Am J Physiol Cell Physiol 317: C326—C338, 2019.
First published May 8, 2019; doi:10.1152/ajpcell.00128.2018.

RESEARCH ARTICLE

Integrated proteomics and metabolomics analysis reveals differential lipid

metabolism in human umbilical vein endothelial cells under high and low

shear stress

Gabriela Venturini,! Pamella Araujo Malagrino,! Kallyandra Padilha,! Leonardo Yuji Tanaka,>
Francisco Rafael Laurindo,> Rafael Dariolli,' Valdemir Melechco Carvalho,?

Karina Helena Morais Cardozo,” Jose Eduardo Krieger,! and Alexandre da Costa Pereira’

'Laboratory of Genetics and Molecular Cardiology, Heart Institute (InCor), Faculdade de Medicina FMUSP, Universidade
de Sao Paulo, Sao Paulo, Brazil; *Vascular Biology Laboratory, Heart Institute (InCor), Faculdade de Medicina FMUSP,
Universidade de Sao Paulo, Sao Paulo, Brazil; and Fleury Group, Sao Paulo, Brazil

Submitted 4 April 2018; accepted in final form 30 April 2019

Venturini G, Malagrino PA, Padilha K, Tanaka LY, Laurindo
FR, Dariolli R, Carvalho VM, Cardozo KH, Krieger JE, Pereira
AC. Integrated proteomics and metabolomics analysis reveals differ-
ential lipid metabolism in human umbilical vein endothelial cells under
high and low shear stress. Am J Physiol Cell Physiol 317: C326—
(€338, 2019. First published May 8, 2019; doi:10.1152/ajpcell.00128.
2018.—Atherosclerotic plaque development is closely associated with
the hemodynamic forces applied to endothelial cells (ECs). Among
these, shear stress (SS) plays a key role in disease development since
changes in flow intensity and direction could stimulate an atheroprone
or atheroprotective phenotype. ECs under low or oscillatory SS (LSS)
show upregulation of inflammatory, adhesion, and cellular permea-
bility molecules. On the contrary, cells under high or laminar SS
(HSS) increase their expression of protective and anti-inflammatory
factors. The mechanism behind SS regulation of an atheroprotective
phenotype is not completely elucidated. Here we used proteomics and
metabolomics to better understand the changes in endothelial cells
(human umbilical vein endothelial cells) under in vitro LSS and HSS
that promote an atheroprone or atheroprotective profile and how these
modifications can be connected to atherosclerosis development. Our
data showed that lipid metabolism, in special cholesterol metabolism,
was downregulated in cells under LSS. The low-density lipoprotein
receptor (LDLR) showed significant alterations both at the quantita-
tive expression level as well as regarding posttranslational modifica-
tions. Under LSS, LDLR was seen at lower concentrations and with a
different glycosylation profile. Finally, modulating LDLR with ator-
vastatin led to the recapitulation of a HSS metabolic phenotype in EC
under LSS. Altogether, our data suggest that there is significant
modulation of lipid metabolism in endothelial cells under different SS
intensities and that this could contribute to the atheroprone phenotype
of LSS. Statin treatment was able to partially recover the protective
profile of these cells.

endothelial cell; lipids and lipoprotein metabolism; shear stress

INTRODUCTION

Endothelial cells (ECs) are specialized cells located between
the blood flow and the vascular wall. They act in both struc-
tural and signaling realms of vascular biology. As a structural
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actor, ECs form a nonthrombogenic and selective barrier be-
tween blood and smooth muscle cells, allowing the selective
permeability of circulating cells and macromolecules. ECs are
also involved in many other functions such as cell migration,
vessel remodeling, physiological control of the vascular lumen,
maintenance of anticoagulant properties, secretion of factors,
biomolecule metabolism, and even smooth muscle cell con-
tractility (12, 17, 70).

All those functions are strictly modulated either by the
biochemical coupling of cytokines, growth factors, and lipo-
proteins or by hemodynamic forces, to which ECs are contin-
uously and directly exposed. These hemodynamic forces act at
the cellular surface triggering mechanotransduction signals that
modulate the activation of many pathways (47) both by gene
expression and posttranscriptional mechanisms.

One of the main mechanical stimuli is shear stress (SS), a
frictional force of blood flow that acts tangential to the EC
apical surface and contributes to vascular homeostasis (19, 47).
Molecules located in the apical surface, such as the glycocalyx
(53), several different receptors (5, 73), ion channels (32), and
membrane lipids (77), are highly sensitive to this stimuli. Other
molecules that are not located in the surface are also SS targets,
such as cell junction complex (30, 69), extracellular matrix
(79), and structural proteins (29, 33). These mechanical sensors
have the ability to convert physical stress to biochemical
signals through adaptor proteins resulting in the activation of
signaling pathways [for example, those downstream of the
Kriippel-like factor (KLF) family (22, 45, 49, 56, 59) and
NF-«kB (43, 73)].

The vascular tree does not have a uniform SS distribution.
This results in areas with laminar SS and regions with low or
oscillatory flow (64). Atherosclerotic lesions preferably de-
velop in regions where the flow is not laminar and uniform
[i.e., low shear stress (LSS)] such as bifurcations and curva-
tures (11). Genomic and proteomic studies have shown that
endothelial genes are regulated in these regions, leading to the
expression of proteins that promote predisposition to athero-
sclerotic plaque formation (74). In areas of LSS there is an
upregulation of proinflammatory cytokines and targets of the
NF-kB pathway (1, 61, 67), a higher oxidative stress (1, 20, 31,
34), an increase in adhesion molecules expression (13, 14) and
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vascular permeability to molecules such as LDL (30, 68), and
changes in glycolytic metabolism modulated by hypoxia-in-
ducible factor-1a (23). On the other hand, ECs under laminar
and uniform flow show a protective gene expression pattern,
with upregulation of anti-inflammatory molecules, and main-
tenance of the permeability barrier and the redox state.

Despite the extensive literature associating inflammation,
oxidative stress, and upregulation of adhesion molecules with
SS intensity, there is little evidence on the relative importance
of cellular lipid metabolism and lipid content regarding EC
flow-dependent modulations. Membrane lipid content is im-
portant for cellular homeostasis since these macromolecules
are involved in several cellular processes such as integrin
activation, actin polymerization, endocytosis, and caveola for-
mation. Lipid rafts, sites where many signaling proteins are
located, such as endothelial nitric oxide synthase, G proteins,
caveolin, and glycosyl-phosphatidylinositol-anchored proteins
(62, 63), show a fine tune regulation regarding the classes and
relative proportion of lipids that constitute them. Changing the
type of membrane lipid constitution can impair the lipid raft
structure leading to activation or inhibition of pathways (26)
such as ERK phosphorylation, VCAM and ICAM upregula-
tion, and cytokine expression. In addition, the type of lipid that
constitutes the cells can interfere in cellular rigidity, number of
focal adhesion, and endothelial permeability.

Here we integrated stable isotope labeling by amino acids
(SILAC) proteomics and metabolomics to understand addi-
tional pathways that are modulated in ECs under atheroprone
(LSS) and atheroprotective (HSS) flow. Combing these two
techniques we show that lipid metabolism is downregulated in
cells under LSS accompanied by a significant difference in the
amount and glycosylation of low-density lipoprotein receptor
(LDLR). Modulating LDLR with statin treatment in LSS, we
could recover part of the atheroprotective phenotype of ECs
seem in HSS.

MATERIALS AND METHODS

Cell culture. Huoman umbilical vein endothelial cells (HUVECsS;
no. C0035C; Thermo Scientific) from a single newborn male donor
were cultivated in endothelial basal medium (EBM-2; no. CC-3156;
Lonza) supplemented with EGM-2 growth factors (no. CC-3162;
Lonza) in an incubator at 37°C with 5% of CO,. For SILAC exper-
iments, cells were cultivated in special medium as described below.

SILAC labeling. For isotopic labeling, cells were cultivated in
medium containing heavy lysine and arginine following the protocol
of Ong and collaborators (7, 37, 51). Briefly, HUVECs were culti-
vated in DMEM-F-12 SILAC (no. A2494301; Thermo Scientific)
supplemented with hEGF, hydrocortisone, GA-1000 (gentamicin,
amphotericin-B), dialyzed FBS, VEGF, hFGF-B, R3, IGF-1, ascorbic
acid, heparin, arginine 13C6, 15N4 (no. 608033, Sigma-Aldrich),
lysine 13C6 15N2 (no. 608041; Sigma-Aldrich), and glutamine (for
heavy condition) or the same medium but changing the heavy arginine
and lysine by regular arginine and lysine (light condition). Cells were
grown in heavy medium until 90% of proteins were labeled (con-
firmed by mass spectrometry), approximately five passages. We also
added proline in the medium to avoid the convention of arginine to
proline, which can happen when arginine is highly concentrated in the
cell culture medium. After isotopic labeling, heavy cells were sub-
mitted to 15 or 5 dyn/cm? intercalated to avoid bias or no-labeled
contaminants.

Shear stress. HUVECs were kept in starving conditions without
supplement during 16 h before SS. After starving, cells were washed
and submitted to high shear stress (HSS = 15 dyn/cm?) and low shear
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stress (LSS = 5 dyn/cm?) for 24 h in a cone plate system (6). After
24 h, media were collected for nitrite and nitrate measurement and
cells were harvested for proteomics and metabolomics analysis. Each
sample is a pool of three plates submitted to in vitro SS cone plate
system at the same time, resulting in five samples of LSS and five
samples of HSS.

Protein extraction. Proteins were extracted with 8 M urea, 50 mM
Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA, and protease/phos-
phatase cocktail inhibitors (nos. P8340, P2850, and P0044; Sigma-
Aldrich). The extract was centrifuged for 15 min at 15,800 g, and
supernatants were frozen for proteomics analysis. Proteins were quan-
tified by bicinchoninic acid method (no. 23225; Thermo Scientific),
and the proteins from HSS and LSS (one condition heavy labeled and
the other light labeled) were mixed in the rate 1:1 (heavy/light).

Protein digestion. Proteins (100 ng) were reduced using 10 mM
DTT (no. V3151; Promega) during 30 min at 37°C and alkylated
using 50 mM iodoacetamide (no. 16125; Sigma-Aldrich) 30 min at
room temperature. Trypsin (no. V5111; Promega) was added to the
protein lysates at a ratio of 1:50 (wt/wt) for digestion at 37°C for 16
h. Peptides were desalted using Sep-Pak C18 cartridges (no.
WAT023590; Waters) and lyophilized.

Mass spectrometry analysis. Peptides were separated by nanoflow
LC coupled online to a quadrupole Orbitrap mass spectrometer with a
nanoelectrospray ion source. The peptides were loaded on an in
house-made biphasic C18/SCX MudPIT column. For optimal separa-
tion, an 11-step salt pulse gradient (25, 50, 75, 100, 150, 200, 250,
300, 500, and 750 mM and 1 M ammonium acetate) was performed
with 120-min run for each fraction. Following each salt pulse, pep-
tides were gradient-eluted from the reverse analytical column at a flow
rate of 500 nl/min. A data-dependent “top 10 method was selected
for fragmentation. For survey scans (mass range, 300—1,750 Th), the
target value was 3,000,000 with a maximum injection time of 20 ms
and a resolution of 70,000 at m/z 400. An isolation window of 1.6 Th
was used for higher energy collisional dissociation with normalized
collision energies of 25 eV. For MS/MS scans, the target ion value
was set to 1,000,000 with a maximum injection time of 60 ms, a
resolution of 17,500 at m/z 400, and dynamic exclusion of 25 s.

Data processing. We used the MaxQuant software environment
(version 1.4.3.9) to analyze MS raw data. The MS/MS spectra were
searched against the Swissprot database (jun/2016) using the Androm-
eda search engine incorporated in the MaxQuant framework. Variable
modifications Lys8 and Argl0, protein NH,-terminal acetylation, and
oxidized methionine were included. Carbamidomethylated cysteine
was included as a fixed modification. Full trypsin specificity was
selected as digestion mode, and the maximum missed cleavages was
set to 2. Peptides with lengths of a minimum of seven amino acids
were considered, with both the peptide and protein false discovery rate
set to 1%. Precursor mass tolerance was set to 20 ppm for the first
search and 4.5 ppm for the main search. Product ions were searched
with a mass tolerance of 20 ppm. Normalized ratio quantification was
performed using quantities of unique and razor peptides and a mini-
mum of two peptides was required. Protein groups marked as con-
taminant, reverse, or “identified by site only” in MaxQuant results
were discarded. For SILAC protein ratios, a minimum of one unique
peptide and a minimum ratio count of two were required. All reported
protein groups were identified with two or more distinct peptides, and
were quantified with two or more ratio counts. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE (71) partner repository with the data set
identifier PXDO011040.

Differential proteins. For identification of differential proteins, the
normalized HSS/LSS ratios were log2 transformed and a significance
B test (58) was applied for each sample using Perseus software (15).
For follow-up analysis, we used proteins that showed a P < 0.05 in at
least two samples. Hierarchic cluster was used with log2 of ratios
using the Ward D algorithm and Euclidian distance. Analyses were
performed in MetaboAnalyst.
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Proteins with HSS/LSS ratio equal or higher than 1.25 were
considered upregulated in HSS, and proteins with HSS/LSS ratio
equal or lower than 0.8 were considered upregulated in LSS.

Statin treatment and SS. HUVECs were treated with 5 M ator-
vastatin (no. PZ001; Sigma-Aldrich) or 5 wM atorvastatin plus 10 mM
of nitro-L-arginine methyl ester (no. N5751; Sigma-Aldrich) during 72
h diluted in EGM-2 medium. After treatment, cells were submitted to
5 dyn/cm? for 24 h. Controls were treated with DMSO. Each sample
is a pool of three plates submitted to in vitro SS cone plate system at
the same time, resulting in six samples of each condition.

Metabolite extraction and derivatization. After SS, cells were
washed with cold PBS and metabolites were extracted with 1 ml of
Acetonitrile (no. 34967; Sigma-Aldrich):2-propanol (no. 34965; Sig-
ma-Aldrich):UltraPure water (3:3:2 vol/vol) cold and degassed solu-
tion. The solution containing the metabolites was centrifuged for 5
min at 15,800 g and 0°C. The supernatant was transferred to a new
tube and dried 16 h in SpeedVac. The pellet was washed with 1 ml
acetronitrile:UltraPure water (1:1 vol/vol) cold solution and centri-
fuged for 5 min at 115,800 g and 0°C, and the supernatant was
transferred to a new tube, spiked with 5 pl of the internal standard
myristic acid d27 3 mg/ml (no. 366889; Sigma-Aldrich), and dried 16
h in SpeedVac. Pellets were stored in desiccator at 4°C until analysis.

For derivatization, the pellet was suspended in 20 wl methoxy-
amine (no. 226904; Sigma-Aldrich) in pyridine (no. 270407; Sigma-
Aldrich) solution (40 mg/ml), 3 pl of fatty acid methyl ester (FAME;
no. 18919; Sigma-Aldrich) were added, and the mixture was vortexed
for 3 min. This methoximation reaction was performed at room
temperature for 16 h, followed by trimethylsilylation for 1 h addition
of 80 wl N-methyl-N-trimethylsilyltrifluoroacetamine (MSTFA; no.
69479; Sigma-Aldrich) with 1% trimethylchlorosilane (TCMS; no.
89585; Sigma-Aldrich). After derivatization, 1 pl of this derivative
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was used for gas chromatography mass spectrometry (GC/MS) anal-
ysis.

Gas chromatography and mass spectrometry analysis. One micro-
liter of each sample was injected into an Agilent 7890B GC system
operated in splitless mode. A DB5-MS + 10 m Duraguard capillary
column (no. 122-5532G; Agilent) within which helium carrier gas
flowed at a rate of 1.1 ml/min was applied for metabolite separation.
The injector temperature was set at 250°C. The column temperature
was held at 60°C for 1 min and then increased to 310°C at a rate of
10°C/min during 37 min. The column effluent was introduced into the
ion source of an Agilent 5977A mass selective detector. The detector
operated in the electron impact ionization mode (70 eV) and mass
spectra were recorded after a solvent delay of 6.5 min with 2.9 scans
per second, starting at mass 50 and ending at mass 550, with a step
size of 0.1 m/z. The MS quadrupole temperature was set at 180°C, and
the ion source temperature was set at 280°C. Each sample was
analyzed in three technical replicates.

Metabolomic data analysis and statistical methods. Data were decon-
voluted with retention time (RT) size window of 75 and 100, signal-
to-noise threshold of 1, and extraction window m/z delta of 0.3 AMU
on left and 0.7 on right. Identification of compounds was made
comparing the mass spectra and retention time (RT) of all detected
compounds with the Agilent Fiehn GC/MS Metabolomics RTL Li-
brary (version A.02.02) containing the spectra profile and RT of 1,447
compounds. RT penalty function was set as Trapezoidal in RT range
of 30 s with Penalty-free RT range of 10 s. Minimum match factor
applied was 60. The metabolites that were not identified in the Agilent
Fiehn GC/MS Metabolomics RTL Library were searched in the
National Institute of Standards and Technology library 11 (2014)
using Unknowns-Agilent MassHunter Workstation Quantitative Anal-
ysis (version B.06.00).
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Fig. 1. Cells under high shear stress (HSS) flow (15 dyn/cm?) released higher concentration of nitric oxide (NO) in medium (A) (measured through nitrate and
nitrite intermediates, n = 5) and showed higher expression of KLF2 (B and C) and VE-cadherin (B and D) when compared with cells under low shear stress
(LSS; 5 dyn/cm?). Each dot represents a sample, lines represent means = SE, and P values resulted from z-test. (+) Cells without starving as positive control.

a.u., arbitrary units; KLF2, Kriippel-like factor 2.

AJP-Cell Physiol » doi:10.1152/ajpcell.00128.2018 - www.ajpcell.org
Downloaded from journals.physiology.org/journal/ajpcell (191.017.065.097) on January 26, 2023.



DIFFERENTIAL LIPID METABOLISM IN CELLS UNDER SHEAR STRESS

Data consistency was checked based on the identification of Inter-
nal Standard (myristic acid d27) among samples, identification of each
metabolite in at least two of three technical replicates and a coefficient
variation of metabolites intensity <30% among the three technical
replicates. Only metabolites that were present in at least =50% of
samples from one group (LSS, HSS, or LSS with statin) were
submitted to statistical analysis. Metabolites were analyzed using the
MetaboAnalyst online platform (76). Missing values were substituted
by the half of lower value in the table, and data were normalized using
autoscaling method. Metabolite intensities were log2 transformed, and
an ANOVA test was performed with Fisher’s least significant differ-
ence as post hoc test. The metabolites that were different between
groups were analyzed by principal component analysis. The mass
spectrometry metabolomics data have been deposited to the Metabo-
lights (28) repository with the data set identifier MTBLS739.

Subcellular fractioning. For enrichment of membrane and nucleus
proteins, we used Subcellular Protein Fractionation Kit for Cultured
Cells (no. 78840; Thermo Scientific) following the manufacturer’s
recommendation. Cells were submitted to HSS and LSS according to
previous description and four samples (n = 4) were analyzed.

Western blotting. Proteins were extracted and quantified as de-
scribed above (see Protein extraction). Ten micrograms of total
protein were loaded in SDS-PAGE electrophoresis and transferred to
PVDF membrane (no. 25006567; GE HybondP) in a semidry system.
Membranes were blocked with 5% BSA in PBST solution and
incubated overnight against the target antibodies glycosylated and
nonglycosylated LDLR (no. LS-B10039; LSBio), KLF2 (no. LS-
B4570; LSBio), and VE-cadherin (no. 2500; Cell Signaling). GAPDH
(no. ab22555; Abcam) was used as loading control. After primary
antibody incubation, membranes were incubated for 1 h with goat
anti-rabbit IgG (H*L) secondary antibody and horseradish peroxidase
conjugated (no. 31460; Thermo Scientific). After the secondary anti-
body incubation, membranes were washed and stained with ECL
solution. Membranes were then digitized on an ImageScanner LAS
4000 mini (GE HealthCare, Little Chalfont, UK) and quantified using
ImagelJ software (National Institutes of Health, Bethesda, MD).
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Nitric oxide detection assay. The release of nitric oxide (NO) from
HUVEC:s under SS for 24 h was measured as nitrite (NO, ) and nitrate
(NOj ) accumulation in the culture media as previously described (6).
We analyzed the chemiluminescence reaction between ozone and the
NO generated by reduction of the sample with vanadium chloride in
acid at 95°C using NO analyzer (model 208A; Sievers Instruments,
Boulder, CO) according to the manufacturer’s protocols. NO, and
NO; levels were corrected for total protein content of HUVECs
extracts and media volume. The rates of NO, and NO; accumulation
are expressed as micromoles per grams of protein per milliliters of
medium. Five samples were analyzed.

Immunofluorescence. After high and lose SS, cells were fixed with
paraformaldehyde (no. 158127; Sigma-Aldrich) 4% diluted in PBS for
30 min. After washes, cells were blocked with 2% casein in PBS
solution for 1 h at room temperature followed by incubation with
primary LDLR antibody overnight at 4°C. After primary antibodies,
cells were incubated with a secondary Alexa 555 antibody (no.
A27039; Thermo Scientific) and DAPI (no. D9542; Sigma-Aldrich)
for 90 min. Immunohistochemistry was analyzed on a Laser Scanning
Microscope 510 (Carl Zeiss). Three samples were analyzed

Enrichment analysis. Proteins upregulated in each group were
associated with canonical pathways using the statistical overrepresen-
tation test from Panther (version 05/12/2017) (41, 42). Upregulated
proteins from LSS or HSS were uploaded separately and associated
with canonical pathways using Homo sapiens Reactome database as
background (version 58 published in 12/07/2016). The association
was performed using Fisher’s exact test with correction for multiple
testing (Benjamini and Hochberg false discovery rate) and P < 0.05.
Network analysis between proteins was performed in NetworkAnalyst
(75) using IMEX (8) protein-protein interaction database, and network
analysis between metabolites-proteins was performed using the Net-
work Explorer plugin in MetaboAnalyst platform. KEGG Homo
sapiens database was used as background. Both networks were con-
structed with zero-order interaction using only statically significant
metabolites/proteins.
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Fig. 2. Proteomic results overview. A total of 6,122 proteins were identified by mass spectrometry in all experiments. After contaminants and misidentification
were filtered out, 5,486 proteins were used in statistical analysis. Of those, 1,094 proteins showed P < 0.05, and 364 were identified as significative in at least
2 biological replicates. A total of 121 proteins were upregulated in high shear stress (HSS) and 98 were upregulated in low shear stress (LSS). The upregulated

proteins in each group were used in follow-up analysis. n = 5 Samples.
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RESULTS

We performed HSS and LSS in five biological replicates in
HUVECs between passage 8 and 10. As expected and well
reported in the literature, we observed a significant increase in
NO release in cells under HSS compared with LSS. In addition,
we also observed upregulation of KLF2 and VE-cadherin in
this same group (Fig. 1).

Lipid metabolism is downregulated in HUVECs under LSS.
After mass spectrometry analysis and filters, we identified
5,486 proteins. From them, 1,094 showed a P < 0.05 in the
significance B test. We considered for follow-up analysis
proteins with P < 0.05 in the same direction and in at least 2
samples, resulting in 364 proteins. From these 364 proteins,
121 were higher in HSS (HSS/LSS ratio equal or higher than
1.25) and 98 were higher in LSS (LSS/HSS ratio equal or
higher than 1.25). The total number and the number of signif-
icant proteins are summarized in Fig. 2. A heatmap of the

A
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364 significant proteins was plotted in Fig. 3A. Despite the
fact that we were working with HUVECs, we were able to
identify several proteins known as markers of native endo-
thelial cells such as ADGRL4, EMCN, ENG, PECAMI,
TEK, TSPAN8, VGFR2, CD34, and VWF. The proteins
identified in this study are listed in Supplemental Table S1
(see Supplemental Material: https://doi.org/10.6084/m9.
figshare.7961018).

We performed enrichment analysis with the upregulated
proteins in LSS and HSS. Two main pathways were upregu-
lated in HSS: metabolism (parental pathway), specifically lipid
and lipoprotein metabolism and metabolism of proteins (pa-
rental pathway), specifically N-glycosylation posttranslational
modification (Fig. 3B, orange). In cells under LSS the upregu-
lated proteins were related to adhesion molecules, extracellular
matrix components, stress fibers, and platelet activation (Fig.
3B, blue).

Ratio of 364 proteins with p value<0.05

[ —_—

L Upregulated
inLSS

Fig. 3. A: heatmap of 364 proteins with P < 0.05 in

significance B test in at least 2 replicates. Proteins were

clustered into two main groups: upregulated in high shear

stress (HSS; bottom, red) and upregulated in low shear
stress (LSS; fop, blue). In the heatmap it was plotted log2 of
HSS/LSS ratio intensity. B: canonical pathways enriched by
differential proteins of human umbilical vein endothelial
cells (HUVECS) under LSS and HSS according to Panther
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Table 1. Proteins are part of upregulated canonical pathways in cells under HSS and LSS
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No. of Proteins Proteins Uploaded in Panther Fold
Reactome Pathway in Reference Enrichment Analysis Expected Enrichment Raw P Value FDR P Value
1-Metabolism (R-HSA-1430728) 1,968 LDLR, HYAL2, MBOAT7, 11.6 2.24 8.18 X 107> 1.25 X 1072
NCEHI1, ELOVLI, SLC25A6,
CAV1, CYB5R3, ATP5F1,
AKRI1C3, ACATI, HMOX1,
LPCAT?2, SLC25A4, NQOI,
CAT, ESYT1, MED4,
AKRI1C4, HSD17B12, VAPA,
SULT1A3, AKRIC2, DHCR7,
CD44, GLUDI1
1.1-Metabolism of lipids and 712 ABCD3, ACATI1, AKIC2, 4.2 3.58 235 X 1073 5.18 X 1073
lipoproteins (R-HSA-556833) AKI1C3, AK1C4, CAVI,
DHB12, DHCR7, ELOV1,
ESYTI1, LDLR, MBOA7,
MED4, NCEHI, PCAT?2,
VAPA
2-Metabolism of proteins 1,325 GSN, SRPRA, SLC25A6, 6.23 4.01 2.01 X 107° 4 X 107°
(R-HSA-392499) TMED9Y9, ADAMTSLI1, CD59,
LMAN?2, SLC25A4, TMEDI10,
LMANI1, CKAP4, SEC61B,
DNAJC3, SRPRB, RABIA,
MPDUI, SSR1, SPCS1,
SULT1A3, VDACI, SSR4,
PIGS, SPCS2, SPCS3, MOGS
2.1-Posttranslational protein 819 RPN2, TMED9, CANX, 4.83 3.11 1.11 X 10~* 1.43 X 1072
modification (R-HSA-597592) ADAMTSLI1, CD59, LMAN2,
TMEDI10, LMANI, RABIA,
MPDU1, RPN1, DDOST,
VDACI, PIGS, MOGS
2.2-Asparagine N-linked 296 RPN2, TMED9, CANX, CD59, 1.74 6.88 2.71 X 1077 8.99 X 10>
glycosylation (R-HSA-446203) LMAN2, TMED10, LMANI,
RABI1A, MPDUI, RPNI,
DDOST, MOGS
3-SRP-dependent cotranslational 112 RPN2, SRPRA, SEC61B, SRPRB, 0.66 16.67 1.58 X 10710 3.14 X 1077
protein targeting to membrane SSR1, RPN1, DDOST, SPCSI1,
(R-HSA-1799339) SSR4, SPCS2, SPCS3
4-Laminin interactions 30 LAMAA4, NID1, HSPG2, 0.14 50.1 3.40 X 107 1'° 226 X 1077
(R-HSA-3000157) COL18A1, LAMBI1, LAMCI,
COL4A2
S-Integrin cell surface 85 COL5A1, HSPG2, FN1, COL8AL, 0.4 20.21 1.18 X 10~% 4.68 X 107°
interactions (R-HSA-216083) COL18A1, THBSI1, ICAMI1,
COL4A2
6-Nonintegrin membrane-ECM 59 LAMA4, COL5A1, HSPG2, FN1, 0.27 3275 2.67 X 101! 2.66 X 1078
interactions (R-HSA-3000171) THBS1, NTN4, LAMBI,
LAMCI, COL4A2
7-Response to elevated platelet 130 FN1, MMRNI1, SERPINEI, 0.61 991 411 X 1073 8.18 X 1073
cytosolic Ca?* (R-HSA-76005) THBS1, MAGED2, CLU
7.1-Platelet degranulation 125 FN1, MMRNI1, SERPINEI, 0.58 10.31 333 X 1077 737 X 1073
(R-HSA-114608) THBS1, MAGED2, CLU
8-Collagen biosynthesis and 67 COL5A1, COL12A1, COL8AL, 0.31 16.02 211 X 1073 526 X 1073
modifying enzymes COL18A1, COL4A2
(R-HSA-1650814)
9-Degradation of the 137 COLS5A1, NID1, HSPG2, FN1, 0.64 15.67 1.61 X 107° 8.02 X 1077
extracellular matrix COL12A1, COL8AIL,
(R-HSA-1474228) COL18A1, LAMBI, LAMCI,
COL4A2
9.1-Collagen degradation 64 COL5A1, COL12A1, COL8AL, 0.3 16.77 1.72 X 1073 4.88 X 1073
(R-HSA-1442490) COL18A1, COL4A2
10-Elastic fiber formation 45 FN1, EFEMPI1, EMILIN1, LTBP2 0.21 19.09 7.84 X 1077 1.20 X 1072
(R-HSA-1566948)
10.1-Molecules associated with 38 FN1, EFEMP1, EMILIN1, LTBP2 0.18 22.6 425X 1073 7.68 X 1073
elastic fibers (R-HSA-2129379)
11-ECM proteoglycans 75 LAMA4, COL5AL, FNI1, 0.35 20.04 1.06 X 107° 351 X 107°

(R-HSA-3000178)

SERPINEI1, LAMBI1, LAMCI,
COL4A2

FDR, false discovery rate; HSS, high shear stress; LSS, low shear stress.
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Sixteen proteins participating in lipid transport, lipid biosyn-
thesis, lipid oxidation, and lipid catabolism were upregulated in
HSS and are listed in Table 1.

Supporting proteomic findings, metabolomic data also
showed downregulation of lipids and lipid metabolites in
LSS. Nine lipids were in lower concentration in LSS com-
pared with HSS including cholesterol, palmitic acid, 13-
docosenoic acid, octanoic acid, 2-methyl-pentenedioic acid,
heptadecanoic acid, 1-heptanol, myo-inositol, and myo-
inositol-1,2,4,5,6P (Fig. 4A).

In addition to lipids, metabolomic data also showed downregu-
lation of 14 amino acids in LSS, including 1-alanine, L-proline,
L-serine, aspartic acid, aparagine, L-valine, glutamic acid, L-glu-
tamine, L-methionine, L-lysine, L-glycine, L-threonine, L-Isoleu-
cine, and tyrosine (Fig. 4B). We observed three proteins related to
glutamate metabolism upregulated in HSS (PRFA3, DHE3, and

DIFFERENTIAL LIPID METABOLISM IN CELLS UNDER SHEAR STRESS

NQOL1) and two proteins upregulated in LSS, one part of serine
synthesis pathway (SERC) and other from the arginine, proline
and ornithine synthesis pathway (P5CS).

Three metabolites from the citric acid cycle were also
modulated in SS, with succinic acid, malic acid, and fumaric
acid upregulated in HSS (Fig. 4B).

LDLR showed different behaviors in HUVECs under LSS
and HSS. Analyzing together the proteins and metabolites
from lipid metabolism in a network, LDLR was the protein
with the highest number of direct connections, connecting to
CAV1, PDIA4, CANX, and RablA, also connected to
cholesterol. In addition, cholesterol was the metabolite with
the highest number of connections with proteins, connecting
to RablA, NCEH1, ABCD3, DHCR7, and ACAT]I.

Expectedly, based on our omics data, LDLR was downregu-
lated in the membrane fraction of cells under LSS (Fig. 5B).

Lipids downregulated in LSS

-

1881

Fig. 4. Heatmap of metabolites different in human umbilical
vein endothelial cells (HUVECSs) under low shear stress
(LSS) and high shear stress (HSS). A: lipid metabolism
is downregulated in HUVECs under LSS. Cholesterol,
palmitic acid, 13-docosenoic acid, octanoic acid, 2-methyl-
pentenedioic acid, heptadecanoic acid, 1-heptanol, myo-
inositol, and myo-inositol-1,2,4,5,6P showed significantly
lower concentration in cells under LSS compared with HSS.
B: amino acids and tricarboxylic acid (TCA) intermediates
were also upregulated in HSS. All of these metabolites
showed #-test P < 0.05. Heatmap colors represent a z-score
(—2 to 2) log2 normalized of metabolite intensity.
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Unexpectedly, LDLR showed in a nonglycosylated form (pre-
cursor form with lower molecular weight) in cells under LSS,
whereas in HSS we only identified receptors in the glycosy-
lated form (mature form) (Fig. 5A). In addition, according to
immunofluorescence analysis, LDLR was located around the
nuclei in cells under LSS while in HSS the receptor was widely
distributed throughout the membrane (Fig. 5C).

In addition to the presence of nonglycosylated LDLR in cells
under LSS, we also identified decreased expression of pro-
teins essential to the glycosylation process. RPN1, RPN2, and
DDOST are all subunits of the catalytic core of N-oligosac-
charyl transferase (OST), and they are upregulated in cells
under HSS, suggesting that the glycosylation process could be
impaired in HUVECSs under atheroprone flow.

Statin treatment in LSS cells is able to partly recover the
protective phenotype seen in HSS. Based on the observed
modulation of LDLR in different SS intensities, we decided to
modulate this protein using a pharmacological and translational
approach. HUVECs were treated with atorvastatin over 72 h to

A LDL Receptor
250kDa T e e gy ey e W == Glycosylated
150kDa
100kDa b B Non-glycosylated
75kDa

37kDa amp P8 N B B BB BB B8 B0 GAPDH
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increase LDLR expression and then submitted to LSS. How-
ever, the metabolite profile of HUVECs under LSS and HSS
was different after atorvastatin treatment: the metabolite profile
of treated LSS cells was closer to the one of untreated cells
under HSS (Fig. 6). Upregulation of LDLR in LSS resulted in
an increase in lipid metabolite levels such as palmitic acid,
octanoic acid, and 2-methyl-pentenedioic acid; amino acids
such as L-asparagine and L-serine; carboxylic acids such as
succinic acid and oxalic acid; the sugars altrose, allose, sor-
bose, and a-mannobiose; and others such as xanthotoxin and
4-bromo-1-butanol (Fig. 7,). These metabolites were statisti-
cally different between cells under HSS and LSS (P < 0.05),
but no difference was observed after atorvastatin treatment. We
did not observe any difference in these results when cells
where treated with both atorvastatin and nitro-L-arginine
methyl ester (since atorvastatin treatment results in the increase
of NO release as well as LDLR upregulation (3, 21, 38, 39).

We also observed the same behavior in myo-inositol, 2,5-
furandicarboxylic acid, glycine, and glutamic acid . However,

B Plasma membrane - LDLR

MW

LSS (5 dynes/cm?)

HSS (15 dynes/cm?)

Phase contrast Merge

Fig. 5. Low-density lipoprotein receptor (LDLR) is modulated in endothelial cells under low shear stress (LSS) and high shear stress (HSS). A: human umbilical
vein endothelial cells (HUVECSs) under LSS showed part of the receptors in nonglycosylated form, whereas cells under HSS showed the LDLR only in
glycosylated form; n = 4 samples. B: LDLR is downregulated in membrane fraction of cells under LSS compared with HSS; n = 4 samples. C:
immunofluorescence showing that, in cells under LSS, the LDLR is located around nuclei and in HSS, it is distributed in cell membrane. Blue: nuclei; red: LDLR;
green: autofluorescence of elastic lamina. Scale bar = 10 pm; representative images of n = 3 samples.
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Fig. 6. Scores plot of principal component analysis of cells under high shear
stress (HSS; red), cells under low shear stress (LSS; green), and cells under
LSS plus atorvastatin treatment (blue). PC1 and PC2: principal component 1
and principal component 2. Each point represents a metabolite profile of a
biological replicate.

the values decreased when we treated cells with atorvastatin
plus nitro-L-arginine methyl ester suggesting that these metab-
olite responses to atorvastatin were modulated by NO levels
and not by LDLR upregulation (Fig. 7).

DISCUSSION

The present work used the integration of proteomics and
metabolomics data from HUVECs under LSS and HSS to
identify the pathways and mechanisms behind the atheroprone
and atheroprotector phenotype adopted by ECs under different
flow conditions.

Overall lipid metabolism is deficient in our model. We
show lipid biosynthesis to be compromised in HUVECs under
atheroprone flow and associated with decreased expression of
several key enzymes from the pathway. Associated with this,
we show a lower level of mature LDLR in the cellular mem-
brane. Finally, the increase in membrane LDLR with statin was
able to partially recover the atheroprotector phenotype in cells

DIFFERENTIAL LIPID METABOLISM IN CELLS UNDER SHEAR STRESS

under LSS suggesting a mechanism for the well-known statin
effect regardless of total circulating cholesterol reductions.

Despite the limitation of using HUVECs as a model, we
believe HUVECS are representatives of native endothelial cells
at the proteomics level since we were able to identify by mass
spectrometry several proteins that are known as endothelial
cell markers such as ADGRL4, EMCN, ENG, PECAMI1, TEK,
TSPANS, VGFR2, CD34, and VWF. Also, using our in vitro
model we identified the same previously described upregu-
lation of adhesion molecules, inflammatory pathway pro-
teins and procoagulation factors in cells under LSS (1, 13,
14, 49, 64).

In addition, we found three proteins from the Hippo-YAP-
Taz pathway upregulated after 24 h of LSS: CTGF, CYR61,
and WWTRI1. Our data corroborate with the literature (51, 75,
81) showing downregulation of YAP pathway proteins in
long-term HSS and activation when cells are under LSS. It is
important to highlight previous work showing activation of
Y AP signaling in endothelial cells under laminar SS in the first
minutes of stimuli (after 10 min). The same authors also
showed a decrease in YAP signaling in long-term SS (below
static condition after 6 and 24 h), with YAP exclusion from
nuclei after 6 h or 24 h of the laminar SS, followed by a
decreasing in the expression of CTGF and CYRG61. The authors
suggest the mechanosensory role of these molecules in athero-
prone phenotype of endothelial cells, acting as triggers of the
inflammatory phenotype in the beginning of atherosclerosis
developent. The literature also suggested transient role of
YAP-Taz signaling in other phenotypes modulated by flow
such as cell migration (40), cell cycle (41), and vessel main-
tenance (51) with upregulation of the signaling in the begging
of SS stimuli and downregulation in long term. Our data
suggest the YAP signaling is related not only with SS stimuli
but also with flow intensity.

The upregulated pathways of LSS found in our work cor-
roborate mechanisms previously described. Unexpectedly,
however, the most enriched pathway in HSS in our system was
none of these. Rather, we identify lipid metabolism as the top
modulated pathway.

Lipid metabolism was downregulated in LSS in comparison
to cells under HSS. Among the proteins downregulated in LSS,
those that participate in cholesterol metabolism, both synthesis
and degradation, were affected by SS intensity. This result was
found not only through protein analysis but also in metabolo-
mic analysis showing the downregulation of cholesterol,
palmitic acid, palmitoleic acid and myristic acid after 24 h of
LSS. Modulation of lipid metabolism with statin treatment
partially recovered the atheroprotector phenotype in cells under
LSS.

Our data suggest that LDLR may have an important role in
this process. We show that LDLR is partially nonglycosylated

Fig. 7. Metabolites were downregulated in cells under low shear stress (LSS; 5 dyn/cm?) compared with high shear stress (HSS; 15 dyn/cm?) and recovered their
value after low-density lipoprotein receptor (LDLR) modulation (5 dyn/cm? plus statin). A-D: lipids palmitic acid, octanoic acid, and 2-methyl-pentenedioic acid
(A); amino acids L-asparagine, and L-serine (B); carboxylic acid succinic acid and oxalic acid (C); and sugars altrose, allose, sorbose, and a-mannobiose and
others such as xanthotoxin and 4-bromo-1-butanol (D) were statistically downregulated in cells under LSS compared with HSS and were upregulated after
atorvastatin treatment. E: myo-inositol, glycine, glutamic acid, and 2,5-furandicarboxylic acid showed the same behavior; however, values decreased when cells
were treated with atorvastatin plus nitro-L-arginine methyl ester, suggesting that these metabolite responses to atorvastatin were modulated by nitric oxide (NO)
levels. Metabolite intensity is plotted on the y-axis, and intensity was measured by height of chromatography peak and normalized by protein concentration.
ANOVA with Bonferroni post hoc test was applied. Each dot represents a sample, and lines represent means = SE; n = 6 samples.
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Metabolites recovered HSS levels after statin treatment
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(precursor form) in cells under LSS, whereas in cells under
HSS we only detect the glycosylated form of the protein
(mature form) (Fig. 5). The receptor showed lower levels in the
membrane of cells under LSS and distributed around the nuclei
in atheroprone flow, whereas in HSS the receptor was in-
creased in HUVECs and homogenously distributed throughout
the membrane.

Goldstein and Brown described in 1983 (9) the LDLR to be
downregulated in branch areas of the vasculature and hypoth-
esized that this fact could have a role in atherosclerosis devel-
opment. At the same time, Sprague and collaborators (65)
showed that cells under HSS incorporated more LDL in com-
parison to cells under LSS. They also showed that cells under
HSS had higher expression of LDLR and LDL incorporation
suggesting the receptor could be modulated by flow (65).
Nonetheless, few papers explored the association of LDLR and
SS after the 1980s, and only in 2002, Liu and collaborators (40)
showed SREBPI, a transcriptional factor associated with
LDLR expression, to be higher in cells under HSS in compar-
ison to a static condition.

The LDLR is a single-pass transmembrane receptor present
in the cell surface, and it is the main receptor involved in LDL
metabolism (25, 44, 46, 50). The receptor shows many post-
translational modifications, including various sites of N- and
O-glycosylation (18, 36, 57). LDLR is synthetized in a precur-
sor form that becomes mature after the addition of carbohy-
drate chains, more precisely, 2 N-linked glycosylations and 18
O-linked glycosylations (16). Literature data show LDLR gly-
cosylation to be essential for receptor cellular surface expres-
sion and stability (35, 36); cells with defects in LDLR glyco-
sylation presented 5- to 10-fold faster degradation. It has also
been suggested that glycans protect the receptor against deg-
radation and could promote the binding of the receptor with
other molecules such as those participating in LDLR transport
(60, 78).

In our data, the differences between precursor and mature
forms of the LDLR in cells under different SS conditions were
concomitant with the downregulation of proteins involved in
the glycosylation process. In fact, the four essential catalytic
subunits of OST (RPN1, RPN2, and DDOST) were decreased
in cells under LSS. Besides these three proteins, we identified
other proteins from the endoplasmic reticulum to be decreased
in cells under LSS. Recent findings show endoplasmic reticu-
lum stress in atheroprone SS to be an initiator of the down-
stream regulation of the inflammatory process (2, 54). In this
sense, abnormalities in LDLR glycosylation could be the result
of endoplasmic reticulum stress since this is an important
compartment of the glycosylation process.

Our data show a downregulation of cholesterol concomitant
with the downregulation of LDLR. Changes in cholesterol
membrane composition were already observed in cells under
different intensities of SS (10, 77) and were associated with
changes in membrane fluidity. However, cholesterol is also
important in cellular signaling being part of the lipid rafts (62).
Recent data showed SS-modulated molecules to be located in
lipid rafts. In addition, changes in the membrane cholesterol
level were shown to lead to impairment of membrane structure
and activation of many signaling molecules (24, 27, 55, 72).
Adhesion proteins such as VCAM-1 and ICAM-1 and inflam-
matory molecules such as caspase-1 and IL-1{ are downstream
molecules in pathways associated with SS, and they have

DIFFERENTIAL LIPID METABOLISM IN CELLS UNDER SHEAR STRESS

been described as modulated by cholesterol content in lipid
rafts (66).

Pharmacological modulation of LDLR levels with statin
recapitulated the HSS metabolic phenotype of ECs under LSS.
Statins are inhibitors of HMG-CoA reducing cholesterol bio-
synthesis and increasing LDLR expression . It is well known
that statin treatment has benefits beyond the reduction of
circulating cholesterol levels. Our data suggest that part of this
benefit may derive locally, from changing the endothelial
metabolic phenotype. Indeed, the local benefits of statin on
endothelial cells are reported in the literature, such as affecting
HUVECs growth and migration by mechanisms that are not
directly associated with cholesterol. Despite local in nature, we
were able to show that at least part of the statin reversion of the
LSS phenotype can be associated with LDLR modulation and
not with other effects of statins such as those associated with
NO upregulation (3). Nonetheless, it is still possible that part of
the described effects may be due to modulation of other
unknown pathways also modulated by statin treatment.

In addition to lipids, we identified downregulation of amino
acids and tricarboxylic acid (TCA) intermediates in LSS. All
14 amino acids that were identified in lower concentration
could participate as carbon source in anaplerotic reactions,
producing gluconeogenic or ketogenic precursors and keeping
the synthesis of TCA intermediates at almost normal levels
(52). New experiments using carbon flow analysis or enzyme
activity could help to better understand the decrease in amino
acids in LSS. Despite our identification of metabolites from
different classes, one limitation of the metabolomics methods
we applied is the lack of measurement of some signaling lipids
such as phospholipids.

Overall, the SS and atherosclerosis relationship is well
described. However, how to modulate the atheroprone SS
phenotype to a protector one is still a challenge. Our experi-
ments using new “omics” techniques have been able to aggre-
gate information to former theories, bringing old and new
molecules back to the scene, which were not possible to be
detected in the past.
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