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Abstract

Objectives: The patient’s family history of type 2 diabetes
(FH-DM2) has been negatively associated with the func-
tionality of endothelial cells (ECs). Our objectives in this
work were to use human umbilical vein endothelial cells
(HUVECs) as a model, to substantiate whether FH-DM2
influences endothelial phenotype and impairs NO and ROS
synthesis, cell metabolism, and mitochondrial activity of ECs
from individuals with FH-DM2.

Methods: In this study were evaluated the synthesis of
reactive oxygen species (ROS) and nitric oxide (NO), mito-
chondrial membrane potential (MMP), mRNA of eNOS,
glucose consumption, and lactate synthesis in HUVECs from
newborns with FH-DM2. Furthermore, we also evaluated EC
complexity and cell size through flow cytometry.

Results: Our results showed significant differences in
HUVECs with FH-DM2, regarding their complexity and cell
size, in the synthesis of ROS (p<0.01), and NO (p<0.05); they
also reflected diminished glucose consumption and slight
changes in the lactate levels.

Conclusion: In conclusion, our results showed that HUVECs
from children with FH-DM2 have a reduced capability of
synthesizing ROS and NO, which might be linked to the
metabolism of endothelial cells. These results are relevant
since early endothelial dysfunction has been reported in
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individuals with FH-DM2, and could be used to establish
preventive measures to reduce the risk of developing
atherosclerosis or cardiovascular diseases in healthy
individuals, but with this family background.
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Introduction

Endothelial cells (ECs) regulate the vasomotor tone, the
glucose and lipids transport and metabolism, as well as the
innate and adaptive immune response [1-3]. Interestingly,
ECs can change their phenotypic characteristics depending
on the actions they need to perform [4, 5]. In patients with
diabetes and obesity, as well as in healthy subjects but with a
type 2 diabetes family history (FH-DM2), the capability of
these cells to change is associated with impaired function-
ality [6-8]. Interestingly, variations in glucose levels in
healthy individuals with a strong FH-DM2 background
induce a diminished nitric oxide (NO) bioavailability [9, 10].
Recently, a report mentioned that a family history of dia-
betes was associated with increased thickness of the carotid
intima-media, including individuals without diagnosed dia-
betes [11]. Additionally, in normoglycaemic patients with
FH-DM, a diminished postprandial skeletal muscle macro-
and microvascular response was reported, therefore, the
authors suggest that deficient vascular responses can be a
risk factor for type 2 diabetes development [12]. On the other
hand, a poor response to both NO synthesis inducers, as well
as an impaired vascular function, was reported in young
healthy adults with FH-DM2 [13]. Another relevant aspect is
that endothelial dysfunction in different pathologies is
characterized by a reduction in NO and reactive oxygen
species (ROS) synthesis, and with alterations in the cell
membrane and glucose metabolism [14, 15]. Previous results
of our group showed an impaired synthesis of ROS, and NO
in Human umbilical vein endothelial cells (HUVECS) from
newborns with an FH-DM2 background when cultivated
in the presence of high glucose [16, 17]. However, cell
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complexity was not evaluated in these studies, neither was
glucose consumption nor lactate synthesis, factors recently
related to endothelial dysfunction [18]. HUVECs are an
experimental model extensively and are used in vascular
dynamics or angiogenesis studies to evaluate ECs response.
Consequently, our objectives were to use HUVECs as a model,
to substantiate whether FH-DM2 influences endothelial
phenotype, impairs the synthesis of NO and ROS, glucose
metabolism, and the mitochondrial activity of the endothe-
lial cells from individuals with a family diabetes
background.

Materials and methods
Cell culture

Human umbilical vein endothelial cells (HUVECS), isolated as
previously described [16], were obtained from 20 healthy
newborn babies and healthy non-diabetic mothers (21-27 + 2
years old) but with a family history of type 2 diabetes (three
or more first-degree relatives with the disease), and 20
newborns with healthy mothers (20-26 years old) without
FH-DM2. Endothelial cells (5 x 10°) were incubated in M—199
medium (without phenol red), in a 5% CO, atmosphere at
37°C until use. HUVECs were used within passages 4-6 and
were identified as endothelial by their morphology and their
uniform positive endoglin (CD105; BD Pharmigen, USA)
staining. Cells were co-cultured for 24 and 48 h with 5, 15, or
30 mM of glucose. The Institutional Scientific and Bioethics
Committees of the National Institute of Respiratory Diseases
“Ismael Cosio Villegas” approved this protocol. All partici-
pants signed a written informed consent (Protocol number
C09-14).

Determination of ROS and NO synthesis, and
mitochondrial membrane potential by flow
cytometry

The granularity, size, as well as intracellular synthesis of
ROS, NO, and mitochondrial membrane potential (MMP)
from HUVECs, were evaluated by flow cytometry (Becton
Dickinson Facscalibur instrument, San Jose, CA, USA). The
ROS synthesis was determined in 1 x 10* cells incubated
for 15min with 10 yM of dichlorofluorescein diacetate
bis(acetoxymethyl) (DCFH-DA, Molecular Probes, Eugene,
OR, USA) [16], whereas NO formation was evaluated in cells
incubated with 8 uM 4-amino-5-methylamino-2',7-dichloro-
fluorescein diacetate (DAF-FM, Molecular Probes) for 30 min
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[17]; in both cases, cells incubated with 5, 15, or 30 mM
glucose. Positive controls were 1 x 10* endothelial cells
incubated with 200 uM H,0, or with 2 mmol of S-nitroso-
acetyl penicillamine (SNAP, a donor of NO, Molecular
Probes). MMP was evaluated in 1 x 10* cells incubated for
15min with 50nM of 3,3-dihexyloxacarbocyanine iodide
(DiOC6 (3)), Molecular Probes) [16].

RT-PCR for endothelial nitric oxide synthase
(eNOS)

Total RNA was obtained using 1mL of Trizol (Molecular
Research Center Inc.) from 1 x 10° cells cultured for 48 h in
the experimental glucose concentrations. The RNA pellet
was resuspended, and its concentration was determined.
RNA (1pg) was mixed with 1uL of oligo-d[T], 4uL of
5 x reverse transcriptase first strand buffer, and 10 pL of
diethyl pyrocarbonate-treated water. Reverse transcription
was performed using Moloney murine leukemia virus
reverse transcriptase, this RT mixture was incubated at 42 °C
for 50 min and then at 70 °C for 15 min and the resulting
cDNA was amplified by PCR. The primers for eNOS were
5_-CCA GCT AGC CAA AGT CAC CAT-3 (upstream) and 5_- GTC
TCG GAG CCA TAC AGG ATT-3 (downstream) [18]. The con-
ditions for PCR were 94 °C for 1 min (denaturation), 55 °C for
1 min (annealing), and 72 °C for 2 min (extension) ina p x 2
Thermal Cycler (Thermo Electron Corporation, USA). The
primers for p-actin, were 5_-CGT TCA CCT TGA TGA GCC CAT
T-3_ (upstream) and 5-TCC AAG GGT CCG CTG CAG GTC-3_
(downstream) [17]. After 35 cycles, PCR products were eval-
uated by electrophoresis on 2 % agarose gel and stained with
ethidium bromide, each band was analyzed, and its optical
density was determined in a UVP image analyzer (Ultraviolet
Products, CA, USA) at 255 nm using the Labworks 4.0 image
acquisition and analysis software. The results of mRNA
expression of eNOS were analyzed and are shown as the
ratio calculated from their correspondent optical density
divided by the optical density obtained of the p-actin
band, x100.

Evaluation of glucose consumption and
lactate levels

Culture supernatants of HUVECs (1 x 10* cells) co-cultured in
M-199 medium with 5, 15, or 30 mM glucose, for 24 and 48 h
were used to determine glucose consumption with the
Amplex® red glucose/glucose oxidase assay kit (Molecular
Probes). The levels of lactate were obtained using a lactate
reagent (Sigma, St. Louis, MO, USA) after growing HUVECs in
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our experimental conditions. Differences in glucose and
lactate levels between control and glucose-exposed super-
natants were determined. Results were normalized and
expressed as microgram of glucose per microgram of protein
(ug of Glc/ug of protein) or as microgram of lactate per
microgram of protein (ug lactate/ug of protein), determined
by the micro-Lowry method.

Statistical analysis

Variance analysis followed by Dunnett’s test was performed
with SPSSv11. Results are expressed as mean + SEM. Statis-
tical significance was set at p<0.05.

Results

Determination of granularity, size, ROS, and
NO synthesis, and expression of eNOS mRNA

Twenty-four-hour incubation with diverse glucose concen-
trations did not yield important differences either between
groups or between treated and control cells. However, 48 h
incubation showed significant differences. In Figure 1, one
(R1) or two (R1 and R2) HUVEC populations from the new-
borns with (A) or without (B) FH-DM2 respectively, were
observed. In addition, cells obtained from newborns with
FH-DM2 (Figure 1A, forward scatter, FSC-H) were signifi-
cantly smaller as opposed to cells from newborns without
FH-DM2 (Figure 1B, FSC-H). Assessment of the synthesis of
ROS, a vital parameter of endothelial cell function, revealed
that the HUVECs from both groups secreted ROS. However,
again, one (R1) or two populations (R1 and R2) associated
with ROS synthesis were observed in cells from newborns
with (Figure 1C) or without (Figure 1D) FH-DM2. Interest-
ingly, when HUVECs with FH-DM2 were exposed to diverse
glucose concentrations, the percentage of cell-producing
ROS did not show important changes (Figure 1E, R1); whereas
the R2 population was practically inexistent (Figure 1E). In
comparison, the HUVECs without FH-DM2 showed a dimi-
nution in the percentage of cells in the population R1
(Figure 1F), whereas the percentage of the population of R2
(Figure 1F) showed an increase associated with the rise in
glucose concentration (*p<0.05, and **p<0.01).

When intracellular NO synthesis was evaluated, the
percentage of ECs with FH-DM2 (Figure 2A) that synthesized
NO showed significant changes according to the glucose
concentration (*p<0.05). In comparison, the percentage of
ECs without FH-DM2 (Figure 2B) and positive to NO synthe-
sis, showed a more pronounced increase in the percentage of
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these cells, an increase associated again with the glucose
concentration. Expression of eNOS mRNA shows changes
associated with the increase in glucose concentration.
However, after comparison between groups, the HUVECs
without FH-DM2 showed a slightly higher expression of
eNOS mRNA (Figure 2D), in contrast with the HUVECs with
FH-DM2 (Figure 2C). This last was confirmed after obtaining
the eNOS/B-actin ratio, where although was observed an
increase in this proportion in the cells with FH-DM2
(Figure 2E), this increase was major in the cells without
diabetes background from a concentration of 15 mmol of
glucose (Figure 2F).

Glucose consumption and lactate levels

As glucose consumption and high glucose concentration
have shown both negative and positive effects on NO syn-
thesis [9, 19, 20], we considered that it was important to
determine what glucose uptake was in both ECs populations.
The results showed a significant rise in glucose uptake in
HUVECs with FH-DM2 (Figure 3A; *p<0.05); however, this
increase in glucose consumption was lower than that
observed in the ECs without FH-DM2 (Figure 3B), especially
when 30 mM glucose was used (**p<0.01). In comparison,
although lactate levels showed an increase in the cells with
FH-DM2 specially after incubating them with 15 mM glucose
(*p<0.05), they were not significantly different for any of the
glucose concentrations, or between cells with or without an
FH-DM2 (Figure 3C-and 3D, respectively).

Mitochondrial membrane potential

The mitochondrial membrane potential of the HUVECs,
independently of their background, was not significantly
modified by any of the glucose concentrations tested
(Figure 4).

Discussion

Although endothelial dysfunction has been reported in
healthy subjects with an FH-DM2 [6-8, 10], the possible role
of endothelial heterogeneity associated with endothelial
dysfunction in patients with an FH-DM2 has not been eval-
uated. Our results showed a great variation in the
complexity side scatter (SSC-H) and size (FSC-H) in the
HUVECs isolated from newborns without an FH-DM2, which
could be associated with different functionality or aging of
these ECs [1-5, 21]. The latter could be additionally supported



Alvarado-Vasquez et al.: Endothelial dysfunction linked with FH-DM2

DE GRUYTER

g 81
g g
M $ &
3 o
# & 753
2] 3
° R U T YT ™ I AR AARF MARRr AR e
A FSC-H B FSC-H
8 §;
| | ] 1 |
g- I R1 1 R2 g: | R1 ] R2
é 8 é &
S 37 31
(ON 8 ]
2] 2]
& &1 Jt
] "W - o
e A' LUl / L S RS L "AA'" o Lamm amm m R § LI A M R b ) LB R R R LY ) T Ty
10° 10! 10? 10° 10 0 0! | 10° ot
c FL1-H D FL1-H
R1 R2 R1 R2
Gle  HUVECs(%) HUVECs(%) Gle ~ HUVECs(%) HUVEGs(%)
(mmol/L) + SEM +SEM (mmol/L) =SEM = SEM
5 962+42 14=11 5 88544 10111
15 972+31 08=12 15 69.2+69* 292 £11.2%*
30 96.6=28 011206 30 63.8:88*%  313£69%*
E F

Figure 1: The population of endothelial cells from newborns with FH-DM2

(A) and without FH-DM2 (B), was differentiated by side scatter (SSC-H) and

forward scatter (FSC-H). Histograms show HUVECs positive for the synthesis of ROS with (C) and without FH-DM2 (D). Percentage of endothelial cells that
produce reactive oxygen species (ROS) from newborns with (E, n=20) or without FH-DM2 (D, n=20), after incubation with 5, 15, or 30 mM of glucose for
48 h. Results are shown as the mean percentage of positive cells to ROS synthesis + SEM. *p<0.05 and **p<0.01 vs. 5 mM of glucose.

by evaluating ROS and NO synthesis [12, 22], both molecules
highly relevant for the proliferation and survival of endo-
thelial cells. Our results showed that high glucose concen-
trations do not affect the synthesis of ROS by HUVECs with
FH-DM2. However, the response of ECs without FH-DM2 was
different and related to the glucose concentration, and with
the percentage of cells that synthesized ROS. This difference

could be associated with the early endothelial dysfunction
reported in subjects with an FH-DM2 [6, 7, 10], including
normoglycemic people but with a diabetes family back-
ground [7, 12]. However, when NO synthesis was deter-
mined, it was not possible to find different populations from
those observed during the ROS synthesis evaluation. In the
case of NO, its synthesis was carried out by the total
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Figure 2: Percentage of endothelial cells producers of nitric oxide (NO) from newborns with (A, n=20) or without FH-DM2 (B, n=20), incubated with
different glucose concentrations for 48 h. Expression of mRNA and ratio calculated from endothelial nitric oxide synthase (eNOS) in relation from S-actin
in endothelial cells with (C-E) or without (D-F) HF-DM2, after incubation by 48 h in the glucose concentrations showed (*p<0.05 vs. 5 mmol of glucose).

populations of endothelial cells. Nevertheless, there was an
astonishing lack of response to high glucose concentrations
in the HUVECs with an FH-DM2 in contrast to those without
FH-DM2 which showed a significant increase in the per-
centage of NO-producing endothelial cells. This difference
is probably related to a deficient capacity to properly
metabolize glucose in ECs with a diabetes background [9, 13,
14, 23, 24], compared to those of a non-diabetic background,
which might negatively influence NO synthesis [25]. The
possible explanation for this difference remains unclear,
even though some authors showed that high glucose inhibits

NO synthesis [26], while others reported that high glucose
induces NO synthesis in diabetic patients [20]. The afore-
mentioned reports highlight the importance of this topic
nowadays [27].

In this context, EC metabolism influences their capa-
bility to change. For instance, their ATP synthesis can be
through oxidative phosphorylation, but a low number of
mitochondria favors the use of the glycolytic pathway, which
is upgraded in these cells [28]. Additionally, some authors
suggest that high glycolytic activity could benefit endothelial
cells by inducing a minor synthesis of ROS, indirectly
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Figure 3: Glucose (Glc) consumption was evaluated using the culture
medium of HUVECs with (A, n=20) or without FH-DM2 (B, n=20). Lactate
levels (Lac) in culture medium of HUVECs with (C) or without (D) FH-DM2

after 48 h of culture. Results were normalized and expressed as

micrograms of glucose or lactate per microgram of protein: pg Glc/pg

protein + SEM; or ug Lac/pg protein + SEM. *p<0.05 and **p<0.01
vs. 5mM of glucose.

favoring higher oxygen availability for other cells, and a
major lactate synthesis (a factor proangiogenic) [29]. How-
ever, recent data show the importance of ATP generated by
endothelial mitochondria for NO synthesis, involved in
vascular tone regulation [30]. Based on the aforementioned
facts, the metabolism of ECs could be a relevant point that
enables endothelial cells to perform an ample diversity of
functions by changing their phenotypic characteristics.
This discrepancy led us to determine glucose con-
sumption by ECs. Our results showed that HUVECs with
FH-DM2 had increased glucose consumption, but this intake
was higher in the ECs without FH-DM2, which reinforces the
importance of glucose as an inducer of NO synthesis [20].
However, this finding might point out that intermittent or
chronic exposure to high glucose levels could impair long-
run NO synthesis [27, 31]. Additionally, it is well established
that the mitochondrion intervenes in apoptosis, ROS syn-
thesis, glucose metabolism, and NO synthesis [32—-34]. How-
ever, our results did not show significant changes in MMP,
which suggests that in our study, high glucose did not play a
relevant role in mitochondrial activity or cell death as re-
ported by other authors [33], which suggests the importance
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Figure 4: Histograms showing mitochondrial membrane potential (MMP) determined in HUVECs with (A) and without FH-DM2 incubated for 48 h with
glucose plus 50 nM DiOC6 (3). The figure shows the results of a 48 h representative experiment. Our results did not show significant changes in the
endothelial cells with/without FH-DM2 after 48 h of culture with the different glucose concentrations used; p>0.05.
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of time high glucose exposition to observe negative results
on endothelial cell functionality [27, 34].

Our work had some limitations, like the sample cell
number, a consequence of the difficulty in finding pregnant
women with a strong DM2 family history. Nonetheless, this
circumstance gives our results particular relevance and,
also noteworthy, our results derive from individualized
non-pooled HUVECs therefore taking into consideration
individual cell sample’s characteristics, and reducing the
risk of a nonspecific response, as observed when using
pooled HUVECs [34, 35]. Since it is impossible to obtain
endothelial cells from normal and diabetic adults, we
cannot extrapolate our results to grown-ups. However, we
consider that our data can be compared with reports of
individuals with FH-DM [6-10]. Additionally, it is important
to mention that some reports showed a deficient glucose
uptake and an increase in the mitochondrial area of
HUVECs isolated from newborns with type 1 diabetic
mothers [36], or in ECs incubated with high glucose con-
centrations for long periods as 6-10 days [37]. Likewise, it is
important to mention that the HUVECs with an FH-DM2
background were more sensitive to changes in culture
conditions, which unfortunately limits the number of pas-
sages as well as the type of questions that might be
answered using this type of cell. Yet, HUVECs are consid-
ered an excellent model for studying different vascular and
metabolic diseases [35, 38, 39].

Conclusions

In conclusion, our results suggest that FH-DM2 is an
important modifier of the endothelial cell response in the
presence of a common stressor such as high glucose con-
centration. This could be an important consideration for
“healthy” subjects with FH-DM2, but with impaired glucose
metabolism, which affects the synthesis of ROS and NO, and
would favor early endothelial dysfunction in these in-
dividuals, a fact that is associated with the onset of vascular
disease later in life [36]. Moreover, evidence supports the
above. It shows an impaired ability to properly metabolize
glucose in ECs with a diabetes background [9, 23, 25],
negatively influencing NO synthesis [25, 40]. Moreover, our
results suggest that this EC’s sensibility glucose levels
associated with the FH-DM2 might have been an additional
factor to consider in other pathologies, for example with
the endothelial dysfunction reported in COVID-19 patients
[37, 40], where a patient without diagnosed comorbidities
usually has high glucose levels, which is linked with a bad
prognosis [37, 38, 41].
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