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ORIGINAL RESEARCH

Urinary Prostaglandin E2 Excretion and the 
Risk of Cardiovascular and Kidney Disease
Frank Geurts , MD; Layal Chaker , MD, PhD; Anna C. van der Burgh , PhD;  
Deirdre Cronin-Fenton , PhD; Robert A. Fenton , PhD; Ewout J. Hoorn , MD, PhD

BACKGROUND: Inhibition of prostaglandin synthesis by nonsteroidal anti-inflammatory drugs is associated with cardiovascular 
mortality and kidney disease. This study hypothesizes that urinary prostaglandin E2 (PGE2) and PGE2 metabolite (PGEM) 
excretions are markers of cardiovascular and kidney health, because they reflect both systemic and kidney-derived PGE2 
production.

METHODS AND RESULTS: PGE2 and PGEM were measured in spot urine samples from 2291 participants (≥55 years old) of the 
population-based Rotterdam Study. Urinary PGE2 and PGEM excretions were analyzed using linear regression analyses to 
identify cross-sectional associations with cardiovascular risk factors and baseline estimated glomerular filtration rate (eGFR). 
Longitudinal associations with cardiovascular mortality and kidney outcomes (eGFR <60 or <45 mL/min per 1.73 m2 and the 
composite outcome 40% eGFR loss or kidney failure) were assessed with Cox regression. Urinary PGE2 and PGEM excre-
tions were higher with increasing age, lower eGFR, smoking, diabetes, and albuminuria. A 2-fold higher urinary PGE2 and 
PGEM excretion was associated with a higher risk of cardiovascular mortality (28 825 patient-years; 160 events; PGE2 hazard 
ratio [HR], 1.27, [95% CI, 1.06–1.54]; PGEM HR, 1.36 [95% CI, 1.10–1.67]). Higher PGE2 excretions were also associated with 
a higher risk of incident eGFR <60 mL/min per 1.73 m2 (31 530 person-years; 691 events; HR, 1.13 [95% CI, 1.02–1.25]) with 
similar HRs for the other kidney outcomes.

CONCLUSIONS: Urinary PGE2 and PGEM excretions are novel markers for the presence and progression of cardiovascular 
and kidney disease. Future studies should address whether these associations are causal and can be targeted to improve 
cardiovascular and kidney outcomes.
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Prostaglandin E2 (PGE2) is the most abundant 
prostaglandin in the microvasculature and the 
kidney and plays an important role in the regu-

lation of both vascular and kidney function. PGE2 
generally has beneficial effects on the cardiovascu-
lar system because it is an important vasodilator.1–3 
Similarly, PGE2 promotes natriuresis and is essential 
to prevent salt-sensitive hypertension.4–6 In agree-
ment, inhibition of prostaglandin production by non-
steroidal anti-inflammatory drugs (NSAIDs), which 
inhibit the PGE2-producing enzymes COX-1 and 2 

(cyclooxygenase 1 and 2), increases the risk of cardio-
vascular mortality and kidney injury.7,8

In a pathophysiological context, however, PGE2 pre-
dominantly has negative effects.9 For example, PGE2 
production is increased in atherosclerotic plaques,10 
where it is involved in plaque instability.11 Furthermore, 
COX-2 activity is higher in monocytes from people with 
more cardiovascular risk factors.12 With regard to effects 
on the kidney, PGE2 may contribute to hyperfiltration 
and fibrosis.4,13,14 In 2 small cohort studies (includ-
ing <30 patients), people with chronic kidney disease 
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(CKD) had increased kidney COX-2 and urinary PGE2 
excretion compared with people with normal kidney 
function.15,16 Kidney-derived PGE2 might also link CKD 
to cardiac damage,17 as COX-2 inhibition in mice with 
reduced kidney function was associated with increased 
levels of methylarginines, which are potential cardiotoxic 
substances.18 Therefore, an increase in PGE2 produc-
tion could be associated with cardiovascular risk factors 
as well as cardiovascular and kidney outcomes.

PGE2 has a very short half-life in blood and is rap-
idly excreted in urine both as PGE2 and PGE metab-
olite (PGEM).19 This suggests that urinary PGE2 and 
PGEM excretions rather than circulating PGE2 are able 
to reflect both systemic and kidney-derived PGE2 pro-
duction in cardiovascular and kidney disease. In sup-
port of this, urinary PGE2 excretion has been linked 
to COX-2 expression in the kidney,20 whereas urinary 
PGEM has mainly been used as a marker of systemic 
PGE2 production.21–23 To date, all studies that ana-
lyzed urinary PGE2 or PGEM excretions were in patient 
cohorts and focused on noncardiovascular conditions 
such as cancer.13,15,16,21–27 Therefore, it is unknown 

what factors determine urinary PGE2 and PGEM ex-
cretions in the general population and whether urinary 
PGE2 or PGEM can be used as a marker for cardio-
vascular and kidney health.

Here, we hypothesized that higher urinary PGE2 
and PGEM excretions are associated with cardiovas-
cular and kidney disease. To address this, we mea-
sured urinary PGE2 and PGEM excretions in a large 
prospective population-based cohort to (1) identify 
determinants of urinary PGE2 and PGEM excretions, 
(2) determine the cross-sectional association of uri-
nary PGE2 and PGEM excretions with cardiovascular 
risk factors and kidney function, and (3) investigate the 
longitudinal association of urinary PGE2 and PGEM 
excretions with cardiovascular mortality and kidney 
function decline.

METHODS
Detailed methods are available in Data S1. The data 
used in this study can be obtained upon request. 
Requests should be directed to the management team 
of the Rotterdam Study (datamanagement.ergo@
erasmusmc.nl), which has a protocol for approving 
data requests. Because of restrictions based on pri-
vacy regulations and informed consent of the partici-
pants, data cannot be made freely available in a public 
repository.

Study Population
The current study was embedded in the RS (Rotterdam 
Study), an ongoing prospective population-based co-
hort designed to examine risk factors for disease in 
older adults.28 For the current study, participants of 
cohort RS-II (starting in 2000) in whom a baseline spot 
urine sample was available and who were not using 
NSAIDs (based on prescription data from collaborat-
ing pharmacies) were included. Participants were 
≥55 years and followed from the date of urine sample 
collection until the date of death or end of data col-
lection (January 1, 2015 for cause-specific mortality, 
and January 1, 2018 for all-cause mortality). The RS 
has been approved by the Medical Ethics Committee 
of the Erasmus Medical Center (registration number 
MEC 02.1015) and by the Dutch Ministry of Health, 
Welfare and Sport (Population Screening Act WBO, 
license number 1071272-159521-PG). All participants 
provided written informed consent to participate in 
the study and to have their information obtained from 
treating physicians.

PGE2, PGEM, and Kidney Function
PGE2 and PGEM were measured in baseline spot urine 
samples using commercially available competitive 

CLINICAL PERSPECTIVE

What Is New?
•	 Urinary prostaglandin E2 (PGE2) and PGE2 

metabolite excretions increase with age and are 
higher in people who smoke or have diabetes or 
albuminuria.

•	 Higher urinary PGE2 or PGE2 metabolite ex-
cretions are associated with an increased risk 
of cardiovascular mortality, all-cause mortality, 
and incident chronic kidney disease.

What Are the Clinical Implications?
•	 Urinary PGE2 and PGE2 metabolite excretions 

are promising markers for future cardiovascular 
and kidney disease.

•	 PGE2 may play a pathophysiological role in 
the early development of cardiovascular dis-
ease and chronic kidney disease; future stud-
ies should address whether this is a causal 
relationship.

Nonstandard Abbreviations and Acronyms

CKD-EPI	 Chronic Kidney Disease-
Epidemiology Collaboration

COX	 cyclooxygenase
PGE2	 prostaglandin E2
PGEM	 prostaglandin E2 metabolite
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enzyme-linked immunosorbent assays (Cayman 
Chemical item no. 514010 and 514 531, Ann Arbor, MI). 
Serum creatinine and cystatin C were measured using 
an enzymatic essay and a particle enhanced immu-
nophelometric assay, respectively. Follow-up serum 
creatinine measurements were obtained from visits 
within the Rotterdam Study and from the Star-MDC 
database, a database with laboratory measurements 
from general practitioners. The Star-MDC serum cre-
atinine values closely corresponded with the values 
from follow-up visits in the Rotterdam study and were 
usually obtained as part of a standard test panel for 
cardiovascular risk management by general practition-
ers.29 Estimated glomerular filtration rate (eGFR) was 
calculated using the CKD-Epidemiology Collaboration 
(CKD-EPI) 2009 equation for creatinine and the CKD-
EPI 2012 equation for cystatin C.30 We used the 2009 
CKD-EPI equation rather than the CKD-EPI 2021 
equation because recent data suggest that the former 
performs better in European populations.31 Start dates 
of dialysis or kidney transplantation were extracted 
from the Renine database, a national database includ-
ing all Dutch patients undergoing kidney replacement 
therapy.32

Covariates
Potential determinants and confounders of the asso-
ciation between PGE2 and PGEM excretions and car-
diovascular mortality or kidney function were selected 
based on previous literature and biological plausibil-
ity.25,26 For the analyses investigating potential deter-
minants of PGE2 and PGEM, we included baseline 
age, body mass index, sex, and smoking (obtained 
through baseline interviews and classified as current, 
past, or never smokers). As additional cardiovascular 
risk factors we used hypertension (defined as blood 
pressure >140/90 mm Hg or use of blood pressure low-
ering medication), hypercholesterolemia (defined as a 
total cholesterol >240 mg/dL or use of lipid-lowering 
medication), presence of diabetes (defined as a fasting 
serum glucose level ≥126 mg/dL, a nonfasting serum 
glucose level ≥200 mg/dL or the use of blood glucose-
lowering medication, or a previous diagnosis of dia-
betes), baseline eGFR, and subgroups of albuminuria. 
Use of antiplatelet drugs and lipid-lowering medication 
was obtained from prescription data through linkage 
with participating pharmacies. All covariates had <5% 
missing data. Missing variables were multiply imputed 
20 times using chained equations from the mice R 
package.

Outcomes
For cardiovascular and overall survival outcomes, in-
formation on the vital status of all participants was 

obtained on a weekly basis from the central registry of 
the municipality of Rotterdam and through linkage with 
records of general practitioners working in the study 
area. The cause of death was determined from medi-
cal records from general practitioners, nursing home 
physicians and hospital discharge letters, coded using 
International Classification of Diseases, Tenth Revision 
(ICD-10) codes by 2 independent research physi-
cians and reviewed by a medical expert in the relevant 
field. Cardiovascular mortality was defined using the 
Systematic Coronary Risk Evaluation project defini-
tion using ICD-10 codes I10 to 25, I44 to 51, I61 to 73, 
and R96.33 We defined our main kidney survival end 
point as a single eGFR below 60 mL/min per 1.73 m2 
because this outcome is least influenced by survival 
bias.34 In addition, we performed additional analyses 
using 3 alternative kidney outcomes: (1) 2 consecutive 
eGFR measurements below 60 mL/min per 1.73 m2, 
(2) a single eGFR <45 mL/min per 1.73 m2, and (3) the 
composite outcome of 40% loss of eGFR or kidney 
failure. For this composite outcome all participants with 
an available baseline eGFR were used, whereas for the 
other incident kidney outcomes participants with a 
baseline eGFR <60 mL/min per 1.73 m2 were excluded. 
As an alternative to kidney outcome analyses, we per-
formed an eGFR slope analysis. For all kidney outcome 
measures we used creatinine-based eGFR because 
no follow-up cystatin C measurements were available.

Statistical Analysis
PGE2 and PGEM were normalized to urinary creati-
nine and log2 transformed before analysis. Because 
lower urinary creatinine concentration by itself is as-
sociated with adverse kidney and cardiovascular out-
comes,35–37 log2 transformed urinary concentrations 
of PGE2 and PGEM with 1/urine creatinine concentra-
tion as covariate were used in sensitivity analyses for all 
longitudinal outcomes. Potential determinants and the 
association with cardiovascular risk factors of urinary 
PGE2 and PGEM excretions were explored using mul-
tivariable regression while adjusting for the other de-
terminants and cardiovascular risk factors. To assess 
the association of urinary PGE2 excretion with car-
diovascular mortality and kidney outcomes, we used 
Kaplan–Meier plots with tertiles of urinary PGE2 and 
PGEM excretions and multivariable Cox proportional-
hazards models. Additionally, for cardiovascular mor-
tality, cumulative incidence plots by tertiles of PGE2 
and PGEM excretions were made and subdistribution 
hazards were calculated using Fine–Gray models to 
account for competing risks. The association of uri-
nary PGE excretion and eGFR slope was analyzed 
using linear mixed models. We constructed directed 
acyclic graphs to investigate the potential confounders 
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for the association between PGE2 and cardiovascu-
lar mortality or kidney disease (Figure S1). All analyses 
were performed using 3 different models including the 
unadjusted association (model 1); model 2, adjusted 
for potential confounders of the associations between 
PGE2 and the outcomes (sex, age, body mass index, 
smoking status, baseline eGFR, cardiovascular mor-
tality outcomes, and use of antiplatelet drugs); and 
model 3, adjusted for confounders that may also act 
as potential mediators (diabetes status, log of albumin-
to-creatinine ratio, history of cardiovascular disease, 
and presence of hypertension). For the cardiovascular 
mortality outcome, we also added total cholesterol, 
high-density lipoprotein cholesterol, and use of lipid-
lowering medication. Nonlinear associations for im-
portant predictors were tested using restricted cubic 
splines with 4 knots. For all survival analyses nonpro-
portional hazards were excluded by examination of the 
Schoenfeld residuals. To assess the bias of potential 
unmeasured confounders we calculated E-values.38 
P values <0.05 were considered statistically signifi-
cant, except for the interaction analyses where <0.1 
was used. Statistical analyses were performed using 
R (version 4.1).

RESULTS
Higher Urinary PGE2 and PGEM 
Excretions Are Associated With 
Cardiovascular Risk Factors
The study cohort consisted of 2291 participants 
with a mean±SD  age of 64.3±7.8 years and includ-
ing 54.3% women (Table  1; Table  S1; Figure  S2). 
The median urinary excretions of PGE2 and PGEM 
were 81.4 pg/mmol creatinine (interquartile range, 
60.5–115.1 pg/mmol) and 47.7 pg/mmol creatinine 
(interquartile range, 33.4–66.5), respectively and 
their excretions were correlated (r = 0.46, P<0.001; 
Figure S3A and S3B). Both urinary PGE2 and PGEM 
excretions were significantly higher in older partici-
pants, those with a lower body mass index, smok-
ers, participants with diabetes, and participants with 
albuminuria (Figure 1; Figure S4; Table 2). The differ-
ence in urinary PGE2 and PGEM excretions between 
men and women, participants with and without hy-
pertension, and participants with and without hyper-
cholesterolemia were not statistically significant after 
adjusting for the other determinants and cardiovas-
cular risk factors (Figure S4; Table 2). Urinary PGE2 
and PGEM excretions showed a nonlinear association 
with baseline eGFR, with the highest PGE2 excretion 
in participants with a high eGFR. When using cystatin 
C-based eGFR, the higher urinary excretion in partici-
pants with an eGFR >90 mL/min per 1.73 m2 was less 
pronounced (Figure 1B; Table 2).

Urinary PGE2 and PGEM Excretions Are 
Associated With Cardiovascular Mortality
A total of 2291 participants were included for the cardio-
vascular survival analysis, with a median of 13.9 years 
of follow-up (interquartile range, 13.5–14.4, total 28 825 
patient-years; Figure  S2). Both the high tertile of uri-
nary PGE2 (160 events of cardiovascular mortality in 
2239 participants) and PGEM excretion (161 events in 
2241 participants) were associated with an increased 
incidence of cardiovascular and noncardiovascular 
mortality (P<0.001 for both outcomes; Figure 2). This 
association was also present in the fully adjusted 
model (hazard ratio [HR] for high versus low tertile of 
urinary PGE2 excretion, 1.62 [95% CI, 1.04–2.25], HR 
for urinary PGEM excretion, 2.04 [95% CI, 1.24–3.34]; 
Table  3). Furthermore, each doubling of urinary ex-
cretion of PGE2 or PGEM was associated with an in-
creased risk of cardiovascular mortality in the adjusted 
models (PGE2 HR, 1.27 [95% CI, 1.06–1.54]; PGEM 
HR, 1.36 [95% CI, 1.10–1.67]; Table 3). Subdistribution 
HRs showed a similar association (Table S2) and the 
HRs were also similar when using urinary concentra-
tions of PGE2 and PGEM with 1/creatinine as a co-
variate (Table S3). Urinary PGE2 and PGEM excretions 
were also associated with overall mortality (Table S4). 
The association of urinary PGE2 excretion with the risk 
of cardiovascular mortality was stronger in men (HR 
per doubling of PGE2 excretion, 1.54 [95% CI, 1.23–
1.93]) compared with women (HR, 0.88 [95% CI, 0.65–
1.20], P for interaction 0.03) and differed according to 
smoking status (P = 0.06). The association between 
urinary PGEM excretion and cardiovascular mortality 
was stronger in participants without diabetes (HR, 1.41 
[95% CI, 1.13–1.76]) compared with participants with 
diabetes (HR, 1.14 [95% CI, 0.69–1.88], P for interac-
tion 0.09) (Figure S5). The E-values for urinary PGE2 
and PGEM excretions on cardiovascular mortality were 
1.86 (lower CI, 1.31) and 2.06 (lower CI, 1.43), respec-
tively, making it unlikely that unmeasured confounding 
explains these associations.

Urinary PGE2 and PGEM Excretions Are 
Associated With Kidney Outcomes
A total of 2223 participants had an available baseline 
eGFR and were included in the analyses investigating 
kidney outcomes (Figure S2). In total, 18 586 eGFR as-
sessments were available with a median of 7 per par-
ticipant (range 1–65 eGFRs) for a median of 13.0 years 
(interquartile range, 10.1–14.3). During follow-up (31 530 
person-years), 691 of the 2055 participants with a 
baseline eGFR >60 mL/min per 1.73 m2 reached inci-
dent eGFR <60 mL/min per 1.73 m2. Participants in the 
high tertile of urinary PGE2 and PGEM excretions had 
a higher risk of incident eGFR <60 (Figure 3A). In the 
adjusted models, higher urinary PGE2 excretion was 
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associated with incident eGFR <60 mL/min per 1.73 m2 
(HR per 2-fold higher PGE2, 1.13 [95% CI, 1.02–1.25], 
high versus low tertile of PGE2 HR, 1.26 [95% CI, 
1.03–1.53]). For PGEM there was no significant linear 
association (HR per 2-fold higher PGEM, 1.09 [95% CI, 
0.99–1.21], high versus low tertile HR, 1.02 [95% CI, 
0.84–1.23]). However, after modeling PGEM as a cubic 
spline with 4 knots, we did find an association, mainly in 
the higher ranges of urinary PGEM excretion (P=0.007 
for association, P=0.014 for nonlinearity; Figure  3B). 
Both higher urinary PGE2 and urinary PGEM excre-
tions were also associated with the other kidney out-
comes, and the associations did not markedly change 

when using the urine concentration as determinant 
with 1/creatinine as covariate (Figure 4; Tables S5 and 
S6; Figures S6 through S8). 2117 participants had at 
least 2 eGFR assessments available and were used for 
the eGFR slope analysis. The mean rate of decline in 
eGFR in all participants was −0.65 mL/min/1.73 m2 per 
year (95% CI, −0.69 to −0.60). Higher urinary PGE2 
excretion was associated with a faster decline in eGFR 
(−0.11 mL/min per 1.73 m2 per year [95% CI, −0.17 to 
−0.05]). For PGEM this association was not significant 
in the adjusted model (−0.06 mL/min per 1.73 m2 per 
year [95% CI, −0.14 to −0.02]; Table 4). The associa-
tions between urinary PGE2 and PGEM excretions 

Table 1.  Baseline Characteristics Per Tertile of Urinary PGE2 Excretion

Total (N=2291)
Low PGE2 
(N=747)

Medium PGE2 
(N=746) High PGE2 (N=746) P value

Female sex, n (%) 1243 (54.3%) 398 (53.3%) 424 (56.8%) 407 (54.6%) 0.4

Age, y 64.33 (7.75) 62.3 (6.0) 63.8 (7.1) 67.0 (9.1) <0.001

BMI groups* <0.001

Underweight, n (%) 13 (0.6%) 1 (0.1%) 2 (0.3%) 10 (1.3%)

Healthy weight, n (%) 701 (30.7%) 184 (24.7%) 217 (29.2%) 280 (37.7%)

Overweight, n (%) 1120 (49.0%) 394 (52.9%) 368 (49.5%) 333 (44.8%)

Obese, n (%) 450 (19.7%) 166 (22.3%) 157 (21.1%) 120 (16.2%)

Hypertension, n (%) 1425 (62.3%) 446 (59.8%) 467 (62.6%) 477 (64.0%) 0.2

Systolic blood pressure, mm Hg 142.79 (21.73) 141.7 (20.4) 142.5 (22.2) 143.8 (22.6) 0.2

Diastolic blood pressure, mm Hg 78.51 (10.72) 79.3 (10.7) 78.6 (10.7) 77.5 (10.7) 0.006

Total cholesterol, mg/dL 224 (38) 224 (38) 227 (37) 222 (38) 0.03

Low-density lipoprotein cholesterol, mg/dL 171 (38) 172 (38) 172 (38) 169 (38) 0.2

Lipid-lowering agents, n (%) 291 (12.7%) 94 (12.6%) 87 (11.7%) 101 (13.5%) 0.6

Smoking status 0.009

Never smoker, n (%) 707 (31.0%) 250 (33.6%) 233 (31.3%) 212 (28.6%)

Former smoker, n (%) 1130 (49.5%) 371 (49.8%) 372 (50.0%) 354 (47.7%)

Current smoker, n (%) 446 (19.5%) 124 (16.6%) 139 (18.7%) 176 (23.7%)

Diabetes, n (%) 301 (13.1%) 90 (12.0%) 86 (11.5%) 118 (15.8%) 0.03

History of cardiovascular disease, n (%) 236 (10.3%) 61 (8.2%) 73 (9.8%) 92 (12.3%) 0.03

Platelet inhibition, n (%) 288 (12.6%) 87 (11.6%) 80 (10.7%) 111 (14.9%) 0.04

Baseline eGFR, mL/min per 1.73 m2 80.80 (13.54) 81.22 (12.26) 81.36 (13.03) 79.87 (15.00) 0.07

eGFR groups <0.001

eGFR <60, n (%) 168 (7.6%) 32 (4.5%) 50 (6.8%) 82 (11.3%)

eGFR 60–90, n (%) 1411 (63.5%) 495 (69.0%) 465 (63.7%) 421 (58.0%)

eGFR >90, n (%) 644 (29.0%) 190 (26.5%) 215 (29.5%) 223 (30.7%)

Albuminuria† <0.001

No albuminuria, n (%) 2134 (93.1%) 713 (95.4%) 713 (95.6%) 664 (89.0%)

Microalbuminuria, n (%) 138 (6.0%) 32 (4.3%) 29 (3.9%) 72 (9.7%)

Macroalbuminuria, n (%) 19 (0.8%) 2 (0.3%) 4 (0.5%) 10 (1.3%)

PGE2, pg/mmol, median (IQR) 81.4 (60.5–114.8) 53.1 
(43.5–60.5)

81.4 (73.8–90.1) 137.7 (114.9–180.6). Not 
tested

PGE2 metabolite, pg/mmol, median (IQR) 48.2 (33.7–66.9) 37.2 (25.3–5.4) 47.1 (34.8–61.4) 63.4 (45.6–90.9) <0.001

Data are presented as mean (SD), unless otherwise specified. Conversion factor for total cholesterol and high-density lipoprotein cholesterol mg/dL to 
mmol/L, × 0.02586. BMI indicates body mass index; eGFR, estimated glomerular filtration rate; IQR, interquartile range; and PGE2, prostaglandin E2.

*Body mass index groups: underweight: BMI <18.5 kg/m2, normal weight: BMI ≥18.5 and <25 kg/m2, overweight: BMI ≥25 and <30 kg/m2, obese: BMI ≥30 kg/m2.
†Albuminuria groups are defined as: no albuminuria (<22 mg/g for men, <30 mg/g for women), microalbuminuria (22–221 mg/g for men, 30–310 mg/g for 

women), macroalbuminuria (>221 mg/g for men >310 mg/g for women).
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and the rate of eGFR decline were not different when 
using concentrations and 1/creatinine as covariate 
(Table S7). The HR for the association between PGE2 

and incident eGFR <60 mL/min per 1.73 m2 in partici-
pants with diabetes was lower (P=0.06), which was 
also observed with some but not all other kidney out-
comes (Figures S9 through S12). For urinary PGEM ex-
cretion there were no consistent differences between 
subgroups (Figures S9 through S12). The E-value for 
urinary PGE2 excretions on incident eGFR <60 mL/min 
per 1.73 m2 was 1.40 (lower CI, 1.13) (Table S8), making 
it unlikely that unmeasured confounding explains this 
association.

DISCUSSION
In this study we hypothesized that urinary PGE2 and 
PGEM excretions are indicators of cardiovascular 
and kidney health and tested this using a prospective 
population-based cohort. We show that older peo-
ple and people with cardiovascular risk factors, lower 
eGFR, and higher albuminuria have higher urinary 
PGE2 and PGEM excretions. Furthermore, we show 
that higher urinary PGE2 and PGEM excretions are 
independently associated with higher cardiovascular 
mortality and risk of kidney function decline. Our re-
sults indicate that urinary PGE2 and PGEM excretions 
are markers for the presence and progression of car-
diovascular and kidney disease.

The observation that urinary PGE2 and PGEM ex-
cretions increase with age was independent of other 
determinants and cardiovascular risk factors. Previous 
work showed that COX-2 and PGE2 production are 
higher in macrophages, lung tissue, and kidneys of 
older individuals compared with younger individuals.39 
Our findings therefore suggest that urinary PGE2 and 
PGEM excretions could be markers of vascular health 
with age. Participants with cardiovascular risk factors 
also had higher urinary excretions of PGE2 and PGEM. 
The associations between urinary PGE2 and PGEM 
excretions with smoking and diabetes have been re-
ported previously.13,25,27,40 Nicotine and other constit-
uents of cigarette smoke directly upregulate COX-2 
expression in epithelial cells, and diabetes is associ-
ated with increased COX-2 activity in the kidney and 
vasculature.41–43

Further support for the involvement of the PGE2 
system in vascular health and disease comes from the 
finding that higher urinary PGE2 and PGEM excretions 
are strongly associated with cardiovascular mortality. 
This is in line with the previously reported role of PGE2 
in atherosclerosis and recent studies showing that 
single nucleotide polymorphisms in genes encoding 
proteins in PGE2 signaling pathways are associated 
with cardiovascular disease.10,11,44 Urinary PGEM ex-
cretion showed a stronger association with cardiovas-
cular mortality compared with urinary PGE2 excretion, 
consistent with the proposed systemic origin of urinary 

Figure 1.  Determinants of urinary PGE2 and PGEM excretions.
Effect plots showing the nonlinear associations between 
urinary prostaglandin E2 (PGE2) (top row) and prostaglandin 
E2 metabolite (PGEM) (bottom row) excretion and age, body 
mass index (BMI) (A) and creatinine-based estimated glomerular 
filtration rate (eGFR) and cystatin C-based eGFR (B). These plots 
are prediction plots from multivariable models corrected for age, 
sex, BMI, creatinine-based eGFR, smoking status, presence of 
diabetes, albuminuria, and hypercholesterolemia; for the plot 
with cystatin C-based eGFR, creatinine-based eGFR is not used 
as a covariate. All covariates are set at either their median (age 
61.7 years, BMI 26.6 kg/m2, eGFR 82.1 mL/min per 1.73 m2) or 
most common value (female sex, never smoker, no diabetes, no 
albuminuria, no hypercholesterolemia). P values are from Wald 
tests for the overall effect of adding the nonlinear term. On the x 
axis a rug plot depicting data point density is shown.
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PGEM.21–23 Of interest, we observed a stronger asso-
ciation between PGE2 and cardiovascular mortality 
in men than in women, whereas we did not identify 
a sex difference regarding the kidney outcomes. Sex 
differences in the prostaglandin system have been re-
ported previously, including a lack of effect of acetyl-
salicylic acid for primary prevention in women.45 The 
stronger association between PGE2 and cardiovas-
cular mortality in men could possibly be explained by 
differences in inflammation in atherosclerosis between 
men and women.46 Future studies should investigate 
if urinary PGE2 and PGEM excretions are also asso-
ciated with other cardiovascular end points. Besides 
the association with cardiovascular mortality, we also 
found an association with noncardiovascular and over-
all mortality. Because higher urinary PGEM excretion 
has been observed in patients with cancer, shared risk 
factors for cancer and cardiovascular disease such 
as smoking, diabetes, and aging may explain this as-
sociation.21–23,47 Whether the associations between 
PGE2 and cardiovascular mortality are also present in 

younger populations remains to be explored. We did 
not observe consistent differences in the associations 
in the younger half of our population compared with 
the older half.

In addition to cardiovascular outcomes, urinary 
PGE2 and PGEM excretions were associated with kid-
ney function and the risk of kidney function decline. 
Higher urinary PGE2 and PGEM excretions have been 
reported previously in people with CKD and early dia-
betic kidney disease15,16 but not yet in the general pop-
ulation. These associations could be causal, because 
recent animal studies show that pharmacological in-
hibition of PGE2 receptors attenuates CKD progres-
sion.4 In a randomized clinical trial COX inhibition 
reduced proteinuria without a reduction in systemic 
blood pressure.48 How PGE2 accelerates kidney injury 
is incompletely understood, but injury may be medi-
ated by PGE2-induced hyperfiltration,13 inflammation, 
and fibrosis.4 An unexpected finding was higher uri-
nary PGE2 and PGEM excretions in participants with 
eGFR >90 mL/min per 1.73 m2. This is likely explained 

Table 2.  Association of Urinary PGE2 and PGEM Excretion With Cardiovascular Risk Factors and Kidney Function

Characteristic

PGE2 PGEM

Uncorrected Multivariable Uncorrected Multivariable

β (95% CI) P value β (95% CI) P value β (95% CI) P value β (95% CI) P value

Sex, male vs female 0.03 (−0.03 to 0.1) 0.36 0.03 (−0.04 to 0.09) 0.41 0.07 (0.00 to 0.14) 0.047 0.07 (0 to 0.13) 0.058

Age, y* 0.21 (0.12 to 0.29) <0.001 0.25 (0.16 to 0.34) <0.001 0.26 (0.17 to 0.35) <0.001 0.3 (0.21 to 0.39) <0.001

Body mass index, 
kg/m2*

−0.11 (−0.19 to 
−0.03)

<0.001 −0.12 (−0.2 to 
−0.04)

<0.001 −0.14 (−0.23 to 
−0.06)

<0.001 −0.14 (−0.22 to 
−0.06)

<0.001

Smoking status 
(overall effect)

0.004 0.003 <0.001 <0.001

Current smoker 
vs former, now 
nonsmoker

0.16 (0.06 to 0.25) 0.001 0.16 (0.07 to 0.25) 0.001 0.22 (0.13 to 0.32) <0.001 0.22 (0.13 to 
0.32)

<0.001

Current smoker vs 
never smoker

0.09 (0.0004 to 0.17) 0.049 0.11 (0.02 to 0.19) 0.013 0.19 (0.10 to 0.27) <0.001 0.21 (0.12 to 
0.29)

<0.001

Hypertension 0.10 (0.03 to 0.17) 0.003 0.01 (−0.06 to 0.08) 0.78 0.03 (−0.03 to 
0.10)

0.33 −0.05 (−0.12 to 
0.02)

0.16

Diabetes 0.17 (0.08 to 0.27) <0.001 0.11 (0.01 to 0.21) 0.028 0.21 (0.11 to 0.31) <0.001 0.16 (0.06 to 
0.26)

0.001

Hypercholesterolemia −0.01 (−0.08 to 
0.06)

0.77 0.02 (−0.04 to 0.08) 0.55 −0.05 (−0.12 to 
0.02)

0.138 −0.02 (−0.09 to 
0.04)

0.50

Estimated glomerular 
filtration rate, mL/min 
per 1.73 m2*

0.00 (−0.09 to 0.09) <0.001 0.10 (0.02 to 0.19) <0.001 −0.03 (−0.12 to 
0.06)

<0.001 0.06 (−0.03 to 
0.15)

0.19

Albuminuria (overall 
effect)

<0.001 <0.001 <0.001 <0.001

Microalbuminuria vs 
no albuminuria

0.43 (0.29–0.56) <0.001 0.26 (0.12 to 0.39) <0.001 0.27 (0.13 to 0.41) <0.001 0.09 (−0.04 to 
0.23)

0.18

Macroalbuminura vs 
no albuminuria

0.61 (0.23 to 0.99) 0.002 0.3 (−0.09 to 0.68) 0.13 1.2 (0.82 to 1.57) <0.001 0.86 (0.48 to 
1.24)

<0.001

β from univariable and multivariable regression models for cardiovascular risk factors for log2-transformed creatinine corrected PGE2 and PGEM excretions. 
The multivariable analysis is adjusted for all included cardiovascular risk factors and the determinants of PGE2 and PGEM. Nonlinear effects were fitted with 
restricted cubic splines with 4 knots. The multivariate models are adjusted for the other variables depicted in the table. PGE2 indicates prostaglandin E2; and 
PGEM, prostaglandin E2 metabolite.

*Difference in log2-transformed PGE2 or PGEM from low (25%) and high (75%) quartile with other covariates at their median or standard value.
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Figure 2.  Cardiovascular mortality.
Cumulative incidence curves for cardiovascular and noncardiovascular mortality for tertiles of urinary prostaglandin 
E2 (PGE2) (A) and prostaglandin E2 metabolite (PGEM), (B) excretions, respectively. P values are from log-rank tests.

Table 3.  Association of Urinary PGE2 and PGEM Excretion With Cardiovascular Mortality

Unadjusted Model 2 Model 3

Urinary PGE2 excretion

Per 2-fold higher PGE2 1.95 (1.66–2.30) 1.38 (1.14–1.66) 1.27 (1.06–1.54)

PGE2 low tertile Reference Reference Reference

PGE2 medium tertile 1.52 (0.94–2.44) 1.29 (0.80–2.08) 1.41 (0.87–2.27)

PGE2 high tertile 3.57 (2.34–5.44) 1.80 (1.15–2.80) 1.62 (1.04–2.52)

Urinary PGEM excretion

Per 2-fold higher PGEM 2.14 (1.77–2.58) 1.52 (1.24–1.86) 1.36 (1.10–1.67)

PGEM low tertile Reference Reference Reference

PGEM medium tertile 2.56 (1.56–2.41) 1.83 (1.10–3.03) 1.87 (1.13–3.10)

PGEM high tertile 4.53 (2.83–7.24) 2.23 (1.37–3.64) 2.04 (1.24–3.34)

Hazard ratios (95% CI) for 2-fold PGE2, PGEM, and tertiles of urinary PGE2 or PGEM excretions. Model 2: corrected for potential confounders: age, 
sex, body mass index, smoking status, baseline estimated glomerular filtration rate, and use of antiplatelet drugs. Model 3: model 2+albumin-to-creatinine 
ratio, hypertension, diabetes, history of cardiovascular disease, total cholesterol, high-density lipoprotein cholesterol, and use of lipid-lowering agents. PGE2 
indicates prostaglandin E2; and PGEM, prostaglandin E2 metabolite.
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by non-eGFR determinants of creatinine such as mus-
cle mass, because this was less pronounced when 
using cystatin C-based eGFR. Other possible expla-
nations include hyperfiltration or lower precision of the 
CKD-EPI equation at higher eGFRs.13,30

Based on our data, it is tempting to speculate that 
PGE2 is involved in the close relationship between 
cardiovascular and kidney disease. The association of 
urinary PGE2 and PGEM excretions with shared risk 
factors for cardiovascular and kidney disease, such 
as smoking and hypertension, could explain our find-
ings. Our findings could also be explained by the role 
of PGE2 in atherosclerosis,10,11 as even minor reduc-
tions in kidney function are associated with athero-
sclerosis and atherosclerosis contribute to CKD.49,50 
Beyond the traditional cardiovascular risk factors, uri-
nary PGE2 and PGEM excretions could be markers 

of low-grade inflammation, another possible mediator 
in both early cardiovascular disease and kidney dam-
age.51,52 Alternatively, kidney-derived PGE2 might di-
rectly influence the cardiovascular system. The kidney 
is an important source of PGE2 production, as in mice 
global COX-2 knockout causes >1000 gene expression 
changes in the kidney but only a single change in the 
vasculature.53 Furthermore, kidney PGE2 production is 
increased in experimental CKD and was implicated in 
the associated cardiac hypertrophy.54

The strength of this study is the large and well-
characterized population of middle-aged and elderly 
participants, which allowed us to gain insight into early 
disease mechanisms. Also, the cohort is set up pro-
spectively with a high participation rate and we used 
urine samples collected at study entry, reducing se-
lection and information bias.28 We also acknowledge 

Figure 3.  Survival outcomes for incident estimated glomerular filtration rate <60 mL/min per 1.73 m2.
A, Kaplan–Meier survival curves and risk tables for incident estimated glomerular filtration rate (eGFR) <60 mL/min per 
1.73 m2 stratified to tertiles of prostaglandin E2 (PGE2, n=2009; events, n=677) and prostaglandin E metabolite (PGEM, 
n=2010; events, n=678). P value from log-rank test. B, Hazard plots from the fully corrected Cox proportional hazard 
model (model 3) using a restricted cubic spline with 4 knots, showing nonlinearity for urinary PGEM excretion (P=0.014) 
but not for urinary PGE2 excretion (P=0.7). On the x axis a rug plot with the density of PGE2 and PGEM measurements 
is shown.
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a number of limitations. First, the reference standard 
for prostaglandin quantification is mass spectrome-
try.55 Because this method is less applicable for high-
throughput analysis in large cohorts, we measured 
PGE2 and PGEM using an immunoassay, which is 
widely used for urine samples in clinical research and 
confirmed previous associations obtained using mass 
spectrometry.13,24–26 Second, the lack of serial mea-
surements of albuminuria precluded the use of the 
Kidney Disease: Improving Global Outcomes CKD 
classification as an outcome. This was circumvented 
by using different kidney outcomes, which all showed 
the same associations. Third, data regarding over-the-
counter use of NSAIDs were not available in our study, 

potentially leading to confounding for the association 
between urinary PGE2 and PGEM excretions on our 
outcomes. The prevalence of over-the-counter NSAID 
use in our elderly population is unknown but 1 study 
showed that incidental NSAID use was lower in high-
risk patients from the general population >70 years of 
age (~7%) with the majority of use being nonchronic 
use of low-dose ibuprofen or high-dose acetylsali-
cylic acid.56 Fourth, participants of the RS are mainly 
of European ancestry limiting generalizability to other 
ethnicities. Finally, we cannot exclude residual con-
founding, although we were able to adjust for many 
well-defined confounders and our E-value analyses 
suggested a low risk of unmeasured confounding.

Figure 4.  Forest plot of the associations between urinary PGE2 and PGEM excretions and 
kidney outcomes.
Hazard ratios (HRs) for the association of urinary prostaglandin E2 (PGE2, blue) and prostaglandin 
E2 metabolite (PGEM, red) and the 4 different kidney outcomes. The HRs are corrected for the 
confounders age, sex, body mass index, smoking status, and baseline estimated glomerular 
filtration rate (eGFR).

Table 4.  Association of Urinary PGE2 and PGEM Excretion With Change in eGFR Over Time

Difference in eGFR in mL/min per 1.73 m2 per year (95% CI)

Unadjusted Model 2 Model 3

Urinary PGE2 excretion

Per 2-fold higher PGE2 −0.18 (−0.24 to −0.12) −0.14 (−0.20 to −0.07) −0.11 (−0.17 to −0.05)

PGE2 low tertile Reference Reference Reference

PGE2 medium tertile −0.21 (−0.33 to −0.09) −0.19 (−0.31 to −0.08) −0.19 (−0.31 to −0.08)

PGE2 high tertile −0.29 (−0.41 to −0.17) −0.22 (−0.34 to −0.10) −0.19 (−0.31 to −0.07)

Urinary PGEM excretion

Per 2-fold higher PGEM −0.13 (−0.20 to −0.07) −0.08 (−0.14 to −0.02) −0.06 (−0.12 to 0.002)

PGEM low tertile Reference Reference Reference

PGEM medium tertile −0.05 (−0.17 to 0.07) −0.02 (−0.13 to 0.10) −0.03 (−0.14 to 0.09)

PGEM high tertile −0.21 (−0.34 to −0.09) −0.11 (−0.23 to 0.02) −0.08 (−0.20 to 0.04)

Results from linear mixed models. Model 2: corrected for potential confounders: age, sex, body mass index, smoking status, and baseline eGFR. Model 3: 
model 2+diabetes status, albumin-to-creatinine ratio, history of cardiovascular disease, and presence of hypertension. eGFR indicates estimated glomerular 
filtration rate; PGE2, prostaglandin E2; and PGEM, prostaglandin E2 metabolite.
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CONCLUSIONS
In conclusion, our study shows that higher urinary 
PGE2 and PGEM excretions are associated with in-
creased risk of cardiovascular mortality and kidney 
function decline. Future studies should investigate if 
urinary PGE2 and PGEM excretions are also associ-
ated with other cardiovascular end points and com-
pare their utility with other cardiovascular prediction 
models. These findings link previous experimental 
data on the role of PGE2 in cardiovascular and kidney 
disease to the general population, and suggest that 
urinary PGE2 and PGEM excretions are early markers 
of cardiovascular and kidney disease.

ARTICLE INFORMATION
Received September 29, 2023; accepted January 23, 2024.

Affiliations
Department of Internal Medicine, Erasmus Medical Center (F.G., L.C., E.J.H.) 
and Department of Epidemiology (F.G., L.C., A.C.v.d.B.), Erasmus Medical 
Center, University Medical Center Rotterdam, Rotterdam, The Netherlands; 
Department of Clinical Epidemiology, Department of Clinical Medicine, 
Aarhus University Hospital and Aarhus University, Aarhus, Denmark (D.C.); 
and Department of Biomedicine, Aarhus University, Aarhus, Denmark 
(R.A.F.).

Acknowledgments
The authors are grateful to the study participants, the staff from the Rotterdam 
Study, and the participating general practitioners and pharmacists.

Sources of Funding
The Rotterdam Study is funded by Erasmus Medical Center and Erasmus 
University, Rotterdam, ZonMw – The Netherlands Organization for Health 
Research and Development, the Dutch Ministry of Education, Culture and 
Science, the Dutch Ministry for Health, Welfare and Sports, the European 
Commission (DG XII), and the Municipality of Rotterdam. Frank Geurts, 
Robert A. Fenton, and Ewout J. Hoorn are funded by the Novo Nordisk 
Foundation (NFF18OC0031686). Ewout J. Hoornis also funded by the 
European Research Council (ERC-COG 101125504).

Disclosures
None.

Supplemental Material
Data S1.
Tables S1–S8.
Figures S1–S12.

REFERENCES
	 1.	 Charo IF, Shak S, Karasek MA, Davison PM, Goldstein IM. Prostaglandin 

I2 is not a major metabolite of arachidonic acid in cultured endothelial 
cells from human foreskin microvessels. J Clin Invest. 1984;74:914–919. 
doi: 10.1172/JCI111509

	 2.	 Zhang Y, Guan Y, Schneider A, Brandon S, Breyer RM, Breyer MD. 
Characterization of murine vasopressor and vasodepressor prostaglan-
din E(2) receptors. Hypertension. 2000;35:1129–1134. doi: 10.1161/01.
HYP.35.5.1129

	 3.	 Harris RC, Zhang MZ. Cyclooxygenase metabolites in the kidney. 
Compr Physiol. 2011;1:1729–1758. doi: 10.1002/cphy.c100077

	 4.	 Nasrallah R, Hassouneh R, Hebert RL. Chronic kidney disease: 
targeting prostaglandin E2 receptors. Am J Physiol Renal Physiol. 
2014;307:F243–F250. doi: 10.1152/ajprenal.00224.2014

	 5.	 Zhang MZ, Wang S, Wang Y, Zhang Y, Ming Hao C, Harris RC. Renal 
medullary interstitial COX-2 (cyclooxygenase-2) is essential in preventing 

salt-sensitive hypertension and maintaining renal inner medulla/papilla 
structural integrity. Hypertension. 2018;72:1172–1179. doi: 10.1161/
HYPERTENSIONAHA.118.11694

	 6.	 Jia Z, Zhang A, Zhang H, Dong Z, Yang T. Deletion of microsomal 
prostaglandin E synthase-1 increases sensitivity to salt loading and 
angiotensin II infusion. Circ Res. 2006;99:1243–1251. doi: 10.1161/01.
RES.0000251306.40546.08

	 7.	 Gooch K, Culleton BF, Manns BJ, Zhang J, Alfonso H, Tonelli M, Frank 
C, Klarenbach S, Hemmelgarn BR. NSAID use and progression of 
chronic kidney disease. Am J Med. 2007;120:280.e1–7. doi: 10.1016/j.
amjmed.2006.02.015

	 8.	 Schjerning AM, McGettigan P, Gislason G. Cardiovascular effects and 
safety of (non-aspirin) NSAIDs. Nat Rev Cardiol. 2020;17:574–584. doi: 
10.1038/s41569-020-0366-z

	 9.	 Nasrallah R, Hassouneh R, Hebert RL. PGE2, kidney disease, and car-
diovascular risk: beyond hypertension and diabetes. J Am Soc Nephrol. 
2016;27:666–676. doi: 10.1681/ASN.2015050528

	10.	 Rolland PH, Jouve R, Pellegrin E, Mercier C, Serradimigni A. Alteration 
in prostacyclin and prostaglandin E2 production. Correlation with 
changes in human aortic atherosclerotic disease. Arteriosclerosis. 
1984;4:70–78. doi: 10.1161/01.ATV.4.1.70

	11.	 Cipollone F, Prontera C, Pini B, Marini M, Fazia M, De Cesare D, Iezzi 
A, Ucchino S, Boccoli G, Saba V, et al. Overexpression of functionally 
coupled cyclooxygenase-2 and prostaglandin E synthase in symptom-
atic atherosclerotic plaques as a basis of prostaglandin E(2)-dependent 
plaque instability. Circulation. 2001;104:921–927. doi: 10.1161/
hc3401.093152

	12.	 Beloqui O, Paramo JA, Orbe J, Benito A, Colina I, Monasterio A, Diez J. 
Monocyte cyclooxygenase-2 overactivity: a new marker of subclinical 
atherosclerosis in asymptomatic subjects with cardiovascular risk fac-
tors? Eur Heart J. 2005;26:153–158. doi: 10.1093/eurheartj/ehi016

	13.	 Cherney DZ, Miller JA, Scholey JW, Bradley TJ, Slorach C, Curtis JR, 
Dekker MG, Nasrallah R, Hebert RL, Sochett EB. The effect of cycloo-
xygenase-2 inhibition on renal hemodynamic function in humans with 
type 1 diabetes. Diabetes. 2008;57:688–695. doi: 10.2337/db07-1230

	14.	 Jia Z, Wang H, Yang T. Microsomal prostaglandin E synthase 1 deletion 
retards renal disease progression but exacerbates anemia in mice with 
renal mass reduction. Hypertension. 2012;59:122–128. doi: 10.1161/
HYPERTENSIONAHA.111.178897

	15.	 Suzuki S, Shapiro R, Mulrow PJ, Tan SY. Urinary prostaglandin E2 ex-
cretion in chronic renal disease. Prostaglandins Med. 1980;4:377–382. 
doi: 10.1016/0161-4630(80)90011-7

	16.	 Blum M, Bauminger S, Algueti A, Kisch E, Ayalon D, Aviram A. Urinary 
prostaglandin-E2 in chronic renal disease. Clin Nephrol. 1981;15:87–89.

	17.	 Jankowski J, Floege J, Fliser D, Bohm M, Marx N. Cardiovascular 
disease in chronic kidney disease: pathophysiological insights and 
therapeutic options. Circulation. 2021;143:1157–1172. doi: 10.1161/
CIRCULATIONAHA.120.050686

	18.	 Kirkby NS, Raouf J, Ahmetaj-Shala B, Liu B, Mazi SI, Edin ML, 
Chambers MG, Korotkova M, Wang X, Wahli W, et al. Mechanistic defi-
nition of the cardiovascular mPGES-1/COX-2/ADMA axis. Cardiovasc 
Res. 2020;116:1972–1980. doi: 10.1093/cvr/cvz290

	19.	 Hamberg M, Samuelsson B. On the metabolism of prostaglandins 
E1 and E2 in man. J Biol Chem. 1971;246:6713–6721. doi: 10.1016/
S0021-9258(19)45905-X

	20.	 Jaimes EA, Zhou MS, Pearse DD, Puzis L, Raij L. Upregulation of corti-
cal COX-2 in salt-sensitive hypertension: role of angiotensin II and reac-
tive oxygen species. Am J Physiol Renal Physiol. 2008;294:F385–F392. 
doi: 10.1152/ajprenal.00302.2007

	21.	 Shimizu K, Okita R, Saisho S, Maeda A, Nojima Y, Nakata M. Urinary 
levels of prostaglandin E(2) are positively correlated with intratumoral 
infiltration of Foxp3(+) regulatory T cells in non-small cell lung cancer. 
Oncol Lett. 2017;14:1615–1620. doi: 10.3892/ol.2017.6340

	22.	 Cui Y, Shu XO, Li HL, Yang G, Wen W, Gao YT, Cai Q, Rothman N, Yin 
HY, Lan Q, et al. Prospective study of urinary prostaglandin E2 metab-
olite and pancreatic cancer risk. Int J Cancer. 2017;141:2423–2429. doi: 
10.1002/ijc.31007

	23.	 Morris PG, Zhou XK, Milne GL, Goldstein D, Hawks LC, Dang CT, Modi 
S, Fornier MN, Hudis CA, Dannenberg AJ. Increased levels of urinary 
PGE-M, a biomarker of inflammation, occur in association with obesity, 
aging, and lung metastases in patients with breast cancer. Cancer Prev 
Res (Phila). 2013;6:428–436. doi: 10.1158/1940-6207.CAPR-12-0431

	24.	 Ware JS, Wain LV, Channavajjhala SK, Jackson VE, Edwards E, 
Lu R, Siew K, Jia W, Shrine N, Kinnear S, et  al. Phenotypic and 

D
ow

nloaded from
 http://ahajournals.org by on M

arch 1, 2024

https://doi.org//10.1172/JCI111509
https://doi.org//10.1161/01.HYP.35.5.1129
https://doi.org//10.1161/01.HYP.35.5.1129
https://doi.org//10.1002/cphy.c100077
https://doi.org//10.1152/ajprenal.00224.2014
https://doi.org//10.1161/HYPERTENSIONAHA.118.11694
https://doi.org//10.1161/HYPERTENSIONAHA.118.11694
https://doi.org//10.1161/01.RES.0000251306.40546.08
https://doi.org//10.1161/01.RES.0000251306.40546.08
https://doi.org//10.1016/j.amjmed.2006.02.015
https://doi.org//10.1016/j.amjmed.2006.02.015
https://doi.org//10.1038/s41569-020-0366-z
https://doi.org//10.1681/ASN.2015050528
https://doi.org//10.1161/01.ATV.4.1.70
https://doi.org//10.1161/hc3401.093152
https://doi.org//10.1161/hc3401.093152
https://doi.org//10.1093/eurheartj/ehi016
https://doi.org//10.2337/db07-1230
https://doi.org//10.1161/HYPERTENSIONAHA.111.178897
https://doi.org//10.1161/HYPERTENSIONAHA.111.178897
https://doi.org//10.1016/0161-4630(80)90011-7
https://doi.org//10.1161/CIRCULATIONAHA.120.050686
https://doi.org//10.1161/CIRCULATIONAHA.120.050686
https://doi.org//10.1093/cvr/cvz290
https://doi.org//10.1016/S0021-9258(19)45905-X
https://doi.org//10.1016/S0021-9258(19)45905-X
https://doi.org//10.1152/ajprenal.00302.2007
https://doi.org//10.3892/ol.2017.6340
https://doi.org//10.1002/ijc.31007
https://doi.org//10.1158/1940-6207.CAPR-12-0431


J Am Heart Assoc. 2024;13:e032835. DOI: 10.1161/JAHA.123.032835� 12

Geurts et al� Urinary PGE2, Cardiovascular and Kidney Disease

pharmacogenetic evaluation of patients with thiazide-induced hypona-
tremia. J Clin Invest. 2017;127:3367–3374. doi: 10.1172/JCI89812

	25.	 Gross ND, Boyle JO, Morrow JD, Williams MK, Moskowitz CS, 
Subbaramaiah K, Dannenberg AJ, Duffield-Lillico AJ. Levels of prosta-
glandin E metabolite, the major urinary metabolite of prostaglandin E2, 
are increased in smokers. Clin Cancer Res. 2005;11:6087–6093. doi: 
10.1158/1078-0432.CCR-05-0733

	26.	 Zhang Y, Zhang G, Clarke PA, Huang JT, Takahashi E, Muirhead D, 
Steenwyk RC, Lin Z. Simultaneous and high-throughput quantitation of 
urinary tetranor PGDM and tetranor PGEM by online SPE-LC-MS/MS 
as inflammatory biomarkers. J Mass Spectrom. 2011;46:705–711. doi: 
10.1002/jms.1941

	27.	 Okayasu I, Ohnishi H, Sarandi I, Shojima J, Komatsu J, Oritsu M, 
Sasabe M, Nanami KO, Matsuura M, Azumi J, et al. Significant increase 
of prostaglandin E-major urinary metabolite in male smokers: a screen-
ing study of age and gender differences using a simple radioimmuno-
assay. J Clin Lab Anal. 2014;28:32–41. doi: 10.1002/jcla.21640

	28.	 Ikram MA, Brusselle G, Ghanbari M, Goedegebure A, Ikram MK, Kavousi 
M, Kieboom BCT, Klaver CCW, de Knegt RJ, Luik AI, et al. Objectives, 
design and main findings until 2020 from the Rotterdam Study. Eur J 
Epidemiol. 2020;35:483–517. doi: 10.1007/s10654-020-00640-5

	29.	 van der Burgh AC, Rizopoulos D, Ikram MA, Hoorn EJ, Chaker L. 
Determinants of the evolution of kidney function with age. Kidney Int 
Rep. 2021;6:3054–3063. doi: 10.1016/j.ekir.2021.10.006

	30.	 Inker LA, Schmid CH, Tighiouart H, Eckfeldt JH, Feldman HI, Greene 
T, Kusek JW, Manzi J, Van Lente F, Zhang YL, et al. Estimating glomer-
ular filtration rate from serum creatinine and cystatin C. N Engl J Med. 
2012;367:20–29. doi: 10.1056/NEJMoa1114248

	31.	 Delanaye P, Vidal-Petiot E, Bjork J, Ebert N, Eriksen BO, Dubourg 
L, Grubb A, Hansson M, Littmann K, Mariat C, et al. Performance of 
creatinine-based equations to estimate glomerular filtration rate in 
White and Black populations in Europe, Brazil and Africa. Nephrol Dial 
Transplant. 2023;38:106–118. doi: 10.1093/ndt/gfac241

	32.	 Renine database. Accessed October 1, 2022. https://​www.​nefro​visie.​
nl/​renine/​

	33.	 Conroy RM, Pyorala K, Fitzgerald AP, Sans S, Menotti A, De Backer G, 
De Bacquer D, Ducimetiere P, Jousilahti P, Keil U, et al. Estimation of ten-
year risk of fatal cardiovascular disease in Europe: the SCORE project. 
Eur Heart J. 2003;24:987–1003. doi: 10.1016/S0195-668X(03)00114-3

	34.	 Grams ME, Rebholz CM, McMahon B, Whelton S, Ballew SH, Selvin 
E, Wruck L, Coresh J. Identification of incident CKD stage 3 in re-
search studies. Am J Kidney Dis. 2014;64:214–221. doi: 10.1053/j.
ajkd.2014.02.021

	35.	 Di Micco L, Quinn RR, Ronksley PE, Bellizzi V, Lewin AM, Cianciaruso 
B, Ravani P; Alberta Kidney Disease Network (AKDN). Urine creati-
nine excretion and clinical outcomes in CKD. Clin J Am Soc Nephrol. 
2013;8:1877–1883. doi: 10.2215/CJN.01350213

	36.	 Oterdoom LH, Gansevoort RT, Schouten JP, de Jong PE, Gans RO, 
Bakker SJ. Urinary creatinine excretion, an indirect measure of muscle 
mass, is an independent predictor of cardiovascular disease and mor-
tality in the general population. Atherosclerosis. 2009;207:534–540. 
doi: 10.1016/j.atherosclerosis.2009.05.010

	37.	 Wettersten N, Katz R, Shlipak MG, Scherzer R, Waikar SS, Ix JH, Estrella 
MM. Urinary biomarkers and kidney outcomes: impact of indexing ver-
sus adjusting for urinary creatinine. Kidney Med. 2021;3:546–554. doi: 
10.1016/j.xkme.2021.02.013

	38.	 VanderWeele TJ, Ding P. Sensitivity analysis in observational research: 
introducing the E-value. Ann Intern Med. 2017;167:268–274. doi: 
10.7326/M16-2607

	39.	 Wu D, Mura C, Beharka AA, Han SN, Paulson KE, Hwang D, Meydani 
SN. Age-associated increase in PGE2 synthesis and COX activ-
ity in murine macrophages is reversed by vitamin E. Am J Physiol. 
1998;275:C661–C668. doi: 10.1152/ajpcell.1998.275.3.C661

	40.	 Wen W, Yang G, Cai Q, Shu XO, Zheng W. Association of urinary 
prostaglandin E2 metabolite and mortality among adults. Sci Rep. 
2022;12:18905. doi: 10.1038/s41598-022-23773-x

	41.	 Shin VY, Wu WK, Ye YN, So WH, Koo MW, Liu ES, Luo JC, Cho CH. 
Nicotine promotes gastric tumor growth and neovascularization by 
activating extracellular signal-regulated kinase and cyclooxygenase-2. 
Carcinogenesis. 2004;25:2487–2495. doi: 10.1093/carcin/bgh266

	42.	 Komers R, Lindsley JN, Oyama TT, Schutzer WE, Reed JF, Mader 
SL, Anderson S. Immunohistochemical and functional correlations 
of renal cyclooxygenase-2 in experimental diabetes. J Clin Invest. 
2001;107:889–898. doi: 10.1172/JCI10228

	43.	 Guo Z, Su W, Allen S, Pang H, Daugherty A, Smart E, Gong MC. COX-2 
up-regulation and vascular smooth muscle contractile hyperreactivity in 
spontaneous diabetic db/db mice. Cardiovasc Res. 2005;67:723–735. 
doi: 10.1016/j.cardiores.2005.04.008

	44.	 Bryson TD, Harding P. Prostaglandin E2 EP receptors in cardiovas-
cular disease: an update. Biochem Pharmacol. 2022;195:114858. doi: 
10.1016/j.bcp.2021.114858

	45.	 Ridker PM, Cook NR, Lee IM, Gordon D, Gaziano JM, Manson JE, 
Hennekens CH, Buring JE. A randomized trial of low-dose aspirin in the 
primary prevention of cardiovascular disease in women. N Engl J Med. 
2005;352:1293–1304. doi: 10.1056/NEJMoa050613

	46.	 Man JJ, Beckman JA, Jaffe IZ. Sex as a biological variable in 
atherosclerosis. Circ Res. 2020;126:1297–1319. doi: 10.1161/
CIRCRESAHA.120.315930

	47.	 Koene RJ, Prizment AE, Blaes A, Konety SH. Shared risk factors in car-
diovascular disease and cancer. Circulation. 2016;133:1104–1114. doi: 
10.1161/CIRCULATIONAHA.115.020406

	48.	 Vogt L, de Zeeuw D, Woittiez AJ, Navis G. Selective cyclooxygenase-2 
(COX-2) inhibition reduces proteinuria in renal patients. Nephrol Dial 
Transplant. 2009;24:1182–1189. doi: 10.1093/ndt/gfn644

	49.	 Ataklte F, Song RJ, Upadhyay A, Musa Yola I, Vasan RS, Xanthakis 
V. Association of mildly reduced kidney function with cardiovas-
cular disease: the Framingham Heart Study. J Am Heart Assoc. 
2021;10:e020301. doi: 10.1161/JAHA.120.020301

	50.	 Sedaghat S, Hoorn EJ, Ikram MA, Koop-Nieuwelink C, Kavousi M, 
Franco OH, van der Lugt A, Vernooij MW, Bos D. Kidney function 
and arterial calcification in major vascular beds. J Am Heart Assoc. 
2019;8:e010930. doi: 10.1161/JAHA.118.010930

	51.	 Back M, Yurdagul A Jr, Tabas I, Oorni K, Kovanen PT. Inflammation and 
its resolution in atherosclerosis: mediators and therapeutic opportunities. 
Nat Rev Cardiol. 2019;16:389–406. doi: 10.1038/s41569-019-0169-2

	52.	 Gomez I, Foudi N, Longrois D, Norel X. The role of prostaglandin E2 
in human vascular inflammation. Prostaglandins Leukot Essent Fatty 
Acids. 2013;89:55–63. doi: 10.1016/j.plefa.2013.04.004

	53.	 Ahmetaj-Shala B, Kirkby NS, Knowles R, Al’Yamani M, Mazi S, Wang Z, 
Tucker AT, Mackenzie L, Armstrong PC, Nusing RM, et al. Evidence that 
links loss of cyclooxygenase-2 with increased asymmetric dimethylargi-
nine: novel explanation of cardiovascular side effects associated with 
anti-inflammatory drugs. Circulation. 2015;131:633–642. doi: 10.1161/
CIRCULATIONAHA.114.011591

	54.	 Wang Y, Zhang T, Cao X, Zou J, Ding X, Shen B, Lv W. Prostaglandin 
E(2) induced cardiac hypertrophy through EP2 receptor-dependent 
activation of beta-catenin in 5/6 nephrectomy rats. ESC Heart Fail. 
2021;8:1979–1989. doi: 10.1002/ehf2.13269

	55.	 Chhonker YS, Bala V, Murry DJ. Quantification of eicosanoids and their 
metabolites in biological matrices: a review. Bioanalysis. 2018;10:2027–
2046. doi: 10.4155/bio-2018-0173

	56.	 Koffeman AR, Valkhoff VE, Celik S, W’t Jong G, Sturkenboom MC, 
Bindels PJ, van der Lei J, Luijsterburg PA, Bierma-Zeinstra SM. 
High-risk use of over-the-counter non-steroidal anti-inflammatory 
drugs: a population-based cross-sectional study. Br J Gen Pract. 
2014;64:e191–e198. doi: 10.3399/bjgp14X677815

D
ow

nloaded from
 http://ahajournals.org by on M

arch 1, 2024

https://doi.org//10.1172/JCI89812
https://doi.org//10.1158/1078-0432.CCR-05-0733
https://doi.org//10.1002/jms.1941
https://doi.org//10.1002/jcla.21640
https://doi.org//10.1007/s10654-020-00640-5
https://doi.org//10.1016/j.ekir.2021.10.006
https://doi.org//10.1056/NEJMoa1114248
https://doi.org//10.1093/ndt/gfac241
https://www.nefrovisie.nl/renine/
https://www.nefrovisie.nl/renine/
https://doi.org//10.1016/S0195-668X(03)00114-3
https://doi.org//10.1053/j.ajkd.2014.02.021
https://doi.org//10.1053/j.ajkd.2014.02.021
https://doi.org//10.2215/CJN.01350213
https://doi.org//10.1016/j.atherosclerosis.2009.05.010
https://doi.org//10.1016/j.xkme.2021.02.013
https://doi.org//10.7326/M16-2607
https://doi.org//10.1152/ajpcell.1998.275.3.C661
https://doi.org//10.1038/s41598-022-23773-x
https://doi.org//10.1093/carcin/bgh266
https://doi.org//10.1172/JCI10228
https://doi.org//10.1016/j.cardiores.2005.04.008
https://doi.org//10.1016/j.bcp.2021.114858
https://doi.org//10.1056/NEJMoa050613
https://doi.org//10.1161/CIRCRESAHA.120.315930
https://doi.org//10.1161/CIRCRESAHA.120.315930
https://doi.org//10.1161/CIRCULATIONAHA.115.020406
https://doi.org//10.1093/ndt/gfn644
https://doi.org//10.1161/JAHA.120.020301
https://doi.org//10.1161/JAHA.118.010930
https://doi.org//10.1038/s41569-019-0169-2
https://doi.org//10.1016/j.plefa.2013.04.004
https://doi.org//10.1161/CIRCULATIONAHA.114.011591
https://doi.org//10.1161/CIRCULATIONAHA.114.011591
https://doi.org//10.1002/ehf2.13269
https://doi.org//10.4155/bio-2018-0173
https://doi.org//10.3399/bjgp14X677815

	Urinary Prostaglandin E2 Excretion and the Risk of Cardiovascular and Kidney Disease
	METHODS
	Study Population
	PGE2, PGEM, and Kidney Function
	Covariates
	Outcomes
	Statistical Analysis

	RESULTS
	Higher Urinary PGE2 and PGEM Excretions Are Associated With Cardiovascular Risk Factors
	Urinary PGE2 and PGEM Excretions Are Associated With Cardiovascular Mortality
	Urinary PGE2 and PGEM Excretions Are Associated With Kidney Outcomes

	DISCUSSION
	Conclusions
	Acknowledgments
	Sources of Funding
	Disclosures
	References


