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Purpose: In China, herbal preparation is commonly administered transdermally for treating pediatric diarrhea. However, few studies
have probed into their antidiarrheal mechanisms. This study was designed to investigate the antidiarrheal effect of Renzhu ointment
(Renzhugigao, RZQG) and its underlying mechanisms via transdermal administration.

Methods: The main components of RZQG were confirmed by gas chromatography-mass spectrometry (GC-MS). The effect of RZQG
on L-type voltage-dependent calcium channel (L-VDCC) was evaluated by CaCl,- and ACh-induced contraction in isolated colon. The
antidiarrheal efficacy of RZQG was further investigated by the senna-induced diarrhea mice based on the frequency of loose stools,
diarrhea rate and index, fecal moisture content, and the basal tension of the colon. Additionally, the protein expression of CACNAIC,
CACNAI1D, cAMP, and PKA were detected with Western blot and immunohistochemistry (IHC).

Results: GC-MS analysis determined 14 components in RZQG. In vitro, RZQG relaxed the CaCl,- and ACh-induced tension, while
nifedipine (a L-VDCC inhibitor) and H-89 (a PKA inhibitor) decreased the relaxation. In vivo, animal model showed that transdermal
administration of RZQG exhibited a significant reduction in the frequency of loose stools, diarrhea rate and index, fecal moisture
content and the basal tension. Compared to the model group, the colon of mice treated with RZQG showed lower expression of
CACNAI1C, CACNAI1D, cAMP, and PKA. THC results showed that cAMP was downregulated in colonic smooth muscle after RZQG
treatment.

Conclusion: RZQG improved diarrhea symptoms and down-regulated the expression of CACNA1C and CACNAI1D via transdermal
administration, which is closely associated with the cAMP/PKA signaling pathway in colonic smooth muscle.
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Introduction
Pediatric diarrheal disease is caused by multiple pathogens. The Global Burden of Disease 2019 Study (GBD 2019) has
reported that diarrhea is the fourth leading cause of mortality among children. About 480,000 children under the age of
five died from diarrhea in 2019." The disease with high morbidity between 6 months to 2 years of age is the major cause
of malnutrition, developmental disabilities and death.

Currently, oral or intravenous rehydration is mostly used in the treatment for pediatric diarrhea, it reduces child
mortality but cannot relieve diarrheal symptoms.> In China, traditional transdermal administration to the navel has
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accumulated abundant clinical experience of treating pediatric diarrhea with high efficacy, few side effects, and good
compliance.* This external transdermal therapy usually involves pasting the herbal powders containing essential oil onto
the patient’s navel. Navel has a thin layer of the stratum corneum, and thus drugs are readily absorbed bypassing the first-
pass effect.’

There are a large variety of Chinese patent medicines made of herbal powder on the market, such as Ding Gui
Infantile Navel Paste (Dingguierqgitie, DGQT),* Xiaoer Fuxie Waifu powder.® The effect of transdermal preparations is
determined by effective substance content and release rate.® The essential oil is an effective antidiarrheal part of herbs.
The herbal powders with low essential oil content are used to prepare ointment that reduces the transdermal absorption
and limits favorable therapeutic effect. Renzhu ointment (Renzhuqigao, RZQG) is composed of essential oil extracted by
supercritical CO, extraction technology from Fructus Amomi (FA, fructus of Amomum villosum Lour.), Rhizoma
Atractylodis (RA, rthizoma of Atractylodin lancea (Thunb.) DC), Cortex Cinnamomi (CC, cortex of Cinnamomum cassia
Presl.), and Flos Caryophylli (FC, alabastrum of Ewgewia caryophyllata Thunb.). Through formulation optimization and
extraction process, RZQG, with high essential oil content, enhances the transdermal absorption and shows a good
application prospect.

The transdermal administration for treating diarrhea has achieved remarkable efficacy in the clinic, which can
significantly reduce the frequency of liquid stools, relieve abdominal pain, improve appetite, and shorten disease
course.* However, few have probed into the mechanism of adequate antidiarrhea effect of transdermal administration.

Diarrhea is often accompanied by accelerated gastrointestinal motility. In our studies, the effect of RZQG on
L-VDCC and PKA was assayed by isolated colonic contractility first. Then young mice were selected to further explore
the antidiarrheal effect and underlying mechanism of RZQG at different doses on senna-induced diarrhea.

Materials and Methods

Plant Materials, Reagents, and Their Preparations

Folium Sennae (Voucher No. 210801) was purchased from Zisun Medicine Co., Ltd. (Guangzhou, China). Type 40
mixed fatty acid glyceride (Voucher No. 160312) was produced by Hubei Tungshun Medicine Co., Ltd. (Hubei, China).
Acetylcholine chloride (Voucher No. Z30S11H126592) was manufactured by the Shanghai yuanye Bio-Technology Co.,
Ltd. (Shanghai, China). DMSO was purchased from Guangzhou Risu Biotechnology Co., Ltd. (Guangzhou, China).
Nifedipine (Voucher No. RH305187) was purchased from Xi’an Yizhichen Biological Technology Co., Ltd. (Xi’an,
China). NaCl, KCl, MgS0O,4, NaHCO;, and CaCl, were all manufactured and marketed by Tianjin Damao Chemical
Reagent Factory (Tianjin, China). Glucose and KH,PO,4 were produced by Tianjin Zhiyuan Chemical Reagent Co. Ltd.
(Tianjin, China).

RZQG (Voucher No. 20170802) was produced by Guangzhou University of Chinese Medicine (Guangdong, China).
It was composed of essential oils of FA, RA, CC, FC, as well as mixed fatty acid glycerides. Renzhu essential oils
(RZEO) were made by supercritical CO, extraction from FA, RA, CC, and FC in a ratio of 4:4:3:5. Mixed fatty acid
glycerides were used as excipients for RZQG. The ratio of RZEO and mixed fatty acid glycerides was 1:4.

Folium sennae powder was taken, added 10-fold distilled water, and soaked at 90°C for 30 minutes. After filtration,
the water extracts were concentrated to 0.4 g/mL under reduced pressure. Then folium sennae extract (senna) was
obtained.

The Krebs solution consisted of 117 mmol/L NaCl, 4.7 mmol/L KCI, 1.2 mmol/L MgCl,, 24.8 mmol/L NaHCO3, 1.2
mmol/L KH,POy, 2.56 mmol/L. CaCl,, and 11.1 mmol/L glucose.

GC-MS Analysis of RZQG
RZQG (0.5 g) in 25 mL of ethanol was weighed precisely and ultrasonicated (280 W, 40 kHz) for 30 min. After standing
for 30 min at 4°C, the extract was left at room temperature and the loss of weight was replenished with ethanol. Then the
sample was filtrated. The essential oil of FA, RA, CC, and FC were obtained by supercritical CO, extraction respectively.
RZQG, RZEO, FA, RA, CC, and FC were analyzed by Agilent 7890B-5977A GC-MS. HP-5MS capillary column (30 m
x 0.25 mm i.d., 0.25 um film, Agilent J&W Scientific, USA) was utilized to separate the compounds. The temperature
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program started at 86°C for 15 minutes, then raised it to 140°C at 2°C/min, kept it for 0 minutes, then elevated to 250°C
at 5 °C/min. The split injection was used with a ratio of 10:1, the flow rate of helium was set at 1.0 mL/min, and the
injection volume was 1 pL. The mass spectrometer was operated in electron impact ionization at 70 eV, scanning from 35
to 550 amu. The injection inlet and ion source temperatures were set to 300°C and 230°C, respectively.

Animals

Male KM mice (15-20 g) were obtained from Guangdong Medical Laboratory Animal Center, China (License No.
SCXK (Yue) 2018-0002). All experimental animals were given free access to water and food under controlled
temperature, humidity, and photoperiod environment. The experimental scheme protocol was approved by the
Guangzhou University of Chinese Medicine Ethics Committee (approval number 20210311001) and conformed to the
Regulations of Guangzhou University of Chinese Medicine on Ethical Review of Animal Experiments.

CaCl,- and Acetylcholine (ACh)-Induced Tonic Contraction in vitro

Mice proximal colon (1-2 ¢cm away from the cecum, 0.8 cm x 0.2 cm) was taken and divided into Control, DMSO, and
RZQG groups. The muscle strips were hung diagonally on the tension transducers (PL3508, Harvard Apparatus, USA).
Colon was allowed to equilibrate under zero force for 30 min in Ca®*-free Krebs with 95% oxygen and 5% carbon
dioxide. Then, the tissue was equilibrated under a resting force of 0.5 g. After resting for 30 min, experiments were
performed. Then CaCl, was added to a final concentration of 3 x 10> mol/L. After recording tension for 1 min, tension
was recorded with Ca**-free Krebs, DMSO and RZQG (1 x 10 > mg/mL, 1 x 10> mg/mL, 1 x 10™* mg/mL, 1 x 107>
mg/mL, 1 x 10°® mg/mL with 0.2% DMSO).

The experiment of ACh-induced tension was divided into control, DMSO, RZQG, and nifedipine + RZQG groups.
Strips of nifedipine + RZQG group were incubated with nifedipine (1 x 10™> mol/L) for 20 minutes or H-89 (1 x 107’
mol/L) for 5 minutes. After the resting tension had stabilized, ACh (1 x 10> mol/L) was added to induce a rapid increase
in colon tone. Then, tension was recorded with Krebs, DMSO and RZQG.

The relaxant response to RZQG was calculated as follows:

Relaxation (%) = (the maximal contraction by CaCl, (or ACh) - tension at the corresponding time after incubation
with RZQG)/(the maximal contraction by CaCl, (or ACh) - basal tension) x 100%.

Ointments and Their Preparations

1 g RZQG, containing mixed fatty acid glycerides and 200 mg RZEO, was applied to the navel once daily for 5 days in
the clinic. The dose of RZQG was designed according to Guidelines for the Pharmacodynamics of Chinese Medicine
New Drugs issued by the Ministry of Health, China. The guideline recorded that a dose should be equivalent to 2—5 times
the human equivalent dose (1015 times in mice). Dosages are equivalent to 3, 6 and 12 times the clinical dosage for
a 20 kg child.

The area-based dose was used to achieve low, medium and high doses. 0.1 g RZQG (with a diameter of 1.0 cm)
containing 20 mg of RZEO, was marked as 1S. The corresponding area of the ointment was then cut out in the ratio of 1/
2 and 1/4, marked as 1/2S and 1/4S. 1/4S, 1/2S and 1S RZQG were respectively applied to RZQG low, medium and high
dose groups (equivalent to 3, 6, and 12 times of the human equivalent dose in 20 g mice).

0.1 g Blank ointment (BN, diameter was 1.0 cm) contained mixed fatty acid glycerides. BN was applied to the control
group and the model group.

DGQT (Voucher No. 150743) was purchased from Yabao Pharmaceutical Group Co., Ltd. (Shanxi, China). 1.6
g DGQT was applied to the navel once daily in the clinic. 0.16 g DGQT (diameter was 1.0 cm) was used as the positive
control drug in the efficacy test for the positive control group (equivalent to 12 times the human equivalent dose).

Animal Experiments
Male KM mice were randomly divided into 6 groups. There were control group (Control), model group (Model), RZQG
low dose group (Low, 1.25 mg/g), RZQG medium dose group (Medium, 2.5 mg/g), and RZQG high dose group (High,
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5 mg/g), positive control group (Ding, 8 mg/g), with 10 mice in each group. Subsequently, abdomen hair was depilated
using 8% Na,S solution. Mice were fasted for 4 h before the experiment and then weighed.

Evaluation of Antidiarrheal Test

In this test, a mouse model of diarrhea was induced by senna. Mice in the different groups were treated with the
corresponding ointment by transdermal administration. The specific transdermal administration methodology was as
follows: after being wiped and disinfected with alcohol swabs, RZQG or mixed fatty acid glycerides was directly
contacted with the abdominal skin of mice. The abdomen was then covered with a layer of sulphate paper, a layer of
gauze, and fixed with non-irritating tape. One hour later, except for the control, the groups were administered senna by
gavage (0.25 mL/10g), and feces were collected under 7 h observation. The frequency of dry stools and loose stools, and
diarrhea grade were recorded. The diarrhea rate, diarrhea index, and fecal moisture content were calculated by the
following formula (1-4). The diarrhea grade was classified into four grades, which were < 1.0 cm (grade 1), 1.0 ~ 1.9 cm
(grade 2), 2.0 ~ 3.0 cm (grade 3), and > 3.0 cm (grade 4).

Diarrhea rate = The frequency of loose stools/(The frequency of dry stools and loose stools) €))
Average grade of diarrhea = All loose stools grades/The frequency of loose stools 2)
Diarrhea index = Diarrhea rate x Average grade of diarrhea 3)

Fecal moisture content = (Wet weight — Dry weight)/(Wet weight) x 100 % 4)

Effects of RZQG on the Basal Tension

Mice were euthanized 5 h after gavage. The proximal colon (1-2 cm proximally to the cecum) was removed and the
intestinal segments were cleaned by ice-cold saline. The muscle strips were hung diagonally on the tension transducers
(PL3508, Harvard Apparatus, USA). After the resting tension stabilized, the strips of 6 groups were equilibrated for 60
min under a resting force of 0.5 g in Krebs with 95% oxygen and 5% carbon dioxide. Basal tension was recorded for
5 min.

Western Blot

Total protein was extracted from the proximal colon tissues with RIPA buffer containing PMSF and determined by
a BCA kit (Keygen Biotech, KGP902, China). The protein samples (60 pg/lane) were loaded on SDS-PAGE gels
(Beyotim, PO0O12A, China) and transferred onto PVDF membranes (Merck, IPVH00010, United States) after electro-
phoresis. Membranes were blocked with 5% skimmed milk for 2 h and then incubated overnight at 4°C with CACNA1C
(1:500, Affinity, DF2267), CACNAI1D (1:500, Affinity, DF2267), cyclic adenosine monophosphate (cAMP, 1:10000,
Abcam, ab76238), protein kinase A (PKA, 1:500, Affinity, AF7746), and g-Tubulin (1:5000, Affinity, AF7011)
antibodies. Afterward, an HRP-conjugated antibody (1:5000, Affinity, SO001, China) were incubated with the membrane.
The chemiluminescence (ECL) kit was employed for the membrane visualization by a Tanon 5200 system (Shanghai,
China). Image]J 7.0 was used for quantification.

Immunohistochemistry (IHC)

The colon tissue was analyzed using IHC. Endogenous peroxidases activity were blocked using 0.3% H,0,, and sections
were repaired with a high-pressure method. The sections were blocked for 30 min and then incubated with cAMP
antibody (1:800, Abcam, ab76238) overnight at 4°C. The HRP-conjugated antibody (1:200, Servicebio, GB23303,
China) was then added and incubated at 37°C for 50 min. DAB (Servicebio, G1211) was used for chromogenic detection.
Brown staining was considered positive. ImageJ 7.0 was used to analyze the staining intensity and expressed as the mean
optical density (MOD).
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Statistical Analysis

All data analyses were conducted using SPSS 26.0, expressed as the mean + standard deviation (SD), and performed
using GraphPad Prism version 8.0. Normality tests were performed before statistical analysis of the data. One-way
ANOVA was used to compare the multiple group comparisons. The LSD and Dunnett’s T3 test were used when
homogeneous or non-homogeneous variance was found in the data respectively.

Result
GC-MS Analysis of RZQG

RZQG and RZEO were identified to contain 14 components (Figure 1 and Table 1). (+)-2-Bornanone and Bornyl acetate
were assignable to the FA essential oil. Humulene, Agarospirol, f-Eudesmol, Atractylodin, and 2-Methoxybiphenyl were
attributed to RA essential oil. (E)-Cinnamaldehyde, Copaene, a-Muurolene, and J-Cadinene were assigned to CC
essential oil. Moreover, Eugenol, f-Caryophyllene, and Eugenol acetate were attributed to FC essential oil.

Effects of RZQG on CaCl, and ACh Induced Tension

The strips were subjected to 0.5 g load tension. The results showed RZQG concentration-dependently relaxed the
contraction induced by CaCl, and ACh with a maximum relaxation of 99.12 + 15.14% and 94.33 £ 7.01%, respectively
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Figure | Chromatogram of RZQG using a GC-MS. (A) GC-MS chromatogram of RZQG. (I) (+)-2-Bornanone. (2) (E)-Cinnamaldehyde. (3) Bornyl acetate. (4) Eugenol. (5)
Copaene. (6) p-Caryophyllene. (7) Humulene. (8) a-Muurolene. (9) J-Cadinene. (10) Eugenol acetate. (I1) Agarospirol. (12) p-Eudesmol. (I13) Atractylodin. (14)
2-Methoxybiphenyl; (B) GC-MS chromatogram of RZEO; (€C) GC-MS chromatogram of FA essential oil; (D) GC-MS chromatogram of RA essential oil; (E) GC-MS
chromatogram of CC essential oil; (F) GC-MS chromatogram of FC essential oil.
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Table | Characterization of Compounds of RZQG, RZEO, FA, RA, CC, FC by GC-MS

No. | Retention | CAS Identification Formula | MW Relative Relative Relative Relative Relative Relative
Time Calculated | Percentage | Percentage | Percentage | Percentage | Percentage | Percentage

Content in Content in Content in Content in Content in Content in
RZQG (%) RZEO (%) FA (%) RA (%) CC (%) FC (%)

| 7.01 464—49-3 (+)-2-Bornanone CioH 60O 152.1 3.152 2.607 15.557 - - -

2 14.468 14,371-10-9 (E)-Cinnamaldehyde CyHgO 132.1 7.549 13.673 - - 77.76 -

3 15.98 76-49-3 Bornyl acetate Ci2H200, | 196.1 14.211 11.065 69.495 - - -

4 22.244 97-53-0 Eugenol CioH 120, | l164.1 24.905 29.25 - - - 70.798

5 23.321 3856-25-5 Copaene CisHas 204.2 1.638 2.04 1.209 1.154 5.802 -

6 26.356 87-44-5 p-Caryophyllene CisHas 204.2 4.508 4.405 0.358 1.069 - 11.157

7 27.72 6753-98-6 Humulene CisHa4 204.2 1.594 1.951 - 4.756 - -

8 32.261 31,983-22-9 o-Muurolene CisHas 204.2 0.689 1.233 - - 4.663 -

9 33.779 483-76-1 J-Cadinene CisHas 204.2 1.332 1.625 - - 5.846 -

10 34.332 93-28-7 Eugenol acetate CipH 1405 | 164.1 1.664 4.047 - - - 16.111

I 40.602 1460-73-7 Agarospirol CisH,xO | 2222 1.138 1.635 - 4214 - -

12 41.167 473-15-4 f-Eudesmol CisHysO | 2222 6.350 5.63 - 14.8 - -

13 46.66 55,290-63-6 Atractylodin Ci3H,00 182.1 3.973 8.834 - 21.24 - -

14 58.495 86—26-0 2-Methoxybiphenyl C3H,,0 184.1 3.490 1.393 - 3.823 - -
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(Figure 2, P < 0.05). In the presence or absence of nifedipine (10> mol/L), the maximal relaxation effects were 94.33 +
7.01% and 62.31 + 5.81%, respectively. Blocking of L-VDCC with nifedipine significantly decreased the relaxation of
RZQG (Figure 2, P < 0.05). Moreover, in the presence or absence of H-89 (10~ mol/L), the maximal relaxation effects
were 94.33 + 7.01% and 64.16 + 8.10%, respectively. Blocking of PKA with H-89 significantly decreased the relaxation
of RZQG (Figure 2, P < 0.05). The above method was in order to confirm the role of L-VDCC and PKA in soothing

effects of RZQG on the colon.
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Figure 2 Relaxation effect of RZQG in vitro. (A) Relaxation of RZQG on CaCl,-induced tension; (B) Relaxation of RZQG on ACh-induced tension; (C) Tension change
diagram. (a) Effects of Ca?*-free Krebs on CaCly-induced tension. (b) Effects of Ca**-free Krebs on CaCl,-induced tension. (c) Effects of RZQG on CaCl,-induced tension.
(d) Effects of Krebs on ACh-induced tension. (e) Effects of DMSO on ACh-induced tension. (f) Effects of RZQG on ACh-induced tension. (g) Effects of nifedipine + RZQG
on ACh-induced tension. (h) Effects of H-89 + RZQG on ACh-induced tension. (n = 6). Compared with the control group, "P < 0.05, P < 0.01. Compared with DMSO
group, * P < 0.05, ** P < 0.01. Compared with nifedipine + RZQG group, * P < 0.05, “* P < 0.01. Compared with H-89 + RZQG group, * P < 0.05, 44 P < 0.01.
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The Antidiarrheal Efficacy of RZQG

Senna is the most commonly used herb to induce diarrhea.” The frequency of loose stools, diarrhea rate, diarrhea index,
fecal moisture content, and basal tension were significantly increased in the model group (Figure 3, compared with the
control group, P < 0.01). These results suggested that the diarrhea model was established. After transdermal adminis-
tration of drugs, the frequency of loose stools, diarrhea rate, diarrhea index, and basal tension were decreased (Figure 3,
compared with the model group, P < 0.05), especially in the RZQG high-dose group (Figure 3, P < 0.01). There was
a trend of reduced fecal moisture content in each dose group (Figure 3B). Macroscopic observation in the model group at
experimental termination showed that mice exhibited apparent swelling on the proximal colon when compared to the
control group (Figure 3D). The symptoms were significantly improved in the administration group (Figure 3D, compared
with the model group). Moreover, RZQG was preferred over the marketed transdermal preparations DGQT in the above
indicators.
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Figure 3 RZQG reduced the severity of senna-induced diarrhea in mice. (A) The effect of RZQG on the frequency of loose stools, diarrhea rate, diarrhea index (the
control mice exhibited no diarrheal symptoms, and the above three indicators were recorded as 0.0+£0.0), n = 10; (B) The effect of RZQG on fecal moisture content, n = [0;
(C) The basal tension of each group, n = 6; (D) The proximal colon was dissected to observe morphologic changes, the red box shows the degree of swelling on the
proximal colon of mice in each group. Compared with the control group, ** P < 0.01. Compared with the model group, * P < 0.05, ** P < 0.01.
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For the frequency of loose stools, compared to the model group (7.60 = 2.12, 8.30 £ 2.11, 8.70 &+ 2.31), the low (5.10
+1.60, 5.70 £ 1.42, 5.80 £ 1.62), medium (4.50 = 2.88, 5.50 £ 1.96, 5.80 + 2.04), and high dose groups (5.00 £ 1.15, 5.70
+ 1.34, 6.20 + 1.23) of RZQG significantly inhibited senna-induced diarrhea in mice within 5 h, 6 h and 7 h (Figure 3A,
P < 0.01). Within 6 h, the Ding group (6.50 = 2.17) had significant antidiarrheal effect (Figure 3A, P < 0.05). For the
diarrhea rate, compared to the model group (0.53 + 0.10, 0.55 + 0.09), the RZQG low dose group (0.44 £ 0.10) within 5
h and RZQG medium dose group (0.40 + 0.24, 0.48 + 0.14) within 5 h and 6 h had significant antidiarrheal effect
(Figure 3A, P < 0.05). For the diarrhea index, compared to the model group (0.83 £ 0.20), the RZQG high dose group
(0.61 £ 0.14) and Ding group (0.65 + 0.18) had significant antidiarrheal effect within 6 h (Figure 3A, P < 0.05). For the
basic tension, compared to the model group (0.53 £ 0.06), the RZQG low dose group (0.38 £ 0.08), RZQG medium dose
group (0.40 £ 0.06), RZQG high dose group (0.34 = 0.03) and Ding group (0.42 + 0.06) significantly reduced the colonic
basic tension of mice with diarrhea (Figure 3C, P < 0.01).

CACNAIC, CACNAID, cAMP, and PKA Protein Expression in the Colon

CACNAIC, CACNAID, cAMP and PKA protein expression were dramatically up-regulated in the model group
(Figure 4, compared with the control group, P < 0.01). After RZQG administration, CACNAIC and CACNAID,
cAMP and PKA expression were significantly reduced (Figure 4, compared with the model group, P < 0.01).
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Figure 4 Expression of CACNAID, CACNAIC, cAMP, and PKA. (A) Western blot of CACNAID, CACNAIC, cAMP, and PKA in the colon; (B) Quantification of
CACNAIC; (C) Quantification of CACNAID; (D) Quantification of cAMP; (E) Quantification of PKA. (n = 5). Compared with the control group, * P < 0.01. Compared
with the model group, ** P < 0.01.

Drug Design, Development and Therapy 2023:17 heeps: 2363

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhong et al Dove

A Control

0.45
£ "
§ 0.3
%A ’ ol ok
a
£0 0.2
2
3
o
= 0.1
3
0.0~
NS >
“\‘e@o& st‘ '&6‘ ’3'&?
5 XS

Figure 5 The immunohistochemical staining of cAMP. (A) Staining of cAMP protein (% 400). Scale bar, 20 um. n = 5; (B) MOD of immunohistochemical staining (MOD =
10D / area, MOD: the average response intensity of all selected objects in the field of view; IOD (Integrated optical density): the sum of the response intensities of all
selected objects in the entire field of view). Compared with the control group, ** P < 0.01. Compared with the model group, ** P < 0.01.

IHC of cAMP Proteins in Colonic Tissue

In the model group, the colonic smooth muscle displayed very strong staining of cAMP (Figure 5, compared with the
control group, P < 0.01), while the protein expression levels of cAMP decreased significantly in mice treated with RZQG
(Figure 5, compared with the model group, P < 0.01).

Discussion

The main results of the present study supported that RZQG could effectively treat senna-induced diarrhea. In vitro,
RZQG inhibited the CaCl,- and ACh-induced excessive contraction of the colon, associated with L-VDCC and PKA.
Colon motility participated in the mechanisms of RZQG treatment. RZQG down-regulated the expression of CACNAIC
and CACNAID in the colon, associated with the cAMP/PKA signaling pathway.

The GC-MS analysis showed that fourteen components in RZQG were identified (Figure 1 and Table 1). Published
literature has reported the antidiarrheal effects of cinnamaldehyde, bornyl acetate, eugenol, f-Caryophyllene, humulene,
and atractylodin by oral gavage.®'> And multiple components could effectively alleviate intestinal motility such as
humulene, eugenol, and A-Eudesmol.'*™'> In addition, some components have spasmolytic effects, such as eugenol,
copaene, f-Caryophyllene.'®'® The main mechanisms of spasmolysis are inhibition of voltage- dependent calcium
channels and regulation of intracellular cAMP, etc.'® L-type voltage-dependent calcium channel is a crucial component in
regulating smooth muscle contraction in the gastrointestinal tract.”’ By regulating the activity of this channel, it is
possible to regulate the contraction of smooth muscle and alleviate symptoms related to diarrhea. cAMP, the major
intracellular second messenger, is directly involved in the relaxation of smooth muscle.'® cAMP can activate PKA, which
in turn may relax smooth muscle by increasing intracellular calcium excretion.'” Due to the presence of components in
RZQG, such as cinnamaldehyde, eugenol, f-Caryophyllene, Copaene, which possess antidiarrheal and spasmolytic
effects, it is possible that RZQG inhibits L-type voltage-dependent calcium channels, leading to a decrease in intracel-
lular calcium levels and subsequent relaxation of smooth muscle. This effect may help alleviate the symptoms related to
diarrhea. Moreover, it may also regulate the intracellular cAMP level. By regulating intracellular cAMP levels, it

2364 s Drug Design, Development and Therapy 2023:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zhong et al

activates the cAMP/PKA signaling pathway, which in turn relaxes smooth muscle and may alleviate diarrhea symptoms.
In summary, the potential spasmolytic and antidiarrheal effects of the active ingredients in RZQG may be achieved
through the regulation of L-type voltage-dependent calcium channel and the cAMP/PKA signaling pathway in colonic
smooth muscle.

Previous studies have shown that senna-induced models resulted in severe diarrhea.”’ This agreed with our model.
RZQG transdermal treatment led to a significant reduction in the frequency of loose stools, diarrhea rate, diarrhea index,
and basal tension (Figure 3). DGQT, a marketed transdermal preparation in China for pediatric diarrhea,® is used by
approximately 60% of patients.”> DGQT treatment significantly reduced the frequency of loose stools induced by senna
and castor 0il.>> Our study showed that RZQG preferred over the DGQT. Moreover, RZQG administration has displayed
effect on castor oil-induced diarrhea, it is also proved effective against gastrointestinal motility through the charcoal meal
test, indicating the antidiarrheal efficacy of RQZG. A similar preparation, Xiaoer Fuxie Waifu powder, made of Fructus
Piperis and recorded in Chinese Pharmacopoeia,’ inhibits intestinal motility and exerts an antidiarrheal effect.*
Therefore, we focused on calcium channel to investigate colonic smooth muscle, which was more closely related to
the antidiarrheal effect.

Due to the accelerated intestinal motility, the transit time for food to travel through the intestine is shortened and
thus time for fluid/electrolytes to make contact with epithelial cells is reduced.>® Decreased absorption of fluid and
electrolytes leads to water retention in the intestinal lumen, resulting in diarrhea.”> RZQG reduced colonic tension, and
slowed colonic motility, which prolonged time for water absorption and improved fecal moisture content, thereby
treating diarrhea (Figure 3). Ca®" participates in smooth muscle cell contraction.”® Voltage-dependent calcium channel
(VDCC), as major machinery for Ca®" influx,?” has been placed into five essential groups, termed L, N, P/Q, R, and
T.2° L-VDCC is highly expressed on colonic smooth muscle.?® Previous researches manifested that an increase in [Ca®
*]; via the influx of Ca®" from L-type Ca”" channels could stimulate intestinal contraction, accelerate intestinal
motility, and develop diarrhea.?” In vitro, RZQG significantly inhibited CaCl,- and ACh-induced colonic contractile
responses. This relaxation was reduced by nifedipine. It was speculated that RZQG inhibited Ca®" influx via L-type
Ca®" channels to regulate colonic motility. CACNAIC (Ca,1.2) and CACNAID (Ca,1.3) are two subtypes of
L-VDCC.?®3%3! Studies have shown that the accelerated colonic motility was associated with CACNAIC channels
excitation-contraction.>® The expression of CACNAIC and CACNAID were significantly increased in the colonic
smooth muscle of the senna-induced diarrhea rat, which may be directly related to the enhanced colonic contraction.*®
Our results of Western blot showed that the expression of CACNA1C and CACNA1D were up-regulated in the model
group (Figure 4), which was in agreement with the previous studies. After RZQG treatment, the CACNAI1C and
CACNAID expression level decreased (Figure 4). Therefore, RZQG may exert a relaxing effect on smooth muscle
contraction by inhibiting CACNAI1C and CACNAI1D.

The current study has shown that inhibition of cAMP/ PKA signaling regulated Ca®*-gated channels resulting in
relaxing colonic smooth muscle.>* cAMP regulates the movement of the gastrointestinal tract and participates in the
regulation of intestinal sensation, secretion, and movement.>* cAMP exerts its effects mainly through the stimulation of
PKA.*® Studies have indicated a pivotal role of cAMP/PKA signaling in diarrhea-related protein regulation.*® The
initiation of Ca, 1.2 (CACNA1C) transcription is mediated through the activation of the cAMP-PKA signaling pathway.’
The C terminus Ser'®?® of the Ca,1.2 (CACNAIC) is the target for PKA-dependent phosphorylation.*® Also, the
C-terminal region of Ca,1.3 contains sites for phosphorylation by PKA, and is effectively up-regulated by the cAMP/
PKA pathway.” In vitro, blocking of PKA with H-89 significantly decreased the relaxation of RZQG (Figure 2, P <
0.05). It is speculated that the expression of CACNA1C and CACNAID in smooth muscle may regulate intestinal
motility through the cAMP/PKA signaling pathway. In vivo, 0.4 g/mL senna was given to the mice by gavage, and the
expression of colonic cAMP and PKA was significantly up-regulated (Figure 4). The results of IHC showed that cAMP
was highly expressed in smooth muscle (Figure 5). For patients with diarrhea, the expression of PKA was significantly
up-regulated in their colon.*” There was a tendency to increase cAMP in the colon of rats after gavage with sennosides.*!
After RZQG treatment, the expressions of cAMP and PKA were down-regulated, especially in the smooth muscle
(Figures 4 and 5).
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The sub-chronic toxicity testing in rats showed that the no observed adverse effect level (NOAEL) of RZQG was 0.3
g/kg/day (equivalent to 30 times the clinically planned dose and 4.92 times the human equivalent dose).** According to
the sub-chronic toxicity and the efficacy tests, RZQG presented promising perspectives. Electrolyte and water imbalance
were also involved in the pathogenesis of diarrhea. It is worthwhile to explore whether RZQG has regulated the
aquaporin and Na'/H" exchanger.

Conclusion

In summary, the up-mentioned findings supported that RZQG may alleviate intestinal motility, and improve diarrhea
symptoms by down-regulating the expression of CACNA1C and CACNA1D, which is closely related to the cAMP/PKA
signaling pathway in colonic smooth muscle. The present study sheds new light on the pharmacodynamics of transdermal
preparation.
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