
Editor's comments: 

1. Materials and methods: Please provide the product numbers (catalog numbers) of the main 

chemicals and reagents. 

Response: we corrected them in line 141, 146, 148, 174, 179. 

 

2. Results: A full statistical report is required for each dataset. Please provide the relevant test 

statistics and exact p-values supporting every statement regarding statistical significance. For 

detailed statistical reporting requirements, please refer to the Submission guidelines and the 

following article: https://link.springer.com/article/10.1007/s43440-020-00110-5#Sec6 

Response: We have provided full statistical reporting, including the name of the statistical test, 

exact p values for every statement of statistical significance throughout the Results section, 

figure legends, and Table 1, 

 

3. Figure and table captions: 

- Please define all abbreviations, symbols, and acronyms used in each figure and table; 

- Please include the names of the statistical tests used for the analyses, where applicable; 

- Please ensure that the information is presented in the same order and style in all figure and 

table captions. 

Response: We have provided them. 

 

4. Please provide the ORCID IDs of all authors. 

Response: We have provided them. 

 

5. Keywords should not be capitalized. 

Response: we corrected them in line 75. 

 

6. Please include an overall list of abbreviations used in the manuscript, arranged alphabetically. 

Response: we have provided it in line 518. 

 

7. For SEM, please do not use periods. 

Response: we corrected them. 

 

https://link.springer.com/article/10.1007/s43440-020-00110-5#Sec6


8. For p-values, use lowercase. 

Response: we corrected them. 

 

9. Please number the lines throughout the document. 

Response: we corrected them. 

 

10. Please delete the last data availability statement, as it is duplicated. 

Response: we have deleted it. 

 

11. The reviewers' comments are available via the link below. Please address all reviewer 

comments. 

Response: we have addressed each of the reviewers' comments point by point, as detailed in 

our responses and have revised the manuscript accordingly. 

 

12. Please mark all changes made in response to the reviewers' and editor's comments and 

submit the marked-up manuscript as a Related file. 

Response: we have marked them. 

  



Reviewer 1 

 

The authors submitted an article entitled " Luteolin inhibits human 5-HT3A receptor function 

through a noncompetitive and voltage-independent mechanism" to Pharmacological Reports. 

This functional study explores the effect of luteolin, a natural flavonoid used in different 

pharmacological applications, on the ionotropic human serotonin 5‑HT3A receptor. Using 

heterologous expression in xenopus oocytes and TEVC recordings, the authors demonstrate an 

inhibitory effect on serotonin(5-HT)-evoked currents with an IC50 = 6.9 +/- 0.8 µM. 

Concentration-response curves show a reduce maximal response to 5-HT and I/V curves do 

not display voltage sensitivity of the inhibition. In silico docking with AutoDock suggested a 

luteolin binding site at the interface between extracellular ligand binding domains, and site 

directed mutagenesis identifies I66 (Chain B) and W178 (Chain E) as involved in the inhibition 

potency of luteolin on h5‑HT3AR. 

Overall, the article is well-written and the effect of luteolin is clearly observed. However, some 

major and minor comments are raised as detailed below 

 

Response: First of all, thank you for your thorough review and precise observations. We hope 

that this revised manuscript meets your expectations. 

 

Major comments: 

- The molecular docking results identifies the same binding site as the one identified in 

previous structural studies with other antagonists (i.e. https://doi.org/10.1038/s41594-024-

01282-x). The presence of I66 and W178 surrounding the ligands were already reported. 

Functionally, W178 in the human 5-HT3AR (https://doi.org/10.1006/mcne.2002.1160) and the 

equivalent W183 in the mouse receptor (https://www.jbc.org/article/S0021-9258(18)30590-

8/fulltext) have already been characterized by substitution with Serine or Tyrosine. It showed 

no response to 5-HT or antagonists (mCPBG) for W183S and a lower potency for 5-HT (~2 

order of magnitude) for W183Y. While no substitution in Alanine is reported, it is not possible 

to compare the effect, however, these previous studies would suggest that W183A mutant 

would decrease the EC50 for 5-HT and a complete loss of luteolin inhibition. The 

characterization of luteolin-induced inhibition on W178S in h5-HT3AR would be a convincing 

control. 

Response: We made the W178S mutant as requested by the reviewer. This mutant showed no 

response to 5-HT at all, so we could not test luteolin on it — this fits with the mouse W183S 

data and confirms W178 is important for receptor function (lines 322–334, 408–414). We also 

note that the luteolin binding site from our docking overlaps with the vortioxetine binding 

pocket the reviewer mentioned (lines 415–418). These new results are shown in Figure 5E 

(lines 712–728) and Table 1 (line 731). 

 



- In the Discussion section, a comparative analysis is necessary with previous structural 

and functional studies that included h5-HT3AR antagonists. Moreover, a discussion should be 

added to establish a correlation between the inhibitory effect of luteolin discovered on h5-

HT3A receptor and the phenotypic effects already described. 

Response: We compared our findings with previous h5-HT3AR antagonist studies: the 

docking-identified luteolin site overlaps the vestibule pocket described for vortioxetine, 

granisetron, and palonosetron (lines 415–418), and our W178S result (lines 322–334, 408–414). 

 

Minor comments: 

- Page 2/background: luteolin has also negative side effects that should be mentioned, 

which also justify a study to minimize these effects. 

Response: We have added negative side effects in line 90-93. 

 

- Page 5/Materials:  

o Indicate the vehicle used for dilution of luteolin 

Response: We provided it in line 142 

. 

o Indicate the plasmid in which the OriGene’s gene was subcloned 

Response: We did not perform additional subcloning; the OriGene cDNA clone (catalog no. 

RG228377) was used as provided, in the pCMV6-AC-GFP vector." 

 

- Page 5/ Preparation of Xenopus laevis oocytes and microinjection:  

o change “cultures” to “batches” 

Response: We have corrected it in line 157 

 

o Indicate how the cRNA is purified and what is the quantity of cRNA injected per 

oocyte. 

Response: We have provideded it in line 165 and 157-164. 

 

- Page 6/ Molecular docking analysis: the “PDB ID: VHH15 “ is not correct and 

shoulbbe corrected (certainly in "4PIR"). 

Response: We have corrected it in line 187 

 



-  Page 7/ Two-electrode voltage-clamp recording: Indicate the type of amplifier and 

digidata that were used. 

Response: We have corrected it in line 203 and 204 

 

- Page 7/ Data analysis and statistics: define “k” in the equation. 

Response: We have corrected it in line 225-226 

 

- Page 8/ Results/ Luteolin-mediated inhibition of human 5-HT3A receptors: 

o Show the data of luteolin application alone, since it has been shown with the other 

antagonist Vortioxetine, a partial agonist effect on h5-HT3AR and an antagonist effect on 

rodent 5-HT3AR (https://doi-org.insb.bib.cnrs.fr/10.1038/s41594-024-01282-x).  

Response: We have added them in new figure 1B and C. 

o The following assumption “ luteolin does not preferentially bind to the closed state, 

but instead may interact more effectively with receptors after activation” is too speculative 

since luteolin could bind equally to closed and open states with similar observed effects. 

Response: We removed them. 

 

- Page 10: Fig. 4A and B panels are not cited. 

Response: We have added them in line 306. 

 

- Page 11 

o  Indicate in which amino acids, the indicated residues were substituted. 

Response: We have corrected it in line 316 

 

o Before "Discussion": change “Vmax” in “Emax”. 

Response: We have used Vmax consistently throughout the manuscript to denote the maximal 

current amplitude derived from the Hill equation fit. To maintain internal consistency, we have 

retained it throughout the revised manuscript. 

 

o Before "Discussion": indicate that I66A, W178A and the double mutant changed the 

IC50 and comment it. 

Response: We provided it in line 387-390 

 



- Page 13: change “nonspecific suppressor of channel activity” in “pore blocker”. 

Response: We have corrected it in line 408 

  



Reviewer 2 

 

The article « Luteolin inhibits human 5-HT3A receptor function through a noncompetitive and 

voltage-independent mechanism” sought to characterise the effect of a plant molecule, luteolin, 

on 5-HT3A serotonin receptors using a conventional pharmacological approach. Firstly, 

through electrophysiological studies involving heterologous expression of the 5-HT3A 

receptor in Xenopus oocytes and measurement of current, and through modelling of the 

molecular interaction between the ligand (luteolin) and its receptor. The authors also tested 

mutants of the 5-HT3A receptor to identify the residues involved in luteolin’s antagonistic 

activity. This is a relatively straightforward pharmacological study. There are several elements 

in this article that must be revised in order to significantly enhance its value and its suitability 

for publication. 

 

In the abstract, the rationale for testing the pharmacological effect of luteolin on 5-HT3A 

receptors is not explained. This should be clarified, specifically mentioning the value of 

identifying 5-HT3A receptor antagonists, particularly their potential therapeutic benefits 

(irritable bowel syndrome, vomiting, etc.), and why luteolin was chosen for testing on 5-HT3A 

receptors. 

Response: We thank the reviewer for their thorough and constructive evaluation of our 

manuscript, and for the thoughtful comments that have helped us substantially improve its 

clarity and rigor. We address each point below.  

We have revised the Abstract Background to explain the therapeutic rationale for identifying 

5-HT3A receptor antagonists (lines 39–41) and to clarify why luteolin was selected for testing, 

based on its identification through a primary screening of flavonoid compounds (lines 52–55)." 

 

Luteolin inhibits the current induced by serotonin, but its action on 5-HT3A receptors is 

antagonistic. The title of this article should be amended to ‘Luteolin antagonises human 5-

HT3A receptor function through a non-competitive and voltage-independent mechanism’. The 

concept of ‘inhibition’ needs to be revised within the article. 

Response: We have corrected it in line 1-2 

 

 

Intro : “luteolin may interact directly with ion channel proteins” 

Specify the ion channels known to be targeted by luteolin: Kir, Kv, BKCa and Ca²⁺ channels… 

(doi: 10.1016/j.lfs.2019.02.028; 10.3390/antiox11101892; 10.1111/j.1755-

5922.2010.00212.x). This section needs to be better documented, particularly to highlight 

luteolin’s low selectivity for receptor channels. 

Response: We have introduced it in line 98-101 



 

 

Results 

« with partial outward rectification ». Given the I/V curve, the current is outwardly rectifier, 

not inward. 

Figure 2B: This is an inhibitory effect, so this figure needs to be amended to show not the % 

of inhibition but the % of current induced by serotonin as a function of [luteolin] - in other 

words, a decreasing sigmoid curve rather than an increasing one. The same applies to Figure 

5D. 

Response: We have corrected it in Figure 2B and Figure 5D 

 

IC50 = 6.9 +- 0.8 µM (unit to be added on the figure) 

Response: We have corrected it in Figure 2B. 

 

Figure 2D : add the EC50 values in the text or in the figure caption so that they can be compared. 

Equivalent EC50 values for different concentrations of an antagonist mean that it can be 

classified as a non-competitive antagonist. This point must be discussed in the Results section 

(« Noncompetitive modulation of human 5-HT3A receptors by luteolin »). 

Response: We provided it in line 291-294. 

 

« Figure 3. Structural analysis of the luteolin-binding site in wild-type and mutant 5-HT3A 

receptors. » Is this a wt receptor model? Where is the mutant? Where are the mutations? Is the 

title of this figure correct? I understood that this was a model of molecular interaction between 

luteolin and the wild-type 5-HT3A receptor: is that correct? 

Response: We have corrected figure legend in line 694. 

 

In this model, the serotonin binding site (Fig 3AB) must be clearly indicated to assess the non-

competitive antagonistic nature of luteolin. This figure must therefore be completed. 

Response: We provided it in Figure 3. 

 

Figure 5D: the figure must be amended so that the inhibition of the current can be seen as a 

decreasing, rather than an increasing, sigmoid curve. 

Response: We have corrected it in Figure 5D 

 



The discussion is based on a very small number of references, which raises questions about its 

validity. The discussion therefore needs to be revisited, restructured, expanded and rewritten, 

drawing on evidence from the literature. At present, it is far too weak: there are only six 

references cited! 

Response: We have substantially expanded and restructured the Discussion, increasing the 

number of references. 

 

Minor : 

Intro: Our findings identify luteolin as a potent antagonist of human 5-HT3A receptor 

Response: We have corrected it in line 135. 

 

Results : « In contrast, application of luteolin alone did not elicit any measurable current in 

oocytes injected with 5-HT3A cRNA at a holding potential of −80 mV (data not shown) ». 

please add these data, at least as a suppl figure. 

Response: We have added them in Fig 1B and C. 

 

 

Discussion: “Such binding would disrupt” 

Response: We have corrected it in line 380. 

 



Reviewer 3 

The manuscript authored by Yun and colleagues describes pharmacological experiments 

involving 5-HT3A ionotropic serotonin receptors and a proposed novel naturally occurring 

antagonist, luteolin. On examination, the experimental work appears sound and accurately 

executed and analyzed. However, the work is not suitable for publication in its present form, 

and revision is required, together with consideration of the following points. 

 

1. The abstract states that luteolin was identified through primary screening, but there is no 

mention of this in the main body of the work. Details of how the antagonist was identified 

would be a useful addition to the manuscript. 

Response: First of all, we would like to sincerely thank the reviewer for the thorough and 

insightful evaluation of our manuscript. We greatly appreciate the time and expertise devoted 

to this review, and we hope that the revised manuscript adequately addresses the concerns 

raised. We have added a description of the primary screening approach that led to the 

identification of luteolin in the revised Materials and Methods section (lines 52–56). 

 

2. The Methods state that Student’s t-test was used in analyzing differences “between control 

and treatment groups”, but there is no mention of where this has been used in the Results section 

or in Table 1. If using this test, the authors should ensure that any repeated measures involving 

multiple comparisons with WT receptors should be considered with the statistical analysis. 

Response: We have clarified that Student's paired t-test was used specifically for two-group 

comparisons within the same oocyte (lines 227–229), and this is now explicitly reported in the 

Results (line 245) and Figure 1 legend (lines 670–671).  

 

3. The text mentions significant changes in Vmax values with certain mutants vs WT, though 

an increase in IC50 would support the mutated residues contributing to the potency of luteolin. 

This is not described in the text in the Results section. 

Response: We agree that the increase in IC50 observed for several mutants provides important 

complementary evidence for the involvement of these residues in luteolin potency, in addition 

to their effect on Vmax.  

We have revised the Results section to explicitly describe and statistically evaluate the IC50 

changes observed for I66A, W178A, and W178Y. 

 

4. Table 1 requires attention. It lacks units for the Vmax and IC50; I66A is included twice with 

widely different results and R87A is missing. The Table includes data for a double mutant I66A 

+ W178A, but these data are not described or discussed. The double mutation appears to 

“correct” the loss of luteolin potency found with the single mutants, which does not seem 

logical, whilst there is an additive effect on the reduction in Vmax. 



Response: We have corrected Table 1 by adding units to the Vmax (%) and IC50 (μM) columns 

(line 736), removing the erroneous duplicate entry and confirming that all nine single-point 

mutants, including R87A, are now correctly and uniquely represented (Table 1, lines 731–732). 

We have also added a description and discussion of the I66A+W178A double-mutant data, 

which were previously omitted from the text (Discussion, lines 418–430). 

 

5. The key data supporting the idea that luteolin is not a competitive antagonist appears to be 

in Figure 2D where luteolin suppresses the 5-HT concentration-response curves rather than a 

parallel shift. This is not described in the Results or considered in the Discussion. 

Response: We note that this concentration-response comparison is shown in Figure 2E. We 

have revised the Results (lines 284–298). We have also expanded the discussion to explain that 

this suppression of the maximal response (lines 364–376). 

 

6. On the voltage-dependence of the antagonism, this requires quantification of the percent 

inhibition at positive and negative voltages. The ramp traces provided in Figure 2C suggest 

that the inhibition at negative voltages is stronger than with positive voltages: about 70% 

inhibition at -80 mV vs about 40% inhibition at 50 mV. Quantitative data are required to support 

any claim regarding voltage dependance of inhibition by luteolin. 

Response: Quantitative data addressing the voltage dependence of luteolin's inhibitory effect 

are provided in New Figure 2D. 

 

7. A useful addition to the structures presented in Figure 4 would be the location of the 5-HT 

binding site for comparison with the location of the docked luteolin. 

Response: We provided it in Figure 3. 

 

8. Unfortunately, whilst the legend appeared in the compiled manuscript, although after Figure 

2, Figure 5 itself was missing. 

Response: We have corrected them. 

 

 

Minor points: 

9. Please state the solvent used to make 100 mM luteolin stock solution. 

Response: We have provideded it in line 142 

 

10. There is some reptation in the Methods section on oocyte preparation, where the Xenopus 



anesthetization on ice is stated twice. 

Response: We have corrected them in line 157 

 

11. Please state how much cRNA was injected into each oocyte. 

Response: We have corrected them in line 165 

 

12. The PDB code for the receptor structure used in docking seems incorrect. The publication 

associated with the structure should be cited. 

Response: We have corrected them in line 187 
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 34 

Abstract 35 

Background 36 

The 5-hydroxytryptamine type 3A (5-HT3A) receptor is a ligand-gated ion channel that 37 

mediates fast excitatory serotonergic signaling and plays a key role in emesis and 38 

gastrointestinal sensory transmission. 5-HT3A receptor antagonists are of substantial 39 

therapeutic interest for the management of chemotherapy-induced nausea and vomiting and 40 

irritable bowel syndrome, yet the interaction of naturally occurring flavonoids with this 41 

receptor remains largely unexplored. Luteolin is a naturally occurring flavonoid widely 42 

distributed in vegetables, fruits, and medicinal herbs. It exhibits diverse pharmacological 43 

activities, including antioxidant, anti-inflammatory, neuroprotective, and anticancer effects. 44 

Although luteolin has been shown to modulate multiple intracellular signaling pathways, its 45 

direct action on serotonin-gated ion channels remains poorly understood. In this study, we 46 

investigated the effect of luteolin on human 5-HT3A receptors and found that it inhibits 47 

receptor activity, thereby identifying a new molecular target of this flavonoid and a potential 48 

candidate scaffold for 5-HT3A receptor antagonist development 49 

 50 

Methods 51 

Luteolin was identified through screening of flavonoid compounds for activity at human 52 

neuroreceptors and neuronal ion channels using two-electrode voltage-clamp recordings and 53 



was selected for further study based on its potent inhibition of 5-HT3A receptor-mediated 54 

currents. Primary screening identified luteolin as a potent inhibitor of the human 5-HT3A 55 

receptor, prompting further examination of its mode of action. Human 5-HT3A receptors were 56 

heterologously expressed in Xenopus laevis oocytes, and serotonin-induced currents were 57 

recorded using the two-electrode voltage-clamp method. To investigate the molecular 58 

determinants of inhibition, computational docking and structural modeling were combined 59 

with site-directed mutagenesis.  60 

 61 

Results 62 

Luteolin caused a marked and reversible suppression of 5-HT-evoked currents in a 63 

concentration-dependent manner. The inhibitory effect displayed noncompetitive behavior 64 

relative to serotonin and was not influenced by membrane potential, indicating a voltage-65 

independent mechanism. Concentration-response analysis yielded an IC50 of 6.9 ± 0.8 μM. 66 

Structure-guided mutational analysis further identified I66 and W178 as important 67 

determinants of luteolin sensitivity.  68 

 69 

Conclusions 70 

Collectively, these findings demonstrate that luteolin potently inhibits human 5-HT3A receptor 71 

function and provide mechanistic insight into its action at both functional and residue-specific 72 

levels. 73 

 74 

Keywords: serotonin receptor, ligand-gated ion channel, luteolin, flavonoid, site-directed 75 

mutagenesis, molecular docking. 76 

 77 

 78 

Introduction 79 

Luteolin is a naturally occurring flavonoid widely present in vegetables, fruits, and medicinal 80 

herbs. It has attracted considerable attention because of its broad spectrum of biological and 81 



pharmacological activities, including antioxidant, anti-inflammatory, neuroprotective, and 82 

anticancer effects[1-4]. Previous studies have shown that luteolin modulates multiple 83 

intracellular signaling pathways involved in cell survival[5], apoptosis[6, 7], oxidative stress[8, 84 

9], and inflammatory responses[5, 10, 11]. In particular, luteolin has been reported to suppress 85 

tumor cell proliferation[12, 13], attenuate epithelial–mesenchymal transition[14], and regulate 86 

reactive oxygen species- and endoplasmic reticulum stress-related signaling cascades[12, 15] 87 

in several experimental models. Despite these diverse actions, the direct effects of luteolin on 88 

membrane proteins, especially ligand-gated ion channels, remain insufficiently characterized. 89 

However, in vitro and animal studies have reported that luteolin's biological activity is 90 

accompanied by dose-dependent cytotoxicity and, at high doses, adverse effects such as weight 91 

loss and organ dysfunction, compounded by its limited oral bioavailability and promiscuous 92 

target engagement[16]. Defining luteolin's precise molecular targets, such as membrane 93 

receptors and ion channels, is therefore an important step toward structure-based strategies that 94 

minimize such adverse effects while preserving its beneficial activities. Natural flavonoids 95 

have been reported to influence several classes of ion channels and receptors, suggesting that, 96 

in addition to their established intracellular effects, they may directly modulate membrane 97 

excitability and synaptic signaling. Luteolin in particular has been shown to modulate several 98 

classes of ion channels, including voltage-gated (Kv) and inward-rectifier (Kir) potassium 99 

channels in vascular smooth muscle, large-conductance Ca²⁺-activated potassium (BKCa) 100 

channels, and voltage-gated Ca²⁺ channels[17-19]. This broad, largely non-selective 101 

engagement across structurally unrelated channel families is consistent with luteolin's 102 

promiscuous target profile noted above, and underscores the need to define its molecular targets, 103 

including ligand-gated ion channels, in a receptor-specific manner. Given its polyphenolic 104 

scaffold and demonstrated ability to modulate membrane proteins across multiple channel 105 

classes, luteolin may similarly interact directly with ligand-gated ion channel proteins such as 106 

the 5-HT3A receptor. Nevertheless, whether luteolin alters the activity of human 5-HT3A 107 

receptors, and if so by what mechanism, has not been clearly established. Elucidation of such 108 

an interaction would broaden our understanding of luteolin pharmacology and may also provide 109 



new insight into the modulation of serotonin-gated ion channels by plant-derived small 110 

molecules. 111 

Among serotonin receptors, the 5-hydroxytryptamine type 3 (5-HT3) receptor is unique in that 112 

it is a ligand-gated ion channel rather than a G protein-coupled receptor[20, 21]. The 5-HT3 113 

receptor belongs to the Cys-loop receptor superfamily and mediates fast excitatory 114 

neurotransmission in response to serotonin. The 5-HT3 receptor is assembled from five 115 

subunits, of which the 5-HT3A subunit is essential for the formation of functional homomeric 116 

channels [22, 23]. Homomeric 5-HT3A receptors have been widely used as an experimental 117 

model for elucidating the structural and functional mechanisms of receptor activation, ion 118 

permeation, and pharmacological modulation. Because the receptor contains a well-defined 119 

extracellular ligand-binding domain and a transmembrane ion-conducting pore, it provides an 120 

attractive system for examining how small molecules regulate ligand-gated ion channel 121 

activity[24, 25]. Functionally, 5-HT3 receptors are expressed in both central and peripheral 122 

nervous systems, where they participate in nociceptive transmission, autonomic regulation, 123 

emesis, and gastrointestinal sensory signaling[26, 27]. These receptors are therefore of 124 

considerable clinical importance, particularly as therapeutic targets for the prevention of 125 

chemotherapy-induced nausea and vomiting and for modulation of visceral sensory 126 

pathways[28-31]. A growing body of evidence indicates that naturally occurring compounds 127 

can modulate Cys-loop receptors through orthosteric or allosteric mechanisms; however, 128 

comparatively little is known about how flavonoids interact with 5-HT3 receptors, particularly 129 

at the human 5-HT3A subtype. 130 

In the present study, we investigated the effect of luteolin on human 5-HT3A receptor function 131 

using two-electrode voltage-clamp recordings in Xenopus laevis oocytes expressing 132 

recombinant receptors. To further define the mechanism underlying luteolin-mediated 133 

inhibition, we combined electrophysiological analysis with computational docking, structural 134 

modeling, and site-directed mutagenesis. Our findings identify luteolin as a potent antagonist 135 

of human 5-HT3A receptor activity and reveal key molecular determinants contributing to its 136 



action. 137 

 138 

Materials and Methods 139 

Materials 140 

Luteolin (purity >98%; catalog no. 440025) was obtained from Merck KGaA (Darmstadt, 141 

Germany). A 100 mM stock solution of luteolin was prepared in DMSO prior to use. The final 142 

DMSO concentration in the recording solution did not exceed 0.01%, a concentration 143 

confirmed not to affect I5-HT in control experiments. The cDNA encoding the human 5-HT3A 144 

receptor subunit (GenBank accession no. BC004453) was purchased from OriGene 145 

Technologies, Inc. (catalog no. RG228377, Rockville, MD, USA). MDL-72222 (3-tropanyl-146 

3,5-dichlorobenzoate), a selective 5-HT3 receptor antagonist, was purchased from Abcam 147 

(catalog no. ab146635, Cambridge, UK). Unless otherwise specified, all additional reagents 148 

were supplied by Merck KGaA (Darmstadt, Germany). 149 

 150 

Preparation of Xenopus laevis oocytes and microinjection 151 

The experimental procedure is based on the approach presented in the previous study[32]. 152 

Xenopus laevis frogs were maintained under approved institutional animal care conditions 153 

(CNU IACUC-YB-2016-07) in a controlled environment with a 12 h light/dark cycle and an 154 

ambient temperature of approximately 20 °C. All animal handling and husbandry procedures 155 

followed the guidelines of the Korean Xenopus Resource Center for Research 156 

(KXRCR000001). Each frog contributed up to four batches. For oocyte extraction, frogs were 157 

anesthetized on ice for around 2 h, and a small incision was made to access the abdominal 158 

region without damaging internal organs. The isolated tissue was treated with collagenase (2 159 

mg/mL) in OR2 solution containing 82.5 mM NaCl, 2 mM KCl, 1 mM MgCl₂, 2.5 mM sodium 160 

pyruvate, and 5 mM HEPES (pH 7.45) for 1.5 h with gentle shaking to remove surrounding 161 

follicular layers. Defolliculated oocytes were then washed thoroughly and maintained at 18 °C 162 



in ND96 solution consisting of 96 mM NaCl, 2 mM KCl, 1 mM MgCl₂, 1.8 mM CaCl₂, and 5 163 

mM HEPES (pH 7.45). The incubation medium was replaced twice each day. For heterologous 164 

expression, cRNA encoding the human 5-HT3A receptor (10 ng) was injected into oocytes 165 

using a microinjector fitted with pulled glass capillaries with tip diameters of approximately 166 

15–20 µm. Electrophysiological recordings were performed 48 h after injection. Serotonin and 167 

luteolin were freshly diluted in ND96 solution immediately before application, and their effects 168 

on 5-HT3A receptor-mediated currents were assessed during voltage-clamp experiments. 169 

 170 

Generation of 5-HT3A receptor mutants and cRNA synthesis 171 

Point mutations in the human 5-HT3A receptor were introduced using the QuikChange XL 172 

site-directed mutagenesis method with Pfu DNA polymerase and mutation-specific primer 173 

pairs (catalog no. 200516, Agilent Technologies). PCR products were transformed into 174 

Escherichia coli DH5α competent cells, and transformants were selected on ampicillin-175 

containing agar plates, as described previously. Plasmid DNA from positive colonies was 176 

purified, and the desired nucleotide substitutions were confirmed by DNA sequencing. After 177 

sequence verification, plasmids were linearized with SphI and used as templates for capped 178 

cRNA synthesis with the mMESSAGE mMACHINE transcription kit (catalog no. AM1344, 179 

Thermo Fisher Scientific). The synthesized cRNA was dissolved in RNase-free DEPC-treated 180 

water and stored at −80 °C at a final concentration of 1,000 µg/mL. 181 

 182 

Molecular docking analysis 183 

Docking simulations were carried out on a 64-bit Windows 10 computer equipped with an Intel 184 

Core i7 processor (2.20 GHz) and 16 GB RAM using AutoDock Tools version 1.5.6 (The 185 

Scripps Research Institute, La Jolla, CA, USA). The structural model of the human 5-HT3A 186 

receptor was obtained from the Protein Data Bank (PDB ID: 8AXD), and the three-dimensional 187 

structure of luteolin (PubChem CID: 5280445) was retrieved from PubChem. Receptor and 188 



ligand preparation, grid definition, and docking parameter setup were completed in AutoDock 189 

Tools. Docking poses were ranked according to binding energy, predicted inhibition constant 190 

(Ki), and intermolecular interaction energy. To further analyze receptor–ligand contacts, the 191 

docked complexes were examined using LigPlot version 4.5.3 (EMBL-EBI) and PyMOL 192 

version 1.8.4.2 (Schrödinger). LigPlot was used to visualize hydrogen bonds and hydrophobic 193 

interactions, whereas PyMOL was used to inspect residue proximity and estimate 194 

intermolecular distances. These analyses were subsequently used to guide the selection of 195 

candidate residues for mutational testing. 196 

 197 

Two-electrode voltage-clamp recording 198 

The experimental procedure is based on the approach presented in the previous study[33]. 199 

Electrophysiological measurements were conducted 2 days after cRNA injection using the two-200 

electrode voltage-clamp technique at room temperature. Oocytes were impaled with two 201 

borosilicate glass electrodes filled with 3 M KCl and connected to an oocyte clamp amplifier 202 

(OC-725C, Warner Instruments) coupled to a Digidata data acquisition system (Digidata 203 

1440A, Molecular Devices). Signals were filtered, digitized, and recorded using pClamp 8 204 

software. Unless otherwise stated, oocytes were voltage-clamped at a holding potential of −80 205 

mV. Immediately before recording, luteolin stock solution was diluted in ND96 recording 206 

buffer to the desired concentrations. Oocytes were continuously superfused with ND96 207 

throughout the experiment. Agonist-induced inward currents were measured under control 208 

conditions, during luteolin exposure, and after washout to determine the magnitude and 209 

reversibility of inhibition. For concentration-inhibition experiments, luteolin was applied 210 

cumulatively or stepwise at multiple concentrations with sufficient wash intervals between 211 

applications to permit current recovery and reduce receptor desensitization. In separate 212 

experiments, current-voltage relationships were analyzed using voltage-step or voltage-ramp 213 

protocols in the absence or presence of luteolin. 214 

 215 



Data analysis and statistics 216 

Peak inward currents induced by serotonin (I5-HT) were measured at multiple 5-HT 217 

concentrations to establish concentration-response curves and to assess the modulatory 218 

influence of luteolin on 5‑HT3A receptor-mediated currents. The concentration-dependent 219 

inhibition produced by luteolin was analyzed by fitting normalized current responses to the 220 

Hill equation.: 221 

y/Vmax= (A)n/(An+ kn), 222 

In this equation, Y represents the peak current observed at each luteolin concentration, Vmax 223 

indicates the maximum current amplitude, and [A] refers to the concentration of luteolin. IC50 224 

corresponds to the concentration required to inhibit the response by 50%, where k is the Hill 225 

coefficient, reflecting the slope of the concentration-response curve. All values are expressed 226 

as mean ± SEM. Differences between two groups (I5-HT in the absence vs presence of luteolin) 227 

were evaluated using Student's paired t-test, as measurements were obtained from the same 228 

oocyte before and after luteolin application. Comparisons of Vmax and Hill coefficient values 229 

among wild-type and the nine mutant 5-HT3A receptors (Table 1) were performed using one-230 

way ANOVA followed by Dunnett's post hoc test, with wild-type as the reference group. 231 

Statistical analyses were performed using Origin (version 8.5, OriginLab Corporation, 232 

Northampton, MA, USA). A value of p < 0.05 was considered statistically significant; exact P 233 

values are reported throughout the Results section. 234 

 235 

Results 236 

Luteolin-mediated inhibition of human 5-HT3A receptors 237 

Figure 1A shows the molecular structure of luteolin. To examine its effect on human 5-HT3A 238 

receptor activity, two-electrode voltage-clamp recordings were performed in Xenopus laevis 239 

oocytes expressing the recombinant receptor. When applied together with 5-HT, luteolin 240 

substantially reduced the inward current evoked by 5-HT (I5-HT), demonstrating an inhibitory 241 



action on 5-HT3A receptor-mediated responses. In contrast, application of luteolin alone did 242 

not elicit any measurable current in oocytes injected with H2O (Fig. 1B) or 5-HT3A cRNA (Fig. 243 

1C) at a holding potential of −80 mV. Co-treatment with 100 μM 5-HT and 30 μM luteolin 244 

significantly decreased the peak amplitude of I5-HT compared with application of 5-HT alone 245 

(p = 0.0011, n = 5–7 oocytes from four frogs), and this inhibition was readily reversed after 246 

washout. At 30 μM, luteolin suppressed I5-HT by 73.4 ± 8.9% (Fig. 1D). As a positive control, 247 

0.5 μM of the selective 5-HT3A receptor antagonist MDL-72222 (3-tropanyl-3,5-248 

dichlorobenzoate) also inhibited I5-HT, confirming functional receptor expression in the oocyte 249 

system. The extent of inhibition produced by luteolin was similar under co-application and pre-250 

application protocols, indicating that prior exposure did not enhance its inhibitory efficacy. 251 

Since pre-incubation generally allows more time for ligand association than simultaneous 252 

application, compounds with strong affinity for the resting receptor state often display greater 253 

inhibition after pre-application [34-36]. All recordings were obtained at −80 mV, and the data 254 

are presented as mean ± SEM (n = 5–7 from four independent frogs). 255 

 256 

Concentration-dependent inhibition of I5-HT by luteolin in 5-HT3A receptor 257 

Co-application of luteolin with 100 μM 5-HT produced a concentration-dependent suppression 258 

of peak 5-HT-evoked currents in oocytes expressing human 5-HT3A receptors (Fig. 2A and B). 259 

Peak current amplitudes were defined as the maximal responses to 5-HT, and inhibition was 260 

calculated relative to the control response measured in the same oocyte. Fitting the 261 

concentration-inhibition data with the Hill equation yielded an IC50 of 6.9 ± 0.8 μM and a Hill 262 

coefficient of 1.2 ± 0.2 (7–9 oocytes per concentration from five independent frogs), indicating 263 

an inhibition profile with an approximately unity slope. The inhibitory effect was reversible 264 

upon washout, and the extent of inhibition increased progressively with luteolin concentration. 265 

These results demonstrate that luteolin inhibits human 5-HT3A receptor-mediated currents in 266 

a reversible, concentration-dependent manner. 267 

 268 



Voltage-independent inhibition of I5-HT by luteolin in human 5-HT3A receptors 269 

Luteolin suppressed I5-HT across the entire voltage range tested (−80 to +50 mV) in Xenopus 270 

oocytes expressing human 5-HT3A receptors, with the membrane potential returned to −80 mV 271 

between applications. As shown in Fig. 2C and D, 5-HT produced a characteristic current–272 

voltage relationship with partial inward rectification and a reversal potential near 0 mV, 273 

consistent with the properties of a nonselective cation conductance. Co-application of 3 or 30 274 

μM luteolin reduced the current amplitude by a comparable proportion throughout the I–V 275 

curve without altering the reversal potential. A two-way repeated-measures ANOVA revealed 276 

a significant main effect of luteolin treatment (p < 0.003) and of membrane potential (p < 0.001) 277 

on I5-HT amplitude, but no significant interaction between treatment and voltage (p = 0.2653), 278 

indicating that the inhibitory effect of luteolin did not depend on membrane potential, and the 279 

inhibitory effect was readily reversible upon washout. These results support the conclusion that 280 

luteolin acts as a voltage-independent inhibitor of 5-HT3A receptor-mediated currents rather 281 

than affecting ion permeation properties. 282 

 283 

Noncompetitive modulation of human 5-HT3A receptors by luteolin 284 

To further clarify the basis of this voltage-independent inhibition, we examined the effect of 285 

luteolin on 5-HT concentration-response relationships. Oocytes expressing 5-HT3A receptors 286 

were challenged with increasing concentrations of 5-HT in the absence or presence of luteolin 287 

(3 or 30 μM, Fig. 2E). Luteolin reduced 5-HT-evoked responses across the concentration range 288 

tested, with a greater effect at 30 μM than at 3 μM (two-way repeated-measures ANOVA; 289 

luteolin concentration: p = 0.0004; treatment-by-concentration interaction: p = 0.0003; 30 μM 290 

vs 3 μM, all p < 0.01). The EC50 for 5-HT was 9.3 ± 0.3 μM under control conditions and was 291 

significantly increased to 19.1 ± 2.9 μM in the presence of 3 μM luteolin and to 28.3 ± 9.1 μM 292 

in the presence of 30 μM luteolin, indicating a rightward shift of the 5-HT concentration-293 

response curve without a corresponding reduction in maximal response. These findings 294 

indicate that luteolin suppresses receptor activation without evidence of voltage dependence, 295 



consistent with an inhibitory mechanism mediated through allosteric modulation rather than 296 

altered ion permeation. Thus, luteolin appears to attenuate 5-HT3A receptor function by 297 

interfering with receptor activation efficiency. 298 

 299 

Docking analysis of luteolin binding to the 5-HT3A receptor 300 

To define structural elements associated with luteolin sensitivity, we performed comparative 301 

docking analyses using wild-type and mutant 5-HT3A receptor models. AutoDock 4.0 302 

predicted that luteolin occupies a binding pocket at the subunit interface near the extracellular 303 

vestibule pore entrance (Fig. 3). In the highest-scoring wild-type conformation, luteolin 304 

showed a more favorable interaction pattern than in the mutant models, indicating that mutation 305 

weakens ligand accommodation within this region (Fig. 4A and B). Distance measurements 306 

from representative docking poses identified I66 and W178 as the closest contacting residues 307 

in the wild-type receptor, with values of 3.4 and 3.5 Å for I66 and 3.4 and 3.9 Å for W178 (Fig. 308 

4C). In the corresponding mutant models, these separations increased to 4.7 and 5.8 Å for I66A 309 

and 3.9 and 4.5 Å for W178A (Fig. 4D), suggesting reduced hydrophobic interactions and 310 

altered pocket architecture. These in silico findings support I66 and W178 as key structural 311 

determinants of the predicted luteolin-binding site. 312 

 313 

Effects of point mutations on luteolin inhibition of 5-HT3A receptors 314 

To test the functional importance of these residues, we examined luteolin sensitivity in a panel 315 

of 5-HT3A point mutants. Receptors containing alanine substitutions at I66, W85, R87, N123, 316 

T176, S177, W178, M223, and Y229 all produced robust 5-HT-evoked inward currents 317 

comparable to those of the wild-type receptor, allowing direct functional comparison across 318 

constructs. Luteolin markedly inhibited I5-HT in wild-type receptors, and inhibition was also 319 

observed in the I66A and W178A mutants (Fig. 5), although the magnitude of suppression 320 

differed from that in wild type. The inhibitory effects of luteolin across all nine mutants are 321 



summarized in Table 1. To further validate the structural importance of W178, we generated 322 

the W178S mutant, corresponding to the loss-of-function tryptophan substitution previously 323 

characterized at the homologous position (W183) in the mouse 5-HT3A receptor[37, 38]. n that 324 

study, the antagonist mCPBG showed roughly a two-fold difference in potency between 325 

W183S and W183Y, whereas in our study luteolin exhibited a similar inhibitory potency at 326 

both W178A and W178S (Fig. 5E and Table 1). Interestingly, in the W178S mutant, luteolin 327 

produced only a slight inhibition of the 5-HT-evoked current, together with an additional 328 

inward current following the peak, a pattern not seen with W178A or W178Y. (Fig. 5E). 329 

Consistent with this prior report, W178S receptors failed to generate detectable inward currents 330 

in response to 100 μM 5-HT (n = 8 oocytes from 4 frogs), precluding pharmacological 331 

evaluation of luteolin sensitivity at this construct. This loss-of-function phenotype confirms 332 

that W178 is essential for normal receptor gating and further supports its identification as a 333 

critical structural determinant within the luteolin-binding pocket. Concentration-inhibition 334 

curves generated from normalized peak-current data were fitted with the Hill equation to 335 

estimate Vmax and Hill coefficient values. One-way ANOVA followed by Dunnett's post hoc 336 

test showed that I66A and W178A exhibited significantly reduced Vmax relative to wild type 337 

(p < 0.0001; I66A: p = 0.00012, W178A: p = 0.0004), whereas the remaining mutants did not 338 

differ from wild type (all p > 0.05). In parallel, luteolin potency was also significantly reduced 339 

at these positions, as reflected by markedly increased IC50 values for I66A (64.3 ± 4.6 μM), 340 

W178A (24.1 ± 3.2 μM), and W178Y (21.5 ± 4.8 μM) compared with wild type (5.8 ± 0.4 341 

μM) (one-way ANOVA, p < 0.0001; Dunnett's post hoc test, I66A: p = 0.00012, W178A: p = 342 

0.0004, IW178Y: p = 0.0004). Notably, the I66A+W178A double mutant showed a near-343 

complete loss of Vmax but only a modest change in IC50 (6.7 ± 2.8 μM), suggesting that the 344 

combined substitution primarily abolished the efficacy of luteolin inhibition rather than its 345 

binding affinity. Hill coefficients did not differ significantly among receptors (p = 0.3621; Table 346 

1). Together, the concurrent changes in Vmax and IC50 indicate that I66 and W178 contribute 347 

both to the potency and the maximal inhibitory efficacy of luteolin at the human 5-HT3A 348 



receptor. The remaining mutations produced little or no effect on these parameters. Together, 349 

these results identify I66 and W178 as key residues governing the maximal inhibitory efficacy 350 

of luteolin at the human 5-HT3A receptor. 351 

 352 

Discussion 353 

In the present study, luteolin was identified as a previously unrecognized inhibitor of the human 354 

5-HT3A receptor. Using two-electrode voltage-clamp recordings in Xenopus laevis oocytes 355 

expressing the human 5-HT3A receptor, we observed that luteolin suppressed 5-HT-induced 356 

inward currents in a concentration-dependent and reversible manner. Electrophysiological 357 

characterization further demonstrated that the inhibitory action of luteolin was both 358 

noncompetitive and voltage-independent, with an IC50 value of 6.9 ± 0.8 μM. In parallel, 359 

structure-based docking and mutational analysis revealed that I66 and W178 are important 360 

determinants of luteolin sensitivity. Taken together, these findings indicate that luteolin acts as 361 

a noncompetitive inhibitor of the human 5-HT3A receptor and provide a structural basis for 362 

understanding its modulatory action on receptor signaling.  363 

Several observations support the conclusion that luteolin inhibits the human 5-HT3A receptor 364 

through a noncompetitive mechanism. The absence of voltage dependence suggests that its 365 

action is unlikely to involve direct occlusion of the ion-conducting pore, since pore blockers 366 

commonly exhibit sensitivity to membrane potential[39-41]. The suppression of the maximal 367 

5-HT-evoked response by luteolin, rather than a simple parallel shift of the concentration-368 

response curve, provides the strongest evidence against a purely competitive mechanism of 369 

action. Because increasing the concentration of 5-HT could not restore the control level of 370 

receptor activation, luteolin behaves as an insurmountable antagonist, a hallmark of 371 

noncompetitive or allosteric inhibition. The accompanying increase in EC50 indicates that 372 

luteolin also reduces the apparent potency of 5-HT, a pattern consistent with negative allosteric 373 

modulation, in which binding at a site distinct from the orthosteric pocket alters both the 374 

efficiency of channel gating and the apparent affinity of the agonist, without directly occluding 375 



the 5-HT binding site itself. In addition, the inhibitory effect was readily reversible, consistent 376 

with a non-covalent interaction between luteolin and the receptor. Combined with the 377 

mutational identification of I66 and W178, these data support the interpretation that luteolin 378 

interacts with the extracellular region of the receptor rather than with the transmembrane 379 

channel lumen. Such binding would disrupt the conformational coupling process through 380 

which agonist binding is translated into channel opening[42, 43]. This interpretation is in line 381 

with established models of Cys-loop receptor function, in which ligand-induced perturbations 382 

in the extracellular domain can allosterically alter gating transitions without directly competing 383 

at the orthosteric agonist-binding site[44, 45]. 384 

Our structural modeling together with site-directed mutagenesis indicates that I66 and W178 385 

are important molecular determinants of luteolin-mediated inhibition of the human 5-HT3A 386 

receptor. Notably, the I66A and W178A single mutants, as well as the I66A/W178A double 387 

mutant, exhibited significant shifts in IC50 values for luteolin compared with the wild-type 388 

receptor (IC50 = 5.8 ± 0.4 μM for wild-type vs. 64.3 ± 4.6 μM for I66A, 24.1 ± 3.2 μM for 389 

W178A, and 6.7 ± 2.8 μM for the double mutant; Table 1). These residues are positioned within 390 

the extracellular domain, a region that plays a central role in coupling ligand recognition to 391 

channel gating in Cys-loop receptors. In such a framework, I66 and W178 may act by shaping 392 

a binding-competent microenvironment that supports productive receptor–ligand interaction 393 

and stabilizes a receptor conformation less favorable for activation. The implication of W178 394 

is particularly noteworthy because aromatic residues in the extracellular domain of Cys-loop 395 

receptors often play critical roles in transducing ligand-induced conformational changes. 396 

Although luteolin does not appear to behave as a simple orthosteric competitor, perturbation at 397 

W178 could nonetheless interfere with the structural transitions that normally link agonist 398 

binding to channel opening. Likewise, the contribution of I66 suggests that the inhibitory site 399 

may extend beyond a single focal contact and instead involve a broader extracellular surface 400 

or cleft in which multiple residues collectively determine ligand accommodation. From this 401 

perspective, luteolin may inhibit receptor function not by directly blocking ion permeation, but 402 

by allosterically uncoupling agonist engagement from the gating machinery. This view is 403 



consistent with the electrophysiological profile observed here, particularly the voltage 404 

independence and reversibility of inhibition, both of which argue against a classical pore-405 

blocking mechanism[46, 47]. The residue dependence identified in the present study therefore 406 

provides mechanistic specificity that strengthens the interpretation of luteolin as an 407 

extracellularly acting noncompetitive inhibitor rather than pore blocker. This result is also 408 

supported by the W178S mutation, which is similar to the loss-of-function W183S mutation 409 

that was already reported in the mouse 5-HT3A receptor and completely abolished 5-HT-410 

evoked currents, making pharmacological evaluation impossible. This confirms that W178 has 411 

an essential structural role in receptor gating, and it shows that alanine substitution, not serine, 412 

had to be used in order to keep enough receptor function to isolate the specific contribution of 413 

W178 to luteolin sensitivity. 414 

The luteolin-binding site identified here overlaps with the extracellular vestibule pocket 415 

described for structurally characterized 5-HT3 receptor antagonists, including vortioxetine [48], 416 

granisetron [49], and palonosetron [50], whose binding involves residues corresponding to I66 417 

and W178 . The I66A+W178A double mutant exhibited a near-complete loss of luteolin-418 

mediated inhibition (Vmax = 2.4 ± 1.2%, compared with 33.4 ± 2.1% for I66A and 24.5 ± 3.5% 419 

for W178A alone), a reduction disproportionately greater than predicted from the individual 420 

single-mutant effects, suggesting that I66 and W178 act cooperatively rather than 421 

independently in mediating luteolin's inhibitory efficacy. In contrast, the IC50 value for the 422 

double mutant (6.7 ± 2.8 μM) was similar to that of wild type, in apparent contrast to the 423 

increased IC50 values observed for each single mutation. However, because the maximal 424 

response of the double mutant was reduced to near-baseline levels, the concentration-inhibition 425 

curve was poorly constrained, and the resulting IC50 estimate should be interpreted with caution 426 

rather than as evidence of restored luteolin potency. Taken together, these data suggest that I66 427 

and W178 jointly contribute to luteolin's inhibitory efficacy at the human 5-HT3A receptor, 428 

while the apparent IC50 value in the double mutant likely reflects the limited reliability of curve-429 

fitting under conditions of minimal residual response rather than a genuine recovery of potency. 430 

This convergence suggests that the extracellular vestibule constitutes a common, druggable 431 



hotspot for chemically diverse ligands. However, luteolin's noncompetitive, voltage-432 

independent profile and distinct polyphenolic scaffold suggest a mode of engagement that may 433 

differ mechanistically from classical competitive antagonists, warranting further structural 434 

comparison.  435 

These findings also have implications for the broader pharmacology of 5-HT3 receptors. 436 

Clinically established 5-HT3 receptor blockers have demonstrated that this receptor family is 437 

a highly tractable therapeutic target, particularly in disorders involving emesis and visceral 438 

sensory signaling[51-53]. In that context, the identification of luteolin as a chemically distinct 439 

inhibitor is of interest not because it surpasses existing drugs in potency, but because it expands 440 

the structural space of ligands capable of modulating 5-HT3A receptor function. Molecules 441 

with alternative scaffolds can reveal receptor microenvironments that are not readily apparent 442 

from studies of classical antagonists alone and may ultimately help define new allosteric 443 

pharmacophores. Such diversity is particularly relevant for Cys-loop receptors, where subtle 444 

differences in extracellular architecture can translate into marked differences in ligand 445 

sensitivity, subtype selectivity, and gating behavior[54-56]. Accordingly, luteolin may serve as 446 

a useful chemical probe for dissecting extracellular allosteric mechanisms in 5-HT3A receptors 447 

and related ligand-gated ion channels. An additional point of interest is that luteolin possesses 448 

a relatively compact and synthetically tractable flavonoid framework. Although its potency is 449 

modest compared with that of optimized therapeutic antagonists, this level of activity is 450 

sufficient to justify its consideration as a lead-like scaffold for structure-guided optimization. 451 

The present residue-mapping results offer a practical starting point for such efforts. 452 

Derivatization designed to improve steric complementarity around the I66 and W178-453 

associated pocket, or to strengthen local hydrogen-bonding interactions with neighboring 454 

residues, may enhance affinity while preserving the reversible and voltage-independent 455 

inhibitory profile observed here. At the same time, any medicinal chemistry campaign would 456 

need to balance potency with factors such as receptor selectivity, metabolic stability, membrane 457 

permeability, and the tendency of polyphenolic compounds to engage multiple cellular targets. 458 

Thus, while luteolin itself may be better viewed as a mechanistic lead than as a direct 459 



therapeutic candidate, its interaction with 5-HT3A receptors highlights a pharmacologically 460 

exploitable binding region within the extracellular domain. The physiological relevance of this 461 

inhibitory action also merits consideration. 5-HT3A-containing receptors are widely involved 462 

in fast excitatory serotonergic transmission in both peripheral and central pathways, including 463 

circuits associated with nausea, emesis, visceral sensation, and gastrointestinal reflex control.  464 

Because dysregulated serotonergic signaling has been implicated in functional gastrointestinal 465 

disorders and abnormal sensory processing, inhibition of 5-HT3A receptors remains a plausible 466 

mechanism for modulating these pathophysiological processes. In this regard, the ability of 467 

luteolin to suppress human 5-HT3A receptor currents suggests that flavonoid-based 468 

chemotypes may have utility in exploring how extracellular allosteric inhibition influences 469 

gut–brain signaling and sensory excitability. The inhibitory effect of luteolin on human 5-470 

HT3A receptors may help explain some of its previously reported biological effects. Luteolin 471 

has antidepressant-like effects, and part of this is thought to involve serotonin signaling, 472 

including blocking 5-HT reuptake. Direct 5-HT3 receptor antagonism could be another way 473 

luteolin affects serotonin activity, since 5-HT3 receptors are also linked to mood regulation. 474 

Also, 5-HT3 receptor antagonists are well known to reduce nausea and vomiting by blocking 475 

signals from vagal afferents and the chemoreceptor trigger zone. Since luteolin is a flavonoid 476 

commonly found in vegetables and fruits, its ability to inhibit 5-HT3A receptor currents 477 

suggests it might also affect gut-brain serotonin signaling related to nausea, gut sensation, and 478 

motility. Although the present study does not address in vivo efficacy, tissue exposure, or 479 

system-level physiological outcomes, it establishes a molecular basis that can support future 480 

translational investigation in more complex experimental settings. 481 

In summary, the present study identifies luteolin as a reversible, concentration-dependent 482 

inhibitor of the human 5-HT3A receptor that acts through a noncompetitive and voltage-483 

independent mechanism. Functional and structural analyses converge in supporting a key role 484 

for I66 and W178 in shaping luteolin sensitivity, thereby implicating the extracellular domain 485 

as a critical site of action. Beyond defining the pharmacological profile of a single flavonoid, 486 

these findings provide new insight into extracellular determinants of 5-HT3A receptor 487 



modulation and suggest that flavonoid-like chemotypes may represent useful starting points 488 

for the development of new probes targeting serotonergic ligand-gated ion channel signaling. 489 
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List of Abbreviations 518 

Abbreviation Full term 

5-HT 5-hydroxytryptamine (serotonin) 

5-HT3A 5-hydroxytryptamine type 3A receptor subtype 

cRNA complementary RNA 

DEPC diethyl pyrocarbonate 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

I5-HT 5-HT-evoked inward current 

IACUC Institutional Animal Care and Use Committee 

IC50 half-maximal inhibitory concentration 

Ki inhibition constant 

MDL-72222 3-tropanyl-3,5-dichlorobenzoate 

ND96 standard Xenopus oocyte bath/recording solution 

OR2 oocyte Ringer solution 2  

PCR polymerase chain reaction 

PDB Protein Data Bank 

SEM standard error of the mean 

Vmax maximal current amplitude 
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 655 

Figure 1. Chemical structure of luteolin and its inhibitory action on human 5-HT3A receptors. 656 

(A) Chemical structure of luteolin. (B) Representative current trace recorded from a water 657 

(H2O)-injected oocyte exposed sequentially to 100 μM 5-HT (5-hydroxytryptamine; serotonin), 658 

30 μM luteolin, and 300 μM luteolin, showing no measurable current in the absence of 5-HT3A 659 

receptor expression. (C) Representative current trace recorded from an oocyte expressing 660 

human 5-HT3A receptors, using the same application protocol as in (B). 5-HT (100 μM) 661 

evoked a robust inward current (I5-HT, 5-HT-evoked inward current), whereas luteolin alone (30 662 

or 300 μM) elicited no current; a second application of 5-HT evoked a response of similar 663 

amplitude, confirming that luteolin does not act as an agonist at the 5-HT3A receptor and that 664 

the receptor response remained stable throughout the recording. (D) Representative current 665 

traces recorded from oocytes exposed to 100 μM 5-HT alone or together with 30 μM luteolin, 666 



with luteolin administered either simultaneously with 5-HT or as a preincubation treatment. 667 

The selective 5-HT3A receptor antagonist 0.5 μM MDL-72222 (3-tropanyl-3,5-668 

dichlorobenzoate) inhibited I5-HT. Data are expressed as mean ± SEM (n = 8–10 oocytes from 669 

four frogs, n = number of oocytes). Statistical comparison between 5-HT alone and 5-HT + 670 

luteolin was performed using a paired Student's t-test (p = 0.0011). 671 

  672 



 673 

Figure 2. Characterization of luteolin-mediated inhibition of the 5-HT3A receptor. 674 

(A) Concentration–inhibition relationships were obtained from oocytes expressing human 5-675 



HT3A receptors by measuring peak inward currents at a holding potential of −80 mV. 676 

Responses to 100 μM 5-HT were first recorded alone and then during co-application with 677 

increasing concentrations of luteolin. (B) The inhibitory action of luteolin on 5-HT-induced 678 

currents was evaluated by comparing the mean peak amplitudes evoked by 5-HT alone with 679 

those recorded in the presence of luteolin. (C) Current-voltage (I–V) relationships obtained 680 

using voltage ramps from −80 to +50 mV (holding potential, −80 mV) under control conditions 681 

(Con), during application of 100 μM 5-HT alone, and during co-application of 5-HT with 3 or 682 

30 μM luteolin. (D) Percentage inhibition of I5-HT by 3 μM (blue squares) or 30 μM (magenta 683 

circles) luteolin plotted as a function of membrane potential, derived from the I–V data in (C). 684 

The lack of voltage dependence across the range tested (−80 to +40 mV) indicates that luteolin 685 

inhibits I5-HT independently of membrane potential. (E) Concentration–response curves for 5-686 

HT were constructed at −80 mV in the absence or presence of 3 or 30 μM luteolin. Currents 687 

evoked by different concentrations of serotonin during co-application with luteolin showed that 688 

luteolin reduces 5-HT3A receptor function through a noncompetitive inhibitory mechanism (n 689 

= 9–12 from four independent frogs). 690 
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 693 

Figure 3. Structural analysis of the luteolin-binding site in wild-type 5-HT3A receptors. 694 

(A) Lateral view of the homopentameric 5-HT3A receptor. The red box indicates the luteolin-695 

binding site identified by docking analysis, located within the extracellular domain at the 696 

interface between adjacent subunits. (B) Top view of the same receptor model, rotated 90° 697 

relative to (A). Blue circles indicate the five orthosteric 5-HT-binding sites, each located at a 698 

subunit interface, the red box indicates the luteolin-binding site shown in (A). (C) Close-up 699 

lateral view of the boxed region in (A), showing the predicted docking pose of luteolin (orange 700 

sticks) within the binding pocket. (D) Close-up top view of the boxed region in (B), rotated 90° 701 

relative to (C), showing the predicted orientation of luteolin within the same pocket.  702 



703 

Figure 4. Structural characterization of luteolin binding to the 5-HT3A receptor. 704 

(A) Docking analysis positioned luteolin within a pocket formed at the interface between the 705 

extracellular and transmembrane domains of the 5-HT3A receptor. (B) A two-dimensional 706 

interaction map depicts the predicted orientation of luteolin in the binding site and the residues 707 

involved in ligand recognition. (C, D) Comparison of docking interactions in the wild-type (C) 708 

and mutant receptors (D) indicates that individual substitutions differentially alter the pattern 709 

of luteolin–receptor contacts. 710 



 711 

Figure 5. Effects of luteolin on I66 and W178 mutant 5-HT3A receptors. 712 

 713 



(A–C) Representative current traces of 5-HT-evoked inward current recorded from oocytes 714 

expressing I66A (A), W178A (B), or I66A+W178A double-mutant (C) 5-HT3A receptors at a 715 

holding potential of −80 mV. Currents evoked by 100 μM 5-HT alone were compared with 716 

those evoked in the presence of 30, 100, or 300 μM luteolin. (D) Concentration-inhibition 717 

relationships for luteolin at wild-type and mutant 5-HT3A receptors, expressed as the 718 

percentage of I5-HT remaining relative to the response to 5-HT alone (100%). Symbols denote 719 

wild-type (■), I66A (●), W178A (▲), and I66A+W178A (▼). Corresponding maximal 720 

inhibition (Vmax), IC50, and Hill coefficient values are listed in Table 1. (E) Representative 721 

current traces recorded from oocytes expressing the W178Y or W178S mutant receptor at a 722 

holding potential of −80 mV, evoked by 1 mM 5-HT (a higher concentration than used in A–723 

C, reflecting the reduced 5-HT sensitivity of these substitutions) alone or in the presence of 724 

luteolin (100 or 300 μM for W178Y; 100, 300, or 1000 μM for W178S). The W178S mutant 725 

failed to generate a detectable inward current in response to 5-HT at any concentration tested, 726 

precluding evaluation of luteolin sensitivity at this construct (see Table 1). Values are shown as 727 

mean ± SEM (n = 7–11 oocytes from four individual frogs). 728 
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 730 

Table 1 Inhibitory effect of luteolin on wild-type and mutant 5-HT3A receptors 731 

 Vmax IC50 nH 

Wild  81.1 ± 0.9 5.8 ± 0.4 1.4 ± 0.3 

I66A  33.4 ± 2.1** 64.3 ± 4.6 1.3 ± 0.5 

W178A 24.5 ± 3.5** 24.1 ± 3.2 1.5 ± 0.3 

I66A + W178A  2.4 ± 1.2** 6.7 ± 2.8 1.4 ± 0.3 

W85A 84.5 ± 2.4 5.5 ± 2.3 1.2 ± 0.5 

R87A 72.1 ± 2.5 6.2 ± 5.2 1.1 ± 0.5 

N123A 81.4 ± 2.7 5.3 ± 3.1 1.5 ± 0.6 

T176A 76.1 ± 2.8 7.4 ± 2.3 1.3 ± 0.5 

S177A 77.1 ± 2.7 5.5 ± 2.2 1.4 ± 0.5 

M223A 84.1 ± 2.4 7.4 ± 4.2 1.1 ± 0.5 

Y229A 79.0 ± 6.4 5.5 ± 2.6 1.2 ± 0.6 

W178S ND ND ND 

W178Y 28.5 ± 6.7** 21.5 ± 4.8 1.2 ± 0.4 

    

 732 

Statistical comparisons of Vmax and Hill coefficient between wild-type and each mutant 733 

receptor were performed using one-way ANOVA. **p < 0.001 vs wild-type. The data are 734 

expressed as mean ± SEM (n = 6–8) obtained from four individual frogs. Membrane currents 735 

were recorded at a holding potential of −80 mV. The IC50 values (μM), Hill coefficient (nH), 736 

and Vmax (%) were calculated as described in the Materials and Methods section. ND (not 737 

determined; no functional response to 5-HT) 738 
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