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Abstract

:

Diabetes mellitus is often associated with vascular complications in which hyperglycemia-induced oxidative stress may be the cause of the impaired vessels and circulating blood cells. The aim of this study was to follow the hyperglycemia-related metabolic and morphological changes in blood and urine samples of Wistar rats. Animals were divided into streptozotocin-induced diabetic (acute and chronic), insulin-treated diabetic, reversed diabetic, and control groups. In chronic diabetic rats, decreases in albumin, total protein, and antioxidant glutation concentration were measured, while glutamic-pyruvic transaminase, alkaline phosphatase, red blood cell (RBC) count, hematocrit, and hemoglobin levels were increased. Moreover, an increased level of the phenotypic variants was detected in the RBC population of the diabetic animals. In conclusion, we verified the sensitivity of RBCs to long-lasting hyperglycemia, and to insulin deficiency, which were both accompanied with an increased level of RBC-derived parameters and the presence of eccentrocytes, hemolyzed RBCs, and codocytes. Moreover, our results show that the response of the RBC glutation system to oxidative stress depends on the duration of hyperglycemia, and that the short-term activation of this defense system is exhausted in a long-lasting oxidative environment. Insulin therapy was effective in the case of most parameters, which clearly emphasizes the importance of maintaining blood glucose at physiological level.
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1. Introduction


Diabetes mellitus is a risk factor for the development of several macrovascular or microvascular complications such as coronary heart disease, ischemic strokes, retinopathy, nephropathy, and neuropathy [1,2]. The underlying mechanisms behind vascular complications are multifactorial and complex. Red blood cells (RBCs) are implicated in the pathomechanism of vascular disturbances [3]. They are highly sensitive to most pathological conditions, such as hyperglycemia, because they lose their organelles when mature and only preserve a few metabolic pathways [4]. Moreover, in a hyperglycemic environment, glucose concentration increases in the RBC cytosol because of passive glucose influx via the insulin-independent glucose transporter, which leads to non-enzymatic glycosylation of structural and functional proteins and the formation of advanced glycation end products [5,6]. The glycosylation of RBC membrane components causes irreversible cross-linking of cytoskeletal proteins, thereby reducing membrane fluidity, which leads to decreased relative lateral fluidity of proteins and lipids in the membrane structure. The changed fluidity of diabetic RBCs results in the decreased deformability of cells and increases their aggregation. The stiffened and rigid membrane and clumping of RBCs make it difficult for them to pass through the microvessels, causing microvascular complications [7,8]. A well-known glycated protein is the glycated hemoglobin A1c (HbA1c). The analysis of HbA1c in clinical tests of diabetic patients is routinely used to determine long-lasting blood glucose exposure [9]. In addition, HbA1c was found to be an independent cardiovascular risk factor. The glycated Hb is more susceptible to degradation, which leads to the enhanced fragility of RBCs, which in turn release higher quantities of free heme and iron, leading to oxidative stress. Moreover, glycated Hb may contribute to endothelial inflammation and vascular dysfunction [10]. Earlier studies demonstrated that diabetic patients may have other alterations in various hematological parameters, including RBC indices such as RBC count, mean corpuscular volume (MCV), or red blood cell volume distribution width (RDW) [5]. In addition, the higher proportion of morphologically altered RBCs in diabetes is a known consequence of this pathological condition; however, only a few studies have focused on quantification of different types of abnormally shaped RBCs in diabetic and insulin-treated diabetic rats using blood smears [8,11,12].



A disturbance in the balance of antioxidants and oxidants leads to oxidative stress. Oxidative stress is an important deleterious agent in several pathological conditions, such as chronic hyperglycemia, inflammation, or aging. Although RBCs do not have mitochondria, which are the main source of reactive oxygen and nitrogen species (RONS) in most cells, RONS are produced continuously in RBCs because of the heme iron content and the high oxygen tension in arteries. The elevated production of advanced glycation end products in chronic hyperglycemia is a triggering factor due to the glyco-oxidative stress. The antioxidant defense system, which scavenges and detoxifies RONS, consists of enzymatic and non-enzymatic pathways, such as superoxide dismutase, catalase, glutathione peroxidase (GSHPx), glutathione reductase (GR)-dependent regeneration of glutathione and NADH-methemoglobin reductase or reduced glutathione (GSH), uric acid, and vitamins A, C, and E. The main non-enzymatic antioxidant in RBCs is the tripeptide GSH, which exists either in reduced or oxidized (GSSG) form via the reversible oxidation of its active thiol. The reactions are facilitated by GSHPx and GR. The ratio of GSH/GSSG indicates the redox potential of the cell. Moreover, GSH has multiple protective roles in defense mechanisms. It can directly scavenge free radicals or play a role as a substrate during the detoxification of hydrogen peroxide and lipid hydroperoxides catalyzed by GSHPx and glutathione-s-transferase [13,14].



The aim of this study was to follow the hyperglycemia-related metabolic and morphological changes in blood and urine samples of Wistar rats, focusing on the possible oxidative stress-mediated changes.




2. Materials and Methods


2.1. Animal Models


Adult male Wistar rats (Crl:WI BR; Toxi-Coop Zrt., Balatonfüred, Hungary) kept on a 12/12 h day/night cycle, fed standard laboratory chow (Farmer-Mix Kft., Zsámbék, Hungary), and with free access to drinking water, were used throughout the 1-week acclimatization period and the experiments. The protocol was designed to minimize pain or discomfort to the animals. In all procedures involving experimental animals, the principles of the National Institutes of Health (Bethesda, MD, USA) guidelines and the EU directive 2010/63/EU (https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:276:0033:0079:en:PDF, accessed on 6 July 2023) for the protection of animals used for scientific purposes were strictly followed, and all the experiments were approved by the National Scientific Ethical Committee on Animal Experimentation (National Competent Authority), with the license number XX./1636/2019.



For the acute hyperglycemic experiments, before STZ injection the rats (280–320 g, 12-week-old) were divided randomly into two groups: STZ-induced 5-day diabetics (acute diabetics, n = 7), and age-matched controls (n = 6). The controls were treated with vehicle, while diabetes was induced by a single intraperitoneal injection of STZ (Sigma-Aldrich, Budapest, Hungary) at 60 mg/kg, as described previously [15,16]. The animals were considered diabetic if the non-fasting blood glucose concentration was higher than 18 mmol/L. The blood glucose level and weight of each animal were measured daily.



For the chronic hyperglycemic experiments, before STZ injection the rats (200–260 g, 7–8-week-old) were divided randomly into four groups: STZ-induced 10-week diabetics (chronic diabetics; n = 14), insulin-treated STZ-induced diabetics (insulin-treated diabetics; n = 13), reverted STZ-induced diabetics (reverted diabetics; n = 4), and age-matched controls (n = 20). The controls were treated with vehicle, while diabetes was induced by a single intraperitoneal injection of STZ, as previously mentioned. The animals were considered diabetic if the non-fasting blood glucose concentration was higher than 18 mmol/L. From this time on, one group of hyperglycemic rats received a subcutaneous injection of insulin (Humulin M3, Eli Lilly Nederland, Utrecht, The Netherlands) each morning (3 IU) and afternoon (3 IU). The rats of the chronic diabetic group were considered to be reverted diabetic if the non-fasting blood glucose concentration decreased and stayed under 18 mmol/L during the ten weeks. Equivalent volumes of saline were given subcutaneously to the diabetic, the reverted diabetic, and the control rats. The blood glucose level and weight of each animal were measured weekly.




2.2. Determination of Metabolic Panel and Complete Blood Count


After both 5 days and 10 weeks of STZ treatment, each rat was placed in a metabolic cage for urine collection. Carbamide and glucose levels of urine samples were determined with BiOLis 24i (Tokyo Boeki Machinery Ltd., Tokyo, Japan). The semiquantitative measurements of urine specific gravity, pH, leukocytes, nitrite, and ketones were performed by urine test strips (Arkray Ltd., Stokenchurch, UK).



Following this, on the next day, the blood samples were collected from the tail vein of each animal (BD Vacutainer SST II Advance serum tubes and BD Vacutainer K2E ethylenediaminetetraacetic acid (EDTA) 7.2 mg tubes, BD, Plymouth, UK).



Serum samples for clinical chemistry were left to clot at room temperature for 30 min before being centrifuged at 3200 rpm for 10 min at 20 °C. All parameters of clinical chemistry were measured from serum samples, except HbA1c, using the multi-function automatic analyzer system (BiOLis 24i). The level of HbA1c was determined from EDTA-containing blood samples on the BiOLis 24i.



The complete blood count and the derived parameters were determined from EDTA-containing blood samples using an ADVIA 120 hematology analyzer in CBC/Diff mode (Bayer Diagnostics, Tarrytown, NY, USA).




2.3. Determination of Diameter and Morphology of Red Blood Cells


Smears were made from whole blood immediately after sampling. Whole blood was diluted with a few drops of physiological saline (0.9%) when necessary. Blood smears were heat fixed to the slides (150 °C, 15 min) and kept at 4 °C until use.



Smears were fixed in methanol for 10 min and stained with hematoxylin-eosin (Leica Autostainer XL, Leica Biosystems, Deer Park, IL, USA). The stained smears were visualized and photographed with a 100× immersion objective on a Zeiss Imager Z.2 fluorescent microscope equipped with an AxioCam ICc 5 (Zeiss, Jena, Germany). Each RBC on 60 fields of view per group was evaluated for diameter and qualitative abnormalities, including echinocyte, acanthocyte, ovalocyte, dacrocyte, schistocyte, eccentrocyte, hemolyzed cell, or codocyte (Table 1) [17,18,19]. ImageJ 1.53t was used to quantify the erythrocyte diameter.




2.4. Tissue Handling


Five days or ten weeks after the onset of hyperglycemia, the animals were killed by cervical dislocation under chloral hydrate anesthesia (375 mg/kg i. p.). The pancreas of diabetic, reverted diabetic, insulin-treated diabetic, and control rats were dissected and rinsed in 0.05 M phosphate buffer (PB; pH 7.4). Samples were fixed in 4% paraformaldehyde and embedded in melted paraffin.




2.5. Fluorescent Immunohistochemistry


For double-labeling fluorescent immunohistochemistry, paraffin-embedded pancreas sections were immunostained with insulin and glucagon. Briefly, after blocking in PB containing 0.1% bovine serum albumin, 10% normal goat serum, and 0.3% Triton X-100, the samples were incubated overnight with anti-insulin (mouse; I2018, Sigma-Aldrich, Budapest, Hungary; final dilution 1:100) and anti-glucagon (rabbit, ab92517, Abcam, Cambridge, UK; final dilution 1:200) primary antibodies at 4 °C. After washing in tris(hydroxymethyl)aminomethane-buffered saline with 0.025% Triton X-100, sections were incubated with anti-mouse CyTM3 (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA; final dilution 1:200) and anti-rabbit Alexa Fluor 488 (Life Technologies Corporation, Molecular Probes, Inc., Waltham, MA, USA; final dilution 1:200) secondary antibodies for 1 h at room temperature. Negative controls were performed by omitting the primary antibody when no immunoreactivity was observed. Paraffin sections were mounted on slides in FluoroshieldTM with DAPI histology mounting medium (Sigma-Aldrich, Budapest, Hungary) to label nuclei of cells, which were observed and photographed with a Zeiss Imager Z.2 fluorescent microscope equipped with an Axiocam 506 mono camera (Zeiss, Jena, Germany).




2.6. Determination of Reduced and Oxidized Glutathione Contents of Red Blood Cells


Blood coagulation was inhibited with EDTA. The blood samples were centrifuged at 1000 r.p.m. for 10 min at 20 °C, and the plasma and the buffy coat were removed. The phase of RBCs was washed twice with 2 volumes of isotonic saline solution at pH 7.4. The samples were stored at −80 °C until processing.



The RBCs were hemolyzed by the addition of distilled water at a ratio of 1:9. The aliquots of the hemolysates were used directly for GSH and protein analysis.



The quantity of protein was determined with Folin reagent (Merck Life Science Kft. Darmstadt, Germany), using bovine serum albumin (Sigma-Aldrich, Budapest, Hungary) as standard [20].



The concentrations of total and reduced GSH in the RBCs were measured as described by Sedlak and Lindsay [21]. GSSG was recycled in the presence of GR (EC 1.8.1.7) (Sigma-Aldrich, Budapest, Hungary) and NADPH (Sigma-Aldrich, Budapest, Hungary), and GSSG content was calculated from the difference in total GSH and reduced GSH values. The results are expressed in nmol/mg protein.




2.7. Statistical Analysis


Statistical analysis was performed with the Kruskal–Wallis test and Dunn’s multiple comparison test (chronic study) or unpaired t-test (acute study). All analyses were carried out using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA). A probability of p < 0.05 was set as the level of significance. All data are expressed as means ± SEM.





3. Results


3.1. Body Weight and Glycemic Characteristics in Diabetic Rats


According to the data shown in Table 2 and Table 3, acute and chronic diabetic rats were characterized by significantly increased blood glucose level compared to the age-matched controls (acute: p < 0.0001; chronic: p < 0.001). Their urine glucose level (p < 0.001) and HbA1c level (p < 0.01) were markedly elevated. The insulin treatment during the ten weeks prevented an extremely high blood glucose level; however, it was still twice as high as in the controls. The urine glucose level and the HbA1c level of insulin-treated diabetic rats remained close to that of the control level. In the case of reverted diabetic rats, the blood glucose level was extremely elevated after the onset of diabetes (23.7 ± 1.2 mmol/L); however, during the ten-week experiment the rats recovered spontaneously and their blood glucose level dropped below 18 mmol/L, so 11.3 ± 1.2 mmol/L was measured on average. A slightly increased HbA1c was detected in reverted diabetic rats.



The body weight of the animals increased in all groups during both acute (Table 2) and chronic experiments (Table 3); however, this body weight gain was most prominent in the controls and the insulin-treated diabetics.



The Langerhans islets of pancreatic sections were visualized via double-labeling fluorescent immunohistochemistry against insulin (red) and glucagon (green; Figure 1). Weaker insulin immunostaining was found in both the acute and chronic diabetics, and in the insulin-treated diabetics, when compared to controls. Regenerated Langerhans islets were observed using immunostaining for insulin in the reverted diabetic group.




3.2. Metabolic Panel from Blood and Urine in Diabetic Rats


The routinely used biochemical analysis of blood or urine from acute and chronic diabetic rats, insulin-treated diabetic rats, and reverted diabetic rats, as well as control rats, is summarized in Table 4, Table 5, Table 6 and Table 7.



In diabetic rats, the carbamide content in urine increased significantly compared to the age-matched controls (acute: p < 0.0001; chronic: p < 0.0001). The levels of serum albumin of acute diabetics (p < 0.01) and total protein (TP) of chronic diabetics (p < 0.01) were lower than those of the age-matched control rats. The levels of the enzymes glutamic-pyruvic transaminase (GPT) and alkaline phosphatase (ALP) were both elevated, and in the case of ALP, the difference was significant when compared to controls (p < 0.001).



In the insulin-treated diabetic group, both the carbamide content in urine and the TP content in serum were at the control level despite diabetic alterations.



Urine pH was significantly lower in acute diabetic rats (p < 0.05), and even lower in the chronic diabetic group (p < 0.05), when compared to that of the age-matched controls. The urine test strip was positive for leukocytes in the chronic diabetics, and the positive result indicates the presence of 25 or more leukocytes per μL.



In the insulin-treated diabetic group, urine pH value was similar to that of controls, and the test strip was positive for leukocytes.




3.3. Complete Blood Count in Acute and Chronic Diabetic Rats


The effect of hyperglycemia or insulin treatment on hematological parameters is summarized in Table 8 and Table 9. The results showed that in the complete blood count, the only parameter that differed in acute diabetic rats from that in age-matched controls was the mean platelet volume (MPV), which was decreased (p < 0.01).



The blood of chronic diabetic rats was thickened, and the RBC count (p < 0.001), the hematocrit (p < 0.001), and the Hb concentration (p < 0.01) was significantly increased compared to those of controls. Furthermore, the Hb concentration distribution width (HDW, p < 0.001) was decreased compared to that of controls.



In the insulin-treated diabetic and reverted diabetic animals, the measured hematological parameters were similar to the values of age-matched controls.




3.4. Diameter and Morphology of Red Blood Cells


The result of the complete blood count test justified the detailed investigation of oxidative-stress-related changes in RBCs. The diameter of RBCs was quantified from smears made from whole blood of chronic diabetic, insulin-treated diabetic, and control rats (Figure 2 and Figure 3). In control rats, the average RBC diameter was 5.49 ± 0.001 µm, which resulted from a normal curve; the diameter was 5 to 6 µm in 63.5% of RBCs, and ranged from 4 to 5 µm and 6 to 7 µm in 17.9% of RBCs.



The average RBC diameter of chronic diabetics was significantly higher (5.55 ± 0.01 µm, p < 0.0001) compared to that of the controls.



In insulin-treated diabetics, the average RBC diameter decreased (5.38 ± 0.01 µm, p < 0.0001) compared to that of the controls, and this change (represented in Figure 3) resulted from an increase in the percentage of the 4 to 5 µm ranges (19.1%) and a decrease in the percentage of the 6 to 7 µm range (8.6%).



The morphology of RBCs was examined on pictures from blood smears made at 1000× magnification (Figure 4). Table 10 summarizes the morphological changes of RBCs in the chronic diabetic, insulin-treated diabetic, and the age-matched control groups. In the chronic diabetics, the eccentrocyte (Table 10, Figure 5a; p < 0.001), hemolyzed RBC (Table 10, Figure 5b; p < 0.001), and codocyte (Table 10, Figure 5c; p < 0.0001) shapes occurred more often compared to the controls. In the insulin-treated diabetics, the frequency of eccentrocytes and hemolyzed RBCs was similar to that of controls, and the percentage of codocytes was significantly lower compared to that of diabetics (p < 0.05); however it was higher compared to that of controls (p < 0.0001). Other shape abnormalities, such as those of acanthocyte, ovalocyte, dacrocyte, and schistocyte, also occurred in greater proportion in the insulin-treated diabetic group compared to the controls and/or diabetics.




3.5. The Reduced and Oxidized Glutathione Content of Red Blood Cells


The antioxidant peptide GSH and its oxidized form were measured in RBCs of acute diabetics and their controls (Figure 6), as well as chronic diabetic, insulin-treated diabetic, and their control rats (Figure 7). Furthermore, the ratio of GSH to GSSG was calculated as an indicator of altered redox potential in the system (Figures S1 and S2).



In the RBC populations of acute diabetics, both the GSH and GSSG levels were almost doubled compared to those of the controls (GSH: 3.3 ± 0.15 nmol/mg protein vs. 1.8 ± 0.2 nmol/mg protein, p < 0.001; GSSG: 0.66 ± 0.07 nmol/mg protein vs. 0.27 ± 0.04 nmol/mg protein, p < 0.001).



In contrast, 10 weeks after STZ injection, GSH and GSSG levels were lower in both diabetic and insulin-treated diabetic rats when compared to those of the controls. The decrease was about 30% in the case of GSH (diabetics: 1.79 ± 0.1 nmol/mg protein; insulin-treated diabetics: 1.94 ± 0.08 nmol/mg protein vs. 2.6 ± 0.14 nmol/mg protein, p < 0.01) and around 35–40% for GSSG (diabetics: 0.67 ± 0.03 nmol/mg protein; insulin-treated diabetics: 0.73 ± 0.11 nmol/mg protein vs. 1.03 ± 0.11 nmol/mg protein, p < 0.05).



No significant change in the ratio of the reduced and oxidized form was observed during any of the treatments (acute: 5.7 ± 0.41 vs. 7.07 ± 0.81; chronic diabetics: 2.66 ± 0.14; insulin-treated diabetics: 2.37 ± 0.07 vs. 2.35 ± 0.07).





4. Discussion


The aim of the present study was to investigate the alterations caused by oxidative stress in routinely used clinical parameters measured from blood and urine, and on the morphology of RBCs, in a widely used STZ-diabetic rat model. These alterations may contribute to the pathophysiology of diabetes mellitus and its complications, such as microvascular disturbances.



A single dose of STZ led to body weight loss, extremely high levels of blood and urine glucose, and elevated HbA1c value and percentage. Interestingly, in some cases, diabetic rats became spontaneously normoglycemic and their blood glucose level decreased below 18 mmol/L during the ten-week experimental period; these rats were grouped as reverted diabetics. The representative double-labeled fluorescent micrographs against insulin and glucagon showed the lack of insulin-producing pancreatic beta cells in diabetics and insulin-treated diabetics. In the case of reverted diabetics, we detected insulin-positive cells in Langerhans islets surrounded by a major mass of glucagon-immunoreactive cells. Further studies are required to elucidate the underlying mechanisms. In the past decade, some effort has been dedicated to replace the lost beta cells in the therapy of diabetes mellitus. Recently, researchers found that alpha cells, as a replacement for beta cells, may be a potential target for the production of insulin. One of the most important reasons for this new therapeutic strategy is the ability of alpha cells to be spontaneously converted into insulin-producing cells [22,23,24].



The routinely used metabolic panel measurements from blood or urine showed the most remarkable changes in diabetic groups. The urine carbamide level was increased in acute as well as in chronic diabetics; however, blood carbamide levels were similar to those of the control. These blood results indicate normal renal function [25], and the urine results highlight increased protein catabolism consistent with the reduced weight gain of diabetic rats and the elevated blood ALP level of chronic diabetics [26,27]. Elevated serum GPT and ALP levels, and decreased serum albumin and TP levels, of diabetics are in line with earlier studies [28,29]. These results raise the possibility of liver damage because ALP and GPT levels in the blood are the most important indicators of hepatic injury [28]. On the other hand, low albumin and TP levels not only reflect hepatic failure, but also oxidative status, since they are antioxidant marker proteins. Moreover, albumin is the most abundant extracellular protein and plays an important role in buffering serum redox status [30]. The effects of insulin on metabolic parameters were revealed in insulin-treated diabetic and reverted diabetic groups. Both spontaneously recovered, and endogenously and exogenously administered insulins were effective, with the measured parameters being similar to those of controls, except for the TP level. These results are consistent with the findings of Mohamed A. et al. [31], where the effectiveness of insulin in inhibiting hepatic injury was shown using biochemical and histological parameter monitoring.



The routinely used complete blood count revealed changes only in the chronic diabetic group when compared to controls. We measured increased levels in RBC indices, namely RBC count, hematocrit, and Hb concentration, but a decreased level of HDW. Our observations correlate with the findings of others [5,32]. These findings could result from the extremely high glucose concentration causing blood thickening, or the lack of insulin. Moreover, insulin may stimulate the proliferation of erythroid progenitor cells [33]. The complete blood count of insulin-treated diabetics and reverted diabetics was similar to that of control data.



The complete blood count test showed alteration in RBC count and in RBC-derived parameters. Therefore, our further investigations focused on the morphological changes and altered oxidative status of RBCs, since RBCs play an important role in microcirculation and they are vulnerable to a hyperglycemic environment. We found that the diameter of RBCs increased and abnormally shaped RBCs occurred more often in diabetics compared to controls, in line with other studies [11,34]. We observed eccentrocytes, hemolyzed RBCs, and codocytes in larger proportions in diabetic smears. The flexibility of RBCs is very important for their free passage through capillaries, transporting oxygen or carbon monoxide, and this property is highly influenced by the cell shape [35]. On the other hand, these abnormal shapes, namely, those of eccentrocytes, hemolyzed RBCs, and codocytes, may be caused by oxidative stress [19,36,37]. An eccentrocyte is a special form of RBC in which Hb is shifted to one side of the cell because of the oxidative damage to the cell membrane and cytoskeleton [38]. Increased hemolysis was described in the pathomechanism of some oxidative-stress-related diseases, such as diabetes mellitus, sepsis, or sickle cell disease [19,39,40,41]. Codocytes also occur in diseases accompanied by oxidative stress, such as diabetes mellitus, beta-thalassemia, or autism spectrum disorders [11,36,42]. In insulin-treated diabetics, we observed that the occurrence of eccentrocytes and hemolyzed RBCs was similar to that of controls. However, codocytes were present in insulin-treated groups, and their frequency was one-third of that observed in the diabetic samples. The highest occurrence of other RBC morphologies, namely acanthocytes, ovalocytes, dacrocytes, and schistocytes, was found in smears of insulin-treated diabetic rats compared to the controls and/or diabetics. This result is in line with earlier findings that exogenously administered insulin may be ineffective in some aspects of diabetes-related alterations [43,44,45]. Insulin is a drug that can induce immune-mediated hemolysis, which may explain the increased proportion of schistocytes in insulin-treated diabetic rats [46].



The complete blood count test suggests platelet abnormalities in both acute and chronic diabetic rats, in addition to reverted diabetic rats. However, prothrombic events are seen frequently in diabetic patients [47]. Earlier findings about paradoxical results of in vivo and in vitro studies highlight possible compensatory mechanisms in long-lasting diabetes [48].



To gain insights into the antioxidant status of RBCs, we determined the GSH and GSSG level and the ratio of GSH to GSSG in RBC populations. Furthermore, summarizing the data from acute and chronic studies, we obtained a time–response curve of the antioxidant capacity of diabetic RBCs. The doubled value of both the GSH and GSSG is not only a sign of a prompt antioxidant response to STZ injection, but also indicates a balanced free radical/oxidant pool. In contrast, 10 weeks after STZ injection, the decreased levels of GSH and GSSG may indicate some kind of adaptation to the system, along with the exhaustion of the defense response. This reduction in GSH and GSSG levels in the chronic experiment is in agreement with other studies [49,50]. Dincer et al. [50] investigated the GSH pathway involving the GSH level, GSHPx, and GR in RBCs of well-controlled and poorly controlled type 1 diabetic patients versus healthy subjects at the baseline and after 2 h of incubation with H2O2. The greatest decrease for all investigated components was in poorly controlled diabetic patients at baseline. The 2 h incubation of RBCs with H2O2 impaired the GSH pathway in all groups, and it was most pronounced in the poorly controlled diabetic group. However, in our system, the fact that the ratio of oxidized and reduced glutathione did not change significantly in acute and chronic samples may indicate that the activities of the crucial enzymes such as GSHPx and GR were unchanged.



There are several limitations to our study. However, considering the complexity of diabetic metabolic alterations, further investigations are needed to examine correlations and gain comprehensive results. The hyperglycemia associated with the altered oxidant/antioxidant status in diabetic and reverted diabetic RBCs will be of interest.




5. Conclusions


In conclusion, long-lasting hyperglycemia altered RBC indices—namely, RBC count, hematocrit, hemoglobin concentration, and hemoglobin concentration distribution width —and the diameter of RBCs. Abnormal RBC shapes, such as those of the eccentrocyte, hemolyzed RBC, and codocyte, occurred more often in the chronic diabetic group. The GSH content of RBCs showed time-dependent changes. This indicates that, after an initial increase, the level of GSH decreased; therefore, this defense system may be exhausted in a long-lasting pro-oxidant environment. Our results suggest the damage to RBCs may contribute to the microvascular complications in diabetes mellitus. The effectiveness of insulin treatment for several investigated parameters emphasizes the importance of a well-adjusted insulin treatment for diabetic patients.
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Figure 1. Representative fluorescent micrographs of paraffin-embedded pancreas sections from the different groups of (a,b) acute and (c–f) chronic experiments after insulin/glucagon double-labeling immunohistochemistry of Langerhans islets. DAPI was applied to label the nuclei of cells. The STZ treatment resulted in weaker staining for insulin in the diabetic and insulin-treated diabetic pancreatic islets, but the islets from reverted diabetics showed abundant insulin immunoreactivity (red: insulin, green: glucagon, blue: DAPI) Scale bar: 50 µm. 
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Figure 2. The diameter of red blood cells in control, chronic diabetic, and insulin-treated diabetic rats. The diameter of red blood cells increased in chronic diabetic groups, and decreased in the insulin-treated diabetic group. Data are expressed as mean ± SEM; **** p < 0.0001 vs. controls; °°°° p < 0.0001 vs. diabetics. 
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Figure 3. Diameter distribution of red blood cells in control, chronic diabetic, and insulin-treated diabetic rats. Decrease in the diameter distribution width was seen in the chronic diabetic and insulin-treated diabetic groups, and it was more pronounced in the chronic diabetic group. 
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Figure 4. Representative micrograph of blood smears from (a) control, (b) chronic diabetic, and (c) insulin-treated diabetic rats. Scale bar 10 μm. a: ovalocyte, b: acanthocyte, c: hemolyzed red blood cell, d: codocyte, e: dacrocyte, f: echinocyte, g: eccentrocyte, h: schistocyte. 
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Figure 5. Morphology of red blood cells in smears from controls, chronic diabetics, and insulin-treated diabetics. The (a) eccentrocyte, (b) hemolyzed red blood cell, and (c) codocyte shapes occurred more frequently in the smears of chronic diabetic rats compared to those of the controls; moreover, a lower proportion was found in the insulin-treated diabetic rats compared to the diabetics. Data are expressed as mean ± SEM; *** p < 0.001, **** p < 0.0001 vs. controls; ° p < 0.05, °° p < 0.01 vs. diabetics. 
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Figure 6. (a) Reduced form of glutathione (GSH) and (b) oxidized form of glutathione (GSSG) content of RBCs in acute diabetic and control rats. In acute diabetics, both the GSH and GSSG content were almost doubled compared to that of the controls. Data are expressed as mean ± SEM; *** p < 0.001 vs. controls. 
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Figure 7. (a) Reduced form of glutathione (GSH) and (b) oxidized form of glutathione (GSSG) content of RBCs in chronic diabetic, insulin-treated diabetic, and age-matched control rats. Both the reduced and the oxidized form of glutathione decreased markedly in RBCs of chronic diabetic and insulin-treated diabetic rats compared to those of the controls. Data are expressed as mean ± SEM; * p < 0.05, ** p < 0.01 vs. controls. 
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Table 1. The definition of the morphological abnormalities of red blood cells.
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	Morphological Types of RBCs
	Definitions of Morphological Abnormalities





	echinocytes
	RBCs have regularly distributed, equally sized, rounded projections on their surface [18]



	acanthocytes
	RBCs have irregularly distributed, variably sized, pointy projections on their surface [17,18]



	ovalocytes
	RBCs have oval shape [18]



	dacrocytes
	RBCs are tapered to a point at one end, resembling the classic artist’s rendition of a drop of water [18]



	schistocytes
	RBCs appear to have been fragmented: they lack the usual circular shape [18]



	eccentrocytes
	RBCs are with a clear crescent-shaped area along one side of the periphery [19]



	hemolyzed RBCs
	RBCs that are destroyed with the release of intracellular material [17]



	codocytes
	RBCs have a central red area within the zone of central pallor [18]







(RBCs: red blood cells).













 





Table 2. Weight and glycemic characteristics of acute diabetic experiment.
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Controls

(n = 6)

	
Acute Diabetics

(n = 7)






	
Weight (g)

	
Initial

	
303.8 ± 9.46

	
293.0 ± 13.7




	
Final

	
339.5 ± 14.97

	
301.7 ± 11.63




	
Blood glucose level (mmol/L)

	
Initial

	
5.5 ± 0.2

	
5.9 ± 0.3




	
Final (average)

	
5.6 ± 0.3

	
20.5 ± 1.3 ****°°°°




	
Urine glucose level (mmol/L)

	
Final

	
5.6 ± 5.1

	
477.2 ± 42.4 °°°




	
HbA1c (mmol/mol)

	
Final

	
12.0 ± 1.2

	
21.8 ± 1.3 °°




	
HbA1c (%)

	
Final

	
3.3 ± 0.1

	
4.1 ± 0.1 °°








Data are expressed as mean ± SEM; **** p < 0.0001 vs. initial values; °° p < 0.01; °°° p < 0.001; °°°° p < 0.0001 vs. final controls.













 





Table 3. Weight and glycemic characteristics of chronic diabetic rats.
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Controls

(n = 20)

	
Chronic Diabetics

(n = 14)

	
Insulin-Treated Diabetics

(n = 13)

	
Reverted Diabetics

(n = 4)






	
Weight (g)

	
Initial

	
222.1 ± 16.8

	
222.9 ± 17.2

	
230.2 ± 236

	
204.5 ± 5.9




	
Final

	
460.3 ± 46.9 ***

	
354.0 ± 33.2 *

	
430.8 ± 41.0 ***

	
377.5 ± 26.1




	
Blood glucose

level (mmol/L)

	
Initial

	
6.0 ± 0.2

	
5.7 ± 0.3

	
6.0 ± 0.2

	
6.7 ± 0.1




	
Final

(average)

	
5.7 ± 0.1

	
24.0 ± 0.7 ***°°°

	
11.8 ± 0.8 *°°°

	
a, 23.7 ± 1.2 °°

b, 11.3 ± 1.2




	
Urine glucose level (mmol/L)

	
Final

	
0.31 ± 0.04

	
503.7 ± 12.3 °°°°

	
0.39 ± 0.08 ++++

	
-




	
HbA1c (mmol/mol)

	
Final

	
21.0 ± 0.6

	
96.6 ± 9.5 °°°

	
23.8 ± 1.6 ++

	
32.8 ± 5.1




	
HbA1c (%)

	
Final

	
4.1 ± 0.1

	
11.0 ± 0.9 °°°

	
4.3 ± 0.1 ++

	
5.1 ± 0.5








a, value shows the average blood glucose levels of reverted diabetics measured before the rats recovered spontaneously; b, value shows the average blood glucose levels of reverted diabetics measured after the rats recovered spontaneously; Data are expressed as mean ± SEM; * p < 0.05; *** p < 0.001 vs. initial values; °° p < 0.01, °°° p < 0.001, °°°° p < 0.0001 vs. final controls; ++ p < 0.01; ++++ p < 0.0001 vs. final diabetics. (HbA1c: glycated hemoglobin A1c).













 





Table 4. Metabolic panels from blood and urine of acute diabetic rats.
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Controls

(n = 3)

	
Acute Diabetics

(n = 4)






	
Carbamide (mmol/L)

	
Blood

	
9.31 ± 0.97

	
9.61 ± 0.81




	
Urine

	
18.38 ± 2.66

	
456.1 ± 27.84 ****




	
Albumin (g/L)

	
Blood

	
34.0 ± 0.0

	
31.0 ± 0.41 **








Data are expressed as mean ± SEM; ** p < 0.01; **** p < 0.0001 vs. controls.













 





Table 5. Metabolic panels from blood and urine of chronic diabetic rats.






Table 5. Metabolic panels from blood and urine of chronic diabetic rats.





	

	

	
Controls

(n = 5–20)

	
Chronic Diabetics

(n = 3–14)

	
Insulin-Treated Diabetics

(n = 4–13)

	
Reverted Diabetics

(n = 3–4)






	
Carbamide (mmol/L)

	
Blood

	
9.37 ± 0.2

	
10.92 ± 0.42

	
8.0 ± 0.29 *°°°

	
9.63 ± 0.44




	
Urine

	
27.43 ± 3.63

	
397.5 ± 26.56 ****

	
18.71 ± 2.99 °°°°

	
-




	
Creatinine (μmol/L)

	
Blood

	
70.0 ± 6.4

	
83.88 ± 8.33

	
81.89 ± 5.47

	
88.25 ± 2.18




	
Albumin (g/L)

	
Blood

	
32.27 ± 0.88

	
29.55 ± 0.95

	
30.69 ± 1.15

	
34.0 ± 0.41




	
Cholesterol (mmol/L)

	
Blood

	
2.19 ± 0.05

	
2.35 ± 0.09

	
2.28 ± 0.09

	
3.26 ± 0.31 **




	
Triglyceride (mmol/L)

	
Blood

	
2.78 ± 1.26

	
1.94 ± 0.15

	
2.18 ± 0.2

	
2.27 ± 0.38




	
AST (U/L)

	
Blood

	
143.9 ± 10.47

	
132.0 ± 21.37

	
117.2 ± 8.99

	
117.8 ± 11.35




	
GPT (U/L)

	
Blood

	
68.22 ± 3.51

	
88.0 ± 7.5

	
61.44 ± 4.96

	
66.5 ± 6.4




	
ALP (U/L)

	
Blood

	
402.6 ± 26.63

	
1393 ± 184.9 ***

	
598.8 ± 91.04

	
423.5 ± 40.19




	
LDH (U/L)

	
Blood

	
603.4 ± 50.43

	
677.5 ± 30.17

	
616.0 ± 62.53

	
728.3 ± 46.25




	
Total protein (g/L)

	
Blood

	
65.04 ± 0.72

	
59.89 ± 1.11 **

	
59.54 ± 1.37 **

	
62.67 ± 1.21




	
Total bilirubin (mg/L)

	
Blood

	
6.11 ± 1.23

	
4.56 ± 1.06

	
3.15 ± 0.52

	
3.13 ± 1.08








Data are expressed as mean ± SEM; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 vs. controls; °°° p < 0.001; °°°° p < 0.0001 vs. diabetics. (AST: aspartate aminotransferase, GPT: glutamic-pyruvic transaminase, ALP: alkaline phosphatase, LDH: lactate dehydrogenase).













 





Table 6. Metabolic panels from urine of acute diabetic rats.
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	Controls

(n = 3)
	Acute Diabetics

(n = 4)





	Specific gravity
	1.01 ± 0.0
	1.01 ± 0.0



	pH
	7.33 ± 0.17
	6.38 ± 0.24 *



	Leukocytes
	Negative
	negative



	Nitrite
	Negative
	negative



	Ketones
	Negative
	negative







Data are expressed as mean ± SEM; * p < 0.05 vs. controls.













 





Table 7. Metabolic panels from urine of chronic diabetic rats.
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	Controls

(n = 5)
	Chronic Diabetics

(n = 3)
	Insulin-Treated Diabetics

(n = 4)





	Specific gravity
	1.0 ± 0.0
	1.01 ± 0.0
	1.0 ± 0.0



	pH
	7.1 ± 0.33
	5.5 ± 0.0 *
	7.0 ± 0.35 °



	Leukocytes
	negative
	Positive
	positive



	Nitrite
	negative
	Negative
	negative



	Ketones
	negative
	Negative
	negative







Data are expressed as mean ± SEM; * p < 0.05 vs. controls; ° p < 0.05 vs. diabetics.













 





Table 8. Complete blood count including red blood cell, white blood cell, and platelet counts and blood cell indices of acute diabetic rats.
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	Controls

(n = 3)
	Acute Diabetics

(n = 4)





	RBC, Red Blood Cell (×106/μL)
	7.27 ± 0.13
	7.42 ± 0.08



	HCT, Hematocrit (%)
	46.5 ± 0.98
	49.0 ± 0.85



	Hb, Hemoglobin (g/dL)
	14.1 ± 0.21
	13.75 ± 0.23



	MCV, Mean corpuscular volume (fl)
	64.03 ± 2.26
	66.03 ± 0.84



	MCH, mean corpuscular hemoglobin (pg)
	19.4 ± 0.59
	18.5 ± 0.2



	MCHC, Mean corpuscular hemoglobin concentration (g/dL)
	30.3 ± 0.2
	28.05 ± 0.42



	CHCM, Corpuscular hemoglobin concentration mean (g/dL)
	30.2 ± 0.23
	27.9 ± 0.47



	CH, Corpuscular hemoglobin content (pg)
	19.37 ± 0.61
	18.45 ± 0.14



	HDW, Hemoglobin concentration distribution width (g/dL)
	2.2 ± 0.05
	1.99 ± 0.09



	RDW, Red blood cell volume distribution width (%)
	11.53 ± 0.35
	11.33 ± 0.31



	WBC, White blood cell (×103/μL)
	6.09 ± 1.44
	7.57 ± 1.39



	Lymphocyte count (×103/µL)
	4.29 ± 1.4
	5.47 ± 1.14



	Monocyte count (×103/µL)
	0.18 ± 0.04
	0.29 ± 0.07



	Neutrophil count (×103/µL)
	1.2 ± 0.05
	1.2 ± 0.1



	Eosynophil count (×103/µL)
	0.22 ± 0.06
	0.39 ± 0.14



	Basophil count (×103/µL)
	0.04 ± 0.003
	0.05 ± 0.005



	Large unstained cell count (×103/µL)
	0.16 ± 0.06
	0.17 ± 0.04



	PLT, Platelet count (×103/μL)
	663.0 ± 33
	960.8 ± 181.9



	MPV, Mean platelet volume (fl)
	9.03 ± 2.13
	7.85 ± 0.19 **







Data are expressed as mean ± SEM; ** p < 0.01 vs. controls.













 





Table 9. Complete blood count including red blood cell, white blood cell, and platelet counts and blood cell indices of chronic diabetic rats.






Table 9. Complete blood count including red blood cell, white blood cell, and platelet counts and blood cell indices of chronic diabetic rats.












	
	Controls

(n = 13–18)
	Chronic Diabetics

(n = 12–13)
	Insulin-Treated Diabetics

(n = 6–12)
	Reverted Diabetics

(n = 3–4)





	RBC, Red Blood Cell (×106/μL)
	8.43 ± 0.13
	9.34 ± 0.11 ***
	8.59 ± 0.18 °
	8.77 ± 0.18



	HCT, Hematocrit (%)
	46.94 ± 0.75
	52.42 ± 0.56 ***
	49.34 ± 1.24
	50.53 ± 2.37



	Hb, Hemoglobin (g/dL)
	14.48 ± 0.21
	15.74 ± 0.2 **
	15.11 ± 0.19
	16.08 ± 0.55



	MCV, Mean corpuscular volume (fl)
	55.68 ± 0.53
	56.13 ± 0.45
	57.54 ± 0.63
	57.6 ±1.96



	MCH, Mean corpuscular hemoglobin (pg)
	17.18 ± 0.18
	16.87 ± 0.19
	17.66 ± 0.24
	18.33 ± 0.5



	MCHC, Mean corpuscular hemoglobin concentration (g/dL)
	30.88 ± 0.35
	30.03 ± 0.24
	30.74 ± 0.59
	31.85 ± 0.5



	CHCM, Corpuscular hemoglobin concentration mean (g/dL)
	30.28 ± 0.29
	29.79 ± 0.15
	29.72 ± 0.47
	30.9 ± 0.24



	CH, Corpuscular hemoglobin content (pg)
	16.79 ± 0.15
	16.69 ± 0.1
	17.02 ± 0.22
	17.78 ± 0.65



	HDW, Hemoglobin concentration distribution width (g/dL)
	2.74 ± 0.06
	2.34 ± 0.06 ***
	2.58 ± 0.06
	2.85 ± 0.16 °



	RDW, Red blood cell volume distribution width (%)
	13.72 ± 0.35
	12.17 ± 0.22
	13.03 ± 0.3
	14.35 ± 1.16



	WBC, White blood cell (×103/μL)
	6.0 ± 0.32
	6.08 ± 0.39
	6.62 ± 0.37
	6.08 ± 0.69



	Lymphocyte count (×103/µL)
	4.07 ± 0.29
	3.76 ± 0.31
	4.67 ± 0.29
	5.19 ± 0.37



	Monocyte count (×103/µL)
	0.18 ± 0.02
	0.17 ± 0.02
	0.15 ± 0.02
	0.17 ± 0.02



	Neutrophil count (×103/µL)
	1.37 ± 0.09
	1.69 ± 0.17
	1.32 ± 0.12
	1.33 ± 0.26



	Eosynophil count (×103/µL)
	0.18 ± 0.04
	0.15 ± 0.02
	0.12 ± 0.01
	0.12 ± 0.01



	Basophil count (×103/µL)
	0.03 ± 0.003
	0.04 ± 0.005
	0.04 ± 0.006
	0.04 ± 0.005



	Large unstained cell count (×103/µL)
	0.2 ± 0.04
	0.2 ± 0.06
	0.18 ± 0.06
	0.14 ± 0.02



	PLT, Platelet count (×103/μL)
	819 ± 49.71
	643.8 ± 26.79
	881.7 ± 113.3
	903 ± 56.08



	MPV, Mean platelet volume (fl)
	7.81 ± 0.17
	6.93 ± 0.2
	7.9 ± 0.41
	8.95 ± 0.21 °°



	Reticulocyte count (×103/µL)
	205.5 ± 13.19
	169.7 ± 7.13
	193.8 ± 9.58
	225.3 ± 16.62



	MCVr, Reticulocyte mean corpuscular volume (fl)
	69.22 ± 0.91
	70.13 ± 0.71
	70.52 ± 0.95
	71.7 ± 1.82



	CHCMr, Reticulocyte hemoglobin concentration mean (g/dL)
	27.2 ± 0.15
	27.28 ± 0.2
	26.88 ± 0.18
	27.65 ± 0.16 #



	CHr, Mean reticulocyte hemoglobin (pg)
	18.8 ± 0.2
	19.05 ± 0.3
	18.86 ± 0.26
	19.75 ± 0.55







Data are expressed as mean ± SEM; ** p < 0.01; *** p < 0.001 vs. controls; ° p < 0.05; °° p < 0.01 vs. diabetics; # p < 0.05 vs. insulin-treated diabetics.













 





Table 10. Morphological changes of red blood cells in chronic diabetic rats.
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	Controls
	Chronic Diabetics
	Insulin-Treated Diabetics





	Echinocyte (Burr cells; %)
	2.87 ± 0.5
	3.39 ± 0.45
	3.01 ± 0.44



	Acanthocyte (Spur cells; %)
	1.24 ± 0.41
	0.59 ± 0.16
	2.67 ± 0.48 **°°



	Ovalocyte (%)
	11.7 ± 1.27
	7.51 ± 0.69
	15.63 ± 1.48 °°°°



	Dacrocyte

(Teardrop cells; %)
	1.48 ± 0.32
	2.48 ± 0.38
	4.32 ± 0.7 ***



	Schistocyte (Fragmented cells; %)
	0.67 ± 0.18
	0.89 ± 0.19
	1.73 ± 0.26 **



	Eccentrocyte (%)
	0.0 ± 0.0
	0.61 ± 0.2 ***
	0.06 ± 0.03 °°



	Hemolyzed RBC (%)
	0.32 ± 0.11
	1.48 ± 0.3