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ABSTRACT: The endothelium is the frontline target of multiple metabolic stressors and
pharmacological agents. As a consequence, endothelial cells (ECs) display highly dynamic and
diverse proteome profiles. We describe here the culture of human aortic ECs from healthy and
type 2 diabetic donors, the treatment with a small molecular coformulation of trans-resveratrol
and hesperetin (tRES+HESP), followed by proteomic analysis of whole-cell lysate. A number of
3666 proteins were presented in all of the samples and thus further analyzed. We found that 179
proteins had a significant difference between diabetic ECs vs. healthy ECs, while 81 proteins had a
significant change upon the treatment of tRES+HESP in diabetic ECs. Among them, 16 proteins
showed a difference between diabetic ECs and healthy ECs and the difference was reversed by the
tRES+HESP treatment. Follow-up functional assays identified activin A receptor-like type 1 and
transforming growth factor β receptor 2 as the most pronounced targets suppressed by tRES
+HESP in protecting angiogenesis in vitro. Our study has revealed the global differences in
proteins and biological pathways in ECs from diabetic donors, which are potentially reversible by
the tRES+HESP formula. Furthermore, we have identified the TGFβ receptor as a responding mechanism in ECs treated with this
formula, shedding light on future studies for deeper molecular characterization.

■ INTRODUCTION
The endothelium is a vital organ lining the entire vascular
system, controlling the passage of materials, including
nutrients, cytokines, metabolites, toxins, and treatment agents,
into and out of the bloodstream.1 The deterioration of
endothelial health is the primary step in the onset and
progression of atherosclerosis and is closely related to long-
term cardiovascular outcomes.2 Meanwhile, the endothelium is
one of the primary targets of detrimental factors or therapeutic
agents. Ample evidence from experimental and clinical studies
has shown that numerous pharmacological agents used for
metabolic and cardiovascular diseases impact endothelial
function despite different structures and mechanisms of
action.3 However, it is challenging to perform a thorough
assessment of the molecular response of endothelium to these
interventions due to the anatomic locations of the endothelium
and the complexity of endothelial activities regulating vascular
homeostasis.
Proteomics has emerged as a powerful tool to assay

endpoints of the proteome to reveal information on the
underlying biochemistry and physiologic state of tissue or
cells.4 Notably, limited studies have reported the proteomic
findings as tied to human aortic endothelial response to
pharmacological agents, and fewer have used it to understand
the interactions of treatments under pathologies. We have
adopted the tandem mass tags (TMT) approach, which offers

the capability to quantify multiple samples (each sample
labeled with a unique TMT tag) under different conditions in a
single proteomics experiment. This enables us to quantify
thousands of proteins simultaneously and understand their
regulatory network under normal physical and pathological
conditions with or without treatments. The proteomics data
can then be used to select relevant markers and pathways and
further analyzed by functional assays. The proteomic-based
approach provides an ideal platform for mechanistic studies on
environmental stimuli and pharmacological interventions.
A recent report demonstrated the coformulation of two

dietary compounds, trans-resveratrol (trans-3,5,4′-trihydroxys-
tilbene, tRES) and hesperetin (HESP) (structures were shown
in Figure 1), acted synergistically to improve glucose metabolic
profile and arterial function in overweight and obese subjects.5

The coformulation was screened out from a pool of ∼100
dietary bioactive compounds with the ability to induce the
gene expression of glyoxalase 1 (GLO1), an enzyme that
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detoxifies reactive metabolites during glycolysis and protects
cells against glycation stress.6 What has not been addressed
was that tRES+HESP displayed disproportionately potent
vaso-protective effects, as demonstrated by improved arterial
function in recipients. Indeed, we have previously observed
that topical application of tRES-HESP accelerates skin wound
closure with a concomitant augmentation of angiogenesis in a
mouse model of type 2 diabetes.7 The protection of this
coformulation on EC function is possibly beyond its induction
of GLO1, as shown in a previous proteomic analysis of tRES-
treated human umbilical vein ECs under normal conditions.8

However, no information is available on the proteome profile
shift in dermal microvascular ECs from diabetic donors or
whether this shift can be reversed by tRES+HESP treatment.
In this study, we aim to establish the connection between the
efficacy of tRES+HESP on EC function and the altered
proteomic profiles. We believe this study gains substantial
knowledge of the signaling mechanisms underlying the
beneficial effects of tRES+HESP treatment on endothelial
function in diabetes.

■ RESEARCH DESIGN AND METHODS
Human Aortic Endothelial Cells (HAECs) In Vitro

Culture and Treatments. HAECs from healthy (cc-2535) or
diabetic (cc-2920) donors were purchased from Lonza and
cultured in endothelial growth media (EGM-2, Lonza CC-
3162) at 37 °C and 5% CO2. HAECs were used between
passages 4 and 6, and all experiments were performed in
HAECs from 11 donors (donor information: healthy n = 6, age
52.17 ± 3.301 years, male/female = 4:2, diabetic n = 5, age
60.6 ± 2.821 years, male/female = 3:2). HAECs were treated
with 5 μM tRES plus 5 μM HESP, using 0.002%
dimethylsulfoxide (DMSO) as vehicle control for 48 h. For
transfection of plasmids (all purchased from Origene), in each
well in a six-well plate, 1μg of plasmids carrying activin A
receptor-like type 1 (ACVRL1) (#RC213389), a disintegrin
and metalloprotease domain metallopeptidase domain 9
(ADAM9) (#RC222453), integrin, α V (ITGAV)
(#RC227470), propionyl CoA carboxylase, β polypeptide
(PCCB) (#RG202019), transforming growth factor β receptor
2 (TGFBR2) (#RC219855), and vector control (#PS100001)
were transfected into HAECs with MegaTran 2.0
(#TT210002) for 48 h according to the protocol of the

manufacturer. After the transfection, The HAECs were treated
with tRES+HESP or vehicle control as described above.
Functional Assays (Proliferation, Network Formation,

Apoptosis). In the network formation assay, HAECs were
plated in a 48-well cell culture plate (5 × 104 cells per well)
precoated with 160 μL of growth factor-reduced Matrigel
matrix (Corning) as described previously.9 Cell proliferation
was evaluated using the BrdU Cell Proliferation Assay Kit (Cell
Signaling, #6813). Cell apoptosis was determined by Annexin
V-PI staining using a Countess II FL Automated Cell Counter
(Invitrogen). Approximately 1 × 106 cells from each sample
were stained with 20 μL of FITC-conjugated Annexin V
(Invitrogen Cat No: A13199) and 2 μL of the 100 μg/mL
propidium iodide (PI) (Invitrogen Cat No-P1304MP). The
cells were incubated at room temperature in the dark for 15
min. The cell suspension was centrifuged, and the supernatant
was removed. The cells were then washed and resuspended in
1× Annexin-binding buffer (Invitrogen Cat No-V13246). 10
μL of this suspension was loaded on the countess slide, and the
fluorescence was measured using appropriate filters (Annexin
V-Ex/Em: 485/535 nm; PI-Ex/Em: 535/617 nm). The Annexin
Vlow-PI-cells were defined as live cells; the Annexin Vhigh/PI−
were defined as apoptotic cells; and the Annexin Vhigh/PIhigh
cells were defined as dead cells. The fraction of the apoptotic
cells was calculated as the percentage of apoptotic cells
(Annexin Vhigh/PI−) in the total cell numbers counted.
Proteomic Analysis. Diabetic ECs from four donors were

treated with tRES+HESP (both at 5 μM) or vehicle control for
24 h. At the time this experiment was carried out, the
maximum number of samples one TMT labeling experiment
can handle was 11; therefore, we optioned to use three healthy
ECs without tRES+HESP treatment (healthy controls, three
samples) and four diabetic ECs (four with tRES+HESP
treatment, diabetic tRES+HESP; and four with vehicle
treatment, diabetic controls, total eight samples). The cells
were lysed with CellLytic buffer (Sigma) mixed with Halt
Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher
Scientific, 1:100 dilution) and 250 μg of proteins from each of
the 11 samples were subsequently digested in-solution by
trypsin. The concentration of the resulting tryptic peptides was
measured, and 100 μg peptides from each sample were labeled
with one of the 11 unique TMT tags purchased from Thermo
Fisher Scientific. Labeling efficiency for each sample was
measured by high-performance liquid chromatography−
electrospray ionization tandem mass spectrometry (HPLC-
ESI-MS/MS), which was all >97%. An aliquot of the combined
TMT-labeled peptides (100 μg) was separated using high pH
reverse phase fractionation purchased from Thermo Fisher
Scientific, and each fraction of the peptide mixture was
separated with a gradient of 2−35% buffer B (100% ACN and
0.1% FA) in 180min, starting with 2% B and increase to 5% B
in 3 min, to 10% B in 50 min, to 25% B in 92 min, to 35% B in
30 min, to 90% B in 3 min, hold at 90% B for 10 min, and then
2% buffer B at a flow rate of 300 nl/min on a C18-reversed-
phase column (75 μm ID), 35 cm length packed in-house with
ReproSil-Pur C18-AQ μm resin (Dr. Maisch GmbH) in buffer
A (0.1% FA). MS spectra were generated from an Orbitrap
Fusion Lumos equipped with a nano-LC-based electrospray
ionization source and coupled online to a Dionex Ultimate
3000 UPLC system (Thermo Fisher Scientific).
A “top 3 second” data-dependent tandem mass spectrometry

approach was utilized to identify peptides in the samples. In a
top 3-second scan protocol, a full scan spectrum (survey scan,

Figure 1. Structure of trans-resveratrol (tRES) and hesperetin
(HESP). The two-dimensional (2D) chemical structures of tRES
and HESP are shown above. The source images are from the National
Library of Medicine National Center for Biotechnology Information
(tRES: https://pubchem.ncbi.nlm.nih.gov/compound/445154;
HESP: https://pubchem.ncbi.nlm.nih.gov/compound/72281).
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400−1400 Th) is acquired, followed by collision-induced
dissociation (CID) mass spectra of the most abundant ions in
the survey scan for 3 s. The survey scan was acquired using the
Orbitrap mass analyzer to obtain high mass accuracy and high
mass resolution data (120,000 resolution), and the top intense
peptides were selected and subjected to fragmentation in the
linear ion trap (LTQ). Dynamic exclusion was set at 30 s. The
charge state rejection function was enabled with “unassigned”
and “single” charge states rejected. By knowing the accurate
mass and fragmentation pattern of the peptide, the peptide’s
amino acid sequence can be reliably inferred.
The RAW mass spectrometry files were analyzed using

MaxQuant, a popular quantitative proteomics software pack-
age10 (ver.1.6.2.1), to identify proteins and to obtain the
intensity for the 11 TMT reporter ions for each peptide and
protein. The RAW mass spectrometry files were searched
against a database with forward and reversed Uniprot Human
protein sequences downloaded from www.uniprot.org. Stand-
ard settings in the MaxQuant were applied. Parent mass
tolerance was 5 p.p.m., and fragment mass tolerance was 0.5
Da. Two missing trypsin cleavage sites were allowed.
Methionine oxidation (M), phosphorylation (STY), and acetyl
(protein N-term) were allowed as variable modifications.
Carbamidomethyl (C) as fixed modification. The false
discovery rate (FDR) for proteins and peptides (with
minimum seven amino acids) was set to 0.01. Only proteins
identified with a minimum of two unique peptides were
considered.
The TMT reporter ion intensities were used to calculate the

relative abundance for each protein in these 11 samples. We
first normalized the reporter ion intensity for each of the
proteins against the reporter ion intensity for the 11th TMT
tag to obtain the ratio for each protein. We then calculated the

median for the resulting ratios of proteins for each TMT tag
(i.e., each of the 11 samples used for the preliminary study).
The median ratio for each 11 TMT tag should be identical
since an equal number of TMT-labeled peptides were mixed
before HPLC-ESI-MS/MS. Most proteins are expected to have
a similar abundance among these 11 samples. Therefore, for
each TMT tag, the protein ratio was normalized against its
median for the 3666 proteins to correct for errors in TMT tag
mixing. This normalization is commonly used in TMT or other
labeling techniques that require mixing.
The resulting normalized protein ratios were log 2

transformed and compared among the three groups of samples
(healthy controls, diabetic controls, and diabetic tRES+HESP).
Independent t-test was used to assess the statistical significance
of the effects of type 2 diabetes on protein abundance between
healthy controls and diabetic controls, while paired t-test was
used to assess the statistical significance of the effects of tRES
+HESP treatment on protein abundance between diabetic
controls and diabetic tRES+HESP treatment groups.
Experimental Design and Statistical Rationale. The

EC functions were tested after treatment of tRES+HESP
coformulation. The proteomics analyses were performed to
assess the global profiles of protein abundance in diabetic ECs
after tRES+HESP treatment. Based on the DAVID bio-
informatics results and literature search, the proteins selected
were then validated in tRES+HESP-treated EC by functional
assays. All values are expressed as mean ± standard deviation
(SD). For continuous variables that failed Shiparo−Wilk
normality tests, such as mRNA expression, protein levels,
staining quantifications, and functional assays, the statistical
significance of differences between the two groups was
determined using the Mann−Whitney U test. When more
than two groups of treatments were performed, the Kruskal−

Figure 2. Diabetic EC functions are compromised compared with healthy ECs. Cell functions between healthy and type 2 diabetic human aorta
ECs were compared using in vitro assays, including cell apoptosis (Annexin V+/PI− staining), proliferation (BrdU incorporation), and two-
dimensional (2D) network formation. (A) Apoptosis was evaluated by Annexin V-PI staining and counted as the percentage of the cells that were
Annexin V+/PI−; n = 5 per group, *p < 0.05. (B) Proliferation was evaluated by the BrdU assay. Optic density values were recorded; n = 5 per
group. (C) Quantification of network formation on Matrigel; n = 5 per group, *p < 0.05. (D) Representative images of network formation; bar =
400 μm. In all figures, horizontal lines show mean ± SD.
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Wallis test was applied across all of the groups, and if
significant, the pairs of primary interest, based on scientific
rationale, were assessed using the Mann−Whitney U test with
Benjamini Krieger, and Yekutieli’s adjustment for multiple
comparisons.11 These gatekeeping approaches and the adjust-
ments preserved α spending and controlled false positive rate
inflation due to multiple hypothesis testing. The significant
differences that came from post hoc comparisons of groups
were noted. A value of p < 0.05 was considered statistically
significant. All of these statistical analyses were performed
using GraphPad Prism 9 (GraphPad Software).
Data and Resource Availability. The mass spectrometry

proteomics dataset generated in this study are available at
PRoteomics IDEnt ifica t ions Database (PRIDE)
(PXD036094), submitted through proteomexchange.org. The
datasets generated and/or analyzed during the current study
are available from the corresponding author upon reasonable
request.

■ RESULTS
tRES+HESP Augments EC Functions In Vitro.We tested

the EC functions of diabetic ECs with or without tRES+HESP
coformulation treatment in vitro, using healthy ECs as controls.
The tRES+HESP (both at 5 μM) or vehicle control were
added to the cell culture media for 24 h before the functional
tests were performed. The vessel-like network formation by
ECs on growth factor-reduced Matrigel matrix was visualized.
As shown in Figure 2A, the cell apoptosis in diabetic ECs was
significantly higher than that in healthy ECs but was reversed
by tRES+HESP treatment. The proliferation was comparable
among treatment groups (Figure 2B). The diabetic ECs
formed less network than healthy ECs (Figure 2C,D). This was
somewhat rescued upon tRES+HESP treatment (p = 0.0834
vs. diabetic ECs receiving control treatment). These
observations suggested that the tRES+HESP stimulated the
tube of diabetic ECs.
tRES+HESP Rescues Abnormalities in Protein Abun-

dance of Multiple Proteins in Diabetic ECs In Vitro. We
performed comparative proteomics studies on the effect of
tRES+HESP on the global profiles of protein abundance in
diabetic ECs. The characteristics of the participants are listed
in Table 1. There is no significant difference in any
characteristics provided by the vendor (Lonza) between the
healthy and type 2 diabetic participants (P > 0.05). Based on
the proteomics analysis, 3666 proteins with minimal 2 unique
peptides and >99.99% confidence were identified.
We have analyzed the dispersion of the resulting normalized

protein ratios using the coefficient of variation (CV), which
was defined as the ratio of the standard deviation to the mean.
The CV for the normalized protein ratio for each of the 3666
proteins for the three healthy controls was obtained, and the
mean and medium for these 3666 CVs, along with those for
the four diabetic controls, and four diabetic controls with tRES
+HESP treatment, are listed in the Supporting Information,
Table S1. The results indicated that the average CV for
normalized protein ratios for the same set of samples was ∼6%,

which is much better than that for the label-free HPLC-ESI-
MS/MS analysis and western blotting, suggesting high
reproducibility of the TMT labeling approach.
Although a large number of proteins were identified, a series

of filters were used to narrow the number of proteins that were
used in comparisons between groups to minimize false
positives: (1) identified in all 11 samples and with TMT
reporter ion intensity, and then, 3666 proteins met this
criterion; (2) with a fold change greater than 1.15 (i.e., 1.15-
fold increase) or less than 0.87 (i.e., 1.15-fold decrease)
between the comparisons, and then, 324 (diabetic controls vs.
healthy controls) and 149 (diabetic tRES+HESP treatment vs.
diabetic controls) proteins met this criterion; and (3) with a P-
value < 0.05, and 179 (diabetic controls vs. healthy controls)
and 81 (diabetic tRES+HESP treatment vs. diabetic controls)
proteins met this criterion. Therefore, 179 proteins have a
significant difference between diabetic controls vs. healthy
controls (Supporting Information, Figure S1), while 81
proteins have a significant change upon tRES+HESP treatment
in diabetic ECs (Supporting Information, Figure S2). The false
discovery rate (FDR) has emerged as a powerful method to
correct for multiple statistical comparisons, which offers an
excellent balance between false positives and false negatives
(Bonferroni type of corrections tend to have excessive false
negatives).12 FDR is defined as12

FDR
of false positive features

of significant features
= #

#

There were 324 and 149 t-tests performed to assess the effects
of type 2 diabetes or tRES+HESP treatment on protein
abundance, respectively. In total, 179 out of the 324 proteins
showed significant differences between diabetic controls vs.
healthy controls, and 81 out of the 149 proteins showed
significant differences between diabetic tRES+HESP treatment
vs. diabetic controls (P < 0.05); among these 179 and 81
proteins with P < 0.05, there may be 16.2 and 7.5 false
positives (324*0.05 = 16.2 and 179*0.05 = 7.5), respectively.
Thus, the FDR is 0.09 and 0.09 (16.2/324 = 0.09 and 7.5/81 =
0.09) for this study, respectively, which is less than the
reported FDR values for many omics studies in various
journals (FDR ranges from 0.1 to 0.25).13

We have performed gene ontology (GO) and pathway
enrichment analyses using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID)14 for the
179 proteins with a significant difference between diabetic
controls vs. healthy controls. Categorical annotation was
provided in the form of GO biological process, cellular
component, and molecular function, as well as Kyoto
Encyclopedia of Genes and Genomes pathways and Reactome
(reactome.org).14 DAVID analysis for the 179 proteins with
significant differences between healthy and diabetic ECs
indicated that multiple diseases, biological processes, molecular
functions, and pathways are significantly enriched (Supporting
Information, Table S2, P < 0.05). Meanwhile, DAVID analysis
for the 81 proteins with significant differences between diabetic
tRES+HESP treatment vs. diabetic controls indicated that

Table 1. Characteristics of Participants for the Proteomics Analysisa

group gender (M/F) race (African Americans/Caucasian) ethnicity (hispanic/nonhispanic) age (years) BMI (kg/m2)

healthy 2/1 1/2 0/3 54.3 ± 2.3 23.7 ± 0.9
diabetic 2/2 1/3 1/3 58.2 ± 2.0 33.2 ± 4.6

aData are given as means ± SEM when applicable.
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multiple diseases, biological processes, molecular functions,
and pathways are significantly enriched (Supporting Informa-
tion, Table S3, P < 0.05). Please note that one protein can be
assigned multiple diseases, biological processes, molecular
functions, and pathways.
In addition to analyzing the proteomics data in an unbiased

fashion as described above, we searched for proteins that were
(1) different between diabetic and healthy controls (fold
change for diabetic control vs. healthy control is >1.15-fold and
P < 0.05) and (2) the difference was reversed by the tRES
+HESP treatment (fold change for diabetic tRES+HESP
treatment vs. healthy control is <1.05-fold, i.e., diabetic tRES
+HESP treatment is within 5% of the healthy control). In this
proteomics study, a total of 16 proteins reached our criteria
(Figure 3A and Table 2). The heatmap of these proteins is
shown in Figure 3B.
DAVID analysis for these 16 proteins indicated that 11 of

them were assigned to the cytoplasm, 9 to the plasma
membrane, 4 to the nucleus, 4 to the cytoskeleton, 1 to the
endoplasmic reticulum (ER), 1 to the Golgi apparatus, and 1
to the mitochondrion. In addition, multiple biological
processes are significantly enriched for these 16 proteins
(Table 2, P < 0.05), such as angiogenesis, blood vessel
development, endothelial tube morphogenesis, positive regu-
lation of angiogenesis, response to hypoxia, and transforming
growth factor-β receptor signaling, etc. (Figure 3C). Moreover,
multiple molecular functions are significantly enriched for
these 16 proteins (P < 0.05), such as SMAD binding, protein
kinase C binding, receptor signaling protein serine/threonine
kinase activity, transforming growth factor-β binding, trans-
forming growth factor β-activated receptor activity, and
transmembrane receptor protein serine/threonine kinase
activity, etc. (Figure 3D). Please note that one protein can

be assigned multiple cellular localization, biological processes,
or molecular functions. Based on the DAVID bioinformatics
results and literature search, we have selected the top five
proteins ACVRL1, ADAM9, ITGAV, PCCB, and TGFBR2
(Figure 4). Their functions and activities are demonstrated in
Table 3. These proteins are the likely mediators contributing
to the beneficial effect of tRES+HESP on angiogenesis.
Validation of Causal Roles of ACVRL1, ADAM9,

ITGAV, PCCB, and TGFBR2 in the tRES+HESP-Induced
Improvement of EC Function. We then performed
functional validations in EC validations on these five molecules
and tested their essentiality in tRES+HESP-promoted EC
angiogenesis in vitro (Figure 5). ECs were transfected with
plasmids carrying ACVRL1, ADAM9, ITGAV, PCCB, and
TGFBR2 gene or empty vector, together with 5 μM tRES and
HESP or 0.002% DMSO control for 48 h. The apoptosis,
proliferation, and network formation assessment were
performed to evaluate the EC angiogenesis. As shown in
Figure 5, under the control treatment and empty vector
transfection, diabetic ECs showed increased apoptosis (Figure
5A), comparable proliferation (Figure 5B), and decreased
network formation (Figure 5C,D). PCCB and TGFBR2
showed a significant role in tRES+HESP-induced protection
against cell apoptosis (Figure 5A), while ACVRL1 and
TGFBR2 participated in tRES+HESP’s protection of cell
proliferation (Figure 5B) and network formation (Figure 5C).
Through these functional tests, we believe that at least three
molecules are playing a contributing role, PCCB, ACVRL1,
and TGFBR2. Given that migration and network formation are
comprehensive measurements of cellular behavior of generat-
ing new vessels, these results suggest that ACVRL1 and
TGFBR2 are two vital molecules regulated by tRES+HESP
treatment in ECs.

Figure 3. Differentially expressed proteins in diabetic ECs reversed by tRES+HESP treatment and their distribution in biological processes and
molecular functions. (A) Schema of significantly altered proteins in healthy controls, diabetic controls, and diabetics with tRES+HESP treatment.
(B) Heatmap of 16 differentially expressed proteins and their abundance pattern in diabetic controls (n = 4) compared with healthy controls (n =
3) but reversed by tRES+HESP treatment (n = 4). These proteins were analyzed for their distribution in enriched biological processes and
molecular functions revealed by DAVID analysis. The enriched biological processes (C) and molecular functions (D) are shown on Y-axis. The
greater the −Log (P-value) value (e.g., the smaller P-value) in the Y-axis, the more likely a pathway is significantly enriched just by chance. The size
of the dots indicated protein numbers (listed nearby).
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■ DISCUSSION
This study tested the functional impact of tRES+HESP
coformulation in human aortic ECs. Through the proteomic
studies and follow-up functional tests, we compared the EC
protein profiles between healthy donors and type 2 diabetes
donors and identified potentially critical molecules mediating
the protection of this small molecule coformulation on EC
function (Figure 6). Our study has shed light on the molecular
changes induced by this formula outside its action on GLO1.
Glycation of lipids, DNA, and proteins contributes to an

antiproliferative and apoptotic response to highly cytotoxic
stress. Methylglyoxal is one of the most extensively studied
glycating agents.15 GLO1 of the glyoxalase system has a major
role in the metabolism of methylglyoxal, and thus it is plausible
to develop GLO1 inducers to alleviate glycation stress as a
prospective regimen to prevent and reverse early-stage type 2
diabetes and vascular complications.16 The coformulation of
tRES+HESP was established previously to reduce insulin

resistance in overweight and obese subjects due to its ability to
alleviate glycation stress by inducing GLO1.5,17 Our previous
report has recaptured the induction of GLO1 by this formula
in endothelial progenitor cells,7 and we have shown that the
topical application of the formula augmented wound angio-
genesis in a mouse model of type 2 diabetes. The glycation
stress induces chronic inflammation and interferes with
angiogenesis, both of which are responsible for poor wound
healing in individuals with hyperglycemia. Therefore, it is
conceivable that correcting the glycation stress is a working
mechanism by which the tRES+HESP formula accelerates
wound healing in diabetic animals. The tRES+HESP
coformulation was proposed to ameliorate insulin resistance
in obese individuals because it showed strong inductions of
two potent molecules in response to metabolic turbulence,
glyoxalase 1, which eliminates glycation stress, and Nrf2, which
activates antioxidant genes. In fact, each of tRES and HESP
can activate enzymes with an antioxidant nature to scavenge
reactive oxygen species and stimulate anti-inflammatory

Figure 4. Five proteins whose abundance was different between diabetic and healthy controls and reversed by the tRES+HESP treatment. Data are
given as fold changes. The mean value of the normalized intensity for TMT reporter ion for each protein in the healthy ECs was set to 1.00, and all
of the fold changes were relative to healthy ECs. A fold change of 2 indicates a 2-fold increase, and a fold change of 0.5 indicates a 2-fold decrease.
*P < 0.05 diabetic controls vs. healthy controls. In all figures, horizontal lines show mean ± SD.

Table 3. Functions and Activities of the Five Proteins Altered by tRES+HESP

gene name protein name function, activity and pathways

ACVRL1 activin A receptor-like
type 1, aka, TGF-B superfamily
receptor type I

an important regulator of normal blood vessel development. Its mutations in mice with the presence of
oxidative stress are associated with decoupling eNOS.40

ADAM9 disintegrin and metalloproteinase
domain-containing protein 9

cleaves and releases cytokines such as TNF and epidermal growth factor receptor ligands and regulate
inflammatory or regenerative processes. May mediate cell−cell, cell−matrix interactions.41

ITGAV integrin α-V receptor for fibronectin, MMP2, and thrombospondins. Binds with fractalkine (CX3CL1).42 Participate in
TGFB-1 release.43

PCCB propionyl CoA carboxylase β
chain, mitochondrial

mitochondrial fatty acid β-oxidation and metabolism of water-soluble vitamins and cofactors.44

TGFBR2 TGF-β receptor type 2 gatekeeper receptor for TGFbeta signaling during embryonic hematopoiesis and vasculogenesis has both
Ser/Thr kinase activity and Tyr kinase activity.45
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cytokines,18 and each tRES and HESP have unique but related
pathways in augmenting EC functions. tRES, the dominant
isoform of resveratrol, exhibits antimicrobiome and antitumor
activities.19 In addition, tRES has been reported to work by
inhibiting ET-1 synthesis,20 activating the estrogen receptor,21

sirtuin 1,22 phosphorylation of AMP-activated protein kinase,23

and potassium channels.24 HESP, a flavonoid found in oranges,
mandarins, and lemons, exerts neuroprotective effects in
experimental models of neurogenerative diseases.25 Together
with its 7-O-glycoside hesperidin, HESP has been reported to
inhibit VCAM1 expression and adhesion of monocytes to
ECs,26 thrombogenic plasminogen activator inhibitor-1
levels,27 and activate the estrogen receptor.28 While the
mechanism by which these two bioactive polyphenols
synergize their signaling in ECs is still elusive, all of these
abovementioned pathways are potent signals to directly or
indirectly promote eNOS enzymatic activity and preserve NO
bioavailability by counteracting oxidative stress. Consistently,
our observations suggest the proangiogenic and antiapoptotic
activities of tRES+HESP in ECs from type 2 diabetes donors
(Figure 2A,B), supporting the protection of this formula on
cardiometabolic health.

It was the limitation of our study that we did not include the
experiments of healthy ECs being exposed to tRES+HESP.
However, numerous clinical trials have shown that tRES intake,
with or without other diet modifications, showed some
improvement of EC functions in healthy subjects.29−31 This
is related to its antioxidant, anti-inflammatory, and antitumor
activities as mentioned above. However, marginal benefits or
unfavorable outcomes from clinical trials have also been
reported.19,32 Similar to tRES, HESP (and hesperidin) showed
benefits in EC functions in healthy subjects and obese subjects
through its antioxidant, anti-inflammatory, or antibacterial
actions,26,33,34 but marginal/no effects on cardiovascular health
have also been reported.35 The limited solubility and
bioavailability through diet is a barrier to translating the
expected health benefits of polyphenols like tRES and HESP,
while high doses of individual use often lead to adverse effects.
The coformulation of tRES-HESP through oral administration
has advantages because HESP inhibits intestinal glucuronosyl
transferase and facilitates the uptake of these two compounds,
increasing their bioavailability in vivo.5,36 Nonetheless, whether
tRES+HESP cast benefits endothelial function in healthy
subjects without risk factors or pathologies (including aging)

Figure 5. Functional validation of five proteins in tRES+HESP-induced angiogenesis. Human aortic endothelial cells (ECs) from healthy or
diabetic donors received plasmids carrying ACVRL1, ADAM9, ITGAV, PCCB, and TGFBR2 gene or vector control, with tRES+HESP (both at 5
μM) or DMSO control treatment for 48 h. Cell functions, including apoptosis, proliferation, and network formation, were performed. (A) Cell
apoptosis was determined by Annexin V-PI staining using a Countess II FL Automated Cell Counter; n = 5 per group. *P < 0.05 vs. D-HAEC +
vector + tRES+HESP. (B) The proliferation of the ECs evaluated using the BrdU assay; n = 5 per group. *P < 0.05 vs. D-HAEC + vector + tRES
+HESP. (C) Quantification of network on Matrigel formed by the ECs; n = 5 per group. *P < 0.05 vs. D-HAEC + vector + tRES+HESP. (D)
Representative images of network formation; bar = 200 μm. In all figures, horizontal lines show mean ± SD.
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remains inconclusive, which warrants future investigations in
the healthy population.
An important finding from the proteomic analysis was the

activation of TGFβ signaling in diabetic ECs that can be
reversed by tRES+HESP treatment (Supporting Information,
Figure S1), as evidenced by multiple molecules in the TGFβ
signaling pathway, including the TGFβ ligands, TGFβ binding,
TGFβ receptor activity, Smad activity, and subsequently
transmembrane receptor protein serine/threonine kinase
activity (Supporting Information, Figure S2). In fact, TGFβ
has been suggested to have complicated roles in modulating
angiogenesis. TGFβ was initially considered as a proprolifer-
ative factor because the TGFβ1 or TGFβR2 mutant mice are
partly embryonic lethal due to multiorgan inflammatory cell
infiltration and necrosis, delayed vasculogenesis, and disor-
ganized primary vessels.37 As our understanding of TGFβ
evolves, it is now known that while low levels of TGFβ
promote angiogenesis, higher levels of TGFβ result in growth
inhibition of EC proliferation and vascular maturation.38 The
diabetic ECs possessed higher levels of TGFβ signaling as
indicated by protein abundance. ACVRL1 (TGFβ superfamily
receptor type 1) and TGFβ receptor type 2 were among the
top five altered molecules (Table 3) that have been tested
further for functional essentiality in tRES+HESP-induced
protection on ECs. Our results indicated that inhibition of
ACVRL1 and TGFBR2 mediates the tRES+HESP’s protection
in both proliferation and network formation tests (Figure
5B,D). Additionally, inhibition of TGFBR2 also contributes to
the tRES+HESP’s protection of ECs against apoptosis (Figure
5A). Based on these observations, we propose that tRES

+HESP inhibits the TGFβ signal in ECs to modulate
angiogenesis. Nonetheless, multiple signaling pathways might
be involved. A recent report has shown that Nrf2 activation
also mediates the beneficial effects of tRES+HESP.16 Nrf2 was
not picked up in our proteomic study based on our filtering
criteria. However, crosstalks have been found between TGFβ
and Nrf signaling. Particularly, TGFβ1 interacts with Nrf2-
mediated antioxidant responses in various cell types,39 but this
action seems to be predominantly limited to the process of
mesothelial−mesenchymal transition. Moreover, though
ADAM9 and ITGAV did not show a role in apoptosis,
proliferation, and network formation, they might participate in
the action of tRES and HESP through modulation of
inflammatory and immune responses given their roles in
inflammation. Future study is needed to gain more insight into
the precise mechanism(s) for the protective benefit of tRES
and HESP on EC functions.
It is noted that proteomics can provide comparable

quantification results to western blotting and offer the
capability to assess thousands of proteins simultaneously,
offering the advantage of unbiased discovery and not requiring
prior knowledge on which proteins to probe for. Recently, we
have adopted the TMT approach. Since the TMT-labeled
samples are combined before HPLC-ESI-MS/MS analysis, the
experimental variation on protein quantification is significantly
reduced. Using TMT labeling, the average standard deviation
of protein abundance for the same set of samples was ∼6% of
the mean, which is much better than that for the label-free
HPLC-ESI-MS/MS analysis and western blotting. This will
enable the detection of small differences among different
conditions reproducibly.
In conclusion, our study has provided substantial knowledge

of the signaling mechanisms, identifying TGFβR as one of the
critical targets, which will help the translation of preclinical
findings into clinical settings. This new small-molecule formula
offers an inexpensive, easily administered solution. It has the
capability of further advantages in combining systemic
administration and local tissue application to prevent vascular
complications associated with diabetes.
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