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Abstract Excessive glucose concentrations foster glyca-
tion and thus premature aging of erythrocytes. The present
study explored whether glycation-induced erythrocyte aging
is paralleled by features of suicidal erythrocyte death or
eryptosis, which is characterized by cell membrane scram-
bling with subsequent phosphatidylserine exposure at the
cell surface and cell shrinkage. Both are triggered by
increases of cytosolic Ca’" concentration ([Ca2+]i), which
may result from activation of Ca>" permeable cation chan-
nels. Glycation was accomplished by exposure to high glu-
cose concentrations (40 and 100 mM), phosphatidylserine
exposure estimated from annexin binding, cell shrinkage
from decrease of forward scatter, and [Ca2+]i from Fluo3-
fluorescence in analysis via fluorescence-activated cell sor-
ter. Cation channel activity was determined by means of
whole-cell patch clamp. Glycation of total membrane pro-
teins, immunoprecipitated TRPC3/6/7, and immunoprecip-
itated L-type Ca®' channel proteins was estimated by
Western blot testing with polyclonal antibodies used against
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advanced glycation end products. A 30—48-h exposure of the
cells to 40 or 100 mM glucose in Ringer solution (at 37°C)
significantly increased glycation of membrane proteins,
hemoglobin (HbA ), TRPC3/6/7, and L-type Ca>* channel
proteins, enhanced amiloride-sensitive, voltage-indepen-
dent cation conductance, [Ca®"];, and phosphatidylserine
exposure, and led to significant cell shrinkage. Ca®" removal
and addition of Ca®* chelator EGTA prevented the glyca-
tion-induced phosphatidylserine exposure and cell shrinkage
after glycation. Glycation-induced erythrocyte aging leads to
eryptosis, an effect requiring Ca*>" entry from extracellular
space.

Keywords TRPC - Calcium channels - Glycation -
Hemoglobin - «1C peptide

Suicidal erythrocyte death or eryptosis and erythrocyte
aging share several features with apoptosis of nucleated
cells, such as cell membrane scrambling with breakdown of
cell membrane phosphatidylserine asymmetry, cell mem-
brane blebbing, and cell shrinkage, all typical features of
apoptosis in nucleated cells (Lang et al. 2003b, 2008; Lew
et al. 2007). Eryptosis could be triggered by increase of
cytosolic Ca** concentration ([Ca*];) (Lang et al. 2003b).
In untreated erythrocytes [Ca2+]i is very low (in the range
of 10-100 nM; Tiffert et al. 2003) but may be rapidly
increased after Ca>" entry through Ca®*-permeable cation
channels (Lang et al. 2008). The existence of two types of
nonselective Ca?*-permeable cation channels has been
disclosed by the patch clamp technique, i.e., the voltage-
gated channel coupled to an acetylcholine receptor
(Baunbaek and Bennekou 2008) and a voltage-independent
cation channel (Huber et al. 2001). The latter was shown to
be stimulated by osmotic shock and oxidative stress (Lang
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et al. 2008), events that accompany cell aging (Avogaro
et al. 2010). Erythrocyte aging may further be due to
impaired extrusion of Ca®" resulting from a decline of the
plasma membrane Ca®" pump activity (Lew et al. 2007).

The aging of erythrocytes could be triggered by expo-
sure to excessive concentrations of glucose, which reacts in
an open aldehyde form nonenzymatically with the NH;-
terminal amino of the ff-chain of proteins, forming a stable
covalent link (Bunn and Higgins 1981). Because glycation
is usually a slow reaction (weeks and months), most in
vitro experiments were carried out at high glucose con-
centrations (30—-100 mM) (Arai et al. 1987; Bilgin and
Tukel 1996; Bookchin et al. 2009; Booth et al. 1997;
Gonzalez Flecha et al. 1999; Jain and Lim 2001), The
results on erythrocytes demonstrated a dramatic decline in
the activity of Na™, K™-ATPase, Ca>"-ATPase, and Cu-Zn
superoxide dismutase as well as a decrease of erythrocyte
membrane fluidity as a result of glycation of hemoglobin
and membrane proteins (Arai et al. 1987; Bilgin and Tukel
1996; Gonzalez Flecha et al. 1999). In nucleated cells,
diabetes mellitus has been shown to enhance the transcript
levels and protein expressions of NHE1 (Cukiernik et al.
2004; Wu et al. 2008). Additional glycation of normally N-
glycated proteins could affect their folding and thus might
impair substrate access to the transporters (Chen et al.
2006).

The glycation pattern was also found to regulate the
activity of nonselective cation channels related to transient
receptor potential (TRP) family of proteins (Dietrich et al.
2003). TRPC6 channels were shown to be expressed in
erythroid progenitor cells (Chu et al. 2004). In human red
blood cell ghost, antibodies against TRPC6 or TRPC3/6/7
were shown to inhibit Ca’t entry (Foller et al. 2008).
TRPC6 channels are heavily glycated, with two extracel-
lular N-linked glycated sites, while TRPC3 is a monogly-
cated protein (Vannier et al. 1998). Elimination of the
glycated site of TRPC6, which is lacking in TRPC3,
transformed the receptor-regulated TRPC6 channels with
low basal activity into a constitutively active double
(inward and outward) rectifying TRPC3-like ion channel.
Conversely, an additional glycation site in TRPC3 reduced
its basal activity (Dietrich et al. 2003).

The products of nonenzymatic reaction between
monosaccharides (especially between glucose) and pro-
teins may play a significant role in the process of cell
aging (Lew et al. 2007). In vitro prepared products of
advanced glycation show toxic properties (Booth et al.
1997). Glycotoxins are immunogenic, and they facilitate
the formation of cross-linked bonds in proteins (Vlassara
et al. 1992). The appearance of cross-linked proteins was
also observed during the process of cell aging and it is
considered a secondary complication in diabetes (Booth
et al. 1997).
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The amount of glycated proteins, formed during the
incubation of erythrocytes with high concentrations of
glucose, depends on the age of the erythrocyte population
(Lew et al. 2007). Age-dependent accumulation of glycated
hemoglobin (HbA,.) was similarly observed in fractions of
density-separated cells—that is, less dense young erythro-
cytes are separated from the more dense old erythrocytes
(Lew et al. 2007).

The aim of the present study was to define the effect of
glucose-induced glycation on channel activity and Ca®"
entry. To this end, in vitro erythrocytes were exposed to
40 mM or 100 mM glucose for 2 days at 37°C.

Materials and Methods
Erythrocytes

Erythrocytes were drawn from healthy volunteers, who
signed informed consent. The study has been approved by
the ethical commission of the University of Tiibingen (184/
2003 V). Experiments were performed at room temperature
(22-26°C) with banked erythrocyte concentrates provided
by the blood bank of the University of Tiibingen or with
freshly drawn erythrocytes from a healthy donor (experi-
ments on age-fractionated erythrocytes). Erythrocytes were
washed twice (1200 x g, 5 min, 22°C) in physiological
saline (Ringer solution in mM: 145 NaCl, 5 KCl, 2 MgCl,, 1
CaCl,, 5 glucose, 10 HEPES/NaOH, pH 7.4).

In vitro glycation was accomplished by incubation of
erythrocytes in Ringer solution containing 40 mM (or 100
mM) glucose for 2 days at 37°C. After the glycation pro-
cedure, the erythrocytes were washed three times in the
same solution as above.

Determination of HbA,.

HbA . was determined by calorimetry from the reaction of 5-
oxymethylphurphurol (the product of the acid hydrolysis of
glucose, which was covalently bound to proteins) with
thiobarbituric acid (Fluckiger and Winterhalter 1976).
Measurements were made at 443 nm with a Pye Unicam
SP8000 spectrophotometer (Pye Unicam, Cambridge, UK).
Because the thiobarbituric acid test is not specific for phur-
phurol, the thiobarbituric acid reaction with HbA, which was
not treated with the organic acid, was taken as control.
Washed cells were then fractionated as described pre-
viously (Turker and Young 1982). To this end, erythrocytes
at a hematocrit of 80% were centrifuged at 2500 x g for
60 min. The top fraction (one-third) was transferred to
another test tube and recentrifuged (2500 x g, 60 min,
22°C). After that, the top fraction, which was enriched with
young erythrocytes, was collected. The cells on the bottom
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(one-third) of the first tube, which were enriched with old
cells, were collected and used as a fraction of “old” cells.
The rest of the cells were used as a fraction of “middle”
cells. Hemoglobin was obtained after hypotonic hemolysis
of the fractionated cells in 5 mM Na—phosphate buffer
(1:20) and centrifugation at 12,000 x g (15 min, 4°C).
Before the measurements, cells were incubated in Na—
phosphate-buffered physiological saline (pH 7.4) with or
without 40 mM glucose for 30 h at 37°C.

Phosphatidylserine Exposure and Forward Scatter

Erythrocytes were washed once in Ringer solution con-
taining 5 mM CaCl,. The cells were then stained with
annexin V-Fluos (Roche, Mannheim, Germany) at a 1:500
dilution in 5 mM Ca?*-containing Ringer solution. After
15 min, samples were washed once and resuspended in
5 mM Ca”"-containing Ringer solution and then measured
by flow cytometric analysis (FACSCalibur; Becton Dick-
inson, Heidelberg, Germany). Annexin V-fluorescence
intensity was measured in fluorescence channel FL-1 with
an excitation wavelength of 488 nm and an emission
wavelength of 530 nm. The size (volume) of the cells was
determined by forward scatter. During determination of the
forward scatter, scattered light is collected by a detector.
The parameter is referred to as small angle light scatter,
forward angle lights scatter, or, most commonly, forward
scatter. Forward scatter is proportional to cell size; the
bigger the cell, the more light is scattered, and the larger
the detected signal (Shapiro 2003).

Intracellular Ca>*

Erythrocytes were washed in Ringer solution containing
5 mM CaCl, and then loaded with Fluo-3/AM (Calbio-
chem, Bad Soden, Germany) in Ringer solution containing
5 mM CaCl, and 2 pM Fluo-3/AM. The cells were incu-
bated at 37°C for 20 min and washed once in Ringer
solution containing 5 mM CaCl,. The Fluo-3/AM-loaded
erythrocytes were resuspended in 200 pl Ringer solution.
Then Ca®*-dependent fluorescence intensity was measured
in fluorescence channel FL-1 by fluorescence-activated cell
sorter (FACS) analysis. Because the analysis does not
provide a fluorescence ratio, Fluo3 does not allow the
calculation of the cytosolic Ca*™ concentration.

Electrophysiology

Patch clamp recordings were performed at room tempera-
ture. The patch electrodes were made of borosilicate glass
capillaries (150 TF-10, Clark Medical Instruments) using a
horizontal DMZ puller (Zeitz). Pipettes with high resistance

from 12 to 17 MQ were connected via an Ag-AgCl wire to
the head stage of an EPC 9 patch clamp amplifier (Heka).
Data acquisition and data analysis were controlled by a
computer equipped with an ITC 16 interface (Instrutech)
and Pulse software (Heka). For current measurements,
erythrocytes were held at a holding potential (V}) of
—30 mV, and 200-ms pulses from —100 to +100 mV (or to
480 mV) were applied in increments of +20 mV. The
original current traces are depicted without filtering
(acquisition frequency of 3 kHz). The currents were ana-
lyzed by averaging the current values measured between 90
and 190 ms of each square pulse (current—voltage relation-
ship). The applied voltages refer to the cytoplasmic face of
the membrane with respect to the extracellular space. The
offset potentials between both electrodes were zeroed before
sealing. The liquid junction potentials between bath and
pipette solutions, and between the bath solutions and the salt
bridge (filled with NaCl bath solution) were calculated
according to Barry and Lynch (1991). Data were corrected
for liquid junction potentials.

Only the cells that had characteristic echinocytic shape
after the glycation procedure were used for patch clamp
experiments. Recordings were obtained after reaching a
>10 GQ seal.

For whole-cell recording, the pipette solutions consisted
of (in mM): 125 Na-gluconate, 10 NaCl, 1 MgCl,, 1
MgATP, 1 EGTA, 10 HEPES/NaOH (pH 7.4) or 118 mM
Cs—aspartate, 10 Na-—aspartate, 0.7 CaCl,, 3 MgCl,, 12
EGTA, 10 HEPES (pH 7.4) or 118 mM Cs-aspartate, 10
Na-aspartate, 0.1 CaCl,, 3.16 MgCl,, 10 Cs-BAPTA, 10
HEPES (pH 7.4). On-cell patch clamp recordings were
performed with KCl pipette solution (150 KCI, 10 HEPES,
pH 7.4). The NaCl Ringer bath solution contained (in mM):
145 NaCl, 5 KCl, 2 MgCl,, 1 CaCl,, 5 (or 40, or 100)
glucose, 10 HEPES/NaOH (pH 7.4). In the experiments,
where CI~ was substituted with gluconate, the solution
contained (in mM): 150 Na—gluconate, 2 MgCl,, 1 CaCl,,
5 (or 40, or 100) glucose, 10 HEPES/NaOH (pH 7.4). The
NMDG-CI and CaCl, bath solutions contained (in mM):
160 NMDG (titrated with HCI to pH 7.4) or 100 CaCl,, 10
HEPES (titrated with NMDG or CaOH, to pH 7.4).
Chemicals were obtained from Sigma (Taufkirchen, Ger-
many) and were of the highest grade available.

Western Blot

Human erythrocytes were incubated in Ringer solution (con-
trol) or in Ringer solution containing 40 mM or 100 mM
glucose for 48 h. After incubation, 200-pl erythrocyte pellets
were lysed in 50 ml of 20 mM HEPES (N-2-hydro-
xyethylpiperazine-N-2-ethanesulfonic acid)/NaOH (pH 7.4).
Ghost membranes were pelleted (15,000 x g for 20 min at
4°C) and additionally lysed in 200 pl lysis buffer (50 mM
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Tris-HCI, pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5%
SDS, 1 mM NaF, 1 mM Na3;VOy,, 0.4% f-mercaptoethanol)
containing protease inhibitor cocktail (Sigma, Taufkirchen,
Germany). The samples (50 pg of protein each) were solu-
bilized in Laemmli sample buffer at 95°C for 5 min and
resolved by 10% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis. For immunoblotting, proteins were electro-
transferred onto a PVDF (polyvinylidene diflouride) mem-
brane and blocked with 5% nonfat milk in Tris-buffered
saline—0.10% Tween 20 at room temperature for 1 h. After
that, the membrane was incubated with affinity-purified rabbit
polyclonal antibody TRPC3/6/7 (H-100) (sc-20111; Santa
Cruz Biotech) or goat polyclonal antibody to AGE serum
(Acris Biosciences), that detects advanced glycation end-
product epitopes, or with goat polyclonal antibody L-type
Ca’* CP o1C (A-20) (sc-16230; Santa Cruz Biotech) at 4°C
overnight. Subsequently, blocked blots were washed and
additionally incubated with secondary anti-rabbit or anti-goat
antibodies (1:5000; Cell Signaling, Frankfurt, Germany),
conjugated to horseradish peroxidase, for 1 h at 22°C. Anti-
body binding was detected after washing the blots with a
Super Signal Chemiluminescence detection procedure (Cell
Signalling, Frankfurt, Germany).

Immunoprecipitation and Subsequent Detection
of Glycated TRPC Channels and L-type Ca”"-Channels

The proteins were immunoprecipitated with TRPC3/6/7
antibody with subsequent Western blot that used antibodies
directed against glycated proteins. Briefly, 1500 pg of total
protein were immunoprecipitated with 6 pg (2 pg/500 pg
total protein) of TRPC3/6/7 (H-100) (sc-20111; Santa Cruz
Biotech), using the Dynabeads Protein G immunoprecipi-
tation kit from Invitrogen following the manufacturer’s
protocol. Then the subsequent Western blot with goat
polyclonal antibody to AGE-serum (Acris Biosciences)
was performed.

Statistics

Data are expressed as arithmetic means & standard error of
the mean (SEM), and unpaired two-tailed 7-test or analysis
of variance (ANOVA) (Student—-Newman—Keuls multiple
comparisons test) was used as appropriate; P < 0.05 was
considered statistically significant.

Results

Before treatment with glucose-rich extracellular fluid, the
percentage of hemoglobin being glycated was less than 3%
(1.89 &+ 0.61%, n = 3). The percentage depended on the
age of the erythrocytes (Fig. 1). It was below 3% in young
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Fig. 1 Increase in glycated HbA concentration ([HbA,.]) in age-
fractionated cells after exposure to 40 mM glucose. Arithmetic
means = SEM of the percentage of HbA,. to the total HbA in age-
fractionated erythrocytes after 30-h treatment with Ringer solution in
the presence of 40 mM glucose (n = 3). *** Significant difference
from control (open bars) and from young and middle erythrocytes
(open bar), respectively, P < 0.001, ANOVA

and middle-aged erythrocytes but approached approxi-
mately 12% in old erythrocytes. Exposure of human
erythrocytes for 30 h to 40 mM glucose was followed by a
marked and statistically significant increase of HbA,. in
young and middle-aged erythrocytes (Fig. 1). After treat-
ment, the percentage of HbA . in young and middle-aged
erythrocytes was half that of old erythrocytes, indicating
that the treatment indeed efficiently triggered protein gly-
cation in young erythrocytes to values close to those of
older erythrocytes.

In a next series of experiments, we explored whether the
enhanced glycation was paralleled by stimulation of eryp-
tosis, which is characterized by cell membrane scrambling
and cell shrinkage (Lang et al. 2008). Annexin V binding was
used to identify erythrocytes with scrambled cell membrane
phospholipids, thus exposing phosphatidylserine at the cell
surface. As illustrated in Fig. 2a, b, a 48-h glucose treatment
led to a marked and statistically significant increase of the
percentage of annexin V binding erythrocytes, which was
significantly more pronounced after exposure to 100 mM
glucose than after exposure to 40 mM glucose.

Because phospholipid scrambling could result from
increase of cytosolic Ca®" concentration ([Ca®"];) (Lang
et al. 2003a), Fluo3 fluorescence was used to test whether
exposure to high concentrations of glucose modified
[Ca®"];. As illustrated in Fig. 2c, d the treatment with high
glucose concentrations was indeed followed by a statisti-
cally significant increase in Fluo3 fluorescence.

Increase of cytosolic Ca®" activity is further known to
trigger cell shrinkage. The forward scatter in FACS anal-
ysis was thus used to estimate the cell size. As shown in
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Fig. 2 Effect of high glucose treatment on phosphatidylserine expo-
sure, forward scatter and cytosolic free Ca>* concentration. (a)
Histogram of annexin V binding in a representative experiment of
human erythrocytes exposed 48 h to isotonic Ringer solution (black
line), to Ringer solution with 40 mM glucose added (gray) and to Ringer
solution with 100 mM glucose added (light gray). (b) Arithmetic
means = SEM of the percentage of annexin V-binding erythrocytes
after a 48-h treatment with Ringer solution in the absence (white bar,
n = 17) and presence of 40 mM glucose (black bar, n = 12) or
100 mM glucose (hatched bar, n = 5). *** Significant difference from
control, P < 0.001, ANOVA. (¢) Histogram of Fluo-3 fluorescence in a
representative experiment of human erythrocytes exposed 48 h to
isotonic Ringer solution (black line), to Ringer solution with 40 mM
glucose added (red line) and to Ringer solution with 100 mM glucose
added (green line). (d) Arithmetic means = SEM of normalized Fluo3
fluorescence of erythrocytes after a 48-h treatment with Ringer solution
in the absence (white bar, n = 19) and presence of 40 mM glucose
(black bar, n=12) or 100 mM glucose (hatched bar, n = T7).
*#% Significant difference from control, P < 0.001, ANOVA. (e)
Histogram of forward scatter (FCS) in a representative experiment of
erythrocytes exposed 48 h to isotonic Ringer solution (black line), to
Ringer solution with 40 mM glucose added (red line), and to Ringer
solution with 100 mM glucose added (green line). (f) Arithmetic
means + SEM of normalized FCS of erythrocytes after a 48-h treatment
with Ringer solution in the absence (white bar, n = 19) and presence of
40 mM glucose (black bar, n = 12) or 100 mM glucose (hatched bar,
n = 7). ¥** Significant difference from control, P < 0.001, ANOVA

Fig. 2e, f, the exposure to high glucose concentrations
resulted in a substantial and statistically significant
decrease of forward scatter pointing to cell shrinkage.

Again, the effect was significantly more pronounced after
exposure to 100 mM glucose than after exposure to 40 mM
glucose (Fig. 2f).

The Ca’*-induced cell shrinkage is thought to result
from activation of Gardos K' channels (Bookchin et al.
1987; Brugnara et al. 1993). Cell-attached patch clamp
experiments with K*-containing pipette solution confirmed
activation of K* channels similar to Gardos channels after
glucose treatment. Channel activity was virtually lacking in
untreated cells (Fig. 3a, c¢) but was observed after glucose
treatment (Fig. 3b, c¢). The current—voltage relationship
(I/V) curve with 150 mM KCI pipette solution revealed
inward rectification of the channels (Fig. 3g).

To better define the Ca®" entry pathway stimulated by
glycation, we recorded patch clamp whole-cell currents
from control erythrocytes (5 mM glucose) and experi-
mentally glycated cells (40 mM or 100 mM glucose for
48 h). When combining Na—gluconate pipette and NaCl
Ringer bath solution (Fig. 4a, upper tracings, and Fig. 4b,
open triangles), whole-cell currents tended to increase with
increasing glycation. Replacing bath Na™ by the larger and
less permeable cation NMDG™ decreased the inward cur-
rents in all three groups and shifted the reversal potentials
of the current—voltage relationships from ~ 10 mV in NaCl
Ringer solution (Fig. 4b, open triangles) to about —50 mV
in NMDG-CI bath solution (Fig. 4b, closed triangles). This
indicates that the principal whole-cell current fraction in
control and experimentally glycated cells was cation
selective. Accordingly, the conductance (calculated for the
inward currents by linear regression) declined after sub-
stitution of bath Na™ with NMDG™. As shown in Fig. 4c,
the conductance decline was significantly larger in glycated
cells than in control cells (P < 0.05, ANOVA). Taken
together, these experiments reveal a glycation-stimulated
activation of cation channels in human erythrocytes.

Next, we characterized the amiloride sensitivity and the
Ca’" permeability of these channels. Earlier studies
revealed that millimolar (mM) concentrations of amiloride
are required to inhibit the channels (Duranton et al. 2002;
Huber et al. 2001; Lang et al. 2003c). Addition of amilo-
ride (2 mM) to the NaCl Ringer bath (Na—gluconate in the
pipette) decreased outward and inward currents of all three
groups (Fig. 5a, upper and middle tracings). Upon wash-
out, currents reappeared only partially. In Fig. 5b, the
amiloride-sensitive current fractions of all three groups are
plotted against the voltage. The amiloride-sensitive current
fractions reversed near 0 mV voltage and increased with
experimental glycation. The latter is also shown in Fig. 5c
by the amiloride-sensitive conductances calculated for the
inward currents of control (5 mM glucose) and experi-
mentally glycated cells (40 and 100 mM glucose, respec-
tively). To assess the Ca>™ permeability of the glycation-
activated currents, NaCl Ringer solution in the bath was
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Fig. 3 Effect of high glucose treatment on Gardos channel activity.
(a, b) Current traces (at —100, 0, and 4100 mV) recorded in cell-
attached mode using KCI pipette and NaCl Ringer bath solution in
control (5 mM glucose) cells (A) and experimentally glycated
erythrocytes (40 mM glucose for 48 h, B). (¢) Mean (& SE, n = 3)

replaced by CaCl, (100 mV). As shown in Fig. 5d, high
Ca*" concentrations blocked the current in all three groups.

Because high Ca’* concentrations reportedly may
inhibit cation channels (Lemonnier et al. 2006; Shi et al.
2004), we recorded whole-cell currents of control (5 mM
glucose) and glycated (40 mM glucose) erythrocytes with
NMDG-ClI in the bath (Cs—aspartate in the pipette, Fig. 6a,
c closed squares) and added 10 mM of CaCl, extracellu-
larly (Fig. 6a, c, open triangles). As a result, the inward
currents increased in both groups, and the reversal poten-
tials changed toward more positive values (Fig. 6a, c).
Figure 6b, d shows the 10 mM CaCl,-dependent current
fractions. They approximated O pA at high positive volt-
ages, indicating that they were carried by Ca®" influx into
the cells (Ec, > +200 mV). Importantly, this Ca’" current
was significantly higher in glycated (40 mM glucose)
than in control cells (5 mM glucose), as shown by the
CaCl,-dependent conductances (as calculated for the entire
voltage range by linear regression) in Fig. 6d. The glyca-
tion-dependent and Ca*"-carried currents were observed at
negative voltages, suggesting that they were not gated by
positive voltages.

Finally, we tested whether the glycation-stimulated
current fraction is dependent on extracellular Cl~ by
replacing NaCl Ringer solution in the bath by Na—gluco-
nate (Na—gluconate in the pipette). As shown in Fig. 7a,
removal of extracellular C1™ led to a small current increase
in all three groups. These Cl -dependent cation currents
did not differ significantly between the groups, as
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40 mM glucose

5 mM glucose

I/V relationships of the macroscopic currents recorded in cell-
attached mode using KCl pipette and NaCl Ringer solution in control
(5 mM glucose, open triangles) cells (a) and experimentally glycated
erythrocytes (40 mM glucose for 48 h, closed squares, b)

additionally clarified by the calculated conductances in
Fig. 7c. In summary, experimental glycation activated
amiloride-sensitive extracellular Cl™ -independent cation
channels in human erythrocytes.

The increase in cation conductance and in [Ca
strongly suggested that the observed cell membrane
scrambling and cell shrinkage after exposure to high
glucose concentrations were due to Ca*" entry. To esti-
mate the contribution of Ca*" entry to the observed cell
membrane scrambling and cell shrinkage, additional
experiments were performed in the nominal absence of
extracellular Ca®" (i.e., after removal of free Ca®" by
addition of Ca®* chelator EGTA). As shown in Fig. 8,
the removal of extracellular Ca*" indeed abrogated the
increase of Fluo3 fluorescence (Fig. 8¢, d) and the
decrease of forward scatter (Fig. 8e, f). Annexin V bind-
ing still tended to increase (Fig. 8a, b)—an effect, how-
ever, not reaching statistical significance (P = 0.139 and
P = 0.379 for 40 mM and 100 mM glucose, respectively,
n=4).

Western blot depicting advanced glycated end products
revealed an increase in the total amount of glycated mem-
brane proteins after incubation with high (40 and 100 mM)
glucose (Fig. 9). The proteins of band 1 (~ 200 kDa), band 3
(~100 kDa), band 4.2 (~70 kDa), band 5 (~ 50 kDa), and
low-molecular-weight proteins (~ 20 kDa) were found to be
modified by in vitro glycation in high-glucose-containing
Ringer solutions. The effect was concentration dependent,
and the density of glycated proteins was particularly
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Fig. 4 Experimental glycation a
activates cation channels in
human erythrocytes. (a) Whole-
cell current tracings of
erythrocytes incubated for 48 h
in control medium (5 mM
glucose) or in media with
elevated glucose concentration
(40 or 100 mM). Currents were
recorded with Na—gluconate
pipette and NaCl Ringer bath
solution (upper tracings) and

5 mM glucose

Na-gluconate

100 mM glucose

40 mM glucose
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(£ SE, n=3-8) I/'V
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(open triangles) or with

NMDG-CI (closed squares)

from control erythrocytes NMDG-CI |
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enhanced in 100 mM glucose-treated cells. Western immu-
noblots further revealed the existence of TRPC3/6/7 proteins
in human erythrocytes (Fig. 9c). The TRPC3/6/7 proteins
were found to be affected by high-glucose treatment
(Fig. 9b). There was a significant increase in glycation of
TRPC3/6/7 channel proteins after a 2-day treatment with
100 mM glucose (Fig. 9d). Glycation of L-type channels
(a1C proteins) similarly tended to increase after high-glu-
cose treatment—an effect, however, not reaching statistical
significance (Fig. 10).

Discussion

The present study confirms that exposure to high glucose
concentrations leads to stimulation of hemoglobin as well

as membrane protein glycation. In addition, our data reveal
that short-term high glucose treatment triggers the activity
of Ca®"-permeable amiloride-sensitive cation channels, an
increase in [Ca®"];, cell membrane scrambling, and cell
shrinkage. Most importantly, the present observations show
that increase of [Ca”]i, cell membrane scrambling, and
cell shrinkage after glycation are prevented by removal of
Ca*" from the extracellular fluid.

To our knowledge, the role of cation channels in
artificially aged (glycated) human erythrocytes has not
been shown before. The observed slight but statistically
significant increase of the cation current (Fig. 4) pre-
sumably contributed to the increase of [Ca® ). According
to electrophysiology, human erythrocytes express both
voltage-gated (Baunbaek and Bennekou 2008) and volt-
age-independent (Huber et al. 2001) cation channels. The
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Fig. 5 The glycation-activated
cation channels are amiloride-
sensitive and blocked by high
extracellular Ca®*
concentrations. (a) Current
tracings (Na—gluconate pipette
and NaCl Ringer bath solution)
recorded in control (5 mM
glucose, left) and glycated

(40 mM, middle, and 100 mM
glucose, right) erythrocytes
before (upper tracings), during

a

Na-gluconate
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(middle tracings), and after
(washout, lower tracings) bath
application of amiloride

(2 mM). (b) Mean (£SE,

n = 5-6) I/V relationships of
the amiloride-sensitive current
fractions of control cells (5 mM

glucose, open triangle), 40 mM
glucose- (closed squares) and
100 mM glucose-glycated (open
diamond) erythrocytes. (c)
Mean (£SE, n = 5-6)
amiloride-sensitive conductance
(as calculated from the data in

(b) for the inward currents by _20ms nger wash out I
linear regression) of control b 8
(5 mM glucose, open bar) and < _—100 mM glucose c 0.15+
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voltage-independent cation channels were shown to be
partially related to TRPC6 channels (Foller et al. 2008).
Moreover, the presence of subtypes of voltage-dependent
Ca”* channels has recently been demonstrated by Wes-
tern blot analysis in membranes of young and senescent
erythrocytes (Romero et al. 2006).

The nonselective voltage-dependent cation channels
were found to be active at high positive potentials (more
than +40 mV) (Bennekou 1993; Kaestner et al. 2000) and
thus probably do not account for the increase in cation
conductance observed in the glucose-treated cells. The
channels activated resemble rather the nonselective voltage-
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independent cation channels in human erythrocytes acti-
vated after osmotic shock, oxidation, and removal of
extracellular C1™ (Lang et al. 2008). In the present study, the
Cl” removal-induced cation current activation was not
affected by experimental glycation, suggesting that glyca-
tion does not interfere with the signaling triggered by C1™
removal.

In theory, the channels and eryptosis could have been
activated by an increase of osmolarity due to addition of 40
and 100 mM glucose to Ringer solution. However, the
osmolarity required to stimulate the channels and eryptosis
is much higher than the osmolarity utilized here (Lang
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et al. 2003b). Moreover, the channels have previously been
shown to be activated by addition of sucrose (Lang et al.
2003b), which does not enter and thus shrinks the cells,
whereas glucose readily enters erythrocytes via the glucose
transporter GLUT1 (Montel-Hagen et al. 2009). Glucose
redistribution depends on its concentration in the bath
medium and on the time and temperature of incubation
(Greene 1965). After addition of extracellular glucose at a
concentration of 144 mM, intracellular glucose concen-
tration increases within 5 min to ~65 mM and within
120 min to 119 mM (Greene 1965). At lower bath con-
centrations, glucose was shown to almost equally distribute
between cells and bath solution (Greene 1965). Accord-
ingly, acute addition of 100 mM glucose did not trigger a
cation current (data not shown).

Besides its effect on glycation, glucose may trigger the
formation of oxygen-reactive species (Jain and Lim 2001),
which in turn is known to activate the cation channels
(Duranton et al. 2002). However, oxidative stress is rapidly
effective—and again, acute exposure of erythrocytes to

100 mM glucose did not cation
conductance.

High glucose concentration might alter [Ca2+]i by
directly glycating ion channels. The present study indeed
observed glycation of one or more members of the TRPC3/
6/7 subfamily of canonical TRP channels and possibly a L-
type Ca’" channel subunit by Western blot analysis.
However, the linear I/V relationship of the glycation-acti-
vated cation conductance neither resembled those of the
TRP channels (Dietrich et al. 2003; Shi et al. 2004) nor
showed any voltage-dependent gating typical for L type
Ca”" channels.

It is noteworthy that the effect of glycation on the cation
current is small and that additional mechanisms may also
have contributed to the net Ca>" entry. Erythrocyte aging is
paralleled by a decrease of the plasma membrane Ca®"
pump activity. Similarly, glycation could increase [Ca®'];,
followed by an increase in phosphatidylserine exposure, in
part by impairing Ca?" extrusion by the ATPase plasma
membrane Ca*" pump (Bilgin and Tukel 1996; Gonzalez

appreciably alter
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Fig. 7 Experimental glycation a
does not modify the activation
of cation currents by removal of
extracellular C1™ (a) Current
tracings of control (5 mM
glucose, left) and glycated

(40 mM, middle, and 100 mM
glucose, right) erythrocytes
recorded with Na—gluconate
pipette and NaCl Ringer bath
solution (upper tracings) and
after removal of extracellular
CI™ by superfusion of Na—
gluconate (lower tracings). (b)
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Flecha et al. 1999; Lew et al. 2007). The activity of the
pump may not be directly affected by glycation (Raftos
et al. 2001), but its function may be compromised
indirectly.

An increase of [Ca®*); leads to activation of Ca>"-sen-
sitive K™ channels (Bookchin et al. 1987; Brugnara et al.
1993) with subsequent hyperpolarization, which is expec-
ted to drive Cl~ exit in parallel to the cellular loss of K™
(Schneider et al. 2007). Our on-cell patch clamp experi-
ments confirmed activation of the Gardos channels after
high glucose treatment (Fig. 3). The activation of the
channels was presumably due to increased cytosolic Ca®™
concentration. In Ca** loaded cells, erythrocyte senescence
was paralleled by decrease of Gardos channel activity
(Tiffert et al. 2007). The main changes in the ionic content
of aging erythrocytes are loss of intracellular K™ and the
gradual accumulation of Na™ and Ca®" (Lew et al. 2007).

The increase of [Ca**"]; is further known to trigger cell
membrane scrambling, leading to phosphatidylserine
exposure at the cell surface (Lang et al. 2003b). Cell
membrane scrambling is indeed stimulated by enhanced
glycation, as previously described (Quan et al. 2006), and
additionally confirmed by the present study.

@ Springer

[HbA,.] is not only increased after aging (Gram-Han-
sen et al. 1990; Lew et al. 2007), but is also highly
increased in patients with diabetes (Cukiernik et al. 2004,
Ditzel et al. 1979; Hileeto et al. 2002; Mortensen and
Brahm 1985; Wu et al. 2008). Accordingly, diabetes leads
to enhanced cell membrane scrambling (Labrouche et al.
1996). As phosphatidylserine-exposing erythrocytes are
recognized by macrophages, they are rapidly removed
from the circulating blood (Kuypers and de Jong 2004). A
subpopulation of red blood cells exposes phosphatidyl-
serine in humans with diabetes, and the size of this sub-
population of cells is related to blood glucose levels
(Manodori and Kuypers 2002). Accordingly, the turnover
of erythrocytes is accelerated in mice with diabetes
(Manodori and Kuypers 2002).

In conclusion, our experiments demonstrate that in vitro
glycation of human erythrocytes results in a significant
increase in HbA;., phosphatidylserine exposure, and
[Ca®");, accompanied by a decrease in cell volume—all
phenomena paralleling the events of progressive erythro-
cyte aging. The effects require Ca®" entry from the
extracellular space and are at least partially due to activa-
tion of Ca*"-permeable cation channels.
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Fig. 8 Effect of high glucose treatment on phosphatidylserine expo-
sure, cytosolic free Ca®" and forward scatter in low Ca>*-containing
media. (a) Histogram of annexin V binding in a representative
experiment of erythrocytes exposed 48 h to isotonic Ringer solution
containing 5 mM EGTA (black line), to Ringer solution containing
5 mM EGTA with 40 mM glucose added (gray) and to Ringer solution
containing 5 mM EGTA with 100 mM glucose added (light gray). (b)
Arithmetic means & SEM of the percentage of annexin V-binding
erythrocytes exposed 48 h to isotonic Ringer solution containing
5 mM EGTA (white bar, n = 4), to Ringer solution containing 5 mM
EGTA with 40 mM glucose added (black bar, n = 4) and to Ringer
solution containing 5 mM EGTA with 100 mM glucose added
(hatched bar, n = 4). (c¢) Histogram of Fluo-3 fluorescence in a
representative experiment of erythrocytes exposed 48 h to isotonic
Ringer solution containing 5 mM EGTA (black line), to Ringer
solution containing 5 mM EGTA with 40 mM glucose added (red
line) and to Ringer solution containing 5 mM EGTA with 100 mM
glucose added (green line). (d) Arithmetic means £ SEM of normal-
ized Fluo3 fluorescence of erythrocytes exposed 48 h to isotonic
Ringer solution containing 5 mM EGTA (white bar, n = 4), to Ringer
solution containing 5 mM EGTA with 40 mM glucose added (black
bar, n = 4) and to Ringer solution containing 5 mM EGTA with
100 mM glucose added (hatched bar, n = 4). (e) Histogram of
forward scatter in a representative experiment of erythrocytes exposed
48 h to isotonic Ringer solution containing 5 mM EGTA (black line),
to Ringer solution containing 5 mM EGTA with 40 mM glucose
added (red line) and to Ringer solution containing 5 mM EGTA with
100 mM glucose added (green line). (f) Arithmetic means £ SEM of
normalized forward scatter of erythrocytes exposed 48 h to isotonic
Ringer solution containing 5 mM EGTA (white bar, n = 4), to Ringer
solution containing 5 mM EGTA with 40 mM glucose added (black
bar, n = 4) and to Ringer solution containing 5 mM EGTA with
100 mM glucose added (hatched bar, n = 4)
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Fig. 9 Western blot of glycated erythrocyte membrane proteins and
immunoblots of native and glycated TRPC3/6/7 proteins. (a) Original
Western blot of glycated erythrocyte membrane proteins: control
samples (CON); erythrocytes incubated in 40 mM glucose (40 mM)
and 100 mM glucose (100 mM) containing Ringer solutions, respec-
tively. (b) Original Western blot of glycated TRPC3/6/7 proteins in
human erythrocytes upon 2 days’ incubation in 40 mM and 100 mM
glucose. (¢) Original Western blot of TRPC3/6/7 proteins in the
erythrocyte membrane. (d) Arithmetic mean £ SEM (n = 4) of
glycated to nonglycated TRPC3/6/7 proteins densities. ** Significant
difference from control, P < 0.001, ANOVA
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Fig. 10 Western immunoblot of glycated L-type Ca>" («1C peptide)
channels. Original Western blot of glycated L-type (human «l1C
peptide) proteins in human erythrocytes upon 2 days’ incubation in
40 mM and 100 mM glucose
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