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Abstract

Hyperosmolality is increasingly recognized as a factor contributing to severe COVID-19. Recently, a genetic variant near the
aquaporin 3 (AQP3) water channel was associated with severe COVID-19 [rs60840586:G; odds ratio (OR): 1.07, P = 2.5 x
10_9]. The variant is known to increase gene expression of AQP3 in several organs, including the lung [normalized expression
scores (NES) = 0.33, P = 4.1 x 102°] in GTEx. In this study, we investigated 576 patients in the Biobanque Quebecoise de la
COVID-19 (BQC-19) with both genetic and clinical data available. We estimated plasma osmolality using the formula: eOSM =
2 x [Nat] + 2 x [K'] + [Urea] + [Glucose]. Using a logistic regression of mortality against eOSM, genotype at
rs60840586, sex, age, and the first 10 genetic principal components, we confirm that hyperosmolality is associated with
COVID-19 mortality (OR = 2.06 [95% Cl = 1.62-2.65], P = 9.13 x 10 ). Interestingly, we found that the risk of death linked to
hyperosmolality is influenced by the AQP3 variant rs60840586:G genotype (OR = 1.95 [95% CI = 1.22-3.28], P = 0.0075).
However, the rs60840586 genotype did not independently affect mortality in this cohort. These findings suggest that the
body’s ability to regulate and accommodate hyperosmolality may be disrupted by overexpression of AQP3, potentially worsen-
ing outcomes in COVID-19. Given the role of AQP3 in water transport and homeostasis, further defining the functionality of its
variants may provide key insights into COVID-19 severity and guide clinical management strategies, particularly in critically ill
patients with hyperosmolality.

NEW & NOTEWORTHY A genetic variant near water channel AQP3, linked to severe COVID-19, amplifies the risk of death in
patients with elevated plasma osmolality. In patients hospitalized with COVID-19, we show that although the variant does not
affect systemic osmolality directly, it interacts with hyperosmolality to increase mortality risk. These findings highlight a potential
mechanism where AQP3 overexpression disrupts cellular water handling during critical illness, offering new insight into the role
of water balance in COVID-19 pathophysiology.

COVID-19; personalized medicine; risk factors; water balance

INTRODUCTION genome-wide association studies (GWAS) have identified a
genetic variant near the water channel aquaporin 3 (AQP3) asso-

Severe corona virus disease 2019 (COVID-19) has been associ- ciated with an increased risk of severe COVID-19 requiring hos-
ated with dehydration, with early dehydration proposed as a pitalization or treatment in an intensive care unit (rs60840586:
mechanism contributing to more severe disease (1). Recent  G; odds ratio: 1.07, P = 2.5 x 10~°) (2). This variant is a deletion

Correspondence: M. Marks-Hultstrom (michael.hultstrom@mcb.uu.se). ».)
BY Submitted 11 November 2024 / Revised 6 January 2025 / Accepted 11 April 2025 ol
updates

1094-8341/25 Copyright © 2025 The Authors. Licensed under Creative Commons Attribution CC-BY 4.0. 385

Downloaded from journals physiol ogy.org/joub SIS JEnOmrcs 2 OppieReiGHiver§asnibliotek (130.238.171.179) on June 2, 2025.


https://orcid.org/0000-0003-4675-1099
https://orcid.org/0000-0002-3961-8831
https://orcid.org/0000-0001-7118-1249
mailto:michael.hultstrom@mcb.uu.se
https://crossmark.crossref.org/dialog/?doi=10.1152/physiolgenomics.00174.2024&domain=pdf&date_stamp=2025-4-21
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1152/physiolgenomics.00174.2024

() AQP3 AND HYPEROSMOLALITY IN COVID-19 MORTALITY

- N ™ - N ™M AN M (a2} ~NM
QN = OAN= @ N = QN N TR N NN OeNOom O O N® = N TeeAO
< < o NANN — T OMOON~—— N 0 — T T T v TANNNN N N YooY o M O T
NN N N NN &N N e ~ ~— ~ NN N NN N NNNNN N N M MM O M MO ONMNOM
Qa9 Qo Q o000 Qo Q QO Q00000 T o o O U U U U U O0OTOTUoTOoOU T jo o T T o O T UTOTDTOTDOUT
Do O o oo O D O OO O o ()] DO O OO OO o O () [ RN N () o O OO0 o

NC_000009.12:33396351..33455640 Homo sapiens chromosome 9, GRCh38.p14 Primary Assembly

¢ 1560840586

NCBI RefSeq Annotation GCF_000001405.40-RS_2024_08
——H—1 AQP7 [+17]
LOC105376020 [+8] fll-—>———————>—H1

NC_000009.12:33425132..33425247 Homo sapiens chromosome 9, GRCh38.p14 Primary Assembly

|33,425,140 |33,425,150 |33,425,160 |33,425,170

33,425,180 QETREZNEEERS, 190

HHH——<— rar3 [+6]

33,425,200 33,425,210 [33,425,220 33,425,230 33,425,240

TGCCCAGATTCCCTTTTCCCTAATTACAAGAAAGTGTTTTCCCTGTTCCGTGAGTAACTAACTGCCTTTCTCTAAGTGGCCTCACTCTGATGAGTAACTGAAAATGCACTTCTCT
ACGGGTCTAAGGGAAAAGGGATTAATGTTCTTTCACAAAAGGGACAAGGCACTCATTGATTGACGGAAAGAGATTCACCGGAGTGAGACTACTCATTGACTTTTACGTGAAGAGA
Live RefSNPs, dbSNP b156 v2 =

| T/A/C
rs5289...H C/A
rs182666... M A/G
rs14780121.. 1 G/T
rs1826663610 M T/G
rs1826663621 M C/T

rs548550128 M T/C
1s60223038 M T/C/G
rs1587186542 M C/G
rs190893871 M A/G
rs1193393879 M T/C

rs2118941292 M A/G r$1216427019 M C/G
rs1826663794 M A/G
rs939598585 M A/C

rs60840586

rs1826663861 M T/C rs15871
rs568785313 M C/T 1826663965
rs1826663887 M C/A r
rs918240784 M C/T
rs929669798 M G/A
rs1587186558 M T/TT

[ TAACTAACT/TAACT

1304586911 I GTGAGT/GT
6579 M C/G

T

A
1392435271 M A/IC

rs1587186596 NN GATGAG/G rs1039946292 M T/C
rs2118941380 NN CTCT/CT  rs1430200822 M A/T 51826664561 Il C
rs2118941376 M C/T rs12683232 Ml G/A/C 51826664584

rs1826664316 M T/G rs984660121 M A/G
rs2118941408 M T/G
rs764672348 M C/T

62544649 M C/G
r$1294387738 M T/C
51826664225 M A/G
rs1341853436 M G/A
rs1826664269 M G/A
51826664283 M T/C
rs1291080560 M C/T

rs1454762885 M G/C
rs1029110067 M G/A
rs888211093 M G/A

rs202198158 M A/G

Figure 1. A: genomic location of the lead variant (rs60840586) from the COVID-19 Host Genetics Initiative GWAS. B: the variant is flanked by aquaporin 3,
a plasma membrane water channel, the predicted gene LOC105376020, and the intracellular water channel aquaporin 7. C: the variant is a deletion
GAACT to G in the downstream region of AQP3 on the short arm of chromosome 9 in position 33425187-33425195 (GRCh38.p14). AQP3, aquaporin 3;

GWAS, genome-wide association studies.

Guanine - Adenine - Adenine — Thymine - Cytosine (GAACT)
to Guanine (G) in the downstream region of AQP3 on chromo-
some 9 in position 33425187-33425195 (GRCh38.p14, Fig. 1, A-C).

AQP3 is widely expressed and plays a critical role in
water regulation in the airway (3) and immune cells (4),
which may be relevant to severe COVID-19 pathophysiol-
ogy. In addition, AQP3 facilitates water reabsorption in the
kidney, regulating total-body water balance in both home-
ostasis (5) and disease (6).

Genome-wide association studies (GWAS) offer robust evi-
dence that the system in question plays a causal role in disease
development (7). This is particularly compelling when the gene
has a known physiological function relevant to known clinical
risk factors, in this case, dehydration and hyperosmolality in
severe COVID-19 (1). Notably, the genetic variant rs60840586:G
is associated with an increase gene expression of AQP3 in mul-
tiple tissues, including the lung [normalized expression score
(NES) = 0.33, P = 4.1 x 107%°], skin (NES = 0.23, P = 2.1 x
107%), and whole blood (NES = 0.08, P = 0.004) in GTEx
(http://gtexportal.org) (8), but appears to have minimal impact
on kidney expression (NES = —0.02, P = 0.9; Fig. 2).

Delineating the role of AQP3 is important to further
understand both COVID-19 and clinical management, con-
sidering the importance of water homeostasis in patients
admitted to intensive care. Thus, we hypothesized that
this novel association near AQP3 may influence plasma
osmolality or the cellular ability to compensate for hyper-
osmolality, which in turn, may influence the severity of
COVID-19.
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METHODS

In the present investigation, there are two main analyses.
First, we investigate the association between the allelic dose
of the lead single nucleotide polymorphism (SNP) at the
locus, rs60840586:G, and estimated plasma osmolality, to
determine whether the variant affects whole body water bal-
ance. Second, we investigate the interaction between the var-
iant and estimated plasma osmolality during hospitalization
for COVID-19, as a risk factor for death in hospitalized
patients.

The patients in the analysis are from the Biobanque
Québécoise de la COVID-19 (BQC19) (9). A total of 3,768
patients presenting with symptoms consistent with COVID-
19 from 10 hospitals in Québec, Canada, were recruited into
the BQC19 after providing written informed consent from
January 12, 2020, to December 12, 2021. All patients who
came to one of the participating hospitals with suspected
COVID-19 and with a positive PCR test for SARS-CoV-2 were
eligible for inclusion in the cohort. In the present study, we
used 576 hospitalized patients of European heritage with
data on plasma osmolality, the rs60840586 genotype, as well
as all covariates.

The allelic dose of AQP3 SNP rs60840586:G was calculated
as follows: GTAAC:GTAAC = 0, GTAAC:G =1, G:G = 2. In lieu
of measured osmolality, we estimated plasma osmolality using
the formula: eOSM = [2Na™ + 2K* + Urea + Glucose], as
done previously (1, 10, 11). The effect of allele dose on eOSM
was calculated using linear regression. For logistic regression,
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Single-tissue eQTL

Single-tissue eQTL p-value

Tissue Samples NES p-value m-value NES (with 95% CI) versus Multi-tissue Posterior Probability
® Adrenal Gland 233 0.507  2.9e-9 1.00 —— 204
Artery - Coronary 213 0.485 3.9e-6 1.00 -_—
©® Esophagus - Muscularis 465 0.472 1.2e-11 1.00 —— O
Brain - Cerebellum 209 0.445 6.7e-5 1.00 -_—
® Artery - Aorta 387 0.444  7.9e-9 1.00 —i—
® Adipose - Subcutaneous 581 0.419  2.2e-16 1.00 -
Colon - Sigmoid 318 0.383 4.6e-6 1.00 —_—
Brain - Cerebellar Hemisphere 175 0.365 2.7e-3  1.00 -_—
Nerve - Tibial 532 0.358  4.2e-9 1.00 -
® Esophagus - Gastroesophageal Junction 330 0.354 4.4e-5 1.00 ——
@ Esophagus - Mucosa 497 0.345  3.9e-14 1.00 -
@ Thyroid 574 0.344  7.0e-10 1.00 —- 0
Brain - Cortex 205 0.341 9.5e-4  1.00 S— — 15+
Brain - Anterior cingulate cortex (BA24) 147 0.339 1.7e-3  1.00 -_—lG—
Lung 515 0.332  4.1e-20 1.00 -
Brain - Frontal Cortex (BA9) 175 0.326 0.006 1.00 -_——
Adipose - Visceral (Omentum) 469 0.323 4.5e-10 1.00 -- P .
© uterus 129 0.319  0.04 0.967 I — g
@ Artery - Tibial 584 0.310  1.9e-7 1.00 —- -
@ Colon - Transverse 368 0.300 2.8e-9 1.00 - Z.
Brain - Amygdala 129 0.266  0.05 0.951 —_— B Q
® Breast - Mammary Tissue 396 0.253  4.9e-6 1.00 —— '6,
® Skin - Sun Exposed (Lower leg) 605 0.230 2.1e-12 1.00 '.' o O
® vagina 141 0.225 0.006 1.0 — g
Brain - Nucleus accumbens (basal ganglid@)02 0.206 0.08 0.917 +—— g 10
@ Skin - Not Sun Exposed (Suprapubic) 517 0.204 4.1e-9 1.00 ' i
]
® Pancreas 305 0.194  0.01 1.00 —i— ) 0
@ Heart - Atrial Appendage 372 0.189  0.01 0.986 —— £
Brain - Caudate (basal ganglia) 194 0.181 0.1 0.803 -—— :n, @
@ Heart - Left Ventricle 386 0.167  3.7e-3  0.983 —— S
Muscle - Skeletal 706 0.164 6.7e-4  1.00 - g’
® Spleen 227 0.150 0.1 0.760 -—— D
Stomach 324 0.147 2.1e-4 0.948 -- .
Liver 208 0.140  0.07 0.709 ——
Brain - Putamen (basal ganglia) 170 0.127 0.3 0.661 -_—r—
9 Minor Salivary Gland 144 0.127 0.1 0.734 —— (@)
Pituitary 237 0.124 0.2 0.644 —_— 5
Brain - Spinal cord (cervical c-1) 126 0.106 0.4 0.698 B
Ovary 167 0.106 0.2 0.378 -T— 8
Brain - Substantia nigra 114 0.0940 0.6 0.658 O
® whole Blood 670 0.0837 4.4e-3  0.00 E
Brain - Hypothalamus 170 0.0568 0.6 0.417 e —
D Testis 322 0.0501 0.4 0.00 —— .
@ Small Intestine - Terminal Ileum 174 0.0413 0.4 0.00 - |
Cells - Cultured fibroblasts 483 0.0352 0.5 0.00 - o
Brain - Hippocampus 165 0.0211 0.8 0.0670 —_—— ‘ (% y
Prostate 221 -0.0105 0.8 0.00 — (o]
Kidney - Cortex 73 -0.0207 0.9 0.271 _— o [o) %3
® Cells - EBV-transformed lymphocytes 147 -0.269 0.02 0.00 -_—l 0 -
"04 -02 00 02 04 06 00 02 04 0.6 0.8 1.0

NES m-value (Posterior Probability from METASOFT)

Figure 2. The effect of the variant rs60840586 on gene expression in tissues is available in GTEx (http://gtexportal.org) and is expressed as normalized
expression scores (NES) with 95% confidence intervals. Of the tissues likely to be important in severe COVID-19 and hyperosmolality, the variant has a
significant effect on lungs and in whole blood, but not in kidney cortex. eQTL, gene expression quantitative trait locus.

eOSM was normalized to have a mean value of zero and a
standard deviation of one. The regression analyses were
adjusted for sex, age, and treating hospital. In addition, we
adjusted for population stratification using the top 10 genetic
principal components that explained the greatest proportion
of genetic variation. Individuals with missing values were
omitted from the analysis. Analyses were conducted using R
version 4.0.5.

RESULTS

The allelic dose of AQP3 SNP rs60840586:G was not asso-
ciated with maximal osmolality using linear regression

Physiol Genomics - doi:10.1152/physiolgenomics.00174.2024 - www.physiolgenomics.org

without (P = 0.12; Fig. 3, A and B), or after adjustment for
sex, age, hospital, and the top 10 genetic principal compo-
nents (B = 1.02 [95% CI = 0.97-1.07], P = 0.37).

In-hospital death occurred in 73 (12.7%) cases. The highest
osmolality during hospitalization was, as previously
reported (1), associated with a marked increase in mortality
in COVID-19 after adjustment for covariates (OR = 2.06 [95%
CI = 1.62-2.65], P = 9.13 x 10~?). Interestingly, adding an
interaction term (rs60840586:G x eOSM) to the multivari-
able analysis revealed that individuals carrying the deletion
with a higher eOSM had a higher odd of death (OR = 1.95
[95% CI = 1.22-3.28], P = 0.0075; Fig. 3B). We performed sen-
sitivity analysis of the effect of any deletion compared with
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Figure 3. A: maximal estimated plasma osmolality during hos-
pitalization (€OSM = 2Na* + 2K* + Urea + Glucose) did
not associate with rs60840586, a genetic variant near aqua-
porin 3 (AQP3) that is associated with severe COVID-19 in
1,073 patients hospitalized with COVID-19 in Biobanque
Québécoise de la COVID-19 (BQC19). The line represents a lin-
ear regression with the linear formula, and regression R? and
P values are shown in the figure. B: detailed view of A showing
the regression model in greater detail. The line represents a
linear regression with the linear formula, and regression
and P values are shown in the figure. C: rs60840586 was not
associated with mortality among 576 subjects hospitalized
with COVID-19 in Biobanque Québécoise de la COVID-19
(BQC19). However, maximal estimated plasma osmolality
(eOSM = 2Nat + 2K™ + Urea + Glucose) analyzed as a
continuous variable was a strong predictor of death.
Interestingly, rs60840586 displayed an interaction effect with
maximal eOSM, where the deletion at rs60840586 was asso-
ciated with an increased risk of death in subjects with a higher
eOSM. The Forest plot is based on a multivariable logistic
regression of the risk of death by rs60840586 and maximal
eOSM adjusted for sex, age, hospital, and the top 10 principal
components with an interaction term rs60840586 x eOSM.
Cl, confidence interval; OR, odds ratio.
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Interaction
(rs60840586:G x eOSM)

homozygous wild-type (GTAAC:GTAAC = 0, GTAAC:G =1,
and G:G = 1), which showed consistent results with the main
analysis (OR = 1.75 [95% CI = 1.02-3.1], P = 0.047). A further
sensitivity analysis of heterozygosity showed no significant
effect (GTAAC:GTAAC = 0, GTAAC:G =1, G:G = 0) (OR =
1.25 [95% CI = 0.73-2.22], P = 0.43). These findings suggest
that both osmolality and specific genetic variants contribute
to COVID-19 mortality risk, with the AQP3 SNP amplifying
the adverse effects of elevated osmolality.

DISCUSSION

The main finding of this study is that the genetic variant
rs60840586:G is associated with a higher risk of death in
patients with hyperosmolality in COVID-19. Although not
shown in the present study, the likely mechanism is through
altering gene expression in the lung and/or immune cells.
Cellular water balance is important in ARDS, contributing to
both cellular swelling and alveolar fluid accumulation (12).
Indeed, several aquaporins have previously been implicated
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y =305.04 + 1.1x
R2=0.0018

®

GTAAC:GTAAC GTAAC:G G:G
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rs60840586

GTAAC:GTAAC GTAAC:G GG
n =683 n =337 n =53
rs60840586
OR (95% Cl) P-value
061 (0.3-1.12) 1.33e-01
1.67 (1.27-2.21) H— 2.80e-04
1.95 (1.22-3.28) —J——  7.48e-03

05115 2 25 3 35
QOdds ratio for in—hospital death

in the pathogenesis and resolution of acute respiratory dis-
tress syndrome (ARDS) (3). Regulation of cell volume is also
important for immune cell activation, proliferation, and cell
death (13). Hypertonicity as such has been tied to reduced
activity and increased apoptosis in neutrophils (14), and
impaired water transport has been suggested to mediate
inflammatory dysregulation during sepsis (15). This provides
a potential mechanism by which the variant could affect the
inflammatory response to SARS-CoV-2 through AQP3 gene
expression in immune cells. Neutrophil activity in particular
has been intimately tied to disease severity and mortality in
COVID-19 (16, 17).

Hyperosmolality is a well-recognized risk factor for mor-
tality in critically ill patients, and the findings of this study
further confirm its association with an increased risk of
death in COVID-19 (1). Although some research suggests that
hyperosmolality may be specific to COVID-19 (18), similar
associations have been observed in non-COVID cohorts as
well (10, 11, 19, 20). Hyperosmolality can arise from both
dehydration and sodium administration during the fluid
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resuscitation efforts; critically ill patients receive large vol-
umes of fluids—often sodium-based solutions—to restore
hemodynamic stability (21). In contrast, during the deresus-
citation phase, efforts are made to remove excess fluid, lead-
ing to shifts in water balance. This process can contribute to
hyperosmolality, often manifested as hypervolemic hyperos-
molality (20). From a cellular perspective, total body fluid
volume is less critical than hyperosmolality itself, which
directly affects cell volume and electrolyte balance. Our
analysis did not demonstrate an effect on systemic water bal-
ance, as plasma osmolality remained unchanged. This find-
ing aligns with the observation that the rs60840586:G
variant does not influence renal expression of AQP3, as indi-
cated by data from the GTEx database.

The rs60840586:G variant was previously identified as a
genetic determinant of severe COVID-19 linked to an increased
risk of hospitalization (2). Based on this, we hypothesized that
the variant would also be associated with increased mortality.
However, our analysis did not reveal any direct effect of
rs60840586:G on mortality. This is likely due to the smaller
sample size available for assessing hyperosmolality, compared
with the much larger Host Genetics Initiative data freeze 7
meta-analysis, which included an effective sample size of over
190,000 individuals.

Genetic and environmental interactions have been exten-
sively studied, though reproducible findings remain limited,
and the effects observed are generally small (22, 23). Given this
background, there is a possibility of a false-positive result, as
has been a concern in this field. However, in the context of
acute disease, clinical disturbances may create a stronger envi-
ronmental signal compared with those typically examined in
the general population, making this interaction more detecta-
ble. Nonetheless, independent validation—at both epidemiolog-
ical and mechanistic levels—will be crucial for future studies.

This is the first study to examine the role of hyperosmolality
in the interaction between the AQP3 variant rs60840586 and
COVID-19 severity. One of its key strengths is the inclusion of
a large cohort of prospectively enrolled patients across multi-
ple hospitals. However, this study also has several limitations.
Osmolality was not a predefined analysis, meaning the find-
ings rely on using estimated osmolality rather than direct
measurements. The formula used for estimation is widely
accepted and shows a strong correlation with measured osmo-
lality across a broad range of osmolalities. However, the
method generally underestimates osmolality by 5-10 mosmol/
kgH,0, with the exact degree of error varying based on the
population and presence of substances that influence plasma
water content, such as proteins and lipids. In addition, the
analysis depends on clinically indicated blood samples as
determined by the treating physician, which resulted in
incomplete data for many patients. Notably, most missing
data came from nonhospitalized patients, whereas all neces-
sary analytes were routinely measured upon hospital admis-
sion at most participating hospitals. As a result, the patients
included are highly representative of the severity criteria used
in the original GWAS, but the findings may not be generalized
to less severe COVID-19 cases or patients with other underly-
ing conditions. Another limitation is the reliance on GTEx
data to infer the effect of the variant on AQP3 gene expression.
GTEx only includes data from the kidney cortex, whereas the
kidney medulla plays a more significant role in water balance
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regulation. This means that potential tissue- or region-specific
regulatory mechanisms relevant to hyperosmolality may have
been overlooked. On the contrary, our findings indicate that
the variant does not significantly associate itself with plasma
osmolality, suggesting it is unlikely to directly impact whole
body water balance.

This study provides the first evidence that the genetic var-
iant rs60840586:G, located near AQP3, and previously iden-
tified as a risk factor for COVID-19-related hospitalization,
does not influence whole body water balance. However, we
uncovered a significant interaction between this variant and
hyperosmolality, which increases the risk of in-hospital mor-
tality in patients with COVID-19. Given the likely association
of 1s60840586:G with AQP3 expression, these findings sug-
gest a potential therapeutic avenue targeting aquaporins or
water reabsorption in the management of severe COVID-19.
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