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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

» Sex, age, and disease progression have 
an impact on red blood cells (RBCs);

» Sex-related differences are prominent in 
older ApoE/LDLR-/- mice;

» Female RBCs are less prone to the al
terations with progression of 
atherosclerosis;

» 2,3-DPG levels in RBCs show link to the 
hemoglobin secondary structure 
alterations.

A R T I C L E  I N F O A B S T R A C T
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In the present study, we characterized the secondary structure alterations of intact red blood cells (RBCs) cytosol 
with special attention to the sex-related alterations in 8- and 24-week-old female and male ApoE/LDLR-/- mice, 
compared to age-matched female and male C57BL/6J control animals. Results were obtained with previously 
established methodology based on Fourier transform infrared spectroscopy-attenuated total reflectance (FTIR- 
ATR). Additionally, we evaluated 2,3-DPG levels in the RBCs and showed its potential link to the hemoglobin 
(Hb) secondary structure alterations. Considering Hb structure alterations probed by FTIR-ATR, the ratio of turns 
to a-helices in 8-week-old ApoE/LDLR-/- mice suggested more pronounced secondary structure alterations within 
the RBCs than in the age-matched control. Sex-related differences were observed solely in 24-week-old male 
ApoE/LDLR-/- mice, which showed statistically significant increase in the secondary structure alterations

* Corresponding authors at: Jagiellonian Centre for Experimental Therapeutics, Jagiellonian University, 14 Bobrzynskiego St., 30-348 Krakow, Poland (K.M. 
Marzec, J. Dybas) and Lukasiewicz Research Network, Krakow Institute of Technology, 73 Zakopianska St., 30-418 Krakow, Poland (K.M. Marzec).

E-mail addresses: jakub.dybas@uj.edu.pl (J. Dybas), katarzyna.marzec@kit.lukasiewicz.gov.pl (K.M. Marzec).

https://doi.org/10.1016Xj.saa.2022.121819
Received 31 May 2022; Received in revised form 12 August 2022; Accepted 29 August 2022 
Available online 3 September 2022
1386-1425/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by- 
nc-nd/4.0/).

ELSEVIER

https://doi.org/10.1016/j.saa.2022.121819
http://www.sciencedirect.com/science/journal/13861425
https://www.journals.elsevier.com/spectrochimica-acta-part-a-%3c?show%20$6%23%3emolecular-and-biomolecular-spectroscopy
https://www.journals.elsevier.com/spectrochimica-acta-part-a-%3c?show%20$6%23%3emolecular-and-biomolecular-spectroscopy
mailto:jakub.dybas@uj.edu.pl
mailto:katarzyna.marzec@kit.lukasiewicz.gov.pl
https://doi.org/10.1016/j.saa.2022.121819
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


compared to 24-week-old female ApoE/LDLR-/- mice. Similar to the secondary structure alterations, no sex- 
related differences were observed in the levels o f 2,3-DPG in RBCs, except for 24-week-old male ApoE/ 
LDLR-/- mice, which showed significantly higher levels compared to the age-matched female ApoE/LDLR-/- mice. 
Considering the age-related alterations, we observed significant increases in the intracellular 2,3-DPG o f RBCs 
with animals’ age in all studied groups, except for female ApoE/LDLR-/- mice, where a significant difference was 
not reported. This suggests the clear correlation between secondary structure o f Hb alterations and 2,3-DPG 
levels for male and female murine RBC and proves a higher resistance o f older female RBCs to the secondary 
structure changes with progression o f atherosclerosis. Moreover, it may be concluded that higher 2,3-DPG levels 
in RBCs occurred in response to the secondary structure alterations o f Hb in ApoE/LDLR-/- mice.

1. Introduction

Red b lood  cells (RBCs) are exclusive ly  d ifferen tiated  to perform  their 

key function -  de liver oxygen  to each ce ll w ith in  liv in g  organisms. This 

function is ensured by  the substantial amount o f  hem oglob in  (H b ) 

m olecules constituting up to  95 %  o f  the w h o le  RBCs’ protein  content, as 

w e ll as b y  the unique, flex ib le  RBC m em brane a llow in g  them  to pass 

through the tin iest capillaries [1 - 5 ] . H em oglob in  is a tetram eric protein, 

in w h ich  each o f  four g lob in  subunits is bounded cova len tly  w ith  one 

hem e m olecu le that serves as a prosthetic group [6 ] . Each hem e com 

prises iron protoporphyrin  IX, w h ich  is so lely  responsible fo r oxygen  

carrying and de livery . During the oxygenation  process, oxygen  m ole

cules b ind to  one o f  four hem e m olecules w ith in  Hb, in itiating changes 

in the Hb quaternary structure, w hat gradually  increases Hb oxygen  

a ffin ity  and helps each subsequent oxygen  m olecu le to  b ind m ore e ffi

cien tly  to the hem e iron ion. This phenom enon is possible due to  the 

relaxation o f  Hb subunits, and change o f  the Hb quaternary structure 

from  T  (tense, deoxygenated/deoxyH b ) into R (relaxed , oxygenated/ 

oxyH b ) [ 7 ] . The process o f  oxygenation  is con tro lled  a llosterica lly , w hat 

is possible due to the structural shape changes o f  Hb induced by  several 

factors, e.g., intracellu lar lev e l o f  2 ,3-d iphosphoglycerate (2 ,3-D PG ) that 

regulates the a ffin ity  o f  Hb fo r oxygen  [8 ,9 ]. H igher 2,3-DPG concen

tration leads to a decrease in Hb oxygen  a ffin ity , and v ic e  versa. A d d i

tionally, RBC alterations result in changes in the secondary structure o f  

Hb w h ich  m ay have an im pact on the quaternary structure that affects 

the oxygen  a ffin ity  o f  Hb [1 0 ,1 1 ].

Previously, w e  have dem onstrated that the label-free vib rational 

spectroscopy techniques, including Fourier transform  in frared 

spectroscopy-attenuated tota l reflectance (FT IR -A TR ), can be success

fu lly  applied  to determ ine the b iochem ica l com position  o f  iso lated RBC 

mem branes and intact RBCs in a sem i-quantitative w ay, respectively  

[1 0 ,1 2 -1 4 ]. Because the protein  content o f  RBC cytoso l is dom inated by 

Hb m olecules, therefore, application o f  FT IR -ATR  spectroscopy on intact 

RBCs is much m ore suitable in com parison to Raman Spectroscopy (RS), 

w here spectra are overlapped  b y  strong resonant signal from  hem e [1 5 ]. 

FTIR -ATR  could revea l insight into a lterations o f  the secondary structure 

o f  RBC cytoso l proteins, w h ich  henceforth  w ill  be referred  to as on ly  Hb 

proteins, since it comprises the vast m ajority  o f  the total protein  content 

in RBCs. Such alterations in the secondary structure o f  Hb protein  m ay 

a ffect its functional quaternary structure. Im portantly, Hb is prim arily  

an a -h e lica l protein  and every  change in  its com position  suggests RBC 

alterations [1 6 ] .

In our previous w ork, w e  have a lready analyzed age- and 

atherosclerosis-related erythropath ies in ApoE/LDLR-/- m ice [1 1 ]. 

H ow ever, in that paper w e  focused on the analysis o f  RBCs iso lated on ly  

from  m ale m ice. Our recent findings w h ich  clearly  show ed sex-specific 

differences in A T P  levels, as w e ll as various other im portant param e

ters o f  RBCs iso lated from  ApoE/LDLR-/- m ice [1 7 ], suggested continu

ation o f  research towards attem pting an additional analysis o f  the 

changes in the secondary structure o f  Hb proteins in RBCs in relation  to 

m ice sex. W e  have a lready reported that there is a strict relation  betw een  

progressive alterations in secondary structures o f  Hb and the age o f  

stored human RBCs [1 0 ], nam ely, form ation  o f  ß-sheets, decrease in 

a-helices, and increase in intram olecu lar hydrogen  bonding form ation.

In case o f  m ale m urine RBCs, w e  have defined  the age-related alterations 

that include a decrease in the ratio  o f  turns to  a-helices, as w e ll as the 

atherosclerosis-related a lterations that include an increase in the ratio  o f  

unordered conform ations to a-helices. H ow ever, w e  have on ly 

m entioned that classical regu lation  b y  2,3-DPG should also be taken into 

consideration in this type o f  study. As it is known that 2,3-DPG content 

a llosterica lly  regulates the oxygen  a ffin ity  o f  Hb [8 ,9 ], in this w ork  w e 

have extended the analysis o f  RBC secondary structure b y  additional 

analysis o f  statistically s ign ificant number o f  m ale as w e ll as fem ale 

m urine RBCs in corre lation  to their 2,3-DPG levels.

2. M ethods and  m aterials

2.1. Animal models and blood collection

M urine m odel o f  atherosclerosis (8- and 24-week-old, fem ale and 

m ale, N  =  6 -1 0 ), ApoE/LDLR-/- [1 8 ], bred at University o f  Agricu lture in 

Krakow, and m atched w ild -typ e controls (8- and 24-week-old, fem ale 

and male, N  =  6 -8 ), C57BL/6J, bred at the Jackson Lab (Bar Harbor, 

M aine, USA), w ere  used fo r the experim ents. M ice w ere  housed at the 

anim al fac ility  o f  Jagiellon ian  Centre for Experim ental Therapeutics, 

Jagie llon ian  U niversity  in Krakow, in the conditions o f  12-hour light/ 

dark cycle, standard rodent ch ow  d iet and unlim ited access to drinking 

w ater. A ll anim al procedures w ere  in accordance w ith  the Guide fo r the 

Care and Use o f  Laboratory Anim als published by the US N ational In

stitutes o f  Health  (N IH  Publication No. 85 -23 , revised 1985) as w e ll as 

w ith  the loca l Ethical Com m ittee on An im al Experiments in Krakow. The 

num ber o f  m ice in each g iven  experim enta l group is stated in the cap

tions o f  the corresponding figures.

M ice w ere  anesthetized v ia  intraperitoneal in jection  o f  overdose 

ketam ine (100  m g/kg) and xy lazine (10  m g/kg) m ixture be fo re  sacri

fice. W h o le  b lood  samples w ere  co llected  d irectly  from  the right 

ven tric le  w ith  a syringe contain ing heparin as an anticoagu lant (10 

units/mL).

2.2. RBC isolation

A fter  b lo od  co llection , a com plete b lood  count w as perform ed. 

W h o le  b lood  samples w ere  subjected to centrifugation (acceleration : 

500 x  g, run time: 10 min, 4 °C, soft stop) up to 1 h a fter co llection. The 

plasma and bu ffy  coat w ere  aspirated after centrifugation. RBCs w ere 

w ashed w ith  the da ily  bu ffer solution (DBS). Subsequently, centrifuga

tion  w as repeated 2 times. Each time, DBS was added fo r rinsing before 

centrifugation  and supernatant w as aspirated. The DBS was prepared on 

the same day fo r each experim ent, and it contained: 21.0 m M  Tris Base, 

140.5 m M  NaCl, 4.7 m M  KCl, 2.0 m M  CaCl2, 1.2 m M  M gSO 4, 5.5 m M  

glucose and 76 pM bovine serum albumin, w ith  a final pH  adjusted to 

7.40. A ll chem icals w ere  d issolved in d istilled  w ater and the solution 

was filtered  through a p leated  filter w ith  0.22 pm pore size.

2.3. FTIR-ATR measurements with data analysis and processing

FTIR  measurements w ere  perform ed to characterize the changes in 

the secondary structure o f  Hb in RBCs. Briefly, FTIR  spectra w ere



co llected  fo r the pure fraction  o f  isolated RBCs using a Bruker A lpha 

FTIR  spectrom eter equ ipped w ith  a single-bounce diam ond A T R  crystal. 

Spectra w ere  acquired w ith  a 4 cm ~1 spectral resolution in the range o f  

3800 -900  cm ~1 b y  co-adding 64 scans. The smears o f  iso lated RBCs 

w ere  prepared by  deposition  o f  5 pL o f  each sam ple on the CaF2 w indow s

and air dry ing in am bient conditions fo r approx im ately 1 h. Each 

spectrum w as recorded for approx im ately 2 min. The background o f  the 

clean A T R  crystal w as recorded be fo re  each measurement. F ive rep li

cates fo r each sam ple w ere  co llected. Each sam ple o f  iso lated RBCs was 

prepared and placed on CaF2 slides in the exact same w ay. Therefore,

Fig. 1. Average FTIR-ATR spectra o f unfixed intact RBCs isolated from female (A ) and male (B), 8- (light blue and light green) and 24-week-old (dark green and dark 
blue), C57BL/6J (solid line, N =  6 -  10) and ApoE/LDLR-/- (dash and dot line, N =  6 -  8) mice. Second derivatives o f averaged FTIR-ATR spectra (C) displayed in the 
1700-1500 cm~1 spectral regions.



eventual im pact o f  DBS solution residues on com parative analysis can be 

neglected.

T o  determ ine the in tegral intensity o f  the selected bands, the second 

derivatives o f  IR  spectra w ere  calcu lated using a Savitzky-G olay m ethod 

w ith  nine sm oothing points and vector norm alized in the “ fingerprin t 

reg ion ” (9 0 0 -1 800  cm ~1). Next, the areas above the peaks w ere  calcu

lated using OPUS 7.2 so ftw are (Bruker Optics, B illerica, Massachusetts, 

USA).

Box charts o f  the bands’ ratios w ere  constructed using O rig inPro 

2020b software (O rig inLab , Northam pton, Massachusetts, USA). Sta

tistics w ere  calcu lated accord ing to the results o f  norm ality  assessment 

perform ed using Shap iro-W ilk  test. The data did not m eet norm ality  

requirem ent; therefore, the M ann-W hitney test w as perform ed, and re

sults w ere  shown as box  diagram s containing mean, m edian, and 

interquartile range together w ith  m in -m ax whiskers.

2.4. Determination o f intracellular 2,3-DPG levels and data analysis

Intracellu lar 2,3-DPG levels w ere  measured using a com m ercia lly  

ava ilab le ELISA kit on RBCs subjected to  subsequent hem olysis (A bbexa  

ltd, Cam bridge, U K ) accord ing to  the m anufacturer’ s instructions. This 

kit is based on com petitive  enzym e-linked im m uno-sorbent assay tech

nology. A n  antibody is pre-coated onto a 96 -w ell plate. Standards, test 

samples, and b io tin-conjugated reagent w ere  a ll added to the w ells  and 

incubated. A  com petitive  inh ib ition  reaction took place betw een  the 

b io tin -labelled  2,3-DPG and the unlabeled-2,3-DPG on the pre-coated 

antibody. The horseradish peroxidase (H R P )-con jugated  reagent was 

then added, and the w h o le  plate was incubated. Unbound conjugates 

w ere  rem oved  using a wash bu ffer at each stage. TM B (3,3 ',5 ,5 '-Tetra- 

m ethylbenzid ine) substrate was used to  quantify  the HRP enzym atic 

reaction. A fter  TM B substrate w as added, on ly  w ells  that contained 

su fficient 2,3-DPG w ou ld  produce a blue co lored  product, w h ich  then 

changes to y e llo w  a fter addition  o f  the acid ic stop solution. The intensity 

o f  y e llo w  co lor w as inverse ly  p roportional to the 2,3-DPG amount bound 

on the plate. The OD was measured spectrophotom etrically  at 450 nm in 

a m icrop late reader, from  w h ich  the concentration o f  2,3-DPG was 

calculated.

The data sets w ere  analyzed in O rig inPro 2020b (O rig inLab , N orth 

ampton, Massachusetts, USA) software. N orm ality  w as assessed using 

Shapiro-W ilk test. The data are expressed as bar plots (m ean ±  SE) and 

the sign ificance w as calcu lated using one-w ay A N O V A  w ith  Tu key ’ s test.

3. Results and discussion

3.1. Alterations in the secondary structure o f intact murine RBCs

FTIR -ATR  Spectroscopy w as perform ed to investigate alterations in 

the secondary structure o f  cytosol proteins in intact RBCs isolated from  

fem ale and m ale, 8- and 24-week-old, C57BL/6J and ApoE/LDLR-/- 

m ice. The average FTIR -ATR  spectra o f  intact RBCs in fem ale and m ale 

m ice w ere  d isplayed in  Fig. 1A  and B , respectively . In Fig. 1C, the 

second derivatives o f  averaged  FTIR -ATR  spectra in the 1700-1500 

cm ~1 spectral range w ere  presented. T h ey  revea led  the changes o f  in

tensities fo r some components o f  am ide I band corresponding to the 

d ifferen t secondary structures o f  cytosol proteins, in particular Hb 

[1 9 ,2 0 ].

Herein, w e  evaluated sex-, disease-, and age-related alterations in the 

secondary structure o f  Hb m olecules by  calculating the ratios o f  turns, 

intram olecu lar aggregates, and interm olecu lar aggregates to a-helices. 

The presence o f  interm olecu lar aggregates can be ev idenced  by  simul

taneous occurrence o f  tw o  characteristic components at 1620 and 1693 

on the obta ined FTIR  spectra. W e  calcu lated the in tegral intensities o f  

chosen m arker bands (ca. 1650, 1660, 1680, and 1693 cm ~1, w h ich  

indicate the presence o f  fo llow in g  structures: a-helices, turns, intra

m olecular aggregates, and interm olecu lar aggregates, respectively ) in a 

sem i-quantitative manner fo r intact RBCs from  the second deriva tive  o f

averaged  FTIR -ATR  spectra and dem onstrated in Fig. 2 as ratios, 1660/ 

1650 ( Fig. 2A ), 1680/1650 ( Fig. 2B ), and 1693/1650 (Fig. 2C ) . Band 

assignments and integration  ranges w ere  sum m arized in Tab le 1.

Turns fa vo r the form ation  o f  the globu lar shape o f  the Hb subunits by 

the reversing the direction  o f  the po lypep tid e chain com posed o f  a-he- 

lices [2 4 ]. W e  observed low er m ean values in turns to a-helices ratio in 

ApoE/LDLR-/- m ice com pared to age-m atched controls fo r both  fem ale 

and m ale m ice ( Fig. 2A )  w hat suggests loosening o f  the Hb structure. 

H ow ever, the observed decreases w ere  statistically s ign ificant on ly fo r 8- 

w eek -o ld  fem ales and males. This clearly  proves that the RBCs isolated 

from  young m ice d isplayed sign ificant a lterations in the secondary 

structure o f  Hb proteins com pared to  their age m atched control. 

Furtherm ore, such findings w ere  consistent w ith  our previous results 

obta ined so lely  fo r males, w h ere w e  reported the b iggest changes o f  the 

secondary structure in the RBCs iso lated from  5-w eek-old ApoE/LDLR-/- 

m ice w ith  hypercholesterolem ia [1 1 ] . Interestingly, no sign ificant d if

ference in the ratio  o f  turns to  a-helices w as observed betw een  males and 

fem ales in 8-w eek-o ld  C57BL/6J and ApoE/LDLR-/- m ice. On the other 

hand, o lder animals show ed sex-related d ifference in the ratio o f  turns to 

a-helices. Y et so le ly  24-w eek-old  ApoE/LDLR-/- m ale m ice show ed a 

statistically sign ificant increase in the secondary structure a lterations o f  

RBC cytosol proteins com pared to fem ale 24-w eek-old  ApoE/LDLR-/- 

m ice. This suggests a h igher resistance o f  fem ale RBCs to  the secondary 

structure changes connected w ith  progression o f  atherosclerosis in older 

animals.

A n  addition  to the alterations in  the ratio o f  turns to a-helices, w e  

w ere  able to characterize intram olecu lar and interm olecu lar aggregates 

to  a -helices ratios, revea led  by in tegrating the second deriva tives o f  

FT IR -ATR  spectra. The ratio o f  intram olecu lar aggregates to  a-helices 

( Fig. 2B ), expressed by  the 1680/1650 cm ~1 ratio, d isplayed dow nw ard  

trends in fem ale and m ale ApoE/LDLR-/- m ice com pared to the age- 

m atched controls. Th is observation  m ay suggest un fold ing o f  proteins 

(w eaken ing o f  intram olecu lar interactions) w h ich  can lead to their ag

gregation  due to the greater propensity o f  u n folded chains to form  non

random  aggregates [1 0 ,2 5 ]. The decreases in intram olecu lar aggregates 

to  a-helices ratios w ere  statistically s ign ificant fo r both  fem ale and m ale 

ApoE/LDLR-/- m ice in  com parison to  the suitable contro l groups. W e 

observed no sex-related differences in any o f  studied groups except for 

the m ean ingfu lly  low er values o f  ratios fo r 24-w eek-old  m ale ApoE/ 

LDLR-/- in relation to  age-m atched fem ale ApoE/LDLR-/-. Interestingly, 

this observation  w as com patib le w ith  results obta ined fo r turns to 

a-helices ratio ( Fig. 2 A )  p roving the h igher sensib ility o f  m ale RBCs to 

the secondary structure changes o f  proteins caused by  the atheroscle

rosis in o lder m ice. M a le and fem ale C57BL/6J m ice show ed significant 

decreases in the ratio o f  in tram olecu lar aggregates to  a-helices w ith  age.

On the other hand, the ratio o f  in term olecu lar aggregates (a ggrega 

tion-specific ß-sheets) to  a-helices (Fig. 2C ), expressed by  the 1693/ 

1650 cm ~1 ratio [2 1 -2 3 ], w as sign ificantly  increased in fem ale and m ale 

ApoE/LDLR-/- m ice com pared to the age-m atched controls. Such finding 

cou ld  ind icate aggregation  process o f  proteins occurring as a result o f  

the exposure o f  C- O and N — H groups o f  proteins, leading to hydrogen 

bonds form ation  betw een  po lypep tide chains in neighbouring protein  

m olecules. Interestingly, 8 -w eek-old  m ale contro l and ApoE/LDLR-/- 

m ice d isplayed sign ificantly  low er  interm olecu lar aggregates to 

a -helices ratio com pared to their age-m atched fem ales; how ever, no 

d ifference was observed betw een  24-w eek-old  fem ale and m ale mice. 

M oreover, no age-related differences w ere  observed in the ratio o f  

in term olecu lar aggregates to a -helices in fem ale control and ApoE/ 

LDLR-/- m ice in contrary to m ale m ice, w h ich  d isplayed sign ificant in

crease in the ratio w ith  age progress, suggesting higher resistance 

against age-related alterations in fem ales. Unfortunately, w e  w ere  not 

ab le to analyze changes in the content o f  unordered structures as in our 

previous w ork, due to the low  intensity o f  the 1640 cm ~1 band in the 

obta ined spectra.

Based on the obta ined results, it m ay be suggested that peptide 

chains in Hb partia lly  un fold  due to processes connected w ith



Fig. 2. Ratios calculated for the integral intensities of absorption bands in the FTIR-ATR spectra at 1660/1650 cm- 1 (A), 1680/1650 cm- 1 (B), and 1693/1650 cm- 1 
(C) showing alterations in secondary structures of proteins in cytosol of RBCs isolated from female and male, 8- and 24-week-old, C57BL/6J (N =  6 -  10) and ApoE/ 
LDLR-/- (N =  6 -  8) mice, i.e., turns to a-helices, intramolecular aggregates to a-helices, and intermolecular aggregates to a-helices, respectively. The integration 
regions and band assignments are depicted in Table 1. Normality was assessed using Shapiro-Wilk test. The data are expressed as box plots (median and interquartile 
range min-max whiskers) and the significance was calculated with Mann-Whitney test (*P <  0.05, **P <  0.01, ****P <  10-4, *****P  <  10_5).

Table 1
Definition of the assignment and shorthand notation of the main FTIR-ATR 
spectroscopic markers for which the integral intensities were applied.

aggregates in ApoE/LDLR-/- m ice and aged  m ale m ice are most like ly  

resulted from  the w eakened  intram olecu lar interactions. The e ffec t o f  

this process was m ore pronounced for the RBCs in  atherosclerotic mice. 

Sex-related differences appeared in the o lder ApoE/LDLR-/- m ice for 

turns but in the younger contro l and ApoE/LDLR-/- m ice fo r the inter- 

m olecu lar aggregates, and again suggested h igher resistance o f  fem ale 

RBCs to  Hb structure alterations. A dd itiona l com parison o f  the data was 

p rov ided  b y  principa l com ponent analysis (P C A ) included in the sup

p lem entary m aterials (F igure SM 1). The results o f  carried out PCA 

stayed in agreem ent w ith  the trends o f  the observed alterations ac

cord ing to  analysis o f  the PC2 loadings, how ever, the clear d iscrim ina

tion  betw een  groups w as not possible due to the subtle changes o f  the 

spectral profiles betw een  studied groups.

progression o f  atherosclerosis and aging. It m ight be facilita ted  by  the 

simultaneous appearance o f  tw o  changes connected w ith  the protein  

secondary structure: decrease in turns and w eaken ing o f  the intra

m olecular interactions. M oreover, d isp layed increased interm olecular

3.2. Intracellular 2,3-DPG levels o f murine RBCs

2,3-DPG is present in RBCs as an in term ed iary m etabolite o f  the 

E m bden-M eyerhof g lyco ly tic  pathway, the m ain pathw ay fo r A T P  pro

duction in RBCs [2 6 ]. 2,3-DPG levels in RBCs and the a ffin ity  o f  Hb to

Band wavenumber
(Integration
ranges)

Band assignment [19-23]

FTIR-ATR 1693 cm“ 1 intermolecular Amide I
bands (1702-1690) aggregates C -O  stretching

FTIR-ATR 1680 cm“ 1 intramolecular and
bands (1689-1675) aggregates N -H

1660 cm“ 1 turns deformation
(1666-1660)
1650 cm“ 1 a-helices
(1660-1634)



oxygen  m olecules exh ib it an inverse corre lation  [8 ,9 ]. In our study, 

intracellu lar 2,3-DPG levels o f  RBCs (Fig. 3 ) iso lated from  both fem ale 

and m ale ApoE/LDLR-/- m ice w ere  a lw ays h igher com pared to age- 

m atched controls, yet the on ly  sign ificant d ifference w as observed in 

24-week-old males, w hat suggests low er  Hb a ffin ity  to  oxygen  m olecules 

in ApoE/LDLR-/- mice.

H ypercholestero lem ia results in an increase in the cholestero l con

tent in  RBC m embranes, w h ich  reduces oxygen  d iffusion through the 

m em brane [2 7 ]. Due to this effect, previously w e  have suggested that 

hypercholesterolem ia in ApoE/LDLR-/- m ice could cause h igher Hb 

levels in RBCs com pared to age-m atched controls, in order to increase 

the oxygenation  o f  tissues [1 7 ]. Yet, w e  observed h igher 2,3-DPG levels 

per Hb (~ 1 .2 -1 .8  tim es) in RBCs acquired from  ApoE/LDLR-/- m ice 

com pared to the age-m atched controls in a ll studied groups, w hat in

dicates that the increase in 2,3-DPG levels w as h igher than the increase 

in Hb levels. H igher 2,3-DPG levels result in low er oxygen  a ffin ity  o f  Hb 

[8 ,9 ]. C ollec tively , w e  m ay speculate that because o f  the h igher 

cholestero l content in RBC m em brane and related h indering o f  the ox 

ygen  diffusion, h igher 2,3-DPG levels o f  RBCs in ApoE/LDLR-/- m ice m ay 

serve as a com pensation mechanism, facilita ting oxygen  release to  the 

tissues. Nevertheless, further studies are required.

RBCs acquired from  fem ale 8 -w eek-old  C57BL/6J and ApoE/LDLR-/- 

m ice show ed upward trend in intracellu lar 2,3-DPG levels com pared to 

age-m atched m ale m ice. H ow ever, 24-w eek-old  fem ale ApoE/LDLR-/- 

m ice show ed sign ificantly  low er levels o f  2,3-DPG in their RBCs 

com pared to age-m atched m ale m ice, w h ile  C57BL/6J m ice show ed lack 

o f  sex-related d ifference. Such findings m ay ind icate s ligh tly  h igher 

oxygen  a ffin ity  o f  Hb m olecules in m urine RBCs o f  young males, both 

control and ApoE/LDLR-/- than fem ales, w h ile  an opposite stance is seen 

in o lder m ice. Furtherm ore, w e  observed sign ificant increases in the 

lev e l o f  2,3-DPG in RBCs w ith  aging fo r all studied groups, except for 

fem ale ApoE/LDLR-/- m ice, w h ere the reported increase w as not 

significant.

C o llec tively , there w ere  no sex-related differences in the levels o f

2,3-DPG in RBCs (sim ilar observation  was found fo r human RBCs [2 8 ]), 

except fo r 24-w eek-old  m ale ApoE/LDLR-/- m ice, w h ich  show ed sign if

icantly  h igher levels com pared to age-m atched fem ale ApoE/LDLR-/- 

m ice. Im portantly, it must be po in ted out, that sign ificant change b e

tw een  fem ale and m ale 24-w eek-old  ApoE/LDLR-/- m ice, could be

Age [week]

Fig. 3. 2,3-Diphosphoglycerate (2,3-DPG) levels in red blood cells isolated 
from female and male, 8- and 24-week-old C57BL/6J (N  =  4 -  9) and ApoE/ 
LDLR-/- (N  =  4 -  13) mice. Normality was assessed using Shapiro-Wilk test. The 
data are expressed as bar plots (mean ±  SE) and the significance was calculated 
using one-way ANOVA with Tukey’ s test (*P  <  0.05, **P  <  0.01, ****P  
<  10“ 4).

related w ith  differences in amount o f  Hb betw een  those groups. H ow 

ever, in contrast to human studies, w here 2,3-DPG levels in RBCs 

decreased w ith  age [2 8 ], our findings show ed that 2,3-DPG levels in 

RBCs sign ificantly  increased w ith  age in a ll studied m ice groups, except 

fo r fem ale ApoE/LDLR-/- m ice, w h ere an increase occurred as w e ll, but 

was not significant. A ccord ing ly , one can suggest that Hb a ffin ity  to 

oxygen  m olecules decreases w ith  the age progression in m urine RBCs, 

since 2,3-DPG lev e l in RBCs is one the m ajor m odulators o f  Hb a ffin ity  to 

oxygen  [8 ,9 ].

4. Conclusions

Previously, w e  have reported that irreversib le a lterations in the 

secondary structure o f  Hb increased progressively  w ith  the tim e o f  

storage o f  human RBCs, and in fluenced the quaternary structure o f  Hb 

leading to the form ation  o f  the R ’ quaternary structure o f  Hb [1 0 ]. This 

had an im pact on oxygen  uptake and release leading to  their artific ia l 

increase. W e  have reported that the h igher the lev e l o f  secondary and 

quaternary structures a lteration  o f  Hb, the h igher is the lev e l o f  oxyH b 

w ith in  RBCs [1 0 ] . A dd itiona lly , w e  have previously reported higher 

oxygen  carrying capacity o f  RBCs in m ale ApoE/LDLR-/- m ice com pared 

to  the age-m atched controls [1 1 ], w h ich  w as defined  as a result o f  the 

alterations in  the secondary structure o f  Hb proteins. Our previous re

sults clearly  p roved  that secondary structure a lterations o f  Hb, w h ich  

lead  to  changes in the quaternary structure o f  Hb, in consequence lead to 

a sh ift in its oxygen  a ffin ity.

In the present study, w e  found that RBCs iso lated from  ApoE/LDLR-/- 

m ice exh ib ited  notable changes in the secondary structure o f  Hb 

com paring to their age-m atched controls. M oreover, sex-related changes 

w ere  observed in on ly  fo r intram olecu lar aggregates to  a -helices ratio, 

in  RBCs isolated from  young contro l and ApoE/LDLR-/- m ice. H ow ever, 

o lder m ice groups exh ib ited  sex-related differences in other secondary 

structure alterations, i.e., 24-w eek-old  m ale ApoE/LDLR-/- m ice dis

p layed  a statistically significant increase in the ratio o f  turns to a-helices 

com pared to 24-w eek-old  fem ale ApoE/LDLR-/- m ice. These ind icated a 

h igher resistance o f  fem ale RBCs to secondary structure changes due to 

atherosclerosis in  case o f  o lder animals. Such trend stays in correlation  

w ith  the levels o f  2,3-DPG, w h ere no sex-related differences w ere 

observed fo r young m urine RBCs o f  both  contro l and ApoE/LDLR-/- 

m ice. M oreover, sim ilar as fo r the secondary structure a lterations o f  Hb, 

sex-related changes w ere  iden tified  in 24-w eek-old  m ale ApoE/LDLR-/- 

m ice, w h ich  show ed sign ificantly  h igher levels com pared to  age- 

m atched fem ale ApoE/LDLR-/- m ice. Th is suggests a clear-cut corre la 

tion  betw een  the alterations in  the secondary structure o f  Hb and 2,3- 

DPG levels in RBCs fo r m ale and fem ale m ice groups (in  both  control 

and ApoE/LDLR-/- m ice ). The h igher the 2,3-DPG lev e l w ith in  the RBC, 

the h igher the secondary structure alterations o f  their cytoso l proteins 

and v ic e  versa.

O rdinarily, 2,3-DPG binds to deoxyH b and stabilizes the T  state, 

w h ich  results in low er  Hb a ffin ity  to oxygen  [9 ] . Consistently, low er 2,3- 

DPG levels are expected in RBCs iso lated from  ApoE/LDLR-/- m ice, ac

cord ing to the reported h igher oxygen  carrying capacity o f  their RBCs 

[1 1 ] . H ow ever, our findings ind icate contrarily. N am ely, RBCs in ApoE/ 

LDLR-/- m ice exh ib ited  h igher oxygen  carrying capacity  despite their 

h igher 2,3-DPG levels. A ccord ing ly , w e  m ay speculate that the revea led  

alterations in the secondary structure o f  Hb protein  in ApoE/LDLR-/- 

m ice could be irreversib le, as in stored human packed RBCs [1 0 ], w h ich  

m ay lead to  the h igher oxygen  carrying capacity. Accord ingly , 2,3-DPG 

levels in RBCs w ere  increased as a com pensation mechanism  in response 

to  such irreversib le alterations.
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