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Abstract 

Several fatty acids, in particular saturated fatty acids like palmitic acid, cause lipotoxicity in the context of non-alcoholic fatty liver disease . Unsaturated 

fatty acids ( e.g. oleic acid) protect against lipotoxicity in hepatocytes. However, the effect of oleic acid on other liver cell types, in particular liver sinusoidal 

endothelial cells (LSECs), is unknown. Human umbilical vein endothelial cells (HUVECs) are often used as a substitute for LSECs, however, because of the 

unique phenotype of LSECs, HUVECs cannot represent the same biological features as LSECs. In this study, we investigate the effects of oleate and palmitate 

(the sodium salts of oleic acid and palmitic acid) on primary rat LSECs in comparison to their effects on HUVECs. Oleate induces necrotic cell death 

in LSECs, but not in HUVECs. Necrotic cell death of LSECs can be prevented by supplementation of 2-stearoylglycerol, which promotes cellular triglyceride 

(TG) synthesis. Repressing TG synthesis, by knocking down DGAT1 renders HUVECs sensitive to oleate-induced necrotic death. Mechanistically, oleate causes 

a sharp drop of intracellular ATP level and impairs mitochondrial respiration in LSECs. The combination of oleate and palmitate reverses the toxic effect of 

oleate in both LSECs and HUVECs. These results indicate that oleate is toxic and its toxicity can be attenuated by stimulating TG synthesis. The toxicity of 

oleate is characterized by mitochondrial dysfunction and necrotic cell death. Moreover, HUVECs are not suitable as a substitute model for LSECs. 

© 2022 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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1. Introduction 

Lipid species demonstrate a high heterogeneity with regard

to their biological properties. The term lipotoxicity in the con-

text of non-alcoholic fatty liver disease/metabolic-associated fatty

liver disease (NAFLD/MAFLD) describes the hepatotoxic actions of

a group of lipids, particularly saturated fatty acids ( e.g., palmitic

acid - the most abundant dietary and plasma fatty acid), which

cause subcellular damage including mitochondrial damage, endo-
Abbreviations: LSECs, liver sinusoidal endothelial cells; NAFLD, non-alcoh  
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plasmic reticulum (ER) stress, oxidative stress and dysregulation of

signaling pathways which may eventually lead to liver cell death

[1–4] . Meanwhile, a group of non-toxic lipids, including monoun-

saturated fatty acids ( e.g., oleic acid), are generally shown to be

beneficial and protective in terms of their anti-oxidative and anti-

inflammatory effects. Furthermore, oleic acid was shown to protect

against palmitic acid-induced cellular injury in hepatocytes [5 , 6] as

well as in other types of cells [7 , 8] , including vascular endothe-

lial cells [9–12] . It is hypothesized that the protective role of oleic
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acid is related to its proneness to be incorporated into triglycerides

(TGs) [11 , 13] . However, contradictory results have been reported

[5] . Therefore, it is still not clear how monounsaturated fatty acids

like oleic acid, protect cells and whether they demonstrate similar

protective effects in other types of cells, for example, liver sinu-

soidal endothelial cells (LSECs). 

Lipid-induced cell death is mostly attributed to the induction

of apoptotic cell death, which involves both intrinsic (mitochon-

drial/lysosomal) and extrinsic (death receptor) apoptotic pathways

[2] . In recent years, it was found that lipids are also important de-

terminants in non-apoptotic cell death, including necroptosis, fer-

roptosis, and pyroptosis [14 , 15] . Interestingly, these effects can be

either toxic or protective. Under physiological conditions, oleic acid

hydrolyzed from milk fat globules could induce lysosomal leak-

iness, which causes the release of lysosomal cathepsins leading

to cell death [16 , 17] . On the other hand, the study from Mag-

tanong et al. showed that oleic acid could suppress the oxidation of

polyunsaturated fatty acids, preventing ferroptotic cell death [18] .

Until now, there is still very limited understanding of the roles of

lipids on non-apoptotic cell death. 

Liver sinusoidal endothelial cells (LSECs), forming the liver si-

nusoids, are a special type of endothelial cells with unique pheno-

type. They form a discontinuous layer of endothelium, lack of base-

ment membrane and display fenestrae organized in sieve plates,

making them unique compared to other types of endothelial cells,

in particular vascular endothelial cells. Functionally, LSECs also ex-

hibit uniqueness compared to vascular endothelial cells, including

their strong scavenging ability [19] , immune regulatory function

[20] as well as metabolic distinctness [21–23] . Importantly, LSECs

have been demonstrated to be one of the first targets of lipotox-

icity in NAFLD. Besides, fatty acids may modulate inflammatory

chemokines in murine LSECs [24 , 25] . However, still very little is

known about the direct effects of fatty acids on LSECs. Moreover,

neither vascular endothelial cells nor commercial LSEC cell lines

can properly represent primary LSECs. Therefore, in this study, we

aim to investigate the differential effects of fatty acids on primary

LSECs and compare their effects to vascular endothelial cells iso-

lated from human umbilical cords (HUVECs, human umbilical vas-

cular endothelial cells). 

. Materials and methods 

2.1. Animals 

Specified pathogen-free male Wistar rats (180–250 g) were purchased from

Charles River Laboratories Inc. (Wilmington, MA, USA). Rats were housed under

standard laboratory conditions with free access to standard laboratory chow and

water. All experiments were performed according to the Dutch law on the welfare

of laboratory animals and guidelines of the ethics committee of the University of

Groningen for care and use of laboratory animals. 

2.2. Cell isolation and culture 

Primary rat LSECs were isolated by two-step collagenase perfusion [26] and

centrifugation on Percoll (GE Health care, the Netherlands) density gradient. Briefly,

LSECs were collected from the supernatant of the post-hepatocyte fraction, then

loaded on top of 25% to 50% Percoll gradient cushions and centrifuged at 800 g

for 15 min at 4 °C. The interfaces between the two density cushions of 25% and

50% Percoll were collected, resuspended in preservation buffer (1% w/v BSA (Sigma-

Aldrich, Zwijndrecht, the Netherlands) in HBSS solution (Thermo Fisher Scientific,

Waltham, USA)) and centrifuged again. The cell pellet was resuspended and added

to plastic Petri dishes (Falcon, USA) for 8 min twice to remove Kupffer cells (KCs).

Subsequently, the non-attached cells were seeded on collagen-coated plates and

cultured in glucose-free DMEM/RPMI 1,640 medium (1:1 v/v) supplemented with

5% heat-inactivated FCS (Fetal Calf Serum, HyClone, UK), 100 U/mL penicillin, 100

µg/mL streptomycin, 250 ng/mL fungizone (1% PSF, Lonza, Verviers, Belgium), and

40 µg/mL rat recombinant VEGF (Gibco, USA). The purity of LSECs was checked

by assessing acetylated low-density lipoprotein (Dil-Ac-LDL, Thermo Fisher Scien-

tific) uptake and assessing the mRNA expression of several specific cell markers
of LSECs, hepatocytes, hepatic stellate cells (HSCs) and KCs. Experiments were per-

formed within 48 h after isolation. 

Human umbilical vein endothelial cells (HUVECs) were isolated as described be-

fore [27] . Confluent monolayers of HUVECs in passages two–three were used for

experiments. 

2.3. siRNA transfection 

HUVECs were seeded in plates at 60% confluency. After 24 h, cells were trans-

fected with siRNA targeting DGAT1, DGAT2 or ALLStar negative control siRNA (Qi-

agen, Hilden, Germany) using Lipofectamine 2,0 0 0 (Thermo Fisher Scientific) ac-

cording to the manufacturer’s protocol. The final concentrations of siRNAs were 6

pmol/L. Medium was refreshed after 6 h of transfection. Experiments were started

48 h after transfection and the efficiency of siRNA was assessed by qPCR. 

2.4. Scanning electron microscopy 

LSECs were subjected to scanning electron microscopy (SEM) to check the pres-

ence of fenestrae and sieve plates. After seeding on coverslips, LSECs were fixed

with 2% glutaraldehyde (Sigma-Aldrich), and subjected to further fixation using 1%

osmium tetroxide (Sigma-Aldrich) for 1 h and washed with distilled water. The de-

hydration process was performed in graded solutions of ethanol (30%, 50%, 70%) for

15 min each, followed by 20 min dehydration in 100% ethanol for three times and

finally with tetramethylsilane (Sigma-Aldrich) for 15 min. The dried samples were

coated by gold sputtering (60 s, 1.8 mA, 2.4 kV) in a Polaron SEM, SC515 coating

system and imaged using SEM (Zeiss Supra 55, Germany). 

2.5. Preparation of oleate-BSA and palmitate -BSA 

Bovine serum albumin (BSA)-conjugated palmitate solution was prepared as de-

scribed before [28] . BSA-conjugated oleate solution was prepared by conjugating

40 mmol/L oleate (Sigma-Aldrich) solution with 10% fatty acid-free BSA (Sigma-

Aldrich) at 37 °C. The pH was adjusted to 7.4 by addition of 1M NaOH. 

2.6. Caspase 3/7 activity assay 

The apoptotic cell death was measured by caspase 3/7 enzyme activity assay.

After treatments, cells were washed twice with ice-cold phosphate buffered saline

(PBS, Life technologies), and then added with caspase cell lysis buffer. Total cell

lysates were prepared and caspase-3/7 activity was determined as described before

[28] . 

2.7. Oil Red O staining and TG determination 

Lipid droplets were visualized by Oil red O (Sigma-Aldrich) staining. HUVECs

and LSECs were seeded on coverslips. After treatment, cells were rinsed with PBS

and fixed with 4% (v/v) paraformaldehyde for 20 min at room temperature. After

washing with distilled water, cells were washed with 60% (v/v) isopropyl alcohol

and then mounted with Oil Red O solution (Sigma-Aldrich) dissolved in isopropyl

alcohol. Then cells were rinsed in distilled water and 60% (v/v) isopropyl alcohol

again, counterstained with hematoxylin, rinsed with tap water and sealed in glyc-

erin gelatin. The coverslips were scanned with a digital slide scanner (Hamamatsu,

Japan) and the lipid droplets were identified by red staining. 

To quantify the lipid accumulation, intracellular TG level was measured using

a TG measurement kit (Abcam, UK) following the guidelines provided by the com-

pany. The number of TGs was normalized to the number of cells. 

2.8. Sytox Green nuclear staining 

The necrotic cell death was determined by Sytox Green nuclear staining. Briefly,

after treatments, cells were incubated with Sytox green nucleic acid dye (Invitro-

gen) for 15 min as described before [29] . Fluorescent nuclei were visualized using

a Leica DMI60 0 0 at 450–490 nm. 

2.9. Lactate dehydrogenase (LDH) release assay 

Necrosis was quantified by lactate dehydrogenase (LDH) release measurement,

as described by Woudenberg-Vrenken et al. [30] . Briefly, the LDH release was cal-

culated as the percentage of the activity of LDH released in the medium versus the

total LDH activity (in both the medium and cell lysates). LDH activity was measured

spectrophotometrically at 340 nm using an Epoch2 microplate reader (Bio-Tek In-

struments, Inc., Winooski, VT, USA). 

2.10. Luciferase-based ATP measurement 

Luminescent ATP detection assay kit (Promega, USA) was used to measure intra-

cellular ATP level. Cells were seeded in black 96 well plates. Cellular ATP level was

measured as described before [29] and following the instructions provided by the

company. Luminescence from luciferase activity was measured and recorded using

a Synergy H4 microplate fluorescent reader (Bio-Tek). 
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2.11. Western-blot analysis 

To evaluate the expression of specific proteins, the total cell lysate was sub-

jected to Western-blot as described by Woudenberg-Vrenken et al [26] . Proteins

were detected using the following antibodies: p-JNK (Thr183/Tyr185) (Cell Signal-

ing Technology, Leiden, the Netherlands), JNK (Cell Signaling Technology), β-actin

(Cell Signaling Technology), PARP (Cell Signaling Technology), cleaved-caspase 3

(Cell Signaling Technology). The goat anti-rabbit horseradish peroxidase-labeled sec-

ondary antibody (Agilent, Santa Clara, CA, USA) was used to visualize immunoreac-

tive bands, which were imaged with ChemiDoc System (Bio-rad, the Netherlands).

The expression of proteins was quantified from the immunoblots by densitometry

from 3 to 5 independent experiments with ImageJ. 

2.12. RNA isolation and quantitative polymerase chain reaction 

Total RNA was isolated using Tri-reagent (Sigma-Aldrich) according to the man-

ufacturer’s instruction. The RNA quantity and quality were measured with the Nan-

odrop spectrophotometer (Thermo Fisher Scientific). Reverse transcription was per-

formed on 2.5 µg RNA. Quantitative real-time PCR was performed with the 7900HT

Fast Real-time System (Applied Biosystems, Waltham, MA, USA) using the TaqMan

protocol or SYBR Green protocol. mRNA levels were normalized to 18S or GAPDH ,

and then further normalized to the expression of control groups. The primers and

probes are shown in Supplemental Table 1. 

2.13. Monitoring of mitochondrial respiration by Seahorse system 

The oxygen consumption rate (OCR) was measured by the Seahorse system (Bil-

lerica, MA, USA). Freshly isolated LSECs were seeded in XF24 cell culture plates

coated with collagen. After exposure to oleate and/or palmitate, cells were washed

with PBS and XF assay medium supplemented with 1 mmol/L sodium pyruvate and

incubated in a non-CO 2 incubator at 37 °C for 60 min. OCR was measured with XF24

Extracellular Flux Analyzer (Seahorse Bioscience) using manufacturer recommended

protocols. After normalizing to protein concentration, basal respiration, proton leak

and coupling efficiency were calculated. Specifically, the basal respiration is calcu-

lated without glucose and all rates were corrected for non-mitochondrial OCR as

indicated before [28] . 

2.14. BODIPY 493/503 staining 

To visualize lipid droplets, BODIPY 493/503 probe (Thermo Fisher Scientific)

was used, according to protocol previously described [31] . Briefly, cells were seeded

on coverslips and after treatment were washed with PBS. After that cells were

stained with BODIPY working solution (2 µmol/L) for 15–20 min and then washed

with PBS and fixed with 4% paraformaldehyde. Coverslips were mounted in DAPI

antifade mounting medium (Vectashield, Vector Laboratories, Gdynia, Poland) and

protected from light, and then images were visualized in the fluorescent microscope

(Leica, Wetzlar, Germany) and analyzed using ImageJ. 

2.15. Statistical analysis 

All results are presented as the mean of at least 3 independent experiments ±
S.D. For each experiment, statistical analyses were performed using Kruskal–Wallis

test, followed by Dunn’s multiple comparison tests or using Mann Whitney test;

p < 0.05 was considered as statistically significant. 

3. Results 

3.1. Oleate protects against palmitate-induced apoptotic cell death 

and endothelial dysfunction in HUVECs, but induces necrosis in LSECs 

In HUVECs, palmitate time- and concentration-dependently in-

duces caspase 3/7 activity (Supplementary Fig. 1A and 1B), in-

dicating a stimulated apoptotic cell death. The caspase 3/7 ac-

tivity peaks around 12 h and shows a significant increase at

0.5 mmol/L ( p < 0.001). Therefore, 0.5 mmol/L palmitate and 12

h treatment was used in all experiments, unless otherwise in-

dicated. On the other hand, oleate did not induce caspase 3/7

activity and concentration-dependently rescued palmitate-induced

apoptotic cell death, which significantly reduced caspase 3/7

at 0.25 mmol/L (Supplementary Fig. 1C, p < 0.05). The effects

of oleate and palmitate were further investigated by Western-

blot and real-time PCR. Oleate (0.25 mmol/L) showed no toxic-

ity in HUVECs, demonstrated by a lack of a significant increase

of p-JNK/JNK, cleaved-caspase 3/ β-actin and cleaved-PARP/PARP
( p > 0.05, Fig. 1 A) and no significant changes of the expression of

adhesion molecules ( ICAM-1, VCAM-1, e-SELECTIN ), inflammatory

genes ( COX2 ) and vasoprotective gene (e NOS ) ( p > 0.05, Fig. 1 B).

Palmitate (0.5 mmol/L) significantly increased the levels of apop-

totic proteins (p-JNK/JNK, cleaved-caspase 3/ β-actin and cleaved-

PARP/PARP) ( p < 0.05, Fig. 1 A) and significantly increased expres-

sion of ICAM-1, VCAM-1, e-SELECTIN, COX2 and decreased expres-

sion of e NOS ( p < 0.01, Fig. 1 B). However, the combination of oleate

and palmitate exhibited no toxicity as demonstrated by the lack

of apoptotic cell death and no changes in gene expression ( Fig. 1 A

and 1 B). 

Next, we compared the effects of oleate and palmitate on HU-

VECs to those in LSECs. Primary rat LSECs were isolated from Wis-

tar rats (180–250g) and seeded on collagen-coated plates. A light

microscope picture is shown in Supplementary Fig. 2A. After 2 h

of attachment, LSECs were incubated with Dil-Ac-LDL (10 µg/mL)

to check the confluency and purity. This result shows that more

than 95% of the cells were positive for Dil-Ac-LDL staining (Sup-

plementary Fig. 2B). Scanning electron microscopy (SEM) images

were taken to check the presence of fenestrae, which is the gold

standard for confirming the identity of LSECs (Supplementary Fig.

2 C). To further assess the contamination by other types of liver

cells (hepatocytes, HSCs and KCs), the mRNA expression of several

cell markers ( eNOS, STAB2, ALB, ACTA2, CD68 ) were measured. Re-

sults indicate low contamination of our LSEC preparations by hep-

atocytes, HSCs and KCs (Supplementary Fig. 2D). 

Freshly isolated primary rat LSECs were challenged with oleate

(0.15 mmol/L, 0.25 mmol/L) and/or palmitate (0.5 mmol/L). The im-

ages of the cells were taken by IncuCyte® Live-cell imaging sys-

tem every 2 h. As shown in Supplementary Fig. 3, oleate at 0.15

mmol/L did not cause morphological changes, however, oleate at

0.25 mmol/L caused a rapid cell crenation, blister formation on

plasma membrane and condensation of the nucleus, starting 2 h

after oleate addition. Palmitate and the combination of oleate and

palmitate did not lead to morphological changes either (Supple-

mentary Fig. 3). The complete videos of 16 h of incubation are en-

closed in supplementary files. Therefore, to study the toxicity of

oleate in LSECs and consistent to the concentration of oleate used

in HUVECs, 0.25 mmol/L of oleate was used in LSECs experiments.

Besides the morphological changes, as shown in Fig. 1 C, oleate

(0.25 mmol/L) also induced Sytox Green nuclei staining ( Fig. 1 D)

and a significant increase of LDH release ( p < 0.01, Fig. 1 E), which

indicate that oleate induces necrosis in LSECs. However, the com-

bination of oleate and palmitate did not induce necrotic cell death

in LSECs ( Fig. 1 C–E). On the other hand, similar to the observations

in HUVECs, palmitate induced apoptotic cell death in LSECs, shown

by the significantly increased levels of p-JNK/JNK, cleaved-caspase

3 (especially the fully matured p17 fragment)/ β-actin and cleaved-

PARP/PARP ( p < 0.05, Fig. 1 F), assessed at 16 h. However, the com-

bination of oleate and palmitate also did not induce apoptotic cell

death ( Fig. 1 F). Of note, since oleate caused rapid cell rupture, it

was not possible to harvest cells after exposure to oleate at 16 h. 

3.2. The lack of toxicity after oleate and/or palmitate treatment 

correlates with lipid droplet formation and increased TG synthesis in 

both HUVECs and LSECs 

Since TGs are considered to be a type of inert, non-toxic lipids

stored in lipid droplets [13 , 32 , 33] , we checked lipid droplet forma-

tion and cellular TG synthesis in HUVECs and LSECs. Noticeably,

in HUVECs, both oleate and palmitate caused intracellular lipid

accumulation, whereas palmitate-induced lipids are morphologi-

cally different in oil red O staining. The combination of oleate and

palmitate promoted the formation of lipid droplets in both HUVECs

and LSECs ( Fig. 2 A and 2 D), and increased the cellular TG levels
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Fig. 1. Oleate protects against palmitate-induced apoptosis and endothelial dysfunction in HUVECs, but induces necrosis in LSECs. (A–B) HUVECs were treated with oleate (0.25 

mmol/L) and/or palmitate (0.5 mmol/L) for 12 h. (A) Protein levels of p-JNK, JNK, cleaved-caspase 3, PARP, and β-actin were assessed via Western blot and quantified from 

the immunoblots by densitometry from 3 to 5 independent experiments with ImageJ. (B) mRNA expressions of ICAM-1, VCAM-1, e-SELECTIN, COX2, and eNOS was measured by 

real-time quantitative PCR. (C–E) Freshly isolated LSECs were treated with oleate (0.25 mmol/L) and/or palmitate (0.5 mmol/L). (C) Representative light microscopy pictures 

were taken after 8 h of treatment. Scale bar: 100 µm. (D) Plasma membrane rupture indicative of necrotic cell death is demonstrated by Sytox Green staining. Scale bar: 10 

µm. (E) Necrosis was quantified by measuring LDH release shown as the percentage of total LDH released in the medium after 24 h treatment. (F) LSECs were harvested after 

16 h of treatment with palmitate or the combination of oleate and palmitate. Protein levels of p-JNK, JNK, cleaved-caspase 3, PARP and β-actin were assessed via Western 

blot and quantified from the immunoblots by densitometry from 3 to 5 independent experiments with ImageJ. Data are shown as mean ± S.D. ( n ≥ 3). ∗ Indicates p < 0.05, 
∗∗ indicates p < 0.01, ns indicates p > 0.05. 

 

 

 

 

 

 

 

 

 

 

( p < 0.05, Fig. 2 B and 2 E). Moreover, oleate increased the expression

of DGAT1 in HUVECs ( p = 0.056), whereas the combination of oleate

and palmitate significantly increased the expression of both DGAT1

and DGAT2 ( p < 0.05), but not GPAT ( p > 0.05) in LSECs ( Fig. 2 C and

2 F). Of note, the expression of DGAT1 is around 100 times higher
than DGAT2 in both HUVECs and LSECs ( Fig. 2 C and 2 F). In addi-

tion, to check whether oleate induces lipid droplets in LSECs, we

stained cells with BODIPY 493/503 at earlier time points (1–6 h)

after incubations with oleate, palmitate or oleate + palmitate (Sup-

plementary Fig. 4). There are few of lipid droplets in LSECs at 4
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Fig. 2. The lack of toxicity after oleate and/or palmitate treatment correlates with lipid droplet formation and increased TG synthesis in both HUVECs and LSECs. HUVECs and 

freshly isolated LSECs were treated with oleate (0.25 mmol/L) and/or palmitate (0.5 mmol/L) for 12 h. (A and D) The formation of lipid droplets was assessed via oil red O 

staining. Scale bar: 10 µm. (B and E) Cellular TG level was quantified and normalized to cell number. (C and F) mRNA expressions of DGAT1, DGAT2 and GPAT1 was measured 

by real-time quantitative PCR. Data are shown as mean ± S.D. ( n ≥ 3). ∗ Indicates p < 0.05, ns indicates p > 0.05. 
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Fig. 3. In de-differentiated LSECs, oleate but not the combination of oleate and palmitate induces necrotic cell death. Freshly isolated LSECs were kept in culture for 24 h to 

obtain the de-differentiated phenotype. (A) RNA was isolated from both freshly isolated LSECs and de-differentiated LSECs, mRNA expressions of STAB2, eNOS and MMP9 were 

evaluated by real-time quantitative PCR. (B) Fenestrae were assessed by scanning electron microscope (SEM). Scale bar: 10 µm. (C) De-differentiated LSECs were treated with 

oleate (0.25 mmol/L) and/or palmitate (0.5 mmol/L). Representative light microscopy pictures were taken after 12 h of treatment. (D) Necrosis was quantified by measuring 

LDH release and shown as the percentage of total LDH released in the medium after 24 h treatment. (E) The formation of lipid droplets was assessed via oil red O staining. 

Scale bar: 10 µm. (F) Cellular TG level was quantified and normalized to the cell numbers. Data are shown as mean ± S.D. ( n ≥ 3). ∗ and # indicate p < 0.05, ∗∗ indicates p < 0.01, 

ns indicates p > 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

h, however it is much less than that in the non-toxic condition

(oleate + palmitate). 

3.3. In dedifferentiated LSECs, oleate but not the combination of 

oleate and palmitate induces necrotic cell death 

Since oleate demonstrates cell type specific effects and the bi-

ological and physiological features and functions of LSECs change

greatly with regard to its differentiation states, we checked

whether the toxic effect of oleate in LSECs is dependent on the

differentiation state of LSECs. Freshly isolated and early cultured

LSECs represent the differentiated phenotype. However, upon pro-

longed culture and in diseased liver, LSECs dedifferentiate and un-

dergo capillarization, as demonstrated by the loss of fenestrae and

the development of an organized basement membrane in vivo and
changes in the expression of function-related genes, like STAB2,

eNOS and MMP9 [34–36] . Therefore, we kept freshly isolated LSECs

in culture for 24 h, allowing the LSECs to exhibit their dedifferenti-

ated phenotype demonstrated by reduced STAB2 and e NOS expres-

sion and increased MMP9 expression, whereas the mRNA expres-

sions of DGAT1 and DGAT2 showed no significant changes ( Fig. 3 A).

In addition, the cultured LSECs showed a loss of fenestration af-

ter 24 h ( Fig. 3 B). In dedifferentiated LSECs, oleate (0.25 mmol/L)

still induced necrotic cell death, as shown by the morphological

changes and significantly increased LDH release ( p < 0.01, Fig. 3 C

and 3 D). The combination of oleate and palmitate (0.5 mmol/L)

was not toxic and promoted lipid droplet formation and signifi-

cantly increased cellular TG synthesis ( Fig. 3 E and 3 F). These re-

sults indicate that the toxic effects of fatty acids are not specific

for the differentiated phenotype of LSECs. 
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Fig. 4. Supplementation of 2-Stearoyl glycerol (2-SG) alleviates oleate-induced cell death and promotes lipid droplet formation in LSECs. Freshly isolated LSECs were pre- 

treated with 2-OG (2-oleoylglycerol, 100 µmol/L) or 2-SG (2-stearoylglycerol, 100 µmol/L) for 1 h, and then supplemented with oleate (0.25 mmol/L). (A) Representative light 

microscopy pictures were taken after 8 h of treatment. Scale bar: 100 µm. (B) Necrotic cell death was indicated by Sytox Green staining. Scale bar: 10 µm. (C) Necrosis was 

quantified by measuring LDH release shown as the percentage of total LDH released in the medium after 16 h treatment. (D) The formation of lipid droplet was assessed via 

oil red O staining. Scale bar: 10 µm. (E) Cellular TG level was quantified and normalized to cell number. Data are shown as mean ± S.D. ( n ≥3). ∗ Indicates p < 0.05, ns indicates 

p > 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. Supplementation of 2-Stearoylglycerol alleviates oleate-induced 

cell death and promotes lipid droplet formation in LSECs 

To investigate whether TG synthesis and lipid droplet forma-

tion are related to the toxicity of FFAs, we stimulated the biosyn-

thesis of TGs by supplementing LSECs with exogenous monoacyl-

glycerol. The monoacylglycerol pathway is one of the important

routes in the biosynthesis of TGs. After seeding, 2-oleoylglycerol

(2-OG, 50 µmol/L and 100 µmol/L) and 2-stearoylglycerol (2-SG,

50 µmol/L and 100 µmol/L) were supplemented to LSECs 1 h be-

fore addition of oleate (0.25 mmol/L). As shown in Fig. 4 A and

4 B, 2-OG and 2-SG did not cause morphological changes nor cell

death in LSECs. Importantly, 2-SG, but not 2-OG, protected against

oleate-induced cell death. The protective effects were quantified by

LDH release assay, which shows that 2-SG (100 µmol/L) signifi-

cantly reduced oleate-induced LDH release ( p < 0.05, Fig. 4 C). Fur-

thermore, the supplementation of 2-SG promoted the formation
of lipid droplets and significantly increased the synthesis of TGs

( p < 0.05) ( Fig. 4 D and 4 E). 

3.5. Knockdown of DGAT1 induces the necrotic effect of oleate, but 

not oleate + palmitate, in HUVECs 

To further investigate whether the “non-toxic” feature of oleate

in HUVECs is dependent on TG synthesis, we impeded the synthe-

sis of TG by knocking down DGAT1 and/or DGAT2, the rate-limiting

enzymes in the synthesis of TG, using siRNA. After 48 h siRNA

transfection, the knockdown efficiency was assessed by mRNA ex-

pressions of DGAT1 and DGAT2 . The results show that the mRNA

expression of DGAT1 was reduced by 88.34 ± 7.14% and DGAT2

by 50.36 ± 20.26% ( Fig. 5 A). Importantly, oleate induced necro-

sis in siDGAT1 knockdown cells. It significantly increased LDH re-

lease when HUVECs were transfected with siDGAT1 or siDGAT1

and siDGAT2 ( p < 0.05, Fig. 5 B). Meanwhile, DGAT2 knockdown did
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Fig. 5. Knockdown of DGAT1, but not DGAT2, unveils the necrotic effect of oleate in HUVECs. HUVECs were transfected with siControl, siDGAT1 and/or siDGAT2 for 48 h, 

then treated with oleate (0.25 mmol/L) or oleate (0.25 mmol/L) and palmitate (0.5 mmol/L). (A) After transfection, mRNA expressions of DGAT1 and DGAT2 were measured by 

real-time quantitative PCR. (B) After 24 h treatment of oleate and palmitate, necrosis was quantified by measuring LDH release shown as the percentage of total LDH released 

in the medium. (C) Representative light microscopy pictures were taken after 6 h of treatment. Scale bar: 100 µm. (D) The formation of lipid droplet was assessed via oil red 

O staining after 24 h treatment. Scale bar: 10 µm. (E) Cellular TG level was quantified and normalized to cell number. Data are shown as mean ± S.D. ( n ≥ 3). ∗ Indicates 

p < 0.05. 
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Fig. 6. Oleate causes mitochondrial dysfunction in LSECs. Freshly isolated LSECs were treated with oleate (0.25 mmol/L) and/or palmitate (0.5 mmol/L) for the time indicated 

in each experiment. (A) Protein levels of cleaved-caspase 3 and β-actin were assessed via Western-blot. (B) Cellular ATP level was measured via a Luciferase-based assay. (C 

and E) Real-time OCR was measured using the XF24 analyzer and normalized to total protein. Injections include glucose (5 mmol/L), oligomycin (1 µmol/L), FCCP (Carbonyl 

cyanide-4-(trifluoromethoxy)phenylhydrazone, 0.75 µmol/L) and rotenone (1 µmol/L)/AA (Antimycin, 1 µmol/L) sequentially. (D and F) Proton leak, coupling efficiency and basal 

respiration were calculated to illustrate the changes in metabolic profile. Data are shown as mean ± S.D. ( n ≥ 3). ∗ indicates p < 0.05, ∗∗ indicates p < 0.01, ns indicates p > 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

not potentiate oleate-induced cell death. Moreover, morphologi-

cally, in siDGAT1 knockdown cells, HUVECs also exhibit blisters on

plasma membranes after oleate treatment ( Fig. 5 C). Of note, the

combination of oleate and palmitate did not cause cell death in

siDGAT1 and/or siDGAT2 knockdown cells, which was again ac-

companied by lipid droplet formation and increased TG synthesis,

although the TG level was decreased after knocking down DGAT1

and DGAT2 ( p < 0.05, Fig. 5 D and 5 E). 

3.6. Oleate causes mitochondrial dysfunction in LSECs 

Although we have shown that oleate mainly induces necrosis in

LSECs, we also observed a significantly increased level of cleaved-

caspase 3 in the first 2 h of oleate treatment ( p < 0.05, Fig. 6 A),

which indicates early-stage apoptosis. Meanwhile, as shown in

Fig. 6 B, oleate caused a sharp drop of intracellular ATP level result-
ing in more than 80% loss of cellular ATP after 3 h ( p < 0.01). The

reduced ATP level may favor necrotic cell death and abrogate the

progression of apoptotic cell death even with an increased expres-

sion of cleaved-caspase 3, because apoptosis is an ATP-dependent

process. 

Because oleate induced a sharp drop of cellular ATP level, the

mitochondrial respiration was investigated via the Seahorse ana-

lyzer. Freshly isolated LSECs were seeded in Seahorse 24XF culture

plate and then treated with oleate and/or palmitate for 2 h or with

oleate alone for several time intervals. Seahorse results show that

oleate disrupted mitochondrial respiration in a time-dependent

manner, demonstrated by increased proton leak, decreased cou-

pling efficiency, but unchanged basal respiration ( Fig. 6 C and 6 D).

On the other hand, neither palmitate nor the combination of oleate

and palmitate caused significant changes in mitochondrial respira-

tion ( Fig. 6 E and 6 F). These results imply that oleate may func-
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tion as an uncoupler of the mitochondrial respiration chain in

LSECs. 

4. Discussion 

In this study, we show that LSECs and HUVECs exhibit differ-

ences in response to oleate. In HUVECs, oleate is not toxic and

protected against palmitate-induced cellular dysfunction and apop-

tosis. However, in LSECs, oleate causes rapid necrotic cell death,

whereas palmitate causes apoptotic cell death. The combination of

oleate and palmitate is non-toxic. Importantly, the non-toxic con-

ditions in both types of cells are consistently correlated with in-

creased TG synthesis and the formation of lipid droplets. Further-

more, promoting the formation of TGs alleviated oleate-induced

cell death in LSECs, whereas inhibiting TG synthesis provokes

oleate-induced cell death in HUVECs. These results indicate that

the effect of oleate is cell type specific and may related to the cel-

lular ability of TG synthesis. Moreover, the toxic mechanisms of

oleate are different from those of palmitate, in that it causes se-

vere mitochondrial dysfunction which leads to necrotic cell death

rather than apoptotic cell death as occurs with palmitate. 

Oleate is generally believed to be one of the beneficial fatty

acids and it has been shown to possess anti-inflammatory, anti-

oxidant and cytoprotective properties [9 , 37–40] . However, our cur-

rent study indicates that oleate is in fact extremely toxic for LSECs.

Previously, toxicity of oleic acid was also observed in human β-

cells [41] and in HSCs [42] , although both of these studies used

higher concentrations of oleic acid (0.5 mmol/L and 1.0 mmol/L re-

spectively) and the mechanisms were not explained. In our present

study, we show that a relatively low concentration of oleate (0.25

mmol/L) directly caused necrotic cell death in LSECs as well as in

HUVECs with DGAT1 silencing, indicating that oleate is in fact a

toxic fatty acid, unless it is incorporated into TGs. 

Mechanistically, the “protective” actions of oleate were sug-

gested to be related to TG synthesis [38] . This hypothesis was sup-

ported by the study from Listenberger et al. showing that oleate

induced cell death in DGAT1 knockout mouse embryonic fibrob-

lasts, which have impaired TG synthesis capacity [13] . However, it

was still a matter of debate whether the increased TG synthesis

and/or lipid droplet biogenesis is the protective mechanism against

lipotoxicity [42] . One study in hepatocytes showed that oleate pro-

tected against palmitate-induced lipotoxicity in DGAT1 and DGAT2

double knockdown cells, by reducing the cellular uptake and es-

terification of palmitate [5] . Another study in pancreatic β-cells

showed that the lipid droplet formation is not essential for the

protection against lipotoxicity by knocking down lipid droplet pro-

teins - perilipin 1 and 2 [42] . In the present study, we show that

the toxicity of oleate depends on its ability to be incorporated into

TGs. Moreover, it is likely that the rate of incorporation of fatty

acids into TGs limits this rescuing mechanism for oleate. The three

acyl groups in TG are usually different with regard to their satura-

tion. Therefore, oleate is more readily incorporated in 2-SG rather

than 2-OG. This may explain why the supplementation of 2-OG

did not prevent oleate-induced cell death ( Fig 3 A and 3 B). On the

other hand, after knocking down DGAT1 and DGAT2, HUVECs could

still form a significant amount of TGs with the addition of oleate

and palmitate ( Fig 4 D and 4 E). This might due to the remaining

DGAT1/2 activities or might be another TG synthesis pathway is

involved when both oleate and palmitate are present. Addition-

ally, it was reported that in NAFLD the lipid droplet content in

LSECs contains more unsaturated lipids concomitant with an in-

creased expression of stearylo-CoA desaturase 1 [43] . This obser-

vation provides in vivo indication that LSECs are liable to unsatu-

rated fatty acid-induced damage and tend to incorporate it in lipid

droplet. 
Contrary to the commonly observed apoptotic cell death in-

duced by toxic fatty acids, in the present study we showed that

oleate caused rapid necrotic cell death, which is characterized by

blisters formed on the plasma membrane. Furthermore, the toxic

actions of oleate are related to the dysfunction of mitochondria

and subsequent ATP depletion. Of note, oleate also caused the ac-

tivation of caspase 3 within the first 2 h, but because of the low

cellular ATP level, apoptosis is abrogated and is not the main mode

of cell death that leads to cell demise. As shown in the Seahorse

results ( Fig. 5 C–F), oleate time-dependently caused the dysfunction

of mitochondrial respiration. Specifically, the changes in the OCR

pattern imply that oleate might work as an uncoupler, increasing

proton leak, decreasing coupling efficiency but not changing the

basal respiration. More detailed investigations and confirmation of

oleate as a mitochondrial uncoupler are needed. In addition, since

the blisters on plasma membrane are also an important morpho-

logical feature of pyroptosis [44–46] , we also checked several py-

roptotic markers, including caspase 1, GSDMD and IL-1 β . However,

we did not observe indications of pyroptotic cell death upon oleate

treatment (data not shown). Therefore, more studies are needed

to examine whether the blisters induced by oleate are related to

other modes of cell death. 

In summary, HUVECs and LSECs respond to oleate differentially.

Oleate is not toxic in HUVECs but induces necrotic cell death in

LSECs, which is related to the damage of mitochondria. The toxic

actions of oleate can be abrogated when incorporated into TG.

Moreover, palmitate induces apoptotic cell death and the combi-

nation of oleate and palmitate promotes their incorporation into

TGs. Overall, although many studies looked into the interactions

between lipids and vascular endothelial cells [47 , 48] , given the

uniqueness of LSECs, further studies are needed to better under-

stand the metabolic regulations of lipids in LSECs which may pro-

vide a new insight in the pathogenesis and therapeutic strategies

in NAFLD. 
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