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Abstract

Inhibitors of cAMP-phosphodiesterase 4 (PDE4) exert a number of promising therapeutic benefits, 

but adverse effects, in particular emesis and nausea, have curbed their clinical utility. Here, we 

show that PAN-selective inhibition of PDE4, but not inhibition of PDE3, causes a time- and dose-

dependent accumulation of chow in the stomachs of mice fed ad libitum without changing the 

animal’s food intake or the weight of their intestines, suggesting that PDE4 inhibition impairs 

gastric emptying. Indeed, PDE4 inhibition induced gastric retention in an acute model of gastric 

motility that traces the passage of a food bolus through the stomach over a 30 min time period. In 

humans, abnormal gastric retention of food is known as gastroparesis, a syndrome predominated 

by nausea (>90% of cases) and vomiting (>80% of cases). We thus explored the abnormal gastric 

retention induced by PDE4 inhibition in mice under the premise that it may represent a useful 

correlate of emesis and nausea. Delayed gastric emptying was produced by structurally distinct 

PAN-PDE4 inhibitors including Rolipram, Piclamilast, Roflumilast and RS25344, suggesting it is 

a class effect. PDE4 inhibitors induced gastric retention at similar or below doses commonly used 

to induce therapeutic benefits (e.g. 0.04 mg/kg Rolipram), thus mirroring the narrow therapeutic 

window of PDE4 inhibitors in humans. YM976, a PAN-PDE4 inhibitor that does not efficiently 

cross the blood-brain barrier, induced gastroparesis only at significantly higher doses (≥1 mg/kg). 

This suggests that PDE4 inhibition may act in part through effects on the autonomic nervous 

system regulation of gastric emptying, and that PDE4 inhibitors that are not brain-penetrant may 

have an improved safety profile. The PDE4 family comprises four subtypes, PDE4A, B, C and D. 

Selective ablation of any of these subtypes in mice did not induce gastroparesis per se, nor did it 

protect from PAN-PDE4 inhibitor-induced gastroparesis, indicating that gastric retention may 

result from the concurrent inhibition of multiple PDE4s. Thus, potentially, any of the four PDE4 

subtypes may be targeted individually for therapeutic benefits without inducing nausea or emesis. 

Acute gastric retention induced by PDE4 inhibition is alleviated by treatment with the widely used 

prokinetic Metoclopramide, suggesting a potential of this drug to alleviate the side effects of PDE4 

inhibitors. Finally, given that the cause of gastroparesis remains largely idiopathic, our findings 
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open the possibility that a physiologic or pathophysiologic downregulation of PDE4 activity/

expression may be causative in a subset of patients.
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Introduction

cAMP is a ubiquitous second messenger that transduces the action of a plethora of 

extracellular signals, from hormones and neurotransmitters, to odorants and pH, into a 

diverse set of cellular responses1–4. The cellular concentration of cAMP is determined by 

the equilibrium between the rate of its synthesis by adenylyl cyclases, and the rate of its 

hydrolysis and inactivation by cyclic nucleotide phosphodiesterases (PDEs)4. The 

mammalian PDEs comprise a large group of isoenzymes that are encoded by 21 genes, and 

are divided into eleven PDE families by their sequence homology, substrate specificity and 

pharmacological properties5,6.

The PDE4 family is the largest and most complex PDE family, and arguably most widely 

expressed throughout the body. It comprises four genes, PDE4A, PDE4B, PDE4C and 

PDE4D7–9. Each PDE4 gene is expressed as several protein variants that are generated via 
use of alternative promoters and transcription start sites or alternative splicing, so that in 

total, likely more than 25 PDE4 proteins are expressed in humans and other mammals. 

While individual PDE4 protein variants often exhibit a unique cell- and tissue distribution, 

essentially all cells and tissues express a barcode of PDE4 isoforms. As a result of this 

ubiquitous presence of PDE4 in the body, PAN-selective inhibition of PDE4 produces a 

large number of effects of potentially high therapeutic value10–13 including potent anti-

inflammatory effects14–16, improvement of memory and cognition17–20, as well as 

cardiovascular21–23, metabolic24 and antineoplastic25–27 effects.

However, despite major research and development efforts, only a handful of PDE4 inhibitors 

are now approved for clinical use including Roflumilast (chronic obstructive pulmonary 

disease), Apremilast (psoriasis) and Crisaborole (atopic dermatitis)11,14,16,28. The main 

impediment to a wider clinical utility and commercial success are adverse gastrointestinal 

effects including nausea, emesis and diarrhea that limit the therapeutic window. The main 

approach to mitigate these side effects is to inhibit only a fraction of the total PDE4 in the 

body. For some indications, the local delivery of a PDE4 inhibitor to the target site, while 

limiting its systemic exposure, is a suitable approach. The topical application of Crisaborole 

for dermatitis15 or clinical trials exploring inhaled preparations of PDE4 inhibitors for 

inflammatory lung disease are examples of that29. If a local delivery is not feasible, PDE4 

inhibitor development is geared towards selectively targeting specific PDE4 subtypes or 

distinct conformational states of PDE413,30,31.

Using genetic and immunologic approaches, it was first established in the 1990s that the 

Rolipram-sensitive PDE4 activity found in many cells and tissues is comprised of multiple 

protein variants generated from distinct PDE4 genes32–34. Subsequent studies showed that 
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genetic ablation of individual PDE4 subtypes in mice35,36 or siRNA-mediated knockdown in 

cells37,38 produces clearly distinct effects, suggesting that individual PDE4 enzymes serve 

unique and non-overlapping physiological roles and generally cannot functionally replace or 

compensate for each other. Since then, major progress has been made in deciphering the 

unique roles of individual PDE4 subtypes and protein variants in many cells and tissues, as 

well as their unique post-translational regulation and recruitment into macromolecular 

signaling complexes that underpin the unique roles of individual PDE4 isoforms even if they 

are expressed in the same cell9,21,39,40. As a result, considerable knowledge as to the specific 

PDE4 subtypes and variants that represent promising targets for development of novel 

therapeutics is available11–15,17,19,26,31,18. Conversely, which PDE4 subtypes and variants 

are involved in mediating the adverse effects of PDE4 inhibitors remains ill understood. As a 

result, it is unclear which portion of PDE4 in the body must be avoided in the development 

of PDE4 inhibitors with an improved safety profile. This is largely due to an inherent 

difficulty in assessing the role of individual PDE4s in emesis and nausea in animal models. 

Despite development of inhibitors with some subtype selectivity41–46, there are no highly 

selective inhibitors for individual PDE4 subtypes available to date that would allow 

conclusive testing of this question in animals or humans. Genetic inactivation of individual 

PDE4 subtypes in mice and rats47,48 revealed many potentially therapeutic benefits of 

targeting specific PDE4s. However, as these species are anatomically unable to vomit, these 

models cannot be used to study emesis directly. Expression of various PDE4 isoforms in the 

emesis centers of the brain, such as the area postrema, has been explored49–51. However, 

there is insufficient evidence for the idea that inhibition of PDE4 within these regions is 

predominantly or exclusively responsible for the side effect profile of PAN-PDE4 inhibitors.

The effect of PDE4 inhibitors in a model of xylazine/ketamine-induced anesthesia in various 

animal species has received particular attention and has since largely shaped opinion around 

the emetic potential of these drugs. In ferrets, treatment with PAN-PDE4 inhibitors mimics 

the effects of α2-adrenoceptor antagonists, in that both induce vomiting as well as shorten 

the duration of α2-adrenoceptor-dependent, xylazine/ketamine-induced anesthesia52. 

Moreover, treatment with α2-adrenoceptor agonists alleviated vomiting induced by PDE4 

inhibitors in ferrets, leading to the hypothesis that PDE4 inhibitor-induced emesis is due to 

α2-adrenoceptor antagonism52,53. The xylazine/ketamine anesthesia test has since been used 

extensively to assess the emetic potential of PDE4 inhibitors in species that are not able to 

vomit, such as rats and mice54,55. In a key paper, it was reported that genetic ablation of 

PDE4D shortens xylazine/ketamine-induced anesthesia in mice, thus mimicking the effects 

of PAN-PDE4 inhibitors, whereas ablation of PDE4B did not55. The authors thus proposed 

that inhibition of PDE4D is responsible for the emetic effects of PAN-PDE4 inhibitors. This 

has led to significant efforts to develop PDE4 inhibitors selective for PDE4B over PDE4D in 

expectation of an improved safety profile45,56–59; at the same time largely forgoing any 

therapeutic benefits potentially derived from inhibition of PDE4D. However, while the 

xylazine/ketamine-anesthesia test is a reliable measure for α2-adrenoreceptor antagonism, it 

does have limitations as a predictor of emetic potential, as shown recently60. Moreover, at 

least one study has shown that inhibitors with some selectivity for PDE4D exhibited reduced 

vomiting compared to PAN-PDE4 inhibitors in several species46. Thus, in our opinion, the 

association of individual PDE4 subtypes with emesis and/or nausea remains inconclusive.
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During a cancer xenograft study that involved treatment of mice with PAN-PDE4 inhibitors 

for an extended period, we noted that PDE4 inhibitor-treated mice had substantially enlarged 

stomachs due to accumulation of dry food. In humans, abnormal gastric retention of food is 

a well-established symptomatic disorder termed gastroparesis, which is defined by delayed 

gastric emptying in the absence of mechanical obstruction61–63. Patients present with a 

constellation of symptoms of which nausea (>90%), vomiting (>80%), and early satiety and 

post-prandial fullness (60%) are most frequent62–66. Although the cause of gastroparesis is 

idiopathic in the majority of cases67, diabetes, post gastric surgery (e.g. vagal nerve injury), 

various neurologic (e.g. Parkinson’s disease), endocrine and eating disorders as well as 

medications such as opioids and anticholinergics are established causes61–63,68. Given the 

strong association of gastroparesis with nausea and emesis in humans, we further explored 

the abnormal gastric retention of food we observed in mice treated with PDE4 inhibitors 

under the premise that it may represent a useful correlate of nausea and emesis in humans 

and hence provide a tool to further delineate the role of individual PDE4s in mediating the 

established adverse effects of PDE4 inhibitors.

MATERIAL AND METHODS

Drugs

Piclamilast69,70 (RP73401; 3-(Cyclopentyloxy)-N-(3,5-dichloropyridin-4-yl)-4-

methoxybenzamide), Rolipram71 (4-(3-cyclopentyloxy-4-methoxyphenyl)pyrrolidin-2-one), 

Roflumilast28,72 (3-(cyclopropylmethoxy)-N-(3,5-dichloropyridin-4-yl)-4-

(difluoromethoxy)benzamide), Cilostamide73 (N-cyclohexyl-N-methyl-4-[(2-oxo-1H-

quinolin-6-yl)oxy]butanamide), Metoclopramide (4-amino-5-chloro-N-[2-

(diethylamino)ethyl]-2-methoxybenzamide), Clonidine (N-(2,6-dichlorophenyl)-4,5-

dihydro-1H-imidazol-2-amine) and Yohimbine (methyl (1S,15R,18S,19R,20S)-18-

hydroxy-1,3,11,12,14,15,16,17,18,19,20,21-dodecahydroyohimban-19-carboxylate) were 

from Cayman Chemical (Ann Arbor, MI), YM97674 (4-(3-chlorophenyl)-1,7-

diethylpyrido[2,3-d]pyrimidin-2-one) was from Tocris/Bio-Techne (Minneapolis, MN) and 

RS2534475 (1-(3-nitrophenyl)-3-(pyridin-4-ylmethyl)pyrido[2,3-d]pyrimidine-2,4-dione) 

was obtained from Santa Cruz Biotech (Santa Cruz, CA). All PDE inhibitors, Clonidine and 

Yohimbine were initially dissolved in DMSO, subsequently diluted into phosphate-buffered 

saline (PBS), pH 7.4, containing final concentrations of 5% DMSO and 5% Cremophor EL 

(Millipore Sigma, St. Louis, MO) and were applied by intraperitoneal injection (100 μl per 

20 g body weight). Metoclopramide was dissolved in 1 % methylcellulose in water and 

administered via oral gavage.

Animals

Female nude athymic mice (Crl:NU(NCr)-Foxn1nu; 490 (Homozygous)) were obtained from 

Charles River Laboratories (Wilmington, MA). Beginning at day 6 after placement of a 

xenograft under the skin at their flanks, mice were injected intraperitoneally (i.p.) twice 

daily with Piclamilast (5 mg/kg) or solvent for the following 14 days. Upon euthanasia and 

post-mortem dissection of the animals, the stomachs were then extracted and weighed. Wild 

type C57BL/6 mice for experimentation were generated in-house using breeders obtained 

from Charles River Laboratories (Wilmington, MA). Mice deficient in PDE4A76, PDE4B36 
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and PDE4D35 mice were generated by Drs. S.-L. Catherine Jin and Marco Conti (Stanford 

University, CA; also see48) and kindly distributed via the Mutant Mouse Resource and 

Research Centers (MMRRC, http://www.mmrrc.org, PDE4A stock ID# 034793-UCD, 

PDE4B stock ID# 034682-UCD, PDE4D stock ID# 034588-UCD) of the University of 

California at Davis. PDE4C knockout mice (Pde4ctm1.1(KOMP)Wtsi/J) were generated by the 

National Institutes of Health (NIH) Knockout Mouse Program (KOMP; www.komp.org) and 

kindly distributed via the KOMP repository at the University of California at Davis. PDE4C 

knock-out mice were generated through targeted deletion of ~4500 nucleotides starting at 

position 70745158 and ending at position 70749713 of chromosome 8 (Genome Build 

GRCm38; see http://www.informatics.jax.org/allele/MGI:5585589 for details) resulting in 

the removal of exons 4 to 16 of mouse PDE4C1 (NP_001297394.1), thereby removing both 

the upstream conserved regions 1 and 2 (UCR1/2) as well as a major portion of the catalytic 

domain of PDE4C (please see Supplementary Fig. 1 for a description of the PDE4C knock-

out mouse; additional details are available on the website of the Mutant Mouse Regional 

Resource Centers (MMRRC; http://www.mmrrc.org; Stock number 049025-UCD). All 

PDE4 knockout mouse colonies were maintained on a C57BL/6 background by Het/Het 

breeding and homozygous PDE4-KO mice were compared to their respective wildtype 

littermates. All mice were group housed 4 mice per cage with ad libitum access to food and 

water and were maintained in a temperature-controlled (22–23°C) vivarium with a 12-h 

light/dark cycle. Adult mice ≥10 weeks of age and of either sex were used for 

experimentation by equally dividing cage littermates into experimental groups. They are 

indicated by filled circles (females) and open squares (males), respectively. Experimenters 

were blinded to the identity of the injected drugs until data acquisition and analysis were 

completed. All experiments and procedures were conducted in accordance with the 

guidelines described in the Guide for the Care and Use of Laboratory Animals (National 

Institutes of Health, Bethesda, MD, USA) and were approved by the University of South 

Alabama Institutional Animal Care and Use Committee.

Measurement of stomach weight in mice fed ad libitum

Mice were single housed for one week prior to the experiment. They were then injected 

intraperitoneally (i.p.) twice daily with test drugs or solvent controls as indicated, while food 

consumption was measured. Mice were euthanized at the indicated time points using 

EUTHASOL® Euthanasia Solution (Patterson Veterinary, Greeley, CO) followed by 

cervical dislocation, and stomachs and intestines were then extracted and weighed.

Measurement of acute gastric retention

Mice were housed on wire racks to prevent ingestion of feces and fasted overnight while 

having free access to water. To prepare the food bolus, DietGel® Recovery (ClearH2O, 

Portland, ME) was dissolved to 40% w/v in water by heating, subsequently cooled to 37°C 

and mixed with 2 mg/ml Fluorescein isothiocyanate (FITC)-Dextran (Millipore Sigma, St. 

Louis, MO). Unless indicated otherwise, the food bolus was administered via oral gavage at 

30 min after i.p. injection of test drugs or solvent controls. Mice were euthanized at the 

indicated times after food administration, the stomach and small intestines were extracted, 

minced with scissors and suspended in 5 ml of 2x phosphate-buffered saline by vortexing. 

Solids were allowed to settle for 10 min and 150 ul of supernatants were transferred to 96-
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well plates for measurement of FITC fluorescence (excitation at 485/20 nm, emission at 

528/20 nm) using a Biotek Synergy 2 (Biotek Instruments, Winooski, VT) plate reader. 

Gastric retention of food was calculated as the amount of fluorescence (relative fluorescence 

units) recovered in stomach or intestine extracts as a fraction of the total fluorescence of the 

administered food bolus.

Statistics

Data are expressed as the mean ± SEM and Student’s t-test or one-way ANOVA followed by 

Tukey’s post hoc test was used to determine differences between two, or more than two 

groups, respectively. Differences were considered significant if p<0.05.

RESULTS

Treatment with the PDE4 inhibitor Piclamilast induces retention of food in the stomach of 
mice

As part of a cancer xenograft study, female nude athymic mice were treated with the PAN-

PDE4 inhibitor Piclamilast69,70 (RP73401; 5 mg/kg, i.p., twice daily) for 14 days. During 

post-mortem dissection of the carcasses, we noted an unexpected, substantial increase in the 

size and weight of the stomachs of Piclamilast-treated animals, compared to solvent controls 

(Fig. 1A/B). This ≥3-fold weight increase results from the accumulation of rodent chow in 

the stomachs of Piclamilast-treated mice. The effect of Piclamilast treatment on chow 

accumulation in the stomach did not require drug treatment for 14 days. As shown in Fig. 

1C/D, treatment with the same dose of Piclamilast, 5 mg/kg, induced retention of food in the 

stomachs of C57BL/6 mice fed ad libitum in as little as 24 h, and a comparable ≥3-fold 

increase in stomach weight was reached within 72 h. Finally, Piclamilast-induced chow 

accumulation in the stomach was observed in both female and male mice (Supplementary 

Fig. 2A).

Gastric retention of food is a class effect of PAN-PDE4 inhibitors

To determine whether the increased stomach weights are an effect unique to Piclamilast, or a 

class effect of PAN-PDE4 inhibitors, we next treated mice fed ad libitum with a number of 

structurally distinct PAN-PDE4 inhibitors including Rolipram71, Roflumilast28,72 and 

RS2534475, as well as the PDE3-selective inhibitor Cilostamide73. As shown in Fig. 2, 

treatment with any of the PAN-PDE4 inhibitors (all at 5 mg/kg, i.p., twice daily for 72 h) 

resulted in significant increases in stomach weights, whereas treatment with the PDE3 

inhibitor Cilostamide (10 mg/kg, i.p., twice daily for 72 h) did not, suggesting that abnormal 

food accumulation in the stomachs of mice is a class effect of PAN-PDE4 family-selective 

inhibitors.

In mice fed ad libitum, Piclamilast dose-dependently increased the weight of their stomachs 

(Fig. 3A) but had no effect on either the weight of the intestines (Fig. 3B) or food 

consumption (Fig. 3C). In addition, we did not observe intestinal obstruction during 

dissection of any of the animals in this study. This suggests that food accumulation in the 

stomachs of Piclamilast-treated mice is due to abnormal retention of food in the stomach, 
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but not due to back-up of food retained in the intestines or effects of PDE4 inhibition on 

appetite.

PAN-PDE4 inhibition delays stomach emptying in an acute model of gastric retention

To confirm this idea and to limit the impact of pharmacokinetics on further mechanistic 

studies, we established an acute model of gastric retention. In brief, a food bolus of 200 μl 

DietGel® traced with FITC-dextran is given to fasted mice via oral gavage. The mice are 

euthanized at different time intervals after food application, the stomachs and small 

intestines extracted and homogenized, and the amount of FITC-dextran retained in these 

tissues is assessed by fluorescence microscopy or spectroscopy. As shown in Fig. 4A/B, the 

majority of the food bolus (~80%) passes through the stomach within 20 to 30 min of food 

delivery and is then found in the small intestines or has entered the cecum (Fig. 4A, compare 

bottom/left and center tissues). Conversely, treatment with the PAN-PDE4 inhibitor 

Piclamilast (1 mg/kg, i.p., 30 min prior to food bolus) causes a major delay in gastric 

emptying (Fig. 4A, top/right tissue) with >50% of the food bolus remaining in the stomach 

even at 60 min after food application (Fig. 4C), and this Piclamilast-induced delay in gastric 

emptying was observed in both female and male mice (Supplementary Fig. 2B). This 

confirms the hypothesis that chow accumulation in the stomachs of mice fed ad libitum (Fig. 

1–3) is due to impaired gastric emptying.

Mirroring findings in the ad libitum model (Fig. 2), treatment with a number of structurally 

distinct PDE4 inhibitors including Piclamilast, Rolipram, Roflumilast or RS25344 (all 1 

mg/kg, i.p., 30 min prior to food bolus), but not the PDE3-selective inhibitor Cilostamide (1 

mg/kg, i.p.), increased gastric retention, confirming it as a class effect of PAN-PDE4 

inhibitors. Dose-response curves revealed that as little as 0.04 mg/kg Rolipram (Fig. 5B) or 

0.2 mg/kg Piclamilast (Fig. 5C) significantly increases gastric retention. Most published 

studies use the same or higher doses of these PDE4 inhibitors to produce therapeutic effects 

such as anti-inflammatory, memory- and cognition enhancing, or antineoplastic effects 
14,18,77 as well as emesis52,54,77,78 in animal models. Thus, doses that effectively induce 

abnormal gastric retention parallel the doses required for most therapeutic benefits as well as 

adverse effects of PDE4 inhibitors in mice and other animals.

Prior studies have shown that the PAN-PDE4 inhibitor YM976 has a similar potency in 

inhibiting cAMP hydrolysis by PDE4 compared to Piclamilast or Roflumilast, but is 

distinguished by its poor brain penetrance74. As shown in Figs. 5A/D, YM976 exhibits a 

reduced potency in inducing gastric retention compared to the brain-penetrant compounds 

tested, suggesting that PDE4 inhibitor-induced gastric retention may be due, at least in part, 

to inhibition of PDE4 in the brain.

Concurrent, but not subtype-selective ablation of PDE4s induces gastroparesis

The PDE4 family comprises four subtypes, PDE4A, B, C and D, and prior studies utilizing 

the genetic ablation of PDE4A76, PDE4B36 or PDE4D35 in mice48, or using siRNA-

mediated knockdown of individual PDE4 isoforms in cells37,38 have shown that individual 

PDE4 subtypes play unique and non-overlapping roles in the body. To determine whether 

one of the four PDE4 subtypes is predominantly associated with impaired gastric emptying, 
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we compared acute gastric retention in mice deficient in PDE4A (Fig. 6A), PDE4B (Fig. 

6B), PDE4C (Fig. 6C) or PDE4D (Fig. 6D) to their respective wildtype littermates. As 

shown in Figs. 6A–D, genetic ablation of any of the four PDE4 subtypes per se did not 

increase gastric retention. To exclude the possibility that compensatory changes may have 

obscured the role of a specific PDE4 subtype, the effect of PDE4 inhibitor treatment on 

gastric retention was then tested in each knockout mouse line. As shown in Figs. 6A to D, 

treatment with Piclamilast (1 mg/kg) increased gastric retention in each of the four PDE4 

knockout mouse lines to levels similar to those in their wildtype littermates. These findings 

suggest that inactivation of any individual PDE4 subtype does not cause gastric retention per 
se, which instead likely results from the concurrent inhibition of multiple PDE4 subtypes. 

Which PDE4 subtypes must be concurrently inhibited and how these PDE4 subtypes are 

involved in the regulation of gastric retention remains to be delineated.

Role of α2-adrenoceptor signaling in PDE4 inhibitor-induced gastroparesis in mice

Given that in humans, nausea and emesis are predominant symptoms of abnormal gastric 

retention, and given that they are also the main adverse effects of PAN-PDE4 inhibitor 

treatment, we further explored the idea that PDE4 inhibitor-induced gastric retention in mice 

may serve as a correlate of emesis in humans. Up until now, PDE4-inhibitor-induced α2-

adrenoceptor antagonism, which shortens the duration of xylazine/ketamine-induced 

anesthesia, has been widely used to assess the emetic potential of PDE4 inhibitors in animal 

species that cannot vomit, in particular in mice and rats54,55. Thus, we wished to determine 

whether α2-adrenoceptor antagonism may also mediate PDE4 inhibitor-induced gastric 

retention. As shown in Fig. 7A, treatment with Clonidine, an α2-adrenoceptor agonist, 

potently induced gastric retention, thus paralleling the effect of PDE4 inhibition, whereas 

treatment with Yohimbine, an α2-adrenoceptor antagonist, did not. These findings are in 

contradiction to the xylazine/ketamine anesthesia test, in which α2-adrenoceptor antagonists, 

such as Yohimbine, parallel the effect of PDE4 inhibitors to shorten anesthesia. Thus, these 

data suggest that distinct signaling cascades must mediate the effects of PDE4 inhibitors on 

gastric retention and xylazine/ketamine-induced anesthesia.

The prokinetic Metoclopramide alleviates PDE4 inhibitor-induced gastroparesis

Should gastroparesis be a critical cause of PDE4-inhibitor induced nausea and emesis in 

humans, then treatment of delayed gastric emptying should also alleviate these symptoms. 

To this end, we tested whether Metoclopramide, a prokinetic acting via D2-dopamine 

receptor antagonism and 5-hydroxytryptamine (5-HT)4-serotonin receptor agonism, that is 

widely used in the treatment of gastroparesis in humans and animals61,62, may also alleviate 

PDE4 inhibitor-induced gastroparesis. Indeed, as shown in Fig. 7B, pre-treatment with 

Metoclopramide (10 mg/kg, o.g., 30 min before PDE4 inhibitor treatment) significantly 

reduced PDE4 inhibitor-induced gastric retention.

DISCUSSION

Increased gastric retention is a class effect of PAN-PDE4 inhibitors in mice

We show here that PAN-selective inhibition of PDE4, but not inhibition of PDE3, causes a 

time- (Fig. 1) and dose- (Fig. 3) dependent accumulation of chow in the stomachs of mice 
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fed ad libitum. This phenotype is produced by several structurally distinct PAN-PDE4 

inhibitors, suggesting it is a class effect of these drugs (Fig. 2). After 3 days of treatment, the 

stomachs of PDE4 inhibitor-treated mice increased in weight ≥3-fold over controls, whereas 

no abnormal accumulation of food in the intestines was observed (Fig. 3B), nor did the mice 

eat more (Fig. 3C). Together, this suggests that food accumulation in the stomachs of PDE4 

inhibitor-treated mice is due to abnormal retention of food in their stomachs, and this idea is 

broadly confirmed in an acute model of gastric retention that tracks the passage of a food 

bolus through the stomach over a 30 min time period (Figs. 4 and 5).

In several unrelated studies, in which we have treated mice with high doses of PDE4 

inhibitors including Piclamilast, Rolipram and Roflumilast (all ≥5 mg/kg, i.p. twice daily) 

for up to 14 days, we never observed an animal to die as a result of PDE4 inhibitor 

treatment, suggesting that their stomachs do not increase to the point of rupture, nor did 

stomach weights increase much further than the weight reached within 3 days (for example, 

compare Figs. 1B and 1C). This suggests that within 3 days of PDE4-inhibitor treatment, the 

maximal capacity of the stomach to hold food (e.g. fundic accommodation) is reached. As 

mice are not able to vomit, but continue to eat similar amounts of food (Fig. 3C), this 

suggests that the pressure of the accumulated food in the stomach overcomes the cause of 

PDE4 inhibitor-induced gastric retention after the 3-day time point, so that any additional 

food eaten is passively pushed through the stomach. It is somewhat surprising that the mice 

keep eating despite the substantial accumulation of food in their stomachs. Clearly, in the 

regulation of their appetite, any discomfort resulting from the gastric accumulation of food is 

superseded by the metabolic demands of the body.

PDE4-inhibitor induced gastroparesis as a correlate of emesis and nausea

In humans, abnormal gastric retention of food (in the absence of mechanical obstruction) is 

known as gastroparesis, a syndrome predominated by nausea and vomiting62–66. Given that 

nausea and emesis are also the most common and significant side effects of PDE4 inhibition 

in humans and animals, it is possible that these adverse effects may result (in part or as a 

whole) from delayed gastric emptying induced by PDE4 inhibition. If so, treatment with 

prokinetics, such as Metoclopramide, which relieve PDE4 inhibitor-induced gastroparesis 

(Fig. 7B), should also alleviate drug-induced emesis and nausea. Whether or not treatment 

with PDE4 inhibitors causes gastroparesis in humans has not been tested to our knowledge. 

However, two lines of reasoning suggest that PDE4 inhibitor induced gastroparesis may 

represent a useful correlate of emesis and nausea in mice.

First, in humans and animal species that can vomit, systemic administration of PDE4 

inhibitors is generally associated with a narrow therapeutic window in that similar doses 

produce both various therapeutic effects (e.g. anti-inflammatory benefits) as well as emesis 

and nausea. Similarly, we show here that doses as low as 0.04 mg/kg Rolipram (Fig. 5B) and 

0.2 mg/kg Piclamilast (Fig. 5C) induce acute gastric retention in mice, whereas a dose of 1 

mg/kg Piclamilast induces gastric retention in the ad libitum model (Fig. 3A), which is at or 

below the doses generally used to produce anti-inflammatory benefits in these animals79–84.

Second, several observations suggest that central nervous system effects contribute to PDE4 

inhibitor-induced emesis30,85–88 and that the ability to cross the blood-brain barrier enhances 
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the emetic potential of PDE4 inhibitors. For example, Robichaud and colleagues have shown 

that the brain-penetrant tachykinin NK1-receptor blocker CP-99994 protects from PDE4 

inhibitor-induced emesis in ferrets, whereas L-743310, an NK1-receptor blocker that does 

not cross the blood-brain barrier, had no effect89. Moreover, as reported by Aoki et.al.74, the 

low emetogenicity of the PAN-PDE4 inhibitor YM976 is likely due to its limited brain 

penetrance. We show here that YM976 also exhibits a reduced potency to induce gastric 

retention compared to the brain-penetrant PAN-PDE4 inhibitors tested (see Figs. 5A to D), 

thus providing another correlation between emetic potential and induction of gastroparesis in 

mice.

Potential correlation of PDE4 levels and gastroparesis

Given their critical roles in the regulation of a myriad of cAMP signals, the expression, 

subcellular location and activity of the PDE4 enzymes themselves is tightly regulated9,40. 

Among a variety of mechanisms that regulate PDE4 functions (reviewed here 9,40) are a 

number of mechanisms that suppress PDE4 activity. Acutely, phosphorylation of PDE4s at a 

conserved C-terminal site by the extracellular signaling regulated kinase (ERK) has been 

shown to inhibit the activity of so-called PDE4 long forms 90–92. In addition, distinct PDE4 

isoforms are down-regulated in a number of pathologic conditions, such as in heart failure or 

atrial fibrillation93–96, in neurologic conditions such as depression 97, in cancer98 during 

ageing93, or in response to stress99 or drug treatment 100. In this context, while in the present 

study, gastroparesis was produced by decreasing PDE4 activity via pharmacologic means, 

our findings also open the possibility that a physiologic or pathophysiologic downregulation 

of PDE4 expression and/or activity may be the cause of gastroparesis in a subset of patients, 

given that the majority of cases remain idiopathic to date67. Moreover, if a reduction in 

PDE4 activity produces gastroparesis, one may speculate that activation of PDE4, such as 

via treatment with small-molecule PDE4 activators101, may alleviate gastroparesis in some 

patients.

Mechanisms of PDE4 inhibitor-induced gastroparesis

Digestion of food and emptying into the intestines is a complex process requiring the 

synchronized contraction of a series of muscles that is finely tuned and coordinated by 

sensory, hormonal, and enteric- and autonomic nervous system regulations61–63. How PDE4 

inhibition induces gastroparesis at the tissue-, cell- and molecular level remains to be 

delineated. At the tissue level, increased accommodation of the fundus, impairment of antral 

motility or pyloric relaxation, as well as duodenal dysmotility, may all potentially contribute 

to the observed phenotype. In a similar vein, it remains to be delineated to which extent 

direct effects (e.g. perhaps via inhibition of PDE4 in smooth muscle or the interstitial cells 

of Cajal) or indirect effects (e.g. PDE4 inhibition affecting sensory or neuronal regulation) 

contribute to the observed phenotype; though, as discussed above, the low potency of the not 

brain-penetrant PDE4 inhibitor YM976 suggests a critical contribution of central autonomic 

nervous system regulation. The reduced emetogenicity of YM976 (see 74) may also suggest 

that the emetic potential of PDE4 inhibitors is not predominated by inhibition of PDE4 in 

the emesis centers of the brain (such as the area postrema) as these regions are not protected 

by the blood-brain barrier. Hence, development of PDE4 inhibitors with poor brain 
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penetrance may alleviate the side effects of these drugs and enhance their therapeutic 

window for indications that target the periphery.

Given the observation that ablation of any single PDE4 gene in mice does not induce gastric 

retention, nor protect from gastric retention induced by PAN-PDE4 inhibition, we propose 

that a minimum of two distinct PDE4 subfamilies must be inhibited, and that the effects of 

their inhibition act in an additive or synergistic manner to produce gastroparesis. It is 

possible that inhibition of two (or more) PDE4s within the same cell may synergize to 

elevate cAMP levels past a certain threshold to induce gastric retention, or that inhibition of 

distinct PDE4s in different cells and tissues produces additive or synergistic physiologic 

effects that, in their aggregate, but not each by themselves, produce gastroparesis. Indeed, it 

has been shown using the siRNA-dependent knockdown of distinct PDE4s that the 

concurrent inactivation of multiple PDE4 isoforms may generate a phenotypic output that is 

distinct from that engendered by inactivation of any single PDE4 species, and vice versa37.

As an alternative explanation to requiring the concurrent inactivation of multiple PDE4s as 

discussed above, the absence of gastroparesis in any of the four PDE4 knockout mouse lines 

may theoretically also be explained by one PDE4 subtype compensating for the loss of 

another. While we cannot exclude this possibility, we consider this less likely given the large 

of body of data suggesting that PDEs are functionally not interchangeable. While cells and 

animals do adapt to the loss of a PDE, compensatory mechanism generally alter downstream 

cAMP-signaling effectors or change cAMP production, such as for example at the level of G 

protein-coupled receptor (GPCR) signaling35,48,102. Conversely, although all PDE4 isoforms 

share a highly conserved catalytic domain, and thus exhibit similar kinetics for cAMP 

hydrolysis, regions N- and C-terminal of the catalytic domain are less conserved among the 

four PDE4 genes, and the far N-termini of PDE4s are often encoded by variant-specific first 

exons, and are thus unique to individual PDE4 protein variants. These region often mediate 

critical protein/protein or protein/lipid interactions that serve to target the respective variant 

to specific subcellular compartments and/or signaling complexes39,40. As a result, individual 

PDE4 variants control distinct subcellular pools of cAMP signaling, which is the foundation 

of their unique and non-overlapping cellular and physiologic functions, and hence cannot 

functionally replace each other.

Curiously, while we report here that inhibition PDE4 causes a substantial delay in gastric 

emptying, prior studies have shown that the prokinetic effects of serotonin 5-HT4 receptor 

agonism are enhanced by PDE4 inhibition in porcine, though not in mouse, gastric circular 

muscle, suggesting that not all cAMP signals resulting from PDE4 inhibition are inherently 

wired to delay gastric emptying103,104.

Role of PDE4D in mediating the side effects of PAN-PDE4 inhibitors

There is a general consensus in the field that PDE4 inhibitors with an improved safety 

profile must target only a portion of the total PDE4 in the body. One approach to achieve this 

is to develop inhibitors with high selectivity for individual PDE4 subtypes. This begs the 

question of which PDE4 subtype (or subtypes) mediate(s) the adverse effects of PAN-PDE4 

inhibitors, primarily nausea and emesis, and must thus be avoided. Opinion has largely been 

shaped by a previous study that used the duration of xylazine/ketamine-induced anesthesia 
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in mice as a correlate of emesis resulting from PDE4 inhibition. In this study, Robichaud and 

colleagues reported that genetic ablation of PDE4D shortens xylazine/ketamine-induced 

anesthesia in mice, thus mimicking the effects of treatment with PAN-PDE4 inhibitors, 

whereas ablation of PDE4B did not55, and that treatment with PAN-PDE4 inhibitors had no 

further effects on the duration of xylazine/ketamine-induced anesthesia in PDE4D-KO mice. 

The authors thus proposed that inhibition of PDE4D, but not PDE4B, is mediating the 

emetic effects of PAN-PDE4 inhibitors, which has led to significant efforts to develop PDE4 

inhibitors selective for PDE4B over PDE4D in expectation of an improved safety 

profile45,56–59; while at the same time largely forgoing any therapeutic benefits potentially 

derived from inhibition of PDE4D.

Our current findings challenge this paradigm and suggest an alternative correlation of PDE4 

subtypes with emesis and nausea. We show that ablation of any individual PDE4 subtype per 
se does not induce gastroparesis (Fig. 6). This does not exclude a role for PDE4D in 

gastroparesis, as PDE4D may be one of the PDE4 subtypes that must be concurrently 

inhibited to produce the phenotype. However, it suggests that if PDE4 inhibitor-induced 

gastroparesis in mice accurately reflects the role of individual PDE4 subtypes in emesis and 

nausea in humans, then selective inhibition of any individual PDE4 subtype, including the 

selective inhibition of PDE4D, may be free of these adverse effects and may be targeted for 

therapeutic benefits. In line with this idea, inhibitors with some selectivity for PDE4D 

exhibited reduced emetic effects compared to PAN-selective PDE4 inhibitors in a prior 

study46. Whether gastroparesis or the duration of xylazine/ketamine-induced anesthesia in 

mice accurately predicts the role of PDE4 subtypes in inducing emesis in humans remains to 

be established. As suggested by Prickaerts and colleagues60, while the xylazine/ketamine-

anesthesia test is a reliable measure for α2-adrenoreceptor antagonism, it may have 

limitations as a predictor of emetic potential60. For example, there are critical species 

differences in that α2-adrenoceptor antagonism induces emesis in ferrets, whereas the 

opposite, namely agonism at α2-adrenoceptors, induces emesis in cats and dogs105–109. In 

addition, some drugs known to cause emesis in humans (e.g. Imipramine) lengthen, rather 

than shorten, the duration of xylazine/ketamine-anesthesia in rodents60. While the xylazine/

ketamine-induced anesthesia test may have limitations, it also remains to be shown whether 

PDE4 inhibition induces gastroparesis, and thereby induces emesis and nausea, in humans. It 

is not surprising, however, that the two models produce a different pattern of PDE4 subtype 

involvement in mice given that PDE4 inhibitors induce antagonism at α2-adrenoreceptor to 

shorten xylazine/ketamine-induced anesthesia, whereas agonism, but not antagonism at α2-

adrenoreceptor induces gastroparesis (Fig. 7A).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

DMSO Dimethyl sulfoxide

ERK Extracellular signal-regulated kinase

FITC Fluorescein isothiocyanate

5-HT4 5-Hydroxytryptamine receptor 4

i.p. intraperitoneal

KO Knockout

NK1 Neurokinin-1 receptor

PBS Phosphate-buffered saline

PDE cyclic nucleotide phosphodiesterase

PDE4 cAMP phosphodiesterase 4

WT Wildtype
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Fig. 1. Treatment with the PAN-PDE4 inhibitor Piclamilast triggers a time-dependent 
accumulation of food in the stomach of mice fed ad libitum.
(A/B) Female athymic nude mice were treated with the PDE4 inhibitor Piclamilast (5 

mg/kg, i.p., twice daily) for 14 days as part of a xenograft study. Post-mortem dissections of 

the animals revealed the accumulation of large amounts of chow in the stomachs of 

Piclamilast-treated mice compared to solvent controls (Mock). Representative images are 

shown in (A). The graph in (B) represents the mean ± SEM. *** indicates p<0.001 as 

determined using Student’s t-test. (C/D) Female C57BL/6 mice were treated with the PDE4 
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inhibitor Piclamilast (5 mg/kg, i.p., twice daily) for up to 72 h while having free access to 

food and water. After euthanasia, stomachs were extracted and weighed. The graph in (C) 
represents the mean ± SEM. *** indicates p<0.001 using one-way ANOVA with Tukey’s 

post hoc test. Representative images are shown in (D).
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Fig. 2. Retention of food in the stomach of mice is a class effect of PAN-PDE4 inhibitors.
C57BL/6 mice were treated with the structurally distinct PAN-PDE4 inhibitors Piclamilast, 

Rolipram, Roflumilast and RS25344 (each 5 mg/kg, i.p., twice daily) as well as the PDE3 

inhibitor Cilostamide (10 mg/kg, i.p., twice daily) or solvent controls (Mock) for 72 h while 

animals had free access to food and water. After euthanasia, stomachs were extracted and 

weighed. Data represent the mean ± SEM. Female mice are represented as filled circles (●), 

males as open squares (□). Statistical significance was determined using one-way ANOVA 

with Tukey’s post hoc test and is indicated as ** (p<0.01). The chemical structures of the 

PDE4 inhibitors tested are shown for comparison.
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Fig. 3. PDE4 inhibition reduces gastric emptying, without increasing food accumulation in the 
intestines or increasing food intake.
Male C57BL/6 mice were treated with the indicated doses of the PDE4 inhibitor Piclamilast 

(i.p., twice daily) for 72 h while animals had free access to food and water. After euthanasia, 

stomachs and intestines were extracted and weighed (A/B) and dry food consumed over this 

time period was measured (C). Data represent the mean ± SEM. Statistical significance was 

determined using one-way ANOVA with Tukey’s post hoc test and is indicated as *** 

(p<0.001) and * (p<0.05).
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Fig. 4. Development of an assay to assess acute gastric retention.
Fasted C57BL6 mice of either sex were injected (i.p.) with the PDE4 inhibitor Piclamilast (1 

mg/kg, i.p.) or solvent control (Mock). Thirty minutes later, a food bolus of 200 μl Clear 

H2O® Recovery diet gel diluted in water and mixed with 2 mg/ml FITC-dextran was 

delivered by oral gavage. Animals were euthanized at the indicated time points, the stomach 

and small intestine were extracted and the FITC-labeled diet gel present in the tissues 

assessed by fluorescence imaging (A) or the measurement of fluorescence intensity in 

homogenized tissues using a plate reader (B/C). (A) Shown are composite FITC-

fluorescence/light images of the gastrointestinal tracts of solvent-treated mice (Mock) 

extracted 2 min after food bolus delivery (left tissue) or 32 min after food administration 

(middle tissue). The tissue on the right was extracted from a Piclamilast-treated (1 mg/kg, 

i.p.) mouse at 32 min after food administration. (B) Shown is a time-course of FITC-

fluorescence distribution between stomachs and small intestines of solvent-treated mice 

(n≥6). (C) Comparison of the gastric retention of the food bolus in the stomachs of solvent 

(Mock)- and Piclamilast (1 mg/kg, i.p.)-treated mice as assessed by FITC-fluorescence (n ≥ 

6).
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Fig. 5. PAN-PDE4 inhibition causes acute gastroparesis.
Mice were injected (i.p.) with the indicated doses of PDE inhibitors or solvent control 

(Mock). Thirty minutes later, a 200 μl food bolus traced with FITC-dextran was delivered by 

oral gavage and 30 min after that the animals were euthanized, the stomach extracted, and 

FITC retained in the stomach measured via fluorescence spectroscopy. Female mice are 

represented as filled circles (●), males as open squares (□). (A) Shown is the effect of the 

brain-penetrant PAN-PDE4 inhibitors Piclamilast, Rolipram, Roflumilast and RS25344, as 

well as the poorly brain-penetrant PAN-PDE4 inhibitor YM976, and the PDE3-selective 
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inhibitor Cilostamide (all 1 mg/kg). (B/C/D) Shown are dose response curves for the PAN-

PDE4 inhibitors Rolipram (B), Piclamilast (C), and YM976 (D). The chemical structure of 

YM976 is shown above the graph in (D). Data represent the mean ± SEM of FITC 

fluorescence retained in the stomach as % of total fluorescence of the food bolus. Statistical 

significance was determined using one-way ANOVA with Tukey’s post hoc test and is 

indicated as * (p<0.05), ** (p<0.01) and *** (p<0.001).
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Fig. 6. Selective ablation of individual PDE4 subtypes does not produce gastroparesis, nor does it 
protect from PAN-PDE4 inhibitor-induced gastroparesis.
A 200 μl food bolus traced with FITC-dextran was delivered by oral gavage into mice. The 

animals were euthanized 30 min afterwards, the stomach extracted, and FITC retained in the 

stomach measured via fluorescence spectroscopy. Female mice are represented as filled 

circles (●), males as open squares (□). (A-D) Mice deficient in either PDE4A (A), PDE4B 

(B), PDE4C (C) or PDE4D (D) do not exhibit gastric retention compared to their respective 

wildtype littermates (two left columns of each graph; Mock), nor are they protected from the 
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effect of treatment with the PAN-PDE4 inhibitor Piclamilast (1 mg/kg, i.p.) shown in the 

two right columns of each graph. Data represent the mean ± SEM of FITC fluorescence 

retained in the stomach as % of total fluorescence of the food bolus. Statistical significance 

was determined using one-way ANOVA with Tukey’s post hoc test. In all four PDE4 

knockout mouse lines (A-D), there were no significant differences (p>0.05) in gastric 

retention between knockout mice and their respective wildtype littermates either under 

solvent-treated or Piclamilast-treated groups. Conversely, for each individual genotype, 

gastric retention in Piclamilast-treated mice was significantly greater than in solvent-treated 

mice (p<0.001).
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Fig. 7. Effect of α2-adrenoceptor agonism/antagonism or treatment with the prokinetic 
Metoclopramide on PDE4 inhibitor-induced gastroparesis.
A 200 μl food bolus traced with FITC-dextran was delivered by oral gavage into mice. The 

animals were euthanized 30 min afterwards, the stomach extracted, and FITC retained in the 

stomach measured via fluorescence spectroscopy. Female mice are represented as filled 

circles (●), males as open squares (□). (A) Shown is the effect of the α2-adrenoceptor 

agonist Clonidine, the α2-adrenoceptor antagonist Yohimbine, or solvent controls (Mock), 

all injected i.p. 30 min prior to delivery of the food bolus, on acute gastric retention in 

female C57BL6 mice. (B) Shown is the effect of treatment with the prokinetic 

Metoclopramide (10 mg/kg, o.g.) delivered 30 min prior to PDE4 inhibitor injection 

(Rolipram, 0.2 mg/kg, i.p.) on acute gastric retention. Data represent the mean ± SEM of 

FITC fluorescence retained in the stomach as % of total fluorescence of the food bolus. 

Statistical significance was determined using one-way ANOVA with Tukey’s post hoc test 

and is indicated as * (p<0.05), ** (p<0.01) and *** (p<0.001).
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