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Background
Saliva plays an important role in oral health [1, 2]. It 
prompts digestion through starch breakdown with amy-
lase, prevents cavities by regulating pH, and defends 
against bacteria and viruses. Saliva also plays a role 
in lubricating the oral cavity and protecting the oral 
mucosa. Normal, unstimulated salivary secretory rates 
vary between 800 and 1500 mL per day [3], and a reduc-
tion in an unstimulated whole saliva flow rate of less 
than 0.1 mL/min or a stimulated flow rate of less than 
0.7 mL/min is typically defined as hyposalivation [4]. 
The causes of decreased saliva secretion are diverse and 
include systemic, neurological, or drug-related factors 
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Abstract
Background Hyposalivation is treated using oral cholinergic drugs; however, systemic side effects occasionally lead 
to discontinuation of treatment. We aimed to investigate the effects of transdermal pilocarpine on the salivary gland 
skin on saliva secretion and safety in rats.

Methods Pilocarpine was administered to rats orally (0.5 mg/kg) or topically on the salivary gland skin (5 mg/body). 
Saliva volume, the number of sweat dots, and fecal weight were measured along with pilocarpine concentration in 
plasma and submandibular gland tissues.

Results Saliva volume significantly increased 0.5 h after oral administration and 0.5, 3, and 12 h after topical 
administration. Fecal weight and sweat dots increased significantly 1 h after oral administration; however, no changes 
were observed after topical application. The pilocarpine concentration in the submandibular gland tissues of the 
topical group was higher than that in the oral group at 0.5, 3, and 12 h of administration.

Conclusions Pilocarpine application to salivary gland skin persistently increased salivary volume in rats without 
inducing sweating or diarrhea. Transdermal pilocarpine applied to the skin over the salivary glands may be an 
effective and safe treatment option for hyposalivation.
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or dysfunction of the salivary glands [5–8]. Hyposaliva-
tion causes oral diseases, such as oral candidiasis, bad 
breath, alveolar pyorrhea, and periodontal disease, along 
with dysphagia and taste disorders [9–13]. Moreover, the 
subjective feeling of having a dry mouth (xerostomia) 
reduces the quality of life (QOL). Hence, hyposalivation 
is a condition that warrants treatment.

The treatment strategies for hyposalivation include 
non-drug therapy, such as salivary gland massage and 
oral care, and drug therapy [14–16]. Cholinergic ago-
nists, including pilocarpine hydrochloride and cevime-
line hydrochloride, are administered orally. However, 
oral cholinergic agonists often cause systemic side 
effects, such as sweating, diarrhea, nausea, and vomiting 
[17–21], and a study focusing on patients with primary 
Sjögren’s syndrome reported a high rate of treatment 
discontinuation owing to these side effects [22]. More-
over, oral cholinergic agonists cannot be administered 
to patients with peptic ulcer disease or asthma and may 
cause cardiovascular compromise [23, 24]. Therefore, 
topical formulations that promote saliva secretion while 
minimizing systemic side effects have been investigated. 
Mouthwashes [25–27], lozenges [28, 29], mouth sprays 
[30, 31], and oral patches [32] of pilocarpine, constitut-
ing topical formulations administered through the oral 
mucosa, have been studied; however, they are limited by 
their short duration of action and because they cause dis-
comfort in the oral cavity. Moreover, their safety has not 
yet been sufficiently investigated.

Previously, we demonstrated that applying scopolamine 
ointment, a transdermal preparation for drooling, to the 
skin over the salivary glands of rats resulted in its topical 
delivery to the salivary glands without passing through 
the vascular system and sustainably suppressed salivary 
secretions [33]. Therefore, based on this observation, we 
hypothesized that the application of pilocarpine to the 
skin over the salivary glands could be a treatment option 
for hyposalivation with fewer systemic side effects.

In this study, we aimed to evaluate the effect of trans-
dermal administration of pilocarpine to the skin over the 
salivary glands on salivary secretion, its safety, and drug 
distribution properties in salivary glands in rats.

Materials and methods
Experimental animals
Adult male Sprague–Dawley rats (250–400  g) were 
obtained from Japan SLC (Hamamatsu, Shizuoka, Japan). 
The rats were housed in the institutional animal facility 
in a controlled environment (temperature 25 ± 1  °C and 
12 h light/dark cycle) with access to solid feed and water 
ad libitum and acclimatized to the study environment 
for at least one week. Animals were maintained, and 
experiments were performed following the Guidelines 
for the Care and Use of Laboratory Animals at Kanazawa 

University. This study is reported in accordance with 
the ARRIVE Statement for animal studies and was 
approved by the Committee on Animal Experimenta-
tion of Kanazawa University (Kanazawa, Japan; approval 
no. AP-224382). Adequate measures were taken to mini-
mize pain and discomfort in the experimental animals. 
Rats were classified into four groups: application on the 
skin over submandibular and sublingual glands that were 
part of salivary glands (SSG); application on the skin on 
the back of the neck (SBN), i.e., the dorsal side of SSG; 
peroral administration (PO); and non-treated (NT). We 
used a total of 72 rats assigned to four groups (six rats 
per group) for each measurement (saliva volume, sweat-
ing, and defecation), and 54 rats assigned to three groups 
other than the NT group (six rats for each of the three 
collection points per group) for the measurement of drug 
concentration.

Preparation and administration of drugs
Pilocarpine hydrochloride was purchased from FUJIF-
ILM Wako Pure Chemical Corporation (Osaka, Japan), 
and hydrophilic cream was purchased from Viatris Inc. 
(Tokyo, Japan). Pilocarpine concentration in the oint-
ment was selected for maximum salivary volume, similar 
to oral administration, based on a preliminary experi-
ment performed in a previous study on scopolamine 
ointments [33].

Rat body hair at the application site was carefully 
removed completely after applying a depilatory cream 
(Kracie, Ltd.; Tokyo, Japan). We applied 0.05  g of 10% 
pilocarpine ointment (total dose of 5  mg/rat) in the 
SSG and SBN groups [33]. In the PO group, pilocarpine 
hydrochloride was dissolved in 0.9% (w/v) NaCl and 
administered orally via a gastric tube at a concentration 
of 0.5 mg/kg body weight.

Measurements
Saliva volume was measured based on our previous study 
[33, 34] before pilocarpine application and at 0.5, 3, 6, 
9, and 12  h after application in the NT, SSG, and SBN 
groups. In the PO group, measurements were performed 
before administration and at 0.5, 1, 2, and 3  h after 
administration.

The iodine-starch sweat test, a method used to assess 
sweating, was performed based on a previous study [35], 
and sweat was assessed before application and 1, 3, 6, 9, 
and 12  h after application of the pilocarpine ointment 
in all groups. At each point, the animals were anesthe-
tized using an intraperitoneal injection of medetomidine 
hydrochloride (0.15  mg/kg body weight), midazolam 
(2.0  mg/kg body weight), and butorphanol (2.5  mg/kg 
body weight), and a 2% (w/v) iodine/ethanol solution 
was applied to the volar surface of the hind feet. After 
the surface was dried, a 1 g/mL starch/castor suspension 
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was applied. Fine black dots appeared on the volar sur-
face within 3–5 min. At 15 min after applying the starch/
castor suspension, representative images were captured 
using an electronic camera when the black dots were sta-
ble, and no new dots appeared. The researcher counted 
the black dots on the hindfoot, representing the number 
of sweat dots.

Rats used for the measurement of defecation weight 
were acclimatized in metabolic cages for at least 48  h, 
and defecation was assessed before application and at 1, 
2, 3, 6, 9, and 12 h after application in all groups. In addi-
tion to body weight at the start of the test, food intake, 
water intake, and urine volume were measured over the 
12 h of the experiment, and fecal weight was measured at 
each point [36].

Blood and submandibular glands were collected at 0.5, 
3, and 12  h following ointment application, and were 
pretreated as our previous study [33]. Drug concentra-
tion was determined using the triple quadrupole LC-MS-
8050 (Shimadzu; Kyoto, Kyoto, Japan) coupled with an 
LC-30  A system (Shimadzu). Chromatography was per-
formed on an InertSustain Amide (ID 2.1 mm × 50 mm; 
GL Sciences; Tokyo, Tokyo, Japan) at 40  °C using step-
gradient elution (flow rate, 0.4 mL/min) as follows: 92% B 
to 2 min, 92 to 10% 2.5 min, 10% 4.5 min, 10 to 92% 5 min, 
and 92% 7 min (A, water containing 0.1% formic acid; B, 
0.1% formic acid containing acetonitrile). D3-pilocarpine 
was used as the internal standard. The mass numbers of 
the molecular and product ions for each compound were 
as follows: pilocarpine (209.1 > 95.1, CE − 32  eV) and 
D3-pilocarpine (212.1 > 98.1, CE -32  eV). LabSolution 
LCMS Software version 5.89 (Shimadzu; Kyoto, Kyoto, 
Japan) was used for data manipulation. The limit of quan-
titation for each compound was 1 nM, and values below 
the limit of quantitation were excluded from the analysis. 
The tissue-to-plasma partition coefficients for the sub-
mandibular gland (Kp, SG) were determined using the fol-
lowing formula:

 
Kp,SG =

salivary grand tissue concentration (ng/g)

plasma concentration (ng/mL)

Statistical analysis
Data are presented as mean ± standard deviation. Statis-
tical analyses were performed using one-way repeated-
measures ANOVA with post-hoc Dunnett’s test, one-way 
ANOVA with post-hoc Tukey’s honest significant differ-
ence (HSD) test, and Student’s t-test. Differences were 
considered significant at p < 0.05. All statistical analyses 
were performed using IBM SPSS Statistics for Windows 
version 27 (IBM).

Results
Temporal variations in saliva volume after Pilocarpine 
Administration
Figure  1 shows the changes in the saliva volume mea-
sured before and 0.5, 3, 6, 9, and 12 h after the application 
of pilocarpine ointment in the SSG and SBN groups and 
before and 0.5, 1, 2, and 3 h after oral administration of 
pilocarpine in the PO group. In the NT and SBN groups, 
the saliva volumes before and at any time point after 
application were not different. Saliva volume increased 
significantly at 0.5, 3, and 12  h after application com-
pared to that before application in the SSG group. In 
the PO group, the saliva volume increased significantly 
only 0.5  h after administration compared to that before 
administration.

Effect of pilocarpine administration on sweating
In the iodine-starch sweat test (Fig.  2), the number of 
sweat dots increased significantly 1  h after pilocarpine 
administration compared with that before administration 
in the PO group. In contrast, no change was observed in 
the number of sweat dots in SSG and SBN groups at any 
time point after pilocarpine application compared to that 
before application, similar to the NT group.

Effect of pilocarpine administration on defecation
The changes in the fecal wet weight per hour are shown 
in Fig. 3. In the PO group, fecal weight increased signifi-
cantly 1 h after pilocarpine administration compared to 
that before administration. All rats in the PO group had 
loose or muddy stools 1–2  h after pilocarpine admin-
istration. In contrast, in the SSG and SBN groups, no 
significant changes were observed in fecal weight after 
pilocarpine administration compared to that before 
administration at any time point and all stools were nor-
mal, similar to that in the NT group. There were no sig-
nificant differences in body weight, water intake, food 
intake, or urine volume between the groups.

Drug concentration after pilocarpine administration
Figure  4 shows the changes in drug concentrations in 
the plasma (a) and submandibular gland tissue (b) after 
pilocarpine administration in SSG, SBN, and PO groups 
(SSG, SBN: 5  mg/body, PO: 0.5  mg/kg body weight). 
There was no significant difference in pilocarpine plasma 
concentrations in the PO, SSG, and SBN groups. The 
drug concentrations in all plasma samples at 12 h in the 
PO group were below the limit of quantitation. The pilo-
carpine concentration in submandibular gland tissues of 
the SSG group was significantly higher than that in the 
PO and SBN groups at all time points. The drug concen-
trations in more than half of the tissue samples at 3 and 
12 h in the PO group were below the limit of quantita-
tion. The Kp,SG values of the SSG group were significantly 
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higher than those of the PO group at 3  h and the SBN 
group at 12 h (Table 1).

Discussion
Our findings indicated that applying pilocarpine to the 
skin over the salivary glands in rats increased saliva vol-
ume, and this effect lasted for at least 12 h. We showed 
that transdermal administration of pilocarpine caused 
fewer systemic side effects, such as sweating and diar-
rhea, than did oral administration.

An increase in pilocarpine ointment–induced saliva 
volume was not observed in the SBN group but only in 
the SSG group. This result suggests that the site of appli-
cation influences the enhancing effect of pilocarpine on 
salivary secretion, similar to that observed with scopol-
amine ointment [33], and that the application of pilocar-
pine to the skin closer to the salivary glands is important 
to ensure effectiveness. Moreover, the increase in saliva 
volume in the SSG group after applying pilocarpine was 
comparable to that in the PO group and almost mirrored 
changes in saliva volume caused by oral topical prepara-
tions of pilocarpine in previous reports [32]. The effect of 
the pilocarpine ointment on salivary secretion in the SSG 
group began 30  min after application, similar to that in 
the PO group. This effect disappeared within 1 h in the 

PO group and lasted for 12 h in the SSG group. The dura-
tion of action of intraorally administered pilocarpine, 
such as sprays and oral mucosa patches, was previously 
reported to be approximately 1 h [25, 26, 32]; therefore, 
we believe that the effect of pilocarpine applied to the 
skin over the salivary glands can last longer than that of 
oral or intraoral administration. However, between the 
oral and transdermal routes of administration, the trans-
dermal dose (10% pilocarpine in ointment) was con-
siderably higher than the oral dose (0.5  mg/kg). Future 
studies should investigate dose-normalization between 
these routes to allow for more direct efficacy and safety 
comparisons.

A major problem with the treatment of hyposaliva-
tion using oral cholinergic drugs is the associated sys-
temic side effects, such as sweating, diarrhea, and nausea. 
However, most studies on the administration of cholin-
ergic drugs via the oral mucosa have focused only on 
saliva secretion, and systemic side effects have rarely 
been investigated in detail. Therefore, we investigated 
the effects of pilocarpine ointment on sweat and defeca-
tion to evaluate its systemic side effects. In the iodine-
starch sweat test, the number of sweat dots increased 1 h 
after oral administration of pilocarpine, but no sweat-
ing was observed after the application of the pilocarpine 

Fig. 1 Time course of saliva volume before and after the topical or oral pilocarpine administration to rats. Circles, squares, triangles, and open rhom-
buses represent SSG, SBN, PO, and NT groups, respectively (n = 6 per group). Each point represents mean ± standard deviation. *p < 0.05, **p < 0.01, and 
***p < 0.001 for each point versus before application in the SSG group. †p < 0.05, ††p < 0.01, and †††p < 0.001 for each point versus before administration in 
the PO group. NT, non-treated; PO, pilocarpine administered orally; SBN, pilocarpine ointment applied to the skin on the back of the neck; SSG, pilocarpine 
ointment applied to the skin over the salivary glands
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ointment. Sweating is a side effect that can occur at any 
time while using oral cholinergic drugs for hyposalivation 
and is the most common cause for discontinuing treat-
ment [22, 37]. This study indicates that the use of the 
pilocarpine ointment may not cause sweating. Although 
fecal weight increased 1 h after the oral administration of 
pilocarpine, it did not change after applying pilocarpine 
ointment. Thus, transdermal pilocarpine preparations 
are less likely to cause diarrhea as a side effect. Based on 
these findings, we believe that transdermal administra-
tion of pilocarpine to the skin over the salivary glands 

may reduce the treatment discontinuation rate owing 
to systemic side effects and lead to improved QOL in 
patients who require treatment for hyposalivation.

After application, we measured pilocarpine concentra-
tions in the blood and submandibular gland to evaluate 
the effect of drug tissue distribution on the efficacy and 
safety of the pilocarpine ointment. The pilocarpine con-
centration in the submandibular gland tissues of the SSG 
group was significantly higher than that in the PO and 
SBN groups, and the Kp, SG values of the SSG group were 
extremely high. Thus, applying a pilocarpine ointment to 

Fig. 2 (a) Representative images of the iodine-starch sweat test on rat hind feet at 1 h after the topical and oral administration. Black dots represent 
sweating spots. a-1: SSG, a-2: SBN, a-3: PO, a-4: NT. (b) Time course of sweat dots before and after the topical and oral administration of pilocarpine in 
rats. Circles, squares, triangles, and open rhombuses represent SSG, SBN, PO, and NT groups, respectively (n = 6 per group). Each point represents the 
mean ± standard deviation. *p < 0.05, **p < 0.01, and ***p < 0.001 for each point versus before administration in the PO group. NT, non-treated; PO, pilo-
carpine administered orally; SBN, pilocarpine ointment applied to the skin on the back of neck; SSG, pilocarpine ointment applied to the skin over the 
salivary glands
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the skin over the salivary glands led to higher concentra-
tions of pilocarpine in the salivary glands than applica-
tion at other sites or oral administration. Our results 
suggest that pilocarpine applied to the skin over the sali-
vary glands reaches the salivary glands without passing 
through the vascular system. The pilocarpine concen-
tration in the salivary gland tissues and the Kp, SG values 
in the SSG group remained high for 12  h after applica-
tion. We believe that these results were related to the 
sustained increase in salivary volume. A previous study 
showed that the application of topical pilocarpine to the 
eyelid skin resulted in pupil constriction and high pilo-
carpine concentrations in the conjunctiva and eyeball 
that lasted for 8  h [38]. Therefore, a sustained increase 
in salivary volume observed up to 12 h after transdermal 
application of pilocarpine may be due to the slow release 
or the prolonged presence of pilocarpine in the salivary 
gland tissue or skin. However, the exact mechanisms 
underlying this extended effect require further investi-
gation. In contrast, there were no statistically significant 
differences in the plasma concentrations of pilocarpine, 
which were associated with systemic side effects, among 
the three groups. Because the plasma concentration of 
pilocarpine in rats decreases relatively quickly, it is pos-
sible that we did not collect blood at the point when the 

plasma concentration was the highest [39]. Moreover, we 
also speculate that one of the reasons was the large varia-
tion in pilocarpine concentrations resulting from the use 
of data from different individuals at each measurement 
point. Future studies will require measuring drug con-
centrations over time for the same individuals.

Our study has some limitations that warrant further 
consideration. Our experiments were performed in rats 
but not in humans. The muscarinic receptor subtypes of 
the salivary glands are similar in rats and humans; how-
ever, the structures of the salivary glands differ. Skin per-
meability to drugs is higher in rat skin than human skin, 
and highly polar drugs have particularly high skin perme-
ability in rats. Therefore, it is important to acknowledge 
that the findings from this rat model may not directly 
translate to human hyposalivation, given the differences 
in salivary gland anatomy and physiology between spe-
cies. Because the distribution of eccrine sweat glands 
differs between humans and rats, the same results can-
not be guaranteed in humans. Further studies in human 
subjects are necessary to validate the efficacy and safety 
of transdermal pilocarpine for hyposalivation manage-
ment. Second, the focus was on the submandibular gland, 
neglecting the parotid gland’s significant contribution to 
stimulated saliva secretion in this study. A comprehensive 

Fig. 3 Time course of fecal weight before and after topical and oral pilocarpine administration to rats. Circles, squares, triangles, and open rhombuses rep-
resent SSG, SBN, PO, and NT groups, respectively (n = 6 per group). Each point represents mean ± standard deviation. *p < 0.05, **p < 0.01, and ***p < 0.001 
for each point versus before administration in the PO group. NT, non-treated; PO, pilocarpine administered orally; SBN, pilocarpine ointment applied to 
the skin on the back of neck; SSG, pilocarpine ointment applied to the skin over the salivary glands
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evaluation of both major salivary glands may provide a 
more complete understanding of pilocarpine’s effects on 
salivary flow. Finally, a dose-response curve was not eval-
uated in this study, a limitation that should be addressed 
in future investigations.

Conclusions
In conclusion, the results of our in vivo study suggest 
that pilocarpine, when applied to the skin over the sali-
vary glands of rats, resulted in a sustained increment of 
salivary secretion. Applying pilocarpine to the skin over 
the salivary glands effectively increases salivary secretion 

because pilocarpine is translocated into the salivary gland 
tissue. We hypothesized that transdermal administration 
of pilocarpine is less likely to cause systemic side effects 
than oral administration due to the relatively lower 
blood concentration of pilocarpine. Therefore, transder-
mal pilocarpine application to the skin over the salivary 
glands may be an effective and safe treatment option for 
hyposalivation, and further studies on human subjects 
are necessary.
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