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High glucose concentrations due to diabetes increase apoptosis of vascular pericytes, impairing vascular
regulation and weakening vessels, especially in brain and retina. We sought to determine whether vita-
min C, or ascorbic acid, could prevent such high glucose-induced increases in pericyte apoptosis. Culture
of human microvascular brain pericytes at 25 mM compared to 5 mM glucose increased apoptosis mea-

Keywords: sured as the appearance of cleaved caspase 3. Loading the cells with ascorbate during culture decreased
Ascorbate apoptosis, both at 5 and 25 mM glucose. High glucose-induced apoptosis was due largely to activation of
gll\gélEglucose the receptor for advanced glycation end products (RAGE), since it was prevented by specific RAGE inhi-
Apoptosis bition. Culture of pericytes for 24 h with RAGE agonists also increased apoptosis, which was completely
Oxidative stress prevented by inclusion of 100 uM ascorbate. Ascorbate also prevented RAGE agonist-induced apoptosis
Pericytes measured as annexin V binding in human retinal pericytes, a cell type with relevance to diabetic retinop-

athy. RAGE agonists decreased intracellular ascorbate and GSH in brain pericytes. Despite this evidence of
increased oxidative stress, ascorbate prevention of RAGE-induced apoptosis was not mimicked by several
antioxidants. These results show that ascorbate prevents pericyte apoptosis due RAGE activation.
Although RAGE activation decreases intracellular ascorbate and GSH, the prevention of apoptosis by

ascorbate may involve effects beyond its function as an antioxidant.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Pericytes are smooth-muscle derived cells that are embedded in
the basement membrane of venules, post-capillary venules, and
capillaries [1]. They typically surround and communicate with
the endothelial cells lining the vessels, help to lay down the base-
ment membrane matrix [2], regulate vascular flow [3,4], secrete
cytokines to inhibit endothelial proliferation [5], and tighten the
endothelial permeability barrier [5-7]. Regarding the latter, peri-
cytes are crucial for maintaining the integrity of the blood-brain
barrier, especially in the retina. This is exemplified in diabetes,
where loss or dropout of pericytes is one of the earliest changes
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in the progression of diabetic retinopathy [8,9], followed by endo-
thelial dysfunction with increased leakage of serum proteins into
the retinal substance [10,11].

Loss of pericytes in diabetes is due largely to apoptosis, which is
evident both in vivo [12-14] and in primary cultures of retinal peri-
cytes [15-17]. Pericyte apoptosis induced by high glucose is prob-
ably multifactorial [9,18], but a key proximal mediator is increased
oxidative stress. Increased glucose metabolism due to hyperglyce-
mia augments mitochondrial respiration, resulting in release of
superoxide and other reactive oxygen or nitrogen species into
the cytoplasm [19]. More recent data suggest that much of the
superoxide generated by high glucose derives from activation of
the receptor for advanced glycation end-products (RAGE) [20].
RAGE activation increases protein kinase C activity [21-23], which
in turn activates NADPH oxidase [24,25] that increases superoxide
generation [18]. Several studies have shown that AGE activation of
RAGE increases pericyte apoptosis [15,16,26,27], as well as oxida-
tive stress [15,16,28].

Many related studies show prevention of pericyte toxicity by
treatment with various antioxidants [16,29,30], however, most
testing has been with non-physiologic doses or with agents that
would have poor cellular access in human diabetes. Vitamin C, or


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.08.057&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.08.057
mailto:james.may@vanderbilt.edu
http://dx.doi.org/10.1016/j.bbrc.2014.08.057
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

J.M. May et al./Biochemical and Biophysical Research Communications 452 (2014) 112-117 113

ascorbic acid, is an exception: it is present in most cells at concen-
trations of 1-5 mM [31] and it is well known to be depleted in per-
sons with diabetes, despite seemingly adequate intakes [32,33].
Ascorbate deficiency in diabetes appears most likely due to con-
sumption by reactive oxygen species [34]. Indeed, ascorbate has
been shown to prevent apoptosis in non-cancer vascular cells
under oxidative stress [35-37]. Whereas supraphysiologic concen-
trations of ascorbate added to pericytes over 72 h reversed the
decrease in pericyte mitochondrial metabolism due to RAGE stim-
ulation [29,38], whether this decreased apoptosis is unknown.

In human brain and retinal microvascular pericytes we tested
whether ascorbate can ameliorate apoptosis due to culture at high
glucose concentrations and the extent to which this is due to RAGE
activation.

2. Materials and methods
2.1. Materials

Sigma/Aldrich Chemical Co. (St. Louis, MO) supplied the reagent
chemicals, including ascorbate, N-2-hydroxyethylpiperazine N'-2-
ethanesulfonic acid (Hepes), 4-hydroxy-2,2,6,6-tetramethylpiperi-
dine 1-oxyl (4-hydroxy-TEMPO, TEMPOL), and (+)-6-hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox). High
mobility group box-1 protein (HMGB1) was purchased from ProS-
pec (Ness Ziona, Israel, catalog #pro-610). AGE-conjugated bovine
serum albumin (AGE-BSA) was purchased from BioVision, Inc.
(Milpitas, CA, catalog #2221-10). Trypan blue 0.4% solution was
from MP Biomedicals (Santa Ana, CA, catalog #02194600).

2.2. Cell culture

Early passage human brain microvascular pericytes were
obtained from ScienCell Research Laboratories (Carlsbad, CA, cata-
log #1200) and cultured in pericyte medium (#1201). Human ret-
inal pericytes were obtained from Cell Systems (Kirkland, WA,
ACBRI 183) and cultured in SF-4Z0 medium with 10% fetal calf
serum. The glucose concentration in this medium was 5 mM unless
noted otherwise. Cells were cultured at 37 °C in humidified air con-
taining 5% CO-. In all experiments, cells were in passage 3-10.

2.3. Assay of intracellular ascorbate and GSH

Near confluent pericytes cultured in 6-well plates were rinsed 3
times with Krebs-Ringer Hepes buffer (KRH) that consisted of
20 mM Hepes, 128 mM NaCl, 5.2mM KCl, 1mM NaH,PO,,
1.4 mM MgS0Oy,, and 1.4 mM CaCl,, pH 7.4. Upon removal of the last
rinse, the cells were treated for 2 min with 0.1 ml of 25% (w/v)
metaphosphoric acid with mixing. The lysate was then neutralized
with 0.35 ml of 0.1 M Na,HPO,4 and 0.05 mM EDTA, pH 8.0 and
cells were scraped from the plate with a rubber spatula. The lysate
was centrifuged at 3 °C for 1 min at 13,000xg, and the supernatant
was taken for assay of ascorbate and GSH. Assay of ascorbate was
performed in duplicate by high performance liquid chromatogra-
phy as previously described [39]. GSH was measured in duplicate
by the assay of Hissin and Hilf [40]. Intracellular ascorbate concen-
trations were calculated based on the intracellular distribution
space of 3-O-methylglucose in pericytes, measured as previously
described in EA.hy926 endothelial cells [41]. This pericyte distribu-
tion space was 6.1 = 1.6 pl/mg protein (mean/standard deviation,
N =6 determinations).

2.4. Assays of apoptosis and cell death

Active or cleaved caspase 3 was measured using a sandwich
ELISA kit (#7190, Cell Signaling Technology). Pericytes were cul-

tured to 80-90% confluence in 6-well plates at the indicated glu-
cose concentration. Experimental treatments were carried out as
described, after which the medium was removed and cells were
rinsed once in KRH before addition of 1 ml of lysis buffer contain-
ing 1 mM phenylmethylsulfonylfluoride. After 5 min on ice, cells
were scraped from the plate and placed in 1.5 ml microfuge tubes.
Lysates were sonicated for 30 s on ice, centrifuged for 10 min at
14,000xg, and either assayed immediately for cleaved caspase 3
or stored at —80°C for later assay. Assay of cleaved caspase 3
was carried out as described by the manufacturer after appropriate
dilution, measuring the optical density of the clear lysate solution
at 450 nm on a Synergy HT plate reader (BioTek, Winooska, VT).
Even though cellular protein per well was consistent between
experiments, the extent of baseline apoptosis measured in this
assay varied considerably depending on the lot of cells and time
in culture. For this reason, results are provided as the uncorrected
optical densities, averaged over several experiments in which cell
batch, passage number, and the extent of confluence were kept
as constant as possible.

Apoptosis in human retinal pericytes was measured as annexin
V binding by flow cytometry as described [42].

Trypan blue exclusion was performed to observe end-stage
apoptosis. Pericytes were cultured and treated as described above.
Cells were de-adhered with 0.25% Trypsin and pelleted by centrifu-
gation at 400xg for 5 min. Following re-suspension and incubation
in a 1:1 ratio of PBS to 0.4% trypan blue solution for 5 min,
cells excluding dye (viable) versus absorbing dye (apoptotic) were
counted in triplicate for each condition.

2.5. Data analysis

Results are shown as mean + standard error. Statistical compar-
isons were made using GraphPad Prism version 5.04 for Windows
(GraphPad Software, San Diego, CA). Differences between treat-
ments were assessed by ANOVA with replication and by post-hoc
testing using Tukey’s test.

3. Results
3.1. High glucose-induced pericyte apoptosis: ascorbate effects

Human brain pericytes cultured at 5 mM glucose for 6 days
with three changes of commercial medium contained about
0.8 mM ascorbate (Fig. 1A). This was derived from the 100 pM
ascorbate present in the commercial culture medium. Culture of
the cells at 25 mM glucose halved the amount of ascorbate in the
cells (Fig. 1A, 0 uM ascorbate). Daily addition of 50 and 100 pM
ascorbate increased intracellular ascorbate into the low millimolar
range at both glucose concentrations and the difference between
the two glucose concentrations persisted (Fig. 1A). These results
show that high glucose in both long- and short-term culture
depletes intracellular ascorbate in pericytes.

Pericytes cultured for 6days at 25mM glucose showed
increased in apoptosis measured as the appearance of cleaved cas-
pase 3 compared to cells cultured at 5 mM glucose (Fig. 1B, no
ascorbate). Daily addition of 50 or 100 uM ascorbate decreased
apoptosis in a concentration-dependent manner in cells cultured
at both glucose concentrations.

3.2. High glucose-induced pericyte apoptosis depends on RAGE
activation

To determine whether increased apoptosis in high glucose-trea-
ted cells might be mediated by RAGE activation, pericytes cultured
at 25 mM glucose for 6-7 days were treated with the specific RAGE
inhibitor, FPS-ZM1 for an additional 24 h. High glucose-induced
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Fig. 1. Ascorbate blocks high glucose-induced pericyte apoptosis. Panel A: cells
were cultured for 6-7 days at either 5 mM (circles) or 25 mM (squares) glucose
with daily addition of the indicated ascorbate concentration, followed by cell
rinsing and harvesting for assay of intracellular ascorbate (Panel A) or cleaved
caspase 3 (Panel B). Results in each panel are from 6 separate experiments. An “*”
indicates p < 0.05 compared to zero ascorbate at the same glucose concentration. An
“** indicates p < 0.05 compared to the value at 25 mM glucose and zero ascorbate.
Panel C: pericytes cultured for 6-7 days at either 5 mM (circles) or 25 mM (squares)
glucose were treated during the last 24 h of culture with the indicated concentra-
tions of FPS-ZM1 and taken for assay of cleaved caspase 3. Results are shown from 5
experiments, with an “*” indicating p < 0.05 compared to the sample cultured at
25 mM glucose alone.

apoptosis was progressively inhibited by increasing concentrations
of FPS-ZM1 (Fig. 1C, squares) compared to the 5 mM glucose base-
line (Fig. 1C, circle). This suggests that RAGE mediates most, if not
all the increase in apoptosis induced by culture at high glucose. On
the other hand, concentrations of FPS-ZM1 at and above 5 uM
increased apoptosis and proved toxic to the cells (results not
shown).

3.3. Ascorbate prevents RAGE agonist-induced apoptosis in pericytes

To determine the effects of RAGE activation on pericyte apopto-
sis, the cells cultured at 5 mM glucose were treated for 24 h with

increasing concentrations of the RAGE agonists HMGB1 and AGE-
BSA. Cleaved caspase 3 generation was increased by HMGB1 con-
centrations as low as 0.05 pg/ml (Fig. 2A) and by AGE-BSA concen-
trations of 20 pg/ml and higher (Fig. 2B). Treatment of pericytes
with 100 M ascorbate alone for 24 h significantly decreased
cleaved caspase 3 (Fig. 2C, 1st and 2nd bars). Ascorbate added at
the same time as either HMGB1 or AGE-BSA completely prevented
the increase in pericyte apoptosis induced by the respective RAGE
ligand (Fig. 2C, 3rd through 6th bars). This experiment was also
carried out in human retinal pericytes, measuring apoptosis as
increases in annexin V by flow cytometry (Fig. 2D). Basal apoptosis
was quite low in these cells and ascorbate alone had no effect.
Apoptosis was markedly increased by 0.5 pg/ml HMGB1, and this
was completely prevented by ascorbate addition. Lastly, to confirm
that the observed apoptosis changes result in cell death, pericytes
were treated for 24 h with 0.5 pg/ml HMGB1 in the absence or
presence of 100 uM ascorbate, followed by measurement of trypan
blue exclusion. As shown in Fig. 2E, the tripling in cell death due to
HMGB1 was completely prevented by ascorbate loading.

3.4. RAGE activation depletes ascorbate and GSH in pericytes

To determine whether RAGE activation causes oxidative stress
that might be ameliorated by ascorbate, human brain pericytes
were loaded with 100 pM ascorbate for 30 min, followed by a sub-
sequent 90 min treatment with either HMGB1 (Fig. 3A) or AGE-BSA
(Fig. 3B). Increasing concentrations of both RAGE ligands caused a
progressive decrease in intracellular ascorbate and a relatively
smaller but still significant decrease in endogenous GSH. These
results suggest that RAGE activation causes a strong oxidative
stress in the cells. They also suggest, based on the greater relative
decrease in intracellular ascorbate than GSH, that ascorbate is
more sensitive to RAGE-ligand-induced oxidative stress than is
GSH.

To determine whether an overall decrease in oxidative stress
might also prevent RAGE-induced apoptosis, pericytes were trea-
ted with 0.5 pg/ml HMGBI1 in the absence or presence of several
known cell-penetrant antioxidants. In contrast to ascorbate, none
of the agents prevented the increase in apoptosis due to HMGB1
(Fig. 3C).

4. Discussion

Culture of human retinal pericytes at high glucose concentra-
tions has been shown to cause apoptosis [17]. We found similar
results in human brain microvascular pericytes cultured at
25 mM glucose, measuring apoptosis by appearance of cleaved cas-
pase 3. This apoptosis was completely prevented by blocking
RAGE, suggesting that high glucose induces apoptosis entirely by
activating RAGE. Our data and previous studies [15,16,26,27] rein-
force this conclusion by demonstrating a similar level of apoptosis
upon addition of RAGE agonists. Previously, RAGE activation of
NADPH oxidase and subsequent generation of superoxide was
implicated in the cytotoxic effects witnessed, making antioxidant
ascorbate a key molecule for investigation.

Although human brain pericytes contained small amounts of
ascorbate derived from the culture medium, daily addition of phys-
iologic plasma ascorbate concentrations (50-100 M) decreased
apoptosis measured as cleaved caspase 3 at both 5 and 25 mM glu-
cose. Ascorbate supplements during a 24 h treatment with RAGE
agonists also largely prevented apoptosis due to these agents, both
in human brain and retinal pericytes. These findings mirror the
ability of ascorbate to decrease apoptosis in endothelial and other
vascular cells [35-37]. At least in pericytes, intracellular ascorbate
concentrations in the low millimolar range are required to enhance
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Fig. 2. Ascorbate blocks RAGE-agonist-induced increases in pericyte apoptosis. Pericytes cultured at 5 mM glucose were treated for 24 h with the indicated concentrations of
HMGB1 (Panel A) or AGE-BSA (Panel B) and taken for assay of cleaved caspase 3. Results are shown from 6 experiments for each agent, with an “*” indicating p < 0.05
compared to cells not treated with the agent. Panel C: pericytes cultured at 5 mM glucose were treated for 24 h in culture with or without 100 pM ascorbate with or without
0.5 pg/ml HMGB1 or 60 pg/ml AGE-BSA as noted and taken for the cleaved caspase assay. Results are from 6 experiments, with bars not having the same letters different at
p <0.05. Panels D and E: human retinal pericytes were cultured at 5 mM glucose in ascorbate-free medium and treated for 24 h in culture with 100 puM ascorbate with or
without 0.5 pg/ml HMGB1 as noted and taken for assay of annexin V by flow cytometry (Panel D) or for assay of trypan blue staining (Panel E). Results are from 3 experiments

in each panel, with bars not having the same letters different at p < 0.05.

cell survival during culture at normal glucose and during both high
glucose- and RAGE-induced apoptosis.

If culture of pericytes at high glucose activates NADPH oxidase
to generate superoxide, this likely explains the lower basal levels of
ascorbate found in human brain pericytes cultured at 25 mM com-
pared to those at 5 mM glucose that we observed. RAGE activation
clearly decreased both supplemented intracellular ascorbate and
endogenous GSH over 24 h, again indicating increased oxidative
stress. The greater relative decrease in ascorbate following oxida-
tive stress mirrors the results of previous studies in other cell types
[43,44]. It supports the notion that ascorbate, which can be recy-
cled by GSH, is a good marker of acute intracellular oxidative stress
[45].

Although ascorbate prevented apoptosis due to RAGE ligands,
this effect was not mimicked by several other antioxidants, includ-
ing an antioxidant nitroxide (TEMPOL), a water-soluble vitamin E

derivative (Trolox), and two cell-penetrant thiol derivatives (N-
acetylcysteine and dithiothreitol). Previous studies in bovine peri-
cytes did show several of these agents to decrease cell death in
response to RAGE activation [13,16,29]. Possible reasons for this
difference may be (1) be much longer exposure times in previous
studies (3-15 days versus 24 h), (2) use of bovine as opposed to
human pericytes, and (3) use of different or less-specific apoptosis
assays. Failure of known antioxidants to decrease RAGE-induced
apoptosis in the present studies could indicate that the ascorbate
effect is not due to function as an antioxidant. However, ascorbate
loss during RAGE activation due to both high glucose and RAGE
agonists, as well as the need for relatively high intracellular ascor-
bate concentrations to prevent apoptosis, suggest that it still may
be scavenging superoxide [46] or its toxic byproducts.

In conclusion, the ability of low millimolar intracellular ascor-
bate concentrations to prevent apoptosis in human pericytes sug-
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and the various antioxidants as indicated before removal and determination of
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compared to control. The agents used were TEMPOL (0.25 mM), Trolox (0.5 mM), N-
acetylcysteine (NAC, 0.5 mM), and dithiothreitol (DTT, 0.25 mM).

gests that persons with diabetes at a high risk of retinal pericyte
loss need to maintain high physiologic plasma ascorbate concen-
trations of 50-100 puM.
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