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R E S E A R C H A R T I C L E

L-theanine promotes angiogenesis in limb ischemic mice
by modulating NRP1/VEGFR2 signaling
Jingyi Wang 1,2#, Yinghui Xu 1,3,4#, Yating Ruan 1,3,4, and Xinyang Hu 1,3,4∗

Peripheral artery disease (PAD), primarily caused by atherosclerosis, leads to the narrowing or blockage of arteries that supply blood to
the limbs. This study explores the pro-angiogenic effects of L-theanine and its underlying mechanisms in a mouse model of hindlimb
ischemia (HLI). To evaluate L-theanine’s pro-angiogenic effects, human umbilical vein endothelial cells (HUVECs) were subjected to
tube formation, migration, sprouting, and proliferation assays. In vivo, C57BL/6 mice with induced HLI were treated with L-theanine.
Blood flow recovery was measured via Doppler ultrasound, and vascular density was analyzed using immunofluorescence staining.
RNA sequencing identified neuropilin-1 (NRP1) as a key regulator, and the expression levels of NRP1 and VEGFR2 were examined
through qPCR and Western blotting. L-theanine significantly enhanced angiogenesis in HUVECs, as demonstrated by improved tube
formation, migration, sprouting, and proliferation. In mice, L-theanine treatment resulted in increased vessel density and improved
blood flow recovery. Furthermore, L-theanine was found to activate the NRP1/VEGFR2 signaling pathway in both HUVECs and the HLI
mouse model. These findings indicate that L-theanine can promote angiogenesis and activate key pathways involved in vascular repair,
suggesting its potential as a therapeutic agent for treating vascular defects associated with PAD.
Keywords: Peripheral artery disease, PAD, angiogenesis, L-theanine, neuropilin-1, NRP1, vascular endothelial growth factor
receptor 2, VEGFR2, NRP1/VEGFR2 signaling pathway.

Introduction
Peripheral artery diseases (PADs) encompass a range of condi-
tions affecting blood vessels outside the heart and brain [1, 2].
These diseases pose significant healthcare challenges due to
their high prevalence, diverse etiologies, and potentially severe
consequences [3, 4]. Traditional therapeutic approaches pri-
marily rely on antiplatelet agents to prevent thrombosis and
lipid-lowering drugs to manage atherosclerosis [5, 6]. How-
ever, these treatments often fail to directly address the fun-
damental issue of impaired blood flow caused by narrowed or
occluded vessels [7, 8]. Consequently, there is a pressing need to
explore novel therapeutic strategies that promote angiogenesis
to restore blood flow. Angiogenesis, the formation of new blood
vessels from pre-existing ones, is a vital physiological process
essential for tissue growth, repair, and regeneration [9, 10].
This mechanism plays a crucial role in various biological con-
texts, including embryonic development, wound healing, and
the remodeling of tissues affected by ischemic diseases [11, 12].

L-theanine, chemically known as N-ethyl-L-glutamine, is an
amino acid derivative predominantly found in tea leaves, par-
ticularly in Camellia sinensis [13]. It possesses a unique chemi-
cal structure characterized by an ethylamide group attached to

the gamma (γ) position of the glutamic acid backbone [14]. Its
chemical stability and ability to cross the blood–brain barrier
have made L-theanine a compound of interest in neurologi-
cal research, as demonstrated in various studies [15–17]. These
properties enable it to exert a range of physiological effects,
including the modulation of immunity [18], enhancement of
cognitive function [19, 20], and antioxidant activity [21]. How-
ever, its role in angiogenesis remains underexplored, present-
ing a novel avenue for investigation. Neuropilin-1 (NRP1) and
vascular endothelial growth factor receptor 2 (VEGFR2) are piv-
otal regulators of angiogenesis [22]. When vascular endothelial
growth factor (VEGF) binds to VEGFR2, it initiates a cascade
of intracellular signaling pathways that drive endothelial cell
processes critical for new blood vessel formation [23, 24]. NRP1,
acting as a co-receptor for VEGF, enhances VEGFR2 signaling
by increasing its activity and stability [22]. This interaction
between NRP1 and VEGFR2 is essential for optimizing the angio-
genic response and ensuring effective blood vessel develop-
ment. Consequently, the NRP1/VEGFR2 axis has emerged as a
key therapeutic target for enhancing angiogenesis. Advances
in this area hold significant promise for improving patient out-
comes by facilitating tissue recovery and restoring function in
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conditions characterized by insufficient blood supply [25]. In
this study, we investigated the effects of L-theanine (1 mM)
on human umbilical vein endothelial cells (HUVECs) in vitro
and observed that it significantly enhanced tube formation,
migration, and proliferation. Furthermore, L-theanine treat-
ment improved blood flow restoration and increased blood
vessel density in the hindlimb ischemia (HLI) model in vivo.
Mechanistically, L-theanine was shown to elevate NRP1 and
VEGFR2 levels, thereby activating the AKT signaling pathway.
Notably, silencing NRP1 after L-theanine treatment reduced
angiogenesis, confirming L-theanine’s role as a regulator of
the NRP1/VEGFR2 pathway. These findings provide valuable
insights into the potential of L-theanine as a novel therapeutic
agent for ischemic limb conditions, potentially paving the way
for new targeted strategies in angiogenesis research.

Materials and methods
Chemicals
L-theanine (98% purity) was purchased from Sigma-Aldrich
(Cat# SMB00395), dissolved in PBS, and stored as a stock solu-
tion in aliquots at −20 °C. Additional chemicals and reagents are
listed in Table S1.

Cell cultures
HUVECs were obtained from ATCC (Cat#PCS-100-013) and cul-
tured on dishes coated with 0.1% gelatin in M199 medium. The
medium contained 1 mg/mL D-glucose, 20% fetal bovine serum
(FBS), 2 mM L-glutamine, 30 mg/L endothelial cell growth fac-
tor supplements (EGCS), 10 units/mL heparin, 50 IU/mL peni-
cillin, and 50 μg/mL streptomycin. Cells at passages 1–5 were
used and maintained in a 5% CO2 incubator at 37 °C. HUVECs
were stimulated with 1 mM L-theanine for 12 h in vitro.

Proliferation assay
The assessment of cell proliferation was conducted using the
CCK-8 assay. In brief, HUVECs were seeded into 96-well plates
at a density of 3 × 103 cells per well. Each time point included
six replicates per group. At 3, 24, 48, and 72 h, 10 μL of CCK-
8 solution was added to each well, followed by a 2-h incubation.
Afterward, absorbance was measured at 450 nm.

Tube formation assay
To prepare the 96-well plates, 50 μL of growth factor-reduced
Matrigel was applied to each well, followed by a 30-min incu-
bation at 37 °C. Afterward, 20,000 endothelial cells (ECs) were
seeded per well in 50 μL of Matrigel-containing medium.
L-theanine (1 mM) was added to the culture media as specified.
Following a 12-h incubation period, tube-like structures were
visualized using light microscopy (5× magnification, Leica
DM3000). The total tube length was quantified using Image-Pro
Plus software.

Transwell assay
HUVECs were cultured in a medium containing 1% FBS for
overnight starvation. Subsequently, 2.5 × 104 cells were
seeded into the upper compartment using EBM-2 medium
supplemented with 1% FBS. Freshly prepared EBM-2 medium

containing 10% FBS was added to the lower well. ECs
were allowed to migrate for 24 h before being fixed in 4%
paraformaldehyde solution overnight. The cells were then
stained with a 1% crystal violet solution for 10 min. Migrated
cells were counted using a light microscope at 5.0× magni-
fication (Leica DM3000). For each well, three random fields
were analyzed, and the mean cell count was calculated for each
biological replicate.

Spheroid sprouting assay
HUVECs were suspended in EGM-2 medium containing 20%
methylcellulose and incubated overnight in hanging drops to
form spheroids. The spheroids were subsequently embedded in
collagen gel and cultured for 20 h to induce sprouting. Cultures
were fixed with 4% PFA at room temperature and imaged under
light microscopy (10×, Leica DM3000). The number of sprouts
per spheroid and the total sprout length (the cumulative length
of sprouts and branches per spheroid) were analyzed using
Fiji/ImageJ software.

Immunoblotting
HUVECs pre-starved for 30 min were stimulated with 50 ng/mL
VEGF (VEGF Recombinant Mouse Protein, Life Technologies,
Cat# PMG0114) for 5 min to detect the mechanism of action.
Prepare 8%–10% SDS-PAGE gels at the desired concentration
and assemble the PAGE apparatus with fresh running buffer.
Perform electrophoresis at a constant current of 20–30 mA per
plate until the bromophenol blue dye reaches the bottom of
the gel, indicating the process is complete. Next, prepare fresh
transfer buffer and cool it at 4 °C. Activate the PVDF mem-
brane (Millipore, USA) by soaking it in methanol. Transfer the
proteins from the gel to the PVDF membrane using a constant
current of 250 mA for approximately 2.5 h. Block the mem-
branes with 5% non-fat milk in PBST (PBS containing 0.1%
Tween-20) for 1 h at room temperature. Discard the blocking
solution and wash the membrane four times with PBST. Incu-
bate the membranes overnight at 4 °C with primary antibod-
ies (CD31, NRP1, p-VEGFR2/t-VEGFR2, p-Akt/Akt) diluted at
1:1000, except for β-actin. After four washes with PBST, incu-
bate with HRP-conjugated secondary antibodies for 2 h. Finally,
wash the membrane three times with PBST before imaging
using a Bio-Rad Protein Imager. Capture and quantify pro-
tein bands using Image Lab software. Refer to Supplementary
Table S2 for details on the primary antibodies used.

Quantitative RT-PCR (qRT-PCR) analysis
Total RNA was isolated using the TRIzol reagent (Invitrogen).
RNA was then reverse-transcribed into cDNA using a reverse
transcription kit and oligo (dT) primers. The resulting cDNA
was diluted to a suitable concentration. PCR amplification
was performed using the SYBR Green assay kit (Invitrogen,
Catalog No. A25779) according to the following protocol: an
initial denaturation at 95 °C for 3 min, followed by 40 cycles
of 95 °C for 15 s and 60 °C for 30 s. Primers were designed
based on sequences available in GenBank. The specific primer
sequences are as follows: ID1 (Homo sapiens): F-GCACGTCA
TCGACTACATCAG, R-ACGCATGCCGCCTCGRCAN1 (Homo
sapiens): F-GTATGAATTGCACGCAGCGA, R-CGGCCTCCTGGTC
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TGGATAIRS1 (Homo sapiens): F-ACTTGAGCTACGGTGACGTG,
R-AGCTGATGGTCTTGCTGGTCPRKCD (Homo sapiens): F-TG
ACACTTGCCGCAGAGAAT, R-GGTAGAGTTCAAAGCGGCCTNR
P1 (Homo sapiens): F-TGATGAAACAGGGAGCACGC, R-TGGTG
ATGAGGATGGGGTCTTFPI2 (Homo sapiens): F-GAGATCTGTC
TCCTGCCCCT, R-TAGAAATTGTTGGCGTTGCCCLPAR1 (Homo
sapiens): F-CTCGGCATAGTTCTGGACCC, R-CTGTGGACAGCA
CACGTCTAEPOR (Homo sapiens): F-TACCCCACCCCACCTAA
AGT, R-CATCGGATAAGCCCCCTTGGMMP15 (Homo sapiens):
F-CTAAAGGGGCCTTCCTGAGC, R-GCAGGATGGACTTGGGGT
AGCDC25C (Homo sapiens): F-ACCTGCTCCTGGAGAGAGAC,
R-GCAACGTTTTGGGGTTCCTCSOX4 (Homo sapiens): F-ACC
TGAACCCCAGCTCAAAC, R-CAGTAGTCCGGGAACTCGAAGHD
AC9 (Homo sapiens): F-AGCCTGACCTCATGTGGAAC, R-CTG
TGCATTCTTTGCTGAGCC. The primers amplify fragments that
are 100–300 bp in length. Data analysis was conducted using the
Roche LightCycler 480 II software to determine the threshold
cycle (Ct) values. The Ct values were normalized to β-ACTIN
expression levels, and relative gene expression was calculated
using the 2−ΔΔCt method. Detailed primer sequences are listed
in Table S3.

siRNA transfection experiments
To silence NRP1 expression, siRNA targeting NRP1 (pur-
chased from Shanghai Genechem, China) was used. The
target sequences were as follows: sense (5′-3′): GAAGGUUU-
CUCAGCAAACUTT; antisense (5′-3′): AGUUUGCUGAGAAAC-
CUUCTT. Cells were plated in ECM and allowed to reach
50%–70% confluency. Transfection complexes were prepared
by diluting siRNAs in serum-free medium and mixing them
with the transfection reagent. The complexes were incubated
for 15–30 min at room temperature to facilitate complex for-
mation. These transfection complexes were then added to
the cells. Following transfection, the cells were incubated at
37 °C in 5% CO2 for 6 h. The medium was then replaced with
serum-containing growth medium, and the cells were incu-
bated for 48 h before conducting knockdown experiments. To
confirm NRP1 knockdown, gene silencing efficiency was vali-
dated using qRT-PCR and Western blot analysis.

Murine HLI model with L-theanine or shNRP1 administration
To maintain body temperature, 10-week-old C57 mice were
anesthetized intraperitoneally (i.p.) with ketamine/xylazine
(80/5 mg/kg) and kept warm using a heated blanket. The
distal portion of the saphenous artery and the proximal por-
tion of the femoral artery were ligated using 7–0 sutures. All
arteries in the intermediate space were excised, and branches
between the two ligated locations were also tied off. Hindlimb
blood flow was immediately assessed after inducing HLI using
noninvasive laser Doppler imaging. Follow-up imaging was
conducted on days 3, 7, and 14 post-HLI. For in vivo studies
involving L-theanine, 100 μL of a 1 mg/kg L-theanine solu-
tion was administered intraperitoneally to the rodents one day
prior to HLI, as well as on days 1, 5, and 10 post-surgery. In
addition, mice received intramuscular injections of 1 × 109

PFU adeno-associated virus (AAV; NC or shNRP1) in 10 μL of
DMEM per mouse via microinjector, administered four weeks

before HLI. The AAV-shNRP1 was purchased from Shanghai
Genechem, China (target sequences: ACAGCTTGGAGTGCACC-
TACA).

Immunofluorescence staining
The freshly collected whole gastrocnemius muscle samples
were embedded in O.C.T. compound, submerged in isopentane,
and rapidly cooled with liquid nitrogen. The frozen tissue sec-
tions were fixed with 10% formaldehyde for 8 h and subse-
quently permeabilized using 0.5% Triton X-100 in PBS. After
blocking with a PBS solution containing 10% bovine serum albu-
min, the sections were incubated overnight at 4 °C with primary
antibodies, followed by incubation with the corresponding sec-
ondary antibodies. Finally, the nuclei were counterstained with
DAPI.

RNA sequencing (RNA-seq)
Collect HUVEC samples from the PBS and L-theanine groups.
Extract total RNA using the TRIzol reagent, and assess
both the quality and quantity of the extracted RNA. Enrich
mRNA from the total RNA pool, then convert the enriched
mRNA into a cDNA library suitable for sequencing. Perform
high-throughput sequencing on the prepared RNA libraries to
generate raw sequencing data. Process the raw sequencing data
by performing quality control, aligning reads to a reference
genome or transcriptome, quantifying gene expression levels,
and identifying differentially expressed genes. Expression
values (FPKM; Fragments Per Kilobase of transcript per Million
mapped reads) were calculated for each gene, and differentially
expressed genes (with a false discovery rate (FDR) of < 0.05)
were identified using the Cufflinks Assembly and Differential
Expression v1.1.0 application. Equal amounts of RNA from
different groups (n = 3) at the starting point were used
for normalization. Finally, perform functional annotation
and pathway analysis of the differentially expressed genes
to gain insights into the relevant biological processes and
pathways.

Ethical statement
All live animal experiments were conducted in strict compli-
ance with the ARRIVE guidelines. These experiments were
approved by the Institutional Animal Care and Use Commit-
tee of Zhejiang University School of Medicine’s Second Affil-
iated Hospital (Approval Number: 2024224). Male C57BL/6J
mice were obtained from Shanghai Slac Laboratory Animal
Technology Corporation. The mice were maintained on a stan-
dard laboratory diet and housed under a 12-h light/dark cycle.
For anesthesia, the mice were intraperitoneally administered
ketamine (80 mg/kg) and xylazine (5 mg/kg) and placed on a
heated mat to maintain a constant temperature. Their phys-
iological parameters—including heart rate, respiration rate,
and body temperature—were continuously monitored using a
non-invasive blood oxygen monitor to ensure their well-being.
Efforts were made to minimize the number of animals used
and to alleviate their suffering throughout the experimental
process.
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Statistical analysis
GraphPad Prism 7 was used to analyze the statistical signifi-
cance of the data and to generate graphical representations. The
statistical test used to determine significance for each specific
experiment is indicated in the corresponding figure legend. For
comparisons between two groups, an unpaired t-test was con-
ducted. When more than two groups were involved, a one-way
or two-way ANOVA was used, followed by Bartlett’s test to
assess differences. Prior to performing these statistical tests, the
Shapiro–Wilk normality test was used to evaluate data distri-
bution and confirm whether it followed a normal distribution.
All statistical analyses were conducted using GraphPad Prism 7
(*P < 0.05, **P < 0.01, and ***P < 0.001). Data are presented as
mean ± SEM for all experiments.

Results
Investigation of L-theanine with pro-angiogenic effects in vitro
To evaluate the effect of L-theanine on angiogenesis, we initially
treated HUVECs with various concentrations of L-theanine dis-
solved in PBS and assessed cell viability at 24 and 48 h. The
results showed that cell survival was enhanced at a treatment
concentration of 1 mM L-theanine (Figure 1A and 1B). Based
on these findings, we selected 1 mM L-theanine for further
experiments, with PBS serving as the control. A tube formation
assay demonstrated that L-theanine treatment significantly
enhanced the vessel formation capacity of HUVECs compared
to controls (Figure 1C and 1D). Similarly, the Transwell assay
revealed that L-theanine increased the migratory ability of
HUVECs relative to the control group (Figure 1E and 1F). Addi-
tionally, L-theanine was found to increase sprouting (Figure 1G
and 1I) and proliferation (Figure 1J) in HUVECs compared to
controls. Collectively, these data confirm that L-theanine pro-
motes angiogenesis in vitro.

L-Theanine exerts therapeutic angiogenic effect in HLI model
To explore the in vivo therapeutic potential of L-theanine
under ischemic conditions, L-theanine (1 mg/kg) and the nega-
tive control (PBS) were administered intraperitoneally one day
prior to the induction of HLI (D-1) and again on D1, D5, and
D10 after the surgery. Doppler imaging was used to monitor
hindlimb blood flow in the two groups of mice over a two-week
period following surgery. The results demonstrated that exoge-
nous L-theanine significantly improved hindlimb blood flow
compared to the control group (Figure 2A and 2B). Further-
more, immunostaining revealed a notable increase in CD31+
vessels in the L-theanine-treated group relative to controls
(Figure 2C and 2D). These findings indicate that L-theanine
effectively promotes angiogenesis in ischemic limbs in vivo.

L-theanine promotes NRP1 expression in HUVECs
To explore the potential mechanism by which L-theanine regu-
lates angiogenesis, we performed bulk RNA sequencing analy-
sis on HUVECs from both PBS- and L-theanine-treated groups.
This analysis identified 1531 upregulated and 1790 downregu-
lated genes in the L-theanine-treated group (Figure 3A and 3B).
KEGG pathway analysis of the transcriptome data revealed
significant activation of the cell cycle pathway following

L-theanine treatment (Figure 3C). Among the significantly
altered genes, 12 had been previously reported to play roles
in vascular-related processes [22, 26–36]. Further qPCR anal-
ysis revealed that NRP1 was the most markedly upregulated
gene in the L-theanine-treated group compared to the control
group (Figure 3D). Protein-level verification via Western blot-
ting confirmed a significant increase in NRP1 expression in
HUVECs treated with L-theanine in vitro (Figure 3E and 3F).
This trend was also observed in vivo, where administration of
exogenous L-theanine in HLI models led to elevated NRP1 pro-
tein expression (Figure 3G and 3H). These findings demonstrate
that L-theanine effectively modulates NRP1 expression under
ischemic conditions.

L-theanine upregulates the VEGFR2/AKT signaling by NRP1
NRP1 plays a critical role in angiogenesis by acting as a
co-receptor for VEGFR2, significantly enhancing VEGFR2’s
binding affinity to VEGF. This interaction leads to an upregula-
tion of the downstream AKT pathway, thereby further promot-
ing angiogenesis [37, 38]. In our study, we investigated whether
L-theanine regulates the VEGFR2 signaling pathway via NRP1.
Our results demonstrated that L-theanine treatment in HUVECs
significantly increased VEGFR2 phosphorylation compared to
the control group (Figure 4A and 4B). To further explore this
mechanism, we used siRNA to suppress NRP1 expression
(Figure 4C–4E). The knockdown of NRP1 caused a pronounced
reduction in VEGFR2 phosphorylation in L-theanine-treated
cells compared to controls (Figure 4F and 4G). Immunofluores-
cence staining confirmed this reduction, showing decreased
VEGFR2 phosphorylation in L-theanine-treated cells following
NRP1 silencing (Figure 4H and 4I). Moreover, NRP1 silencing
also diminished the phosphorylation of the downstream AKT
pathway (Figure 4J and 4K). Collectively, these findings suggest
that L-theanine enhances VEGFR2/AKT signaling by upregulat-
ing NRP1 expression.

L-theanine promotes angiogenesis through NRP1 in vitro
Having established the pivotal role of NRP1 in L-theanine-
mediated angiogenesis, we next examined the phenotypic
changes resulting from NRP1 interference in HUVECs. Our
experiments revealed that vessel formation capacity was signif-
icantly impaired in the L-theanine treatment group following
NRP1 inactivation, as assessed via the tube formation assay
(Figure 5A and 5B). Moreover, NRP1 silencing led to a pro-
nounced reduction in migration within the L-theanine-treated
group, as demonstrated by the Transwell assay (Figure 5C
and 5D). Similarly, the proliferation of HUVECs was markedly
reduced in the L-theanine-treated group when NRP1 was
silenced, as shown by the CCK8 assay (Figure 5E). These find-
ings provide compelling evidence that L-theanine promotes
angiogenesis in vitro primarily through NRP1 activation.

Pro-angiogenic effect of L-theanine in HLI models via NRP1
To further investigate the role of NRP1 in L-theanine-mediated
angiogenesis, we performed HLI surgery on mice with NRP1
knockdown, achieved through adeno-associated virus injec-
tion (AAV-shNRP1), as well as on control mice (AAV-NC).
L-theanine or PBS was administered intraperitoneally to these
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Figure 1. L-theanine promotes the angiogenesis of HUVECs in vitro. (A and B) Quantification of OD450 values of HUVECs in different concentration of
L-theanine at different time points (one-way ANOVA, 24 h: P = 0.0124; and 48 h: NC vs 1 mM P = 0.002 NC vs 5mM P = 0.002); (C and D) Images and total
tube length of tube networks formed by HUVECs in tube formation assay (n = 6; t-test, P = 0.0013); (E and F) Images and the number of migrated HUVECs
per HPF in Transwell assay (n = 6; t-test, P = 0.0481); (G–I) Images, number of sprouts per spheroid, and total sprout length of spheroids (n = 6; t-test;
P = 0.0492); (j) Quantification of OD450 values of HUVECs in PBS and L-theanine groups at different time points (3, 24, 48, and 72 h; two-way ANOVA,
P < 0.001). Quantified data are presented as means ± SEM.
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Figure 2. L-theanine promotes angiogenesis in HLI model. (A and B) Blood flow was evaluated via laser Doppler imaging on Day 0, Day 3, Day 7, and
Day 14 after HLI, and quantified as the ratio of measurements of the injured (HLI) and uninjured (non-HLI) limbs (n = 6; two-way ANOVA, P = 0.0035);
(C and D) Immunofluorescence staining for CD31 in gastrocnemius muscles. scale bar, 50 μm. Quantification of CD31 positive vessels per mm2 (n = 6; t-test,
P = 0.0017). Quantified data are presented as means ± SEM. HLI: Hindlimb ischemia.

mice. Fourteen days post-surgery, mice with NRP1 silencing
exhibited significantly lower blood flow recovery, even with
L-theanine treatment (Figure 6A and 6B). Similarly, CD31 stain-
ing revealed that the L-theanine-induced increase in microves-
sel density was markedly reduced in NRP1-silenced mice
(Figure 6C and 6D). These findings demonstrate that L-theanine
enhances angiogenesis under ischemic conditions by positively
regulating NRP1 (Figure 7).

Discussion
The present study provides novel evidence supporting the
positive effects of L-theanine on endothelial cells in promoting
angiogenesis under ischemic conditions. Our data demon-
strate that L-theanine significantly enhances tube formation,
migration, sprouting, and proliferation of HUVECs in vitro.
Furthermore, L-theanine treatment improved blood flow
restoration and increased blood vessel density in a HLI mouse
model. This study highlights the potential of L-theanine as
a promising candidate for therapeutic strategies aimed at
enhancing angiogenesis in ischemic conditions. PADs continue
to pose significant global health challenges and are among
the leading causes of mortality worldwide [39, 40]. Despite
advancements in treatments, such as pharmacological thera-
pies, interventional procedures, and surgical options, several
persistent issues limit patient outcomes [41]. Traditional
pharmacological treatments, including antiplatelet agents,

anticoagulants, and lipid-lowering drugs, while effective in
managing risk factors and preventing thrombotic events,
often fail to sufficiently promote blood vessel formation in
ischemic tissues [42–44]. A critical aspect of managing ischemic
diseases is promoting angiogenesis—the process of forming
new blood vessels—which is essential for restoring blood
flow and facilitating tissue repair [45]. Our study introduces
an innovative mechanism by which L-theanine modulates
NRP1/VEGFR2 signaling to promote angiogenesis. Under-
standing this mechanism provides valuable insights into how
L-theanine could be utilized to promote vascular regeneration
in ischemic diseases. Moreover, given its ability to enhance
blood flow restoration and increase blood vessel density in
ischemic conditions, L-theanine shows potential as a therapeu-
tic agent for conditions, such as PAD and myocardial ischemia.
The proposed mechanism of action suggests that L-theanine
could be used as a standalone therapy or in combination with
existing treatments, thereby improving clinical outcomes.

L-theanine, a unique free amino acid, is a principal compo-
nent of tea and a bioactive compound with numerous benefi-
cial effects, including anti-inflammatory [46], antioxidant [21],
and immune-regulatory properties [47]. The key finding of
this study is the safety profile of L-theanine on HUVEC cells.
Our experiments demonstrated that L-theanine, when admin-
istered at concentrations ranging from 0 to 1 mM for 48 h,
did not negatively impact HUVEC cell viability. This finding
suggests that L-theanine, a natural compound derived from
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Figure 3. L-theanine promotes NRP1 expression in HUVECs. (A) The RNA sequencing analysis on HUVECs from the PBS and L-theanine-treated groups.
The volcano plot showed differentially expressed genes between the L-theanine group and the control group. Red points indicated upregulated genes, green
points indicated downregulated genes, and grey points represented genes with no significant change. (B) The heatmap displayed the expression patterns of
differentially expressed genes between the L-theanine group (blue) and the control group (yellow). (C) The KEGG pathway diagram depicted the pathways
significantly affected by L-theanine treatment. (D) L-theanine treated group exhibited elevated mRNA levels of NRP1 compared to the control group.
(E and F) NRP1 protein levels in HUVECs with L-theanine or PBS treatment, and quantitative proteins were plotted, n = 3, P = 0.0223; (G and H) NRP1 protein
levels detected in PBS and L-theanine treated mice after HLI, and quantitative proteins were plotted, n = 3, P = 0.0239; Quantified data are presented as
means ± SEM, and significance was evaluated via a two-tailed unpaired t-test. NRP1: Neuropilin-1; HUVEC: Human umbilical vein endothelial cell.
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Figure 4. L-theanine improves the VEGFR2/AKT signaling by increasing the expression of NRP1. (A and B) The phosphorylation level of VEGFR2 in
HUVECs treated with L-theanine or PBS, n = 3 (t-test; VEGFR2: P = 0.0023; NRP1: P = 0.0240); (C) The RNA level of NRP1 after NRP1 silenced, n = 3
(t-test, P < 0.001); (D and E) NRP1 protein levels detected in HUVECs that were subjected to treatment with si-NRP1 or NC, and quantitative proteins
were plotted, n = 3 (t-test, P = 0.0011); (F and G) The phosphorylation and total level of VEGFR2 protein levels detected in NRP1 or NC silenced HUVECs
after treated with PBS or L-theanine as labeled, and quantitative proteins were plotted, n = 3 (one-way ANOVA; PBS+NC vs PBS+si-NRP1 P = 0.0082;
PBS+NC vs L-theanine+NC P = 0.0084; L-theanine+NC vs L-theanine+si-NRP1 P = 0.0092); (H and I) The phosphorylation level of VEGFR2 detected
through immunofluorescence staining (blue: DAPI; green: VEGFR2; scale bar, 100μm. N = 3; one-way ANOVA; PBS+NC vs PBS+si-NRP1 P = 0.0084;
PBS+NC vs L-theanine+NC P = 0.0081; L-theanine+NC vs L-theanine+si-NRP1 P = 0.0395; PBS+si-NRP1 vs L-theanine+si-NRP1 P = 0.0020); (J and K)
The phosphorylation and total level of AKT protein levels detected in NRP1 or NC silenced HUVECs after treated with PBS or L-theanine as labeled, and
quantitative proteins were plotted, n = 6 (one-way ANOVA; PBS+NC vs PBS+si-NRP1 P < 0.001; PBS+NC vs L-theanine+NC P = 0.0022; L-theanine+NC vs
L-theanine+si-NRP1 P < 0.001). Quantified data are presented as means ± SEM. NRP1: Neuropilin-1; VEGFR2: Vascular endothelial growth factor receptor 2;
HUVEC: Human umbilical vein endothelial cell.
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Figure 5. L-theanine promotes angiogenesis in vitro through NRP1. (A and B) Images and total tube length of tube networks formed by HUVECs (n = 6;
one-way ANOVA; PBS+NC vs PBS+si-NRP1 P = 0.006; PBS+NC vs L-theanine+NC P < 0.001; L-theanine+NC vs L-theanine+si-NRP1 P = 0.032; PBS+si-
NRP1 vs L-theanine+si-NRP1 P < 0.001); (C and D) Images and the number of migrated HUVECs per HPF (n = 6; one-way ANOVA; PBS+NC vs PBS+si-NRP1
P = 0.0005; PBS+NC vs L-theanine+NC P = 0.0163; L-theanine+NC vs L-theanine+si-NRP1 P = 0.0104); (E) Quantification of OD450 values at different time
points (3, 24, 48, and 72 h). Quantified data are presented as means ± SEM, and significance was evaluated via two-way ANOVA (**P = 0.0096 PBS+si-NC
vs PBS+si-NRP1; ##P = 0.0013, PBS+si-NC vs L-theanine+si-NC; and &&&P < 0.001, L-theanine+si-NC vs L-theanine+si-NRP1). NRP1: Neuropilin-1.

tea, exhibits a strong safety profile at lower concentrations.
However, at a higher concentration of 5 mM over the same
duration, L-theanine impaired cell viability, indicating poten-
tial cytotoxic effects at elevated doses. These results suggest
that while L-theanine may offer significant therapeutic benefits
at lower concentrations, its potential adverse effects at higher
concentrations warrant careful evaluation. The safety data pro-
vided by this study are critical for guiding the clinical applica-
tion of L-theanine, emphasizing the importance of determining
an appropriate dosage that balances therapeutic efficacy with
minimal risk. Future research should focus on pharmacokinetic
and pharmacodynamic studies to establish optimal dosing reg-
imens and confirm the clinical relevance of L-theanine. This
study provides valuable insights into the therapeutic potential
of L-theanine, highlighting its promising safety profile at lower
doses and underscoring the need for careful dosage considera-
tions at higher concentrations.

Previous studies have found that in ear edema mouse
models, L-theanine decreased the expression of platelet
endothelial adhesion molecule-1 (PECAM-1) in endothelial
cells [48]. However, the pro-angiogenic effects of L-theanine
have not been fully explored. Our study addresses these gaps
by demonstrating the potential of L-theanine to modulate
NRP1/VEGFR2 signaling, offering a promising approach for
clinical applications. L-theanine has been shown to exert
protective effects on ischemic diseases, including cerebral
ischemia and myocardial ischemia injury. Early research
primarily focused on L-theanine’s potential to alleviate
ischemic damage through antioxidant and anti-inflammatory
mechanisms, particularly in the context of neurological
protection [49, 50]. For instance, one study investigated the
neuroprotective effects of L-theanine on ischemic brain damage
in a mouse middle cerebral artery occlusion model, where
L-theanine significantly reduced cerebral infarct size one day
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Figure 6. L-theanine promotes angiogenesis in HLI models through NRP1. (A and B) Blood flow was evaluated via laser Doppler imaging and quantified
as the ratio of measurements of the injured (HLI) and uninjured (non-HLI) limbs (two-way ANOVA; D14: ∗P = 0.0296, PBS+NC vs PBS+sh-NRP1; #P = 0.0233,
PBS+sh-NRP1 vs L-theanine+shNRP1. &P = 0.0412, PBS+NC vs L-theanine+NC; n = 6); (C and D) Immunofluorescence staining for CD31 in gastrocnemius
muscles. scale bar, 50 μm. Quantification of CD31 positive cells per mm2 (n = 6; PBS+NC vs PBS+sh-NRP1 P = 0.0458; PBS+sh-NRP1 vs L-theanine+shNRP1
P = 0.0143; PBS+NC vs L-theanine+NC P = 0.0331). Quantified data are presented as means ± SEM, and significance was evaluated via one-way ANOVA.
HLI: Hindlimb ischemia; NRP1: Neuropilin-1.

post-occlusion without affecting cerebral blood flow [50].
Another study indicated that L-theanine substantially reduced
brain infarct size and improved neurological outcomes in
a rat brain ischemia/reperfusion model [49]. Moreover,
several studies have demonstrated L-theanine’s protective
effects on myocardial ischemia/reperfusion injury (MIRI).
A recent study reported that L-theanine reduced apoptosis
and oxidative stress via the JAK2/STAT3 pathway, thereby
mitigating MIRI-induced cardiac injury [51]. Another study
revealed that L-theanine exerted cardioprotective effects
against ischemia/reperfusion injury by inhibiting oxidative
stress, preserving mitochondrial function, and upregulating
antioxidant gene expression. These findings underscore the
potential of L-theanine in ischemic diseases, particularly in its
cardioprotective roles in cardiac ischemia [52]. Notably, our
results revealed a novel pro-angiogenic effect of L-theanine

in ischemic tissues, characterized by the upregulation of key
angiogenic factors, such as NRP1 and VEGFR2. This upreg-
ulation enhanced endothelial cell proliferation, migration,
and tube formation, which are pivotal processes for restoring
blood flow and facilitating tissue repair. The mechanistic
findings of our study demonstrated that L-theanine promoted
angiogenesis by increasing the levels of NRP1 and VEGFR2,
leading to activation of the AKT signaling pathway. However,
further research is needed to elucidate the mechanisms by
which L-theanine modulates NRP1 expression and to explore
additional downstream pathways regulated by L-theanine
via NRP1. Understanding these processes will provide deeper
insights into L-theanine’s full mechanism of action and enhance
its potential as a therapeutic agent. Our findings also indi-
cated that the mRNA expression of NRP1 increased following
L-theanine administration, suggesting multiple potential
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Figure 7. L-theanine promotes angiogenesis through the modulation of the NRP1/VEGFR2/AKT pathway in ischemic conditions. NRP1: Neuropilin-1;
VEGFR2: Vascular endothelial growth factor receptor 2.

underlying mechanisms. The transcriptional regulation of
NRP1 is a complex process influenced by various cellular
signals and regulatory elements. While direct evidence of
interactions between L-theanine and NRP1 transcription is
limited, existing studies provide potential hypotheses. For
example, we found that romidepsin, an inhibitor of histone
deacetylases 1 and 2 (HDAC1 and HDAC2), may alter NRP1 gene
expression [53]. Additionally, other studies suggest that
NRP1 expression is influenced by regulatory factors, such

as NUPR1, YAP1, NF-κB, and HIF1α [54–58]. Although these
findings offer hypotheses for how L-theanine may affect
NRP1 transcription, they remain speculative in the absence of
experimental proof. Further research is necessary to identify
the specific molecular interactions and signaling pathways
involved.

Our results demonstrated that L-theanine promotes
ischemic hindlimb angiogenesis and enhances the tube for-
mation, migration, and proliferation of HUVECs. This effect is
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mediated through the activation of the NRP1/VEGFR2 signaling
pathway. Although we did not directly quantify changes in
VEGF levels, we observed a significant upregulation of NRP1
and VEGFR2 expression following L-theanine stimulation,
suggesting an influence on VEGF signaling. Previous studies
have highlighted the critical roles of NRP1 and VEGFR2 in
processes, such as embryogenesis, wound healing, and the
pathogenesis of various diseases [12]. VEGF-A binds to multiple
receptors and co-receptors, including VEGFR2 and NRP1.
Acting as a co-receptor with high affinity for VEGF, NRP1
enhances the activation of VEGFR2. This potentiation modu-
lates VEGF-mediated signaling, which is crucial for endothelial
cell migration, survival, and three-dimensional sprouting [38].
VEGFR2, predominantly expressed in vascular endothelial cells,
functions as a major signal transducer for angiogenesis. By
binding and activating VEGFR2, VEGF promotes endothelial
cell proliferation, invasion, migration, survival, and increased
vascular permeability and neovascularization [59]. Ligand
binding to VEGFR2 induces conformational changes in its
transmembrane domain, leading to increased phosphoryla-
tion of its kinase domain and subsequent activation [60].
Additionally, VEGF-A stimulates VEGFR2 kinase activity,
triggering the activation of downstream signaling enzymes,
such as PI3K and Akt, which are essential for cellular processes
linked to angiogenesis, including survival, migration, and tube
formation [61]. Consistent with this, our findings revealed that
L-theanine increases VEGFR2/AKT phosphorylation levels in
HUVECs, thereby contributing to angiogenesis. Despite these
promising findings, several limitations of our study should
be noted. First, we evaluated the effects of L-theanine using
a mouse HLI model relevant to PAD, but species differences in
vascular biology may limit the translational potential of our
results. Additional validation in other ischemic models, such
as myocardial infarction or clinical human trials, is necessary
to confirm its therapeutic potential for PAD. Second, while
we identified NRP1/VEGFR2 signaling as a key mediator of
L-theanine’s pro-angiogenic effects, the precise molecular
mechanisms regulating NRP1 expression in response to
L-theanine remain unclear. Third, as a natural amino acid
with diverse targets and functions, L-theanine may exert
off-target or systemic effects. Our study focused solely on its
pro-angiogenic properties, leaving potential interactions and
systemic effects in PAD patients unexplored. Furthermore, we
conducted experiments exclusively on HUVECs, which could
limit the generalizability of our findings. Different endothelial
cell lines or tissue-specific endothelial cells may have distinct
receptor profiles or intracellular signaling pathways that could
influence L-theanine’s effects on angiogenesis. Additionally,
our study lacked comprehensive dose-response investigations.
While we selected a concentration of 1 mM L-theanine for in
vitro experiments based on initial viability assays, constructing
a detailed dose–response curve would have provided greater
insight into the optimal concentration and dose-dependent
effects. This limitation may affect the accuracy of our con-
clusions regarding the most effective dose of L-theanine. In
conclusion, our study identifies L-theanine as a promising
candidate for the treatment of ischemic diseases, demonstrating

a novel mechanism of action through modulation of the
NRP1/VEGFR2 pathway. The natural origin and favorable safety
profile of L-theanine, combined with its ability to effectively
promote angiogenesis, position it as a potential therapeutic
agent for further investigation in ischemic disease treatment.
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Supplemental data

Table S1. List of chemicals and reagents

Chemicals and reagents Source

VEGF recombinant mouse protein Cat# PMG0114 (Life Technologies)

Matrigel matrix (GFR) Cat# 354230 (Corning)

Endothelial cell growth medium 2 Cat# C-22011 (Sigma-Aldrich)

Endothelial cell medium Cat# 1001 (ScienCell)

L-theanine (98% purity) Cat# SMB00395 (Sigma-Aldrich)

HUVEC Cat# PCS-100-013(ATCC)

HUVEC: Human umbilical vein endothelial cell.

Table S2. List of the antibodies used for Western blots

Antibodies Source Dilution

CD31 550274 (BD, US) 1:1000

NRP1 ET1609-69 (HUABIO, China) 1:100

t-VEGFR2 2478S (CST, US) 1:500

p-VEGFR2 (1175) 2479S (CST, US) 1:1000

t-AKT 4691S (CST, US) 1:1000

p-AKT 4060S (CST, US) 1:1000

ACTIN KC-5A08 (KANGCHEN, Shanghai, China) 1:5000

NRP1: Neuropilin-1; VEGFR2: Vascular endothelial growth factor receptor 2.
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Table S3. List of the primer sequences used for qRT-PCR

Gene Species Primers

ID1 Homo sapiens Forward: GCACGTCATCGACTACATCAG
Reverse: ACGCATGCCGCCTCG

RCAN1 Homo sapiens Forward: GTATGAATTGCACGCAGCGA
Reverse: CGGCCTCCTGGTCTGGATA

IRS1 Homo sapiens Forward: ACTTGAGCTACGGTGACGTG
Reverse: AGCTGATGGTCTTGCTGGTC

PRKCD Homo sapiens Forward: TGACACTTGCCGCAGAGAAT
Reverse: GGTAGAGTTCAAAGCGGCCT

NRP1 Homo sapiens Forward: TGATGAAACAGGGAGCACGC
Reverse: TGGTGATGAGGATGGGGTCT

TFPI2 Homo sapiens Forward: GAGATCTGTCTCCTGCCCCT
Reverse: TAGAAATTGTTGGCGTTGCCC

LPAR1 Homo sapiens Forward: CTCGGCATAGTTCTGGACCC
Reverse: CTGTGGACAGCACACGTCTA

EPOR Homo sapiens Forward: TACCCCACCCCACCTAAAGT
Reverse: CATCGGATAAGCCCCCTTGG

MMP15 Homo sapiens Forward: CTAAAGGGGCCTTCCTGAGC
Reverse: GCAGGATGGACTTGGGGTAG

CDC25C Homo sapiens Forward: ACCTGCTCCTGGAGAGAGAC
Reverse: GCAACGTTTTGGGGTTCCTC

SOX4 Homo sapiens Forward: ACCTGAACCCCAGCTCAAAC
Reverse: CAGTAGTCCGGGAACTCGAAG

HDAC9 Homo sapiens Forward: AGCCTGACCTCATGTGGAAC
Reverse: CTGTGCATTCTTTGCTGAGCC

β-ACTIN Homo sapiens Forward: ACGTTGCTATCCAGGCTGTG
Reverse: GAGGGCATACCCCTCGTAGA

qRT-PCR: Quantitative RT-PCR.
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