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Abstract

This comparative study, focused on the anion Kinetic of band 3 protein of pig erythrocytes, inves-
tigates in vitro the metabolic functionality of the red blood cells of this mammal which show par-
ticular characteristics of the cell membrane and significant stoichiometric variations of several
cytosolic components. Pig red blood cells compared to human ones, are characterized by a higher
anion flux strongly modulated by the conformational transition state (T-R) of hemoglobin; these
findings are probably connected to the intracellular concentration of 2,3-disphosphoglycerate and
to chloride activity. The experimental use, alone or in combination, of some exogenous hetero-
tropic modulators of hemoglobin as orthovanadate, gemfibrozil and resveratrol, shows characte-
ristic modulations of the anion flux which are related to the cytosolic metabolites physiologically
present in pig erythrocytes, to the metabolism and oxidative stress. Our findings highlight new
features about the pig red blood cells functionality and contribute to extending the current under-
standing of their life cycle, providing opportunities for new investigations in the field of compara-
tive physiology.
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1. Introduction

Erythrocytes play a key role in human and vertebrate metabolism. Despite being similar in basic structure and
serving equally important physiological functions in all mammals, red blood cells (RBCs) differ vastly in their
rheological properties in different species. Comparative studies are designed to give relevant information on the
structural and functional basis of RBCs rheological behavior itself. Information gathered in comparative studies
can thus serve as a basis for experimental models investigating physiological phenomena in different animal
species.

Pig RBCs share several common characteristics with human erythrocytes. Pig RBC diameters and counts are
similar, although the average life span of pig erythrocytes is shorter than that of human ones. The knowledge
acquired to date on porcine blood shows that it is characterized by a high intraerythrocyte concentration of 2,3-
diphosphoglycerate (2,3-DPG) (8 - 10 mM) [1] [2] and the hemoglobin (Hb) shows a low temperature sensitivi-
ty. In addition, pig RBCs have the slowest metabolic rate of any mammalian cell type [3]; they contain both
hexokinase (EC 2.7.1.1) types Il and I11, the latter being the predominant form accounting almost for 98% of the
total glucose phosphorylating activity [4]. The adult pig erythrocyte is able to utilize 0.27 umol of glucose h/ml
RBC vs 0.56 - 2.85 umol/h/ml RBC for the other mammalian species. This reduced capacity to metabolize glu-
cose results from a relatively poor ability of the cell membrane to transport glucose. In fact, in spite of the pres-
ence of all the glycolytic enzymes (GE), a low intracellular glucose concentration has been measured (0.5 mM
against a plasma level of 5 mM) [5]. Evidences have been presented showing that pig RBCs supply their energy
metabolic substrate with inosine [6]. However, the inosine at physiological concentrations does not seem to be
as efficient as glucose in maintaining reduced glutathione levels under oxidative stress, whereas in the pig blood
and RBCs catalase activity was found to be high [5] [7] [8].

All these observations led us to study pig RBCs by comparing them with the human erythrocytes. Particular
attention was directed to the function of band 3 (AE1 or B3), an integral protein widely expressed in the RBC
membrane (1.2 x 10° copies for RBC).

B3 mediates the electroneutral exchange of anions across the plasma membrane effectively contributing to the
elimination of CO,. The protein exposes both the N-terminus and the C-terminal on the cytosolic face of the
membrane, stabilizing the structure of the cytoskeleton and contributing to regulating the erythrocyte metabol-
ism. In fact, the short C-terminal cytoplasmic domain binds carbonic anhydrase Il and the N-terminal cytoplas-
mic domain interacts with a variety of proteins, including Hb and some GE; moreover it anchors the RBC mem-
brane to the cytoskeleton through ankyrin and protein 4.2 [9]. The competitive binding of deoxy-Hb and GE
with respect of B3 drives the sophisticated oxygen-dependent regulation of erythrocyte metabolism directing the
glucose 6 phosphate (G6P), in a time-dependent manner, to the pentose phosphate pathway (PPP) in the oxyge-
nated erythrocytes (HOS, high-oxygenation state, about 90% saturation), and to the Embden-Meyerhof pathway
(EMP) in the low oxygenation state of the RBC (LOS, low-oxygenation state, about 15% saturation) [10]-[12].
The correct modulation of the G6P metabolism (centered on the deoxygenation-oxygenation cycle of Hb) pro-
tects erythrocytes against oxidative stress and maintains their structural and functional integrity, guaranteeing an
adequate life cycle. Studies of membrane B3 functionality in pig RBCs and its correlation with erythrocyte me-
tabolic events can be of interest in veterinary medicine and provide new general knowledge about the functio-
nality of the RBCs.

2. Materials and Methods

2.1. Materials

All reagents were from Sigma-Aldrich (St. Louis, MO, USA). Fresh blood samples from pig (Sus scrofa domes-
ticus), collected into iso-osmotic 0.15 M NaCl, pH 7.4, containing 2 mM EDTA, were obtained from a slaugh-
terhouse. Citrate fresh human blood was obtained from informed healthy donors under the declaration that they
had avoided any drug treatment at least one week before sample collection, in accordance with the principles
outlined in the Declaration of Helsinki and immediately processed.

2.2. Preparation of Erythrocytes

Citrate blood samples were washed three times with an iso-osmotic NaCl solution. During washing, white blood
cells were discarded from the pellet. After washing, the RBCs were resuspended (haematocrit 3%) in the incuba-
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tion buffer (35 mM Na,SO,, 90 mM NaCl, 25 mM HEPES [N-(2-hydroxyethyl)-piperazine-N*-2-ethanesul-fo-
nic acid], 1.5 mM MgCl,), adjusted to pH 7.4 or 7.3 and 310 = 20 mOsmol per kg, measured by an Osmostat
OM-6020 apparatus (Daiichikagakuco, Kyoto, Japan). In experiments performed with deoxygenated erythro-
cytes, samples were submitted to cycles of vacuum deoxygenation and nitrogen (ultrapure) saturation at a pres-
sure of 100 kPa. This treatment allowed us to obtain different levels of deoxygenation (from 15% up to 90%),
which were checked by determining Hb saturation spectrophotometrically (Beckman DU 640 spectrophotometer)
using the millimolar absorptivities reported by Zijlstra et al. [13]. The buffer used to prepare deoxygenated
erythrocytes was 0.1 pH unit lower than that used for oxygenated erythrocytes, in order to compensate for the
Haldane effect that occurs during deoxygenation [14]. Thus, after deoxygenation, the external pHs of oxygen-
ated and deoxygenated samples differed by no more than 0.03 pH unit.

Met-hemoglobin (met-Hb) levels and the degree of haemolysis were determined at the end of the incubation
time as follows: haemolysis was measured spectrophotometrically; Hb concentration in the supernatants was
obtained from a centrifugation at 2500 x g for 5 min at 4°C; met-Hb levels were determined spectrophotometri-
cally on lysed cells [13].

2.3. Preparation of RBC Ghosts

Washed erythrocytes were lysed with iced hypotonic medium containing 5 mM Tris and 5 mM KCI. After hae-
molysis the Hb and the intracellular contents were eliminated by centrifugation. The membranes were resealed
by incubation at 37°C for one hour with a closing buffer. The resealed ghosts were suspended in the same buffer
used for sulphate transport in entire RBCs.

2.4. Measurement of ODCs

Stripped Hb was obtained by passing the haemolysate through a Sephadex G-25 column equilibrated with 0.1 M
HEPES buffer, pH 7.4, containing 0.1 M NaCl. Concentrated stock solutions of 2,3-DPG and resveratrol (RV)
were prepared by dissolving the first in HEPES buffer and the last in ethanol. A number of O, equilibrium ex-
periments were performed on purified Hb in order to obtain quantitative data on oxygen affinity. The oxygen
binding properties of human and pig Hb solutions were investigated at pH 7.4 both in the absence and in pres-
ence of 0.1 mM RV. Ps, (partial pressure of the ligand at which 50% of haemes is oxygenated) and n (hill coef-
ficient; an empirical index of cooperativity) values, were determined at 37°C from absorbance changes accom-
panying the dioxygen molecule binding by the tonometric method, in the presence of the physiological allosteric
effector 2,3-DPG (3 mM), as well as in the presence of RV [15]. An average standard deviation of 8% for val-
ues of Psy was calculated. Met-Hb content never exceeding 2% in any of the experimental conditions.

2.5. Kinetic Measurements

Cells were incubated in the above incubation buffer at 25°C, under different experimental conditions. Concen-
trated stock solutions of RV, orthovanadate (OV) and gemfibrozil (GFZ) were prepared by dissolving them re-
spectively in ethanol, HEPES buffer and dimethyl sulphoxide (DMSOQ). At several time intervals, 10 micro-
moles of the stopping medium SITS (4-acetamido-4’-isothiocyanostilbene-2,2’-disulfonic acid) was added to
each test tube containing the RBCs suspension at periodic time intervals (from 5 to 120 minutes). Cells were
separated from the incubation medium by centrifugation (J2-HS Centrifuge, Beckman, Palo Alto, CA, USA) and
washed three times at 4°C with a sulphate-free medium to remove the sulphate trapped on the outside. After the
final washing, the packed cells were lysed with perchloric acid (4%) and distilled water. Lysates were centri-
fuged for 10 min at 4000 x g (4°C) and membranes were separated from the supernatant. Sulphate ions were
precipitated from the supernatant by adding a glycerol/distilled water mixture (1:1, V/V), 4 M NaCl and 1 M
HCI, 1.23 M BaCl,-2H,0 to obtain a homogeneous barium sulphate precipitate. The absorbance of this suspen-
sion was measured at 350 - 425 nm. Sulphate concentration was determined using a calibrated standard curve,
obtained by measuring the absorbance of suspensions with known amounts of sulphate [16]. The sulphate ki-
netic analysis of human and pig RBC solutions were investigated both in the absence and in presence of 0.1 mM
RV, 3mM OV and 3 mM GFZ.

The experimental data on sulphate concentration as a function of the incubation time were analyzed by best fit
procedures using the following equation: c(t) = c., (1 — e ™) where c(t) represents sulphate concentration at time t,

OALibJ | DOI:10.4236/0alib.1101994 3 October 2015 | Volume 2 | e1994


http://dx.doi.org/10.4236/oalib.1101994

E. Tellone et al.

C., intracellular sulphate concentration at equilibrium, and k the rate constant of sulphate influx.

2.6. Statistical Analysis

Data are presented as mean + standard deviation (S.D.). The data were analysed by one-way analysis of variance
(ANOVA). The significance of the differences in relation to the respective controls for each experimental test
condition were calculated using the Student’s t-test for each paired experiment. A P < 0.05 was regarded as in-
dicating a significant difference.

3. Results

Our previous work highlighted that in adult human erythrocytes sulphate transport across the membrane is mod-
ulated by the pressure of oxygen and therefore by the oxygen-linked transition of Hb [17]. The same study per-
formed on pig erythrocytes is shown in Figure 1 and Figure 2. The dependence of the anion influx rate on log
pO, both in human and in pig RBCs is clearly evident. It is possible to note that, in both cases, the B3 activity is
higher for HOS with respect to LOS and that the modulation of the flux induced by oxygen through the oxy-
gen-dependent conformational change of Hb remains even in the pig RBCs.

These findings lead us to assume that the interaction between Hb and B3 is not profoundly altered by the am-
minoacid substitutions found in the B3 sequence of pig in comparison to that of human B3 [18]. The higher lev-
el of anion transport found in pig RBCs with respect to human cells, may depend on several factors, one of
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Figure 1. Rates of sulphate transport in human (white boxes)
and pig (shaded boxes) RBCs at high (a, c) and low (b, d)
oxygen saturation (P < 0.05 was considered significant).
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Figure 2. Rates of sulphate influx determined in human ()
and pig (m) erythrocytes under different oxygen pressure. For
experimental conditions see Materials and Methods.
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which could be the high intraerythrocytic concentration of 2,3-DPG. Hence, 2,3-DPG interacting directly with
B3 [19] may cause structural changes responsible for the increase of anion flux. In this regard some of our expe-
riments on the anion kinetics in human RBCs incubated with 2,3-DPG (3 mM) that have shown an increased
functionality of the B3 could be mentioned. In particular, the rate constant (RC) switches from a value of 0.012
min* to 0.025 min *, assuming an exchanging rate very similar to that recorded for the pig RBCs.

Figure 3 shows some experiments on anion kinetics carried out on ghosts. These structures lack of several
cytoplasmic factors that modulate the anion transport, among which Hb is the most representative. Then kinetic
measurements of anion exchange in ghosts are a clear indicator of the importance of these metabolites on the
modulation of the B3 and the relationship between the RC of RBCs and ghosts is an index that allows to eva-
luate the interference of cytosolic factors on the anion kinetics. This interference is directly proportional to the
value of the ratio (RCgypnesis)/(RCracs) and more this value differs from 1 by increasing, the greater will be the cy-
tosolic modulation on the anion kinetics.

Looking closely at the two graphs (Figure 1 and Figure 3) is possible to note that the value of this ratio is
1.72 (0.043 min %/0.025 min %) for pig and 2.83 (0.034 min */0.012 min™*) for human indicating that in pig the
interference of cytosolic metabolites is reduced by about 40% in HOS conditions while in LOS the cytosolic
modulation on B3 is similar in the two species.

What observed could be once again related to the pig intraerythrocyte concentration of 2,3-DPG and particu-
larly to the action of the latter on the phosphorylation state of the B3 [20] [21]. To test this hypothesis we per-
formed a set of experiments in the presence of OV, a phosphatase inhibitor [22] well known to affect protein
phosphorylation, including band 3 cytoplasmic domain (cdb3) [23] [24]. In terms of anion flux (Figure 4), the
results show that OV induce a significant increase of the B3 activity both in human and pig RBCs; the analysis
of the percentage of increase of the anion exchange in the presence of OV (about 30% in human and 20% in pig
RBCs) indicates a difference between the two types of cells. To evaluate the metabolic responses of pig eryt-
hrocytes compared to human ones and in the light of the acquired experiences we also tested two different drugs:
GFZ and RV which are known to bind Hb [25]-[27]. GFZ belongs to the group of fibric acid derivatives, utilized
as antihyperlipidemia agents with the main aim to reduce incidence of coronary heart disease [28] [29]; RV, an
important phytoalexine found in many plants, has been shown to be significantly effective in the treatment of
several pathological conditions such as cancer, coronary heart disease and osteoarthritis [30]-[32]. The results
shown in Figure 4 highlight a different response of the pig RBCs to the two drugs that becomes more evident
when compared to human RBCs. In the presence of GFZ, pig RBCs increase their kinetic of anion flux and this
increase have the same intensity of human ones. Different is the response in the presence of RV, because even if
both pig and human RBCs increase their anion exchange, the percentage of increase is lower in the pig RBCs
than in human ones.

The same kinetic experiments were performed on ghosts, and from the results shown in Figure 5, it is possi-
ble to note that even in these conditions there is an increase of anion exchange both for human and pig RBCs.
The small increment of B3 activity in ghosts compared to the intact RBCs can be due to the absence of several
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Figure 3. Rates of sulphate transport in RBCs (a, ¢) and
ghosts (b, d) respectively of human (white boxes) and pig
(shaded boxes) (P < 0.05 was considered significant).
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Figure 4. Rates of sulphate transport in human (white boxes)
and pig (shaded boxes) RBCs in absence (a, €) and presence
of 3 mM GFZ (b, f), 0.1 mM RV (c, g) and 3 mM OV (d, h)
(P < 0.05 was considered significant).
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Figure 5. Rates of sulphate transport in human (white boxes)
and pig (shaded boxes) ghosts in absence (a, d) and presence
of 3 mM GFZ (b, e) and 0.1 mM RV (c, f) (P < 0.05 was con-
sidered significant).

cytoplasmic factors that modulate the anion transport among which Hb and 2,3-DPG are the most representative.

In order to go deeper into the GFZ and RV molecular effects, we carried out further kinetic experiments esti-
mating the combined effects of OV plus GFZ and OV plus RV. The results shown in Table 1 indicate that the
presence of OV partially antagonized the stimulation of anion flux induced by the two drugs, both in human and
pig RBCs. Figure 6 outlines the RV effect on the Hb oxygen affinity; in particular RV shifts the half-maximal
oxygen pressure (Pso) of both human and pig Hb towards the left indicating a preferential binding to the R state
of Hbs. Hb interacts with cdb3 modulating the anion flux in both species: this, in the presence of RV, is in-
creased almost by a factor of 3 in human RBCs while is greatly reduced in pig ones.

4. Discussion

We showed here that pig erythrocytes are characterized by a higher anion flux compared to human RBCs
(Figure 1). Once again, it should outline the presence of the modulation of anion transport due to the interaction
of Hb with cdb3. We have already discussed the involvement of the conformational transition (T-R) of Hb on
the different activities of human B3 in HOS and LOS state. We associated this finding with the structural hin-
drance caused by the gradual increase of Hb bound to cdb3 that would take place on passing from HOS to LOS
[17] [26]. In the case of pig RBCs (Figure 2), the stronger involvement of Hb in the modulation of B3 could be
affected by the contribution of free CI” which is lower in the LOS state as consequence of the binding to Hb.

OALibJ | DOI:10.4236/0alib.1101994 6 October 2015 | Volume 2 | e1994


http://dx.doi.org/10.4236/oalib.1101994

E. Tellone et al.

1
0.5 1
A
0
2
= 051
o0
15
-
1
-1.51
-2

0 0.2 04 06 08 1 12 14
LogPO,

Figure 6. Hill plot for the binding of oxygen to human (cir-
cles) and pig (triangles) Hb in the absence (open symbols) and
in the presence (closed symbols) of 0.1 mM RV. Conditions:
0.1 M HEPES buffer plus 0.1 M NaCl and 3 mM 2,3-DPG at
pH 7.4, 37°C.

In this context it is important to recall that the Hb of pig has an important substitution in 576 where the Ala
present in adult human Hb is replaced by a Lys [2]. This replacement is responsible for an additional binding
site for chloride ion which significantly contributes to lower the overall heat of oxygenation, thus providing a
molecular basis for the low effect of temperature on the oxygenation-deoxygenation cycle [33] [34]. We hypo-
thesize that the presence of this additional cluster for chloride in pig Hb might contribute to the increase of anion
flux through B3. In particular, since HCO; influx across B3 is coupled with CI efflux, it might be argued that
the observed difference in B3 activity of pig between LOS and HOS states is induced by the variation of intra-
cellular activity of free CI". All these considerations could be closely associated with the low sodium transport
(and number of sodium pumps) which has been observed in pig in comparison to human RBCs [35]. Neverthe-
less the increase of CI™ activity is not sufficient to justify the high anion exchange observed in HOS erythrocyte
[17]. Another important event that occurs during the transition HOS-LOS of the RBC is the change of the intra-
cellular concentration of free 2,3-DPG. In this respect, it may be worthwhile to outline that the intraerythrocytic
concentration of this organic phosphate in pig can be up to about 10 mM and that 2,3-DPG interacts with the
erythrocyte membrane and with B3 in particular [1] [2] [18] [36]. Furthermore, 2,3-DPG causes an increase in
the lateral mobility of integral membrane proteins [37] and, at concentrations which are normally present in
erythrocytes, can weaken associations in the shell [38]. It cannot be excluded that it may play a role in the regu-
lation of the membrane protein phosphorylation [20]. In other words it is possible to think that in pig RBC, the
additional binding sites for chloride present on Hb and the higher intraerythrocytic concentration of 2,3-DPG
may contribute to changing the overall interactions Hb-cdb3 and GE-cdb3 both associated with modulation of
the B3 anion flux. Further contribution to this hypothesis comes from comparison of the anion kinetics in the
RBC and ghosts of human and pig (Figure 3). Thus, binding competition assays demonstrate that human cdb3
competes with 2,3-DPG for occupancy of the central cleft in the deoxy-Hb tetramer [39] [40] and may bind GE
with the same structural region [41]. Therefore, it’s likely that in pig the “excess” of intraerythocytic organic
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phosphate concentration may play a role in weakening the interactions and formation of the membrane com-
plexes (i.e. Hb-cdb3 and GE-cdb3), thereby reducing the effect of these molecules on the modulation of the
anion flux.

Furthermore, the effect of OV on B3 flux (Figure 4) induced by the loss of PTP-1B phosphatase activity, may
lead to destabilization of B3 phosphorylation-dephosphorylation balance followed by activation of caspase 3 and
cleavage of cdb3 with a consequent derangement of anion flux modulation. In the case of pig the lower effect of
OV on B3 activity (30% and 20% respectively in human and pig RBC) could be due to the high concentration of
2,3-DPG which inhibiting the B3 phosphorylation [40] may counter balance the loss of PTP-1B phosphatase ac-
tivity.

Similarly, but somewhat more complex is what happens in pig RBC in the presence of RV. RV exerts its ef-
fect by interacting preferentially with oxy-Hb; the interaction involves three hydroxyls of stilbene and Pro95,
Thrl134 and Aspl26 of alpha chains [42]. All these residues are conserved in pig Hb so that the polyphenol ef-
fect on Hb oxygen affinity is similar to that observed on human Hb (Figure 6) [43]. RV binds preferentially to
oxyhemoglobin and causes a significant shift of the oxygen dissociation curve (ODC) towards higher oxygen af-
finity indicating a stabilization of the R state of the Hb molecule (on the basis of the simple two-states allosteric
model). However, RV causes also an upregulation of B3 tyrosine phosphorylation through the activation of lyn,
a kinase of the src family [44]; this Tyr phosphorylation could well be the onset of oxidative stress [45] which
might be followed by caspase 3 activation [46] [47] starting a “vicious cycle” that would deprive B3 of its im-
portant modulatory site (cdb3) [27] [48]. In pig, the impact on the B3 activity due to phosphorylation may be
reduced by the contrasting effect of 2,3-DPG, which causes the release of kinase from the erythrocyte membrane
[20] inhibiting the phosphorylation of B3. This is also reflected by the effect of RV on the ghosts of pig, because
these structures losing the 2,3-DPG miss its counteraction on the phosphorylation. On the contrary, the effect of
GFZ on the B3 activity (Figure 4) more similar in pig than in human RBC and linked to the Hb-GFZ-cdb3 ma-
crocomplex [25] [26] suggests that the interaction between GFZ and Hb is maintained despite the high concen-
tration of 2,3-DPG which characterizes pig RBCs. Interestingly, the combination of GFZ plus OV does not show
a cumulative increase of B3 influx as it is highlighted in the Table 1. These findings and the lack of 2,3-DPG
influence on GFZ action in pig RBC support the hypothesis that the fibrate acts on B3 influx through a different
pathway with respect to OV and it does not alter the phosphorylation-dephosphorylation balance of RBCs [26].
In contrast with human RBCs, erythrocytes from pig lack glucose-transport activity [49] [50] and rely on plasma
inosine as the major physiological energy source [49] [51]. Inosine is transported inside the cells and cleaved to
hypoxanthine and ribose 1 phosphate. The ribose moiety can be further catabolized [52]. Pig RBCs utilize in-
osine as the NADH generator which is essential for enzymatic reduction of met-Hb [53]. This unusual oxidation
of NAD allows the glycolysis pathway to continue. An interesting factor in pig RBCs is the production of ener-
gy through inosine which, bypassing some points of glycolytic regulation such as the phosphophofructokinase
(PFK) and aldolase (ALD), results to be in some way “uncontrolled”. Hence, the control of G6P metabolism is
exercised only by Glyceraldehyde-3-phosphate dehydrogenase (G3PD) through its binding to B3. These charac-
teristics allow the cell to compensate the lack of availability of glucose that can be utilized through the Rapo-
port-Luebering cycle or/and the PPP. A further and indirect antioxidant action is performed in HOS pig RBC by
the increase of anion exchange through the rapid removal of CO, and peroxinitrite from cytosol which prevents

Table 1. Effect of OV, GFZ and RV on the rates of sulphate transport in human and pig RBCs (values are the means + range
of at least five experiments; P < 0.05 was considered significant).

Conditions Ratehﬁxsrt]agg((r:n;nﬂ Rate c;;gssgtc (Smin’l)
Control 0.012 £ 0.003 0.025 + 0.004
3mM OV 0.018 £ 0.004 0.032 £ 0.003
3 mM GFZ 0.052 £ 0.001 0.142 + 0.005
3mM OV plus 3 mM GFZ 0.032 £ 0.005 0.039 £ 0.004
0.1 MM RV 0.033 £0.008 0.033 £ 0.005
3mM OV plus 0.1 mM RV 0.026 + 0.003
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the subsequent formation of secondary radicals such as carbonate and nitrogen dioxide or hydroxyl radicals. Al-
ternatively, peroxynitrite or peroxynitrous acid may also undergo homolytic fission to generate one-electron
oxidants, hydroxyl and nitrogen dioxide radicals [54] [55].

The results of our study give new insights on significant issues that should not be disregarded in future studies
on mammalian erythrocytes.
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