystallographic structure (PDB ID: 2PTN). All heteroatom coordinates and water molecules were
replaced with hydrogens, Kollman charges, and the absent C-terminal oxygen. In order to only accept receptor files
devoid of non-integral charge residues, the Auto Dock 4.2 program was developed. The relevant residue from the protein
structure was then eliminated, utilizing Auto Preparation of Target Protein File to create the target protein files. Auto
Dock 4.2 and MGL tools 1.5.6.*"*

Anti-Inflammatory Activity of Urolithin-C on RAW 264.7 Cell Lines

Cell Culture

The RAW 264.7 (mouse monocyte/macrophage cell line) was acquired from NCCS in Pune, India. The cells were
cultivated in Dulbecco’s Modified Eagle Medium (DMEM) with high glucose and 4 mM L-glutamine adjusted to contain
1.5 g/L sodium bicarbonate. They were also supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic-
antimycotic solution in an atmosphere of 5% CO,, 18% O,, and 37 °C in a CO, incubator. They were sub-cultured every
two days. RAW 264.7 cells were given the passage number P36 for the current study. Cells were detached from the plate
surface using a solution of 0.01% EDTA and 0.025% trypsin (in D-PBS) after the density reached 80%.

MTT ((3-(4, 5-Dimethylthiazol-2-Y1)-2, 5-Diphenyltetrazolium Bromide) Assay

The cytotoxicity of Urolithin-C on RAW 264.7 cells was assessed by the MTT test.*> A 96-well plate was plated with
15,000 cells in 200 pL of the suitable medium. Then the cells were added with various doses of Urolithin-C (12.5, 25, 50,
100, and 200 pg/mL). The medium containing LPS (1 ug/mL) was kept for 2 hours to produce inflammation. The cells
were then cultivated for 24 hours at 37 °C with 5% CO,. Cells treated with LPS were used as the positive control,
whereas cells not treated with LPS were considered as the negative control. Cells were exposed to 100 pL of MTT
(0.5 mg/mL) and 3 hours incubation was done at 37 °C. Formazan crystal was dissolved in 100 pL of dimethyl sulfoxide
(DMSO). The resulting purple solution was measured at 570 nm using a microplate reader (ELZ-800, Biotek, USA).
Cells fed just DMEM were thought to be completely viable. Cell viability as a percentage was calculated using the
following formula:

Cell viability percentage = [absorbance of treated cells/absorbance of untreated cells] * 100.

Evaluation of Cell Morphology

For RAW 264.7 morphological alterations, cells were evaluated after being treated with Urolithin-C at varying dosages
from 12.5 pg/mL to 200 pg/mL for 24 hours at 37 °C. An Inverted Biological Microscope (CKX-41, Olympus) and
a camera were used to view and record cells at a 20x magnification and a 200 pM scale using MICAM software.

Quantitative Estimation of Inflammatory Cytokines by Enzyme-Linked Immunosorbent
Assay (ELISA)

A 6-well plate containing 0.5x10° cells/mL of RAW 264.7 cells were treated for 48 hours to promote cell adhesion and
achieve the necessary cell density. Stimulated the cells for 2 hours with 1 pg/mL of LPS, then using 25 pg/mL of
Urolithin-C, incubation was done for 24 hours. The LPS (1 ug/mL) treated cells were used as a positive control, and for
the negative control, cells alone (without LPS treatment) were used. Cells treated with diclofenac (1 mM) and LPS (1 pg/
mL) were considered as the positive controls. Following a 24-hour treatment period, the supernatant was removed and
given a 1x PBS wash. The cells were lysed with 0.1% phosphate-buffered saline with Tween 20 (PBST) buffer for
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30 minutes on ice. The cells’ monolayer was then scraped off using a cell scraper, and the whole contents were moved to
a sterile Eppendorf tube. At 4 °C, the whole suspension was centrifuged for 10 minutes at 10,000 rpm. The lysate super-
natant was collected and used for the ELISA, by following the manufacturer’s instructions, the levels of Cox-2, IL-2, IL-
6, TGF-betal, and TNF-a in the supernatants were quantitatively determined using the mouse ELISA kit IL-2, IL-6,
TGF-betal, and TNF-alpha (Ray Biotech Labs, Peachtree Corners, GA) and Cox-2 (Elabscience, Texas, USA).
Following treatment of the stop solution, a microplate reader (ELX-800, BioTek, USA) was used to quantify the
expression levels of Cox-2, IL-2, IL-6, TGF-betal and TNF-a at 450 nm.

Nuclear Translocation Analysis of NF-kB p65 Using the Confocal Laser Scanning
Microscopy (CLSM) Technique

Coated the 35 mm glass bottom dishes with 500 pL of Poly-L-Lysine solution for 15 minutes and washed the dishes with
1 mL of PBS to remove the excess solution. Cells were cultured at a density of 0.5x10° cells/2 mL in each well of a plate,
and the cells were stimulated for two hours with 1 pg/mL of LPS. The cells were incubated for 24 hours after being
treated with 25 pg/mL of Urolithin-C and controls in 1 mL of culture media. The cells that received no treatment were
regarded as negative controls, cells that were stimulated with 1 pg/mL of LPS were regarded as positive controls, and
cells that received LPS (1 pg/mL) treatment and then 1 mM of diclofenac were regarded as positive controls. After the
incubation, the medium was taken out of each well and PBS was used for washing. The cells were fixed and
permeabilized for 30 minutes at room temperature using 500 pL of fixative solution (4% paraformaldehyde in PBS).
After removing the PBS, 500 pL of blocking solution (1x PBS with 5% FBS and 0.3% Triton-X100) was added, and the
mixture was incubated for an hour at room temperature. After fully aspirating the solution, the diluted NF-kB p65
antibody conjugate (1:500) was added together with fluorescein isothiocyanate (FITC). After washing the specimens
three times with 1x PBS, the plates were kept in the dark at 4 °C for a whole night. The specimens were then incubated in
antibody dilution buffer for 1-2 hours at room temperature in the dark. It was rinsed three times for 5 minutes each with
1x PBS, and before imaging, the cells were counterstained with 500 pL of diluted 4°,6-diamidino-2-phenylindole (DAPI)
stain solution with 1x PBS Solution (1 pg/mL) for 10 minutes without light. Using a filter cube, the cells were seen using
the ZEISS LSM 880 Fluorescence Live Cell Imaging System (Confocal Microscopy) with excitation and emission of 358
nm and 461 nm for DAPI and 495/519 nm for FL1 channel. Photographs were taken and captured with ZEN Blue
Software. The software Image J (FIJI) was used to analyse the captured pictures.

Gene Expression Study by RT-qPCR

Total RNA extraction and qRT-PCR were carried out with minor alterations as previously outlined.** The cells were
cultivated on a 6-well plate at a density of 0.5x10° cells/mL of RAW 264.7. The cells were stimulated with 1 ug/mL of
LPS for two hours, and treated with 25 pg/mL of Urolithin-C and allowed to incubate for 24 hours. An untreated cell
were used as a negative control, cells treated just with LPS (1 pg/mL) as a positive control, and cells treated with LPS
and 1 mM diclofenac as the positive control. Once the treatment was completed, rinsed with 500 pL. PBS and trypsinated
with 500 pL of trypsin-EDTA. The cells were then incubated for 3—4 minutes at 37 °C, and centrifuged for five minutes
at 300 x g at 25 °C and the cells were rinsed twice with PBS and 500 pL of RNAiso Plus reagent was added straight into
the Eppendorf tube containing the lysed tissues and homogenized. Centrifuged the lysate for five minutes at 12,000 rpm
at 4 °C, to the supernatant 200 pL of chloroform was added, and centrifuged the sample. To the aqueous phase added
500 uL of isopropanol and was centrifuged to collect the pellet. The pellet was resuspended in 1 mL of 75% ethanol. The
RNA pellet was allowed to air dry at ambient temperature for 10 minutes and resuspended in 50 pL of water devoid of
RNase. The RNA was kept for later use at 80 °C while the tubes were incubated in a water bath at 55-60 °C. Using
a Nanodrop Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) set at 260 and 280 nm, the concentration
and purity of total RNA were measured.

Synthesis of cDNA with the Prime Script RT Reagent Kit (Perfect Real Time)
The I Script cDNA synthesis kit for PCR amplification was purchased from Eurofins in Bangalore, and it was used to
reverse-transcribe RNA into complementary DNA (cDNA). The TB Green Premix Ex Taq II (Tli RNase H plus, Takara)
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was used in the Quant Studio3 system (Thermo Fisher) to perform the relative quantification of the gene expression.
Table 1 contains a list of the primers used. The fluorescence is obtained via PCR cycling settings, which comprise
a primary denaturation at 95 °C for 15 seconds, 40 cycles of denaturation at 95 °C for 20 seconds, annealing at 60 °C for
20 seconds, and extension at 95 °C for 20 seconds. Following the PCR protocol, the melt curve continually records
fluorescence at 0.5 °C increments per minute from 65 to 95 °C. A Prime Script RT reagent kit was then used to perform
qRT-PCR on the samples. 2 pL of cDNA, 10 pL of TB Green Premix Ex Taq II (2X), 0.8 pL of each forward and reverse
primer (10 uM), 0.4 uL of Rox reference dye, and 6 puL of nuclease-free water made up each reaction mixture. Every
sample was carried out twice, and the results were averaged. To evaluate the PCR’s correctness, melting curves were
produced. GAPDH was used as an endogenous internal control gene, and the expression levels of calibrator genes were
measured using the 2—AACt technique. ACt values were computed as follows:

ACt = Ct (target gene) — Ct (housekeeping gene), and also

AACt = ACt (treatment) — ACt (control).

Table | Primers Used in the Current qRT-PCR Investigation Sequence

Name Sequence Gene Accessions No

mTNF-alpha | FP | GGTGCCTATGTCTCAGCCTCTT NM_013693

RP | GCCATAGAACTGATGAGAGGGAG

mNfkB | FP | GCTGCCAAAGAAGGACACGACA | NM_008689

RP | GGCAGGCTATTGCTCATCACAG

miLé FP | TACCACTTCACAAGTCGGAGGC NM_031168

RP | CTGCAAGTGCATCATCGTTGTTC

mTGf betal | FP | TGATACGCCTGAGTGGCTGTCT NM_011577

RP | CACAAGAGCAGTGAGCGCTGAA

mCox2 FP | GCGACATACTCAAGCAGGAGCA NM_011198

RP | AGTGGTAACCGCTCAGGTGTTG

mGAPDH FP | CATCACTGCCACCCAGAAGACTG | NM_008084

RP | ATGCCAGTGAGCTTCCCGTTCAG

Statistical Analysis

Statistical analysis was done, and the results were presented as mean + SD. Graph Pad Prism 5.0 (Graph Pad Software,
Inc., San Diego, CA, USA) was used to compare individual parameters using a one-way ANOVA. The statistical
significance of the p-value (p < 0.05) was established.

Results
Urolithin-C Synthesis

The four-step procedure used to synthesize Urolithin-C (6) is shown in Scheme 1. In the first step, biaryl carbaldehyde
(3) was produced with a yield of roughly 70% when 2-formyl phenyl boronic acid (1) and 2-bromo-1-iodo-4-methox-
ybenzene (2) were combined with bis-triphenylphosphine palladium (II) dichloride (PdCl,(PPh;),) as a catalyst under
basic conditions and tetrahydrofuran (THF) at room temperature. The second process included oxidizing biaryl carbal-
dehyde (3) using water, pyridine, and potassium permanganate. Additionally, it was esterified to create a biaryl
carboxylic ester using methanol and dimethylformamide (4). In the third step, 3-methoxy-6H-[1,3] dioxolo [4°,5°:4,5]
benzo [1,2-c] chromen-6-one (5) was formed by *
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Scheme | Reaction Conditions: (i) PdCl,(PPh;),, THF, excess, K,COj3, RT. (ii) a. KMnOy, Pyridine, H,O, reflux, b. (COCl,), Cat.DMF, CH,Cl,, CH3;0H. (iii) CuTC, TEMED,
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combining biaryl carboxylic ester (4) with N,N,N° N’ tetramethyl ethylene diamine and potassium carbonate at 300
°C with Copper(I) thiophene-2-carboxylate (CuTC). Compounds 3, 4, and 5’s spectral and physical analyses agreed with
values reported in the literature.”®*% 32 After the chemical (5) was demethylated with boron tribromide in the presence of
dichloromethane and hydrochloric acid, Urolithin-C (6) was produced with a 52% yield.

Synthesized Urolithin-C Purification and Characterization

The purity of the synthesized Urolithin-C was assessed using TLC; a single spot of Urolithin-C was seen having the RF values
of (retardation factor) 0.39 cm and 0.22 cm, respectively, for both first and second reaction intermittent (Figures 1A and B).
Additionally, HPLC was used to assess the purity of Urolithin-C; a single sharp peak having the retention time of
10.902 minutes was noticed (Figure 2). 'H and '>C NMR were used to analyse the likely structure. Parts per million (ppm)
were used to report the proton chemical shift (). "H NMR (400 MHz, DMSO-d6): & 10.39 (brs, 1H), 10.16 (br s, 1H), 10.12
(brs, 1H), 7.85 (d, 1H), 7.49 (s, 1H), 7.41 (s, 1H), 6.81 (dd, 1H), 6.69 (d, 1H) (Figure 3). '>*C NMR (100 MHz, DMSO-d6): &
161.2,159.3, 154.2, 152.4, 147.3, 129.9, 125.6, 115.3, 113.8, 112.2, 111.1, 107.7, 104.4 (Figure 4). Using Fourier transform
infrared (FTIR) spectroscopy, the potential functional groups of the synthesized Urolithin-C were determined. An outlying
peak at wavelengths 3361-3326 cm ™' denotes the stretching of a polymeric hydroxyl group (O-H stretching). The free
phenolic functional groups (O-H stretching) were the cause of the absorption peak at wavenumber 2994 cm ™', Additionally,
the existence of a ketone moiety is implied by C=O stretching at 1705 cm™ ' and C=C stretching at 1620 cm '. A C=C bending

A B

‘I
- ~

Figure | Chromatogram of Urolithin-C: (A) Chromatogram represents the retardation factor (RF) of 0.3 cm. (B) Chromatogram represents the retardation factor (RF) of
0.2 cm.
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Figure 2 Urolithin-C HPLC chromatogram with a 10.902-minutes retention time.
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Figure 3 NMR spectra of Urolithin-C: "H NMR spectra of Urolithin-C, 'H NMR spectra of Urolithin-C showing three peaks of hydrogen present in the hydroxyl group and
'H NMR spectra of Urolithin-C showing five peaks of hydrogen present in Urolithin-C.

feature of the alkene moiety was shown in the region between 988 and 698 cm ™', and this spectrum confirmed Urolithin-C’s

structure (Figure 5). Additionally, the mass data obtained using Liquid LC-MS (Figure 6) verified that the mass of the
synthesized chemical was 244.53 g/mole with respect to the negative mode of m/z ratio.

Urolithin-C Exhibits Anti-Inflammatory Property

Interestingly, Urolithin-C prevented RBC membrane lysis, demonstrating its anti-inflammatory property through antihemolytic
action (Figure 7A). Urolithin-C’s anti-inflammatory property was further shown by the denaturation of egg albumin and bovine
serum albumin (Figure 7B and C). Urolithin-C reduced the denaturation of egg and bovine serum albumin in a concentration-
dependent fashion. Urolithin-C was shown to suppress protein denaturation at a percentage of 84.64% for egg albumin and
76.05% for bovine serum albumin, respectively, compared to 90% for the positive control aspirin. The main enzyme that
neutrophils release during inflammation is serine protease, which is essential for tissue degradation during the inflammatory
response. Thus, an inhibition of the protease (trypsin) was carried out. Curiously, Urolithin-C significantly reduced the protease
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Figure 5 FTIR spectrum revealing Urolithin-C’s functional groups.

activity in contrast to the positive control aspirin (Figure 7D). Protease inhibition percentages in Urolithin-C and positive control

aspirin were reported to be 80% and 94%, respectively.

In Silico Effect of Urolithin-C

The interaction between the enzyme and inhibitor was investigated using molecular docking techniques. Urolithin-C
showed a binding energy of —7.1 kcal/mol when it interacted with the trypsin enzyme (Figure 8). Urolithin-C engaged
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Figure 6 The molecular weight of Urolithin-C was determined using LC-MS Chromatography of Negative Modes. The molecular weight of the Urolithin-C was found to be
244.53 which is highlighted in red color.
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Figure 7 Urolithin-C’s impact on protein denaturation (A) Direct hemolytic activity (B) percentage of BSA denaturation inhibition, (C) percentage of egg albumin
denaturation inhibition, and (D) percentage of protease inhibition. The data are provided as mean + SEM (n = 3) and are shown in average units/mg of protein. ** at p < 0.01,
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Figure 8 Trypsin- Urolithin-C interaction studies by molecular docking: (A) Trypsin - Urolithin-C Binding, (B) 2D (C) 3D image of binding of Urolithin-C on protein through
hydrogen bonding (SER A:195 and HIS A:57) to inhibit the action of protein with a docking score of 7.1 kcal/mol.

with the conserved amino acid residues Ser195 and His57 at the active site via hydrogen bonding. Gly 216 and Trp 215
display amide-n stacking interactions with the ligand Urolithin-C. Therefore, Urolithin-C inhibited trypsin’s activity.

Urolithin-C Exhibits Moderate Cytotoxicity in RAW 264.7 Cells

The MTT test was used to evaluate Urolithin-C cytotoxic effect on RAW 264.7 cells. During a 24-hour incubation
period, the murine macrophage RAW 264.7 (Figure 9A) cells treated with a higher concentration (200 pg/mL) of
Urolithin-C showed a cell viability rate of 58.55%. However, when RAW 264.7 cells were exposed to 1 pg/mL of LPS
alone (positive control) showed a viability rate of 99.5%. It is to state that, at the concentration of 25 ug/mL, Urolithin-C
was found to be safer as it showed 85.19% ofcell viability rate. Hence, 25 pg/mL of Urolithin-C was used for further
mechanistic studies. Additionally, LPS-treated RAW 264.7 cells exhibited spindle-shaped pseudopodia, an indication of
macrophage activation, while Urolithin-C maintained the rounded form of the pseudopodia (Figure 9B).

Urolithin-C Suppresses Cox-2, Pro-Inflammatory Cytokines and Stimulates
Anti-Inflammatory Cytokines in LPS Treated RAW 264.7 Cells

To quantify inducible enzyme Cox-2 and expression of cellular pro/anti-inflammatory cytokines, IL-2, IL-6, TNF-alpha,
and TGF-betal levels in LPS-stimulated RAW 264.7 cells, examined by ELISA. In the LPS-induced model, Urolithin-C
suppressed the activity of Cox-2 and pro-inflammatory cytokines, including TNF-alpha, IL-2, and IL-6 (Figure 10A—10D).
However, inducible enzyme (Cox-2) and the said cytokines were significantly expressed in cells treated with LPS (1 pg/
mL) alone. Urolithin-C at 25 pg/mL has an anti-inflammatory impact in LPS-induced murine macrophages via suppressing
inducible enzyme Cox-2 and cytokine expression. TGF-betal, a cellular anti-inflammatory cytokine, was enhanced in
RAW 264.7 treated cells induced by LPS (Figure 10E).
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Figure 9 Urolithin-C’s impact on RAW 264.7 cells: (A) RAWV 264.7 cell viability percentage. After a 24-hour incubation period, RAW 264.7 cells were treated with different
doses of Urolithin-C. (B) An inverted biological microscope was used to view the cell morphology. 200 pm is the scale bar. The mean + SEM (n = 2) is used to express the
results. ¥ at p < 0.01, ¥** at p < 0.001, and significance at p < 0.05.

Urolithin-C Regulates the Translocation of NF-kB

The regulatory effect of Urolithin-C on NF-«kB translocation was investigated using a Confocal Laser Scanning
Microscopy (CLSM) technique (Figure 11A). In the steady state, RAW 264.7 cells were devoid of p65 protein. As
shown by the cells seen under the Fluorescence Live Cell Imaging System (Confocal Microscopy); instead, it translo-
cated from the cytosol to the nucleus in response to LPS stimulation. However, this translocation was repressed by
diclofenac (DFC) and Urolithin-C. Furthermore, Urolithin-C at a dose of 25 pg/mL in LPS (1 pg/mL) stimulated RAW
264.7 cells resulted in a 1.69+0.48 relative mean fluorescence intensity of NF-kB p65, while LPS (1 pg/mL) alone
resulted in a 5.88+1.15 relative mean fluorescence intensity. Diclofenac (1 mM) was employed as a positive control for
the investigation, resulting in a 3.76+0.86 relative mean fluorescence intensity of NF-kB p65 (Figure 11B). Overall, the
findings revealed that the Urolithin-C anti-inflammatory effect could be due to the downregulation of NF-kB p65

expression.

Urolithin-C Upregulates Anti-Inflammatory Cytokine Gene Expression While
Downregulating That of Pro-Inflammatory Cytokine Gene Expression

RT-PCR gene expression analysis revealed that the TGF-betal cytokine was successfully suppressed in LPS-treated
RAW 264.7 cells, but relative gene translocation to the nucleus. The levels of TNF-alpha, Cox-2, NF-kB p65, and IL-6
genes were elevated. In LPS-induced RAW 264.7 cells, Urolithin-C at a concentration of 25 pg/mL efficiently suppressed
pro-inflammatory cytokines while promoting anti-inflammatory cytokines. As a standard control for the current
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Figure 10 Urolithin-C’s influence on pro/anti-inflammatory cytokines produced by LPS in RAW 264.7 cells: Following LPS, Positive control (DFC), and Urolithin-C (25 g/
mL) cell culture, ELISA was used to evaluate the production of (A) Cox-2, (B) IL-2, (C) IL-6, (D) TNF-0, and (E) TGF-B. The mean * SEM (n = 2) is used to express the
results. ** at p < 0.0] and ***at p < 0.001.

investigation, 1 mM DFC was utilized, which repressed the pro-inflammatory cytokines and stimulated the anti-

inflammatory cytokines (Figure 12A—C).

Discussion

Inflammation is a physiological phenomenon; acute inflammation appears to be protective, while chronic inflammation
results in severe tissue damage, thrombosis, cancer, diabetes, atherosclerosis, stroke, rheumatoid arthritis and neurode-
generative disorders.* Hence, inflammation becomes the fundamental target of deep attention in searching for novel anti-
inflammatory molecules that regulate inflammation-induced pathogenesis.*® Synthesized natural products via a chemical
route may offer a potential therapeutic option in managing chronic conditions.*” EA and ET are acted upon gut
microbiota, resulted in the formation of Urolithin-C. It is thought that the health benefits of ET could be linked to
these gut-produced Urolithin-C. Urolithin-C is not a common molecule in nature, although it may be found in plasma,
urine, and the fecal matter of animals at amounts ranging from high nM to low mM. This study aimed to examine the
impact of chemically synthesized Urolithin-C due to its restricted availability in a biological system.

Protein denaturation leads to an inflammatory response as altered proteins may be recognized as foreign by the immune
system.*® In addition, altered proteins, exposed to hidden antigens, that can trigger an immune response, resulting in tissue
damage, arthritis and various severe pathogenesis.*’ Most importantly, anti-hemolytic agents and inflammation are inter-
connected, as lysed RBCs (red blood cells) released into the bloodstream act as damage-associated molecular patterns, or
DAMPs, causes inflammation.>® Pro-inflammatory cytokines, including IL-1p, TNF-a, and IL-6 are released as a result of
hemolysis, along with other chemicals that promote tissue damage and inflammation.”’ Inflammatory mediator activation is
prevented by compounds that stabilize the red blood cell membrane and shield it from harm in hot or hypotonic
environments.*®>? Interestingly, Urolithin-C prevented albumin denaturation and stabilized heat-induced RBC lysis, revealing
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Figure |1 Effect of Urolithin-C on NF-kB translocation: (A) Microscopic image depicted the NF-kB p65-FITC expression in untreated, LPS alone and Co-treatment of LPS
followed by DFC with ImM or Urolithin-C with 25 pg/mL concentration on RAW 264.7 cells at the magnification of 40X at Blue and FITC channels. Cell nuclei are counter-
stained with DAPI solution. (B) NF-kB p65 expression was observed in Untreated, LPS alone, DFC with ImM and Urolithin-C with 25 pg/mL and | pg/mL of LPS pre-
treatment treated RAW 264.7 cells after the incubation period of 24 hrs by Confocal microscopy. The results are expressed as mean + SEM (n = 2). Significance at p < 0.05,
*k at p < 0.001.

its anti-inflammatory properties. Research has demonstrated that by stabilizing the RBC membrane and preventing protein
denaturation, plant extracts, saponins, hydroxyurea, l-glutamine, and nanoparticles including TAFE MgO NPs, TiO, NPs, and
DHLE.CoFe,04 NPs have an anti-inflammatory impact.*%:4%-32-3

The primary enzyme that neutrophils release, serine protease, is essential for both positively and negatively control-
ling the inflammatory process by influencing cytokine production and inducing receptor up regulation that affects the
survival of cells.’* Thus, a protease (trypsin) inhibition was done, and Urolithin-C effectively inhibited trypsin a serine
protease, further strengthened its anti-inflammatory activity. Previous report revealed that the protease inhibition activity
of plants extracts Azadirachta indica, Camellia sinensis, Terminalia chebula, Piper nigrum, green synthesized nanopar-
ticles such as TAFE MgO NPs, TiO, NPs and DHLE. CoFe,O, NPs showed significant protease inhibition
activity.*”**%5% Furthermore, an in silico molecular docking investigation verified Urolithin-C’s ability to block trypsin.
Since molecular docking gives fundamental information on binding energy, pattern, and affinity, it is critical in the initial
phases of drug design. Urolithin-C’s docking experiments with trypsin revealed a higher binding energy of —7.1 kcal/mol.
Through hydrogen bonding, Urolithin-C reacted with the amino acid in the active site.

White blood cells (leukocytes, lymphocytes) and many other inflammatory cells may get activated throughout the
inflammatory process. In many inflammatory diseases, macrophages are able to trigger the generation of pro-inflamma-
tory mediators.’® Gram-negative bacteria’s cell wall contains lipopolysaccharide (LPS), which is a potent inducer of
monocytes to macrophages during inflammation. It also triggers the production of proinflammatory mediators and
activates immune cells via the toll-like receptor 4 (TLR4) chain.’” Changes in cell size and cytoplasmic expansion are
hallmarks of macrophage activation.’® In order to apply a safer dosage (sub-toxic concentration), the cytotoxic impact of
synthesized Urolithin-C was detected in murine monocyte/macrophage RAW 264.7 cells. The MTT test was used to
assess the viability of RAW 264.7 cells at different Urolithin-C doses.*® The safer dose was identified as 25 pg/mL.

The production of the inflammatory response is thought to involve several important mechanisms, including the
activation of pro-inflammatory cytokines (IL-1, IL-6, IL-8, IL-12, IL-17, IL-18, TNF-a, IFN-y, and IL-2).59 Its release,
however, is associated with both acute and chronic inflammation, promoting prostaglandin production and triggering the
acute-phase response. Thus, we also looked into Urolithin-C’s regulatory effects on cytokines that promote and inhibit
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Figure 12 Effect of Urolithin-C on pro/anti-inflammatory cytokines gene expression by RT-qPCR: (A) Amplification of isolated cDNA of given samples with respective
target genes (TNF-alpha, NF-kB, Cox-2, IL6 and TGF-betal) obtained by RT-qPCR. All the Genes were amplified well without any errors. (B) Melt curves of all target genes
along with housekeeping gene GAPDH (Glyceraldehyde-3-Phosphate Dehydrogenase) of treated and non-treated conditions of LPS induced RAW 264.7 cells by RT-qPCR
method. (C) The relative mRNA expression of target genes (TNF-alpha, Cox-2, NF-kB, IL-6 and TGF-beta |) in Untreated, LPS alone, DFC | mM and Urolithin-C with
25 pg/mL and | pg/mL of LPS pre-treatment treated on RAW 264.7 cells after the incubation period of 24hrs by RT-qPCR method. The results are expressed as mean + SEM
(n = 2). Significance at p < 0.05, *** at p < 0.001.

inflammation. Interestingly, in LPS-stimulated RAW 264.7 macrophages, Urolithin-C controls the production of indu-
cible enzyme Cycloxygenase-2 (Cox-2), pro-inflammatory cytokines like Interleukin-2 (IL-2), Interleukin-6 (IL-6) and
Tumour necrosis factor-alpha (TNF-alpha) as well as enhances anti-inflammatory Tumour growth factor-beta 1 (TGF-
betal). Additionally, the well-known and crucial transcription factor NF-kB triggers the release of pro- and anti-
inflammatory cytokines by LPS-stimulated RAW 264.7 macrophages. In the pathophysiology of inflammatory illnesses,
it is supposed to show a key part.®>°! Furthermore, the cytoplasm contains the NF-kB p50 and p65 subunits, which bind
to the IkB protein in dormant cells. Upon cell activation by LPS or other pro-inflammatory stimuli, IkB kinase rapidly
phosphorylates and degrades IkB from the IkB/NF-«kB complex. Thus, NF-kB penetrates the nucleus and initiates the
transcription of inflammation-related genes.®*® Therefore, blocking the NF-kB p65 signaling pathway is thought to be
a key target and an effective treatment strategy for inflammatory diseases. Meanwhile, Cox-2 is a pro-inflammatory
protein that is necessary for the synthesis of NO and PGE2.°*° Cox-2, TNF-alpha, NF-kB p65, and IL-6 gene
expression was evaluated by RT-PCR analysis based on the previously provided data. Urolithin-C limited the formation
of pro-inflammatory cytokines by significantly reducing LPS-induced phosphorylation of NF-«B p65. In LPS-induced
RAW 264.7 cell lines, Urolithin-C effectively increased anti-inflammatory genes (TGF-betal) while decreasing pro-
inflammatory genes (Cox-2, TNF-alpha, NF-kB, and IL-6). By blocking MAPK pathway, triterpenoids and their
derivatives have shown anti-inflammatory properties. Ursolic acid (UA), for instance, inhibited the mitogen-induced
phosphorylation of c-Jun NH2-terminal Kinase (JNK) and Extracellular Signal-Regulated Kinase (ERK) and deactivated
the immunomodulatory transcription factors AP-1, NF-AT, and NF-kB in T and B cells.®® In LPS-stimulated
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macrophages, lupeol was reported to inhibit the production of pro-inflammatory cytokines TNF-a and IL-B.%” Quercitrin,

sinapic acid, and elemolic acid shown anti-inflammatory properties by blocking secretory phospholipase A2.1268

Conclusion

Urolithin-C, a naturally occurring gut metabolite was successfully synthesized using a chemical method and character-
ized with versatile techniques. By suppressing heat-induced hemolysis, protein denaturation, and trypsin activity,
Urolithin-C exhibited anti-inflammatory property. Most significantly, LPS-induced RAW 264.7 macrophages produced
higher amounts of pro-inflammatory inducible enzyme (Cox-2), cytokines (IL-2, IL6 and TNF-alpha) and lower amounts
of anti-inflammatory (TGF-betal). Urolithin-C limits the production of pro-inflammatory cytokines by significantly
reducing LPS-induced phosphorylation of NF-kB p65. These findings support the therapeutic potential of synthetic
Urolithin-C as a novel anti-inflammatory agent, warranting further in vivo and pharmacokinetic studies.
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