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Serum uromodulin (sUmod) shows a strong direct correlation with eGFR in patients
with impaired kidney function and an inverse association with mortality. However, there
are patients in whom only one of both markers is decreased. Therefore, we aimed to
investigate the effect of marker discordance on mortality risk. sUmod and eGFR were
available in 3,057 participants of the Ludwigshafen Risk and Cardiovascular Health
study and 529 participants of the VIVIT study. Both studies are monocentric prospective
studies of patients that had been referred for coronary angiography. Participants were
categorized into four groups according to the median values of sUmod (LURIC:
146 ng/ml, VIVIT: 156) and eGFR (LURIC: 84 ml/min/1.73 m?, VIVIT: 87). In 945 LURIC
participants both markers were high (UHGH), in 935 both were low (ULGL), in 589 only
eGFR (UHGL), and in 582 only sUmod (ULGH) was low. After balancing the groups for
cardiovascular risk factors, hazard ratios (95%Cl) for all-cause mortality as compared to
UHGH were 2.03 (1.63-2.52), 1.43 (1.13-1.81), and 1.32 (1.03-1.69) for ULGL, UHGL,
and ULGH, respectively. In VIVIT, HRs were 3.12 (1.38-7.08), 2.38 (1.01-5.61), and 2.06
(0.81-5.22). Adding uromodulin to risk prediction models that already included eGFR as
a covariate slightly increased the Harrell’s C and significantly improved the AUC in LURIC.
In UHGL patients, hypertension, heart failure and upregulation of the renin-angiotensin-
aldosterone-system seem to be the driving forces of disease development, whereas
in ULGH patients metabolic disturbances might be key drivers of increased mortality.
In conclusion, SUmod/eGFR subgroups mirror distinct metabolic and clinical patterns.
Assessing sUmod additionally to creatinine or cystatin C has the potential to allow a more
precise risk modeling and might improve risk stratification.
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INTRODUCTION

Uromodulin is the most abundant protein in mammalian urine
and is also secreted into the blood in small amounts (sUmod).
Results from genome-wide association studies linking genetic
variation at the UMOD locus with estimated glomerular filtration
rate (eGFR) (1), chronic kidney disease (CKD) (1-3), arterial
hypertension (4) and diabetic nephropathy (5), as well as
the recent development of immunoassays to reliably measure
sUmod have renewed the scientific interest in this protein.
Polymorphisms in the UMOD gene explain ~25% of the 4%
variability in eGFR that can be explained by genetic factors so
far (6). Expression and secretion of uromodulin are regulated by
an intricate network of transcription factors (7). Studies in mice
and analyses of genetic variants of uromodulin in humans have
shown important roles of nuclear factor 1-beta (HNF1b) and a
glucocorticoid response element that is disrupted by the presence
of the rare allele of a common uromodulin SNP (8). In silico
analyses also suggested a possible role of a number of other
transcription factors such as GATA3, SP1, SP3, TP53, POU2FI,
RARB, RARA, RXRA, SMAD3, RUNX2, and KLF4 (7).

In the case of pathophysiological conditions they act
together to rapidly modulate Umod concentration. Due to its
immunomodulatory and anti-inflammatory properties, sUmod
concentrations might be actively increased in the setting of
systemic illnesses to reduce systemic inflammation (9, 10). This
might partly explain the consistently observed inverse association
with cardiovascular risk (11-13).

A report from the SPRINT trial showed baseline urinary
uromodulin to be associated with the primary endpoint of
cardiovascular events in patients with an eGFR <60 ml/min/1.73
m?, independently from eGFR and albuminuria (14). We
recently investigated the association of sUmod with mortality
in the Ludwigshafen Risk and Cardiovascular Health study
(LURIC) and the VIVIT study and found sUmod to be an
independent predictor for mortality, even in models adjusted
for eGFR in patients with median to high cardiovascular risk
(11, 12). Recently, this association has also been confirmed
in a population-based study (15). While sUmod showed a
strong direct correlation with eGFR there were subgroups of
patients in which only one of these markers was decreased.
Therefore, we aimed to examine the impact of eGFR/uromodulin
discordance on the individual mortality risk and further sought
to determine the clinical, biochemical, and genetic characteristics
of these subgroups.

METHODS

Subjects

The LURIC study enrolled 3,316 individuals between 1997
and 2000 at the Ludwigshafen Heart Center in South-
West Germany (16) and the VIVIT study 1,048 individuals
between 2005 and 2008 at the Landeskrankenhaus Feldkirch
in the westernmost province of Austria (17). All participants
were of European ancestry, and were referred for elective
coronary angiography for the evaluation of established
or suspected stable CAD. Patients undergoing coronary

angiography for other reasons were not enrolled. The ethics
committee of the “Landesdrztekammer Rheinland-Pfalz”
[LURIC, #837.255.97(1394)] and of “Vorarlberg” (VIVIT,
EK-2-2013/0008) approved both studies. Both studies were
conducted in accordance with the “Declaration of Helsinki.”
Informed written consent was obtained from all participants.
For 3,051 study participants of LURIC and 529 of VIVIT both
sUmod and eGFR were available and those were used for further
analyses. sUmod and eGFR were measured and calculated
using the same blood samples. Information on vital status was
obtained from local registries. Death certificates, medical records
of local hospitals, and autopsy data were reviewed independently
by two experienced clinicians who were blinded to patient
characteristics and who classified the causes of death. 917
(30.1%) LURIC participants died during a median follow-up of
9.9 years (8.57-10.7) and 93 VIVIT participants during a median
follow-up of 7.3 years (7.0-7.6). Fasting blood samples were
obtained by venipuncture at study entry. A summary of analytic
methods has been reported previously (16, 18) and detailed
information regarding the laboratory measurements, and clinical
definitions is provided in the Supplementary Material.

Statistical Analyses
Study participants were categorized into tertiles of sUmod/eGFR
or into four groups according to the median values of
sUmod (146 ng/ml in LURIC and 156 ng/ml in VIVIT) and
eGFR (84 ml/min/1.73 m? in LURIC and 87 in VIVIT). In
LURIC, also clinical cutoff criteria were applied to create
the groups using cutpoints of 150 ng/ml for sUmod and 60
ml/min/1.73 m? for eGFR. Continuous data are presented
as the mean and standard deviation (SD) when normally
distributed or as the median and 25th and 75th percentile
for non-normally distributed variables. Categorical data are
presented as percentages. Statistical differences between groups
and continuous variables were determined using ANOVA.
Non-normally distributed variables were log-transformed before
entering analysis. Tukey’s honest significant difference test was
used to investigate differences between individual groups using
family-wise correction for multiple testing. The chi-square test
was used for categorical variables and differences between
individual groups were examined using the “chisq.post.hoc”
function implemented in the R package “fifer” v1.1 using the
false-discovery-rate method for multiple testing correction.
Survival curves for the different groups were calculated by
Kaplan-Meier analysis using the R package “survminer” v0.4.3.
We also adjusted the distribution of possible confounders by
inverse probability weighting, thereby balancing the subgroups
for the confounding variables. A weighted Cox model was
calculated and we report the result of the robust score test as
implemented in the coxph function in R that corresponds to a
log-rank test corrected for weighting. The proportional hazard
assumption was checked by examination of scaled Schoenfeld
residuals. Harrell’s C was calculated using the R package hmisc
v4.4-1, ROC curves were calculated and compared using the
method of Delong as implemented in the R package pROC 1.16.2.
All tests were two-sided and a P-value < 0.05 was considered
statistically significant. All analyses were carried out using R
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FIGURE 1 | Interaction between sUmod and eGFR with regard to mortality risk. Hazard ratios unadjusted (A,C) and with adjustment for age, and with additional
adjustment for age, sex, BMI, LDL-C, HDL-C, hypertension, diabetes mellitus, CAD, and smoking (B,D). Upper panel LURIC: (sUmod: <118ng/ml, 119-178ng/ml,
>179ng/ml; eGFR: <75 mi/min/1.73 m?, 76-92 ml/min/1.73 m2, >93 mi/min/1.73 m?), lower panel VIVIT (sUmod: <125ng/ml, 126-190 ng/ml, >191 ng/ml; eGFR:
<78 mi/min/1.73 m?, 78-96 ml/min/1.73 m2, >96 ml/min/1.73 m?).

v4.0.3 [(19) R: A language and environment for statistical  participants of VIVIT. Plots showing the correlation between
computing] (http://www.r-project.org). both biomarkers are shown in Supplementary Figure 1.

We stratified our patient cohorts according to tertiles of

sUmod and eGFR and calculated hazard ratios (HR) for all-cause

RESULTS mortality for the different combinations (Figure 1; Table 1). As

Lo ) compared to the reference group with both sUmod and eGFR
Association of eGFR and sUmod With in the highest tertile, the group with both markers in the lowest
Mortality tertile had a HR of 5.38 (4.18-6.94) in the unadjusted analysis

Information on both sUmod and eGFR CKD-EPIirest—cys Was and a HR of 2.19 (1.65-2.91) after adjustment for age, sex, BMI,
available for 3,051 participants of the LURIC study and 529  LDL-C, HDL-C, coronary artery disease (CAD), hypertension,
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TABLE 1 | All-cause mortality according to sUmod and eGFR.

Unadjusted Adjusted
sUmod eGFR HR (95% CI) P HR (95% CI) P
High 1
. Medium 1.43 (1.04-1.97) 0.027 0.99 (0.71-1.37) 0.94
2.68 (0.67-10.73) 0.163 1.77 (0.43-7.25) 0.428
High Low 1.96 (1.36-2.83) <0.001 1.10 (0.75-1.61) 0.636
6.81 (1.76-26.34) 0.005 4.06 (1.00-16.47) 0.05
Medium High 1.09 (0.77-1.53) 0.635 0.99 (0.70-1.40) 0.956
1.52 (0.31-7.55) 0.606 1.78 (0.36-8.87) 0.48
Medium Medium 1.91 (1.41-2.59) <0.001 1.09 (0.80-1.49) 0.587
5.48 (1.51-19.91) 0.01 3.23 (0.86-12.15) 0.082
Medium - 2.72 (2.04-3.64) <0.001 1.29 (0.95-1.76) 0.106
8.72 (2.56-29.76) 0.001 410 (1.13-14.92) 0.032
- - 1.51 (1.05-2.18) 0.28 1.35 (0.93-1.95) 0.11
1.64 (0.27-9.79) 0.59 2.24 (0.37-13.47) 0.377
Low Medium 2.40 (1.77-3.25) <0.001 1.31(0.96-1.80) 0.088
7.45 (2.12-26.14) 0.002 4.41 (1.21-16.00) 0.024
- - 5.38 (4.12-6.94) <0.001 2.19 (1.65-2.91) <0.001
12.20 (3.73-39.85) <0.001 5.13 (1.44-18.28) 0.012

Unadjusted and adjusted (for age, sex, BMI, LDL-C, HDL-C, smoking, hypertension, CAD, and DM) HRs are summarized for LURIC (upper rows) and VIVIT (lower rows). Green, marker

is high; yellow, marker is at medium level; red; marker is low.

diabetes mellitus (DM), and smoking in LURIC. In VIVIT,
the HRs were 12.20 (3.73-39.85) and 5.13 (1.44-18.28) for the
unadjusted and the adjusted analysis, respectively. Within each
eGFR category, the mortality risk increased with lower sUmod.
Vice versa, within each sUmod group the mortality risk increased
with lower eGFR.

Definition of eGFR/sUmod Subgroups

To further examine the groups with discordant sUmod and
eGFR, we stratified our cohort into four groups according to the
median sUmod and eGFR values. In LURIC, the median value
of sUmod was 146 ng/ml, the median value of eGFR was 84
ml/min/1.72 m2. In 945 LURIC study participants both markers
were above the respective thresholds (UHGH), in 935 both
markers were low (ULGL), in 589 only eGFR (UHGL) and in 582
only sUmod (ULGH) was low.

In VIVIT, the median value of sUmod was 156 ng/ml, the
median value of eGFR was 87 ml/min/1.72 m?. The numbers for
the different subgroups were 160, 105, 105, and 160 for UHGH,
ULGL, UHGL, and ULGH, respectively.

sUmod/eGFR Subgroups and Mortality

Kaplan-Meier analysis revealed a higher mortality risk for UHGL
as compared to ULGH (Figures 2A,B). As expected, ULGL
showed the highest mortality. Adjusted survival curves are shown
in Figures 2C,D. The distribution of confounding variables (age,
sex, BMI, arterial hypertension, CAD, DM, smoking, LDL-C, and
HDL-C) in the four groups was balanced by inverse variance
weighting. Resulting HR as compared to UHGH were 2.03
(1.63-2.52), 1.43 (1.13-1.81), and 1.32 (1.03-1.69) for ULGL,
UHGL, and ULGH in LURIGC, respectively. In the VIVIT cohort,

HR as compared to UHGH were 3.12 (1.38-7.08), 2.38 (1.01-
5.61), and 2.06 (0.81-5.22) for ULGL, UHGL, and ULGH,
respectively. Results for cardiovascular mortality were similar
(Supplementary Figure 2).

We also defined the sUmod/eGFR groups in LURIC
according to clinical cutoff criteria: As threshold we chose 60
ml/min/1.73 m? for eGFR (to identify those individuals with
CKD) and 150ng/ml for sUmod [approximately below this
concentration the mortality risk increases steeply (11)]. The
resulting four groups differed substantially in size, especially
UHGL was small with only 60 participants, but results were
similar (Supplementary Figure 3; Supplementary Table 1). We
also calculated a Cox regression model including an interaction
term for sUmod and eGFR and this interaction term was highly
significant (Supplementary Table 1).

Performance of Uromodulin in Risk

Prediction Models

We investigated whether the addition of uromodulin to
risk prediction models including eGFR would improve risk
prediction. To answer this question, we examined two models:
one including age, sex, BMI, CAD, DM, hypertension, smoking,
LDL-C, HDL-C, and eGFR and a second model including all
covariates and additionally sUmod (Table 2). The inclusion
of uromodulin slightly increased the Harrell's C and the
conventional AUC in both models. The improvement in AUC
was statistically significant only in the LURIC cohort. However, a
trend toward an improved risk prediction could also be observed
in the VIVIT cohort.
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FIGURE 2 | Survival according to eGFR/sUmod groups. Kaplan-Meier survival curves for LURIC and VIVIT (A,B) and adjusted survival curves with eGFR/sUmod
groups balanced for age, sex, BMI, LDL-C, HDL-C, smoking, hypertension, CAD, and DM by inverse variance weighting for LURIC and VIVIT (C,D). The P-value of
the robust score test was <0.001 for LURIC and VIVIT.

Characterization of sUmod/eGFR Groups
There were highly significant differences in clinical and
biochemical markers between the different sUmod/eGFR groups.
In LURIC, comparing UHGH with the groups that had only one
marker decreased we observed significantly lower albumin and
higher fasting glucose and fatty liver index only in ULGH but not
in UHGL (Table 3). Contrary, magnesium was only significantly
higher in UHGL but not in ULGH, as compared to UHGH. In
VIVIT, results were similar for those variables that were available
(Table 4).

Comparing only UHGL and ULGH, we found that
participants in UHGL were older and more often female
compared to ULGH. They suffered more often from
arterial hypertension and had a tendency toward higher
rates of heart failure. Study participants in the groups
with low sUmod (ULGL+ULGH) had a higher fatty liver
index as compared to the groups with high uromodulin
(UHGH+UHGL) but the difference was only significant
in LURIC. Looking at differences between UHGL and
ULGH groups defined by the clinical cutoff criteria, again
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significant associations (p < 0.001) were found for the variables
age, male gender, heart failure, NTproBNP, and cystatin C
(Supplementary Table 2). For VIVIT we could not use these

TABLE 2 | Risk prediction models for all-cause mortality with and without
inclusion of serum uromodulin.

Harrells C AUC (95% CI) P*
Age + sex + eGFR 0.709 0.745 (0.726-0.764)
0.748 0.778 (0.729-0.827)
Age + sex + eGFR + sUmod 0.716 0.752 (0.733-0.771) 0.010
0.754 0.784 (0.737-0.832) 0.366
Base model 0.718 0.771 (0.753-0.788)
0.767 0.799 (0.751-0.847)
Base model + sUmod 0.722 0.774 (0.757-0.792) 0.043
0.775 0.808 (0.762-0.854) 0.155

*Model including uromodulin vs. preceding model; base model includes age, sex, BMI,
CAD, diabetes mellitus, hypertension, smoking, LDL-C, HDL-C, and eGFR. Upper rows:
LURIC, lower rows VIVIT.

criteria due to the low number of samples in the UHGL
group (N = 8).

DISCUSSION
Main Findings

Despite a highly significant, direct association of sUmod and
eGFR we detected subgroups of patients in whom only one
of these biomarkers was decreased. Regarding all-cause and
cardiovascular mortality, there was an almost linear increase in
mortality risk from UHGH < ULGH < UHGL < ULGL. These
findings suggest, that uromodulin modulates mortality risk in
patients with both impaired and normal renal function in the way
that high uromodulin is associated with higher patient survival.
Conversely, in patients with both high and low uromodulin,
low eGFR is each time associated with inferior patient survival.
When comparing the impact of low eGFR and low uromodulin
on all-cause and cardiovascular mortality, the impact of low
eGFR appeared to be somewhat stronger than the effect of
uromodulin. Adding sUmod to risk prediction models already

TABLE 3 | Characteristics of LURIC study participants according to serum uromodulin (<146 or >146 ng/mL) and eGFR (<84 or >84 mL/min/1.73 m?) groups.

Variable Both high Both low eGFR low sUmod low P;NOVA Ppost-hoc
UHGH ULGL UHGL ULGH UHGH vs. UHGH vs. UHGL vs.
UHGL ULGH ULGH
Age (years) 57(9.76) 68.2(8.69) 67(8.03) 58.7(10.3) <0.001 <0.001 <0.001 0.003
Male sex (%) 74.6 65.8 57.7 80.4 <0.001 <0.001 <0.001 0.009
BMI (kg/m?) 27(3.84) 27.7(4.13) 27.7(4.35) 27.7(4.12) <0.001 1 0.011 0.007
LDL-C (mg/dl) 119(34.8) 113(34.3) 117(34.7) 116(32.4) 0.001 0.88 0.691 0.221
HDL-C (mg/dl) 40(10.9) 36.8(10.5) 39.9(10.9) 38.3(10.8) <0.001 0.055 1 0.022
TG (mg/dl) 139(103-188) 154(116-208) 144(106-195) 151(113-215) <0.001 0.024 0.746 <0.001
systolic BP (mmHg) 137(22.2) 145(24.8) 143(23.8) 140(22.1) <0.001 0.032 <0.001 0.102
diastolic BP (mmHg) 81.1(11.1) 80.6(11.7) 81.5(11.8) 81.1(10.8) 0.482 0.948 0.935 1
Magnesium (mmol/l) 0.847(0.091) 0.862(0.103) 0.859(0.0945) 0.834(0.0879) <0.001 <0.001 0.082 0.042
Fasting glucose (mg/dl) 99.7(92.1-110) 105(95.2-126) 102(93.8-117) 104(94.7-122) <0.001 0.272 0.002 <0.001
hsCRP (mg/I) 2.28(1-6.33) 5.25(2.12-10.7) 3.03(1.45-8.3) 3.06(1.22-7.69) <0.001 0.619 <0.001 0.006
NT-proBNP (ng/ml) 160(68-420) 679(248-1,860)  375(147-1,010) 175(76-486) <0.001 <0.001 <0.001 0.289
Renin (pg/mi) 17(9-34) 23.5(12-59) 18(9-41) 18(10-35) <0.001 0.931 0.227 0.61
Angiotensin Il (ng/L) 20(12-35) 20(13-34) 20(13-35) 19(12-34) 0.152 0.813 0.45 0.965
Noradrenalin (ng/l) 276(199-380) 339(232-500) 334(233-477) 281(199-394) <0.001 <0.001 <0.001 0.999
Albumin (g/dl) 4.48(0.535) 4.28(0.553) 4.39(0.524) 4.38(0.573) <0.001 0.999 0.008 0.007
GOT (U/)) 11.8(7.49) 11.7(7.4) 12.5(9.94) 11.7(6.77) 0.251 0.276 0.338 0.988
FV (U/dl) 112(20.9) 113(23) 114(20.1) 115(21.9) 0.368 0.895 0.829 0.288
Fatty liver index 47.4(25.2-71.4) 58(36.6-77.2) 53.9(31.5-74.3)  55.3(32.1-79.1)  <0.001 0.476 0.006 <0.001
eGFR (mli/min/1.73 m?) 98.3(9.42) 62(16.2) 72(9.75) 96.5(9.23) <0.001 <0.001 <0.001 0.022
Uromodulin (ng/ml) 222(62.6) 95.4(31.4) 202(52.4) 107(28.1) <0.001 <0.001 <0.001 <0.001
CystatinC (mg/l) 0.8(0.74-0.86) 1.12(1-1.37) 1.01(0.93-1.11)  0.83(0.76-0.89)  <0.001 <0.001 <0.001 0.031
Diabetes mellitus (%) 28.1 51.9 4141 39 <0.001 0.475 <0.001 <0.001
Coronary artery disease (%) rans 83.6 76.1 80.2 <0.001 0.097 0.097 0.001
Heart failure (%) 21.8 47.5 35.1 26.1 <0.001 0.001 <0.001 0.054
Hypertension (%) 62.4 81 77.8 70.3 <0.001 0.005 0 0.003
Smoking (active/ex/never, %) 28.4/38.9/32.7 17.6/45.9/36.5 156.3/37.7/47 31.3/40.5/28.2 <0.001 <0.001 <0.001 0.161

*P-value adjusted for multiple testing using the false-discovery-rate method; GOT, glutamate oxalacetate transaminase; FV, factor \/; NT-proBNF, N-terminal pro brain natriuretic peptide;

TG, triglycerides.
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TABLE 4 | Characteristics of VIVIT study participants according to serum uromodulin (<156 or156 > ng/mL) and eGFR (<87 or =87 mL/min/1.73 m?) groups.

Variable Both high Both low sUmod high, sUmod low, Panova Ppost-hoc
eGFR low eGFR high
UHGH ULGL UHGL ULGH UHGH vs. UHGH vs. UHGL vs.
UHGL ULGH ULGH
N 160 160 104 105
Age (years) 59(10) 72(8.4) 69(8.4) 59(11) <0.001 <0.001 1 <0.001
Male sex (%) 71 63 49 72 0.001 0.001 0.998 0.002
BMI (kg/m?) 28(4) 28(5) 27(4) 28(4) 0.125 0.301 0.976 0.203
LDL-C (mg/dl) 134(38.6) 126(42.1) 131(38.5) 129(38.4) 0.426 0.951 0.763 0.978
HDL-C (mg/d) 58(18) 58(16) 61(16) 57(15) 0.251 0.421 0.945 0.232
TG (mg/dl) 123(86.3-175) 112(81.3-148) 107(78.0-145) 112(85-175) 0.068 0.080 0.996 0.199
systolic BP (mmHg) 135(17.2) 139(18.7) 139(16.9) 131(18.3) 0.006 0.447 0.345 0.023
diastolic BP (mmHg) 82(10.3) 83(10.8) 83(9.2) 82(9.8) 0.986 0.997 0.999 0.991
Fasting glucose (mg/dl) 98(90.0-1,113) 104(92.0-122) 97(87.0-112) 101(93.5-116) 0.049 0.740 0.750 0.260
CRP (mg/dl) 0.21(0.10-0.39) 0.31(0.16-0.57) 0.19(0.10- 0.22(0.10- 0.002 0.961 0.986 0.873
0.39) 0.47)
NT-proBNP (ng/ml) 124(64.8-265) 573(160-1,653) 255(172— 85.5(40.0— <0.001 <0.001 0.716 <0.001
1,053) 276)
Total protein (g/dl) 7.25(0.50) 7.27(0.47) 7.24(0.46) 7.34(0.36) 0.346 0.995 0.401 0.361
GOT (U/)) 25(21-32) 25(21-29) 25(21-30) 24(21-30) 0.219 1.000 0.766 0.837
Fatty liver index 56.3(25.8) 57.3(26.3) 51.0(26.8) 59.3(27.5) 0.154 0.433 0.814 0.134
eGFR (ml/min/1.73 m?) 102(9.0) 65(16) 75(9) 101(9) <0.001 <0.001 0.937 <0.001
Uromodulin (ng/ml) 229(68.8) 102(32.0) 215(56.5) 114(28.1) <0.001 0.126 <0.001 <0.001
Cystatin C (mg/l) 0.78(0.69-0.83) 1.10(0.98-1.26) 0.98(0.91- 0.78(0.72— <0.001 <0.001 0.780 <0.001
1.06) 0.84)
Diabetes mellitus (%) 23 34 22 31 0.051 1 0.484 0.527
Coronary artery disease (%) 80 82 76 80 0.682 0.986 0.873 0.748
Hypertension (%) 84 92 89 84 0.092 0.527 1 0.613
Smoking (active/ex/never, %) 23/45/32 11/46/43 14/36/50 21/46/33 0.024 0.259 0.968 0.594

including eGFR significantly improved risk prediction in LURIC.
Furthermore, when comparing UHGL with ULGH, we found
significant differences in age, sex, NT-proBNP, and prevalent
heart failure.

So far, uromodulin is the only known kidney-specific protein
(that can also be measured in the blood) and it has been
suggested to serve as a biomarker for nephron mass (20) or
the renal functional reserve. Recently, Pruijm et al. reported
a strong correlation between 24-h uromodulin excretion with
kidney length and volume determined by renal ultrasonography
as well as an association with markers of tubular function in
a population-based cohort (21) and conclude that uromodulin
“may reflect tubule activity in the general population.” Indeed,
mutations in the uromodulin gene give rise to autosomal
dominant tubulointerstitial kidney disease uromodulin-related
(ADTKD-UMOD) and reduced uromodulin excretion has been
reported for a number of renal diseases, e.g., glomerulonephritis,
diabetic nephropathy, or IgA nephropathy (6, 22-25). In IgA
nephropathy, uromodulin was shown to be associated with
interstitial fibrosis/tubular atrophy and to contribute to eGFR
decline (24). A report from the SPRINT trial showed that lower
uromodulin in urine was associated with incident acute kidney
injury, independent of eGFR and albuminuria (26). On the other
hand, in healthy kidney donors no correlation between serum

uromodulin and eGFR has been observed (27). In addition,
large GWAS metaanalyses have identified polymorphisms in the
UMOD promoter that are associated with a lower concentration
of uromodulin but higher eGFR (1), a lower risk for CKD, lower
blood pressure, a lower risk of hypertension (4), and left atrial
remodeling (28). This is explained by the fact that uromodulin
increases the activity of ion channels like the NaKCC2 ion
transporter or ROMK in the TAL and thereby enhances salt
uptake, which then leads to higher blood pressure and increased
cardiorenal risk.

It has been suggested that the link between uromodulin and
NaKCC2 is mediated through the regulation of intracellular
chloride levels and modulation of the chloride sensitive
WNK-SPAK/OSR1 pathway (29, 30), which leads to an
increased phosphorylation of NKCC2. The mechanism by
which uromodulin modulates SPAK/OSR1 activity could involve
potentialization of with-no-lysine kinase (WNK) activity, as
previously suggested (29).

NKCC2 and uromodulin are distributed in close spatial
vicinity on the surface of TAL cells and both share the same lipid
raft localization (31) and so it has been proposed that uromodulin
might act as a scaffold for WNK-SPAK/OSRI1-dependent
activation of NKCC2. Recently it has been demonstrated that
the activity of this pathway is increased in the kidneys of mice
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lacking hepsin, a transmembrane serine protease, which is critical
for the luminal release of uromodulin (32). The authors could
also show that this goes along with an increased phosphorylation
of NKCC2.

It has been shown that Umod knockout mice are resistant
to salt-induced changes in blood pressure and a transcriptome
study reported that Umod is necessary for the upregulation of
heat shock transcripts and the transcripts of seven electrolyte
transporters in response to salt stress (33). Further, it has
recently been reported that uromodulin also plays a role
in the reabsorption of NaCl and the fine-tuning of urinary
calcium and magnesium excretion in the distal convoluted tubule
(34, 35). In our study, the concentration of magnesium was
significantly higher in the groups with low sUmod in LURIC.
Another explanation for the seemingly paradoxical association
of Umod promoter variants with lower uromodulin but higher
eGFR proposes that the effect of these SNPs on kidney risk
is independent of Umod expression but due to effects on the
expression of neighboring or distal genes that are involved in
kidney disease (10).

In large proportions of our cohorts, we observed a discordant
behavior between sUmod and eGFR (38% in LURIC, 40%
in VIVIT). Regarding ULGH it has been shown that lower
concentrations of sUmod may be a novel marker to identify
early kidney function loss even when serum creatinine values
are still within a normal range (36). The synthesis of Umod
per functioning remaining nephron unit is increased in patients
with CKD, but may not compensate the overall loss of renal
parenchyma (37). In a similar manner, quantitative enzyme
and immunobhistological analyses of kidney tissue sections from
patients with endstage CKD disclosed upregulation of various
proteins in single “resistant” hypertrophic and hypermetabolic
nephrons (38). Although uromodulin synthesis and intracellular
protein transfer might not be disturbed in these surviving
nephrons, preinjured epithelia of the thick ascending limb
of Henle (TAL) segment should downmodulate uromodulin
secretion at a very early stage. This thesis is supported by
the observation that sUmod levels decline in early CKD
where creatinine and cystatin ¢ concentrations still remain
unchanged (39).

This proposed state of early renal damage, with a mean eGFR
difference of 25 ml/min/1.73 m? in LURIC and 26 ml/min/1.73
m? in VIVIT, may partly explain the higher mortality in ULGH
vs. UHGH patients groups. ULGH patients might presumably
also display a more rapid CKD progression; however this has
not been studied in LURIC. In VIVIT, serum creatinine has been
measured at study baseline and at a 4-year follow-up. Creatinine
increased stronger in the ULGH group (0.78-0.83; paired ¢-
test p = 0.002) as compared to the UHGL group (0.89-0.92; p
=0.159).

Regarding the survival advantage of the ULGH group
compared to the ULGL group, the main cause probably is renal
function, that is on average at an eGFR of 62 mL/min/1.73 m? and
is considerably higher as compared to ULGL, despite an early,
pre-clinical renal damage [when compared to UHGH].

Importantly, rates of hypertension and heart failure are higher
in UHGL than in ULGH in LURIC, suggesting that sodium and
fluid overload occur that relate to high sUmod and cannot be

balanced by a largely preserved renal function such as in the
ULGH patient group.

In VIVIT, there was no significant difference in the rates of
hypertension between both groups. Information on heart failure
was not available in this cohort but the concentration of NT-
proBNP was almost three times higher in the ULGH group.

Conversely, when analyzing the higher mortality in UHGL vs.
UHGH patients groups, a difference in mortality that is exceeding
the difference between ULGH vs. UHGH by far, the obvious
culprit is impaired renal function, that associates with higher
rates of arterial hypertension, heart failure, and DM. The survival
advantage when comparing UHGL with ULGL may be explained
by protective, ie., antiinflammatory and immunomodulatory
effects of normal sUmod levels and by a somewhat better renal
function. The difference in eGFR between both groups was 10
ml/min/1.73 m? in favor of the UHGL patient group.

Applying a stricter clinical cutoff of 60 ml/min/1.73 m? for
eGFR in LURIC, we found significant differences between UHGL
and ULGH regarding a number of vasoactive biomarkers that
were not apparent in the analyses using the median groups
(Supplementary Table 1). NT-proBNP and angiotensin II were
significantly higher in UHGL as compared to ULGH. It is
important to notice that the percentage of patients suffering from
heart failure and hypertension was higher in UHGL, possibly
due to a sUmod mediated enhanced tubular activation of the
NKCL-cotransporter. It is tempting to speculate that elevated
central venous pressure in heart failure might promote renal
congestion (40). A reduced kidney perfusion pressure, associated
with potential medullary hypoxia, may lead to an activation
of the sympathetic nervous system and an upregulation of
the renin-angiotensin-aldosterone (RAAS) system, which helps
to explain the elevated concentrations of renin, angiotensin
II and noradrenaline in UHGL. Increased concentrations
of angiotensin-II and catecholamines consecutively promote
glomerular arteriolar vasoconstriction, thereby decreasing renal
plasma flow and ultimately eGFR (41). On the other hand,
patients in the ULGH group showed higher triglycerides, lower
mean LDL particle radius, higher fatty liver index and a higher
prevalence of CAD as compared to UHGL.

Of note, a recent study found that sUmod function might be
impaired by carbamylation in the setting of CKD (42) and that
could also partly account for the higher mortality in the UHGL
group as compared to ULGH.

Strengths and Limitations

All LURIC and VIVIT Study participants were of European
origin, therefore our findings may not be applicable to other
ethnicities. Both studies recruited participants that had been
referred for coronary angiography. Our results may therefore
not be generalizable to a healthy population. Uromodulin was
only measured once in baseline samples. Urine samples were
not available to assess urinary uromodulin and eGFR was only
calculated once at baseline in LURIC.

The major strengths of our cohorts are, however, the precise
clinical and metabolic characterization of the participants,
including the availability of coronary angiograms, their cross-
sectional and prospective design, and the long-term follow-up.
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CONCLUSION

In conclusion, assessing sUmod additionally to creatinine or
cystatin C allows a more precise risk modeling for all-cause
and cardiovascular mortality and might potentially improve
risk stratification. Patients in whom only eGFR is decreased
but sUmod remains high are more likely to be male and
suffering from heart failure, possibly due to a sUmod mediated
enhanced tubular activation of the NKCL-cotransporter. In
patients in whom only sUmod is decreased but eGFR remains
high we observed a higher prevalence of CAD, a higher fatty
liver index and elevated triglycerides that might point to
metabolic disturbances as key drivers of increased mortality.
The joint consideration of eGFR and uromodulin may have the
potential to dissect different forms of cardiorenal syndromes
according to their main pathophysiological drivers. Distinct
intrinsic metabolic and congruent clinical patterns related to
sUmod/eGFR profiles as addressed here for the first time may
also govern the susceptibility to risk indicators for kidney health
and disease.
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