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Objective: We aim to quantify the absolute protein expression of cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) in 
various cells and tissues to determine the relative contribution of COX-1 and COX-2 to PGE2 production.
Methods: An LC-MS method was developed and validated, then used for quantifying the absolute amounts of COX-1 and COX-2 in 
recombinant human COX-1 and COX-2, lysates from different cells, tissue microsomes of rodents and humans, Pirc rat colonic 
polyps, and biopsy specimens from squamous cell carcinoma (SCC) patients. The COX-1 and COX-2 turnover numbers were 
subsequently calculated based on apparent formation rates of PGE2.
Results: A robust LC-MS method for quantification of COX-1 and COX-2 was developed and validated and then used to calculate 
their apparent turnover numbers. The results showed that COX-1 expression levels were much higher than that of COX-2 in all the 
tested tissues including the colonic epithelium of F344 (28-fold) and Pirc rats (20-fold), colonic polyps of Pirc rats (8-fold), and biopsy 
specimens of SCC patients (11–17-fold). In addition, both COX-1 and COX-2 were higher in polyps when compared to adjacent 
mucosa of Pirc rats. The turnover number of recombinant human COX-2 was 14-fold higher than that of recombinant human COX-1. 
LPS stimulation increased COX-2 protein expression in three cell lines (Raw 264.7, SCC9 and EOMA) as expected but unexpectedly 
increased COX-1 protein expression (13.8-fold) in EOMA cells.
Conclusion: In human oral cancer tissues and cells as well as Pirc rat colon, COX-1 plays an unexpectedly but more important role 
than COX-2 in abnormal PGE2 production since COX-1 expression is much higher than COX-2. In addition, COX-1 expression levels 
are inducible in cells, and higher in polyps than surrounding mucosa in Pirc rat colon. These results indicate that targeted suppression 
of local COX-1 should be considered to reduce colon-specific PGE2-mediated inflammation.
Keywords: cyclooxygenase-1, cyclooxygenase-2, turnover number, inflammation, absolute quantification, liquid chromatography 
with tandem mass spectrometry

Background
Cyclooxygenase isoenzymes (COX-1 and COX-2) convert arachidonic acid, which is mainly present in the cell membrane 
in the form of phospholipids, into prostaglandins (PG) and thromboxane. The inflammatory mediator prostaglandin E2 

(PGE2), as one of major products of COX enzymes, exerts multifunctional effects on the processes of inflammation, pain 
signaling and carcinogenesis.1–3 Physiological levels of PGE2 are mainly maintained by COX-1 in most of the tissues,4–6 

and are important for housekeeping functions such as protection of the mucosal integrity, promotion of wound healing, and 
attenuation of the inflammatory responses during the repair process.7–9 On the contrary, aberrantly elevated level of PGE2, 
which are usually detected in tissues of proliferative diseases, such as tumors/cancer,10 arthritis11 and fibrosis,12 is presumed 
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to be caused by induced COX-2.4,13 Therefore, it is generally believed that COX-2 is “bad” for our health and COX-1 is 
“good” for our health, especially in the GI tract.14 Is this really the case?

Evidence in support of COX-2 being “bad” for our health in the GI tract is that COX-2 is upregulated during both 
inflammation and tumorigenesis. A clinical trial conducted by Pfizer has shown that celecoxib, a selective COX-2 
inhibitor, significantly suppressed inflammation and reduced the number of adenomatous colorectal polyps in familial 
adenomatous polyposis (FAP).15,16 Several studies also found that celecoxib treatment significantly reduced the tumor 
multiplicity in the colon in Pirc rats (Pirc, F344/NTac-Apcam1137), which has similar biology that closely models human 
FAP characteristics.17,18 However, it has been proven in humans that systemic inhibition of COX-2 for a prolonged 
period of time caused significant and sometimes deadly adverse effects because COX-2 is constructively expressed in 
some tissues including the cardiovascular system.19,20

Evidence in support of COX-1 being “good” for our health is that PGE2 derived from COX-1 is mainly involved in 
homeostatic functions throughout the body.21 Several studies have detected a stable COX-1 expression level in biopsies 
of fresh human blood vessels using molecular biology techniques, indicating that COX-1 but not COX-2 is the primary 
cyclooxygenase isoenzyme in most native endothelial cells.22 However, more and more evidences demonstrated that 
COX-1 is also inducible during inflammatory response.4,23 PGE2 derived from COX-1 is now thought to drive the initial 
phase of inflammation, with COX-2 upregulation occurring within several hours.24 The relative levels of each isoform in 
a particular tissue may be the dominant factor affecting the contribution of COX-1 and -2 to inflammation.25 In addition, 
preclinical studies have shown that selectively inhibiting COX-1 using COX-1 inhibitors such as SC560 and mofezolac 
can prevent tumor growth.26,27

To accurately evaluate the role of COX-1 and COX-2 in physiological and pathological conditions, their PGE2 

production (ie, enzyme turnover numbers) need to be precisely determined. However, it is impossible to determine the 
production of PGE2 by COX proteins due to lack to analytical tools. Most of the current semi-quantification methods can 
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only quantify relative expression of COX-1 and COX-2. For example, PCR or RT-PCR can only compare the mRNA 
(transcription) level of each COX28,29 and Western blot can semi-quantitatively measure the relative protein expressions, 
but it is done with different antibodies for COX-1 and COX-2. Currently, LC-MS/MS methodology has been widely used 
in proteomics studies helping with protein characterization, protein absolute quantification, biomarker discovery, etc.30,31 

All these lead us to develop a label-free LC-MS method using MRM approach to absolutely quantify COX-1 and COX-2 
proteins, which enables accurate comparison across tissues and labs without any additional normalization.32 Furthermore, 
PGE2 production by COX-1 and COX-2 can be determined by calculating protein turnover numbers.33

The present study was designed to develop and validate a novel isotope-free LC-MS method to absolutely quantify 
the expression levels of COX-1 and COX-2 in patients’ specimens and different biological matrices, which enables us to 
calculate the turnover numbers of COX-1 and COX-2 and determine their contribution to inflammation.

Materials and Methods
Chemicals and Reagents
Acetonitrile, ethyl acetate, ammonium hydroxide and water (LC-MS grade) were purchased from EMD (Gibbstown, NJ). 
Lipopolysaccharide (LPS), ammonium bicarbonate, dithiothreitol, iodoacetamide, trypsin (LCMS grade) and formic acid 
were bought from Sigma-Aldrich Co. (St. Louis, MO). RIPA buffer was obtained from Cell Signaling (Danvers, MA). 
Signature peptides shown in Supplementary Table 1 were synthesized by Thermo Scientific (Rockford, IL, purity >95%). 
Recombinant human COX-1 and COX-2 enzymes were bought from Cayman (Ann Arbor, MI). Pierce™ BCA Protein 
Assay Kit was supplied by Thermo Scientific (Rockford, IL). Other chemicals were used as received.

Design Surrogate Peptides for Rodent and Human COX Enzymes
The amino acid sequence of the COX enzymes were obtained from National Center for Biotechnology Information. The 
surrogate peptides were selected using Skyline. The specificity and similarity of each signature peptide were assured by 
Basic Local Alignment Search Tool (Blast) search in the UniProt database.34 Peptide FDPELLFR (Pep-1), 
NVPIAVQAVAK (Pep-2), FDPELLFGVQFQYR (Pep-3), and GFWNVVNNIPFLR (Pep-4) used as the surrogate 
peptides for rodent and human COX-1 and COX-2, respectively (Supplementary Table 1). The three universal tryptic 
peptides from yeast (Hi3) – NNPVLIGEPGVGK (Pep-5), AIDLIDEAASSIR (Pep-6) and VTDAEIAEVLAR (Pep-7) – 
were used as internal standards for quantification analysis. For each peptide, four MRM transitions were selected, the 
average of most sensitive two were used for quantification, and the other two were used for identification assurance.

Instruments and Conditions
All analyses were performed on an UHPLC-MS/MS system consisting of an ExionLC™ UHPLC system and an API 
5500 Q-Trap triple quadrupole mass spectrometer (SCIEX, Foster City, CA, USA). The LC conditions were as follows: 
column, Waters BEH C18, 1.7µm, 50 mm × 2.1 mm (Waters, Milford, MA, USA); mobile phase A, 0.1% aqueous formic 
acid (FA); mobile phase B, 0.1% FA in acetonitrile; autosampler temperature, 10°C; column temperature, 30°C; injection 
volume, 10µL; the gradient elution was: 0–7.0min, 10–40%B; 7.0–7.3min, 40–90%B; 7.3–8.0min, 90%B; 8.0–8.5min, 
90–10%B; 8.5–10min, 10%B. The peptides were analyzed using multiple reaction monitoring (MRM) scan type in 
positive mode. The electrospray ionization source conditions were as follows: spray voltage, 5500V; ion source 
temperature 500°C; curtain gas 30 psi; gas1, 40 psi; and gas 2, 30 psi. The compound-dependent parameters for these 
peptides and internal standards are listed in Supplementary Table 2. Data were processed using SCIEX OS Software 
Package (AB SCIEX).

Cell Culture and Lysate Preparation
Cell Culture and Treatment
Raw264.7 cells (macrophages), EOMA cells (endothelial), SCC9 cells (oral cancer) and Caco-2 cells (colon cancer) were 
selected to investigate the expression of COX enzymes, because oral cancer and colon cancer tissues are known to express 
high levels of COX-2.35,36 Caco-2 TC7 cells, originally purchased from American Type Culture Collection (ATCC), were 
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kindly provided by Monique Rousset of INSERM U178 (Villejuif, France) and maintained in our lab.37 EOMA cells were 
kindly provided by Dr Yang Zhang of University of Houston (Houston, TX) and maintained in our lab. Raw264.7 cells were 
purchased from ATCC and maintained in our lab. SCC9 cells, originally purchased from ATCC, was gifted by Dr Ming You 
of Medical College of Wisconsin (Milwaukee, WI) and maintained in our lab. The use of various cells in these experiments 
are approved by University of Houston’s Institutional Biosafety Committee. All cells were cultured in T75-flasks in 
Dulbecco’s Modified Eagle’s Medium containing 1% L-glutamine, nonessential amino acids and penicillin and 10% fetal 
bovine serum. For LPS treatment, when cells were reaching 80% confluence, 1 μg/mL LPS was added into the cell culture 
medium after washing twice with PBS. The incubation time was 8h, 18h and 24h for Raw264.7 cells. The other cells were 
treated with LPS for 24h. To investigate the inhibition efficacy of celecoxib on Raw264.7 cells, 1 μg/mL LPS and celecoxib 
at 0.1, 1.0 and 10 μM were added into the cell culture medium and incubated for 8h.

Preparation of Cell Lysate
When subconfluent, cells were washed thrice with PBS before harvest. Cell pellets were lysed with RIPA buffer (20 mM 
Tris-HCl, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium 
pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 µg/mL leupeptin) containing protease inhibitor 1mM 
PMSF immediately before use. Cell suspensions were kept on ice for 10 min followed by briefly sonication. The 
supernatants were collected and stored after being centrifuged at 14,000 × rpm for 15 minutes at 4°C. The protein 
concentration was measured by the Pierce BCA Protein Assay Kit using the protocol provided by the vendor.

Animals and Human Samples
Animals
Male F344 rats were originally purchased from Charles River and bred in the animal facility at Universityof Houston 
(Houston, TX). Pirc rats were kindly gifted by Dr Elizabeth Bryda of University of Missouri (Columbia, MO) and bred in 
the animal facility at University of Houston (Houston, TX). This study was approved by the Institutional Animal Care 
and Use Committee (IACUC) of the University of Houston, Houston, TX, under protocol number 17–022, and in 
compliance with the “PHS Policy on Humane Care and Use of Laboratory Animals” established by the National 
Institutes of Health, Bethesda, MD, USA. Animals were housed in a controlled condition, with temperature of 24 ± 
2°C, humidity of 50 ± 5% and a 12-h light/dark cycle.

Biopsy Specimens from Squamous Cell Carcinoma Patients
Patients were consented under the approved Institutional Review Board protocol PRO00017015 at the Medical College 
of Wisconsin (MCW) for tumor banking in the MCW Institutional Tissue Bank. All patients were diagnosed with upper 
aerodigestive tract squamous cell carcinoma. Biopsy specimens were collected from cervical metastatic adenopathy of 
four patients during four separate surgeries. For each case, tumor tissue was embedded in optimal cutting temperature 
compound and cryopreserved by the MCW Tissue Bank at −80°C. Specimens were shipped with dry ice, using an 
overnight service. Upon receipt, tissue blocks were stored at −80°C until analysis.

Tissue Microsomes Preparation and Protein Digestion
Preparation of Tissue Microsomes
Tissue microsomes were prepared as described previously. Briefly, tissue samples were isolated, washed with cold saline, 
solution A (8 mM KH2PO4, 5.6 mM Na2HPO4, 1.5 mM KCl and 96 mM NaCl) and solution B (8 mM KH2PO4, 5.6 mM Na2 

HPO4,1.5 mM EDTA), and then minced. The minced tissues were homogenized with the ice-cold homogenization buffer (10 
mM KPI, 250 mM sucrose, 1 mM EDTA, pH 7.4) followed by centrifugation at 10,400 rpm for 15min 4°C to collect S9 
fractions. Then, S9 fractions was ultracentrifuged at 35,000 rpm for 1hr at 4°C. The final microsomes were suspended in 250 
mM sucrose solution and stored at −80 °C until use. The protein concentration was measured by Pierce BCA Protein Assay Kit.

Protein Digestion and Sample Preparation
Aliquots of 120 μg proteins from cell lysate or 360 μg tissue microsomes were digested following the previous protocol 
with minor modification.38 Briefly, 120 μg cell lysate or 360 μg tissue microsomes were denatured and reduced through 
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heating at 95°C for 10 min after mixing with 66 µL of 50 mM ammonium bicarbonate containing 5 mM DTT. Protein 
alkylation was conducted by spiking 10 µL of 10 mM IAA to the mixture and incubate for 30 min in the dark. The whole 
mixture was then digested by adding trypsin at a protein-to-trypsin ratio of 50:1 and incubated at 37°C for 2h. The 
reaction was quenched by adding 0.4%TFA. Samples were followed by centrifugation at 15,000 rpm for 15min. The 
supernatant was transferred and dried under nitrogen at room temperature. Samples were finally dissolved in 100 µL 
reconstitution solvent (FA:acetonitrile:water = 0.1:30:70, v/v/v) for LC-MS injection.

Method Validation
The newly developed LC-MS method was fully validated by determining specificity, accuracy, precision, matrix and 
recovery following the bioanalytical method validation guidelines for pharmaceutical industry released by USFDA. Data 
for method validation are reported in the Supporting Information.

Western Blot
Protein samples from Raw264.7 cell lysate with or without LPS treatment were subjected to 10% SDS-PAGE and blotted 
onto the nitrocellulose membrane. The membrane was blocked in 5% non-fat milk in PBST (Phosphate-Buffered Saline, 
0.1% Tween 20 Detergent) overnight and probed using primary antibody for COX-2 at a dilution of 1:1000. 
Subsequently, the band visualization was achieved by incubating with appropriate horseradish peroxidase–conjugated 
secondary antibody and chemiluminescence agents. The signal was detected by ChemiDoc MP Imaging System from 
Bio-Rad. Image digitization and quantification were done with Image Lab software.

PGE2 Quantification
The PGE2 was quantitated using the validated method published by us previously with modification.18 Briefly, a 50 μL 
aliquot of cell medium and 10 µL d4-PGE2 (as the internal standard, final concentration was 20ng/mL) were mixed with 
500 μL of ethyl acetate for liquid–liquid extraction. Then, 400 µL supernatant was transferred from the mixture after 
vortex and centrifugation. The supernatant was dried under the condensed air, and the residue was reconstituted with 100 
µL co-solvent (acetonitrile:0.2%ammonium hydroxide water = 2:8, v/v). The supernatant (5 µL) was injected to UHPLC- 
MS/MS for PGE2 quantification after being vortexed and centrifuged.

Determination of Catalytic Activities of COX-1 and COX-2 Enzymes
The assay was performed as described previously.39 Briefly, Raw264.7 cell lysate was collected after LPS stimulation for 
8h and 18h to afford cell lysates. Then, the cell lysates and human recombinant COX-1 and COX-2 enzymes were pre- 
incubated with 1µM hematin, 5mM l-glutathione, 5mM dopamine hydrochloride and 5 mM EDTA in 50mM potassium 
phosphate buffer (pH 8.0) at 37°C for 15 min. Then, substrate 10µM arachidonic acid was added into the reaction system 
and incubated for at 37°C for 10 min. The reaction was stopped by acetonitrile including 1% formic acid and 100 ng/mL 
d4-PGE2 as the internal standard. The final pH of the reaction system was adjusted using 0.5M NaOH. After 
centrifugation at 15,000 rpm for 15 min, the supernatant was injected to MS for PGE2 quantification. The turnover 
number was calculated using the following formula:

Turnover number ¼ PGE2 concentration ng
mlð Þ�reaction system volume mlð Þ½ �

time hð Þ�COX � 2 concentration pmol
mgð Þ� Total protein concentration mg

mlð Þ�volume mlð Þ½ �

Statistical Analysis
The Pearson’s correlation analyses between absolute COX-2 amount and PGE2 production, absolute COX-2 amount, and 
WB results were performed on GraphPad Prism 8.0. Pearson’s correlation coefficient (R2) was used to describe how 
strong the correlation was between two variables.
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Results
Development of LC-MS Method for COX-1 and COX-2 Quantification
An isotope-label-free LC-MS method was successfully developed by us for the first time, which provides absolute 
quantitation of COXs in different biological samples. The data of the method development are reported in Supplementary 
Data. A representative chromatogram was shown in Supplementary Figure 1 and peptide sequence was listed in 
Supplementary Table 1. The retention time of Pep-1, Pep-2, Pep-3 and Pep-4 were 4.90, 2.60, 5.80 and 6.50 min, 
respectively.

Method Validation
Linearity, Specificity, and Lower Limit of the Quantification (LLOQ)
The standard curves of the surrogate peptides were linear from 0.050 to 25.00 nM for Pep-1 and Pep-2, and from 0.20 to 
100.00 nM for Pep-3 and Pep-4. The calibration curves presented satisfactory linearity with correlation coefficients (R2) 
from 0.995 to 0.999 for all selected peptides. There was no interference (S/N >10) observed for these peptides in 
biological samples as shown in Figure 1. The lower limits of quantification (LLOQ) were 0.05 nM for both Pep-1 and 
Pep-2 and 0.2 nM for both Pep-3 and Pep-4. The limits of determination (LOD) were 0.024 nM for Pep-1, 0.012 nM for 
Pep-2, 0.1 nM for Pep-3 and 0.05 nM for Pep-4, indicating high sensitivity for the developed method.

A B C D

E F G H

I J K L

M N O P

Q R S T

Figure 1 Typical chromatograms for LC-MS method specificity and selectivity. The retention times of representative peptides for rat COXs and human COXs were at 4.9, 
2.6, 5.8 and 6.5 min, respectively (A–D). For Raw264.7 cells with LPS treatment, signal was only detected in rodent COX-2 MRM transition while it was below the detection 
limit in rodent COX-1 transition (E and F). No interference was found in human COX-1 and COX-2 transition (G and H). For EOMA cells with LPS treatment, signal was 
detected in rodent COXs’ transitions but not interfered in human COXs’ transitions (I–L). Similarly, the signal was only detected in human COXs’ transitions for the human 
recombinant enzymes samples and no background interference was found in rodent COXs’ transitions (M–T).
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Precision and Accuracy
The intra-day and inter-day precision were evaluated by determining the QC samples at low, med and high concentrations 
of six replicates. The bias for inter-day precisions of four peptides were less than 13.05% at three different concentra-
tions. The intra-day precisions bias was less than 16.30%. The intra-day and inter-day accuracy were with ±20% for all 
analytes at different QC concentration levels. The results of precision and accuracy are listed in Figure 2 and 
Supplementary Table 3.

Recovery and Matrix Effect
The recovery was calculated using QC samples of six replicates at three different concentrations as listed in Figure 2 and 
Supplementary Table 4. The recoveries of all peptides were within ± 20% range at all concentrations, showing that the 
recoveries of those peptides were acceptable during the sample preparation. As for the matrix effect, the two sets of 
standard curves with the BSA and blank raw cell lysate were compared (Supplementary Figure 2), suggesting that matrix 
effect is in the recommended acceptable range.40

External Standard Addition
The accuracy obtained via external standard addition method of Raw264.7 cell lysate and recombinant human COX-1 
and COX-2 enzymes was calculated using three replicates at three different concentrations as listed in Figure 2 and 
Supplementary Table 5. The accuracy ranged from 79% to 121% of Pep-1, Pep-2, Pep-3 and Pep-4, respectively.

Absolute Quantification of COX-1 and COX-2 Protein Levels in Various Matrices
Without LPS treatment, COX-1 levels were below LLOQ in Raw 264.7, SCC9, EOMA and Caco-2 cells. COX-2 level 
was only measurable in EOMA cells at 4.15 pmol/mg protein but not in other three cell lines. After induction with LPS at 

Analyte Conc.
Accuracy (bias, %) Precision (CV, %)

Recovery (Error rate, %) Standard addition accuracy 
(Error rate, %)intra-day inter-day intra-day inter-day

Peptide 1-3

L -2.0 3.1 4.7 5.6 -10.6 2.4 -20
M -1.4 -0.6 5.6 1.5 -3.5 17.4

H 2.1 0.6 3.4 1.3 -3.1 13.4

Peptide 1-4

L 0.8 0.8 3.0 2.2 -15.7 -7.8

M -1.4 0.0 2.6 2.6 -9.7 13.9

H 3.1 1.5 1.6 2.5 -5.4 13.8

Peptide 2-3

L 2.0 2.3 4.0 3.8 -2.6 5

M -0.7 -1.9 6.8 5.6 -9.6 20.3

H 1.9 -3.4 5.9 3.5 -4.1 13.4

Peptide 2-4

L 0.7 3.0 4.3 4.9 -0.4 -15.5

M 1.1 0.6 6.5 4.1 4.3 5.3

H 2.2 1.3 4.7 3.2 11.2 17.2

Peptide 3-3

L -12.8 -16.3 5.7 8.2 7.1 -2.3

M -13.1 -14.5 2.1 4.9 8.7 8.3

H -2.0 -4.7 4.3 6.7 6.7 7.4

Peptide 3-4

L -4.0 -8.6 5.6 6.7 1.3 -2.3

M -12.4 -15.9 2.2 5.4 10.5 -8.4

H -1.3 -8.2 4.6 7.9 7.1 13.6

Peptide 4-3

L -6.7 -9.9 4.7 9.3 -4 10.5

M 3.2 -6.9 10.9 4.1 4.2 11.9

H 4.8 -3.2 8.0 2.1 11.4 9.1

Peptide 4-4

L -6.2 -14.7 2.8 9.0 -0.2 21.2

M 0.6 -7.0 9.2 4.3 3.7 6

H 0.3 -3.3 4.5 4.0 9.6 -3.1 20

Figure 2 LC-MS method validation results in the heatmap. The newly developed LC-MS method was fully validated following the bioanalytical method validation guidelines 
for pharmaceutical industry released by USFDA. All inter- and intra-day accuracy and precision, recovery and standard addition accuracy were within acceptable range. Error 
rate = Accuracy - 100%.
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1 µg/mL for 24h, COX-1 level in EOMA cells was increased to 0.58 pmol/mg, but it was still below LLOQ in other three 
cell lines. However, COX-2 levels were significantly increased with LPS stimulation. As shown in Table 1, the COX-2 
levels were 50.89, 0.09 and 10.91 pmol/mg for Raw264.7, SCC9 and EOMA cells, respectively. Caco-2 cells were not 
responsive to LPS treatment at 1 µg/mL and 20 µg/mL. For the human recombinant COX-1 or COX-2 enzymes, COX-1 
concentration was 356.35 pmol/mg in human recombinant COX-1 enzyme while COX-2 concentration was 3037.68 
pmol/mg in human recombinant COX-2 enzyme. For human tissues, both COX-1 and COX-2 levels were below LLOQ 
in human colon and small intestinal microsomes. COX-2 Level was also below LLOQ in biopsy specimens from the four 
patients with upper aerodigestive tract squamous cell carcinoma, while COX-1 level was about 0.66–1.01 pmol/mg in 
those specimens. For animal microsomes, COX-1 level was 0.48 pmol/mg in colon microsomes, while the COX-2 level 
was 0.023 pmol/mg in Pirc rat colon microsome. COX-1 level was 0.84 pmol/mg in colon microsomes, while the COX-2 
level was 0.091 pmol/mg in the Pirc rat polyp microsomes. All these results are listed in Table 1 and Supplementary 
Figure 3.

Catalytic Activity of COXs Enzyme in Raw264.7 Cell Lysates and Recombinant Human 
Enzymes
In the Raw264.7 cells, only COX-2 was detected after LPS stimulation as shown in Table 1, which allowed us to 
calculate the apparent COX-2 turnover numbers using the equation described above. After 8h of LPS stimulation, the 
turnover number was 48.57 ± 2.03 ng·h−1·pmol−1, which equals to 48.57 ng PGE2 production by per picomole COX-2 
enzyme in 1h. The relative turnover number was about 30.77 ± 3.96 ng·h−1·pmol−1 for Raw264.7 cells after 18h LPS 
stimulation, which was approximately 35% decreased when compared to 8h stimulation. For human recombinant 

Table 1 COX-1, COX-2 and PGE2 Levels in Different Matrices.

Biological Samples Source LPS Amount of COX-1 (pmol/ 
mg)

Amount of COX-2 (pmol/ 
mg)

Concentration of PGE2 (ng/ 
mL)

Human COX-1 enzyme Human — 356.35 ± 25.99 <0.17 —

Human COX-2 enzyme — <0.17 3037.68 ± 469.80 —
SCC Patient Specimen 

#1

Human — 0.656 <0.056 33.72

SCC Patient Specimen 
#2

— 1.011 <0.056 25.96

SCC Patient Specimen 

#3

— 0.736 <0.056 32.06

Human SI microsomes Human — <0.056 <0.056 —

Human colon 

microsomes

— <0.056 <0.056 —

SCC9 cells Human No <0.083 <0.083 1.03 ± 0.08

SCC9 cells Yes <0.083 0.090 ± 0.009 5.48 ± 0.21

Caco-2 Human No <0.083 <0.083 <0.050
Caco-2 Yes <0.083 <0.083 <0.050

Pirc polyps microsomes Rat — 0.84 ± 0.12 0.091 ± 0.075 —
Pirc colon microsomes — 0.48 ± 0.22 0.023 ± 0.001 —

F344 colon 
microsomes

— 0.41 <0.014 —

Raw264.7 cells Mouse No <0.042 <0.042 <0.050

Raw264.7 cells Yes <0.042 50.89 ± 1.23 12.50 ± 0.61
EOMA cells Mouse No <0.042 4.15 ± 0.04 6.30 ± 0.40

EOMA cells Yes 0.58 ± 0.10 10.91 ± 0.63 14.30 ± 0.17

Notes: In cell lysate, LLOQ of rodent and human COXs was 0.042pmol/mg and 0.083pmol/mg, respectively. In tissue microsome, LLOQ of rat and human COXs was 
0.014pmol/mg and 0.056pmol/mg, respectively. In recombinant enzyme, LLOQ of human COXs was 0.17pmol/mg. LLOQ of PGE2 in cell culture medium was 0.050 ng/mL.
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enzymes, the relative turnover numbers of COX-1 and COX-2 enzymes were 11.19 ± 1.01 ng·h−1·pmol−1 and 162.26 ± 
3.21 ng·h−1·pmol−1, respectively (Table 2).

Correlation Between UHPLC-MS/MS Quantification and Western Blot
Western blotting was conducted using the Raw264.7 cells with LPS stimulation to correlate the results with those from 
the newly developed LC-MS method. As shown in Figure 3A, COX-2 expression was below the LLOQ without LPS 
treatment. Whereas the COX-2 level was significantly elevated with LPS treatment for 8h, and then gradually increased 

Table 2 Relative Turnover Numbers of COX-1 and COX-2 Enzymes.

Biological Samples Treatment Turnover Number (ng·h−1·pmol−1)

Human COX-2 – 162.26 ± 3.21
Human COX-1 – 11.19 ± 1.01

Mouse COX-2 LPS 8h 48.57 ± 2.03

Mouse COX-2 LPS18h 30.77 ± 3.96

Figure 3 The correlation between PGE2 levels and COX-2 levels from Raw264.7 cells with or without LPS induction and celecoxib inhibition. (A) PGE2 production and 
COX-2 expression levels in Raw264.7 cells in the absence or presence of LPS for 8h, 18h and 24h. (B) PGE2 production and COX-2 expression levels in the presence of 
celecoxib at different concentrations (0, 0.1, 1, and 10 µM). (C) Western blot results of Raw264.7 cells with LPS stimulation at indicated time (8h, 18h and 24h). (D) WB 
statistical results for relative COX-2 expression level in Raw264.7 cells with LPS treatment.
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with LPS treatment for 18h and 24h. The basal levels of COX-2 expression were then confirmed by WB analysis as 
shown in Figure 3C. The Pearson’s correlation analysis between COX-2 expression level from WB and LCMS was 
performed on GraphPad Prism 8.0. The Pearson’s coefficient (R2) was 0.94, indicating a strong correlation between the 
two quantification methods of Western blot and LC-MS.

Correlation Between COX-2 Expression and PGE2 Level
The COX-1 and COX-2 protein amount in the cell lysates and PGE2 level in the cell culture medium of Raw264.7 were 
used to determine the correlation between proteins and PGE2 levels. As shown in Figure 3A, the highest PGE2 level 
was found in Raw264.7 cell culture media in the presence of LPS for 24h, while the PGE2 level was less than without 
LPS treatment. The Pearson’s correlation analysis between PGE2 levels in Raw264.7 cell culture media and the 
corresponding COX-2 levels from the same batch of cells was performed on GraphPad Prism 8.0. The Pearson’s 
coefficient (R2) was 0.935, P<0.01, indicating the correlation was significant between PGE2 production and COX-2 
protein levels measured via LC-MS method. A linear regression analysis of the same data also generated R2= and 
p<0.01.

Impact of COX-2 Inhibitors Celecoxib on COX-2 Expression and PGE2 Production
When Raw264.7 cells were incubated with celecoxib at 0.1, 1.0 and 10 µM, both PGE2 production and COX-2 
expression levels were significantly decreased. PGE2 production was almost 100% inhibited at 0.1 µM celecoxib, 
while COX-2 protein expression level was comparable to that in the control group. However, the decrease in COX-2 
levels was dose-dependent in the presence of celecoxib at 1.0 µM and 10 µM. As shown in Figure 3B, the COX-2 
expression was decreased 29% and 39% in the presence of celecoxib at 1.0 µM and 10 µM.

Discussion
We developed an approach to determine the relative contribution of COX-1 and COX-2 to the production of PGE2 in 
inflammation in different tissues and cells with the aid of the newly developed and validated LC-MS method that can 
quantify absolute amount of COX-1 and COX-2 in biological samples. We also found that both COX-1 and COX-2 are 
inducible in cells and Pirc rats as a result of inflammation.

We found that both COX-1 and COX-2 are inducible during inflammation, which is supported by the results that both 
COX-1 and COX-2 absolute amounts in acute and chronic inflammation in different cell lines and Pirc rat polyps tissues 
were upregulated (Table 1). This result is contrasted with the general belief that COX-1 is constructive and a “good” 
enzyme but COX-2 is induced and a “bad” enzyme. Nevertheless, evidences have shown that non-selective COXs 
inhibitors, such as sulindac and aspirin, can significantly reduce the number of colon tumors41,42 and this tumor- 
prevention efficacy may be a benefit of both COX-1 and COX-2 inhibition. Of note, the complex characteristics of 
COX-1 and COX-2 expression and activity during different physiological and pathological conditions never turn out to 
be simply regulated.

In the in vitro cell model, a 3- to 50-fold increment in COX-2 expression was found in different cell lines after LPS 
stimulation while COX-1 expression increment was only found in EOMA cells (Table 1 and Figure 3), suggesting COX- 
2 was much more sensitive to stimulation than COX-1 in response to acute inflammation. This was consistent with the 
findings in Pirc rats, where a 75% increment for COX-1 but a 295% increment for COX-2 in colonic inflamed polyps 
were detected when compared to those in the adjacent mucosa (Table 1).

To understand the contribution for PGE2 production of each enzyme, the in vitro PGE2 production assay was 
performed. The results showed that the production activity of COX-2 is 14-fold higher than that of COX-1 (Table 2). 
However, the absolute amount of COX-1 expression was significantly higher (9–20 folds) than that of COX-2 in different 
matrices (Table 1) and the contribution of COX-1 should not be neglected in inflammation. It is highly possible that both 
COX-1 and COX-2 play important roles in facilitating polyposis growth in Pirc rats. This conclusion can explain why 
celecoxib can significantly suppress the mucosal PGE2 production but can only slightly suppress PGE2 production in the 
polyps, where both COX-1 and COX-2 were upregulated.43 Thus, we can conclude that both COX-1 and COX-2 are 
involved in the chronic inflammatory process in Pirc rat.
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An intriguing question is whether and how we should use selective or nonselective COX-2 inhibitors to gain the 
maximal benefit without increasing the risk of bleeding due to COX-1 inhibition. Evidences showed that COX-2 may be 
more essential than COX-1 for PGs production to maintain tissue homeostasis using COX-deficient mice.44 Additionally, 
it was reported that COX-2 is important for wound healing especially for tissue repair and regeneration facilitated by 
PEG2.45,46 However, our results suggest that COX-2 could also play an essential role for wound healing as equal 
nanogram COX-2 protein can generate 14-fold PGE2, the primary mediator of wound healing, as compared to that of the 
COX-1 enzyme. All this evidence reveals that the roles of COX-1 and COX-2 enzymes are very complex. In this regard, 
a balance between COX-2 and COX-1 inhibition to maintain PEG2 homeostasis is of great interest and importance in the 
treatment of inflammatory disease.

Our conclusion was based on the absolute protein measurement using a newly developed and validated LC-MS method. 
The absolute amount of COX-1 and COX-2 proteins were determined for the first time in the current study, which allowed us 
to find out that COX-1 expression was significantly higher than that COX-2 in Pirc rat mucosa and polyps. The observation 
of a higher expression of COX-1 than COX-2 was consistent with those of the mRNA levels in the colon cancer patients’ 
mucosa and colorectal neoplasia determined by RT-qPCR,23 although RT-qPCR only quantifies mRNA.47 More importantly, 
the accurate amounts determined using the LC-MS method enable us to calculate the turnover number of each isoenzyme, 
which allow us to calculate the contribution of COX-1 and COX-2 to PGE2 production.

The relative turnover numbers derived from recombinant human COX-1 and COX-2 enabled the comparison between 
these two enzymes. However, we were not able to calculate the exact turnover number of rat and mouse COX-1 and 
COX-2 proteins because the recombinant rat and mouse COXs are not commercially available. To estimate mouse 
turnover numbers, we used cell lysate prepared from Raw 264.7 cells after LPS stimulation, which is a standard method 
to selectively induce COX-2. Although mouse COX-2 turnover number was calculated using this model, the relative 
turnover numbers were apparent rates because COX-2 expression was stimulated by LPS dynamically and mPGES-1 
expression also plays an important role in PGE2 production.

Conclusion
In human oral cancer specimen and Pirc rat polyps, COX-1 protein level was much higher than COX-2, when measured 
using the newly developed absolute quantification methods, affirming the important role of COX-1 in tissue production 
of PGE2. Furthermore, both COX-1 and COX-2 expression levels and activities were responsive to inflammatory 
stimulation in human and rodent cells. These results indicate that targeted suppression of local COX-1 should be 
considered to reduce tissue-specific PGE2 related inflammation.
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