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Abstract

Visceral pain disorders, such as irritable bowel syndrome, exhibit a marked female prevalence. 

Enhanced signaling between enterochromaffin (EC) cells in the gut epithelium and mucosal 

sensory nerve fibers likely contributes to this sex bias. We identified an estrogen-responsive 

paracrine pathway in which two enteroendocrine cell types, peptide YY (PYY)-expressing L cells 

and serotonergic EC cells, communicate to increase gut sensitivity in females. We demonstrate 

that estrogen signaling up-regulates the bacterial metabolite short-chain fatty acid receptor Olfr78 
on colonic L cells, increasing PYY release and their sensitivity to acetate. Elevated PYY acts 

on neighboring EC cells by means of NPY1R, thereby enhancing serotonin release and gut pain. 

We propose that hormonal fluctuations, in conjunction with internal (stress) or environmental 

(diet) factors, amplify this local estrogen-responsive colonic circuit, resulting in maladaptive gut 

sensitivity.

Chronic gastrointestinal pain conditions, such as irritable bowel syndrome (IBS), are more 

prevalent in women (1, 2) and can be exacerbated by fluctuating estrogen levels during 

the menstrual cycle and pregnancy (3, 4). Although relevant targets of estrogen have not 

been identified, one possible site of action is the gut mucosa, in which sensory nerve 

fibers communicate with epithelial cells to detect noxious stimuli and transmit nociceptive 

information to the spinal cord. Most epithelial cells that line the gut are enterocytes that 

primarily function to absorb nutrients, water, and electrolytes from the digestive tract. 

Interspersed among these enterocytes are rare, excitable enteroendocrine cells (EECs) that 
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detect luminal contents (including nutrients, microbial metabolites, and ingested irritants) 

and release peptides and neurotransmitters to elicit an array of physiological responses. 

Serotonergic enterochromaffin (EC) cells are a distinct subtype of EECs that activate 

neighboring mucosal spinal afferents to elicit visceral pain (5–7). This EC cell-sensory nerve 

circuit shows heightened sensitivity in female mice (5), raising the possibility that it is a 

locus for hormone-dependent enhancement of visceral pain. Whether and how estrogen acts 

to modulate this peripheral pain circuit remains unclear.

The L cell, another well-characterized EEC subtype, is primarily recognized for its role 

in sensing postprandial nutrients and secreting hormones such as glucagon-like peptide-1 

(GLP-1) and peptide YY (PYY) to regulate insulin secretion, digestion, gastrointestinal 

motility, and absorption (8). Although the sites of GLP-1 action are numerous, it is 

postulated to act locally through activation of GLP-1 receptors on EC cells to trigger the 

release of serotonin (9). However, unlike GLP-1, a role for PYY (specifically the cleaved 

PYY3–36 peptide) in promoting negative energy balance and appetite suppression (10, 11) 

is less clear (12, 13). When given exogenously, PYY3–36 results in marked gastrointestinal 

(GI) discomfort in humans (14, 15) and food aversion in rodents (16). Whereas PYY3–36 

selectively binds to NPY2 receptors in vagal afferents (17) and the brain (18), the larger 

PYY1–36 peptide additionally activates the NPY1 receptors (19), which in the gut are 

expressed by EC cells and spinal afferents (9). With EC cells emerging as the main detectors 

of noxious stimuli in the gut epithelium, coupling between PYY1–36 and NPY1R would 

presumably lead to visceral discomfort and hypersensitivity by increasing serotonin release, 

as originally hypothesized by Kojima and colleagues (20). However, given the intense 

focus on L cells (and PYY) as nutrient sensors in the small intestine, few if any studies 

have explored paracrine coupling between L and EC cells in the colon and consequent 

effects on visceral pain. We show that cellular crosstalk between L and EC cells leads to 

visceral hypersensitivity, revealing a role for PYY1–36 as a major nociceptive transmitter 

in the colon. This inter-enteroendocrine conduit is co-opted by estrogen by means of 

estrogen receptor alpha (ERα) on L cells, revealing a mechanism to account for visceral 

hypersensitivity in females.

Results

ERα is required for heightened visceral sensitivity in females

We have previously shown that mucosal sensory afferents exhibit higher baseline activity 

in female mice compared with male mice (5). To determine whether estrogen plays a role 

in this differential sensitivity, we compared afferent nerve fiber activity in ex vivo mucosal 

preparations (evMAR) from males versus intact or ovariectomized (OVX) females. Indeed, 

mechanical stimulation of the mucosa elicited higher responses in females compared with 

males, and this difference was greatly attenuated by OVX (Fig. 1, A and B, and fig. 

S1, A and B). Similar results were obtained with evMAR preparations from mice (NaV1.8-
ChR2) expressing channelrhodopsin in sensory afferents, where spiking was observed at 

substantially lower light intensities for intact females compared with OVX females (Fig. 1C 

and fig. S1C).
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Estrogen also had a marked effect on behavioral measures of visceral sensitivity as 

determined by assessing visceral motor responses (VMRs) to colorectal distension (21, 

22), akin to how pain is evaluated in patients with IBS (23). Responses in females were 

significantly blunted when estrogen was depleted by OVX (P < 0.0001) (Fig. 1D). A single 

treatment of OVX females with estradiol benzoate (EB) reversed this drop, with maximum 

effects observed at 6 hours following EB injection (P = 0.0018) (Fig. 1E and fig. S1D). 

Similarly, the low baseline VMR responses in males were also enhanced by this hormone 

treatment (Fig. 1F and fig. S1E). Together, these results establish that estrogen, whether 

endogenous or exogenous, maintains a heightened state of gut sensitivity in females. In this 

regard, we observed that the dominant transducer of estrogen, namely estrogen receptor 

alpha (ERα, encoded by the Esr1 gene) was expressed at relatively low levels in proximal 

gut regions, but at much higher levels in a sparse population of cells within the colonic 

epithelium, particularly in the distal colon of females and males where visceral pain is most 

acutely sensed (Fig. 1, G and H). To assess how loss of ERα affects gut function and 

visceral sensitivity, we crossed a Vil1-Cre driver to the floxed Esr1fl/fl allele to eliminate 

ERα in the entire intestinal epithelium (Fig. 2A and fig. S2A). Gross metabolic parameters, 

including body weight and daily food intake, remained unchanged in mutant mice (Fig. 

2B and fig. S2, B and C). However, colonic motility and GI transit times (P < 0.0001) 

were substantially accelerated, especially in females (Fig. 2, C and D), as predicted from 

known effects of estrogen on gut motility (24). Further, depleting intestinal ERα markedly 

lowered mucosal afferent sensitivity in females compared with males (Fig. 2E and fig. 

S2D). This lowered sensitivity was mirrored in VMR assays as Esr1Vil1-Cre females were 

largely unresponsive until higher distension pressures (60 to 80 mmHg) compared to Esr1fl/fl 

controls (Fig. 2F); circulating serotonin levels were also lower in mutant females (Fig. 2G). 

Especially notable was the inability of estrogen treatment to increase visceral sensitivity 

in Esr1Vil1-Cre females, compared with their littermate controls (Figs. 1E and 2H). These 

data establish that ERα is essential for the estrogen-dependent enhancement of visceral 

sensitivity.

Given their role in driving visceral sensitivity, we presumed ERα would reside in EC cells, 

but we instead found the receptor absent (fig. S3A). Although unexpected, this finding is 

consistent with the fact that very few estrogen-responsive genes were detected in EC cells 

(fig. S3B) and the number of EC cells was unchanged across the estrous cycle (fig. S3C). 

Instead, we found that Esr1 expression overlaps with 100% of Pyy- (and Cck-) expressing 

cells, especially in the distal colon; overlap with Gcg, which encodes GLP-1, was limited 

(Fig. 2, I and J, and fig. S3, D to F).

PYY-induced visceral pain increased with estrogen

Given the restricted expression of Esr1 in L cells, we asked whether estrogen promotes 

visceral pain by increasing L cell secretion of PYY and/or GLP-1, both of which have been 

proposed to enhance serotonin release by activation of their cognate G protein-coupled 

receptors on EC cells (9, 20). In intact female mice, we found a marked increase in 

circulating PYY peaking 6 hours following estrogen treatment (Fig. 3A), whereas GLP-1 

and CCK concentrations were largely unaffected (Fig. 3B and fig. S3G) in this setting, 

even though estrogen has been shown to increase GLP-1 secretion (25). Total PYY levels 
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remained unchanged at baseline for males and females (fig. S3H) and upon EB treatment in 

knockout (KO) females (fig. S3I). After first confirming expression of Npy1r on nociceptive 

EC cells (Fig. 3C), as reported by others (9, 26), we asked whether PYY1–36 might act 

downstream of estrogen signaling in L cells to enhance visceral sensitivity in female 

mice. Indeed, following the addition of PYY1–36 to the NaV1.8-ChR2 evMAR nerve-gut 

preparation, a prominent leftward shift was observed after light stimulation in OVX females 

(Fig. 3D and fig. S4, A and B). Moreover, PYY1–36 elicited increased afferent sensitivity 

to mechanical stimulation in OVX females (Fig. 3E and fig. S4, C and D). Of note, PYY 

failed to increase the higher baseline sensitivity in intact females (Fig. 3, F and G), but did 

increase visceral sensitivity in Esr1Vil1-Cre KO mutant females and control males (fig. S5, A 

and B). VMR responses to PYY1–36 were also significantly elevated in OVX control females 

(P = 0.0005) and ERα KO mutant females (P = 0.0006) (Fig. 3, H and I). These findings 

establish that PYY1–36 fully restores gut sensitivity following estrogen depletion in OVX 

females or after loss of estrogen signaling in the gut epithelium. PYY1–36 also increased 

afferent sensitivity in intact males, whereas GLP-1 failed to show any such effects in males 

or females (Fig. 3, J and K, and fig. S5C). Collectively, these data support the notion that the 

estrogen-induced PYY release from L cells directly affects the EC-mucosal afferent circuit 

to increase visceral sensitivity.

A local paracrine circuit mediates visceral pain in females

To determine whether PYY directly activates EC cells, we used live imaging of 

intestinal organoids engineered to express an EC cell specific calcium reporter 

(Polr2a-GCaMP5gTac1Cre). Robust PYY1–36-evoked signals were detected in male Polr2a-
GCaMP5gTac1Cre organoids (Fig. 4A), and these were blocked by the NPY1R-specific 

antagonist, BIBO3304 (Fig. 4B and fig. S6A). Similar responses were also detected in 

female organoids (Fig. 4, C and D and fig. S6B). By contrast, PYY3–36 failed to elicit 

equivalent responses, again consistent with activation of the NPY1R subtype (Fig. 4E). 

Using a sniffer cell assay (6, 27) in which HEK293T cells express the gGRAB5-HT3.0 

serotonin sensor (28), we found that PYY1–36 promotes robust serotonin release from EC 

cells. When sniffer cells were co-cultured with Polr2a-GCaMP5gTac1Cre organoids, PYY1–

36-evoked serotonin release and calcium responses in EC cells were seen to be time-locked 

(Fig. 4, F and G, and movie S1). Together, these cellular assays demonstrate that L cell 

derived PYY1–36 activates EC cells to elicit serotonin release, confirming previous studies 

measuring bulk transmitter levels (20). Blocking the NPY1R receptors in our ex vivo and 

in vivo assays yielded similar results. Indeed, following BIBO3304 treatment, mucosal 

afferent responses in gut-nerve recordings from intact females were significantly reduced (P 
< 0.0001) (Fig. 4H and fig. S6C), an effect that was not observed in males (fig. S6, D and 

E). Moreover, estrogen-induced visceral sensitivity in OVX female mice was attenuated to 

baseline levels following BIBO3304 treatment (Fig. 4I).

To establish that PYY1–36 enhances mucosal afferent activity by means of serotonergic 

signaling, we administered PYY1–36 in combination with alosetron, a 5-HT3R antagonist 

that is used clinically in women to mitigate IBS symptoms (29). Alosetron abrogated 

the PYY1–36-evoked sensitization of mechanical responses in gut-nerve recordings from 

OVX females (Fig. 5A and fig. S7, A and B). These findings were recapitulated in vivo, 
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where alosetron, given 20 min before testing, effectively blocked estrogen-induced visceral 

sensitivity in OVX females (Fig. 5B). Taken together, these data demonstrate that L cell 

derived PYY1–36 acts locally to promote serotonin release and elicit gut pain by enhancing 

activity of the EC-mucosal afferent circuit.

Estrogen sensitizes L cell response to SCFAs via OLFR78

Next, we identified estrogen-responsive targets that might modulate visceral sensitivity 

by profiling sorted tdTomato-expressing L cells (CckCre-tdTomato) obtained from EB- 

or vehicle-treated OVX females. In contrast to the minor effects of estrogen on EC cell 

gene expression (fig. S3B and table S1), multiple estrogen-sensitive targets were identified 

in L-cells, including known ERα targets (Ccnd2, Cdc20, and Muc1), with many more 

up-regulated (238) than down-regulated (35) (Fig. 5C, and fig. S8A, and tables S2 to S4). 

Although Cck was up-regulated, it failed to engage the L-EC cell pathway (fig. S8, B and 

C) as was shown for PYY. The short-chain fatty acid (SCFA) receptor encoded by Olfr78 
emerged as another top hit, and its appearance in colonic L-cells after estrogen treatment 

was confirmed, as was the expression of Epithelial Sodium Channel (ENaC) subunit, Scnn1g 
(Fig. 5, C to E, and fig. S8, D and E). By contrast, Olfr78 was unchanged in sorted EC 

cells following estrogen treatment (table S1). To assess whether up-regulation of Olfr78 
is functionally relevant, female colonoids from Polr2a-GCaMP5gPyyCre were preincubated 

with estradiol (E2) for 6 hours and then treated with acetate, the highest-affinity ligand 

for OLFR78 (30–32). Preincubating colonoids with estrogen significantly elevated L-cell 

responses to acetate (P = 0.0019) (Fig. 5F). Collectively, our data suggest that the hormonal 

induction of Olfr78 contributes to sensitization of the female gut through enhanced detection 

of bacterial metabolites.

Discussion

In this study, we have shown how estrogen signaling modulates paracrine interaction 

between two enteroendocrine cell types, elucidating a mechanism to explain heightened 

visceral sensitivity in females (Fig. 5G). PYY1–36 released from colonic L cells initiates this 

cellular cascade by enhancing serotonergic tone in EC cells, leading to activation of nearby 

5-HT3R-expressing mucosal spinal afferents. Estrogen plays a crucial role in triggering these 

cellular events by i) increasing PYY release from L cells and ii) enhancing the sensitivity 

of L cells to bacterial metabolites through the up-regulation of the SCFA receptor, Olfr78, 
whose segmental distribution resembles that of Esr1 in the intestine (33). Our findings also 

position EC cells as vital coincidence detectors in the gut-brain axis, corroborating earlier 

studies that paracrine interactions between L and EC cells increase serotonergic signaling, 

thereby affecting food intake (9), gut motility (34), and now visceral pain, as previously 

hypothesized (20).

Based on our pharmacological observations –namely, that estrogen enhances PYY release 

and that blocking NPY1R eliminates heightened visceral sensitivity in intact females or 

after restoring estrogen in OVX females– we place estrogen directly upstream of PYY1–

36-NPY1R signaling in EC cells. A local paracrine L-EC-sensory afferent signaling pathway, 

rather than direct action of PYY on NPY1Rs on spinal afferents (35), is further supported 
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by the fact that the sensitizing effects of estrogen or PYY on visceral tone are abolished 

by antagonism of 5-HT3R. Based on our ability to further sensitize visceral responses by 

PYY administration in males but not females, we posit that although the estrogen-responsive 

L-EC sensory pathway is present in both sexes, high estrogen continuously engages this 

circuit in females, consistent with the higher rates of self-reported IBS in premenopausal 

women (1, 36). Although total circulating PYY levels showed no significant sex differences, 

the more relevant measure will be to assess the spatial and temporal dynamics of PYY1–

36 release within the colon, which will require the development of selective sensors. Our 

results, together with previous studies (32), may now explain why diets low in fermentable 

carbohydrates (broadly known as FODMAPs) are beneficial to some individuals who 

suffer from functional gut disorders (37). Furthermore, our results identify potential new 

therapeutic targets for such disorders, while also clarifying conflicting views on the role 

of PYY in appetite suppression when viewed in the context of the colon and gut pain. We 

suggest that within the colon, PYY is less important as a postprandial signal and instead 

functions as a nociceptive gut hormone that modulates pain and discomfort, as previously 

suggested (38). The enrichment of ERα/PYY/Olfr78-positive cells in the colon versus the 

small intestine (32, 33, 39) supports the notion that this estrogen-responsive molecular 

circuit is functionally positioned to sense and respond to environmental or endogenous 

noxious stimuli, especially in females.

Our study predicts that fluctuating estrogen concentrations would affect the crosstalk 

between L and EC cells, and two periods in the female life cycle come to mind– surges 

in estrogen during the menstrual cycle, and the meteoric rise in estrogen during late stages of 

pregnancy (40). Taken together with recent studies that have begun to define molecular cues 

promoting villus expansion in the maternal gut (41, 42), our findings raise the possibility 

of yet another essential adaptation to enhance progeny well-being– namely, heightened 

surveillance of ingested nutrients. Identifying this protective signaling mechanism brings us 

closer to understanding how hormones and diet, when coupled with stress and inflammatory 

events, could become maladaptive, leading to chronic visceral pain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Estrogen heightens visceral sensitivity in females and is enriched in the distal colon.
(A) Mucosal afferent recordings (evMAR) from intact females and males to mucosal 

stroking (left). n = 37 to 48 afferents. Two-way repeated measures analysis of variance 

(ANOVA) followed by Šidák’s multiple comparisons test for each stimulus-response pair, *P 
< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Total number of evMAR spikes (right). 

Unpaired t-test, ***P < 0.001. (B) evMAR responses in intact and OVX females (left). n 
= 10 to 13 afferents. Two-way repeated measures ANOVA followed by Bonferroni multiple 

comparisons test, *P < 0.05, **P < 0.01. Total number of evMAR spikes (right). Unpaired t-
test, *P < 0.05. (C) Percentage of mucosal afferents responding at indicated light intensities 

(left), and activation thresholds of afferents (right) in intact and OVX NaV1.8-ChR2 female 

mice. n = 10 to 13 afferents. Nonlinear regression and the Mann-Whitney test were used, 

respectively, with ****P < 0.0001. (D) VMR responses (left) and total area under the curve 

(AUC) (right) for intact and OVX females. n = 11, 10 mice. Two-way repeated measures 

ANOVA followed by Šidák’s multiple comparisons test (left) and paired t-test (right). *P < 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (E) Using the same OVX female cohort 

from (D), VMR responses at 6 hours following EB injections (1 μg per mouse) are shown. n 
= 10 mice. Two-way repeated measures ANOVA followed by Šidák’s multiple comparisons 

test (left), paired t-test (right). *P < 0.05, **P < 0.01. (F) VMR responses (left) and total 

AUC (right) for intact males at baseline and 6 hours following EB treatment (1 μg per 

mouse). Two-way repeated measures ANOVA followed by Šidák’s multiple comparisons 
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test (left), paired t-test (right), *P < 0.05. (G) Esr1 transcripts visualized in the ileum, 

proximal, and distal colon, epithelial expression (white arrowheads) and neuronal expression 

(yellow arrowheads). Scale bars, 100 μm. (H) Plot of Esr1+ cell density quantified from 

15 fields per intestinal segment (Du, duodenum; Je, jejunum; Il, ileum; PC, proximal 

colon; DC, distal colon). n = 4 mice. Nested one-way ANOVA followed by Dunnett’s 

multiple comparisons test, **P < 0.01, ****P < 0.0001. VMRs were normalized to maximal 

responses in intact females (D), OVX females (E), and males (F). The evMAR and VMR 

schematics were created by the authors, and part of the VMR schematic was rendered using 

BioRender.com. Data are presented as mean ± SEM.
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Fig. 2. ERα signaling is restricted to PYY+ L cells and is required for normal gut motility and 
female visceral sensitivity.
(A) Esr1 expression in the proximal and distal colons of Esr1fl/fl and Esr1Vil1-Cre female 

mice. Scale bars, 100 μm. (B) Post-weaning body weights from 5 to 20 weeks in Esr1fl/fl and 

Esr1Vil1-Cre females and males (left); average food intake over a 5-day period in Esr1fl/fl and 

Esr1Vil1-Cre females (right). n = 12 to 16 mice. Two-way repeated measures ANOVA (left) 

and unpaired two-tailed t-test (right); n.s., not significant. (C) Colonic bead expulsion time 

in Esr1fl/fl and Esr1Vil1-Cre females (F) and males (M). n = 5 to 18 mice. Unpaired 2-tailed 

t-tests. ****P < 0.0001; n.s., not significant. (D) GI transit times in Esr1fl/fl and Esr1Vil1-Cre 
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females (F) and males (M). n = 9 to 10 mice. Unpaired 2-tailed t-tests. *P < 0.05, ****P < 

0.0001. (E) evMAR responses in Esr1Vil1-Cre and Esr1fl/fl females and males. n = 19 to 22 

afferents. Two-way repeated measures ANOVA followed by Šidák’s multiple-comparisons 

test. *P < 0.05, **P < 0.01, ****P < 0.0001. (F) VMR responses and total AUC in intact 

Esr1fl/fl controls and Esr1Vil1-Cre females. n = 9 to 11 mice. Two-way repeated measures 

ANOVA followed by Šidák’s multiple-comparisons test (left) and unpaired two-tailed t-test 

(right). *P < 0.05, **P < 0.01, ****P < 0.0001. (G) Circulating 5-hydroxytryptamine (5-HT) 

concentrations in Esr1fl/fl and Esr1Vil1-Cre females, unpaired two-tailed t-test, *P < 0.05, 

n = 5 to 7 mice. (H) VMR data in OVX Esr1Vil1-Cre females at baseline and following 

EB injections (1 μg per mouse). n = 9 to 10 mice. Two-way repeated measures ANOVA 

followed by Šidák’s multiple-comparisons test (left) and Wilcoxon matched-pairs signed-

rank two-tailed test (right); n.s., not significant. (I) Images of distal colons from female 

mice showing Esr1-positive cells (white arrowheads) showing expression of Pyy (bottom 

panel), but not Tph1 transcripts (top panel; yellow arrowheads). Scale bars, 100 μm. (J) 

Quantification of colonic Esr1+ cells co-expressing Pyy (n = 4 mice), Cck, Gcg, and Tph1 
(n = 2 mice) across 15 fields per colonic segment. Nested one-way ANOVA followed by 

Dunnett’s multiple comparisons test. **P < 0.01, ****P < 0.0001. VMRs were normalized 

to maximal responses in intact females (F) and KO females (H). Data are presented as mean 

± SEM.
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Fig. 3. PYY1–36 but not GLP-1, acts downstream of ERa signaling to promote visceral sensitivity.
(A) Circulating PYY concentrations and (B) circulating GLP-1 concentrations in female 

mice at baseline and following 4, 6, and 10 hours of EB (1 μg per mouse) treatment. n = 6 to 

9 mice. One-way ANOVA followed by Tukey’s multiple comparisons test. *P < 0.05, ***P 
< 0.001; n.s., not significant. (C) Representative images of Npy1r expression in Tph1+ EC 

cells visualized in the ileum, proximal, and distal colon (co-expression indicated by white 

arrows and neuronal expression by the yellow arrow). Scale bars, 100 μm. (D) Percentage of 

mucosal afferents responding at indicated light intensities (left), and activation thresholds of 

afferents (right) in OVX NaV1.8-ChR2 females at baseline and following PYY1–36 treatment 
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(30 nM), n = 11 afferents. Nonlinear regression (left) and Wilcoxon matched-pairs signed-

rank two-tailed test (right). ***P < 0.001. (E) evMAR responses in OVX NaV1.8-ChR2 
females at baseline and following PYY1–36 treatment (30 nM), n = 13 afferents. Two-way 

repeated measures ANOVA followed by Bonferroni multiple comparisons test (left) and 

unpaired two-tailed t-test (right). **P < 0.01, ***P < 0.001, ****P < 0.0001. (F) Same 

as (D) but in intact NaV1.8-ChR2 females at baseline following PYY1–36 treatment. n = 

10 afferents. Nonlinear regression (left) and Wilcoxon matched-pairs signed-rank two-tailed 

test (right); n.s., not significant. (G) Same as (E) but in intact NaV1.8-ChR2 females at 

baseline and following PYY1–36 treatment. n = 10 afferents. Two-way repeated measures 

ANOVA followed by Bonferroni multiple comparisons test (left) and unpaired two-tailed 

t-test (right); n.s., not significant. (H and I) VMR responses and total AUC at baseline 

and after PYY1–36 treatment (10 μg/kg) in OVX Esr1fl/fl control (H) and Esr1Vil1-Cre KO 

(I) females. n = 6 to 10 mice. Two-way repeated measures ANOVA followed by Šidák’s 

multiple-comparisons test (left) and unpaired two-tailed t-test in (H) (right) and paired 

two-tailed t-test in (I) (right) *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (J 
and K) evMAR responses in males at baseline and following PYY1–36 (J) or GLP-17–36 

(100 nM) (K) treatment. n = 12 afferents. Two-way repeated measures ANOVA followed by 

Bonferroni multiple comparisons test (left) and unpaired two-tailed t-test (right). *P < 0.05, 

***P < 0.001, ****P < 0.0001. Data are presented as mean ± SEM. VMRs were normalized 

to maximal responses to OVX females (H) and KO females (I).
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Fig. 4. PYY1–36 promotes 5-HT release from EC cells and enhances visceral sensitivity via 
NPY1R.
(A) PYY1–36 (10 nM)-evoked calcium responses in EC cells within male intestinal 

organoids from Tac1Cre;Polr2a(GCaMP5g-IRES-tdTomato) mice. Responses are shown for each 

individual EC cell normalized to the maximal activation with KCl, with the number 

of responders indicated in the figure panel, n = 24 cells. Kruskal-Wallis test followed 

by Dunn’s multiple comparisons test, **P < 0.01, ****P < 0.0001. (B) Effects on 

calcium responses in male organoids following BIBO 3304 (1 μM), an NPY1R antagonist, 
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administered prior to PYY1–36, n = 10 cells. (C) Effects of PYY1–36 on female organoids as 

described in (A). n = 13 cells. One-way ANOVA followed by Tukey’s multiple comparisons 

test, *P < 0.05, ****P < 0.0001. (D) Effects of BIBO 3304 on female EC cells, n = 13 

cells. (E) PYY3–36 effects on calcium responses in male organoids, n = 12 cells. One-way 

ANOVA followed by Dunnett’s multiple comparisons test for AUC data. ****P < 0.0001; 

n.s., not significant. (F) Representative recordings of gGRAB5-HT3.0-expressing HEK293T 

cells (red) and GCaMP5g-expressing EC cells in male organoids (blue) measuring 5-HT 

release and Ca2+ signals from EC cells in the sniffer experiment. (G) Representative frames 

from live imaging of the gGRAB5-HT3.0 sniffer experiment with 5-HT sniffer cell (white 

arrowheads) next to a GCaMP5g+ EC cell (yellow arrowheads) in an intestinal organoid. A 

dashed circle outlines the sniffer cell in the far-left panel. Scale bar, 20 μm. (H) evMAR 

responses (left) and total spikes (right) in intact females at baseline and following BIBO 

3304 treatment (1 μM). n = 14 afferents. Two-way repeated measures ANOVA followed 

by Bonferroni multiple comparisons test (left) and two-tailed, unpaired t-test (right). *P < 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (I) VMR responses and total AUC in the 

same OVX controls at baseline replotted from Fig. 1E, n = 11 mice, or treated with EB (1 

μg) or EB + BIBO 3304 (1 mg/kg). n = 5 to 7 mice. Two-way repeated measures ANOVA 

followed by Šidák’s multiple comparisons test (left), and one-way ANOVA followed by 

Tukey’s multiple comparisons test (right). *P < 0.05, **P < 0.01, ***P < 0.001. Data are 

presented as mean ± SEM. VMRs were normalized to maximal responses in OVX females 

(I).
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Fig. 5. Estrogen increases SCFA detection in L-cells and engages a potent gut pain pathway.
(A) evMAR responses (left) and total spikes (right) in OVX females under four conditions: 

baseline, PYY1–36 (30 nM) treatment only, alosetron (ALS) treatment only (10 μM), and 

PYY1–36 + ALS. n = 9 to 10 afferents. Two-way repeated measures ANOVA followed 

by Bonferroni multiple comparisons test (left) and one-way ANOVA followed by Tukey’s 

multiple comparisons test (right). **P < 0.01, ***P < 0.001, ****P < 0.0001; n.s., not 

significant. (B) VMR responses and total AUC in OVX controls at baseline or treated with 

EB (1 μg per mouse) or EB + ALS (0.1 mg/kg). n = 5 to 7 mice. Two-way repeated 
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measures ANOVA followed by Šidák’s multiple comparisons test (left), and one-tailed, 

paired t-test (right). *P < 0.05, **P < 0.01, ****P < 0.0001. (C) Volcano plot showing 

changes in mRNA expression profile of L cells in response to 4 hours of EB treatment, 

upregulated genes (red), downregulated genes (blue). (D) Quantification of percent of cells 

coexpressing Pyy and Olfr78 in distal colons of OVX mice treated with vehicle (Veh) 

or estradiol benzoate [(EB), 1 μg per mouse]. n = 3 mice per group. Nested unpaired 

two-tailed t-test. ***P < 0.001. (E) Representative images of distal colons showing Olfr78 
receptor expression in L cells from OVX mice treated with vehicle or EB. Cells expressing 

primarily Pyy (yellow arrowheads), solely Olfr78 (red arrowheads), and overlapping Pyy/

Olfr78 (white arrowheads). Scale bars, 100 μm. (F) Normalized fluorescent responses from 

L cells expressing GCaMP5g at baseline (10 mM NaCl), and after application of acetate 

(10 mM), and high KCl in colonoids derived from PyyCre;Polr2a(GCaMP5g-IRES-tdTomato) 

female mice preincubated with vehicle or estradiol (E2, 100 nM) for 6 hours. n = 16 to 19 

cells. Bar graphs for matched pairs of cells before and after treatment. Two-way ANOVA, 

mixed effects analyses. *P < 0.05, ***P < 0.001, ****P < 0.0001; n.s., not significant. 

(G) Estrogen initiates paracrine signaling between L and EC cells in the female colonic 

epithelium, affecting visceral sensitivity. Estradiol acting through ERa in L-cells upregulates 

Olfr78 expression, increasing its response to bacterial acetate produced from fermentable 

oligosaccharides (FOS) and leading to PYY1–36 release (32). PYY1–36 then acts on NPY1R 

in EC cells, resulting in activation of 5-HT3R-expressing sensory nerve fibers to transduce 

pain information to the central nervous system. Data are presented as mean ± SEM. VMRs 

were normalized to maximal responses to OVX females (B). The model in (G) was partially 

rendered using BioRender.com.
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