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ABSTRACT: Phlorhizin interferes with glucose transport. Glucose depletion triggers suicidal erythrocyte death or eryptosis,
characterized by cell shrinkage and cell membrane scrambling. Eryptosis is further triggered by oxidative stress. The present study
explored whether phlorhizin influences eryptosis following glucose depletion or oxidative stress. Cell membrane scrambling was

estimated from annexin binding, cell volume from forward scatter (FSC), and cytosolic Ca**

concentration from Fluo-3

fluorescence. Phlorhizin (10—100 #M) added alone did not modify scrambling, FSC, or Fluo-3 fluorescence. Glucose depletion
(48 h) significantly increased Fluo-3 fluorescence, decreased FSC, and increased annexin binding, effects in part significantly blunted
by phlorhizin (annexin binding = 10 uM, FSC = S0 uM). Oxidative stress (30 min 0.3 mM tert-butylhydroperoxide) again
significantly increased Fluo-3 fluorescence and triggered annexin binding, effects again in part significantly blunted by phlorhizin
(Fluo-3 fluorescence = SO #M, annexin-binding = 10 #M). Phlorhizin did not blunt the cell shrinkage induced by oxidative stress.
The present observations disclose a novel effect of phlorhizin, that is, an influence on suicidal erythrocyte death following energy

depletion and oxidative stress.
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B INTRODUCTION

The naturally occurring phenolic compound phlorhizin (phloretin
2'-O-glucoside, phlorizin, phlorrhizin, phloridzin, or phlorizoside) '’
is a potent inhibitor of the Na-coupled glucose transporter SG-
LT1.* " Inhibition of SGLT1 could impair intestinal glucose
absorption as well as part of renal glucose reabsorption and thus
counteract obesity, diabetes, and diabetic nephropathy.">'* On
the other hand, SGLT1 inhibition may foster pathogen-induced
apoptosis of intestinal cells">~"” and renal tubular cells."® The
clinical use of phlorhizin has further been hampered by poor oral
bioavailability and several adverse effects.®> Nevertheless, phlor-
hizin has remained an important physiological tool to study the
impact of SGLT1 on cell function and survival."*>**~"”

Surv1va1 of erythrocytes critically depends on the availability of
glucose,"” cells taking up glucose by the passive glucose carrier
GLUT1 and not by SGLT1.” Followmg glucose depletion,
erythrocytes undergo suicidal death' or eryptosis, Wl‘llCh is charac-
terized by cell membrane scrambling and cell shrmkage Eryptosis
is trlggered by an increase of cytosohc Ca”" concentration fol-
lowing Ca®" entry through Ca -permeable cation channels.”> %
An increase of cytosolic Ca®* concentration activates Ca”*-sen-
sitive K* channels®"** with subsequent cell shrlnkage due to the
exit of KCI together with osmotically obliged water.* Increased
Ca”" concentration further elicits cell membrane scramblin §w1th
exposure of phosphatidylserine at the cell surface.*>***
throcytes may be sensitized to the scrambling effect of Ca** by
ceramide.*® Ceramide formation is stimulated by platelet activat-
ing factor (PAF), which activates a sphingomyelinase leading to
the breakdown of sphingomyelin.*” Erythrocyte cell membrane
scrambling could be further trlggered by caspases, which are
activated by oxidative stress.>>>* The caspases are, however, not
required for the scrambling effect of Ca**>*3%%°

The present study explored whether phlorhizin may influence
eryptosis and, if it does, the identification of underlying mechanisms.

v ACS Publications ©2011 american chemical Society

Bl MATERIALS AND METHODS

Erythrocytes, Solutions, and Chemicals. Leukocyte-depleted
erythrocytes were kindly provided by the blood bank of the University of
Tubingen. The study is approved by the ethics committee of the University
of Tiibingen (184/2003 V).

Erythrocytes were incubated in vitro at a hematocrit of 0.4% in Ringer
solution containing (in mM) 125 NaCl, 5§ KCl, 1 MgSO,, 32 N-2-hydro-
xyethylpiperazine-N-2-ethanesulfonic acid (HEPES), S glucose, and 1
CaCl, at pH 7.4 and 37 °C. As indicated, phlorhizin (Sigma, Freiburg,
Germany) was added at the indicated concentrations, and tert-butyl-
hydroperoxide (+-BOOH) was used at a concentration of 0.3 mM
(Sigma).

FACS Analysis of Annexin V Binding and Forward Scatter.
After incubation under the respective experimental condition, 50 4L cell
suspensions were washed in Ringer solution containing S mM CaCl, and
then stained with annexin V Fluos (1:500 dilutions; Roche, Mannheim,
Germany) in this solution for 20 min under protection from light. In the
following, the forward scatter (FSC) of the cells was determined, and
annexin V fluorescence intensity was measured in FL-1 with an excita-
tion wavelength of 488 nm and an emission wavelength of 530 nm on a
FACS calibur (BD, Heidelberg, Germany).

Measurement of Intracellular Ca®*. After incubation, a 50 uL
erythrocyte suspension was washed in Ringer solution and then loaded
with Fluo-3/AM (Calbiochem, Bad Soden, Germany) in Ringer solution
containing S mM CaCl, and 2 uM Fluo-3/AM. The cells were incubated
at 37 °C for 20 min and washed twice in Ringer solution containing
S mM CaCl,. The Fluo-3/AM:-loaded erythrocytes were resuspended in
200 uL of Ringer. Then, Ca**-dependent fluorescence intensity was
measured in fluorescence channel FL-1 on a FACS calibur (BD).
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Figure 1. Effect of phlorhizin on erythrocyte cytosolic Ca** concentration following glucose depletion. (A) Original histogram of Fluo-3 fluorescence in
erythrocytes following exposure for 48 h to Ringer solution without glucose, without (—, black line) and with the (+, red line) presence of 100 uM
phlorhizin. (B) Arithmetic mean = SEM (n = 32) of erythrocyte Fluo-3 fluorescence following exposure for 48 h to Ringer solution with (white bars) or
without (black bars) glucose in the absence (0) or presence of 10—100 M phlorhizin. *+x (p < 0.001) indicates significant difference from the presence

of glucose (ANOVA).

Estimation of the GSH/GSSG Ratio. Human erythrocytes
(5% hematocrit) were incubated for 30 min at 37 °C in Ringer solution
and in Ringer solution with 0.3 mM tert-butylhydroperoxide in the presence
and absence of 100 M phlorhizin. The cells were washed twice in
PBS. All manipulations were performed on ice. After lysis of 50 4L of the
erythrocyte pellet in 250 uL of distilled water and centrifugation at
14000 rpm, 150 uL of the supernatant was deproteinated by the addition
of 150 L of metaphosphoric acid (10%). Gluathione (GSSG and GSH)
was measured with a glutathione assay kit (Cayman, Ann Arbor, MI)
according to the manufacturer’s protocol. The GSH/GSSG ratio refers
to the concentrations within erythrocytes.

Determination of Intracellular ATP Concentration. For
determination of intracellular erythrocyte ATP, 90 uL of erythrocyte
pellets was incubated for 48 h at 37 °C in Ringer solution and in Ringer
solution without glucose in the presence and absence of 100 M phlorhizin
(final hematocrit = $%). All manipulations were then performed at 4 °C
to avoid ATP degradation. Cells were lysed in distilled water, and proteins
were precipitated by the addition of HCIO, (5%). After centrifugation,
an aliquot of the supernatant (400 L) was adjusted to pH 7.7 by the
addition of saturated KHCOj5 solution. After dilution of the supernatant,
the ATP concentrations of the aliquots were determined utilizing the
luciferin—luciferase assay kit (Roche Diagnostics) on a luminometer
(Berthold Biolumat LB9500, Bad Wildbad, Germany) according to the
manufacturer’s protocol. ATP concentrations are expressed in milli-
moles per liter cytosol of erythrocytes.

Statistics. Data are expressed as the arithmetic mean = SEM. Sta-
tistical analysis was made using paired ANOVA with Tukey’s test as post-
test, as appropriate. n denotes the number of different erythrocyte speci-
mens studied. Because different erythrocyte specimens used in distinct
experiments are differently susceptible to eryptotic effects, the same eryth-
rocyte specimens have been used for control and experimental conditions.

B RESULTS

To determine whether phlorhizin influences cytosolic Ca**
concentration in erythrocytes, Fluo-3 fluorescence has been deter-
mined prior to and following glucose depletion in the absence and
presence of phlorhizin. As shown in Figure 1, removal of glucose
was followed by a marked increase of cytosolic Ca** concentra-
tion. Phlorhizin exposure did not significantly influence Fluo-3
fluorescence in the presence of glucose. Phlorhizin tended to
slightly decrease Fluo-3 fluorescence during glucose depletion,
an effect, however, not reaching statistical significance.

An increase of cytosolic Ca>* concentration is known to stimulate
K" channels with subsequent exit of KCl and cell shrinkage.>'
Accordingly, forward scatter was employed to estimate altera-
tions of cell volume. As shown in Figure 2, exposure of erythrocytes
for 48 h to glucose depletion was indeed followed by a sharp
decrease of FSC. Phlorhizin did not significantly modify FSC in
the presence of glucose, but blunted the decrease of FSC during
glucose depletion, an effect reaching statistical significance at
50 uM phlorhizin (Figure 2).

An increase in cytosolic Ca®" concentration is further known
to stimulate cell membrane scrambling with phosphatidylserine
exposure at the cell surface, which is identified by annexin V
binding of the affected erythrocytes. As illustrated in Figure 3, the
percentage of annexin V binding erythrocytes was markedly in-
creased following exposure of erythrocytes for 48 h to glucose-
free Ringer solution. Phlorhizin did not significantly modify
annexin V binding in the presence of glucose, but significantly
blunted the increase of annexin V binding following glucose de-
pletion, an effect reaching statistical significance at 50 #M phlorhizin
(Figure 3).

A further series of experiments explored whether phlorhizin
affects the energy status of erythrocytes. In the presence of glucose
the cytosolic ATP concentrations were not significantly different
in the absence (1.0 &= 0.1 mM, n = 4) and in the presence (1.4 +
0.1 mM, n = 4) of 100 uM phlorhizin. A 48 h exposure of
erythrocytes to glucose depletion significantly reduced the cytosolic
ATP content, an effect that was again not significantly different in
the absence (0.6 £ 0.1 mM, n = 4) and in the presence (0.5 &+
0.1 mM, n = 4) of 100 uM phlorhizin.

Additional experiments were performed to explore whether
phlorhizin interferes with the effect of oxidative stress on erythro-
cytes. As shown in Figure 4, exposure of erythrocytes to 0.3 mM
tert-butylhydroperoxide was followed by a marked increase of
cytosolic Ca** concentration. Phlorhizin exposure again did not
significantly influence Fluo-3 fluorescence in the absence of oxida-
tive stress. However, phlorhizin blunted the increase of Fluo-3
fluorescence following exposure of erythrocytes to 0.3 mM fert-
butylhydroperoxide, an effect reaching statistical significance at
50 #M phlorhizin.

Oxidative stress further decreased cell volume. As shown in
Figure 5, exposure of erythrocytes to 0.3 mM tert-butylhydroper-

oxide was followed by a decrease of forward scatter (Figure S).
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Figure 2. Effect of phlorhizin on erythrocyte forward scatter following glucose depletion. (A) Original histogram of forward scatter of erythrocytes
following exposure for 48 h to Ringer solution without glucose, without (—, black line) and with the (+, red line) presence of 100 #M phlorhizin.
(B) Arithmetic mean £ SEM (n = 32) of the erythrocyte forward scatter following incubation for 48 h in the presence (white bars) or absence (black
bars) of glucose in the absence (0) or presence of 10—100 uM phlorhizin. s (p < 0.001) indicates significant difference from the presence of glucose
(ANOVA); # and ## (p < 0.0S and p < 0.01) indicate significant difference from the absence of phlorhizin (ANOVA).
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Figure 3. Effect of phlorhizin on phosphatidylserine exposure following glucose depletion. (A) Original histogram of annexin V binding of erythrocytes
following exposure for 48 h to Ringer solution without glucose, without (—, black line) and with (+, red line) the presence of 100 #M phlorhizin.
(B) Arithmetic mean &= SEM (n = 32) of erythrocyte annexin V binding following incubation for 48 h in the presence (white bars) or absence (black
bars) of glucose in the absence (0) or presence of 10—100 M phlorhizin. sk (p < 0.001) indicates significant difference from the presence of glucose
(ANOVA); ### (p < 0.001) indicates significant difference from the absence of phlorhizin (ANOVA).
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Figure 4. Effect of phlorhizin on erythrocyte cytosolic Ca>* concentration following oxidative stress. (A) Original histogram of Fluo-3 fluorescence in
erythrocytes following exposure for 30 min to Ringer solution with 0.3 mM tert-butylhydroperoxide, without (—, black line) and with (+, red line) the
presence of 100 uM phlorhizin. (B) Arithmetic mean & SEM (n = 28) of erythrocyte Fluo-3 fluorescence following exposure for 30 min to Ringer
solution without (white bars, — 0.3 mM +BOOH) or with (black bars, + 0.3 mM +-BOOH) 0.3 mM tert-butylhydroperoxide in the absence (0) or
presence of 10—100 uM phlorhizin. s (p < 0.001) indicates significant difference from the absence of 0.3 mM tert-butylhydroperoxide (ANOVA); ##
and ### (p < 0.01 and p < 0.001) indicate significant difference from the absence of phlorhizin (ANOVA).
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Figure S. Effect of phlorhizin on erythrocyte forward scatter following oxidative stress. (A) Original histogram of forward scatter of erythrocytes
following exposure for 30 min to Ringer solution with 0.3 mM fert-butylhydroperoxide, without (—, black line) and with (+, red line) the presence of
100 M phlorhizin. (B) Arithmetic mean £ SEM (n = 28) of the erythrocyte forward scatter following exposure for 30 min to Ringer solution in the
absence (white bars, — 0.3 mM -BOOH) or presence (black bars, + 0.3 mM -BOOH) of 0.3 mM tert-butylhydroperoxide in the absence (0) or
presence of 10—100 M phlorhizin. s+ (p < 0.001) indicates significant difference from the absence of 0.3 mM tert-butylhydroperoxide (ANOVA); ###
(p < 0.001) indicates significant difference from the absence of phlorhizin (ANOVA).
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Figure 6. Effect of phlorhizin on phosphatidylserine exposure following oxidative stress. (A) Original histogram of annexin V binding of erythrocytes
following exposure for 30 min to Ringer in the presence of 0.3 mM tert-butylhydroperoxide without (—, black line) and with (+, red line) the presence of
100 uM phlorhizin. (B) Arithmetic mean &= SEM (n = 28) of erythrocyte annexin V binding following exposure for 30 min to Ringer solution in the
absence (white bars, — 0.3 mM t-BOOH) or presence (black bars, + 0.3 mM +-BOOH) of 0.3 mM tert-butylhydroperoxide in the absence (0) or
presence of 10—100 uM phlorhizin. sk (p < 0.001) indicates significant difference from the absence of 0.3 mM tert-butylhydroperoxide (ANOVA);

### (p < 0.001) indicates significant difference from the absence of phlorhizin (ANOVA).

The addition of phlorhizin resulted in a further significant decrease
of forward scatter.

According to annexin V binding, exposure of erythrocytes to
0.3 mM fert-butylhydroperoxide was followed by an increase of
phosphatidylserine exposure (Figure 6), an effect again slightly
but significantly blunted in the presence of phlorhizin (=10 uM).

Additional experiments were performed to investigate whether
phlorhizin affected the GSH/GSSG ratio in erythrocytes. In the ab-
sence of tert-butylhydroperoxide, the GSH/GSSG ratio approached
7.3 4 1.6 (n=4) in the absence of phlorhizin and 7.7 £ 1.2 (n = 4) in
the presence of 100 1M phlorhizin. Following exposure to 0.3 mM
tert-butylhydroperoxide the GSH/GSSG ratio declined to 3.1 &= 0.7
(n=4) in the absence of phlorhizin and to 3.0 &= 0.3 (1 = 4) in the
presence of 100 #M phlorhizin. Accordingly, addition of 0.3 mM tert-
butylhydroperoxide significantly decreased the GSH/GSSG ratio, an
effect that was not significantly modified by 100 #M phlorhizin.

l DISCUSSION

The present observations confirm the effect of glucose with-
drawal and of tert-butylhydroperoxide exposure on cytosolic Ca>*
concentration, cell volume and cell membrane scrambling, all

8527

pointing to the stimulation of eryptosis by energy depletion and
by oxidative stress.”' More importantly, the present study reveals
a subtle but significant blunting effect of phorhizin on eryptosis
under energy depletion and oxidative stress. The concentrations
needed for a significant effect on cell membrane scrambling were
approximately 3-fold those approached in vivo following treat-
ment of diabetic mice with a 0.5% phlorhizin diet, a dosage shown to
counteract the hyperglycemia in streptozotocin-induced diabetic
Following the 0.5% phlorhizin diet, metabolites of
phlorhizin reached concentrations >1 magnitude higher than those
of phlorhizin itself.'" Tt remains to be shown whether those me-
tabolites similarly affect erythrocyte survival.

The effect of phlorhizin on cytosolic Ca>* activity is apparent
only following oxidative stress. Presumably, under energy deple-
tion the effect is too small to reach statistical significance. The Ca™*-
permeable cation channels in erythrocytes are activated by oxidative
stress,” and energy depletion is similarly known to increase cyto-
solic Ca** activity."” The Ca®*-permeable channels involve the
transient receptor potential channel TRPC6.>> How phlorhizin
influences those channels cannot be derived from the present
observations.

. 11
mice.
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The increase of cytosolic Ca®" activity activates Ca**-sensitive
K* channels,*** which have been identified as SK4.*° The
opening of the K* channels is followed by K" exit, which hyper-
polarizes the cell, thus increasing the electrical driving force for
Cl™ exit. The cellular loss of KCI with osmotically obliged water
then decreases cell volume. Accordingly, Ca™*-induced cell shrink-
age is blunted in mice lacking SK4.*' Phlorhizin blunts the cell
shrinkage following glucose depletion, an effect presumably in
part secondary to an inhibitory effect on Ca>* entry. In any case,
the effect cannot be explained by an influence on glucose trans-
port. In contrast to its effect on cell volume in glucose depletion,
phlorhizin augments the cell shrinkage following oxidative stress.
It is tempting to speculate that oxidative stress triggers phlorhi-
zin-sensitive uptake of glucose and/or other solutes, which counter-
acts the cell shrinkage due to activation of the K" channels.

An increase of cytosolic Ca™* concentration further leads to
stimulation of cell membrane scrambling. The effect of both energy
depletion and oxidative stress on cell membrane scrambling is
blunted by phlorhizin. The inhibitory effect of phlorhizin on cell
membrane scrambling results at least in part from its effect on
Ca”" entry. Erythrocytes further express caspases,”>® which are
activated by oxidative stress.*” The caspases are known to cleave
anion exchanger band 3** and stimulate phosphatidylserine expo-
sure of erythrocytes.”® However, other triggers of eryptosis, includ-
ing energy depletion, do not require activation of caspases.”" Thus,
the effect of phlorhizin during energy depletion cannot be explained
by inhibition of caspases.

In theory, phlorhizin or similar substances with more favorable
pharmacological profile may be used to inhibit accelerated eryptosis.
Disorders associated with accelerated eryptosis™' include iron de-
ficiency,*® phosphate depletion,* hemolytic uremic syndrome,**
sepsis,  sickle cell disease,”” malaria,y"‘g’49 and Wilson’s disease.>®
Moreover, several xenobiotics and endogeneous substances stimu-
late eryptosis.>"*' %

A consequence of accelerated eryptosis is the development of
anemia.”’ Moreover, phosphatidylserine-exposing erythrocytes
may adhere to the vascular wall®’~® and stimulate blood
clotting.°"%%” Accordingly, enhanced eryptosis may interfere
with microcirculation and contribute to the vascular injury of
metabolic syndrome.®®

In conclusion, the present study reveals a novel effect of phlorhizin,
that is, blunting of eryptosis following energy depletion and following
oxidative stress. Although the substance is not appropriate for use as
drug, similar substances may prove to be useful in the treatment of
disorders associated with excessive suicidal erythrocyte death.
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