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The Ablation of Sensory Neurons Expressing the Nav1.8
Sodium Channel Improves Glucose Homeostasis and
Amplifies the GLP-1 Signaling in Obese Female Mice

Marina Romani-Pérez,* Clara Bullich-Vilarrubias, Inmaculada Lépez-Almela,

and Yolanda Sanz

Scope: Sensory neurons expressing the sodium channel Nav1.8 contain a
repertoire of receptors for nutrient, hormonal, and inflammatory ligands.
However, their function in key regulators of energy homeostasis control is not
well understood and is completely unexplored in females.

Methods and results: Mice lacking neurons expressing the sodium channel
Nav1.8 were generated using an ablation strategy based on cre
recombinase-mediated expression of diphtheria toxin fragment A (DTA)
(Nav1.8-cre/DTA mice) to investigate whether these neurons modulate body
weight, food intake, gut hormone secretion, gastrointestinal transit, and

1. Introduction

Obesity has reached epidemic propor-
tions globally, and has myriad associ-
ated comorbidities, such as type 2 di-
abetes (IT2D), which increase morbidity
and mortality. Despite the great strides
made to understand the key factors con-
trolling energy homeostasis, efforts are
still needed to reduce the prevalence of
obesity, including new therapies.

The gut is now considered a key target

glucose tolerance in response to nutrient challenges in a sex-dependent
manner. Male Nav1.8-cre/DTA mice show resistance to gain weight in
response to high-fat high-sugar diet (HFHSD), whereas females lacking
Nav1.8+ neurons have improved oral glucose tolerance accompanied by
higher insulin levels and attenuated glucagon secretion after an oral glucose
load. Female Nav1.8-cre/DTA mice also show higher fasting and postprandial
glucagon like peptide-1 (GLP-1) levels with an increased number of
GLP-1-positive cells. Finally, ablation of Nav1.8-expressing neurons
accelerates the gastrointestinal transit in female mice under HFHSD.
Conclusion: This data demonstrates sex-dependent differences in the
Nav1.8-mediated regulation of energy metabolism, and provides new insights
that may help in the design of sex-specific neuromodulation therapies for
metabolic disorders induced by diets rich in fats and simple sugars.
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in the development of therapies for obe-
sity. Gastrointestinal endocrine and neu-
ral sensory pathways play an important
role in nutrient sensing to further control
energy homeostasis. The major players
of these pathways are enteroendocrine
cells (EECs) and vagal afferents. Nutri-
ent sensing G protein-coupled receptors
(GCPRs) on EECs are activated by dietary
molecules and trigger the secretion of
gut hormones that control many phys-
iological functions via endocrine paths
such as gut motility, appetite and glu-
cose metabolism, among others. This ac-
tivation also stimulates vagal afferents to
rapidly transmit nutrient sensing to the
brain.!t%!

Bariatric surgery, the most effective treatment for weight loss
and glycemic control,** induces its benefits by enhancing the
postprandial secretion of gut hormones in the distal gut, ow-
ing to the higher availability of unabsorbed nutrients in this
region.’] Bariatric surgery mimetic approaches for T2D include
non-invasive gut-peptide strategies or those that favor gut hor-
mone secretion.[*”) Analogues of the gut hormone glucagon like
peptide-1 (GLP-1) are established glucose-lowering agents for
T2D,8] and the clinical efficacy of agonists of the chemoreceptors
that induce GLP-1 secretion are under intense investigation.®!

In a different approach, neuromodulation therapies in-
cluding either stimulation (vagus nerve stimulation therapy
[VNS]) or inhibition (vagal nerve blocking therapy [VBLOC])
of the vagal nerve by low- or high-frequency currents, respec-
tively, induce weight loss and improve obesity-related metabolic
parameters.*1 Nevertheless, the mechanisms responsible for
these benefits, and whether afferent or efferent tone are prefer-
entially involved, are enigmatic.['"]
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Currently, the therapeutic potential of the modulation of sen-
sory neurons from the peripheral nervous system remains under-
studied, as its diverse molecular specialization makes it difficult
to investigate the role of specific neuronal populations.['!]

Genetic tools to target neurons expressing specific molecu-
lar markers are now reshaping our understanding of the func-
tions of afferent neurons on energy homeostasis control. For
instance, Cre-LoxP-based experiments conducted in mice point
out new functions of sensory neurons expressing the sodium
channel Nav1.8, hitherto characterized as spinal neurons me-
diating pain sensation.l?] More specifically, the vagal origin of
Nav1.8+ neurons innervating the gastrointestinal tract has been
demonstrated!*'*! highlighting their function driving visceral in-
formation to the brain and so, controlling energy balance. Inves-
tigations on this topic demonstrated that these neurons are dis-
pensable for the control of body weight, food intake, or energy
expenditure.l’®! In contrast, another study revealed that, although
Nav1.84 neurons are not involved in weight gain due to high-fat
dietary intake, they are necessary for maintaining fat stores while
contributing to metabolic balance.[*®! In addition, characteriza-
tion of GCPR gene expression profiles points to a role for these
neurons in mediating gut-to-brain communication triggered by
gut-derived molecules such as hormones or immunomodulatory
lipids.'”] In this regard, it is not yet known whether Nav1.8+ neu-
rons are needed for gastrointestinal functions that influence post-
prandial control of energy metabolism and whether they exhibit
sex-dependent effects. This research would help advance more
precise neuromodulation-based strategies for obesity by target-
ing a specific neuronal population in the afferent arm of the pe-
ripheral nervous system. Using a murine ablation model lack-
ing Navl.8-expressing neurons we have identified sex-dependent
metabolic functions of these neurons. Specifically, in females, we
have unraveled intestinal factors through which Nav1.8+ neu-
rons regulate energy homeostasis.

2. Results

2.1. Lack of Nav1.8-Expressing Neurons Has a Sex-Dependent
Effect on Body Weight Gain, Fasting Induced Refeeding, and
Glucose Tolerance in Mice Fed a High-Fat High-Sugar Diet

Since vagal afferents, rather than spinal neurons, are involved in
nutrient sensing to further control energy homeostasis, Nav1.8
gene expression was explored in nodose ganglia. Mice express-
ing Cre, hereinafter referred to as mice lacking Nav1.8+ neurons
or mice lacking the sodium channel Nav1.8 (Navl.8-cre/DTA)
mice, had almost undetectable Scn10a mRNA levels (coding for
NAV1.8), indicating effective ablation of Nav1.8+ neurons in the
offspring (Supporting Information Figure S1b).

We examined the vulnerability to gain weight in response to
high-fat high-sugar diet (HFHSD)-feeding in Navl.8-cre/DTA
mice and potential interactions between sex and the genotype.
The effects on body weight were examined after 5 weeks of
HFHSD-feeding, before conducting other functional tests (be-
tween week 6 and 11) to avoid the influence of the stress asso-
ciated with these tests.

An interaction between the group and the week of control diet
(CD)/HFHSD-feeding was identified in the body weight of both,
females and males (Figure 1A), indicating that this parameter
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varies differentially over 5 weeks of dietary intervention. As ex-
pected, at least from week 4, HFHSD-feeding increased the body
weight of female and male control mice compared with controls
fed CD (Figure 1A). Furthermore, under HFHSD and only in
males, Nav1.8-cre/DTA mice showed reduced body weight than
their control littermates (Figure 1A). Overall, 5 weeks of HFHSD-
feeding increased the body weight gain of both, female and males
since a main diet effect was identified in both sexes (Figure 1B).
A genotype effect was also detected, but only on the body weight
gain of male mice, supporting that loss of Nav1.8-expressing neu-
rons induces obesity resistance in males (Figure 1B).

Ad libitum food intake was not markedly affected by the
genotype in female and male mice (Supporting Information
Figure S2a). By contrast, analysis of 2-h food intake after fast-
ing revealed a diet effect only in females irrespective the geno-
type, with reduced food intake in the refeeding period in mice
fed HFHSD (Figure 1C, left graph). An interaction between
diet and the genotype was identified in males (Figure 1C,
right graph). Post-hoc analysis revealed that HFHSD-fed Nav1.8-
cre/DTA male mice had a higher food intake after fasting than
controls fed the obesogenic diet or Nav1.8-cre/DTA mice fed CD
(Figure 1C, right graph). Body weight gain after the refeeding
was lower in HFHSD fed female and male mice irrespective of
the genotype compared with CD-fed groups (Figure 1D). Food
efficiency was also affected by the diet and the genotype in fe-
male and male mice (Figure 1E). Specifically, we found an inter-
action between diet and genotype in females, whereby food ef-
ficiency was lower in HFHSD-fed control mice than in CD-fed
mice, with no effects in Nav1.8-cre/DTA mice (Figure 1E, left
graph). In males, the diet and the genotype impacted food ef-
ficiency, and both variables showed a trend for interaction (p =
0.08) (Figure 1E, right graph). Analysis restricted to HFHSD-fed
mice indicated that food efficiency showed a trend to be lower in
Nav1.8-cre/DTA mice than in control littermates (Student’s t-test,
Cre™ HFHSD versus Cre* HFHSD, p = 0.09).

In response to an obesogenic diet, we explored whether the
loss of Nav1.8+ neurons affected weight gain and food efficiency
differently in males or females by identifying sex and genotype in-
teractions on these parameters (datasets from Figure 1B,E). First,
we observed high inter-individual variability in the body weight
gain of Nav1.8-Cre/DTA male mice fed HFHSD (see extending
whiskers in Figure 1B indicating variability outside the upper and
lower quartiles), supporting that loss of Nav1.8+ neurons may in-
duce diverse responses to HFHSD-feeding, as already evidenced
by others.!'] Using a protocol similar to that used in previous ro-
dent studies, 227281 we employed quartile distribution to identify
individual vulnerability to diet-induced obesity allowing a more
accurate exploration of sex-genotype interactions taking into ac-
count the variability of response to an obesogenic diet. Thus,
each HFHSD-fed group was subdivided into weight-gaining or
obesity-prone mice, whose weight gain belonged to the first quar-
tile (Q1); non- weight-gaining or obesity resistant mice, belong-
ing to Q2 and Q3; and weight-losing or cachectic mice, belonging
to Q4 (Figure 1F).

No sex-associated differences in the quartile distribution of
weight gain data were found irrespective of the genotype (males:
x* = 0564, p = 0. 754 or females: y?> = 0.012, p = 0.994). We
found an interaction between genotype and sex in the weight
gains distributed in Q2/Q3 and in Q4 (Figure 1F). Specifically, in
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Figure 1. Ablation of neurons expressing the sodium channel Nav1.8 has sex-dependent effects on body weight under an obesogenic diet. In female and
male controls and mice lacking neurons expressing the sodium channel Nav1.8 (Cre™ /Cre™) fed either control or high-fat high-sugar diet (CD/HFHSD),
we measured: A) Body weight (Bw) follow-up and B) Bw gain of females and males in response to 5 weeks of CD or HFHSD. C) Food intake (kcal)
during refeeding after fasting in the dark phase. D) Bw gain after refeeding. E) Food efficiency. F) Comparisons of the Bw gain separated into quartiles
(Q) of female and male mice fed HFHSD. G) Comparison of the food efficiency of female or male mice fed HFHSD. Data show the mean + standard
error of the mean (SEM) or the median, the interquartile range and the minimum and maximum values (whiskers). (A, B, F) Data from three cohorts, no
significant cohort effect was observed. Female Cre™ CD/HFHSD, n = 20; female Cret CD, n = 8; female Cre* HFHSD, n = 15; male Cre~ CD/HFHSD, n
=23/25; male Cre* CD, n =13, and Cret HFHSD, n = 27. (C-E, G) Data from 1 cohort. Female Cre~ CD/HFHSD, n = 6; female Cre* CD/HFHSD, n =
4; male Cre™ CD/HFHSD, and n = 8 and male Cret CD/HFHSD, n = 7/5. HFHSD-data of (B) are also represented in (F). HFHSD-data of (E) are also
represented in (G). Two-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test when significant interactions were detected. Main effects
and interactions are indicated on top of the graphs. *p < 0.05 and *** p < 0.001 versus CD-fed mice with the same genotype. *## p < 0.001 versus
HFHSD-fed mice with different genotypes.

response to 5 weeks of HFHSD-feeding, male Nav1.8-Cre/DTA  to show reduced food efficiency in male mice lacking Nav1.8+
mice, but not females, gained less weight than their control litter-  neurons compared to control littermates (p = 0.09), not shown in
mates, occasionally showing weight loss in the case of male mice  females (Figure 1G).

distributed in Q4 (Figure 1F). No interaction was found in mice Genotype- and sex-related effects on fat depots were also ex-
from Q1 (Figure 1F). In addition, a combinatorial effect between  amined. First, we examined fat distribution, calculated as the per-
sex and genotype was found in food efficiency, with a tendency  centage of individual fat pad mass (gonadal white adipose tissue
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Figure 2. Loss of Nav1.8+ neurons limits fat storage in the gonadal adipose tissue in male mice fed high-fat high-sugar diet. In male controls (Cre™)
fed control diet (CD) or high-fat high-sugar diet (HFHSD) and mice lacking Nav1.8+ neurons fed HFHSD, we measured: A) Adipocytes area in the
gonadal white adipose tissue at the end of the experiment. B) Total triglyceride (TG) levels excreted in feces after 12 h of overnight fasting, preceding
the gastrointestinal transit time trial and during the trial (6 h of refeeding) after 8 weeks of CD or HFHSD-feeding. C) TG in plasma after 2 h of refeeding
at week 7 of CD or HFHSD-feeding. D) Time required for orally administered carmine red to appear in feces (gastrointestinal [GI] transit time) after 8
weeks of CD or HFHSD-feeding. Data are shown as the mean + standard error of the mean (SEM). Cre= CD, n =5, Cre” HFHSD, n = 7-5, and Cre*
HFHSD, n = 4. (A, C, D) One-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test. (B) Two-way ANOVA. *p < 0.05 versus CD-fed control
mice (Cre~ CD). # p < 0.05 versus HFHSD-fed mice with different genotypes. % p < 0.01 main effect of prandial condition (fasting versus refeeding).

[gWAT] or inguinal white adipose tissue [IWAT)]) relative to total
fat pad mass (iWAT plus gWAT). As indicated by a main effect
of fat type, there was a greater contribution of gWAT to total fat
depots in both female and male mice (Supporting Information
Figure S2b). In addition, the analysis of the combinatory effects
of genotype and sex revealed that fat distribution was affected by
sex but not by the genotype (Supporting Information Figure S2c).
Indeed, regardless the genotype, a main effect of sex was identi-
fied on the distribution of gWAT and iWAT, indicating higher go-
nadal fat pads in male than in female and higher iWAT in female
than in male (Supporting Information Figure S2c).

Despite fat distribution remained unaffected by the genotype,
we identified that, only in males, the loss of Nav1.8-expressing
neurons had an impact on gWAT weight. Indeed, after 11 weeks
of HFHSD-feeding, Nav1.8-cre/DTA female mice showed the
same gWAT weight as controls (controls: 0.67 + 0.12 g ver-
sus Navl.8-cre/DTA: 0.55 + 0.20 g, p = 0.60), while Nav1.8-
Cre/DTA male mice (from Q2 and Q3) had reduced gWAT (con-
trols: 1.70 + 0.20 g versus Navl.8-cre/DTA: 0.69 + 0.27 g, p =
0.04). The lower gWAT in male mice lacking Nav1.8+ neurons
was further supported by the smaller adipocyte size compared
with HFHSD-fed controls, reaching values similar to CD-fed con-
trol mice (Figure 2A), suggesting a reduced storage of lipids in
adipocytes.

To unravel how loss of Navl.8-expressing neurons limits fat
depots in males, we examined in these mice the influence of the

Mol. Nutr. Food Res. 2024, 68, 2300474 2300474 (4 of 13)

genotype on dietary lipids excretion and absorption by measuring
triglycerides in feces and plasma after a meal and by exploring
gastrointestinal transit time. A main effect of the prandial con-
dition (fasting/refeeding) on fecal triglycerides levels was identi-
fied, with higher triglycerides levels in feces after 6 h of refeed-
ing compared with 12 h of fasting (Figure 2B). After fasting, fecal
triglycerides levels did not show significant differences between
groups, but total excreted triglycerides during 6 h of refeeding
were lower in HFHSD-fed control male mice than in equiva-
lent Nav1.8-Cre/DTA mice, which had levels similar to those of
CD-fed control mice (Figure 2B). Furthermore, under HFHSD,
Nav1.8-cre/DTA male mice showed reduced postprandial triglyc-
erides levels in plasma than controls (Figure 2C). The gastroin-
testinal transit time, which may impact on the intestinal excretion
and absorption of lipids, was not significantly affected by the diet
or the genotype (Figure 2D).

We then explored the impact of Nav1.8+ neurons ablation on
the control of glucose homeostasis. In female mice, an interac-
tion between the genotype and the diet was identified in fasting
glycemia (Figure 3A). Further post-hoc analysis indicated that
HFHSD increased the basal glucose levels compared with CD
in Nav1.8-cre/DTA female mice (Figure 3A, left graph). In male
mice, neither main effects nor interactions between the genotype
and the diet were detected (Figure 3A, right graph). The analy-
sis of the oral glucose tolerance test (OGTT) indicated a main
effect of the genotype in female mice (Figure 3B) but not in
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Figure 3. Deficiency of Nav1.8+ neurons improves oral glucose tolerance in females and intraperitoneal glucose tolerance in males. In female or male
controls and mice lacking Nav1.8+ neurons (Cre™ /Cre*) fed either control or high-fat high-sugar diet (CD/HFHSD) for 10 weeks, we measured: A) Fasting
glucose levels in plasma of female and male mice. B, C) Oral glucose tolerance test (OGTT) and the area under the curve (AUC). D, E) Intraperitoneal
glucose tolerance test (ipGTT) and AUC. F) Comparison of the AUC of the OGTT between females and males (Cre™/Cret) fed HFHSD (left) and
comparison of the AUC of the ipGTT between females and males (Cre™ /Cre™) fed HFHSD (right). Data are shown as the mean =+ standard error of the
mean (SEM). Female mice, n =5 per group and male mice, n = 5-8 per group. HFHSD-data of AUC of (B-E) are also represented in (F). Two-way analysis
of variance (ANOVA) followed by Tukey’s post-hoc test when significant interactions were detected. Main effects and interactions are indicated on top
of the graphs. *p < 0.05 Cre* fed CD versus HFHSD. ###p < 0.001 versus HFHSD-fed mice with different genotypes.

males (Figure 3C) indicating that the whole-body glucose clear-
ance was more efficient in female Nav1.8-Cre/DTA mice than in
their control littermates after an oral glucose load under either
CD or HFHSD (Figure 3B). When glucose was intraperitoneally
(ip) administered to mice, the whole-body glucose clearance was
improved in male Nav1.8-Cre/DTA mice (Figure 3E) but not in
females (Figure 3D). A diet effect was found in the area under
the curve (AUC) of the OGTT and intraperitoneal glucose toler-
ance test (ipGTT) in female and male mice (Figure 3B-E), con-

Mol. Nutr. Food Res. 2024, 68, 2300474 2300474 (5 of 13)

firming that, irrespective the genotype, HFHSD impairs glucose
tolerance. We found an interaction between sex and genotype
for the AUC of the OGTT in mice fed HFHSD with more ro-
bust glycemia reduction in female Nav1.8-Cre/DTA mice than in
males as indicated the post-hoc test (Figure 3F, left graph), al-
though no combinatory effects were observed for the AUC of the
ipGTT (Figure 3F, right graph).

Taken together, our findings support sex-dependent metabolic
functions of Navl.8+ neurons in which, in response to an
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obesogenic diet, Nav1.8+ silencing attenuates weight gain and
adiposity in males but not in females and improves oral glucose
tolerance in females but not in males.

2.2. Loss of Nav1.8-Expressing Neurons Increases the Plasma
Levels of Total GLP-1 and Insulin in Female Mice Fed a High-Fat
High-Sugar Diet

Longer term analysis of health status of mice (9 weeks of
HFHSD-feeding) revealed that female Nav1.8-cre/DTA mice
showed optimal health and welfare in response to HFHSD-
feeding, whereas male Nav1.8-cre/DTA showed sickness behav-
ioral responses to HFHSD. Indeed, in response to 9 weeks
of HFHSD-feeding, female mice lacking Navl.8+ neurons
gained the same weight as controls (Supporting Information
Figure S2d.e). In contrast, some Navl.8-cre/DTA male mice
showed body weight loss through the HFHSD intervention (Sup-
porting Information Figure S2f, right graph) occasionally reach-
ing almost 8% weight loss from their initial body weight (Sup-
porting Information Figure S2g, right graph). Those Nav1.8-
cre/DTA male mice that lost weight under HFHSD showed ul-
cerative dermatitis (data not shown) and finally died. Indeed, only
the 50% of Nav1.8-cre/DTA male mice survived after 9 weeks
of HFHSD-feeding (Supporting Information Figure S2h, right
graph). By contrast, the obesogenic diet did not affect the sur-
vival of Nav1l.8-cre/DTA female mice (Supporting Information
Figure S2h, left graph). To note, the experiments in male mice
(Figures 2 and 3) were conducted in mice that did not show sick-
ness behavior (mice which body weight gain belonged to Q2 and
Q3).

As Navl.8+ neurons ablation did not affect female health, the
exploration of the effects of long-term exposure to HFHSD were
restricted to female mice.

On the basis that Navl1.8+ neurons mediate neuroimmune
pathways in mucosa layers,>?* we began to explore the in-
testinal mechanisms underlying the glucoregulatory benefits of
Nav1.8+ neurons in diet-induced obese female mice by first ex-
amining intestinal immunity, which imbalance may disturb glu-
cose homeostasis.!?’]

In the lamina propria of the small intestine, Nav1.8-cre/DTA
mice had higher levels of type 1 and type 2 macrophages (M1
and M2) and regulatory T cells (Treg) (Supporting Information
Figure S3a—c). In addition, the absence of Nav1.8+ neurons
conferred protection against the spleen enlargement showed in
HFHSD-fed control mice (Supporting Information Figure S3d),
increased the splenic levels of memory CD4+ T cells (Support-
ing Information Figure S3e) and tended to reduce the levels of
effector CD4+ T cells (Supporting Information Figure S3f).

As alternative intestinal mechanisms potentially involved in
the glucoregulatory benefits of the Nav1.8+ neurons depletion,
we also investigated glucose absorption and incretin hormone
(GLP-1 and gastric inhibitory polypeptide [GIP]) secretion to-
gether with the hormones regulated by those incretins (insulin
and glucagon) in response to an oral glucose challenge. Intestinal
glucose uptake was faster in Nav1.8-cre/DTA mice than in control
mice, as indicated by the enhanced early appearance of glucose
in the bloodstream immediately after an oral glucose challenge
(5 min post-glucose) (Figure 4A), despite their lower glycemia in
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the OGTT from minute 15 onwards, which refers to glucose clear-
ance (Figure 3A). No changes were identified in the gene expres-
sion of the glucose transporters Slc2a2 (coding for GLUT2) (Sup-
porting Information Figure S3g) and Slc5a1 (coding for sodium-
glucose transport protein 1, [SGLT1]) (Supporting Information
Figure S3h) in the proximal small intestine, or in the small intes-
tine length (Supporting Information Figure S3i).

Compared with CD-fed controls, HFHSD-fed control mice had
lower total GLP-1 levels in plasma but higher GIP during fasting,
and showed increased GIP and glucagon levels after an oral glu-
cose load (Figure 4B). Nav1.8-cre/DTA mice had higher insulin
levels than CD-fed mice both during fasting and after glucose
challenge, with similar levels of total GLP-1, GIP, and glucagon
(Figure 4B). Combinatorial effects of the genotype and the pran-
dial condition on hormone levels were investigated in HFHSD-
groups. We found an interaction between genotype and prandial
condition for total GLP-1 (Figure 4B), with post-hoc analysis in-
dicating that total GLP-1 levels were higher in Nav1.8-cre/DTA
mice than in control mice during fasting but not after the oral glu-
cose load (Figure 4B). Furthermore, independently of the pran-
dial condition, the absence of Navl.8-expressing neurons pre-
vented the increase in GIP levels induced by HFHSD-feeding
(Figure 4B). In addition, a main effect of the genotype was also
detected on insulin indicating that Nav1.8-cre/DTA mice showed
increased levels of this hormone in both conditions (fasting and
after an oral glucose load) compared with HFHSD-fed control
mice (Figure 4B). At the end of the experiment, total GLP-1 lev-
els in plasma were measured in response to an oral load of the
mixed-nutrient solution, Ensure®. No changes were observed
15 min after Ensure® (Figure 4C), but after 90 min, a main
effect of the diet and the genotype were identified on the to-
tal GLP-1 levels in plasma (Figure 4D). These main effects in-
dicated that HFHSD-feeding reduced total GLP-1 whatever the
genotype, and that the ablation of Nav1.8+ neurons increased its
levels compared with control littermates irrespective of the diet
(Figure 4D).

The loss of Nav1.8+ neurons might impact gut-to-brain nu-
trient sensing and, consequently, the central control of glu-
cose homeostasis. Analysis of the expression of key hypotha-
lamic genes for energy homeostasis control evidenced no ma-
jor changes associated with the genotype. Proopiomelancortin
(Pomc) and cocaine- and amphetamine-regulated transcript
(Cart) were unchanged whatever the group, whereas aguti-related
peptide (Agrp) and neuropeptide Y (Npy) transcripts were lower
in control and Nav1.8-cre/DTA mice fed HFHSD than in CD-
fed control mice (Supporting Information Figure S3j), reflecting
that Nav1.8-cre/DTA mice downregulated orexigenic neuropep-
tides to counteract the excess of high-energy dense food as did
HFHSD-fed control mice.

2.3. Loss of Nav1.8+ Neurons Increases the Density of Intestinal
Cells Expressing GLP-1 in Female Mice Fed a High-Fat
High-Sugar Diet

Gene expression analysis of markers of stem cells, prolifera-
tion, and L-cell differentiation after oral Ensure® challenge re-
vealed that the loss of Nav1.8+ neurons prevented the higher ileal
expression of Ki67 induced by HFHSD-feeding and enhanced
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Figure 4. Deficiency of Nav1.8+ neurons increases plasma levels of total glucagon like peptide-1 (GLP-1) and insulin in female mice fed high-fat high-
sugar diet. In female controls (Cre™) fed control or high-fat high-sugar diet (CD or HFHSD, respectively) and mice lacking Nav1.8+ neurons (Cre*) fed
HFHSD, we measured: A) Fasting glycemia and 5 min after an oral glucose load and the slope between these two points, indicating glucose intestinal
uptake, after 7 weeks of CD- or HFHSD-feeding. B) Plasma levels of total (GLP-1), GIP, insulin, and glucagon, in fasting (F) and 15 min after an oral
glucose load (G), after 7 weeks of CD- or HFHSD-feeding. C) Plasma levels of total GLP-1 15 min after the oral administration Ensure® (EN). D) Total
GLP-1 levels in plasma 90 min after administering Ensure®. Data are shown as the mean + standard error of the mean (SEM) or paired individual
values. Cre™ CD/HFHSD, n = 5-9, Cre* CD = 4 and Cre* HFHSD, n = 5-6. (A) Paired t-test; (slope data in A): one-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc test. (B) (HFHSD data) and (D) two-way ANOVA followed by Tukey’s post-hoc test when interactions were detected. Main
effects and interactions are indicated on top of the graphs. (B) One-way ANOVA followed by Tukey’s post-hoc test for comparisons with Cre™ CD group.
*p < 0.05 and **¥*p < 0.001 versus Cre~ CD-fed mice. #p < 0.05, ##p < 0.01 comparisons between Cre™ and Cre* fed HFHSD. ®p < 0.05 and $%%p < 0.001
F versus G.

Mol. Nutr. Food Res. 2024, 68, 2300474 2300474 (7 of 13) © 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH

85U8017 SUOLULLIOD BA TR0 3cedl|dde ayp Aq peuseno aJe ssjpie YO ‘8sn JO s3I0y AriqiT8uljuO A8|IA UO (SUO N IPUOD-PUR-SLLIBY/LID" A8 1M ARIq 1 Ul UO//:SANY) SUORIPUOD pue SWid | 8L 88S *[7202/20/ST] Uo Ariqiauliuo A8|IMm ‘(uleAnde) aanopesy Ad /006202 1JULl/Z00T OT/I0p/L0o" A8 | M Ake.q 1 jpuluo//:Sdny Wo.y papeojumod ‘€ ‘v20Z ‘SETHETIT


http://www.advancedsciencenews.com
http://www.mnf-journal.com

ADVANCED
SCIENCE NEWS

Mo lar Nutrition
ood Research

www.advancedsciencenews.com

www.mnf-journal.com

(A) O Cre’CD
© Cre HFHSD
O  Cre" HFHSD
6 0 30
A z
g 4 : ! : 20
< H o . H
s 240 | 80 B Lo 10
2 glgzglgé 8488 o8e 800
0 ‘o ige” 09 i8eqa ¢
lleum Colon lleum Colon lleum Colon lleum Colon lleum Colon
Lgr5 Ki67 Neurod1 Ngn3 Proglucagon
(B) Cre” HFHSD (ileum) Cre* HFHSD (ileum)

©  Cre HFHSD
O  cCre*HFHSD

= N

GLP-1* cells/mm?
>
o

100
80
60
40
20

GLP-1* cells/mm?

colon

Figure 5. Deficiency of Nav1.84 neurons increases the number of glucagon like peptide-1 (GLP-1)+ cells in the distal gut of female mice fed high-
fat high-sugar diet. In female controls (Cre™) fed control or high-fat high-sugar diet (CD or HFHSD, respectively) and mice lacking Nav1.8+ neurons
(Cre*) fed HFHSD we measured at the end of the experiment: A) Gene expression of markers of stem cells (Lgr5), proliferation (Ki67), enteroendocrine
cell differentiation (neurogenic differentiation 1 [Neurod1] and neurogenin-3 [Ngn3]), and the GLP-1 precursor (Proglucagon) in ileum and colon. B)
Quantification of GLP-1+ cells in ileum and colon. Data are shown as the mean =+ standar error of the mean (SEM). In A, Cre™ CD/HFHSD, n = 8-9 and
Cret HFHSD, n=6. In B, Cre™ HFHSD, n =4 and Cre* HFHSD, n = 5. (A) One-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test or
the Kruskal-Wallis test followed by Dunn’s post-hoc test. (B) Student’s t-test. *p < 0.05 versus Cre™ CD-fed mice. #p < 0.05 comparisons between Cre~

and Cret fed HFHSD. Scale bars: 100 and 20 um.

the colonic expression of the neuroendocrine cell differentia-
tion marker neurogenin-3 (Ngn3) as compared with control mice
fed CD (Figure 5A) suggesting the attenuation of cellular pro-
liferation under HFHSD-feeding and the enhancement of neu-
roendocrine cell differentiation. Quantification of cells express-
ing GLP-1 in the distal gut in HFHSD-fed mice revealed higher
cellular density in the ileum of Nav1.8-cre/DTA mice than in con-
trol mice and a trend for a higher density in colon (p = 0.07)
(Figure 5B).

2.4. Lack of Nav1.8-Expressing Neurons Leads to Faster
Gastrointestinal Transit in High-Fat High-Sugar Diet-Fed Female
Mice

We reasoned that the absence of Nav1.8+ neurons might also af-
fect the intestinal efferent tone and/or the enteric nervous sys-

Mol. Nutr. Food Res. 2024, 68, 2300474 2300474 (8 of 13)

tem (ENS), in turn modulating gut transit and the pool of dietary
GLP-1 secretagogues in the distal gut.

Gene expression analysis of neural markers involved in gut
motility (relaxation or contraction) revealed lower ileal levels
of the noradrenaline and vasoactive intestinal peptide (VIP)
receptors (adrenoceptor beta 2 [Adrb2] and VIP receptor 2
[Vipr2], respectively), involved in relaxation processes, in Nav1.8-
cre/DTA mice than in control mice on HFHSD (Figure 6A),
and higher expression of Vipr2 in HFHSD-fed controls than in
CD-fed controls. Transcripts of the glial cell marker glial fibril-
lary acidic protein (Gfap) were increased in HFHSD-fed groups
irrespective of the genotype (Figure 6A). In colon, HFHSD-
fed Nav1.8-cre/DTA mice had higher Adrb2 mRNA levels than
both control groups (CD and HFHSD), and increased gene ex-
pression of the metabotropic glutamate receptor 5 (Grm5), in-
volved in contraction processes, compared with CD-fed controls
(Figure 6B).
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Figure 6. Deficiency of Nav1.8+ neurons alters the gene expression of gut motility-related neural markers and accelerates the gastrointestinal transit in
female mice fed high-fat high-sugar diet. In female controls (Cre™) fed control diet (CD) or high-fat high-sugar diet (HFHSD) and females lacking Nav1.8+
neurons (Cret) fed HFHSD, we measured: A, B) At the end of the experiment, the ileal and colonic mRNA levels of adrenergic receptors (Adrb2 and
Adrb3), nitric oxide synthase (NosT), the receptor of vasoactive intetinal peptide (VIP) and pituitary adenylate cyclase-activating polypeptide (PACAP)
(Vipr2 and Adcyapr], respectively), the cholinergic receptor muscarinic 3 (Chrm3), the glial cell marker glial fibrillary acidic protein(Gfap) and the
metabotropic glutamate receptor 5 (Gmr5). C) Time required for orally administered carmine red to appear in feces (gastrointestinal [GI] transit time)
after 8 weeks of CD- or HFHSD-feeding. D) The production of feces in the carmine red trial normalized by the food intake. E) Correlation between the
normalized feces production and the Gl transit time. Data are represented as the mean + standard error of the mean (SEM). Cre™ CD/HFHSD, n = 8-9;
Cre™ HFHSD, n = 4-6. One-way analysis of variance (ANOVA followed by Tukey’s post-hoc test or the Kruskal-Wallis test followed by Dunn’s post-hoc
test. *p < 0.05 versus Cre~ CD-fed mice. #p < 0.05 comparisons between Cre™ and Cre* fed HFHSD. ANOVA, analysis of variance; SEM, standard error
of the mean.

Functional exploration of gut transit indicated that, compared  as a consequence of the partial restoration of the gastrointesti-
with CD-fed control mice, HFHSD-feeding in controls, butnotin  nal transit time, as both variables showed a negative correlation
Nav1.8-cre/DTA mice, increased the gastrointestinal transit time  (Figure 6E).

(Figure 6C) indicating a partial protection of the Nav1.8+ neu-
rons ablation against the effect induced by the obesogenic diet.

3. Discussion
In addition, under HFHSD, the ablation of Navl.8-expressing

neurons increased the production of feces normalized by food in-
take (Figure 6D and Supporting Information Figure S4a,b), likely

Mol. Nutr. Food Res. 2024, 68, 2300474 2300474 (9 of 13)

Our data support a role for Nav1.8+ sensory neurons on the con-
trol of glucose homeostasis in female mice through a mechanism
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originating in the gut that involves the upregulation of GLP-1 ac-
tion.

Energy metabolism is differently regulated in females and
males. For instance, fat depots show a sex-dependent distribu-
tion, with a preferential accumulation in visceral WAT in males,
and in subcutaneous WAT in females,?®! as indicated by pre-
clinical studies. This fat distribution confers protection against
metabolic disturbances in females and increases the suscep-
tibility in males, in line with the higher T2D prevalence in
men.[?’] Nevertheless, women, especially with menopause, are
more prone to accumulate fat, leading to a higher prevalence of
visceral obesity and metabolic syndrome than in men. (2] De-
spite these gender/sex-specificities, the development of strategies
to improve metabolic health remains underexplored in females,
even in preclinical models.

To provide mechanistic explanations of sex-related metabolic
differences, we investigated further the recently identified func-
tion of Nav1.8+ neurons on energy balancel’*V7] with an es-
pecial focus on gastrointestinal tract elements affecting energy
metabolism.

Our study demonstrated sex-related influence of these neu-
rons on body weight gain and glucose intolerance in mice on an
obesogenic diet.

The relevance of Nav1.8+ neurons on the metabolic pheno-
type was already demonstrated in a recent work.['®] More specif-
ically, the constitutive mTOR activation in Nav1l.8+ neurons
due to tuberous sclerosis complex 2 gene (Tsc2) knocking out
in these neurons (Nav1.8-TSC2KO mice) modifies the distri-
bution of adipose tissues in both female and male mice, pro-
moting an obese phenotype, but prevents high fat diet-induced
weight gain.['! Our findings further support the role of Nav1.8-
expressing neurons on energy metabolism. In particular, using
Nav1.8+ neurons-deficient mice, we found that these neurons
are dispensable for diet-induced obesity in females, but their
absence induces resistance to gain weight in males. We iden-
tified that Nav1.8-cre/DTA male mice show diverse responses
to HFHSD-feeding. The analysis of the body weight gain data
in separated quartiles revealed that Nav1.8-cre/DTA male mice
from the first quartile gained the same weight than their con-
trol littermates in response to HFHSD-feeding, which is in line
with previous investigations.[’*! In contrast, male mice from sec-
ond, third and fourth quartiles gained less weight than their con-
trol littermates or even showed body weight loss relative to their
initial weight. We also found that, while gonadal fat depots of
Nav1.8-cre/DTA female mice were not affected, male mice lack-
ing Nav1.8+ neurons that did not lose weight but showed re-
sistance to obesity (Q2 and Q3) exhibited reduced gWAT with
smaller adipocytes. Food intake does not seem to contribute to
the resistance to obesity in Nav1.8-cre/DTA male mice. Indeed,
loss of Nav1.8+ neurons did not affect ad libitum food intake
and surprisingly exacerbated HFHSD refeeding after fasting, but
with minimal weight gain. In this regard, the reduced food effi-
ciency of Nav1.8-cre/DTA male mice fed HFHSD supports a low
contribution of food as a source for weight gain in these mice.
Defective cholesterol and fatty acid sensing in Nav1.8+ neurons
exacerbates energy expenditure!?’! which could also be the case
of the total ablation of Nav1.8-expressing neurons, similarly con-
tributing to attenuate fat storage under HFHSD. Complemen-
tary, our findings support that loss of Nav1.8+ neurons dimin-
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ished lipid absorption after a meal in male mice, which could lead
to reduce hypothalamic lipid sensing after a meal, explaining the
exacerbated refeeding we have identified.

Importantly, the occasional weight loss we observed in Nav1.8-
cre/DTA male mice fed HFHSD was associated with ulcerative
dermatitis with skin lesions similar to those shown by Nav1.8-
TSC2KO mice.'%! Although we did not perform behavioral anal-
yses in Nav1.8-cre/DTA male mice, these skin lesions could be a
consequence of an itch-related behavior as exhibited by Nav1.8-
TSC2KO mice.['®] This sickness-related phenotype was only de-
tected in males fed an obesogenic diet and finally caused death in
our model. In agreement with other findings, these observations
in Nav1.8-cre/DTA mice could reflect their inability to resolve the
lesion-related inflammation due to defective immune response
especially under high fat diet, as previously suggested.!'>]

Since visceral fat is a main contributor to insulin resistance in
obesity,12°! the reduced visceral (gonadal) fat observed in Nav1.8-
cre/DTA male mice might favor glucose tolerance. We found sex-
dependent effects of Nav1.8+ neurons on this variable. The im-
proved glucose tolerance in male Nav1.8-cre/DTA mice was seen
in response to intraperitoneal challenge with glucose, whereas
oral glucose tolerance was enhanced in female Nav1.8-cre/DTA
mice, suggesting a contribution of the intestinal Nav1.8+ affer-
ents in the control of the postprandial whole-body glucose clear-
ance in females but not in males.

There is evidence that supports improvements in glycemic
control in people with obesity and T2D subjected to neuro-
modulation strategies such as VBLOC therapy.?%3!l Mechanis-
tically, the inhibition of vagal afferents prevents the PPARa-
mediated glucose intolerance induced by glucocorticoids,3?! al-
though neither oral glucose tolerance nor sex-associated effects
were explored in the aforementioned study. Our present findings
demonstrate: (1) a postprandial glucoregulatory role of Nav1.8+
sensory neurons, occurring preferentially in females, (2) partic-
ularly those Nav1.8+ neurons innervating the gut, and (3) inde-
pendently of confounding effects due to body weight variations.

Different explanations for the glucoregulatory effects of
Nav1.8+ neurons in obese females are possible. Focusing in
gastrointestinal mechanisms, on the one hand, the absence
of Nav1.8+ neurons seemed to provide protection against sys-
temic inflammation, as suggested by the effect of the neu-
ronal ablation preventing splenomegaly, which could be a conse-
quence of the anti-inflammatory tone of the intestine in Nav1.8-
cre/DTA mice. Indeed, using the same mouse model, Talbot
et al. demonstrated that the absence of Navl.8+ neurons re-
duces the antigen-induced airway inflammation and bronchial
hyperresponsiveness.33] Nevertheless, further investigations are
required to explore potential neuroimmune interactions between
Nav1.8+ neurons and Treg and macrophages in the gut.

We also revealed changes in the enteroendocrine system which
via endocrine routes can directly modulate glucose homeosta-
sis in peripheral organs. The ablation of Nav1.8+ neurons im-
peded GIP oversecretion induced by HFHSD-feeding, which in
turn may contribute to preventing the higher glucagon levels that
accounts for the development of T2D.3*%] The attenuated GIP
oversecretion under an obesogenic diet in this mouse model may
be a consequence of the accelerated gastrointestinal transit that
in turn could reduce the availability of GIP secretagogues in the
upper gut.[*®!
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On the other hand, the faster intestinal glucose uptake in
Nav1.8-cre/DTA mice could lead to an earlier glucose sensing in
pancreatic f-cells to induce insulin secretion. In addition, the de-
pletion of Nav1.8+ neurons prevented the reduction of total GLP-
1 levels induced by HFHSD-feeding seen in control mice, which
could in turn improve pancreatic f-cell function and peripheral
insulin sensitivity.’”] Altogether, these mechanisms may lead to
the oversecretion of insulin observed in Navl.8-cre/DTA mice
independently of the prandial condition, allowing for a more
efficient postprandial glucose clearance. Nonetheless, it cannot
be ruled out that the insulin oversecretion without meal-related
stimuli (i.e., fasting) might finally lead to long-term insulin resis-
tance.

Analysis of the GLP-1 system in Nav1.8-cre/DTA mice revealed
that the lack of Nav1.84 neurons did not improve total GLP-1
secretion after 15 min of oral glucose or Ensure®, which cor-
responds to the early hormone release regulated by nutrient-
mediated neural pathways.®¥] By contrast, whatever the diet,
postprandial total GLP-1 was higher in mice lacking Nav1.8+
neurons at 90 min after the oral Ensure®, corresponding to
the later GLP-1 release directly driven by nutrients not absorbed
in upper regions and reaching the distal gut.*®! In line with
this, the accelerated gastrointestinal transit shown by female
mice lacking Nav18+ neurons could contribute to increasing the
availability of unabsorbed dietary GLP-1 secretagogues in distal
intestinal regions, in turn favoring GLP-1 secretion and L-cell
proliferation.

Since GLP-1 reduces gut motility and so increases gastroin-
testinal transit time,3**!! we explored alternative mechanisms
allowing a transit time reduction in female mice lacking Nav1.8+
neurons. The gene expression analysis of neural markers of the
extrinsic and intrinsic nervous system involved in muscle con-
traction and relaxation in the intestinel**~*! revealed that the
depletion of Nav1l.8+ neurons upregulated muscle contraction
markers and downregulated muscle relaxation markers, in line
with the accelerated transit. Complementary, ENS changes due
to the depletion of Nav1.8+ neurons may also have an impact
on GLP-1, as the neuropeptides secreted by these neurons locally
control GLP-1 release.[?]

Overall, the Nav1.8-cre/DTA phenotype in females resembles
some of the metabolic benefits of bariatric surgery, including
accelerated gastrointestinal transit, elevated levels in plasma of
GLP-1 and insulin, and improved oral glucose tolerance.’! These
similarities suggest that, at least in part, the metabolic benefits of
bariatric surgery could be a consequence of the loss of Nav1.8+
neurons. Indeed, it has been suggested that these benefits could
be caused by the paradoxical increase of sensory inputs result-
ing from the unintentional vagotomy occurring during bariatric
surgery,*’] in turn altering efferent visceral outflow and so, the
physiology of the innervated organs.

Altogether, our study reveals sex-related differences in the
function of Nav1.8+ afferent neurons, which might illuminate
a path to personalized neuromodulation therapies that, through
specific inhibition, could limit fat depots in overweight/obese
men or improve postprandial glycemia in women with T2D. No-
tably, we describe that the improved postprandial glucose clear-
ance in females due to ablation of Nav1.8+ afferents is aligned
with intestinal adaptations leading to an amplified GLP-1 secre-
tion and so, insulin secretion. These results open new possi-
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bilities for T2D treatment specifically in women based on non-
invasive strategies by silencing Navl.8-expressing neurons that
mimic bariatric surgery effects.

Further studies are required to determine the spinal or vagal
nature of the Nav1.8+ afferent neurons controlling energy home-
ostasis in a sex-dependent manner.

4. Experimental Section

Mice: Heterozygous Nav1.8 knock-in Cre-recombinase male mice
(EM:04582, EMMA/Infrafrontier repository, Munich, Germany) were
crossed with homozygous ROSA26-eGFP-DTA female mice (stock
#006331; The Jackson Laboratory, Bar Harbor, ME) to obtain 1:1 L of
Nav1.8-deficient mice (with Cre and DTA alleles: Nav1.8-cre/DTA or Cre*
in figures) and control mice (without Cre: control littermates or Cre™
in figures). Genotyping was conducted using the Phusion High-Fidelity
PCR Kit (Thermo Fisher Scientific, Waltham, MA) (Supporting Informa-
tion Table S1). RNA isolation and reverse-transcription were performed
with the Ambion® RiboPure Kit (Invitrogen, Carsbad, CA) and Super-
Script™ VILO™ Master Mix (Thermo Fisher Scientific), respectively, in
randomly selected nodose ganglia. The TagMan® PreAmp Master Mix
(Applied Biosystems, Thermo Fisher Scientific) was used for cDNA pre-
amplification, and TagMan® Gene Expression Assays (FAM-MGB; Ap-
plied Biosystems) using TagMan® Fast Advanced Master Mix (Applied
Biosystems, Thermo Fisher Scientific) for gene expression analysis of
Scn10a (coding for NAV1.8) and the housekeeping gene Rpl19 (Support-
ing Information Table ST). Relative gene expression was calculated using
the 2724 method to represent data as fold-change relative to control lit-
termates.

Experimental Design and Dietary Information: Three cohorts were gen-
erated for the experimental protocol detailed in Supporting Information
Figure S1a. Collectively housed mice were maintained under constant con-
ditions of humidity and temperature (23 + 2 °C) and 12-h light/dark cycle
with ad libitum access to food (and water) unless otherwise stated.

Female and male control and Nav1.8-cre/DTA mice (6 weeks old) were
randomly allocated in groups fed either a CD (10% of energy from fat with-
out sucrose) or an HFHSD (45% of energy from fat and 21% from sucrose)
(D12450K or D12451, respectively, Research Diets) for 11 weeks. The com-
position of the diets is shown in Supporting Information Table S2.

Sample size (Supporting Information Figure S1a) was calculated using
G*Power software based on a previously estimated effect size. Body weight
was monitored weekly. Food efficiency, gastrointestinal transit time, and
glucose tolerance were conducted in females and males between week
6 and 11. To estimate food efficiency (weight gain/food ingested during
refeeding), mice were 4 h fasted in the dark phase followed by 2 h of free
access to food. Gastrointestinal transit time was measured in overnight
fasted mice receiving an oral gavage of 6% non-absorbable carmine red in
0.9% saline with 0.5% methylcellulose.[*8] For 6 h, mice had free access
to food and the color of feces was checked every 30 min to determine
the time from the oral gavage to the first appearance of carmine red in
feces. Feces after the overnight fasting and feces after the gastrointestinal
transit time (6 h of refeeding) were collected to measure triglyceride levels.
For glucose tolerance tests (GTTs), glycemia was determined at 0, 15, 30,
60, and 120 min after an oral (OGTT) or intraperitoneal (ipGTT) glucose
challenge. At week 7, overnight-fasted male mice were ad libitum fed for
2 h to measured postprandial triglycerides in plasma.

Between week 7 and 11, intestinal glucose absorption and the glucose-
induced hormone secretion (GLP-1, GIP, insulin, and glucagon) was ex-
plored in females. Intestinal glucose absorption was estimated by calcu-
lating the slope of the glycemia between 0 and 5 min after a glucose oral
challenge,[*°l and hormone secretion by measuring hormones in plasma
at 0 and 15 min after an oral glucose load.

For GTTs, intestinal glucose absorption and hormone secretion, mice
were fasted for 4 h before glucose challenge (2 g kg™'). For the GTTs and
glucose absorption, blood was drawn from the saphenous vein, and for
hormone secretion tests, from the submandibular vein into Microvette®
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500 K3E tubes containing DPPIV inhibitors (Sigma), and immediately cen-
trifuged to obtain plasma. Glycemia was determined with Contour XT glu-
cometer (Bayer, Leverkusen, Germany).

At the end of the experiment, 4 h fasted mice were orally administered
the mixed nutrient solution Ensure® (12.4 kcal kg™") to assess GLP-1 lev-
elsat0and 15 or 90 min after Ensure® challenge. In one group of females,
blood was collected 15 min after Ensure®, and mice were then sacri-
ficed by cervical dislocation to isolate duodenum, ileum, colon, and brain,
which were immediately frozen until processed. The remaining small in-
testine was embedded in cold FACS buffer for further isolation of immune
cells. Another group of female and male mice were anaesthetized with an
intraperitoneal injection of pentobarbital (50 mg kg™") 90-min following
Ensure® administration, and were then transcardially perfused with PBS
followed by 10% neutral buffered formalin. The gWAT and iWAT, respec-
tively, of males and females and ileum and colon of females were isolated
for processing.

Animal welfare was assessed on a daily basis. Signs of sickness or harm
observed were immediately reported to the veterinarian in charge of the an-
imal facility for further evaluation. Assessments were focused on excessive
body weight loss, spine posture, dullness of mice coat and injury such as
ulcerative dermatitis induced by self-mutilation. All the experimental pro-
cedures using animals, as well as evaluation of signs of sickness, were in
accordance with European Union 2010/63/UE and Spanish RD53/2013
guidelines, and were approved by the ethics committee of the Univer-
sity of Valencia (SCSIE, UV, Spain) and authorized by Direccién General
de Agricultura, Ganaderfa y Pesca (Generalitat Valenciana) (approval ID
2019/VSC/PEA/0020 and 2020/VSC/PEA/0022).

Hormone Levels in Plasma: ~ GLP-1 (total), GIP, insulin, and glucagon in
plasma were measured using a MMHE-44K-04 Milliplex Kit (Merck, Darm-
stadt, Germany) in a Luminex MAGPIX® System (Luminex, Austin, TX)
or an ELISA kit for total GLP-1 (Merck).

Triglycerides in Plasma and Feces: ~ Only in male mice, triglycerides levels
were measured in feces after 12 h of overnight fasting and 6 h of refeed-
ing, and in plasma after 2 h of refeeding. Lipids were isolated from feces
based on a method adapted from refs. [50, 51] as previously described.[>?]
Triglycerides were measured using a Triglyceride Colorimentric Assay Kit
(Elabscience Biotechnology Co. Ltd., Bethesda, MD).

Histology and GLP-1 Immunostaining: Hematoxylin-eosin staining was
performed in gWAT and GLP-1 immunostaining in intestinal samples ac-
cording to standardized protocols by Patologika Laboratorio S.L. (Valen-
cia, Spain). Images were taken using an Eclipse 90i Nikon wide-field mi-
croscope (Nikon Corp., Tokyo, Japan) with a CFl Plan Fluor DIC M/N2
(MRHO00200) Nikon dry-air objective (20x or 4x) combined with an op-
tical zoom factor of 0.8%. Fiji software (Image] 1.49q Software, National
Institutes of Health) and Nis elements BR 3.2 software (Nikon Corp.) were
used for quantification according to standardized protocols of the imaging
service from IATA-CSIC.

RT-gPCR: RNA was isolated from the hypothalamus, duodenum,
ileum, and colon using TRIsure™ (Bioline Reagent, London, UK).
Reverso-transcription and qPCR were performed as described.[*3] Rela-
tive change of cDNA abundance was calculated according to the 27(AACH)
method and represented as fold-change expression relative to the control
group. Supporting Information Table S3 shows the specific primer pairs.

Immune Phenotyping by Flow Cytometry: Splenic suspensions, ob-
tained by crushing and washing with FACS buffer (PBS-10% fetal bovine
serum, Thermo Scientific), were filtered (70 um nylon cell strainers, Bi-
ologix) and centrifuged (450 X g, 5 min, 4 °C). Intestines were incubated
with Ca2+/Mg2+-supplemented Hank’s balanced salt solution (HBSS)
(Thermo Fisher Scientific) with 5 mm EDTA, 1 mm DTT, and antibiotics
(100 ug mL™" streptomycin-100 U mL~" penicillin, Merck) for 30 min
at 37 °C, filtered (100-um nylon cell strainers, Biologix) and incubated
again with HBSS containing antibiotics and 0.5 mgmL™" collagenase D,
TmgmL~" DNase | (Roche), and 3 mg mL~" dispase Il (Sigma) for 30 min
at 37 °C. Lamina propria cells were isolated by filtration (70-um nylon cell
strainers, Biologix) and centrifugation (450 X g, 5 min, 4 °C) of cell sus-
pensions.

A combination of flow cytometry antibodies against surface and intra-
cellular markers (Supporting Information Table S4) was used for immuno-
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labeling FACS preserved cells (30 min at 4 °C, protected from light). Cells
were first permeabilized and fixed using a fixation/permeabilization solu-
tion (BD Bioscience) for intracellular markers. Data acquisition and analy-
sis were performed using a BD LSRFortessa flow cytometer operated with
FACS Diva software v.7.0 (BD Biosciences).

Statistics: GraphPad Prism 9 was used for statistics. Normality and
equality of variances were assessed with Shapiro-Wilk and Bartlett's tests,
respectively. Two-way analysis of variances (ANOVAs) were used for main
effects and interactions between genotype and diet, genotype and sex, or
genotype and prandial conditions. Multiple comparisons using Tukey’s
post-hoc test were performed when interactions were detected. One-way
ANOVA followed by Tukey’s post-hoc test or Kruskal-Wallis followed by
Dunn'’s post-hoc test were conducted for the analyses restricted to con-
trol mice fed either CD or HFHSD and Nav1.8-cre/DTA mice fed HFHSD.
Matched pairs data were analyzed with paired t-tests and Student’s t-test
was used to explore differences between two independent groups. Corre-
lations between two variables were explored with Bravais—Pearson corre-
lation coefficient. Survival was analyzed using Log-rank (Mantel-Cox) Chi
square test.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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