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Association of serum copeptin
and urinary uromodulin with
kidney function, blood pressure
and albuminuria at 6 weeks
post-partum in pre-eclampsia
David A. Jaques1*, Anne Dufey Teso1, Grégoire Wuerzner2,
Begona Martinez De Tejada3,4, Marika Santagata3,
Véronique Othenin Girard3, Bénédicte Le Tinier3,
Antoinette Pechere Bertschi1 and Belen Ponte1

1Service of Nephrology and Hypertension, Geneva University Hospitals, Geneva, Switzerland,
2Service of Nephrology and Hypertension, Lausanne University Hospital and University of Lausanne,
Lausanne, Switzerland, 3Division of Obstetrics, Department of Pediatrics, Gynecology and
Obstetrics, Geneva University Hospitals, Geneva, Switzerland, 4Faculty of Medicine, University of
Geneva, Geneva, Switzerland
Background: Preeclampsia (PE) is associated with subsequent higher risk of
cardiovascular and kidney disease. Serum copeptin, as a proxy for vasopressin,
and urinary uromodulin, were associated with PE physiopathology and kidney
functional mass respectively. We describe concentrations of these proteins in
the post-partum period and characterize their association with persistent
hypertension (HTN) or albuminuria.
Methods: Patients with PE and healthy controls with uncomplicated pregnancy
were prospectively included at two teaching hospitals in Switzerland. Clinical
parameters along with serum copeptin and urinary uromodulin were
measured at 6 weeks post-partum. PE patients were further characterized
based on presence of HTN (defined as either systolic BP (SBP) ≥140 mmHg or
diastolic (BP) ≥90 mmHg) or albuminuria [defined as urinary albumin to
creatinine ratio (ACR) ≥3 mg/mmol].
Results: We included 226 patients with 35 controls, 120 (62.8%) PE with
persistent HTN/albuminuria and 71 (37.1%) PE without persistent HTN/
albuminuria. Median serum copeptin concentration was 4.27 (2.9–6.2) pmol/L
without differences between study groups (p > 0.05). Higher copeptin levels
were associated with higher SBP in controls (p= 0.039), but not in PE (p >
0.05). Median urinary uromodulin concentration was 17.5 (7.8–28.7) mg/g with
lower levels in PE patients as compared to healthy controls (p < 0.001), but
comparable levels between PE patients with or without HTN/albuminuria (p >
0.05). Higher uromodulin levels were associated with lower albuminuria in PE
as well as control patients (p=0.040).
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Conclusion: Serum copeptin levels at 6 weeks post-partum are similar between PE
patients and healthy controls and cannot distinguish between PE with or without
residual kidney damage. This would argue against a significant pathophysiological
role of the vasopressin pathway in mediating organ damage in the post-partum
period. On the opposite, post-partum urinary uromodulin levels are markedly
lower in PE patients as compared to healthy controls, potentially reflecting an
increased susceptibility to vascular and kidney damage that could associate with
adverse long-term cardiovascular and kidney outcomes.

KEYWORDS

preeclampsia, post-partum, organ damage, hypertension, albuminuria, proteinuria,

uromodulin, copeptin
1 Introduction

Preeclampsia (PE) is defined as new onset hypertension (HTN)

occurring after 20 weeks of gestation associated with damage to at

least one organ (1). Overall, PE is thought to affect 5%–8% of all

pregnancies. In most cases, resolution of organ damage is

expected in the few weeks following delivery (2). However, some

women have persistent HTN and albuminuria, as well as a

subsequent higher risk of cardiovascular and kidney disease (3–5).

Vasopressin plays a central role in osmotic and blood pressure

(BP) homeostasis. As vasopressin is subject to degradation by

trophoblastic enzymes during pregnancy, serum copeptin is used

as a surrogate for its secretion in this setting (6). While copeptin

has been shown to increase throughout normal pregnancy,

comparatively higher levels have been observed in patients who

subsequently developed PE (7). Copeptin could thus improve PE

prediction as early as 6 weeks into pregnancy (8). Moreover,

several pathways linking vasopressin to PE pathophysiology have

been proposed and chronic infusion of vasopressin could induce

a PE phenotype in pregnant mice (8). Finally, aside from

pregnancy, elevated copeptin levels have been associated with

adverse cardiovascular and kidney outcomes in clinical as well as

epidemiological studies (9–13).

Uromodulin, the most abundant protein in normal urine, is

exclusively synthetized by epithelial cells of the thick ascending

loop of Henle in renal tubules (14). Physiological functions of

uromodulin include protection against kidney stones and urinary

tract infections as well as regulation of tubular sodium handling

and blood pressure (15–19). Beyond its biological functions,

urinary uromodulin also serves as a biomarker of functional

tubular mass and low levels have been associated with alteration

as well as faster decline of kidney function (19–21).

Overall, the course and clinical implications of copeptin and

uromodulin levels after PE are largely unknown. This question is

of importance as it could shed light onto pathophysiological

mechanisms of organ damage after PE as well as unveil potential

therapeutic targets to mitigate the risk of developing long term

kidney and cardiovascular diseases. As such, in this study, we

wished to (i) compare concentrations of serum copeptin and

urinary uromodulin at 6 weeks post-partum between PE and

normal pregnancy as well as (ii) describe the association between

these proteins and kidney function, BP as well as albuminuria.
02
2 Materials and methods

2.1 Participants, study design and
procedures

We performed a retrospective cross-sectional analysis of a

prospective cohort study including women with PE as well as

healthy controls. The original study was conducted in two

tertiary teaching hospitals: “Hôpitaux Universitaires de Genève”

(HUG), Geneva, Switzerland and “Centre Hospitalier

Universitaire Vaudois” (CHUV), Lausanne, Switzerland.

The present study thus included a PE and a control group. All

participants were screened after delivery. Regarding the PE group,

inclusion required a diagnosis of PE during pregnancy. Exclusion

criteria were (i) unwilling to participate, (ii) use of anti-

inflammatory drugs and (iii) any known cardiac, endocrine, or

renal disease. The control group consisted of healthy women who

had an uncomplicated normotensive pregnancy with delivery at

term. Exclusion criteria were (i) history of PE during a prior

pregnancy, (ii) history of HTN and (iii) proteinuria on dipstick.

If enrolled, participants were evaluated at 6 weeks post-partum

with clinical as well as biological parameters. The timing of this

visit was chosen to coincide with the gynecologic follow-up

routinely performed after delivery and reimbursed by the

insurances. Medical history and physical examination were

recorded. Office BP was measured according to the European

Society of Hypertension guidelines (22). After 5 min of rest, 2 BP

measurements were done at 1 min interval on the same arm with

a proper cuff size and a validated automated device (Omron

HEM-907-E; British Hypertension Society Grade A/A).

Arithmetic mean of the 2 values were calculated. Creatinine was

measured using the IDMS-traceable Jaffe kinetic compensated

method. Estimated glomerular filtration rate (eGFR) was

calculated using the 2009 Chronic Kidney Disease-Epidemiology

Collaboration (CKD-EPI) formula (23). The urinary albumin to

creatinine ratio (ACR) was calculated as albumin/creatinine and

expressed as mg/mmol. Serum copeptin (CT-proAVP pmol/L)

was measured in batch at the single time point of 6 weeks post-

partum on frozen −80° plasma-EDTA samples using a sandwich

immunoluminometric assay in Aarau Hospital, Aarau,

Switzerland, as previously described (Thermo Fischer Scientific,

Brahms GmbH, Hennigsdorf, Germany) (24). Serum copeptin is
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expressed as pmol/L. Urinary uromodulin concentration was

measured by ELISA as described previously (25). Urinary

uromodulin was normalized to creatininuria and expressed as

mg/g. Human uromodulin (stock solution 100 mg/ml; Millipore)

was used for the standard curve. The uromodulin ELISA has a

sensitivity of 2.8 ng/ml, a linearity of 1.0, an interassay variability

of 3.3%, and an intra-assay variability of 5.5%.
2.2 Definitions

PE was defined according to the International Society for the

Study of Hypertension in Pregnancy 2014, as new-onset

hypertension after 20 weeks of gestation associated with at least

one end-organ damage (1). Pre-gestational HTN as well as pre-

gestational diabetes mellitus (DM) were defined based on

associated medications or known medical history. At 6 weeks post-

partum, HTN was defined as either SBP≥ 140 mmHg or DBP≥
90 mmHg and albuminuria was defined as ACR≥ 3 mg/mmol.
2.3 Statistical analysis

Continuous variables were expressed as mean ± standard

deviation (SD) or median (interquartile range) according to

distribution while categorical variables were expressed as number

and relative frequencies. Normality of distribution was assessed

graphically. Patient’s characteristics were compared between

groups using Student’s T test or ANOVA for continuous

variables as well as Chi2 for categorical variables. Linear

regression models were used to describe associations with

continuous dependent variables. Continuous variables were log-

transformed when appropriate. Potential interactions between

independent variables were tested using contrasts of marginal
FIGURE 1

Study flowchart. PE, preeclampsia.
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linear predictions. Sensitivity analyses were conducted with

multivariate adjustment to account for potential confounders [PE

status, age, ethnicity and body mass index (BMI)]. Data were

considered missing completely at random and patients with any

missing value were thus excluded from regression models. A

two-sided p-value <0.05 was considered significant in descriptive

analyses as well as regression models. Statistical analyses were

conducted using STATA version 17 (StataCorp, 4905 Lakeway

Drive, College Station, Texas 77845 USA).
2.4 Ethics

This study was approved by the local ethics committee

“Commission cantonale d’éthique de la recherche” (CCER),

Geneva, Switzerland and was performed according to the

Declaration of Helsinki. Written informed consent was obtained

from each participant.
3 Results

In total, 562 patients were evaluated at 6 weeks post-partum

with 97 healthy controls and 465 PE patients (Figure 1). Among

those, 62 control and 274 PE were excluded owing to missing

data on serum copeptin and/or urinary uromodulin. Baseline

characteristics of included and excluded patients according to PE

status are given in Supplementary Table S1. Regarding healthy

controls, characteristics of included and excluded women were

similar between groups. Regarding PE patients, excluded patients

had higher BMI and higher prevalence of gestational DM and

prior PE. Other characteristics were similar between groups.

Eventually, 226 patients (191 PE and 35 controls) were

included in the present study. Mean age was 32.6 ± 5.4 with 153
frontiersin.org
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TABLE 1 Baseline characteristics at 6 weeks post-partum according to PE status and the presence or absence of persistent HTN or albuminuria.

Control (N = 35) PE without HTN/albuminuria (N = 71) PE with HTN/albuminuria (N = 120) P value
Clinical characteristics

Age (years) 32.7 ± 5.1 31.4 ± 5.7 33.2 ± 5.2 0.079

Ethnicity

Caucasian 35 (100%) 48 (67.6%) 70 (58.3%)

Afro-American 0 (0%) 11 (15.4%) 27 (22.5%) 0.001

Hispanic 0 (0%) 11 (15.4%) 20 (16.6%)

Asian 0 (0%) 1 (1.4%) 3 (2.5%)

BMI (kg/m2) 24.4 ± 4.3 29.1 ± 4.7 28.9 ± 6.5 <0.001

Smoker 1 (3.3%) 21 (29.5%) 11 (9.4%) <0.001

Essential HTN 0 (0%) 3 (4.2%) 11 (9.3%) 0.094

Gestational DM 0 (0%) 7 (9.8%) 7 (6.0%) 0.143

Primiparity 18 (60.0%) 46 (65.7%) 74 (63.7%) 0.861

Gestational weeks 40 (38–40) 38 (36–40) 36 (33–38) <0.001

Prior PE 0 (0%) 4 (5.6%) 10 (8.6%) 0.217

Evaluation at 6 weeks post-partum

SBP (mmHg) 112.0 ± 11.6 115.4 ± 9.3 127.3 ± 15.4 <0.001

DBP (mmHg) 71.2 ± 10.3 76.3 ± 6.5 88.3 ± 11.9 <0.001

HTNa 1 (2.8%) 0 (0%) 88 (73.3%) <0.001

eGFR (ml/min/1.73 m2) 97.3 ± 16.2 111.9 ± 18.6 108.4 ± 18.8 <0.001

ACR (mg/mmol) 1.0 (0.6–2.1) 1.2 (0.7–1.6) 3.7 (1.6–7.6) <0.001

Albuminuriab 7 (20.0%) 0 (0%) 72 (60.0%) <0.001

Serum copeptin and urinary uromodulin at 6 weeks post-partum

Copeptin (pmol/L) 4.0 (2.6–5.2) 4.5 (3.2–6.4) 4.2 (3.0–6.1) 0.451

Uromodulin (mg/g) 26.4 (22.3–32.2) 8.9 (5.7–26.6) 16.5 (8.6–24.3) <0.001

PE, preeclampsia; HTN, hypertension; BMI, body mass index; DM, diabetes mellitus; SBP, systolic blood pressure; DBP, diastolic blood pressure; eGFR, estimated

glomerular filtration rate; ACR, urinary albumin to creatinine ratio.

P values indicated in the table apply to comparisons between the three presented groups.

Bold values indicate p < 0.05.
aDefined as SBP≥ 140 mmHg or DBP≥ 90 mmHg.
bDefined as ACR≥ 3 mg/mmol.

FIGURE 2

Serum copeptin concentration (pmol/L, log-transformed) at 6 weeks
post-partum according to PE status and presence or absence of
persistent HTN or albuminuria. Data are presented as median, 25th
and 75th percentiles as well as upper and lower adjacent values.
Comparison between control participants (N= 35) and PE patients

Jaques et al. 10.3389/fcvm.2024.1310300
(67.7%) Caucasians. Among 191 patients with PE, 120 (62.8%) had

persistent HTN or albuminuria at 6 weeks post-partum while 71

(37.1%) did not. Baseline characteristics according to PE status

and the presence or absence of HTN/albuminuria are given in

Table 1. As compared to healthy controls, patients with PE were

less frequently Caucasians, had higher BMI, were more

frequently smokers, had shorter gestational time and higher

eGFR. As compared to PE patients without HTN/albuminuria as

well as healthy controls, PE patients with HTN/albuminuria had

higher SBP, DBP and ACR values. Median serum copeptin

concentration was 4.27 (2.9–6.2) pmol/L without differences

between study groups (Table 1; Figure 2). Median urinary

uromodulin concentration was 17.5 (7.8–28.7) mg/g with lower

levels in PE patients as compared to healthy controls, but

comparable levels between PE patients with or without HTN/

albuminuria (Table 1; Figure 3). After adjustment for age,

ethnicity and BMI, urinary uromodulin concentration remained

significantly lower in PE patients as compared to healthy

controls (p = 0.001).

as a whole (N= 191). T-test p value 0.247. Comparison between
PE patients with (N= 120) and without (N= 71) HTN/albuminuria.
T-test p value 0.614. PE, preeclampsia; HTN, hypertension.
3.1 Association of serum copeptin with BP,
eGFR and ACR

In univariate analysis, copeptin levels were not associated with

SBP, DBP, eGFR or ACR (p > 0.05 for all). In multivariate analysis
Frontiers in Cardiovascular Medicine 04
accounting for PE status, age, ethnicity, and BMI, copeptin levels

were not associated with SBP, DBP, eGFR or ACR (Table 2).

However, a significant interaction was present between copeptin
frontiersin.org
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FIGURE 3

Urinary uromodulin concentration (mg/g, log-transformed) at 6
weeks post-partum according to PE status and presence or
absence of persistent HTN or albuminuria. Data are presented as
median, 25th and 75th percentiles as well as upper and lower
adjacent values. Comparison between control participants (N= 35)
and PE patients as a whole (N= 191). T-test p value <0.001.
Comparison between PE patients with (N= 120) and without (N=
71) HTN/albuminuria. T-test p value 0.109. PE, preeclampsia; HTN,
hypertension.

Jaques et al. 10.3389/fcvm.2024.1310300
levels and PE status in association with SBP and eGFR (p = 0.017

and p = 0.045 for interaction terms respectively). In control

participants, serum copeptin was positively associated with SBP.

In PE patients, serum copeptin was not associated with SBP. The

differential effect of copeptin levels on SBP according to PE

status adjusted for confounders is represented in Figure 4A. In

control participants as well as PE patients, serum copeptin was

not associated with eGFR. The differential effect of copeptin

levels on eGFR according to PE status adjusted for confounders

is represented in Figure 4B. No significant interaction was

present between copeptin levels and PE status in association with

DBP or ACR (p > 0.05 for interaction terms).
3.2 Association of urinary uromodulin with
BP, eGFR and ACR

In univariate analysis, uromodulin levels were negatively

associated with ACR (β −0.2, 95%CI −0.4 to −0.0, p = 0.008) but
TABLE 2 Association of serum copeptin and urinary uromodulin with SBP, D

SBP DBP

β (95% CI) P value β (95% CI) P valu
Copeptin −0.5 (−4.5 to 3.4) 0.801 −1.4 (−4.6 to 1.8) 0.388

Control 9.9 (0.5–19.3) 0.039

PE −2.4 (−6.7 to 1.7) 0.254

Uromodulin 1.2 (−1.4 to 4.0) 0.364 0.8 (−1.3 to 3.1) 0.448

SBP, systolic blood pressure; DBP, diastolic blood pressure; eGFR, estimated glomerular

mass index.

Sub-group associations in control and PE patients are presented when interaction wit

All models are adjusted for PE status, age, ethnicity and BMI.

Bold values indicate p < 0.05.

Frontiers in Cardiovascular Medicine 05
not with SBP, DBP or eGFR (p > 0.05 for all). In multivariate

analysis accounting for PE status, age, ethnicity and BMI,

uromodulin levels were positively associated with eGFR and

negatively with ACR (Table 2). On the opposite, uromodulin

levels were not associated with SBP or DBP. The effect of

uromodulin levels on eGFR and ACR is represented in

Figures 5A,B respectively. No significant interaction was present

between uromodulin levels and PE status in association with

SBP, DBP, eGFR or ACR (p > 0.05 for interaction terms).
4 Discussion

In this study, we show that serum copeptin levels at 6 weeks

post-partum are similar between PE patients and healthy controls

and cannot distinguish between PE patients with or without

residual kidney damage. However, at this same time point,

urinary uromodulin levels are markedly lower in PE patients as

compared to healthy controls.

The use of serum copeptin/vasopressin during pregnancy has

gained significant clinical interest in the past years. First,

copeptin could serve as an early diagnostic biomarker to detect

subsequent PE in pregnant women. In a pivotal study, Santillan

et al. performed sequential copeptin measurements during

pregnancy course and reported high predictive performances for

the development of later PE as early as 6 weeks into pregnancy

(8). A recent meta-analysis aggregating available observational

studies reporting serum copeptin values among PE and healthy

controls found increased copeptin levels prior to PE in all

trimesters, irrespective of disease severity and onset (26). Second,

beyond a potential diagnostic utility, evidence also indicates a

pathogenic role of vasopressin in the development of PE. As

such, infusion of vasopressin throughout gestation was

demonstrated to induce PE phenotype in mice, including

elevated SBP, proteinuria as well as glomerular endotheliosis (8).

Subsequent experimental work showed that this was also the case

in the absence of placental hypoxia (27). At the same time, it

must be remembered that serum copeptin has consistently been

associated with adverse clinical outcomes aside from pregnancy.

Overall, in clinical observational studies, elevated copeptin was

correlated to higher BP, lower eGFR and increased albuminuria

(28, 29). Moreover, it was also associated with decline in eGFR

over time as well as renal events, cardiovascular events and
BP, eGFR and ACR at 6 weeks post-partum.

eGFR ACR

e β (95% CI) P value β (95% CI) P value
−1.8 (−5.9 to 2.2) 0.377 0.0 (−0.2 to 0.4) 0.535

8.7 (−2.3 to 19.8) 0.123

−3.3 (−7.6 to 0.9) 0.131

3.4 (0.5–6.4) 0.020 −0.2 (−0.4 to −0.0) 0.040

filtration rate; ACR, urinary albumin to creatinine ratio; PE, preeclampsia; BMI, body

h PE status is significant.
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FIGURE 4

Association of serum copeptin concentration (pmol/L, log-transformed) at 6 weeks post-partum with outcomes according to PE status. (A)
Association with SBP. Interaction between serum copeptin and PE status is significant with p value of 0.017 (contrast of marginal linear
predictions) confirming a modification effect. Consequently, sub-group associations for control participants (N= 32) and PE patients (N= 139) are
presented separately with associated p values of 0.039 and 0.254 respectively (average marginal effects of multivariate linear regression). (B)
Association with eGFR. Interaction between serum copeptin and PE status is significant with p value of 0.045 (contrast of marginal linear
predictions) confirming a modification effect. Consequently, sub-group associations for control participants (N= 32) and PE patients (N= 186) are
presented separately with associated p values of 0.123 and 0.131 respectively (average marginal effects of multivariate linear regression). PE,
preeclampsia; SBP, systolic blood pressure; eGFR; estimated glomerular filtration rate.

FIGURE 5

Association of urinary uromodulin concentration (mg/g, log-transformed) at 6 weeks post-partum with outcomes. (A) Association with eGFR (ml/min/
1.73 m2). N= 218. P value of 0.020 (multivariate linear regression). (B) Association with ACR (mg/mmol creatinine, log-transformed). N= 218. P value of
0.040 (multivariate linear regression). PE, preeclampsia; eGFR, estimated glomerular filtration rate; ACR, urinary albumin to creatinine ratio.

Jaques et al. 10.3389/fcvm.2024.1310300
mortality (9, 13, 29–31). Altogether those data raise the question of

a potential implication of vasopressin in mediating organ damage

after an episode of PE. Specifically, persistently elevated copeptin

levels in the post-partum period could theoretically be implicated

in the sub-group of PE patients presenting with persistent renal

and cardiovascular damage. Along with offering pathophysiological

insights, such a hypothesis would also unveil a potentially

attractive therapeutic target to mitigate the risk of long-term organ
Frontiers in Cardiovascular Medicine 06
damage after PE. In the present study, we confirm that PE

patients have higher SBP, DBP and ACR than healthy controls at

6 weeks post-partum. Those results are in line with prior evidence

reporting an increased risk of HTN as well as subsequent kidney

and cardiovascular disease after PE (32–34). We also observed that

around two thirds of PE patients had persistent HTN or

albuminuria at this time point. Interestingly however, we found

that copeptin levels at 6 weeks post-partum were similar between
frontiersin.org
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patients with or without prior PE. We observed a median copeptin

concentration of 4.27 pmol/L in the entire cohort. This is only

slightly higher than what is described in healthy non-pregnant

women with median values of 3.2 pmol/L ranging from 1.0 to

14.8 pmol/L (35). This suggests that copeptin levels rapidly decline

in the few weeks following delivery in women with PE as well as

those with uncomplicated pregnancy. Our results corroborate

recent data reporting no difference in urinary copeptin levels at

1–4 years post-partum in patients with and without prior PE (36).

Moreover, we show that copeptin levels at 6 weeks post-partum

do not discriminate between PE patients with or without

persistent organ damage at this time point. Overall, our results

would suggest that vasopressin does not play a significant

pathophysiological role in mediating organ damage during the

post-partum period of PE. Consequently, exogenous manipulation

of vasopressin activity via receptors antagonism would likely be

vain at this stage of the disease. On a theoretical point of view, it

is worth mentioning however that elevated copeptin levels during

pregnancy might nevertheless be associated with subsequent post-

partum organ damage. This could however not be tested in our

cross-sectional study. Finally, while copeptin concentration itself

was not associated with BP values, eGFR or ACR overall, we could

observe that the occurrence of PE modified some of those

associations. Specifically, while copeptin was not associated with

SBP in patients with prior PE, we observed a positive association

in healthy controls, in line with prior evidence aside from

pregnancy (28). A similar modulating effect of PE was observed

regarding the relationship between copeptin and eGFR, although

clinical interpretation is rendered tedious by the glomerular

hyperfiltration described in the post-partum period whether after

PE or a healthy pregnancy (37, 38).

During the past decade, experimental as well as clinical

evidence provided major insights into the potential roles of

uromodulin. Besides physiological considerations, uromodulin

can also be seen as a biomarker of tubular mass and function. In

epidemiological studies, urinary uromodulin was associated with

eGFR as well as kidney volume (21, 39). Moreover, 24 h urinary

excretion of uromodulin correlated with known predictors of

nephron mass (40). Serum uromodulin was also associated with

kidney function in patients with CKD, with greater sensitivity

than conventional biomarkers (creatinine, urea, cystatin C) to

detect early disease (41, 42). In addition, serum uromodulin

could represent an early marker of kidney fibrosis (43). In view

of those data, uromodulin could be seen as a surrogate marker of

nephron functional mass in heath as well as kidney disease.

Interestingly, serum as well as urinary uromodulin also convey

prognostic significance as low levels were associated with an

increased risk of decline in kidney function and progression to

end-stage kidney disease (ESKD) (20, 44). Finally, the role of

uromodulin as a biomarker could extend beyond evaluation of

kidney function as serum uromodulin could predict

cardiovascular events as well as mortality even after adjusting for

eGFR as well as cardiovascular risk factors (45). In view of those

evidence and given the potential impact of PE on the subsequent

renal and cardiovascular prognosis of affected patients, we

wished to characterize urinary uromodulin levels in this setting.
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In the present study, we clearly found that urinary uromodulin

levels at 6 weeks post-partum were significantly lower in patients

with prior PE as compared to healthy controls. Consequently, a

potential pathophysiological hypothesis would be that the lower

uromodulin levels in patients suffering from PE reflected a pre-

existing increased susceptibility to vascular and kidney damage.

Conversely, higher uromodulin levels would reflect a better

preserved structural and functional renal reserve (19). Such a

protective effect of uromodulin on future events has been shown

in type 1 diabetes, where patients with higher serum uromodulin

levels were less likely to develop CKD (46). Our findings are also

to be related to a prior study, where authors described a

transient decrease in urinary uromodulin in hypertensive

pregnant women that subsequently normalized in the early post-

partum period (47). In view of those results as well as the

potential implication of uromodulin in the IL-1β/NLRP3

inflammasome, a contribution of the immunological system in

the development of PE could be postulated (48). Alternatively, a

reverse causality can be postulated and the occurrence of PE

itself could lead to a rapid decrease in uromodulin levels as a

reflection of ongoing kidney damage. However, this second

hypothesis seems less likely as we could not detect differences in

uromodulin levels between PE patients with or without kidney

damage. In any case, independently of the pathophysiological

mechanism involved, it seems reasonable to hypothesize that the

lower post-partum levels of uromodulin after PE could be

associated with the adverse long-term cardiovascular and kidney

outcomes of this population. Finally, we could also find a direct

relationship between uromodulin levels and eGFR as well as

ACR, independently of the presence or absence of prior PE.

Higher urinary uromodulin concentration was indeed related to

lower albuminuria and higher eGFR in our whole cohort, event

after adjusting for potential confounders. This last finding is to

be related to prior studies in healthy as well as diabetic

participants, also describing lower albuminuria and higher eGFR

with increasing uromodulin concentration (21, 49, 50).
4.1 Limitations

Several limitations apply to our findings. First and most

importantly, copeptin and uromodulin were measured at a single

time point in the post-partum period and longitudinal variations

were not assessed. However, the evolution of copeptin levels

during pregnancy is well characterized in prior reports and

meaningful variations at later time points during the post-partum

period are unlikely given our findings at 6 weeks after delivery.

Likewise, BP measurements were also restricted to a single time

point and evaluation of BP trajectories over time was not

possible. Second, the rather limited number of control

participants, while sufficient to test our main hypotheses given

the statistically significant results, prevented us to conduct

refined sub-group analyses in case of interacting effect. This

underlines the difficulty in performing post-partum studies in

healthy controls. Moreover, the exclusively Caucasian population

of control participants might preclude generalizability of our
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findings in other settings. Third, BP evaluation relied on office BP

measurement as 24 h ambulatory BP monitoring (ABPM) was

unavailable in a majority of patients, illustrating difficulties in

providing optimal follow-up in the post-partum period. Finally,

interpretation of kidney function based on eGFR analysis is

rendered difficult given the potentially persisting glomerular

hyperfiltration in the post-partum period, especially in patients

with prior PE.
5 Conclusions

In the present study, we confirm that PE patients have a higher

prevalence of HTN and albuminuria than healthy controls at 6

weeks post-partum. Moreover, up to two thirds of PE patients

have measurable kidney damage at that point. We also show that

serum copeptin levels are similar between patients with or

without prior PE and cannot distinguish between PE patients

with or without residual kidney damage at this time point. This

suggests that copeptin levels rapidly decline in the few weeks

following delivery in women with PE as well as those with

uncomplicated pregnancy. While not excluding delayed effects,

those results would suggest that the vasopressin pathway does

not play a significant pathophysiological role in mediating organ

damages during the post-partum period following PE. We also

found that urinary uromodulin levels at 6 weeks post-partum

were significantly lower in patients with prior PE as compared to

healthy controls. Consequently, lower uromodulin levels in PE

could reflect an increased susceptibility to vascular and kidney

damage that could associate with the adverse long-term

cardiovascular and kidney outcomes of this population.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The studies involving humans were approved by this study was

approved by the local ethics committee “Commission cantonale

d’éthique de la recherche” (CCER), Geneva, as well as Lausanne,

Switzerland. The studies were conducted in accordance with the

local legislation and institutional requirements. The participants

provided their written informed consent to participate in this study.
Author contributions

DJ: Formal Analysis, Funding acquisition, Writing – original

draft. AD: Investigation, Writing – review & editing. GW:

Conceptualization, Resources, Writing – review & editing. BM:
Frontiers in Cardiovascular Medicine 08
Conceptualization, Resources, Writing – review & editing. MS:

Investigation, Resources, Writing – review & editing. VO:

Investigation, Resources, Writing – review & editing. BL:

Conceptualization, Writing – review & editing. AP:

Conceptualization, Funding acquisition, Resources, Supervision,

Writing – review & editing. BP: Conceptualization, Formal

Analysis, Supervision, Writing – review & editing.
Funding

The author(s) declare that financial support was received for

the research, authorship, and/or publication of this article.

AP received a grant from the Clinical Research Centre of

Geneva University Hospitals. DJ received a Research and

Development grant from the Geneva University Hospitals. Open

access funding by University of Geneva.
Acknowledgments

We would like to thank CE, PM and AD for their assistance in
data collection. We also thank Prof Olivier Devuyst (Institute of
Physiology, University of Zurich, Zurich, Switzerland) for
performing uromodulin dosage. We also thank Dr Virginie
Atquet (Cliniques Universitaires Saint-Luc, Bruxelles, Belgique)
for performing data collection.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fcvm.2024.

1310300/full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcvm.2024.1310300/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2024.1310300/full#supplementary-material
https://doi.org/10.3389/fcvm.2024.1310300
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Jaques et al. 10.3389/fcvm.2024.1310300
References
1. Tranquilli AL, Dekker G, Magee L, Roberts J, Sibai BM, Steyn W, et al. The
classification, diagnosis and management of the hypertensive disorders of
pregnancy: a revised statement from the ISSHP. Pregnancy Hypertens. (2014)
4:97–104. doi: 10.1016/j.preghy.2014.02.001

2. Hladunewich MA, Myers BD, Derby GC, Blouch KL, Druzin ML, Deen WM,
et al. Course of preeclamptic glomerular injury after delivery. Am J Physiol—Ren
Physiol. (2008) 294:F614–20. doi: 10.1152/ajprenal.00470.2007

3. Say L, Chou D, Gemmill A, Tunçalp Ö, Moller AB, Daniels J, et al. Global causes
of maternal death: a WHO systematic analysis. Lancet Glob Heal. (2014) 2:e323–33.
doi: 10.1016/S2214-109X(14)70227-X

4. McDonald SD, Malinowski A, Zhou Q, Yusuf S, Devereaux PJ. Cardiovascular
sequelae of preeclampsia/eclampsia: a systematic review and meta-analyses. Am
Heart J. (2008) 156:918–30. doi: 10.1016/j.ahj.2008.06.042

5. Bar J, Kaplan B, Wittenberg C, Erman A, Boner G, Ben-Rafael Z, et al.
Microalbuminuria after pregnancy complicated by pre-eclampsia. Nephrol Dial
Transplant. (1999) 14:1129–32. doi: 10.1093/ndt/14.5.1129

6. Enhörning S, Wang TJ, Nilsson PM, Almgren P, Hedblad B, Berglund G, et al.
Plasma copeptin and the risk of diabetes mellitus. Circulation. (2010) 121:2102–8.
doi: 10.1161/CIRCULATIONAHA.109.909663

7. Yeung EH, Liu A, Mills JL, Zhang C, Männistö T, Lu Z, et al. Increased levels of
copeptin before clinical diagnosis of preelcampsia. Hypertension. (2014) 64:1362–7.
doi: 10.1161/HYPERTENSIONAHA.114.03762

8. Santillan MK, Santillan DA, Scroggins SM, Min JY, Sandgren JA, Pearson NA,
et al. Vasopressin in preeclampsia: a novel very early human pregnancy biomarker
and clinically relevant mouse model. Hypertension. (2014) 64:852–9. doi: 10.1161/
HYPERTENSIONAHA.114.03848

9. Meijer E, Bakker SJL, Halbesma N, De Jong PE, Struck J, Gansevoort RT.
Copeptin, a surrogate marker of vasopressin, is associated with microalbuminuria in
a large population cohort. Kidney Int. (2010) 77:29–36. doi: 10.1038/ki.2009.397

10. Roussel R, Matallah N, Bouby N, El Boustany R, Potier L, Fumeron F, et al.
Plasma copeptin and decline in renal function in a cohort from the community:
the prospective D.E.S.I.R. Study. Am J Nephrol. (2015) 42:107–14. doi: 10.1159/
000439061

11. Ponte B, Pruijm M, Ackermann D, Vuistiner P, Guessous I, Ehret G, et al.
Copeptin is associated with kidney length, renal function, and prevalence of simple
cysts in a population-based study. J Am Soc Nephrol. (2015) 26:1415–25. doi: 10.
1681/ASN.2014030260

12. Velho G, Ragot S, El Boustany R, Saulnier PJ, Fraty M, Mohammedi K, et al.
Plasma copeptin, kidney disease, and risk for cardiovascular morbidity and
mortality in two cohorts of type 2 diabetes. Cardiovasc Diabetol. (2018) 17. doi: 10.
1186/s12933-018-0753-5

13. Riphagen IJ, Boertien WE, Alkhalaf A, Kleefstra N, Gansevoort RT, Groenier
KH, et al. Copeptin, a surrogate marker for arginine vasopressin, is associated with
cardiovascular and all-cause mortality in patients with type 2 diabetes (ZODIAC-
31). Diabetes Care. (2013) 36:3201–7. doi: 10.2337/dc12-2165

14. Tamm I, Horsfall FL. Characterization and separation of an inhibitor of viral
hemagglutination present in urine. Proc Soc Exp Biol Med. (1950) 74:108–14.
doi: 10.3181/00379727-74-17825

15. Serafini-Cessi F, Monti A, Cavallone D. N-glycans carried by tamm-horsfall
glycoprotein have a crucial role in the defense against urinary tract diseases.
Glycoconj J. (2005) 22:383–94. doi: 10.1007/s10719-005-2142-z

16. Mo L, Huang HY, Zhu XH, Shapiro E, Hasty DL, Wu XR. Tamm-horsfall
protein is a critical renal defense factor protecting against calcium oxalate crystal
formation. Kidney Int. (2004) 66:1159–66. doi: 10.1111/j.1523-1755.2004.00867.x

17. Bachmann S, Mutig K, Bates J, Welker P, Geist B, Gross V, et al. Renal effects of
tamm-horsfall protein (uromodulin) deficiency in mice. Am J Physiol—Ren Physiol.
(2005) 288:F559–67. doi: 10.1152/ajprenal.00143.2004

18. Graham LA, Padmanabhan S, Fraser NJ, Kumar S, Bates JM, Raffi HS, et al.
Validation of uromodulin as a candidate gene for human essential hypertension.
Hypertension. (2014) 63:551–8. doi: 10.1161/HYPERTENSIONAHA.113.01423

19. Devuyst O, Olinger E, Rampoldi L. Uromodulin: from physiology to rare and
complex kidney disorders. Nat Rev Nephrol. (2017) 13:525–44. doi: 10.1038/nrneph.
2017.101

20. Garimella PS, Biggs ML, Katz R, Ix JH, Bennett MR, Devarajan P, et al. Urinary
uromodulin, kidney function, and cardiovascular disease in elderly adults. Kidney Int.
(2015) 88:1126–34. doi: 10.1038/ki.2015.192

21. Pruijm M, Ponte B, Ackermann D, Paccaud F, Guessous I, Ehret G, et al.
Associations of urinary uromodulin with clinical characteristics and markers of
tubular function in the general population. Clin J Am Soc Nephrol. (2016) 11:70–80.
doi: 10.2215/CJN.04230415

22. Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Böhm M, et al. 2013
ESH/ESC guidelines for the management of arterial hypertension: the task force for
the management of arterial hypertension of the European society of hypertension
Frontiers in Cardiovascular Medicine 09
(ESH) and of the European society of cardiology (ESC). Eur Heart J. (2013)
34:2159–219. doi: 10.1093/eurheartj/eht151

23. Levey AS, Stevens LA, Schmid CH, Zhang Y, Castro AF, Feldman HI, et al. A
new equation to estimate glomerular filtration rate. Ann Intern Med. (2009)
150:604–12. doi: 10.7326/0003-4819-150-9-200905050-00006

24. Morgenthaler NG, Struck J, Alonso C, Bergmann A. Assay for the measurement
of copeptin, a stable peptide derived from the precursor of vasopressin. Clin Chem.
(2006) 52:112–9. doi: 10.1373/clinchem.2005.060038

25. Youhanna S, Weber J, Beaujean V, Glaudemans B, Sobek J, Devuyst O.
Determination of uromodulin in human urine: influence of storage and processing.
Nephrol Dial Transplant. (2014) 29:136–45. doi: 10.1093/ndt/gft345

26. Bellos I, Pergialiotis V, Papapanagiotou A, Loutradis D, Daskalakis G.
Association between serum copeptin levels and preeclampsia risk: a meta-analysis.
Eur J Obstet Gynecol Reprod Biol. (2020) 250:66–73. doi: 10.1016/j.ejogrb.2020.04.051

27. Sandgren JA, Deng G, Linggonegoro DW, Scroggins SM, Perschbacher KJ, Nair
AR, et al. Arginine vasopressin infusion is sufficient to model clinical features of
preeclampsia in mice. JCI Insight. (2018) 3:e99403. doi: 10.1172/jci.insight.99403

28. Tenderenda-Banasiuk E, Wasilewska A, Filonowicz R, Jakubowska U,
Waszkiewicz-Stojda M. Serum copeptin levels in adolescents with primary
hypertension. Pediatr Nephrol. (2014) 29:423–9. doi: 10.1007/s00467-013-2683-5

29. Boertien WE, Riphagen IJ, Drion I, Alkhalaf A, Bakker SJL, Groenier KH, et al.
Copeptin, a surrogate marker for arginine vasopressin, is associated with declining
glomerular filtration in patients with diabetes mellitus (ZODIAC-33). Diabetologia.
(2013) 56:1680–8. doi: 10.1007/s00125-013-2922-0

30. Velho G, Bouby N, Hadjadj S, Matallah N, Mohammedi K, Fumeron F, et al.
Plasma copeptin and renal outcomes in patients with type 2 diabetes and
albuminuria. Diabetes Care. (2013) 36:3639–45. doi: 10.2337/dc13-0683

31. Engelbertz C, Brand E, Fobker M, Fischer D, Pavenstädt H, Reinecke H. Elevated
copeptin is a prognostic factor for mortality even in patients with renal dysfunction.
Int J Cardiol. (2016) 221:327–32. doi: 10.1016/j.ijcard.2016.07.058

32. Ditisheim A, Wuerzner G, Ponte B, Vial Y, Irion O, Burnier M, et al. Prevalence
of hypertensive phenotypes after preeclampsia:a prospective cohort study.
Hypertension. (2018) 71:103–9. doi: 10.1161/HYPERTENSIONAHA.117.09799

33. Vikse BE, Irgens LM, LeivestadT, SkjærvenR, IversenBM.Preeclampsia and the risk
of end-stage renal disease. N Engl J Med. (2008) 359:800–9. doi: 10.1056/nejmoa0706790

34. Ray JG, Vermeulen MJ, Schull MJ, Redelmeier DA. Cardiovascular health after
maternal placental syndromes (CHAMPS): population-based retrospective cohort
study. Lancet. (2005) 366:1797–803. doi: 10.1016/S0140-6736(05)67726-4

35. Bhandari SS, Loke I, Davies JE, Squire IB, Struck J, Ng LL. Gender and renal
function influence plasma levels of copeptin in healthy individuals. Clin Sci. (2009)
116:257–63. doi: 10.1042/CS20080140

36. Santillan MK, Funk ML, Brandt D, Nuckols V, Stroud A, Pierce G, et al. Elevated
urinary arginine vasopressin concentrations during preeclamptic pregnancies do not
persist postpartum. FASEB J. (2022) 36. doi: 10.1096/fasebj.2022.36.s1.r5333

37. Hladunewich MA, Lafayette RA, Derby GC, Blouch KL, Bialek JW, Druzin ML,
et al. The dynamics of glomerular filtration in the puerperium. Am J Physiol—Ren
Physiol. (2004) 286:F496–503. doi: 10.1152/ajprenal.00194.2003

38. Paauw ND, Joles JA, Drost JT, Verhaar MC, Franx A, Navis G, et al.
High-normal estimated glomerular filtration rate in early-onset preeclamptic
women 10 years postpartum. Hypertension. (2016) 68:1407–14. doi: 10.1161/
HYPERTENSIONAHA.116.08227

39. Troyanov S, Delmas-Frenette C, Bollée G, Youhanna S, Bruat V, Awadalla P,
et al. Clinical, genetic, and urinary factors associated with uromodulin excretion.
Clin J Am Soc Nephrol. (2016) 11:62–9. doi: 10.2215/CJN.04770415

40. Pivin E, Ponte B, de Seigneux S, Ackermann D, Guessous I, Ehret G, et al.
Uromodulin and nephron mass. Clin J Am Soc Nephrol. (2018) 13:1556–7. doi: 10.
2215/CJN.03600318

41. Scherberich JE, Gruber R, Nockher WA, Christensen EI, Schmitt H, Herbst V,
et al. Serum uromodulin-a marker of kidney function and renal parenchymal
integrity. Nephrol Dial Transplant. (2018) 33:284–95. doi: 10.1093/ndt/gfw422

42. Steubl D, Block M, Herbst V, Nockher WA, Schlumberger W, Satanovskij R,
et al. Plasma uromodulin correlates with kidney function and identifies early stages
in chronic kidney disease patients. Med (United States). (2016) 95:e3011. doi: 10.
1097/MD.0000000000003011

43. Smirnov A V, Khasun M, Kayukov IG, Galkina O V, Sipovski VG, Parastaeva
MM, et al. Serum uromodulin as an early biomarker of tubular atrophy and
interstitial fibrosis in patients with glomerulopathies. Ter Arkh. (2018) 90:41–7.
doi: 10.26442/terarkh201890641-47

44. Steubl D, Block M, Herbst V, Andreas Nockher W, Schlumberger W, Kemmner
S, et al. Urinary uromodulin independently predicts endstage renal disease and rapid
kidney function decline in a cohort of chronic kidney disease patients. Med (United
States). (2019) 98:e15808. doi: 10.1097/MD.0000000000015808
frontiersin.org

https://doi.org/10.1016/j.preghy.2014.02.001
https://doi.org/10.1152/ajprenal.00470.2007
https://doi.org/10.1016/S2214-109X(14)70227-X
https://doi.org/10.1016/j.ahj.2008.06.042
https://doi.org/10.1093/ndt/14.5.1129
https://doi.org/10.1161/CIRCULATIONAHA.109.909663
https://doi.org/10.1161/HYPERTENSIONAHA.114.03762
https://doi.org/10.1161/HYPERTENSIONAHA.114.03848
https://doi.org/10.1161/HYPERTENSIONAHA.114.03848
https://doi.org/10.1038/ki.2009.397
https://doi.org/10.1159/000439061
https://doi.org/10.1159/000439061
https://doi.org/10.1681/ASN.2014030260
https://doi.org/10.1681/ASN.2014030260
https://doi.org/10.1186/s12933-018-0753-5
https://doi.org/10.1186/s12933-018-0753-5
https://doi.org/10.2337/dc12-2165
https://doi.org/10.3181/00379727-74-17825
https://doi.org/10.1007/s10719-005-2142-z
https://doi.org/10.1111/j.1523-1755.2004.00867.x
https://doi.org/10.1152/ajprenal.00143.2004
https://doi.org/10.1161/HYPERTENSIONAHA.113.01423
https://doi.org/10.1038/nrneph.2017.101
https://doi.org/10.1038/nrneph.2017.101
https://doi.org/10.1038/ki.2015.192
https://doi.org/10.2215/CJN.04230415
https://doi.org/10.1093/eurheartj/eht151
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.1373/clinchem.2005.060038
https://doi.org/10.1093/ndt/gft345
https://doi.org/10.1016/j.ejogrb.2020.04.051
https://doi.org/10.1172/jci.insight.99403
https://doi.org/10.1007/s00467-013-2683-5
https://doi.org/10.1007/s00125-013-2922-0
https://doi.org/10.2337/dc13-0683
https://doi.org/10.1016/j.ijcard.2016.07.058
https://doi.org/10.1161/HYPERTENSIONAHA.117.09799
https://doi.org/10.1056/nejmoa0706790
https://doi.org/10.1016/S0140-6736(05)67726-4
https://doi.org/10.1042/CS20080140
https://doi.org/10.1096/fasebj.2022.36.s1.r5333
https://doi.org/10.1152/ajprenal.00194.2003
https://doi.org/10.1161/HYPERTENSIONAHA.116.08227
https://doi.org/10.1161/HYPERTENSIONAHA.116.08227
https://doi.org/10.2215/CJN.04770415
https://doi.org/10.2215/CJN.03600318
https://doi.org/10.2215/CJN.03600318
https://doi.org/10.1093/ndt/gfw422
https://doi.org/10.1097/MD.0000000000003011
https://doi.org/10.1097/MD.0000000000003011
https://doi.org/10.26442/terarkh201890641-47
https://doi.org/10.1097/MD.0000000000015808
https://doi.org/10.3389/fcvm.2024.1310300
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Jaques et al. 10.3389/fcvm.2024.1310300
45. Leiherer A, Muendlein A, Saely CH, Ebner J, Brandtner EM, Fraunberger P, et al.
Serum uromodulin is a predictive biomarker for cardiovascular events and overall
mortality in coronary patients. Int J Cardiol. (2017) 231:6–12. doi: 10.1016/j.ijcard.
2016.12.183

46. Bjornstad P, Wiromrat P, Johnson RJ, Sippl R, Cherney DZI, Wong R, et al.
Serum uromodulin predicts less coronary artery calcification and diabetic kidney
disease over 12 years in adults with type 1 diabetes: the CACTI study. Diabetes
Care. (2019) 42:297–302. doi: 10.2337/dc18-1527

47. Neßelhut T, Rath W, Grospietsch G, Weber MH, Kuhn W. Urinary protein
electrophoresis profile in normal and hypertensive pregnancies. Arch Gynecol
Obstet. (1989) 246:97–105. doi: 10.1007/BF00934126
Frontiers in Cardiovascular Medicine 10
48. Darisipudi MN, Thomasova D, Mulay SR, Brech D, Noessner E, Liapis H, et al.
Uromodulin triggers IL-1β-dependent innate immunity via the NLRP3
inflammasome. J Am Soc Nephrol. (2012) 23:1783–9. doi: 10.1681/ASN.2012040338

49. Then C, Then HL, Lechner A, Thorand B, Meisinger C, Heier M, et al.
Serum uromodulin and decline of kidney function in older participants of the
population-based KORA F4/FF4 study. Clin Kidney J. (2021) 14:205–11. doi: 10.
1093/ckj/sfaa032

50. Wiromrat P, Bjornstad P, Roncal C, Pyle L, Johnson RJ, Cherney DZ, et al.
Serum uromodulin is associated with urinary albumin excretion in adolescents with
type 1 diabetes. J Diabetes Complications. (2019) 33:648–50. doi: 10.1016/j.jdiacomp.
2019.05.023
frontiersin.org

https://doi.org/10.1016/j.ijcard.2016.12.183
https://doi.org/10.1016/j.ijcard.2016.12.183
https://doi.org/10.2337/dc18-1527
https://doi.org/10.1007/BF00934126
https://doi.org/10.1681/ASN.2012040338
https://doi.org/10.1093/ckj/sfaa032
https://doi.org/10.1093/ckj/sfaa032
https://doi.org/10.1016/j.jdiacomp.2019.05.023
https://doi.org/10.1016/j.jdiacomp.2019.05.023
https://doi.org/10.3389/fcvm.2024.1310300
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Association of serum copeptin and urinary uromodulin with kidney function, blood pressure and albuminuria at 6 weeks post-partum in pre-eclampsia
	Introduction
	Materials and methods
	Participants, study design and procedures
	Definitions
	Statistical analysis
	Ethics

	Results
	Association of serum copeptin with BP, eGFR and ACR
	Association of urinary uromodulin with BP, eGFR and ACR

	Discussion
	Limitations

	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


