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RESUMO

[A elevacdo de HbAlc em mulheres hiperglicémicas com niveis diminuidos
de ferro envolve aumento da estabilidade osmoética e da variabilidade de

volume (RDW) de células vermelhas]

Introducgéo: As concentragdes de hemoglobina glicada (HbAlc) estdo associadas
ndo apenas a glicose, mas também aos niveis de ferro, e isso requer atencao
clinica cuidadosa, especialmente em individuos hiperglicémicos. Objetivo: Este
estudo teve como objetivo analisar as associacées de variaveis antropométricas,
inflamatdrias, regulatorias, metabdlicas e hematologicas, com indicadores do
status do ferro e niveis de HbAlc em mulheres hiperglicémicas. Métodos:
Participaram deste estudo transversal prospectivo 143 mulheres (68
normoglicémicas e 75 hiperglicémicas). As comparacfes entre 0S grupos
utilizaram o teste de Mann-Whitney e a busca de associa¢gfes entre pares de
variaveis utilizou o método de correlacdo de Spearman. Resultados: Em
mulheres hiperglicémicas, a diminuicdo de ferro associa-se ao aumento da
HbAlc, e essas alteracdes estdo ambas associadas ao estado inflamatério e
envolvem diminui¢cdo da concentracdo de hemoglobina intracelular (CHCM), que
por sua vez, envolve aumento da estabilidade osmética (dX) e da variabilidade de
volume (RDW) de eritrocitos, bem como diminuicdo do catabolismo da
hemoglobina. Essa diminuicdo do catabolismo da hemoglobina ndo parece ser
apenas um processo associado a diminuicdo das concentracfes intracelulares
dessa proteina, uma vez que esta associada ao estado inflamatério e a
diminuicdo de LDL-colesterol. Conclusdo: Em mulheres hiperglicémicas, a
elevacdo da HbAlc com a diminui¢do do ferro esta ligada a inflamacéo associada
a obesidade e envolve mudancas associadas ao aumento da estabilidade

osmatica e a variabilidade de volume (RDW) de eritrocitos.

Palavras-chave: Obesidade; inflamacédo; hiperglicemia; Hemoglobina glicada;

deficiéncia de ferro; eritrécitos; estabilidade osmética.
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ABSTRACT

Elevation of HbAlc in hyperglycemic women with decreased iron involves
increased osmotic stability and volume variability (RDW) of red cells

Background: Glycated hemoglobin (HbAlc) concentrations are associated not
only with glucose, but also with iron levels, and this requires careful clinical
attention, especially in hyperglycemic individuals. Objective: This study aimed to
analyze the associations of anthropometric, inflammatory, regulatory, metabolic,
and hematologic variables with iron status and HbAlc levels in hyperglycemic
women. Methods: A total of 143 (68 normoglycemic and 75 hyperglycemic)
women participated in this prospective cross-sectional study. Comparisons
between groups used the Mann-Whitney test, and the search for associations
between pairs of variables used the Spearman correlation method. Results: In
hyperglycemic women, decreased iron associates with increased HbAlc, and
these changes are both associated with inflammatory status and involve
decreased intracellular hemoglobin concentration (MCHC), which in turn, involves
enhanced osmotic stability (dX) and volume variability (RDW) of erythrocytes, as
well as decreased hemoglobin catabolism. This decreased hemoglobin catabolism
does not seem to be solely a process associated with diminished intracellular
concentrations of this protein since it is associated with inflammatory status and
decreased LDL-cholesterol. Conclusion: In hyperglycemic women, the elevation
of HbAlc with decreased iron is linked with obesity-associated inflammation and
involves changes associated with increased osmotic stability and distribution width
(RDW) in red cells.

Key Words: Obesity; inflammation; hyperglycemia; glycated hemoglobin; iron

deficiency; erythrocytes; osmotic stability.
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1. INTRODUCTION

The blood concentration of glycated hemoglobin (HbAlc) is widely used for
screening, diagnosis, and monitoring of hyperglycemia. It is considered as a gold
standard to assess long-term blood glucose (WHO, 2011), including by the
American Diabetics Association, which recommends the maintenance of the blood
levels of HbAlc below 7% in all diabetic patients to avoid the development of
micro- and macrovascular complications (AMERICAN DIABETES, 2020).

However, HbAlc is influenced not only by the glucose blood concentration,
but also by conditions that cause iron deficiency (ID) (BROOKS; METCALFE;
DAY; EDWARDS, 1980; EL-AGOUZA; ABU SHAHLA; SIRDAH, 2002; MADHU;
RAJ; GUPTA; GIRI et al., 2017) and/or affect red blood cells (RBC) homeostasis
(HUANG,; LIU; MAO; CHEN et al., 2018; VIRTUE; FURNE; NUTTALL; LEVITT,
2004), such as insufficient intake and absorption of iron (BOURI; MARTIN, 2018),
acute and chronic blood loss (GALLAGHER; LE ROITH; BLOOMGARDEN, 2009),
chronic kidney disease (CKD) (LEE; HUANG; CHEN; CHIOU et al., 2018), and
hemolytic anemias (ENGLISH; IDRIS; SMITH; DHATARIYA et al., 2015).

This is worrying, since ID affects more than 2 billion people worldwide
(MCLEAN; COGSWELL; EGLI; WOJDYLA et al., 2009), predominantly in the
female population.

ID, which is not synonymous with anemia, characterizes by a decrease in
body iron stores (CAMASCHELLA, 2015) and has three sequential stages. The
first stage is characterized by iron depletion and has iron levels and hematologic
parameter values that are still within their reference limits. The second stage,
characterized by a subclinical ID, begins with normal hemoglobin levels and
progressively leads to changes in hematologic parameters, due to the restriction of
iron supply for erythropoiesis. Finally, the third stage is ID anemia, which is the
most severe condition (SKIKNE; LYNCH; BOREK; COOK, 1984; SUOMINEN;
PUNNONEN; RAJAMAKI; IRJALA, 1998).

Although lower iron has been associated with increased HbAlc in
individuals without and with diabetes (BROOKS; METCALFE; DAY; EDWARDS,
1980; COBAN; OZDOGAN; TIMURAGAOGLU, 2004; EL-AGOUZA; ABU
SHAHLA; SIRDAH, 2002; GRAM-HANSEN; ERIKSEN; MOURITS-ANDERSEN;
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OLESEN, 1990), ID anemia was also associated with decreased HbAlc and
normalization after iron replacement therapy in a population without diabetes
(CETINKAYA ALTUNTAS; EVRAN; GURKAN; SERT et al.,, 2020). This issue
deserves to be well understood, especially in the populations with diabetes,
because the prevalence of ID in this disease is relatively high (ALDALLAL; JENA,
2018; LOUTRADIS; SKODRA; GEORGIANOS; TOLIKA et al., 2016) and the
assessment of HbAlc is an essential routine in its monitoring (AMERICAN
DIABETES, 2020; ASSOCIATION, 2018), but also because the mechanisms by
which ID influences HbAlc levels have not yet been fully elucidated (AHMAD;
RAFAT, 2013).

A proper understanding of this issue involves the study of the RBC
properties that are influenced by the iron blood levels (SANGHANI; HALDANKAR,
2006; YIP; MOHANDAS; CLARK; JAIN et al., 1983), such as the osmotic stability,
which increases with decreased hemoglobin content in the erythrocytes
(MOHANDAS; CLARK; JACOBS; SHOEHET, 1980; MOHANDAS; EVANS, 1994;
MOHANDAS; GALLAGHER, 2008).

Indeed, the evaluation of erythrocytes osmotic stability is of pivotal
importance for understanding the role of these cells in many diseases (FESSLER,;
ROSE; ZHANG; JARAMILLO et al., 2013; LOPEZ DE FRUTOS; CEBOLLA; IRUN;
KOHLER et al., 2018; STIER; REICHERT; CRISCUOLO; BIZE, 2015), which
comprises different types of erythrocytopathies, but also type 1 (RODRIGUES; DE
MEDEIROS; CUNHA; GARROTE-FILHO et al., 2018) and type 2 diabetes mellitus
(KUNG; TSENG; WANG, 2009), preeclampsia (AIRES RODRIGUES DE
FREITAS; VIEIRA DA COSTA; ALVES DE MEDEIROS; DA SILVA GARROTE
FILHO et al., 2018; DE FREITAS; DA COSTA; MEDEIROS; CUNHA et al., 2019),
and health interventions such as bariatric surgery (DE ARVELOS; ROCHA; FELIX;
DA CUNHA et al, 2013) and physical exercise(PARAISO; DE FREITAS;
GONCALVES; DE ALMEIDA NETO et al., 2014; PARAISO; GONCALVES;
CUNHA; DE ALMEIDA NETO et al., 2017).

Regardless of the relationship between iron status and HbAlc levels,
erythrocytes are part of the scenery. Therefore, this study aims to contribute to the

elucidation of this issue by investigating the associations anthropometric,
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inflammatory, regulatory, metabolic, and hematologic variables with iron status

indicators and HbAlc in hyperglycemic women.

2. GENERAL OBJECTIVE

Elucidate the relationship between iron status and HbAlc levels, by
investigating the associations of anthropometric, inflammatory, regulatory,
metabolic, and hematologic variables with iron status indicators and HbAlc in

hyperglycemic women.
3. SPECIFIC OBJECTIVE

e I|dentify the anthropometric, inflammatory, regulatory, metabolic, and
hematologic variables that suffer changes in patients with hyperglycemia
compared to normoglycemic ones.

e I|dentify the associations of anthropometric, inflammatory, regulatory,
metabolic, and hematologic variables with iron status indicators and HbAlc
in hyperglycemic women.

e |dentify the anthropometric, inflammatory, regulatory, metabolic, and
hematologic variables that may be involved in the associations between
elevated HbAlc levels and decrease iron status indicators in hyperglycemic

women.

4. MATERIALS AND METHODS

4.1.Population

In this cross-sectional study, previously approved by the Research Ethics
Committee of the Federal University of Uberlandia under registration number
56557516.0.0000.5152, a population consisted of 143 female volunteers —
attended at an outpatient clinic of the Clinical Hospital of that institution — was
stratified into the Normoglycemic (FPG < 100 mg/dL, n=68) and Hyperglycemic
(FPG = 100 mg/dL, n=75) groups.

Among eligible patients, those with type 1 diabetes mellitus, hereditary
erythrocytopathies, nephropathies, cognitive impairment, and a history of alcohol

15



and other drug abuse, were excluded in the study. All procedures were performed
after the participants sign the Free and Informed Consent Form. The patients who,
after signing the form, decided to abandon the study, regardless of the reason,

were excluded.

4.2.Collection of blood samples
After 8-12 hours of overnight fast, blood samples were collected by an
intravenous puncture in evacuated tubes (Vacutainer, BD, Juiz de Fora, MG,
Brazil), two tubes containing KsEDTA, to determine the blood count and osmotic
stability of erythrocytes, and two of them containing separation gel for biochemical

assays.

4.3.Determination of erythrocytes osmotic stability

A duplicate set of microtubes containing 1.0 mL of 0-1 g.dL* NaCl solutions
was pre-incubated in a thermostated water bath at 37 °C (Marconi, model MA 184,
Piracicaba, SP, Brazil) for 10 min. After adding freshly collected whole blood
aliquots (0-12 hours after collection) to each of the tubes, they were hermetically
sealed, gently shaken and incubated for 30 min in a 37 °C. After incubation and
centrifugation at 1,600 x g for 10 min (Hitachi Koki, model CF15RXII, Hitachinaka,
Japan), the supernatant absorbance was read at 540 nm using a UV-VIS
spectrophotometer (Hach, model DR 5000, Dusseldorf, Germany) (PENHA-
SILVA; FIRMINO; DE FREITAS REIS; DA COSTA HUSS et al., 2007).

The relationship between absorbance at 540 nm (A) and the concentration
of NaCl (X) was adjusted to a sigmoidal regression line according to the

Boltzmann equation,

Amax—Amin
= 7 eG-Hsoyax T Amin D),

in which Amin and Amax are the average absorbance values in the minimum

and maximum plateaus of the sigmoid and represent, respectively, the initial and
maximum hemolysis rate, Hso is the concentration of NaCl capable of promoting

50% of hemolysis, and dX is the variation in NaCl concentration associated with ¥
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of the total hemolysis (PENHA-SILVA; FIRMINO; DE FREITAS REIS; DA COSTA
HUSS et al., 2007).

Hso is an osmotic fragility parameter and, therefore, has an inverse
relationship with the osmotic stability, but dX is a stability parameter, as well as the
dX/Hso ratio.

4.4.Red blood cells count and biochemical analytes determination

Routine blood tests were performed at the Clinical Analysis Laboratory of
the Clinical Hospital of the Federal University of Uberlandia.

The complete blood count was obtained using an automated system
(Sysmex America Inc., model XN 3.000, Kobe, Japan). The reticulocyte (Rtc)
count was performed visually and expressed as a percentage of RBC (Rtc index).
HbAlc was quantified by high-performance liquid chromatography (HLPC) using a
D10 dual HPLC system (Bio-Rad, Hercules, CA, USA).

Plasma concentrations of high-density lipoprotein cholesterol, low-density
lipoprotein cholesterol, very low-density lipoprotein cholesterol, total cholesterol,
triglycerides, glucose, direct and total bilirubin, alanine aminotransferase,
aspartate aminotransferase, lactate dehydrogenase, and C-reactive protein were
determined using specific commercial kits and an automatic analyzer (Cobas
6000, Roche Diagnostics GmBH, Mannheim, Germany).

Insulin was determined using a chemiluminescence enzyme immunoassay
kit (Roche Cobas 8000, Roche Diagnostics, Switzerland).

4.5.Anthropometric assessments
All anthropometric measurements were taken according to the standard
proposed by the World Health Organization (WHO, 2008). The body weight and
height were taken using a balance coupled to a stadiometer with 0.1 kg and 0.1
cm accuracy, respectively (Filizola, Sdo Paulo, SP, Brazil), with the volunteer
standing upright, barefoot and wearing light clothing. The body mass index was
estimated by the Quetelet Index, which was obtained by dividing the volunteer’s

body weight, in kg, by her height, in m2.

4.6.Muscle strength assessment

17



Muscle strength was estimated by the handgrip strength measurement
using an electronic hand dynamometer (Camry Scale Store, model EH 101, City
Industry, CA, USA), and given by the value in kg that the volunteer was able to
maintain for at least 3 seconds. Two tests with a 1-minute interval were performed,

and the greatest handgrip strength was recorded.

4.7.HOMA-IR and HOMA-B assessments

Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) and
Homeostasis Model Assessment 3 Cell Function (HOMA-B) were calculated using
the formulas: HOMA-IR = Fasting Insulin x Fasting Plasma Glucose + 22.5, and
HOMA-B = 20 x Fasting Insulin + (Fasting Plasma Glucose -3.5), with fasting
insulin and plasma glucose values given in plU/mL and mmol/L, respectively
(DULLAART; ANNEMA; DE BOER; TIETGE, 2012; MATTHEWS; HOSKER,;
RUDENSKI; NAYLOR et al., 1985).

4.8. Statistical analysis

Erythrocytes stability analyzes used OriginPro 9.0 (Microcal, Northampton,
MA, USA). All other analyzes used version 25.0 of the Statistical Package for the
Social Sciences (SPSS Inc., Chicago, IL, USA). Data distribution analysis used the
Shapiro Wilk test. The comparison between groups used the Mann-Whitney test.
Correlation analysis used the Spearman method. Results with a p-value <0.05
were considered significant in all tests. The obtention of the correlation matrix
exhibited in Figure 2 used the CorrPlot package, version 1.2.1335 (RStudio,
Boston, MA, USA), based in R version 3.61 (R Foundation for Statistical

Computing, Vienna, Austria).

5. RESULTS

Of a total of 150 volunteers who met the eligibility criteria, three withdrew
from the study, two had their blood samples lost, and two underwent tests in
laboratories without quality certification, leaving a total of 143 volunteers, who

were stratified in the Normoglycemic (n=68) and hyperglycemic (n=75) groups.
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Table 1 presents the general characteristics of the normoglycemic and
hyperglycemic groups in this study. Some of the significant differences deserve
mention.

Hyperglycemic women had higher values for body mass index (BMI),
Homeostatic Model Assessment of Insulin Resistance (HOMA-IR), hemoglobin
Alc (HbAlc), triglycerides (TGC), very low-density lipoprotein cholesterol (VLDL-
C), C-reactive protein (CRP), direct bilirubin/total bilirubin ratio (DB/TB), total iron-
binding capacity (TIBC), red-cell distribution width (RDW), reticulocyte (Rtc) count,
erythrocytes osmotic stability (dX and dX/Hso ratio), as well as lower values for iron
(Fe), transferrin saturation index (TSI), mean corpuscular hemoglobin (MCH),
MCH concentration (MCHC), low-density lipoprotein cholesterol (LDL-C), and
indirect bilirubin/total bilirubin ratio (IB/TB).

The elevated BMI,

characteristics of prediabetes and T2DM, i.e., obesity, insulin resistance, and

HOMA-IR, and CRP values express typical

inflammation.

The lipid profile characterizes by increased TGC and VLDL-C and
decreased LDL-C levels.

Decreased iron and TSI values, as well as the increased TIBC values and
the reduction in MCH and MCHC, indicate a tendency towards ID in the
hyperglycemic population.

The decrease in the unconjugated bilirubin fraction (IB/TB ratio) is

compatible with a reduction in the degradation of heme-proteins.

Table 1. Baseline characteristics of the study population

Parameters Reference Normoglycemics Hiperglycemics p
Range (n = 68) (n =75)
Age (years) - 59 (14) 62 (12) 0.037
Weight (kg) 65 (10) 75 (20.1) <0.001
Height (cm) - 158 (9) 158 (8) 0.742
Body Mass Index (kg/m?) 18.5-24.9 26.04 (4.58) 30.1 (6.69) <0.001
Waist Circumference (cm) <80 88.25 (12.5) 99 (17) <0.001
Hip Circumference (cm) <0.85 99.5 (8) 105.5 (11.5) 0.001
Waist to Hip Ratio <0.7 0.87 (0.09) 0.93 (0.07) <0.001
Arm Circumference (cm) 29 (3) 31 (5) 0.001
Time After Diagnosis (years) 0 (0) 1.5(9)
Force (kg) > 24 24.25 (6.05) 23.1 (5.8) 0.105
Insulin (nU/mL) 2-23 7.33 (5.23) 16.03 (11.62) <0.001
HOMA-IR <215 1.6 (1.24) 4.81 (4.56) <0.001
HOMA- 167 e 175 98.71 (68.75) 97.76 (95.68) 0.809
Glucose (mg/dL) <99 92.8 (6.35) 112.1 (35) <0.001
HbAlc (%) <56 5.55 (0.5) 6.55 (1.65) <0.001
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Triglycerides (mg/dL) < 150 106.6 (63.45) 145.3 (71.3) 0.003
Total Cholesterol (mg/dL) <200 189.3 (49.05) 179.45 (48) 0.122
HDL-Cholesterol (mg/dL) > 55 55.5 (20.6) 52 (17) 0.310
LDL-Cholesterol (mg/dL) <100 108 (43) 91 (51) 0.012
VLDL-Cholesterol (mg/dL) <30 21 (12) 29 (13.5) 0.004
AST (U/L) 5-40 18.1 (5.8) 18.6 (8.55) 0.738
ALT (U/L) 0-50 15.9 (9.5) 17.65 (12.85) 0.047
LDH (UI/L) 120 - 246 182.5 (46) 187 (43) 0.761
C-Reactive Protein (mg/L) 5 2 (2.35) 3.6 (5.9) 0.002
Creatinine (mg/dL) 05-11 0.8 (0.18) 0.78 (0.15) 0.563
Urea (mg/dL) 13-43 28.3 (10.65) 29.8 (13.1) 0.617
Uric Acid (mg/dL) 6 4.25 (1.55) 5.25 (2) <0.001
Direct Bilirubin (mg/dL) 0.1-04 0.16 (0.09) 0.18 (0.08) 0.172
Indirect Bilirubin (mg/dL) 0.1-0.7 0.28 (0.16) 0.28 (0.19) 0.502
Total Bilirubin (mg/dL) 02-1.1 0.44 (0.23) 0.44 (0.21) 0.805
Direct Bilirubin/Total Bilirubin 0.35 (0.07) 0.39 (0.08) <0.001
Indirect Bilirubin/Total Bilirubin 0.65 (0.06) 0.61 (0.08) <0.001
Iron (mmol/L) 11-25 17.2 (5.77) 16.15 (7.33) 0.032
Ferritin (ng/mL) 11 - 306 138.5 (158.56) 118.65 (189.21) 0.552
TSI (%) 20 - 55 36.01 (14.04) 28.86 (14) 0.003
TIBC (mcg/dL) 250 — 425 291.04 (66.3) 301.42 (65.07) 0.024
Vitamin B9 (ng/mL) >5.4 11.86 (7.15) 11.61 (5.44) 0.817
Vitamin B12 (pg/mL) 211-911 387.6 (222.4) 399.55 (241.7) 0.792
Vitamin D (ng/mL) > 30 27.34 (10.7) 26.25 (10.4) 0.155
Hemoglobin (g/dL) 12 - 16 13.5 (1.35) 13.4 (1.4) 0.559
Hematocrit (%) 36.0-47.0 39.4 (4.25) 39.2 (4) 0.819
RBC (million/mm?) 4.00 - 5.60 4.6 (0.5) 4.6 (0.5) 0.812
MCV (fL) 82.0-94.0 86.3 (5.1) 86.8 (5.8) 0.598
MCH (pg) 27.0-33.0 30 (1.8) 294 (2) 0.010
MCHC (mmol/L) 32.0-37.0 34.55 (1.35) 33.9 (1.4) 0.010
RDW (%) 11.0-16.5 12.7 (0.9) 13.1(1.1) 0.015
Reticulocyte Index (%) 05-15 1(0.9) 1.2 (1) 0.049
Leucocyte Count (10° cells/L) 4.5-10.0 5.65 (1.75) 6.3 (2.3) 0.003
Lymphocyte Percentage 20-40 34 (12.3) 34 (10.4) 0.742
Monocytes Percentage 3-10 7.3 (3.4) 7.4 (2.5) 0.956
Platelet Count (10° cells/L) 150 - 400 239 (71) 246 (66) 0.632
Mean Platelet Volume (fL) 8.14-12.24 10.3(1.1) 10.3 (1.9) 0.402
Anmin (AOD) - 0 (0.01) 0 (0.01) 0.791
Amax (AOD) - 1.16 (0.12) 1.14 (0.17) 0.808
Hso (g9/dL NacCl) - 0.45 (0.03) 0.44 (0.03) 0.238
dX (g/dL NacCl) - 0.01 (0) 0.02 (0.01) 0.005
dX/Hso (g/dL NacCl) - 0.03 (0.01) 0.04 (0.02) 0.002
dX/Amin (g/dL NaCl) - 1.14 (5.17) 1.68 (3.3) 0.255

Abbreviations: HOMA-IR, Homeostasis Model Assessment

of Insulin Resistance (HOMA-IR);

HOMA-B, Homeostasis Model Assessment § Cell Function; HbAlc, glycated hemoglobin Alc;
HDL, high density lipoprotein; LDL, low density lipoprotein; VLDL, very low density lipoprotein; ALT,
alanine amino transferase; AST, aspartate aminotransferase; LDH, lactate dehydrogenase; TSI,
transferrin saturation index; TIBC, total iron binding capacity; DB, Direct Bilirrubin; 1B, Indirect
Bilirrubin; TB, Total Bilirrubin; MCV, mean corpuscular volume; MCH, mean corpuscular
hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red cell distribution width;
Anmin, absorbance at 540 nm associated with residual lysis of the erythrocytes population; Amax,
absorbance at 540 nm associated with lysis of the whole population of erythrocytes; Hso, saline
concentration capable of promoting 50% hemolysis; dX, variation in the concentration of NacCl

responsible for total hemolysis.

* p<0.05 indicates statistically significant difference. Values are presented as median (interquartile
range) and comparisons between groups were done using the Mann- Whitney test.
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The increased dX and dX/H50 mean greater erythrocyte osmotic stability in the
hyperglycemic group. A typical osmotic fragility curve of a volunteer study (Fig. 1) shows the
meanings of those osmotic stability parameters.

Figure 1. Sigmoidal fitting of a typical curve of hypotonic hemolysis. Hso is the NaCl concentration
which promotes 50% hemolysis; dX represents 1/4 of the decline in the NaCl concentration
responsible for the transition between integer (Amin) and lysed cells (Amax).

Figure 2 shows the results of the correlation analysis in the hyperglycemic
group. Some results deserve mention.

Increased CRP correlated with increased BMI and HOMA-IR, decreased
iron and IB/TB, and increased dX and HbAlc. These correlations link inflammatory
status to obesity, insulin resistance, a tendency towards ID, and enhanced
lifespan, osmotic stability, and HbAlc content in erythrocytes, respectively.

Increased HbAlc, in addition to the association with enhanced CRP,
correlated with increased HOMA-IR and decreased iron, TSI, MCH, MCHC, and
Amax (iron status markers). These correlations link the high levels of glycated
hemoglobin to inflammatory status, insulin resistance, and tendency towards ID,

respectively.
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The correlation of reduced MCH with reduced IB/TB associates decreased
red-cell hemoglobin content with decreased heme-proteins degradation. Since
MCH refers specifically to hemoglobin, it is clear that hemoglobin is at least a
substantial part of these heme-proteins.

Moreover, the correlations of reduced TSI with reduced values of DB, IB,
and TB associate decreased TSI with decreased degradation of heme-proteins.

The correlations of decreased LDL-C with decreased IB/TB and iron status
markers (iron, Hb, and Ht) associate the decline in LDL-C with such decreased
degradation of heme-proteins and the tendency towards ID.

The correlations of increased RDW with reduced MCHC and increased dX
associates increased volume variability with decreased hemoglobin content and
increased osmotic stability of erythrocytes, respectively.

The correlations of increased dX with enhanced RDW and decreased iron
status markers (Hb, MCH, MCHC, and Ht) associate increased erythrocytes
stability with increased volume variability and tendency towards ID, respectively.

Lastly, the correlations of enhanced HOMA-B values with increased iron
status markers (iron and TSI), as well as with Rtc count, mean that preservation of
insulin secretion is linked to better iron homeostasis and the production of new red

blood cells.
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Figure 2. Spearman rho coefficients for the correlations of the

hyperglycemic group.
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Figure 3 summarizes the main changes and correlations observed in the

hyperglycemic group.
4 BMI*

4 HOMA-IR*

4dx* 4 Glu*

4 RDW* 4 HbA1c*
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Figure 4. Map of significant (p<0.05) Spearman correlations, indicated by lines between variables
which values were significantly (*) higher (4) or lower (¥) in the hyperglycemic group than in the
control group. Abbreviations: HOMA-IR, Homeostasis Model Assessment of Insulin Resistance
(HOMA-IR); HbA1c, glycated hemoglobin Alc; LDL-C, low-density lipoprotein cholesterol; Fe, iron;
DB, Direct Bilirubin; 1B, Indirect Bilirubin; TB, Total Bilirubin; MCV, mean corpuscular volume; MCH,
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red cell
distribution width; dX, variation in the concentration of NaCl responsible for total hemolysis.
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6. DISCUSSION

In this study, increased HbAlc correlated with decreased iron, TSI, MCH,
and MCHC, in the hyperglycemic group, which had lower iron levels and TSI
concomitantly with higher values of HbAlc and TIBC compared to hormoglycemic
women. These findings mean that HbAlc increases with a decrease in the levels
of iron status indicators, even without ID.

Despite the existence of controversies, with associations of ID anemia with
low HbAlc levels and normalization after iron replacement therapy (CETINKAYA
ALTUNTAS; EVRAN; GURKAN; SERT et al., 2020), associations of lower serum
iron values with higher levels of HbAlc in individuals without and with diabetes
have been found in several investigations (BROOKS; METCALFE; DAY,
EDWARDS, 1980; COBAN; OZDOGAN; TIMURAGAOGLU, 2004; EL-AGOUZA,
ABU SHAHLA; SIRDAH, 2002; HASHIMOTO; OSUGI; NOGUCHI; MORIMOTO et
al., 2010; KOGA; MORITA; SAITO; MUKAI et al., 2007; MADHU; RAJ; GUPTA;
GIRI et al., 2017; TARIM; KUCUKERDOGAN; GUNAY; ERALP et al., 1999), and
even been addressed in a systematic review (ENGLISH; IDRIS; SMITH;
DHATARIYA et al., 2015).

In the study by Madhu et al., the HbAlc levels of individuals with ID anemia
(n=62) were higher than in the control group (n=60) and correlated negatively with
ferritin, Hb, RBC, MCH, and MCHC before supplementation with iron, but declined
after the replacement therapy (MADHU; RAJ; GUPTA; GIRI et al.,, 2017).
Likewise, Coban et al. observed that HbAlc levels were higher in individuals
without diabetes and with ID anemia compared with the control group and fell after
oral administration of iron (COBAN; OZDOGAN; TIMURAGAOGLU, 2004). In the
study by Tarim et al., HbAlc was high and associated with ID anemia in pediatric
patients with and without T1DM, but declined after iron replacement therapy in
both groups, indicating that nutritional iron deficiencies can influence HbAlc
values, regardless of whether the patient has diabetes or not (TARIM;
KUCUKERDOGAN; GUNAY; ERALP et al., 1999).

Even in premenopausal women, regardless of glucose blood levels,

negative correlations between HbAlc and iron, MCV, and MCH have also been
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reported, even when ID anemia had not yet been detected (KOGA; MORITA,
SAITO; MUKAI et al., 2007).

This evidence indicates that the HbAlc levels overestimate glycemia in
populations with a tendency towards ID, and this is worrying, especially in females
with diabetes, which are very prone to ID.

Although this issue is known, its mechanism remains unclear (AHMAD;
RAFAT, 2013), which deserves consideration, especially in hyperglycemic women
populations.

Anyhow, understanding this mechanism involves erythrocyte homeostasis
since only HbAlc and not glycated albumin is affected by decreased iron levels
(HASHIMOTO; OSUGI; NOGUCHI; MORIMOTO et al., 2010). Nevertheless, this
mechanism has to consider other factors such as obesity, which is related to
anemia, regardless of diabetes, and with diabetes, regardless of anemia (ADIB
RAD; SEFIDGAR; TAMADONI; SEDAGHAT et al., 2019; AIGNER; FELDMAN;
DATZ, 2014). Indeed, obesity is a factor associated with the tendency towards ID,
since obesity-associated inflammation involves impaired duodenal iron absorption
and low expression of duodenal ferroportin and elevated hepcidin levels (AIGNER;
FELDMAN; DATZ, 2014).

In the hyperglycemic group of this study, increased BMI correlated with
enhanced CRP, which associates obesity with inflammation, and with decreased
MCV and MCH, and increased RDW, which associates obesity with a tendency
towards ID. Since these correlations were in the hyperglycemic population, such a
tendency towards ID could also be linked to diabetes and not specifically to
obesity. However, the correlations of enhanced BMI with decreased Hb (p=-0.3,
p<0.05) and increased RDW (p=0.4, p<0.05) in the normoglycemic group,
reinforce the existence of an association between obesity and tendency towards
ID, regardless of diabetes. Nevertheless, indeed, the correlations of enhanced BMI
with increased HOMA-IR in both normoglycemic (p=0.4, p<0.05) and
hyperglycemic groups show the well-known associations of obesity with the
tendency to hyperglycemia and the severity of this condition, respectively.

Although BMI elevation was not associated directly with increased HbAlc,
the CRP elevation, in its turn, was correlated directly with enhanced BMI, as
previously mentioned, and with increased HOMA-IR, Glu, decreased iron, MCV,
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and IB/TB, and increased dX, RDW, and HbAlc. These correlations mean that the
inflammation links obesity with insulin resistance, hyperglycemia, a tendency to 1D
and microcytosis, decreased degradation of heme-proteins, and increased osmotic
stability, volume variability, and HbAlc content of erythrocytes, respectively. In
other words, inflammation represents a mechanism by which obesity affects
metabolic processes and iron homeostasis in hyperglycemia.

It is important to note that those changes and relationships are present in a
population that does not have ID anemia, which is characterized by a decrease in
iron status indicators, as Hb, below the reference values. Since iron stores are
used slowly in a subclinical ID, hematologic indices such as MCV, MCH, and
MCHC, begin to decline but may remain within their reference ranges, at least in
the initial phase of the process (SUOMINEN; PUNNONEN; RAJAMAKI; IRJALA,
1998). Indeed, as expected for a chronic degenerative condition, the fasting
glycemia and HbAlc levels increased with the time after disease diagnosis, which,
in turn, correlated with decreased MCH values.

The dX increase in the hyperglycemic group is associated with decreased
cell hemoglobin content. Erythrocytes with lower volume and lower hemoglobin
content receive less water inflow in a hypoosmolar medium and, therefore, remain
intact in this environment (DE FREITAS; DA COSTA; MEDEIROS; CUNHA et al.,
2019; MOHANDAS; CLARK; JACOBS; SHOEHET, 1980; MOHANDAS; EVANS,
1994; MOHANDAS; GALLAGHER, 2008). The correlation of enhanced dX with
decreased Hb, MCHC, and Ht, and enhanced RDW, expresses the osmotic
stability increase with reduced hemoglobin concentration and means that the
elevation in the stability of erythrocytes is associated with the tendency towards ID
and increased volume variability. Indeed, MCHC was lower in the hyperglycemic
group, but MCV was not smaller, and neither showed a negative correlation with
dX in this group. Certainly, MCV was not smaller, because it represents the
composition of an average population of smaller and larger cells, resulting in
increased volume variability. Indeed, the hyperglycemic group had higher Rtc
counts and RDW values.

Such a dX increase, although detected in vitro, must mean an elevation in

the stability of erythrocytes also in the bloodstream, since cells with smaller
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volume and lower hemoglobin content are mechanically more stable and better
support the shear stress in the blood vessels (MOHANDAS; EVANS, 1994).

A combination of increased stability with decreased content and
degradation of hemoglobin, in the face of higher concentrations of glucose, would
favor the production of HbAlc (COBAN; OZDOGAN; TIMURAGAOGLU, 2004; EL-
AGOUZA; ABU SHAHLA; SIRDAH, 2002; SLUITER; VAN ESSEN; REITSMA;
DOORENBOS, 1980). Indeed, in the hyperglycemic group, which presented
higher dX, and lower MCHC and IB/TB ratio, decreased MCHC correlated
enhanced HbAlc.

Although a decrease in the IB/TB ratio represents a decrease in the general
catabolism of heme-proteins, the correlation of decreased IB/TB with decreased
MCH shows that hemoglobin is the heme-protein that is determining the change in
the fraction of unconjugated bilirubin of the hyperglycemic group, which indeed
presented smaller values of IB/TB, MCH, and MCHC. Since 70-90% of blood
bilirubin comes from the removal of senescent erythrocytes from the bloodstream
and early breakdown of hemoglobin in the bone marrow (NGASHANGVA;
BACHU; GOSWAMI, 2019; WESTWOOD, 1991), such a reduction in the
unconjugated bilirubin fraction shall indeed reflect decreased catabolism of
hemoglobin.

In addition to the association of decreased intracellular hemoglobin
concentration with erythrocyte stability, the possible associations of glycemia
(LEMOS; MARQUEZ-BERNARDES; ARVELOS; PARAISO et al.,, 2011) and
lipidemia (CAZZOLA; RONDANELLI; RUSSO-VOLPE; FERRARI et al., 2004,
CAZZOLA; RONDANELLI; TROTTI; CESTARO, 2011) also deserve
consideration.

Hyperglycemia enhances plasma osmolarity, which increases red blood cell
stability (LEMOS; MARQUEZ-BERNARDES; ARVELOS; PARAISO et al., 2011).
However, it also favors the glycation of hemoglobin and membrane proteins of red
cells, which decreases their stability and deformability (KUNG; TSENG; WANG,
2009). Higher glycation levels can change the Hb structure, increasing its
aggregation and, consequently, reducing cell deformability (YE; RUAN; YONG;
SHEN et al., 2016). Furthermore, even small modifications in the erythrocyte

membrane can affect the viscoelastic changes necessary for its passage through
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small-diameter capillaries in the body (MOHANDAS; GALLAGHER, 2008). Less
deformable erythrocytes are mechanically more fragile (MOHANDAS; CLARK;
JACOBS; SHOEHET, 1980), especially in the presence of oxidative stress
(MCNAMEE; HOROBIN; TANSLEY; SIMMONDS, 2018) and increased blood
pressure (DE FREITAS; DA COSTA; MEDEIROS; CUNHA et al., 2019). Thus, this
requires the removal of the damaged cells and acceleration of erythropoiesis.

Although hyperglycemia and diabetes effects in erythrocytes' homeostasis
are indeed different, they both are equally controversial. In diabetes, there is
mention of a decrease (HUANG; LIU; MAO; CHEN et al., 2018), absence of
interference (COHEN; FRANCO; KHERA; SMITH et al.,, 2008), and even an
increase (WU; LIN; GAO; LI et al.,, 2017) in erythrocytes’ lifespan. These
differences should not necessarily signify mistakes in one study over another, but
rather the complexity of the natural history of diabetes and, indeed, the even
greater complexity of the natural history of hyperglycemia in the initiation and
progression of diabetes. In this study, the increase in time after diagnosis
correlated with enhanced blood glucose and HbAlc levels, as expected, but also
with a decline in the IB/TB ratio, which expresses the occurrence of decreased
hemoglobin degradation only later in the disease timeline. In addition to the
relationship that the decrease in hemoglobin degradation has with the decrease in
the intracellular concentration of this protein, an increase in the erythrocyte
lifespan could also justify the decrease in the unconjugated bilirubin fraction.
Indeed, an extension of erythrocytes’ lifespan is considered a cause of increased
HbAlc levels (GALLAGHER; LE ROITH; BLOOMGARDEN, 2009), even in healthy
individuals (COHEN; FRANCO; KHERA; SMITH et al., 2008). Thus, the higher
HbAlc variability in the hyperglycemic group may also reflect in some level the
erythrocytes lifespan heterogeneity in this group.

The association of blood lipids with erythrocytes properties is an issue as
complex as the evolution of lipidemia in the natural history of T2DM. For this
reason, a more objective focus on the present situation of the studied population is
necessary. The lower LDL-C levels and higher levels of VLDL-C and TGC in the
hyperglycemic group seem to be linked to the development of ID, regardless of
T2DM. Indeed, the studies by Verma et al. (VERMA; SHANKAR; MADHU;
TANDON et al., 2010) and by Antappanavar et al. (ANTAPPANAVAR; BIRADAR,;
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PATIL; BIRADAR et al., 2014) also reported decreased LDL-C and increased
VLDL-C and TGC in Indian patients without diabetes and with ID anemia when
compared to the control group. However, the positive correlations of LDL-C with
iron, Hb, and Ht, and between t-C and iron (Fig. 2) observed in the hyperglycemic
group of this study reveal an association of cholesterol decline with the tendency
towards ID anemia also in the hyperglycemic population. Since Choi et al. (CHOI;
KIM; PAI, 2001) demonstrated that t-C was also positively correlated with Hb in
patients with ID anemia in general, this means that the decline in cholesterolemia
is a condition associated with the development and worsening of anemia itself,
regardless of its link with diabetes. Indeed, in the absence of anemia and
hyperglycemia (normoglycemic group), the cholesterol levels did not show
significant correlations with iron status indicators (data not shown).

Although such a decrease in LDL-C may have a protective effect against
atherosclerosis, especially in postmenopausal women, in the hyperglycemic
population of this study, it certainly has other implications, since it happened
concomitantly with the tendency towards ID.

One of these implications would be worsening liver function associated with
increased ALT and AST in this population. As these biomarkers were within their
normal reference ranges, and the conjugated bilirubin fraction, given by DB/TB,
was also higher in that group, a worsening liver function does not seem to be
associated with decreased LDL-C.

Another implication of the decreased LDL-C would be the increased
demand for this lipid in the production or maintenance of erythrocytes. Indeed, the
hyperglycemic group had an increase in the Rtc index compared to the control
group of this study. Furthermore, the positive correlations of LDL-C with iron, Hb,
and Ht values may reflect the cholesterol consumption in the maintenance of the
erythrocytes in the circulation. Indeed, the positive correlation of LDL-C with the
unconjugated bilirubin fraction associates decreased LDL-C with decreased
catabolism of hemoglobin. This association suggests that LDL-C consumption is
involved in the mechanism by which the organism tries to counteract the tendency
towards ID. This mechanism can be an increase in the cholesterol content of the
erythrocyte membrane. Indeed, the RDW increase, which correlated with
decreased MCHC in this study, was associated with increased cholesterol content
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in the RBC membrane by Tziakas et al. (TZIAKAS; CHALIKIAS; GRAPSA; GIOKA
et al., 2012).

Although preserving LDL-C levels seems to protect hyperglycemic
individuals from developing ID, it is necessary to highlight that exaggeratedly high
LDL-C levels can cause hemolytic anemia and morphological atypias (COOPER,;
ARNER; WILEY; SHATTIL, 1975). However, this is not the case in this study.

Since the levels of vitamins B9 and B12 were not different in the
hyperglycemic group, this means that the hematologic changes observed in this
group were not due to nutritional deficiencies of these vitamins. However, the
positive correlations of vitamin B9 with MCV and Ht shows the influence of that
vitamin on these variables.

As increased age correlated with decreased TIBC, both in the
hyperglycemic group and the control group (p=-0.3, p<0.05), this means that age
is also associated with changes in iron homeostasis. Indeed, aging has a modest
influence on HbAlc levels (NUTTALL, 1999), which is sufficient to compromise the
efficiency of HbAlc as a diagnostic criterion for diabetes (WU; LIN; GAO; LI et al.,
2017).

As far as we know, this is the first study to collectively assess the
relationships among iron status, lipid profile, erythrogram, erythrocyte stability, and
HbAlc levels. The dosage of vitamins whose deficiencies can cause anemia, and
the sample size, which was even more extensive than those of other studies that
analyzed the relationships between iron and HbAlc, are also strengths of this
study (COBAN; OZDOGAN; TIMURAGAOGLU, 2004; MADHU; RAJ; GUPTA;
GIRIl et al., 2017; TARIM; KUCUKERDOGAN; GUNAY; ERALP et al., 1999).

Unfortunately, we did not analyze oxidative stress markers, which should be
part of the mechanisms set that associate obesity, inflammation, diabetes, iron
status indicators, HbAlc, and erythrocyte properties. Such analyses would be
relevant since erythrocytes are essential in the blood antioxidant system, although
they are very prone to oxidative stress. Indeed, oxidative stress has been
associated with anemia in diabetes without nephropathy (WAGGIALLAH,;
ALZOHAIRY, 2011), since it is involved in the vascular complications of the
disease (RODRIGUES; DE MEDEIROS; CUNHA; GARROTE-FILHO et al., 2018)
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and the erythrocytes vulnerability to shear stress damage (MCNAMEE; HOROBIN;
TANSLEY; SIMMONDS, 2018).

The exclusively female composition of the study sample is an interesting
point because, historically, many experimental and clinical studies exclude
females due to their hormonal fluctuations. (MAZURE; JONES, 2015).
Furthermore, the correct interpretation of the results requires separation of the
population by sex, due to the sex difference in the reference values, especially for
the hematologic variables (ROY; SNYDER; STEPHENS-SHIELDS; ARTZ et al.,
2017).

In this study, in summary (Fig. 3), hyperglycemic women had decreased
iron, MCH, MCHC, LDL-C, and IB/TB, as well as increased BMI, CRP, HOMA-IR,
RDW, dX, and HbAlc. Elevated HbAlc was linked to inflammatory status, insulin
resistance, and tendency towards ID since increased HbAlc correlated with
enhanced CRP, and HOMA-IR, and decreased iron status markers (iron, TSI,
MCH, and MCHC), respectively. Inflammatory status was also associated with
obesity, insulin resistance, hyperglycemia, a tendency towards ID and
microcytosis, decreased hemoglobin catabolism, and increased osmotic stability
and volume variability of erythrocytes, since elevated CRP correlated with
enhanced BMI, HOMA-IR, and Glu, decreased iron, MCV, and IB/TB, and
increased dX, and RDW, respectively. Decreased hemoglobin catabolism was
associated with decreased LDL-cholesterol and hemoglobin concentration since
reduced IB/TB correlated with decreased LDL-C and MCHC. Such a hemoglobin
concentration decrease was associated with increased volume variability, osmotic
stability, and glycated hemoglobin in erythrocytes, since reduced MCH or MCHC
correlated with increased RDW, dX, and HbAlc. Moreover, preservation of insulin
secretion was linked to better iron homeostasis and the production of new red
blood cells, since enhanced HOMA-B correlated with increased iron status

markers (iron and TSI), as well as with Rtc count.
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7. CONCLUSION

In hyperglycemic women, decreased iron associates directly with increased
HbAlc. Moreover, these changes are both also associated with decreased
intracellular hemoglobin concentration (MCHC), which in turn, involves enhanced
osmotic stability (dX) and volume variability (RDW) of erythrocytes, as well as
decreased catabolism of heme (decreased IB/TB ratio). Such decreased
catabolism of heme does not seem to be solely a process associated with
diminished levels of hemoglobin since it is associated with inflammatory status and
decreased LDL-cholesterol.

Since decreased iron and increased HbAlc are both linked to obesity-
associated inflammation, a balanced diet and exercise could contribute to

neutralizing the iron levels' influence on the HbAlc concentrations.
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