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A brain-to-gut signal controls intestinal fat 
absorption

Qianqian Lyu1,2,9, Wenzhi Xue1,3,9, Ruixin Liu1,2,9, Qinyun Ma1,2,9, Vikram Babu Kasaragod4,9, 
Shan Sun5,9, Qian Li1, Yanru Chen1, Mingyang Yuan1, Yuying Yang1, Bing Zhang5, Aifang Nie1,2, 
Sheng Jia1, Chongrong Shen1, Po Gao6, Weifang Rong6, Chenxi Yu7, Yufang Bi1,2, Chunlei Zhang8, 
Fajun Nan7, Guang Ning1,2, Zihe Rao5, Xiuna Yang5, Jiqiu Wang1,2 ✉ & Weiqing Wang1,2 ✉

Although fat is a crucial source of energy in diets, excessive intake leads to obesity.  
Fat absorption in the gut is prevailingly thought to occur organ-autonomously by 
diffusion1–3. Whether the process is controlled by the brain-to-gut axis, however, 
remains largely unknown. Here we demonstrate that the dorsal motor nucleus of 
vagus (DMV) plays a key part in this process. Inactivation of DMV neurons reduces 
intestinal fat absorption and consequently causes weight loss, whereas activation  
of the DMV increases fat absorption and weight gain. Notably, the inactivation of a 
subpopulation of DMV neurons that project to the jejunum shortens the length of 
microvilli, thereby reducing fat absorption. Moreover, we identify a natural compound, 
puerarin, that mimics the suppression of the DMV–vagus pathway, which in turn leads 
to reduced fat absorption. Photoaffinity chemical methods and cryogenic electron 
microscopy of the structure of a GABAA receptor–puerarin complex reveal that 
puerarin binds to an allosteric modulatory site. Notably, conditional Gabra1 knockout 
in the DMV largely abolishes puerarin-induced intestinal fat loss. In summary, we 
discover that suppression of the DMV–vagus–jejunum axis controls intestinal fat 
absorption by shortening the length of microvilli and illustrate the therapeutic 
potential of puerarin binding to GABRA1 in fat loss.

The predominant increase in fat and calorie-dense food consumption 
worldwide has contributed substantially to the ongoing pandemic of 
obesity and metabolic disorders4. To take up fat effectively, the animal 
intestine has evolved into an absorption system comprising a long 
intestine with a protruding villus structure, brush-border microvilli and 
abundant enteric vascular and lymph vessels and nerve terminals5–7. The 
system is finely tuned to respond to fluctuations in the energy supply 
status, including the fasting-to-refeeding transition and a switch from 
a low-fat diet to a high-fat diet (HFD)8. Of note, intestinal fat absorption 
has been commonly recognized as an organ-autonomous process, 
mainly in the form of diffusion and partially through protein-facilitated 
lipid transport1–3. Recent observations have indicated a potential link 
between brain-derived factors and fat absorption in the small intestine. 
For instance, ablation of leptin receptors in hypothalamic neurons is 
reported to disrupt the expression of intestinal microsomal triglyceride 
transfer proteins9.

In the vagus nerve system, the nucleus tractus solitarius (NTS) and 
the DMV act as the hub of the brain–gut axis10. After the NTS receives 
multiple vagal afferent inputs from the intestine and integrates them 
with inputs from other areas11, the combined signals are relayed to the 

DMV, in which distinct neurons provide different output responses to 
regulate gastrointestinal motility and enhance digestion12. Vagotomy 
together with antrectomy leads to reduced fat absorption through 
impaired gastric motility, with poor digestion of food particles in the 
intestine13. Whether vagal efferent nerves from the DMV physiologically 
and directly regulate intestinal fat absorption is unclear.

In this study, we manipulated the activity of DMV neurons to reveal 
their roles in controlling jejunal fat absorption. We show that adminis-
tration of puerarin, a drug used for treating cerebrovascular diseases14, 
enhances faecal fat excretion and weight loss through the inhibition 
of GABAA receptor α1 subunit (GABRA1)-positive DMV neurons. These 
findings demonstrate a previously unknown brain-to-gut axis that con-
trols intestinal fat absorption and identify an applicable drug, puerarin, 
that targets this pathway.

The DMV regulates jejunal fat absorption
Given the central role of the DMV in the brain-to-gut pathway10, we 
first evaluated the effects of DMV neuronal inactivation on intes-
tinal fat absorption. We used the chemogenetic designer receptor 
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exclusively activated by designer drugs (DREADDS) technique15 and 
bilaterally injected recombinant adeno-associated virus (rAAV) express-
ing Cre-dependent hM4D(Gi) (rAAV-EF1α-DIO-hM4D(Gi)-mCherry)16 
or control AAV (rAAV-EFLA-DIO-mCherry) into the DMV region of 
Phox2b-cre heterozygous mice. This approach enabled us to specifi-
cally target a population of PHOX2B neurons in the DMV17 (Fig. 1a–c).  
Clozapine N-oxide (CNO), a ligand of the chemogenetic designer 
receptor, was shown to inactivate DMV neurons ex vivo (Extended 
Data Fig. 1a–c). After intraperitoneal (i.p.) CNO injection, mice in 
which DMV neurons were inhibited (Px2b-4i) fed on a HFD showed less 
body weight gain than control mice (Px2b-con) (Fig. 1d and Supplemen-
tary Fig. 1a) with no difference in food consumption (Supplementary 
Fig. 1b). An oral fat tolerance test (OFTT) was conducted to compare 

intestinal triglyceride (TG) absorption between the groups. Px2b-4i 
mice showed lower plasma TG levels than Px2b-con mice after oil gavage 
(Fig. 1e). Faeces collected from Px2b-4i mice had significantly higher 
contents of non-esterified fatty acid (NEFA) and TG (Fig. 1f,g) than faeces 
from control mice, which indicated an increase in fat excretion after 
DMV inhibition. Consistently, we observed decreased fat absorption 
in the jejunum of Px2b-4i mice (Fig. 1h), the main site responsible for 
lipid absorption18,19. We also performed an oral glucose tolerance test 
and observed no significant difference in blood glucose levels between 
groups (Supplementary Fig. 1c). These findings suggest that DMV  
inhibition leads to a reduction in jejunal fat absorption.

To confirm that the above intestinal phenotypes primarily 
resulted from the inactivation of DMV neurons rather than other 
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Fig. 1 | The DMV controls jejunal fat absorption and body weight gain.  
a, Abridged view of the brainstem–vagus nerve–intestine pathway in mice  
fed a HFD. b, PHOX2B-positive neurons in the brainstem of PHOX2B-Cre: 
Rosa26-tdTomato mice. AP, area postrema. c, Schematic of the experimental 
design using chemogenetic suppression of DMV activity in Phox2b-cre mice. 
d–h, Changes observed after inactivation of DMV neurons in Px2b-4i mice and 
Px2b-con mice (n = 8 per group). Body weight change (d), plasma TG levels after 
OFTTs (e), 24-h faecal NEFA (f) and TG content (g), and jejunal TG levels (h).  
i, CHAT-positive neurons located in the DMV of CHAT-Cre:Rosa26-tdTomato 
mice. j, Schematic of the experimental design using chemogenetic suppression 

of DMV function in Chat-cre mice. k–o, Changes observed after inactivation of 
DMV neurons in Chat-4i mice (n = 10 per group). Body weight change (k), 
plasma TG levels (l), 24-h faecal NEFA (m) and TG content (n), and jejunal TG 
levels (o). Sample collection was at day 7 after CNO application. Plasma and 
jejunal samples were collected 2 h after 200 μl olive oil gavage. Scale bar, 100 μm 
(b,i). Data presented as the mean ± s.e.m. Significance was assessed using two- 
way analysis of variance (ANOVA) (d,e,k), two-tailed Student’s t-test (f,g,l–o) or 
two-tailed Mann–Whitney test (h). *P < 0.05, **P < 0.01, ***P < 0.001. For detailed 
statistics, see source data. The mouse model in a was adapted from SciDraw 
(https://scidraw.io) under a Creative Commons licence CC BY-SA 4.0.

https://scidraw.io
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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Phox2b-expressing neurons, such as those in the NTS, we further per-
formed chemogenetic inactivation of DMV neurons in Chat-cre mice. 
In these mice, Cre recombinase is selectively expressed in cholinergic 
(CHAT+) neurons, which are primarily located in the DMV but not in 
the NTS20,21 (Fig. 1i). We injected Cre-dependent AAV-hM4D(Gi) into 
the DMV of Chat-cre mice (Fig. 1j). After CNO application, we observed 
significant changes in Chat-4i mice, such as less body weight gain, 
lower plasma TG levels, more faecal fat excretion and less jejunal fat 
absorption compared with Chat-con mice (Fig. 1k–o and Supplemen-
tary Fig. 1d,e). These results were consistent with the phenotypes in 
Px2b-4i mice and validated the suppressive effects of DMV inhibition 
on jejunal fat absorption.

Next, we activated DMV neurons with a bilateral injection of 
hM3D(Gq) (rAAV-EF1α-DIO-hM3D(Gq)-mCherry) into the DMV of 
Phox2b-cre mice (3q) (Extended Data Fig. 1d–f). We also designated 
two other groups of Phox2b-cre mice as controls, which were injected 
with either hM4D(Gi) (4i) or control virus (con) (Extended Data Fig. 2a). 
After CNO-induced activation of DMV neurons, we observed enhanced 
body weight gain (Extended Data Fig. 2b,c), reduced faecal NEFA and 
TG excretion (Extended Data Fig. 2d,e) and increased jejunal TG con-
tent (Extended Data Fig. 2f) compared with Px2b-con mice. Results 
from long-term activation of DMV neurons in Px2b-3q mice showed 
the opposite effects when compared with Px2b-4i mice (Extended Data 
Fig. 2b–f). Of note, we did not find significant changes in the TG content 
in other intestinal segments, such as the duodenum or the ileum after 
DMV manipulation (Extended Data Fig. 2g,h).

To confirm the role of the DMV–vagus pathway in intestinal fat 
absorption, we performed subdiaphragmatic vagotomy (Extended 
Data Fig. 3a). Vagotomy resulted in less body weight gain (Extended 
Data Fig. 3b), increased fat excretion (Extended Data Fig. 3c,d) and 
reduced jejunal fat absorption (Extended Data Fig. 3e). Together, 
these findings demonstrate that the activity of the DMV has a key role 
in regulating jejunal fat absorption and consequently causing body 
weight change.

Identification of puerarin for DMV suppression
To identify chemical molecules or natural compounds that regulate 
DMV neurons, we utilized a combination of pharmacological treat-
ments with electrophysiology of brainstem slices prepared from 
PHOX2B-Cre:Rosa26-tdTomato mice. Bath application of puerarin 
(Extended Data Fig. 4a), an approved drug for treating cardiocere-
brovascular diseases22, induced a significant reduction in the action 
potential frequency (Fig. 2a,b), which was due to membrane poten-
tial hyperpolarization in DMV neurons (Fig. 2c). Among a total of  
22 detected neurons, 16 (72.7%) showed a puerarin-inhibited pattern 
of firing change (Fig. 2d). In mice fed a HFD after i.p. injection of puera-
rin, the number of FOS-positive neurons in the DMV was significantly 
reduced compared with control mice (Fig. 2e,f and Extended Data 
Fig. 4b–j). We also observed that puerarin (i.p.) treatment reduced 
body weight gain without affecting food intake (Fig. 2g,h and Supple-
mentary Fig. 2a,b), decreased plasma TG levels (based on the OFTT; 
Fig. 2i), increased faecal fat excretion (Fig. 2j,k) and suppressed jeju-
nal fat absorption (Fig. 2l). In line with the results of DMV inhibition, 
puerarin treatment did not significantly affect oral glucose tolerance 
(Supplementary Fig. 2c) or the TG content in the duodenum and the 
ileum (Supplementary Fig. 2d,e). Moreover, gastrointestinal motility 
and transit were not affected by puerarin (Supplementary Fig. 2f–o). To 
avoid potential confounding effects of puerarin on peripheral organs, 
pair-fed HFD mice were given an intracerebroventricular (i.c.v) infusion 
of puerarin into the lateral ventricle (Fig. 2m). Puerarin treatment con-
sistently suppressed body weight gain and reduced plasma TG levels 
(Fig. 2n,o and Supplementary Fig. 2p). Notably, we also observed that 
central administration of puerarin increased total faecal lipid content 
(Fig. 2p,q) and reduced jejunal TG content (Fig. 2r). Together, these 

results demonstrate that puerarin has an inhibitory role in control-
ling DMV activity, which leads to a reduction in jejunal fat absorption.

Puerarin targets GABRA1 to suppress the DMV
To elucidate the molecular mechanism that mediates the suppres-
sive effect of DMV neurons on fat absorption, we next performed an 
activity-based protein profiling strategy23 using puerarin as the bait. The 
puerarin-tag probe was synthesized with a photoreactive tag (Extended 
Data Fig. 5a) to enrich and visualize target proteins through a photoaf-
finity chemistry reaction24 (Fig. 3a). We verified that probe-tagged 
puerarin retains the same effects of increasing faecal lipid excretion as 
non-tagged puerarin (Extended Data Fig. 5b–f). Probe-tagged puera-
rin was added to freshly isolated brainstem samples, and ten doses 
of non-tagged puerarin was used as a competitor of probe-tagged 
puerarin (Methods). Following the photoaffinity reaction, targeted 
proteins were subsequently assessed by liquid chromatography and 
tandem mass spectrometry (LC–MS/MS). Of the 571 potential target 
proteins (Fig. 3b and Supplementary Table 1), only 14 candidates were 
attributed to membrane receptors and ion channels. Among these  
14 proteins, GABRA1 was prioritized as a promising target given that it is 
abundantly expressed in the DMV and less expressed in adjacent brain 
regions (Allen Brain Map database)25 (Extended Data Fig. 5g). Moreo-
ver, the GABAA receptor has been implicated in vagal modulation26. 
We validated the interactions between probe-tagged puerarin and 
GABRA1 protein by western blotting (Fig. 3c and Supplementary Fig. 3). 
We also detected that probe-tagged puerarin highly colocalized with 
GABRA1 in PHOX2B-tdTomato neurons in the DMV region, and these 
signals could be blocked by ten doses of non-tagged puerarin (Fig. 3d).

GABAA receptors are pentameric ligand-gated ion channels and the 
principal determinants of inhibitory neurotransmission in the ver-
tebrate nervous system27. To characterize the effect of puerarin on 
α1-subunit-containing GABAA receptors, we used the α1β3γ2L hetero-
pentamer, a prototypical neuronal subtype28. First, through whole-cell 
patch-clamp recording of HEK293S cells expressing this receptor, we 
found that puerarin amplified the GABA-induced current (Fig. 3e,f 
and Extended Data Fig. 6a). We next solved a single-particle cryogenic 
electron microscopy (cryo-EM) structure of α1β3γ2L GABAA receptor 
bound to puerarin to a nominal resolution of 2.4 Å (Fig. 3g, Extended 
Data Fig. 6b,c and Extended Data Table 1). Puerarin density was observed 
in a single location, under loop C at the α1+/γ2– interface (Fig. 3g and 
Extended Data Fig. 6d–f), a classical binding site for benzodiazepines 
and other allosteric modulators in the extracellular region of synaptic 
GABAA receptors29–31. In this pocket, puerarin covers a surface area of 
587 Å2. Its hydroxyphenyl group points towards the γ2-C– subunit, and 
the chromone and glucoside groups contact mainly the α1-D+-subunit. 
The α1Tyr210 and γ2Phe77 residues anchor the puerarin chromone 
core through π–π stacking interactions. In addition to water-mediated 
contacts, puerarin binding is stabilized by a hydrogen-bonding network 
that involves the loop C residues α1Ser205 and α1Thr207, as well as 
α1His102 and γ2Asp56 (Fig. 3h and Extended Data Fig. 6d–f). Alongside 
the agonist GABA, bound to the orthosteric sites at the two β3+/α1–  
interfaces (Extended Data Fig. 6g), puerarin binding drives the ion 
channel into a deep desensitized state as revealed by the relative domain 
arrangements and 9′-activation gate, which is wider than in the previ-
ously reported diazepam-bound structures29 (Extended Data Fig. 6h–j). 
These structural data, together with the electrophysiological record-
ings, demonstrate that puerarin acts as a positive allosteric modulator.

To confirm that puerarin can suppress fat absorption through DMV 
GABRA1, we crossed Gabra1flox/flox (Gabra1fl/fl) mice with Phox2b-cre mice 
to generate Gabra1 conditional knockout (cKO) mice (Extended Data 
Fig. 7a). In the absence of Gabra1 (Extended Data Fig. 7b), we observed 
increased DMV neuronal activity (Extended Data Fig. 7c–e), increased 
body weight gain (Fig. 3i,j and Extended Data Fig. 7g), reduced faecal 
fat excretion (Fig. 3k,l) and increased jejunal fat absorption (Fig. 3m) 
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compared with control flox mice. Of note, when whole-cell patch-clamp 
recording was performed in brainstem slices, puerarin produced an 
inhibitory effect on most of the DMV neurons in control mice (70%,  
14 out of 20 neurons), but its action was largely reduced in the absence 
of Gabra1 (19.05%, 4 out of 21 neurons) (Extended Data Fig. 7f). Moreo-
ver, deletion of Gabra1 abolished the effects of puerarin on suppressing 
fat absorption and body weight gain (Fig. 3i–m and Extended Data 
Fig. 7g). Together, our data demonstrate that puerarin exerts its inhibi-
tory effects on the DMV–vagus axis to regulate fat absorption by bind-
ing GABAA receptors that contain the α1 subunit.

Jejunum-projecting DMV neurons in fat absorption
DMV–vagus nerves project to distinct segments of the gastrointes-
tinal tract32. To target the DMV neurons that project to the jejunum, 
we injected a retrograde AAV virus encoding a fusion protein of 
wheat-germ agglutinin (WGA) and Cre recombinase (AAV-hSyn-WGA- 
Cre-P2A-mcherry (AAV-WGA-Cre)) into the jejunum of wild-type 
mice33. Simultaneously, a Cre-dependent hM4D(Gi) or control AAV 
virus was injected into the DMV region, which enabled the chemo-
genetic manipulation of DMV neurons projecting to the jejunum of 
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Fig. 2 | Administration of puerarin suppresses DMV activity and leads  
to less jejunal fat absorption. a, Representative whole-cell patch-clamp 
recordings from a DMV neuron before (black dashed box), during (red dashed 
box) and after puerarin application (blue dashed box, wash). Three periods of 
the recording were used for further analysis. b,c, Summary of the average action 
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(n = 22). Pue, puerarin; Veh, vehicle. d, Percentage of DMV neurons showing 
puerarin-induced inhibition (red) or non-inhibition (black). e,f, Representative 
images (e) and cell count (f) of FOS-positive neurons in the DMV and the NTS 
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g, Schematic of the i.p. injection of puerarin or vehicle in mice fed a HFD.  

h–l, Body weight change (h), OFTT (i), faecal NEFA ( j) and TG (k) content, and 
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puerarin or vehicle in pair-fed HFD mice. n–r, Body weight change (n), plasma 
TG levels (o), 24-h faecal NEFA (p) and TG (q) content, and jejunal TG content (r) 
(n = 10 per group). Samples were collected at day 7 (h–l) and day 20 (n–r). 
Tissue samples were collected 2 h after 200 μl olive oil gavage (l,o,r). Scale bar, 
100 μm (e). Data presented as the mean ± s.e.m. Data were analysed using two- 
tailed Student’s t-test (f,j–l,o–q), two-tailed Mann–Whitney test (r), one-way 
ANOVA with Holm–Šídák’s multiple comparisons test (b,c) or two-way ANOVA 
(h,i,n). *P < 0.05, **P < 0.01, ***P < 0.001. NS, no significance. For detailed 
statistics, see source data.
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WGA-hM4D(Gi) (WGA-4i) mice or control (WGA-con) mice (Fig. 4a,b). 
Consistent with the results observed when DMV neurons were inacti-
vated in Phox2b-cre and Chat-cre mice, we observed that WGA-4i mice 
showed less body weight gain (Fig. 4c,d and Extended Data Fig. 7h), 
reduced plasma TG levels (Fig. 4e), increased faecal fat excretion 
(Fig. 4f,g) and reduced jejunal fat absorption (Fig. 4h). Using the same 

approach, we also inactivated DMV neurons projecting to the duo-
denum or ileum. No significant differences were observed in body 
weight, fat absorption, plasma TG levels or faecal fat excretion (Sup-
plementary Fig. 4). These results demonstrate that DMV neurons that 
project to the jejunum can directly regulate fat absorption and body  
weight gain.
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Fig. 3 | Puerarin binds to the α1 subunit of the GABAA receptor to modulate 
DMV neurons. a, Schematic of the photoaffinity reaction. b, Venn diagrams 
based on MS screening. After filtering the results, 571 proteins were listed to bind 
the puerarin-tag, including GABRA1. c, Western blot validation of puerarin 
binding to GABRA1 protein. C, competitive group; M, marker; P, puerarin-tag 
group. Arrow indicates GABRA1 protein. d, In situ labelling of the colocalization 
of GABRA1 and puerarin–tag in PHOX2B-expressing neurons. e, Representative 
whole-cell current traces elicited from human HEK293S cells stably expressing 
α1β3γ2L by a pulse of GABA alone (left) or by co-application of puerarin and 
GABA (right). f, Quantification of whole-cell current traces (n = 31 per group).  
g, Cryo-EM density map of the full-length human α1β3γ2L GABAA receptor in 
complex with puerarin. Receptor subunits are coloured red (α1), blue (β3) and 

yellow (γ2). Puerarin density is coloured cyan. Glycans are shown in orange and 
lipids in wheat. h, Close-up of the puerarin-binding pocket. Crucial residues that 
interact with puerarin are in stick representation. Blue dashed lines represent 
putative hydrogen bonds. i, Schematic of puerarin i.p. injection in Gabra1fl/fl 
(flox) and Gabra1fl/fl Phox2b-cre (cKO) mice fed a HFD. j, Body weight changes. 
k–m, 24-h faecal NEFA (k) and TG (l) content, and jejunal TG content (m) of flox- 
Veh, flox-Pue, cKO-Veh and cKO-Pue groups at day 7 (n = 8 per group). Tissue 
samples were collected 2 h after 200 μl olive oil gavage (m). Scale bar, 100 μm (d). 
Data presented as mean ± s.e.m. Data were analysed using two-tailed Student’s 
t-test (f) or two-way ANOVA with Tukey’s multiple comparisons test ( j–m). 
*P < 0.05, **P < 0.01, ***P < 0.001. For detailed statistics, see source data.
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The DMV controls jejunal microvillus length
We next explored how puerarin and the DMV–vagal axis affect fat 
absorption. We first examined the expression of lipid transporters in 
the jejunum of DMV-inactivated mice, but did not observe significant 
changes (Extended Data Fig. 8a). Fat absorption efficiency is thought 
to strongly correlate with the change in total surface area7; however, 
there was no observable change in the length of jejunal epithelial villi 
after inactivation of DMV neurons or puerarin injection (Extended Data 
Fig. 8b–g). Of note, using EM image-based analysis, we observed that the 
length of jejunal microvilli lessened after inactivation of DMV neurons 
(Fig. 5a–c and Extended Data Fig. 8h–j). Meanwhile, the expression lev-
els of the genes that regulate microvilli7, including Ezr (which encodes 
ezrin), Cdc42, Eps8 and Vil1, were significantly lower in DMV-inactivated 
mice than in control mice (Fig. 5d). Consistently, we found that acti-
vation of DMV neurons extended the length of jejunal microvilli and 
increased the expression of related genes (Extended Data Fig. 8h–k). 
Moreover, inactivation of the jejunum-projecting DMV neurons showed 
similar results, with decreased jejunal microvillus length and related 
gene expression (Fig. 5e–h). In line with the results of DMV inhibition, 
puerarin (i.p.) treatment shortened the length of microvilli and reduced 
the expression of related genes, whereas deletion of Gabra1 in the 
DMV blunted these effects of puerarin (Fig. 5i–m and Extended Data 
Fig. 8l–o). Furthermore, we did not find significant changes in the duo-
denum or ileum after DMV inhibition or puerarin treatment (Extended 
Data Fig. 9). Together, these observations illustrate a model whereby the 
DMV–vagus pathway controls intestinal fat absorption by influencing 
the jejunal microvillus length (Extended Data Fig. 10).

Discussion
In physiology textbooks, dietary fat absorption is considered mainly 
a passive diffusion process that occurs locally in intestinal epithelial 

cells and can function autonomously without the control of the brain2. 
Until now, to our knowledge, brain control of fat absorption was largely 
unknown. In this study, we identified a brain (DMV)-to-intestinal  
( jejunal) pathway that controls fat absorption. We showed that inac-
tivation of DMV neurons suppresses fat absorption in the jejunum by 
shortening the length of microvillus. Moreover, we demonstrated that 
puerarin, a natural compound used in clinical practice, can inactivate 
DMV neurons and suppress fat absorption through GABAA receptors,  
thereby revealing an applicable drug to reduce fat absorption.

The small intestine is the primary site of nutrient absorption5. About 
160 years ago, it was observed that the small intestine of dogs could 
absorb fat34. Several studies have shown that fat absorption begins at 
the distal duodenum, mainly in the jejunum, substantially earlier than 
the absorption of carbohydrates, whereas protein cannot be completely 
absorbed in the small intestine and reabsorption in the large intestine 
is necessary as an auxiliary18. These observations indicated that the 
intestinal absorption of nutrients occurs in a region-specific manner. 
Here we showed that when DMV–vagus nerve activity is manipulated, 
changes in fat absorption mainly occurred at the jejunum. We also 
demonstrated that DMV neurons projecting to the jejunum directly 
govern the length of jejunal microvilli and fat absorption. Based on 
these results, our study sheds new light on how such region-specific pat-
terns occur, which may be due to different projections of DMV–vagus 
nerves to distinct segments of the gastrointestinal tract32,35. In this 
study, we did not find significant alterations in oral glucose tolerance 
in DMV-inhibited models, which suggests that inhibition of vagal effer-
ent nerves may not directly affect glucose absorption. We speculate 
that this may be because the fat absorption process does not require 
energy and therefore is more dependent on intestinal surface area1. By 
contrast, carbohydrate absorption largely requires the expression of 
ATP-dependent transporters in intestinal epithelial cells1–3.

It has been reported that acetylcholine, a major neurotransmitter 
of vagus nerve terminals and enteric nerves, can increase the ratio of 
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F-actin36—the core protein constituting the brush border of microvilli7— 
in smooth muscle cells. Our data revealed a significant reduction in the 
expression of EZRIN, which can bind to F-actin7,37, indicating that ace-
tylcholine might be involved in the regulation of microvillus length by 
the DMV–vagal axis. It is worth noting that acetylcholine can regulate 
the polymerization of actin filament by modulating the activity of 
CDC42 (ref. 36), which may be involved in the rapid change in microvil-
lus length. Moreover, we speculate that chronic vagus suppression may 
lead to decreased acetylcholine levels and consequent changes in the 
expression of genes related to the cytoskeleton, such as those needed 
for Rho-GTPase signalling7. Thus, acetylcholine may have long-term or 
cumulative effects on the structure of microvilli. Further studies are 
needed to identify the neuromodulatory signalling involved in this 

brain–gut communication and its related molecular mechanism in 
jejunal epithelial cells.

GABAergic-mediated inactivation has an important role in control-
ling the neuronal activity of the DMV26. Among different subtypes of 
the GABAA receptor, Gabra1 expression is particularly enriched in the 
DMV region25. Genetic results have illustrated that Gabra1 is highly 
expressed in DMV cholinergic neurons and less abundant in GABAergic 
and glutamatergic neurons in the NTS20. Here we showed that Gabra1 
cKO resulted in increased neuronal activity in the DMV, which subse-
quently led to increased fat absorption. Thus, we propose that Gabra1 
plays an important part in regulating DMV activity in fat homeostasis. 
Presynaptic GABA release is thought to take place during NTS–DMV 
communication, the most relevant process in modulating vago-vagal 

i k

cKO-Veh�ox-Veh �ox-Pue cKO-Pue

�ox-Veh �ox-Pue cKO-Veh cKO-Pue

j &&&
##

*** NS

e f

***

g WGA-con (n = 10)
WGA-4i (n = 10)

* * * *

h

Px2b-con Px2b-4i

WGA-con WGA-4i

1,500

1,200

900

600

300

0

***

a b c d

2.5

2.0

1.5

1.0

0.5

0

Px2b-con (n = 8)
Px2b-4i (n = 8)

** ** * *

3

2

1

0

* * *


ox-Veh (n = 8) cKO-Veh (n = 8)

ox-Pue (n = 8) cKO-Pue (n = 8)

l m

Je
ju

na
l

m
ic

ro
vi

llu
s 

le
ng

th
 (n

m
)

1,500

1,200

900

600

300

0

Je
ju

na
l

m
ic

ro
vi

llu
s 

le
ng

th
 (n

m
)

con 4i

con 4i

Px2b-cre

Je
ju

na
l R

N
A

 e
xp

re
ss

io
n

2.0

1.5

1.0

0.5

0Je
ju

na
l R

N
A

 e
xp

re
ss

io
n

Ezri
n

Cdc4
2

Eps8 Vil1

Ezri
n

Cdc4
2

Eps8 Vil1

*

# ### # ##
&&& &&& &&&&&&

Je
ju

na
l R

N
A

 e
xp

re
ss

io
n

Px2b-4iPx2b-con

****** ***

WGA-4iWGA-con

**
**

***

*

*

Wild type

WGA-Cre:

M
ic

ro
vi

llu
s 

d
is

tr
ib

ut
io

n 
(%

)

1,
20

0
1,

40
0
1,

60
0
1,

80
0
2,

00
0
2,

20
0

20
0
40

0
60

0
80

0
1,

00
0

Jejunal microvillus length (nm)

1,
20

0
1,

40
0
1,

60
0
1,

80
0
2,

00
0
2,

20
0

20
0
40

0
60

0
80

0
1,

00
0

Jejunal microvillus length (nm)

cKO-Veh

cKO-Pue

�ox-Veh

�ox-Pue

***
*** *

##

&&&

&&& &

##

80

60

40

20

0

M
ic

ro
vi

llu
s 

d
is

tr
ib

ut
io

n 
(%

)

80

60

40

20

0

M
ic

ro
vi

llu
s 

d
is

tr
ib

ut
io

n 
(%

)

80

60

40

20

0

1,
20

0
1,

40
0
1,

60
0
1,

80
0
2,

00
0
2,

20
0

�o
x-

Ve
h

�o
x-

Pue

cK
O-V

eh

cK
O-P

ue
20

0
40

0
60

0
80

0
1,

00
0

Jejunal microvillus length (nm)

1,500

1,200

900

600

300

0

Je
ju

na
l

m
ic

ro
vi

llu
s 

le
ng

th
 (n

m
)

EZRIN DAPI EZRIN DAPI EZRIN DAPI EZRIN DAPI

Ezri
n

Cdc4
2

Eps8 Vil1

Fig. 5 | Suppression of the DMV–vagus pathway shortens jejunal microvilli to 
reduce fat absorption. a–c, Representative electron micrographs at day 7 (a), 
morphometric measurement of length distribution (b) and average length (c) 
of jejunal microvilli in Px2b-con and Px2b-4i mice fed a HFD. d, Expression  
of genes that regulate microvilli in the jejunum of Px2b-con and Px2b-4i mice 
fed a HFD. e–g, Representative electron micrographs at day 7 (e), morphometric 
measurement of length distribution (f) and average length (g) of the jejunal 
microvilli in WGA-con and WGA-4i mice fed a HFD. h, Expression of genes  
that regulate microvilli in the jejunum of WGA-con and WGA-4i mice fed  
a HFD. i–k, Representative electron micrographs at day 7 (i), morphometric 
measurement of length distribution ( j) and average length (k) of the 

 jejunal microvilli in flox-Veh, flox-Pue, cKO-Veh and cKO-Pue mice fed a HFD.  
l, Expression of genes that regulate microvilli in the jejunum of the four groups. 
m, Immunofluorescence images of EZRIN in jejunal brush-borders of the four 
groups at day 7. Scale bar, 1 μm (a,e,i) or 100 μm (m). For EM analyses, n = 4 mice 
per group (b,c,f,g,j,k). Data presented as mean ± s.e.m. Data were analysed 
using two-tailed Student’s t-test and two-tailed Mann–Whitney test (b–d,f–h) 
or two-way ANOVA with Tukey’s multiple comparisons test ( j–l). *Comparison 
between Px2b-con and Px2b-4i; flox-Veh and flox-Pue; or WGA-con and WGA-4i. 
#Comparison between flox-Veh and cKO-Veh. &Comparison between flox-Pue 
and cKO-Pue. *P < 0.05, #P < 0.05, **P < 0.01, ##P < 0.01, ***P < 0.001, ###P <  0.001, 
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reflexes38. How the NTS senses the HFD signals from the intestine and 
then regulates fat absorption through NTS–DMV dialogue or the circuit 
formed by the vagus complex, even together with other brain regions, 
requires further exploration.

Of clinical significance, we showed that puerarin, an isoflavone 
extracted from Radix puerariae, inhibits the DMV–vagal pathway, 
which in turn reduced fat absorption. Moreover, by using cryo-EM 
analysis, we found that puerarin binds to GABRA1 and acts as a positive 
allosteric modulator. Genetic deletion of Gabra1 in the DMV abolished 
the suppressive effects of puerarin on fat absorption. These obser-
vations illustrate that puerarin suppresses DMV neuronal activity 
and fat absorption by binding the GABAA receptor, thereby serving 
as a potential anti-obesity drug. Unlike orlistat, an anti-obesity drug 
approved by the US Food and Drug Administration, which induces loss 
of fat by forming a covalent bond with lipase to block lipase activity39, 
puerarin reduces intestinal fat absorption by modulating DMV func-
tion and governing jejunal microvilli. Moreover, orlistat has adverse 
effects, including liver injury and fatty diarrhoea40. In this aspect, 
puerarin might be a safe alternative for the modulation of excess fat 
excretion. Therefore, future clinical studies are warranted to deter-
mine the therapeutic actions and potential side effects of puerarin 
in humans. In closing, our study shows that targeted control of the 
DMV–vagus pathway to regulate intestinal fat absorption could be a 
potential strategy for the treatment of obesity and metabolic diseases, 
paving the way for future investigations of the brain-to-gut control of  
nutrient absorption.
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Methods

Animals
Male C57BL/6J mice were used in this study and were obtained 
from Shanghai Laboratory Animal. Phox2b-cre, Chat-cre and Rosa
26-CAG-loxP-STOP-loxP-tdTomato (Rosa26-tdTomato) mice were 
obtained from the Jackson Laboratory (stock number 016223, 
006410 and 007914, respectively). Phox2b-cre mice and Chat-cre 
mice were crossed with Rosa26-tdTomato mice to produce 
PHOX2B-Cre:Rosa26-tdTomato and CHAT-Cre:Rosa26-tdTomato 
mice, respectively. The Gabra1 cKO mouse model was constructed by 
crossing Phox2b-cre mice and Gabra1fl/fl mice (Cyagen Biosciences).

All animals were individually housed in a specific pathogen-free 
facility maintained at a temperature of 22–24 °C and a humidity of 
40–70%, under a 12:12-h light–dark cycle. The mice were fed a HFD 
containing 60% kcal from fat (5.24 kcal g–1; D12492, Research Diets) 
for all experiments. Eight-week-old mice were used in this study. 
Body weight and food intake were measured daily or according to 
the design of the corresponding tests. In the pair-feeding study, each 
mouse in a single cage was given 90% of the average daily food intake 
to ensure that the mice consumed all the food provided. An isoflu-
rane inhalation anaesthesia system (R500, RWD) was used for oper-
ating on mice. All experiments complied with the guidelines of the 
Institutional Animal Care and Use Committee and were approved by 
the Institutional Animal Care and Use Committee of Shanghai Model  
Organisms Center.

Drug administration
The central administration experiments were performed using the 
i.c.v. infusion approach. Before the operation, 3.73 ng μl–1 puerarin 
(HPLC ≥ 98%; MB6183, Meilunbio) or vehicle (PBS) was injected into an 
Alzet capsule pump (100 μl for full filling; 1004, Durect). The capsule 
pump was then connected to a 2 cm polyvinyl chloride (PVC) tube for 
the brain infusion cannula (Brain Infusion Kit 3; 0008851, Durect). Then 
the entire capsule pump casing system was placed into a 37 °C saline 
water bath for 24 h. After the mice were anaesthetized, the capsule 
pump was embedded under the skin of the back close to the neck, and 
2 mm of the cannula was probed into the lateral ventricle, anterior– 
posterior –0.7 mm, lateral 1 mm by stereotactic apparatus. The contact 
between the casing and skull bone was coated with glue (1496SB, 3M). 
After the operation, the mice were carefully returned to the cage after 
heat preservation at 37 °C for 1 h.

Peripheral administration experiments were conducted using 
daily i.p. injections, in which the dose of puerarin was 37.3 μg kg–1 
body weight, and the dose of CNO (BML-NS105, Enzo Life Sciences) 
was 1.0 mg kg–1 body weight. Each mouse was housed in a single cage.

DREADDS
Phox2b-cre and Chat-cre mice were bilaterally injected with rAAV- 
EF1α-DIO-hM4D(Gi)-mCherry, rAAV-EF1α-DIO-hM3D(Gq)-mCherry  
and rAAV-EF1A-DIO-mCherry (BrainVTA) into the DMV (300 nl per side;  
coordinates: bregma anterior–posterior –7.1 mm, dorsal–ventral  
–4.5 mm, lateral ±0.2 mm) using a stereotaxic apparatus. Four weeks 
after rAAV injection, the mice received daily injections of CNO for  
7 days. CNO-induced modulation of DMV neuronal activity was vali-
dated ex vivo (Extended Data Fig. 1).

Small intestinal injection of WGA-Cre virus
WGA-Cre mice were constructed by injecting rAAV-hSyn-WGA-Cre- 
P2A-mCherry (BrainVTA) into the small intestine of 8-week-old 
wild-type mice fed a HFD. After deep anaesthesia, the mice under-
went the following surgical procedures: the hair on the abdomen was 
removed, the epidermis and peritoneum were opened, and the intes-
tine (duodenum, jejunum and ileum) segments were exposed. Subse-
quently, 1 μl of AAV-WGA-Cre was slowly injected into the intestinal 

wall, with stabilization for 3 min after each injection. This process was 
repeated at five distinct sites in the duodenum, jejunum or ileum per 
mouse. The peritoneum and epidermis were then sutured. The mice 
were maintained with heat preservation at 37 °C for 1 h before being 
returned to their individual cages.

Vagotomy
After deep anaesthesia, the mice underwent the following surgical 
procedures: the hair on the abdomen was removed, the epidermis 
and peritoneum were opened, the oesophagus was isolated, and the 
vagus nerves on both sides of the oesophagus were exposed. A 2–3 mm 
segment of the vagal nerve from each side was cut off. The peritoneum 
and epidermis were then sutured. The mice were maintained with heat 
preservation at 37 °C for 1 h before being returned to their individual 
cages.

OFTT
After a fasting period of 4 h, each mouse was given 200 μl olive oil by 
oral gavage. Blood samples were collected from the orbital plexus 
veins after 0, 1, 2 and 4 h, and the samples were centrifuged for 10 min 
at 4 °C at 4,000 r.p.m. Plasma was used to assess TG levels, which were 
determined using a one-step enzyme method according to the manu-
facturer’s instructions (Kehua) and were measured using microplate 
readers (Bio-Tek; Multiskan SKY, Thermo Fisher). Data were collected 
using Gen5 (v.2.09) and SkanIt RE (v.6.0.1).

Faecal and intestinal TG determination
Faecal and intestinal TG levels were determined using a commercial kit 
(k622-100, Biovision). In brief, 5% NP-40 was added to 10 mg of faeces 
or tissue along with 100 μl of lysis buffer. The homogenate was heated 
twice at 95 °C for 5 min each time, cooled to room temperature and 
then centrifuged at maximum speed (15,000 r.p.m.) for 2 min. The 
supernatants were collected for analysis. Supernatant (2 μl) was added 
to each well of the labelled plate and analysed according to the manu-
facturer’s instructions. The 24-h faecal TG content was calculated by 
multiplying the sample weight by concentration, and tissue TG con-
tent was normalized by total protein levels. TG levels and total protein 
levels were measured using microplate readers (Bio-Tek; Multiskan 
SKY, Thermo Fisher) and data were collected using Gen5 (v.2.09) and 
SkanIt RE (v.6.0.1).

Faecal NEFA determination
Faecal NEFA was extracted using chloroform and Triton X-100 (1% Tri-
ton X-100 in pure chloroform, v/v). The samples were then air-dried 
at 50 °C until all the liquid evaporated, followed by vacuum drying 
for 30 min. Next, the samples were dissolved in 5% NP-40. Measure-
ment was performed using a two-step enzyme method according 
to the manufacturer’s instructions (294-63601, Wako). NEFA levels 
were measured using microplate readers (Bio-Tek; Multiskan SKY,  
Thermo Fisher), with data collected using Gen5 (v.2.09) and SkanIt 
RE (v.6.0.1).

Oral glucose tolerance test
After fasting overnight, each mouse was given 400 μl of a 20% glucose 
solution (w/v) by oral gavage. Blood samples were collected from the 
caudal vein at 0, 15, 30, 60 and 120 min after gavage. Blood glucose 
levels were measured using a blood glucose monitor (OneTouch Verio 
and OneTouch Ultra Vue, Johnson & Johnson).

Gastrointestinal transit and motility assessment
For total gastrointestinal transit time measurement, mice were given 
red carmine dye (C1022, Sigma-Aldrich), and the time from oral intake 
to extruding the first red pellet was recorded as the total gastrointes-
tinal transit time. The colonic bead expulsion test was performed on 
mice that were fasted overnight. In brief, glass beads pretreated with 
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glycerin were inserted approximately 2.5 cm into the rectum of each 
mouse. The time required for the mice to expel the beads was recorded.

The geometric centre (GC) was measured by evaluating the intestinal 
location of FITC-labelled dextran (53471, Sigma-Aldrich). Mice were 
orally given 100 μl of a 25 mg ml–1 dextran solution. Thirty minutes 
after administration, the entire gastrointestinal tract and its content 
were collected and divided into 16 segments. The contents of each 
segment were mixed with 2 ml of 0.1 M Tris (pH 8.0) solution to obtain 
a supernatant containing FITC. The supernatant was then centrifuged 
at 500 r.p.m., and the fluorescence of the cleared supernatant was 
measured using a fluorescence plate reader (excitation 493 nm and 
emission 512–522 nm; Spark, Tecan) to quantify the fluorescent inten-
sity in each intestinal segment. The fluorescent intensity data were 
collected using SparkControl (v.3.0.14.6). The GC was calculated as 
follows: GC = log(∑(fraction of fluorescence per segment × segment 
number))41.

Haematoxylin and eosin staining
Tissue was fixed with a 4% paraformaldehyde solution overnight. 
Embedded tissue blocks were prepared through alcohol dehydra-
tion, xylene clearing and paraffin embedding. The paraffin sections 
were baked in an oven at 50 °C overnight, followed by two rounds of 
xylene soaking for dewaxing. The sections were then soaked in a series 
of graded alcohol solutions (100%, 95%, 70% and 0%), stained with 
haematoxylin for 5 min, rinsed and dehydrated with graded alcohol. 
Subsequently, the sections were stained with eosin alcohol for 1 min 
and dehydrated again with graded alcohol, followed by xylene clearing. 
Morphological analysis was performed using a microscope (Olympus), 
and images were captured using Olympus cellSens software (v.3.1).

Immunofluorescence analysis
Brain and intestinal tissue sections (40 μm thickness) were blocked 
with the serum of appropriate species, penetrated with 0.2% Triton 
X-100 and treated with primary antibodies (anti-FOS, 226008, Syn-
aptic Systems; anti-GABRA1, 224205, Synaptic Systems; anti-EZRIN, 
3145, Cell Signaling Technology; dilution ratio of these antibodies is 
1:400). Samples were then incubated with fluorescent-conjugated 
secondary antibodies (goat anti-rabbit IgG, A32731, Thermo Fisher; 
goat anti-guinea pig IgG, PA1-28597, Thermo Fisher; both diluted 1:400). 
A coverslip was placed over the samples before examination under 
a confocal microscope (Zeiss), and images were captured using Zen 
(v.2.6; Zeiss). The number of positive neurons was quantified using 
ImageJ software (NIH).

Slice electrophysiological recording
Experiments were performed on male PHOX2B-Cre:Rosa26-tdTomato 
mice fed a 60% HFD for 8 weeks (aged 16–20 weeks). After anaesthesia, 
the brain samples were rapidly removed and immersed in ice-cold 
oxygenated artificial cerebrospinal fluid containing the following 
components: 124 mM NaCl, 3 mM KCl, 1.5 mM CaCl2, 1.3 mM MgCl2, 
26 mM NaHCO3, 1.4 mM NaH2PO4 and 11 mM glucose, pH at 7.2–7.4, 
280–290 mOsm. Coronal brainstem slices (200–250 μm) were pre-
pared using a vibrating microtome (VT1200S, Leica). Slices were 
maintained in an oxygenated bath at 33.5 °C for at least 1 h before 
being transferred to a recording chamber. tdTomato-positive neurons 
were identified under a ×40 water-immersion objective with infrared 
illumination, differential interference contrast optics (IR-DIC) and 
epifluorescence. Patch pipettes (4–6 MΩ) were pulled from boro-
silicate glass (Sutter Instrument) and filled with an internal solution 
of 125 mM potassium gluconate, 20 mM KCl, 0.05 mM EGTA, 4 mM 
Mg-ATP, 0.3 mM GTP, 10 mM HEPES-NaOH and 10 mM phosphocre-
atine, with the pH at 7.2–7.3, 285–290 mOsm. Whole-cell patch-clamp 
recordings were performed using an Axon 700 B amplifier. Data were 
filtered at 2 kHz and digitized at 10 kHz. Action potentials were exam-
ined at no inject current under current-clamp mode. Puerarin or CNO 

was first dissolved in PBS and diluted in artificial cerebrospinal fluid 
to a final concentration of 10 μM for both compounds. Recordings 
were analysed using pCLAMP 11 software (Molecular Devices). The 
average firing frequency was calculated in the last 2 min of base-
line, puerarin application and washout periods shown in the figure.  
A cellular firing rate with over 30% change was considered a significant 
modulation42 by puerarin or CNO.

Photoaffinity chemistry-based protein identification
The puerarin–tag synthesis and the photoaffinity chemistry proce-
dures were based on previous reports23,43,44. In brief, puerarin (100 mg, 
0.24 mmol), iodo tag (71 mg, 0.29 mmol) and K2CO3 (50 mg, 0.36 mmol) 
were dissolved in 5 ml DMF (n,N-dimethylformamide) for 24 h at room 
temperature. The puerarin–tag was obtained by extraction with ethyl 
acetate (15 ml × 3), washed with water (2 ml) and saturated salt (2 ml), 
followed by drying with anhydrous sodium sulfate and concentrated 
using column chromatography.

The brainstem samples were obtained from 16-week-old male 
C57BL/6J mice that had been fed a 60% HFD from 8 weeks of age. The 
dorsal half of the brainstem was collected, excluding the bilateral 
trigeminal nucleus adjacent to the dorsal vagus complex. Samples 
were lysed in lysis buffer containing 50 mM Tris, 150 mM NaCl, 1 mM 
EDTA and 1% Triton X-100. After centrifugation, the supernatant solu-
tion was collected, and puerarin–tag was added (0.25 mg puerarin–tag 
per 1 mg protein), 10-fold naive puerarin was added to the solution for 
the competitive experiment. After a 2-h reaction at room temperature, 
the mixture was exposed to 405 nm UV radiation on ice for 10 min. Sub-
sequently, the equal volume of photoaffinity reaction mix (0.98 mg ml–1 
CuSO4, 2.42 mg ml–1 sodium ascorbate, 1.81 mg ml–1 Biotin-PEG3-N3, the 
solvent contained 50% PBS and 50% DMSO) was added. The mixture 
was shaken and incubated for 10 h at room temperature (the photoaf-
finity reaction).

For protein solution samples, the potential target proteins were col-
lected after passing through an avidin column (20227, Thermo Fisher), 
and the unbound proteins were collected by PBS wash. Proteins from 
the target group were identified by LC–MS and validated by western 
blotting.

For fixed brainstem slices, the photoaffinity reaction reflected the 
binding localization of puerarin in situ. After the reaction, the slices 
were incubated with FITC–streptavidin (SA100-02, Thermo Fisher; 
dilution ratio is 1:500) at 4 °C overnight, and then examined under a 
confocal microscope (Zeiss).

Production and purification of human α1β3γ2L GABAA receptor
The human α1β3γ2L GABAA receptor sample was produced using 
a stable HEK293S cell line as previously described29,45. In brief, cells 
were grown in Freestyle medium (Gibco) supplemented with 1% fetal 
bovine serum, l-glutamine, non-essential amino acids and selec-
tion antibiotics (250 μg ml–1 zeocin, 5 μg ml–1 blasticidin, 50 μg ml–1 
hygromycin and 200 μg ml–1 geneticin), and kept in suspension by 
spinning at 130 r.p.m. in an 8% CO2 environment at 37 °C. The medium 
was supplemented with 2 μg ml–1 doxycycline to induce gene expres-
sion (cell density of 2 × 106 cells per ml) along with 2.5 mM sodium 
butyrate and 1 μg ml–1 kifunensine. Cells were collected 24 h later by 
centrifugation (3,000g for 15 min) and pellets were stored at −80 °C  
before use.

Receptor purification was performed as previously described28,29 
from a 500 ml culture cell pellet. In summary, the cells were resus-
pended in a dilution buffer (50 mM HEPES pH 7.6 and 300 mM NaCl), 
supplemented with protease cocktail inhibitors and membranes were 
solubilized with 1% lauryl maltose neopentyl glycol (LMNG, Anatrace). 
Insoluble debris were removed by centrifugation (15,000g for 15 min). 
GABAA receptors were purified from the supernatant by affinity chro-
matography on a CNBr Sepharose resin (300 μl) coated with an 1D4 
monoclonal antibody (University of British Columbia), followed by 



on-bead reconstitution into MSP2N2 nanodiscs as follows. Beads bound 
with receptor were first incubated with 50 μl of phosphatidylcholine 
(POPC) and bovine brain extract (BBE) (85:15) for 30 min at 4 °C. POPC 
and BBE extract stocks (10 and 20 mg ml–1, respectively) were prepared 
by solubilization in 3% LMNG. Beads were then allowed to settle down 
on ice, and excess lipids were removed. Nanodisc reconstitution was 
then initiated by adding 100 μl MSP2N2 (5 mg ml–1) and around 50 mg 
biobeads (Bio-Rad). Empty nanodiscs were removed by 50 column 
volume dilution buffer wash. Receptors were eluted in a buffer con-
taining 15 mM HEPES pH 7.4, 100 mM NaCl and 2.5 mM 1D4 peptide 
(TETSQVAPA).

Sample and grid preparation for cryo-EM analysis
Purified α1β3γ2L GABAA receptor at a concentration of 1 mg ml–1 was 
mixed with 10 μM puerarin and 200 μM GABA and incubated on ice for 
30 min before grid preparation for the cryo-EM analysis. Grids were vit-
rified using a Leica EM GP2 plunger (Leica Microsystems). Specifically, 
3.5 μl sample was applied to glow-discharged (Pelco easiGlow, 30 mA 
for 60 s) UltraAuFoil R1.2/1.3:300 mesh grids (Quantifoil), incubated 
for 30 s in a 95% chamber humidity at 14 °C, blotted for 4 s and plunged 
into liquid ethane cooled to −180 °C before transfer into liquid nitrogen 
for storage.

Data collection and processing of α1β3γ2L GABAA receptor–
puerarin complex
Cryo-EM data collection was performed on a Titan Krios microscope 
(MRC-LMB Krios II) equipped with Falcon 4i detector and operated at 
300 kV. Data collection parameters are summarized in Extended Data 
Table 1. Movies were motion corrected in RELION (v.4.0)46, with its 
implementation of MotionCor2 (ref. 47) and contrast transfer function 
(CTF) was estimated using CTFFind (v.4.1.13)48. Particles were picked 
in WARP (v.1.0.9)49, extracted in RELION and subsequently imported 
into Cryosparc (v.4.4.0)50. An ab initio map was generated from all 
particles followed by multiple rounds of heterogeneous refinement 
and single homogeneous and non-uniform refinement in Cryosparc. 
Particles were imported back into RELION for Bayesian polishing.  
A final round of non-uniform refinement was carried out in Cryosparc, 
resulting in a 2.4 Å resolution density map (Extended Data Fig. 6b), 
which was post-processed in RELION with –10 B-factor sharpening. 
Local resolution estimation was performed in RELION (Extended  
Data Fig. 6c).

Atomic model building and refinement
The human α1β3γ2L GABAA receptor bound to diazepam (Protein Data 
Bank (PDB) identifier 6HUG)29 was used as an initial model for build-
ing and refinement. Restraints for puerarin were generated with the 
Grade Server (Global Phasing) online. Refinement was carried out in 
PHENIX (v.19.2)51, alternating with manual inspection, rebuilding and 
real-space refinement in COOT52, over multiple iterations. Model vali-
dation was performed in MolProbity53, integrated in the PHENIX suite. 
Model refinement statistics are summarized in Extended Data Table 1. 
Receptor channel pore diameter was calculated through HOLE54 imple-
mentation in COOT. The puerarin–α1β3γ2L GABAA receptor interface 
area was calculated using the PDBe PISA55 online server. Figure pan-
els that illustrate structural results were generated using the UCSF  
ChimeraX suite56.

Western blotting
After samples were collected from the photoaffinity reaction, the load-
ing buffer (Biocolors) was added. The proteins were separated using 
10% SDS–PAGE gel electrophoresis and then transferred to a polyvi-
nylidene fluoride membrane in an ice water bath with 20% methanol 
transfer solution for 2 h. The proteins were blocked with skim milk 
for 1 h and incubated with the primary antibody at 4 °C overnight 
and then with the secondary antibody at room temperature for 1 h. 

The Coomassie blue staining solution was BeyoBlue Coomassie Blue 
Super-Fast staining solution (P0017F, Beyotime). The primary anti-
bodies used for western blotting were anti-GABRA1 (224205, Synap-
tic Systems; the dilution ratio is 1:1,000) and anti-BIOTIN (03-3700, 
Thermo Fisher; the dilution ratio is 1:1,000). The secondary antibodies 
(anti-mouse IgG, HRP-linked antibody, 7076, Cell Signaling Technol-
ogy; rabbit anti-guinea pig HRP-linked antibody, PA1-28597, Thermo 
Fisher; the dilution ratio of all these antibodies is 1:1,000) were applied 
to develop the band with E-blot 15.1.210620.1 (E-blot).

Electrophysiological recordings from HEK293S cells
Human α1β3γ2L was expressed in a stable HEK293S cell line. Electro-
physiological recordings were performed 24 h after cell subculture. 
The recordings were conducted using an external solution containing 
140 mM NaCl, 5 mM CsCl, 2.0 mM CaCl2, 1.0 mM MgCl2, 10 mM glucose 
and 5 mM HEPES (pH 7.4 with NaOH, about 320 mOsm with sucrose). 
The recording pipettes were filled with intracellular solution contain-
ing 140 mM CsCl, 4 mM MgCl2, 10 mM EGTA, 10 mM HEPES, 0.5 mM 
Na-GTP and 2 mM Mg-ATP (pH 7.2 with CsOH, about 280 mOsm). The 
input resistances amounted to 3–5 MΩ. GABA (0.5 μM) was used to 
induce membrane currents, which were recorded in the whole-cell 
configuration using an EPC 10 amplifier (HEKA) at 20–25 °C. Cells were 
held at –60 mV, and series resistance compensation of 60–80% was 
used and monitored during the whole-cell recording experiments. Data 
were acquired and analysed using PatchMaster and FitMaster software 
(SmartEphys HEKA). The fast-step stepper motor-driven system (RSC-
160, Biologic) was used to apply GABA. Puerarin at 10 μM was applied 
in the medium for 5 min before adding GABA.

EM analysis
Small-intestinal tissue samples (about 1 mm³) were fixed overnight 
with a polyformaldehyde–glutaraldehyde dialdehyde stationary 
solution. After washing twice with PBS buffer, the tissues were fixed 
with 1% osmium acid PBS buffer, dehydrated sequentially with 30%, 
50% and 70% ethanol (10 min for each concentration), and stained 
with 3% uranyl acetate overnight. The tissues were then dehydrated 
again with ethanol, replaced with epoxy propane twice, soaked in 
Epon812 embedding solution and propylene oxide, dried at 60 °C 
for 48 h, sliced with an ultramicrotome (Leica), electron-stained with 
lead citrate and observed using transmission electron microscopy 
(Hitachi). More than 15 complete microvillus interfaces were ran-
domly selected for imaging, and their lengths were measured using  
ImageJ (NIH).

RNA extraction and real-time PCR
Total RNA was extracted from the tissues using an Eastep Super Total 
RNA Extraction kit (LS1040, Promega) according to the manufacturer’s 
instructions. In brief, 1 µg of RNA was reverse-transcribed to comple-
mentary DNA using PrimeScript RT master mix (RR036A, Takara). 
Real-time PCR was performed using a LC480 system (Roche) with SYBR 
Green supermix (Takara). The data were normalized to mouse 36B4, 
and the results were analysed using the 2–ΔΔCt method. All primer sets 
were designed to span at least one intron to avoid amplification from 
genomic DNA.

Statistics analysis and reproducibility
ImageJ (NIH) was used to investigate villi and microvillus length and 
positive cell counts. Other statistical analyses were performed using 
GraphPad Prism 10.2.0 (GraphPad Software). All experimental findings 
were repeated at least twice. Two-tailed Student’s t-test was used for 
single variable comparisons with normal distribution. Mann–Whitney 
test (for independent samples) was used when data did not conform 
to normal distribution. ANOVA with Tukey’s or Holm–Šídák’s multi-
ple comparisons test was used for multiple sets of measurement data 
comparisons. Significance was set at P < 0.05.
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Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.
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Extended Data Fig. 1 | Chemogenetic inactivation or activation of DMV 
neurons ex vivo. a-c, Representative whole cell patch-clamp recordings from  
a DMV neuron expressing the hM4D(Gi), before (black dashed box), during (red 
dashed box) and after CNO application (grey dashed box, wash) (a). Summary 
of average action potential (AP) frequency (b), and mean membrane potential (c) 
of a total of 14 neurons. d-f, Representative whole cell patch-clamp recordings 
from a DMV neuron expressing the hM3D(Gq), before (black dashed box), 

during (blue dashed box) and after CNO application (grey dashed box, wash) (d). 
Summary of average AP frequency (e), and mean membrane potential (f) of  
a total of 15 neurons. Data were analyzed using paired one-way ANOVA with 
Holm-Šídák’s multiple comparisons test. Data are presented as mean ± S.E.M.  
* P < 0.05; ** P < 0.01; *** P < 0.001; NS, no significance. Detailed statistics see 
source data.
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Extended Data Fig. 2 | The activation of DMV neurons promote jejunal fat 
absorption and increases body weight gain in HFD mice. a, Schematic of 
chemogenetic activation and inactivation of DMV neurons in mice fed on HFD. 
b-h, CNO-induced vagal neuronal manipulation in DMV by DREADDS system  
in activation (3q, n = 9), suppression (4i, n = 10) and control (con, n = 10) mice. 
Body weight before CNO application (b) and body weight change (c) during  

20 days, 24 h fecal NEFA (d) and TG contents (e), jejunal (f), duodenal (g) and 
ileal (h) TG contents at day 20. Samples were collected 2 h after 200 μL olive oil 
gavage (f to h). Data were analyzed using two-way ANOVA (c) and one-way ANOVA 
with Holm-Šídák’s multiple comparisons test (b, d to h). Data are presented as 
mean ± S.E.M. ns, no significance; * P < 0.05; ** P < 0.01; *** P < 0.001. Detailed 
statistics see source data.



Extended Data Fig. 3 | Subdiaphragmatic vagotomy suppresses jejunal fat 
absorption. a, Schematic of the subdiaphragmatic vagotomy and sham mice 
fed on HFD (n = 6 per group). b, Body weight change of two groups. c, 24 h fecal 
NEFA contents. d, 24 h fecal TG contents. e, Jejunal TG contents of two groups 

with tissue collection 2 h after 200 μL olive oil gavage. Data were analyzed 
using two-way ANOVA (b), two-tailed Student’s t test (c and e) and two-tailed 
Mann-Whitney test (d). Data are presented as mean ± S.E.M. * P < 0.05,  
** P < 0.01, *** P < 0.001. Detailed statistics see source data.
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Extended Data Fig. 4 | Neuronal activation in different brain regions  
after puerarin administration. a, Chemical structure of puerarin molecule.  
b-j, cFOS immunostaining of brain regions in mice treated with i.p. injection of 
puerarin and vehicle under pair-feeding HFD, and counts of c-fos positive 
neurons in various rostral-caudal nucleus (n = 4 per group), including striatum 
(CPu) and bed nucleus of stria terminalis (BST) (b), paraventricular hypothalamus 
(PVH) (c), dorsomedial hypothalamus (DMH) (d), ventromedial hypothalamus 
(VMH) and arcuate nucleus of hypothalamus (ARC) (e), lateral hypothalamus (LH) 

(f), basolateral and central amygdaloid nucleus (BLA and CeA, Amygdala) (g), 
ventral tegmental area (VTA) and substantia nigra (SN) (h), dorsomedial, 
dorsolateral, lateral and ventrolateral periaqueductal gray (PAG including 
DMPAG, DLPAG, LPAG, and VLPAG) (i), and parabrachial nucleus (PBN) ( j).  
Scale bar, 500 μm (b, h), 200 μm (d-g, i-j) and 100 μm (c). Data were analyzed 
using two-tailed Student’s t test and are presented as mean ± S.E.M. Veh, vehicle; 
Pue, puerarin. ns, no significance. Detailed statistics see source data.



Extended Data Fig. 5 | The preparation and functional validation of 
puerarin-tag probe. a, Simplified chemical reaction of puerarin-tag synthesis. 
b-f, Body weight before injection (b), body weight change (c), 24 h fecal NEFA (d) 
and TG (e) contents, and jejunal TG contents (f) in mice treated with puerarin- 
tag and vehicle i.p. injection, respectively (n = 6 per group). g, Representative 
images of GABRA1 immunostaining in striatum (CPu), bed nucleus of stria 
terminalis (BST), paraventricular hypothalamus (PVH), dorsomedial 
hypothalamus (DMH), ventromedial hypothalamus (VMH), arcuate nucleus  
of hypothalamus (ARC), lateral hypothalamus (LH), basolateral and central 

amygdaloid nucleus (BLA and CeA, Amygdala), ventral tegmental area (VTA), 
substantia nigra (SN), dorsomedial, dorsolateral, lateral and ventrolateral 
periaqueductal gray (PAG, including DMPAG, DLPAG, LPAG, and VLPAG), 
parabrachial nucleus (PBN), nucleus of solitary tract (NTS), area postrema (AP), 
and dorsal motor nucleus of vagus (DMV). Scale bar, 100 μm. Data were 
analyzed using two-way ANOVA (c) and two-tailed Student’s t test (b, d to f). 
Data are presented as mean ± S.E.M. Veh, vehicle; Pue, puerarin. * P < 0.05, 
**P < 0.01, *** P < 0.001. Detailed statistics see source data.
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Extended Data Fig. 6 | Single particle cryo-EM reconstruction of the α1β3γ2L 
GABAA receptor bound to puerarin. a, Representative whole-cell current traces 
elicited from human α1β3γ2L stably expressed HEK293S cell line by puerarin 
alone. b, Fourier shell correlation (FSC) curves of the cryo-EM density map 
reconstruction (phase-randomized in red, masked in blue) and model vs. map 
correlation (orange) of the α1β3γ2L GABAA receptor bound to puerarin. c, The 
final unsharpened map coloured according to the local resolution estimated 
by RELION. d, Cryo-EM density map of the GABAA receptor-puerarin complex. 
The receptor subunits are coloured in red (α1), blue (β3) and yellow (γ2). The 
puerarin density, observed only at the α1+/γ2− interface, is coloured in cyan.  
The dashed rectangle marks the puerarin binding pocket. e-f, Enlarged views  
of the binding pocket where the density map is semi-transparent (light blue), 

the protein main chains are in cartoon representation, puerarin and the 
neighbouring side chains are in stick representation. g, Cartoon representation 
of the GABAA receptor bound to puerarin. Lipids surrounding the transmembrane 
region are in the ball and stick representation, while GABA and puerarin are 
shown as spheres. h-i, Top view cartoon representations of the puerarin-bound 
GABAA receptor transmembrane domain (TMD, coloured according to panel g) 
superimposed with structures of the bicuculline-bound α1β3γ2L (h, PDB:6HUK) 
and diazepam-bound α1β3γ2L (i, PDB:6HUP). The side chains of the 9′-activation 
gate leucine residues are shown in ball and stick representation. j, Channel pore 
radii profiles of the GABAA receptor bound to puerarin (cyan), bicuculline (black, 
PDB:6HUK) and diazepam (red, PDB:6HUP).
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Extended Data Fig. 7 | Puerarin could not exert inhibitory effects on  
DMV neurons in Gabra1 cKO mice. a, Construction strategy of Gabra1 vagal 
conditional knockout mice. b, Representative GABRA1 fluorescent staining 
and quantification in DMV of cKO and flox control mice (n = 4 per group).  
c, Representative whole cell patch-clamp recordings from a DMV neuron of 
control mouse (left), and a DMV neuron from cKO mouse (right). d-e, Average 
AP frequency (d), and mean membrane potential (e) of recorded DMV neurons 
from flox (n = 29) and cKO mice (n = 39). f, AP frequency and percentage of DMV 
neurons from flox (n = 20) and cKO (n = 21) mice showing puerarin-associated 

inhibition or non-inhibition. g, The body weight of flox and cKO mice before 
puerarin and vehicle injection (n = 8 per group). h, The body weight of WGA-con 
and WGA-4i before CNO application (n = 10 per group). Scale bar, 100 μm (b). 
Data were analyzed using two-tailed Student’s t test (b and h) and two-tailed 
Mann-Whitney test (d to e), two-sided Chi-square test (f), one-way ANOVA with 
Holm-Šídák’s multiple comparisons test (f) and two-way ANOVA with Tukey’s 
multiple comparisons test (g). Data are presented as mean ± S.E.M. * P < 0.05;  
** P < 0.01; *** P < 0.001. Detailed statistics see source data.



Article

Extended Data Fig. 8 | The gene expression and morphological changes in 
jejunum regulated by DMV-vagus axis manipulation or puerarin treatment. 
a, The expression of genes related to jejunal lipid transporters in Px2b-4i and 
Px2b-con mice. b-d, HE staining of the jejunum (b), morphometric measurement 
of length distribution (c) and average length of jejunal villi (d) in Px2b-4i and 
Px2b-con mice (n = 4/group). e-g, HE staining of the jejunum (e), morphometric 
measurement of length distribution (f) and average length of jejunal villi (g)  
in puerarin- and vehicle-injected mice (n = 4 per group). h-j, Representative 
electron micrographs (h), morphometric measurement of length distribution (i) 
and average microvillus length ( j) in the jejunum of 3q, 4i and con mice 
(n = 4 per group). k, The expression of genes related to microvillus length in 

jejunum of the three groups. l-n, Representative electron micrographs (l), 
morphometric measurement of length distribution (m) and average microvillus 
length (n) in the jejunum of puerarin- and vehicle-treated mice (n = 4 per group). 
o, The expression of genes related to microvillus length in jejunum of the  
two groups. Scale bar, 100 μm for optical micrographs; 1 μm for electron 
micrographs. Data were analyzed using two-tailed Student’s t test and two-tailed 
Mann-Whitney test (a to g, and m to o) and one-way ANOVA with Holm-Šídák’s 
multiple comparisons test (i to k). Data are presented as mean ± S.E.M.  
Veh, vehicle; Pue, puerarin; Px2b, Phox2b. * indicates Px2b-con vs. Px2b-4i  
or Veh vs. Pue or con vs. 4i, # Indicates con vs. 3q. *, # P < 0.05; **, ## P < 0.01;  
***, ### P < 0.001. Detailed statistics see source data.



Extended Data Fig. 9 | The gene expression and morphology of duodenum 
and ileum regulated by DMV-vagus axis manipulation or Puerarin treatment. 
a-d, Representative electron micrographs (a), morphometric measurement  
of length distribution (b), average microvillus length (c) and related gene 
expression (d) in the duodenum of 3q, 4i and con mice. e-h, Representative 
electron micrographs (e), morphometric measurement of length distribution (f), 
average microvillus length (g), and related gene expression (h) in the ileum of 
the three groups. i-l, Representative electron micrographs (i), morphometric 
measurement of length distribution ( j), average microvillus length (k) and 
related gene expression (l) in the duodenum of Puerarin- and vehicle-injected 

mice. m-p, Representative electron micrographs (m), morphometric 
measurement of length distribution (n), average microvillus length (o) and 
related gene expression (p) in the ileum of the two groups. Scale bar, 1 μm for 
electron micrographs. For electron microscopy analysis, n = 4 mice in each 
group (b, c, f, g, j, k, n and o). Data were analyzed using one-way ANOVA with 
Holm-Šídák’s multiple comparisons test (a to h), two-tailed Student’s t test  
and two-tailed Mann-Whitney test (i to p). Data are presented as mean ± S.E.M. 
Veh, vehicle; Pue, puerarin; Px2b, Phox2b. Detailed statistics see source data 
source data.
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Extended Data Fig. 10 | Summary of DMV regulating jejunal fat absorption 
through a brain-to-gut axis. a, Schematic of a brain-to-gut axis controlling  
fat absorption in the jejunum, in which inhibition of DMV by chemogenetics or 

Puerarin leads to microvilli shortening, fat absorption suppression and 
consequently weight loss. (Figure was created with BioRender).



Extended Data Table 1 | Cryo-EM data collection, atomic model refinement and validation statistics
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