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Abstract

Mammalian cells contain the cyclic pyrimidine nucleotides cCMP and cUMP. It is unknown 

whether these tentative new second messenger molecules occur in vivo. We used high 

performance liquid chromatography quadrupole tandem mass spectrometry to quantitate 

nucleoside 3′,5′-cyclic monophosphates. cCMP was detected in all organs studied, most notably 

pancreas, spleen and the female reproductive system. cUMP was not detected in organs, probably 

due to the intrinsically low sensitivity of mass spectrometry to detect this molecule and organ 

matrix effects. Intratracheal infection of mice with recombinant Pseudomonas aeruginosa 

harboring the nucleotidyl cyclase toxin ExoY massively increased cUMP in lung. The identity of 

cCMP and cUMP in organs was confirmed by high performance liquid chromatography 

quadrupole time of flight mass spectrometry. cUMP also appeared in serum, urine and faeces 

following infection. Taken together, this report unequivocally shows for the first time that cCMP 

and cUMP occur in vivo.
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1. Introduction

cAMP and cGMP are well established second messengers [1–4]. Recent studies, taking 

advantage of the most advanced HPLC-MS/ MS and HPLC-MS/TOF methods have 

unequivocally demonstrated the presence of the cCMP and cUMP in numerous mammalian 

cell lines and primary cells [5–7]. Moreover, studies with membrane-permeable cNMP 

analogs point to unique signal transduction roles of cCMP and cUMP [8]. The bicarbonate-

stimulated sAC is responsible for maintaining basal cCMP and cUMP levels in certain cells 

[6]. The current knowledge on cCMP and cUMP has been recently reviewed [9,10].

The presence of cAMP and cGMP in vivo is well documented [11], but it is still unknown 

whether cCMP and cUMP occur in intact organisms. The identification of cCMP and cUMP 

in vivo is critical for establishing their roles as new second messenger molecules, but 

technically, this is not trivial. Specifically, matrix effects in organ extracts, resulting in 

signal suppression, are an inherent problem of HPLC-MS/MS studies with complex 

biological samples [12,13]. Additionally, among all four cNMPs considered here, cUMP is 

detected with the lowest sensitivity so that low organ cUMP levels are likely below the 

LLOQ, i.e. 0.4 pmol/ sample [13]. As important experimental tool, we used the 

Pseudomonas aeruginosa NC toxin ExoY that generates large quantities of cUMP and, to a 

lesser extent, cCMP in various mammalian cells [14].

2. Materials and methods

2.1. Animal experiments

Animal experiments were approved by the local government. Female C57BL/6 mice (8–10 

weeks old, 20 g, Elevage Janvier, Le Genest-Saint-Isle, France) were fed with with standard 

diet and tap water and housed at constant temperature (22 ºC) under a cycle of 12 h light and 

12 h darkness. Faeces was collected between 11 a.m. and 7 p.m. Mice were intratracheally 

instilled with P. aeruginosa strains PA103ΔexoUexoT::Tc pUCPexoY or 

PA103ΔexoUexoT::Tc pUCPexoY K81M [15], respectively, as described in Ref. [16]. Both 

P. aeruginosa strains, maintained on Vogel–Bonner-medium (VBM), were streaked out on 

VBM plates containing 400 μg/mL carbenicillin and incubated at 37 ºC overnight. The next 

day, bacteria were harvested by washing the plates with sterile PBS and the number of 

colony-forming units (CFU)/mL was estimated by measuring the optical density (OD540 = 

0.25 = 2 × 108 CFU/mL). Mice were infected with 1 × 106, 1 × 107 or 1 × 108 CFU in 50 μL 

PBS. Dilutions of the applied bacterial suspension were prepared to control retrospectively 

the number of CFU applied. During the infection procedure, the mice were anaesthetized by 

intraperitoneal injection of 0.1 mL/10 g body weight of a mixture of 1 mL ketamine (100 

mg/mL) and 5 mL midazolame (5 mg/mL) and 4 mL of sterile NaCl solution (0.7%, m/v). 

Mice were sacrificed by an overdose of anesthetics. Blood was collected by cardiac puncture 

of the right ventricle and processed to serum using a Micro Tube 1.1 mL Z-Gel with clot 

activator (Sarstedt, Nümbrecht, Germany) according to manufacturer's instructions. Infected 

lungs were resected. For cNMP analysis the right lung was immediately frozen in liquid 

nitrogen. For determination of basal cNMP levels, 7 female and 7 male Balb/c mice (8–10 

weeks old) were sacrificed by an overdose of CO2 and heart puncture. Tissues were resected 

and immediately frozen in liquid nitrogen.
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2.2. Sample preparations

Tissues or faeces (50–200 mg) were transferred to 2 mL Fast- Prep vials containing 200mg 

garnet matrix and one ¼-inch ceramic sphere (lysing matrix A). Eight hundred μL of organic 

extraction solvent (70/30 ethanol/water [v/v] containing 12.5 ng/mL of the internal standard 

tenofovir) were added and tissue was homogenized using a FastPrep-24 system (MP 

Biomedicals Santa Anna, CA, USA) at a speed of 5 m/s for 60 s. Phosphodiesterases were 

inactivated by heating the homogenate for 15 min at 95 ºC. After centrifugation (20,800 × g, 

10 min, 4 ºC), 600 μL of the supernatant fluid were dried at 40 ºC under a gentle nitrogen 

stream. The residual pellet was resolved in 150 μL water and analyzed by HPLC-MS/ MS. 

cNMP analysis in serum samples was carried out by treating 50 μL serum with 200 μL of a 

mixture of acetonitrile/water (50/50, v/v). For phosphodiesterase inactivation, samples were 

heated for 15 min at 95 ºC. After cooling down, samples were centrifuged (20,800 × g,10 

min, 4 ºC) and the supernatant fluid-was dried at 40 ºC under a gentle nitrogen stream. The 

residual pellet was resolved in 150 μL water containing 50 ng/mL of the internal standard 

(tenofovir).

2.3. HPLC-MS/MS

cNMP quantitation was performed via HPLC-MS/MS using a QTrap5500 triple quadrupole 

mass spectrometer (ABSCIEX, Foster City, CA, USA) [5–7,13]. cNMP analysis by HPLC-

MS/TOF was performed as described [5]. cNMP identification was performed with an 

HPLC-MS/TOF system (TripleTOF 5600; ABSCIEX Foster City, CA, USA) equipped with 

an electrospray ionization source (ESI), operating in positive ionization mode and using an 

ion spray voltage of 4500 V. Further ESI parameters were: Curtain gas: 45 psi, gas 1: 60 psi, 

gas 2: 75 psi, source temperature: 400 ºC. The chromatographic separation of analytes was 

achieved on a Nexera UHPLC system (Shimadzu, Duisburg, Germany) using a Hypercarb 

column (30 × 4.6 mm; 5 μm particle size; Thermo Scientific, Wilmington, DE) and an 

injection volume of 50 μL. Using a flow rate of 1.2 mL/min the following gradient (solvent 

A: 10 mM ammonium acetate, pH 10 and solvent B: acetonitrile) was applied: 0–6 min, 4–

46% B; 6–7 min, 46–95 % B, and 7–9 min 4% B. Analyst TF 1.5.1 software was used for 

data calculation. The LLOQ for standard cAMP was 0.04 pmol/sample, for standard cGMP 

0.07 pmol per sample, for standard cCMP 0.07 pmol/sample, and for standard cUMP 0.4 

pmol per sample [13].

2.4. Quantitative real-time PCR analysis

RNA was prepared using Nucleospin RNA (Macherey–Nagel, Düren, Germany). RNA was 

reverse-transcribed into cDNA and analyzed with TaqMan probes for the expression of 

maouse β-actin (mActb) (Mm00607939_s1, Life Technologies, Frankfurt/ Main, Germany), 

Adcy10 (AC10 or sAC) (Mm00557236_m1), Gucy1a2 (sGC α2 subunit) 

(Mm01253539_m1), Gucy1a3 (sGC α3 subunit) (Mm01220285_m1) and Gucy1b3 (sGC β3 

subunit) (Mm00516926_m1) using the qPCRBIO Probe Mix (Nippon Genetics, Düren, 

Germany). To determine the mRNA expression of the genes ΔCt values were calculated 

according to the following equation: ΔCt = Ct (gene) – Ct (Actb).
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2.5. Statistics

Data were analyzed with GraphPad Prism 5.01 (San Diego, CA, USA).

3. Results

Basal cNMP levels organs from Balb/c mice (8–10 weeks old) were measured (Fig. 1). 

cAMP was detected at substantial levels in all organs examined, the cAMP levels in brain 

being particularly high. The highest cGMP levels were found in pancreas and bladder. The 

highest cGMP levels found among all mouse organs were about ten-fold lower than the 

highest cAMP levels. cGMP was not detected in liver, spleen and the FRS. In heart, lung, 

kidney, brain, thymus and testis, cGMP levels were just above LLOQ. In pancreas and the 

FRS, cCMP levels reached the corresponding cAMP levels, and spleen cCMP levels 

surpassed cAMP levels. In all other organs examined cCMP levels were close to LLOQ. 

Since very low levels of cGMP and cCMP are not readily visible in Fig. 1 due to the chosen 

scale of the y-axes, absolute cNMP values are reported in Table S1. In none of the organs, 

we could detect cUMP. This could have been due to the high LLOQ for cUMP [13]. In 

addition, quenching of MS signals by organ matrix components could contribute to our 

failure to detect cUMP [12]. To test this hypothesis, we compared MS signals of 

unquenched cUMP and cUMP quenched by lung extract (Fig. S1). In fact, addition of organ 

extract to purified cUMP reduced MS signals about four-fold. Thus, the overall sensitivity of 

HPLC-MS/MS to detect cUMP in vivo is low compared to other cNMPs.

To obtain information about the source of basal cCMP in organs, we examined the 

expression of sAC at the mRNA level. As expected [17,18], sAC mRNA was highly 

abundant in testis (Fig. 2). In contrast, in all other organs sAC mRNA was barely detected as 

assessed by ΔCt values using actin as reference housekeeping gene. Soluble guanylyl 

cyclase (sGC) is another enzyme that can generate cCMP and cUMP, but high enzymatic 

activity is dependent on the presence of nitric oxide [5,19]. The highest expression of 

mRNA of sGC subunits was found in brain, followed by heart. In general, other organs 

contained lower sGC mRNA levels.

To detect cUMP in vivo, we infected female C57BL/6 mice (8–10 weeks old) intratracheally 

with recombinant P. aeruginosa harboring the NC toxin ExoY but no ExoT, or ExoU. These 

recombinant bacteria induce serious lung damage in rodents [20]. ExoY, but not the 

catalytically inactive mutant ExoY-K81M, induced a large time-dependent cUMP increase 

in lung, particularly with 1 × 107 CFU (Fig. 3). In marked contrast, ExoY did not increase 

cAMP and only moderately increased cGMP. ExoY also induced a small cCMP increase 

that is not readily visible due to the scale of the y-axis. cCMP and cUMP levels induced in 

lung by ExoY were sufficiently high to allow for HPLC-MS/TOF analysis. cCMP standard 

yielded two characteristic fragments that were readily identified in lung from P. aeruginosa-

infected C57/BL6 mice (Fig. S2). cUMP standard yielded three typical fragments that were 

identified in lung. We confirmed the identity of cCMP in pancreas, spleen and FRS of 

Balb/c mice by HPLC-MS/TOF (Table S2).

Multidrug resistance proteins constitute an important elimination pathway for cCMP and 

cUMP, i.e. isoforms 4 and 5 transport cUMP into the extracellular space, and MRP5 exports 

Bähre et al. Page 4

Biochem Biophys Res Commun. Author manuscript; available in PMC 2016 February 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cCMP [21]. Therefore, we analyzed cNMP levels in serum from P. aeruginosa-infected 

mice. We found a massive cUMP increase, particularly with 1 × 107 CFU (Fig. 3), whereas 

cAMP and cGMP did not increase. We also observed a very small cCMP increase in serum. 

With the catalytically inactive mutant ExoY-K81M, no cNMP increases in serum were 

found. To further examine cNMP elimination pathways, we examined urine and faeces. 

ExoY induced only small cAMP and cGMP increases in urine and faeces, and cCMP was 

not detected at all (Fig. 4). In marked contrast, cUMP levels massively increased in urine. 

We also detected a transient cUMP increase in faeces.

4. Discussion

We present the first unequivocal evidence that cCMP and cUMP occur in vivo. Two 

previous studies using an early mass spectrometry method claimed the identification of 

cCMP and cUMP in rat organs [22,23], but the method used was too insensitive and 

unspecific to unequivocally detect these cNMPs [9,10]. By analogy to cells [7], we observed 

specific cNMP distribution patterns in mouse organs, supporting the notion of a cNMP 

signaling code [7,10].

The high cCMP concentrations in spleen point to a role of cCMP in immune cell function. In 

support of this hypothesis, in human lymphocytes, cCMP is present [7]. Moreover, cCMP 

exerts biological effects in neutrophils, macrophages and leukemia cells [24–26]. The 

presence of cCMP at high levels in pancreas is an indication for a role of this cNMP in 

endocrine and/or exocrine function. In agreement with this notion, Capan1 pancreas tumor 

cells contain cCMP as well [7]. To address this question, the effects of membrane-permeable 

cCMP analogs on endocrine and exocrine pancreas function could be studied [8,27].

Based on the presence of cCMP in the FRS, a role of cCMP in female reproductive function 

is likely. We did not differentiate between ovary, oviduct and uterus because of limitations 

in organ availability, but it is noteworthy that Chinese hamster ovary (CHO) cells contain 

high cCMP concentrations [7]. A previous study provided evidence for a function of cCMP 

in blastocyst development [28]. The highest cCMP levels in organs surpass cGMP level by 

10- fold and reach cAMP levels. Based on the unequivocal detection of cUMP in numerous 

mammalian cell lines and primary cells [7], it is likely that cUMP also occurs in intact 

organs, but the LLOQ is too low to detect low cUMP levels [13].

The overall high cAMP levels are consistent with the ubiquitous function of this cNMP as 

second messenger [1]. The high cAMP levels in brain fit to the high relevance of cAMP 

signaling for learning [29]. The high cGMP levels in bladder fit to the role of this cNMP in 

smooth muscle relaxation [30]. The identification of relatively high cGMP levels in pancreas 

was unexpected, but upregulation of cGMP signaling in pancreatitis has been reported [31]. 

Equally surprising was the finding that in lung, cGMP levels were rather low although 

cGMP plays an important role in lung function [32]. This dissociation between low cNMP 

level and established function of a cNMP demonstrates that low cNMP levels do not 

preclude an important function of a given cNMP. Subcellular cNMP compartmentation may 

be a key here [11]. An implication of these findings is that even in organs with very low 

cCMP levels, e.g. brain, cCMP could be functionally important [33].
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Membranous adenylyl cyclases and particulate guanylyl cyclases do not generate cCMP 

[6,34]. sAC mediates high cCMP levels in certain cell types [6]. However, it is unlikely that 

sAC is responsible for the high cCMP levels in spleen, pancreas and FRS because these 

organs showed only very low or no sAC expression. Conversely, testis showed very high 

sAC expression but only very low cCMP concentration. The sGC expression pattern does 

also not fit to the cCMP pattern, and in addition cCMP formation by sGC is dependent on 

nitric oxide stimulation [5,19] which was not the case in our baseline studies. Genomic and 

biochemical approaches will have to be combined to answer the question which nucleotidyl 

cyclase is responsible for maintaining high cCMP levels in spleen, pancreas and FRS.

ExoY massively increased cUMP levels in lung. The in vivo data fit very well to the data 

obtained with ExoY in cell culture models [11]. Based on studies with cultured cell lines and 

primary cells, it is likely that both lung epithelial and endothelial cells contain cUMP [7]. 

The striking increases in cUMP in lung by ExoY with contrasting very low cAMP and 

cGMP levels (Fig. 4A) support the hypothesis that specific effector proteins for cUMP exist 

[8]. Affinity chromatography techniques will be applied to identify specific cUMP effector 

proteins [9]. ExoY increases endothelial permeability and induces lung damage [20,35]. 

Noteworthy, human endothelial cells do contain endogenous cUMP [7], pointing to a 

signaling role of this cNMP.

We could also provide in vivo-support for the in vitro-findings that cUMP is exported from 

cells [21]. In urine, cUMP levels approach 100 μM, exceeding serum levels by about 100-

fold, suggesting that cUMP is actively secreted from kidney epithelial cells. cUMP has also 

been identified in Madin Darby canine kidney cells [7]. The identification of cUMP at 

concentrations in serum up to 0.6 μM raises the question whether extracellular cUMP could 

function as agonist at G-protein-coupled receptors. In support of a extracellular signaling 

role of cUMP is the finding that cAMP, cGMP and cCMP increased only marginally in lung, 

serum and urine. Moreover, cUMP induces chemotaxis in Dictyostelium discoideum [36] 

and behavioral effects in rat [33]. Extracellular cGMP regulates ligand-gated ion channels 

[37]. Intestinally localized cGMP modulates secretion and motility [38], and such a function 

is also feasible for intestinal cUMP.

In conclusion, we have demonstrated that cCMP and cUMP exist in the intact mammalian 

organism. It will be now important to systematically study cAMP, cGMP, cCMP and cUMP 

in various diseases. The identification of high cCMP concentrations in pancreas, spleen and 

the FRS was unexpected. Accordingly, no specific disease should be excluded for future in 

vivo studies.
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Abbreviations

cAMP adenosine 3′,5′-cyclic monophosphate

cGMP guanosine 3′,5′-cyclic monophosphate

cCMP cytidine 3′,5′-cyclic monophosphate

cNMP nucleoside 3′,5′-cyclic monophosphate

cUMP uridine 3′,5′-cyclic monophosphate

sAC soluble adenylyl cyclase

HPLC-MS/MS high performance liquid chromatography quadrupole tandem mass 

spectrometry

HPLC-MS/TOF high performance liquid chromatography quadrupole time of flight 

mass spectrometry

LLOQ lower limit of quantitation

NC nucleotidyl cyclase

sAC soluble adenylyl cyclase

sGC soluble guanylyl cyclase

FRS female reproductive system
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Fig. 1. 
Basal cNMP concentrations in Balb/c mouse organs. cNMP concentrations were determined 

using 50–200 mg organ tissues from 7 male and 7 female Balb/c mice (age, 8–10 weeks). 

Samples were processed for HPLC-MS/MS analysis as described in Materials and Methods. 

Data shown represent the organ cNMP concentrations for each individual mouse referred to 

protein concentration. Except for data on the reproductive system, data for male and female 

animals were pooled. Median cNMP values are indicated by the horizontal bar. FRS: female 

reproductive system, n.d.: not detected; i.e. cNMP values were below LLOQ.
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Fig. 2. 
Analysis of sAC and sGC gene expression in mouse organs. mRNA from the Balb/c mouse 

tissues shown in Fig. 1 was extracted, reverse-transcribed and analyzed by quantitative real-

time PCR using TaqMan probes. Data were analyzed using the ΔCt method using actin as 

reference gene. A, sAC expression; B, sGC expression (α2 subunit); C, sGC expression (α3 

subunit); D, sGC expression (β3 subunit). Note that the lower the numbers on the y-axis are, 

the higher is the expression of the respective gene.
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Fig. 3. 
cNMP concentrations in mouse lung and serum. Female C57/BL6 mice were infected with 

recombinant P. aeruginosa strain PA103ΔexoUexoT::Tc pUCPexoY (1 × 106–1 × 108 CFU) 

or recombinant P. aeruginosa strain PA103ΔexoUexoT::Tc pUCPexoY K81M (control, 1 × 

108 CFU) and sacrificed at specific times after infection. Lung tissue and serum were then 

processed for HPLC-MS/MS analysis as described in Materials and Methods. (A) Data 

shown represent concentration of cNMPs in lung tissue referred to protein concentration 0–

72 h after infection. (B) Data shown represent serum concentration of cNMPs 0–72 h after 

infection. Data shown are the means ± SEM of six animals. cGMP was not detected in 

serum. Note that after infection with 1 × 107–1 × 108 CFU of PA103ΔexoUexoT::Tc 

pUCPexoY, mice did after 24–48 h after infection.
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Fig. 4. 
cNMP concentrations in mouse urine and faeces. Female C57/BL6 mice were infected with 

recombinant P. aeruginosa strain PA103ΔexoUexoT::Tc pUCPexoY and sacrificed at 

specific times after infection. Urine and faeces were then processed for HPLC-MS/MS 

analysis as described in Materials and Methods. (A) Data shown represent molar 

concentrations of cNMPs in urine 0–72 h after infection with 1 × 106 CFU. (B) Data shown 

represent concentrations of cNMPs in faeces 0–48 h after infection with 1 × 107 CFU. Data 

shown are the means ± SEM of six animals. cCMP was not detected in faeces.
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