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Mechanism of Sweat Secretion in Sweat Glands

Sweat, an exocrine fluid secreted (sweat gland tissue of the eccrine and apocrine glands) by skin 
has an indispensable function for regulating body temperature and skin hydration [1]. The eccrine 
gland performs 90% of sweat secretion and secretory fluid of eccrine glands consists of 99% water 
and 1% inorganic substances. Sweat secretion is stimulated by increased body temperature and stress, 
contributing to skin homeostasis [2]. Hyperhidrosis and anhidrosis are caused by abnormalities in 
sweat secretion mechanism. Reduced sweat secretion is known to cause not only hyperthermia and 
heatstroke, but also severe skin conditions such as pruritus and erythema due to dry skin, which 
significantly reduce patient’s quality of life [3]. Not knowing the exact cause and underlying mechanisms 
remaining a mystery, it is thought to be triggered in part by neurological and other conditions such as 
autonomic dysregulation and medications [4]. Moreover, there is a lack of appropriate treatment for 
anhidrosis, anticholinergic drugs and surgery are available for controlling hyperhidrosis [5,6].

Previous studies have shown acetylcholine (ACh) and noradrenaline (NA) as main neurotransmitters 
in regulating sweat secretion in sweat glands. These neurotransmitters are thought to act on muscarinic 
receptor M3-R and adrenergic receptor α1-R expressed in sweat gland cells, thereby increasing 
intracellular Ca2+, enhancing translocation of Aquaporin 5 (AQP5) from cytosol to plasma membrane, 
and promoting sweat secretion [7-10]. Store-operated Ca2+ entry (SOCE) mechanisms are known 
to be involved in the increase of intracellular Ca2+ concentrations [11]. The SOCE is important for 
increasing intracellular Ca2+ concentrations in the sweat gland, as a stimulation of receptors leads to 
activation of phospholipase C and generation of inositol trisphosphate (IP3), opening Ca2+ channels in 
the endoplasmic reticulum (ER) membrane releasing Ca2+ into cytosol [12]. Furthermore, decreasing 
Ca2+ concentration in the ER causes dissociation of Ca2+ from the EF hand motif, which activates 
stromal interaction molecule 1 (STIM 1) and STIM 2 at the ER membrane. The activated STIM 
stimulates the calcium release-activated calcium (CRAC) channel, resulting in an increase of the 
intracellular Ca2+ [13].

Increasing intracellular Ca2+ concentrations are reported to promote fluid secretion in various 
organs via calcium-dependent chloride channels (CaCC) [14,15]. In sweat glands, an influx of Cl- by 
the CaCC Anoctamin (ANO1) or transmembrane member 16A (TMEM16A) has also been reported 
in human sweat gland cells, which may act on sweat secretion [16]. Other possible mechanisms of 
sweat secretion involve bioactive peptides such as galanin, vasoactive intestinal polypeptide (VIP) 
and pituitary adenylate cyclase-activating polypeptide (PACAP), which are non-noradrenergic, 
non-cholinergic transmitters (NANCs) [17]. Sweat secretion can also be triggered by an increase in 
intracellular cyclic adenosine monophosphate (cAMP) [18].

The Function of Aquaporin in the Secretary Gland

Aquaporins are a family of water channels that dynamically and tightly regulate water making 
up to about 60% of human body. Humans have 13 subtypes of aquaporins, and different tissues 
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express different aquaporins; e.g., AQP1 is expressed in brain, 
kidney, eye, lung and muscle, AQP2 in renal collecting ducts and 
AQP4 in astrocytes of central nervous system, skeletal muscle and 
digestive tract [19]. Aquaporins also play an important role in water 
secretion in exocrine tissues. AQP5 is involved in production of 
exocrine secretions in sweat gland, salivary gland, lacrimal gland 
and lung [20]. AQP5 is an important factor in sweat secretion by 
sweat gland and is highly expressed in secretory cells of glandular 
tufts. Sweating secretion with pilocarpine is significantly reduced in 
AQP5 KO mice [21]. Various pathways have been reported for the 
activation of AQP5, including intracellular Ca2+ concentration and 
phosphorylation of AQP5 by the cAMP/PKA pathway [22].

AQP5 is expressed in several exocrine glands, such as salivary 
and lacrimal gland, and is significantly involved in exocrine actions 
in humans [23,24]. In particular, AQP5 is thought to be involved in 
sweat secretion by sweat gland, however, many pathways for AQP5 
activation remain unknown [21,25]. A pathway for AQP5 activation 
has been reported in mouse salivary gland, where AQP5 functions as 
a water channel by translocating to plasma membrane upon external 
stimulation [26-28]. In a previous histological study, ANO1, which is 
activated by increased intracellular Ca2+ concentrations, co-localizes 
with AQP5 in apical region of mouse sweat glands and is involved in 
translocation of AQP5 to plasma membrane [8]. A23187, a calcium 
ionophore activated by increased intracellular Ca2+ concentrations 
in mouse salivary gland, is involved in translocation of AQP5 to 
plasma membrane [26]. However, translocation of AQP5 is often 
not understood and factors other than Ca2+ may be involved. 

Description of the PACAP Molecule: An Overview of 
This Peptide and Its Receptor

PACAP was isolated and identified on the basis of its ability 
to activate adenylate cyclase in anterior pituitary cells from 
hypothalamus of sheep brain in 1989 [29,30]. Bioactive peptide 

PACAP consists of 27 (PACAP27) or 38 (PACAP38) amino acid 
residues, with almost equivalent physiological effects. PACAP 
belongs to VIP/secretin/glucagon family, and vasoactive intestinal 
peptide (VIP) and PACAP27 share a high homology (70%). PACAP 
has three receptors (-R), PAC1-R, VPAC1-R and VPAC2-R, with 
a particularly high affinity for PAC1 receptor (PAC1-R) (1000-
fold higher than other two). Tissue distribution of PACAP and 
PACAP receptors and in vitro and in vivo physiological and 
pharmacological studies have revealed several physiological roles 
for PACAP. These include glucose-dependent stimulation of insulin 
secretion in pancreatic islets of Langerhans B cells, pain modulation, 
immunosuppression, protection against ischemic neuronal cell death 
and neuroregeneration [31].

Recently, PACAP action on tissues such as lacrimal, sweat, and 
salivary glands to promote exocrine gland secretion was shown. 
PAC1-R is abundant in duct and adenocytes (column cells) of 
two major salivary glands (parotid and submandibular). PACAP 
significantly increased salivation when administered into nasal cavity 
of mice [32]. As atropine, which has an anticholinergic effect, did 
not inhibit salivary stimulating effect of PACAP, a novel salivary 
secretion mechanism downstream of PACAP is implied [32]. The 
PACAP gene-deficient mice are shown to develop corneal damage 
resembling corneal xerosis (dry eye). A novel function of PACAP 
in promoting lacrimal fluid secretion, mediated by its action on 
PAC1-R in lacrimal gland, phosphorylating AQP5 via activation of 
the cAMP/PKA pathway and increasing translocation of AQP5 from 
cytosol to plasma membrane is identified [33]. Thus, PACAP may 
help in the development of therapeutic agents for dry eye disease 
[33].

The Mechanism of Sweat Secretion by PACAP

In mouse sweat gland, PACAP is present in ganglia near sweat 
gland tissue, and PAC1-R is expressed in adenocytes of the sweat 

 

Figure 1. Schematic intracellular signaling mechanism of PACAP in eccrine sweat secretion. Created with BioRender.
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gland secretory cells as shown with immunohistological analysis 
[34]. Specific inhibitors of PAC1-R suppressed the sweat-secreting 
effects of PACAP in mice [34]. Furthermore, we found the addition 
of PACAP38 to NCL-SG3 cells, immortalized human eccrine 
gland cells, transiently increased intracellular Ca2+ concentration 
in a cAMP-independent manner. The increase in intracellular 
Ca2+ concentration induced by PACAP38 was suppressed by the 
simultaneous addition of a PAC1R antagonist, suggesting PAC1-R 
involvement in increasing intracellular Ca2+ concentration through 
PACAP38. Furthermore, it was reported that PACAP38 transiently 
translocates localization of AQP5 to the plasma membrane from 
the cytosol in NCL-SG3 cells by confocal laser microscopy [35]. 
The function of PACAP in eccrine sweat glands was elucidated in 
an in vivo study using PAC1R KO mice. The AQP5-containing 
vesicles were observed in secretory cells of mouse eccrine glands and 
that intradermal administration of PACAP transferred AQP5 from 
cytosol to the luminal side [36]. Additionally, experiments with skin 
tissue post-PACAP administration using DNA microarrays revealed 
increased expression levels of four genes (Ptgs2, Kcnn2, Cacna1s 
and Chrna1) with known involvement in sweat secretion in wild 
type (WT) mice treated with PACAP. Inflammatory markers also 
increased in PAC1R KO mice compared to WT mice, suggesting 
that PACAP may have an anti-inflammatory function in the skin 
[36]. As inflammation caused by TNF-α and NF-κB suppresses 
AQP5 expression, it can be suggested that inflammation may affect 
sweat secretion [24].

Possibility of Preventing and Treating Skin Dryness 
by Utilizing the Sweat Secretion Promoting Effect of 
PACAP and PAC1-R Agonists

We have shown that PACAP has a PAC1-R-mediated mechanism 
to promote sweat secretion. Recent studies have also suggested 
that PACAP may also inhibit chronic dermatitis, suggesting that 
PACAP may be used as a multifunctional skin protection agent 
with both sweat secretion and skin inflammation inhibitory effects. 
Nevertheless, PACAP is a peptide and numerous challenges (stability 
and skin transfer) remain for it to be uses as a drug [37,38]. Therefore, 
designing PAC1-R agonists is essential in drug development for the 
prevention and treatment of dry skin disease.
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