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97 Abstract 

98 Natural products have shown great potential due to their biological properties and their bioactive 

99 components, which demonstrate multiple mechanisms of action and lower cytotoxicity compared 

100 to conventional synthetic drugs. This dissertation focuses on the therapeutic potential of 

101 chamomile molecules (Matricaria chamomilla L.) and curcumin analogues (from Curcuma 

102 longa L.), as anti-inflammatory and cancer preventive agents. 

 

103 In our investigations, an in silico virtual drug screening by molecular docking of 212 

104 phytochemicals from chamomile revealed potential COX2 and NF-κB inhibitors, including β- 

105 amyrin, β-sitosterol, myricetin, lupeol, and quercetin. The in silico findings were validated 

106 through microscale thermophoresis and biochemical assays. The use of the various -omics 

107 facilitate the profiling of the bioactivity of these compounds. Furthermore, the bioinformatic 

108 analysis were then further verified through cytotoxicity assays using various cancer cell lines, 

109 and flow cytometric assays. These experiments allowed to demonstrate the potential to overcome 

110 resistance mechanisms associated with established anticancer drugs. In addition to evaluate their 

111 effect on modulating the reactive oxygen species generation and mitochondrial membrane 

112 potential. Moreover, the immunofluorescence microscopy of α-tubulin revealed significant 

113 correlations between the chamomile compounds myricetin, lupeol, and quercetin and vincristine, 

114 a well-established microtubule inhibitor. Notably, lupeol and quercetin induced G2/M cell cycle 

115 arrest and apoptosis. Further, western blot and RT-PCR assays were performed to highlights the 

116 involvement of the chamomile compounds in the regulation of immune response during 

117 inflammation. 

 

118 Similarly, an extensive analysis of 50 curcumin derivatives demonstrated their binding affinity 

119 to key cancer-related target proteins, including EGFR and NF-κB. The study indicated that 

120 several curcumin analogues had a stronger binding affinity than curcumin itself, suggesting that 

121 their derivatization could lead to improved target specificity and enhanced efficacy as anticancer 

122 agents. This was supported by a variety of bioactivity assays, including resazurin cell viability, 

123 assessment of oxidative stress and lactate dehydrogenase assays. 

 

124 In conclusion, our research highlights the ability of chamomile and curcumin derivatives to 

125 influence various biological processes within the cell and their therapeutic potential in treating 

126 inflammation and preventing cancer. Given the promising attributes of these natural products, it 

127 seems promising to further investigate them in vitro and in vivo studies, as well as in clinical 

128 trials. 
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129 Zusammenfassung 

130 Naturarzneimittel haben ein großes Potenzial aufgrund ihrer biologischen Eigenschaften und 

131 bioaktiven Inhaltsstoffe, die mehrere Wirkmechanismen und eine geringere Zytotoxizität als 

132 herkömmliche synthetische Arzneimittel aufweisen. Diese Dissertation befasst sich mit dem 

133 therapeutischen Potential von Molekülen der Kamille (Matricaria chamomilla L.) und von 

134 Curcumin-Analoga (aus Curcuma longa L.) als entzündungshemmende und krebsvorbeugende 

135 Wirkstoffe. 

 

136 In unseren Untersuchungen wurden durch ein virtuelles in silico Wirkstoffscreening mittels 

137 molekularen Dockings von 212 Phytochemikalien der Kamille potenzielle COX2- und NF-κB- 

138 Inhibitoren identifiziert, darunter β-Amyrin, β-Sitosterol, Myricetin, Lupeol und Quercetin. Die 

139 in silico gewonnenen  Erkenntnisse wurden durch mikroskalige Thermophorese und 

140 biochemische Assays validiert. Die Anwendung verschiedener -omics ermöglicht die Erstellung 

141 von Bioaktivitätsprofilen dieser Verbindungen. Darüber hinaus wurden die bioinformatischen 

142 Analysen durch Zytotoxizitätstests mit verschiedenen Krebszelllinien und 

143 durchflusszytometrische Assays weiter verifiziert. Mit diesen Experimenten konnte das Potenzial 

144 zur Überwindung von Resistenzmechanismen gegenüber etablierten Krebsmedikamenten 

145 nachgewiesen werden. Des Weiteren wurde ihr Effekt auf die Modulation der Bildung reaktiver 

146 Sauerstoffspezies und des mitochondrialen Membranpotenzials evaluiert. Die 

147 Immunfluoreszenzmikroskopie von α-Tubulin zeigte darüber hinaus signifikante Korrelationen 

148 zwischen den Kamilleninhaltsstoffen Myricetin, Lupeol, Quercetin und dem  bekannten 

149 Mikrotubuli-Inhibitor  Vincristin.  Insbesondere  Lupeol und  Quercetin  induzierten  eine 

150 Verlangsamung des G2/M-Zellzyklus und Apoptose. Zusätzlich wurden Western Blot- und RT- 

151 PCR-Assays durchgeführt, um die Beteiligung von Kamilleninhaltsstoffen an der Regulation der 

152 Immunantwort bei Entzündungen zu untersuchen. 

 

153 Eine umfassende Analyse von 50 Curcumin-Derivaten zeigte deren Bindungsaffinität zu 

154 wichtigen krebsrelevanten Zielproteinen, darunter EGFR und NF-κB. Die Studie zeigte, dass 

155 mehrere Curcumin-Analoga eine höhere Bindungsaffinität aufwiesen als Curcumin selbst, was 

156 darauf hindeutet, dass ihre Derivatisierung zu einer verbesserten Zielspezifität und Wirksamkeit 

157 als Krebsmedikament führen könnte. Diese Beobachtung wurde durch eine Reihe von 

158 Bioaktivitätstests bestätigt, einschließlich Resazurin-Zellviabilität, oxidativer Stressbewertung 

159 und Laktatdehydrogenasetests. 
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160 Zusammenfassend unterstreichen unsere Untersuchungen die Fähigkeit von Kamille- und 

161 Curcumin-Derivaten, verschiedene biologische Prozesse in der Zelle zu beeinflussen, sowie ihr 

162 therapeutisches Potenzial bei der Behandlung von Entzündungen und der Prävention von Krebs. 

163 Angesichts der vielversprechenden Eigenschaften dieser Naturkomponenten erscheint es 

164 vielversprechend, sie in in vitro und in vivo Studien sowie in klinischen Versuchen weiter zu 

165 untersuchen. 
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194 1.  Introduction 

195 Inflammation and cancer are interconnected through complex molecular pathways, and NF-κB 

196 plays a major role in both these processes. In inflammation, NF-κB is a key activator of 

197 inflammation, orchestrating the expression of proinflammatory genes. Simultaneously, one 

198 downstream effect of this is the upregulation of cyclooxygenase-2 (COX-2), a mediator of 

199 inflammation, which, in turn, sustains NF-κB activation, creating a feedback loop. In cancer, this 

200 continuous expression of NF-κB becomes particularly consequential, especially when coupled 

201 with oncogenic pathways such as the epidermal growth factor receptor (EGFR) signaling. 

202 Together, these mechanisms lead to constitutive NF-κB activation, enhancing cancer cell 

203 resistance to apoptosis and supporting tumor survival. This intricate interplay between 

204 inflammation and cancer, mediated by NF-κB, presents both challenges and opportunities in 

205 understanding and treating inflammation and malignancies. Therefore, our research focuses on 

206 natural, compound-based treatments targeting NF-κB, COX2, and EGFR, specifically examining 

207 the bioactive compounds in chamomile and turmeric, both known for their anti-inflammatory 

208 properties. This approach offers a promising direction for therapies that could amplify the role of 

209 natural products in both inflammation and cancer. 

 
210 1.1. Inflammation 

211 Inflammation, derived from Latin term Inflammatio, means flame or to set on fire. Hippocrates 

212 in the 5th century BCE was the first to identify inflammation a healing response after injury. It 

213 took till the 1st century CE for Aulus Celsus to define the four-cardinal signs of inflammation. 

214 Ten centuries later, Ibn Sina (Avicenna) recorded in his encyclopaedia “The canon of medicines” 

215 (al-Qanun fi al-tib) all 5 signs of inflammation and suggested various plants, such as garlic, 

216 chamomile, and saffron, to treat acute inflammation, among other diseases. Building on previous 

217 discoveries, J. Hunter in the 18th century CE categorized inflammation into three types: adhesive 

218 inflammation, referring to the formation of the fibrous adhesions between tissues; suppurative 

219 inflammation, characterize by pus formation, an outcome of a severe inflammation; and 

220 ulcerative inflammation, related to the observed open sores due to the tissue loss. In the 19th 

221 century CE, a deeper knowledge of inflammation started to be established histologically with the 

222 development of microscopy and thanks to Rudolph Virchow. During this era, the role of 

223 polymorphonuclear leukocytes in the immune response to inflammation was introduced, and 

224 inflammation was then differentiated into 4 types: exudative, infiltrative, parenchymatous and 

225 proliferative. (1–5) 
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226 Inflammation is a biological response of the body tissue to a harmful stimulus, aimed at repairing 

227 tissues and restoring the internal homeostatic state. There are two types of inflammation: acute 

228 and chronic. Acute inflammation is a short-lived (days to weeks) response usually activated 

229 through injuries or infections. Chronic inflammation is a prolonged and sustained response 

230 (months to years) to persistent infections, autoimmune diseases, neurological conditions, 

231 exposure to toxins or pollutants, and cancer. (4,6,7) (Figure 1) 

 

232 The stimuli that trigger these responses are divided in two major categories: external and internal 

233 factors. External factors can be non-microbial, such as allergens, irritants, and toxic compounds, 

234 or microbial. The microbial factors include the virulence factor that helps pathogens colonize and 

235 infect tissues, and the pathogens associated molecular patterns (PAMPs), which are small 

236 molecules with conserved patterns e.g., peptidoglycan, lipopolysaccharide, lipoteichoic acid, 

237 manner, and viral RNA/DNA. Internal factors, commonly known as DAMPs or damaged 

238 associated molecular patterns, these are intracellular proteins released from an injured tissue or 

239 dying cells. (8,9) (Figure 1) 

 

240 Moreover, when these patterns (PAMPs and DAMPs) are recognized by pattern recognition 

241 receptors (PRRs), they activate leukocytes, which in turn induce two types of immune responses: 

242 innate and adaptive. The innate response is the first line of defense; it is non-specific, does not 

243 involve immunological memory and lasts few minutes to hours. In contrast, the adaptive 

244 response is antigen-specific, comes second in the line of defense, takes weeks or months to 

245 develop after the initial exposure and creates immunological memory involving T and B cells. 

246 (10,11) (Figure 1) 
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261 Figure 1. Scheme illustrating inflammation. This figure was created with 

262 Biorender.com. 

 

263 Leukocytes (Greek; white cells) are the primary cellular components of the immune system, 

264 involved in both innate and adaptive response. They originate from the stem cells in bone marrow 

265 and differentiate into myeloblasts and monoblasts, also known as granulocytes and 

266 agranulocytes. The monoblasts include lymphocytes (T cells and B cells) and monocytes, which 

267 differentiate into macrophages and dendritic cells. The granulocytes, or myeloblasts are 

268 characterized with small granules containing proteins. This group includes neutrophils that are 

269 most abundant in the blood and are the first to act during acute inflammation. Eosinophils are 

270 less present in the blood but have a crucial role in eliminating parasites, asthma, and allergic 

271 reactions, in some cases their level increases during an autoimmune disease. Basophils are the 

272 least found in the blood and mostly activated when allergic reaction occurs. (Figure 1) 

273 Mast cells are granulated cells found predominantly in the connective tissues beneath the 

274 epithelium of the skin, gastrointestinal tract, respiratory tract, and surrounded by blood vessels 

247 
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275 and lymphatic vessels. These cells play a crucial role in the immune system, particularly during 

276 inflammation. Unlike other granulocytes, mast cells have an important role in both innate and 

277 adaptive immune responses. Their primary function is in mediating allergic responses, but they 

278 also exhibit antibacterial, antiparasitic, and antiviral activities. Notably, during adaptive immune 

279 responses, mast cells contribute to the activation of cytotoxic T cells through the release of TNF- 

280 alpha and the activation of NF-κB. Additionally, mast cells regulate a variety of physiological 

281 functions, such as vasodilation, angiogenesis, and the function of various organs and tissues. 

282 They achieve this by generating and releasing a range of multipotent molecules, including 

283 histamine, proteases, proteoglycans, leukotrienes, heparin, cytokines, chemokines, 

284 prostaglandins, and growth factors. These molecules enable mast cells to regulate the function of 

285 different cells, including dendritic cells, macrophages, T cells, B cells, fibroblasts, eosinophils, 

286 endothelial cells, and epithelial cells. (12–21) (Figure 2) 

 

 
287 Figure 2. The function of mast cells in response to inflammation. This figure was created with 

288 Biorender.com. 

 

289 1.1.1 Cyclooxygenase 2 

290 Prostaglandin Endoperoxide H Synthase 2 or COX2 is an enzyme isoform of the cyclooxygenase 

291 from the myeloperoxidase family. It is overexpressed especially during inflammation, 
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292 carcinogenesis, and tumorigenesis through various factors: cytokines, growth factors, oncogenes, 

293 and tumor promoters. Usually in a stable state it is absent or found at a very low level. (22–24) 

 

294 COX2 is a homodimer enzyme composed of 604 amino acids, constructed of two major domains: 

295 N-terminal domain and C-terminal domain. The N-terminal domain also known as the catalytic 

296 domain, is formed by five key components: a hydrophobic signal peptide directs COX-2 

297 polypeptide into the endoplasmic reticulum (ER) lumen, a 17-amino-acid signal recognition 

298 peptide, dimerization domain containing the epidermal growth factor EGF-like modules the 

299 formation of the COX2 homodimer, membrane binding domain that anchors COX2 to the lipid 

300 bilayer of the ER and nuclear envelope, and the globular catalytic domain features two critical 

301 sites: the COX active site, extending from the membrane binding domain to the hydrophobic 

302 dead-end catalytic domain that contributes to COX2's drug selectivity and substrate binding 

303 flexibility. The peroxidase active site features a cleft that is pivotal for the activation of COX-2. 

304 The C-terminal domain, in contrast, contains 27 amino acids pivotal for the degradation of COX- 

305 2, ending with a small peptide of four amino acids enabling the signal to keep the enzyme in the 

306 ER. (25–29) (Figure 3) 

 

307 Figure 3. Illustration of the structure of the human primary protein cyclooxygenase 2. (30) 

308 (Taken from: Rizzo MT. Cyclooxygenase-2 in oncogenesis. Clinica Chimica Acta. 2011;412(9– 

309 10):671–87). (With permission from Elsevier, and Creative Commons. This work is licensed 

310 under non-commercial License Number: CC BY-NC 4.0. To view a copy this license, visit 

311 https://creativecommons.org/licenses/by-nc/4.0/) 

 

312 Role of Prostaglandin Endoperoxide H Synthase 2 

313 Cyclooxygenase 2 is a key enzyme responsible for the synthesis of prostaglandins, which play 

314 crucial roles in inflammation, pain, fever and cancer. Once expressed in the endoplasmic 

315 reticulum or in the nuclear envelope membranes, COX2 catalyzes the conversion of arachidonic 

https://creativecommons.org/licenses/by-nc/4.0/
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316 acid into Prostaglandin G2 (PGG2) through a process of oxidation. In this reaction, COX2 

317 removes hydrogen from the carbon at position 13 (C13) of arachidonic acid and adds two oxygen 

318 molecules (O2), forming the hydroperoxy endoperoxide PGG2. Subsequently, COX2 further 

319 reduces PGG2 by two electrons, converting it into Prostaglandin H2 (PGH2), a stable 

320 intermediate also known as hydroxy endoperoxide. PGH2 is then processed in the cytosol by 

321 specific synthases to produce various biologically active prostaglandins, including Prostacyclin 

322 (PGI2) and Prostaglandin E2 (PGE2), both of which are important mediators of inflammation 

323 and are implicated in cancer progression. Notably, COX2 differs from its isomer COX1 in its 

324 ability to metabolize a broader range of arachidonic acid derivatives, among them 

325 Endocannabinoid contributing significantly to carcinogenesis and other pathological 

326 conditions. (22,27,31–38) (Figure 4). 
 

 

327 Figure 4. Cyclooxygenase 2 pathway in the synthesis of prostaglandins. This figure was created 

328 with Biorender.com and Smart Servier Medical Art under the license CC BY 4.0. To view a copy 

329 of the license, visit https://creativecommons.org/licenses/by/4.0/ 

 

330 1.1.2 Nuclear Factor kappa-B (NF-κB) 

 

331 NF-κB is a family of transcription factors. It includes diverse homodimers and heterodimers 

332 proteins originated from five genes: NF-κB 1 (p50/p105), NF-κB 2 (p52/p100), RelA (p65), 

333 RelB, cRel (39). The original name of NF-κB is the Nuclear Factor kappa-light-chain-enhancer 

334 of activated B cells, referring to how it was first discovered in 1986 while investigating the 

https://creativecommons.org/licenses/by/4.0/
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335 regulation and maturation of B cells essential for the adaptive immune response (40–42). 

336 Subsequently, NF-κB was found to be involved in diverse biological processes beyond the 

337 development of B cells such as cell survival and proliferation. Under normal conditions, NF-κB 

338 dimers are retained in the cytoplasm in an inactive form bound to its inhibitors known as IκBs 

339 (Inhibitors of κB). Activation of NF-κB occurs through two primary signaling pathways: the 

340 canonical pathway, triggered by cytokines such as tumor necrosis factor-alpha (TNF-α), and the 

341 non-canonical pathway, mediated by NF-κB-inducing kinase (NIK). Both pathways converge on 

342 the IκB kinase (IKK) complex, consisting of IKKα, IKKβ, and IKKγ (NEMO), which 

343 phosphorylates and induces the degradation of IκB proteins. This degradation releases NF-κB 

344 dimers, allowing them to translocate to the nucleus where they activate the transcription of genes 

345 involved in inflammation, immune regulation, cell growth, and survival. Dysregulation of NF- 

346 κB signaling is implicated in chronic inflammation and various cancers, highlighting its critical 

347 role in maintaining cellular and immune homeostasis. (43–49) (Figure 5) 
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348 Figure 5. Schematic representation the canonical and non-canonical pathways of NF-κB´s 

349 activation, and the three protein families: NF-κB, IκB, and IKK. (50) (Take from: Hayden MS, 

350 Ghosh S. NF-κB in immunobiology. Cell Res. 2011;21(2):223–44. (With the permission of 

351 Springer Nature, and Copyright Clearance Center’s RightsLink® service. This work is licensed 

352 under the license number: 5875950938719) 

 

353 1.2 From Inflammation to Carcinogenesis 

354 The link between inflammation and cancer was discovered long time ago. In the 19th century, 

355 the German physician Rudolf Virchow was the first to hypothesize a connection between 

356 inflammation and cancer, observing the presence of leukocytes in tumors and suggesting they 

357 originated from sites of chronic inflammation (51,52). Since then, scientific advancements have 

358 identified the primary components of the tumor microenvironment (TME), which consist of 

359 stromal cells and inflammatory immune cells. This understanding has highlighted the dual role 

360 of the immune system in carcinogenesis, functioning both as a tumor suppressor and a promoter 

361 of tumor growth. The immune system's anti-tumor activity helps limit tumor heterogeneity, while 

362 pro-tumor inflammation supports cancer progression by suppressing anti-tumor immunity 

363 through signaling molecules such as cytokines, interleukins, and chemokines. Key examples 

364 include tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) (53,54). Moreover, 

365 inflammatory immune cells, such as tumor-associated macrophages and T-cells within the TME, 

366 have been shown to contribute to cancer growth, invasion, and metastasis (55,56). Notably today, 

367 it is widely accepted that inflammation not only plays a role in carcinogenesis and tumorigenesis 

368 but also aids in the growth and spread of cancer (57–59). This understanding was significantly 

369 advanced by the discovery of the link between the nuclear factor-kappa B (NF-κB) signaling 

370 pathway and tumor cell survival and proliferation. NF-κB is now recognized as a key mediator 

371 in the relationship between chronic inflammation and cancer progression (54,60–63). 

372 Additionally, the role of cyclooxygenase-2 (COX-2) in carcinogenesis was uncovered through 

373 research on non-steroidal anti-inflammatory drugs (NSAIDs). There are clinical studies that 

374 showed the prolonged use of NSAIDs revealed their cancer-preventive and chemopreventive 

375 effects, as they inhibit COX-2, which plays a crucial role in promoting inflammation linked to 

376 tumor development. This finding marked a major advancement in cancer research and prevention 

377 strategies (57,64–69). 
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378 Figure 6. Chronic inflammation initiating cancer-immune cells interaction within tumor 

379 environment. The illustration highlights the involvement of NF-κB activation and COX2 

380 overexpression in promoting cell proliferation. (70) (Taken from: Taniguchi K, Karin M. NF-κB, 

381 inflammation, immunity and cancer: coming of age. Nature Reviews Immunology. 2018;18(5):309 - 

382 24). (With the permission of Nature Reviews Immunology, and Copyright Clearance Center’s 

383 RightsLink® service. This work is licensed under the license number: 5875961439978) 

 

384 1.3 Alpha/Beta-Tubulin 

385 Microtubules are structural proteins composed of α-tubulin and β-tubulin dimers, forming a key 

386 component of the cytoskeleton along with microfilaments and intermediate filaments (71,72). 

387 These three cytoskeletal elements provide structural support to the cell, maintaining its shape, 

388 adhesion, and motility. Microtubules also play a critical role in intracellular trafficking and 

389 facilitate cell signaling (73,74). Microtubule assembly is guided by microtubule organizing 
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390 centers (MTOCs) and γ-tubulin. There are two main types of MTOCs: centrosomes, located near 

391 the nucleus, and basal bodies, found at the base of cilia and flagella on the cell membrane. 

392 MTOCs are essential for organizing microtubules during processes such as chromosome 

393 segregation during cell division, regulation of the cell cycle, and cell proliferation—factors that 

394 are crucial in cancer therapy (75–78). During inflammation, microtubules are essential for the 

395 formation and activation of immune cells, such as T-cells, as they regulate cell signaling 

396 pathways necessary for an effective immune response. Additionally, states of hyperinflammation 

397 and chronic inflammation have been linked to tubulin dysfunction, which have been seen to 

398 contribute to the progression of inflammation into carcinogenesis (79–83). 

 

399 1.3.1 The Interaction Between Tubulin with NF-κB Signaling 

400 Both NF-κB and COX-2 are well-established to play significant roles in both inflammation and 

401 cancer. Studies have also demonstrated a connection between microtubules and inflammatory 

402 proteins. Additionally, research has shown that NF-κB activation enhances signaling in various 

403 inflammatory pathways, including the cGAS-STING (cyclic GMP-AMP synthase-Stimulator of 

404 Interferon Genes) pathway, which is critical for innate and adaptive immune responses. When a 

405 DNA virus enters the cytoplasm, the cGAS enzyme recognizes it and, using ATP and GTP, 

406 synthesizes cyclic GMP-AMP (cGAMP). cGAMP then activates the STING molecule located in 

407 the endoplasmic reticulum (ER). STING translocates to the Golgi apparatus with the help of 

408 microtubules, interacting with COPII vesicles during transport. Once there, STING activates the 

409 IκB kinase (IKK) complex, which phosphorylates IκB, leading to NF-κB activation. NF-κB then 

410 migrates to the nucleus, where it triggers the expression of pro-inflammatory cytokines. 

411 Simultaneously, transcription factor IRF3 (interferon regulatory factor 3) is activated, allowing 

412 for the expression of type I interferons (IFN-I) (84–87). However, in chronic inflammatory 

413 conditions, the overexpression of NF-κB can induce microtubule depolymerization. This inhibits 

414 the proper trafficking of STING to lysosomes for degradation, resulting in prolonged STING 

415 activation and elevated secretion, contributing to sustained inflammation (88–90). (Figure 7) 



22  

 

 

416 Figure 7. The interaction between microtubules and NF-κB during inflammation. (88) (Taken 

417 from: Zhang L, Wei X, Wang Z, Liu P, Hou Y, Xu Y, Su H, Koci MD, Yin H, Zhang C. NF-κB activation 

418 enhances STING signaling by altering microtubule-mediated STING trafficking. Cell Reports. 

419 2023;42(3)). (With the permission Elsevier, and Copyright RightsLink® service. This work is 

420 licensed under the Creative Commons CC-BY-NC-ND license) 

 

421 1.3.2 The Link Between Tubulin and COX2 

422 The relationship between COX-2 and microtubules represents an intriguing area of research with 

423 potential implications for cancer therapy and cellular biology. Throughout years of research, 

424 some interesting connections between COX2 and microtubules. Over the years, several studies 

425 have uncovered intriguing connections between COX-2 and microtubules. Given that 

426 microtubules regulate cell signaling and molecular trafficking, there is evidence suggesting that 

427 microtubule dynamics may influence the regulation and localization of COX-2 within the cell. 
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428 (91–93) 

429 Chronic inflammation leads to elevated levels of prostaglandin E2 (PGE2), which acts in an 

430 autocrine manner by binding to and activating EP receptors. This signaling, particularly through 

431 EP2 and EP4 receptors, triggers intracellular cascades that primarily increase cyclic AMP 

432 (cAMP) production, leading to the overexpression of COX-2. This creates positive feedback 

433 loop that amplifies the inflammatory response, eventually contributing to carcinogenesis. 

434 Notably, it has been shown that microtubule disruption interferes with PGE2-induced cAMP 

435 elevation, as microtubules are involved in the trafficking and organization of EP receptors. (94– 

436 100) 

437 Research has explored the synergistic effects of combining COX-2 inhibitors with microtubule- 

438 disrupting agents to enhance anti-cancer efficacy. Some studies have even led to the development 

439 of hybrid molecules designed to simultaneously inhibit COX-2 and disrupt microtubules, 

440 potentially offering a novel therapeutic approach. (101–103) 

 

441 1.4 Mitochondria and ROS Generation 

442 Mitochondria, a membrane-bound organelle, were discovered in the early 1960s and 

443 revolutionized biology not only because they are considered the "powerhouse" of the cell, but 

444 also because they contain their own mitochondrial DNA (mtDNA), which replicates 

445 independently within the cell. These two features make mitochondria essential for various 

446 cellular functions, particularly in energy production, cell differentiation, and apoptosis (104,105). 

447 One of the by-products of mitochondrial activity is reactive oxygen species (ROS), highly 

448 reactive molecules that play dual roles in cellular processes (106). At physiological levels, 

449 mitochondrial ROS (mtROS) act as important signaling molecules, regulating cellular processes 

450 like the adaptive immune response and maintaining cellular homeostasis. However, during acute 

451 or chronic inflammation, excessive ROS production can lead to oxidative stress, damaging 

452 cellular components such as proteins, lipids, and DNA (including mtDNA). This oxidative 

453 damage can result in mitochondrial dysfunction and trigger cell death via apoptosis. (107–113) 

454 The last two decades, Mitochondria have become a central focus in cancer research due to their 

455 role in regulating apoptosis (114). Cancer cells often develop mechanisms to evade mitochondrial 

456 apoptosis, giving them a resistance (115–117). One of the key mechanisms involves altering the 

457 balance between pro-apoptotic and anti-apoptotic proteins in the Bcl-2 family. These proteins 

458 regulate mitochondrial outer membrane permeabilization (MOMP), which changes in 

459 mitochondrial dynamics and morphology. Normally, mitochondria undergo continuous cycles of 

460 fusion and fission, which coordinate their size, shape, and function. When the anti-apoptotic 
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461 proteins like Bcl-2, Bcl-xL, and Mcl-1 are overexpressed mitochondria tend to stay in a fused 

462 state, which helps them evade degradation by immune cells like macrophages and dendritic cells, 

463 contributing to cancer cell survival. (118–123) 

464 Moreover, ROS also play a complex role in cancer. The overproduction of ROS mediate to the 

465 continuous expression of transcription factors like NF-κB and upregulation enzymes like COX- 

466 2. Interestingly, both NF-κB and COX-2 have been associated to the anti-apoptotic pathways that 

467 support cancer cell survival and proliferation, which make them indirectly associated to 

468 regulation of mitochondria’s dynamic. (124–131) 

 

469 1.5 Multidrug Resistance 

470 The resistance of cancer cells is not only linked to mitochondrial dynamics but also to their 

471 resistance to cancer treatments. One of the major challenges in cancer therapy occurs when 

472 patients have a resistance to one, or multiple drugs also referred as the Multidrug resistance 

473 (MDR). MDR can be driven by two major categories: intrinsic factors and extrinsic factors. 

474 (132,133) (Figure 8). 

 

475 Intrinsic factors pre-existing within cancer cells before treatment begins. These include genetic 

476 mutations in genes regulating cell death including epidermal growth factor receptor (EGFR) and 

477 p53 gene expressing tumor suppressor protein, drug metabolism, and DNA repair mechanisms. 

478 Such mutations can lead to the sustained production of anti-apoptotic proteins such as Bcl-2, Bcl- 

479 xL, and Mcl-1, as well as an overexpression of membrane transporters like P-glycoprotein (P- 

480 gp) and ATP-binding cassette (ABC) transporters.  These transporters are particularly 

481 problematic, as they enhance the efflux of chemotherapeutic compounds, reducing their 

482 intracellular concentrations below effective levels (134–139). 

 

483 Extrinsic factors, on the other hand, emerge during treatment. These may include acquired 

484 resistance after repeated rounds of chemotherapy, changes in the tumor microenvironment 

485 (TME), and conditions like hypoxia (low oxygen levels) or interactions with surrounding stromal 

486 cells (140,141). Inflammation also plays a critical role in extrinsic resistance. Research has 

487 shown that when cancer cells detect chemotherapeutic agents, they activate survival pathways 

488 often associated with inflammatory signaling, where the two proteins NF-κB and COX2 are 

489 found to be consistently overexpressed (142–146). (Figure 9) 

 

490 To overcome multidrug resistance (MDR) in cancer therapy, one of goals is to identify drug 

491 additives, or chemosensitizers, that can be combined with existing chemotherapeutic agents to 

492 enhance their effectiveness. These additives, particularly natural products and their derivatives, 
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493 are highly preferable due to their ability to target and reverse the mechanisms driving MDR while 

494 offering the advantage of low cytotoxicity. This makes cancer cells more susceptible to 

495 chemotherapy with fewer adverse effects on healthy tissues. (147–149) 
 

 

496 Figure 8. Multidrug resistance mechanism under the intrinsic/extrinsic factors. (150) (Taken 

497 from: Cornelison R, Llaneza DC, Landen CN. Emerging therapeutics to overcome chemoresistance 

498 in epithelial ovarian cancer: a mini-review. International journal of molecular sciences. 

499 2017;18(10):2171). (With the permission from Frontier. This work is licensed under the Creative 

500 Commons Attribution 4.0 International License. To view a copy of this license, visit 

501 http://creativecommons.org/licenses/by/4.0/ of Creative Commons CC BY 4.0 license) 

 
502 

 

503 

 

504 

 

505 
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506 Figure 9. Mechanisms of anticancer drug resistance: efflux pump-mediated mechanisms of 

507 MDR, DNA repair and gene mutation. Highlighting the overexpression of NF-κB and COX2 

508 pathways linked to the increase of ROS and the alteration of the membrane potential of 

509 mitochondria. This figure was created with Biorender.com and Smart Servier Medical Art under 

510 the license CC BY 4.0. To view a copy of the license, visit 

511 https://creativecommons.org/licenses/by/4.0/ 

 

512 1.6 Chamomile 

513 Chamomile has been known for thousands of years, for its various health benefits and therefore 

514 has been used in the treatment of several conditions thanks to its antioxidant and antimicrobial 

515 properties (151–153). This plant is considered safe for consumption by the U.S. Food and Drug 

516 Administration (FDA), which classifies it as generally accepted as safe (GRAS) (154–156). 

517 Aside from this, chamomile has shown to be very useful in treating muscle spasms, rheumatism, 

518 and metabolic disorders (157,158). Further, chamomile tea preparations, especially those made 

519 of German chamomile (Matricaria chamomilla L.) have been rich in studies investigating the 

520 possibility of antidepressant, anti-stress, anti-inflammatory, and anticancer activity (159–163). 

521 In clinical research studies, chamomile tea extracts have been proven to be effective against 

https://creativecommons.org/licenses/by/4.0/
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522 inflammation such as inflammatory bowel disease, eczema and mucositis caused by 

523 chemotherapy and radiotherapy (164–166). Additionally, chamomile has shown promise in 

524 alleviating peripheral neuropathic pain, a common side effect of chemotherapy. These anti- 

525 inflammatory and analgesic effects are attributed to chamomile's bioactive compounds, precisely 

526 to its secondary metabolites such as apigenin and α-bisabolol which have been shown to 

527 modulate inflammatory pathways such as inhibiting the activity of COX2 and NF-κB and 

528 promote healing during both inflammation and cancer (167–174). 

 

529 1.6.1 Chemical constituents and biological activity of Matricaria chamomilla L. 

530 German Chamomile (Matricaria recutita L.) belongs to the family Asteraceae, native to Europe 

531 and west Asia. is rich in terpenoids (α-bisabolol, farnesol, chamazulene, lupeol), flavonoids 

532 (apigenin, luteolin, quercetin, myricetin), coumarins (herniarin, umbelliferon), organic acid 

533 (caffeic acid, chlorogenic acid), sterols (stigmasterol, taraxasterol), phenolics (apigenin-7- 

534 glucoside, luteolin-7-glucoside), polysaccharides, volatile oils, polyacetylenes, and mineral. 

535 (152,175–177) (Table 1) 

536 These diverse chemical components give the plant a wide range of biological activities. Studies 

537 have demonstrated that flavonoids such as apigenin, luteolin, and chamazulene exhibit anti- 

538 inflammatory effects by inhibiting pro-inflammatory enzymes like cyclooxygenase (COX) and 

539 lipoxygenase, which in turn reduces the production of inflammatory mediators. Free radicals 

540 have been associated with cardiovascular disease and cancer. The high amount of phenolics and 

541 flavonoids like quercetin gave the plant its antioxidant activity that helps neutralize free radicals, 

542 protecting cells from oxidative damage. In addition, the terpenoids in chamomile, particularly α- 

543 bisabolol, have been shown to have antimicrobial properties, effective against various bacterial 

544 and fungal pathogens. Furthermore, polysaccharide-polyphenolic conjugates isolated from M. 

545 chamomilla have demonstrated the ability to reduce platelet aggregation in a dose-dependent 

546 manner, without toxic effects on blood cells, suggesting potential applications in treating blood 

547 coagulation disorders In vitro studies have also shown that chamomile flower extract exhibits 

548 cytotoxic activity against cancer cells, including human hepatoma cells (HepG-2) and colorectal 

549 cancer cells (HT-29), by inhibiting nitric oxide (NO) production. Among its many biological 

550 properties. (178–183) 

551 Notably, Chamomile poses a long list of biological properties and is renowned for its anti- 

552 inflammatory effects. However, its potential anti-cancer properties have garnered increasing 

553 interest in recent years. Over the past decade, research has demonstrated chamomile's ability to 

554 inhibit cancer cell growth and induce apoptosis (programmed cell death) by regulating key 
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555 proteins such as COX-2 and NF-κB. These findings raise the potential of chamomile to be used 

556 as an adjuvant to chemotherapy or to help overcome multidrug resistance in cancer treatment. 

557 (Figure 10) 
 

 

558 

 

559 Figure 10. The biological virtues of Matricaria chamomilla L. (184) (Taken from: El Mihyaoui 

560 A, Esteves da Silva JC, Charfi S, Candela Castillo ME, Lamarti A, Arnao MB. Chamomile 

561 (Matricaria chamomilla L.): a review of ethnomedicinal use, phytochemistry and pharmacological 

562 uses. Life. 2022;12(4):479). (With the permission from mdpi. This work is licensed under the 

563 Creative Commons Attribution 4.0 International License. To view a copy of this license, visit 

564 http://creativecommons.org/licenses/by/4.0/ of Creative Commons CC BY 4.0 license). 

 

565 1.7 Curcumin 

566 Curcumin is a natural compound derived from the Turmeric rhizomes of (Curcuma longa L). It 

567 is used as spice for cooking but has also a variety of medicinal virtues, it can be found as a 

568 powder, tea, cream, and even capsule. Similar to chamomile, curcumin has many biological 

569 properties including antiviral, antioxidant, anti-bacterial, anti-inflammatory, and anti-cancer. 

570 These properties have intrigued numerous researchers, it has been tested in clinical trials. In 

571 cancer research deep investigations have been led to understand the mechanism of action of this 

572 molecule in cancer cells. Interestingly, curcumin have been found to inhibit cell proliferation, 

http://creativecommons.org/licenses/by/4.0/
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573 metastasis process and overcome some multidrug resistance mechanisms. Furthermore, it has 

574 been demonstrated that curcumin was positively effective in inhibiting the NF-κB and EGFR 

575 pathways in many cancer types. (185–188) 

 
576 

 

577 

 

578 
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585 Figure 11. The Turmeric plant Curcuma longa L. A) Planta. B) Folium. C, D) Flos. E) Rhizoma. 

586 F) 2D structure of curcumin. (189) (Taken from: Tripathy S, Verma DK, Thakur M, Patel AR, 

587 Srivastav PP, Singh S, Gupta AK, Chavez-Gonzalez ML, Aguilar CN, Chakravorty N, Verma HK. 

588 Curcumin extraction, isolation, quantification and its application in functional foods: a review with 

589 a focus on immune enhancement activities and COVID-19. Frontiers in Nutrition. 2021;8:747956). 

590 (With the permission from Frontier. This work is licensed under the Creative Commons 

591 Attribution 4.0 International License. To view a copy of this license, visit 

592 http://creativecommons.org/licenses/by/4.0/ of Creative Commons CC BY 4.0 license). 

http://creativecommons.org/licenses/by/4.0/
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593 Table 1. The classification, CAS number, molecular, name, and 2D structures of molecules 

594 extracted from German chamomile Matricaria chamomilla L used in this dissertation. (Molecular 

595 structures were downloaded from PubChem accessed 30 September 2024) 

 

 CAS 

number 

Molecular 

Formula 
Name 2D structure 

 Flavonoids 

1  

 

 

520-36-5 

 

 

C15H10O 

5 

 

 

 

Apigenin 

 

2  

 

 

529-44-2 

 

 

C15H10O 

8 

 

 

 

Myricetin 

 

3  
 

 

117-39-5 

 

 

C15H10O 

7 

 
 

 

Quercetin 

 

 Terpenoids 

4  
 

 

559-70-6 

 
 

 

C30H52O 

 
 

 

β-Amyrin 
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5  
 

 

473-15-4 

 
 

 

C15H26O 

 
 

 

β-Eudesmol 

 

6  
 

 

106-28-5 

 
 

 

C15H26O 

 
 

 

Farnesol 

 

7  
 

 

545-47-1 

 
 

 

C30H50O 

 
 

 

Lupeol 

 

 Sterols 

8  
 

 

474-58-8 

 

 

C35H60O 

6 

 
 

 

Daucosterol 

 

9  
 

 

83-46-5 

 
 

 

C29H50O 

 
 

 

β-Sitosterol 

 

596 
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597 2. Objective of the thesis 

598 In this study, we focused on inflammation and its link to cancer. In human history, we have come 

599 from far, we have made many achievements in the development of technology and medicine. 

600 Nevertheless, there are still millions of people suffering from chronic inflammatory diseases and 

601 millions that are still dying from cancer. In fact, billions of dollars are gained in the industry of 

602 pharma in anti-inflammatory and anti-cancer treatments but still people´s suffering is still 

603 ongoing. 

604 In that purpose, our focus is on finding alternative treatments that can help overcome these 

605 pharmacological obstacles by using Phyto-pharmaceuticals. Today, natural products have again 

606 gained their place in the market race, over 60% of natural derivates drugs including the synthetic 

607 compounds that are based on natural pharmacophores, are used as an anti-cancer drugs, e.g., 

608 artemisinin and taxol. 

609 Since, chamomile is well known champion used for thousands of years against inflammation. We 

610 wanted to investigate deeper in its effect against cancer and what role can it have in the cancer 

611 therapy. Many chamomile compounds have already been investigated, we wanted to explore the 

612 effect of other compounds that we extracted from the flower of the German chamomile such as 

613 quercetin, lupeol, beta-amyrin, myricetin. 

614 Initially, we aimed to investigate the effects of chamomile compounds against COX2, a well- 

615 known anti-inflammatory protein that is primarily induced during inflammation and is often 

616 overexpressed in cancers such as colorectal cancer. Seven chamomile compounds were selected 

617 for testing based on their affinity for COX2, determined through in silico molecular docking 

618 studies. 

619 Afterwards, we concentrated on myricetin as it stood out from the other six when its cytotoxicity 

620 was analyzed through the NCI60 cell line panel. By performing a cross-resistance profiling of 

621 myricetin from the NCI60 database, we found that myricetin correlated mostly with tubulin 

622 inhibitors such as vincristine. Subsequently, we validated the effect of this molecule on alpha- 

623 tubulin using immunofluorescence microscopy. 

624 Moreover, we wanted to know if myricetin was also involved in classical drug resistance. 

625 Consequently, after profiling myricetin in drug resistance mechanisms using the NCI60 cell line 

626 panel, we verified in vitro that it was not involved in multidrug resistance mechanisms. 

627 Finally, we wanted to emphasize the utility of finding a potential COX2 inhibitor like myricetin 

628 by demonstrating that COX2 plays an important role in cancer. We found that its high expression 
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629 is associated with worse survival prognosis of renal clear cell carcinoma patients, utilizing 

630 Kaplan-Meier survival time analysis. 

 

631 Lastly, NF-κB is a renowned anti-inflammatory and anti-apoptotic protein, which has long been 

632 researched for its involvement in the survival and proliferation of cancer cells. In a similar pattern 

633 as mentioned above, we tested the affinity of chamomile compounds with the NF-κB (p65/RelA) 

634 protein and selected six of them to confirm their inhibitory effect against the protein using an 

635 NF-κB inhibitor assay. Since mitochondria and ROS generation have been demonstrated to be 

636 involved in cancer and linked to NF-κB, we were curious if our top compound, β-amyrin, had 

637 any effect on them. 

638 After performing various -omics analyses using the NCI60, we chose lupeol and quercetin to 

639 verify the findings in vitro by performing immunofluorescence microscopy of α-tubulin, 

640 resazurin assay, apoptosis, and cell cycle analysis. 

641 Furthermore, the role of NF-κB in promoting the expression of genes during inflammation and/or 

642 carcinogenesis, such as the production of cytokines and interleukins, was investigated. Therefore, 

643 we performed a real-time PCR assay to prove that the three selected compounds could indeed 

644 inhibit IL-6 and IL-1β during inflammation. Additionally, we wanted to test that the three 

645 molecules do inhibit NF-κB by conducting a western blot using total cellular NF-κB extracted 

646 from the induced inflammatory cells, HEK-Blue Null 1. 

647 Finally, we explored if NF-κB overexpression would have an impact on the survival of patients 

648 afflicted with renal clear carcinoma using the KMPlotter database. 

 

649 As supplementary project related to the above-mentioned NF-κB study. We focused on curcumin 

650 and its 50 derivatives, exploring their effects on NF-κB and EGFR in silico and in vitro. In 

651 addition to their bioactivity within cancer cells, through resazurin assays, lactate dehydrogenase 

652 assay, flow cytometric measurement of reactive oxygen species, and annexin V/propidium iodide 

653 assay. 

 
654 
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655 3. Results and Discussion 

656 More than 200 chamomile compounds were extracted from the flower of the German chamomile 

657 and were analysed using liquid chromatography diode array detector-quadrupole time-of-flight 

658 mass spectrometry (LC-DAD-QToF). These compounds were then studied with two prompt anti- 

659 inflammatory proteins Cyclooxygenase2 and the Nuclear transcription factor kappa B. 

 

660 3.1 COX2-Inhibitory and Cytotoxic Activities of Phytoconstituents of Matricaria 

661 chamomilla L. 

662 A total of 212 ligands found in chamomile were virtually screened against the enzyme COX2. 

663 Among these, β-sitosterol exhibited the highest binding affinity, with a docking score of -11.73 

664 (± 0.44) kcal/mol. This result was consistent with the COX2 inhibition screening assay, 

665 confirming the strong interaction between the selected compounds and COX2. 

666 The resazurin assays demonstrated that chamomile extract effectively inhibited hematopoietic 

667 cancer cell lines CCRF-CEM and AMO-1, with IC50 values 3.7 ± 4.7 μg/ml to 28.0 ± 2.2 μg/ml, 

668 respectively. However, the extract was not effective against the resistance of the colon cancer cell 

669 line HCT116 p53-/- knockout, with an IC50 of 74.3 ± 0.4 μg/ml, indicating a resistance 2.65 times 

670 greater than that of the wild-type HCT116 p53+/+ (IC50 of 28.0 ± 2.2 μg/ml). 

671 Further analysis of the NCI60 cancer cell line panel identified apigenin, farnesol, and myricetin 

672 as the most active compounds. Given that apigenin and farnesol had already been studied by our 

673 group, we focused on myricetin. Oncobiogram analysis revealed that myricetin's bioactivity 

674 significantly correlated with 5 of 10 tubulin inhibitors and 2 of 14 tyrosine kinase inhibitors. 

675 Immunofluorescence microscopy of GFP-tagged α-tubulin confirmed that myricetin inhibits 

676 microtubules in a manner similar to vincristine. 

677 The number one issue in cancer therapy is multidrug resistance. Through drug resistance profiling 

678 using NCI60 data, myricetin demonstrated cross-resistance only with classical anticancer drugs 

679 linked to glutathione S-transferase P (GSTP) activity and cellular proliferation rates. This finding 

680 suggests that other chamomile components, rather than myricetin, might be responsible for the 

681 resistance observed in HCT116 p53-/- knockout cells when treated with the plant extract. 

682 Additionally, proteomics analysis identified several proteins responsive to myricetin that may be 

683 involved in its mode of action and multidrug resistance mechanisms. These proteins include those 

684 involved in mRNA metabolism (e.g., DDX39B, CSNK2A), programmed cell death (e.g., 

685 TP53I3, PDCD5), and genome stability (e.g., CDK2, BLM). 

686 Finally, Kaplan-Meier survival analysis using the KMPlotter database revealed that COX2 

687 overexpression correlates with poorer survival in patients with renal clear cell carcinoma. This 
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Further reading: Appendix I 

 

COX2-inhibitory and cytotoxic activities of phytoconstituents of 

Matricaria chamomilla L. 

 

Assia I. Drif, Bharati Avula, Ikhlas A. Khan, and Thomas Efferth 

688 finding accentuates the potential therapeutic value of identifying a strong COX2 inhibitor to 

689 improve patient outcomes. 

 
690 
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691 3.2 Anti-Inflammatory and Cancer-Preventive Potential of Chamomile (Matricaria 

692 chamomilla L.): A Comprehensive in Silico and In Vitro Study 

693 The molecular docking of 212 phytochemicals found in chamomile against NF-κB revealed that 

694 β-amyrin had the highest affinity for the protein (−8.70 ± <0.01 kcal/mol, pKi 0.42 ± < 0.01 μM). 

695 These molecular docking results were further confirmed using microscale thermophoresis, which 

696 demonstrated that β-amyrin binds to NF-κB with a KD value of 943 ± 113 nM. The results also 

697 significantly correlated with the NF-κB reporter assay, showing that β-amyrin was the most 

698 potent inhibitor of NF-κB , achieving 61.1% (±7.3) inhibition at 10 μM. 

699 Additionally, an oxidative stress assay revealed that β-amyrin was effective in reducing ROS 

700 generation in an inflammatory state with elevated oxidative stress, with reductions of 12.30% (p 

701 = 0.1), 10.83% (p = 0.05), and 8.80% (p = 0.01) at concentrations of 0.1 μM, 1 μM, and 10 μM, 

702 respectively. To assess its effect on mitochondrial membrane potential, we used HEK-Blue Null1 

703 cells under induced inflammation. β-amyrin led to apoptosis in 52.6% of the cell population, 

704 while 47.6% of the cells remained viable. Conversely, the resazurin assay showed that β-amyrin 

705 was not cytotoxic to CCRF-CEM leukemia cells. Interestingly, β-amyrin was not included in the 

706 NCI60 database. Therefore, following the cytotoxicity analysis, we selected lupeol and quercetin, 

707 the next most cytotoxic chamomile compounds identified in the NCI60 panel. Moreover, the 

708 oncobiogram analysis revealed that both compounds correlated with microtubule inhibitors. This 

709 was confirmed by immunofluorescence microscopy, which showed that both lupeol and 

710 quercetin inhibited the polymerization of α-tubulin at 10 µM. In silico docking studies further 

711 supported these findings, showing that lupeol and quercetin had a higher affinity for α-tubulin 

712 when docked in the vincristine pocket (−8.62 ± 0.04 kcal/mol for lupeol and −6.77 ± 0.06 

713 kcal/mol for quercetin) compared to paclitaxel and colchicine. Both compounds' impact on 

714 microtubules was also reflected in their ability to arrest the U2OS cell cycle at the G2/M phase 

715 after 72 hours of treatment at 4x IC50. The cytotoxicity of lupeol and quercetin was further tested 

716 in vitro using the resazurin assay, which demonstrated toxic activity against leukemia, 

717 glioblastoma, and colorectal cancer cell lines. However, osteosarcoma cells were more resistant 

718 to these compounds. Notably, knockout cells of P-glycoprotein, EGFR, and TP53 showed 

719 reduced or no resistance to lupeol and quercetin compared to conventional cancer drugs. This 

720 finding substantiated our bioinformatic analyses, suggesting that neither compound is associated 

721 with cross-resistance mechanisms. An apoptosis assay on CCRF-CEM and U2OS cells 

722 reaffirmed that lupeol and quercetin induced apoptosis in hematopoietic cells but had no effect 

723 on osteosarcoma cells. 

724 Lastly, RT-PCR analysis showed that β-amyrin, quercetin, and lupeol significantly 
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Further reading: Appendix II 

 

Anti-Inflammatory and Cancer-Preventive Potential of Chamomile 

(Matricaria chamomilla L.): A Comprehensive in Silico and In Vitro 

Study 

 

Assia I. Drif, Rümeysa Yücer, Roxana Damiescu, Nadeen T. Ali 1, Tobias 

H. Abu Hagar, Bharati Avula, Ikhlas A. Khan 2 and Thomas Efferth 

725 downregulated the expression of inflammatory genes. While western blot analysis revealed that 

726 only β-amyrin and quercetin inhibited NF-κB activity. 

727 In light of these findings, Kaplan-Meier analysis emphasized the correlation between NF-κB 

728 overexpression and the short survival time of patients with renal clear cell carcinoma, 

729 highlighting the importance of discovering novel NF-κB inhibitors. 
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In Silico and In Vitro Screening of 50 Curcumin Compounds as EGFR 

and NF-κB Inhibitors 

 

Mohamed E. M. Saeed, Rümeysa Yücer, Mona Dawood, Mohamed-Elamir 

F. Hegazy, Assia Drif, Edna Ooko, Onat Kadioglu, Ean-Jeong Seo, Fadhil 

S. Kamounah, Salam J. Titinchi, Beatrice Bachmeier and Thomas Efferth 

731 3.3 Side project: 

732 In Silico and In Vitro Screening of 50 Curcumin Compounds as EGFR and NF-κB 

733 Inhibitors 

734 The 50 curcumin analogues were screened in silico to calculate their binding affinity with NF- 

735 κB and EGFR using molecular docking. The binding affinities of the ligands to EGFR and NF- 

736 κB proteins were found to be similar. For EGFR, the binding energy values ranged from −12.12 

737 (±0.21) to −7.34 (±0.07) kcal/mol, with pKi values between 0.00013 (±0.00006) and 3.45 (±0.10) 

738 µM. For NF-κB, the binding energies ranged from −12.97 (±0.47) to −6.24 (±0.06) kcal/mol, 

739 with pKi values from 0.0004 (±0.0003) to 10.05 (±4.03) µM. Interestingly, 20 of these 

740 compounds showed better affinity for both targets than curcumin, indicating that these 

741 derivatives may be better candidates than curcumin as anticancer drug agents. These results were 

742 further validated using microscale thermophoresis. The bioactivity of curcumin, N-(3- 

743 nitrophenyl pyrazole), and 1A9 was then explored, revealing that the cytotoxicity of the two 

744 analogue candidates was higher than that of curcumin. Notably, the N-(3-nitrophenylpyrazole) 

745 derivative induced higher ROS generation but did not activate apoptosis, unlike curcumin and 

746 1A9. This suggests that N-(3-nitrophenylpyrazole) and other curcumin derivatives may provoke 

747 cell death through different downstream and ROS-dependent mechanisms. Insightfully, 

748 compounds such as N-(3-nitrophenylpyrazole) could be promising cancer treatments due to their 

749 ability to bypass apoptosis and target apoptosis-resistant tumors. 

750 Overall, this study presents an optimistic outlook for curcumin derivatives in cancer therapy. 
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760 4. Conclusion 

761 The need to discover novel therapeutic drugs to treat inflammation and cancer has become more 

762 urgent than ever. The natural products play a crucial role in the treatment and prevention of these 

763 conditions due to their bioactive compounds. Importantly, they are known to exhibit lower 

764 cytotoxicity and fewer side effects than the conventional synthetic drugs. In this research, we 

765 demonstrated the ability of chamomile compounds and curcumin analogues to act through 

766 multiple mechanisms, such as inducing apoptosis, reducing oxidative stress, regulating 

767 mitochondrial membrane potential, modulating immune responses, and even overcoming 

768 multidrug resistance. This highlights their versatility and their potential as anti-inflammatory and 

769 cancer preventive agents. 

770 Continued research into these compounds may lead to novel, effective treatments, offering hope 

771 as alternatives to conventional therapies. 
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Abstract: Chamomile tea is a popular beverage and herbal remedy with various health benefits, 

including antioxidant and antimicrobial activities and beneficial effects on metabolism. In this 

study, we investigated the inhibitory activities of secondary metabolites from Matricaria chamomile 

L. against COX2, an enzyme involved in inflammation and linked to cancer development. The 

cytotoxicity of the compounds was also evaluated on a panel of 60 cancer cell lines. Myricetin, 

one of the COX2-inhibiting and cytotoxic compounds in chamomile tea, was further studied to 

determine a proteomic expression profile that predicts the sensitivity or resistance of tumor cell lines 

to this compound. The expression of classical mechanisms of anticancer drug resistance did not 

affect the responsiveness of cancer cells to myricetin, e.g., ATP-binding cassette (ABC) transporters 

(ABCB, ABCB5, ABCC1, ABCG2), tumor suppressors (p53, WT1), and oncogenes (EGFR, RAS), 

whereas significant correlations between myricetin responsiveness and GSTP expression and cellular 

proliferation rates were observed. Additionally, Kaplan–Meier survival time analyses revealed that 

high COX2 expression is associated with a worse survival prognosis in renal clear cell carcinoma 

patients, suggesting a potential utility for COX2 inhibition by myricetin in this tumor type. Overall, 

this study provides insight into the molecular modes of action of chamomile secondary metabolites 

and their potential as cancer-preventive or therapeutic agents. 

 
Keywords: anti-inflammatory activity; beverages; cancer; chemoprevention; proteomics; tea 

 
 
 

1. Introduction 

Chamomile tea is widely known for its medicinal properties and is commonly used 

in traditional medicine for its antioxidant and antimicrobial activities [1,2]. In addition, 
Chamomile tea is also recognized for its value as a food due to its beneficial effect on 
metabolism, especially in the kidneys and liver. The safe use of chamomile was approved 

by the U.S. Food and Drug Administration (FDA’s GRAS) [3,4]. Several studies have 

shown the effect of chamomile against muscle spasms, rheumatism, and gastrointestinal 
disorders [5,6]. Furthermore, extensive literature promotes the effect of chamomile tea, 
such as the German chamomile Matricaria chamomilla L., against obesity, depression, stress, 

inflammation, and cancer [7–12]. Moreover, different clinical trials demonstrated not only 

the anti-inflammatory effect against eczema as well as chemo-and radiotherapy-induced 
mucositis by a chamomile tea extract and its bioactive secondary metabolites, apigenin 

and α-bisabolol [13,14]. Furthermore, analgesic effects have been shown against peripheral 

neuropathic pain, a side effect from chemotherapy, and apoptotic activity by inhibiting 
COX2 and NF-кB [15,16]. 

The German chamomile (M. chamomilla L., syn. Matricaria recutita L.) and Roman 

chamomile (Chamaemelum nobile L. (All)) are the most known chamomile species. They are 
both rich in flavonoids, phenolic acids, and terpenoids. The German chamomile contains  
more terpenoids and is more resistant to pathogens [17]. Furthermore, its flower extract 
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contained more of these components than tea and essential oil [18]. Apigenin was one of 

the first compounds extracted from chamomile [19], which has been studied in the past 
for its anti-carcinogenic and anti-apoptotic effects [20–22]. The compounds inhibit cancer 
cell proliferation by blocking the activity of numerous proteins, including RelA/p65 and 

COX2 [23,24]. 
COX2 is an important enzyme that plays a key role in inflammation.  It is involved  

in the production of prostaglandins, which promote inflammation. Inflammation is a 

necessary process for the body’s immune response against infection or injury, but if it 
becomes chronic, it can lead to a range of health problems, including cancer [25–28]. 

Our aim in this study was to investigate the molecular modes of action of secondary 
metabolites extracted from M. chamomile in terms of their inhibitory activity against COX2 

and their cytotoxicity towards a panel of 60 cell lines from the National Cancer Institute. 
Then, we focused on myricetin, one of the COX2-inhibiting and cytotoxic chemical con- 
stituents of chamomile tea, to determine a proteomic expression profile that predicts the 

sensitivity or resistance of tumor cell lines to this compound. Finally, we mined the KM 
Plotter database to identify tumor types where high COX2 expression is associated with 
a worse Kaplan–Meier survival prognosis in cancer patients in an endeavor to envision a 
clinical situation where COX2 inhibition by myricetin might exert preventive or therapeutic 
potential. 

2. Materials and Methods 

2.1. Phytochemical Analysis 

Chemicals 

Nine standards were used as reference compounds. The compounds were cis-GMCA 

[(Z)-2-β-D-glucopyranosyloxy-4-methoxycinnamicacid] (2), trans-GMCA [(E)-2-β-D- 
glucopyranosyloxy-4-methoxycinnamic acid] (4), quercetagetin-7-O-β-D-glucopyranoside 
(3), apigenin-7-O-β-D-glucoside (6), apigenin 7-O-(6′′-O-acetyl-β-D-glucopyranoside) (7), 

tonghosu [2-(2′,4′-hexadiynylidene)-1,6-dioxaspiro [4,4]-non-3-ene] (9) were isolated at 
the National Center for Natural Products Research (NCNPR), University of Mississippi, 
Oxford, MS, USA. The identity and purity of these compounds are confirmed by chromato- 
graphic (TLC, HPLC) methods, and the analysis of the spectral data (IR, 1D- and 2D-NMR, 

ESI-HRMS) in comparison with published spectral data is also confirmed. The purity of 

these isolated compounds was found to be greater than 95%. Chlorogenic acid (1) and 
apigenin (8) were purchased from Chromadex (Santa Ana, CA, USA, purity greater than 

97%). Luteolin-7-O-β-D-glucoside (5) was purchased from Indofine Chemical Company, 
Inc. (Hillsborough, NJ, USA, purity greater than 97%). Acetonitrile and formic acid were 
of HPLC grade and purchased from Fisher Scientific (Fair Lawn, NJ, USA). Water for the 

HPLC mobile phase was purified using a Milli-Q system (Millipore) [29]. 

2.2. Instrumentation and Chromatographic Conditions of Liquid Chromatography with a Diode 
Array Detector–Quadrupole Time-of-Flight Mass Spectrometry (LC–DAD–QToF) 

The phytochemical analysis using liquid chromatography–diode array detector– 
quadrupole time-of-flight mass spectrometry (LC–DAD–QToF) was performed accord- 

ing to recently published protocols [29,30]. An Agilent 1290 Series liquid chromatographic 

system was used (Agilent Technologies, Santa Clara, CA, USA), comprising a binary pump, 
a vacuum solvent degasser, an autosampler with 108-vial well-plate trays, a thermostat- 
ically controlled column compartment, and a diode array detector. The separation was 
achieved on an Agilent Poroshell 120 EC-C18 column (150 mm × 2.1 mm I.D., 2.7 µm). 

The mobile phase consisted of water with 0.1% formic acid (A) and acetonitrile with 0.1% 
formic acid (B) at a flow rate of 0.25 mL/min. Analysis was performed using the following 
gradient elution: 90% A/10% B to 60%A/40%B in 15 min; in the next 15 min to 100% B. Each 

run was followed by a 5-min wash with 100% B and an equilibration period of 5 min with 
initial conditions of 90% A/10% B. One microliter of sample was injected, and the column 

temperature was maintained at 40 ◦C. The mass spectrometric analysis was performed with 
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a QToF-MS (Model #G6545B, Agilent Technologies, Santa Clara, CA, USA) equipped with 
an ESI source using the following parameters: drying gas (N2) flow rate, 13 L/min; drying 

gas temperature, 325 ◦C; nebulizer pressure, 35 psig; sheath gas temperature, 300 ◦C; sheath 
gas flow, 11 L/min; capillary voltage, 3500 V; nozzle voltage, 0 V; skimmer, 65 V; Oct RF V, 
750 V; and fragmentor voltage, 175 V. All the operations, acquisition, and analysis of data 
were controlled using Agilent MassHunter Acquisition Software Ver. A.10.1 and processed 
with MassHunter Qualitative Analysis Software Ver. B.7.00. Each sample was analyzed 

in positive and negative modes over the range of m/z = 100–1700 and extended dynamic 

range (flight time to m/z 1700 at a 2 GHz acquisition rate). Accurate mass measurements 

were obtained by means of reference ion correction using reference masses at m/z 121.0509 

(protonated purine) and 922.0098 [protonated hexakis (1H, 1H, 3H-tetrafluoropropoxy) 
phosphazine, or HP-921] in positive ion mode. The UV detection wavelength was in 
the range of 200–500 nm. The phytochemical analysis with UHPLC–DAD–QToF was 
performed according to recently published protocols [29,30]. 

2.3. Virtual Drug Screening and Molecular Docking 

A list of more than 1000 chamomile compounds was first screened in silico against 

COX2 using PyRx [31,32]. The COX2 crystal structure was taken from the Protein Data Bank 
(PDB ID: 5F1A) [33,34]. This structure was prepared for virtual drug screening using the 
Chimera software [35]. We cut the crystal structure and used chain A within the catalytic 
domain of 5F1A. Using AutoDockTools-1.5.7rcl [34], water molecules were deleted, polar 

hydrogen atoms were added and merged, the missing atoms and bonds were repaired, and 

Kollman charges were added. 

After performing the virtual screening with PyRx, 211 ligands from more than 1000 com- 

pounds were selected and subjected to molecular docking against COX2 using Autodock 
4.2.6 [36–38]. A Grid-box was set based on the interaction of the known COX2 ligand sali- 
cylic acid with the amino acids of COX2-5F1A [39]. Its dimensions were 104 × 70 × 100 Å 
spacing 0.369 Å the Grid-center x = 45.667 Å, y = 28.779 Å and z = 232.841 Å. The Lamar- 
ckian Genetic Algorithm (LGA) was applied to seek the lowest binding energies (LBE, 

kcal/mol) and predicted inhibition constants (pKi, µM) with docking parameters set to  
250 runs and 2,500,000 energy evaluations for each cycle. Mean values ± SD were calcu- 

lated from each of the three independent dockings. BIOVIA Discovery Studio Visualizer 
2021 [40] was used for the 3D visualization pictures of the interaction between the ligands 
and the amino acids of the crystal structure of COX2. 

A total of 207 samples from chamomile was included in this present study (Supple- 
mentary Table S1). 

2.4. Fluorometric COX2 Inhibitor Screening Assay 

To validate the in silico results from virtual drug screening, we performed an in vitro 
COX2 inhibitor assay (BioVision Incorporate Berlin, Germany [41]) according to the manu- 

facturer’s instructions. The assay is based on the fluorometric detection of prostaglandin 

G2, which is produced by the conversion of arachidonic acid by the catalytic activity of 
COX2. Selected phytochemicals of chamomile tea (apigenin, β-amyrin, β-eudesmol, β- 
sitosterol, daucosterol, farnesol, and myricetin) were chosen based on their LBE values from 

virtual drug screening. These compounds were tested for their COX2 inhibition in vitro at 

concentrations of 0.1 µM and 1 µM. 

2.5. Pharmacological Testing and Gene/Protein Expression Profiling of Tumor Cell Lines 

The Developmental Therapeutics Program of the National Cancer Institute (Bethesda, 

MA, USA) [42] used a series of human tumor cell lines from diverse origins (leukemia, 
melanoma, brain tumors, and carcinoma of the lung, colon, kidney, ovary, breast, or 

prostate) for drug screening [43]. The data of compound screening (log10IC50 values 
obtained by a sulforhodamine 123 assay) as well as transcriptomic and proteomic expression 
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data were deposited at the NCI website [44]. For statistical correlation analyses, we used 
Pearson’s correlation test (WinStat, Kalmia Inc., Cambridge, MA, USA).  

2.6. Growth Inhibition Assay 

Resazurin reduction assay was conducted to measure the growth inhibitory activity 
of Chamomilla matricaria L. Human CCRF-CEM leukemia and human AMO1 multiple 

myeloma cells were seeded at a density of 1 × 104 cells per well in 96-well plates using 

100 µL of RPMI 1640 medium. These cells were then treated with the extract at 7 different 
concentrations, each diluted in 100 µL of medium, and incubated for 72 h. Similarly, 
HCT116 p53+/+ wildtype and drug-resistant HCT p53−/− knockout colon cancer cells 

were seeded (5 × 103 cells/well) in 100 µL DMEM medium and allowed to adhere for 

24 h. The next day, these cells were treated with the same series of extract concentrations 
and incubated for an additional 48 h [45]. On the final day of incubation, 20 µL of 0.01% 
resazurin solution from Promega (Mannheim, Germany) was added to each well and left to 

incubate for over 4 h at 37 ◦C. The fluorescence signal was then measured at an excitation 

wavelength of 544 nm and an emission wavelength of 590 nm using the Infinite M2000 
Pro-plate reader from Tecan (Crailsheim, Germany). The experiment was independently 

replicated three times, and each concentration was tested with six replicates. The growth 
inhibitory effect of the treatment was represented as the percentage of cell viability and 
graphed as a dose–response curve. The IC50 value representing the concentration at which 

the growth was inhibited by 50% was calculated using Microsoft Excel 2021 (Version 2306 

Build 16.0.16529.20164) [46]. 

2.7. Kaplan–Meier Survival Analysis 

Data from more than 30,000 samples of 21 tumor types are deposited in the KMPlotter 
database [47–49]. The Kaplan–Meier statistics algorithm of this database was used to 
identify the prognostic value of COX2 mRNA expression for the survival time of cancer 
patients. We used a false discovery rate (FDR) calculation to exclude type I errors in  

multiple comparisons [50]. We included only Kaplan–Meier statistics with FDR rates ≤ 5%, 
indicating that not more than 5% of “declared” positive results were truly negative. 

2.8. Immunofluorescence Microscopy of GFP Tagged α-Tubulin 

Human U2OS osteosarcoma cells were left to attach for 24 h in µ-Slide 8 Well 
(30,000 cells/well) (ibidi, Gräfelfing, Germany). The next day, the cells were treated with 
myricetin (0.1, 1, 10 µM) (Sigma-Alderich Chemie GmbH, Taufkirchen, Germany) as well 

as paclitaxel (1 µM) and vincristine (1 µM) (both of the drugs were a gift from the pharmacy 
of the university hospital Johannes Gutenberg Mainz, Germany) as positive controls, along 

with DMSO as a negative control. After 24 h, cells were washed with PBS, fixed with 4% 
paraformaldehyde, and stained with 1 µg/mL of 4′6-diamidino-2-phenylindole (DAPI, 
Sigma Aldrich, Darmstadt, Germany) in the dark. Subsequently, the slides were immersed 

in Mounting Medium (ibidi, Gräfelfing, Germany). Widefield imaging was performed 

using a THUNDER Imager Live Cell (Leica Microsystems, Wetzlar, Germany) based on a Le- 
ica DMi8 microscope stand. Both transmission light and fluorescence images were acquired 
using a 63×/1.40 NA objective (HC PL APO CS2 63×/1.40 OIL UV). Fluorescence was 

excited with an LED light source (LED8, Leica) at 395 nm and 488 nm for imaging of DAPI 

and Tubulin–GFP, respectively. A quadband filter cube (DFT51010, Leica) split fluorescence 
excitation and emission light, and additional emission filters (460/80 for imaging of DAPI 

signals and 535/70 for imaging of GFP signals) were used to reduce bleed-through. The 

camera (Leica DFC9000 GTC) was operated in 2 × 2 binning mode, resulting in a pixel size 
of 206 nm measured in the object plane. Exposure times were set to 200 ms (GFP–Tubulin), 

25 ms (DAPI), and 150 ms (differential interference contrast (DIC)). Images were analyzed 

with Image J software (National Institute of Health, Bethesda, MD, USA). The methodology 
of this experiment was described by us [51] and the microscopy techniques by Marton 
Gelléri (Institute of Molecular Biology gGmbH (IMB), Mainz, Germany). 
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3. Results 

3.1. Phytochemical Analysis 

The phytochemical analysis of chamomile extract was conducted using liquid 
chromatography–diode array detector–quadrupole time-of-flight mass spectrometry (LC– 
DAD–QToF). As shown in Figure 1, 21 phytochemicals were tentatively detected. 

 

Figure 1. Typical LC–DAD chromatogram (absorbance vs. retention time) of a tea sample (Matricaria 

chamomilla L.) at 254 nm (A), 280 nm (B) and 330 nm (C): chlorogenic acid (1), cis-GMCA [(Z)-2- 

β-D-glucopyranosyloxy-4-methoxycinnamic acid] (2), quercetagetin-7-O-β-D-glucopyranoside (3), 

trans-GMCA [(E)-2-β-D-glucopyranosyloxy-4-methoxycinnamic acid] (4), luteolin-7-O-β-D-glucoside 

(5), apigenin-7-O-β-D-glucoside (6), apigenin 7-O-(6′′-O-acetyl-β-D-glucopyranoside) (7), apigenin (8), 

and isomers of tonghaosu [2-(2′,4′-hexadiynylidene)-1,6-dioxaspiro [4,4]-non-3-ene] (9–10), esculin 

(11), isoquercitrin (12), loliolide/isololiolide (13–14), quercitrin (15), 3,5-di-caffeoylquinic acid (16–18), 

isorhamnetin 3-O-β-D-glucopyranoside (19), quercetagetin 4′-methyl ether 7-(6-(E)-caffeoylglucoside) 

(20), glucuronolactone (21), and myricetin (22). All compounds were assigned based on mass 

spectrometry. 

3.2. Cytotoxicity Assay 

To examine the activity of chamomile extract against  cancer cell lines, we have con- 
ducted growth inhibition assays. The extract revealed cytotoxicity against different can- 
cer types. The IC50 values of the two hematopoietic cell lines CCRF-CEM and AMO1 

(23.7 ± 4.7 µg/mL to 28.0 ± 2.2 µg/mL) were lower than those of the colon cancer cell 

lines. Wildtype HCT116 p53+/+ had an IC50 value of 28.0 ± 2.2 µg/mL, and HCT116 
p53−/− knockout cells had an IC50 value of 74.3 ± 0.4 µg/mL. Hence, the p53 knockout 
cells were 2.65-fold more resistant to the chamomile extract than the p53 wild-type cells 

(Figure 2). 
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Figure 2. Dose–response curve of the extract of chamomile in hematopoietic and colon cancer cell 

lines determined by a resazurin assay. (A) Growth inhibition of CCRF-CEM leukemia cells and AMO- 

1 multiple myeloma cells.  (B) Growth inhibition of HCT116 p53+/+ wildtype and drug-resistant 

HCT116 p53−/− knockout cells. The IC50 values were determined from the dose–response curve, and 

the degree of resistance was obtained by dividing the IC50 value of HCT p53−/− by the IC50 value of 

HCT p53+/+. The mean values ± standard deviation values are from three independent experiments. 

3.3. Molecular Docking In Silico 

To investigate the full potential of chamomile tea, a total of 212 chamomile compounds 
were docked against human COX2 (PDB: 5F1A) using the PyRx program. Thirty of these 

212 compounds were selected as the most abundant for further analysis. Table 1 shows the 
low binding energies (LBE, kcal/mol) and the predicted inhibition constants (pKi, µM) of 
these 30 ligands. The LBE and pKi values of these phytochemicals correlated significantly 

with each other (Pearson correlation test, p = 7.53 × 10 − 20; r = 0.574; Figure 1, 1st line 

left panel). The LBE values of 27 out of 30 substances were smaller than −6 kcal/mol (cut- 

off) and ranged from −11.73 (±0.44) kcal/mol (β-sitosterol) to −6.01 (±<0.01) kcal/mol 

(P-cymene). The pKi values of these 27 compounds were in a range from 0.003 (±0.002) µM 
to 39.57 (±<0.01) µM. Seven of the 27 compounds were selected because these substances 
were found in the NCI database (dtp.cancer.gov, accessed on 1 July 2023), whose data are 

required for further investigations. Celecoxib was used as a positive control drug since it is 

a well-known COX2 inhibitor. As shown in Figure 3 (1st line, middle, and right panel), the 
compounds were bound to three domains of COX2. Myricetin, daucosterol, and β-amyrin 
interacted with the first domain; β-sitosterol, apigenin, farnesol, and β-eudesmol with 

the second domain; and celecoxib with the third domain. Lines 2–5 of Figure 1 depict the 

three-dimensional binding poses of the compounds and the interacting amino acids. 

 
Table 1. Molecular docking of 30 chamomile compounds binds to COX2 (PDB ID: 5F1A). Shown are 

the lowest binding energies (kcal/mol), predicted inhibition constants (µM), and the pharmacophores 

interacting between the ligands and COX2. Bold indicates hydrogen bonds. 
 

No. Compounds LBE (kcal/mol) pKi (µM) Pharmacophore 

 
1. 

 

β-Sitosterol 
 

−11.73 ± 0.33 
ALA199, ALA202, GLN203, THR206, HIS207, PHE210, 

0.003 ± 0.002 THR212, HIS214, ASN382, TYR385, HIS386, TRP387, 
HIS388, LEU390, LEU391 

2 Celecoxib −10.18 ± 0.03 0.03 ± <0.01 HIS90, GLN192, LEU352, SER353, TYR355, LEU359, 
TRP387, VAL523, ALA527 

3 β-Amirin −9.59 ± 0.01 0.09 ± <0.01  LEU145, GLY225, HIS226, GLY227, VAL228, ASN375, 
ARG376, GLY533, ASN537, VAL538 
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glucoside 

  Table 1. Cont.  

No. Compounds LBE (kcal/mol) pKi (µM) Pharmacophore 

4 (+)-Catechin −9.43 ± <0.01 0.12 ± <0.01 
ALA199, ALA202, GLN203, THR206, HIS207, PHE210, 
ASN382, HIS386, TRP387, HIS388, LEU390, LEU391 

5 α-Bisabolol −9.30 ± 0.03 0.15 ± 0.01 ALA199, THE206, HIS207, PHE210, ASN382, TYR385, 
HIS386, TRP387, HIS388, LEU390, LEU391 

 
6 

 
Daucosterol 

 
−9.26 ± 0.01 

LEU145, LEU224, GLY225, HIS226, GLY227, VAL228, 
0.17 ± <0.01 ASP229, GLY235, GLU236, THR237, LU238, ARG333, 

GLN374, ASN375, ARG376, ASN537, VAL538 

7 β-Eudesmol −9.18 ± 0.01 0.19 ± <0.01 ALA199, ALA202, GLN203, THR206, HIS207, TYR385, 
HIS386, TRP387, HIS388, LEU390, LEU391 

8 Bisabelol oxide B −9.02 ± 0.01 0.24 ± <9.91 ALA199, ALA202, GLN203, THR206, PHE210, TYR385, 
HIS386, TRP387, HIS388, LEU390, LEU391 

9 Kaempferol −8.93 ± 0.02 0.28 ± 0.01 
ALA199, ALA202, GLN203, THR206, HIS205, ASN382, 
HIS386, TRP387, HIS388, LEU390, LEU391 

10 
Luteolin-7-O- 

−8.92 ± 0.07 0.29 ± 0.03  
PHE200, GLN203, HIS207, PHE210, ASN382, TYR385, 
TRP387, HIS388, LEU390, LEU391, TYR404, VAL444 

11 (-)-Epicatechin −8.89 ± 0.07 0.31 ± 0.04  ALA199, ALA202, GLN203, HIS207, PHE210, ASN382, 
TYR385, HIS386, TRP387, HIS388, LEU390, LEU391 

 
12 Apigenin 

 
−8.84 ± 0.06 

ALA199, ALA202, GLN203, HIS207, PHE210, THR212, 
0.33 ± 0.03 HIS214, ASN382, TYR385, HIS386, TRP387, HIS388, 

LEU390 

13 Quercitin hydrate −8.82 ± 0.08 0.34 ± 0.04 ALA199, ALA202, GLN203, THR206, HIS207, PHE210, 
ASN382, HIS386, TRP387, HIS388, LEU390, LEU391 

14 Chlorogenic acid −8.67 ± 0.10 0.44 ± 0.08 ALA199, ALA202, GLN203, THR206, PHE210, TYR385, 
HIS386, TRP387, HIS388, LEU390, LEU391 

15 Luteolin −8.67 ± 0.12 0.45 ± 0.09 ALA202, GLN203, HIS207, PHE210, ASN382, TYR385, 
HIS386, TRP387, HIS388, LEU390, LEU391 

 
16 Lupeol 

 
−8.47 ± <0.01 

GLY225, HIS226, GLY227, VAL228, ASP229, ARG333, 
0.62 ± <0.01  ILE337, TYR373, GLN374, ASN375, GLY536, ASN537, 

VAL538 

17 Bisabolol oxide A −8.38 ± <0.01 0.71 ± 0.01  
ALA199, PHE200, ALA202, GLN203, THR206, HIS207, 
TYR385, TRP387, LEU390, LEU391 

18 Guaiazulene −8.33 ± <0.01 0.79 ± <0.01  ALA199, ALA202, GLN203, HIS207, PHE210, ASN382, 
TYR385, HIS386, TRP387, HIS388, LEU390, LEU391 

19 Myrecitin −8.32 ± 0.41 0.94 ± 0.71 GLY225, GLY227, VAL228, GLN374, ASN375, ARG376, 
GLY533, ASN537 

20 Quercitrin −8.29 ± 0.06 0.85 ± 0.08 ILE124, ASP125, PRO128, THR129, THR149, ALA151, 
ASN375, ARG376, ALA378, PHE529 

21 Farnesol −7.98 ± 0.10 1.42 ± 0.23 ALA202, THR206, TYR385, HIS386, TRP387, HIS388, 
LEU390, LEU391 

22 Bisabolone oxide A −7.92 ± <0.01 1.57 ± <0.01  ALA199, ALA202, GLN203, THR206, PHE210, TYR385, 
TRP387, HIS388, LEU390, LEU391 

 
23 Chamazulene 

 

−7.74 ± 0.01 
ALA199, ALA202, GLN203, THR206, HIS207, PHE210, 

2.10 ± 0.01 ASN382, TYR385, HIS386, TRP387, HIS388, LEU390, 
LEU391 

24 Caffeic acid −7.09 ± 0.08 6.41 ± 0.87 ALA202, THR206, TYR385, HIS386, TRP387, HIS388, 
LEU391 

25 (+)-Terpinen-4-ol −6.92 ± <0.01 8.47 ± 0.01  ALA202, GLN203, HIS207, PHE210, THR212, ASN382, 
TYR385, HIS386, TRP387, LEU390 
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TRP387, HIS388, LEU390, LYS97, ASN104, GLN350, 
TYR355, HIS356, LYS358 

 

 

 

Figure 3. Molecular docking analysis of 7 compounds derived from chamomile (Matricaria chamomilla) 

and celecoxib to COX2 (5F1A). They were bound to different pockets within the same domain. The 

three red circles indicate the different binding sites. The low binding energy (Kcal/mol) values 

significantly correlate with the predicted inhibition constant pki (µM) (r = 0.574; p = 7.53 × 10−20), as 

shown on the left graph. The 2D and 3D illustrations (Lines 2–5) show the interaction of celecoxib, 

apigenin, β-amyrin, β-eudesmol, β-sitosterol, daucosterol, farnesol, and myricetin with different 

amino acids of COX2. 

  Table 1. Cont.  

No. Compounds LBE (kcal/mol) pKi (µM) Pharmacophore 

26 Citronellol −6.01 ± 0.01 39.50 ± 6.52 ILE124, ASP125, THR129, THR149, ARG150, ASN375, 
ARG376, ILE377, ALA378, PHE529 

 
27 

 
P-Cymene 

 
−6.01 ± <0.01 

ALA202, THR206, TYR385, HIS388, LEU390, LEU391, 

39.57 ± <0.01 ALA199, GLN203, THR206, HIS207, PHE210, TYR385, 
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3.4. Inhibition of COX2 Enzyme Activity In Vitro 

To exemplarily verify the in silico predicted interaction of the compounds with COX2, 
we measured the enzymatic activity upon treatment with the selected seven phytochemicals. 
Figure 4A illustrates the rest activity of COX2 after treatment with β-sitosterol, β-amyrin, 

β-eudesmol, daucosterol, apigenin, myricetin, and farnesol at concentrations of 0.1 and 1  

µM. β-Sitosterol exerted the highest inhibitory effect on COX2, with percentages of 92% and 
98%, respectively. By contrast, apigenin had the lowest inhibitory activity (42% and 90%, 

respectively). Then, we corrected the percentages of COX2 rest activity upon treatment 
with 0.1 µM of the compounds in vitro with the LBE values in silico and found a significant 
correlation (Pearson collection test, p = 0.030; r = 0.736) (Figure 4B). We also observed a 

significant correlation upon treatment with 1 µM (p = 0.042; r = 0.692) (Figure 4C). 

 

Figure 4. (A). The percentage of the rest activity of COX2 after treatment with apigenin, β-amyrin, β- 

eudesmol, β-sitosterol, daucosterol, farnesol, and myricetin at 0.1 and 1 µM. (B,C). Pearson correlation 

of COX2 rest activity (%) at 0.1 and 1 µM treatment, respectively, vs. low binding energy (kcal/mol). 

Blue points represent COX2 activity in vitro vs. lowest binding energy (LBE in silico. Red line 

represents linear regression of blue points.  

3.5. Cytotoxicity against Tumor Cells In Vitro 

Since there is a mechanistic link between inflammation and carcinogenesis [52], we 

were interested in exploring the COX2-inhibitory activity of the selected compounds. The 
cytotoxicity of the selected compounds towards 60 cell lines of different tumor origins 
(leukemia, melanoma, brain tumors, carcinoma of the colon, ovary, breast, kidney, lung, 
or prostate) determined by a sulforhodamine B assay was mined in the NCI database 

(dtp.cancer.gov; accessed on 1 July 2023). The responsiveness of these cell lines is plotted as 

mean log10IC50 values for each tumor type in Figure 5. β-Sitosterol and daucosterol were 
minimally active against the tumor cell lines, while apigenin, myricetin, and farnesol were 

most active (Figure 5A). Celecoxib, the control drug, was the most active. β-Amyrin was 
not included in the NCI database. Therefore, we detected the cytotoxicity of this compound 

in CCRF-CEM cells which are also included in the NCI cell line panel and found that this 
compound did not affect these tumor cells. Since we previously investigated apigenin 
and farnesol in the NCI cell line panel [53–56], we focused on myricetin in the present 
study. The inhibitory activity of myricetin against the tumor cells shown in Figure 5B 
demonstrated that this compound was most active against colon and lung cancer cell lines. 

For comparison, celecoxib as a control drug was most active against leukemia and prostate 
cancer cell lines (Figure 5C). 
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Figure 5. (A) Cytotoxicity of the six selected chamomile derivates with celecoxib (positive control) to 

60 NCI tumor cell lines was plotted as mean log10IC50 values for each tumor type. (B,C) the inhibitory 

activity of myricetin and celecoxib (control drugs), respectively, against the NCI 60 cell line panel  

plotted as mean log10IC50. 

3.6. Oncobiogram Analysis 

It is well accepted that natural products usually exert their bioactivity through multiple 

rather than single mechanisms [57]. Therefore, we assumed that myricetin might not only 
exert COX2-inhibitory activity. For this reason, we correlated the log10IC50 values for 
myricetin in 60 tumor cell lines to those of 91 standard anticancer compounds from diverse 

pharmacological classes. Significant correlations in cellular responsiveness were observed 
between myricetin and five of the ten tubulin inhibitors and two of the fourteen tyrosine 
kinase inhibitors. Correlations with drugs of other classes were not found (Figure 6A). A 
closer look at which tubulin inhibitor is correlated to myricetin is shown in Figure 6B. 

 

 
Figure 6. Cross-resistance profiling of myricetin to standard anticancer drugs. ( A) Percentage of 

standard anticancer drugs from different pharmacological classes that significantly correlated to the 

responsiveness of NCI tumor cell lines to myricetin. It shows that 5 of the 10 tubulin inhibitors and 

2 of the 14 tyrosine kinase inhibitors significantly correlate to myricetin. (B) The tubulin inhibitors 

are correlated to myricetin.  

3.7. Effect of Myricetin on α-Tubulin 

To validate the results obtained from the oncobiogram analysis that myricetin might in- 
teract with tubulin, U2OS cells transfected with GFP α-tubulin were subjected to myricetin 

treatment at concentrations of 0.1, 1, and 10 µM for 24 h. The effect of myricetin on micro- 
tubules is depicted in Figure 7. Indeed, myricetin inhibits microtubules. In contrast to the 
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well-organized microtubules seen in the untreated control cells, the myricetin-treated cells 

displayed shortened microtubule fragments that condensed around the nucleus, similar 
to vincristine-treated cells. Conversely, paclitaxel-treated cells exhibited extended and 

disorganized tubulin. Additionally, at the higher concentration of 10 µM myricetin, not 

only was the polymerization of microtubules significantly hindered (as evident from the 
reduced density of microtubules), but there were also multiple spindle poles observed in 
the area of the nucleus. 

 

 
Figure 7. Disruption of the microtubule network in U2OS cells treated with myricetin.  Fixed U2OS 

cells were treated with DMSO and various concentrations of Myricetin at 0.1, 1, 10 µM, vincristine 

at 1 µM, and paclitaxel at 1 µM for 24 h. Micrographs of the cells were captured at 63 × 1.40 NA 

objective (HC PL APO CS2 63×/1.40 OIL UV) magnification using the Thunder Imager Live Cell 

microscope. The microtubules were visualized with green fluorescence, and the images were merged 

with DAPI (blue) to represent the nucleus. Scale bars indicate 10 µm. 

3.8. Proteome Analysis 

To gain more insight into the determinants that define the sensitivity or resistance of 
cell lines to myricetin, the expression of a total of 3171 proteins in the 60 NCI cell lines 
deposited at the NCI database (dtp.cancer.gov accessed on 23 July 2023) was correlated 

to the log10IC50 values of myricetin using COMPARE analysis. A compilation of the top 

40 proteins (20 directly correlating and 20 inversely correlating with myricetin) and their 
biological functions is compiled in Supplementary Table S2. 

As a next step, we clustered the expression profiles using the hierarchical Ward cluster 
method within the first dimension and the log10IC50 values for myricetin in the second 
dimension. This two-dimensional clustering generated a color-coded heat map (Figure 8). 
Four major clusters were obtained for the 40 proteins (clusters A–D), and another three 
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clusters appeared for the tumor cell lines tested (clusters 1–3). The cellular responsiveness 
of the cell lines to myricetin was categorized by defining the cell lines as being sensitive if 
their individual log10IC50 values were smaller than the median value across all cell lines 
and as being resistant if the individual log10IC50 value was higher than the median. By 

using the χ2 test, we calculated the statistical difference between the sensitive and resistant 

cell lines. Indeed, the distribution of clusters 1 and 2 (containing mainly myricetin-resistant 
cell lines) and cluster 3 (mainly containing sensitive cell lines) was statistically significant 

(p = 4.89 × 10−4). 

 

 
Figure 8. A 2D color-coded heat map and agglomerative cluster analysis of protein expression in the 

response of 60 NCI tumor cell lines to myricetin (log10IC50). On the right side of the heat map are 

the responsive cell lines to myricetin and their respective tumor types. Clusters A–D represent the 

40 top proteins, and on the left are the 3 major clusters appearing for the tumor cell lines. The cellular 

responsiveness of various cell lines to myricetin was classified based on their individual log 10IC50 

values. Cell lines were classified as “sensitive” if their log10IC50 values were lower than the median 

value of all cell lines and as “resistant” if their log10IC50 values were higher than the median value. 

The χ2 test shows statistical significance (p = 4.89 × 10−4) by comparing the three different clusters of 

protein expression in the cell lines, where clusters 1 and 2 contained mainly myricetin-resistant cell 

lines, and cluster 3 contained mainly sensitive cell lines. 
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3.9. Drug Resistance Profiling of Myricetin 

Moreover, we addressed the question of whether myricetin is involved in classical 
drug resistance phenotypes of ABC-transporters (P-glycoprotein, ABCB5, ABCC1, and 
ABCG2), as well as oncogenes (EGFR), tumor suppressors (TP53, WT1), and others (heat 

shock protein HSP90, glutathione S-transferase π, and the proliferation rate of the cell lines) 
(Table 2). We did not observe statistically significant correlations between the log10IC50 

values for myricetin and any of the resistance parameters except for GSTP and cellular 

proliferation rates. This indicates that the effectiveness of myricetin may be limited by these 
two drug resistance mechanisms, while all other resistance mechanisms to established 
anticancer drugs may not be relevant for myricetin. 

 
Table 2. Correlation between the log10IC50 values for myricetin and various mechanisms of mul - 

tidrug resistance in the NCI panel of tumor cell lines, including ABC-transporter-mediated (P- 

glycoprotein/ABCB1, ABCB5, ABCC1, and ABCG2), EGFR, RAS, TP53, WT1, HSP90, GST, and the  

proliferative rate. Bold and * p < 0.05 and r > 0.3 (or r < −0.3). 
 

 Myricetin (log10 Control Drug (log10 

IC50, M) IC50, M) 

ABCB1 Expression   Epirubicin 

7q21 (Chromosomal r-value −0.120 0.447 * 

Locus of ABCB1 Gene) p-value 0.207 3.55 × 10−4 * 
ABCB1 Expression r-value −0.124 0.533 * 

(Microarray) p-value 0.186 * 6.82 × 10−6 

ABCB1 Expression r-value 0.118 * 0.410 

(RT-PCR) p-value 0.215 * 1.54 × 10−3 

ABCB5 Expression   Maytansine 

ABCB5 Expression r-value −0.040 0.454 * 

(Microarray) p-value 0.384 6.67 × 10−4 * 

ABCB5 Expression r-value 0.060 0.402 * 

(RT-PCR) p-value 0.330 0.0026 * 

ABCC1 Expression   Vinblastine 

DNA Gene r-value 0.059 0.429 * 
Copy Number p-value 0.333 0.001 * 
ABCC1 Expression r-value −0.035 0.398 * 
(Microarray) p-value 0.402 0.003 * 
ABCC1 Expression r-value 0.149 0.299 

(RT-PCR) p-value 0.170 0.036 * 

ABCG2 Expression   Pancratistatin 

ABCG2 Expression r-value 0.163 0.329 * 
(Microarray) p-value 0.120 0.006 * 
ABCG2 Expression r-value −0.127 0.346 * 

(Western Blot) p-value 0.177 0.004 * 

EGFR Expression   Erlotinib 

EGFR Gene r-value 0.135 −0.245 
Copy Number p-value 0.160 0.029 * 
EGFR Expression r-value 0.133 −0.458 * 

(Microarray) p-value 0.164 1.15 × 10−4 * 

EGFR Expression r-value 0.077 −0.379 * 
(PCR Slot Blot) p-value 0.291 0.002 * 

EGFR Expression r-value 0.166 −0.376 * 

(Protein Array) p-value 0.113 0.001 * 

N-/K-/H-RAS Mutations   Melphalan 

TP53 Mutation r-value 0.052 0.367 * 

(cDNA Sequencing) p-value 0.354 0.002 * 
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Table 2. Cont. 
 

  Myricetin (log10 Control Drug (log10 

  IC50, M) IC50, M) 

TP53 Mutation   5-Fluorouracil 

TP53 Mutation r-value 0.077 −0.502 * 

(cDNA Sequencing) p-value 0.290 3.50 × 10−5 * 
TP53 Function r-value 0.211 −0.436 * 

(Yeast Functional Assay) p-value 0.071 5.49 × 10−4 * 

WT1 Expression   Ifosfamide 

WT1 Expression r-value 0.064 −0.316 * 

(Microarray) p-value 0.320 0.007 * 

GSTP1 Expression   Etoposide 

GSTP1 Expression r-value −0.257 0.399 

(Microarray) p-value 0.028 9.58 × 10−4 * 
GST Expression r-value −0.225 0.509 

(Northern Blot) p-value 0.048 2.24 × 10−5 * 

HSP90 Expression   Geldanamycin 

HSP90 Expression r-value −0.172 −0.392 * 

(Microarray) p-value 0.105 0.001 * 

Proliferation   5-Fluorouracil 

Cell Doubling r-value 0.258 0.627 * 

 p-value 0.031 7.14 × 10−6 * 

3.10. Survival Analysis 

Finally, we explored the relevance of COX2 expression for the survival prognosis of 
cancer patients. We speculated that a COX2 inhibitor (e.g., myricetin) should be more effec- 
tive in tumors with high COX2 expression. A second assumption was that the connection 
between inflammation and COX2 expression is related to cancer growth, which might imply 
that high expression is related to short survival. Hence, COX2 inhibitors might contribute 
to the prolongation of the survival prognosis. Therefore, we performed Kaplan–Meier sur- 
vival analyses using the KMPlotter database. The analysis of 21 tumor types revealed that 
high COX2 mRNA expression significantly correlated with shorter overall survival times 
in patients suffering from renal clear cell carcinoma than low COX2 expression (Figure 9A; 

p = 1.2 × 10−4). Refining the analyses within this group of patients showed that female 

patients with renal clear cell carcinoma with high COX2 expression died significantly earlier 

than those with low COX2 expression (Figure 9B; p = 3 × 10−5). Similarly, patients with 

low neoantigen load and high COX2 expression in their renal clear cell tumors had a worse 

survival prognosis than those with high COX2 expression (Figure 9C; p = 3 × 10−5). This 

data indicates that COX2-inhibiting compounds from chamomile tea might exert beneficial 
effects in the prevention and treatment of this tumor type. 
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Figure 9. Kaplan–Meier statistics of overall survival time (months) for renal clear cell carcinoma 

correlating with the expression of COX2 mRNA obtained from the KMPlotter database. (A) All patient 

profiles: COX2 mRNA expression correlates significantly with overall survival time, p = 1.2 × 10−4. 

(B) Female patients’ profile: COX2 mRNA expression correlates significantly with overall survival 

time, p = 3 × 10−5. (C) Patients with low neoantigen load and high COX2 expression in their renal 

clear cell tumors had a worse survival prognosis than those with high COX2 expression, p = 3 × 10−5. 

4. Discussion 

Chamomile tea has been widely utilized as a spice for food preservation and in 
traditional medicine. Its phenolic and flavonoid attributes offer anti-inflammatory and 
antioxidant properties [58]. Extensive research has been conducted on the cellular and 

molecular mechanisms of chamomile tea constituents against cancer, such as apigenin [59]. 
Since inflammation is related to carcinogenesis [60], we focused this study on the phyto- 
chemical constituents of chamomile tea and their effects against COX2, as well as their 

anti-inflammatory and cytotoxic activities on cancer cells. 
In understanding the beneficial effect, phytochemistry plays a crucial role in char- 

acterizing the composition of secondary plant metabolites [ 61]. In chamomile tea, more 

than 200 substances have been identified from the classes of flavonoids, terpenoids, alka- 
loids, tannins, and polyphenols [62]. Other teas also contain compounds of these chemical 
classes, with differences in the specific types and quantities of their substances. For exam- 
ple, chamomile tea does not contain caffeine, while black, green, pu-erh, and oolong teas 

contain varying high amounts of caffeine [63]. Catechin is found in a very high quantity 
in green tea due to its minimized antioxidant capacity compared to chamomile, black, 
and peppermint tea [64,65], and chamomile tea is also the richest in apigenin in contrast 

to peppermint tea [66]. The question is whether or not the interaction between these 
different substances may be synergetic or additive. We suggest that the death of cancer 
cells is more probable if exposed to a combination of various substances in an additive 
manner rather than surrendering in a synergistic way, which means that the cell has an 

evolutionary mechanism predisposed to it. Moreover, the concept has been explored as to 
whether phytochemicals may act synergistically or additively as chemopreventive agents 
or if combined with cancer drugs for therapeutic intervention. This has been documented 

in several studies [67–69]. 
COX2 is an enzyme that plays a major role in inflammation and carcinogenesis. Since 

it is produced only during inflammation to catalyze the conversion of arachidonic acid to 

different prostaglandins [70]. Furthermore, arachidonic acid derivatives, including endo- 
cannabinoids such as 2-arachidonyl-glycerol, are capable of selectively binding to COX2 to 

undergo oxygenation and catalysis, resulting in the synthesis of hydroxyl-endoperoxide 
analogs. The prostaglandin H analog is then converted into glyceryl prostaglandins, includ- 

ing prostaglandin E2 and prostaglandin I2, which have anti-inflammatory and proliferative 
properties [71,72]. 
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The positive feedback loop between COX2 expression and PGE2 production is in- 

volved in multiple cellular mechanisms and pathways, which, among other functions, 
can contribute to the promotion of tumor growth [73]. Hence, the development of COX2 

inhibitors is crucial for treating both inflammation and cancer. Unlike traditional non- 

steroidal anti-inflammatory drugs (NSAIDs) that can have severe gastrointestinal side 
effects due to the suppression of COX1, COX2 selective inhibitors celecoxib, rofecoxib, 
and valdecoxib have fewer side effects. Nevertheless, it has been observed clinically that 

COXIBs can lead to cardiovascular toxicity [74]. Considering this, we investigated the 
potential of chamomile tea to inhibit COX2 and its cytotoxic effects against different cancer 
types. For that purpose, we conducted resazurin assays to measure the growth-inhibitory 

effects of chamomile extract against hematopoietic tumor cell lines (leukemia, multiple 

myeloma) and colon cancer cells. Hematopoietic cancer cells are frequently more sensitive 
to cytotoxic agents than solid cancer cells. This was also observed with our chamomile 

extract. We used two colon cancer cell lines: a p53 wildtype and a knockout line. The tumor 

suppressor p53 is not only a major driver of carcinogenesis if it is mutated but also causes 
resistance to anticancer drugs [75]. In previous investigations, we found that HCT116 
p53−/− cells were resistant to the standard anticancer drug doxorubicin [76]. The p53 

knockout cells were also moderately but significantly resistant to the chamomile extract 
compared to p53 wildtype cells (2.65-fold). 

We have also performed virtual screening and molecular docking. By calculating the 
lowest binding energies of more than 200 compounds, we were able to focus on a few 

promising molecules to conduct a COX2 inhibitor screening assay for testing their activity 
against COX2. Subsequently, we narrowed our focus on myricetin to study its effect against 

cancer in addition to inflammation by conducting multiple advanced analyses such as 

oncobiogram, proteome, and Kaplan–Meier survival analyses. 

Our results from molecular docking and the COX2 inhibition screening assay were 

significantly correlative. Seven of our compounds (β-sitosterol, β-amyrin, dausosterol, β- 

eudesmol, apigenin, farnesol, and myricetin) demonstrated high affinity binding to COX2. 

Moreover, the 60 NCI analyses have shown that β-sitosterol, β-eudesmol, and daucosterol 

were less effective on cancer cells compared to apigenin, myricetin, and farnesol. As we 
previously worked on apigenin and farnesol [55,56], we turned our focus to myricetin in the 
present investigation. The latter compound was more active against colon and lung cancer 
than other tumor types. This correlated with previous studies revealing that colon and 
lung cancers, among other tumor types, exhibited excessive COX2 expression [77,78]. More 
importantly, cell proliferation and anti-apoptosis effects were activated in colon cancer 
by the binding of prostaglandin E2 to its corresponding prostaglandin E2 receptor and 
to its respective G-protein, which stimulated the release of epidermal growth receptor 
(EGR) responsible for the activation of extracellular kinase ERK and the AKT/PI3kinase 
pathway, and in lung cancer, the PGE2-EP1R-Gq complex triggered cell growth through 
the activation of phospholipase C and ERK [79]. 

An important aspect is that the expression of target proteins such as COX2 may not 

be of equal prognostic value in all cancer types.  We mined the KM Plotter database to 
associate COX2 expression with survival times in various tumor types. This approach was 
recently also applied to antioxidant response genes and tumor suppressor genes [48,80]. 

High COX2 expression was significantly associated with a shorter survival probability 
in renal clear cell carcinoma patients, indicating that COX2 inhibition by myricetin might 
positively affect the survival times for patients suffering from this tumor type. Here, we 
found that high COX2 expression in renal clear cell carcinoma was associated with shorter 

overall survival times for patients, and female patients with high COX2 expression died 
significantly earlier than those with low COX2 expression. Moreover, patients with a low 

neoantigen load and high COX2 expression had a worse survival prognosis than those 

with high COX2 expression. It can be speculated that patients with low neoantigen loads 
might be less susceptible to immunotherapy approaches than those with high neoantigen 
loads and, thus, might be more immunotherapy-resistant [47]. 
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Our findings suggest that targeting COX2 expression with compounds such as myricetin 

could be a promising strategy for improving the survival prognosis of patients with renal 
clear cell carcinoma, especially tumors with low neoantigen loads. It may be hypothesized 
that myricetin might be effective in this subgroup of patients. 

Furthermore, we also found from the oncobiogram analysis that myricetin may also 
inhibit tubulin and tyrosine kinases. Substantially, this finding has been reinforced with our 

obtained data from immunofluorescence microscopy of the effect of myricetin on α-tubulin. 

Myricetin at concentrations of 0.1 and 1 µM has blocked microtubule polymerization in a 
comparable manner as vincristine at 1 µM. Microtubules are composed of tubulin. They 
are responsible for the maintenance and stabilization of endothelial cells. The discovery of 

novel tubulin inhibitors plays an important role in tumor vasculature-based therapies [81]. 
Hence, the inhibition of tubulin by myricetin may not only be linked to the inhibition of 
COX2 but also to the inhibition of endothelial cell responses. Interestingly, many authors 
suggested that COX2 and PGE2 may work together to activate receptor tyrosine kinases, 

which are involved in regulating cell growth and division, e.g., in colon cancer [82,83]. 
In addition, COX2 overexpression in cancer cells elevated PGE2 production, which in 

turn activated vascular endothelial growth factor (VEGF) and/or other endothelial cell 

responses, promoting angiogenesis [73,79,84]. 
Additionally, in our analysis, we found that myricetin is not related to classical an- 

ticancer drug resistance mechanisms such as ATP-binding cassette (ABC) transporters 
(P-glycoprotein/ABCB1, ABCB5, ABCC1, ABCG2), tumor suppressors (TP53, WT1), or 

oncogenes (EGFR, RAS), except for glutathione S-transferase P (GSTP) and cellular prolifer- 
ation rates. 

COX2 overexpression contributed to P-glycoprotein-mediated multidrug resistance via 

regulation of c-Jun N-terminal protein kinase (JNK), which phosphorylates the transcription 
factor c-Jun on its N-terminus at Ser63/73 (pc-Jun) in colorectal cancer [85]. This could 
be an explanation for the absence of cross-resistance of P-glycoprotein-expressing cells 
towards myricetin. 

WT1 is a tumor suppressor that produces different transcription factors that promote 
cell growth and survival. While its mutation has been initially linked to childhood kidney 
cancer (Wilms tumor), studies have suggested that WT1 can play either a promoting 

or inhibitory role in tumor formation and apoptosis in many tumor types [86–88]. A 
combined therapy targeting COX2 and WT1 has been proposed, as the two pathways have 
been shown to synergistically promote tumor cell proliferation in lung cancer. The authors 

found that suppressing the COX2 pathway with celecoxib increased WT1 expression, which 
may explain why myricetin did not appear to affect cross-resistance in WT1-expressing 
tumors [89]. Knocking down the WT1 gene led to an upregulation of COX2, particularly 
in Wilms’ tumors, suggesting that inhibiting COX2 in combination with other targeted 

treatments could be beneficial in treating cancer [90,91]. P53 is also a tumor suppressor 
that regulates cell growth and promotes apoptosis (controlling cell cycle arrest) but, in 
parallel, also plays a crucial role in the progression of many cancer types when it is 

mutated. The TP53 gene is mutated in several cancer types, including lung and colon 

cancer, and regaining its functions is an important therapeutic approach in cancer [92–94]. 
Genotoxic stress-induced p53 activated the Ras/Raf/MAPK pathway that led to COX2 
expression downstream [95]. Moreover, COX2 promoted tumorigenesis by inhibiting the 
transcriptional activity of normal functional p53 and DNA damage-induced apoptosis. 
Further, The COX2-inhibitor NS-398 blocked the interaction between COX2 and p53, which 
activated apoptosis [96]. It has been discussed that the crosstalk between COX2 and p53 

happens through different pathways [97]. 
There is a lot of published evidence that mutant p53 contributes to multidrug resis- 

tance [94]. It has been proposed to reduce drug resistance by increasing wild-type p53 in 

cancer. Myricetin increases the expression of the p53 protein and alters the function of 

Bcl-2 proteins, resulting in increased activity of apoptotic pathways such as Bax and Bak, 
which are also regulated by p53 [98]. This finding is particularly relevant because previous 
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investigations showed that the PGE2 ligand–receptor complex induced by COX2 inhibited 
the activation of Bax [99]. Consequently, we hypothesize that the crosstalk between p53 
and COX2 and the COX2 inhibition by myricetin may explain why p53-mutant cells were 

not cross-resistant to myricetin. Nevertheless, we also found HCT116p53−/− cells were 

resistant to our chamomile extract compared to HCT116p53+/+ cells. An explanation could 
be that other compounds, but not myricetin, in the chamomile extract were responsible for 
the resistance. 

The epidermal growth factor receptor (EGFR) is a key factor in cell growth and is 
highly expressed in various carcinoma types, with lung and colon cancers being among 
the most affected. The activation of EGFR is essential for many cancer pathways, making 
it a prime target for cancer therapy. Despite the effectiveness of EGFR tyrosine kinase 

inhibitors in lung cancer treatment, resistance often develops through the activation of 
alternative pathways such as c-Met, HGF, and AXL, as well as divergent downstream 
pathways such as Ras/Raf/MAPK, Akt, and STAT. The Ras family, which includes H-Ras, 

N-Ras, and K-Ras, is one of the earliest discovered oncogenes and plays a crucial role in cell 
growth and proliferation by binding to the Raf and MAPK pathways controlled by EGFR. 
Mutations in Ras confer resistance to cancer drugs, making them a challenge in cancer 

therapy [100–103]. It is now well known that Ras mutant tumors are inherently resistant 
to anticancer agents, necessitating the development of alternative treatment strategies, 
and several agents targeting signaling components in the MAPK and PI3K pathways 
downstream of mutant K-Ras are currently undergoing clinical trials [104]. 

Myricetin has been reported to interact with and alter pathways such as AKT [105–108], 

which are linked to COX2. Myricetin-mediated COX2 inhibition might block EGFR- and 
Ras-related signaling cascades, potentially making tumor cells more sensitive to drugs and 

more susceptible to the blockade of cancer cell survival. 
In the NCI cell line panel, there was no cross-resistance of myricetin to epirubicin, 

maytansine, vinblastine, pancratistatin (ABC transporters control drugs), erlotinib (EGFR 
inhibitor), melphalan (Ras control drug), 5-fluorouracil (p53 control drug), or ifosfamine 

(WT1 control drug). Nevertheless, there was a significant correlation with etoposide, 
which was used as the control drug for GSTP1. This is an enzyme mostly known for 
its detoxification, cytoprotective, and anti-apoptotic activities [109]. In aberrant crypt 

foci (ACF) in colonic adenoma, COX2 was inactive and GSTP1 was active, allowing ACF 
proliferation. ACF were also resistant to deoxycholic acid-induced apoptosis through this 
detoxification process rather than inflammation [110]. The activity of plant polyphenols 

and flavonoids against both GSTP1-1 and CS-X pumps on breast cancer cell lines has been 
investigated. Due to its multiple hydroxyl groups, myricetin had no inhibitory effect on 
GSTP1-1 and only a moderate effect on CS-X compared to two strongly active flavonoids, 
quercetin and luteolin [111]. GSTP1 plays an active role in cancer and contributes to drug 

resistance through its detoxification capability, and myricetin does not affect the function of 
GSTP1, which may explain the missing cross-resistance of GSTP1 to myricetin in the NCI 
cell line panel. 

The main concept of our research efforts is to find cytotoxic compounds that can 
be used as functional food ingredients with negative side effects and that are able to 

bypass multidrug resistance or even provoke collateral sensitivity in resistant tumor 

cells [112–115]. Myricetin is a flavonoid present in tea, wine, fruits, and vegetables [116]. 
For decades, myricetin has been recognized for its antioxidant, anticancer, antidiabetic, and 

anti-inflammatory activities [117–120]. Furthermore, it has been reported that myricetin 
reduces resistance to anticancer drugs and other cytotoxic agents. Among them were camp- 
tothecin and podophyllotoxin by inducing topoisomerase I/II-DNA complex, cisplatin in 

ovarian and colon cancer cells by inducing apoptosis through Bax/Bcl-2 proteins, resvera- 

trol in an additive manner by inhibiting 12-O-tetradecanoylphorbol-13-acetate (TPA) and 

EGF, as well as vincristine by blocking ABCC1 (MRP1) and ABCC2 (MRP2) [98,119,121,122]. 
There are findings that suggest that exposure to carcinogens may not only initiate 

carcinogenesis but also confer resistance to the very agents used to treat tumors [123–126]. 
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Moreover, inflammation plays a significant role in the process of carcinogenesis, particularly 

in prostate and colon cancer. It is common sense that chronic inflammation leads to 
DNA damage, tissue damage, and abnormal cell growth that can ultimately result in 
cancer. Chemoprevention is a promising approach to preventing cancer by using natural 

or synthetic compounds to inhibit the development of cancer at its earliest stages. Several 
studies have demonstrated that anti-inflammatory agents prevent the initiation, promotion, 
and progression of cancer by modulating various molecular targets. Therefore, targeting 

inflammation through chemoprevention may represent a promising strategy for preventing 
cancer development and progression [127–131]. 

Therefore, it is straightforward to elaborate on chamomile, which contains not only 
myricetin but also various other bioactive compounds, including apigenin, farnesol, quercetin, 

and luteolin, to act as chemopreventive agents. This notion was supported by our growth 
inhibition assay, where the chamomile extract demonstrated significant activity against sev- 
eral cancer cell lines. It could, thus, be hypothesized that chamomile tea may help to prevent 

cancer and also suppress cancer cell growth at the early stages of tumor development. 

For this reason, we used proteome analysis to gain more insights into the molecular 
mechanisms underlying the sensitivity and resistance of cancer cell lines to myricetin. The 

expression of 3171 proteins was determined in the NCI cell line panel [42] and correlated 
with the log10IC50 values of these cell lines for myricetin in the present investigation. The 
top 20 directly correlating proteins (indicating myricetin resistance) and the top 20 inversely 
correlating proteins (indicating myricetin sensitivity) were subjected to hierarchical cluster 

analysis. The distribution of the myricetin-resistant cell lines in clusters 1 and 2 and the 
myricetin-sensitive cell lines in cluster 3 was statistically significant (p = 0.00049). The 

40 relevant proteins associated with cellular myricetin responsiveness are involved in a 

variety of multifactorial interactions. 
The formation of clusters A–D has been performed to better illustrate the distribution 

of protein expression in clusters 1–4 (i.e., red and green fields). The assembly of proteins 
in clusters A–D occurred according to their degrees of protein up- or downregulation 

in the specific tumor cell lines. A preferential assembly of the molecular and cellular 
functions of these proteins was not observed in clusters A–D. However, many proteins with 
functions relevant to cancer were identified from this proteomic analysis (Supplementary 

Table S2), e.g., proteins involved in mRNA metabolism (DDX39B, CSNK2A, RPL18A, 
MRTO4, DDX21, BRIX1, HINT2, YTHDC1, and EEF1A1), proteins involved in programmed 
cell death (TP53I3, DDRGK, EIF5A, PDCD5, and PDCD6), proteins involved in cell growth, 

differentiation, and genome stability (CDK2, NELFA, PODXL, PKN2, THOC5, and BLM), 
transcription factors and signal transduction proteins (ADNP, ZNF428, SSRP1, TSNAX, 
DUSPP3, RAB38, and TCP1), and others (FBO2, COL4A3, DNAJA2, GSN, MRC2, UGP2, 
TPP1, NUCB2, CTSB, CLTA, CTSD, and VPS33B). The exact mechanisms by which these 

proteins influence sensitivity or resistance to myricetin are largely unknown at present but 
deserve further investigation in the future. Clearly, the sensitivity and resistance of cancer 
cells to myricetin are multi-factorially determined. The identified proteins might be used to 

predict, prior to treatment, the responsiveness of cancer cells to myricetin and could guide 
the development of new therapeutic strategies for individualized cancer treatment. 

These results are in agreement with a multitude of previous observations that natural 

products rather act by multiple mechanisms than by single mechanisms [57]. Additionally, 
the pharmacological effects of phytotherapeutics may result from synergetic interactions 
among multiple phytochemicals. Therefore, it is important to better understand the syner- 
gistic effects of herbal mixtures to develop more effective multi-target drugs with fewer side 

effects [132]. The generation of expression profiles to predict the response to chemother- 

apy is an important step toward individualizing chemotherapy [133,134]. In this context, 
the role of natural products cannot be ignored. If the profiles of standard drugs are 

known, then we could look for phytochemicals with fundamentally different expression 
profiles. This could provide a rational basis to make resistant and refractory tumors re- 
sponsive to therapy again [135–137]. In the past, we have mainly used transcriptomics and 
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epigenomics [138–143]. The significance of such profiles for cancer prevention with tea is 

also worth noting, as it has a different profile than cytostatic drugs. Overall, the use of 
expression profiles from natural products offers promising avenues for improving cancer 
treatment and prevention. 

5. Conclusions 

In conclusion, the effects of tea on cancer prevention and therapy are not  solely 
attributed to apigenin, as previously reported [144–146], but to a combination of many 
other natural substances. In the present work, we focused particularly on myricetin due 
to its potential cancer-inhibiting bioactivity. However, the inhibitory effect of myricetin 
on cancer cells may be moderate and weaker than conventional anticancer drugs, making 

it more appropriate for cancer prevention than therapy. Nonetheless, the potential of 
myricetin and other natural substances in cancer prevention and treatment cannot be 
ignored. Therefore, our findings provide valuable insights into the potential of natural 

substances for cancer prevention and as an additive to cancer therapy.  Ultimately, the 
development of effective cancer prevention strategies is critical to reducing the burden of 
this disease on individual cancer patients. The potential of myricetin for individualized 

treatment is worth further exploring in the future.  
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Abstract: Background and aim: Chamomile tea, renowned for its exquisite taste, has been appreciated 

for centuries not only for its flavor but also for its myriad health benefits. In this study, we investi- 

gated the preventive potential of chamomile (Matricaria chamomilla L.) towards cancer by focusing on 

its anti-inflammatory activity. Methods and results: A virtual drug screening of 212 phytochemicals 

from chamomile revealed β-amyrin, β-eudesmol, β-sitosterol, apigenin, daucosterol, and myricetin 

as potent NF-κB inhibitors. The in silico results were verified through microscale thermophoresis, 

reporter cell line experiments, and flow cytometric determination of reactive oxygen species and  

mitochondrial membrane potential. An oncobiogram generated through comparison of 91 anticancer 

agents with known modes of action using the NCI tumor cell line panel revealed significant rela - 

tionships of cytotoxic chamomile compounds, lupeol, and quercetin to microtubule inhibitors.  This 

hypothesis was verified by confocal microscopy using α-tubulin-GFP-transfected U2OS cells and 

molecular docking of lupeol and quercetin to tubulins. Both compounds induced G2/M cell cycle 

arrest and necrosis rather than apoptosis. Interestingly, lupeol and quercetin were not involved in 

major mechanisms of resistance to established anticancer drugs (ABC transporters, TP53, or EGFR). 

Performing hierarchical cluster analyses of proteomic expression data of the NCI cell line panel 

identified two sets of 40 proteins determining sensitivity and resistance to lupeol and quercetin, fur- 

ther pointing to the multi-specific nature of chamomile compounds. Furthermore, lupeol, quercetin, 

and β-amyrin inhibited the mRNA expression of the proinflammatory cytokines IL-1β and IL6 in 

NF-κB reporter cells (HEK-Blue Null1). Moreover, Kaplan–Meier-based survival analyses with NF-κB 

as the target protein of these compounds were performed by mining the TCGA-based KM-Plotter 

repository with 7489 cancer patients. Renal clear cell carcinomas (grade 3, low mutational rate, low  

neoantigen load) were significantly associated with shorter survival of patients, indicating that these 

subgroups of tumors might benefit from NF-κB inhibition by chamomile compounds. Conclusion: 

This study revealed the potential of chamomile, positioning it as a promising preventive agent against 

inflammation and cancer. Further research and clinical studies are recommended. 

 
Keywords: anti-inflammatory; carcinogenesis; cytokines; flavonoids; natural products; prevention; 
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1. Introduction 

It is well-known that inflammation can promote tumorigenesis [1]. Numerous clinical 
investigations have unraveled that precancerous disorders resulting from inflammation can 
be prevented from malignant progression by inhibiting inflammation [2]. Therefore, the 
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quest for novel, effective options to prevent inflammation-related carcinogenesis represents 

a major focus in oncological research. 
In recent years, natural products have gained considerable interest because of their 

diverse chemical composition, good tolerability, and beneficial pharmacological properties. 
It has been repeatedly reported that a majority of the current anticancer drugs established 

in the clinic are of natural origin or derived from natural products [3–5]. Furthermore, 
advancements in analytical tools and bioinformatics (e.g., “-omics” technologies) have made 
it easier to harness the potential of natural compounds [3,6–8]. One of the most renowned 

examples is paclitaxel, extracted from the bark of the Pacific yew, Taxus brevifolia [9]. Another 

notable example is artemisinin, obtained from Artemisia annua, which exerts not only 

antimalarial but also anti-inflammatory and anticancer activities [10]. Similarly, chamomile 
represents another example of a valuable medicinal plant. It is not just a well-known 
and widely consumed beverage, as it also possesses pharmacological properties due to its  
rich content of phenols and flavonoids, which confer antioxidant, antiproliferative, anti- 
inflammatory, and potential anticancer effects [11–13]. Given the established connection 
between inflammation and the development of cancer, we focused on the anti-inflammatory 

properties of Matricaria chamomilla. 

Previously, we analyzed the inhibitory effects of chamomile on cyclooxygenase-2 
(COX2) [12]. Because COX2 expression is regulated by nuclear factor kappa B cells (NF- 
κB), we then shifted our focus to this transcription factor. COX2 and NF-κB are both 

well-known players in the inflammatory process. COX2 is an enzyme responsible for 
producing prostaglandins during inflammation [14]. Nuclear factor-kB is crucial for various 
cellular processes including inflammation, immunity, cell growth, differentiation, and 

apoptosis [15]. The NF-κB pathway is generally a proinflammatory signaling pathway by 

promoting the expression of proinflammatory genes, such as cytokines, chemokines, and 

adhesion molecules [16]. It is activated through the conversion of the IKB kinase complex 
(IKK) into a catalytic active form, leading to the degradation of the IKB –NF-κB complex, 
which releases NF-κB into the nucleus [17]. In chronic inflammation and cancer, NF-κB is 

persistently dysregulated and active, and it has been implicated in the promotion of cell 

growth, angiogenesis, and cell proliferation [18]. This underscores the importance of the 
discovery and development of drugs targeting NF-κB and its pathways. 

Thus, our aim in this study was to investigate the inhibitory activity of the secondary 
metabolites of chamomile (Matricaria chamomilla L.) against NF-κB. Through in silico screen- 

ing, we have determined 6 out of 212 chamomile compounds based on their binding 
energy (kcal/mol) by using bioinformatical compound screening with PyRx and molec- 
ular docking with AutoDock4.2.6. Given our prior research on apigenin [19,20], we now 
directed our focus towards β-amyrin. The inhibitory activity against NF-κB was evaluated 

using microscale thermophoresis, an NF-κB reporter cell assay, as well as flow cytometric 

measurements of reactive oxygen species and mitochondrial membrane potential. 
In the second part of our analyses, we selected the cytotoxic compounds lupeol 

and quercetin from M. chamomilla . Using oncobiogram analyses with the NCI panel of 

tumor cell lines and subsequent verification through confocal microscopy with α-tubulin- 

GF- transfected U2OS cells, we found that both compounds inhibited microtubules and 
induced G2/M cell cycle arrest. To perform hierarchical cluster analyses of the proteomes 
of 60 NCI cell lines, we generated a bioactivity oncobiogram. As lupeol and quercetin were 

not involved in classical drug resistance mechanisms (e.g., ABC transporters, TP53, EGFR), 

hierarchical cluster analyses using proteomic expression data of 3171 proteins in the NCI 
tumor cell line panel identified candidate proteins predicting sensitivity or resistance to 

these two compounds. 
Moreover, Kaplan–Meier-based survival analyses with NF-κB as the target protein 

of these compounds were performed by mining the TCGA-based KM-Plotter repository 
with 7489 cancer patients to envision which tumor types and subtypes might benefit from 

chamomile treatment. 
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2. Materials and Methods 

2.1. Phytochemical Analysis, Virtual Drug Screening, and Molecular Docking 

Phytochemical analysis through liquid chromatography–diode array detector– 
quadrupole time-of-flight mass spectrometry (LC-DAD-QToF) was previously reported 
by us [12]. Virtual drug screening of more than 1000 chamomile compounds to COX2 has 
been also reported by us [12]. This repository of compounds was used for virtual screening 

and molecular docking to NF-κB in the present investigation. 

The crystal structure of NF-κB was taken from the Protein Data Bank (PDB: 
1NFI) [21,22], and only the homodimer structure of NF-κB p65-RelA was prepared for 

virtual drug screening using the software ChimeraXV5 (University of California in San 
Francisco, San Francisco, CA, USA) (accessed on 30 March 2023) [23]. The water molecules 
were deleted, polar hydrogen atoms were added and merged, the missing atoms and bonds 
were repaired, and Kollman charges were added. More than 1000 chamomile compounds 

were then screened for binding to NF-κB p65-RelA using PyRx version 0.8 [24,25]. After- 

wards, 212 out of the 1000 ligands were selected based on their lowest binding energy (LBE, 
kcal/mol) and subjected to molecular docking against NF-κB using AutoDock 4.2.6 [26–28]. 

The DNA active site situated in the Rel homology domain (RHD) of NF-κB was defined for 

the grid box [17,21,29]. Its dimensions were 38 × 58 × 82 Å spacing, 0.622 Å at the grid- 

center, x = −4.515 Å, y = 72.657 Å, and z = 100.06 Å. The Lamarckian Genetic Algorithm 
(LGA) was applied to seek the lowest binding energies (LBE, kcal/mol) and predicted 
inhibition constants (pKi, µM) with docking parameters set to 250 runs and 2,500,000 en- 

ergy evaluations for each cycle. The data from the histogram were organized in an Excel 

table (Microsoft Excel 2021 (Version 2306, Build 16.0.16529.20164)). The mean values ± SD 
were calculated from each of the three independent dockings. BIOVIA Discovery Studio 

Visualizer 2021 was used to generate the 3D visualization of interactions between the ligand 
and the amino acid residues of the crystal structure 1NFI [30]. 

2.2. Microscale Thermophoresis 

The microscale thermophoresis (MST) technique was performed to validate the inter- 
action between NF-κB (12054-H09E, Sino Biological Europe GmbH, Eschborn, Germany) 
and β-amyrin. The recombinant NF-κB protein was labeled using the Monolith Protein 

Labeling Kit RED-NHS 2nd Generation (MO-L011, NanoTemper Technologies GmbH, 

Munich, Germany) in accordance with the protocol provided by the manufacturer. Various 
concentrations (starting from 300 µM to 30 nM) of β-amyrin were incubated with labeled 

NF-κB (at a concentration of 200 nM) (1:1) for 30 min at room temperature in the dark. The 
analysis was performed using standard capillaries in the Monolith NT.115 system (Nan- 
oTemper Technologies GmbH, Munich, Germany). The MST experiment was conducted 

with an LED power of 40% and an MST power of 10% for the labeled NF-κB. For the data 

analysis, the NanoTemper Analysis Software was utilized. 

2.3. Cell Culture 

The HEK-Blue Null1 cells are a subtype of human embryonic kidney cells (HEK  
293) that express secreted embryonic alkaline phosphatase (SEAP) under the control of 

an NF-κB promoter. The cells were obtained from Invivogen (Toulouse, France) ( https: 

//www.invivogen.com/hek-blue-null1v, accessed on 5 December 2019). The cells were 
maintained in DMEM medium supplied with 2 mM of  L-glutamine, 10% fetal bovine 
serum (FBS), 1% penicillin–streptomycin (Invitrogen, Darmstadt, Germany), and 1 mL of 

normocin (100 µg/mL). After the second passage, Zeocin (100 µg/mL) was then added to 

the media (Invivogen, Toulouse, France). The cells were cultured at 37 ◦C in a humidified 
environment with 5% CO2 [31]. 

The drug-sensitive CCRF-CEM and multidrug-resistant P-glycoprotein-overexpressing 

CEM-ADR5000 leukemia cells were cultured in RPMI medium mixed with 1% peni- 
cillin/streptomycin and 10% FBS. Doxorubicin was added to CEM/ADR5000 every two 

weeks. The HCT116 p53+/+ human wild-type colon cancer cells and their knockout p53−/−, 

https://www.invivogen.com/hek-blue-null1v
https://www.invivogen.com/hek-blue-null1v
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alongside the wild-type human glioblastoma U87.MG cells and their transfected cells with 

∆EGFR (U87.MG∆EGFR), were all nurtured in DMEM medium mixed with 1% peni- 
cillin/streptomycin and 10% FBS. U87.MG∆EGFR and HCT116 p53−/− were treated every 
two weeks with geneticin (400 µg/mL). 

2.4. NF-κB Reporter Assay 

The assay was performed according to the instructions of Invivogen (Toulouse, France). 
The HEK-Blue Null1 (HKBN1) cells were seeded in a 96-well plate at 100 µL/well and 

50,000 cells/well overnight. Then, cells were treated for 24 h with 0.1 µM, 1 µM, and 10 

µM of β-amyrin, β-sitosterol, β-eudesmol, daucosterol, myricetin, and apigenin. Triptolide 

was used as the positive control at concentrations of 0.1 µM and 1 µM. DMSO served 

as a negative control. TNF-α (100 ng/mL) was added for 24 h to induce the activity of 
NF-κB. The incubation was at 37 ◦C in 5% CO2. QUANTI-Blue™ (QB) solution was used 

for the detection and quantification of NF-κB (Invivogen, Toulouse, France), and 180 µL 

of QB was mixed with 20 µL of the supernatant and then incubated for 15 min at 37 ◦C 
in 5% CO2 [32]. The measurement was at 620–655 nm using a microplate reader (Tecan, 
Crailsheim, Germany). The experiment was independently repeated three times. 

2.5. Mitochondrial Membrane Potential Assay 

The JC-1 mitochondrial membrane potential assay kit was purchased from Cayman 
Chemical (Distributor Biomol GmbH, Hamburg, Germany) [33] and used following their 

instructions [34]. Aliquots of 125,000 HBN1 cells/well and 2 mL/well were seeded in a 
6-well plate and left overnight. β-Amyrin (10 µM) and vinblastine as the positive control 
were added to the cells along with DMSO as the negative control for 24 h. The next day, 

100 ng/mL of TNF-α were added for 3 h to induce the activation of NF-κB. The cells were 

then stained with prediluted JC-1 (1 µL of JC-1 in 9 µL of culture medium) and incubated at 
37 ◦C for 15 min in the dark. Next, the cells were washed with cell-based assay buffer and 
centrifuged twice at 400× g for 5 min. Finally, the samples were directly measured with a 

flow cytometer (Novocyte Quanteon, Agilent Technologies, Frankfurt, Germany). Samples 

of 20,000 cells were analyzed and separated depending on the fluorescence intensity. The 
JC-1 dye was activated using a 488 nm argon laser. The JC-1 aggregates and monomers 

both emit green fluorescence (measured at 527 nm), which is detected in the FL1 channel 
(set at 530 nm). However, JC-1 aggregates representing the healthy cells also emit red 
fluorescence (measured at 595 nm), detected in the FL2 channel (set at 590 nm) [35]. All 

experiments were performed three times. The FSC files were analyzed using FlowJo_V10 

Software (FLOWJO.LLC 1997–2018). 

2.6. ROS Detection 

The HEK-Blue null1 cells were seeded in a 6-well plate and incubated for 24 h, al- 
lowing attachment. The treatment was for 24 h with varying concentrations of β-amyrin 

(0.1 µM, 1 µM, and 10 µM). The 3rd day, 100 ng/mL of TNFα was added and left for 

24 h. The 4th day, the cells were harvested, washed, and suspended with 1 mL of PBS. 2’7- 
Dichlorodihydrofluorescein diacetate (H 2DCFH-DA, 10 µM; Sigma-Aldrich, Taufkirchen, 

Germany) was added and incubated for 30 min at 37 ◦C. Cells were treated with H2O2 

(10 µL of the stock concentration; Sigma-Aldrich) for 15 min to activate the ROS generation. 

DMSO plus H2O2 plus TNF-α, cells plus H2O2, as well as cells without any treatment were 
used as controls. Lastly, the samples were directly assessed using a Novocyte Quanteon  
flow cytometer (Agilent Technologies). The analysis was performed with FlowJo Software 

(FLOWJO.LLC, 1997–2018). The procedure was independently conducted in triplicate, as 
described by us [36,37]. 

2.7. Growth Inhibition Assays 

The β-amyrin cytotoxicity was measured through the resazurin reduction assay at 
7 different concentrations. Human CCRF-CEM leukemia cells were seeded at a density of 
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1 × 104 cells/well and 100 µL/well of RPMI 1640 medium in 96-well plates. The cytotoxicity 

of lupeol and quercetin (Sigma–Aldrich) was tested at 10 µM, 25 µM, 50 µM, and 100 µM on 
six different cell lines: CCRF-CEM, CEM/ADR5000, U87.MG, U87.MG/∆EGFR, HCT116 
p53+/+, HCT116 p53−/−, and U2OS. 

After 72 h of treatment with β-amyrin, lupeol, and quercetin, 20 µL of 0.01% resazurin 

solution from Promega (Mannheim, Germany) was added to each well and incubated for  
over 4 h. The fluorescence signal was subsequently detected using an Infinite M2000 Pro- 
plate reader (Tecan) with an excitation wavelength of 544 nm and an emission wavelength of 

590 nm. The experiment was performed independently in triplicate, and the concentrations 
were tested in sextuplicate. The results were interpreted as a percentage of cell viability and 

graphed as a dose–response curve. The IC50 value was calculated using Microsoft Excel 

2021 (Version 2306, Build 16.0.16529.20164). 
A range of human tumor cell lines with diverse origins, including leukemia, melanoma, 

brain tumors, and carcinoma of the lung, colon, kidney, ovary, breast, or prostate were em - 
ployed by The National Cancer Institute’s Developmental Therapeutics Program (Bethesda, 

MA, USA) [38,39] to conduct drug screening. The Log10IC50 values, obtained through 
a sulforhodamine 123 assay, along with transcriptomic and proteomic expression data, 
were deposited on the NCI website [40]. Statistical correlation analyses were performed 

using Pearson’s correlation test (WinStat, Kalmia Inc., Cambridge, MA, USA; accessed on 
19 November 2023). 

2.8. Immunofluorescence Microscopy of α-Tubulin 

U2OS osteosarcoma cells were cultured in µ-slide 8-well plates (ibidi, Gräfelfing, 
Germany) at a density of 30,000 cells per well and allowed to adhere for 24 h. Subsequently, 
the cells were treated with concentrations of 0.1, 1, and 10 µM of β-amyrin, quercetin, 

and lupeol. As positive controls, paclitaxel (1 µM) and vincristine (1 µM) were used 
(obtained from the University Hospital Pharmacy, Mainz, Germany), while DMSO served 
as the negative control. After 24 h of treatment, the cells were rinsed with PBS, fixed 

with 4% paraformaldehyde, and stained with 1 µg/mL of 4’6-diamidino-2-phenylindole 
(DAPI, Sigma Aldrich). Mounting medium (ibidi, Gräfelfing, Germany) was applied before 
imaging. Widefield imaging was conducted using a THUNDER Imager Live Cell (Leica 

Microsystems, Wetzlar, Germany) mounted on a Leica DMi8 microscope stand with a 
63×/1.40 NA objective (HC PL APO CS2 63×/1.40 OIL UV). Fluorescence excitation was 
achieved using LED light sources at 395 nm for DAPI and 488 nm for tubulin –GFP. The 
camera (Leica DFC9000 GTC) operated in 2 × 2 binning mode, resulting in a pixel size of 

206 nm. Image analysis was performed using ImageJ 1.54f software (National Institute of 

Health, Bethesda, MD, USA). The experimental methodology and microscopy techniques 
have been previously described [12]. 

2.9. Molecular Interaction with α- and β-Tubulins 

In order to study the affinity of lupeol and quercetin with tubulins, molecular docking 
in the defined mode was performed with α1B, βI, and βIVb microtubules (PDB ID: 5N5N). 

The C and H chains of 5N5N were selected for docking, and three grid boxes in three 
different binding sites of vincristine, paclitaxel, and colchicine were used to compare the 
binding affinity of the two compounds with their receptor. Their grid box dimensions 

were 76 × 70 × 60 Å spacing, 0.375 Å at the grid-center, x = 48.907 Å, y = 37.217 Å, and 
z = 199.886 Å, 54 × 68 × 42 Å spacing, 0.375 Å at the grid-center, x = 49.973 Å, y = 32.388 Å, 

and z = 177.504 Å, and 126 × 100 × 124 Å spacing, 0.242 Å at the grid-center, x = 52.555 Å, 

y = 44.736 Å, and z = 169.256 Å, respectively. The molecular docking was performed with 

AutoDock 4.2.6, and the 3D and 2D pictures showing the interaction of the amino acids 
with the protein tubulin 5N5N were made using BIOVIA Discovery Studio Visualizer 2021. 

The mean and SD values were calculated with Microsoft Excel 2021 (Version 2306, Build 

16.0.16529.20164) from three independent dockings. 
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2.10. Cell Cycle Analysis 

U2OS cells (250 × 103 cells/well) were seeded and treated for 72 h with a concentration 
of 1 × IC50 and 4 × IC50 of lupeol and quercetin, DMSO (negative control), and vincristine 
(positive control, 1 × IC50) (obtained from the University Hospital Pharmacy, Mainz, 
Germany). The cells were harvested and centrifuged with cold PBS twice (1500 rpm for 

5 min). Cold ethanol (80%) was used for fixation. Samples were kept at −20 ◦C for 72 h. 
Before measurement, the cells were suspended with RNAs (Roche Diagnostics, Mannheim, 
Germany) and then incubated for 30 min. Lastly, 50 µg/mL of propidium iodide (PI) (Sigma- 

Aldrich) was added before the measurement. The DNA histogram was generated using 
FL2-A/histogram properties. All experiments were repeated three times independently. 
The cell cycle distributions were analyzed using FlowJo software (version 10.8.1) (Celeza, 

Olten, Switzerland) [41,42]. 

2.11. Cell Death Detection 

CCRF-CEM cells (1 × 106 cells/well) and U2OS cells (250 × 103 cells/well) were 
seeded and treated for 72 h with varying concentrations of lupeol and quercetin. The 
treatment concentrations for CCRF-CEM cells included 1/4 × IC50, 1/2 × IC50, 1 × IC50, 

2 × IC50, and 4 × IC50. For U2OS cells, the treatment concentrations were 1/2 × IC50, 

1 × IC50, 2 × IC50, and 4 × IC50. DMSO was used as a negative control. A fluorescein 
isothiocyanate (FITC)-conjugated annexin V/propidium iodide (PI) assay kit (Bio version 

Biocat, Heidelberg, Germany) was used to detect apoptosis. The cells were washed with 

cold PBS and then with 1× binding buffer (Bio Version). Thereafter, 52.5 µL of annexin V 

master mix (2.5 µL of annexin V, 50 µL of 1 × binding buffer) was added to the cells and 

incubated at 4 ◦C in the dark for 15 min. Finally, 403 µL of PI master mix (3 µL of PI, 400 µL 

of 1 × binding buffer) was added to the cells. The experiments were performed three times 
independently [41,42]. 

2.12. Western Blotting 

The HEK-Blue null1 cells were seeded for 24 h at a density of 500,000/well in 6-well 
plates and then treated for 24 h with 10 µM or 50 µM of β-amyrin, quercetin, and lupeol. 

DMSO served as a negative control. The next day, 100 ng/mL of TNFα was added and left 

for another 24 h. The cells were harvested on the 4th day, washed, and suspended with 
1 mL of PBS × 2. The total protein was extracted using Mammalian Protein Extraction 
Reagent (M-PER) containing 1% protease inhibitor and phosphatase inhibitor (Thermo 

Fisher Scientifc, Darmstadt, Germany). The protein amounts were quantified using a 
microvolume spectrophotometer (NanoDrop, Thermo Fisher Scientific). Afterwards, 30 µg 

of protein extracts was loaded into each channel of 10% SDS-PAGE gel. After the separa- 
tion and transfer steps, the polyvinylidene difluoride membrane was blocked in a TBST 

buffer consisting of 5% bovine serum albumin for 2 h. The membrane was incubated in 
1:1000 primary antibodies rabbit mAb NF-κB p65 and GAPDH overnight and in secondary 
antibody 1:2000 anti-rabbit IgG HRP-linked for 1 h 30 (Cell Signaling Technology, Leiden, 

The Netherlands). All experiments were repeated three times. The mean and SD values 
were calculated with Microsoft Excel 2021 (Version 2306, Build 16.0.16529.20164) from three 
independent dockings. The significance level p value was calculated using t-test tails 2, 
type2. 

2.13. Quantitative Real-Time RT-PCR 

The RNA was extracted from the HEK-Blue Null 1 cells treated with 10 µM or 50 µM 

of β-amyrin, quercetin, and lupeol (Sigma–Aldrich) for 24 h and 100 ng/mL of TNF-α for 

24 h. The extraction was performed with the RNeasy Kit from Qiagen (Hilden, Germany). 
The extracted RNA was converted to cDNA using Luna Script™  RT SuperMix Kit (E3010) 

following the instructions of the manufacturer (New England Biolabs GmbH, Frankfurt, 
Germany). 
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The primers for the IL1B and IL6 genes (interleukin-1β and interleukin-6) were re- 

trieved from the literature [43]. GAPDH primers were designed following the protocol 
previously reported by our team [44]. The primers were procured from Eurofins Genomics 
Germany GmbH (Ebersberg, Germany). 

The real-time quantitative polymerase chain reaction (RT-qPCR) was carried out using 

5× Hot Start Taq EvaGreen® qPCR Mix (Axon-Labortechnik, Kaiserslautern, Germany) in 
a CFX384™ Real Time PCR Detection System (Bio-Rad Laboratories GmbH, Feldkirchen, 
Germany). The expression of the genes was normalized to GAPDH, and the fold of 

change was calculated with the 2∆∆Ct method [45]. The experiments were independently 
repeated three times. The mean and SD values were calculated with Microsoft Excel 2021 
(Version 2306, Build 16.0.16529.20164). The degree of significance was determined using 

the t-test tails 2 type 2 calculation method. 

2.14. Statistical Analysis 

For hierarchical cluster analysis of proteomic expression data, we used the method of 

Ward implemented in the WINStat program (Kalmia, CA, USA). 
For survival analysis, we applied Kaplan–Meier statistics. The KM-Plotter database 

contains data from over 7000 samples across 21 different tumor types [ 46]. To assess 

the prognostic significance of NFKB2 mRNA expression for cancer patient survival, we 

employed Kaplan–Meier statistics. We utilized false discovery rate (FDR) calculations to 
mitigate type I errors in multiple comparisons [47,48]. Specifically, we considered only 
Kaplan–Meier statistics with FDR rates of 5% or lower [49]. 

3. Results 

3.1. Molecular Docking In Silico 

Recently, we reported a chemical library of chamomile compounds [12]. In the present 
investigation, 212 chamomile compounds were utilized for molecular docking with the 
homodimer structure of NF-κB p65-RelA (PDB: 1NFI) by means of the AutoDock 4.2.6 

program (Supplementary Table S1). Out of these 212 molecules, the top 28 were selected 
for further analysis. Table 1 shows their lowest binding energies (LBE, kcal/mol) as well as 
their predicted inhibition constants (pKi, µM). 

The LBE and pKi values of these 28 compounds significantly correlated with each 
other using the Pearson correlation test (p = 2.61 × 10−6; r = 0.76; Figure 1A). Fifteen LBE 
values were below −6 kcal/mol, with a range between −8.70 ± <0.01 kcal/mol for β- 

amyrin and −6.01 ± 0.12 kcal/mol for chlorogenic acid. Their pKi values ranged between 

0.42 ± <0.01 µM and 39.73 ± 7.82 µM, respectively (Table 1). 

Table 1. Molecular docking of 28 chamomile compounds bound to NF-κB p65-RelA homodimer (PDB 

ID: 1NFI). The lowest binding energies (LBE, kcal/mol) predicted inhibition constants (µM), and the 

pharmacophores with the amino acid residues involved in binding of the compounds are represented. 
 

Compounds LBE (kcal/mol) pKi (µM) Pharmacophores 

β-Amyrin −8.70 ± <0.01 0.42 ± <0.01 GLU222, ASP223, ILE224, GLU225, PHE239, PRO275 

Lupeol −7.59 ± 0.01 2.72 ± 0.05 LYS28, GLU222, ASP223, ILE224, GLU225, PHE239, 
GLN241, PRO275 

β-Sitosterol −7.53 ± 0.10 3.06 ± 0.47 LYS28, GLU222, ASP223, ILE224, GLU225, PHE239, 
GLN241, PRO275 

Luteolin-7-O-glucoside −6.95 ± 0.03 8.05 ± 0.53 LYs28, ARG30, GLU222, ASP223, ILE224, GLU225, 
GLY237, SER238, PHE239, GLN241, PRO275, SER276 

Daucosterol −6.90 ± 0.11 8.79 ± 1.70 HIS181, GLN220, LYS221, GLU222, ALA242, VAL244, 
ARG246, GLN247 

β-Eudesmol −6.70 ± 0.01 12.23 ± 0.15 LYS221, GLU222, ILE224, GLU225, VAL226, ARG236, 

GLY237, SER238, PHE239, GLN241, PRO275 
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Table 1. Cont. 
 

Compounds LBE (kcal/mol) pKi (µM) Pharmacophores 

(−)-Epicatechin −6.41 ± 0.04 20.01 ± 1.40 GLU222, ASP223, ILE224, GLU225, PHE239, PRO275 

Myricetin −6.32 ± 0.17 23.87 ± 7.32 
THR71, ARG73, GLU101, ASN139, PRO140, GLN142, 

GLN162, VAL163, THR164, PRO177 

(+)-Catechin −6.28 ± 0.02 25.16 ± 0.95 GLN29, VAL219, GLN220, LYS221, VAL224, 
ARG246, GLN247 

Quercetin hydrate −6.15 ± 0.01 31.17 ± 0.19 VAL219, GLN220, LYS221, VAL244, ARG246, GLN247 
Luteolin −6.14 ± 0.02 32.14 ± 0.15 HIS181, GLN220, LYS221, GLU222, HIS245, ARG246 

Kaempferol −6.10 ± 0.01 34.24 ± 0.70 VAL219, GLN220, LYS221, VAL244, ARG246, GLN247 

Bisabelol oxide B −6.03 ± 0.01 38.18 ± 0.21 GLN220, LYS221, VAL244, HIS245, ARG246, GLN247 

Chlorogenic acid −6.01 ± 0.12 39.73 ± 7.82 GLN29, PHE184, LYS218, VAL219, GLN220, LYS221, 
VAL244, GLN247 

Apigenin −5.91 ± 0.00 46.78 ± 0.12 GLN29, GLN220, LYS221, GLU222, VAL244, HIS245, 
ARG246, GLN247 

A-Bisabolol −5.85 ± 0.03 51.77 ± 2.68 GLU222, ASP223, ILE224, GLU225, VAL226, ARG236, 
GLY237, SER238, PHE239, GLN241, PRO275 

Guaiazulene −5.75 ± <0.01 61.15 ± 0.10 GLU222, ILE224, GLU225, VAL226, ARG236, GLY237, 
PHE239, SER240, GLN241, PRO275 

Quercitrin −5.66 ± 0.06 70.71 ± 7.19 VAL219, GLN220, LYS221, GLU222, VAL244, 
ARG246, GLN247 

Caffeic acid −5.64 ± 0.05 73.56 ± 5.42 VAL219, GLN220, LYS221, GLU222, VAL244, 
ARG246, GLN247 

Bisabolol oxide A −5.37 ± <0.01 116.55 ± 0.01 VAL219, GLN220, LYS221, ALA242, VAL244, HIS245, 
ARG246, GLN247 

Chamazulene −5.32 ± <0.01 126.69 ± 0.26 GLU222, ASP223, ILE224, ARG236, PHE239, SER240, 
GLN241, PRO275 

Bisabolone oxide A −5.12 ± 0.01 175.23 ± 0.16 GLU222, ASP223, ILE224, GLU225, VAL226, ARG236, 
GLY237, SER238, PHE239, PRO275 

Syringic acid −4.96 ± 0.01 232.16 ± 2.85 ILE23, ILE24, GLU25, GLN26, GLU49, ARG50, 
LYS221, GLU222 

Farnesol −4.68 ± 0.02 374.02 ± 10.22 GLN29, GL220, LYS221, GLU222, ALA242, VAL244, 
ARG246, GLN247 

Gentisic acid −4.48 ± 0.01 518.79 ± 9.09 ILE24, GLU25, GLN26, ARG50, LYS221, GLU222 

(+)-Terpinen-4-ol −4.14 ± 0.01 925.85 ± 10.48 VAL219, GLN220, LYS221, GLU222, VAL244, GLN247 

P-Cymene −4.14 ± <0.01 929.21 ± 0.34 LYS221, ILE224, GLU225, ARG236, GLY237, 
PHE239, GLN241 

Citronellol −4.10 ± <0.01 990.93 ± 1.02 LYS221, GLU222, ILE224, GLU225, VAL226, ARG236, 
GLY237, SER238, PHE239, GLN241 

 

The top 6 of the 212 compounds were selected for further detailed studies. They 

were bound to three different pockets within two domains (Figure 1B). In the dimerization 
domain, daucosterol and apigenin shared the same pocket. On the other hand, β-amyrin, 
β-sitosterol, β-eudesmol, and triptolide were also bound to the same site, while myricetin 
was bound to the head of the N-terminal domain. Their interaction and binding with the 

protein were displayed as two- and three-dimensional figures (Figure 1C–H). Triptolide, as 

an established inhibitor of NF-κB, was used as a positive control [50]. Its interaction with 
NF-κB p65 RelA is visualized in Figure 1I. 
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Figure 1. In silico binding of selected phytochemicals extracted from chamomile (Matricaria 

chamomilla) and triptolide (positive control) to NF-κB. Molecular docking analyses have been per- 

formed with NF-κB -RelA (PDB ID: 1NFI). (A) The lowest binding energies (LBE, kcal/mol) of the 

top 28/212 compounds (=10.4%) significantly correlated with the predicted inhibition constants (pKi, 

µM) (p = 2.61 × 10−6; r = 0.76). (B) The top 6/212 compounds were bound to different pockets within 

two domains. The interactions of these six compounds with the amino acids of NF-κB are displayed 

as 2D and 3D figures: (C) β-amyrin, (D) β-sitosterol, (E) myricetin, (F) daucosterol, (G) β-eudesmol, 

(H) apigenin, and (I) triptolide (positive control). 

3.2. Microscale Thermophoresis 

To exemplarily verify the molecular docking results, we performed microscale ther- 
mophoresis (MST) with β-amyrin and NF-κB. Decreasing concentrations of β-amyrin were 

titrated against the human recombinant NF-κB. The working solutions of β-amyrin were 

obtained by diluting the stock solution in DMSO with working buffer (MST buffer). The 
equilibrium constants KD confirmed that β-amyrin was indeed bound to NF-κB. By using 

the law of mass action, a KD value of 943 ± 113 nM was determined (Figure 2A). 
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Figure 2. In vitro binding to and inhibition of NF-κB for selected phytochemicals extracted from 

chamomile (Matricaria chamomilla) and triptolide (positive control). (A) Binding of β-amyrin to 

NF-κB as determined through microscale thermophoresis (MST). The resulting binding kinetics is 

shown as normalized fluorescence (LED power: 40%; MST power: 10%). ( B) Inhibition of NF-κB 

activity using an NF-κB reporter assay. The percentages of the NF-κB rest activity are shown after 

24 h treatment with β-amyrin, β-sitosterol, β-eudesmol, daucosterol, myricetin, and apigenin at 

concentrations of 0.1 µM, 1 µM, and 10 µM followed by 100 ng/mL of TNF-α for 24 h (* p < 0.05). 

(C,D) Pearson correlation of NF-κB rest activity (%) vs. lowest binding energy (kcal/mol) of the 

six selected compounds at concentrations of ( C) 0.1 µM and (D) 1 µM. The correlation using a 

concentration of 10 µM was statistically not significant. The mean values ± SD of three independent 

experiments are shown. (* p < 0.05, ** p < 0.01, *** p < 0.001). 

3.3. NF-κB Reporter Assay 

To verify the results predicted in silico, these six phytochemicals were subjected to an 
NF-κB reporter cell assay. We measured the remaining NF-κB activity upon treatment with 

these compounds at concentrations of 0.1 µM, 1 µM, and 10 µM (Figure 2B). β-Amyrin was 

the most effective inhibitor of NF-κB activity, with remaining activity values of 38.9% ± 7.3, 

52.2% ± 6.2, and 60.3% ± 8.7, respectively. Daucosterol had the lowest inhibitory activity 
with activity percentages of 6.1% ± 7 (0.1 µM), 16.2% ± 2.9 (1 µM), and 20.8% ± 2.7 (10 µM). 

Triptolide as a positive control strongly inhibited the NF-κB activity. 
To see whether the rest activity measured in vitro may correlate with the LBE values 

determined in silico, we performed correlation analyses. The NF-κB rest activity (%) 
significantly correlated with the LBE values (kcal/mol) at 0.1 µM (p = 0.02; r = 0.89) and 
1 µM (p = 0.03; r = 0.85). The treatment at 10 µM did not correlate with the LBE values 

r = −0.15 (Figure 2B–D). 

3.4. Assessment of Oxidative Stress 

It is well-known that high levels of reactive oxygen species (ROS) activate NF-κB 

and foster the inflammation process. In addition, NF-κB increases ROS generation during 
inflammation [51,52]. Therefore, we measured the ROS levels as a parameter of oxidative 
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stress. Untreated HEK-Blue Null 1 (HBN1) cells exhibited very low ROS levels (0.68%). 
However, if the cells were exposed to hydrogen peroxide (H2O2) as the positive control, 
the ROS generation significantly increased by 11.63% (p = 0.02, compared with untreated 

cells as the negative control). The combination of H2O2 and tumor necrosis factor α 

(TNF-α) as a proinflammatory cytokine further increased the ROS generation up to 14.13% 
(p = 0.005, compared with the negative control). In contrast, β-amyrin treatment signifi- 
cantly decreased the H2O2- and TNF-α-induced ROS generation by 12.30% (p = 0.1), 10.83% 
(p = 0.05), and 8.80% (p = 0.01) at 0.1 µM, 1 µM, and 10 µM, respectively (Figure 3). 

 

Figure 3. Effect of β-amyrin on the generation of reactive oxygen species (ROS) in HEK-Blue Null 1 

(HBN1). The cells were treated with 100 µM of H2O2 (15 min) and 100 ng/mL of TNF-α (3 h) with 

and without β-amyrin at concentrations of 0.1 µM, 1 mM, and 10 µM (24 h). The statistical analysis 

was performed by using the paired student’s t-test. * p = 0.05 (1 µM) and ** p = 0.01 (10 µM) compared 

with TNF-α- and H2O2-treated control cells, # p = 0.02 (cells treated with H2O2), and ## p = 0.005 

(cells treated with TNF-α and H2O2) compared with untreated cells. β-amyrin significantly reduced 

ROS generation. DMSO treatment served as the solvent control. The mean values ± SD of three 

independent experiments are shown. 

3.5. Measurement of the Mitochondrial Membrane Potential 

Mitochondria are not only essential for ATP generation and programmed cell death 
but also play a key role in inflammation [53]. We investigated whether the inhibition of 
NF-κB after TNF-α induction affected the mitochondrial membrane potential and whether 

β-amyrin reversed this effect. HEK-Blue Null1 cells were treated with 10 µM of β-amyrin 
for 24 h and with TNF-α for 3 h. As a positive control, cells were treated with 10 µM 

of vinblastine (Figure 4). Using flow cytometry and JC-1, we measured a considerable 

breakdown of the mitochondrial membrane potential (MMP) upon treatment with β- 
amyrin or vinblastine compared to the untreated control (Figure 4A). β-Amyrin led to a 
52.6% increase in the population of cells with disrupted mitochondrial membrane potential 

(indicative of apoptotic or dead cells), while only 47.6% of cells maintained their MMP (and 

their viability). In comparison, vinblastine had an effect of 73.6% living cells and 26.6% 
dead cells (Figure 4B). 
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(A) (B) 

Figure 4. Flow cytometric determination of mitochondrial membrane potential (MMP) in HEK-Blue 

Null 1 Cells through JC–1 staining. Cells were left untreated (control) or treated with 10 µM of 

β-amyrin or vinblastine for 24 h, followed by 100 ng/mL of TNF-α for 3 h. (A) Representative 

histograms; (B) statistical analysis cells with disrupted MMP (dead cells) or intact MMP (healthy 

cells). Mean values ± SD of three independent experiments are shown. The results are significant at 

** p < 0.01 for death cells and * p < 0.05 for living cells if compared to the control DMSO untreated 

cells (paired two-tailed t-test).  

3.6. Cytotoxicity and Oncobiogram Analyses 

The link between inflammation and carcinogenesis is well-established [54]. Accord- 
ingly, the first part of the analysis was to compare the effect of the multiple chamomile 

compounds on the cell viability of 60 cell lines originating from different tumor types. 
While (+)-catechin, β-sitosterol, daucosterol, caffeic acid, and β-eudesmol were inactive 

or only minimally active, the strongest inhibition was observed with apigenin and far- 
nesol. Lupeol and quercetin showed intermediate cytotoxicity (Figure 5A–C). Because 
apigenin and farnesol as the most cytotoxic compounds in this panel were already the 

subjects of previous investigations by us [19,20,55–57], we chose quercetin and lupeol for 
further analyses. 

As β-amyrin was not included in the NCI database, we performed a growth in- 

hibition assay, which revealed that β-amyrin did not exert any cytotoxic effect on the 
sensible leukemia cells. The highest inhibition was observed at a concentration of 100 µM 
(26.2% ± 9.6) (Supplementary Figure S1). 

Then, we compiled the sensitivity of the NCI tumor cell lines towards lupeol and 

quercetin according to their origin, i.e., leukemia, melanoma, and brain tumors as well  
as carcinoma of the colon, ovary, breast, kidney, lung, and prostate. The mean log 10IC50 

(M) values for quercetin and lupeol were compared with those for chlorambucil as an 

established anticancer drug (control).  It is evident from the data shown in Figure 5D 
that all three compounds exhibited the greatest growth-inhibitory efficacy in leukemia 
cells compared to the cell lines of other tumor types. Melanoma cells were most resistant 

to quercetin. With some variations, the cytotoxicity of both lupeol and quercetin was 
approximately comparable to that of chlorambucil.  

While natural products are bioactive through multiple mechanisms [58,59], the exact 
modes of action of lupeol and quercetin are unknown. Therefore, we correlated the 

log10IC50 values of lupeol and quercetin with those of 91 standard agents with known 
modes of action (Figure 5E). Both lupeol and quercetin were most frequently correlated  
with microtubule inhibitors and mTOR inhibitors. Therefore, we subjected both compounds 

to oncobiogram analysis by compiling the correlation coefficients (r-values) of lupeol and 

quercetin to those of 10 known microtubule inhibitors (Figure 5F). The analysis favored the 

hypothesis that lupeol and quercetin might also act as tubulin inhibitors. 
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Figure 5. Cytotoxicity and oncobiogram analyses. Chemical structures of (A) lupeol and (B) quercetin. 

(C) Cytotoxicity of six selected phytochemicals from chamomile to the NCI tumor cell line panel 

plotted as a mean log10IC50 for each tumor type. (D) The cytotoxicity of lupeol and quercetin in 

cell lines of different tumor types compared with the established anticancer drug chlorambucil as 

the positive control. (E) Cross-resistance profiling of lupeol and quercetin to 91 standard drugs 

with known modes of action against tumor cells. (F) Oncobiogram for lupeol and quercetin. The 

correlation coefficients for lupeol and quercetin to 10 known tubulin inhibitors are plotted.  

3.7. Inhibition of α-Tubulin by Lupeol and Quercetin as Detected through Confocal 
Immunofluorescence Microscopy 

The oncobiogram analysis showed that both lupeol and quercetin might act as micro- 

tubule inhibitors. To validate this hypothesis, we treated the U2OS cells transfected with 
GFP-α-tubulin with lupeol and quercetin (0.1 µM, 1 µM, and 10 µM). Vincristine (1 µM) 
was used as the control drug to monitor the inhibition of microtubule polymerization, and 

paclitaxel (1 µM) was used as the control drug to monitor the inhibition of microtubule 

depolymerization. As can be seen in Figure 6, both lupeol and quercetin affected α-tubulin 
in a comparable manner to vincristine, indicating that they may have inhibited microtubule 
polymerization rather than depolymerization. 

3.8. Binding of Lupeol and Quercetin to α-Tubulin as Detected through Molecular Docking 

To further investigate the possible interactions of lupeol and quercetin to α-tubulin, 
we performed molecular docking. For quality control of the results obtained in this series 
of molecular dockings, we first correlated the LBE and pKi values. The Pearson correlation 
test showed that all LBE values (kcal/mol) correlated significantly with their respective 

pKi (µM) values at p = 0.004 and r = 0.85 (Figure 7A). 
The in silico analysis demonstrated that lupeol and quercetin had higher binding 

affinities to α-tubulin at the vincristine binding site compared to the binding sites of pa- 
clitaxel and colchicine (Figure 7A). Specifically, the calculation of low binding  energy 

(LBE) for lupeol interacting with α-tubulin at the vincristine’s binding site was lower 
than its LBE value at paclitaxel’s  binding site, with values of −8.62 ± 0.04 kcal/mol 
and −7.12 ± 0.01 kcal/mol, respectively. Similarly, quercetin had an LBE with the pro- 

tein at vincristine’s  binding site compared to paclitaxel’s  binding site, with values of 
−6.77 ± 0.06 kcal/mol and −5.99 ± 0.29 kcal/mol, respectively. In contrast, both com- 

pounds had less affinity with the α-tubulin if docked at the colchicine’s binding site, with 

calculated LBE values of −4.48 ± 0.08 kcal/mol for lupeol and −4.72 ± 0.15 kcal/mol 
for quercetin (Table 2). Figure 7C–E show the 3D and 2D docking poses of vincristine, 
quercetin, and lupeol, highlighting the amino acid residues involved in the binding of each 
molecule to α-tubulin at the vincristine binding site. 
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Figure 6. Confocal immunofluorescence microscopy of the microtubule network in U2OS cells upon 

treatment with (A) quercetin and (B) lupeol at concentrations of 0.1 µM, 1 µM, and 10 µM for 24 h. 

Vincristine (1 µM) and paclitaxel (1 µM) served as positive controls and DMSO as the negative control. 

The cells were imaged using a Thunder Imager Live Cell microscope with a 63×/1.40 NA objective 

lens (HC PL APO CS2 63×/1.40 OIL UV). The microtubules were visualized using green fluorescence 

for GFP (green), and the images were merged with DAPI (blue) to highlight the nucleus. 
 

Figure 7. Molecular docking analysis of lupeol and quercetin to tubulin (5N5N). (A) Illustrates the 

binding sites of vincristine, paclitaxel, and colchicine to α- and β-tubulin. On the right, a zoomed-in 

view shows lupeol and quercetin binding to the same pocket as vincristine. (B) The correlation of the 

predicted inhibition constants (pKi, mM) vs. the lowest binding energies (LBE, kcal/mol) (p = 0.004, 

r = 0.85). (C,D) Presents 3D and 2D illustrations of the interaction of lupeol, quercetin, and vincristine 

with the amino acids of α-tubulin docked at vincristine’s binding site. (C) Vincristine, (D) quercetin, 

and (E) lupeol. 
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Table 2. Molecular docking of lupeol and quercetin bound to α- and β-tubulin (PDB ID: 5N5N). 

The lowest binding energies (LBE, kcal/mol), the predicted inhibition constants (µM), and the 

pharmacophores are represented. 
 

Grid Box Compounds LBE (kcal/mol) pKi (mM) Pharmacophores 

 
Colchicine 

 
−7.01 ± 0.14 

α: LEU248, LYS254, LYS352 
0.007 ± <0.01 β: GLN11, ASN101, GLY142, GLY143, GLY144, THR145, 

GLU183, ASN206, TYR224 

Colchicine 
grid box 

Lupeol 
−4.48 ± 0.08 

α: LEU248, LYS254, LYS352 
0.520 ± 0.07 β: GLN11, GLU71, ASP98, ALA99, ALA100, ASN101, 

 
 

Quercetin 

 
 

−4.72 ± 0.15 

GLY142, GLY143, GLY144, THR145, THR179, GLU183 

α: GLN247, LEU248, LYS254, LYS352 
0.352 ± 0.08 β: GLN11, ALA12, ASP69, GLU71, ALA99, ALA100, 

ASN101, GLY144, THR145, THR179, ALA180 

 
Paclitaxel 

 
−7.37 ± 0.25 

α: LEU217, HIS229, LEU230, ALA233, SER236, PHE272, 
0.004 ± <0.01 ALA273, PRO274, LEU275, THR276, SER277, ARG278, 

Paclitaxel 

grid box Lupeol 
 

−7.12 ± 0.01 

ARG320, PRO360, ARG369, LEU371 

0.006 ± <0.01 α: THR276, GLN281, ARG284, LEU286, LEU371, LYS372 

Quercetin −5.99 ± 0.29 0.045 ± 0.02 α: LEU217, PRO274, LEU275, THR276, SER277, ARG278, 
GLN281, LEU286, LEU371, LYS372 

 
Vincristine 

Vincristine 

 
−8.42 ± 0.15 

α: GLN11, CYS12, GLN15, ASN101, SER140,  GLY142, 
0.001 ± <0.01 GLY143, VAL172, PRO173, SER174, ASP179, THR180, 

ASN206, TYR224, ASN228 

grid box Lupeol −8.62 ± 0.04 
α: GLY10, GLY11, SER140, GLY142, GLY143, VAL171, 

0.001 ± <0.01 VAL172, PRO173, SER174, VAL177, ASP179, GLU183, 
  ASN206, TYR210, TYR224 

Quercetin −6.77 ± 0.06 0.011 ± <0.01 
α: CYS12, GLN15, GLY142, VAL172, PRO173, SER174, 

VAL177, ASP179, GLU183, ASN206, GLU207 

 

3.9. Cell Cycle Analysis 

Both quercetin and lupeol significantly induced G2/M phase arrest in U2OS cells 
at 4 × IC50) after 72 h compared to the negative control (DMSO) (Figure 8). Quercetin 
induced cell cycle arrest with 86.6% of the cells in the G2/M phase (p = 0.0001) and 4.9% 

in the S phase (p = 0.4). Interestingly, a small but significant portion of cells  (7.9%) was 

also increased in the G0/G1 phase (p = 0.0001), indicating that arresting the cells  in the 

G2/M phase was not the only consequence of treatment. As expected, the positive control 
vincristine (1 × IC50) induced cell cycle arrest, with 83.6% of cells in the G2/M phase 
(p = 0.001), 5.9% in the S phase (p = 0.2), and 9.3% in the G0/G1 phase (p = 0.001). 

Similarly, lupeol also induced cell cycle arrest in U2OS cells, with 90.9% of the cells in 
the G2/M phase (p = 0.0002), 5.3% in the S phase (p = 0.05), and 3.8% in the G0/G1 phase 

(p = 0.0001). Vincristine was used in parallel as the positive control in this experiment, too. 

A concentration of 1 × IC50 induced cell cycle arrest, with 82.3% of cells in the G2/M phase 
(p = 0.002), 6.0% in the S phase (p = 0.02), and 12.3% in the G0/G1 phase (p = 0.001). 

3.10. Drug Resistance Profiling of Lupeol and Quercetin 

The question arises as to whether lupeol and quercetin are recognized by classical 

drug resistance mechanisms and, therefore, whether their activity is hampered by these 
drug resistance mechanisms. Utilizing the NCI database [40], we correlated the log10IC50 

values of lupeol and quercetin with various mechanisms of multidrug resistance in the 
NCI panel of tumor cell lines (Table 3). Notably, we did not observe an involvement of 
the two compounds in any drug resistance phenotype, except for one correlation between 

quercetin and ABCB5 mRNA expression analyzed through qPCR. This correlation was not 

significant if mRNA expression was analyzed through microarray hybridization. These 

findings indicate that these two compounds from chamomile might be useful in inhibiting 
tumor cells that are otherwise resistant to drugs.  
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Figure 8. Cell cycle arrest of U2OS cells by quercetin and lupeol. (A) Debris was gated out (SSC-A vs. 

FSC-A) with the first gate. (B) With the second gate (FSC-H vs. FSC-A), only single cells of normal 

morphology were gated. Duplets were gated out. (C,D) Three-dimensional representation of DNA 

histograms of U2OS cells exposed to 1 × IC50 and 4 × IC50 quercetin and lupeol for 72 h. DMSO 

was used as the negative control, and 1 × IC50 vincristine was used as the positive control. (C) Cells 

treated with lupeol and (D) cells treated with quercetin. The histograms were obtained through flow 

cytometry using an excitation of 488 nm and an emission wavelength of 530 nm. (E,F) Bar diagrams 

showing the distinct phases of cell cycle upon treatment with quercetin and lupeol for 72 h. (E) Cells 

treated with lupeol and (F) cells treated with quercetin. The bar diagrams were created through the 

calculation of the mean values ± SD of three independent experiments. *** p < 0.001, ** p < 0.01, and 

* p < 0.05 compared to the negative control using paired two-tailed t-test. 

 
Table 3. Correlation between the log10IC50 values for quercetin and lupeol and classical drug 

resistance mechanisms in the NCI tumor cell line panel.  
 

 Lupeol Quercetin Control Drug 

(log10IC50, M) (log10IC50, M) (log10IC50, M) 

ABCB1 Expression    Epirubicin 
7q21 (Chromosomal r-value 0.160 0.128 * 0.447 

Locus of ABCB1 Gene) p-value 0.121 0.203 * 3.55 × 10−4 

ABCB1 Expression r-value −0.132 −0.631 * 0.533 

(Microarray) p-value 0.159 0.339 * 6.82 × 10−6 

ABCB1 Expression r-value 0.027 −0.033 * 0.410 

(RT-PCR) p-value 0.425 0.413 * 1.54 × 10−3 



Biomedicines 2024, 12, 1484 17 of 36 
 

 

 

Table 3. Cont. 
 

  Lupeol Quercetin Control Drug 

  (log10IC50, M) (log10IC50, M) (log10IC50, M) 

ABCB5 Expression    Maytansine 
ABCB5 Expression r-value −0.050 0.207 * 0.454 

(Microarray) p-value 0.353 0.086 * 6.67 × 10−4 

ABCB5 Expression r-value −0.027 *0.306 * 0.402 

(RT-PCR) p-value 0.420 *0.021 * 0.0026 

ABCC1 Expression    Vinblastine 
DNA Gene r-value 0.059 −0.067 * 0.429 

Copy Number p-value 0.329 0.331 * 0.001 
ABCC1 Expression r-value 0.040 −0.213 * 0.398 

(Microarray) p-value 0.383 0.082 * 0.003 

ABCC1 Expression r-value −0.023 −0.118 0.299 

(RT-PCR) p-value 0.436 0.207 * 0.036 

ABCG2 Expression    Pancratistatin 

ABCG2 Expression r-value 0.105 −0.038 * 0.329 
(Microarray) p-value 0.219 0.402 * 0.006 

ABCG2 Expression r-value 0.010 −0.040 * 0.346 

(Western Blotting) p-value 0.229 0.3982 * 0.004 

EGFR Expression    Erlotinib 

EGFR Gene r-value 0.049 −0.037 −0.245 
Copy Number p-value 0.357 0.404 * 0.029 

EGFR Expression r-value −0.034 −0.068 * −0.458 

(Microarray) p-value 0.399 0.328 * 1.15 × 10−4 

EGFR Expression r-value −0.101 0.049 * −0.379 
(PCR Slot Blot) p-value 0.227 0.358 * 0.002 

EGFR Expression r-value −0.190 0.015 * −0.376 

(Protein Array) p-value 0.077 0.461 * 0.001 

N-/K-/H-RAS Mutations   Melphalan 

TP53 Mutation r-value −0.034 0.134 * 0.367 

(cDNA Sequencing) p-value 0.399 0.190 * 0002 

TP53 Mutation   5-Fluorouracil 
TP53 Mutation r-value −0.036 0.395 * −0.502 

(cDNA Sequencing) p-value −0.015 0.277 * 3.50 × 10−5 

TP53 Function r-value 0.050 −0.079 * −0.436 

(Yeast Functional 
Assay) 

p-value 0.360 0.311 * 5.49 × 10−4 

WT1 Expression    Ifosfamide 
WT1 Expression r-value −0.046 −0.103 * −0.316 

(Microarray) p-value 0.365 0.250 * 0.007 

GSTP1 Expression    Etoposide 
GSTP1 Expression r-value −0.012 −0.012 0.399 

(Microarray) p-value 0.468 0.468 * 9.58 × 10−4 

GST Expression r-value *0.302 0.028 0.509 

(Northern Blot) p-value *0.010 0.427 * 2.24 × 10−5 

HSP90 Expression    Geldanamycin 

HSP90 Expression r-value −0.055 −0.045 * −0.392 

(Microarray) p-value 0.342 0.384 * 0.001 

Proliferation    5-Fluorouracil 
(Cell Doubling) r-value −0.185 0.076 * 0.627 

 p-value 0.084 0.313 * 7.14 × 10−6 

(* indicate p < 0.05 and r > 0.30 or r < −0.30). 
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3.11. Cytotoxicity Assays for Lupeol and Quercetin 

Because the analysis of the NCI cell line panel indicated the activity of both lupeol and 
quercetin against classical drug resistance mechanisms, we performed resazurin assays to 
investigate whether these results obtained through correlation analyses could be verified 

by independent in vitro experimentation. 

The dose–response curves in Figure 9 show that multidrug-resistant P-glycoprotein- 
overexpressing CEM/ADR5000 leukemia cells were cross-resistant to quercetin (degree 
of resistance: >7.3-fold) and lupeol (degree of resistance: 3.2-fold). The glioblastoma 

transfected cells with ∆EGFR (U87.MG/∆EGFR) were 2.3-fold resistant to quercetin and 
7.4-fold resistant to lupeol compared to wild-type U87.MG cells. Colorectal TP53 knockout 

cells (HCT116 p53−/−) were only weakly resistant to quercetin and lupeol (1.4-fold and 

1.8-fold, respectively) compared to their corresponding wild-type cells (HCT116 p53+/+). 
All degrees of resistance were, thus, rather low, indicating no or only very low levels of 
resistance to lupeol and quercetin. These results fit the data obtained from the NCI tumor 
cell line panel, showing no correlations between the log 10IC50 values and the classical 
resistance mechanisms. The IC50 values of U2OS for quercetin and lupeol were higher than 
those found for most other cell lines tested, indicating that these osteosarcoma cells were 
more resistant to these two compounds.  

 

Figure 9. Dose–response curves of quercetin and lupeol as determined through resazurin assay. The 

mean values and standard deviation values are from three independent experiments. The tumor 

cells were subjected to treatment with each compound at concentrations of 10 µM, 25 µM, 50 µM, 

and 100 µM for 72 h. (A) Sensitive CCRF-CEM and the drug-resistant P-glycoprotein overexpressing 
CEM/ADR5000 leukemia cells. (B) U87/∆EGFR transfected with a deletion-activated cDNA of EGFR 

and its wild-type U87MG glioblastoma cells. (C) HCT116 p53+/+ and knockout HCT116 p53−/− 

colorectal cancer cells. (D) U2OS osteosarcoma cells. 
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3.12. Cell Death Detection 

We investigated the mode of cell death in CCRF-CEM cells upon treatment with lupeol 
and quercetin for 72 h. The FITC-conjugated annexin V/PI assay was used to distinguish 
between living, early apoptotic, late apoptotic, and necrotic cells. Annexin V staining is 

usually detected in early and late apoptosis, while PI staining indicates late apoptosis 
and necrosis. Figures 10 and 11 show that both compounds significantly induced necrosis 
compared to the negative control. Quercetin induced necrosis in 56.40% of CCRF-CEM 
cells (p = 0.001), while lupeol induced necrosis in 74.33% of cells (p = 0.006). In contrast, 

early or late apoptosis was detected at low or negligible percentages. 
Similarly, the FITC-conjugated annexin V/PI assay was conducted in U2OS cells after 

treatment with quercetin and lupeol for 72 h. As shown in Figure 11, the cells were rather 

resistant towards the two compounds, which did not significantly impact the onset of 
apoptosis but rather necrosis. 

 

Figure 10. Detection of cell death in CCRF-CEM cells using flow cytometry and annexin-V/PI 

staining using a flow cytometer. (A,B) Cells treated for 72 h with 0.25 × IC50, 0.5 × IC50, 1 × IC50, 

2 × IC50, and 4 × IC50 of quercetin and lupeol, respectively. DMSO was used as the negative control. 

(A) Cells treated with quercetin and (B) cells treated with lupeol. Q1 represents necrotic cells (−) 

annexin V/(+) PI; Q2 represents late apoptotic cells exhibiting annexin V (+)/PI (+); Q3 represents 

early apoptotic cells (+) annexin V/(−) PI; Q4 represents viable cells (−) annexin V/(−) PI. (C,D) Bar 

diagrams representing the percentages of cells in the different quadrants. (C) Effects of quercetin and 

(D) effects of lupeol. The treatment of both compounds at increasing concentrations significantly 

enhanced the percentage of necrotic cells. *** p < 0.001, ** p < 0.01, and * p < 0.05 compared to the 

negative control using paired two-tailed t-test. The bar diagrams were created through the calculation 

of the mean values ± SD of three independent experiments. 
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Figure 11. Detection of cell death in U2OS cells using flow cytometry and annexin-V/PI staining 

using a flow cytometer. (A,B) Cells treated for 72 h with 0.5 × IC50,  1 × IC50, 2 × IC50, and 4 × IC50 

of lupeol and quercetin, respectively. (C,D) represent bar diagrams of the percentage of cells in 

quadrium treated with lupeol (C) and quercetin (D). For details, see Figure 10. Treatment with 

both compounds at 4 × IC50 showed a tendency for increased necrosis, which was, however, not 

statistically significant compared to the negative control.  

3.13. Western Blotting 

The NF-κB reporter assay in Figure 2 indicated that the selected chamomile compounds 

inhibited the activity of the NF-κB promoter in the context of anti-inflammatory NF-κB 
activity. As NF-κB inhibition also plays a role in the apoptosis of cancer cells, we performed 

a Western blotting experiment to examine the effect of three chamomile compounds (β- 

amyrin, lupeol, and quercetin) on the protein expression level of NF-κB 65. β-Amyrin 

and quercetin (50 µM) increased cytoplasmic NF-κB expression, while lupeol displayed 
non-significant tendencies (Figure 12A). 

3.14. Quantitative Real-Time RT-PCR 

IL-1β and IL-6 are known downstream cytokines regulated by NF-κB that are impor- 
tant for mediating proinflammatory and cell-proliferative signals. All three compounds 
significantly downregulated the expression of the genes encoding IL-1β and IL-6, par- 

ticularly at 50 µM (Figure 12C). Notably, quercetin was significantly more effective in 

downregulating the two genes compared to the other two compounds, with a fold-change 
in log2 of −1.11 for IL-6 (p = 0.01) and −0.71 for IL-1β (p = 0.01). Conversely, β-amyrin 

displayed the lowest downregulatory activity for IL-6, with fold-changes of log2 −0.29 
for IL-6 and −0.56 for IL-1β (p = 0.01). Furthermore, lupeol decreased the genes with log2 

values of −0.54 for IL-6 (p = 0.01) and −0.65 for IL-1β (p = 0.02). 
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Figure 12. Expression of NF-κB and downstream genes.  (A) Western blotting analysis of NF-κB 

in HEK-Blue Null1 cells treated with 10 µM or 50 µM of β-amyrin, quercetin, and lupeol for 24 h, 

followed by 24 h of TNF-α at 100 ng/mol. (B) The percentages of NF-κB expression in the cell.  

(C) qRT-PCR analysis of IL-1β and IL-6 gene expression in HEK-Blue Null 1 cells treated with 10 µM 

or 50 µM of β-amyrin, quercetin, and lupeol for 24 h with TNF-α 100 ng/mL for another 24 h. The 

statistical analysis was performed through the paired one-tailed t-test (** p ≤ 0.01) (* p ≤ 0.05) from 

three independent trials. 

3.15. Proteome Analysis 

If all or most of the classical drug resistance mechanisms are not operative for lupeol 
and quercetin, the question arises as to which factors do determine sensitivity and resistance 
to these two drugs. Therefore, we conducted a COMPARE analysis by correlating the 

expression levels of 3171 proteins in the 60 tumor cell lines from the NCI database [40] 
with the log10IC50 values of both lupeol and quercetin. Subsequently, the top 40 proteins 
were assembled, and 20 were directly correlated with the two compounds and 20 were 

reversely correlated. Finally, we generated a two-dimensional clustering and color-coded 
heat map using a hierarchical Ward cluster method, where, in one dimension, the expression 
profiles of the 40 proteins appear and, in a second dimension, the different cell lines appear 
(Figures 13 and 14). The log10IC50 values for lupeol and quercetin, which were not included 

in the cluster calculations, are shown on the right side of the heat maps for illustration. 
The cellular responsiveness to both lupeol and quercetin was determined by comparing 
individual log10IC50 values to the median value across all cell lines. If the log10IC50 value 

was lower than the median, the cell lines were categorized as sensitive; if it was above the 
median, the cells were defined as resistant. 
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Figure 13. Cluster analysis in a 2D colored heat map of proteins’ expression in NCI tumor cell lines 

responding to lupeol. Clusters A and B represent the top 40 proteins, and clusters 1–3 show the 

tumor cell lines. The cell lines were clustered according to their degrees of relatedness to each other 

based on their protein expression included in the analysis. Color code: red, 0–25% quartile; orange, 

26–50% quartile; grey, median value; light green, 50–75% quartile; and dark green, 76–100% quartile. 

Depending on individual log10IC50 values, the responsiveness of the cell lines to lupeol was classified 

as sensitive if their log10IC50 values were lower than the median value of all cell lines (marked in 

yellow) and as resistant if their log10IC50 values were higher than the median value (marked in red). 

The χ2 test shows a statistical significance (p = 1.44 × 10−4) upon comparing the two clusters of 

protein expression in the cell lines, where clusters 1 and 2 contained mainly resistant cell lines to both 

lupeol and quercetin, respectively, and cluster 3 contained mainly sensitive cell lines. 
 

For both lupeol and quercetin, we obtained three clusters (clusters 1–3) showing the 
individual protein expression. Furthermore, we obtained two clusters of cell lines (clusters 

A and B) (Figures 13 and 14). These clusters were then correlated with the log10IC50 

values (which were not included in the cluster calculation). Interestingly, clusters 1 and 2 
predominantly included lupeol/quercetin-resistant cell lines, while cluster 3 predominantly 

contained sensitive cell lines. Cluster A predominantly contained cell lines with high 
protein expression in cluster 1 and low expression in cluster 3, while in cluster B, the 
protein expression was the opposite (low in cluster 1 and high in cluster 3). Afterwards, we 

calculated the difference between sensitive and resistant cell lines using the χ2 test. The 

results showed that the distribution of the three clusters was statistically significant for 
both lupeol (p = 1.44 × 10−4) and quercetin (p = 0.044) (Figures 13 and 14). 
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Figure 14. Cluster analysis in a 2D colored heat map of proteins’ expression in NCI tumor cell lines 

responding to quercetin. The χ2 test shows a statistical significance (p = 0.044). For further details, 

see Figure 13. 

Each of the 40 proteins was identified through this approach to determine the sensitiv- 
ity or resistance to lupeol or quercetin. These proteins have been compiled along with their 
protein symbols, full names, cellular functions, and functional categories in Supplementary 

Tables S1 and S2. Although these proteins seemed to be unrelated at first sight, it was 
interesting to observe that they belonged to some common functional categories. These 
categories are shown in Table 4. 

 
Table 4. Functional categories of proteins identified through the proteomic analyses for lupeol and 

quercetin, as shown in Figures 13 and 14. 
 

Functional Categories Protein Symbols (Lupeol Analysis) Protein Symbols (Quercetin Analysis) 
 

General metabolism ALDH4A1, ECH1, HSD17B12, TECR ACO2, ACOT7, GAPDHS, GGH 

Protein and vesicle trafficking 
AP1G1, LMAN2, PLIN3, RAB5B, 

SEC62, VAPB 

DNA/RNA metabolism EIF5, FHL1, NAP1L1, 
STAU1, SUV39H2 

COPG1, DYNC1LI1, STX7, VAPB 

DYNC1LI1, EIF3J, EXOSC1, PDCD5, 
PRPF38A, RALY, TRIP13, ZC3H11A 

Cell Adhesion EPCAM, LGALS3, TLN1  MCAM 
Chaperones and protein degradation  ERP44, PFDN1 CCS, UBQLN2 

Cytoskeleton FLNC, MSN, STAU1, TPM4 CAPG, DNM2, CAPN1 

Immune 
ANXA1, FSTL1, LGALS3, LGALS3BP, 

MGST3, RAB5B, TLN1 
YARS 

Signal transduction HOMER2, RABL3, YWHAZ CAPN1, PPP5C, RQCD1 
Cell proliferation and differentiation  DBN1, PDAP1  PDCD5, PPP5C, RQCD1 

Cell death BCL2L13, LGALS3, MLKL PDCD5, RAB32 

Tumor suppressor TAGLN 
Ion channels and drug transporters CLIC4, SLC25A1, SLC30A1 

Mitochondrial function 
ACO2, ATP5F1, CHCHD3, CHCHD6, 

MFN1, MRPS30, MTX2, RAB32, SAMM50 
Melanosome biogenesis and function MLANA, PMEL, RAB32 

Drug metabolism  POR 
Others CHCHD6, HEXA, VAMP3 

 

(Multiple entries are possible). 
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3.16. Kaplan–Meier Survival Analysis 

Because NF-κB is known for its anti-proliferative, anti-apoptotic, and anti-inflammatory 
activities in the cell [60], we wanted to survey the role of NF-κB expression for the survival 
prognosis of cancer patients. We performed Kaplan–Meier survival analysis with the help 

of the KM-Plotter database. Out of 21 cancer types, the analysis revealed that the higher 
the NFKB2 mRNA expressed, the lower the survival time for patients with renal clear 

cell carcinoma compared with patients with low NFKB2 expression. Moreover, patients 
with high NFKB2 expression in grade 3 renal carcinoma died significantly earlier than 

those with a low expression. Interestingly, the female patients with renal carcinoma had 
significantly longer survival times compared with males if NFKB2 mRNA expression was 
low. Similarly, patients with low neoantigen load and low NFKB2 mRNA expression in 

their renal carcinoma cell type had a better survival prognosis than those with high NFKB2 
expression and a significantly higher survival time than the patients with a low mutational 
rate (Figure 15). These data indicated that the inhibition of NF-κB could indeed be beneficial 

in the prevention and treatment of renal carcinoma. 

 

Figure 15. Kaplan–Meier analysis from the KM-Plotter database of overall survival time (months) 

for renal clear cell carcinoma cells correlating with the expression of NFKB2 mRNA. (A–F) Different 

patient profiles where NF-κB expression correlated significantly with the overall survival time. 

4. Discussion 

Chamomile tea is not only used for its exquisite taste but also its numerous health- 

promoting effects. Renowned for centuries, chamomile contains metabolites that possess 
anti-inflammatory, antioxidant, and relaxant properties [61,62]. Over decades, many studies 
have revealed the anti-inflammatory effect of chamomile both in vitro and in vivo [ 63]. 

They have demonstrated the inhibitory effect of chamomile extract against markers and 

pathways at the molecular and cellular levels [64,65]. These findings were complemented 
by in vivo research, where chamomile compounds exhibited anti-inflammatory effects if 
tested in animals [66,67]. Adding to this, various clinical studies have shown evidence  
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of the anti-inflammatory effect of chamomile if tested in patients with different types 

of inflammatory disease [65,68,69] Moreover, chamomile has garnered attention for its 
potential in cancer prevention and treatment [70–72]. In vitro results have suggested that 
chamomile extracts may possess anticancer properties, showing inhibitory effects on the 
proliferation of cancer cells and in some cases on programed cell death [12,13,73–77]. While 

there is limited evidence in vivo, some preliminary evidence supports the potential of 
chamomile as an anticancer and preventive agent [78–80]. The entangled connection 
between inflammation and carcinogenesis may make a reasonable contribution to this point 

of view [81,82]. 
In the same entangled manner, the transcription factor NF-κB was proven to play a role 

in both inflammation and carcinogenesis [83]. NF-κB not only controls the inflammatory 
responses with its transcriptional activity on several proinflammatory promoters [84] but 
also has a crucial role in regulating apoptosis and cell proliferation, mostly by favoring 
cell survival mechanisms and, therefore, contributing to the initiation and progression of 
tumors [85,86]. Additionally, NF-κB pathways also play a pivotal role in the development 

of resistance against anticancer drugs [87,88]. Interestingly, the development of tumors is 

often driven by similar mechanisms that also cause drug resistance. It is in the nature of 
the biological system of all organisms to detoxify and excrete harmful substances, such 

as toxic metabolic products used in chemotherapy, through the activation of pro-survival 
pathways. This will then annul the induction of cell death and enhance the continuous 

progression of the tumor in the body [89–91]. 
These findings and observations prompted the question of whether chamomile or 

its derivates inhibit NF-κB. NF-κB activation or inhibition plays a key role in cellular 

processes, such as cell survival, cell growth, cell proliferation, and even cell death in stem 
cells and different cancer cells, including leukemia [92–95]. To address this, we initiated 
virtual drug screening to investigate the bindings between 212 chamomile compounds to 
NF-κB. Subsequently, 28 compounds were further selected for a computational assay in 

which we calculated the LBE and pKi values. Among these 28 molecules, 15 exhibited LBE 
values consistently below −6 kcal/mol. Correspondingly, the pKi values demonstrated a 
diverse range, fluctuating between 0.42 ± <0.01 µM for β-amyrin and 46.78 ± 0.12 µM for 

apigenin. Six compounds were selected from these results for further in vitro experiments. 
β-Amyrin, β-sitosterol, β-eudesmol, daucosterol, and myricetin were chosen depending on 

their binding energy, including a range from the highest to the average and lowest values. 
Apigenin, with higher binding, was chosen for its popularity and proper comparison 
with the other compounds. Using an inhibitory NF-κB reporter cell assay where the rest 

activity of NF-κB was measured, β-amyrin exhibited the highest percentage of inhibition. 

In contrast, daucosterol demonstrated the lowest inhibitory activity. These experimental 
results confirm our in silico predictions. Hence, the regression analysis of the data showed 

that NF-κB rest activity (%) significantly correlated with the LBE values. Additionally, we 
validated the authenticity of our data using microscale thermophoresis (MST). This result 
further confirmed the binding of β-amyrin to NF-κB. 

It is now evident that activated NF-κB enhances the expression of proinflammatory 

genes in a positive feedback loop, leading to increased ROS generation in the cell. Elevated 
ROS levels during chronic inflammatory diseases or cancer can in return further activate 
NF-κB and upregulate immune responses [96,97]. Accordingly, to validate this relationship, 

we performed an ROS generation assay using HEK-Blue Null 1 cells treated with β-amyrin 
and exposed to 100 ng/mL of TNF-α and 10 µM of H2O2, thus creating a high oxidative 

microenvironment within the cell. The results demonstrated that β-amyrin reduced ROS 
levels significantly. Moreover, it is well-established that both acute and chronic inflamma- 
tory diseases are characterized by dysfunction of mitochondria and aggregation of ROS 
generation. These factors can lead to cell damage or cell death. Alternatively, in other cases, 

they can trigger the activation of cell survival pathways and cell proliferation [98,99]. In 

this context, we examined whether the inhibition of NF-κB with β-amyrin might affect the 
mitochondrial membrane potential (MMP). Employing the MMP-JC1 assay on HEK-Blue 
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Null 1 treated with β-amyrin and TNF-α (to stimulate NF-κB activation), we observed 

a significant impact on the breakdown of MMP in the treated samples compared to the 
control. β-Amyrin treatment increased the population of MMP-disrupted cells by 52.6%. 
In comparison to vinblastine, 26.6% of the cell population were unhealthy or dead. These 
results highlight the promising potential of β-amyrin as a potential therapeutic agent for 

inflammatory diseases and oxidative-stress-related disorders, suggesting its applicability 
as a cancer-preventive agent or even an adjunctive treatment in cancer therapy.  

This leads to the second part of this study, where we studied the therapeutic value 

of chamomile, particularly focusing on inflammation, cancer prevention, and overcoming 
drug resistance. We started with cytotoxicity and oncobiogram analyses comparing the ef- 
fects of multiple chamomile compounds on the cell viability of 60 cell lines originating from 

various tumor types using the NCI60 database. Notably, quercetin and lupeol exerted sig- 

nificant cytotoxicity, with specific preferences against colon cancer for lupeol and melanoma 
for quercetin. The oncobiogram analysis further revealed correlations with microtubules 
and mTOR inhibitors, validating previous studies in which both quercetin and lupeol dis- 

turbed the polymerization of microtubules through their binding to tubulin [100,101] and 
inhibited the mTOR pathway [102,103]. The immunofluorescence microscopy experiment 
validated these findings, showing clear inhibition of the GFP-α tubulin polarization by 

lupeol and quercetin (at 10 µM) comparable to the effect of vincristine (at 1 µM). Given the 
key role of microtubules in cell stabilization and maintenance, the identification of novel 
tubulin inhibitors for tumor therapy remains essential [ 104]. Furthermore, the in silico 
assessment confirmed that both lupeol and quercetin have higher binding affinities with 

α-tubulin if docked at vincristine’s binding site compared to the two other known tubulin 

inhibitors, paclitaxel and colchicine.  

It is well-established that paclitaxel enhances the stability of the microtubules, main- 

taining them in their polymerized form, which induces the activity of NF-κB through the 
same pathway as TNF-α. In contrast, colchicine and vincristine are known to destabilize 
and disturb the microtubule formation, which blocks the translocation of the cytoplasmic 

NF-κB p65 to the nucleus and reduces the activity of NF-κB through the TNF-α canonical 
pathway [105–107]. We hypothesize that lupeol and quercetin may act in the same manner 
as vincristine by inhibiting the microtubules and reducing the activity of NF-κB. 

Microtubules are also important for immune reactions and inflammatory processes, 

as microtubule networks are involved in the migration of immune cells to inflamed tis- 
sues [108–110]. Thus, the inhibition of microtubules by anti-inflammatory compounds from 
chamomile might not only directly inhibit tumor cells but also suppress the activation and 

migration of inflammatory cells and thereby contribute to the decline of the inflammation 
process [111]. 

There is not only a connection between NF-κB and the microtubule but also cytokines. 

The NF-κB-mediated release of proinflammatory cytokines (e.g., IL-1β and IL-6) favors 
not only the activation of immune cells at inflamed sites in the body but also cell survival 
and cell proliferation. Because receptors for proinflammatory interleukins are expressed at 
both immune cells and tumor cells, their inhibition by natural products contributes to the 

suppression of tumor growth [112–114]. We found that β-amyrin, lupeol, and quercetin 

inhibited the expression of IL-1β and IL-6, a result that is consistent with the point of view 
that inhibition of interleukin production also causes the inhibition of tumor cell growth. 
At the same time, these three substances increased the expression of NF-κB of HEK-Blue 

Null1 cells. This can be explained by an inhibited translocation of NF-κB from the cytosol 
to the nucleus, which consequently leads to suppressed interleukin production due to the 
transcriptional activity of NF-κB in the nucleus. Because microtubules are involved in the 

translocation of NF-κB from the cytosol to the nucleus [115–117], microtubules inhibited 

by chamomile compounds may be unable to translocate cytosolic NF-κB to the nucleus, 

where it can bind to promoters of NF-κB downstream genes. Chamomile compounds may 
therefore act on multiple intracellular targets and pathways. 
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Recognizing that chemoresistance represents a major obstacle in cancer treatment, we 

conducted drug resistance profiling for quercetin and lupeol by correlating their values to 
classical drug resistance genes, including ABC transporters, oncogenes, tumor suppressors, 
and other mechanisms. The analysis indicated that the two compounds have no cross- 
resistance and are not involved in classical drug resistance mechanisms. This is a remarkable 

result as compounds combatting or bypassing resistance to clinically established drugs are 
urgently required. 

We aimed to verify the correlation analyses with the NCI panel by using specific 
cell models that showed specifically overexpressed or knocked-out genes conferring drug 

resistance (P-glycoprotein, EGFR, TP53). While it is known that established cancer drugs 

can provoke high levels of resistance in tumors (e.g., CEM/ADR5000 cells were more than 

1000-fold resistant to doxorubicin) [118], lupeol and quercetin showed no or only very low 
degrees of resistance of three or less. These results confirmed our bioinformatic analysis, 
indicating that both compounds are active against otherwise drug-resistant tumor cells and 
do not encounter major cross-resistance mechanisms. 

It is reasonable to propose that chamomile holds not only the potential to prevent 
inflammation and cancer but also the ability to overcome drug resistance. This theorizes a 
dual role for chamomile as a preventive measure but also as an additive to cancer treatment, 
particularly in cells that exhibit resistance to conventional therapies. These insights open 

new possibilities for exploring chamomile compounds, such as β-amyrin, lupeol, and 

quercetin, as valuable assets in addressing the challenges posed by drug-resistant cancer 

cells. Further research and clinical studies could elucidate the full scope of chamomile’s 
contributions to cancer prevention and treatment. 

In this context, it was interesting that the cytotoxicity of both compounds in CCRF- 
CEM and U2OS cells was not caused by apoptosis as the most common mode of cell 

death but by necrosis. This might be a cell-type-specific effect as quercetin and lupeol 
have been reported to induce either apoptosis or necrosis (or necroptosis) in different 
cell lines [119–124]. Because apoptosis is driven by the balance of pro- and anti-apoptotic 

proteins in specific signaling cascades, it is known that mutations in specific genes encoding 
these proteins confer resistance to apoptosis [125–128]. As a consequence, cytotoxic insults 
may overcome apoptosis resistance by other cell death modes, such as necrosis [129]. 

Despite the fact that classical drug resistance mechanisms did not affect the responsive- 
ness to lupeol and quercetin, it can be assumed that the different responsiveness of the NCI 
cell lines may be due to variations in the expression of genes that influence sensitivity and 
resistance to lupeol and quercetin. Therefore, the question arises as to what are the cellular 

factors that determine sensitivity or resistance to these two compounds. To explore this 
further, we analyzed the proteomic expression of the NCI tumor cell lines. In this analysis, 
we identified 40 proteins whose expression significantly correlated with sensitivity and 

resistance of the cell lines. Although the two sets of each of the 40 proteins identified 
through hierarchical cluster analysis for lupeol and quercetin seem to be heterogeneous 
at first sight, they belong to some common functional categories, i.e., protein and vesicle 
trafficking, DNA/RNA metabolism, immune function, cytoskeleton, mitochondrial func- 

tion, cell proliferation and differentiation, cell death, channels and transporters, chaperone 
functions, signal transduction, and other functions (Table 4). Although these proteins have 
not been described or only scarcely described so far to determine sensitivity or resistance 

to lupeol or quercetin and the relationships found in our study are novel, most of the 
functional protein groups mentioned above are known to influence the response of tumor 
cells to standard chemotherapy. Therefore, it can be hypothesized that these proteins might 

also play a role for quercetin and lupeol. 

Protein and Vesicle Trafficking: The translocation of proteins and vesicles to their func- 
tional sites in tumor cells has received less attention in the context of drug  resistance. 

Impaired distribution of both cellular structures may, however, indeed influence cellu- 

lar homeostasis and, therefore, contribute to carcinogenesis and differential responses 
to chemotherapy [130,131]. Our data obtained with lupeol, and quercetin indicate that  
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there is still an open field for innovative research to uncover the full range of trafficking 
mechanisms for responses to established cancer drugs as well as cytotoxic natural products. 

DNA/RNA Metabolism: This is a huge field spanning many topics, such as transcrip- 

tion and transcription factors [132], translation [133], DNA replication [134], chromatin 

remodeling [135], chromosome segregation [136,137], etc. These processes are central to 
the vital functions of tumor cells and play important roles under the selection pressure of 

anticancer therapies. Understanding these mechanisms in more detail will facilitate the 
development of novel targeted therapies to address these mechanisms in cancer cells. 

Immune Functions: Although tumor immunology has been a thriving field in cancer 

research, attention has recently focused more on the advent of passive immunotherapies 
(e.g., therapeutic monoclonal antibodies, immune checkpoint inhibitors) and active im- 

munotherapeutic approaches (e.g., CAR-T). On the other hand, it is also known that the 
immune system influences the responsiveness of tumors to classical chemotherapy by 
generating therapy-resistant niches in tumors [138]. 

Cytoskeleton: Among the cytoskeletal proteins, not only the microtubules as direct 

targets for Vinca alkaloids, taxanes, and new drug candidates are well-known [139] but 

also others, such as actin, vimentin, and cytokeratin as well as proteins accompanied 
by cytoskeletal proteins that contribute to cytoskeletal organization and basic tumor cell 
features (e.g., cell remodeling during invasion and metastasis, resistance to cisplatin and 
other drugs, etc.) [140–142]. 

Mitochondrial Functions: Mitochondria do not only supply cancer cells with energy 
(in terms of ATP production) but also help them to adapt to cellular stressors, such as 

nutritional deprivation hypoxia and oxidative stress. Mitochondria provide sufficient 
biosynthetic flexibility to tumors to survive even under worse conditions [143,144]. There- 

fore, mitochondrial metabolism is involved in tumor progression and drug resistance [145]. 

Cell Proliferation and Differentiation: It has been long recognized that slowly growing 

tumors are more resistant to chemotherapy than fast-growing ones [146]. As a consequence, 
the cellular differentiation state, e.g., driven by the epidermal growth factor receptor 

(EGFR), also influences drug response [147,148]. The proteomic analyses in the present 
study (Table 4) indicate that several proteins involved in cellular differentiation determine 

sensitivity or resistance to cytotoxic natural products. 

Cell Death: Apoptosis as most well-known mode programmed cell death is long known 

to affect the efficacy of chemotherapy and most other cytotoxic compounds as well [149]. 
However, in recent years a surprising number of non-apoptotic modes of programmed 
cell death have been uncovered [150]. Interestingly, these newer forms of cell death also 

influence the sensitivity and resistance of tumors to chemotherapy [151,152]. In the present 
investigation, we found that lupeol and quercetin induced necrosis rather than apoptosis. 
In our proteomic analyses, we also found that several proteins involved in apoptotic and 

non-apoptotic cell death correlated with these two natural products (Table 4). 

Ion Channels and Drug Transporters: The membrane as the first barrier for cytotoxic com- 

pounds to enter cells represents an obvious cause of drug resistance. Though transporter 

molecules from the ATP-binding cassette (ABC) and solute carrier (SLC) families have 
been intensively studied for their role in cancer drug resistance [153,154], other membrane 
proteins (e.g., chloride and other ion channels) are associated with cell growth and apop- 
tosis and, thereby, affect the response of tumor cells to chemotherapy [155]. In our own 
investigations during a period of more than two decades, we found that natural products 
are a rich source serving either as substrates and inhibitors of drug transporters and even 
as a new strategy to exploit hypersensitivity (collateral sensitivity) to treat otherwise drug- 

resistant cells [156]. Our present analysis demonstrated that channels and transporters are 

also involved in their responsiveness of tumor cells to natural products, such as lupeol and 
quercetin (Table 4). 

Cell Adhesion: It is well known that single-cell tumors, such as leukemia, tend to 
respond better than solid cancer. One reason may be that solid cancers grow in tissues  
where the cells are connected to and communicating with each other numerous proteins 
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including cell adhesion molecules, integrins, adapter proteins, and associated kinases. This 

set of proteins has been termed “cell adhesion resistome” because these proteins contribute 
to anticancer drug resistance [157]. The present proteomic analyses revealed a number of 
proteins also belonging to this cell adhesion resistome (Table 4). 

Chaperone Functions: Molecular chaperones are responsible for the correct folding of 

proteins either in the nascent state if freshly translated amino acid chains are folded to 
three-dimensional protein structures or if cellular stress causes misfolding and damage 
of proteins. These quality control mechanisms are crucial for the correct function of 

proteins. Chaperones, i.e., heat shock proteins, are associated with drug resistance of 
tumors [158–160]. We found a couple of proteins also belonging to the chaperone system to 
be linked with response to lupeol and quercetin (Table 4). 

Signal Transduction: A quantity of proteins involved in signal transductions that seems 

to be barely manageable contribute to complex signaling networks that drive cancer cells 
sensitive or resistant to cancer drugs and cytotoxic natural products [161–163]. Rather than 
single signaling pathways, sophisticated cross-talks between different signaling routes led 

to broad networks determining drug response [164,165]. The new discipline of network 
pharmacology is just beginning to understand these complex mechanisms. This is not also 
true for established cancer drugs but also for natural products [166]. It will be thriving to 

further detect single elements in large signaling networks that are responsible for drug 
response of tumor cells to lupeol and quercetin in the future. 

Other Functions: Among the proteins that do not belong to the functional categories 

mentioned above are DNA repair proteins, tumor suppressors, and others. Because DNA 
repair mechanisms as well as tumor suppressors (e.g., TP53), are well-known drug resis- 
tance mechanisms [167,168], it is also worth speculating that the proteins identified in our 
analyses contribute to resistance to lupeol and quercetin.  It is quite unexpected to find 

proteins involved in melanosome biogenesis and function among the proteins correlating 
with quercetin responsiveness. However, because melanosomes generate ROS [169], it is 
possible that there is a direct or indirect link to the response of anticancer drugs Further 

experiments are warranted to substantiate these findings.  
In the present study, we investigated different mechanisms and targets.  It became 

apparent that inflammation and tumor-killing properties of chamomile compounds are 

determined by multiple rather than by single mechanisms. The multi -specific action of 
chamomile and numerous other medicinal plants apparently represents a selection advan- 
tage during the evolution of plants on this globe. A large battery of defense mechanisms 
is superior to combat hostile organisms, such as microbes and herbivores. This principle 

is also realized in multi-compound pharmacology of medicinal plants. The phytotherapy 
relies on addressing multiple targets at the same time [58]. 

In the third part of the present investigation, we therefore focused on the role of NF-κB 

as prognostic factor for patient survival. Related to this topic the question of NF-κB as 

potential treatment targets for chamomile compounds addressed in the first two parts 
of the present study. May chamomile compounds be beneficial to prevent the onset of 
cancer or bypass drug resistance as additives to standard chemotherapy by inhibition of 

NF-κB? To clarify the prognostic relevance of NF-κB for survival of cancer patients we 

took advantage of the transcriptomic analyses of more than 7000 tumor biopsies derived 
from 21 tumor types of The Cancer Genome Atlas (TCGA) deposited at the KM-Plotter 
database (https://kmplot.com/analysis/ (accessed on 20 November 2023)). We observed 
that renal clear cell carcinomas with low NF-κB expression from different patho-clinical 

categories (gender, grade 3, low mutation status, low neoantigen rate) were significantly 

correlated with longer patient survival times than tumors with high NF-κB expression 

using Kaplan-Meier statistics. These results indicate that these subgroups of tumors might 
benefit from NF-κB inhibition by chamomile compounds. 

https://kmplot.com/analysis/
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5. Conclusions 

In conclusion, this study highlights the significant therapeutic potential of chamomile 
compounds, specifically β-amyrin, lupeol, and quercetin, in addressing inflammation 
and cancer. Through a thorough investigation encompassing virtual screening, experi- 

mental assays, and proteomic analyses, we have demonstrated the inhibitory effects of 
these compounds on NF-κB signaling pathways and cytokine expression. Notably, our 

findings suggest that chamomile derivatives could serve as promising candidates for both 
preventive and adjunctive cancer therapies, particularly in overcoming drug resistance 

mechanisms. Moving forward, further research exploring the activity of the three com- 
pounds across all inflammation pathways and conducting clinical trials are essential. This 
would be beneficial to fully elucidate the clinical implications and therapeutic mechanisms 

of chamomile compounds, paving the way for the development of novel cancer treatments 
and personalized medicine approaches. 
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12 

Text Correction 13 

There was an error in the original publication [1]. A correction has been made to the  14 

Section Results, Sub-section 3.12. Cell Death Detection, the first two paragraphs of page. 15 

The correct terms “late apoptotic/necrotic” and “primary necrosis” have been added. Ad- 16 

ditionally, the percentage of late apoptotic/necrotic cells treated with 72 h quercetin  17 

4×IC50 and with 72 h lupeol 4×IC50 have been corrected. The corrected paragraph is as  18 

follows: 19 

“We investigated the mode of cell death in CCRF-CEM cells upon treatment with  20 

lupeol and quercetin for 72 h. The FITC-conjugated annexin V/PI assay was used to dis-  21 

tinguish between living, early apoptotic, late apoptotic/necrotic, and primary necrotic  22 

cells. Annexin V is usually detected in early and late apoptosis. However, PI staining de- 23 

tects cells in late apoptosis and necrosis. Figure 10 shows that both compounds signifi- 24 

cantly induced cell death compared to the negative control. Quercetin induced late apop- 25 

tosis/necrosis in 58.70% of cells at 4×IC50 (p = 0.002), while lupeol induced late apopto- 26 

sis/necrosis in 73.80% of cells (p = 0.001).” 27 

28 

A correction has been also made in the Section Discussion, page 27 (paragraph 4).  29 

The correct term “late apoptosis/necrosis” has been corrected. The corrected paragraph is  30 

as follows: 31 

“In this context, it was interesting that the cytotoxicity of both compounds in CCRF- 32 

CEM late apoptosis/necrosis. This might be a cell-type-specific effect as quercetin and lu- 33 

peol have been reported to induce either apoptosis or necrosis (or necroptosis) in different  34 

cell lines [119–124]. Because apoptosis is driven by the balance of pro- and anti-apoptotic 35 

proteins in specific signaling cascades, it is known that mutations in specific genes encod- 36 

ing these proteins confer resistance to apoptosis [125–128]. As a consequence, cytotoxic 37 

insults may overcome apoptosis resistance by other cell death modes [129].” 38 

39 

Figure/Table Legend 40 

In the original publication [1], there was a mistake in the legends for Figures 10. The 41 

measurement of apoptosis was added and the legends A/C to lupeol and B/D to quercetin 42 

have been changed and the correct term “late apoptosis/necrosis” has been added. The 43 

was a slight mistake in the gating. The correct legends appear below. 44 

45 

46 

47 

Journal Abbr. 2021, x, Firstpage–Lastpage. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/journalname 

As for the Figure 11 in the original publication, which presented Annexin V/PI staining 

results on GFP-transfected U2OS cells, is no longer considered valid. It was subsequently 

recognized that GFP fluorescence interfered with Annexin V-FITC detection, leading to 
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48 

49 

50 

51 

52 

53 

54 

55 

make this correction.  56 

“Figure 10. Detection of cell death in CCRF-CEM cells using flow cytometry and an- 57 

nexin-V/PI staining to measure apoptosis by flow cytometer. (A, B) Cells treated with 0.25 58 

× IC50, 0.5 × IC50, 1 × IC50, 2 × IC50, and 4 × IC50 of quercetin and lupeol, for 72 h. DMSO was 59 

used as negative control. (A) Cells treated lupeol and (B) cells treated with quercetin. Q1 60 

represents necrotic cells (−) annexin V/(+) PI; Q2 represents late apoptotic cells exhibiting 61 

annexin V (+)/PI (+); Q3 represents early apoptotic cells (+) annexin V/(−) PI; Q4 represents 62 

viable cells (−) annexin V/(−) PI. (C, D) Bar diagrams representing the percentages of cells 63 

in the different quadrants. (C) Effects of lupeol and (D) Effects of quercetin. The treatment 64 

of both compounds at increasing concentrations significantly enhanced the percentage of 65 

necrotic cells. *** p < 0.001, ** p < 0.01, and * p < 0.05 compared to the negative control using 66 

paired two-tailed t-test. The bar diagrams were created the calculation of the mean values 67 

± SD of three independent experiments.” 68 

“Figure 11. has been removed due to technical issues that rendered the data invalid. 69 

This correction does not affect the results or conclusions of the original article.” 70 

71 

The authors state that the scientific conclusions are unaffected. This correction was 72 

approved by the Academic Editor. The original publication has also been updated. 73 

74 

Error in Figure/Table 75 

In the original publication [1], there was a mistake in Figures 10 and 11 as published. 76 

The gating of the figure 10 has been correctly adjusted and figure 11 has been removed, 77 

as it was not critical to the main findings of the study and its removal does not impact the 78 

conclusions of the article. 79 

The corrected appears below. The authors state that the scientific conclusions are unaf- 80 

fected. This correction was approved by the Academic Editor. The original publication 81 

has also been updated. 82 

signal overlap and potentially incorrect interpretation of apoptosis data. As a result, Fig- 
ure 11 is being removed from the article. The corrected version of the paper will no longer 

include this figure. This correction does not affect the scientific conclusions of the study. 

The main findings remain unchanged, including: The IC₅₀ values for quercetin (89.6 µM) 
and lupeol (60 µM) in U2OS cells are relatively high, indicating moderate cytotoxicity, the 

apoptosis assay (Annexin V/PI) was less critical for this cell line. The cell cycle analysis 

clearly showed G₂/M arrest, further confirming the reliability of the cytotoxicity findings. 
The authors apologize for any inconvenience caused and appreciate the opportunity to 
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83 

Figure 10. Detection of cell death in CCRF-CEM cells using flow cytometry and annexin-V/PI stain- 84 

ing to measure apoptosis by flow cytometer. (A, B) Cells treated with 0.25 × IC50, 0.5 × IC50, 1 × IC50,  85 

2 × IC50, and 4 × IC50 of quercetin and lupeol, for 72 h. DMSO was used as negative control. (A) Cells 86 

treated lupeol and (B) cells treated with quercetin. Q1 represents primary necrotic cells (−) annexin 87 

V/(+) PI; Q2 represents late apoptotic/necrotic cells exhibiting annexin V (+)/PI (+); Q3 represents 88 

early apoptotic cells (+) annexin V/(−) PI; Q4 represents viable cells (−) annexin V/(−) PI. (C, D) Bar 89 

diagrams representing the percentages of cells in the different quadrants. (C) Effects of lupeol and  90 

(D) Effects of quercetin. The treatment of both compounds at increasing concentrations significantly 91 

enhanced the percentage of necrotic cells. *** p < 0.001, ** p < 0.01, and * p < 0.05 compared to the 92 

negative control using paired two-tailed t-test. The bar diagrams were created the calculation of the 93 

mean values ± SD of three independent experiments. 94 

95 

Figure 11. has been removed due to technical issues. This correction does not affect the results or 96 

conclusions of the original article 97 
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Abstract: The improvement of cancer chemotherapy remains a major challenge, and thus new drugs 

are urgently required to develop new treatment regimes. Curcumin, a polyphenolic antioxidant 

derived from the rhizome of turmeric (Curcuma longa L.), has undergone extensive preclinical in- 

vestigations and, thereby, displayed remarkable efficacy in vitro and in vivo against cancer and 

other disorders. However, pharmacological limitations of curcumin stimulated the synthesis of 

numerous novel curcumin analogs, which need to be evaluated for their therapeutic potential. In the 

present study, we calculated the binding affinities of 50 curcumin derivatives to known cancer-related 

target proteins of curcumin, i.e., epidermal growth factor receptor (EGFR) and nuclear factor κB 

(NF-κB) by using a molecular docking approach. The binding energies for EGFR were in a range  

of −12.12 (±0.21) to −7.34 (±0.07) kcal/mol and those for NF-κB ranged from −12.97 (±0.47) to 

−6.24 (±0.06) kcal/mol, indicating similar binding affinities of the curcumin compounds for both 

target proteins. The predicted receptor-ligand binding constants for EGFR and curcumin derivatives 

were in a range of 0.00013 (±0.00006) to 3.45 (±0.10) µM and for NF-κB in a range of 0.0004 (±0.0003) 

to 10.05 (±4.03) µM, indicating that the receptor-ligand binding was more stable for EGFR than for 

NF-κB. Twenty out of 50 curcumin compounds showed binding energies to NF-κB smaller than 

−10 kcal/mol, while curcumin as a lead compound revealed free binding energies of >−10 kcal/mol. 

Comparable data were obtained for EGFR: 15 out of 50 curcumin compounds were bound to EGFR 

with free binding energies of <−10 kcal/mol, while the binding affinity of curcumin itself was 

>−10 kcal/mol. This indicates that the derivatization of curcumin may indeed be a promising 

strategy to improve targe specificity and to obtain more effective anticancer drug candidates. The 

in silico results have been exemplarily validated using microscale thermophoresis. The bioactivity 

has been further investigated by using resazurin cell viability assay, lactate dehydrogenase assay, 

flow cytometric measurement of reactive oxygen species, and annexin V/propidium iodide assay. 

In conclusion, molecular docking represents a valuable approach to facilitate and speed up the 

identification of novel targeted curcumin-based drugs to treat cancer.  
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1. Introduction 

Cancer is currently one of the leading causes of death worldwide. Incidence and death 

rates are increasing for several types of cancer [1,2]. More than 21 million cancer incidences 
have been predicted to occur in the year 2025 (https://www.statista.com/statistics/1031 
316/new-cancer-cases-forecast-worldwide/; accessed on 1 March 2022). Many advances 

have been made in the early diagnosis and treatment of cancer. However, lowering cancer 
mortality rates still remains a vital challenge [3]. Cancer chemotherapy involves using 

natural or synthetic chemicals to prevent or suppress cancer growth. As a matter of fact, 

more than half of all available anticancer drugs are derivatives of natural products or are 
compounds that mimic the modes of action of natural products [4]. The advantages of 

phytochemicals are their lower toxicity profiles and their ability to target multiple signal- 
ing pathways that prevent the rapid development of drug resistance [ 5–7]. A number of 

phytochemicals are known to address cancer-related target proteins, such as the epider- 
mal growth factor receptor (EGFR) [8–11] or the nuclear factor-kappa B (NF-κB) [12–14] 
and others. 

Curcumin is a naturally occurring compound derived from the rhizomes of Curcuma 
longa L. As a member of the ginger family, it has been commonly used as a spice for food 

preservation as well as in folk medicine. It possesses a wide array of functional characteris - 

tics, including antioxidant and anti-inflammatory [15] as well as antiviral, antibacterial, and 
antifungal properties [16]. Curcumin has been extensively investigated for its cellular and 
molecular modes of action against cancer [17,18], diabetes [19], neurological ailments [20], 

and osteoarthritis [21], and even entered several clinical trials [22,23]. Curcumin inhibits 
cancer cell proliferation [24,25], DNA repair along the p53-p21/GADD45A-cyclin/CDK- 
Rb/E2F-DNMT1 axis [26,27], metastasis by the NF-κB/c-JUN/MMP pathway [28], and 

the CXC-chemokine/NF-κB signaling pathway [29–31] as well as angiogenesis by the 

protein kinase C/NF-κB/AP-1 pathway [32,33]. EGFR is upregulated in several tumor 
types, including lung and colorectal tumors making EGFR an exquisite therapeutic target. 

Curcumin targets EGFR in lung cancer [34,35] and colorectal carcinoma [36,37] types lead- 
ing to tumor cell killing. The transcription factor NF-κB is targeted by curcumin in a wide 

range of tumor types, including leukemia and lymphoma [38–42]. 
In contrast to conventional anticancer drugs that often exert severe side effects such as 

myelosuppression, mucositis, alopecia, nausea, vomiting, and others, curcumin displays 
only minimal toxicity [43–45]. However, the poor bioavailability of curcumin represents 
a major disadvantage for its clinical application [46]. Many efforts have been undertaken 
to improve its bioavailability using a variety of approaches, including innovative drug 

delivery systems (nanoparticles, liposomes, phospholipids, etc.) as well as the development 
of novel synthetic curcumin derivatives [47–51]. By synthesizing chemical libraries of 
curcumin derivatives and subjecting them to biological scrutiny, compounds with improved 

pharmacological features may be yielded.  

Our study focuses on curcumin and a total of 50 curcumin compounds that were either 
reported by us [17] or mined in the PubChem database (https://pubchem.ncbi.nlm.nih.gov; 

accessed on 31 October 2021). We attempted to predict their activity using an in silico 
molecular docking approach. For this reason, we calculated the binding energies of these 

derivatives to two cancer-related proteins, i.e., EGFR and NF-κB. These proteins have been 

previously described as target proteins of curcumin [52]. 

The epidermal growth factor receptor (EGFR) is a tyrosine kinase in the cell membrane 
of many tumor types. This transmembrane receptor belongs to a gene family with three 
other members (HER2-4). The binding of extracellular ligands, i.e., epidermal growth factor 

(EGF) and transforming growth factor (TGFα), leads to dimerization, autophosphorylation, 

https://www.statista.com/statistics/1031316/new-cancer-cases-forecast-worldwide/
https://www.statista.com/statistics/1031316/new-cancer-cases-forecast-worldwide/
https://pubchem.ncbi.nlm.nih.gov/
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and downstream activation of signal transduction pathways.  This ultimately leads to 
carcinogenesis, cell growth, metastasis, and inhibition of apoptosis [53], as well as the 
development of resistance to cytotoxic chemotherapy and radiotherapy [ 54]. Targeted 
therapies with small molecules (e.g., erlotinib, gefitinib, afatinib) or monoclonal antibodies 

(e.g., cetuximab, panitumumab) have significantly improved the treatment outcome of 
innumerable patients [55]. However, resistance to these targeted drugs has been emerg- 
ing [56,57]. Thus, the search for new EGFR inhibitors has to continue [58]. In this context, 

phytochemicals gained interest as novel lead compounds [59]. 
The nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells (NF-κB) is a tran- 

scription factor that binds to specific DNA sequences (the 10 bp long κB motif) and thereby 

regulates the expression of downstream genes. This primarily involves genes that control 
the immune response, inflammation, cell proliferation, and apoptosis [60,61]. Since NF-κB 
activation is important for cancer development and progression [62], this transcription 
factor has become a target molecule for new drug development [63,64]. Phytochemicals 

represent an important reservoir for the identification of NF-κB inhibitors in cancer [65–67]. 
Interestingly, EGFR and NF-κB cooperate in tumor cells, amplifying their oncogenic sig- 

nals [68]. Therefore, it is particularly useful to investigate inhibitors that inhibit both 

cancer-related proteins simultaneously to achieve a more effective antitumor effect. 
The concept of the present investigation was to identify curcumin derivatives with better 

binding affinities to EGFR and NF-κB to improve tumor specificity and reduce side effects on 

normal organs. To validate the molecular docking data, we exemplarily tested the inhibitory 
effect of curcumin and two of the derivatives investigated by western blot experiments with 
these four proteins towards EGFR and NF-κB. Our results support the concept that novel 

synthetic curcumin derivatives with improved specificity to important cancer-related targets 
could be identified by combined in silico–in vitro drug screening approaches. 

2. Results 

2.1. Molecular Docking 

We first performed molecular docking of 50 curcumin compounds (Figure S1) mined 

from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/; accessed on 31 Octo- 

ber 2021) against EGFR and NF-κB. We intended to predict the potential activity of the 
synthetic derivatives by calculating their in silico binding activities to these proteins. It is 
noteworthy that the synthetic curcumin derivatives showed low binding energy values 

(i.e., higher affinities) to both target proteins.  

The binding energies for EGFR were in a range of −12.12 (±0.21) to −7.34 (±0.07) 
kcal/mol and those for NF-κB ranged from −12.97 (±0.47) to −6.24 (±0.06) kcal/mol, 

indicating similar binding affinities of the curcumin compounds for both target proteins 
(Table 1). Molecular dockings of curcumin and two selected curcumin derivatives to EGFR 
are shown in Figure 1. The three compounds were bound to the same domain but with 
different amino acids within this pharmacophore.  

The predicted receptor-ligand binding constants for EGFR and curcumin derivatives 
were in a range of 0.00013 (±00.0006) to 3.45 (±0.10) µM and for NF-κB in a range of 0.0004 

(±0.0003) to 10.05 (±4.03) µM, indicating that the receptor-ligand binding was more stable 

for EGFR than for NF-κB (Table 1). Molecular dockings of curcumin and two selected 

curcumin derivatives to NF-κB are shown in Figure 2. Like EGFR, the three compounds 

were bound to the same domain of NF-κB. 

https://pubchem.ncbi.nlm.nih.gov/
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Figure 1. Molecular docking of curcumin-type compounds to EGFR. Top: The compounds were 

bound to the same domain of EGFR. Bottom: curcumin, N-(3-nitrophenylpyrazole) curcumin, and 

the derivative 1A9 were bound to different amino acids in this domain. The red circle indicates the 

binding site of the three compounds.  

 

Figure 2. Molecular docking of curcumin-type compounds to NF-κB. Top: The compounds were 

bound to the same domain of EGFR. Bottom: curcumin, N-(3-nitrophenylpyrazole) curcumin, and 

the derivative 1A9 were bound to different amino acids in this domain. The red circle indicates the 

binding site of the three compounds.  
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Table 1. Mean binding energies and predicted binding constants were obtained by molecular docking 

for 50 curcumin compounds.  Dockings were independently carried out three times with every 

250,000 runs (mean values ± SD). 
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1,6-diene-3,5-dione) 

3,5-dione) 

As a next step, we correlated the binding energies of the compounds for EGFR and 
NF-κB. By using Pearson correlation test, we found statistically significant relationships 

between binding energies and predicted inhibition constants of EGFR (p = 2.73 × 10−9; 
r = 0.715) and of (p = 4.39 × 10−7; r = 0.631) as well as of binding energies between EGFR and 
NF-κB (p = 4.32 × 10−5; r = 0.526) and predicted binding energies between both proteins 

(p = 2.53 × 10−8; r = 0.682). These results indicate that there may be a relationship between 
the “druggability” of the compounds being EGFR or NF-κB inhibitors. Compounds that 

were better bound to EGFR also showed a significant relationship to better bind to NF-κB 
and vice versa (Figure 3). 

1  Curcumin −9.42 ± 0.09 0.13 ± 0.02 −8.38 ± 0.16 0.73 ± 0.21 
2  Bisdemethoxycurcumin −8.51 ± 0.02 0.58 ± 0.02 −7.96 ± 0.05 1.46 ± 0.11 
3  Diacetylcurcumin −10.72 ± 0.49 0.02 ± 0.02 −9.67 ± 0.26 0.09 ± 0.04 
4  [18 FP]-curcumin −8.70 ± 0.21 0.43 ± 0.14 −9.01 ± 0.07 0.25 ± 0.03 
5  Monodemethoxycurcumin −9.04 ± 0.06 0.24 ± 0.02 −8.07 ± 0.10 1.23 ± 0.20 
6  (E,E)-Bis(2-hydroxybenzylidene)acetone −7.95 ± 0.01 1.49 ± 0.04 −7.21 ± 0.06 5.19 ± 0.50 
7  Curcumin monoglucoside −9.72 ± 0.76 0.11 ± 0.11 −9.57 ± 0.34 0.11 ± 0.06 
8  Di-O-(2-thienoyl) curcumin −11.71 ± 0.26 0.003 ± 0.002 −10.71 ± 0.17 0.01 ± <0.01 
9  Cis-curcumin −9.07 ± 0.30 0.24 ± 0.10 −8.81 ± 0.33 0.39 ± 0.21 
10 Curcumin diglucoside −9.10 ± 0.99 0.39 ± 0.35 −10.35 ± 0.35 0.03 ± 0.02 
11 Tetrahydrocurcumin −9.13 ± 0.17 0.21 ± 0.06 −8.28 ± 0.21 0.90 ± 0.34 
12 Allyl curcumin −10.07 ± 0.07 0.04 ± 0.01 −9.15 ± 0.04 0.20 ± 0.01 
13 Monodemethylcurcumin −9.96 ± 0.10 0.05 ± 0.01 −8.16 ± 0.56 0.59 ± 0.12 
14 Didemethylcurcumin −9.90 ± 0.07 0.06 ± 0.01 −8.71 ± 0.25 0.49 ± 0.18 
15  Curcumin-4′ -O-β-D-gentiotrioside −7.85 ± 0,59 3.11 ± 0.23 −7.51 ± 0.37 3.47 ± 2.05 
16 4-Benzylidene curcumin −10.62 ± 0.72 0.03 ± 0.03 −9.10 ± 0.10 0.21 ± 0.04 
17 Monoglycinoyl curcumin −12.12 ± 0.21 0.0013 ± 0.0006 −10.07 ± 0.08 0.04 ± 0.01 
18 Ethyl curcumin −10.09 ± 0.11 0.04 ± 0.01 −9.23 ± 0.05 0.17 ± 0.01 
19 Curcumin dimer 1 −11.64 ± 0.56 0.004 ± 0.003 −11.11 ± 0.65 0.01 ± 0.01 
20 N-phenylpyrazole  curcumin −8.63 ± 0.19 0.49 ± 0.14 −8.81 ± 0.01 0.35 ± 0.01 
21 Curcumin β-D-glucuronide −10.36 ± 0.19 0.04 ± 0.02 −10.07 ± 0.36 0.05 ± 0.03 
22 3,4-Difluorobenzylidene curcumin −10.08 ± 0.13 0.04 ± 0.01 −9.30 ± 0.07 0.15 ± 0.02 
23 Di-O-(2-hydroxyethyl) curcumin −9.60 ± 0.27 0.10 ± 0.05 −8.97 ± 0.55 0.35 ± 0.27 
24 4-(4-hydroxybenzylidene) curcumin −10.55 ± 0.12 0.02 ± <0.01 −8.98 ± 0.04 0.26 ± 0.02 
25 N-(3-nitrophenylpyrazole) curcumin −10.50 ± 0.02 0.02 ± <0.01 −9.57 ± 0.01 0.097 ± <0.01 
26 N-(4-flurophenylpyrazole) curcumin −8.46 ± 0.19 0.65 ± 0.19 −8.81 ± 0.09 0.35 ± 0.06 
27 N-(4-methoxyphenylpyrazole) curcumin −8.49 ± 0.04 0.60 ± 0.03 −8.95 ± 0.11 0.28 ± 0.05 
28 Di-O-chloropropionylethyl curcumin −10.92 ± 0.25 0.01 ± <0.01 −10.36 ± 0.59 0.03 ± 0.02 
29 Curcumin tri-adamantylaniniethylcarbonate −10.75 ± 0.23 0.01 ± 0.01 −12.97 ± 0.47 0.0004 ± 0.0003 
30 Curcumin dimer 2 −11.08 ± 0.24 0.01 ± <0.01 −12.05 ± 0.46 0.002 ± 0.001 
31 Curcumin tri-trithiadiazolaminoethylcarbonate −10.35 ± 0.55 0.03 ± 0.02 −10.97 ± 0.53 0.01 ± 0.01 
32 4-(4-hydroxy-3-methoxybenzylidene) curcumin −11.44 ± 0.16 0.004 ± 0.002 −10.97 ± 0.53 0.01 ± 0.01 
33 Curcumin-β-D-glucuronide triacetate methyl ester −10.06 ± 0.79 0.07 ± 0.06 −10.35 ± 0.35 0.03 ± 0.02 
34 Curcumin 4′ -O-β-D-gentiobiosyl  4”-O-β-D-glucoside −9.54 ± 0.25 0.11 ± 0.05 −10.23 ± 0.59 0.04 ± 0.04 
35 Tetrahydrocurcumin isoxazole −9.43 ± 0.20 0.13 ± 0.04 −8.60 ± 0.41 0.57 ± 0.32 
36 Hexahydrocurcumin −9.25 ± 0.11 0.17 ± 0.03 −8.41 ± 0.27 0.73 ± 0.35 
37 Bisdemethoxycurcumin isoxazole −7.45 ± 0.01 3.45 ± 0.10 −7.55 ± 0.10 2.96 ± 0.47 
38 Curcumin dimer 3 −10.28 ± 0.22 0.03 ± 0.01 −10.50 ± 0.77 0.01 ± 0.01 
39 Curcumin ED −9.59 ± 0.08 0.10 ± 0.02 −8.69 ± 0.14 0.43 ± 0.10 
40 Curcumin PE −9.24 ± 0.12 0.17 ± 0.03 −8.22 ± 0.22 0.99 ± 0.33 
41 Curcumin sulfate −9.31 ± 0.16 0.15 ± 0.04 −9.84 ± 0.08 0.06 ± 0.01 
42 Ferrocenyl curcumin −8.34 ± 0.22 0.80 ± 0.29 −7.10 ± 0.33 6.87 ± 3.92 
43 Di-O-deconyl  curcumin −10.57 ± 0.17 0.01 ± <0.01 −11.58 ± 0.85 0.02 ± 0.01 

44 
GNF-pf-2695 ((2E,5E)-2,5-bis[(3,4,5-trimethoxyphenyl) 
methylidene]cyclopentan-1-one) 

−7.34 ± 0.07 4.22 ± 0.51 −7.56 ± 0.15 2.93 ± 0.78 

45 Perfluoro curcumin −7.55 ± 0.19 3.03 ± 0.86 −6.86 ± 0.28 10.05 ± 4.03 
46 Keto-curcumin −9.89 ± 0.41 0.07 ± 0.04 −8.78 ± 0.15 0.37 ± 0.09 
47 Disalicyloyl  curcumin 

HO-3867  (3E,5E)-3,5-bis[(4-fluorophenyl)methylidene]-1- 
48 [(1-hydroxy-2,2,5,5-tetramethylpyrrol-3- 

−7.67 ± 0.58 

−9.73 ± 0.03 

0.02 ± 0.02 

0.07 ± <0.01 

−6.24 ± 0.06 

−7.79 ± 0.10 

26.77 ± 3.36 

1.96 ± 0.33 
yl)methyl]piperidin-4-one)     

49 1A6 ((1E,6E)-4-chloro-1,7-bis(3,4-dimethoxyphenyl)hepta- 
−8.94 ± 0.06 0.28 ± 0.03 −8.28 ± 0.21 0.90 ± 0.34  

50 1A9 ((1E,6E)-4-chloro-1,7-di(1H-indol-3-yl)hepta-1,6-diene- 
−9.57 ± 0.02 0.10 ± 0.03 −8.51 ± 0.11 0.58 ± <0.01  
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Figure 3. Correlation of binding energies (kcal/mol) and predicted inhibition constants (pKi, µM) of 

50 curcumin compounds were calculated using the Pearson correlation test. Correlation of binding 

energies and pKi values for (A) EGFR and (B) NF-κB. Correlation of (C) binding energies or (D) pKi 

values between EGFR and NF-κB. 

2.2. Microscale Thermophoresis 

To verify the in silico predictions, we performed microscale thermophoresis. This is 
a biophysical assay to study the interactions between chemical ligands and their target 

proteins. For this reason, we used recombinant EGFR and NF-κB and assayed them 
with curcumin, N-(3-nitrophenylpyrazole) curcumin, and curcumin derivative 1A9. The 

equilibrium constants (KD) indicate that the three curcumin-type compounds were bound 
to EGFR and NF-κB (Figure 4). 
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Figure 4. Analysis of the interaction between curcumin derivatives with recombinant EGFR and 

NF-κB by microscale thermophoresis (MST). The recombinant proteins were used at a concentration 

of 200 nM, while the concentration of curcumin, N-(3-nitrophenylpyrazole) curcumin, and the 

curcumin derivative 1A9 ranged from 100 to 100,000 nM. The migration of the fluorescent proteins 

was determined upon local heating using a Monolith NT.115Pico with 40% LED power and 80% MST 

power for EGFR and with 20% LED power and 20% MST power for NF -κB at room temperature.  

2.3. Resazurin Assay 

To study the effect of selected compounds on cell viability, we treated human CCRF- 

CEM leukemia and human A549 lung cancer cells with curcumin, N-(3-nitrophenylpyrazole) 

curcumin, and the curcumin derivative 1A9. CCRF-CEM and A549 cells were chosen as 
examples of hematopoietic and solid tumor cells.  Peripheral blood mononuclear cells 
(PBMCs) were isolated from a healthy subject to compare the inhibitory effects of the 
curcumin compounds between tumor and normal cells.  As shown in Figure 5, all three 
compounds inhibited the viability of CCRF-CEM and A549 cells in a dose-dependent man- 
ner, while normal PBMCs were not or only minimally inhibited. The dose-response curves 
were taken to calculate the 50% inhibition concentrations (IC50). CCRF-CEM leukemia cells 
were about one order of magnitude more sensitive to the compounds than A549 cells and 

N-(3-nitrophenylpyrazole) curcumin revealed a higher inhibitory activity than the other 

two compounds (Table 2). 

 
Table 2. IC50 values of CCRF-CEM leukemia and A549 lung carcinoma cells treated with curcumin, 

1A9, and N-(3-nitrophenylpyrazole) curcumin as determined by the resazurin assay. The IC50 values 

(µM) were calculated from the dose-response curves shown in Figure 5. DMSO was used as vehicle 

control. Mean ± SD of three independent measurements. 
 

Compounds 

Cells 
 Curcumin N-(3-Nitrophenylpyrazole) Curcumin 1A9 

CCRF-CEM 3.0 ± 0.4 1.9 ± 0.4 2.6 ± 0.3 
A549 29.4 ± 1.9 18.9 ± 1.4 23.3 ± 1.2 

PBMC >100 >100 >100 
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Figure 5. Cell viability dose-response curves of CCRF-CEM leukemia cells, A549 lung car- 

cinoma cells,  and healthy peripheral blood mononuclear cells treated with curcumin, 1A9, 

and N-(3-nitrophenylpyrazole) curcumin as determined by the resazurin assay. Cells were incubated 

with concentrations from 10−3 to 100 µM and incubated at 37 ◦C for 72 h. DMSO was used as vehicle 

control. Mean ± SD of three independent measurements.  

 

2.4. LDH Assay 

To assess the cytotoxicity, the LDH cell death assay was performed that measures 

the release of LDH from cells due to membrane damage. As shown in Figure 6, all three 

curcumin-type compounds led to a dose-dependent LDH release in a concentration range 
of 0.01 to 10 µM in CCRF-CEM leukemia cells. Only negligible LDH release was found in 

healthy peripheral blood mononuclear cells, indicating tumor-specific cytotoxic effects of 

the three curcumin compounds. 

 

Figure 6. Cytotoxicity in CCRF-CEM leukemia cells (left) and peripheral blood mononuclear cells 

(PBMCs) of a healthy donor (right) by curcumin, 1A9, and N-(3-nitrophenylpyrazole) curcumin as 

determined by the release of lactate dehydrogenase. Cells were incubated with concentrations from 

0.01 to 10 µM and incubated at 37 ◦C for 48 h. DMSO was used as vehicle control. Mean ± SD of 

three independent measurements. 

2.5. ROS Assay 

The generation of reactive oxygen species (ROS) upon exposure of CCRF-CEM cells 

with N-(3-nitrophenylpyrazole) curcumin or 1A9 was compared with the ROS generation 

by curcumin. As shown in Figure 7, dose-dependent effects were observed with 0.5×, 1×, 
and 2× IC50 concentrations of these three compounds. The strongest ROS generation was 

measured with 1A9, the lowest one with N-(3-nitrophenylpyrazole) curcumin. Curcumin 
produced intermediate ROS amounts. 
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Figure 7. Generation of reactive oxygen species in CCRF-CEM cells by curcumin, N-(3-nitropheny- 

lpyrazole) curcumin, and 1A9. Cells were incubated with 0.5×, 1×, 2×, or 4× IC50 and incubated at 

37 ◦C for 24 h. DMSO was used as vehicle control. Mean ± SD of three independent measurements.  

2.6. Annexin/PI Assay 

The induction of early and late apoptosis by the three curcumin compounds was 
determined by the annexin V/propidium iodide assay and flow cytometry. Incubation 

of CCRF-CEM cells at 37 ◦C for 24 h showed clear dose-dependent induction either of 

early or late apoptosis in a concentration range from 0.5× to 4× IC50 (Figure 8). The 
effects of 1A9 were even stronger: the highest fraction of apoptotic cells was observed 
already at the lowest concentration of 0.5× IC50. Higher concentrations led to a decrease 
in early apoptotic cells and an increase in late apoptotic cells, indicating a concentration- 

dependent switch from early to late apoptosis upon exposure with 1A9 at 37 ◦C for 24 h 
(Figure 8). Although N-(3-nitrophenylpyrazole) curcumin was cytotoxic in the LDH assay 

and inhibited viability in the resazurin assay, it did not induce early or late apoptosis after 

24 h incubation (Figure 8). Even after prolonged incubation at 37 ◦C for 48 or 72 h, N-(3- 

nitrophenylpyrazole) curcumin did not induce apoptosis (Figure 9). The low percentages 
of apoptosis cells did not exceed the low rates of spontaneous apoptosis in DMSO-treated 
control cells. 
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Figure 8. Induction of apoptosis in CCRF-CEM cells upon exposure at 37 ◦C for 24 h with curcumin, 

N-(3-nitrophenylpyrazole) curcumin, and 1A9 as determined by the annexin V/propidium iodide 

assay and flow cytometry. Cells were incubated with 0.5×, 1×, 2×, or 4× IC50. DMSO was used as 

vehicle control. Mean ± SD of three independent measurements. 

 

Figure 9. Cont. 
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Figure 9. Induction of apoptosis in CCRF-CEM cells upon exposure at 37 ◦C for 48 or 72 h with 

N-(3-nitrophenylpyrazole) curcumin as determined by the annexin V/propidium iodide assay and 

flow cytometry. Cells were incubated with 0.5×, 1×, 2×, or 4× IC50 N-(3-nitrophenylpyrazole) 

curcumin. Positive control: curcumin (4× IC5 0); negative control: DMSO. Mean ± SD of three 

independent measurements. 

3. Discussion 

In the present study, we investigated the in silico binding affinities of a total of 

50 curcumin compounds to EGFR and NF-κB. The aim was to find novel derivatives with 

improved binding properties to these two cancer-related proteins as a starting point to 
develop curcumin-based drugs with improved pharmacological features.  

EGFR plays a central role in the pathogenesis and progression of different carcinoma  

types. EGFR is overexpressed in many human carcinomas and is also involved in devel- 
oping resistance to chemotherapy [54,56]. On average, 50–70% of lung, colon, and breast 
carcinoma express EGFR [69]. Inhibition of EGFR phosphorylation is caused by directly 

inhibitor effects of curcumin on the tyrosine kinase activity of EGFR as well as by curcumin- 
induced alterations of the physical plasma membrane properties influencing receptor 
dimerization [70]. Additionally, curcumin downregulated EGFR protein expression [36]. 

From previous investigations on the activity of curcumin derivatives towards EGFR [71], 
it is known that substitutions on the phenyl rings affected the extent of EGFR down- 
regulation. Moreover, methoxy or hydroxy substituents increased the compounds’ activity, 
while other alkyloxy groups did not.  The activity was, in general, not influenced by 

methoxy, hydroxy, or halogen groups. Remarkably, N-(3-nitrophenylpyrazole) curcumin 

was bound better to EGFR than the halogenated curcumin derivatives investigated in this 
study, including difluorinated curcumin that is frequently described in the literature as a 
promising drug candidate for further drug development [72]. 

NF-κB regulates the expression of genes involved in many processes that play a key 
role in cancer biology, such as proliferation, migration, and apoptosis. NF-κB influences 

the expression of genes that are involved in a large number of physiological processes, 
including immune response, cell survival, differentiation, and proliferation. Curcumin has 

been described as a potent inhibitor of NF-κB activation [73]. Twenty out of 50 curcumin 

compounds showed binding energies to NF-κB smaller than −10 kcal/mol, while curcumin 
as a lead compound revealed free binding energies of >−10 kcal/mol. Comparable data 
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were obtained for EGFR: 15 out of 50 curcumin compounds were bound to EGFR with 
free binding energies of <−10 kcal/mol, while the binding affinity of curcumin itself  

was >−10 kcal/mol. This indicates that the derivatization of curcumin may indeed be 
a promising strategy to improve targe specificity and to obtain more effective anticancer 
drug candidates. 

Even though N-(3-nitrophenylpyrazole) curcumin was bound to EGFR and NF- κB, it 
inhibited cell viability (as shown by the resazurin assay) and was cytotoxic (as shown by 

the LDH assay) in a comparable manner as curcumin and 1A9, N-(3-nitrophenylpyrazole) 
curcumin did not induce ROS generation and did not induce apoptosis. This indicates that 
different curcumin derivatives may activate different downstream mechanisms despite 

identical upstream targets (EGFR, NF-κB). N-(3-nitrophenylpyrazole) curcumin apparently 
induced a ROS-independent non-apoptotic pathway of cell death. This is a novel finding 
that may have important therapeutic implications. It  is well-known that tumor cells with 

defective apoptotic regulation exert resistance to the induction of cell death, resulting in 

tumor progression and resistance to anticancer drugs [74,75]. Having cytotoxic drugs at 
hand, such as N-(3-nitrophenylpyrazole) curcumin, may allow one to bypass apoptosis 
resistance and kill otherwise apoptosis-resistant tumors. It is now well-known that a 

plethora of different cell death mechanisms can be operative in tumor cells [ 76,77]. It is 

beyond the scope of the present investigation to clarify which alternative mechanisms of 
cell death are responsible for the cytotoxic activity of N-(3-nitrophenylpyrazole) curcumin. 

We will address this issue in the future.  

4. Materials and Methods 

4.1. Chemicals 

Chemical structures for in silico analyses were downloaded from PubChem (https: 
//pubchem.ncbi.nlm.nih.gov/; accessed on 31 October 2021). Curcumin and DMSO were  
of analytical grade and purchased from Sigma-Aldrich (Taufkirchen, Germany). The cur- 

cumin derivative 1A9 was synthesized as recently reported [17]. N-(3-nitrophenylpyrazole) 

curcumin was provided by Dr. Fadhil S. Kamounah (Department of Chemistry, University 
of Copenhagen, Denmark). Stock solutions (50 mM) were prepared in DMSO, stored at 

−20 ◦C, and diluted to the final concentration in fresh media before each experiment. The 
chemical structures of 50 curcumin compounds are shown in Supplementary Figure S1.  

4.2. Docking 

The X-ray crystallography-based three-dimensional protein structures of EGFR and 
NF-κB (PDB codes 1M17 and IVKX, respectively) were obtained from the RCSB Protein 

Data Bank (http://www.rcsb.org/pdb/home/home.do; accessed on 31 October 2021) 

and used as docking templates throughout the calculations. Two-dimensional structures 
of curcumin and its derivatives were energy-minimized and converted to 3D structures 
compatible for docking operation using the Chem 3D program. Molecular docking was 

then carried out with the AutoDock program 4.2.6 (The Scripps Research Institute, La Jolla, 
CA, USA) following a previously reported protocol [78,79]. Docking parameters were set 

to 250 runs and 250,000 energy evaluations for each cycle. Three independent cycles were 

performed, resulting in a total number of 750,000 calculations per compound and target 
protein. VMD (Visual Molecular Dynamics, Visual Molecular Dynamics, http://www.ks. 
uiuc.edu/Research/vmd/; accessed on 31 October 2021) was used as a visualization tool 

to illustrate further the binding modes obtained from docking.  

4.3. Microscale Thermophoresis 

In vitro protein binding assays were performed to validate the in silico interaction 

between EGFR and NF-κB). The recombinant proteins were obtained from commercial 

sources (EGFR cat. No. 10001-H08H, NF-κB cat. No. 12054-H09E, Sino Biological Eu- 
rope GmbH, Eschborn, Germany). The proteins were labeled according to the Monolith™ 

NT.115 Protein Labeling Kit RED-NHS (NanoTemper Technologies GmbH, Munich, Ger- 

https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
http://www.rcsb.org/pdb/home/home.do
http://www.ks.uiuc.edu/Research/vmd/
http://www.ks.uiuc.edu/Research/vmd/
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many). Varying concentrations of curcumin, N-(3-phenylpyrazole) curcumin, and the 
curcumin derivative 1A9 ranging from 100 to 100,000 nM were titrated with labeled EGFR 
or NF-κB. As previously described, the experiments were carried out using standard cap- 

illaries in the NanoTemper Monolith™  NT (NanoTemper Technologies GmbH, Munich, 
Germany) [80,81]. Microscale thermophoresis (MST) was performed with 40% LED power 
and 80% MST power for the labeled EGFR and with 20% LED power and 20% MST power 

for the labeled NF-κB. 

4.4. Cell Culture 

The A549 lung cancer cell line was obtained from the German Cancer Research Cen- 

ter (DKFZ, Heidelberg, Germany). The original source of the cell lines is the American 
Type Culture Collection (ATCC, Manassas, VA, USA). The cells were cultivated in a com - 
pleted DMEM culture medium with GlutaMAX (Invitrogen, Germany) supplemented with 
10% fetal bovine serum, l-glutamine (2 mM), and 1% of a 10,000 U/mL penicillin G and 

10 mg/mL streptomycin at 37 ◦C in a humidified air incubator (95%) containing 5% CO2. 
All experiments were performed on cells in the logarithmic growth phase. CCRF-CEM cells 
were a gift from Dr. Axel Sauerbrey (University Hospital for Pediatrics, Univerity of Jena, 

Germany) and maintained in an RPMI medium supplemented with fetal bovine serum, 
glutamine, and penicillin as described above.  

Peripheral blood from healthy donors was obtained from Transfusion Center (Univer- 

sity Medical Center, Johannes Gutenberg University Mainz, Mainz, Germany). Human 
peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifu- 

gation using Histopaque-1077® (Sigma-Aldrich Co. LLC, Darmstadt, Germany), strictly 

following the manufacturer’s instructions. Isolated PBMCs were resuspended in warm 
Panserin 413 medium (PAN-Biotech, Aidenbach, Germany) supplemented with 2% phyto- 
hemagglutinin M (PHA-M, Life Technologies, Darmstadt, Germany) and then immediately 
used for experimentation. 

4.5. Resazurin Cell Viability Assay 

Viable cells reduce the non-fluorescent resazurin to the strongly-fluorescent resorufin. 

Suspension cells (1 × 104 cells/well) or adherent cells (5 × 103 cells/well, incubated 
overnight to allow attachment) were seeded in 96-well plates at a volume of 100 µL. 

Varying concentrations of curcumin, 1A9, or N-(3-nitrophenylpyrazole) curcumin were 

added to reach a total volume of 200 µL. After 72 h, 20 µL of 0.01% w/v resazurin (Sigma- 
Aldrich) was added to each well, and cells were incubated for another 4 h at 37 ◦C. The 
fluorescence of resorufin was measured at 544 nm (excitation) and 590 nm (emission) using 
an Infinite M2000 Pro™  plate reader (Tecan, Crailsheim, Germany). Each experiment was 

independently performed three times with six parallel measurements each. The effects 
on cell viability were assessed according to the percentage of untreated control and 50% 
inhibition concentrations (IC50) were calculated from dose-response curves using GraphPad 

Prism® v6.0 software (GraphPad Software Inc., San Diego, CA, USA).  

4.6. Lactate Dehydrogenase (LDH) Assay 

The LDH release from the cells was determined using an LDH-cytotoxicity assay 
kit (catalog no. ab65393, Abcam, Berlin, Germany).  CEM/CCRF leukemia cells and 

peripheral blood mononuclear cells (PBMCs) were seeded in 96-well plates at a density 

of 4 × 104 cells/well. Varying concentrations ranging from 0.01 to 10 µM of curcumin, 
N-(3-nitrophenylpyrazole) curcumin, or 1A9 were added to the cells and incubated for 
48 h. At the end of the incubation period, the plates were gently shaken to ensure LDH was 

evenly distributed in the culture medium. Afterward, cells were precipitated at 600× g for 

10 min and 10 µL/well of the clear supernatant medium were transferred to optically clear 
96-well plates. The LDH reaction mix (100 µL/well) was added and incubated for 30 min 
at room temperature. The absorbance of LDH was measured with an Infinite M2000 Pro™ 

plate reader (Tecan, Crailsheim, Germany) using a 450 (440–490) nm filter. 
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4.7. Reactive Oxygen Species (ROS) Detection Assay 

Intracellular reactive oxygen species (ROS) were determined using the cellular reactive 
oxygen species detection assay kit (catalog No. ab186027, Abcam, Berlin, Germany). Briefly, 

4 × 104 CEM/CCRF leukemia cells/well were seeded in 96-well plates and incubated 
with 100 µL/well of ROS red working solution for 1 h in an incubator at 37 ◦C in a 5% 
CO2 atmosphere. Afterward, cells were treated with curcumin, N-(3-nitrophenylpyrazole) 

curcumin, or 1A9. For each compound, varying concentrations (0.5× IC50, IC50, 2× IC50) 

were used. After incubation for 24 h, the ROS induction was monitored at Ex/Em = 520/605 
nm using an Infinite M2000 Pro™ plate reader (Tecan, Crailsheim, Germany). 

4.8. Annexin V/Propidium Iodide (PI) Assay 

CCRF-CEM cells (1 × 106 cells/mL) were seeded in 6-well plates and different concen- 

trations of curcumin, 1A9, or N-(3-nitrophenylpyrazole) curcumin (0.5×, 1×, 2×, 4× IC50) 

were applied at 37 ◦C for 24 h. The cells were washed and re-suspended in 1 mL cold PBS 
and 500 µL 1× binding buffer, respectively, followed by incubation with 5 µL annexin V/PI 

and 10 µL of PE (50 mg/mL) (Thermo Fisher Scientific, Dreieich, Germany) in the dark 
for 15 min. The histograms were measured using an Accuri C6 flow cytometer (Becton 

Dickinson, Heidelberg, Germany). Four different cell populations were determined: viable 
cells, annexin V positive/PI negative cells (cells that are in early apoptosis), annexin V 
negative/PI-positive cells (cells that are necrotic), and annexin V positive/PI-positive cells 

(cells that are in late apoptosis or already dead).  

5. Conclusions 

In conclusion, we speculated that synthetic derivatives bear potential for cancer 
treatment, especially as EGFR inhibitors. Some synthetic derivatives are bound to and 
inhibit their target proteins in a comparable or even better manner than their parent lead 

compound, curcumin. The chemistry of curcumins is a fascinating area of research. It 
should be kept in mind that curcumin is not only active against cancer but also against 
many diseases such as metabolic syndrome, ulcerative colitis and inflammatory diseases in 
general, neurodegenerative diseases, infectious diseases, etc. [82–86]. It is well in the scope 

of expectations that some of the curcumin derivatives described in the present study may 
also be valuable drug candidates for other diseases than cancer. We believe they may be 
valuable candidates in the further drug discovery process. 
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