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Abstract. elevated plasma homocysteine (Hcy) levels are 
associated with endothelial dysfunction. Previous studies 
have indicated the role of endoplasmic reticulum (er) stress 
in Hcy-induced endothelial injury. However, the mechanism 
of action remains unclear. in the current study, the role of 
human folate receptor α (hFrα) in Hcy-induced er stress was 
investigated, along with endothelial injury in human umbilical 
vein endothelial cells (HuVecs). The results showed that 
a moderate dose of Hcy induced morphological injury and 
reduced viability of HuVecs. Furthermore, moderate-dose 
Hcy reduced hFRα expression in HUVECs. Notably, hFRα 
inhibition by rna interference resulted in activation of the 
protein kinase rna-like endoplasmic reticulum kinase 
pathway and increased apoptosis of HuVecs. in conclusion, 
this study demonstrated the presence of hFRα in HUVECs, 
and indicated its role in the regulation of er stress and cell 
injury by Hcy. 

Introduction

Homocysteine (Hcy) is a known risk factor for various cardio-
vascular diseases (cVds) (1). it is well known that endothelial 
dysfunction plays a crucial role in cVds (2,3). notably, Hcy is 
a modifiable risk factor for endothelial dysfunction. Evidence 
has demonstrated that hyperhomocysteinemia (HHcy), as 
defined as plasma total Hcy levels ≥15 µmol/l (1), is associated 
with impaired endothelium‑dependent vascular dilation (4,5). 

Previous studies reported that Hcy induced endoplasmic 
reticulum (er) stress and apoptosis of human umbilical vein 
endothelial cells (HuVecs), indicating the involvement of er 
stress in Hcy-induced endothelial injury (6-8). However, the 
precise mechanism of Hcy-induced endothelial dysfunction is 
not completely understood. 

Hcy is formed during the conversion of methionine to 
cysteine (9). Folate plays an important role in Hcy catabo-
lism via the remethylation pathways. Polymorphisms in the 
methylenetetrahydrofolate reductase gene or inadequate folate 
intake are associated with high Hcy levels and worse cVd 
outcomes (10-13). Moreover, human folate receptors (hFrs), 
particularly hFrα, have a high affinity for folate and have a 
pivotal role in folate uptake (14). Previous studies have detected 
the expression levels of hFRs in healthy tissues, with higher 
levels of protein expression in human lung and kidney (15,16). 
However, it remains unclear whether hFRs are expressed on 
HuVecs. Furthermore, little is known about the potential role 
of endothelial hFrs in Hcy-induced endothelial injury.

The present study investigated the role of hFrs in 
Hcy-induced HuVecs injury. Furthermore, the effect of 
hFrα inhibition through rna interference (rnai) on er 
stress marker expression in HUVECs was studied.

Materials and methods

Materials. HUVECs (cat. no. KG419; http://www.keygentec.
com.cn/index.php) were purchased from the Nanjing KeyGen 
Biotech co., ltd. Hcy was purchased from Sigma-aldrich 
(Merck KGaa). dulbecco's modified eagle's medium 
(DMEM), fetal bovine serum (FBS) and penicillin/strepto-
mycin were purchased from Gibco (Thermo Fisher Scientific, 
inc.). Translipid® Hl Transfection reagent and cell counting 
Kit-8 (ccK-8) were purchased from Beijing TransGen Biotech 
co., ltd. The bicinchoninic acid (Bca) protein assay kit was 
purchased from Wuhan Boster Biological Technology ltd. 
Dimethyl sulfoxide, which was used for freezing and storing 
HuVecs, and radioimmunoprecipitation assay (riPa) 
buffer were purchased from applygen Technologies, inc. 
The AnnexinV‑fluorescein isothiocyanate (FITC) Apoptosis 
detection kit was purchased from Bd Pharmingen. The anti-
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body against hFrα (cat. no. ab3361) was purchased from abcam. 
The antibody against β‑tubulin (cat. no. sc‑5274) was purchased 
from Santa Cruz Biotechnology, Inc. Antibodies against acti-
vating transcription factor 4 (ATF4; cat. no. 60035‑1‑lg) and 
caspase 12 (cat. no. 55238‑1‑AP) were purchased from Wuhan 
Sanying Biotechnology. antibodies against protein kinase 
RNA‑like ER kinase (PERK; cat. no. 5683), phosphorylated 
(p)-PerK (cat. no. 3179), p-eukaryotic translation initiation 
factor 2α (p-eiF2α; cat. no. 3398) and C/EBP homologous 
protein (CHOP; cat. no. 2895) were purchased from Cell 
Signaling Technology, Inc. The antibody against eIF2α (cat. 
no. AF6087) was purchased from Affinity Biosciences, Inc. 
The antibody against β-actin (cat. no. Ta-09) was purchased 
from oriGene Technologies, inc. The western blotting detec-
tion reagents were purchased from Sigma-aldrich (Merck 
KGaA). The small interfering RNA (siRNA) targeting hFRα 
and control sirna were purchased from novobio co., ltd. 
The sirna targeting PerK and corresponding control sirna 
were purchased from Shanghai GenePharma co., ltd. 

Cell culture and treatment. HuVecs were cultured 
in dMeM with high sugar, containing 10% FBS and 
1% penicillin/streptomycin at 37℃ in a 5% CO2 humidified 
atmosphere. The medium was changed every 48 h, the cells 
were passaged every 2-3 days. For Hcy treatment, HuVecs 
were incubated with mild-to-moderate concentrations of 
Hcy (0, 50, 100 and 200 µM). For knocking down hFRα, 
HUVECs were transfected with siRNA targeting hFRα. The 
sequences of siRNAs were as follows: FRα‑siRNA‑1 sense, 
5'‑GGACUGAGCUUCUCAAUGUTT‑3' and anti‑sense, 
5'‑ACAUUGAGAAGCUCAGUCCTT‑3'; FRα-sirna-2 
sense, 5'‑GAUGUUUCCUACCUAUAUATT‑3' and anti‑sense, 
5'‑UAUAUAGGUAGGAAACAUCTT‑3'; FRα-sirna-3 sense, 
5'‑CCACUGUUCUGUGCAAUGATT‑3' and anti‑sense, 
5'‑UCAUUGCACAGAACAGUGGTT‑3'; and negative control 
siRNA sense, 5'‑UUCUCCGAACGUGUCACGUTT‑3' and 
anti‑sense, 5'‑ACGUGACACGUUCGGAGAATT‑3'. For 
knocking down PerK, HuVecs were transfected with sirnas 
targeting PerK. The sequences were as follows: PerK- 
siRNA‑1 sense, 5'‑ACCTCCAAGACCAACCACTTT‑3' 
and anti‑sense, 5'‑AAAGTGGTTGGTCTTGGAGGT‑3'; 
PERK‑siRNA‑2 sense, 5'‑GUAGCUGGAAUGACAUAA 
ATT‑3' and anti‑sense, 5'‑UUUAUGUCAUUCCAGCUA 
CTT‑3'; PERK‑siRNA‑3 sense, 5'‑GUGGAAAGGUGAGGU 
AUAUTT‑3' and anti‑sense, 5'‑AUAUACCUCACCUUUCCA 
CTT‑3'; and negative control siRNA sense, 5'‑UUCUCC 
GAACGUGUCACGUTT‑3' and anti‑sense 5'‑ACGUGACAC 
GuucGGGaTT -3'.

For cell transfection, HuVecs were plated in a 6-well 
plate, at a density of ~50%. The cells were transfected with 
20 µM corresponding siRNA or negative control siRNA using 
Translipid® Hl Transfection reagent (TransGen Biotech co., 
ltd.) and incubated at room temperature for 20 min, according 
to the manufacture's protocol. after 48 h, the effect of target 
gene knockdown was confirmed by western blotting.

Cell morphology, viability and apoptosis. For morpho-
logical observation, HuVecs were seeded into 6-well plates 
(5x105 cells/well) and incubated with different concentra-
tions of Hcy (0, 50, 100 and 200 µM) for 24 h at 37˚C. Cell 

morphology was examined with an inverted light microscope 
Leica DMi1 (magnification, x50; Leica Microsystems GmbH).

ccK-8 assay was used to measure cell viability according to 
the manufacturer's protocol. Cells (1x105 cells/ml; 100 µl/well) 
were seeded in a 96-well culture plate and incubated for 24 h. 
After pretreatment with Hcy at different concentrations (0, 50, 
100 and 200 µM) for 24 h, CCK‑8 (10 µl/100 µl fresh culture 
medium) was added to each well and incubated for 1 h at 37˚C. 
A microplate reader (Thermo Fisher Scientific Inc.) was used 
to measure the absorbance at a wavelength of 490 nm. cell 
viability = (odtreatment - odblank)/(ODcontrol - odblank) x 100%, 
where od refers to optical density. 

Annexin V‑FITC/propidium iodide (PI) double staining 
was performed to measure cell apoptosis. after incubation 
with siRNA targeting hFRα for 24 h, the HUVECs were 
collected and centrifuged at 300 x g for 10 min at 4˚C, washed 
three times with cold PBS and then resuspended in binding 
buffer (1x106 cells/ml). Subsequently, cells were incubated 
with Annexin V‑FITC for 15 min and then PI for 5 min at 
room temperature in the dark. The results were measured 
using a Backman CytoFLEX LX flow cytometer (Beckman 
Coulter, Inc.) and analyzed with CytExpert software (v2.1; 
Beckman coulter, inc.). 

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). The mRNA expression levels of hFRα, 
hFRβ and hFRγ were determined by rT-qPcr after 24 h 
of Hcy treatment. mRNA expression levels of solute carrier 
family 46 member 1 (Slc46a1) and solute carrier family 19 
member 1 (Slc19a1), which are the main folate transporters 
in mammals (17,18) were also determined. Briefly, total 
RNA was extracted from HUVECs using TRIzol® reagent 
(invitrogen; Thermo Fisher Scientific, inc) and reverse 
transcription was performed with a easyScript® one-Step 
RT‑PCR SuperMix kit (Beijing Transgen Biotech Co., Ltd.). 
For the synthesis of the first‑strand cDNA, a total of 20 µl 
reaction solution was incubated for 30 min at 45˚C. qPCR was 
performed using an aBi 7900 real-time Pcr system (applied 
Biosystems; Thermo Fisher Scientific, Inc.) with TransStart® 
Tip Green qPCR SuperMix kit (Beijing Transgen Biotech Co., 
Ltd.). For PCR amplification, a total of 20 µl reaction solu-
tion, which included 2 µl cDNA, was first incubated for 30 sec 
at 94˚C, followed by 42 amplification cycles (denaturation at 
94˚C for 5 sec, annealing at 55˚C for 15 sec and extension 
at 72˚C for 10 sec). Fold changes in target gene expression 
were determined using the 2‑ΔΔCq method (19) and relative 
levels of mRNA were normalized to mRNA levels of β-actin 
for each sample. The following primers for rT-qPcr were 
used: hFrα sense, 5'‑GAATGCCTGCTGTTCTACCA‑3' 
and antisense, 5'‑TGCGACAATCTTCCCACC‑3'; hFRβ 
sense, 5'‑ATGCCACTTCTGCTGCTTCT‑3' and anti-
sense, 5'‑AGTGACTCCAGAGGCCTTCA‑3'; hFRγ sense, 
5'‑TCAATGTCTGCATGAACGCCAAGC‑3' and antisense, 
5'‑TAAAGTTGTACAGGCGGGAGGTGT‑3'; SLC46A1 sense, 
5'‑CTGGACCCTCTACATGAACG‑3' and antisense, 5'‑GGT 
AGAGTGAGTTGAAGATG‑3'; SLC19A1 sense, 5'‑CCTCGT 
GTGCTACCTTTGCTT‑3' and antisense, 5'‑TGATCT 
cGTTcGTGaccTGcT-3'; and β‑actin sense, 5'‑AGCGAG 
CATCCCCCAAAGTT‑3' and antisense, 5'‑GGGCAC 
GaaGGcTcaTcaTT-3'.
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Western blot analysis. For western blotting, HuVecs were 
collected and total proteins were lysed using riPa buffer on 
ice; proteins were quantified by the BCA protein assay kit. 
Equal amounts of total protein (50 µg) were separated by 
sodium-dodecyl sulfate polyacrylamide gel electrophoresis 
on a 10% gel, and transferred to polyvinylidene difluoride 
membranes. The membranes were blocked with 5% skimmed 
milk for 2 h at room temperature and then incubated over-
night at 4˚C with primary antibody against hFRα (1:800 
dilution), PerK (1:1,000 dilution), p-PerK (1:1,000 dilu-
tion), aTF4 (1:1,000 dilution), caspase 12 (1:1,000 dilution), 
cHoP (1:1,000 dilution), eiF2α (1:400 dilution), p-eiF2α 
(1:1,000 dilution), β-actin (1:2,000 dilution) or β-tubulin 
(1:1,000 dilution), followed by incubation with the respective 
HrP-conjugated secondary antibodies (cat. nos. HS101 and 
HS201; 1:5,000 dilution; Beijing TransGen Biotech Co., Ltd.) 
for 2 h at room temperature. Finally, the target bands were 
visualized using an enhanced chemiluminescence detection 
reagent (cat. no. dW101; Beijing Transgen Biotech co., ltd.) 
and images were captured by Quantity one 1-d analysis soft-
ware (Bio-rad laboratories, inc.). intensity of the bands were 

assessed with imageJ (v1.46, national institutes of Health) 
and normalized to the intensity of loading controls β-actin 
or β-tubulin. 

Statistical analysis. The experiments were repeated three times 
and the data are expressed as mean ± standard error. Statistical 
analysis was performed with the SPSS statistics program 
(v22.0; iBM corp.). one-way anoVa followed by Tukey post 
hoc test or Kruskal-Wallis followed by dunn-Bonferroni post 
hoc test were applied as appropriate. A two‑sided P<0.05 was 
considered to indicate a statistically significant difference.

Results

Hcy induces morphological changes and decreases viability 
of HUVECs. as shown in Fig. 1a, HuVecs treated with 0 
and 50 µM Hcy were smooth and plump, arranged in a tight 
and neat conformation. Conversely, exposure of HUVECs 
to higher concentrations of Hcy (100 and 200 µM) induced 
marked changes. There were fewer adherent cells, and an 
increase in cell shedding (Fig. 1a). 

Figure 1. Effect of Hcy treatment on morphological changes, cell viability and apoptosis of HUVECs. (A) Representative images (magnification, x50) of 
HUVECs in the (a) untreated, (b) 50, (c) 100 and (d) 200 µM Hcy groups. (B) Cell Counting kit‑8 assays of cell viability. (C) Representative western blot 
of CHOP and semi‑quantification of CHOP/β‑actin. (D) Representative western blot of caspase 12 and semi‑quantification of caspase 12/β-actin. data are 
presented as mean ± standard error. Statistical analysis was conducted by one‑way ANOVA followed by Tukey's multiple comparison post hoc test. HUVECs, 
human umbilical vein endothelial cells; Hcy, homocysteine, CHOP, C/EBP homologous protein.
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as shown in Fig. 1B, no significant differences in cell 
viability were found between untreated cells and cells treated 
with 50 µM Hcy (P>0.05). Hcy at a concentration of 100 and 
200 µM significantly reduced the percentage of viable cells 
compared with untreated cells (P<0.05). Cells treated with 
200 µM Hcy were also significantly less viable than cells 
treated with 50 µM Hcy (P<0.05; Fig. 1B). 

As shown in Fig. 1C, Hcy at 50, 100 and 200 µM signifi-
cantly increased the protein expression of CHOP, relative to 
β‑actin, compared with the untreated cells (P<0.05). As shown 
in Fig. 1D, treatment with Hcy at 100 and 200 µM significantly 
increased the protein expression of caspase 12, relative to 
β-actin, compared with the untreated cells and cells treated 
with 50 µM Hcy (P<0.05).

Hcy reduces expression of mRNA and protein expression 
levels of hFRα. As shown in Fig. 2A, treatment with 50 µM 
Hcy for 24 h significantly increased the mRNA expression of 
hFrα (FOLR1), SLC46A1 and SLC19A1 (P<0.05) compared 
with the untreated cells. The mRNA expression of hFRα was 
significantly lower in cells treated with 200 µM Hcy compared 
with untreated cells and cells treated with 50 and 100 µM Hcy 
(P<0.05; Fig. 2A). Compared with cells treated with 50 µM 
Hcy, the mRNA expression levels of hFRα were significantly 
lower in cells treated with 100 and 200 µM Hcy (P<0.05). Cells 
treated with 50 µM Hcy also expressed significantly higher 
levels of Slc46a1 mrna compared with cells treated with 
100 and 200 µM (P<0.05). Conversely, the mRNA levels of 
SLC19A1 increased significantly in cells treated with 200 µM 
Hcy, compared with cells treated with 50 µM Hcy (P<0.05; 
Fig. 2a). on the other hand, the study failed to detect the 
mrna levels of hFrβ and hFrγ (data not shown).

The protein expression levels of hFRα in HUVECs were 
also measured after Hcy treatment for 48 h. as shown in Fig. 2B, 
the protein expression of hFRα was significantly increased in 
cells treated with 50 µM Hcy compared with untreated cells 
(P<0.05). Compared with cells treated with 50 µM Hcy, protein 
expression levels in cells treated with 100 µM Hcy were signifi-

cantly reduced (P<0.05). Compared with the untreated cells, or 
cells treated with 50 or 100 µM Hcy, cells treated with 200 µM 
Hcy also had a significantly lower protein expression (P<0.05). 

hFRα knockdown increases apoptosis and induces PERK 
activation in HUVECs. To determine the role of hFRα in 
Hcy-induced HuVecs injury, hFrα expression was inhibited 
using siRNA. Transfection was confirmed by immunofluores-
cence staining with siRNAs that had an immunofluorescent 
component (data not shown). hFRα expression was significantly 
reduced in HUVECs transfected with hFRα siRNA compared 
with HuVecs that were not transfected (untreated) or trans-
fected with a non‑specific control siRNA (Fig. 3A and B). 
among the three sirnas, hFrα-sirna-1 generated the most 
significant knockdown results and was therefore chosen for 
further experiments. Flow cytometric analysis was conducted 
12 h post-sirna transfection. as shown in Fig. 3c and d, 
the apoptotic rate of HUVECs transfected with hFRα siRNA 
was significantly higher compared with the untreated and the 
control siRNA groups (P<0.05). 

The PerK signaling pathway, which is a sensor of 
the unfolded protein response in er stress (20), was also 
analyzed. As shown in Fig. 3E and F, the p‑PERK/PERK 
ratio was significantly higher in cells transfected with hFRα 
siRNA than the untreated and control siRNA groups (P<0.05). 
in addition, as shown in Fig. 3e, G, H and i, hFrα sirna 
transfection caused a significant increase in the expression of 
ATF4 mRNA (P<0.05) and p‑eIF2α (P<0.05) in comparison 
with the untreated and control sirna groups.

Knockdown of PERK attenuates Hcy‑induced cell injury in 
HUVECs. as shown in Fig. 4a and B, in cells treated with 100 
and 200 µM Hcy for 48 h the p‑PERK/PERK ratio was signifi-
cantly increased compared with untreated cells (P<0.05). In 
order to determine the role of PerK in Hcy-induced injury, 
PERK mRNA expression was knocked down using siRNA 
(Fig. 4c and d). among the three sirnas, PerK-sirna-1 
generated the most significant knockdown results and 

Figure 2. effect of Hcy treatment on hFrα expression. (A) mRNA expression levels of FOLR1 (hFRα), Slc46a1 and Slc19a1. (B) representative western blot 
of hFrα and semi‑quantification of hFRα/β‑tubulin. Data are presented as mean ± standard error. (A) Statistical analysis was conducted by Kruskal‑Wallis test fol-
lowed by dunn-Bonferroni post-hoc test between each group. (B) Statistical analysis was conducted by one-way anoVa followed by Tukey's multiple comparison 
post hoc test. hFrα, human folate receptor α; Hcy, homocysteine; Slc46a1, solute carrier family 46 member 1; Slc19a1, solute carrier family 19 member 1.
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Figure 3. effect of hFrα inhibition on HuVecs apoptosis and PerK activation. (a) representative western blot of Frα following knockdown of Frα. 
(B) Semi‑quantification of FRα/β‑tubulin. (C) Flow cytometric analysis of HUVECs stained with Annexin V/PI. (D) Quantitative analysis of percentage 
of apoptotic cells based on flow cytometry of Annexin V/PI double‑staining. (E) Representative western blot of PERK, p‑PERK, eIF2α and p-eiF2α. 
(F) Semi‑quantification of p‑PERK/PERK. (G) Semi‑quantification of p‑eIF2α/eIF2α. (H) Representative western blot of ATF4 and (I) semi‑quantification 
of ATF4/β‑actin. Data are presented as mean ± standard error. (B, D, F and G) Statistical analysis was conducted by one‑way ANOVA followed by Tukey's 
multiple comparison post hoc test. (i) Statistical analysis was conducted by the Kruskal-Wallis test followed by dunn-Bonferroni post-hoc test between each 
group. hFrα, human folate receptor α; HuVecs, human umbilical vein endothelial cells; PerK, protein kinase rna-like endoplasmic reticulum kinase; 
p, phosphorylated; siRNA, small interfering RNA; ATF4, activating transcription factor 4; FITC, fluorescein isothiocyanate; PI, propidium iodide; eIF2α, 
eukaryotic translation initiation factor 2α.
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Figure 4. effect of Hcy treatment on PerK activation, and PerK knockdown on viability of HuVecs. (a) representative western blot of PerK and 
(B) semi‑quantification of p‑PERK/PERK. (C) Representative western blot of PERK following knockdown of PERK. (D) Semi‑quantification of PERK/
β‑tubulin. (E) Representative images (magnification, x50) of HUVECs in the (a) untreated, (b) 200 µM Hcy + negative control siRNA and (c) 200 µM 
Hcy + PERK siRNA treated cells. (F) Cell Counting Kit‑8 assays of cell viability. Data are presented as mean ± standard error. Statistical analysis was 
conducted by one-way anoVa followed by Tukey's multiple comparison post hoc test. HuVecs, human umbilical vein endothelial cells; Hcy, homocysteine; 
PerK, protein kinase rna-like endoplasmic reticulum kinase; p, phosphorylated; sirna, small interfering rna.

Figure 5. Schematic illustration of the proposed model for hFRα inhibited homocysteine-induced cell injury in HuVecs. erS, endoplasmic reticulum stress; 
CHOP, C/EBP homologous protein; PERK, protein kinase RNA‑like endoplasmic reticulum kinase; FRα, folate receptors α; aTF4, activating transcription 
factor 4; eiF2α, eukaryotic translation initiation factor 2α.
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was therefore chosen for further experiments. As shown 
in Fig. 4e and F, PerK sirna transfection ameliorated 
Hcy-induced morphological changes and decreased HuVecs 
viability (P<0.05).

Discussion

Previous studies have demonstrated the detrimental effect 
of Hcy on HUVECs, which was significantly altered by the 
addition of folic acid (8,21,22). The present study showed 
that hFRα expression was regulated by Hcy and depletion 
of hFRα mimicked Hcy‑induced ER stress and cell injury in 
HUVECs. The principle findings of the present study were 
as follows: i) Hcy dose‑dependently decreased the expression 
of hFrα in HuVecs and ii) inhibition of hFrα expression 
resulted in increased apoptosis and activation of the PerK 
signaling pathway of er stress. collectively, the present study 
highlighted the critical role of hFrα in protecting against 
Hcy-induced endothelial injury. The schematic illustration of 
the proposed model is presented in Fig. 5.

The present study investigated the acute toxicity of 
mild-to-moderate doses of Hcy in HuVecs, because mild and 
moderate HHcy is more common in the general population (9). 
The dose of Hcy used in this study is a similar concentration 
to what is used in HuVecs in previous reports (8,23,24). 
Furthermore, 2,000 µM Hcy was reported as a moderate 
HHcy concentration (8). Therefore, the doses of Hcy used in 
this study should be considered as low-to-moderate concen-
trations. Previous studies have demonstrated that mild and 
moderate HHcy induced apoptosis and injury in HuVecs in a 
dose-dependent manner (8,23,24). consistently, this study found 
that Hcy induced morphological injury and reduced viability of 
HuVecs, particularly at higher doses. in addition, a previous 
clinical study reported that in patients at risk for atherosclerosis, 
17% of men with higher Hcy concentrations (21.27±5.37 µM) 
died during follow up (25). However, the finding in the present 
study that there were no significant morphological changes 
to the endothelial cells following treatment with 50 µM Hcy 
is inconsistent with this report (25). This discrepancy might 
be caused by the different experimental conditions, such as 
different experimental subject (HUVEC cells vs. a human 
male), or different study duration (24 h vs. 5 years).

it has been reported that Hcy treatment may reduce 
HuVec folate levels and folate supplements can decrease 
Hcy levels and improve cell viability (21). Since hFrs play 
a key role in cell folate uptake, it is important to investigate 
whether Hcy modulates hFr levels in HuVecs. The present 
study found that hFrs, mainly hFrα, exist in HUVECs. 
Moreover, low-dose Hcy treatment induced an increase in 
hFRα mRNA and protein levels. Notably, higher dose Hcy 
induced a decrease in hFrα expression. To the best of our 
knowledge, this is the first study to demonstrate that hFRα 
exists in HUVECs and can be regulated by Hcy treatment. It 
has been suggested that intracellular Hcy can stimulate the 
mRNA expression of FRs, which may represent a mechanism 
underlying the effect of low-dose Hcy on hFrα levels (26). 
However, the present study did not allow us to elucidate the 
precise mechanism of Hcy in the regulation of hFrs. Further 
study is needed to determine the precise mechanism of 
Hcy‑induced hFRα expression.

it has been reported that er stress induced by Hcy is one 
of the main mechanisms for endothelial injury (8,20,22). er 
stress is initiated by the accumulation of unfolded proteins, and 
chronic or severe er stress in endothelial cells can result in 
cell death (27). activation of the PerK pathway, represented 
by p‑PERK expression, is the most definitive marker of ER 
stress. it has been demonstrated that Hcy can activate the PerK 
pathway (8,24). However, few studies have investigated the role 
of hFrα in er stress (8,20). This study demonstrated that hFrα 
inhibition was associated with PerK signal pathway activation. 
additionally, hFrα downregulation was also associated with an 
increased apoptotic rate in HuVecs. in agreement with previous 
studies (8,20), these results showed that PerK was strongly 
involved in Hcy-mediated HuVec injury, since depletion of 
PERK significantly reduced Hcy‑induced cell injury. Considering 
these results, it is possible that hFrα may serve a protective role 
against Hcy-induced er stress and cell injury in HuVecs. 

In conclusion, this study revealed that hFRα was present 
in HuVecs, and may negatively regulate er stress, apop-
tosis and reduced cell viability induced by Hcy treatment in 
HUVECs. The present results indicated that hFRα may be an 
important target for Hcy treatment.
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