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Genetic Variance in Heparan Sulfation Is
Associated With Salt Sensitivity
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BACKGROUND: High heritability of salt sensitivity suggests an essential role for genetics in the relationship between sodium
intake and blood pressure (BP). The role of glycosaminoglycan genes, which are crucial for salinity tolerance, remains to be
elucidated.

METHODS: Interactions between 54 126 variants in 130 glycosaminoglycan genes and daily sodium excretion on BP were
explored in 20 420 EPIC-Norfolk (European Prospective Investigation Into Cancer in Norfolk) subjects. The UK Biobank
(=414 132) and the multiethnic HELIUS study (Healthy Life in an Urban Setting; n=2239) were used for validation.
Afterward, the urinary glycosaminoglycan composition was studied in HELIUS participants (n=57) stratified by genotype and
upon dietary sodium loading in a time-controlled crossover intervention study (n=12).

RESULTS: rs2892799 in NDST3 (heparan sulfate N-deacetylase/N-sulfotransferase 3) showed the strongest interaction
with sodium on mean arterial pressure (false discovery rate 0.03), with higher mean arterial pressure for the C allele in high
sodium conditions. Also, rs9654628 in HS3ST5 (heparan sulfate-glucosamine 3-sulfotransferase 5) showed an interaction
with sodium on systolic BP (false discovery rate 0.03). These interactions were multiethnically validated. Stratifying for
the rs2892799 genotype showed higher urinary expression of N-sulfated heparan sulfate epitope DOSO for the T allele.
Conversely, upon dietary sodium loading, urinary DOSO expression was higher in participants with stable BP after sodium
loading, and sodium-induced effects on this epitope were opposite in individuals with and without BP response to sodium.

CONCLUSIONS: The C allele of rs2892799 in NDST3 exhibits higher BP in high sodium conditions when compared with low
sodium conditions, whereas no differences were detected for the T allele. Concomitantly, both alleles demonstrate distinct
expressions of DOSO, which, in turn, correlates with sodium-mediated BP elevation. These findings underscore the potential
significance of genetic glycosaminoglycan variation in human BP regulation. (Hypertension. 2024;81:2101-2112. DOI:
10.1161/HYPERTENSIONAHA.124.23421.)  Supplement Material.
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constituting a significant portion of the extracellu-

lar matrix." Glycosaminoglycans can be categorized
into unsulfated hyaluronic acid and 4 groups of sulfated
glycosaminoglycans, including heparin/heparan sulfate,
chondroitin sulfate/dermatan sulfate, and keratin sul-
fate? The core disaccharide units of sulfated glycos-
aminoglycans can be modified by the spatiotemporally

Glycosaminoglycans are complex polysaccharides

controlled expression of sulfotransferase and epimerase
enzymes.® Because of secondary modifications, glycos-
aminoglycan biosynthesis is highly heterogenic, which is
essential for facilitating a myriad of biological functions.*®
Sulfated glycosaminoglycans and associated enzymes
are present in both vertebrates and invertebrates.® The
sequence homology between the coding regions of dif-
ferent species can show up to 98% homology.” Together,
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NDST3 Variants Associated With Salt Sensitivity

NOVELTY AND RELEVANCE

What Is New?

Genetic variants in  NDST3 (heparan sulfate
N-deacetylase/N-sulfotransferase 3) and HS3ST6
(heparan sulfate-glucosamine 3-sulfotransferase b5)
genes show interaction with daily sodium consump-
tion on blood pressure.

No salt-sensitive blood pressure response could be
observed in individuals with the T allele of rs2892799
in NDST3. Concomitantly, the T allele is associated with
higher urinary expression of the N-sulfated heparan
sulfate epitope DOSO. Irrespective of genotype, this
epitope significantly differed between salt-sensitive and
salt-resistant individuals after dietary sodium loading.

What Is Relevant?

Genetic variation in metabolic glycosaminoglycan
adaptation enzymes is for the first time linked to salt
sensitivity of blood pressure in humans.

Clinical/Pathophysiological Implications?
Glycosaminoglycans are dynamic polysaccharides that
play an important role in the link between sodium con-
sumption and blood pressure regulation.

In line with earlier observations from controlled clinical
trials, targeting glycosaminoglycan metabolic adapta-
tion may prove to negate the adverse long-term effects
of high sodium consumption.

Nonstandard Abbreviations and Acronyms

BP blood pressure

EPIC-Norfolk European Prospective
Investigation Into Cancer in

Norfolk
FFQ Food Frequency Questionnaire
HELIUS Healthy Life in an Urban Setting
HS3ST5 heparan sulfate-glucosamine

3-sulfotransferase b
MAP mean arterial pressure

NDST3 heparan sulfate N-deacetylase/
N-sulfotransferase 3

SBP systolic blood pressure

SNP single-nucleotide polymorphism

UKBB UK Biobank

this suggests a preserved function across the entire ani-
mal kingdom. Organisms in high-salt environments, such
as sharks, crabs, squids, and mollusks, exhibit complex
and highly sulfated glycosaminoglycan structures®
Additionally, the level of sulfation in glycosaminoglycans
increases with the salinity of the organism’s habitat, sug-
gesting a significant role for glycosaminoglycan sulfation
in adapting to high-salt conditions.?

In humans, dietary patterns have transitioned from pri-
marily consuming fresh foods to processed foods rich in
sodium. Strong and consistent evidence within and across
populations indicates high sodium intake is a significant
risk factor for high blood pressure (BP).'*-'® The extent
to which sodium intake affects BP varies considerably
within and across populations, discriminating salt-sensitive
subjects from salt-resistant ones.'® Evidence from human
and animal studies has demonstrated that sodium is not
exclusively restricted to the extracellular volume and can
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accumulate in tissues without commensurate changes in
body water content.""® In both animal and human studies,
increased tissue salinity after high sodium intake coincides
with increased glycosaminoglycan synthesis, polymeriza-
tion, and sulfation2>" About the role of glycosaminoglycan
sulfation in adaptation to the salinity of the environment in
nonhuman organisms, we hypothesized that genetic dis-
turbances in sodium handling by glycosaminoglycans will
bear consequences for the salt sensitivity of BP. Therefore,
we performed a candidate gene study in Europeans from
the EPIC-Norfolk (European Prospective Investigation Into
Cancer in Norfolk) and UK Biobank (UKBB) cohorts to
investigate the interaction between single-nucleotide poly-
morphisms (SNPs) in genes involved in glycosaminoglycan
and proteoglycan biosynthesis and sodium intake on BP.
Considering the high prevalence of salt sensitivity and high
heritability in non-European populations' and the current
ancestry imbalance in genetic salt-sensitivity studies, we
performed validation in the multiethnic HELIUS (Healthy
Life in an Urban Setting) cohort. glycosaminoglycan
expression patterns were studied among carriers of gly-
cosaminoglycan gene variants and salt-sensitive and salt-
resistant individuals.

METHODS

Data Availablility

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
Besides the sections below, detailed methods are available in
the Supplemental Material.

Study Population
For this candidate gene approach, we studied the interac-
tion between sodium intake and SNPs in glycosaminoglycan

metabolism-associated genes in individuals from the EPIC-
Norfolk and UKBB cohorts. EPIC-Norfolk was used as the
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discovery cohort. Details of both cohorts have been previously
described elsewhere.?2?® Briefly, EPIC-Norfolk is a prospec-
tive population study in 25 639 men and women aged 40 to
79 years who were randomly recruited from general practices
in Norfolk, United Kingdom. Analysis of baseline data showed
that participants were comparable with the national popula-
tion regarding BP and other cardiovascular risk factors such
as kidney function and smoking.” The Norfolk Health District
Ethics Committee approved the EPIC-Norfolk study, and the
EPIC-Norfolk Management Committee approved our analy-
sis (ENDR028_2020). UKBB is a population-based cohort
study of individuals recruited from 22 rural and urban recruit-
ment centers in the United Kingdom. It includes clinical, demo-
graphic, and genotypic information of 500 000 individuals aged
40 to 69 years at the time of inclusion. The National Research
Ethics Service Committee approved UKBB protocols, and the
analyses in this study were conducted under the approved
UKBB application 75038. In both cohorts, we selected all indi-
viduals of European ancestry with complete data for BP, body
mass index (BMI), and urine levels of sodium, potassium, and
creatinine. UKBB participants who withdrew their consent dur-
ing follow-up were excluded.

BP and Urinary Sodium and Potassium

Measurements

In - EPIC-Norfolk, duplicate BP measurements were per-
formed using an automatic noninvasive oscillometric BP
measuring device (Datascope Accutorr Plus; Datascope
Medical) after the subject had been seated for 5 min-
utes.”® UKBB measured seated BP after 5 slow breaths in
a relaxed fashion (Omron 705-IT; Omron Healthcare Inc).2*
The mean of 2 sequential readings was used for analysis in
both cohorts. Mean arterial pressure (MAP) was calculated as
(% * (systolic BP — diastolic BP) + diastolic BP). All par-
ticipants from both cohorts collected a random casual (spot)
urine sample, which was analyzed for sodium, potassium, and
creatinine concentrations. Spot urine sodium excretion was
used to estimate daily sodium intake by calculating 24-hour
sodium excretion using the Kawasaki formula® and the Tanaka
formula?® for validation (Appendix S1). After applying the
Kawasaki formula, outliers for sodium excretion were excluded
if values were 3x the interquartile range below or above the
first and third quartiles, respectively.

Selection of Relevant SNPs

Reactome was used to identify genes involved in synthesizing
and modifying keratin sulfate, heparan sulfate, chondroitin sul-
fate, and hyaluronic acid.?” With PLINK2 software,232° all SNPs
located at autosomal chromosomes within the genomic regions
of these genes or within =10 kbp of these genomic regions
were selected for our analysis. Literature was searched for the
identification of additional relevant genes in glycosaminoglycan
homeostasis.

Genotyping, Genomic Imputation, and Quality

Control

EPIC-Norfolk and most (=90%) UKBB samples were geno-
typed on the UKBB Axiom Array. A small part (10%) of the
UKBB samples was genotyped on Affymetrix UK BILEVE
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Axiom Array, which shared 95% coverage with the UKBB
Axiom Array.2® Imputation in EPIC-Norfolk and UKBB was per-
formed centrally into the same reference panels. The Haplotype
Reference Consortium reference panel was used as the primary
reference; SNPs that did not occur on this panel were imputed
with the UK10K and 1000G reference panels. Our analysis was
conducted with version 3 of the UKBB imputed data for which
the UKBB centrally applied quality control filters for imputation.®!
In EPIC-Norfolk, we selected SNPs based on 3 thresholds
for quality control: (1) minor allele frequency >0.01, (2) INFO
score >0.4, and (3) Hardy-Weinberg equilibrium P>1x1075 We
used the minor allele dosage effect (homozygous for derived
allele=dosage score 2) to study the interaction between daily
sodium consumption and glycosaminoglycan genes.

Statistical Analysis

Continuous data were expressed as mean and SD for para-
metric data. The median and interquartile range, visualized with
values for quartile 1 (Q1) and quartile 3 (Q3), were used for non-
parametric variables. For MAP, 2 linear regression models were
corrected for age, age?, sex, and BMI. The first model was fitted
with estimated 24-hour sodium intake and SNP (minor allele
dosage score) as independent variables, and the second model
was the same as the first model but also included an interaction
term for estimated 24-hour sodium intake and SNP. The likeli-
hood ratio test was used to test the significance of adding the
interaction term to the model. A false discovery rate adjusted
P value of <0.05 of this likelihood ratio test was considered
significant and indicated an interaction between the SNP and
estimated 24-hour sodium intake. SNPs that showed a signifi-
cant interaction with both formulas for estimated sodium intake
on BP in the discovery cohort were also selected in UKBB to
explore the interaction. The above analyses were also replicated
for systolic and diastolic BP. Furthermore, a sensitivity analysis
was performed for MAP with only individuals without antihyper-
tensive medication. Statistical analyses were performed using
RStudio (R version 4.1.3; RStudio Team). METAL analysis soft-
ware®? was used to perform a meta-analysis. Pvalues and direc-
tion of effect, weighted according to sample size, were used to
combine P values without genomic control correction.

Multiethnic Replication Analysis

The top SNPs in the meta-analysis were validated using base-
line data of the HELIUS cohort to assess coherence across
different genetic ancestries. The HELIUS study is an ongoing
prospective cohort study with baseline visits between 2011 and
2015 in Amsterdam, the Netherlands. The study design and
aims of this study have previously been described elsewhere.®®
Briefly, based on the municipality register of Amsterdam,
people aged 18 to 70 years were randomly invited to partici-
pate, stratified by ethnic origin (Dutch, Surinamese, Ghanaian,
Turkish, or Moroccan). Recruitment and the definition of eth-
nic origin are described in Appendix S2. This study measured
BP after b minutes of seated rest using a validated semiauto-
matic oscillometric device (Microlife WatchBP Homel; Microlife
AG) and appropriate cuff sizes. For the validation analysis, we
included participants with available data for BP and estimated
sodium intake using ethnicity-specific FFQs (Food Frequency
Questionnaires), which were administered to a group of 5084
participants (not in Ghanaian origin participants).®* We excluded
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those with implausible calorie intake, those who filled in the
wrong ethnicity-specific FFQ based on ethnicity, and those with
very high or very low sodium intake (Appendix S3).%° We further
selected participants for whom genetic data were available. In
total, 2239 participants could be included in the analyses (522
of South-Asian Surinamese, 296 of African Surinamese, 452
of Turkish, 607 of Moroccan, and 362 of Dutch origin). By using
the Dutch Food Composition Table, sodium intake was esti-
mated from these questionnaires as is described in Appendix
5336 The medical ethical review board of the Amsterdam
University Medical Center, location Academic Medical Center,
approved the HELIUS study. All participants provided written
informed consent before data collection, and the study was
conducted according to the principles of the Declaration of
Helsinki. The HELIUS board approved the current analysis
(210925).

Functional Relevance of Identified
Glycosaminoglycan Genes for
Glycosaminoglycan Composition and Salt-
Sensitive BP Response

To investigate whether the identified genotypes affect the syn-
thesis of glycosaminoglycan disaccharides, we selected Dutch
origin HELIUS participants to analyze urinary glycosaminoglycan
composition (ie, urinary excretion of heparan sulfate disaccha-
rides (DOAO [AUA-GIcNAc], DOSO [AUA-GIcNS], DOAG [AUA-
GIcNACcBS], D2A0 [AUA2S-GIcNAc], DOS6 [AUA-GIcNS6BS],
D250 [AUA2S-GIcNS]), dermatan sulfate disaccharides
(D0a10 [AUA-GalNAc4S6S] and DOad [AUA-GalNAc4S)). In
spot urine samples, we measured urinary glycosaminoglycan
excretion with a validated high-performance liquid chromatog-
raphy with mass spectrometry/mass spectrometry and adjusted
the disaccharide concentrations for creatinine concentrations
of the urine samples3™® Within the Dutch participants, we
excluded all active smokers, participants with diabetes (based
on self-report or increased fasting glucose [>7 mmol/L] or use
of glucose-lowering medication) or chronic kidney disease (The
Kidney Disease: Improving Global Outcomes [KDIGO] stage |l
t/m IV or microalbuminuria =20 mg/L), and participants using
antihypertensive medication or steroids (anatomical therapeutic
chemical codes C02, CO3, CO7-C09, HO2, and DO7). We strat-
ified for rs2892799 (CC, CT, and TT). With 1:1 nearest neighbor
matching without replacement, we matched 19 individuals from
each group based on sex, age, BM|, systolic BP (SBP), diastolic
BP, smoking, and kidney function (estimated glomerular filtra-
tion rate, Chronic Kidney Disease Epidemiology Collaboration
[CPD-EPI]). This resulted in 57 individuals in which urinary gly-
cosaminoglycan composition could be analyzed.

To assess differences in glycosaminoglycan composition
between individuals with a salt-sensitive BP rise after a high-
sodium diet and salt-resistant subjects, we measured 24-hour
urinary glycosaminoglycan excretion in 24-hour urine after a
dietary sodium load of 7 days. Also in these samples, the gly-
cosaminoglycan concentration was adjusted for the creatinine
concentrations. This study was conducted in the Amsterdam
University Medical Center, location Academic Medical Center,
the Netherlands, after approval of the local ethics commit-
tee (Dutch Trial register ID NL3933). Twelve nonsmoking
men between 18 and 40 years old, with BP below 140/90
mm Hg, BMI <30 kg/m?, and normal renal function (defined as
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creatinine clearance >60 mL/min and absence of proteinuria)
were subjected to a 7-day low-sodium diet (<50 mmol sodium
per day)—which was considered as the baseline—and a 7-day
high-sodium diet (>200 mmol sodium per day), in randomized
order. Between the diets, there was a washout period of 7 to 14
days before participants switched to the other diet. After each
diet, brachial BP was measured in a supine position after at
least 10 minutes of supine rest. With a validated semiautomatic
device (Omron 705-IT; OMRON Healthcare), we performed 5
sequential measurements, of which the mean of the last 2 read-
ings was used to identify a salt-sensitive BP response (defined
in our study as 21 mm Hg MAP increase by comparing BP
after the low and high-sodium diet). Written informed consent
was obtained from all subjects, and the study was conducted in
accordance with the Declaration of Helsinki.

Data Availability Statement

The data supporting this study’s findings are available from
EPIC-Norfolk, UK Biobank, and HELIUS. Restrictions apply to
the availability of these data, which were used under license
for this study. Researchers interested in access to the data
may contact these individual organizations. Raw data from the
sodium intervention trial can be obtained via the corresponding
author (L. Vogt) upon reasonable request.

Code Availability Statement

All code for data cleaning and analysis associated with this
publication can be obtained via the corresponding author (L.
Vogt) upon reasonable request.

RESULTS
Characteristics of Study Participants

The selection of participants from EPIC-Norfolk and
UKBB is shown in Figure S1. A total of 20 420 par-
ticipants from EPIC-Norfolk and 414 132 from UKBB
were included. The baseline characteristics of the partici-
pants in both cohorts are presented in Table 1.

The percentage of men in EPIC-Norfolk and UKBB
(46.6% versus 45.9%) and the mean age (59 years
versus 57 years) were comparable. BMI was higher in
UKBB (26.3 [SD 3.8] versus 27.4 [SD 4.7] kg/m?), as
was the percentage of participants using antihyperten-
sive medication (18.0% versus 20.6%). In UKBB, par-
ticipants had lower estimated 24-hour sodium excretion
(198.0 [SD 63.5] versus 178.0 [SD 52.2] mmol/day) and
higher estimated 24-hour potassium excretion (68.7 [SD
16.7] versus 71.0 [SD 14.9] mmol/day).

Selected SNPs for Analysis

Reactome (date of access: June 28, 20292) revealed
124 proteins involved in glycosaminoglycan metabolism.
Literature research revealed 6 (EXTL1, EXTL2, EXTLS3,
FAM20B, SULF1, and SULF2) additional relevant genes,
which were added to our analysis.®***! Table S1 depicts
all selected genes and their corresponding genomic

Hypertension. 2024;81:2101-2112. DOI: 10.1161/HYPERTENSIONAHA.124.23421
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Table 1. Characteristics of Study Populations

NDST3 Variants Associated With Salt Sensitivity

Characteristics Discovery (EPIC-Norfolk) Replication (UKBB)
n 20 420 414132

Men, % 46.4 45.9

Age, y 5949 5748

Body mass index, kg/m? 26.3+3.8 27.4+4.7
Systolic blood pressure, mm Hg 135.3+18.2 138.0+18.6
Diastolic blood pressure, mm Hg 82.5+11.1 82.2+10.1
Hypertension, % 47.0 52.9
Antihypertensive medication, % 18.0 20.6

eGFR, CKD-EPI, mL/min 1.73 m? 72.9 (63.3-84.3) 82.6 (69.4-95.1)
Daily sodium excretion, mmol/d 198.0+63.5 178.0+52.2
Daily potassium excretion, mmol/d 68.7£16.7 71.0£14.9

Data are depicted as mean (SD) or median (IQR). Hypertension is defined as SBP >140 mm Hg or DBP
>90 mm Hg or use of antihypertensive drugs. Daily sodium and potassium consumption were calculated with
the Kawasaki formula, which is presented in Appendix S1. CKD-EPI indicates Chronic Kidney Disease Epide-
miology Collaboration; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; EPIC-Norfolk,
European Prospective Investigation Into Cancer in Norfolk; IQR, interquartile range; SBP, systolic blood pres-

sure; and UKBB, UK Biobank.

locations used in our study. The genetic locations (+10
kbp) contained 200 990 unique SNPs in the EPIC-
Norfolk cohort, of which 54 126 SNPs met our thresh-
olds for quality control (Figure S2).

Sodium and Glycosaminoglycan SNP
Interaction on BP

In the discovery cohort, 282 SNPs showed a significant
interaction with both Kawasaki- and Tanaka-based esti-
mated 24-hour sodium intake on MAP (Figure 1A). For
diastolic BP and SBP, 323 and 53 significant variants
were found, respectively (Figure S3; Figure 1B). The top
SNPs of each glycosaminoglycan gene are depicted
in Table S2. A flowchart showing the significance of
SNPs in the discovery (Kawasaki) and interval validation
(Tanaka) phase and the total number of SNPs analyzed
in UKBB is visualized in Figure S4.

Of the significant SNPs for MAP, 269 variants were
also available in UKBB. The meta-analysis of these vari-
ants in both cohorts showed a false discovery rate signifi-
cant Pvalue for 111 SNPs on chromosome 4 (Table S3).
Conditional analysis revealed that these 111 SNPs were
represented by 1 signal in which rs2892799 represented
the strongest association (Table 2). None of the significant
SNPs for diastolic BP (317 variants available) remained
significant in the meta-analysis combining EPIC-Norfolk
and UKBB. For SBP, 51 variants were also available in
UKBB, all of which remained significant in the meta-
analysis (Table S4). These variants were represented by
3 signals: rsb6843725, rs4438821, and rs9654628
(Table 2). Of these signals, rs66843725 and rs4438821
were also represented by the signal of rs2892799 for
MAP (Table S3). In the sensitivity analysis, which included
only participants without antihypertensive medication, no
significant SNPs could be observed for MAP.

Hypertension. 2024;81:2101-2112. DOI: 10.1161/HYPERTENSIONAHA.124.23421

Multiethnic Replication of Significant Variants
With FFQ Estimated Sodium Intake Tertiles

For our multiethnic replication in the HELIUS study,
2239 genotyped participants with complete BP and
sodium intake data were available (Figure Sb). Of these
participants, the majority were of Moroccan (27.1%) and
South-Asian Surinamese (23.3%) descent (Table 3;
Table S5 for characteristics per ethnic group). The mean
age was 47 (SD 12) years, which is lower than the mean
age in EPIC-Norfolk and UKBB. The mean BMI was 27.2
(SD 4.9) kg/m?, comparable to the other cohorts. Of the
participants, 18.1% used antihypertensive medication.

We stratified the subjects according to the alleles of
significant SNPs: rs2892799 (T and C) and rs9654628
(A and G). rsb6843725 and rs4438821 were not gen-
otyped in the HELIUS study. We further stratified this
multiethnic cohort according to the highest and lowest
tertiles of sodium consumption (low and high subgroups).
We observed significantly higher SBP for the A allele of
rs9654628 during high sodium intake but not for the G
allele (Figure 2A; Figure S6 stratified for ethnicity). For
rs2892799, we observed higher MAP for the C allele
after high sodium intake, while no effect of sodium was
observed for the T allele (Figure 2B; Figure S7 stratified
for ethnicity).

Relevance of the N-Sulfated DOS0 Heparan
Sulfate Epitope in the Salt-Sensitive BP
Response

rs2892799 is an intron variant that is mapped within
the NDST3 (heparan sulfate N-deacetylase/N-
sulfotransferase 3) gene. NDST3 belongs to the fam-
ily of NDST genes (NDST 1-4), coding for bifunctional
enzymes that catalyze N-deacetylation and N-sulfation
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Figure 1. Miami plots showing variants which have a significant interaction with sodium on blood pressure.

A, Miami plot for mean arterial pressure results of EPIC-Norfolk (European

Prospective Investigation Into Cancer in Norfolk). B, Miami plot for

systolic blood pressure results of EPIC-Norfolk. The significance of the interaction term of individual single-nucleotide polymorphisms over
the model without the interaction term is visualized. The upper part of the graphs shows the significance for sodium intake estimated by the

Kawasaki formula. The lower part of the graphs shows the results with esti

mated sodium intake using the Tanaka formula. Single-nucleotide

polymorphism rsIDs as well as the corresponding glycosaminoglycan gene genomic region are visualized. The dotted line represents the false
discovery rate <0.05 significance level. K indicates Kawasaki; rsID, reference single-nucleotide polymorphism identification number; and T,

Tanaka.

of N-acetylglucosamine residues in heparan sulfate. Of
the 2239 participants used in the analyses, we selected
57 Dutch-originated HELIUS participants based on the
rs2892799 genotype (Figure S8). After stratification by
rs2892799 alleles, we observed different expressions
of N-sulfated heparan sulfate epitopes between Cand T
alleles. The T allele showed higher expression of DOSO
as a proportion of heparan sulfate and lower expression
of DOS6&D2S0 than the C allele (Figure 3A).

Table 2. Results of the Meta-Analysis of EPIC-Norfolk and UKBB

Next, we performed a randomized sodium inter-
vention trial in healthy male volunteers to investigate
differences in sodium-induced effects on heparan sul-
fation patterns. In this trial, we measured N-sulfated
(DOSO and DOS6&D2S0) and N-acetylated (DOAO and
DOAB&D2A0) heparan sulfate-glucosamine residues in
24-hour urine (Figure 3B through 3D) of 12 normoten-
sive men with a mean age of 23 (4) years, normal kid-
ney function (creatinine 79.0 [12.1] pmol/L), and body

Direction of effect | Kawasaki Tanaka
BP trait rsID CHR | POS Gene region Al A2 MAF meta-analysis FDR-P value | FDR-P value
MAP rs2892799 4 119124720 NDST3 T C 0.18 (T) ++ 0.034 0.039
SBP rs56843725 4 119126987 NDST3 | D 0.14 () - 0.027 0.042
rs4438821 4 118949069 NDST3 T C 0.14 (T) ++ 0.027 0.042
rs9654628 6 114572043 HS3ST5 A G 0.02 (G) | —— 0.027 0.048

A1 indicates allele 1; A2, allele 2; BP, blood pressure; CHR, chromosome; EPIC-Norfolk, European Prospective Investigation Into Cancer in Norfolk; FDR, false rate
discovery; MAF, minor allele frequency; MAP, mean arterial pressure; POS, position based GRCh37; rsID, reference single-nucleotide polymorphism identification number;

SBP, systolic blood pressure; and UKBB, UK Biobank.
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Table 3. Characteristics of Multiethnic HELIUS Cohort

Characteristics All
n 2239
Men, % 42.6
Age, y 47 (12)
BMI, kg/m? 27.2 (4.9)
Ethnicity
Dutch, % 16.2
South-Asian Surinamese, % 23.3
African Surinamese, % 138.2
Turkish, % 20.2
Moroccan, % 271
SBP, mm Hg 128.5 (17.8)
DBP, mm Hg 79.1 (10.5)
Hypertension, % 35.7
Antihypertensive medication, % 18.1
eGFR, CKD-EPI, mL/min 1.73 m? 100.7 (88.6-110.9)

Data are depicted as mean (SD) or median (interquartile range). Hypertension
is defined as SBP >140 mm Hg or DBP >90 mm Hg or use of antihyperten-
sive drugs. Daily sodium consumption was estimated based on Food Frequency
Questionnaires. BMI indicates body mass index; CKD-EPI, Chronic Kidney Dis-
ease Epidemiology Collaboration; DBP, diastolic blood pressure; eGFR, estimated
glomerular filtration rate; HELIUS, Healthy Life in an Urban Setting; and SBP,
systolic blood pressure.

weight (75.7 [6.8] kg). After successful dietary sodium
loading, BP increased in 6 participants (Table S6). After
the low-sodium diet, we observed a lower proportion of
N-sulfated DOSO in subjects showing a salt-sensitive BP
increase (Figure 3B). After sodium loading, we observed
differences between salt-resistant and salt-sensitive indi-
viduals in the expression of N-sulfated DOSO, while no
differences in N-acetylated residues could be observed
(Figure 3C). Also, the ratio of N-sulfated/N-acetylated
residues before sodium loading shows a significant nega-
tive correlation with high sodium-induced changes in MAP
independent of a definition for salt sensitivity (Figure 3D).
rs9654628 is an intron variant mapped to HS3STH
(heparan sulfate-glucosamine 3-sulfotransferase 5),
an enzyme involved in 3-O-sulfation of glucosamine
residues.*? 3-O-sulfation could not be measured in this
study using high-performance liquid chromatography
with mass spectrometry/mass spectrometry.

DISCUSSION

In this candidate gene study, we explored interactions
between 54 126 variants in 130 glycosaminoglycan
genes and sodium on BP in >436 000 individuals.
We show that in individuals carrying the C allele of
rs2892799, the difference in MAP between those in
high and low sodium conditions is more extensive when
compared with individuals carrying the reference allele
(T). In a multiethnic validation cohort, we showed that
the C allele was associated with a 2.7% higher MAP in
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individuals with high sodium intake than in individuals with
low sodium intake. In comparison, this was 1.2% for the T
allele. Variant rs2892799 is mapped to an intronic region
in the NDST3 gene, a bifunctional enzyme involved in both
N-deacetylation and N-sulfation of N-acetylglucosamine
residues in heparan sulfate and heparin.** We further
showed in the observational HELIUS cohort that the
N-sulfated DOSO heparan sulfate epitope expression
was 9.1% higher for the T-allele genotype. Conversely,
our time-controlled sodium intervention study of DOSO
expression in response to high sodium intake showed an
increased expression of DOSO in salt-sensitive individuals
and a decrease in salt-resistant individuals. In our multi-
ethnic cohort, we also validated the association between
SBP and a variant mapped to H3ST5 (rs9654628),
resulting in a 1.5% higher SBP during high sodium
intake for the A allele, while for the G allele, the differ-
ence was —1.9%. These results might imply an important
role for glycosaminoglycan metabolism genes—NDST3
and H3ST5 especially—in sodium-related BP regulation.

NDST enzymes are vital in determining sulfation
motifs of the developing heparan sulfate chain.**#
NDST3 shows high deacetylase activity and low sulfo-
transferase activity.”® The Genotype-Tissue Expression
(GTEx) database shows rs2892799 is associated with
increased NDST3 expression in thyroid tissue of homo-
zygotes of the derived C allele (n=574; P=3.0x107%).47
This might, regarding the biological activity of NDSTS3,
result in reduced sulfation of heparan sulfate for C allele
associated genotypes. With regard to sodium homeo-
stasis, the amount of sulfate groups is highly important
because sulfate groups strongly increase the nega-
tive charge density of glycosaminoglycans and thereby
determine interactions with positively charged ions such
as sodium.2°#® |n patients with heart failure—known to
have high skin sodium content—it was shown that skin
biopsies contained a 56% higher amount of sulfated
glycosaminoglycans and increased sulfation per disac-
charide compared with healthy controls.**® This is in line
with the observation that aquatic invertebrates increase
the amount of sulfated glycosaminoglycans as a func-
tion of their habitat's salinity."” The exact role of changed
sulfation of thyroid heparan sulfate by rs2892799 on
thyroid function is unclear. However, thyroid function is
associated with the expression of heparan sulfate in tis-
sues.® In skin and muscle, expression of both NDST3
mRNA and protein is low.°>*®* The GTEx database also
shows increased serine protease 12 (PRSS19) expres-
sion in skin tissue of rs2892799 C-allele homozygotes
(n=b517; P=3.9%x107").47 PRSS12 encodes the serine
protease neurotrypsin, representing an NDST3 neigh-
boring gene on chromosome 4. Agrin, a major heparan
sulfate proteoglycan, can be cleaved by neurotrypsin at 2
homologous, highly conserved sites.>* The function of the
cleavage of agrin by neurotrypsin has been mainly inves-
tigated in the central nervous system. It has been shown
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A rs2892799 and MAP (All participants, n=1493)

Figure 2. Blood pressure stratified for
rs2892799 and rs9654628 alleles and
sodium intake estimated with Food
Frequency Questionnaires in the
multi-ethnic HELIUS (Healthy Life in
an Urban Setting) cohort.

A, Mean arterial pressure stratified

for rs2892799 alleles and estimated
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to be important in synapse formation, maintenance
and plasticity, and the maturation of the neuromuscular
junction.?®% Neurotrypsin and agrin have not previously
been associated with BP or salt sensitivity. Agrin was
included in this analysis but did not show a significant
interaction with sodium on BP.

Although follow-up studies are needed to investi-
gate the exact working mechanism of rs2892799, we
observed lower expression of DOSO for the C allele and
salt sensitives from our sodium intervention study. Con-
comitantly, the C allele was associated with salt sensi-
tivity in our candidate gene study. These data suggest
that variant rs2892799 might influence the N-sulfation

2108  October 2024

of heparan sulfate and thereby affect the interaction with
sodium on BP. Because we measured urinary glycos-
aminoglycan expression, follow-up studies are needed
to investigate the effect of rs2892799 on sulfation pat-
terns of heparan sulfate in different tissues and how this
effect is mediated.

Previous GWASs have revealed several loci showing
interaction with sodium on BP. However, experimental
evidence and biological relevance of these loci in BP
regulation are often lacking.®-®® These studies inves-
tigated over 17 500 individuals, yet all were of Asian
descent, and results were not validated in other ethnic
backgrounds. Li et al®® showed an interaction of a UST

Hypertension. 2024;81:2101-2112. DOI: 10.1161/HYPERTENSIONAHA.124.23421
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Figure 3. Heparan sulfate expression in relation to rs2892799 genotype and blood pressure (BP) phenotypes.

A, Expression of heparan sulfate disaccharides in spot urine of HELIUS (Healthy Life in an Urban Setting) participants stratified for rs2892799
genotype. The X axis represents the median percentage of the individual disaccharides with regard to total heparan sulfate. The error bar
represents the interquartile range. B, Expression of heparan sulfate disaccharides in 24-hour urine after a 7-day low (50 mmol Na* per day)
and 7-day high (200 mmol Na* per day) diet stratified for individuals with BP increase and individuals with stable BP. The x axis represents

the median percentage of the individual disaccharides with regard to total heparan sulfate. The error bar represents the interquartile range. C,
Sodium-induced effects on the median percentage of the individual disaccharides with regard to total heparan sulfate stratified for individuals
with BP increase after sodium loading and individuals with no BP increase. D, A significant correlation exists between the ratio of N-sulfated/N-

acetylated residues before sodium loading and BP response to sodium (r=—0.66; F=0.02). The dotted red line represents the error of
confidence of the regression. The notation of glycosaminoglycan disaccharides is as follows®®: DOAO=AUA-GIcNAc, DOSO=AUA-GIcNS,
DOAB6=AUA-GIcNAc6S, D2A0=AUA2S-GIcNAc, DOS6=AUA-GIcNS6S, D2S0=AUA2S-GIcNS. *F<0.05 when compared with individuals

with BP increase. MAP indicates mean arterial pressure.

(uronyl 2-sulfotransferase) variant with sodium intake on
BP in an Asian population. Like NDST3 and HS3ST5,
UST is a sulfotransferase enzyme that transfers sulfate to
the 2-position of uronyl residues of dermatan and chon-
droitin sulfate. No associations with UST variants could
be found in our study in which other ethnicities were
included. This might imply that the interaction between
glycosaminoglycans and sodium differs between ethnic
groups. According to the allele frequencies observed
in the 1000 Genomes Project, the derived C allele of
rs2892799 is the major allele in European, American,
and Asian populations. In contrast, the T allele is the
major allele in African populations.®’ Because our data
suggest the C allele is associated with salt sensitivity, this
might contrast with the high prevalence of salt sensitivity
in people of African descent. Therefore, studies investi-
gating tissue sodium and genotype interaction should be
performed in different ethnic groups.

Previous non-BP-focused GWASs have shown asso-
ciations between NDST3 and the development of mental
disorders such as schizophrenia, anxiety, and bipolar dis-
orders.52-%4 No previous BP or salt sensitivity associations
were reported. Other NDST isoforms have been investi-
gated in animal studies to explore the effect of N-sulfation
on vascular health and endothelial function.°%¢ An in
vitro study showed that proinflammatory cytokines can
increase NDST expression, leading to increased sulfa-
tion of heparan sulfate.®” In humans, it was also demon-
strated that monocyte influx and concomitant alterations

Hypertension. 2024;81:2101-2112. DOI: 10.1161/HYPERTENSIONAHA.124.23421

in lymphatic skin vasculature are pivotal for adequate
BP regulation in high sodium conditions.5® These data
suggest that NDST activity and N-sulfation of hepa-
ran sulfate might not only affect sodium homeostasis
by increasing the amount of negatively charged sulfate
groups in tissues (and thereby increasing salinity toler-
ance) but possibly also by modulating monocyte activa-
tion/migration and affecting the immunologic pathways
involved in salt sensitivity.

For SBP, we observed an interaction for 2 NDST3
variants, of which rs2892799 showed the strongest
association in the conditional analysis. Besides, an inter-
action between 24-hour sodium intake and rs9654628
(mapped to HS3ST5) on SBP was observed. HS3STH
belongs to a group of heparan 3-O-sulfotransferases and
is involved in generating anticoagulant active heparan
sulfate (heparin).?® Oral heparin treatment prevented the
increase in SBP in rats on a high-sodium diet.”® Notice-
ably, like NDST isotypes, heparan 3-O-sulfotransferase
isotypes might also affect BP via their crucial role in
endothelial glycocalyx structure and subsequent vascu-
lar homeostasis.”" Indeed, glycocalyx restoration with gly-
cosaminoglycan supplementation has shown to reduce
BP in multiple controlled clinical trials—an effect that may
directly be explained by the interaction between sodium
and the endothelium,'87273

To our knowledge, this is the first candidate gene
approach studying the role of glycosaminoglycan
metabolism in the salt sensitivity of BP. We showed
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an interaction between 2 variants (rs2892799 and
rs9654628) on BP, and we replicated these findings
in 3 cohorts, of which 1 was a multiethnic cohort, with
a total of over 436 000 individuals. Furthermore, as we
acknowledge difficulties in estimating sodium intake with
random casual urine samples, we used 2 different for-
mulas together with FFQ to estimate 24-hour sodium
intake. We only selected variants for replication, which
showed significance for both formulas. Also, we could
show the biological relevance and importance of our
variant in heparan sulfate composition and salt sensi-
tivity by a dietary sodium intervention. However, certain
limitations of our analysis need to be considered. With
this candidate gene approach, we selectively investi-
gated over 200 000 variants of our interest. Therefore,
other mechanisms in the relationship between sodium
and BP cannot be discovered. However, with this design,
in contrast to, for example, GWASs, we observed small
BP effects after correction for other confounders such
as age, sex, and BMI. Also, the complexity of glycosami-
noglycan metabolism might suggest a more complex
polygenetic interaction between sodium and glycosami-
noglycan genes on BP, which is not investigated in this
study. Different variants might also be discovered when
a large multiethnic cohort is used as a discovery cohort.
Finally, the relationship between glycosaminoglycan-
mediated sodium accumulation and BP extends beyond
glycosaminoglycans and involves immune system path-
ways and new lymph vessel formation.®® Genetic variants
in these pathways might also influence the salt sensitivity
of BP.

PERSPECTIVES

This study shows for the first time that genetic variation
in metabolic glycosaminoglycan adaptation enzymes is
linked to the salt sensitivity of BP in humans. Variants
in 2 genes (NDST3 and HS3ST5) show an interaction
with sodium consumption on BP in 2 European and 1
multiethnic cohort. Furthermore, we were able to show
that genotypes of the NDST3 variant (rs2892799) show
different expression of DOSO heparan sulfate epitope
in urine. This epitope shows, irrespective of genotype,
a different expression between salt-sensitive and salt-
resistant individuals after dietary sodium loading. In line
with earlier observations from controlled clinical trials,
our study presents new evidence that targeting glycos-
aminoglycan metabolic adaptation may prove to negate
the adverse long-term effects of high-salt consumption.
Further studies are needed to investigate how the inter-
action between sodium consumption and glycosami-
noglycans relates to other recently uncovered crucial
pathways contributing to hypertension development,
such as proinflammatory, gut microbiomal, and metabo-
lomic alterations.

2110  October 2024

NDST3 Variants Associated With Salt Sensitivity

ARTICLE INFORMATION
Received May 27, 2024; accepted June 19, 2024.

Affiliations

Department of Internal Medicine, Section of Nephrology (J.J.O, MAR, GN.S,
RH.G.O.E, LV), Department of Clinical Epidemiology and Biostatistics (B.F,
AH.Z), Department of Cardiology (SM.B.), Department of Public and Occu-
pational Health, Amsterdam Public Health (H.G,, B-J.H.B.), and Department of
Internal Medicine, Section of Vascular Medicine, Amsterdam University Medical
Center location University of Amsterdam, Meibergdreef 9, the Netherlands (B--
JH.B.). Amsterdam Cardiovascular Sciences, the Netherlands (J.J.0., RH.G.O.E,
LV, SMB, B-JHB).

Acknowledgments

This research has been conducted using the EPIC-Norfolk (European Pro-
spective Investigation Into Cancer in Norfolk) cohort under application number
ENDRO028-2020. The authors are grateful to all the participants who have been
part of the project and the many members of the study teams at the University of
Cambridge who have enabled this research. The UK Biobank Resource was used
under application number 76038. The authors are grateful to all the participants
and dedicated staff members based in multiple locations across the United King-
dom. Data from the HELIUS study (Healthy Life in an Urban Setting) were used
under application numbers 210925 and 200605. The authors are grateful to all
the participants and dedicated staff members who have enabled this research.
The authors thank Dr Mary Nicolaou for collecting data on dietary patterns with
Food Frequency Questionnaires and helping us analyze sodium intake in HELIUS
participants.

Author Contributions

H. Galenkamp, AH. Zwinderman, and B.-J.H. van den Born are involved in the
design and data collection of the HELIUS study. J.J. Oppelaar, M. A. Romman,
and G. N. Sahebdin analyzed sodium intake using the FFQs (Food Frequency
Questionnaires) of the HELIUS study. RH.G.O. Engberink and J.J. Oppelaar
conducted the sodium intervention trials in volunteers and analyzed the data.
J.J. Oppelaar and B. Ferwerda performed the statistical analyses in EPIC-
Norfolk, UK Biobank, and HELIUS. S.M. Boekholdt supervised the analysis in
EPIC-Norfolk. J.J. Oppelaar and L. Vogt interpreted the data and drafted the
manuscript. All authors reviewed the manuscript and approved the final version.
L. Vogt supervised the sodium intervention trials and the analysis performed in
this study.

Sources of Funding

This work was supported by funding from the Dutch Kidney Foundation (Se-
nior Kolff grant number 180KG12 to L. Vogt). The EPIC-Norfolk study (Eu-
ropean Prospective Investigation Into Cancer in Norfolk) has received funding
from the Medical Research Council (MR/N003284/1 and MC-UU_12015/1)
and Cancer Research UK (C864/A14136). The genetics work in the EPIC-
Norfolk study was funded by the Medical Research Council (MC_PC_13048).
The UK Biobank has received funding from the Wellcome Trust and UK Medi-
cal Research Council, the Department of Health, the Scottish Government, the
Northwest Regional Development Agency, the British Heart Foundation, and
Cancer Research UK. The Academic Medical Center of Amsterdam and the
Public Health Service of Amsterdam (GGD Amsterdam) provided core financial
support for HELIUS (Healthy Life in an Urban Setting). The HELIUS study is
also funded by research grants from the Dutch Heart Foundation (Hartsticht-
ing; grant No. 2010T084), the Netherlands Organization for Health Research
and Development (ZonMw; grant No. 200600003), the European Integration
Fund (grant No. 2013EIF013), and the European Union (Seventh Framework
Program grant No. 278901).

Disclosures
None.

REFERENCES

1. Silva JC, Carvalho MS, Han X, Xia K, Mikael PE, Cabral JMS, Ferreira FC,
Linhardt RJ. Compositional and structural analysis of glycosaminoglycans
in cell-derived extracellular matrices. Glycoconj J. 2019;36:141-154. doi:
10.1007/s10719-019-09858-2

2. Casale J, Crane JS. Biochemistry, Glycosaminoglycans. StatPearls Publish-
ing; 2019.

Hypertension. 2024;81:2101-2112. DOI: 10.1161/HYPERTENSIONAHA.124.23421



Oppelaar et al

3.

20.

21.

22.

23.

Hypertension. 2024;81:2101-2112. DOI: 10.1161/HYPERTENSIONAHA.124.23421

Mikami T, Kitagawa H. Sulfated glycosaminoglycans: their dis-
tinct roles in stem cell biology. Glycoconj J. 2017;34:725-735. doi:
10.1007/510719-016-9732-9

. Ohtsubo K, Marth JD. Glycosylation in cellular mechanisms of health and

disease. Cell. 2006;126:855-867. doi: 10.1016/j.cel.2006.08.019

. Afratis N, Gialeli C, Nikitovic D, Tsegenidis T, Karousou E, Theocharis AD,

Pavédo MS, Tzanakakis GN, Karamanos NK. Glycosaminoglycans: key play-
ers in cancer cell biology and treatment. FEBS J. 2012;279:1177-1197.
doi: 10.1111/}.1742-4658.2012.08529.x

. Medeiros GF, Mendes A, Castro RAB, Bal EC, Nader HB, Dietrich CP. Dis-

tribution of sulfated glycosaminoglycans in the animal kingdom: widespread
occurrence of heparin-like compounds in invertebrates. Biochim Biophys
Acta. 2000;1475:287-294. doi: 10.1016/s0304-4165(00)00079-9

. Minchin RF, Lewis A, Mitchell D, Kadlubar FF, McManus ME. Sulfo-

transferase 4A1. Int J Biochem Cell Biol. 2008;40:2686-2691. doi:
10.1016/j.biocel.2007.11.010

. Mizumoto S, Murakoshi S, Kalayanamitra K, Deepa SS, Fukui S,

Kongtawelert P, Yamada S, Sugahara K. Highly sulfated hexasaccharide
sequences isolated from chondroitin sulfate of shark fin cartilage: insights
into the sugar sequences with bioactivities. Glycobiology. 2013;23:156—
168. doi: 10.1093/glycob/cws 137

. Yamada S, Sugahara K, Ozbek S. Evolution of glycosaminoglycans: com-

parative biochemical study. Commun Integr Biol 2011;4:150-158. doi:
10.4161/cib.4.2.14547

. Karamanos NK, Tsegenidis T, Antonopoulos CA. Study of the glycosamino-

glycans from squid skin. Comp Biochem Physiol B. 1986;85:865-868. doi:
10.1016/0305-0491(86)90188-4

. Dietrich CP, Nader HB, de Paiva JF, Santos EA, Holme KR,

Perlin AS. Heparin in molluscs: chemical, enzymatic degradation and 13C
and 1H n.m.r. spectroscopical evidence for the maintenance of the struc-
ture through evolution. Int J Biol Macromol 1989;11:361-366. doi:
10.1016/0141-8130(89)90008-1

. Nader HB, Medeiros MGL, Paiva J, Paiva VMP, Jerénimo SMB,

Ferreira TMPC, Dietrich CP. A correlation between the sulfated gly-
cosaminoglycan concentration and degree of salinity of the “habi-
tat” in fifteen species of the classes Crustacea, Pelecypoda and
Gastropoda. Comp Biochem Physiol B. 1983;76:433-436. doi:
https://doi.org/10.1016/0305-0491(83)9027 1-7

. Intersalt Cooperative Research Group. Intersalt: an international study of

electrolyte excretion and blood pressure. Results for 24 hour urinary sodium
and potassium excretion. BMJ. 1988;297:319-328.

. Mente A, ODonnell M, Rangarajan S, McQueen M, Dagenais G,

Wielgosz A, Lear S, Ah STL, Wei L, Diaz R, et al. Urinary sodium excretion,
blood pressure, cardiovascular disease, and mortality: a community-level
prospective epidemiological cohort study. Lancet 2018;392:496-506. doi:
10.1016/S0140-6736(18)31376-X

. Khaw KT, Bingham S, Welch A, Luben R, O'Brien E, Wareham N, Day N.

Blood pressure and urinary sodium in men and women: the Norfolk Cohort
of the European Prospective Investigation Into Cancer (EPIC-Norfolk). Am
J Clin Nutr. 2004;80:1397-1403. doi: 10.1093/ajcn/80.5.1397

. Weinberger MH. Salt sensitivity of blood pressure in humans. Hypertension.

1996;27:481-490. doi: 10.1161/01.hyp.27.3.481

. Wenstedt EFE, Olde Engberink RHG, Vogt L. Sodium handling by the

blood vessel wall: critical for hypertension development. Hypertension.
2018;71:990-996. doi: 10.1161/HYPERTENSIONAHA.118.10211

. Olde Engberink RHG, Rorije NM, Homan van der Heide JJ, van den Born BJ,

Vogt L. Role of the vascular wall in sodium homeostasis and salt sensitivity. J
Am Soc Nephrol. 2015;26:777-783. doi: 10.1681/ASN.2014050430

. Wiig H, Luft FC, Titze JM. The interstitium conducts extrarenal storage

of sodium and represents a third compartment essential for extracel-
lular volume and blood pressure homeostasis. Acta Physiologica (Oxf).
2018;222:¢130086. doi: 10.1111/apha.13006

Titze J, Shakibaei M, Schafflhuber M, Schulze-Tanzil G, Porst M,
Schwind KH, Dietsch P, Hilgers KF. Glycosaminoglycan polymerization may
enable osmotically inactive Na+ storage in the skin. Am J Physiol Heart Circ
Physiol. 2004;287:H203-H208. doi: 10.1152/ajpheart01237.2003
Fischereder M, Michalke B, Schmockel E, Habicht A, Kunisch R, Pavelic |,
Szabados B, Schonermarck U, Nelson PJ, Stangl M. Sodium storage in human
tissues is mediated by glycosaminoglycan expression. Am J Physiol Renal
Physiol. 2017;313:F319-F325. doi: 10.1152/ajprenal.00703.2016

Day N, Oakes S, Luben R, Khaw KT, Bingham S, Welch A, Wareham N.
EPIC-Norfolk: study design and characteristics of the cohort. European Pro-
spective Investigation of Cancer. BrJ Cancer. 1999;80(suppl 1):95-103.
Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, Downey P,
Elliott P, Green J, Landray M, et al. UK Biobank: an open access resource for

24,
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42,

43.

44,

NDST3 Variants Associated With Salt Sensitivity

identifying the causes of a wide range of complex diseases of middle and old
age. PLoS Med. 2015;12:¢1001779. doi: 10.1371/journal.pmed. 1001779
UK Biobank Blood Pressure In. version 1.0 ed.

Kawasaki T, Itoh K, Uezono K, Sasaki H. A simple method for estimating
24 h urinary sodium and potassium excretion from second morning voiding
urine specimen in adults. Clin Exp Pharmacol Physiol. 1993;20:7—14. doi:
10.1111/j.1440-1681.1993.tb01496.x

Tanaka T, Okamura T, Miura K, Kadowaki T, Ueshima H, Nakagawa H,
Hashimoto T. A simple method to estimate populational 24-h urinary sodium
and potassium excretion using a casual urine specimen. J Hum Hypertens.
2002;16:97-103. doi: 10.1038/s}jhh.1001307

Fabregat A, Sidiropoulos K, Viteri G, Marin-Garcia P, Ping P, Stein L,
D'Eustachio P, Hermjakob H. Reactome diagram viewer: data structures and
strategies to boost performance. Bioinformatics. 2018;34:1208-1214. doi:
10.1093/bioinformatics/btx752

Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ. Second-
generation PLINK: rising to the challenge of larger and richer datasets.
GigaScience. 2015;4. doi: 10.1186/s13742-015-0047-8

Shaun Purcell CC. PLINK 2. www.cog-genomics.org/plink/2.0/

Welsh S, Peakman T, Sheard S, Almond R. Comparison of DNA quantifica-
tion methodology used in the DNA extraction protocol for the UK Biobank
cohort. BMC Genomics. 2017;18:26. doi: 10.1186/512864-016-3391-x
Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, Motyer A,
Vukcevic D, Delaneau O, O'Connell J, et al. The UK Biobank resource with
deep phenotyping and genomic data. Nature. 2018;5662:203-209. doi:
10.1038/541586-018-0579-z

Willer CJ, Li Y, Abecasis GR. METAL: fast and efficient meta-analysis of
genomewide association scans. Bioinformatics. 2010;26:2190-2191. doi:
10.1093/bioinformatics/btq340

Snijder MB, Galenkamp H, Prins M, Derks EM, Peters RJG, Zwinderman AH,
Stronks K. Cohort profile: the Healthy Life in an Urban Setting (HELIUS)
study in Amsterdam, the Netherlands. BMJ Open. 2017;7:e017873. doi:
10.1136/bmjopen-2017-017873

Beukers MH, Dekker LH, de Boer EJ, Perenboom CWM, Meijboom S,
Nicolaou M, de Vries JHM, Brants HAM. Development of the HELIUS Food
Frequency Questionnaires: ethnic-specific questionnaires to assess
the diet of a multiethnic population in the Netherlands. Eur J Clin Nutr.
2015;69:579-584. doi: 10.1038/ejcn.2014.180

Willett W. Nutritional Epidemiology. Oxford University Press; 2012.

Dutch Food Composition Table 2011. In. The Hague National Institute for
Public Health and the Netherlands Nutrition Centre; 2011.

Langereis EJ, van Vlies N, Church HJ, Geskus RB, Hollak CEM, Jones SA,
Kulik W, van Lenthe H, Mercer J, Schreider L, et al. Biomarker responses
correlate with antibody status in mucopolysaccharidosis type | patients on
long-term enzyme replacement therapy. Mol Genet Metab. 2015;114:129—
137. doi: 10.1016/jymgme.2014.10.012

Lawrence R, Lu H, Rosenberg RD, Esko JD, Zhang L. Disaccharide
structure code for the easy representation of constituent oligosaccha-
rides from glycosaminoglycans. Nat Methods. 2008;5:291-292. doi:
10.1038/nmeth0408-291

Fernandez-Vegal, Garcia O, Crespo A, Castafién S, Menéndez P, Astudillo A,
Quirés LM. Specific genes involved in synthesis and editing of heparan sul-
fate proteoglycans show altered expression patterns in breast cancer. BMC
Cancer. 2013;13:24. doi: 10.1186/1471-2407-13-24

Wilson LFL, Dendooven T, Hardwick SW, Echevarria-Poza A, Tryfona T,
Krogh KBRM, Chirgadze DY, Luisi BF, Logan DT, Mani K et al. The struc-
ture of EXTL3 helps to explain the different roles of bi-domain exos-
tosins in heparan sulfate synthesis. Nat Commun. 2022;13:3314. doi:
10.1038/541467-022-31048-2

Wen J, Xiao J, Rahdar M, Choudhury BP, Cui J, Taylor GS, Esko JD, Dixon JE.
Xylose phosphorylation functions as a molecular switch to regulate proteo-
glycan biosynthesis. Proc Nat/ Acad Sci U S A 2014;111:156723-15728.
doi: 10.1073/pnas. 1417993111

Chen J, Duncan MB, Carrick K, Pope RM, Liu J. Biosynthesis of 3-O-
sulfated heparan sulfate: unique substrate specificity of heparan sulfate
3-O-sulfotransferase isoform 5. Glycobiology. 2003;13:785-794. doi:
10.1093/glycob/cwg 101

Aikawa JI, Esko JD. Molecular cloning and expression of a third
member of the heparan sulfate/heparin GIcNAcN-deacetylase/N-
sulfotransferase family. J Biol Chem. 1999;274:2690-2695. doi:
10.1074/jbc.274.6.2690

Deligny A, Dierker T, Dagalv A, Lundequist A, Eriksson |,
Nairn AV, Moremen KW, Merry CLR, Kjellén L. NDST2 (N-deacetylase/
N-sulfotransferase-2) enzyme regulates heparan sulfate chain length. J Biol
Chem. 2016;291:18600-18607. doi: 10.1074/jbcM116.744433

October 2024 2111

(—)
==
==
—_—
=
-
==
=
=
()
-
m



www.cog-genomics.org/plink/2.0/

Ll
-
=
—_
(-
=z
-
=T
=
=
o
(—]

Oppelaar et al

45,

46.

47.

48.

49,

50.

51.

52.

53.
54,

55,

56.

57.

58.

59.

60.

2112

Milusev A, Rieben R, Sorvillo N. The endothelial glycocalyx: a possible
therapeutic target in cardiovascular disorders. Front Cardiovasc Med.
2022;9:897087. doi: 10.3389/fcvm.2022.897087

Aikawa J, Grobe K, Tsujimoto M, Esko JD. Multiple isozymes of heparan
sulfate/heparin GIcNAc N-deacetylase/GIcN N-sulfotransferase. Structure
and activity of the fourth member, NDST4. J Biol Chem. 2001;276:5876—
5882. doi: 10.1074/jbc.MO09606200

Carithers  LJ, Ardlie K, Barcus M, Branton PA, Britton A,
Buia SA, Compton CC, DelLuca DS, Peter-Demchok J, Gelfand ET, et
al. A novel approach to high-quality postmortem tissue procurement:
the GTEx project. Biopreserv Biobanking. 2015;13:311-319. doi:
10.1089/bi0.2015.0032

Farber SJ, Schubert M, Schuster N. The binding of cations by chondroitin
sulfate. J Clin Invest. 1957;36:1715-1722. doi: 10.1172/JCI103573

Nijst P, Olinevich M, Hilkens P,Martens P, DupontM, Tang WHW, Lambrichts |,
Noben JP, Mullens W. Dermal interstitial alterations in patients with heart
failure and reduced ejection fraction. Circ Heart Fail. 2018;11:e004763. doi:
10.1161/CIRCHEARTFAILURE.117.004763

Lemoine S, Salerno FR, Akbari A, McKelvie RS, McIntyre CW. Tissue sodium
storagein patients with heart failure:a new therapeutic target? Circ Cardiovasc
Imaging. 2021;14:012910. doi: 10.1161/CIRCIMAGING.121.012910
Bassett JHD, Swinhoe R, Chassande O, Samarut J, Williams GR. Thyroid
hormone regulates heparan sulfate proteoglycan expression in the growth
plate. Endocrinology. 2006;147:295-305. doi: 10.1210/en.2005-0485
Karlsson M, Zhang C, Méar L, Zhong W, Digre A, Katona B, Sjéstedt E,
Butler L, Odeberg J, Dusart P, et al. A single-cell type transcriptomics map
of human tissues. Sci Adv. 2021,7. doi: 10.1126/sciadv.abh2169

Human Protein Atlas. proteinatlas.org (01-08-2022)

Stephan A, Mateos JM, Kozlov SV, Cinelli P, Kistler AD, Hettwer S, Riilicke T,
Streit P, Kunz B, Sonderegger P. Neurotrypsin cleaves agrin locally at the
synapse. FASEB J. 2008;22:1861-1873. doi: 10.1096/1;.07-100008
Daniels MP. The role of agrin in synaptic development, plasticity and signal-
ing in the central nervous system. Neurochem Int. 2012;61:848-8563. doi:
10.1016/j.neuint.2012.02.028

Bolliger MF, Zurlinden A, Liischer D, Bitikofer L, Shakhova O, Francolini M,
Kozlov SV, Cinelli P, Stephan A, Kistler AD, et al. Specific proteolytic cleav-
age of agrin regulates maturation of the neuromuscular junction. J Cell Sci.
2010;123:3944-3955. doi: 10.1242/jcs.072090

He J, Kelly TN, Zhao Q, Li H, Huang J, Wang L, Jaquish CE,
Sung YJ, Shimmin LC, Lu F, et al. Genome-wide association study iden-
tifies 8 novel loci associated with blood pressure responses to interven-
tions in Han Chinese. Circ Cardiovasc Genet. 2013;6:598-607. doi:
10.1161/CIRCGENETICS.113.000307

Park YM, Kwock CK, Kim K, Kim J, Yang YJ. Interaction between single
nucleotide polymorphism and urinary sodium, potassium, and sodium-
potassium ratio on the risk of hypertension in Korean adults. Nutrients.
2017;9:23b. doi: 10.3390/nu9030235

Hachiya T, Narita A, Ohmomo H, Sutoh Y, Komaki S, Tanno K,
Satoh M, Sakata K, Hitomi J, Nakamura M, et al. Genome-wide analysis
of polymorphism X sodium interaction effect on blood pressure identi-
fies a novel 3-BCL11B gene desert locus. Sci Rep. 2018;8:14162. doi:
10.1038/541598-018-32074-1

Li C, He J, Chen J, Zhao J, Gu D, Hixson JE, Rao DC, Jaquish CE, Gu CC,
Chen J, et al. Genome-wide gene-sodium interaction analyses on blood

October 2024

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

NDST3 Variants Associated With Salt Sensitivity

pressure:the genetic epidemiology network of salt-sensitivity study. Hyperten-
sion. 2016,;68:348—-355. doi: 10.1161/HYPERTENSIONAHA.115.06765
Fairley S, Lowy-Gallego E, Perry E, Flicek P. The International Genome Sam-
ple Resource (IGSR) collection of open human genomic variation resources.
Nucleic Acids Res. 2019;48:D941-D947. doi: 10.1093/nar/gkz836

Li Z, Chen J, Yu H, He L, Xu Y, Zhang D, Yi Q, Li C, Li X, Shen J, et al.
Genome-wide association analysis identifies 30 new susceptibility loci for
schizophrenia. Nat Genet. 2017;49:1576-15683. doi: 10.1038/ng.3973
Nagel M, Jansen PR, Stringer S, Watanabe K, de Leeuw CA, Bryois J,
Savage JE, Hammerschlag AR, Skene NG, Mufioz-Manchado AB, et al;
23andMe Research Team.Meta-analysis of genome-wide association studies
for neuroticism in 449,484 individuals identifies novel genetic loci and path-
ways. Nat Genet. 2018;560:920-927. doi: 10.1038/541588-018-0151-7
Lencz T, Guha S, Liu C, Rosenfeld J, Mukherijee S, DeRosse P,
John M, Cheng L, Zhang C, Badner JA, et al. Genome-wide association
study implicates NDST3 in schizophrenia and bipolar disorder. Nat Commun.
2013;4:2739. doi: 10.1038/ncomms3739

Montaniel KR, Billaud M, Graham C, Kim SK, Carlson M, Zeng W, Zeng O,
Pan W, Isakson BE, Hall JL, et al. Smooth muscle specific deletion of Ndst1
leads to decreased vessel luminal area and no change in blood pres-
sure in conscious mice. J Cardiovasc Transl Res. 2012;5:274-279. doi:
10.1007/512265-012-9369-4

Adhikari N, Basi DL, Townsend D, Rusch M, Mariash A, Mullegama S,
Watson A, Larson J, Tan S, Lerman B, et al. Heparan sulfate Ndst1 regulates
vascular smooth muscle cell proliferation, vessel size and vascular remodel-
ing.J Mol Cell Cardiol. 2010;49:287-293.doi: 10.1016/jyjmcc.2010.02.022
Carter NM, Ali S, Kirby JA. Endothelial inflammation: the role of differ-
ential expression of N-deacetylase/N-sulphotransferase enzymes in
alteration of the immunological properties of heparan sulphate. J Cell Sci.
2003;116:3591-3600. doi: 10.1242/jcs.00662

Wenstedt EFE, Engberink R, Rorije NMG, van den Born BJH, Claessen N,
Aten J, Vogt L. Salt-sensitive blood pressure rise in type 1 diabetes patients
is accompanied by disturbed skin macrophage influx and lymphatic
dilation-a proof-of-concept study. Trans/ Res. 2019;217:23-32. doi:
10.1016/jtrs1.2019.12.001

Mochizuki H, Yoshida K, Gotoh M, Sugioka S, Kikuchi N, Kwon YD, Tawada A,
Maeyama K, Inaba N, Hiruma T, et al. Characterization of a heparan sulfate
3-O-sulfotransferase-5, an enzyme synthesizing a tetrasulfated disaccha-
ride. J Biol Chem.2003;278:26780-26787.doi: 10.1074/jbc.m301861200
Vasdev S, Sampson CA, Longerich L, Parai S. Oral heparin prevents
hypertension and elevated cytosolic calcium in salt-sensitive rats. Artery.
1992;19:225-245.

Pretorius D, Richter RP, Anand T, Cardenas JC, Richter JR. Alterations
in heparan sulfate proteoglycan synthesis and sulfation and the impact
on vascular endothelial function. Matrix Biol Plus. 2022;16:100121. doi:
10.1016/}.mbplus.2022.100121

Olde Engberink RH, Rorije NM, Lambers Heerspink HJ, De Zeeuw D,
van den Born BJ, Vogt L. The blood pressure lowering potential of sulodexide-
-a systematic review and meta-analysis. BrJ Clin Pharmacol. 2015;80:1245—
1253. doi: 10.1111/bcp.12722

Oberleithner H, Peters W, Kusche-Vihrog K, Korte S, Schillers H,
Kliche K, Oberleithner K. Salt overload damages the glycocalyx sodium
barrier of vascular endothelium. Pflugers Arch. 2011;462:519-528. doi:
10.1007/s00424-011-0999-1

Hypertension. 2024;81:2101-2112. DOI: 10.1161/HYPERTENSIONAHA.124.23421


proteinatlas.org

