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ABSTRACT ARTICLE HISTORY
Introduction: Estimated glomerular filtration rate (€GFR) and urine albumin/creatinine ratio (ACR) Received 15 November
are insensitive biomarkers for early detection of hypertension-mediated organ damage (HMOD). 2023

In this nationwide cross-sectional study, we assessed potential biomarkers for early HMOD in iewsetd dZOZOFerrI:ary 2024
healthy persons and patients with hypertension. We hypothesised that plasma levels of biomarkers: 28§ip € ebruary
(1) are different between healthy controls and patients with hypertension, (2): can classify patients

with hypertension according to the degree of hypertension severity. KEYWORDS

Design and methods: Patients with hypertension prescribed =2 antihypertensive agents were Hypertension;
selected from a multicentre study. Healthy controls were selected from an ongoing study of living hypertension-mediated
kidney donor candidates. Uncontrolled hypertension was defined as systolic daytime ambulatory (k’,ré’a” djmage (HMOD);
blood pressure =135 mmHg. Kidney HMOD was defined by ACR > 3.0mg/mmol or eGFR < 60mL/ ir:ﬂgemym;gigz'brosis
min/1.73 m2 Patients with hypertension were categorised into three groups: (1) controlled ’
hypertension; (2) uncontrolled hypertension without kidney HMOD; (3) uncontrolled hypertension

with kidney HMOD. Fifteen biomarkers were analysed using a Luminex bead-based immunoassay,

and nine fell within the specified analytical range.

Results: Plasma levels of Interleukin 1 receptor antagonist (IL-1RA), neutrophil gelatinase-associated

lipocalin (NGAL) and uromodulin were significantly different between healthy controls (n = 39)

and patients with hypertension (n = 176). In regression models, with controlled hypertension

(n = 55) as the reference category, none of the biomarkers were associated with uncontrolled

hypertension without (n = 59) and with (n = 62) kidney HMOD. In models adjusted for

cardiovascular risk factors and eGFR, osteopontin (OPN) was associated with uncontrolled

hypertension without kidney HMOD (odds ratio (OR) 1.77 (1.05-2.98), p = 0.03), and regulated

upon activation normal T-cell expressed and secreted (RANTES) with uncontrolled hypertension

with kidney HMOD (OR 0.57 (0.34-0.95), p = 0.03).

Conclusions: None of the biomarkers could differentiate our hypertension groups when

established risk factors were considered. Plasma OPN may identify patients with uncontrolled

hypertension at risk for kidney HMOD.

PLAIN LANGUAGE SUMMARY

What is the context?: In order to tailor individualised hypertension treatment, a risk assessment
for cardiovascular disease (CVD) must be performed. This includes evaluation of established
hypertension-mediated organ damage (HMOD), such as the presence of kidney damage and
associated risk factors. Today, kidney function is assessed by blood and urine samples. However,
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today’s blood and urine samples are not sensitive enough to capture kidney damage due to
hypertension at a stage when prevention may be most effective.

What is new?: In this study, we evaluated plasma levels of biomarkers related to endothelial and
kidney cell pathology, inflammation and fibrosis in healthy patients and patients with hypertension.
We hypothesised that plasma levels of biomarkers could differentiate between different degrees
of hypertension severity.

Healthy controls had lower Interleukin 1 receptor antagonist (IL-1RA) and neutrophil
gelatinase-associated lipocalin (NGAL) levels, but higher uromodulin compared to patients with
hypertension. Except for osteopontin (OPN), all biomarkers showed significant trends in median
biomarker levels across study groups. However, as hypertension severity increased, the median
plasma OPN levels also rose. None of the biomarker could consistently differentiate the
hypertension severity groups after considering established risk factors. However, OPN may be an
early biomarker for kidney damage in hypertension.

What is the impact?: Biomarkers for early detection of organ damage in hypertension may guide
targeted treatment. Plasma OPN may have potential to identify those at risk for hypertensive
kidney damage. However, the studied biomarkers lack consistent discrimination across hypertension

severity levels.

Introduction

Arterial hypertension affects about 35% of the adult
population and is an important modifiable risk factor
for cardiovascular and progressive kidney disease [1-
3]. Still, 30% of treated patients have uncontrolled
hypertension, remaining at risk for developing hypertension-
mediated organ damage (HMOD) [3,4]. In order to
tailor individualised hypertension treatment, a risk
assessment for cardiovascular disease (CVD) must be
performed. This includes evaluation of established
HMOD, such as e.g. the presence of kidney damage
[1]. Low-grade inflammation and fibrosis may play a
crucial role in the pathogenesis of hypertension and
HMOD, and biomarkers may help to identify patients
with the highest risk of complications [5].
Inflammation usually follows three stages: increased
vascular permeability, leukocyte recruitment and activa-
tion of tissue-repair processes. Inflammation is neces-
sary for an acute response to injury and further healing.
However, it can become harmful when the acute
response does not resolve and becomes chronic [6].
Hypertension is associated with chronic inflammation
in key tissues and organs that regulate blood pressure,
such as the kidneys and blood vessels [6, 7], which
might induce further organ damage and increased
blood pressure [8,9]. Hypertension induces arterial
changes including smooth muscle cell transition to
myofibroblasts, augmented collagen and arterial wall
thickening, and kidney changes including mesenchymal
transition of tubular epithelial cells, tubulointerstitial
injury and fibrosis [7,10]. Kidney and vascular HMOD
acts as a crucial intermediate stage between cardiovas-
cular risk factors and advanced CVD or chronic kidney
disease (CKD) [11]. In kidney biopsy studies, tubu-
lointerstitial injury and fibrosis are highly prognostic

for subsequent kidney failure, but cannot be reliably
detected by standard clinical measures [12]. Vascular
HMOD can be examined by pulse wave velocity [11].
However, the reproducibility of these measurements is
low and depends on the operator, and they are only
available at specialised centres [11]. Biomarkers readily
available for clinical use that can reflect early inflam-
mation, vascular and kidney tubule and interstitial dis-
ease may provide additional information on the risk of
CKD and CVD, above and beyond estimated glomeru-
lar filtration rate (eGFR) and albuminuria. Several bio-
markers of kidney and endothelial cell pathology, and
markers of inflaimmation and fibrosis are of interest
(Figure 1 and Table 1). The nucleotide-binding domain,
leucine-rich-containing family, pyrin domain-containing
3 (NLRP3) inflammasome initiates inflammation
through two signals; Signal I, triggered by
damage-associated molecular patterns (DAMPs), and
pathogen-associated molecular patterns (PAMPs) on
toll-like receptors (TLR), and cytokine receptors such
as tumour necrosis factor(TNF)-receptor, and Signal II,
activated by DAMPs like microcrystals, reactive oxygen
species (ROS) and adenosine triphosphate (ATP) via
P2X purinoceptor 7 (P2X7). Once activated, the inflam-
masome activates caspase-1, which converts proinflam-
matory interleukin-18 (IL-183) and interleukin-18
(IL-18) into their active forms. IL-1f and IL-18 are
primarily produced by monocytes and macrophages
and bind to receptors on immune and vascular cells,
causing inflammation. The anti-inflammatory cytokine
interleukin 1 receptor antagonist (IL-1RA) antagonizes
IL-18. Activation of TLR, NLRP3 inflammasome and
the TLR MyD88 dependent and independent pathways
leads to increased nuclear factor-kB (NF-kB) activity
and to the release of chemokines and extracellular
matrix proteins, such as IL-13, TNE monocyte
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Figure 1. lllustration depicting potential biomarkers associated with endothelial and kidney cell pathology, inflammation, and
fibrosis in the context of hypertension and hypertension mediated organ damage.

Table 1. Panel of plasma biomarkers included in this study.

Name Family Biological processes

IL-1RA Cytokine-Interleukin Inhibits and modulates interleukin 1 related immune and inflammatory responses. IL-1RA
concentration is considered to indicate immune activation, rather than a net
anti-inflammatory state.

IL-18 Cytokine-Interleukin A pro-inflammatory cytokine cleaved into its active form by NLR family pyrin domain
containing 3 inflammasome (NLRP3) upon sensing damage or pathogenic signals.

TNF TNF superfamily The TNF-activated nuclear factor kappa B (NF-kB) pathway is a master regulator of the
inflammatory response involving upregulation of NLRP3 inflammasome, pro-IL-1f and
pro-IL-18 gene expression.

MCP-1 Cytokine-Chemokine The NLRP3 inflammasome with secretion of IL-18 synergises with angiotensin-Il to promote
NF-kB activation and a proinflammatory response characterised by increased MCP-1
production. MCP-1 is a chemotactic protein for monocytes and macrophages, implicated in
tissue repair and fibrosis.

OPN Cytokine-non-structural Pro-inflammatory stimuli and activation of the NLRP3 inflammasome leads to increased tissue

extracellular matrix protein levels of osteopontin. Osteopontin is expressed in activated macrophages, T cells, smooth
muscle, endothelial and epithelial cells and regulates cell adhesion, migration, proliferation
and promotes macrophage and T cell infiltration.

RANTES Cytokine-Chemokine RANTES is produced by several cells implicated in the development of hypertension, including
vascular endothelium, smooth muscle, perivascular adipocytes and renal epithelial cells.
RANTES is a chemotactic molecule for monocytes and T cells.

VWF-A2 Glycoprotein involved in both An endothelial ligand for platelet glycoproteins and a suggested marker for endothelial injury

haemostasis and thrombosis and activation. Plasma levels of vWF-A2 shows the amount of protein, but not its
functional status.

Uromodulin Glycoprotein produced by tubular ~ Uromodulin is released into the blood as monomers and urine where it polymerises. Reduced
(Tamm-Horsfall cells of the thick ascending plasma concentrations of uromodulin are found in persons with interstitial fibrosis or
protein) limb and the early distal tubular atrophy. Despite being highly prognostic for kidney failure, early tubulointerstitial

tubule. injury and fibrosis are challenging to detect using standard clinical measures.

NGAL Lipocalin family NGAL is consistently expressed at low levels in various cell types, detectable in the systemic

circulation of healthy individuals. Following kidney injury, upregulation in the thick
ascending limb, distal tubule and collecting duct increases urinary and plasma NGAL levels.
Plasma NGAL may serve as a marker for tubular damage in hypertension, potentially
playing a pivotal role in kidney interstitial fibrosis.
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chemoattractant protein-1 (MCP-1), regulated upon
activation normal T-cell expressed and secreted
(RANTES) and osteopontin (OPN). Chronic inflamma-
tions result in tissue damage over time. Endothelial
injury, inflammation, and shear stress cause the release
of von Willebrand factor (vWEF), while neutrophil
gelatinase-associated lipocalin (NGAL) and uromodulin
are markers of kidney injury.

In this cross-sectional nationwide multicenter study,
we aimed to assess the plasma levels of IL-1RA, 11-18,
TNE MCP-1, OPN, RANTES, vWF-A2, NGAL and
uromodulin in patients with hypertension and in
healthy controls. Further, we aimed to study the asso-
ciations between biomarkers, severity of hypertension
and kidney HMOD. We hypothesised that: (1) plasma
levels of biomarkers are different between healthy
controls and patients with hypertension, and (2):
plasma levels of biomarkers can classify patients with
hypertension according to the degree of hypertension
severity.

Design and methods
Study population

We selected patients with hypertension from a large
nationwide multicentre study that recruited participants
between 2017 and 2022 (identifier: NCT03209154)
[13]. They were =18 years old, being prescribed =2
antihypertensive agents (or 21 fixed-dose combination
pill), on a stable treatment regimen for at least 4 weeks,
with eGFR >30mL/min/1.73 m? and urine albumin/
creatinine ratio (ACR) < 300mg/mmol (Supplementary
Table S1) [13]. This study, part of a clinical trial on
non-adherent patients with uncontrolled hypertension,
examined the impact of therapeutic drug monitoring
(TDM) on antihypertensive drugs over 6 months.
High-risk patients (e.g. ACR > 300mg/mmol or
eGFR <30mL/min/1.73 m?) were excluded due to
unacceptable risk. Healthy controls were selected from
an ongoing study of living kidney donors (identifier:
NCT03729557) [14]. They were =18 years old, either
accepted as living kidney donors, or evaluated for
donation, and not found eligible due to immunological
incompatibility, donor withdrawal or other non-medical
causes, or family members related to donors or recipi-
ents and blood donors evaluated and fulfilling the
Norwegian transplantation protocol for living kidney
donors. Individuals accepted as kidney donors were
examined prior to donation. An established collabora-
tion with all regional and university hospitals in
Norway allowed all Norwegian living kidney donors to
participate (Supplementary Table S1) [14].

The healthy controls and patients with hypertension
were age and sex matched to the greatest extent possi-
ble, and the preanalytical blood sampling conditions
were the same. Patients with hypertension were selected
into three groups based on the severity of hypertension
and presence of kidney HMOD; 1) controlled hyper-
tension, 2) uncontrolled hypertension without kidney
HMOD or 3) uncontrolled hypertension with kidney
HMOD. Uncontrolled hypertension was defined as sys-
tolic daytime ambulatory blood pressure >135mmHg,
and kidney HMOD as ACR >3.0mg/mmol or
eGFR <60mL/min/1.73 m? Patients using systemic
immunosuppressive medications were excluded.

The study was approved by the Regional Ethical
Committee and conducted in accordance with the
Declaration of Helsinki and consistent with
International Conference of Harmonisation (ICH)/
Good Clinical Practice. All participants provided a
signed written informed consent. Registration of
patient data followed national personal data laws and
was approved by local data safety officers. Review of
the data supporting these findings is possible upon
reasonable request to the corresponding author.

Demographic and clinical characteristics

All patients underwent a structured physician-patient
interview collecting information about demographic and
lifestyle data, socioeconomic factors and medical and
family history [13,14]. We recorded the patients’ weight,
height and calculated body mass index (BMI). Diabetes
was defined as self-reported diabetes, HbAlc > 48 mmol/
mol, or the use of antidiabetic agents. Cardiovascular
disease was defined as prior myocardial infarction,
angina, stroke or peripheral artery disease.

Office blood pressure was measured using a vali-
dated automated oscillometric device, following the
2018 European Society of Hypertension/European
Society of Cardiology guidelines [1]. Ambulatory blood
pressure monitoring (ABPM) was programmed to auto-
matic readings every 20min during daytime (6:00 to
22:00) and every 30min at night (22:00 to 6:00). The
device was removed after 25h of recording. Recordings
with less than 70% of the expected blood pressure read-
ings, or two or more consecutive hours without valid
readings, were repeated. We adjusted the readings to
the patient-reported day and night periods [13].

Blood sample collection and biomarker analyses

Blood and morning urine samples were collected. The
following parameters were measured at the time of
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collection at each study centre: creatinine, HbAlc,
cholesterol (HDL, LDL and total) and triglycerides in
the blood, and albumin and creatinine in urine. We
calculated ACR. To calculate creatinine-based eGFR,
we applied the 2009 CKD Epidemiology Collaboration
(CKD-EPI) equation [15-18].

For individuals with hypertension, we collected a
5mL Vacutainer tube (BD, Franklin Lakes, NJ) with-
out additives for analyses of antihypertensive agents.
Adherence to antihypertensive treatment was con-
firmed by pharmacological evaluation based on serum
drug concentrations measured by ultra-high perfor-
mance liquid chromatography-tandem mass spectrom-
etry [19]. We present the number of antihypertensive
medications based on self-reported data, and the
number of non-adherent patients based on the phar-
macological evaluation.

Ethylenediaminetetraacetic acid (EDTA) plasma bio-
bank samples were taken. For potential kidney donors
the EDTA plasma samples were obtained at the evalua-
tion visit prior to potential kidney donation. Immediately
after phlebotomy, all plasma tubes were placed in icewa-
ter and within 30min centrifuged for 20min at 2500g at
4°C and transferred to Sarstedt tubes. All biobank sam-
ples were then frozen to —80°C within 2h of sampling
and transported to the core laboratory biobank at Oslo
University Hospital Ulleval. All biomarker analyses were
performed at the Department of Medical Biochemistry,
Oslo University Hospital Ullevél, Oslo. Biomarker plasma
concentrations were determined using immunoassay
technology with the commercial instrument Luminex IS
200 (Bio-Plex xMap; Luminex Corp., Austin, TX).
Samples were thawed, vortexed and spun down at
16,000g for 5min at 4°C. In accordance to the manufac-
ture recommendations, supernatants were diluted 1:1 and
analysed with a custom-made 11 plex (www.biotechne.
com/l/rl/c2TCU6j3) containing targets against MCP-1,
interferon gamma (IFN-g), IL-1RA, IL-18, T cell immu-
noglobulin and mucin domain 1 (TIM-1), vWF-A2,
granulocyte-macrophage  colony  stimulating factor
(GM-CSF), IL-1b, IL-6, OPN and TNE Samples were
further diluted 1:50 and analysed with a custom-made 4
plex (www.biotechne.com/l/rl/QQyEg7ca) containing tar-
gets against RANTES, NGAL, cystatin C and uromod-
ulin (Tamm-Horsfall protein). Patient and healthy control
samples were evenly distributed on each assay plate. Four
in-house controls per plate were used to observe both
intra and inter percent coefficients of variation. Cytokine
concentrations outside the reference limits that were
extrapolated by the analysis software were also included
in the statistical analysis. The investigator was blinded to
clinical information when performing the analysis.
Cystatin C was not assayed with an internationally
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traceable standard reference method, and was not further
examined [17]. For the specified biomarkers IFN-y,
TIM-1, GM-CSE IL-1P and IL-6, a substantial portion of
the conducted analyses yielded results below the thresh-
old for either detection or quantitation, for both the
healthy controls and the hypertensive patients.
Consequently, these markers were not subjected to fur-
ther investigation, as detailed in Supplementary Tables S2
and S3. Subsequent to the exclusion of patients undergo-
ing systemic immunosuppression treatments, 98.5% or
more of the biomarker analyses fell within the specified
analytical range (Supplementary Table S3).

Statistical analyses

Descriptive statistics were used to summarise partici-
pant characteristics using mean and standard deviation
(SD) or median and interquartile range (IQR) for con-
tinuous variables and frequency distribution and per-
centage for categorical variables. Characteristics were
compared using a t-test, Mann-Whitney test, chi-square
test, Fishers exact test of independence and Kendall’s
rank correlation (Kendall’s tau), as appropriate. Kendall’s
rank correlation is a non-parametric test for a mono-
tonic tendency between two variables measured on a
continuous or ordinal scale. The biomarkers were
non-normally distributed and were transformed on a
natural logarithmic (LN) scale. All biomarkers had out-
liers and influential cases after LN transformation that
changed the magnitude of regression coefficients. We
performed a symmetric winsorisation and replaced the
smallest and the largest data values. The number of
adjusted measurements in the upper distribution corre-
sponds to the number of adjusted measurements in the
lower distribution for each biomarker. Extreme mea-
surements above three SD from the mean were adjusted
to the nearest measured value below this threshold [20].

We used univariable and multivariable logistic and
multinomial logistic regression analyses to assess the
associations between the plasma biomarkers as indepen-
dent variables and the hypertension groups as depen-
dent variables. Controlled hypertension was the reference
group in the multinomial logistic regression analyses,
and uncontrolled hypertension without kidney HMOD
was the reference group in logistic regression analyses.
In multivariable models, we added cardiovascular risk
factors (sex, age, BMI, diabetes and cardiovascular dis-
ease), and finally eGFR. Only one of the three hyper-
tension groups included individuals with moderately
increased ACR, and the regression models were not
adjusted for this variable due to complete separation.
We adjusted our regression models to address potential
confounding variables, excluding smoking, total and
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Table 2. Characteristics of healthy controls and patients with hypertension (n = 215)
Patients with hypertension (n=176)

Uncontrolled
hypertension with

Uncontrolled

Healthy controls Patients with Controlled hypertension  hypertension without

Characteristic (n =39 hypertension (n = 176) (n = 55) kidney HMOD (n = 59) kidney HMOD (n = 62)
Female sex, n (%) 20 (51) 79 (45) 27 (49) 28 (47) 24 (39)
Age, years 55.6 (9.4) 61.1° (11.7) 58.4 (10.4) 59.9 (10.8) 64.7°¢ (11.2)
Cardiovascular disease, 0 0 392 (22) 7 (13) 1 (19) 210 (34)
n (%)
Active smoker, n (%) 5 (13) 28 (16) 9 (16) 9 (15) 10 (16)
Office systolic blood 123 (12) 1522 (20) 132 (1) 161° (16) 161° (18)
pressure, mmHg
Office diastolic blood 76 (9) 872 (13) 81 9) 92b (13) 88b (13)
pressure, mmHg
Ambulatory systolic blood - - - - 120 9) 149> (9) 148> (10)
pressure, 24h mean,
mmHg
Ambulatory diastolic blood - - - - 74 (6) 85b 9) 81> 9)
pressure, 24h mean,
mmHg
Ambulatory systolic blood - - - - 125 9) 1540 (10) 1520 (10)
pressure, daytime
mean, mmHg
Ambulatory diastolic blood - - - - 78 (6) 89> 9) 85b«c (10)
pressure, daytime
mean, mmHg
Ambulatory systolic blood - - - - 108 (12) 1330 (13) 139bc (14)
pressure, night-time
mean, mmHg
Ambulatory diastolic blood - - - - 64 (7) 720 (10) 74P (10)
pressure, night-time
mean, mmHg
Number of 0 NA 32 (2-4) 3 (2-3) 3 (2-3) 4bc (3-4)
antihypertensive agents
per day, n
Adherence to all 44 (80.0) 37 (62.7) 50¢ (80.6)
self-reported
antihypertensive
agents, n
BMI, kg/m? 25.8 (2.9) 30.12 (5.5) 27.9 (4.1) 29.9b (5.8) 32.1b¢ (5.5)
Cholesterol, mmol/L - - - - 5.0 (1.1) 49 (1.1) 49 (1.2)
HDL cholesterol, mmol/L - - - - 1.6 (0.5) 15 (0.5) 1.4° (0.4)
LDL cholesterol, mmol/L - - - - 3.1 (1.0) 3.1 (1.0 3.1 (1.1
Triglycerides, mmol/L - - - - 1.5 (0.9) 1.6 (0.8) 2.0b¢ (1.0)
Lipid-lowering treatment, 4 (10) 89? (51) 27 (49) 23 (39) 39¢ (63)
n (%)
Diabetes, n (%) 0 NA 492 (28) 6 (11) 9 (15) 33b¢ (53)
HbA1c, mmol/mol 34 (33-36) 38° (35-43) 38 (35-39) 37 (34-41) 43bc (38-53)
Serum creatinine (umol/L) 74.0 (11.7) 79.9° (24.4) 75.7 (15.0) 70.7 (13.8) 92.6b< (32.6)
eGFR (mL/min/1.73 m?) 89.5 (12.6) 82.42 (18.5) 86.8 (15.1) 88.2b (10.5) 72.8b¢ (23.1)
ACR, mg/mmol 0.2 (0.2-0.4) 1.32 (0.6-5.7) 0.5 (0.3-1.1) 0.9° (0.5-1.4) 15.15¢ (5.5-43.0)

Data are mean (SD), median (IQR) or number (%) as appropriate. Uncontrolled hypertension was defined as systolic daytime ambulatory blood pressure
>135mmHg, and kidney HMOD as ACR > 3.0mg/mmol or eGFR < 60 mL/min/1.73 m2

2Significant differences between healthy controls and hypertensive patients.

bSignificant differences between the group with controlled hypertension compared to uncontrolled hypertension without and with kidney HMOD.
SSignificant differences between the group with uncontrolled hypertension without kidney HMOD compared to uncontrolled hypertension with kidney
HMOD.

Adherence to all self-reported antihypertensive agents: A pharmacologist evaluated the serum concentration analyses and found the patient adherent to
all self-reported antihypertensive agents. Cardiovascular disease: Prior myocardial infarction, angina, stroke or peripheral artery disease. Diabetes:
Self-reported, or HbA1C > 48 mmol/mol, or use of antidiabetic agents. eGFR: Glomerular filtration rate, calculated using the 2009 creatinine-based CKD-EPI
equation; HMOD: hypertension-mediated organ damage; NA: not applicable; ACR: urine albumin to creatinine ratio

low-density lipoprotein (LDL) cholesterol levels due to
their non-significant differences between groups and
variations in lipid-lowering treatment (Table 2).
Lipid-lowering treatment as primary prevention is pre-
dominantly prescribed as part of a comprehensive car-
diovascular risk management strategy that encompasses
blood pressure. We did not adjust for lipid-lowering
therapy to maintain clarity in group distinctions.

The biomarkers were analysed as continuous vari-
ables, with odds ratio (OR) for belonging to one of
the uncontrolled hypertensions groups reported per 1
SD higher LN-transformed biomarker concentration.

Participants with missing data were excluded only
from analyses for which the case had missing data.
Missing data arises from biomarker analyses that fail
to meet the detection or quality criteria. Supplementary
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Table S3 provides an overview of participants whose
analyses fall within the analytic range. Only partici-
pants with biomarker analyses within this range were
included in the statistical analysis.

This study was a subset of a larger clinical trial,
with several work packages, e.g. a cross-sectional
study and a randomised clinical trial (RCT). These
biomarker analyses were predefined as exploratory in
a substudy protocol; however, the power calculations
were performed for the RCT. Multiple significance
tests were used for descriptive purposes, and multi-
plicity corrections were not performed [21]. A
two-sided p value <0.05 was considered statistically
significant. The results of these biomarker analyses
should be considered as potential hypotheses generat-
ing and must be confirmed in other prospective
studies.

Results
Demographic and clinical characteristics

Two hundred and twenty-two individuals, 183 with
hypertension and 39 healthy controls were initially
examined for a panel of 15 biomarkers. After exclud-
ing 7 patients (with hypertension) using systemic
immunosuppressive therapy and 5 biomarkers, we
ended up with a total of 215 individuals, 176 patients
with hypertension and 39 healthy controls and 9
biomarkers (Table 2, Supplementary Tables S2
and S3).

Among patients with hypertension, 55 patients
had controlled hypertension, 59 had uncontrolled
hypertension without kidney HMOD and 62 had
uncontrolled hypertension with kidney HMOD
(Table 2). As expected from selection, the office
blood pressure was higher in patients with hyperten-
sion than in healthy controls; mean (SD)
152 + 20/87 + 13mmHg with median (IQR) 3 (2-4)
antihypertensive agents daily for the participants
with hypertension, and 123 + 12/76 + 9mmHg for
the healthy controls. The participants with hyperten-
sion had lower eGFR and higher urine ACR (Table
2). As expected, the patients with hypertension had
more cardiovascular risk factors than the healthy
controls. They were older, had higher BMI, more
frequently used lipid-lowering therapy and 27.8%
were diagnosed with diabetes (Table 2).

Compared to the controlled hypertension group,
the uncontrolled hypertension group without kid-
ney HMOD had higher BMI and eGFR. The patients
with uncontrolled hypertension with kidney HMOD
were older, more frequently had diabetes and
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cardiovascular disease, and reported a higher num-
ber of daily antihypertensive agents (Table 2).
Serum concentration assessment for adherence did
not differ between the two groups with uncon-
trolled hypertension compared to the controlled
hypertension group.

Compared to the uncontrolled hypertension group
without kidney HMOD, the group with kidney HMOD,
had lower daytime diastolic and higher night-time sys-
tolic blood pressure (Table 2). They also reported
using more antihypertensive agents, and they had a
higher rate of adherence, evaluated pharmacologically
(Table 2). Additionally, the group with kidney HMOD
was older, had a higher BMI, included more partici-
pants with diabetes and were more frequently using
lipid-lowering treatment (Table 2).

Plasma biomarker levels between healthy controls
and patients with hypertension

Plasma levels of IL-1RA, NGAL and uromodulin were
significantly different between healthy controls and
patients with hypertension. IL-1RA and NGAL were
lower and uromodulin was higher in the healthy con-
trols (Table 3). All biomarkers, with the exception of
OPN, exhibited a monotonic tendency in the medians
across all four study groups consisting of healthy con-
trols and patients with hypertension (Table 4). Plasma
OPN levels were highest in healthy controls and in
patients with uncontrolled hypertension with kidney
HMOD. All biomarkers, with the exception of
RANTES, exhibited a monotonic tendency in the
medians across the three hypertension severity groups
(Supplementary Table S4).

Table 3. Levels of biomarkers between healthy controls and
hypertensive patients (n = 215).

Healthy controls

Hypertensive

Biomarker (n = 39) patients (n = 176) p Value
IL-1 RA (ng/mL) 0.32 (0.28-0.39) 042 (0.31-0.64) 0.002
IL-18 (ng/mL) 0.10 (0.07-0.16) 0.12 (0.09-0.17) 0.13
TNF (pg/mL) 417 (354-550) 46  (3.7-6.0) 0.20
MCP-1 (ng/mL) 0.11 (0.09-0.14) 0.12 (0.10-0.15) 0.18
OPN (ng/mL) 41.7  (28.5-50.5) 36.6 (27.1-49.9) 0.23
RANTES (ng/mL) 14.5 (4.8-32.2) 8.5 (3.9-19.0) 0.12
VWF-A2 (ng/mL) 0.81 (0.54-0.95) 0.83 (0.59-1.11) 0.60
NGAL (ng/mL) 104 (92-115) 113 (93-144) 0.020
Uromodulin (ng/mL) 475  (370-593) 369 (239-506) <0.001

Median levels (IQR) of plasma biomarkers.

Independent-samples Mann-Whitney U Test.

IL-1RA: interleukin 1 receptor antagonist; IL-18: interleukin-18; TNF:
tumour necrosis factor; MCP-1: monocyte chemoattractant protein-1; OPN:
osteopontin; RANTES: regulated upon activation normal T-cell expressed
and secreted; VWF-A2: von Willebrand factor A2; NGAL: neutrophil
gelatinase-associated lipocalin; uromodulin: Tamm-Horsfall protein
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Table 4. The trend in biomarker medians in relation to all study groups (n = 215).

Healthy controls

(Median (IQR)

Controlled

hypertension (Median

Uncontrolled

hypertension without
kidney HMOD (Median kidney HMOD (Median

Uncontrolled

hypertension with

Non-parametric

Biomarkers (n =39 (IQR) (n = 55) (IQR) (n = 59) (IQR) (n = 62) correlation coefficient p Value
IL-1 RA (ng/mL) 0.32 (0.28-0.39) 0.39 (0.29-0.56) 0.37 (0.26-0.57) 0.51 (0.36-0.74) 0.20 <0.001
IL-18 (ng/mL) 0.10 (0.07-0.16) 0.12 (0.09-0.15) 0.11 (0.08-0.14) 0.15 (0.11-0.19) 0.15 0.003
TNF (pg/mL) 4.17 (3.54-5.50) 4.18 (3.60-4.79) 4.30 (3.23-5.50) 5.86 (4.71-7.84) 0.25 <0.001
MCP-1 (ng/mL) 0.11 (0.09-0.14) 0.11 (0.09-0.13) 0.12 (0.10-0.16) 0.13 (0.11-0.17) 0.17 0.001
OPN (ng/mL) 41.7 (28.5-50.5) 33.6 (22.4-38.2) 38.0 (27.6-50.7) 41.5 (31.4-54.7) 0.09 0.09

RANTES (ng/mL) 14.5 (4.8-32.2) 9.31 (5.42-19.56) 8.80 (4.17-21.45) 7.08 (3.43-17.57) —0.10 0.049
VWF-A2 (ng/mL) 0.81 (0.54-0.95) 0.78 (0.55-0.99) 0.68 (0.47-0.97) 0.95 (0.71-1.29) 0.12 0.025
NGAL (ng/mL) 104 (92-115) 101 (90-136) 106 (87-128) 138 (109-195) 0.25 <0.001
Uromodulin 475 (370-593) 400 (272-538) 467 (342-529) 248 (178-396) -0.27 <0.001

(ng/mL)

Kendall’s rank correlation (Kendall’s tau) for a monotonic tendency in biomarker medians across study groups.
Uncontrolled hypertension was defined as systolic daytime ambulatory blood pressure >135m mHg, and kidney HMOD as ACR > 3.0mg/mmol or eGFR

< 60mL/min/1.73 m2

HMOD: hypertension-mediated organ damage; ACR: urinary albumin to creatinine ratio; eGFR: glomerular filtration rate calculated using the creatinine-based
CKD-EPI equation; IL-1RA: interleukin 1 receptor antagonist; IL-18: interleukin-18; TNF: tumour necrosis factor; MCP-1: monocyte chemoattractant protein-1;
RANTES: regulated upon activation normal T-cell expressed and secreted; OPN: osteopontin; vVWF-A2: von Willebrand factor A2; NGAL: neutrophil

gelatinase-associated lipocalin; uromodulin: Tamm-Horsfall protein

Associations between plasma biomarkers and
hypertension groups

In multinomial logistic regression models including only
patients with hypertension and using controlled hyper-
tension as the reference category, none of the biomarkers
were associated with both groups with uncontrolled
hypertension (Figure 2, Supplementary Table S5).
Uromodulin and OPN were associated with uncontrolled
hypertension without kidney HMOD in multivariable
models with cardiovascular risk factors. Only OPN was
significantly associated after adjustment for eGFR (Figure
2). RANTES and NGAL were associated with uncon-
trolled hypertension with kidney HMOD in multivariable
models, but only RANTES was significantly associated
with hypertension with kidney HMOD in models also
adjusted for eGFR (Figure 2).

In logistic regression models including only partic-
ipants with uncontrolled hypertension (n = 126),
vWE-A2, NGAL and uromodulin were associated
with kidney HMOD in multivariable models adjusted
for cardiovascular risk factors, but not in models
with additional adjustment for eGFR (Figure 3,
Supplementary Table S6).

Discussion

According to our knowledge, this is the first study to
assess possible associations between selected plasma
biomarkers of inflammation, kidney and endothelial
dysfunction, and controlled and uncontrolled hyper-
tension without and with kidney HMOD. Subclinical
kidney disease is linked to hypertension development
in the general population, potentially creating a harm-
ful cycle of elevated blood pressure and worsening
kidney damage [22,23]. Kidney HMOD acts as a

crucial intermediate stage between cardiovascular risk
factors and advanced CVD and CKD [11]. A bio-
marker that captures kidney HMOD at an early stage
might improve risk stratification and form the basis
for targeted individual treatment. Our hypertension
groups were well characterised, defined by ABPM, on
stable medication regimes with adherence to the
number of reported antihypertensive agents assessed
by pharmacological evaluation of serum drug concen-
trations. ABPM has been shown to correlate with
HMOD, and predict end-stage kidney disease and
cardiovascular morbidity and mortality better than
office blood pressure [24-29]. Furthermore, lowering
blood pressure can exaggerate an early GFR decline
[1]. The eGFR was only marginally different between
those who had controlled hypertension and those
who had uncontrolled hypertension without evidence
of HMOD. The latter group also had significantly
higher urine ACR, although within the normal range.
As hypertension-related structural abnormalities in
the kidney can never completely regress [30-33],
these data clearly demonstrate that our hypertension
groups represent different stages of disease severity.

In this study, levels of IL-1RA and NGAL were
significantly lower and uromodulin was signifi-
cantly higher in the healthy controls compared to
patients with hypertension. All biomarkers, except
OPN, exhibited a significant monotonic tendency
in the medians across all four study groups.
However, OPN exhibited a significant monotonic
tendency in the median values across all three
hypertension groups. None of the biomarkers
examined in this study could consistently differen-
tiate all three hypertension groups when estab-
lished risk factors were considered.
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Figure 2. Multinomial logistic regression among patients with hypertension, controlled hypertension as reference category
(n = 176).

Figure 3. Binary logistic regression among patients with uncontrolled hypertension, uncontrolled hypertension without kidney
HMOD as reference category (n = 121).
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Higher circulating OPN levels have previously been
associated with hypertension, HMOD and CKD
[34-38]. Our study indicates that OPN may be a
timely biomarker of kidney HMOD in hypertension.
Among patients with hypertension, OPN was the only
biomarker significantly associated with uncontrolled
hypertension without kidney HMOD, at a potentially
pivotal juncture in the progression of hypertension.
No differences in usage of blood pressure or
lipid-lowering medication were found between those
with controlled and uncontrolled hypertension with-
out kidney HMOD, except for calcium channel block-
ers (Table 2, Supplementary Table S§7). Calcium
channel blockers have not been found to exert an
influence on plasma OPN levels [36]. However,
humans express multiple isoforms of OPN with dif-
ferent functional effects, and larger and longitudinal
studies are required to determine if individual OPN
isoforms or total OPN levels may be useful biomark-
ers in hypertension [39,40].

In our study, healthy controls had the highest
OPN levels, but as hypertension severity increased,
the median plasma OPN levels also rose. A previous
study comparing individuals with and without hyper-
tension reported elevated plasma OPN levels among
participants with hypertension [36]. In that study, a
smaller proportion of the hypertension patients were
treated with angiotensin-converting enzyme inhibitor
(ACEi) and angiotensin II receptor blockers (ARBs)
and the use of lipid-lowering therapy was not
reported. In a post hoc study from a double-blinded,
multicentre trial in patients with hypertension, ther-
apy with ARB and co-therapy with statin reduced
circulating OPN levels [37,41]. In our study the
majority of hypertension patients were prescribed
ACEi or ARBs (Supplementary Table S7), and about
half were receiving lipid-lowering therapy (Table 2),
in contrast to a mere 4% of the healthy controls. As
mentioned, we did not adjust our analyses for
lipid-lowering treatment because the hypertension
groups with controlled and uncontrolled hyperten-
sion without HMOD predominantly used this treat-
ment as primary prophylaxis. Adjusting for this
variable could minimise the differences between these
two risk groups.

Among patients with hypertension, higher plasma
level of uromodulin was independently associated with
uncontrolled hypertension without kidney HMOD.
This group also had the highest level of plasma uro-
modulin (Table 4). Our data are consistent with previ-
ous observational studies indicating that high plasma
uromodulin may protect against developing hyperten-
sive kidney damage [42-47]. In a study on high-risk

patients with hypertension and CKD stages 3 and 4 at
baseline, higher urine uromodulin was associated with
a slower eGFR decline and lower cardiovascular dis-
ease risk, and the association with eGFR decline was
weakened by intensive blood pressure control [44,45].
In our study, the association with uncontrolled hyper-
tension without kidney HMOD was no longer statisti-
cally significant when adjusting for eGFR.

Among patients with hypertension, lower circulat-
ing RANTES was the only biomarker associated with
uncontrolled hypertension with kidney HMOD in
fully adjusted models. Higher plasma RANTES levels
have been associated with hypertension, and studies
have found significant correlations between higher
circulating RANTES and vascular function [48-50].
However, conflicting results exist regarding RANTES’
role in generating renal fibrosis [51,52]. We have not
found other studies examining the association between
RANTES, degree of blood pressure control and kid-
ney HMOD, and the effects of treatment on RANTES
levels are unclear.

Among patients with hypertension, higher plasma
NGAL was associated with uncontrolled hypertension
with kidney HMOD after adjusting for cardiovascular
risk factors. The association was not significant after
further adjustment for eGFR. These results are in line
with previous studies suggesting that NGAL may be
an augmenting factor for kidney interstitial fibrosis
[53-55]. In a general population cohort with 10 years
of follow-up, plasma NGAL added to the Framingham
risk score improved risk prediction for all-cause mor-
tality and major adverse cardiovascular events, and
correctly reclassified ~15% into more appropriate car-
diovascular risk groups [56]. In a cohort of adult
patients with non-dialysis-dependent CKD stages 3-5,
higher plasma NGAL was independently associated
with a greater risk for end-stage kidney disease, but
not cardiovascular events or death [55]. In our study,
when considering established risk factors, NGAL did
not differentiate the hypertension groups.

IL-1RA has previously been associated with hyper-
tension, possibly through modulation of the renin-
angiotensin system, and may modulate hypertensive
kidney disease [57-61]. Treatment with IL-1RA led to
a decrease in systolic blood pressure among obese
patients with features of the metabolic syndrome
[62,63]. However, in our study, when considering
established risk factors, IL-1RA did not separate the
different hypertension groups.

A biomarker is a measurable indicator to; (1)
detect or confirm a medical condition; (2) identify
subtypes of a condition; (3) assess the status of a
condition; (4) assess the biological response after
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treatment; (5) identify individuals likely to have a
favourable or unfavourable effect from treatment;
and (6) identify the likelihood of a clinical event or
progression in the condition of interest [64]. Our
study touches on all these points. In these explor-
atory analyses, our limited sample size may explain
the lack of discriminatory abilities of the biomarkers
for the hypertension groups. The confidence inter-
vals for the ORs in the multivariable models were
wide, reflecting a high dispersion and low statistical
power. Additionally, biomarker performance can be
inflated when studying only extreme disease cases
[65]. This ‘spectrum effect’ arises when both healthy
individuals and those in advanced disease stages are
examined together, potentially also masking differ-
ences in test performance [65]. Age-based matching
can also introduce the spectrum effect, as blood
pressure tends to rise with age. By age-based match-
ing we risked selecting the oldest and healthiest con-
trols and the youngest and sickest hypertension
patients. However, we only assessed the associations
between biomarkers and hypertension severity within
the various hypertension groups, excluding healthy
controls from the analysis. Inclusion of an interme-
diate group, as done in this study, may mitigate
some of the spectrum effect. Our biomarker analyses
were performed on frozen-thawed samples. However,
all the chosen biomarkers appear to be stable after
prolonged frozen storage and after freeze-thaw anal-
ysis [66-75]. However, the cross-sectional design of
our study precludes the ability to obtain information
on the temporal associations, including duration of
treatment and blood pressure control. Serum drug
measurement only reflects adherence at the time of
measurement. The state of inflammation and signs
of organ damage may depend on a time factor, we
were not able to account for, and longitudinal stud-
ies are needed to determine whether OPN, uromod-
ulin, RANTES and NGAL are adequate biomarkers
for risk stratification in hypertension. Further limita-
tions include residual confounding, an issue that
never can be ruled out in cohort studies. Finally,
patients with hypertension were selected based on
blood pressure and standard clinical kidney function
measurements, and we did not stratify patients based
on other HMOD:s.

Conclusion

Finding biomarkers related to hypertension and HMOD
at an early stage may aid targeted treatment. Plasma
OPN may be an early biomarker for identifying patients
with hypertension at risk for kidney HMOD. However,
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none of the biomarkers could consistently differentiate
our hypertension groups when established risk factors
were included in the models. The selected biomarkers
may have a place in the field of hypertension, but fur-
ther longitudinal analyses are needed.
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