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Abstract: An essential role in proper homeostasis of glucose is played by kidneys where glucose tranport is 

carried out across cell membranes by two families of glucose tansporters - facilitated diffusion glucose 

transporters (GLUTs) and Na (+) -dependent glucose co-transporters (SGLT family). Among transporters, 

sodium-dependent glucose co-transporters have a major role in the kidney ‘s ability to reabsorb glucose. 

Although localization of glucose transporters has been extensively studied in mammals there are still gaps in 

knowledge of localization of SGLTs in birds. The aim of the reasarch was to study comparatively 

immunolocalization of sodium-dependent glucose co-transporters SGLT1 and SGLT2 in kidneys of healthy and 

T-2 mycotoxicated chickens. Immunohistochemical staining was carried out using polyclonal primary 

antibodies SGLT1 and SGLT2 (Abcam, UK) on kidney tissue derived from three healthy and three T-2 

mycotoxicated 7 days old female layer-type Ross chickens (Gallus gallus domesticus). Sections were stained using 

Immunohistochemistry kit (Abcam, UK). In kidneys of healthy birds strong staining of SGLT1 and SGLT2 was 

noted in cytoplasm of epithelial cells of the proximal straight and convoluted tubules. In T-2 toxin group birds' 

kidneys’ weak expression of SGLT1 and SGLT2 with morphological changes occurred, indicating to reduced 

glucose transport in urinary system during T-2 mycotoxicosis.  
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1. Introduction 

As glucose is the primary source of energy for all living organisms, the homeostasis of it is 

particulary important [1]. In the body’s glucose homeostasis, the kidneys play a major role in not only 

filtering but also in absorbing the glucose [2]. The primary filtration unit in the kidneys, the 

glomerulus, filters the glucose, which is then reabsorbed in the kidney’s proximal convoluted tubule 

by the sodium-dependent glucose co-transporters SGLT1 and SGLT2 as the glucose transport across 

the apical brush border of renal epithelial cells requires the presence of a sodium gradient [3–6]. The 

glucose transport across the cell membrane is mediated by two families of glucose transporters: the 

facilitated diffusion glucose transporters (GLUTs) and the Na (+) -dependent glucose co-transporters 

(SGLT family) [7]. GLUTs and SGLTs vary in their substrate specificity, regulatory mechanisms as 

well as their distribution [8]. Whilst the GLUTs transport glucose across the plasma membrane by the 

mechanism of a facilitated diffusion,the sodium-dependent glucose co-transporters belong to the 

family of active glucose transporters which simultaneously transport sodium and glucose using a 

concentration gradient [9]. A low intracellular sodium concentration is created and maintained by 

the basolaterally located sodium-potassium-adenosine triphosphatase pump forcing through the 

basolateral membrane intracellular sodium out of the cell after which the electrochemical gradient 

provides the driving force for the transport of sodium into the cell across the apical membrane and 

the glucose transport by specific sodium-dependent glucose transporters (SGLTs) [10]. When glucose 

is concentrated in epithelial cells to a level that exceeds the interstitial glucose level, it diffuses into 
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the interstitium through specific facilitative glucose transporters located on the basolateral 

membrane. The facilitative glucose transporter GLUT2 mediates glucose transport across the 

basolateral membrane along its chemical gradient. Basolateral GLUT1 may help to reabsorb glucose 

or take up glucose from the peritubular space. Figure 1 represents the mechanism of transmembrane 

glucose transport by SGLT2, which is situated at the brush border of epithelial cells [11]. 

 

Figure 1. Na (+) -dependent glucose co-transporter2 transmembrane transport in bird kidneys. 

SGLT2 = Na (+) -dependent glucose co-transporter 2 

GLUT2 = facilitative glucose transport 

Since SGLT2 carries out 80–90% of glomerular filtered glucose reabsorption it is considered the 

main co-transporter involved in glucose reabsorption in the kidney [12,13]. The remainder of the 

glucose absorption, which is approximately 10%, is carried out by SGLT1 [4,14]. The localization of 

glucose transporters in the gastrointestinal tract of birds has previously been extensively studied and 

these studies have shown differences of glucose transporter immunohistochemical staining in 

different age groups of laying chickens and ostriches [15,16]. However, the immunolocalization of 

sodium-dependent glucose co-transporters in the kidney tissue of birds has only recently started 

[11,16,17]. Because the kidneys of avians possess different types of glomeruli: the mammalian type 

and the reptilian glomeruli type [3], they differ significantly from mammalian kidneys.  

Mycotoxins, toxic secondary metabolites, are produced by filamentous fungi belonging to the 

phylum Ascomycota or molds, having a great importance in the health of humans and animals as 

being the cause of acute and chronic diseases [18]. Of the approximately 400 mycotoxins, 30 are 

considered as a threat to human or animal health, among which aflatoxins, ochratoxins, fumonisins 

and trichothecenes are the most important. Trichothecenes are groups of mycotoxins that are 

produced by diverse filamentous fungal species including Fusarium, Myrothecium, Stachybotrys, 

Trichoderma, Trichothecium, and Spicellum [19–21]. Among mycotoxins, T-2 toxin is the most toxic 

trichothecenes, and it is produced by different Fusarium species, including F. sporotrichioides, F. 

poae and F. acuminatum. The presence of these Fusarium species has been documented to occur in 

moderate to cold climates and wet storage conditions [22,23]. F. sporotrichioides, is the main T-2 

producer and it is able to grow in a wide range of temperatures ranging from −2 to 35 °C [24]. Toxins 

produced by T-2 are a significant threat to human and animal health. It can increase susceptibility to 

infections by immunosuppression, are able to cause necrosis in the digestive tract and dystrophy in 

other organs like liver, kidneys, heart, brain or the peripheral ganglia of vegetative nervous system 

[25–27]. In poultry consumption of feed contaminated with T-2 reduces chicken’s weight gain, egg 

production and hatching ability [28]. The T-2 toxin is hypothesized to inhibit protein synthesis 

through binding and inactivation of peptidyl-transferase at the site of DNA transcription [29,30]. The 

main sources of Trichothecenes include contaminated wheat, barley, rye, oats, and maize, however 

they also occur in hay, straw, green feed as well as silage from contaminated cereals [26,31–33]. 
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Trichothecenes can enter the human food chain by consumption of products of animal origin such as 

meat, milk and eggs that are derived from livestock fed with Trichothecene contaminated feed 

[31,34,35]. Although the localization of the sodium-dependent glucose co-transporters is relatively 

well established in mammal´s kidney tissue, the same comprehensive scientific studies on the 

immunolocalization of SGLT1 and SGLT2 in the kidney of healthy and diseased birds are lacking. 

Since up to now there is a need for comparative studies about the effect of T-2 mycotoxin on the 

expression of glucose transporters, specifically sodium-dependent glucose co-transporters-1(SGLT1) 

and -2 (SGLT2) in avian kidneys, the aim of our experimental investigation was to immunolocalize 

the sodium-dependent glucose co-transporters-1 and -2 comparatively in healthy and T-2 intoxicated 

laying-type chicken. 

2. Materials and Methods 

Kidney material was collected from three 7-days-old healthy (control group) and three 7-days-

old female layer-type broilers with T-2 toxicosis (T-2 toxin group). The Ross broilers (Gallus gallus 

domesticus), obtained from a commercial Macedonian hatchery, were placed in temperature-

controlled brooders and raised in standard conditions with having free access to food and water. For 

the T-2 toxin group, starting from fourth day after hatching, T-2 toxin was applied in a dose of 0.250 

mg/day/bird and was compulsive for three consecutive days. 24 h after the last dosage of the T-2 

mycotoxin, the chickens were sacrificed by intracardiac overdose of 0.5 mL 20% sodium pentobarbital 

and the kidneys were removed. Specimens 0.5-1.0 cm in diameter were fixed in 10% buffered formalin 

solution for at least 72 hours, to ensure complete fixation. Thereafter the specimens were embedded 

into paraffin and slices 7 μm in thickness were cut. The prepared slides underwent standard 

Hematoxylin and eosin staining method [36] and immunohistochemical staining with polyclonal 

primary antibodies Rabbit anti-SGLT-1 and Rabbit anti-SGLT-2 (Abcam, UK). To immunolocalize 

SGLT1 and SGLT2 in chicken kidney tissue the sections were stained using an Immunohistochemistry 

kit (Abcam, UK) containing the secondary antibody, according to the manufacturer’s guidelines (IHC 

kit, Abcam, UK). The sections were pre-treated using heat-mediated antigen retrieval with sodium 

citrate buffer (pH 6) for 20 minutes, thereafter, incubated with the primary rabbit polyclonal 

antibodies Rabbit anti-SGLT1 and Rabbit anti-SGLT2 (Abcam, UK) at 1:1000 dilution for 30 min at 37 

ºC. Biotinylated secondary antibody at 1:1000 dilution and streptavidin-conjugated peroxidase were 

used for detection using DAB as chromogen. Negative controls contained antibody diluent (Dako, 

S0809) instead of primary antibodies and ostriches’ chicken’s kidney tissue sections for identifying 

SGLT1 and SGLT2 were used as positive controls (Hussar et al. 2022).  

The immunolocalization of SGLT1 and SGLT2 was studied by eye-visual control by two 

scientists in blind analysis and visualized photographically using an AxioCam HRc camera 

(Germany) connected to a Zeiss Axioplan-2 Imaging microscope (Germany). 

The Ethical Committee of Ss. Cyril and Methodius University in Skopje, in conformity with the 

recommendation provided in the European Convention for the Protection of Vertebrate Animals used 

for Experimental and Other Scientific Purposes (ETS no.123, Approval No. 03-7534, 12.04.2013), 

approved the husbandry and experimental procedures of the study. 

3. Results 

3.1. Routine Histology 

For facilitation of understanding of normal chicken kidneys, routine histology staining using 

Hematoxylin and eosin was carried out (Figure 2). In Figure 2 the identified proximal and distal renal 

tubules can be observed. 
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Figure 2. Normal kidney morphology of a 7-day old chicken: proximal (arrowheads) and distal tubules (arrows) 

in the cortex of the kideney. Hematoxylin and eosin, 400x. 

3.2. Immunohistochemistry 

The results of the immunohistochemical study revealed the immunolocalization of the major 

glucose transporters in the kidney- SGLT1 and SGLT2 noticed in the proximal renal tubules of hen 

chickens in both study groups (Figure 3A; Figure 4A). In the group of healthy chicken’s strong 

expression of SGLT1 occurred in the apical part of the epithelial cells of renal proximal tubules (Figure 

3A).  

      

(a) (b) 

Figure 3. Immunolocalization of the sodium-dependent glucose co-transporter-1 (SGLT1) in kidney tissue: (a) in 

healthy 7 days old chicken note the strong expression of SGLT1 in the apical part of the epithelial cells of renal 

proximal tubules (arrowheads), 400 x; (b) damaged brush border membranes of proximal tubule’s epithelial cells 

in intoxicated chicken (arrows) in T-2 mycotoxicated birds kidney tissue (arrows), 400 x. 

Compared to the healthy birds, in the T-2 toxin group the expression of the both studied 

antibodies was weaker, brush border membranes of proximal tubule’s epithelial cells were irregular 

and damaged (Figure 3B; Figure 4B).  

 

 

(a) (b) 
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Figure 4. Immunolocalization of sodium-dependent glucose co-transporter-2 (SGLT2) in: (a) healthy chicken 

kidney strongly stained prximal tubules (arrowheads) and weakly stained distal tubules (arrows) are noted 400 

x; (b) intoxicated birds’ group is noted the pale staining of proximal renal tubules (arrows), 400 x. 

In both studied groups no specific staining for SGLT1 and SGLT2 was observed in the distal 

tubules and collecting ducts of the birds’ kidneys (Figure 5).  

 

Figure 5. SGLT2 in healthy 7 days old chicken kidneys. Note the unstained collecting ducts (arrows), 

Immunohistochemistry (IHC), 400 x. 

Comparatively for both studied antibodies, the staining of the renal tissue of the control group 

was more intense than that of the T-2 toxin group. Furthermore, the expression of SGLT2 was noted 

to be comparatively much stronger than the staining of SGLT1. The results of the descriptive (eye 

visual) analysis on the expression through the intensity of staining of SGLT1 and SGLT2 in the 

proximal tubules are shown in Table 1 

Table 1. Expression of SGLT1 and SGLT2 in the proximal tubules of the chicken kidneys. 

Antibody Chicken nr. Control group T-2 toxin group 

SGLT1* 

1 

2 

3 

4 

5 

6 

7 

++ 

+++ 

++ 

++ 

++ 

++ 

++ 

++ 

+ 

+ 

+ 

++ 

+ 

+ 

SGLT2* 

1 +++ + 

2 +++ ++ 

3 ++ ++ 

4 +++ + 

5 ++ + 

6 +++ + 

7 +++ + 

* The intensity of staining is shown as: + weak; + + moderate; + + + strong. 

4. Discussion 

In maintenance of the body’s homeostasis the role of kidneys is significant. Histologically 

kidneys consist of two zones – the cortex and the medulla. The morphofunctional unit of the kidney 

is the nephron. Funcionally nephrons consists of glomeruli and tubules. Nephrons are responsible 

for filtering the blood plasma to eliminate waste products as well as conserving glucose and water. 

In birds, the homeostasis of fluid and ions needs the proper functioning of several organ systems and 

is a more complex phenomenon than in other vertebrates [37]. Unlike mammals, the kidneys of 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 November 2024 doi:10.20944/preprints202411.0314.v1

https://doi.org/10.20944/preprints202411.0314.v1


 6 

 

chicken contain different types of glomeruli, all noticed in the cortical region: small reptilian type 

glomerulus near the surface of cortex; larger, mammalian type, glomerulus near medulla and 

intermediate type glomerulus in the cortex deeper regions. The kidney maintains the glucose 

homeostasis by reabsorption of glucose in the proximal tubules, release of glucose into the circulation 

via gluconeogenesis and uptake of glucose from the circulatory sytem to provide itself with energy 

[6]. Glomeruli are the primary filtration units, because they filter glucose from plasma, which is then 

reabsorbed through glucose transporter proteins that are found in the cell membranes within the 

proximal tubules of the kidney. The proximal renal tubule, a part of the nephron, can be further 

divided into two sections, the proximal convoluted tubule and the proximal straight tubule. These 

two sections are subdivided into ultrastructural divisions, so-called segments, that consist either of 

higher or lower cell complexity. While the S1 segment corresponds to the convoluted proximal 

tubule, the straight proximal tubule has the correspondence of the S2 and S3 [38]. The studies on 

mammalian renal tissue have shown that the kidney’s proximal tubules contain the necessary 

enzymes for gluconeogenesis (lactate, glutamine, glycerol, alanine) as well as the main transporters 

which are active in the process of glucose reabsorption - the Na (+) -dependent glucose co-

transporters SGLT2 and SGLT1 on the apical membrane and the facilitated diffusion glucose 

transporter GLUT2 on the basolateral membrane. Glucose reabsorbed or produced in the proximal 

tubule (gluconeogenesis) is mainly absorbed in the peritubular capillaries and returned to the 

systemic circulation or used as an energy source in the distal tubule segments, which take up glucose 

via basolateral GLUT1. The SGLTs are considered active transporters and GLUTs belong to the family 

of passive transporters [39]. In our previous study the immunolocalization of SGLT1 and SGLT2 has 

been revealed in the kidneys of chickens of different ages [40]. For SGLT1 strong staining in the apical 

parts of the epithelial cells of the straight proximal tubules was noted and for SGLT2 strong staining 

of the renal proximal tubules and unstained distal tubules were observed in kidneys of laying chicken 

of different ages. The immunohistochemical localization of SGLT1 and SGLT2 in the kidneys of hen 

chickens of different ages was detected on the apical side of the epithelial cells of the proximal renal 

tubules. The findings on the localization of the sodium-dependent glucose co-transporters SGLT1 and 

SGLT2 in renal tissue of chickens of different age groups of the previous studies are in accordance 

with the findings of our current study on young laying chicken where the immunolocalization of 

SGLT1 and SGLT2 was detected on the apical membrane of the epithelial cells of the chicken kidney’s 

proximal tubules.  

Mycotoxins are low-molecular-weight secondary metabolites of fungi [41]. Mycotoxins can be 

divided according to the organ affected as nephro-, hepato-, immunotoxic etc. or into general groups 

such as allergens, teratogens or carcinogens etc. [42]. The T-2 toxin studied in our current experiment, 

is a carcinogenic mycotoxin that belongs in the trichothecene family to the group of Fusarium 

mycotoxins that is widely encountered as natural contaminant known to elicit toxin responses in 

different organs and tissues [43]. Mycotoxins, which are secondary metabolites produced by several 

fungal species, can exert severe toxic effects on humans and animals [44]. In the trichothecene family, 

the T-2 mycotoxin is amongst the most toxic members as compared to other mycotoxins causing 

serous hemorrhagic inflammation, necrosis and ulceration in the digestive tract, dystrophy in kidney, 

liver, heart, brain and peripheral ganglia of the vegetative nervous system. Additionally, T-2 has been 

shown to reduce egg production and weight gain of chickens, as well as impeding the ability of egg 

hatching [45]. In poultry the T-2 toxin also has been observed as the causative agent for the 

impairment of immune responses, destruction of the hematopoietic system, declining egg 

production, the serous-haemorrhagic necrotic-ulcerative inflammation of the digestive tract, internal 

hemorrhaging, mouth and skin lesions [44]. Pathohistological studies usually reveal fatty changes 

and strong granular degeneration mainly in the kidneys and liver. In chronically T-2 intoxicated 

poultry, interstitial nephritis, glomerunephritis and kidney sclerosis are among the main pathologies 

that can be observed [46]. As the kidneys are among the main affected organs by T-2 mycotoxin, 

having an essential role in the glucose homeostasis, and as the immunolocalization of sodium-

dependent glucose transporters in birds’ kidney tissue has not yet been fully elucidated, our current 

study was carried out on domestic chickens’ kidney material, investigating the effect of T-2 on SGLT1 
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and SGLT2 - members of the SLC5A gene family contributing to the renal glucose reabsorption [47]. 

Compared to the staining of SGLT1 in chicken kidney tissue our study revealed a strong staining of 

SGLT2 in the epithelial cells of the renal proximal tubules, presumambly because SGLT2 is considered 

as the main glucose transporter involved in glucose reabsorption in the kidneys carrying out 80–90% 

of glomerular filtered glucose reabsorption in renal tubular system [12,13]. In eye visual control it 

could be observed that compared to SGLT1, which localized mainly only in the apical region of the 

epithelial cells, SGLT2 was immunolocalized throughout the epithelial cells of the proximal tubules. 

In the T-2 toxin group pale staining of proximal renal tubules was noted- the weak expression of both 

studied antibodies and the morphological changes in the T-2 intoxicated bird group noted in our 

current study suggest the reduced glucose transport caused by the intoxication. Furthermore, 

irregular and damaged brush border membranes of proximal tubule’s epithelial cells in the T-2 

toxicated group chicken has been observed in our present study which is also in accordance with 

previous studies showing that T-2 induces oxidative stress with detrimental effects like nuclear and 

mitochondrial DNA damage, disturbances in cell-signaling as the toxins can affect the cell cycle and 

lead to apoptosis and ultimatively death of the cells [48–50]. A few of the T-2 main toxic effects on the 

kidney specifically are apoptosis of proximal convoluted tubule’s epithelial cells, degeneration of the 

epithelial lining, swelling and vacuolar degeneration of the tubular epithelium and necrosis of renal 

tubules [25]. These pathological alterations indicate the nephrotoxicity of T-2 and are in accordance 

with the findings of our study. The pale staining of proximal renal tubules in the T-2 toxin group of 

both major glucose transporters in kidneys indicates to the reduced ability to adequately carry out 

glucose transport caused by T-2 mycotoxicosis supporting the hypothesis that there are 

morphological changes in the kidney tissue during intoxication. To specify the glucose transporters’ 

localization and clarify the patomorphological changes in laying chicken’s kidney tissue during 

mycotoxicosis in greater detail, more studies using different research methods such as 

Immunofluorescence or Western blot should be carried out in the future. 

5. Conclusions 

The study revealed the immunolocalization of SGLT1 and SGLT2 in kidney tissue of healthy and 

intoxicated young female chicks. The sodium-dependent glucose co-transporters SGLT1 and SGLT2 

were localized in the epithelial cells of the renal proximal tubules. The expression of SGLT2 was 

noticed to be comparatively stronger than the expression of SGLT1 which localized mainly in the 

apical membranes of the epithelial cells of the proximal tubules. Comparing the expression of the 

studied antibodies in the kidneys of the chicken of the two study groups, the expression of both 

antibodies was relatively weaker in the kidneys of the chicks belonging to the T-2 toxin group. 

Together with the morphological changes- irregular and damaged brush border membranes of 

proximal tubule’s epithelial cells, the weak expression of both major glucose transporters SGLT1 and 

SGLT2 in the kidney tissue of the chicken in T-2 toxin group may indicate damage of the kidney tissue 

and subsequently a reduced functionality of glucose transport in the kidneys during T-2 

mycotoxicosis.  
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