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Abstract

Shear stress induced by laminar blood flow has a profound effect on the morphology and

functional phenotype of macrovascular endothelial cells. The influence of laminar flow on

the glomerular microvascular endothelium, however, remains largely elusive. The glomeru-

lar endothelium, including its glycocalyx, is a crucial part of the glomerular filtration barrier,

which is involved in blood filtration. We therefore investigated the influence of laminar flow-

induced shear stress on the glomerular endothelium. Conditionally immortalized mouse glo-

merular endothelial cells were cultured for 7 days under a laminar flow of 5 dyn/cm2 to mimic

the glomerular blood flow. The cells were subsequently analysed for changes in morphol-

ogy, expression of shear stress-responsive genes, nitric oxide production, glycocalyx com-

position, expression of anti-oxidant genes and the inflammatory response. Culture under

laminar flow resulted in cytoskeletal rearrangement and cell alignment compared to static

conditions. Moreover, production of nitric oxide was increased and the expression of the

main functional component of the glycocalyx, Heparan Sulfate, was enhanced in response

to shear stress. Furthermore, glomerular endothelial cells demonstrated a quiescent pheno-

type under flow, characterized by a decreased expression of the pro-inflammatory gene

ICAM-1 and increased expression of the anti-oxidant enzymes HO-1 and NQO1. Upon

exposure to the inflammatory stimulus TNFα, however, glomerular endothelial cells cultured

under laminar flow showed an enhanced inflammatory response. In conclusion, laminar flow

extensively affects the morphology and functional phenotype of glomerular endothelial cells

in culture. Furthermore, glomerular endothelial cells respond differently to shear stress com-

pared to macrovascular endothelium. To improve the translation of future in vitro studies

with glomerular endothelial cells to the in vivo situation, it appears therefore crucial to culture

glomerular endothelial cells under physiological flow conditions.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0251129 May 5, 2021 1 / 12

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: ‘t Hart DC, van der Vlag J, Nijenhuis T

(2021) Laminar flow substantially affects the

morphology and functional phenotype of

glomerular endothelial cells. PLoS ONE 16(5):

e0251129. https://doi.org/10.1371/journal.

pone.0251129

Editor: Nicole Endlich, University Medicine

Greifswald, GERMANY

Received: March 5, 2021

Accepted: April 20, 2021

Published: May 5, 2021

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.pone.0251129

Copyright: © 2021 ‘t Hart et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: The data files

supporting the findings in this study can be found

at the Open Science Framework database at the

following DOI: 10.17605/OSF.IO/XY9S6.

https://orcid.org/0000-0001-7843-5918
https://doi.org/10.1371/journal.pone.0251129
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251129&domain=pdf&date_stamp=2021-05-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251129&domain=pdf&date_stamp=2021-05-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251129&domain=pdf&date_stamp=2021-05-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251129&domain=pdf&date_stamp=2021-05-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251129&domain=pdf&date_stamp=2021-05-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0251129&domain=pdf&date_stamp=2021-05-05
https://doi.org/10.1371/journal.pone.0251129
https://doi.org/10.1371/journal.pone.0251129
https://doi.org/10.1371/journal.pone.0251129
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.17605/OSF.IO/XY9S6


Introduction

The nephron is the functional unit of the kidney, in which the glomerulus is responsible for fil-

tration of the blood, a process in which passage of plasma proteins into the urine is restricted

in a charge- and size selective manner [1]. The two cell types constituting the glomerular filtra-

tion barrier are glomerular endothelial cells (GEnC) and podocytes (glomerular visceral epi-

thelial cells), which are separated by the glomerular basement membrane (GBM) [2]. GEnC

are lining the glomerular capillaries, contain numerous fenestrae and are covered by a glycoca-

lyx, which is a thick layer of carbohydrates. The endothelial glycocalyx plays an important role

in glomerular function, by contributing to endothelial barrier function, glomerular structural

integrity and by preventing immune cell and cytokine adhesion [3–5]. Hyaluronic Acid (HA)

is the main non-sulfated glycosaminoglycan (GAG) in the glycocalyx, providing its gel-like

structure. Heparan Sulfate (HS) is the main functional sulphated GAG contributing to the

charge-selective function of the endothelial barrier. Under pathological conditions, HS within

the glycocalyx is degraded by heparanase (HPSE). HS degradation compromises the barrier

function of the endothelium, and the glycocalyx transforms into a proinflammatory docking

station that facilitates binding of cytokines [3,5–7]. Podocytes are highly specialized epithelial

cells that wrap around the glomerular capillary with their foot processes, forming a sieve-like

structure between adjacent foot processes, called the slit diaphragm.

Blood flow is well-known to affect the morphology and phenotype of the aortic macrovas-

cular endothelium by inducing shear stress [8–11]. The importance of shear stress on macro-

vascular endothelium has for example been shown during the pathogenesis of atherosclerosis

[12]. When aortic flow is disturbed, this predisposes aortic regions to the development of ath-

erosclerosis and stimulates a pro-inflammatory phenotype of the endothelial cells. In addition,

culture of macrovascular endothelial cells under flow for 7 days resulted in the induction of an

anti-inflammatory phenotype and reduced oxidative stress [8–11]. Besides inducing this quies-

cent phenotype, shear stress has been shown to alter the glycocalyx composition and the

expression of glycocalyx modifying enzymes of the macrovasculature [13–15].

Based on aforementioned findings in macrovascular endothelium, it is hypothesized that

blood flow also influences, among others, the inflammatory phenotype and the endothelial gly-

cocalyx composition of GEnC. By preventing the pro-inflammatory phenotype of GEnC and

regulating the glycocalyx composition, shear stress might play a pivotal role in the mainte-

nance of a healthy glomerular endothelium, the preservation of the glomerular filtration bar-

rier and eventually the correct filtration of blood in the kidney. Importantly, GEnC are

microvascular endothelial cells with several unique characteristics in comparison with the

macrovascular endothelium. For example, GEnC are extremely flattened endothelial cells, con-

tain numerous non-diaphragmed fenestrae, experience lower flow rates in vivo and lack the

surrounding vascular smooth muscle cells (VSMC) [2]. It is therefore unknown whether the

results from studies using macrovascular endothelial cells can be translated to microvascular

cells like GEnC. In the very few studies in which GEnC were cultured under laminar flow, the

effect of shear stress on the anti-oxidant response, the inflammatory response and the glycoca-

lyx composition was not examined [16–20]. Studies investigating the effect of shear stress on

GEnC primarily focussed on the secretion of paracrine factors like endothelin-1 and nitric

oxide (NO) [16–19]. In addition, in two studies which investigated the influence of shear stress

on GEnC, non-uniform flow was applied to the cells [16,17]. Furthermore, GEnC were solely

exposed to shear stress for 1 day in three of the studies [16,18,19]. From studies using macro-

vascular endothelial cells, it is known that shear stress should be applied for 7 days in a uniform

way to accurately mimic the influence of blood flow in vivo [8–11]. In addition, non-uniform

laminar flow is known to play an important pathogenic role in atherosclerosis [12]. It remains
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therefore elusive how laminar flow affects the functional phenotype of GEnC. As cultured

GEnCs are often used as experimental tools in research on the glomerular filtration barrier,

whether GEnCs are cultured under static or laminar flow conditions could be of importance

when translating in vitro results to the in vivo situation.

To study the effect of shear stress on GEnC in a way that more closely resembles the in vivo
situation, we compared GEnC cultured for 7 days under laminar flow using physiologically rel-

evant levels of shear stress to the static culture condition [21,22]. In summary, we show that

laminar flow for 7 days has a profound effect on the morphology and functional phenotype of

GEnC in vitro, as evidenced by increased NO production, increased HS expression and an

altered anti-oxidant and inflammatory response. In addition, GEnC respond differently to

laminar flow than macrovascular endothelial cells, as shown by their changes in glycocalyx

composition and response to inflammatory stimulation.

Materials and methods

Cell culture

Conditionally immortalized mouse glomerular endothelial cells (mGEnC) were cultured as

described previously [23]. This cell line was isolated and characterized by our lab by Rops et al
in 2004 [23]. Briefly, mGEnC were seeded in μ-slides Luer I0.8 (ibidi, Gräfelfing, Germany),

which were coated at 37˚C for 1hr with 1% gelatine, dried for 1hr at 37˚C and subsequently

coated for 1hr with 1.5μg/cm2 bovine Fibronectin at 37˚C. 3 hours upon seeding, the μ-slides

were connected to the ibidi Pump system and mGEnC were exposed to a shear stress of 1 dyn/

cm2 for 30 minutes, subsequently to 2 dyn/cm2 for 30 minutes and finally to 5 dyn/cm2 for the

remaining 7 days.

RNA isolation, reversed transcription and quantitative PCR analysis

RNA was isolated from mGEnC using Trizol (Thermofisher Scientific, Breda, The Nether-

lands) and 0.5–1μg RNA was reverse-transcribed into cDNA using the Transcription First

Strand cDNA synthesis kit (Roche, Woerden, The Netherlands) according to manufacturer’s

instructions. Quantitative gene expression levels were determined by quantitative PCR using

SYBR Green (Roche diagnostics, Woerden, The Netherlands) on a CFX 96 C1000 Thermal

Cycler (Biorad, Lunteren, The Netherlands) and normalized to Hypoxanthine-guanine phos-

phoribosyltransferase (HPRT) or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels

using the delta-delta CT method. Sequences of gene specific primers are listed in Table 1.

Immunofluorescent staining

Cells were fixed for 10 minutes with 2% paraformaldehyde (PFA) and 4% sucrose for eNOS

and iNOS staining and with 90% ice-cold acetone for wheat germ agglutinin (WGA) and

Heparan Sulfate epitope JM403 staining. In case of PFA fixation, cells were permeabilized for

10 minutes with a 0.3% Triton X-100 solution in 1x PBS and subsequently blocked for 30 min-

utes with blocking solution consisting of 2% BSA, 2% FCS and 0.2% fish gelatine. When cells

were fixed with acetone, 1% BSA was used as blocking solution. Primary antibodies or WGA

lectin were diluted in blocking buffer and incubated for 1hr at room temperature (RT): eNOS

(1:100 dilution, Thermofisher, PA3-031A), Heparan Sulfate (1:100 dilution, Amsbio, JM403),

iNOS (1:100 dilution, abcam, ab178945) and biotinylated WGA (1:1000 dilution, vectorlabs).

Goat anti-Rabbit Alexa 488, Goat anti-Mouse Alexa 488 and Alexa 488 conjugated Streptavi-

din (all from Thermofisher Scientific) were diluted in blocking buffer (1:200) and incubated

for 45 minutes in the dark at RT. When using Phalloidin-TRITC to stain the actin skeleton,
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cells were incubated for 45 minutes with Phalloidin-TRITC (1:200, Thermofisher) in 1% BSA

and 0.1% sodium azide solution after permeabilization with 0.3% Triton X-100 for 10 minutes.

Nitric oxide detection

Production of nitric oxide (NO) in mGEnC was visualized using the NO-sensitive dye

4-Amino-5-Methylamino-2’,7’-Difluoroscein (DAF-FM) diacetate. Upon 7 days differentia-

tion under either static condition or under a flow of 5 dyn/cm2, cells were incubated for 60

minutes with 10μM DAF-FM diacetate in phenol red free and FBS free medium at 37˚C. Cells

were subsequently washed three times with Hank’s balanced salt solution (HBSS, Gibco,

Breda, The Netherlands) to remove excess probe and incubated for an additional 45 minutes.

Immediately thereafter, fluorescent images were made at a Leica DMI600B microscope.

Statistical analyses

Numerical results are presented as mean ± SEM. ImageJ (v.1.47) was used for the analysis and

quantification of fluorescent intensity. Statistical analysis was conducted by a two-tailed stu-

dent’s t-test when 2 experimental groups were compared for qPCR experiments and a one-

way ANOVA with a Tukey’s Post-Hoc test was used when 3 or more experimental conditions

were compared. For the analysis of the fold changes in fluorescent intensity, a paired t-test was

conducted. All statistical analyses were performed using GraphPad Prism version 5 (GraphPad

Software, Inc., San Diego, CA, USA). A P-value of<0.05 was considered statistically

significant.

Results

Laminar flow induces morphological changes in GEnC

The most profound alterations of macrovascular endothelial cells in response to shear stress

are the alignment of the cells and the rearrangement of the actin cytoskeleton in the direction

of the laminar flow [24–26]. We therefore investigated how the morphology and the actin skel-

eton alignment of GEnC changed in response to laminar flow. Culture under laminar flow for

7 days resulted in the partial alignment of GEnC in the direction of the flow (Fig 1A). In addi-

tion, GEnC cultured under static conditions displayed a random distribution of the actin

Table 1. Overview of the primers used in this study.

Gene name Gene symbol Forward sequence (5’-3’) Reverse sequence (5’-3’)

HPRT HPRT TCCTCCTCAGACCGCTTTT CCTGGTTCATCATCGCTAATC

GAPDH GAPDH GTGTTCCTACCCCCAATGTGTC GTGTTCCTACCCCCAATGTGTC

KLF2 KLF2 ACCAAGAGCTCGCACCTAAA GTGGCACTGAAAGGGTCTGT

CYP1B1 CYP1B1 GATGTGCCTGCCACTATTACG CCCACAACCTGGTCCAACTCA

ICAM-1 ICAM-1 GTCGAAGGTGGTTCTTCTGAG TCCGTCTGCAGGTCATCTTAGG

HPSE HPSE GAGCGGAGCAAACTCCGAGTGTATC GATCCAGAATTTGACCGTTCAGTTGG

iNOS NOS2 AATCTTGGAGCGAGTTGTGG CAGGAAGTAGGTGAGGGCTTG

eNOS NOS3 GGTAGTTAGGGCATCCTGCTG GTCTGGGACTCACTGTCAAAG

Nrf2 NRF2 TAGATGACCATGAGTCGCTTGC TAGATGACCATGAGTCGCTTGC

HO-1 HO-1 CCAGTCGCCTCCAGAGTTTC CAAATCCTGGGGCATGCTGTC

NQO1 NQO1 CATTGCAGTGGTTTGGGGTG GCAGGATGCCACTCTGAATC

HAS1 HAS1 GAGGCCTGGTACAACCAAAAG CTCAACCAACGAAGGAAGGAG

HAS2 HAS2 TGGTGAGACAGAAGAGTCCCA GATGAGGCAGGGTCAAGCAT

https://doi.org/10.1371/journal.pone.0251129.t001
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skeleton (Fig 1B, left panel), whereas when cultured under flow, GEnC partially demonstrated

actin fibre organization in the direction of the flow (Fig 1B, right panel).

Laminar flow increases expression of key regulators of shear stress response

in GEnC

Krüppel-Like Factor 2 (KLF2) and Cytochrome P450 B1 (CYP1B1) are key regulators of the

shear stress response in macrovascular endothelial cells and are responsible for activating

numerous downstream signalling pathways in response to shear stress [9–11,27,28]. We there-

fore examined the effect of flow on the expression of KLF2 and CYP1B1 in GEnC, and found

that the expression of both KLF2 and CYP1B1 was enhanced in GEnC cultured under flow

compared to GEnC cultured under static conditions (p<0.001, Fig 1C and 1D).

Laminar flow increases NO production by GEnC

NO is a pivotal paracrine factor for maintaining a healthy endothelium and the synthesis of

NO is known to be increased in macrovascular endothelial cells in response to laminar flow

[29] and in GEnC upon exposure to shear stress for 1 day [16]. We therefore investigated the

effect of culturing GEnC under laminar flow for 7 days on NO production by GEnC. NO

Fig 1. Laminar flow induces morphological changes and increases expression of key regulators of the shear stress

response in GEnC. mGEnCs were cultured under static conditions or under a laminar flow of 5 dyn/cm2 for 7 days.

Representative brightfield images (A) and representative fluorescent images of β-actin filaments stained with

Phalloidin-TRITC (B). Arrows indicate the direction of the flow. mRNA expression levels of the shear stress responsive

genes KLF2 (C) and CYP1B1 (D) in mGEnCs cultured under either static conditions or flow. ��� p<0.001.

https://doi.org/10.1371/journal.pone.0251129.g001
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production was increased (p = 0.0094) in GEnC upon exposure to shear stress for 7 days (Fig

2A and 2B). The mRNA expression of endothelial Nitric Oxide Synthase (eNOS) was

increased when GEnC were cultured under laminar flow (Fig 2D, p = 0.0179). Furthermore,

eNOS protein expression was also increased when GEnC were exposed to shear stress (Fig 2G

and 2H, p = 0.04). Both RNA and protein expression of iNOS were not increased in response

to shear stress (Fig 2C, 2E and 2F). Thus, laminar flow seems to increase synthesis of NO by

GEnC via increased expression of eNOS.

Laminar flow induces changes in the glycocalyx of GEnC

The endothelial glycocalyx is essential for glomerular structural integrity. Shear stress has been

shown to affect the glycocalyx composition of macrovascular endothelial cells and the expres-

sion of glycocalyx modifying enzymes [13–15] Therefore, we addressed the influence of lami-

nar flow on the glycocalyx of GEnC. The lectin WGA is able to detect both HA and HS,

whereas JM403 is a monoclonal antibody specific for HS. The expression of HS under flow

conditions, as measured with JM403, increased compared to static conditions (Fig 3A and 3B,

p = 0.01). The enhanced HS expression was accompanied with a decreased mRNA expression

of the HS-degrading enzyme heparanase (HPSE1) (Fig 3E, p<0.001). Moreover, the expres-

sion of the HS-synthesizing enzyme exostosin-1 (EXT1) was enhanced (Fig 3F, p = 0.003),

while the expression of two other HS-synthesizing enzymes; exostosin-2 (EXT2) and bifunc-

tional heparan sulfate N-deacetylase/N-sulfotransferase 2 (NDST2) did not change in response

to shear stress (Fig 3G and 3I). In addition, the expression of NDST1 was decreased when

GEnC were exposed to laminar flow (Fig 3H, p = 0.04). (Fig 3C and 3D). The mRNA expres-

sion of the HA-biosynthetic genes [30] Hyaluronan Synthase 1 (HAS1) decreased, while HAS2

mRNA increased under laminar flow (Fig 3J and 3K, p = 0.008 and p = 0.02, respectively).

mRNA expression of HAS3 was under the detection limit and therefore not shown. Further-

more, the expression of the HA-degrading enzyme hyaluroniase-1 (HYAL1) was enhanced

(Fig 3L, p<0.001), whereas HYAL2 expression was unaffected by shear stress (Fig 3M).

Although the expression of HA-synthesizing and HA-degrading enzymes altered, the intensity

of the WGA staining (which stains for both HS and HS) did not alter between GEnC cultured

under either static conditions or under laminar flow. In summary, laminar flow affects the gly-

cocalyx composition of GEnC, by decreasing the expression of HPSE and the subsequent

increased expression of HS.

Laminar flow induces a quiescent inflammatory and anti-oxidant

phenotype in GEnC

Laminar flow induces a quiescent phenotype, characterized by increased expression of anti-

oxidant enzymes for enhanced protection against oxidative stress and decreased expression of

inflammatory markers in macrovascular endothelial cells [31]. This quiescent phenotype is

important for endothelial cells to maintain its physiological functions [11,31]. To examine the

effect of shear stress on the anti-oxidant response in GEnC, the expression of Nuclear Factor

erythroid 2-related factor (Nrf2) was examined. Nrf2 is a master regulator of the anti-oxidant

response and able to increase the expression of the anti-oxidant enzymes heme oxygenase 1

(HO-1) and NAD(P)H dehydrogenase quinone 1 (NQO1). Laminar flow increased the expres-

sion of Nrf2 in GEnC (Fig 4A, p = 0.02). In addition, a strong trend in increased expression of

HO-1 could be observed (Fig 4B, p = 0.05) and the expression of NQO1 was elevated in

response to shear stress (Fig 4C, p = 0.004).

Next, the influence of shear stress on the inflammatory phenotype of GEnC was deter-

mined. Laminar flow resulted in decreased expression of the key endothelial inflammatory
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marker ICAM-1 (Fig 4D, p<0.001). We subsequently investigated if GEnC cultured under

flow also responded differently to inflammatory conditions compared to GEnC not exposed to

shear stress. ICAM-1 expression increased ~3-fold in GEnC cultured under static conditions,

while iNOS expression remained unaltered, upon exposure to 10ng/mL TNFα (Fig 4E and 4F,

p<0.05). When GEnC were exposed to shear stress, ICAM-1 expression increased ~25 fold

upon TNFα exposure (Fig 4E, p<0.001). Furthermore, in contrast to GEnC cultured under

static conditions, TNFα exposure resulted in an increased iNOS expression in GEnC cultured

under laminar flow (Fig 4F, p<0.001). In summary, laminar flow leads to enhanced expression

of anti-oxidant enzymes and an altered inflammatory state of GEnC.

Discussion

The present study is the first to detail the effect of laminar flow on GEnC in culture. We dem-

onstrated altered morphology of GEnC, increased expression of shear stress-responsive genes,

elevated NO production, and an altered anti-oxidant and inflammatory response. Further-

more, shear stress altered the glomerular endothelial glycocalyx, characterized by increased HS

expression.

Fig 2. Laminar flow increases NO production in GEnCs. mGEnCs were cultured either under static conditions or

under a laminar flow of 5 dyn/cm2 for 7 days. Representative images of stainings for NO (probed with DAF-FM

diacetate) (A), iNOS (E) and eNOS (G) of mGEnC cultured under static (left panel) or flow (right panel). Arrows

indicate the direction of the flow applied. Quantification of the fluorescent intensity of NO (B), iNOS (F) and eNOS

(H) staining, respectively. mRNA expression levels of iNOS (C) and eNOS (D) in mGEnCs cultured under either static

conditions or flow. � p<0.05 �� p<0.01.

https://doi.org/10.1371/journal.pone.0251129.g002

PLOS ONE Laminar flow substantially affects glomerular endothelial cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0251129 May 5, 2021 7 / 12

https://doi.org/10.1371/journal.pone.0251129.g002
https://doi.org/10.1371/journal.pone.0251129


Chronic exposure to physiological shear stress induces a quiescent inflammatory phenotype

in macrovascular endothelial cells [8–11] and prevents TNFα-induced pro-inflammatory

responses in the aorta [32]. We found in the current study that GEnC exposed to shear stress

also showed a quiescent inflammatory phenotype, as evident from decreased ICAM-1 expres-

sion. However, GEnC were more responsive under inflammatory conditions when exposed to

shear stress, compared to GEnC cultured under statistic conditions. Additional findings in our

study highlight how GEnC respond differently to shear stress compared to macrovascular

endothelial cells. A recent study showed the increased expression of NDST1 and EXT2 upon

exposure to shear stress for 7 days in macrovascular endothelial cells [33]. Furthermore, a

more intense WGA staining was observed in the macrovascular endothelium as a result of

laminar flow for 7 days [33]. In the present study, however, we detected a decreased NDST1

expression and were unable to show an effect of shear stress on EXT2 expression and WGA

Fig 3. Laminar flow alters the composition of the endothelial glycocalyx. mGEnCs were cultured under static

conditions or under a laminar flow of 5 dyn/cm2 for 7 days. Representative images for the HS staining with JM403 (A)

or WGA (C) under static (left panel) or flow (right panel). Arrows indicate the direction of the flow applied.

Quantification of the fluorescent intensity of the JM403 (B) and WGA (D) staining. mRNA expression levels of HPSE

(E), EXT1 (F), EXT2 (G), NDST1 (H), NDST2 (I), HAS1 (J), HAS2 (K), HYAL1 (L) and HYAL2 (M) in mGEnCs

cultured under either static conditions or flow. � p<0.05 �� p<0.01 ��� p<0.001.

https://doi.org/10.1371/journal.pone.0251129.g003
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staining. Taken together this suggests that GEnC respond differently to laminar than macro-

vascular endothelial cells. We therefore do not recommend to extrapolate findings about the

influence of laminar from studies using macrovascular endothelial cells to the glomerular

endothelium. More studies are therefore required to fully characterize the influence of laminar

flow on GEnC, for example by studying the effect of a disturbed glomerular blood flow on the

inflammatory phenotype of GEnC. GEnCs cultured under static conditions are often used as

an experimental tool in research on the glomerular filtration barrier [34–36]. Based on the

findings in the current study, culturing GEnC under laminar flow for 7 days might improve

the potential of GEnC to mimic glomerular physiology in vitro and eventually a better under-

standing of the glomerular filtration barrier.

The endothelial glycocalyx is crucial for regulating kidney function, for example by main-

taining glomerular structural integrity and contributing to the endothelial barrier function [3–

5]. In this study, we discovered that shear stress altered the glycocalyx composition of GEnC.

This was evident by the increased expression of HS, the main functional component of the

endothelial glycocalyx [37]. The increased expression of HS correlated with the decreased

expression of HPSE when GEnC were cultured under laminar flow. Importantly, HPSE is also

crucial for the development of acute experimental glomerulonephritis and diabetic nephropa-

thy [7,38]. The induction of experimental glomerulonephritis resulted in increased HPSE

expression, a decreased glomerular HS expression and increased proteinuria in wildtype mice.

In HPSE-deficient mice, however, renal function was improved and proteinuria was reduced

compared to wildtype mice upon inducing experimental glomerulonephritis [38]. Further-

more, a systemic HPSE knock-out prevented mice from the development of proteinuria upon

inducing experimental diabetic nephropathy [7]. HPSE expression is also influenced by shear

stress in the macrovasculature; HPSE expression and activity were increased in aortic regions

with a disturbed aortic blood flow [13]. These aortic regions showed more advanced progres-

sion of atherosclerotic lesions and increased inflammation compared to regions with a normal

blood flow. Combined with our finding in the current study about shear stress-mediated

downregulation of HPSE in GEnC, this might suggest that a normal glomerular blood flow is

Fig 4. Laminar flow increases the expression of anti-oxidant genes and decreases the inflammatory basal state of

GEnC. mGEnC were cultured under static conditions or under a laminar flow of 5 dyn/cm2 for 7 days. mRNA

expression levels of Nrf2 (A) HO-1 (B), NQO1 (C) and ICAM-1 (D) in mGEnCs cultured under either static

conditions or flow. mRNA expression levels of ICAM-1 (E) and iNOS (F) in mGEnCs cultured under static conditions

and under flow, either unstimulated or stimulated with 10ng/mL TNFα for 18hrs � p<0.05, �� p<0.01, ��� p<0.001.

https://doi.org/10.1371/journal.pone.0251129.g004
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an important factor to prevent HPSE upregulation, the preservation of a quiescent endothelial

phenotype and the prevention of glomerular inflammation.

A limitation of the current study is that monocultures of conditionally immortalized GEnC

were used. Extensive efforts are currently underway in the development of glomerulus-on-a-

chip models in order to recapitulate the in vivo situation by co-culturing GEnC with podocytes

[39–41]. In these devices, GEnC should be cultured under laminar flow, as our study shows

that culturing GEnC under physiological shear stress has a profound effect on their morphol-

ogy and functioning. Studies investigating the specific effect of flow on GEnC in these devices,

however, are still lacking. It is therefore impossible to dissect the influence of flow and the

impact of co-culture with podocytes on the phenotype of GEnC in these devices. More detailed

information about the individual contributions of the co-culture and laminar flow to the glo-

merulus-on-a-chip models might eventually lead to a better understanding of the physiology

of the in vivo glomerulus.

In conclusion, culturing GEnC under laminar flow for 7 days has a profound effect on their

morphology and functional phenotype. In addition, GEnC respond differently to shear stress

than macrovascular endothelial cells, as evidenced by the response of GEnC under inflamma-

tory conditions and alterations in glycocalyx composition. Culturing GEnC under laminar

flow for 7 days might therefore be a new necessary in vitro tool for a better understanding of

glomerular (patho)physiology in vivo.

Acknowledgments

The authors want to thank Marieke Willemse for excellent technical support.

Author Contributions

Conceptualization: Daan C. ‘t Hart, Johan van der Vlag, Tom Nijenhuis.

Formal analysis: Daan C. ‘t Hart.

Funding acquisition: Johan van der Vlag, Tom Nijenhuis.

Investigation: Daan C. ‘t Hart.

Project administration: Johan van der Vlag, Tom Nijenhuis.

Supervision: Johan van der Vlag, Tom Nijenhuis.

Visualization: Daan C. ‘t Hart.

Writing – original draft: Daan C. ‘t Hart.

Writing – review & editing: Johan van der Vlag, Tom Nijenhuis.

References
1. Haraldsson B, Nystrom J, Deen WM. Properties of the glomerular barrier and mechanisms of protein-

uria. Physiol Rev. 2008; 88(2):451–87. https://doi.org/10.1152/physrev.00055.2006 PMID: 18391170

2. Jarad G, Miner JH. Update on the glomerular filtration barrier. Curr Opin Nephrol Hypertens. 2009; 18

(3):226–32. https://doi.org/10.1097/mnh.0b013e3283296044 PMID: 19374010

3. Rops AL, Loeven MA, van Gemst JJ, Eversen I, Van Wijk XM, Dijkman HB, et al. Modulation of heparan

sulfate in the glomerular endothelial glycocalyx decreases leukocyte influx during experimental glomer-

ulonephritis. Kidney Int. 2014; 86(5):932–42. https://doi.org/10.1038/ki.2014.115 PMID: 24759151

4. van den Berg BM, Wang G, Boels MGS, Avramut MC, Jansen E, Sol W, et al. Glomerular Function and

Structural Integrity Depend on Hyaluronan Synthesis by Glomerular Endothelium. J Am Soc Nephrol.

2019; 30(10):1886–97. https://doi.org/10.1681/ASN.2019020192 PMID: 31308073

PLOS ONE Laminar flow substantially affects glomerular endothelial cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0251129 May 5, 2021 10 / 12

https://doi.org/10.1152/physrev.00055.2006
http://www.ncbi.nlm.nih.gov/pubmed/18391170
https://doi.org/10.1097/mnh.0b013e3283296044
http://www.ncbi.nlm.nih.gov/pubmed/19374010
https://doi.org/10.1038/ki.2014.115
http://www.ncbi.nlm.nih.gov/pubmed/24759151
https://doi.org/10.1681/ASN.2019020192
http://www.ncbi.nlm.nih.gov/pubmed/31308073
https://doi.org/10.1371/journal.pone.0251129


5. Garsen M, Lenoir O, Rops AL, Dijkman HB, Willemsen B, van Kuppevelt TH, et al. Endothelin-1 Induces

Proteinuria by Heparanase-Mediated Disruption of the Glomerular Glycocalyx. J Am Soc Nephrol.

2016; 27(12):3545–51. https://doi.org/10.1681/ASN.2015091070 PMID: 27026367

6. Dane MJ, van den Berg BM, Lee DH, Boels MG, Tiemeier GL, Avramut MC, et al. A microscopic view

on the renal endothelial glycocalyx. Am J Physiol Renal Physiol. 2015; 308(9):F956–66. https://doi.org/

10.1152/ajprenal.00532.2014 PMID: 25673809

7. Gil N, Goldberg R, Neuman T, Garsen M, Zcharia E, Rubinstein AM, et al. Heparanase is essential for

the development of diabetic nephropathy in mice. Diabetes. 2012; 61(1):208–16. https://doi.org/10.

2337/db11-1024 PMID: 22106160

8. Dekker RJ, Boon RA, Rondaij MG, Kragt A, Volger OL, Elderkamp YW, et al. KLF2 provokes a gene

expression pattern that establishes functional quiescent differentiation of the endothelium. Blood. 2006;

107(11):4354–63. https://doi.org/10.1182/blood-2005-08-3465 PMID: 16455954

9. Fledderus JO, van Thienen JV, Boon RA, Dekker RJ, Rohlena J, Volger OL, et al. Prolonged shear

stress and KLF2 suppress constitutive proinflammatory transcription through inhibition of ATF2. Blood.

2007; 109(10):4249–57. https://doi.org/10.1182/blood-2006-07-036020 PMID: 17244683

10. Dekker RJ, van Soest S, Fontijn RD, Salamanca S, de Groot PG, VanBavel E, et al. Prolonged fluid

shear stress induces a distinct set of endothelial cell genes, most specifically lung Kruppel-like factor

(KLF2). Blood. 2002; 100(5):1689–98. https://doi.org/10.1182/blood-2002-01-0046 PMID: 12176889

11. Fledderus JO, Boon RA, Volger OL, Hurttila H, Yla-Herttuala S, Pannekoek H, et al. KLF2 primes the

antioxidant transcription factor Nrf2 for activation in endothelial cells. Arterioscler Thromb Vasc Biol.

2008; 28(7):1339–46. https://doi.org/10.1161/ATVBAHA.108.165811 PMID: 18467642

12. Cunningham KS, Gotlieb AI. The role of shear stress in the pathogenesis of atherosclerosis. Lab Invest.

2005; 85(1):9–23. https://doi.org/10.1038/labinvest.3700215 PMID: 15568038

13. Baker AB, Chatzizisis YS, Beigel R, Jonas M, Stone BV, Coskun AU, et al. Regulation of heparanase

expression in coronary artery disease in diabetic, hyperlipidemic swine. Atherosclerosis. 2010; 213

(2):436–42. https://doi.org/10.1016/j.atherosclerosis.2010.09.003 PMID: 20950809

14. Gouverneur M, Spaan JA, Pannekoek H, Fontijn RD, Vink H. Fluid shear stress stimulates incorporation

of hyaluronan into endothelial cell glycocalyx. Am J Physiol Heart Circ Physiol. 2006; 290(1):H458–2.

https://doi.org/10.1152/ajpheart.00592.2005 PMID: 16126814

15. Maroski J, Vorderwulbecke BJ, Fiedorowicz K, Da Silva-Azevedo L, Siegel G, Marki A, et al. Shear

stress increases endothelial hyaluronan synthase 2 and hyaluronan synthesis especially in regard to an

atheroprotective flow profile. Exp Physiol. 2011; 96(9):977–86. https://doi.org/10.1113/expphysiol.

2010.056051 PMID: 21551265

16. Bevan HS, Slater SC, Clarke H, Cahill PA, Mathieson PW, Welsh GI, et al. Acute laminar shear stress

reversibly increases human glomerular endothelial cell permeability via activation of endothelial nitric

oxide synthase. Am J Physiol Renal Physiol. 2011; 301(4):F733–42. https://doi.org/10.1152/ajprenal.

00458.2010 PMID: 21775480

17. Slater SC, Ramnath RD, Uttridge K, Saleem MA, Cahill PA, Mathieson PW, et al. Chronic exposure to

laminar shear stress induces Kruppel-like factor 2 in glomerular endothelial cells and modulates interac-

tions with co-cultured podocytes. Int J Biochem Cell Biol. 2012; 44(9):1482–90. https://doi.org/10.1016/

j.biocel.2012.05.020 PMID: 22683691

18. Wang GX, Cai SX, Wang PQ, Ouyang KQ, Wang YL, Xu SR. Shear-induced changes in endothelin-1

secretion of microvascular endothelial cells. Microvasc Res. 2002; 63(2):209–17. https://doi.org/10.

1006/mvre.2001.2387 PMID: 11866544

19. Wang G, Cai S, Deng X, Ouyang K, Xie G, Guidoin R. Secretory response of endothelin-1 in cultured

human glomerular microvascular endothelial cells to shear stress. Biorheology. 2000; 37(4):291–9.

PMID: 11145075

20. Eng E, Ballermann BJ. Diminished NF-kappaB activation and PDGF-B expression in glomerular endo-

thelial cells subjected to chronic shear stress. Microvasc Res. 2003; 65(3):137–44. https://doi.org/10.

1016/s0026-2862(03)00004-9 PMID: 12711254

21. Remuzzi A, Brenner BM, Pata V, Tebaldi G, Mariano R, Belloro A, et al. Three-dimensional recon-

structed glomerular capillary network: blood flow distribution and local filtration. Am J Physiol. 1992; 263

(3 Pt 2):F562–72. https://doi.org/10.1152/ajprenal.1992.263.3.F562 PMID: 1415586

22. Ballermann BJ, Dardik A, Eng E, Liu A. Shear stress and the endothelium. Kidney Int Suppl. 1998; 67:

S100–8. https://doi.org/10.1046/j.1523-1755.1998.06720.x PMID: 9736263

23. Rops AL, van der Vlag J, Jacobs CW, Dijkman HB, Lensen JF, Wijnhoven TJ, et al. Isolation and char-

acterization of conditionally immortalized mouse glomerular endothelial cell lines. Kidney Int. 2004; 66

(6):2193–201. https://doi.org/10.1111/j.1523-1755.2004.66009.x PMID: 15569308

PLOS ONE Laminar flow substantially affects glomerular endothelial cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0251129 May 5, 2021 11 / 12

https://doi.org/10.1681/ASN.2015091070
http://www.ncbi.nlm.nih.gov/pubmed/27026367
https://doi.org/10.1152/ajprenal.00532.2014
https://doi.org/10.1152/ajprenal.00532.2014
http://www.ncbi.nlm.nih.gov/pubmed/25673809
https://doi.org/10.2337/db11-1024
https://doi.org/10.2337/db11-1024
http://www.ncbi.nlm.nih.gov/pubmed/22106160
https://doi.org/10.1182/blood-2005-08-3465
http://www.ncbi.nlm.nih.gov/pubmed/16455954
https://doi.org/10.1182/blood-2006-07-036020
http://www.ncbi.nlm.nih.gov/pubmed/17244683
https://doi.org/10.1182/blood-2002-01-0046
http://www.ncbi.nlm.nih.gov/pubmed/12176889
https://doi.org/10.1161/ATVBAHA.108.165811
http://www.ncbi.nlm.nih.gov/pubmed/18467642
https://doi.org/10.1038/labinvest.3700215
http://www.ncbi.nlm.nih.gov/pubmed/15568038
https://doi.org/10.1016/j.atherosclerosis.2010.09.003
http://www.ncbi.nlm.nih.gov/pubmed/20950809
https://doi.org/10.1152/ajpheart.00592.2005
http://www.ncbi.nlm.nih.gov/pubmed/16126814
https://doi.org/10.1113/expphysiol.2010.056051
https://doi.org/10.1113/expphysiol.2010.056051
http://www.ncbi.nlm.nih.gov/pubmed/21551265
https://doi.org/10.1152/ajprenal.00458.2010
https://doi.org/10.1152/ajprenal.00458.2010
http://www.ncbi.nlm.nih.gov/pubmed/21775480
https://doi.org/10.1016/j.biocel.2012.05.020
https://doi.org/10.1016/j.biocel.2012.05.020
http://www.ncbi.nlm.nih.gov/pubmed/22683691
https://doi.org/10.1006/mvre.2001.2387
https://doi.org/10.1006/mvre.2001.2387
http://www.ncbi.nlm.nih.gov/pubmed/11866544
http://www.ncbi.nlm.nih.gov/pubmed/11145075
https://doi.org/10.1016/s0026-2862%2803%2900004-9
https://doi.org/10.1016/s0026-2862%2803%2900004-9
http://www.ncbi.nlm.nih.gov/pubmed/12711254
https://doi.org/10.1152/ajprenal.1992.263.3.F562
http://www.ncbi.nlm.nih.gov/pubmed/1415586
https://doi.org/10.1046/j.1523-1755.1998.06720.x
http://www.ncbi.nlm.nih.gov/pubmed/9736263
https://doi.org/10.1111/j.1523-1755.2004.66009.x
http://www.ncbi.nlm.nih.gov/pubmed/15569308
https://doi.org/10.1371/journal.pone.0251129


24. Galbraith CG, Skalak R, Chien S. Shear stress induces spatial reorganization of the endothelial cell

cytoskeleton. Cell Motil Cytoskeleton. 1998; 40(4):317–30. https://doi.org/10.1002/(SICI)1097-0169

(1998)40:4<317::AID-CM1>3.0.CO;2-8 PMID: 9712262

25. Li YS, Haga JH, Chien S. Molecular basis of the effects of shear stress on vascular endothelial cells. J

Biomech. 2005; 38(10):1949–71. https://doi.org/10.1016/j.jbiomech.2004.09.030 PMID: 16084198

26. Boon RA, Leyen TA, Fontijn RD, Fledderus JO, Baggen JM, Volger OL, et al. KLF2-induced actin shear

fibers control both alignment to flow and JNK signaling in vascular endothelium. Blood. 2010; 115

(12):2533–42. https://doi.org/10.1182/blood-2009-06-228726 PMID: 20032497

27. SenBanerjee S, Lin Z, Atkins GB, Greif DM, Rao RM, Kumar A, et al. KLF2 Is a novel transcriptional reg-

ulator of endothelial proinflammatory activation. J Exp Med. 2004; 199(10):1305–15. https://doi.org/10.

1084/jem.20031132 PMID: 15136591

28. Conway DE, Sakurai Y, Weiss D, Vega JD, Taylor WR, Jo H, et al. Expression of CYP1A1 and CYP1B1

in human endothelial cells: regulation by fluid shear stress. Cardiovasc Res. 2009; 81(4):669–77.

https://doi.org/10.1093/cvr/cvn360 PMID: 19126602

29. Kolluru GK, Sinha S, Majumder S, Muley A, Siamwala JH, Gupta R, et al. Shear stress promotes nitric

oxide production in endothelial cells by sub-cellular delocalization of eNOS: A basis for shear stress

mediated angiogenesis. Nitric Oxide. 2010; 22(4):304–15. https://doi.org/10.1016/j.niox.2010.02.004

PMID: 20188204

30. Itano N, Kimata K. Mammalian hyaluronan synthases. IUBMB Life. 2002; 54(4):195–9. https://doi.org/

10.1080/15216540214929 PMID: 12512858

31. Chiu JJ, Chien S. Effects of disturbed flow on vascular endothelium: pathophysiological basis and clini-

cal perspectives. Physiol Rev. 2011; 91(1):327–87. https://doi.org/10.1152/physrev.00047.2009 PMID:

21248169

32. Yamawaki H, Lehoux S, Berk BC. Chronic physiological shear stress inhibits tumor necrosis factor-

induced proinflammatory responses in rabbit aorta perfused ex vivo. Circulation. 2003; 108(13):1619–

25. https://doi.org/10.1161/01.CIR.0000089373.49941.C4 PMID: 12963644

33. Boels M, Wang G, Sol W, De Graaf A, Van Kuppevelt T, Van Der Vlag J, et al. Doctoral Dissertation,

Chapter 5 Endothelial glycocalyx remodeling by heparanase induces endothelial dysfunction 2018.

Available from: https://scholarlypublications.universiteitleiden.nl/access/item%3A2953406/view.

34. Ramnath RD, Satchell SC. Glomerular Endothelial Cells: Assessment of Barrier Properties In Vitro.

Methods Mol Biol. 2020; 2067:145–51. https://doi.org/10.1007/978-1-4939-9841-8_11 PMID:

31701451

35. Abou Daher A, Francis M, Azzam P, Ahmad A, Eid AA, Fornoni A, et al. Modulation of radiation-induced

damage of human glomerular endothelial cells by SMPDL3B. Faseb j. 2020; 34(6):7915–26. https://doi.

org/10.1096/fj.201902179R PMID: 32293077

36. Hirono K, Imaizumi T, Aizawa T, Watanabe S, Tsugawa K, Shiratori T, et al. Endothelial expression of

fractalkine (CX3CL1) is induced by Toll-like receptor 3 signaling in cultured human glomerular endothe-

lial cells. Mod Rheumatol. 2020; 30(6):1074–81. https://doi.org/10.1080/14397595.2019.1682768

PMID: 31625434

37. Rops AL, van der Vlag J, Lensen JF, Wijnhoven TJ, van den Heuvel LP, van Kuppevelt TH, et al.

Heparan sulfate proteoglycans in glomerular inflammation. Kidney Int. 2004; 65(3):768–85. https://doi.

org/10.1111/j.1523-1755.2004.00451.x PMID: 14871397

38. Garsen M, Benner M, Dijkman HB, van Kuppevelt TH, Li JP, Rabelink TJ, et al. Heparanase Is Essential

for the Development of Acute Experimental Glomerulonephritis. Am J Pathol. 2016; 186(4):805–15.

https://doi.org/10.1016/j.ajpath.2015.12.008 PMID: 26873445

39. Petrosyan A, Cravedi P, Villani V, Angeletti A, Manrique J, Renieri A, et al. A glomerulus-on-a-chip to

recapitulate the human glomerular filtration barrier. Nat Commun. 2019; 10(1):3656. https://doi.org/10.

1038/s41467-019-11577-z PMID: 31409793

40. Musah S, Mammoto A, Ferrante TC, Jeanty SSF, Hirano-Kobayashi M, Mammoto T, et al. Mature

induced-pluripotent-stem-cell-derived human podocytes reconstitute kidney glomerular-capillary-wall

function on a chip. Nat Biomed Eng. 2017; 1. https://doi.org/10.1038/s41551-017-0069 PMID:

29038743

41. Ashammakhi N, Wesseling-Perry K, Hasan A, Elkhammas E, Zhang YS. Kidney-on-a-chip: untapped

opportunities. Kidney Int. 2018; 94(6):1073–86. https://doi.org/10.1016/j.kint.2018.06.034 PMID:

30366681

PLOS ONE Laminar flow substantially affects glomerular endothelial cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0251129 May 5, 2021 12 / 12

https://doi.org/10.1002/%28SICI%291097-0169%281998%2940%3A4%26lt%3B317%3A%3AAID-CM1%26gt%3B3.0.CO%3B2-8
https://doi.org/10.1002/%28SICI%291097-0169%281998%2940%3A4%26lt%3B317%3A%3AAID-CM1%26gt%3B3.0.CO%3B2-8
http://www.ncbi.nlm.nih.gov/pubmed/9712262
https://doi.org/10.1016/j.jbiomech.2004.09.030
http://www.ncbi.nlm.nih.gov/pubmed/16084198
https://doi.org/10.1182/blood-2009-06-228726
http://www.ncbi.nlm.nih.gov/pubmed/20032497
https://doi.org/10.1084/jem.20031132
https://doi.org/10.1084/jem.20031132
http://www.ncbi.nlm.nih.gov/pubmed/15136591
https://doi.org/10.1093/cvr/cvn360
http://www.ncbi.nlm.nih.gov/pubmed/19126602
https://doi.org/10.1016/j.niox.2010.02.004
http://www.ncbi.nlm.nih.gov/pubmed/20188204
https://doi.org/10.1080/15216540214929
https://doi.org/10.1080/15216540214929
http://www.ncbi.nlm.nih.gov/pubmed/12512858
https://doi.org/10.1152/physrev.00047.2009
http://www.ncbi.nlm.nih.gov/pubmed/21248169
https://doi.org/10.1161/01.CIR.0000089373.49941.C4
http://www.ncbi.nlm.nih.gov/pubmed/12963644
https://scholarlypublications.universiteitleiden.nl/access/item%3A2953406/view
https://doi.org/10.1007/978-1-4939-9841-8%5F11
http://www.ncbi.nlm.nih.gov/pubmed/31701451
https://doi.org/10.1096/fj.201902179R
https://doi.org/10.1096/fj.201902179R
http://www.ncbi.nlm.nih.gov/pubmed/32293077
https://doi.org/10.1080/14397595.2019.1682768
http://www.ncbi.nlm.nih.gov/pubmed/31625434
https://doi.org/10.1111/j.1523-1755.2004.00451.x
https://doi.org/10.1111/j.1523-1755.2004.00451.x
http://www.ncbi.nlm.nih.gov/pubmed/14871397
https://doi.org/10.1016/j.ajpath.2015.12.008
http://www.ncbi.nlm.nih.gov/pubmed/26873445
https://doi.org/10.1038/s41467-019-11577-z
https://doi.org/10.1038/s41467-019-11577-z
http://www.ncbi.nlm.nih.gov/pubmed/31409793
https://doi.org/10.1038/s41551-017-0069
http://www.ncbi.nlm.nih.gov/pubmed/29038743
https://doi.org/10.1016/j.kint.2018.06.034
http://www.ncbi.nlm.nih.gov/pubmed/30366681
https://doi.org/10.1371/journal.pone.0251129

