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Background: Previous studies reported that the blood of Tibetans living at different
altitudes may vary slightly. There is evidence that the harsh environmental conditions
at high altitudes, such as low pressure and hypoxia, may affect the morphology
and hemorheology of red blood cells (RBCs). Hypoxia would increase the levels of
hemoglobin ([Hb]) and hematocrit (Hct), potentially increasing blood hyperviscosity
and compromising blood collection and transfusions. Therefore, it is critical to
investigate the in vitro storage quality of Tibetan RBCs.

Objectives: In this study, the in vitro quality of suspended RBCs (SRBCs) prepared
from whole blood (WB) of Tibetan residents with varying Hb concentrations ([Hb])
was measured during storage, and the relationship between the major factors in RBC
storage and [Hb] was studied.

Materials and methods: The WB of Tibetan men was divided into three groups based
on [HDb] levels (group A: 120 < Hb< 185 g/L; group B: 185 < Hb <210 g/L; group C:
Hb > 210 g/L). The SRBCs prepared from WB were examined aseptically on days 1,
14, 21, and 35 after storage.

Results: [Hb] was not correlated with mean corpuscular volume (MCV), adenosine
triphosphate (ATP), pH, P50, and hemolysis. There was a moderate or strong negative
association between platelets (PLT) and [Hb] from days 1 to 35, and the PLT number
of group C was lower than group A during storage. Group C had the highest change
rates of electrolytes, glucose, and lactate, and there were moderate or strong positive
correlations between lactate and [Hb] (r = 0.3772, p = 0.0045), glucose and [Hb] (r
= 0.5845, p < 0.0001), Nat and [Hb] (r = 0.3966, p = 0.0027), and Kt and [Hb] (r =
0.4885, p = 0.0002). Group B had the highest change rates of 2,3-DPG on day 35, and
there was a negative correlation between 2,3-DPG and [Hb] (r = —0.4933, p = 0.0001).

Conclusions: These new data on the [Hb] could have implications for researchers
wishing to study the storage quality of Tibetan SRBCs, particularly in the context of
erythrocyte metabolism, and we propose finding a new, suitable alternative solution
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for plateau SRBCs, particularly the blood with [Hb] greater than 185 g/L. Our results
could have important implications for researchers wishing to study the potential
framework of high-altitude-induced SRBC storage lesions.

high altitude, hemoglobin concentration, storage quality, suspended red blood cells,

erythrocyte metabolism

Introduction

More than 140 million people worldwide live at an altitude of
more than 2,500 m for extended periods of time, but environmental
conditions at high altitudes, such as low temperature, low pressure,
and hypoxia, may affect the morphology and phenotype of blood
cells (1-3). Due to the lack of oxygen in high-altitude areas, the
bone marrow was stimulated by erythropoietin, which increases
the production of red blood cells (RBCs) (4, 5). Hemoglobin
concentration ([Hb]) was found to increase with the number of RBCs,
with an average value of 17-20 g/100 ml, compared with an average
value of 12-16 g/100 ml at the sea level (6-8). However, the [Hb]
values reported for people living at different altitudes were not in
the same range. The Qinghai Tibet Plateau, located in the northwest
of China, is the world’s largest and highest plateau with an average
altitude of more than 4,000 m (9). The researchers found that the [Hb]
of most Tibetan men ranged from 15 to 16 g/100 ml, with the [Hb]
increasing with an increase in altitude (9). As another example, due to
long-term residence in Tibet at extremely high altitudes (>4,000 m),
the [Hb] of some Tibetans was higher than the main diagnostic
criteria for polycythemia vera (PV) (men > 185 g/L, women >
165 g/L) or even higher than that for high-altitude polycythemia
(HAPC) (men > 210 g/L, women > 190 g/L) (10). Thus, excessive
erythropoiesis, high hematocrit (Hct), and an excessive amount of
[Hb] in the blood of Tibetans would cause blood hyperviscosity,
compromising blood collection and transfusions (11-13).

Suspended RBCs (SRBCs) are the most commonly used
transfusion blood products prepared from donated whole blood
(WB) (14, 15). Our previous study (16) showed that the Hct level of
SRBCs prepared from the WB of Tibetan migrants exceeded 60% and
that the storage quality of SRBCs prepared by high-altitude migrants
was inferior to that of SRBCs prepared from lowlands. For example,
the metabolic rate of SRBCs (including electrolytes and lactic acid)
was higher at high altitudes than at low altitudes. These findings were
consistent with the osmotic fragility and hemolysis of plateau SRBCs
during the whole storage period. These changes might be related
to higher [Hb] of WB prepared from the WB of Tibetan migrants.
However, because Tibetans might have a wide range of [Hb], the
biological changes and clinical blood transfusion compatibility of
Tibetan SRBCs stored for 35 days had not been evaluated. Therefore,
the storage quality of SRBCs prepared from WB of Tibetan residents
must be investigated.

In this study, the in vitro quality of SRBCs prepared from Tibetan
residents with varying [Hb] during storage was determined. It was
reported (9) that the [Hb] of men was higher than that of women
in the Tibetan adult population and increased with elevation. Gender
plays an important role in the influence of altitude on [Hb]. However,
the number of women with [Hb] >165 g/L was much lower than the
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number of men with [Hb] >185 g/L, and it was difficult to draw blood
in the same proportion for men and women. Thus, the storage quality
of SRBCs prepared from the blood of Tibetan men was initially
studied. The [Hb] of WB from Tibetan men was divided into three
groups; the [Hb] in group A was 120-185 g/L, the [Hb] in group B
was 186-210 g/L, and the [Hb] in group C was >210 g/L. A number
of assays for pH, percent hemolysis, electrolytes and glucose in the
supernatant, and lactate production were tested, while more detailed
assessments of RBC metabolism and quality, including adenosine
triphosphate (ATP), 2,3-DPG, and oxygen affinity (P50), were also
used. Furthermore, the purpose of this study was to investigate the
effects of high [Hb] on the storage quality of SRBCs from the Tibetan
male population. Our findings provide insights into the mechanism
of high-altitude-induced SRBC storage lesions.

Materials and methods

WB collection and RBC processing and
storage

Whole blood was collected according to standard procedures,
and the volunteers were from the Hospital of Chengdu Office of the
People’s Government of Tibetan Autonomous Region and People’s
Hospital of Tibet Autonomous Region between December 2018 and
August 2019. All 55 Tibetan male volunteers aged between 19 and 55
years with no organic disease had lived at high altitudes (>3,000 m)
for more than a decade. The inclusion criteria were as follows: all
volunteers were >18 years and unrelated. Patients with a history of
thrombosis or bleeding, the use of oral anticoagulants, liver disease,
HIV infection, pregnancy, diabetes, and others were excluded from
this study. The study protocol was approved by the Institute of
Blood Transfusion Ethics Committee (Registration number: 201712),
and the authors had access to the information that could identify
individual participants during or after data collection. The samples
were divided into three groups with varying [Hb] of WB from
Tibetan men, and basic information on volunteers is presented in
Supplementary Table S1.

Whole blood (200ml =+ 10%) was collected into a blood
collection kit containing a citric acid-phosphate dextrose-adenine
1 (CPDA-1) anticoagulant (28 ml) (Sichuan Nigale Biomedical
Company, China). The formulation of anticoagulant CPDA-1 is listed
in Supplementary Table S2. Within 1 h after collection, each WB bag
was centrifuged at 3,500 x g for 10min to remove the plasma,
and 50 ml of mannitol-adenine-phosphate (MAP) was added (see
Supplementary Table S2 for the composition of the additive solution)
to the remaining RBCs to obtain SRBCs. SRBCs were stored at 2-6°C
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under standard blood bank conditions (17) and analyzed on days 1,
14, 21, and 35 of storage.

Routine assessment of RBC quality

Samples were collected on days 1, 14, 21, and 35 of storage, blood
SRBCs were examined using an automatic blood analyzer (XT-1800i;
Mindray, Shenzhen, China), and the levels of RBCs, hemoglobin,
Hct, platelets (PLT), and mean corpuscular volume (MCV) were
measured. The supernatant was obtained by centrifuging SRBCs
at 3,500 x g for 10min at 4°C, and potassium (K'), sodium
(Na't), glucose, and lactate concentration in the supernatant
were determined using an automatic biochemical analyzer (7180;
Hitachi Co., Ltd., Japan). At room temperature (25°C & 2°C), the
extracellular pH was measured using a pH meter (FE20; Mettler
Toledo, Switzerland). According to the recommended protocol
(Roche Diagnostics, Mannheim, Germany), ATP and 2,3-DPG were
evaluated using commercial kits.

Hemolysis

In short, the absorbance of the supernatant at 505nm
was measured using a spectrophotometer (Ultrospec 6300 Pro;
Amersham Biosciences, USA) to calculate the free Hb content. The
hemolysis rate was expressed as the percentage of free hemoglobin
content in total Hb after Hct correction.

Oxygen affinity

When the blood oxygen saturation (P50) reached 50%, it was
detected by a blood oxygen analyzer (TCS Scientific, USA). To obtain
the suspension, 50 1 of RBC was added to the diluent. Oxygen was
kept in suspension once the oxygen partial pressure (PO;) exceeded
13.33 kPa (100 mmHg). Oxygen was then turned off, and nitrogen
was added until PO, decreased by more than 0.67 kPa (5 mmHg).
The oxygen production dissociation curve (ODC) was drawn after
changes in PO, and oxyhemoglobin were detected during the process.
Finally, P50 was measured using ODC.

Statistical analysis

The results were shown as mean + standard deviation (SD) of
repeated samples. Unless otherwise specified, each parameter must be
tested at least three times. Analysis of variance (ANOVA) of repeated
measures and the Bonferroni test were used to compare the three
groups of SRBCs stored at the same time, and the impact of storage
time on SRBCs was evaluated. Pearson’s correlation analysis was used
to check the correlation between storage parameters and [Hb]. A
correlation coefficient (r) of 0.10-0.29 indicated a weak correlation,
0.30-0.49 indicated a moderate correlation, and 0.50-1.0 indicated a
strong correlation. SPSS statistical software version 17.0 (SPSS, Inc.,
Chicago, Illinois, USA) was used for statistical analysis. A p-value
of <0.05 was considered statistically significant when using the 95%
confidence interval (CI) [2.5-97.5%].
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Results

Group C had high [Hb], Hct levels, and a low
PLT number

As shown in Figure 1, the [Hb] of SRBCs in three groups was
mainly distributed in the range of 180-210 g/L, and Hct was mainly
located in the range of 50-60%, with [Hb] and Hct in group C
being significantly higher than those in group A. All three groups
had no significant difference in the MCV values at each storage test
point (see Supplementary Table S3). The PLT number in group C
was significantly lower than that in group A during storage, and
the PLT number in all groups decreased with storage time (see
Supplementary Table S3).

The effect of [Hb] on MCV and PLT

Pearson’s partial correlation analysis was used to investigate the
effect of [Hb] on MCV and PLT, as shown in Figures 2A-E. No
correlation was found between MCV and [Hb] onday 1 (p > 0.1). In
contrast to MCV, from days 1 to 21, there was a strong or moderate
negative association between PLT and [Hb] (p < 0.05).

Group C had higher change rates of
electrolytes, glucose, and lactate

On day 1, pH in groups A, B, and C was 7.04, 7.11, and 7.12,
respectively, and on day 35, it decreased to 6.57, 6.65, and 6.64.
From days 1 to 14, pH in group C was higher than that in group
A (p < 0.05), from days 14 to 21, pH in group B was higher than
that in group A, and on day 35, there was no significant difference
among all three groups (Figure 3A). From days 14 to 35, lactate
production in group C was higher than that in group A (p <
0.05; Figure 3B). The average blood glucose level in all three groups
decreased with a prolonged storage time. Except for day 35, there
were no significant differences among the three groups, and the
blood glucose level in group C was lower than that in group A
(Figure 3C). From days 14 to 35, group C had a higher K™ level in
the supernatant than in group A. During the whole storage process,
there was no significant difference in the Na™ level among the three
groups (Figures 3D, E).

The red blood cell count was significantly higher in group C than
in group A, and erythrocyte metabolic parameters such as glucose,
lactic acid, Na™, and Kt were related to the number of RBCs. To
exclude the influence of the number of RBCs on these parameters, the
metabolic rate of RBCs was calculated using the previously reported
formula (16). The following formula was used to calculate the RBC
metabolic rate:

R, = Vx1 — Vxss
Nrbc

>

where R denotes the rate of change of these parameters during the
whole storage period, x denotes the parameters, including glucose,
lactic acid, Na¥t, and K, Vy; denotes the parameter value on day 1
of storage, V35 denotes the parameter value on day 35 of storage, and
Nrgc denotes the number of RBCs on day 1 of storage.
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FIGURE 1

Hemoglobin concentration ([Hb]) and hematocrit (Hct) level of three groups on day 1. *Analysis of variance (ANOVA), p < 0.05 (p = 2.13E-9, 2.95E-20) for
group C vs. group A.
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FIGURE 2

Associations of mean corpuscular volume (MCV) (A) and Hb and of platelets (PLT) and Hb on days 1 (B), 14 (C), 21, and (D) 35. (E) Pearson'’s partial

The results (Table 1) revealed that group C had higher change
rates of all these parameters than group A and that group B had higher
change rates of glucose and lactate than group A.

Effect of [Hb] on change amounts of pH,
lactate, glucose, Na*, and Kt during storage

As shown in Figures 3B-E and Table 1, group C significantly
differed from group A in terms of lactate, glucose, Nat, and KT
concentrations at the end of storage and in the change rate during
storage. Then, partial correlation analysis was used to investigate the
relationship between the metabolic amount of RBC (the value on day
35 minus the value on day 1 or the value on day 1 minus the value
on day 35) and [Hb] and the positive correlations between lactate
and [Hb] (r = 0.3772, p < 0.01, Figure 4A), between glucose and
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[Hb] (r = 0.5845, p < 0.0001, Figure 4B), between Na™ and [Hb] (r =
0.3966, p < 0.01, Figure 4C), and between KT and [Hb] (r = 0.4885, p
< 0.001, Figure 4D) were found. In contrast, although pH was higher
in groups B and C than that in group A from days 1 to 21, there was
no correlation between pH change value and [Hb] (r = 0.03923, p >
0.1, Figure 4E).

Group B had higher 2,3-DPG on day 35, and
there was no significant difference in ATP
and P50 among the three groups

On day 35, group B had a higher level of 2.3-DPG than group
A (p < 0.05) (Figure 5A). Except for group B, which had higher
ATP levels than group A on days 21 and 35, there was no significant
difference in the ATP levels between groups C and A (Figure 5B). As
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FIGURE 3

During the storage period of 35 days, the standard quality parameters of suspended red blood cells (SRBCs) stored in different groups were measured. pH
(A), lactic acid concentration (B), glucose concentration (C) Nat concentration in the supernatant (D), and K* level in the supernatant (E). *ANOVA p <
0.05 [(A) p = 0.047, 4.91E-5, 0.004, 0.010, (B) p = 0.004, 0.014, 0.006, 0.012, (C) p = 0.009, (E) p = 9.83E-10, 0.001, 9.72E-5] in comparison to group A on
days 1, 14, 21, and 35, respectively. # ANOVA p < 0.05 [(A) p = 9.83E-10, 8.22E-10, 0.001, (B) p = 9.95 E-12, 8.87 E-12, 9.62 E-12, (C) p = 0.010, 0.006,
0.003, (D) p = 0.035, 0.026, (E) p = 8.84E-10, 9.21E-10, 9.43E-10] for all parameters on day 1 vs. day 35.

TABLE 1 The change rate of Na*, K*, glucose, and lactate in suspended red blood cells (SRBCs) during the whole storage period.

SRBC units Nat K+ Glucose Lactate
(mmol/L/rbc x 10'2) (mmol/L/rbc x 10'2) (mmol/L/rbc x 10'2) (mmol/L/rbc x 1012)

A 485 +0.58 6.89 £ 0.52 244£073 3534071

B 14,96 & 1.03 6.96 = 0.85 2.78 £ 0.68* 3.91 £ 0.90%

c 5.90 £ 1.24% 7.91 £ 1.04* 2.91 £ 0.59* 3.91+£0.82°

Data were reported as mean =+ standard deviation (SD). * Analysis of variance (ANOVA) p < 0.05 (Na™: p = 0.38, K*: p = 0.041, glucose: p = 0.042, 0.038, lactate: p = 0.045, 0.043) in comparison

to group A.

shown in Figure 5C, oxygen affinity increased rapidly during storage,
and P50 (partial pressure of oxygen when hemoglobin was half
saturated) decreased. During the whole storage period, there was no
significant difference in P50 values among the three groups. Although
the allowable range of hemolysis was 0.8 and 1.0% in Europe and
North America, respectively (17) (Figure 5D), during the storage of
all RBCs, group C had a higher hemolytic value than group A on days
1, 14, and 21 (p < 0.05), group B had a higher hemolysis value than
group A on days 14 and 35, and there were no significant differences
among the three groups on day 35.

Effect of [Hb] on the amount of changes in
2,3-DPG, ATP, P50, and hemolysis during
storage

Partial correlation analysis was used to investigate the
relationship between the change amount of 2,3-DPG, ATP,
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P50, and hemolysis (the value on day 1 minus the value on day 35)
and [Hb], and a negative correlation between 2,3-DPG and [Hb] (r
= —0.4933, p < 0.001, Figure 5E) was found. In contrast, there were
no correlations between ATP change value and [Hb] (r = 0.1116, p
>0.05, Figure 5F) and P50 change value and [Hb] (r = 0.2010, p >
0.1, Figure 5G). There was no correlation between hemolysis change
value and [Hb] (r = 1,756, p > 0.1, Figure 5H).

Discussion

It was reported that hypoxia caused hemoglobin (Hb) and Hct
levels to increase significantly and stabilize at relatively high levels
after individuals ascended to high altitudes (18). Our previous
study found that altitude might play a major role in changes
in RBC storage, and the storage quality of SRBCs from Tibetan
Plateau migrants was significantly different from the residents
in the Deyang lowland (16). However, the relationship between
the storage quality of SRBCs prepared by WB from Tibetan
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Pearson'’s partial correlation analysis was used.
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Associations of change amount during the storage of lactate (A) and [Hb], glucose (B) and [Hb], Na™ (C) and [Hb], K* (D) and [Hb], and pH and [Hb] (E).
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SRBCs in different groups were measured during a 35-day storage period. 2,3-
Associations of change amount during the storage of 2,3-DPG (E) and Hb, ATP (F) and Hb, P50 (G), hemolysis (H), and Hb. Pearson’s partial correlation
analysis was used. *ANOVA p < 0.05 [(A) p = 0.030, (B) p = 0.013, 0.041, 0.019, 8.84E-10, (D) p = 0.004, 0.034, 0.011, 9.76E-5, 0.009] in comparison to
group A on days 1, 14, 21, and 35. # ANOVA p < 0.05 [(A) p = 5.45E-6, 0.010, 4.78E-6, (B) p = 0.020, 0.046, 0.035, (C) p = 0.037, 0.032, 0.035, (D) p = 0.26,

DPG (A), adenosine triphosphate (ATP) (B), P50 (C), and hemolysis (D).

natives with different [Hb] was still unclear. In this study, the
in vitro quality of SRBCs prepared from Tibetan residents with
different [Hb] during storage was measured, and the results
showed that MCV, ATP, P50, and the pH value were not
associated with [Hb], while major factors, such as PLT, glucose,
lactate, Nat, K+, and 2,3-DPG, played a critical role in RBC
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storage lesions and were found to be related to [Hb] in the
Tibetan population.

Because RBCs were key participants in systemic oxygen
transport, they played a visible role in hypoxia adaptation (19). RBCs
would undergo a variety of metabolic, structural, and morphological
changes during storage (20). MCV is a measure of the overall change
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in RBC volume. Our data suggested that there was no difference in
MCV among the three groups during the whole storage period and
that there was no correlation with the storage time of each group. As
expected, the results of our study showed that [Hb] was not associated
with MCV (r = 0.0585, p > 0.1), indicating that [Hb] had no effect
on the overall volume of RBCs.

Adenosine triphosphate, as an energy source, is crucial to
the global function of the cells. ATP loss was related to firmer
cell membranes, loss of vasodilatation function, exposure to
phosphatidylserine (PS) on the outer lobe of the erythrocyte
membrane, and decreased erythrocyte activity. The ATP levels should
be >2.7 pmol/g Hb to have a 90% RBC survival rate of 90% (the in
vivo 24-h recovery rate was 75% or higher) (21). ATP concentrations
in the three groups gradually decreased during storage and exceeded
2.7 pmol/g Hb at the end of storage, and ATP reduction during
storage was not associated with [Hb].

Under normal conditions, the P50 value of human RBC was 26—
27 mmHg. It was found that, at high altitudes, P50 increased and the
affinity of hemoglobin for oxygen decreased, implying that oxygen
bound by hemoglobin was more effective for body tissues (22, 23).
In this study, P50 was found to be in the normal range in the three
groups of Tibetan permanent residents and decreased with storage
time, resulting in a decrease in oxygen release from RBC:s to tissues. In
addition, there was no significant difference among the three groups
during the whole storage time, and there was no correlation between
P50 and [HD].

Platelets are the indispensable key factors in the process of
thrombosis. Our study showed that PLT counts among the three
groups decreased as storage time increased. This result might
be related to storage temperature and time. When the storage
temperature of PLT was lower than 18°C, the lipid bilayer membrane
would undergo a phase transition, resulting in the aggregation of
surface glycoproteins (24). PLT were lost because they were unable
to find receptors within their limited shelf-life. In addition, PLT
counts had a negative correlation with [Hb] in HA volunteers during
storage time, and group C had lower PLT counts. The results were
different from those of Zhang et al. (25), who found no correlations
between the PLT count and [Hb] in HA volunteers. Different results
might be obtained due to the different [Hb] groups. Other reports
showed that the PLT count in HA was lower than that in low-
altitude areas (26-28). However, other researchers demonstrated
an increase in PLT counts in HA (29-31). These results could
be explained by the fact that PLT count was related to [Hb].
High [Hb] directly causes high blood viscosity and slow blood
flow, which may result in the activation and consumption of a
large number of PLT and a reduction in the number of PLT in
circulating blood.

When the glucose concentration decreased during storage, the
content of lactic acid and pyruvic acid increased, leading to a
decrease in pH and the consumption of ATP and 2,3-DPG in
RBCs. Our results showed that the amount of glucose depletion and
lactate accumulation was positively related to [Hb], with higher [Hb]
inducing a faster rate of glucose depletion and lactate accumulation.
This could be due to the tighter accumulation of RBCs, leading to
faster glucose consumption and harder recovery in vivo (32, 33).
However, more lactate accumulation in group C did not result in
more decrease in pH, and the amount of pH decrease was not
associated with [Hb]. Group C had a higher pH value than group
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A on days 1, 14, and 21, and there was no significant difference
at the end of storage. Kurup et al. (34) found that pH might be
related to the level of 2,3-DPG during the storage of RBCs. pH >
7.0 was conducive to the synthesis of 2,3-DPG, and pH < 7.0 was
conducive to its degradation. Meanwhile, other studies indicated
that the balance of ATP and 2,3-DPG synthesis was pH dependent,
where a pH value of <7.2 was conducive to the decomposition
of 2,3-DPG and CO, levels (35). Although there was no initial
significant difference in 2,3-DPG among the three groups, our results
were partly in agreement with these reports because, at the end
of storage, 2,3-DPG in groups B and C was higher than that in
group A, and the amount of 2,3-DPG reduction during storage was
inversely correlated with [Hb]. The higher 2,3-DPG in group C might
be related to a higher initial pH value. Because 2,3-DPG regulated
oxygen transport to tissues, it became crucial for oxygen transport
after a blood transfusion.

The intracellular K* level plays a major role in maintaining
cell water content. The loss of KT in RBCs leads to dehydration,
resulting in increased density, shape changes, and rheological defects
(36). RBCs stored in group C had higher extracellular KT levels
and lower Na™ levels compared with RBCs stored in group A
at the end of storage, and extracellular K™ production and Na™
consumption during storage were positively related to [Hb]. Hypoxia
could cause KT outflow and Ca?" inflow as well as an increase
in ATP decomposition and a decrease in ATP synthesis, resulting
in an energy deficit. When the ATP content decreased, the Na/K
membrane pumps stopped working or a small number of RBCs
had burst during storage, inducing intracellular K to leak into the
storage media. Refrigeration conditions paralyzed the ion pump
and reduced its activity, resulting in the leakage of K* (37).
Similarly, the erythrocyte membrane structure was destroyed and
deformability was reduced after the activation of protease and
phospholipase. However, even after excluding the influence of RBCs,
the change amount of K+ and Nat were still higher in group C
than in group A, which indicated that an excessive increase in
[Hb] and RBCs modified some components of the RBC membrane,
increased the surface area and abnormal morphology of RBC,
alternating the rigidity of RBCs and abnormalities in membrane
contractile proteins.

Mannitol-adenine-phosphate is an RBC preservation solution
widely used in most Asian countries, including China. The main
ingredients included sodium citrate, glucose, adenine, mannitol, and
others. In the conventional use scheme, 100 ml of MAP was added
to RBCs centrifuged from 400 ml of WB to prepare SRBCs, with
a preservation period of 35 days. In our study, the Hct values of
SRBCs in groups B and C were more than 55%, indicating high
blood viscosity and thus a high risk of clinical transfusion. In our
previous study, the volume of MAP was increased to prepare plateau
SRBCs, and the results indicated that the number of RBCs, [Hb], Hct,
and blood viscosity were all significantly reduced, facilitating clinical
transfusion. In addition, increased AS volume could delay glucose
consumption and RBC hemolysis. As a result, the preservation
quality of SRBC at high altitudes was further improved. Therefore, we
proposed that the volume of MAP was increased to prepare plateau
SRBCs or that the storage solution formula needed to be adjusted. For
example, adding ascorbic acid could preserve the membrane integrity
of RBCs. New alternatives to plateau SRBCs should be explored,
especially for people with [Hb] levels >185 g/L.
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Conclusion

In conclusion, this study began to evaluate the effect of Hb
concentration on the main RBC parameters of SRBCs prepared
from WB of Tibetan men during storage. These results indicated
that [Hb] might not be correlated with MCV, pH, ATP, P50, and
hemolysis; PLT, 2,3-DPG, and [Hb] had a negative association;
lactate, glucose, and [Hb] had a high positive correlation; and Na™,
K*, and [Hb] had a moderate positive correlation. These new
data on the [Hb] might have implications for researchers wishing
to study the storage quality of RBCs, particularly in the context
of erythrocyte metabolism, and our results might have important
implications for researchers wishing to study the potential framework
of high-altitude-induced SRBC storage lesions. In addition, we
suggest finding a new, suitable alternative solution for plateau SRBCs,
especially for people with [Hb] >185 g/L. Our findings highlight the
importance of continuously exploring novel frameworks to improve
the storage of SRBCs at high altitudes.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by Evaluation Report of Ethics Committee of Blood
Transfusion Institute, Chinese Academy of Medical Sciences (No:
201712) Institute of Blood Transfusion, Chinese Academy of Medical
Sciences. The patients/participants provided their written informed
consent to participate in this study.

Author contributions

RZ contributed to data interpretation and drafting of the paper.
HW, JL, and XW contributed to the study conceptualization and
design. YC, ZH, ZL, and XZ participated in the acquisition of the data
and critical revision of the draft. All authors contributed to the article
and approved the submitted version.

References

1. Boas F. Changes in the Bodily form of Descendants of Immigrants. New York:
Columbia University Press. (1912).

2. Greulich WW. A comparison of the physical growth and development of
American-born and native Japanese children. Am ] Phys Anthropol. (1957) 15:489-
515. doi: 10.1002/ajpa.1330150403

3. Hulse FS. Adaptation, selection, and plasticity in ongoing human evolution. Hum
Biol. (1960) 32:63-79.

4. Reynafarje C, Ramos J,
of erythropoietic ~activity in man
Proc  Soc Exp Biol Med. (1964)
29331

Faura ], Villavicencio D. Humoral control
during and after altitude exposure.
116:649-50. doi: 10.3181/00379727-116-

Sullivan ~ KN.
(1971)

5. Lenfant C,
Engl ] Med.
42305

Adaptation to  high altitude.  New
284:1298-309. doi: 10.1056/NEJM1971061028

Frontiers in Medicine

10.3389/fmed.2022.1062778

Funding

This work was funded by the Science and Technology
Program of Tibet Autonomous Region (Nos. XZ201703-
GB-02 and XZ202201YDO0013C), the Sichuan Science and
Technology Project (No. 2021YFQO0034), and the Chinese
Academy of Medical Sciences Innovative
Medicine (2021-12M-1-060).

Initiative  for

Acknowledgments

We thank all blood donors and blood collectors who participated
in this study, the laboratory staff of the Hospital of Chengdu Office of
People’s Government of Tibetan Autonomous Region for their help in
the analysis of routine biochemical test data, and the laboratory staff
of the People’s Hospital of the Tibet Autonomous Region for their
help in blood collection and test data analysis.

Conflict of interest

The authors declare that the research was conducted in

the absence of any commercial or financial relationships
that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers.
Any product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.
1062778/full#supplementary-material

6. Hurtado A. Animals in high altitudes: resident man. In: Dill DB, Adolph EE, Wilber
CG, editors. Handbook of Physiology. Adaptation to the Environment. Washington, DC:
American Physiological Society. (1964). p. 843-60.

7. Merino CF. Studies on blood formation and destruction in the policythemia of high
altitude. Blood. (1950) 5:1-31. doi: 10.1182/blood.V5.1.1.1

8. Lenfant C, Torrance J, English E, Finch CA, Reynafarje C, Ramos J, et al. Effect of
altitude on oxygen binding by hemoglobin and on organic phosphate levels. J Clin Invest.
(1968) 47:2652-6. doi: 10.1172/JCI1105948

9. Tianyi W, Xiaoqin W, Chunyin W. Hemoglobin levels in Qinghai-Tibet:
different effects of gender for Tibetans vs. Han. J Appl Physiol. (2005) 98:598-604.
doi: 10.1152/japplphysiol.01034.2002

10. Thiele J, Kvasnicka HM. The 2008 WHO diagnostic criteria for polycythemia vera,
essential thrombocythemia, and primary myelofibrosis. Curr Hematol Malig Rep. (2009)
4:33-40. doi: 10.1007/s11899-009-0005-6

frontiersin.org


https://doi.org/10.3389/fmed.2022.1062778
https://www.frontiersin.org/articles/10.3389/fmed.2022.1062778/full#supplementary-material
https://doi.org/10.1002/ajpa.1330150403
https://doi.org/10.3181/00379727-116-29331
https://doi.org/10.1056/NEJM197106102842305
https://doi.org/10.1182/blood.V5.1.1.1
https://doi.org/10.1172/JCI105948
https://doi.org/10.1152/japplphysiol.01034.2002
https://doi.org/10.1007/s11899-009-0005-6
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Zhong et al.

11. Winslow RM, Samaja M, West JB. Red cell function at extreme altitude
on Mount Everest. | Appl Physiol Respir Environ Exerc Physiol. (1984) 56:109-
16. doi: 10.1152/jappl.1984.56.1.109

12. Liu C, Liu B, Zhang EL, Liao WT, Liu J, Sun BD, et al. Elevated pentose phosphate
pathway is involved in the recovery of hypoxia-induced erythrocytosis. Mol Med Rep.
(2017) 16:9441-8. doi: 10.3892/mmr.2017.7801

13. Li K, Gesang L, Dan Z, Gusang L. Transcriptome reveals the overexpression of
a kallikrein gene cluster (KLK1/3/7/8/12) in the Tibetans with high altitude-associated
polycythemia. Int ] Mol Med. (2017) 39:287-96. doi: 10.3892/ijmm.2016.2830

14. Sullivan MT, Cotten R, Read EJ, Wallace EL. Blood collection and
transfusion in the United States in 2001. Transfusion. (2007) 47:385-
94. doi: 10.1111/j.1537-2995.2007.01128.x

15. Hess JR. An update on solutions for red cell storage. Vox Sang. (2006) 91:13-
9. doi: 10.1111/§.1423-0410.2006.00778.x

16. Zhong R, Liu H, Wang H, Li X, He Z, Gangla M, et al. Adaption to
high altitude: an evaluation of the storage quality of suspended red blood cells
prepared from the whole blood of Tibetan plateau migrants. PLoS ONE. (2015)
10:€0144201. doi: 10.1371/journal.pone.0144201

17. Sowemimo-Coker SO. Red blood cell hemolysis during processing. Transfus Med
Rev. (2002) 16:46-60. doi: 10.1053/tmrv.2002.29404

18. Binfeng H, Jianchun W, Guisheng Q. Analysis of high-altitude de-acclimatization
syndrome after exposure to high altitudes: a cluster-randomized controlled trial. PLoS
ONE. (2013) 8:1-11. doi: 10.1371/annotation/6c085b4d-9f37-4d48-84c9-5abfd691d2c7

19. D’Alessandro A, Nemkov T, Sun K, Liu H, Song A, Monte AA, et al. Altitude omics:
Red blood cell metabolic adaptation to high altitude hypoxia. ] Proteome Res. (2016)
15:3883-95. doi: 10.1021/acs.jproteome.6b00733

20. Hess JR. Red cell changes during storage. Transfus Apher Sci. (2010) 43:51—
9. doi: 10.1016/j.transci.2010.05.009

21. Heaton WAL. Evaluation of posttransfusion recovery and survival of transfused red
cells. Transfus Med Rev. (1992) 6:153-69. doi: 10.1016/S0887-7963(92)70166-7

22. HebbelL RP, Eaton JW, Kronenberg RS, Zanjani ED, Moore G, Berger EM. Human
llamas: adaptation to altitude in subjects with high hemoglobin oxygen affinity. J Clin
Invest Sep. (1978) 62:593-600. doi: 10.1172/JCI109165

23. Aste-Salazar H, Hurtado A. The affinity of hemoglobin for oxygen at sea level and
at high altitudes. Am J Physiol. (1944) 142:733-43. doi: 10.1152/ajplegacy.1944.142.5.733

24. Rumjantseva V, Hoffmeister KNovel M. and unexpected clearance mechanisms
for cold platelets. Transfus Apher Sci. (2010) 42:63-70. doi: 10.1016/j.transci.2009.
10.008

25. Zhang R, Yu X, Shen Y, Yang C, Liu E Ye S, et al. Correlation
between RBC changes and coagulation parameters in high altitude

Frontiersin Medicine

09

10.3389/fmed.2022.1062778

population. (2019)  24:325-30.  doi:  10.1080/16078454.2019.

1568658

26. Lehmann T, Mairbaurl H, Pleisch B, Maggiorini M, Bartsch P, Reinhart WH, et al.
Platelet count and function at high altitude and in high-altitude pulmonary edema. ] Appl
Physiol. (2006) 100:690-4. doi: 10.1152/japplphysiol.00991.2005

27. Gray GW, Bryan AC, Freedman MH, Houston CS, Lewis WE McFadden
DM, et al. Effect of altitude exposure on platelets. ] Appl Physiol. (1975) 39:648-
52. doi: 10.1152/jappl.1975.39.4.648

28. Chatterji JC, Ohri VC, Das BK, Chadha KS, Akhtar M, Bhatacharji P,
et al. Platelet count, plateletaggregation and fibrinogen levels following acute
induction to high altitude (3200 and 3771 metres). Thromb Res. (1982) 26:177-
82. doi: 10.1016/0049-3848(82)90138-4

Hematology.

29. Hartmann S, Krafft A, Huch R, Breymann C. Effect of altitude on thrombopoietin
and the platelet count in healthy volunteers. Thromb Haemost. (2005) 93:115-
7. doi: 10.1160/TH04-02-0086

30. Hudson JG, Bowen AL, Navia P, Rios-Dalenz J, Pollard AJ, Williams D, et al.
The effect of high altitude on platelet counts, thrombopoietin and erythropoietin
levels in young Bolivian airmen visiting the Andes. Int | Biometeorol. (1999) 43:85-
90. doi: 10.1007/s004840050120

31. Kotwal J, Apte CV, Kotwal A, Mukherjee B, Jayaram J]. High altitude: a
hypercoagulable state: results of aprospective cohort study. Thromb Res. (2007) 120:391-
7. doi: 10.1016/j.thromres.2006.09.013

32. Zuck TE Bensinger TA, Peck CC, Chillar RK, Beutler E, Button LN,
et al. The in vivo survival of red blood cells stored in modified CPD with
adenine: report of a multi-institutional cooperative effort. Transfusion. (1977) 17:374-
82. doi: 10.1046/j.1537-2995.1977.17477216866.x

33. Beutler E, West C. The storage of hard-packed red blood cells incitrate-
phosphate-dextrose (CPD) and CPD-adenine (CPDA-1). Blood. (1979) 54:280-
4. doi: 10.1182/blood.V54.1.280.280

34. Kurup PA, Arun P, Gayathri NS, Dhanya CR, Indu AR. Modified formulation
of CPDA for storage of whole blood, and of SAGM for storage of red blood cells,
to maintain the concentration of 2,3-diphosphoglycerate. Vox Sang. (2003) 85:253-
61. doi: 10.1111/j.0042-9007.2003.00366.x

35. Lo HH, Schimmel PR. Effect of 2,3-diphosphoglycerate and ATP on ethyl
isocyanide binding to human hemoglobin. Biochim Biophys Acta (BBA). (1972) 263:304-
8. doi: 10.1016/0005-2795(72)90083-9

36. Veale ME Healey G, Sparrow RL. Effect of additive solutions on
red blood cell (RBC) membrane properties of stored RBCs prepared from
whole blood held for24 hours at room temperature. Transfusion. (2011)
51:2558—33S. doi: 10.1111/§.1537-2995.2010.02960.x

37. Niinistd K, Raekallio M, Sankari S. Storage of equine red blood cells as a concentrate.
Vet J. (2008) 176:227-31. doi: 10.1016/j.tvjl.2007.02.015

frontiersin.org


https://doi.org/10.3389/fmed.2022.1062778
https://doi.org/10.1152/jappl.1984.56.1.109
https://doi.org/10.3892/mmr.2017.7801
https://doi.org/10.3892/ijmm.2016.2830
https://doi.org/10.1111/j.1537-2995.2007.01128.x
https://doi.org/10.1111/j.1423-0410.2006.00778.x
https://doi.org/10.1371/journal.pone.0144201
https://doi.org/10.1053/tmrv.2002.29404
https://doi.org/10.1371/annotation/6c085b4d-9f37-4d48-84c9-5abfd691d2c7
https://doi.org/10.1021/acs.jproteome.6b00733
https://doi.org/10.1016/j.transci.2010.05.009
https://doi.org/10.1016/S0887-7963(92)70166-7
https://doi.org/10.1172/JCI109165
https://doi.org/10.1152/ajplegacy.1944.142.5.733
https://doi.org/10.1016/j.transci.2009.10.008
https://doi.org/10.1080/16078454.2019.1568658
https://doi.org/10.1152/japplphysiol.00991.2005
https://doi.org/10.1152/jappl.1975.39.4.648
https://doi.org/10.1016/0049-3848(82)90138-4
https://doi.org/10.1160/TH04-02-0086
https://doi.org/10.1007/s004840050120
https://doi.org/10.1016/j.thromres.2006.09.013
https://doi.org/10.1046/j.1537-2995.1977.17477216866.x
https://doi.org/10.1182/blood.V54.1.280.280
https://doi.org/10.1111/j.0042-9007.2003.00366.x
https://doi.org/10.1016/0005-2795(72)90083-9
https://doi.org/10.1111/j.1537-2995.2010.02960.x
https://doi.org/10.1016/j.tvjl.2007.02.015
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

	A study on the correlation between hemoglobin concentration and the storage quality of suspended red blood cells prepared from the whole blood of Tibetan male residents
	Introduction
	Materials and methods
	WB collection and RBC processing and storage
	Routine assessment of RBC quality
	Hemolysis
	Oxygen affinity
	Statistical analysis

	Results
	Group C had high [Hb], Hct levels, and a low PLT number
	The effect of [Hb] on MCV and PLT
	Group C had higher change rates of electrolytes, glucose, and lactate
	Effect of [Hb] on change amounts of pH, lactate, glucose, Na+, and K+ during storage
	Group B had higher 2,3-DPG on day 35, and there was no significant difference in ATP and P50 among the three groups
	Effect of [Hb] on the amount of changes in 2,3-DPG, ATP, P50, and hemolysis during storage

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


