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A B S T R A C T   

3′, 5′ – Cyclic adenosine monophosphate (cAMP) is a ubiquitous second messenger that is involved in many 
cellular functions and biological processes. In several cell types, cholera toxin will increase the level of cAMP, 
which mediates toxic effects on cells. In this context, we have developed a fast and simple method based on 
extraction with 5% trichloroacetic acid (TCA) and quantitation with liquid chromatography-mass tandem 
spectrometry (LC-MS/MS) for measuring cAMP in cells. A main feature of the LC-MS method was employing a 
reversed phase C18 column (2.1 mm × 50 mm, 1.6 µm particles) compatible with a 100% aqueous mobile 
phase, providing retention of the highly polar analyte. Isocratic separations allowed for fast subsequent injec-
tions. Negative mode electrospray ionization detection was performed with a triple quadrupole (QqQ)MS. cAMP 
was extracted from cell samples (~106 cells per well) and spiked with a labelled internal standard, using 200 µL 
of 5% TCA. The extraction solvent was fully compatible for direct injection onto the reversed phase column. 
After 10 min incubation, the supernatant was removed, and 10 µL of the supernatant was directly analysed by 
LC-MS. The method was characterized by the simplicity of the extraction, and the speed (3 min retention time of 
cAMP), sensitivity (250 pg/mL detection limit), and selectivity (separation from interferences e.g. isomeric 
compounds) of the LC-MS method, and could be used for quantitation of cAMP in the range 1–500 ng/mL cell 
extract.   

1. Introduction 

3′, 5′ – Cyclic adenosine monophosphate (cAMP) is a ubiquitous 
second messenger that is involved in many cellular functions and bio-
logical processes [1], such as memory consolidation [2], immune 
function [3], and metabolism [4]. cAMP is synthesized in the cell by the 
enzyme adenylyl cyclase (AC) as a response to the binding of hormones 
and neurotransmitters to G protein-coupled receptors (GPCRs) [5]. The 
function of cAMP is to transduce the intracellular signal of hormones, 
such as epinephrine, that cannot pass the plasma membrane [5,6]. 

The activity of cholera toxin (CT) produced by the Gram-negative 
bacterium Vibrio cholera has been correlated with elevated cAMP levels, 
as CT is an activator of AC in eukaryotic cells. CT is endocytosed, 
transported to the Golgi apparatus and the endoplasmic reticulum (ER), 
from where its enzymatically active moiety is translocated to the 

cytosol, where it exerts its toxic action by activating AC through ADP- 
ribosylation of the α subunit of the heterotrimeric GTP-binding protein 
Gs [7–10]. 

Immunoassay kits are routinely used for determination of cAMP. 
However, the use of these kits can be expensive, time-consuming, and 
many are non-automatable, as opposed to LC-MS/MS methods [11]. In 
addition, kit operation can be surprisingly demanding and provide a 
low degree of repeatability [11] when performed manually with several 
additions of very small volumes. Importantly, analogous structures to 
cAMP, used in intracellular pathway studies can cause false positives  
[12]. As a more selective alternative, LC-MS/MS methods have been 
employed [13–17]. In several of these methods, hydrophilic interaction 
liquid chromatography (HILIC) or porous graphite carbon materials 
have been employed to chromatograph the polar cAMP [13–15]. Al-
though we have studied these separation approaches in a number of 
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related applications (see e.g. [18–20]), our current opinion is that re-
versed phase (RP) LC is often more robust and predictable. Therefore, 
we here explored the use of an novel RPLC column which was com-
patible with a 100% aqueous mobile phase (often suited for highly 
polar analytes). RPLC has previously been employed for cAMP, see e.g.  
[17]. We here report an RPLC based approach with higher analysis 
speed regarding chromatography which could differentiate between 
cAMP and highly similar, potentially interfering compounds. The 
method also includes a fast cell extraction (10 min) using solvents fully 
compatible with direct RPLC injection (other extraction methods can 
require additional steps, solvent evaporation and reconstitution  
[14,15,21]). The method is suited for extracts from ~106 cells per well 
using the well plate format. This approach provided satisfactory per-
formance (fast, selective and repeatable quantifications). The method 
was used to investigate the requirements for retrograde transport of CT 
to the Golgi apparatus, the ER and the release of its enzymatic moiety to 
the cytosol, where it increases the levels of cAMP. 

2. Experimental 

2.1. Chemicals 

Type 1 water (18.2 MΩcm resistivity at 25 °C) was from a Milli-Q 
integral purification system (Millipore, Billerica, MA, USA). LC-MS 
grade water, acetonitrile (ACN) and methanol (MeOH) were purchased 
from VWR (Radnor, PE, USA). LC-MS grade formic acid (FA), tri-
chloroacetic acid (TCA), 3-isobutyl-1-methylxanthine (IBMX), 3′, 5′- 
cyclic adenosine monophosphate (cAMP) and 2′, 3′-cyclic adenosine 
monophosphate (2 , 3 - cAMP), cholera toxin (CT) from bacteria Vibrio 
cholerae, Accutase solution, dimethyl sulfoxide (DMSO) and Brefeldin A 
(BFA) were purchased from Sigma Aldrich (St. Louis, MO, USA). The 
internal standard (13C5-cAMP) was purchased from Toronto Research 
Chemicals (Toronto, ON, Canada). 4-(2-Hydroxyethyl) piperazine-1- 
ethane sulfonic acid (HEPES) medium buffer and phosphate-buffered 
saline (PBS) (1.1 mM NaH2PO4, 5.5 mM Na2HPO4, 138.6 mM NaCl; pH 
7.4) provided by Oslo University hospital (OUS, Norway). EVE™ 0.4% 
Trypan Blue stain was purchased from VWR. The nebulizing gas of 
argon (99.99%) was purchased from Praxair (Oslo, Norway). 

2.2. Cell culture 

HT-29 (human colorectal adenocarcinoma, HTB-38, ATCC) cells 
were grown in Dulbecco’s Modified Eagle Medium (DMEM, Thermo 
Fisher Scientific, Waltham, MS, USA) supplemented with 10% (w/v) 
fetal bovine serum (FBS, F7524, Sigma-Aldrich) and 100 U/mL peni-
cillin and 100 µg/mL streptomycin (P4333, Sigma-Aldrich) at 37 °C and 
5% CO2. The cells were seeded at a concentration of 2 × 105 in Nunc 6 
well plates (140675, Thermo Fisher Scientific) 3 days before the ex-
periment. 

2.3. Cell treatment 

The cells were washed once with HEPES-buffered medium (DMEM 
without sodium bicarbonate supplemented with 20 mM HEPES, 2 mM 
L-alanyl-L-glutamine, 100 U/mL penicillin and 100 µg/mL strepto-
mycin). The cyclic nucleotide phosphodiesterase inhibitor IBMX was 
added at a final concentration of 0.2 mM to prevent cAMP degradation 
and the cells were incubated in the presence or absence of 100 ng/ml 
CT for 1 h at 37 °C. After washing 3 times with PBS, cell extracts were 
made by incubating cells with 200 µL of 5% TCA and 20 µL of internal 
standard solution for 10 min at room temperature. The extract was then 
transferred to an safe-lock tube (Eppendorf) prior to being transferred 
to a glass vial for analysis. Cell numbers were determined by detaching 

cells with Accutase and counting cells using the Countess II FL auto-
mated cell counter (Thermo Fisher Scientific). 

For the control experiment, cells were incubated with 1 µg/mL BFA 
or methanol (MeOH, vehicle) for 30 min prior to the addition of IBMX 
and CT. 

2.4. Items used for the preparation of solutions, samples and standards 

The glass vials (1.5 mL autosampler vial), the autosampler vials 
(0.3 mL microvials) and caps (screw cap (9 mm)) were all from VWR. 
The safe-lock tubes were from Eppendorf (Hamburg, Germany). 
Pipettes (Finnpipette®F2) 5–40, 20–200 and 100–1000 µL and tips 
(Finntip), as well as Nunc cell-culture treated multidishes were from 
Thermo Scientific. The vortex MS2 MiniShaker was from IKA (Staufen, 
Germany). 

2.5. Stock and working solutions 

A 250 µg/mL stock solution of cAMP was prepared by dissolving 
25 mg cAMP in 100 mL type 1 water. The 100 µg/mL stock solution of 
the internal standard (IS) was prepared by dissolving 0.5 mg IS in 5 mL 
type 1 water. The 2 , 3 - cAMP stock solution was made by dissolving 
10 mg in 100 mL type 1 water to a concentration of 100 µg/mL. All 
standard stock solutions were divided into small aliquots and stored at 
−20 °C. The standard stock solutions were used to prepare diluted 
working solutions daily during the optimization of MS conditions, 
chromatography, and sample preparation. 

2.6. Validation and calibration samples 

Matrix based validation and calibration samples were prepared by 
spiking 1.3 × 106 cells/well with 20 µL aqueous cAMP solutions to 
concentrations of 1, 125, 250, 375 and 500 ng/mL (in addition to en-
dogenous level), followed by addition of 20 µL internal standard 
(0.6 µg/mL) to a concentration of 50 ng/mL. The spiking of the cell 
samples was performed concurrently with the addition of 5% TCA prior 
to the incubation time. Linearity was evaluated by plotting area cAMP/ 
area internal standard ratio (A/AIS) vs concentration cAMP/con-
centration internal standard ratio (C/CIS) 

2.7. LC-MS/MS analysis 

A Dionex Ultimate 3000 UHPLC system coupled to a TSQ Vantage 
triple Q MS equipped with a HESI interface (Thermo Scientific) was 
used. The system was controlled by Xcalibur Software (Thermo 
Scientific). In order to couple the analytical columns to the LC-MS in-
strumentation, Viper™ Capillary Stainless Steel Fingertight Fittings 
(Viper SST), in dimensions of 0.13 × 100 mm, 0.13 × 750 mm and 
0.18 × 750 mm (Thermo Scientific) were used. A ZU1C stainless steel 
union (1/16″ ID) and screen filter (1/16″ ID and 2 μm pore size) pur-
chased from Vici Int. (Houston, TX, USA) and was used as an in-line 
filter between the injector and the column. The column was a 
2.1 × 50 mm (1.6 µm) Luna® Omega Polar C18 column with a con-
nected guard column consisting of a Polar C18 SecurityGuard™, fully 
porous polar (2.1 mm ID) column in a SecurityGuard™ ULTRA 
Cartridge Holder from Phenomenex (Torrance, CA, USA). 

The mobile phase consisted of 0.1% FA in LC-MS grade water, and 
the flow rate was set to 500 μL/min. The column oven temperature was 
set to 25 °C and the injection volume was 10 μL. The electrospray io-
nization (ESI) interface was operated in negative mode with a spray 
voltage of 3000 V, a capillary temperature of 350 °C, a vaporizer 
temperature of 450 °C, auxiliary gas pressure (arbitrary units) of 20, 
sheath gas pressure (arbitrary units) of 60 and ion sweep gas pressure 
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(arbitrary units) of 5. The MS/MS was operated in Selected Reaction 
Monitoring (SRM) mode with the transitions m/z 328.1 (cAMP) → m/z 
134.1 and m/z 333.1 (IS) → m/z 134.1, both with collision energy 27 V. 
Time of analysis was set to 5 min. 

3. Results and discussion 

Below we detail our method and method development, which fea-
tures tandem mass spectrometry for selective monitoring, tailored li-
quid chromatography for reducing matrix interferences and to 
strengthening selectivity, and a sample preparation developed with a 
focus on speed and simplicity. The method allows for fast determination 
of cAMP in samples containing ~ 106 cells. 

3.1. Mass spectrometry of cAMP 

With direct introduction of cAMP (10 µg/mL in 0.1% FA) in nega-
tive electrospray mode, cAMP was detected with m/z = 328.1 ([M−H]- 

). The internal standard (cAMP-13C5) was detected at m/z = 333.1. No 
formation of adducts or in-source fragmentation of cAMP was observed. 
As in other studies [13,15], the most intense MS/MS fragment was m/ 
z = 134.1 (Fig. 1, corresponds to adenine) and was chosen as quantifier 
for the analyte and IS. 

3.2. Chromatography of cAMP 

We have earlier employed HILIC with zwitterionic support material 
for measurement of 3′-phosphoadenosine-5′-phosphosulfate and nu-
cleoside triphosphates [18,20], compounds that are structurally related 
to cAMP. As mentioned, HILIC has also been used by others [13,14]. 
Initially, we therefore explored HILIC as a tool for separation of cAMP 
from potential interferences in the cell samples. However, in our hands, 
HILIC chromatography of cAMP using an iHILIC® - Fusion (+) 
(50 × 2.1 mm, 1.8 µm) column was associated with under-par re-
peatability and efficiency (results not shown). Other HILIC columns, 
with zwitterionic or silica support materials, were briefly explored, but 
did not give satisfactory chromatography regarding efficiency and re-
tention time stability. 

In recent years, several reversed phase columns compatible with an 
fully aqueous mobile phase providing high retention of polar com-
pounds have become available, e.g. the Luna Omega Polar C18 column. 
The column features a stationary phase with a partially polar modified 
surface, and is designed for interaction with polar compounds, such as 
cAMP. cAMP was retained by the Luna Omega Polar C18 column when 
using mobile phases with ≤ 10% ACN and maximum retention was 

achieved with a 0% ACN mobile phase (Fig. 2). Both retention and 
efficiency increased substantially from 2% ACN to 0% ACN. Thus, the 
use of a fully aquous mobile phase (0.1% FA) was adopted for the 
method. By doubling the flow rate from 0.250 mL/min to 0.500 mL/ 
min retention time was reduced to 3 min. Sample volumes up to 10 µL 
could be injected without deteriorating the chromatographic perfor-
mance. The isocratic elution eliminates the need for time-consuming 
column reconditioning. Summarized, RPLC-MS/MS was suited for the 
highly polar cAMP, with repeatable retention and good efficiency. 

3.3. Sample preparation 

The HT-29 cells were grown to a concentration of 1.3 × 106 cells 
per well before analyses (see supplementary SM-1). Various methods 
have been used to extract cAMP from cells, including perchloric acid 
based methods [14,16], and methanol/acetonitrile (50/50, v/v)[15]. In 
our hands, a 10 min extraction of cAMP from epithelial HT-29 cells 
using 5% TCA was successful. We have earlier used this method to 
precipitate proteins and permeabilizing cells when measuring protein 
synthesis by incorporation of [3H]leucine and cell proliferation by in-
corporation of [3H]thymidine [22]. We also tried precipitation and 
extraction with ethanol and ethanol/HCl as we have used ethanol/HCl 
to extract cAMP in a previous study [23]. However, this approach was 
found to give lower extraction efficiency (See supplementary SM-2). 

Basal and CT induced levels of cAMP were detected in the cell ex-
tracts along with IS (Fig. 3). cAMP was separated from several com-
pounds with unknown indentity and the isomer 2‘, 3‘ – cAMP (reported 
to be present in cells [24]) (see supplementary SM-3). The sample 
preparation for 6 samples in well plate format could be performed in 
less than 30 min, excluding the 1 h incubation time for IBMX and CT 
treatment. The resulting TCA extracts could be directly analyzed by the 
fully aqueous RP LC-MS method. The stability of cAMP in 5% TCA was 
similar to that in 0.1% FA (see supplementary SM-4). The 5% TCA 
concentration in the sample extracts did not impair the chromato-
graphy of cAMP. Summarized, the TCA extraction-based sample pre-
paration was simple, fast and compatible with RPLC-MS/MS. 

3.4. Evaluation of the method 

The analysis time of the isocratic method was less than 5 min per 
analysis, and the column had no detectable carry-over (see supple-
mentary SM-5). About 200 TCA cell extract injections could be per-
formed in isocratic mode before column wash was necessary. However, 
a column wash with 90% ACN was routinely performed after each 
analysis series (about 50 injections). The concentration detection limit 

Fig. 1. Structure of cAMP and IS (cAMP-13C5) with adenine marked in the green box.  
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(cLOD) for cAMP in both standard solutions and spiked samples at S/ 
N = 3 was 250 pg/mL and the concentration quantification detection 
limit (cLOQ) with S/N = 10 was 1 ng/mL (see supplementary SM-6). 
The LC-MS method provided a linear response (r2 = 0.99) from 1 ng/ 
mL to 500 ng/mL, large enough to cover concentrations of basal cAMP 
and CT induced cAMP levels in 200 µL TCA extracts from 1.3 × 106 

cells. Intra-day precision (nb = 6 matrix spiked replicates) was 1–13% 
RSD for 4 concentration levels across the linear range (see Table 1). The 
inter-day precision (n = 6 days) was higher, i.e. 20–25% RSD for 4 
levels across the linear range (see Table 2). Matrix effects were ex-
amined by using the labeled internal standard solution by comparing 
peak area of internal standard in 0.1% FA solution and internal 

Fig. 2. SRM chromatograms of 10 µL injec-
tions of 1 µg/mL cAMP standard solution. A 
Luna® Omega Polar (2.1 × 50 mm, 1.6 µm) 
column was used with a mobile phase consisting 
of A) 0, B) 2, C) 3 and D) 5% ACN + 0.1% FA at 
a flow rate of 0.250 mL/min. MS detection was 
made with ESI in negative ionization mode, with 
SRM transition (m/z 328.1 → 134.1). The figure 
also includes the retention time tR, the RSD (%) 
of tR, and the efficiency (N). 

Fig. 3. Chromatograms of cAMP and IS in cell 
extracts. cAMP in A) TCA cell extract of HT-29 
cells and B) CT treated TCA cell extract of HT-29 
cells.The cell count for these cell extracts were 
1.3 × 106. A Luna® Omega Polar (2.1 × 50 mm, 
1.6 µm) column was used with a mobile phase 
consisting of 0.1% FA at a flow rate of 0.5 mL/ 
min. The injection volume was 10 µL. MS de-
tection was made with ESI in negative ionization 
mode, with SRM transition (m/z 328.1 → 134.1). 

Table 1 
Intra-day precision of A/AIS for cAMP concentration 0–500 ng/mL and IS 
concentration of 50 ng/mL for spiked cell sample replicates (nb). 0 ng/ 
mL = not spiked, endogenous level only.     

cAMP concentration (ng/mL) nb RSD (%)  

0 6 13 
1 6 9 
250 6 3 
500 6 1    

Table 2 
Inter-day precision of A/AIS for cAMP concentration 0–500 ng/mL and IS 
concentration of 50 ng/mLfor spiked cell sample replicates (nb). 0 ng/mL = not 
spiked, endogenous level only.     

cAMP concentration (ng/mL) nb RSD (%)  

0 6 22 
1 6 28 
250 6 25 
500 6 25    
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standard spiked in cell sample extract solution (more precisely, re-
covery factor was examined [25]). No matrix effects were observed 
(data not shown). 

3.5. Demonstration of the method 

Since Brefeldin A (BFA) is known to obstruct the retrograde trans-
port of CT [26], we performed a control experiment where BFA was 
added to the cells (see supplementary SM-7). BFA demolished the effect 
of CT and did not affect the basal levels of cAMP (Fig. 4). The basal 
cAMP concentration in the 200 µL cell extract from 1.3 × 106 cells was 
found to be in range of 1–2 ng/mL, which is above the determined 
cLOQ. However, a more sensitive MS instrumentation or using more 
cells per analysis would be an advantage. Compared to other works, 
comparison of attained concentrations can be difficult due to the var-
iation cause by the choice of cell type, CT treatment and preference of 
concentration (cell count, mg protein etc.). 

According to Table SM7, the RSD (%) values were relatively low 
(RSD (%)  <  20), which again could be lowered by increasing the 
number of biological replicates, because biological variation is not to be 
underestimated. When the LC-MS measurements of BFA and CT treated 
cells were repeated the next day in order to evaluate the inter-day 
precision, no significant difference was observed (data not shown). 

4. Conclusion 

The isocratic RPLC-MS/MS method here described for determina-
tion of cAMP in HT-29 epithelial cells showed a good sensitivity, se-
lectivity and repeatability. The linear range of 1–500 ng/mL cAMP is 
good for studying the effect of CT on cells. Importantly, the sample 
preparation method is fast and simple and the analysis time for each 
sample using LC-MS/MS is only 5 min. Moreover, approximately 200 
cell extracts can be injected before a column wash was needed. Thus, 
this method can e.g. be used to investigate the requirements for CT 

endocytosis, retrograde transport and release to the cytosol. Hence, this 
method may help to increase our knowledge about intracellular trans-
port in general and how CT mediates its toxic effect. In addition, the 
method may be applicable in other studies related to the production of 
cAMP. In conclusion, RPLC with polar characterized stationary phases 
may be adapted in separation and determination of small polar com-
pounds that play a significant role in the study of other biological and 
intracellular processes. 
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