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Although capsaicin has been studied extensively as an acti-
vator of the transient receptor potential vanilloid cation channel
subtype 1 (TRPV1) channels in sensory neurons, little is known
about its TRPV1-independent actions in gastrointestinal health
and disease. Here, we aimed to investigate the pharmacological
actions of capsaicin as a food additive and medication on intes-
tinal ion transporters in mouse models of ulcerative colitis (UC).
The short-circuit current (I;.) of the intestine from WT, TRPV1-,
and TRPV4-KO mice were measured in Ussing chambers, and
Ca”* imaging was performed on small intestinal epithelial cells.
We also performed Western blots, immunohistochemistry, and
immunofluorescence on intestinal epithelial cells and on intes-
tinal tissues following UC induction with dextran sodium sulfate.
We found that capsaicin did not affect basal intestinal I;. but
significantly inhibited carbachol- and caffeine-induced intesti-
nal I, in WT mice. Capsaicin similarly inhibited the intestinal I,
in TRPV1 KO mice, but this inhibition was absent in TRPV4 KO
mice. We also determined that Ca®>* influx via TRPV4 was
required for cholinergic signaling—-mediated intestinal anion
secretion, which was inhibited by capsaicin. Moreover, the
glucose-induced jejunal I via Na*/glucose cotransporter was
suppressed by TRPV4 activation, which could be relieved by
capsaicin. Capsaicin also stimulated ouabain- and amiloride-
sensitive colonic I. Finally, we found that dietary capsaicin
ameliorated the UC phenotype, suppressed hyperaction of
TRPV4 channels, and rescued the reduced ouabain- and
amiloride-sensitive I,.. We therefore conclude that capsaicin
inhibits intestinal Cl” secretion and promotes Na® absorption
predominantly by blocking TRPV4 channels to exert its benefi-
cial anti-colitic action.

Inflammatory bowel disease (IBD) is a group of chronic
inflammatory intestinal disorders, including Crohn’s disease
(CD) and ulcerative colitis (UC). CD can affect any part of the
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digestive tract characterized by transmural inflammation, but
UC is limited to the colon. Ulcerations and bloody diarrhea are
the characteristic symptoms in UC (1). IBD is thought to be
triggered by environmental factors in genetically susceptible
individuals (2). Hallmarks of the disease include immune cell
infiltration and activation in the mucosa leading to inflam-
mation and ulceration of the intestinal wall (3, 4). So far, there
are limited clinical therapies for IBD, but currently available
therapies (such as anti-TNF-a biologics) cannot cure IBD due
to the lack of in-depth understanding of its pathogenesis (5).
Therefore, it is urgent to elucidate the detailed pathogenesis
and develop new cures for IBD patients.

Chili pepper has a long history of flavoring, preserving food,
as well as medication worldwide (6). As an active compound
from chili pepper, capsaicin has numerous beneficial roles
outside of human gastrointestinal (GI) tract. Capsaicin has
been used for the prevention/treatment of pain, hypertension,
and inflammation (7, 8). Even more interestingly as reported
recently, dietary capsaicin could significantly enhance he-
matopoietic stem cells mobilization to improve their yield for
stem cell-based therapeutic agents (9). Although dietary
capsaicin is absorbed with a great efficiency in GI tract, its
exact pharmacological actions have not been well studied in
this organ. After capsaicin is passively absorbed in the upper
GI tract (10), it stimulates gut mucosal afferent nerves and
blood flow rates (11) and also ameliorates abnormal glucose
homeostasis (12).

Numerous studies have revealed that capsaicin has both
transient receptor potential vanilloid 1 (TRPV1)-dependent
and -independent actions in mammals. The former includes
such as capsaicin triggering a painful and burning sensation
throughout human GI tract (13, 14) and increasing glucagon-
like peptide-1 levels in the plasma and the ileum (12), but the
latter includes such as capsaicin inhibiting intestinal epithelial
anion secretion and inducing apoptosis of gastric cancer cells
(15, 16). While the TRPV1-dependent action of capsaicin has
been studied extensively on sensory neurons mostly, little is
known about its TRPVI1-independent actions on epithelial
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Capsaicin on intestinal ion transports and colitis

cells in GI health and disease. Moreover, growing evidence
suggests that TRPV4 channels, another important member of
TRPV family, play a critical role in the pathogenesis of UC
(17-19); however, it is unknown if capsaicin acts on aberrant
TRPV4 channels to affect UC outcome. In addition, although
pathological roles of TRPV4 channels have attracted more
attention in GI disease, their physiological roles in intestinal
epithelial ion transports are still obscure.

Since capsaicin has long been used as daily flavoring
worldwide and is orally delivered to GI tract, it is therefore
important to investigate its actions in GI health and disease.
In particular, the effects of dietary capsaicin on IBD and the
underlying mechanisms need to be verified since it is still
elusive if capsaicin is a friend or foe to UC. Capsaicin was
reported previously to alleviate (20), exacerbate (21), or not
affect the severity of experimental UC (22). However, clinical
epidemiological studies indicate that the incidence rate of
IBD, including UC and CD, is much lower in the high chili
consuming regions in China (such as Chengdu and Xian) than
the light/no chili consuming regions (such as Guangzhou and
Hong Kong) (23, 24), suggesting that dietary capsaicin might
prevent/treat human IBD. Consistently, in a previous study,
we demonstrated that capsaicin ameliorated experimental
colitis through vasorelaxation of submucosal arteries to likely
increase blood perfusion to the colonic mucosae (25); how-
ever, it is largely unknown for the direct actions of capsaicin
on intestinal epithelia in health and UC and the underlying
molecular mechanisms. Therefore, this fellow-up study
sought to further investigate these issues. Using multidisci-
plinary approaches, including electrophysiology, pharma-
cology, molecular biology, and transgenic mouse models
(TRPV1 and TRPV4 KO mice) in vitro and in vivo ap-
proaches, we uncover that capsaicin inhibits intestinal
CI” secretion and promotes Na* absorption predominately by
blocking TRPV4 channels to exert its beneficial anti-colitic
action.

Results

Capsaicin inhibition of epithelial anion secretion in the
jejunum and distal colon

Since epithelial ion transport is a defining physiological
process of the intestine, we performed Ussing chamber ex-
periments to examine the effect of capsaicin on epithelial ion
transport in the jejunum and distal colon in mice. In the first
series of experiments, we tested the effect of capsaicin on je-
junal . In the present study, we applied capsaicin at 30 uM
(ICs0 value on T84 cell monolayer ) (15) to native intestinal
tissues. Both mucosal and serosal additions of capsaicin
(30 pM) did not affect basal jejunal I, (Fig. 1A). However,
either mucosal or serosal addition of capsaicin significantly
attenuated carbachol (CCh)-induced jejunal I, with bilateral
additions further attenuating CCh-induced jejunal I (Fig. 1, A
and B), indicating that capsaicin inhibits CCh-induced I, from
both apical and basolateral sides of the jejunum via Ca®*
signaling because CCh is a well-known cell Ca** mobilizer in
the epithelia. We also examined if capsaicin affects caffeine
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(Caf)-induced jejunal I, via Ca®* signaling predominately (26).
Similarly, capsaicin also inhibited Caf-induced I, from each
side of the jejunum (Fig. 1, A and C). Therefore, capsaicin
inhibits the jejunal anion secretion likely triggered by Ca**
signaling. In the second series of experiments, we tested if
there is any regional heterogeneity between the jejunum and
distal colon for the inhibitory effect of capsaicin. Like in the
jejunum, capsaicin (30 pM) did not affect basal colonic I,
(Fig. 1D). (Z)-capsaicin and dihydrocapsaicin (30 uM), the
other two selective activators of TRPV1 channels, did not
affect basal colonic I, neither (data not shown). However,
capsaicin significantly attenuated CCh- and Caf-induced I
after its addition to each side or both sides of the distal colon
(Fig. 1, E and F). Thus, capsaicin as a well-known activator of
TRPV1 channels inhibited intestinal I, without altering its
baseline. Moreover, there is no regional heterogeneity between
the jejunum and distal colon for the inhibitory effect of
capsaicin on CCh- or Caf-induced epithelial ion transports.
Given these findings, the jejunum and distal colon were used
in the subsequent experiments.

Capsaicin inhibition of anion secretion through TRPV4 rather
than TRPV1 channels

Since capsaicin can act in both TRPV1-dependent and
-independent manners, we utilized pharmacological blockade
and genetic KO of TRPV1 channels to study the detailed role
of capsaicin on intestinal ion transport. In WT mice, either
mucosal or serosal addition of capsaicin still attenuated CCh-
or Caf-induced colonic I in the presence of SB705498 (5 uM),
a selective TRPV1 blocker (Fig. 1, G and H). Similarly, in
TRPV1 KO mice, serosal addition of capsaicin also attenuated
CCh- or Caf-induced jejunal I, (Fig. 1,/ and J). These data
indicate that capsaicin inhibits intestinal anion secretion
independently of TRPV1 channels.

After excluding the well-known TRPV1-dependent actions
of capsaicin, we examined its TRPV1-independent actions on
intestinal anion secretion. Since cholinergic signaling can in-
crease Ca”* entry through TRPV4 channels (27), we tested if
capsaicin-induced inhibition of intestinal anion secretion oc-
curs via TRPV4 channels. In WT mice, either mucosal or
serosal addition of capsaicin failed to attenuate CCh- or Caf-
induced colonic I, in the presence of HC067047 (10 uM), a
selective TRPV4 blocker (Fig. 1, K and L). Similarly, in TRPV4
KO mice, capsaicin lost its inhibitory action on CCh- or Caf-
induced colonic I, (Fig. 1, M-0O) and jejunal I, (Fig. 1,
P and Q). Taken together, these data suggest that TRPV4
channels are responsible for capsaicin inhibition of intestinal
anion secretion.

Capsaicin inhibition of anion secretion by blocking TRPV4
channels

After demonstrating the involvements of TRPV4 channels
in capsaicin-induced inhibition, we focused on regulatory role
of these channels in anion secretion. First, the CCh- and Caf-
induced colonic I, was significantly reduced in TRPV4 KO
mice compared to WT mice (Fig. 2, A and B). Second, TRPV4

SASBMB



Jejunum

T T T T
5 10 15 20

T T T T 1
25 30 35 40 45

Time (min)

bpc

T T
15 20

T
o 5 10

T T T T
25 30 35 40

Time (min)

Isc peak (uA.cm‘z)

I, peak (pA.cm™)

T T T T T
15 20 25 30 35

1
40

1
45

Capsaicin on intestinal ion transports and colitis

Jejunum

I, peak (pA.cm™2)
15 peak [pA.cm'z)

cch DC Caf Dc
ek
T ' P
—_—
607 T 150 s
L —
= = en
« £ —
§ 40 E100] T
< g % ns ok
- . a ——
ns -
gzo b i ?E
w = - v
3 w E 5 L
*
& @2 &P & @ &
KPR AP
F T Q (VA VA
| TRPVIKO J TRPV1KO
CCh Jejunum Caf Jejunum
— 100
L]

8

I peak (uA.cm™?)
Isc peak (uA.cm'Z)

S

o

T 1
45 50

T T T T T T T T
0 5 10 15 20 25 30 35 40

> Q) Q . .
Time (min) < & Q.BQ@ Time (min)
X x
&
M DC TRPV4KO N TRPV4KO O TRPV4KO P TRPV4KO Q TRPV4KO
CCh DC Caf DC CCh Jejunum Caf Jejunum
5 ns
ns —
. Ctrl * " H 150 80 = 100 i,
Cap(m) o~ ns ~ ~ ~ —n
—~Cap(s) 2L - ke —_s < T o :
Z 3-cap 845 L 5 100 —ns_ g 40 5
g : . A R i@
82 x 5 u e . 2
. T 10 T © u ® 40
g L 2 50 _1‘_ n 820 s g
1 85 3 8 8 20 -
.
06 5 10 15 20 25 30 35 40 45 50 ? : s . Y
20 35 4 4! > 2\ Ny N N & Y > 2\
Time (min) & & ¢ & R o 8 & 8
[ 2 [Sial [Vig [vid

Figure 1. Capsaicin inhibition of secretagogues-induced intestinal /5. via a TRPV4-dependent but TRPV1-independent manner. A-C, representative
time courses and summary data showing the inhibitory effect of capsaicin (Cap) on carbachol (CCh, 100 pM, n = 6)- or caffeine (Caf, 10 mM, n = 6)-
stimulated jejunal I, after mucosal (m), serosal (s) addition, and mucosal plus serosal (m+s) addition of capsaicin (30 uM). D-F, representative time courses
and summary data showing the inhibitory effect of Cap on CCh (n = 6)- or Caf (n = 6)-stimulated distal colonic /. after capsaicin addition as in A-C. G and H,
summary data showing the inhibitory effect of capsaicin (Cap, 30 uM) on carbachol (CCh, 100 pM, n = 5)- or caffeine (Caf, 10 mM, n = 5)-stimulated distal
colonic /. in the absence or the presence of SB705498 (SB, 5 uM) to both sides in WT mice. / and J, summary data showing the inhibitory effect of capsaicin
on CCh (n = 7)- or Caf (n = 7)-stimulated jejunal /s in TRPV1 KO mice. K and L, representative time courses and summary data showing the inhibitory effect
of capsaicin on CCh (n = 5)- or Caf (n = 5)-stimulated distal colonic I, in the absence or the presence of HC067047 (HC, 10 uM) to both sides in WT mice. M-
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Figure 2. Capsaicin inhibition of CCh-induced colonic CI" secretion by selective blockade of TRPV4 channels. A and B, summary data comparing
carbachol (CCh, 100 uM, n = 5)- or caffeine (Caf, 10 mM, n = 5)-stimulated distal colonic /. between WT mice and TRPV4 KO mice. C, representative time
courses and summary data showing the inhibitory effect of TRPV4 blockers RN1734 (50 uM, n = 5) and HC067047 (HC, 10 pM, n = 7) on CCh (50 pM, n = 6)
-stimulated distal colonic /. in the absence or the presence of TRPV4 activator RN1747 (40 uM) in WT mice. D, representative time courses and summary
data showing the inhibitory effect of capsaicin (Cap, 30 uM, n = 5) on CCh (50 uM, n = 5) -stimulated distal colonic /s in the absence or the presence of
TRPV4 activator RN1747 (40 uM) in WT mice. E, representative time courses and summary data showing the effect of Cap (30 uM, n = 5) on CCh (100 pM, n =
5)-stimulated distal colonic /s in the absence or the presence of TRPV4 activator RN1747 (40 uM, n = 5) in TRPV4 KO mice. Ctrl represents as the control with
CCh treatment only. CCh adds to serosal side, RN1747, RN1734, and HC add to both sides. The data are presented as mean * SD. *p < 0.05 and **p < 0.01
were performed by Student’s t test. ns, no significant differences. Caf, caffeine; CCh, carbachol; /s short-circuit current; TRPV, transient receptor potential

vanilloid.

activator RN1747 (40 pM) significantly potentiated the CCh
(50 uM)-induced colonic I, which was prevented by RN1734
(50 pM) and HC067047 (10 uM), two selective TRPV4
blockers with different chemical structures (Fig. 2C). Similarly,
TRPV4 activator RN1747 potentiated the CCh (50 puM)-
induced colonic I, in WT mice, which was attenuated by
capsaicin (30 pM) (Fig. 2D). Third, these phenomena occurred
in WT mice were abolished in TRPV4 mice (Fig. 2E).
Together, these data confirm capsaicin inhibition of intestinal
secretion by blocking TRPV4 channels.

Role of TRPV4 channels in cholinergic signaling-mediated
anion secretion

Although capsaicin inhibits anion secretion by blocking
TRPV4 channels, their role in regulating secretion has not
been explored. We initially applied RN1747, GSK1016790A,
and 4a-PPD, three selective TRPV4 activators with different
chemical structures, but all of them did not alter basal colonic
I, in WT mice (data not shown, n = 6). Since TRPV4 channels
could be suppressed by phosphatidylinositol 4,5-bisphosphate

(PIPy) under the resting state (28), we tested if this also hap-
pens in the intestine by hydrolyzing PIP, via activation of
phospholipase C (PLC) and phospholipase A2 (PLA,) during
cholinergic signaling (29-31). The active PLC inhibitor
U73122 (30 uM), but not its inactive form U73343 (10 uM),
attenuated TRPV4 activator RN1747-potentiated I, induced
by CCh (50 uM) (Fig. 3, A and B). Similar findings were seen
with methyl arachidonyl fluorophosphonate (10 uM), a selec-
tive PLA, inhibitor (Fig. 3C), However, arachidonic acid (AA)
pretreatment could rescue this process (Fig. 3D). These data
suggest that PIP, suppresses intestinal TRPV4 channels, which
can be relieved after hydrolysis of PIP, by PLC and PLA,.
Finally, we tested if cytochrome P450 (CYP450) enzyme is
involved since CYP450 metabolites have been considered as
the endogenous activators of TRPV4 channels. Indeed, the
CCh (50 uM)-induced I, potentiated by TRPV4 activator
RN1747 was attenuated by miconazole (10 uM), the CYP450
inhibitor (Fig. 3E); however, this process could be rescued by
AA, the substrate for CYP450 enzyme (Fig. 3F). Therefore, we
reveal a novel role of TRPV4 channels in cholinergic
signaling—mediated intestinal secretion, in which PLC, PLA,,

O, representative time courses and summary data showing the inhibitory effect of capsaicin on CCh (n = 5)- or Caf (n = 5)-stimulated distal colonic /s in
TRPV4 KO mice. P and Q, summary data showing the inhibitory effect of capsaicin on CCh (n = 5)- or Caf (n = 5)-stimulated jejunal ;. in TRPV4 KO mice. Ctrl
represents as the control without capsaicin treatment, and m or s in parentheses represents mucosal or serosal addition of capsaicin, respectively. CCh and
Caf both add to serosal side. The data are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 were performed by Student's t test.
ns, no significant differences. Caf, caffeine; CCh, carbachol; /5. short-circuit current; TRPV, transient receptor potential vanilloid.
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Figure 3. Contribution of TRPV4 channels to the PLC, PLA,, and CYP450 pathway-mediated colonic epithelial CI" secretion. A and B, representative
time courses and summary data showing the effect of TRPV4 activator RN1747 (40 uM) on CCh (50 uM)-stimulated distal colonic /. (n = 5) in the absence or
the presence of U73122 (30 uM) or U73343 (10 uM). C and D, representative time courses and summary data showing the effect of RN1747 on CCh-
stimulated distal colonic /5. (n = 6) in the absence or the presence of MAFP (10 uM) or MAFP plus arachidonic acid (AA, 50 uM). E and F, representative
time courses and summary data showing the effect of RN1747 on CCh-stimulated distal colonic /s, (n = 5) in the absence or the presence of miconazole (Mic,
10 uM) or Mic plus AA. Ctrl represents as the control with CCh treatment only. CCh adds to serosal side. RN1747, U73122, U73343, MAFP, AA, and Mic add to
both sides. The data are presented as mean + SD. *p < 0.05 was performed by Student’s t test. ns, no significant differences. CCh, carbachol; ;. short-circuit
current; MAFP, methyl arachidonyl fluorophosphonate; PLA, phospholipid A; PLC, phospholipid C; TRPV, transient receptor potential vanilloid.

and CYP450 enzymes are involved in the relief of TRPV4
channels suppressed by PIP,.

Capsaicin blockade of Ca** entry via TRPV4 channels in IEC-
6 cells

After verifying capsaicin blockade of the Ca**-permeable
TRPV4 channels in native intestinal tissues, we applied single
cell Ca®* imaging to further study if capsaicin indeed blocks
Ca®* entry via TRPV4 channels in intestinal epithelial cell
(IEC)-6 cells. First, GSK1016790A (10 nM), a selective TRPV4
agonist, significantly stimulated cytosolic Ca®* concentrations
([Ca2+]cyt) signaling in Ca2+—containing solutions (Fig. 4A4), but
not in Ca**-free solutions (Fig. 4C). Moreover, GSK-induced
[CaZ*]Cyt signaling in Ca®*-containing solutions could be
abolished by a selective TRPV4 antagonist HC067047 (5 uM)
(Fig. 4B). Figure 4D summarizes the GSK-induced changes in
[Ca2+]cyt peak in the absence or the presence of Ca’** or
HC067047, which is consistent with previous reports on the

SASBMB

functional expression of TRPV4 channels in IEC-6 (19). Sec-
ond, capsaicin as a well-known TRPV1 agonist at high con-
centrations of 10 to 50 pM did not alter basal [Caz’r]Cyt
signaling in IEC-6 (Fig. 4, E-G), indicating undetectable ac-
tivity of TRPV1 channels in these cells. However, capsaicin
dose-dependently blocked Ca®>* entry via TRPV4 channels
(Fig. 4, E-H). Capsaicin at 50 pM totally abolished GSK-
induced [Ca®']., signaling without altering 5 mM Ca**-
induced [C212+]Cyt signaling, suggesting its selectivity for
TRPV4 channels. Moreover, after shTRPV4 was applied to
successfully knock down the protein expression of TRPV4 in
IEC-6 cells (Fig. 40), GSK-induced [Caz*]Cyt signaling in Ca**-
containing solutions was almost abolished as well (Fig. 4,/-L).
These data obtained from IEC-6 cells verify our previous
notion that capsaicin blocks Ca** entry via epithelial TRPV4
channels predominately.

To identify the protein expression of TRPV4 channels in
IEC-6 cells, we first performed immunofluorescence to stain

J. Biol. Chem. (2022) 298(5) 101847 5
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Figure 4. Capsaicin blockade of Ca®* entry via TRPV4 channels and the protein expression of TRPV4 in IEC-6 cells and mouse intestinal tissues.
A-C, summary tracings of [Ca“]cyt time course in response to GSK1016790A (GSK, 10-100 nM) and calcium (5 mM) in the absence (0Ca**, n = 26) or the
presence (2Ca%*, n = 23) of calcium and calcium plus HC067047 (HC, 5 uM, n = 19). D, summary data showing the peaks of GSK-increased [Ca2+]cyt signaling
as in (A-C). E-G, summary tracings of [Ca“]Cyt time course in response to GSK (10 nM) in the absence or the presence of different dose of capsaicin (Cap, n =
26). H, summary data showing the peaks of GSK-increased [Ca”’]Cyt signaling described as in (E-G). I-K, summary tracings of [Ca®*].,: time course in
response to GSK (10 nM) of NC and shTRPV4-1 or shTRPV4-3. L, summary data showing the peaks of GSK-increased [Caz*]Cyt signaling described as in (I-K).
The data are presented as mean + SD. ***p < 0.001 and ****p < 0.0001 were performed by Student's t test. M, immunostaining of TRPV4 proteins to confirm
their expression in IEC-6 cells. The upper panels: the specific staining of TRPV4 proteins (in green) and merge with the nuclei of the cells stained with DAPI.
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for TRPV4 channels. As shown in Figure 4M, TRPV4 proteins
were expressed in the cells, however, the immunofluorescence
staining was not observed without the primary antibodies
against TRPV4 in the control, indicating specific staining on
these proteins in IEC-6 cells. Afterward, we applied Western
blot to further confirm the protein expression of TRPV4
channels in these cells (Fig. 4N). Finally, we applied immu-
nohistological analysis on TRPV4 protein expression in jejunal
and colonic tissues from TRPV4 KO and WT mice. As shown
in Figure 4P, TRPV4 expression was slightly detected in the
tissues from WT mice (the left panels) but not detected in the
tissues from TRPV4 KO mice with (the middle panels) or
without primary antibody against TRPV4 (the right panels),
indicating the specificity of TRPV4 antibody.

Capsaicin enhancement of jejunal Na* absorption by blocking
TRPV4 channels

Since intestinal Na* absorption is also important for GI
physiology and the reduced Na™ absorption would cause diar-
rhea, we further examined if capsaicin affects intestinal Na*
absorption. Because Na'-glucose cotransporter Na*-glucose
cotransporter is critical for intestinal Na* absorption, we tested
the effect of capsaicin on jejunal Na'-glucose cotransporter.
Glucose (5 mM) induced jejunal I, in WT mice, which was
significantly enhanced by either serosal addition of capsaicin
(30 uM) (Fig. 5A) or both side additions (Fig. 5B). However,
SB705498 (5 pM), a selective TRPV1 antagonist, affected
neither glucose-induced I, (Fig. 5C) nor capsaicin-enhanced I,
(Fig. 5D), excluding the involvement of TRPV1 channels.

In contrast, capsaicin-enhanced jejunal Na* absorption
disappeared in TRPV4 KO mice after its addition to either
serosal side (Fig. 5E) or both sides (Fig. 5F), indicating the role
of TRPV4 channels in capsaicin-enhanced Na® absorption.
Surprisingly, glucose-induced jejunal I, was about 2-fold
greater in TRPV4 KO mice than in WT mice (Fig. 5G),
revealing the TRPV4 suppression on jejunal Na* absorption.
Finally, capsaicin-enhanced Na™ absorption was comparable
between TRPV4 KO and WT mice after its addition to either
serosal side (Fig. 5H) or both sides (Fig. 5I), suggesting that
capsaicin enhances Na® absorption by blocking TRPV4
channels to relieve its suppression on the absorption in WT
mice. The loss of TRPV4 channels results in the failure of
capsaicin to enhance Na® absorption in KO mice. Taken
together, these data reveal a novel suppressive role of TRPV4
channels in jejunal Na" absorption, which can be relieved by
capsaicin blockade of the channels.

Anti-colitic effect of capsaicin in the murine colitic model

Since the therapeutic actions of capsaicin on colitis are still
elusive, we examined the effect of capsaicin in dextran sodium
sulfate (DSS)-induced mouse colitis, a commonly used

Capsaicin on intestinal ion transports and colitis

experimental model of UC. First, after mice were treated with
DSS for 7 days, their body weight and colon length were
reduced (Fig. 6, A and B), but the stool score and myeloper-
oxidase (MPO) were increased (Fig. 6, C and D), indicating
successful establishment of colitis. Second, capsaicin (intra-
gastrically 10 mg/kg, once per day for 7 days) rescued not only
the DSS-induced decrease in body weight and colon length
(Fig. 6, A and B), but also the increase in stool score and MPO
(Fig. 6, C and D). Third, histological examination showed that
compared to normal colon, the colitic colon had significant
epithelial damage, inflammatory cell infiltration, all of which
were rescued by capsaicin (Fig. 6, E and F). Finally, immuno-
histological analysis revealed that compared to normal colon,
TRPV4 expression was upregulated in colitic colon, which is
consistent with a previous report on the contribution of
TRPV4 to UC exacerbation (18). Likewise, capsaicin attenu-
ated TRPV4 upregulation in mouse colitis (Fig. 6, E and G).
These data reveal that capsaicin ameliorates UC likely via
TRPV4 suppression, consistently with the previous reports
(17-19).

Capsaicin attenuation of TNF-a-enhanced TRPV4 activity in
IEC-6 cells

Since the enhanced expression and activity of TRPV4
channels play pathogenesis role during colitis (17-19), we
further elucidated if capsaicin exerts anti-colitic action by
blocking the aberrant TRPV4 channels in intestinal epithelial
cells. To this end, IEC-6 cells were pretreated for 12 h with
TNF-a (40 ng/ml), a well-known inflammatory factor and
marker of intestinal inflammation (32). As shown in Figure 6,H
and I, TNF-a indeed increased the TRPV4 activity in IEC-6,
consistently with the previous reports on UC (17-19).
Importantly, capsaicin could attenuate the TNF-a-enhanced
TRPV4 activity (Fig. 6, J-M). In Figure 6M, GSK1016790A was
applied twice to double check no response to it and then fol-
lowed by 5 mM Ca to make sure the cells were still alive.
Figure 6N summarizes the GSK-induced changes in [Caz+]cyt
peak in the presence of TNF-a with or without different doses
of capsaicin (1-50 uM), showing that TNF-a enhanced Ca**
entry via TRPV4 channels, which was markedly blocked by
capsaicin at 1 to 10 pM but completely abolished at 50 uM.
TNF-a pretreatment may contribute to the biphasic dose-
dependence response of the cells shown in Figure 6N. Taken
together with our results obtained from mouse colitic model,
capsaicin inhibition of the aberrant TRPV4/Ca** signaling, at
least in part, contributes to its anti-colitic action.

Capsaicin enhancement of colonic Na* absorption in health
and colitis

Since colonic Na* absorption was reduced in the patho-
genesis of colitis (33), we examined the effects of capsaicin on

The lower panel: the nuclei of the cells stained with DAPI (in blue) without primary antibodies against TRPV4 as a negative control. The scale bar represents
20 um for each image. N and O, Western blotting analysis of TRPV4 proteins expression in I[EC-6 cells (N) and shTRPV4 in IEC-6 cells (O). GAPDH was used as a
loading control. Each one is the representative of all images taken from 3 independent experiments with similar results. P, immunohistological analysis on
TRPV4 proteins in jejunal and colonic tissues from WT mice (the left panels) and TRPV4 KO mice (the middle panels). The right panels were without primary
antibodies against TRPV4 in the intestinal tissues from TRPV4 KO mice as negative controls. The scale bar represents 100 um for each image. [Caz"]cyt,
cytosolic Ca®* concentrations; IECs, intestinal epithelial cells; TRPV, transient receptor potential vanilloid.
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Figure 5. Capsaicin promotion of jejunal Na* absorption by rather blocking TRPV4 channels than activating TRPV1 channels. A and B, representative
time courses and summary data showing the effect of capsaicin (Cap, 30 uM, n = 5) on glucose-induced jejunal /. after its serosal (s) addition or serosal plus
mucosal (s+m) addition in WT mice. C and D, summary data showing the effect of SB705498 (SB, 5 uM, n = 5) on glucose-induced jejunal /5. and the effect of
Cap on the I, (n = 5) in the absence or the presence of SB in WT mice. E and F, representative time courses and summary data showing the effect of Cap on
glucose-induced jejunal /. (n = 5) after its serosal (s) addition or serosal plus mucosal (s+m) addition in TRTPV4 KO mice. G, representative time courses and
summary data comparing the glucose-induced jejunal /s (n = 5) between WT mice and TRPV4 KO mice. H and /, summary data comparing the effect of Cap
on glucose-induced jejunal /s (n = 5) between WT mice and TRPV4 KO mice after its serosal (s) addition or serosal plus mucosal (s+m) addition. The data are
presented as mean + SD. *p < 0.05 and **p < 0.01 were performed by Student’s t test. ns, no significant differences. /5, short-circuit current; TRPV, transient

receptor potential vanilloid.

colonic Na™ absorption in health and colitis. Because Na*-K*-
ATPase (NKA) plays a critical role in the regulation of colonic
Na* absorption and cholinergic signaling could stimulate NKA
activity, apically permeabilized colonic tissues were used to
measure NKA currents across the basolateral membrane (34).
First, after the apical membrane was permeabilized by the
ionophore nystatin (100 uM) at the mucosal side of normal
colon tissues, in the presence of mucosal Na*, but in the
absence of a driving force for K" flux across K* channels, CCh
(100 uM at the serosal side) induced a strong increase in I,
across the basolateral membrane in apically permeabilized
epithelia, which was suppressed by pretreatment with ouabain
(100 uM), a selective NKA inhibitor (Fig. 7A). Second, the
CCh-induced colonic I, across the basolateral membrane was
attenuated in colitis, which was rescued by pretreatment with
dietary capsaicin for 1 week but was suppressed again by
ouabain (Fig. 7B). These data are not only consistent with the
previous report of cholinergic stimulation of basolateral NKA
activity in colon (35) but also suggest the anti-colitic role of
capsaicin via NKA stimulation.

Next, we confirmed if capsaicin like CCh could directly
stimulate basolateral NKA activity in the colon. Indeed,

8 J Biol. Chem. (2022) 298(5) 101847

capsaicin (30 uM) induced a significant increase in I across
the basolateral membrane in apically permeabilized epithelia
of normal colon, which was suppressed by pretreatment with
ouabain (100 uM) (Fig. 7C). The capsaicin-induced I, was
attenuated in colitic colon tissues, which was rescued by
pretreatment with dietary capsaicin for 1 week but was
suppressed again by ouabain (Fig. 7D). Since NKA«1 subunit
is essential for the functioning of NKA (36), we verified that
capsaicin dose-dependently increased NKA«l level in IEC-
6 cells (Fig. 7E). These data indicate that capsaicin can
directly stimulate NKA activity in both normal and colitic
colon.

Since apical epithelial Na* channels (ENaC) also play a
critical role in colonic Na" absorption, we recorded the
changes in I, in response to amiloride, a selective ENaC in-
hibitor, as a direct measure of ENaC activity (37). In normal
colon tissues, amiloride (100 uM) reduced basal I, indicating
colonic Na™ absorption via the ENaC, which was enhanced by
capsaicin (30 uM) (Fig. 7F). However, in colitic colon tissues,
although the amiloride-sensitive ENaC activity was reduced,
capsaicin still significantly promoted colonic Na* absorption
via ENaC (Fig. 7G). These data suggest that capsaicin can
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Figure 6. Anti-colitic effect of capsaicin in mice and its inhibition on Ca®

* signaling in IEC-6 cells pretreated with TNF-a. A and B, summary data

showing the time course of body weight and mouse colon length after different treatments without (Ctrl) or with capsaicin (intragastrically (10 mg/kg) once
per day for 7 days), DSS, or DSS + Cap (n = 5). C and D, summary data showing the time courses of stool score and MPO after different treatments as in A
and B. E, histological examination and immunohistological analysis showing colonic micro-structure (the upper panels) and TRPV4 immunostaining (the
lower panels) after different treatments as in A and B. The scale bar represents 100 um for each image. F and G, summary data showing histological score
and TRPV4 protein level after different treatments as in A and B. H and I, summary tracings of [Caz”]Cyt time course in response to GSK (10 nM) in IEC-6 cells
without (n = 22) or with (n = 28) TNF -a (40 ng/ml) pretreatment. J-M, summary tracings of [Ca® ]cyt time course showing the inhibitory effect of Cap at
different doses on GSK-induced [Ca? ]c signaling in IEC-6 cells pretreated with TNF-a. N, summary data showing the inhibitory effect of Cap at different
doses on peaks of GSK-increased [Ca® ]Cyt signaling descnbed as in H- M The data are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, and
**%%n < 0.0001 were performed by Student’s t test. [Ca® *leyw Cytosolic Ca** concentrations; DSS, dextran sodium sulfate; IECs, intestinal epithelial cells; MPO,

myeloperoxidase; TRPV, transient receptor potential vanilloid.

GI tract as its most delivery pathway have not been well
addressed. Moreover, although the expression and function of
TRPV channels in sensory neurons of GI tract have been
intensively studied, their functions in intestinal epithelial cells
(IECs) remain to be elucidated. Since capsaicin is a well-known
agonist for TRPV1 channels, the previous studies on its GI
action mostly focused on sensory afferents and visceral

enhance Na" absorption via the ENaC in both normal and
colitic colon.

Discussion

Chili pepper and its active compound capsaicin is a daily
food additive worldwide; however, the actions of capsaicin on
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Figure 7. Capsaicin stimulation of NKA and ENaC activities in the colonic epithelia of healthy and colitis mice and the proposed mechanisms of
capsaicin action on intestinal epithelial ion transports. A, representative time courses and summary data showing the effect of CCh (100 pM, n = 5) on
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apically permeabilized epithelia in the absence or the presence of ouabain in colitic mice with or without capsaicin pretreated. C, representative time
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hypersensitivity in a TRPV1-dependent manner (6); however,
emerging evidence points the capsaicin acting independently
of TRPV1 channels (16), which is largely unknown in GI tract.
Moreover, although we previously demonstrated the beneficial
effect of capsaicin on colitic mice through blood perfusion
increase to the colonic mucosae (25); it is largely unknown for
the direct actions of capsaicin on intestinal epithelia in health
and UC and molecular mechanisms. Therefore, the major
findings of our study are the novel actions of capsaicin on
intestinal epithelial ion transports in GI health and colitis: (1)
capsaicin modulates Ca**-dependent intestinal epithelial ion
transports in TRPV4-dependent but TRPVI1-independent
manner; (2) it inhibits intestinal CI” secretion by blocking
epithelial TRPV4/Ca®* signaling; (3) it promotes intestinal Na*
absorption by blocking TRPV4 channels but stimulating NKA
activity; and (4) since the expression and activity of TRPV4
channels are enhanced during colitis (17-19), but the
expression and activity of NKA are reduced (35, 36), capsaicin
ameliorates experimental UC likely by suppressing hyper-
activation of TRPV4 channels to reduce Cl secretion but by
activating NKA to increase Na* absorption.

Up to current knowledge, capsaicin inhibition of intestinal
epithelial Cl" secretion can be accomplished mainly by block-
ing: (1) apical CI channels, (2) basolateral K™ channels, and (3)
basolateral NKCCI1. It was reported previously that in mouse
colon and T84 cells, capsaicin activated apical Cl” conductance
without effect on basolateral K" conductance, but induced
basolateral NKCC1 internalization in a TRPV1-independent
mechanism, explaining in part the inhibition of colonic CI’
secretion (15). The Ussing chamber is a valuable and time-
proved physiological system that measures ion transports
across epithelial tissues. Active transport or the capacity of
epithelium to move ions (such as Cl” and Na') against an
electrical and/or concentration gradient had been well
demonstrated by isotopic tracer experiments (38). Therefore,
using this well-recognized system, we have provided the
following strong evidence for a novel action of capsaicin in-
hibition of intestinal Cl” secretion by blocking epithelial
TRPV4 channels rather than stimulating TRPV1 channels as a
well-known selective activator of the channels (Fig. 7H): (1)
capsaicin did not affect basal intestinal I, but inhibited
secretagogues-induced I,; (2) capsaicin similarly inhibited
secretagogues—induced intestinal I either in the presence of
selective TRPV1 blocker in WT mice or in TRPV1 KO mice,
but it could not inhibit secretagogues—induced intestinal I,
either in the presence of selective TRPV4 blocker in WT mice
or in TRPV4 KO mice; (3) selective TRPV4 activator poten-
tiated CCh-induced intestinal I,, via Ca®" signaling, which

Capsaicin on intestinal ion transports and colitis

could be attenuated by either selective TRPV4 blocker or
capsaicin; (4) like selective blockers of TRPV4 channels,
capsaicin dose-dependently inhibited Ca** entry via TRPV4
channels in IEC-6 cells. Therefore, capsaicin may inhibit
epithelial TRPV4 channels/Ca®* signaling-mediated intestinal
ClI" secretion via apical cystic fibrosis transmembrane
conductance regulator and Ca®*-activated Cl* channels, as
previously reported by us (26).

TRPV4 expression was polarized and concentrated on the
basolateral surface of Caco-2 cells and IEC-6 cells (17, 19).
They are moderately Ca®*-permeable channels which have a
homo-dimeric tetramer structure with the TRPV family stan-
dard of six transmembrane segments (39). TRPV4 channels
are activated by a range of stimuli, including hypotonicity,
stretch, and endogenous ligands, such as CYP450 metabolites
(5,6-EET and 8,9-EET). Moreover, TRPV4 channels contain
six ankyrin repeats and the phospholipid, PIP,, can bind to this
site inhibiting the channels (40). Although TRPV4 channels
are known to express throughout GI tract (14), their physio-
logical roles in IECs are largely unknown since previous
studies mostly focused on their pathological roles in GI tract,
such as IBS and IBD (19). Therefore, we initially examined if
TRPV4 channels are involved in regulating intestinal ion
transports. Interestingly, although TRPV4 channels were
functionally expressed in IEC-6 cells, selective TRPV4 activa-
tors per se could not induce any intestinal I, which prompted
us to test if TRPV4 channels in the intestine are suppressed by
PIP, as in other tissues (28). Indeed, PIP, suppression on
epithelial TRPV4 channels could be relieved after PIP, hy-
drolysis by either PLC or PLA, during cholinergic signaling.
Furthermore, the AA/CYP450 pathway that produces CYP450
metabolites as the endogenous ligands for TRPV4 channels is
also involved in cholinergic signaling—mediated intestinal
anion secretion (41). Therefore, we demonstrate for the first
time that epithelial TRPV4 channels may play a physiological
role in the regulation of intestinal anion secretion during
cholinergic signaling.

It was previously reported that capsaicin increased glucose
absorption in a TRPV1-dependent manner (42). Surprisingly,
we found that capsaicin enhanced jejunal Na*-glucose
cotransport in a TRPV4-dependent but TRPV1-independent
manner. Moreover, the jejunal Na* absorption is signifi-
cantly increased in TRPV4 KO mice compared to WT mice,
indicating that TRPV4 inhibition on Na* absorption is sup-
pressed by capsaicin to finally potentiate the absorption.
Therefore, we also demonstrate for the first time that (1)
epithelial TRPV4 channels inhibits intestinal Na™ absorption
via Na'-glucose cotransporter and (2) capsaicin potentiates

0.001 were performed by Student's t test. H, in health, after the PIP, suppression on basolateral TRPV4 channels is relieved by the activation of PLC and PLA,
in cholinergic signaling pathway, Ca®* enters via TRPV4 channels and ER/Ca®* releases via IPsR. Cytosolic Ca®* stimulates Ca®*-dependent ClI" secretion
through apical CFTR and CaCC. TRPV4 channels could also be activated by their endogenous ligands CYP450 metabolites produced from AA/CYP450
pathway. Capsaicin attenuates Cl” secretion but stimulates Na* absorption by blocking TRPV4 channels but stimulating NKA activity on the basolateral side
of intestinal epithelial cells (IEC). /, in colitis, the expression and function of TRPV4 channels are enhanced but NKA activities are reduced by inflammatory
factors, the CI” secretion are increased, and Na* absorption are decreased. Capsaicin ameliorates colitis and reduces diarrhea by: (1) suppressing hyper-
activation of basolateral TRPV4 channels to reduce intestinal CI” secretion and (2) blocking basolateral TRPV4 channels and stimulating NKA activity to
increase intestinal Na* absorption. AA, arachidonic acid; CaCC, Ca**-activated CI” channels; CFTR, cystic fibrosis transmembrane conductance regulator;
CYP450, cytochrome P450; [Ca“]cyt, cytosolic Ca®" concentrations; ENaC, epithelial Na* channels; ER, endoplasmic reticulum; IPsR, IP5 receptor; IF, in-
flammatory factors; NKA, Na*/K*-ATPase; SGLT1, Na*-glucose cotransporter 1; TRPV, transient receptor potential vanilloid.
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intestinal Na® absorption by blocking epithelial TRPV4
channels (Fig. 7H).

Since NKA establishes the Na* and K" gradients used for
epithelial ion transports and electrical signaling in the intestine
(43), the regulatory mechanisms that control NKA activity are
of high biological significance. In the present study, we reveal
that like the cholinergic stimulation of basolateral NKA ac-
tivity in colonic epithelia (35), capsaicin can also stimulate
colonic NKA activity, which is confirmed by its direct induc-
tion of NKAal in IEC-6 cells. Capsaicin stimulation of baso-
lateral NKA activity would establish the ion gradient and
driving force used for apical Na™ absorption via jejunal Na®-
glucose cotransport and via colonic epithelial amiloride-
sensitive ENaC. Therefore, capsaicin promotes intestinal Na*
absorption not only by blocking TRPV4 channels but also by
stimulating NKA (Fig. 7H).

Most previous studies suggest that capsaicin might be
harmful to GI tract because they provoke a burning sensation,
but an epidemiological study revealed that the population who
consumes more chili has three times lower peptic ulcer inci-
dence than those who consumes less (44), suggesting beneficial
effect of chili/capsaicin in GI disease. Capsaicin also markedly
reduced alcohol- and aspirin-induced gastric mucosal injury
(45). Here, we have provided strong evidence for the anti-
colitic action of capsaicin (Fig. 7I), and it may ameliorate
experimental UC by (1) suppressing the hyperactivation of
epithelial TRPV4 channels to increase intestinal Na* absorp-
tion but to reduce Cl” secretion, leading to a decrease in colitic
diarrhea; (2) stimulating the reduced epithelial NKA activity to
increase Na" absorption via jejunal Na*-glucose cotransports
and colonic ENaC. Although capsaicin has multiple pharma-
cological actions (such as anti-inflammation, anti-oxidant, and
anti-cancer) (16), our novel findings herein of its anti-colitic
action expend the pharmacological spectrums of capsaicin
and the mechanisms of its action.

It has been reported that TRPV family is involved in the
pathogenesis of UC (17-19). Since TRPV1 expression was
markedly decreased in the colonic epithelium of UC patients
compared to healthy subjects (46), it is hard to presume the
beneficial anti-colitic effect of capsaicin is by targeting the
decreased TRPV1 channels in the epithelium. Indeed, using
TRPV1 KO mice, we have excluded the role of TRPV1 chan-
nels in capsaicin inhibition of epithelial anion secretion.
However, TRPV4 expression was markedly increased in the
colonic epithelium of UC patients (46) and TRPV4 activators
increased [Ca2+]cyt but decreased transepithelial resistance of
IEC-6 cell monolayer (19). Moreover, Matsumoto K et al (18)
showed that TRPV4 activator exacerbated the severity of DSS-
induced colitis in WT mice, but colitis was significantly
attenuated in TRPV4 KO mice, verifying a critical role of
TRPV4 channels in the pathogenesis of colitis. Finally, it is
known that the expression and activity of TRPV4 are enhanced
with the reduced Na™ absorption but increased Cl” secretion in
UC, leading to colitis diarrhea. Therefore, it has been estab-
lished that TRPV4 channels activate inflammatory signals by
IECs and colitis in humans and mice (17-19). Our findings are
in line with the previous notion that small numbers of TRPV4
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channels lead to local Ca** increase that may play physiolog-
ical roles, but excessive activation of TRPV4 channels lead to
rapid global Ca®* overload that may cause pathological dis-
orders (27). Since TRPV4 channels are an attractive target for
the prevention/treatment of IBD, capsaicin ameliorates
experimental UC likely by targeting the enhanced TRPV4
channels as demonstrated herein by us.

So far, the exact actions of capsaicin in colitis and the un-
derling mechanisms remain to be elucidated, except a few
studies, including increased visceral sensitivity (47) and
ameliorated colitis through submucosal arterial relaxation to
increase colonic blood perfusion (25). Here, we reveal the
beneficial anti-colitic actions of dietary capsaicin and elucidate,
at least partially, the mechanism of its action. Our finding that
capsaicin ameliorates experimental colitis is not only consis-
tent with clinical epidemiological investigations that the inci-
dence rate of UC is much lower in high chili consuming
regions in China (23, 24) but also with the experimental
studies that capsaicin could alleviate abdominal pain and
improve UC symptomatology (48-50). Capsaicin may reach to
the colon by bloodstream after absorption in the upper GI
tract (~85% of the orally administered capsaicin) and directly
getting into the colon (~25% of the remaining) (51). From a
mouse study (52), 10 mg/kg capsaicin by oral gavage (same
dose to our mouse study iz vivo) can reach ~4 pM of serum
concentration, which is at the similar range mostly used in our
study (1 ~ 10 uM). Although it needs further confirmation by
extensive human study, based on the clinical epidemiological
studies showing low UC incidence with high chili consump-
tion (23, 24), our previous and present animal studies strongly
support that dietary capsaicin has potential to become a
promising and safe drug for the prevention/treatment of UC
(25).

In conclusion, TRPV4 channels play a role in regulating
intestinal epithelial ion transports in healthy mice, but their
expression and function are enhanced in the pathogenesis of
UC. Dietary capsaicin inhibits intestinal epithelial Cl” secretion
via TRPV4 channel blockade but promotes epithelial Na*
absorption via stimulation of both NKA and ENaC. Capsaicin
ameliorates diarrheal effects of experimental UC by blocking
the hyperaction of epithelial TRPV4 channels and rescuing the
impaired activities of both NKA and ENaC. Therefore,
capsaicin is potentially a safe drug for the prevention/treat-
ment of UC.

Experimental procedures
Cell culture

IEC-6 (ATCC Cat# CRL-1592, RRID: CVCL_0343) rat small
intestinal cells were purchased from ATCC and were main-
tained in DMEM-HIGH GLUCOSE medium (Gibco), con-
taining 10% fetal bovine serum and 1% penicillin/streptomycin
(Gibco) in a humidified 5% CO, atmosphere at 37 °C. After the
cells had grown to confluence, they were replated onto 12-mm
round coverslips (Warner Instruments Inc) and incubated for
at least 24 h before use for intracellular Ca>* measurement or
immunostaining.
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Animal studies and ethics

All animal care and experimental procedures complied with
the “Guide for the Care and Use of Laboratory Animals”
published by the National Institutes of Health, USA, and were
approved by the Ethics Committee of Chongging Medical
University and AMU. Animal studies are reported in compli-
ance with the ARRIVE guidelines (53). Animal experiments
were conducted on male C57BL/6 mice (6-8 weeks old;
18-22 g), purchased from Chongqing Tengxin Biotechnology
Co Ltd. TRPV1 and TRPV4 KO mice were purchased from
The Jackson Laboratory. Animals were housed in a
temperature-controlled room (21 + 1 °C) with a 12:12-h light-
dark cycle in polypropylene plastic cages with an internal area
of 672 cm® x 16.0 cm depth, with wood shavings bedding, up
to a maximum of five animals per cage. The mice were fed with
normal chow with unlimited access to tap water. Following the
Experimental procedures, mice were euthanized by 100% CO,
inhalation and then cervical dislocation. Animals were
assigned randomly to different experimental groups for all
studies. Data collection and evaluation of all experiments were
performed blindly, and the experimenters were unaware of
group treatments. All animal studies, only male mice were
used to minimize possible variation between sexes.

Ussing chamber experiments

Ussing chamber experiments were performed as previously
described (54). The jejuna and distal colonic tissues from each
mouse were stripped of seromuscular layers, divided, and
examined in chambers (window area, 0.1 ¢cm?). Experiments
were performed under continuous short-circuited conditions
(Voltage-Current Clamp, VCC MC6; Physiologic Instruments).
The transepithelial short-circuit currents () were measured
via an automatic voltage clamp, in which pA was used for the
original recordings, but pA-cm™ was used for summary data.
After 30 min equilibration, different agents were added to the
mucosal, serosal side, or both sides of the tissues. When it was
studied for intestinal Na* absorption and Cl secretion, the
mucosal solution contained the following (mM): 115 NaCl, 25
sodium-D-gluconate, 5.2 potassium-D-gluconate, 1.2 CaCl,, 1.2
MgCl,, and 10 mannitol. The serosal solution contained the
following (mM): 115 NaCl, 25 NaHCO3, 2.2 K,HPO,, 1.2 CaCl,,
1.2 MgCl,, 0.8 KH,POy, 10 glucose, and 0.01 indomethacin to
inhibit possible endogenous PGE, production resulted from
mucosal injury during experiments. The osmolalities for both
solutions were ~300 mosmol-kg ™' of H,O. When NKA currents
across the basolateral membrane were measured, the solutions
for both sides of the chamber contained the following (mM): 107
NaCl, 4.5 KCl, 25 NaHCO3, 1.8 Na,HPO,, 0.2 NaH,PO,, 1.25
CaCl,, 1 MgSO4, and 12.2 glucose (34).

Infection of lentiviruses

Lentiviruses were purchased from Genechem Co, Ltd. The
sequences for TRPV4 shRNA and NC were as follows:
shRNA-1 (5-GGAAGGCTCCTCTTCTCTTTC-3'), shRNA-2
(5'-GCAACATGCGGGAGTTCATCA-3'), shRNA-3 (5'-GGGT
CTTTCAGCACATCATCC-3'), and NC shGFP (5'-GAAG
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CAGCACGACTTCTTC-3'). IEC-6 cells were infected with
lentiviruses according to the protocol of the manufacturer, and
puromycin was used to screen the stable cells.

Immunohistochemistry

The slides with jejunal and colonic tissues from C57BL/6
and TRPV4 KO mice were incubated with an anti-TRPV4
antibody (Abcam, ab39260; 1:400) overnight at 4 °C. Then, the
primary antibodies were detected with biotinylated goat anti-
rabbit IgG (Vector Laboratories) secondary antibody at room
temperature for 1 h. Immunoreactivity was detected using a
3'-,3'-diaminobenzidine kit (BioGenex) followed by counter-
staining with hematoxylin, dehydration, and mounting.

Immunofluorescence staining

The IEC-6 cells grown on coverslips were fixed with 4%
paraformaldehyde, blocked with bovine serum albumin, and
incubated with anti-TRPV4 (Abcam, ab39260; 1:200) antibody
overnight at 4 °C. Then cells were incubated with Alexa Fluor
488 labeled anti-rabbit (Abcam, ab150077; 1:500) secondary
antibody for 1 h at room temperature and nuclei were stained
with DAPI for 5 min. Fluorescent images were captured in a
blinded manner and analyzed with a laser scanning confocal
microscope (Olympus). To demonstrate TRPV4 specificity of
the antibody labeling, a control experiment was performed in
which the primary antibody was omitted.

Measurement of [Ca**].,. by single-cell imaging

[Ca2+]Cyt imaging experiments were performed as previously
described (26, 55). Cells were grown on glass coverslips
(Warner Instruments) in 12-well cell culture plates (Corning
Incorporated) for 24 h. [Ca2+]cyt was measured using Ca*-
sensitive fluorescent indicator fura-2/AM (Invitrogen). Cells
were incubated with 5 uM fura-2/AM for 1 h in physiological
salt solution (PSS) at 22 °C in the dark and then washed in PSS
for 30 min. Thereafter, cells on coverslips were mounted in a
standard perfusion chamber on the stage of an inverted fluo-
rescence microscope (Leica). Fluorescence signals were
imaged using an intensified CCD camera (ICCD200) attached
to an inverted fluorescence microscope (Leica) and recorded
with MetaFluor software (Universal Imaging Corporation).
Images were acquired every 3 s. The dual wavelength excita-
tion method for the measurement of fura-2 fluorescence was
used. The excitation wavelengths were 340 and 380 nm, and
the emitted fluorescence was collected at 510 nm. [CaZ+]Cyt was
presented as fluorescence ratios (F340/F380) after background
subtraction. The PSS used in digital measurement contained
the following: 140 mM Na*, 5 mM K*, 2 mM Ca**, 147 mM
Cl, 10 mM Hepes, and 10 mM glucose (pH 7.4). The osmo-
lality for the solution was ~300 mosmolkg ™" of H,O.

Western blot analysis

To detect alpha 1 Sodium Potassium ATPase (phospho Y10)
(NKAal) or TRPV4, the protein sample and MW marker
(Thermo Fisher Scientific) were separated using 10% SDS-
PAGE and transferred to a PVDF membrane (Millipore).
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Following blocking with 5% nonfat milk for 2 h at room
temperature, the membranes were incubated with the
following primary antibodies: Anti-alpha 1 Sodium Potassium
ATPase (phospho Y10) (Abcam, ab124677; 1:10,000), anti-
TRPV4 (Abcam, ab39260; 1:1000), and anti-GAPDH (Pro-
teintech, 60004-1-Ig, 1:10,000). After washing three times
(5 min each) with Tris-buffered saline with 0.05% Tween 20,
the membranes were incubated with corresponding secondary
antibodies for 2 h at room temperature. After washing another
three times with Tris-buffered saline with 0.05% Tween 20, the
signals were visualized using enhanced chemiluminescence
(Millipore) in an ImageQuant LAS 400 digital biomolecular
imaging system.

Mouse model of ulcerative colitis

DSS was used for induction of ulcerative colitis in the mice
(56-58). Eight-week-old male C57BL/6 mice were randomly
divided into three groups. The control group received drinking
water, the DSS-induced colitis group was administered with
drinking water with 2.5% DSS for 7 days, and the DSS plus
capsaicin group was given 2.5% DSS plus capsaicin that was
administered intragastrically (10 mg/kg) once per day for 7 days
of experimental period. This dose of capsaicin was chosen based
on its pharmacokinetic properties reported previously (51).
Mice were monitored daily using the measures of body weight,
stool consistency, and occult/gross blood. Furthermore, the DSS
water consumption by mice was tracked throughout treatment
period, and no significant differences were found between DSS
group and DSS plus capsaicin group. At the end of the protocol,
animals were euthanized by 100% CO, inhalation and cervical
dislocation. The colons of both groups were collected and their
lengths were measured. The stool score was performed based
on two parameters as described previously (18, 59). The stool
characteristic was scored as follows: normal (score 0), soft with
well-formed pellets (score 1), very soft (score 2), diarrhea (score
3), and severe diarrhea (score 4). The occult blood was scored as
follows: no blood (score 0), occult blood in the stool (score 1),
traces of blood visible in the stool (score 2), gross bleeding
(score 3), and rectal bleeding (score 4). These scores were added
to obtain the stool score (maximum score of 8). The determi-
nation of MPO activity was according to MPO Assay Kit
(Fluorometric) (Abcam, ab111749) as previously described (60).

Histological score

The resected mice colon tissues were stained with H&E. The
histological scoring was evaluated by two double-blinded pa-
thologists and performed based on the severity of inflamma-
tion, crypt damage, and ulceration as described previously (18,
59). The inflammation was scored as follows: rare inflamma-
tory cells in the lamina propria (score 0), increased numbers of
granulocytes in the lamina propria (score 1), confluence of
inflammatory cells extending into the submucosa (score 2),
and transmural extension of the inflammatory infiltrate (score
3). The crypt damage was scored as follows: intact crypts
(score 0), loss of the basal 1/3 (score 1), loss of the basal 2/3
(score 2), entire crypt loss (score 3), a change in the epithelial
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surface with erosion (score 4), and confluent erosion (score 5).
Ulceration was scored as follows: absence of ulcer (score 0),
one or two foci of ulcerations (score 1), three or four foci of
ulcerations (score 2), and extensive ulceration (score 3). These
scores were added to obtain the histological score.

Blinding and randomization

Three segments of distal colon tissues obtained from each
mouse were assigned randomly to different treatments. One
segment was used as control and the others were used as
treatments with different drugs. N is the number of intestinal
tissues in Ussing chambers, and each group of n was obtained
from at least three mice. All samples were analyzed in a
blinded manner.

Materials

All salts were supplied by Sangon Biotech. Glucose, caffeine,
carbachol, and indomethacin were purchased from Sigma-
Aldrich. Capsaicin, ouabain, SB705498, RN1734, RN1747,
U73343, HC067047, GSK1016790A, methyl arachidonyl fluo-
rophosphonate, AA, miconazole, and nystatin were purchased
from MedChemExpress (MCE; Monmouth Junction). DSS was
from MP Biomedicals (MP Bio). U73122 was from Tocris
Bioscience (Tocris). Amiloride hydrochloride was from Mo-
lecular Probes, Inc (Molecular Probes). TNF-a and Fura-2/AM
(Cat# F1221, Invitrogen) was from Invitrogen. TRPV4 (Abcam
Cat# ab39260, RRID: AB_1143677), alpha 1 Sodium Potassium
ATPase (phospho Y10) (Abcam Cat# ab124677, RRID:
AB_10974461), Alexa Fluor 488 labeled anti-rabbit (Abcam
Cat# ab150077, RRID: AB_2630356) antibodies, and MPO
Assay Kit were from Abcam. Anti-GAPDH (Proteintech Cat#
60004-1-Ig, RRID: AB_2107436) was from Proteintech.

Data and statistical analysis

All results shown are means + SD. The number of biological
repeats (n) in the figures is the number of individual tissues or
cells obtained from at least three mice or three independent ex-
periments. The statistical significance of differences in the means
of experimental groups was determined using Student’s ¢ test.
Posthoc tests were run only if F achieved p < 0.05 (GraphPad
Prism 7.0, GraphPad Software, Inc, RRID:SCR_002798), and
there was no significant variance inhomogeneity. A probability
value *p < 0.05 was considered statistically significant.

Data availability

The data supporting the findings of this study are available
within the article. The data not shown can be available from
the corresponding author Hui Dong upon request.
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