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Abstract 

Background: Intravenous β-cyclodextrin administration poses an increased risk of toxicity. Objective: This study 

aimed to determine the nephrotoxicity of intravenous beta-cyclodextrin (BCD) and its underlying molecular 

mechanism. Methods: Sixteen Wistar rats were randomly assigned to the healthy or diabetic test group, which 

received a daily intravenous injection of water for injection or a 6% beta-cyclodextrin solution, respectively, for 

28 days. Histopathology was analyzed semi-quantitatively on a 0-5 score basis, and RT-PCR was used to quantify 

the mRNA expression of HIF-1, HIF-2, IL-1, IL-6, IL-18, and eNOS. Results: There were no deaths in any of the 

groups, and renal function declined in the test groups. Histopathological findings revealed abnormalities in 

vascular integrity, cellular infiltration/damage, and necrosis in the kidney, while the relative expression of mRNA 

for hypoxia-inducible factors (HIFs), a marker of regional renal hypoxia, was upregulated. Conclusion:  

Intravenous administration of beta-cyclodextrin increases the risk of nephrotoxicity, and the molecular 

mechanisms underlying kidney injury are probably mediated by hypoxia inducible factors-2α (HIF-2α). We 

strongly suggest that future research should be conducted with an adequate sample size. 
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INTRODUCTION 

β-Cyclodextrin (BCD) is one of the most commonly 

used excipients in the food industry. The oral safety 

profile of beta-cyclodextrin is strongly correlated with 

its relatively low solubility and bioavailability, and is 

considered a “generally regarded as safe” (GRAS) 

excipient. In contrast to the established safety of oral 

BCD, intravenous injection administration in animal 

studies has been associated with nephrotoxicity. Most 

studies have analyzed the toxicity of medicinal products 

as a whole. Thus, toxicity studies of BCD without active 

substances are limited (Stella, 2008; EMA, 2017).  

Diabetes is one of the leading causes of morbidity 

and mortality, causing approximately 3.4 million deaths, 

fatal complications, and a 338% increase in health 

spending. Hypertension, coronary artery disease (CAD), 

nephropathy, retinopathy, and cerebrovascular accidents 

(CVA) are examples of chronic diabetes complications 

(IDF, 2025). Recent developments in medical diagnostic 

technology have investigated the advantages of injecting 

nanoparticle formulations of BCD-based contrast agents 

for magnetic resonance imaging (MRI) and molecular 

probe imaging for computed tomography (CT) 

scanning. Diabetes is an underlying disease, and its 

chronic complications affecting the central nervous 

system (CNS) include CVA. Successful disease 

management comprises reliable diagnosis and safe and 

effective therapeutic management. One reliable method 

for diagnosing CVA. A more sophisticated 

supramolecular polymer of a per-methyl-BCD-based 

CT scanning contrast agent was developed by Sun et al. 

in 2021, which showed a high contrast level in the blood, 

kidney, and bladder (Sun et al., 2021). 

High BCD levels in these organs may increase the 

risk of nephrotoxicity; therefore, further research is 

required. The ADME-Toxicity study focuses on two 

critical topics: efficacy and safety (or toxicity) factors, 

which are represented by BCD kinetics and dynamics in 

the body. Kubota et al. (1996) investigated the 

pharmacokinetics of BCD, including the absorption, 

distribution, and metabolism of intravenous and oral 

BCD, but did not examine the nephrotoxicity of IV and 

oral BCD. Intravenous delivery of BCD increases its 

concentration in the intact form, resulting in a 3–6-fold 

increase in nephrotoxicity. A dose-toxicity effect 

correlation was observed following a single intravenous 

BCD administration and subsequent intraperitoneal 

injection doses, resulting in increased vacuolation. It is 

frequently observed as a physiological or degenerative 

process in the kidney or liver (Frank et al., 1976; Kubota 

et al., 1996). However, the BCD toxicities and their 

molecular mechanisms were not further explained in 

these two studies. 

Except for acute kidney injury, normal renal 

proximal epithelial cells did not express kidney injury 

molecule-1 (KIM-1). Therefore, in toxicology, 

increased vacuolation should be considered an early 

warning indicator of risk (Nishina et al., 2021; Lin & 

Liu, 2025). Neutrophil gelatinase-associated lipocalin 

(NGAL) is another marker for kidney damage. NGAL is 

released by renal tubule epithelial cells and increases in 

response to nephrotoxins or renal ischemia-reperfusion 

injury, rather than secondary to neutrophil activation 

(DeOliviera, 2019).  

Other factors should also be considered, such as 

whether a particular disease results in an anatomically 

distinct pattern of kidney injury, which remains to be 

elucidated (DeOliviera, 2019). STZ is superior to 

Aloxan in inducing diabetes because of its higher 

specificity and lower toxicity (Peng et al., 2023). Wistar 

rats are generally considered more sensitive to STZ-

induced diabetes, whereas Wistar-Kyoto rats are 

resistant. C57BL/6J mice are sensitive to diabetic injury 

but develop more pronounced progressive nephropathy, 

which could mask BCD nephrotoxicity, as well as a 

higher risk of mortality due to severe diabetes in the 

STZ-induced diabetes model (Furman, 2021; Liang & 

Liu, 2023).  Therefore, this study aimed to investigate 

the nephrotoxicity of intravenous BCD and its possible 

molecular mechanism in normal and diabetic rats, based 

on prior research and the potential toxicity of BCD, 

despite its broad and vital applications in 

pharmaceuticals and diagnostics. The novelty of our 

study is that we analyzed the type of BCD 

nephrotoxicity in the glomerulus, tubular epithelial 

cells, and vascular integrity, as well as the possibility of 

BCD nephrotoxicity through its molecular mechanisms. 

 

MATERIALS AND METHODS 

Materials 

BCD was produced by Sigma Aldrich and 

purchased from Laboratorium Solusi Indonesia, 

Surabaya, Indonesia. A 6% BCD solution was prepared 

by dissolving 6 g of BCD in 100 mL of water for 

injection.  The volume injected into the tail vein was a 

maximum of 2 ml/kg, which is equivalent to a maximum 

of 120 mg BCD/kg rat body weight/day for 28 days. 

RNA Purification Kit (Jena Bioscience #PP-210S, Jena, 

Germany) was used to extract total RNA from the 

kidney tissues. 

Tools 

The GoScript Reverse Transcription System 

(Promega Corporation, #A2791, Madison, WI, USA) 
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was used for cDNA synthesis, and the quantification of 

gene expression was performed using the MyGo Mini 

device for RT-qPCR. 

Method 

Animal handling 

Sixteen male Wistar rats aged 8-9 weeks were 

obtained from PT. Riset AIRC, Surabaya, Indonesia. 

The rats were acclimated for 7 days in 12 12-hour light 

and 12-hour dark cycle housing prior to the study, 

provided with water, and fed ad libitum. Diabetes 

induction was performed using a single dose of 

streptozotocin (STZ) freshly prepared solution, adjusted 

to pH 3-4 with citrate buffer, administered 

intraperitoneally at 65 mg/kg rat body weight, as 

described previously (Furman et al., 2021). Diabetes 

was confirmed if random blood glucose was ≥ 250 

mg/dL and remained in the diabetes range until all 

procedures were completed. All procedures were 

approved by the Research Ethics Committee, Faculty of 

Veterinary Universitas Airlangga, Surabaya, Indonesia 

(ethical approval no. 2).KEH.003.01.2024.  

Preclinical experimental design 

The sample size should be a minimum of six rats, 

according to the following calculation, 

(4 group - 1) x (replication - 1) ≥ 15 

(3) x (5) ≥ 15 

replication = 6 

However, according to the Research Ethics 

Committee's recommendation, based on the 3R 

principles, especially the “reduction principle,” only 

four samples were approved for this study. We adhered 

to these recommendations. 

The rats were randomly allocated to one of the 

following four groups: (i) control (C), (ii) diabetic 

control (D), (iii) healthy (BCD), or (iv) diabetic (D-

BCD). All groups received daily intravenous injections 

for 28 days through the tail vein using either water for 

injection (C and D) or a 6% beta-cyclodextrin solution 

(BCD and D-BCD).   All surviving animals were 

sacrificed on day 29. Intracardiac blood samples were 

collected, and serum was separated for the analysis of 

creatinine and BUN concentrations. The estimated 

glomerular filtration rate was calculated as follows: 

(Bessling et al., 2021).  

 When plasma creatinine is < 52 μmol/l, the 

equation is as follows:  

eGFR = 880 x (W0.695) x (C-0.660) x (U-0.391)  

 When plasma creatinine is ≥ 52 μmol/l, the 

equation is as follows:  

eGFR = 5862 x (W0.695) x (C-1.150) x (U-0.391) 

In these equations, eGFR is in μl/min, W is weight 

in grams, C is creatinine in μmol/L, and U is urea in 

mmol/L.  

Histopathology analysis 

The kidneys were harvested and weighed, and the 

body weight ratio was calculated based on the absolute 

weight of the kidney and body weight in grams 

(DeOliviera et al., 2019). The Kidneys were perfusion-

fixed with 3% paraformaldehyde via the abdominal 

aorta, as previously reported. The samples were then 

stored in ice-cold phosphate-buffered saline (PBS) and 

processed for paraffin embedding. For histological 

assessment, paraffin sections were cut to a thickness of 

3 µm and stained with hematoxylin-eosin (HE), periodic 

acid-Schiff (PAS), and Mason’s trichrome using 

standard procedures (Rosenberger, 2008). Histological 

evaluation was conducted independently by two 

pathologists across ten microscopic fields. Changes in 

renal morphology, including vascular integrity, 

necrosis, and cellular infiltration/damage, were assessed 

semi-quantitatively using a 0-5 score system, as 

previously described. Briefly, (a) there were three 

grades of abnormality with subsequent scores: grade 1 = 

1, grade 2 = 4, and grade 3 = 10; (b) the percentage of 

the kidney slices affected were as follows: < 1% = 0, 1–

5% = 1, 5 – 10% = 2, 10–< 20% = 3, 20–< 30% = 4, 30–

40% = 5, and ≥ 40% = 6. The final semiquantitative 

score was calculated as grade score × percentage score, 

which was denoted as follows:  0 = no significant change 

(overall score < 1), +1 = mild damage (overall score 1-

15), +2 = mild to moderate damage (overall score 15 to 

< 30), +3 = moderate damage (overall score 30 to < 45), 

+4 = moderate to severe damage (overall score 45 to < 

60), and +5 = severe damage (overall score 60) (Yousef, 

et al., 2011). To confirm the potential toxicity induced 

by BCD, mRNA expression analysis was performed 

using reverse-transcription polymerase chain reaction 

(RT-qPCR). The mRNA expression of the molecular 

markers assessed included hypoxia-inducible factor-1α 

(HIF-1α), HIF-2α, endothelial nitric oxide synthase 

(eNOS), and the inflammation markers interleukins IL-

1β, IL-6, and IL-18. 

RT-qPCR procedures 

Freshly collected kidney specimens were snap-

frozen in liquid nitrogen and stored at –80˚C until use.  

RNA Purification Kit (Jena Bioscience #PP-210S, Jena, 

Germany) was used to extract total RNA from kidney 

tissues, and cDNA synthesis was carried out using the 

GoScript Reverse Transcription System (Promega 

Corporation #A2791, Madison, WI, USA). The 

quantification of gene expression using the MyGo Mini 

device for RT-qPCR was conducted at 95 °C for 3 min, 
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followed by 40 cycles of 95 °C to 63 °C for 30 s, and 

60 °C to 97 °C for 1 min. mRNA amplifications were 

performed for HIF-1α, HIF-2α, eNOS, IL-1β, IL-6, IL-

18, and β-actin housekeeping genes. The following 

primers were used (all Thermo Fischer Scientific, 

Waltham, MA, USA): HIF-1 alpha 5'-

CAACTGCCACCACTGATGAA-3' (forward), 5'-

TGGGTAGAAGGTGGAGATGC-3' (reverse); HIF-2 

alpha 5'-GCGACAATGACAGCTGACAA-3' 

(forward), 5'-CGGCATCTCGGGATTTCT-3' 

(reverse); eNOS 5'-

CGAGATATCTTCAGTCCCAAGC-3' (forward), 5'-

GTGGATTTGCTGCTCTCTAGG-3' (reverse); IL-1b 

5'-CTCAATGGACAGAACATAAGCC-3' (forward), 

5'-GGTGTGCCGTCTTTCATCA-3' (reverse); IL-6 5′-

ATTGTATGAACAGCGATGATGCAC-3′ (forward), 

5′-CCAGGTAGAAACGGAACTCCAGA-3′; IL-18 5′-

GCAGTAATACGGAGCATAAA-3′ (forward), and 5′-

ATCCTTCACAGATAGGGTCA-3′ (reverse).  

Analysis of the BCD nephrotoxicity molecular 

mechanism  

The expression of each mRNA renal hypoxia and 

inflammation parameter was normalized to the 

housekeeping gene β-actin in each sample. The results 

of the relative expression to β-actin are presented as the 

mean ± SEM, and one-way analysis of variance 

(ANOVA) or Kruskal-Wallis test was performed to 

identify the statistical significance with a p-value limit 

of ≤ 0.05, followed by Tukey’s post hoc test using 

GraphPad Prism version 10.3.1 (GraphPad Software, 

San Diego, CA, USA). 

 

RESULTS AND DISCUSSION 

The deterioration in renal function was not 

statistically significant; however, all groups had zero 

death rates. The final renal function is excretion, which 

includes glomerular filtration, tubular secretion, and 

reabsorption. Since glomerular filtration eliminates 

nearly all chemicals, the glomerular filtration rate (GFR) 

plays a crucial role in assessing the severity of kidney 

disorders and the efficacy of interventions. Because 

GFR cannot be evaluated directly, it must be inferred 

from the serum level of an endogenous filtration marker 

(eGFR) or quantified based on the clearance of an 

exogenous substance that is only excreted by glomerular 

filtration (mGFR). In this study, body weight, serum 

creatinine, and urea levels were used to create an 

equation that yields estimated GFR (eGFR). Since 

creatinine is a byproduct of the metabolism of muscle 

tissues, an increase in its serum level is likely to occur 

in the following days. In this study, the mean eGFR of 

the diseased and control rats were 0.831 ml/min and 

3.341 ml/min, respectively (Bessling et al., 2021; Gama 

et al., 2023; Lamb et al., 2024).  The results showed that 

beta-cyclodextrin injected sub-chronically for 28 days 

could alter renal function, despite a half-decrease in 

eGFRs in the BCD and D-BCD groups, which was not 

statistically significant (p>0.05) (Table 1). The sample 

size in this study was very limited to 16 rats (n = 

4/group), which led to a high rate of Type II errors (false 

negatives). This might explain the lack of significant 

differences in eGFR data between the groups, despite 

the precise observation of anuria symptoms. We further 

discuss this anuric state at the end of the Discussion.  

Table 1. Estimated glomerular filtration rate (eGFR) and kidney to body weight ratio 

Group 

eGFR – pre-

intervention%- 

(mL/ minute) 

eGFR – post 

intervention (mL/ 

minute) 

Sign 

Kidney to Body 

Weight Ratio 

(g*100/g) 

Sign 

Control (C) 1.460±103.1 1.376 ±114.2  

p > 0.05 

0.655 ±0.25  

p > 

0.05 
    

Diabetes (D) 0.920 ±22.0 0.822 ±80.3 0.535 ±0.05 

Healthy – BCD (BCD) 1.181 ±217.6 0.546 ±102.3 0.770 ±0.0 

Diabetes – BCD (D-BCD) 0.994±66.1 0.503 ±19.9 0.930 ±0.5 

eGFR = estimated glomerular filtration rate 

Table 2. Renal tissue damage scores 

Control (C) Beta-cyclodextrin (BCD) 

Cellular Infiltration/ 

damage 

Vascular 

integrity 

Necrosis Cellular Infiltration/ 

damage 

Vascular 

integrity 

Necrosis 

0 

 

0 0 +3 

(30 to <45) 

+2 

(15 to <30) 

+3 

(30 to <45) 

Diabetes (D) Diabetes-Beta-cyclodextrin (D-BCD) 

Cellular Infiltration/ 

damage 

Vascular 

integrity 

Necrosis Cellular Infiltration/ 

damage 

Vascular 

integrity 

Necrosis 

+2 

(15 to <30) 

+2 

(15 to <30) 

+2 

(15 to <30) 

+2 

(15 to <30) 

+2 

(15 to <305) 

+3 

(30 to <45) 
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Figure 1. Photomicrograph of beta-cyclodextrin (BCD)-induced renal injury in healthy and diabetic rats. A-C: kidney 

histological injury represented by hematoxylin-eosin (HE) staining, with a relatively intact basal membrane without 

Kimmelstiel-Wilson nodule in the glomerulus, as shown by periodic acid-Schiff (PAS) staining, and no sign of fibrosis 

as reflected by Masson’s trichrome staining (magnification: x400). Bar-graph legends: C = control, BCD = beta-

cyclodextrin, D = diabetes, D-BCD = diabetes – beta-cyclodextrin group 
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Figure 2. Photomicrograph of renal injury-related gene expression in healthy and diabetic rats. A-F: Gene expression of 

hypoxia-inducible factors (A = HIF-1α and B = HIF-2α), inflammations (C = IL-1β, D = IL-6, E = IL-18), and 

endothelial nitric oxide synthase (F = eNOS). Bar-graph legends: C = control, BCD = beta-cyclodextrin, D = diabetes, 

D-BCD = diabetes – beta-cyclodextrin group 

 

The measured GFR or eGFR from serum creatinine 

determined by the enzymatic technique ± urine albumin-

to-creatinine ratio can yield a more accurate result 

(Bessling, et al., 2021; Gama et al., 2023; Lamb, et al., 

2024). Acute kidney injury (AKI) in humans can be 

identified by a decrease in urine volume < 0.5 ml/ kg 

body weight that lasts for at least 6 h or by an increase 

in serum creatinine ≥ 0.3 mg/ dl in the 48 h or > 50% in 

the previous 7 d, which further lowers eGFR (KDIGO, 

2012). In both healthy and diabetic rats in the BCD and 

D-BCD groups, we observed an oliguric to anuric state, 

which made it impossible to accurately measure the 

urine levels of the tubular damage markers kidney injury 

molecule-1 (KIM-1), neutrophil gelatinase-associated 

lipocalin (NGAL), and liver-type fatty acid-binding 

protein (LAFB). Sensitive and specific acute kidney 

injury parameters include urinary KIM-1, creatinine, 

and NGAL, which require a minimum urine sample 

volume of 3 mL for enzyme-linked immunosorbent 

assay (ELISA) analysis Jin et al., 2017). In our study, 

urine samples collected from rats were less than 1.5 mL. 

Thus, this is the reason why we were unable to perform 

urinary KIM, NGAL, protein, creatinine, and LAFB 

analysis.  To examine renal tissue damage, we 

performed a histological evaluation.   

Based on the histological features of HE, PAS, and 

MT staining, there was generally mild to moderate 

structural damage in diabetes, possibly due to the early 

stages of diabetes, and the diabetic complications had 

not yet manifested. The histological findings are 

presented in Table 2. Histopathology of typical early 

diabetic nephropathy typically reveals glomerular 

hypertrophy and dilated tubules, which can be observed 

by hematoxylin-eosin staining, as well as thickening of 

the glomerular basement membrane, as observed in 

periodic acid-Schiff (PAS)- stained tissue. In this study, 

dilated tubules and mild thickening of the glomerular 

basement membrane were observed in the D-BCD 

group (Figure 1.B) without renal fibrotic tissue findings, 

as demonstrated by Masson’s trichrome staining, or 

nodular glomerulosclerosis (Kimmelstiel-Wilson 

nodules in the glomerulus), as demonstrated by PAS 
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staining (Figure 1. B and C). Kimmelstiel-Wilson 

nodules, albuminuria, and fibrosis are essential 

parameters for characterizing advanced diabetic 

nephropathy (Zimpelmann et al., 2000; US Department 

of Health and Human Services, 2023).  

Histopathological analysis revealed renal 

abnormalities that correlated with gene expression 

patterns, particularly the upregulation of hypoxia-

inducible factor 2α (HIF-2α), as shown in Figure 1. A. 

Hematoxylin-eosin (HE) staining revealed vacuolation 

within the renal tubular epithelial cells and interstitial 

inflammation in the BCD, diabetes, and D-BCD groups. 

In contrast, the glomerular and tubular basement 

membranes were largely preserved compared to those in 

the control group. These observations are consistent 

with previous studies investigating the toxicological 

effects of BCD, including a 52-week oral administration 

study, a single-dose intravenous administration study, 

and a 7-day repeated subcutaneous injection study. 

While no signs of nephrotoxicity were reported 

following oral administration, minor vacuolation was 

observed after intravenous injection. In contrast, high-

dose subcutaneous administration (0.98 g/kg body 

weight) induced the presence of elongated or needle-like 

cytoplasmic crystals and giant lysosomes, initially 

localized in the proximal convoluted tubules (Frank et 

al., 1976; Bellringer et al., 1995; Kubota et al., 1996). 

The nephrotoxic doses reported in these prior studies 

were approximately 1.6 times higher than the dosage 

used in the present study, which may account for the 

absence of mineralization and crystalline structures in 

our results. 

An increase in vacuolation may result in significant 

damage to renal epithelial cells, subsequently triggering 

the activation of innate immune responses. This includes 

the recruitment of systemic macrophages and activation 

of resident macrophages within the tubular epithelium. 

Histopathological examination revealed inflamed 

tubular epithelial cells characterized by heightened 

eosinophilia on hematoxylin-eosin (HE) staining, along 

with increased interstitial cellularity within the nephron. 

Despite these alterations, periodic acid–Schiff (PAS) 

staining demonstrated the preservation of tubular 

basement membranes, and Masson’s trichrome (MT) 

staining did not indicate any fibrotic changes. 

Furthermore, the presence of sloughed epithelial cells or 

casts within the tubular lumens observed in this study is 

consistent with the findings reported by Frank et al. 

(1976). Mechanistically, kidney injury molecule-1 

(KIM-1) is upregulated in the proximal tubular 

epithelium during injury, where it functions as a non-

specific resident of the macrophages. KIM-1 facilitates 

the phagocytosis of cellular debris, with the resultant 

bodies being shed into the tubular lumen, where they are 

visible as sloughs or casts. Similarly, neutrophil 

gelatinase-associated lipocalin (NGAL) is induced 

during acute kidney injury, particularly in distal nephron 

segments, including the distal tubules, connecting 

tubules, and collecting ducts (DeOliveira et al., 2019).  

In renal tissue, hypoxia-inducible factor 1α (HIF-

1α) is predominantly localized in the collecting ducts 

and the thick ascending limb (TAL) of the nephron, 

whereas hypoxia-inducible factor 2α (HIF-2α) is mainly 

expressed in endothelial and interstitial cells 

(Rosenberger et al., 2008; Smith et al., 2011; 

Kletkiewicz et al., 2018). As depicted in Figure 1, these 

distribution patterns are consistent with our data, which 

demonstrate a statistically significant upregulation (p < 

0.05) in the relative mRNA expression of HIF-2α in the 

experimental group compared to that in the control 

group (E). HIF-2α expression is known to increase 

under prolonged hypoxic conditions, typically persisting 

beyond 72 h post-injury, and is considered to play a 

protective role in the context of acute kidney injury by 

initiating adaptive cellular survival pathways 

(Rosenberger et al., 2008; Smith et al., 2011; 

Kletkiewicz et al., 2018). 

Our findings showed a significant upregulation 

(p<0.05) in the relative mRNA expression of IL-18 

following 28 days of intravenous BCD administration in 

healthy rats compared to that in the D-BCD group (H). 

Marked tubular dilations were observed in the D-BCD 

group compared to the normal control (C) and diabetes 

(D) groups. Interestingly, IL-18 expression was 

downregulated in the D and D-BCD groups. Notably, all 

pro-inflammatory cytokines evaluated in this study—

IL-1β, IL-6, and IL-18—were consistently 

downregulated, which contrasts with previous findings 

suggesting that IL-18 plays a key role in mediating 

certain human autoimmune conditions, including type 1 

diabetes mellitus (Zimpelmann et al., 2000; Zhao et al., 

2024).  This discrepancy may be attributed to the early 

stage diabetes model employed in this study, 

characterized by six weeks of sustained hyperglycemia 

without the onset of diabetic nephropathy.  

STZ-induced type 1 diabetes in a rat model 

confirmed the infiltration of the innate immune system, 

specifically macrophages, in the glomerulus and renal 

interstitial cells from the early phase of type 1 diabetes, 

resulting in a proinflammatory condition. IL-18 was 

previously known as an interferon-γ (IFN-γ) producing 

factor, and may be released by both macrophages and 

renal tubular epithelial cells. In the presence of abundant 

IFN-γ and tumor necrosis factor-α (TNF-α), 
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macrophage differentiation leads to the activation of M1 

macrophages, which initiates the pro-inflammatory 

phase, potentially causing renal damage. IL-18 may 

accelerate glomerular injury, whereas podocyte 

hypertrophy occurs as a result of IL-6 activation under 

hyperglycemic conditions. IFN-γ and IL-6 may also 

activate HIF-1α in the renal tubules under hypoxic 

conditions; however, high glucose levels inhibit the 

stabilization of HIF-1α (Youssef et al., 2024).  Wang et 

al. (2021) demonstrate that the expression of HIF-1α 

mRNA was significantly reduced in various AKI 

models following the depletion of systemic 

monocytes/macrophages. A key factor in AKI, 

regardless of causality, is regional renal hypoxia, which 

leads to an increase in nitric oxide (NO) production, an 

endogenous vasodilator, through eNOS (Rosenberger et 

al., 2008). As part of the diabetes disease continuum, a 

shift from M1 to M2 macrophages may occur, which 

facilitates tissue repair and inhibits further 

inflammation, possibly due to a compensatory 

mechanism. In contrast, this macrophage transition 

could lead to maladaptive repair and fibrosis as the 

disease progresses to overt diabetic kidney disease 

(Youssef et al., 2023; Zhao et al., 2024; Ji et al., 2025). 

These findings are consistent with our results, which 

revealed the upregulation of HIF-2α. HIF-2α is 

predominantly expressed in capillary endothelial cells as 

an adaptive mechanism under hypoxic conditions, 

potentially compensating for renal damage by 

downregulating proinflammatory cytokines. Thus, we 

hypothesized that HIF-2α plays a crucial role in iv BCD-

induced renal hypoxia in both healthy and diabetic rat 

groups; however, this requires further elucidation.  

Consequently, intravenous BCD administration did 

not appear to provoke acute kidney injury under these 

conditions, although further investigation is required. A 

notable limitation of this study was the occurrence of 

anuria during the final 8 h preceding necropsy in both 

the BCD and D-BCD groups, which precluded the 

measurement of acute kidney injury biomarkers such as 

the urinary albumin-to-creatinine ratio, KIM-1, NGAL, 

and other urinary markers. A limitation of this study was 

its underpowered nature, which led to a type II error, 

resulting in false negatives owing to the limited sample 

size. This led to a lack of statistical significance for 

eGFR as an important renal function parameter, despite 

the precise observation of an anuric state. STZ-induced 

diabetic rats exhibit glomerular and tubular 

hypertrophy, a thickened glomerular basement 

membrane, enhanced renal blood flow, and glomerular 

hyperfiltration in the early phase of diabetes as a 

compensatory mechanism to eliminate high glucose 

levels in the kidney. However, as the disease progresses, 

microalbuminuria, accompanied by the accumulation of 

matrix metalloproteinase (MMP) in the mesangium, 

leads to progressive glomerulosclerosis due to the 

activation of the renal renin-angiotensin system, 

specifically the angiotensin II (Ang II) pathway. Ang II 

is a growth factor that promotes the production of pro-

sclerotic transforming growth factor-β (TGF-β), afferent 

arterial vasoconstriction, and subsequent reduction in 

urine production (Zimpelmann et al., 2000). 

Zimpelmann et al. (2000) showed that renal Ang II 

levels significantly increased (p < 0.04) within two 

weeks of STZ induction, whereas there were no 

statistically significant differences in plasma renin 

activity and creatinine levels in STZ-induced rats. 

 

CONCLUSION 

Intravenous administration of beta-cyclodextrin 

increases the risk of nephrotoxicity in diabetic rats, and 

HIF-2α may mediate the molecular mechanisms 

underlying kidney injury. We strongly suggest 

conducting future research with an adequate sample 

size. 
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