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A B S T R A C T   

L-ergothioneine (L-egt) is a bioactive compound recently approved by the food and drug administration as a 
supplement. L-egt exerts potent cyto-protective, antioxidant and anti-inflammatory properties in tissues exposed 
to injury, while metformin is a first-line prescription in type-2 diabetes. Therefore, the present study investigated 
the protective effect of L-egt alone, or combined with metformin, on renal damage in a type-2 diabetic (T2D) rat 
model. T2D was induced in male Sprague-Dawley rats using the fructose-streptozotocin rat model. L-egt 
administration, alone or combined with metformin, began after confirming diabetes and was administered orally 
for seven weeks. After the experiment, all animals were euthanized by decapitation, blood samples were 
collected, and both kidneys were excised. Biochemical analysis, Enzyme-link Immunoassay (ELISA), Reverse 
transcriptase quantitative polymerase chain reaction (RT-qPCR), western blotting, and histological analyses were 
done to evaluate various biomarkers and structural changes associated with renal damage. Untreated diabetic 
rats showed loss of kidney functions characterized by increased serum creatinine, blood urea nitrogen, pro-
teinuria, triglycerides, lipid peroxidation, inflammation, and decreased antioxidant enzymes. Histological eval-
uation showed evidence of fibrosis, mesangial expansion, and damaged basement membrane in the nephrons. 
However, L-egt alleviates these functional and structural derangements in the kidney, while co-administration 
with metformin reduced hyperglycemia and improves therapeutic outcomes. Furthermore, L-egt treatment 
significantly increased the expression of major antioxidant transcription factors, cytoprotective genes and 
decreased the expression of inflammatory genes in the kidney. Thus, combining L-egt and metformin may 
improve therapeutic efficacy and be used as an adjuvant therapy to alleviate renal damage in type-2 diabetes.   

1. Introduction 

Type-2 diabetes (T2D) is a metabolic disorder exerting a heavy toll 
on both the individual and society with several complications, including 
nephropathy [39]. Diabetic nephropathy (DN) is a major microvascular 
complication that causes chronic kidney disease (CKD) and eventually 
leading to end-stage renal disease (ESRD) requiring renal hemodialysis 
therapy or kidney transplant [50,70]. DN develops in approximately 
30–40% of patients with diabetes and progresses with time, character-
ized by increased urinary albumin excretion, decreased glomerular 
filtration rate (GFR), and increased peripheral arterial blood pressure 
[11,63]. The pathogenesis of DN in T2D involves a complex and 

multifactorial process resulting from hyperglycemia and insulin resis-
tance (IR). The persistent hyperglycemia generates excess free radicals 
(e.g., ROS) that overwhelms the antioxidant defense system, resulting in 
oxidative injury that promotes renal inflammation and mitochondrial 
dysfunction [6,38]. Insulin resistance also causes dyslipidemia associ-
ated with progressive loss of renal functions via transforming growth 
factor- β (TGF-β) signaling pathway [27,41]. These biochemical pro-
cesses stimulate different cellular signals that damage vital biomolecules 
and cellular components of the kidney (including DNA, proteins, 
podocyte, mesangial and tubular cells), exerting significant abnormal-
ities on renal structure and function with subsequent ESRD [65]. 
Therefore, the prevention and management of DN should be 
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multi-targeted, focusing on cellular and molecular switches involved in 
the pathogenesis of DN. 

The significant role of increased ROS activity in DN calls for a refined 
approach to antioxidant therapy, with several reports supporting the 
hypothesis that bioactive compounds with potent antioxidant activities 
can delay the development and halt the progression of DN [4,7]. 
L-ergothioneine (2-mercaptohistidinetrimethylbetaine) is a bioactive 
compound obtained solely from diets (such as mushroom, black bean, 
red beans, and certain meat products) and recently approved by the 
Foods and Drugs Administration (FDA) and European Food Safety Au-
thority (EFSA) to be used as supplements [60,66]. L-egt (as shown in  
Fig. 1) possesses antioxidant and anti-inflammatory properties, while its 
accumulation at the sites of tissue injury has been hypothesized as an 
adaptive mechanism of protecting tissues at risk of damage and regen-
erating injured tissues [21,42]. Also, L-egt has been reported to activate 
the Nrf2 (nuclear factor erythroid-2 related factor-2) antioxidant 
signaling pathway to protect against cellular injury, enhance gluta-
thione level and reduce oxidative damage in the kidney as well as ac-
tivates sirt1 and 6 to protect against high glucose-induced cell 
senescence [12,13,22]. Furthermore, coadministration of L- egt with 
existing therapy (such as melatonin and hispidin) significantly increases 
treatment benefits both in-vitro and in-vivo [52,53], suggesting that 
L-egt may improve the efficacy of available treatment options. In addi-
tion, it has been shown that the reno-protective effect of metformin goes 
beyond its antihyperglycemic effect; metformin alleviates oxidative 
stress, suppresses TGF-β1 inflammatory pathway, and attenuates 
apoptosis [47,69]. However, the effect of L-egt and its co-administration 
with metformin against renal complications associated with diabetes is 
yet to be established. Thus, this study was designed to investigate the 
effect of L-egt, with or without metformin, on renal dysfunctions asso-
ciated with diabetes in a rat model of type-2 diabetes. 

2. Materials and methods 

2.1. Drugs and chemicals 

Pure L-ergothioneine was sponsored by Tetrahedron (Paris, France 
www.tetrahedron.fr). Streptozotocin (STZ) was obtained from Sigma- 
Aldrich (St., Louis, MO, USA). Acucheck glucose strips and metformin 
(Austell Laboratories Pvt. Ltd.) were purchased from Pharmed Ltd., 
(Durban, South Africa). Fructose (Radchem (PTY) Ltd) was purchased 
from Laboquip (Durban, South Africa). All chemicals and reagents used 
in this study were analytical grades and available commercially. 

2.2. Animals 

Thirty-six (36) adult male Sprague-Dawley rats weighing (175 ± 20) 
g were used in this study. The animals were obtained from the 
Biomedical Research Unit (BRU), Westville Campus, University of 
KwaZulu-Natal, Durban, South Africa. The animals were allowed to 
acclimatize to standard laboratory conditions (temperature 23 ± 1 ◦C, 
40–60% humidity) and 12 h light-dark cycles with free access to stan-
dard rat chow (Meadow Feeds, South Africa) and water ad libitum for one 
week before the experiment. All animal protocol was done according to 
the National Institutes of Health guide for the care and use of laboratory 
animals (NIH Publications No. 8023, revised 1978) and approved by the 
University of KwaZulu-Natal Animal Research Ethics Committee, Dur-
ban, South Africa, with ethical clearance (AREC/006/019D). 

2.2.1. Induction of experimental diabetes 
Type-2 diabetes rat model was induced using fructose plus a low dose 

of streptozotocin model reported previously by [68]. Briefly, after 
acclimatization, the animals were randomly divided into two major 
groups: non-diabetic (n = 12) and diabetic groups (n = 24). The dia-
betic group was supplied with 10% fructose solution ad libitum in 
drinking water for 14 days to induce insulin resistance, while the 
non-diabetic groups were supplied with distilled water. After 14 days, all 
animals were fasted for 8–10 h before intraperitoneal injections. The 
diabetic groups were injected a single low dose of streptozotocin (STZ) 
(40 mg/kg bwt) dissolved in freshly prepared 0.1 M citrate buffer (pH 
4.5), while the non-diabetic groups were injected with the same volume 
of citrate-buffer only. One week after STZ injection, non-fasting blood 
glucose (NFBG) levels were measured in all animals using a portable 
glucometer Accu-Chek Active (Roche Diagnostics GnbHD-68298 Man-
nheim, Germany) in the blood collected from the tail vein. Animals with 
NFBG levels > 16.7 mmol/L were considered diabetic [54] and included 
in the study. 

2.3. Experimental protocol 

After the induction of diabetes, non-diabetic rats were subdivided 
into two groups, and the diabetic rats were randomly divided into four 
groups (n = 6) and treated as follows.  

➣ Non-diabetic control (NC) - 1 ml/100 g bwt of distilled water.  
➣ Diabetes control (DC) - 1 ml/100 g bwt of distilled water.  
➣ Diabetes + L-egt (DE) - 35 mg/kg bwt of L-egt.  
➣ Diabetes + metformin (DM) - 500 mg/kg bwt of metformin.  
➣ Diabetes + L-egt + metformin (DEM). 

Fig. 1. Chemical structure of thione-thiol tautomers of L-ergothioneine. In solution at physiological pH, L-egt exists predominantly in the thione (a) rather than the 
thiol (b) [21]. 
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Distilled water, L-egt, and metformin were administered orally for 
seven weeks after confirmation of diabetes. In addition, body weight 
was recorded every week. Dosage of L-egt was selected based on dis-
tribution and accumulation of dietary ergothioneine in mouse tissues 
and in accordance with previous studies that used this nutraceutical [56, 
67]. 

2.4. Collection of samples 

After seven weeks of treatment, the animals were placed individually 
in a metabolic cage for 24 h to measure water intake and collect urine 
samples using a sterile container. Urine volume was recorded, and the 
collected samples were centrifuged at 2000 rpm, 10 mins at 4 ◦C to 
remove any suspended particles. The urine samples were then aliquoted 
in Eppendorf tubes and stored at − 20 ◦C until analysis. Rats were 
sacrificed by decapitation, and blood samples were collected into a 
serum vacutainer bottle; centrifuged at 3000 rpm for 10 mins to obtain 
serum and stored in the bio-freezer at − 80 ◦C until used for analysis. 
The kidneys were rapidly excised, cleaned of adhering tissues, weighed, 
and rinsed in cold saline. The right kidney was rapidly frozen in liquid 
nitrogen and stored at − 80 ◦C until used for analysis, while the left 
kidney was fixed in 10% neutral-buffered formalin histopathological 
analysis. 

2.4.1. Preparation of kidney homogenates 
The kidney samples were thawed and homogenized in 10% phos-

phate buffer (0.1 M, pH7.4). The homogenates were vortexed and 
centrifuged at 600 g for 10 min to remove cell debris. The supernatant 
was subsequently centrifuged at 10,000 g for 20 mins to obtain the 
cytosolic fraction and used for biochemical analyses. 

2.5. Assessment of body weight, kidney weight, and blood glucose 

The bodyweight of all animals was recorded weekly. The kidney 
index was assessed by calculating the kidney-to-bodyweight ratio. Non- 
fasting blood glucose levels were recorded before and after the experi-
ment using a glucometer (Accu-Chek Performa, USA). 

2.6. Biochemical analysis 

Serum and urine samples were analyzed at Global clinical and viral 
laboratories (Amanzimtoti, South Africa) for quantification of serum 
creatinine (Scr), Blood Urea Nitrogen (BUN), and Urinary albumin 
(Ualb), Urine creatinine (Ucr), and triglyceride (TG) using a biochemical 
analyzer. Urine protein was quantified by Bradford assay (Sigma Aldrich 
Chemical Company, Missouri, and St Louis, USA). The renal index was 
estimated by calculating the ratio of kidney weight to body weight. 
Creatinine clearance was used to estimate glomerular filtration rate and 
was calculated using the formula:  

Ccr(ml/min) =
Urine creatinine (mg/dl) × urine volume (ml/24hrs)

Serum creatinine (mg/dl) × 60min × 24hrs  

[44]. 

2.6.1. Evaluation of lipid peroxidation and antioxidant enzymes 
The concentration of malondialdehyde (MDA), a marker of lipid 

peroxidation, was evaluated by measuring the content of thiobarbituric 
acid (TBA) reactive product in the kidney homogenates using the pro-
tocol previously described by [36]. The concentration of antioxidant 
enzymes (SOD, GSH, and CAT) was also measured in the kidney 

homogenates by spectrophotometric assay. Reduced-GSH and SOD 
levels were assessed using the method [16,32]. CAT activity was 
analyzed following the method reported by [1]. 

2.6.2. Evaluation of renal inflammation and fibrosis biomarkers 
Pro-inflammatory cytokine, tumor necrosis factor –α (TNF–α); che-

mokine, monocyte chemotactic protein-1 (MCP-1) and fibrotic cytokine, 
tumor growth factor-β (TGF-β) were quantified in the kidney homoge-
nates using their specific ELISA kits (Elabscience Biotechnology Co., 
Ltd., Houston, TX, USA) according to the manufacturer’s protocol. 
Absorbance was measured using the microplate reader, SPECTROstar 
Nano spectrophotometer (BMG LABTECH, Ortenburg, LGBW, 
Germany). 

2.6.3. Histopathological examination of the kidney 
Kidney samples were fixed in 10% neutral-buffered formalin. Spec-

imens were then dehydrated in a graded series of ethanol cleared in 
xylene and embedded in paraffin wax. The samples were then cut into 
slices (5-μm thick) using a micron rotary microtome and stained with 
hematoxylin and eosin (H&E). Kidney sections were also sent to an 
accredited laboratory (Lancet laboratory, South Africa) for Periodic Acid 
Schiff (PAS) and Masson’s trichome special stains. The stained sections 
were visualized using a nanozoomer S360 digital slide scanner (Hama-
matsu Photonics, Japan) and nanozoomer digital pathology version 2.8 
software for analysis by a pathologist. H&E-stained sections were used 
to determine the degree of damage in the kidney tissue; PAS and Masson 
trichome stained were used to evaluate hyperplasia in the glomerular 
mesangial area and renal fibrosis, respectively. 

2.6.3.1. Quantitative and semiquantitative analysis of renal injury. 
Quantitative analysis of tubular dilation in the H&E-stained sections and 
mesangial matrix expansion in the PAS-stained sections were quantified 
using ImageJ 1.53e analysis software (NIH, USA). Ten to twelve fields of 
images containing tubular structures were selected per slide to evaluate 
tubular dilation. The cross-sectional diameter of tubules in the selected 
cortical field was measured by line morphometric measurements from 
digital images (Olympus BX51 microscope mounted with a digital 
camera; Olympus Optical; Tokyo, Japan) and ImageJ 1.53e software 
analysis (NIH, USA) as described by [45]. To estimate the tubular 
diameter, the straight-line tool on the software is used to draw a straight 
line that passes through the center of a symmetrically sectioned tubule 
and joins two points on the tubular circumference [46,57]. The distance 
(µm) is calculated by selecting Analyze/Measure and waiting for the 
‘Length’ to appear in the Results window. The average diameter of ten 
tubules is then recorded for each kidney sample, and three kidney 
samples were selected per group (n = 3). The mean ± sem value for 
each group was presented on a bar chart in Fig. 8a. 

The total glomerular area and glomerular mesangial area were also 
analyzed with ImageJ software as previously described by [55]. Five to 
seven fields of images showing glomerular structures were selected per 
slide (n = 3/group) in the PAS-stained section at x200 magnification to 
measure the total glomerular area. The total glomerular image was 
manually selected by the polygonal selection tool from the software and 
extracted from the other parts of the histological slice image. The total 
glomerular area was measured, and the result was recorded. The se-
lection of mesangial area in the glomerulus, which was stained purple on 
PAS-stained sections, was performed by the “color-based thresholding” 
option [51]. Afterward, only the purple-stained parts of the glomerular 
tuft remained on the image, further converted into binary images. The 
binary image was used for mesangial area measurement. The average 
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area of five glomerular structures is then recorded for each kidney 
sample, and three kidney samples were selected per group (n = 3). The 
mean ± sem values for each group were calculated. Then, the percent-
age ratio of the mesangial area to the total glomerular area was used to 
estimate the mesangial matrix index as presented in Fig. 8b. For semi-
quantitative analysis of renal fibrosis, the percentage of collagen deposit 
(green stain in Trichome-stained sections) was evaluated and presented 
in Fig. 8c. Twenty glomeruli were randomly selected from each section, 
and the green stained collagen area in each glomerulus was scored by a 
pathologist blinded to the study using the method [26]: 0 = < 25% 
stained collagen area; 1 = 25–50% stained collagen area; 2 = 50–75% 
stained collagen area; and 3 = >75% stained collagen area. 

2.6.4. Reverse transcription quantitative Polymerase Chain Reaction (RT- 
qPCR) 

TRIzol reagent (40 mg of tissue/ml, Trizol reagent) was used to 
extract total RNA from the kidney. The quality and quantity of isolated 
RNA were evaluated by measuring absorbance at 260/280 nm with a 
nanodrop ND-1000 spectrophotometer (Thermo scientific, Johannes-
burg, South Africa). After that, iScript cDNA synthesis kit, Life Science 
research (Biorad, South Africa), was used to convert the RNA into cDNA 
according to the manufacturers’ instructions. 

Real-time qPCR of samples was used to determine the mRNA 
expression level of Nrf2, Ho-1, NQO-1, sirt1, NF-kB, TGF-β1, fibronectin, 
and GAPDH using iTaq Universal SYBR Green PCR master mix analysis 
(Biorad, CA, USA) on a light cycler 96 RT-PCR system (Roche, Man-
nheim, Germany). RT-qPCR was performed in a 10 μL reaction volume 
containing 5 μL SYBR Green Master Mix, 1 μL of each primer, 1 μL of 
nuclease-free water, and 2 μL of cDNA template. The primer sequences 
are shown in Table 1. The purity and specificity of amplified PCR 
products were verified by melting curves generated at the end of each 
PCR. Data from the real-time analysis were calculated using the v1.7 
sequence detection software from PE Biosystems (Foster City, CA). 
Relative mRNA expression of the genes of interest was calculated using 
the 2-ΔΔct method [30] and normalized in relation to the expression of 
the endogenous control, GAPDH. The primers sets were homology 
searched using an NCBI BLAST search to ensure that they were specific. 

2.6.5. Western blot analysis of Nrf2 protein expression 
Total protein was extracted from the kidney tissues using RIPA cell 

lysis buffer. Nrf2 protein expression was evaluated by western blotting 
technique. Beta-actin was used as the housekeeping protein. The amount 
of protein in the lysate was quantified using an RC DC protein assay kit 
(Biorad, CA, USA). An equal amount of protein was separated by elec-
trophoresis using 8–16% SDS-PAGE (Bio-Rad, California, USA) at 100 V, 
25 mA for 90 mins, and transferred to a PVDF membrane (Amersham 
Biosciences). After transfer, the membrane was blocked with intercept 
(PBS) blocking buffer (Celtic Molecular diagnostic, South Africa) for 2 h 
at room temperature with gentle shaking. Then, the membrane was 
washed with PBST and incubated overnight at 4 ◦C with mouse anti- 
Nrf2 antibody (ab89443, 1:500 dilution) and β-actin (1:2000). Next, 
the membrane was washed three times with PBST and later incubated 
with a secondary antibody, IRDye 680, 1:15,000 dilution (Li-Cor 
Bioscience, Lincoln, USA) in a blocking buffer containing 0.2% Tween- 
20 for one hour at room temperature in the dark. The protein bands 
were detected using an Odyssey CLx imaging system (Li-Cor Bioscience, 
Lincoln, United States), and the intensities were quantified using Od-
yssey image studio v2.1. Results were expressed as the ratio of Nrf2/ 
β-actin. 

2.7. Statistical analysis 

Data were presented as the mean ± SEM and analyzed by GraphPad 
Prism version 7 (GraphPad, San Diego, CA) using one-way analysis of 
variance (ANOVA), followed by Tukey՚s multiple comparison tests to 
determine differences between groups. P < 0.05 was considered statis-
tically significant. 

3. Results 

3.1. Effect on kidney hypertrophy, Fasting blood glucose, water intake, 
and triglyceride level 

The effect of L-egt, with or without metformin, on kidney hyper-
trophy (KW/BW), blood glucose, water intake, and TG after seven weeks 
of treatment is presented in Fig. 2a-d. Kidney hypertrophy was expressed 
as a percentage ratio of kidney weight to body weight. DC animals 

Table 1 
Nucleotide sequence, accession number, and product size.  

Genes Primer sequence GenBank Accession number Product size (bp) 

GAPDH  
F: 5′-TTCAACGGCACAGTCAAGG-3’R: 5′-CGGCATGTCAGATCCACAA-3’ 

NM_017008.4  578 

HO-1  
F: 5′-CGACAGCATGTCCCAGGATT-3′R: 5’-TCGCTCTATCTCCTCTTCCAGG-3.’ 

NM_012580.2  184 

NQO-1  
F: 5’-CATTCTGAAAGGCTGGTTTGA-3’R: 5’-CTAGCTTTGATCTGGTTGTCG-3’ 

NM_017000.3  486 

Nrf2  

F: 5’-GCCAGCTGAACTCCTTAGAC-3’R: 5’-GATTCGTGCACAGCAGCA -3’ 
NM_031789.2  466 

Sirt1  
F: 5’- CCCAGATCCTCAAGCCATGTTC-3’R: 5’- TGTGTGTGTGTTTTTCCCCC-3’ 

NM_001372090.1  119 

Fibronectin  
F: 5’-GTGGCTGCCTTCAACTTCTC-3’R: 5’-AGTCCTTTAGGGCGGTCAAT-3’ 

XM_006245158.4  231 

TGFβ1  
F: 5’-GGGCTACCATGCCAACTTCTG-3’R- 5’- GAGGGCAAGGACCTTGCTGTA-3’ 

NM_021578.2  82 

NF-kB  
F: 5’-ACGATCTGTTTCCCCTCATCT-3’R: 5’- TGCTTCTCTCCCCAGGAATA-3’ 

NM_199267.2  150  
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showed a significant increase (p < 0.05) in kidney hypertrophy vs. NC 
animals, while the administration of L-egt with or without metformin to 
diabetic rats significantly reduced (p < 0.05) kidney hypertrophy vs. DC 
rats. There was a significant increase (p < 0.001) in blood glucose in the 
DC animal vs. NC animals. While the administration of L-egt alone (DE) 
showed a non-significant decrease (p > 0.05) in blood glucose, coad-
ministration with metformin (DEM group) caused a significant decrease 
in blood glucose level vs. DC rats. There was a significant increase 
(p < 0.01) in serum TG in DC animals vs. NC animals, while L-egt 
administration with or without metformin caused a significant reduction 
(p < 0.05) in TG level vs. DC animals. 

3.2. Effect on biomarkers of renal function 

The effects of L-egt treatment on biomarkers of renal function after 
seven weeks of administration are presented in Fig. 3a-g Serum creati-
nine (Scr) and blood urea nitrogen (BUN) in the DC animals significantly 
increased (p < 0.01) vs. NC animals. However, there was a significant 
reduction (p < 0.05) in these serum biomarkers after seven weeks of 
administering L-egt vs DC animals. Interestingly, coadministration of L- 
egt with metformin (DEM) caused a significant reduction (p < 0.05) in 
BUN vs diabetic rats treated with metformin only (DM). Furthermore, 
DC animals showed a significant increase in urinary protein (p < 0.05), 
urine albumin (p < 0.05), and urine volume (p < 0.01) vs NC animals. 
However, L-egt treatment, with or without metformin, to diabetic 

animals significantly reduced (p < 0.05) urine protein and albumin vs. 
DC, while urine volume decreased significantly (p < 0.05) in the DEM 
group vs DC group. Creatinine clearance (Ccr) decreased significantly 
(p < 0.01) in the DC vs. NC animals. Treatment with L-egt alone caused 
a non-significant (p > 0.05) increase in Ccr like metformin vs. rats, 
while coadministration of both drugs caused a significant (p < 0.05) 
increase in Ccr. Kidney injury molecule-1 (KIM-1) concentration in the 
kidney homogenates of DC animals significantly increased (p < 0.05) vs. 
NC animals. However, administration of L-egt with or without metfor-
min to diabetic rats caused a significant decrease (p < 0.05) in renal 
KIM-1 concentration compared with DC rats. 

3.3. Effect on lipid peroxidation and antioxidant biomarkers 

Fig. 4a-d shows the effect of L-egt on kidney malondialdehyde 
(MDA), superoxide dismutase (SOD), reduced glutathione (GSH), and 
catalase (CAT) level in the kidney homogenates after seven weeks of 
treatment. There was a significant increase (p < 0.01) in MDA level (a 
marker for oxidative stress) in the DC group vs. NC group, while L-egt 
administration, with or without metformin, to diabetic rats, significantly 
reduced MDA level (DE: p < 0.05; DEM: p < 0.01) vs. DC group. In 
addition, antioxidant enzymes (SOD, GSH, and CAT) were significantly 
reduced (p < 0.05) in the DC group vs. NC group. However, adminis-
tration of L-egt with or without metformin to diabetic rats significantly 
increased (p < 0.05) SOD and GSH level vs. DC group, while CAT level 

Fig. 2. a-d: Effect on kidney hypertrophy, blood glucose, water intake and triglyceride level. *P < 0.05, **p < 0.01, ***p < 0.001 vs NC while #p < 0.05, ##p < 0.01 
vs DC and $p < 0.05 vs DM. (n = 6). KW/BW = Kidney weight: body weight, FBG = fasting blood glucose, TG- triglycerides. Non-diabetic control (NDC), Diabetic 
control (DC), Diabetic treated plus L-egt only (DE), Diabetic plus metformin only (DM), Diabetic plus L-egt and metformin (DEM). 
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Fig. 3. a–g: Effect of L-egt alone with or without metformin on biomarkers of renal functions *p < 0.05, **p < 0.01 vs NC while #p < 0.05, ##p < 0.01 vs DC and 
$p < 0.05 vs DM. (n = 6). (A) Serum creatinine, (B) Blood urea nitrogen, (C) urine volume, (D) urine protein, (E) urine albumin, (F) creatinine clearance, and (G) 
Kidney injury molecule 1. Non-diabetic control (NDC), Diabetic control (DC), Diabetic treated plus L-egt only (DE), Diabetic plus metformin (DM), Diabetic plus L- 
egt, and metformin (DEM). 
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significantly increased (p < 0.05) in the DEM group vs DC group. 
Interestingly, coadministration of L-egt with metformin to diabetic rats 
(DEM group) significantly increased (p < 0.05) GSH level vs. DM group. 

3.4. Effect on Inflammatory biomarkers 

Effects of L-egt, with or without metformin, on tumor necrotic factor- 
α (TNF-α), monocyte chemoattractant protein-1 (MCP-1) and Trans-
forming growth factor (TGF-β1) level in the kidney homogenates after 
seven weeks of treatment is presented in Fig. 5. There was a significant 
increase in TNF-α, MCP-1, and TGF-β1 (p < 0.05) in the DC rats vs. NC 
rats. Conversely, L-egt administration to diabetic rats (DE) significantly 
reduced TNF-α and TGF-β1 levels (p < 0.05) with a non-significant 
decrease in MCP-1 level (p > 0.05) vs. DC rats. Interestingly, coadmin-
istration of L-egt with metformin (DEM) to diabetic animals significantly 
reduced inflammatory biomarkers (TNF- α: p < 0.05, MCP-1: p < 0.05; 
TGF- β1: p < 0.01) vs. DC rats. 

3.5. Effect on mRNA expression of antioxidant and inflammatory 
transcription factors 

The mRNA level of major transcription factors (e.g., Sirt1, Nrf2, HO- 
1, NQO-1, NF-kB, TGF- β1, and fibronectin mRNA expression) mediating 
the antioxidant and inflammatory signaling pathway is presented in  
Fig. 6a-b. The result showed that the transcriptional level of Sirt1, Nrf2, 
and NQO-1 reduced significantly (p < 0.05) in the DC group vs. NC 
group, while L-egt, with or without metformin, significantly increased 
(p < 05) mRNA expression of these transcription factors vs. DC. Inter-
estingly, Coadministration of L-egt with metformin to diabetic rats 
(DEM group) significantly increased (p < 0.05) Nrf2 and HO-1 mRNA 
expression vs. DM group. However, the DC group showed a significant 
increase (p < 0.01) in NF-kB, TGF- β1, and fibronectin mRNA expression 
vs. the NC group. Administration of L-egt, with or without metformin, to 

Fig. 4. a–d: Effect of L-egt alone with or without metformin on lipid peroxidation and antioxidant biomarkers. *p < 0.05, **p < 0.01 vs NC while #p < 0.05, 
##p < 0.01 vs DC and $p < 0.05 vs DM. (n = 6). Non-diabetic control (NC), diabetic control (DC), Diabetic treated plus L-egt only (DE), Diabetic plus metformin 
(DM), Diabetic plus L-egt, and metformin (DEM). (A) Malondialdehyde (MDA), (B) Superoxide dismutase (SOD), (C) Reduced glutathione (GSH), and (D) Cata-
lase (CAT). 

Fig. 5. Effect of L-egt with or without metformin on inflammatory biomarkers. 
**p < 0.01, vs NDC while #p < 0.05, ##p < 0.01 vs DC. (n = 6). Non-diabetic 
control (NC), diabetic control (DC), Diabetic treated plus L-egt only (DE), 
Diabetic plus metformin (DM), Diabetic plus L-egt and metformin (DEM). TNF- 
α: tumor necrotic factor- α; MCP-1: monocyte chemoattractant protein-1 and 
TGF-β1: Transforming growth factor- β1. 
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diabetic rats significantly reduced (DE: p < 0.05; DEM: p < 0.01) mRNA 
expression of these inflammatory biomarkers vs. DC group. 

3.6. Effect on Nrf2 protein expression 

The relative protein expression of Nrf2 in the kidney is presented in  
Fig. 7a-b. The result showed that Nrf2 protein expression significantly 
decreases in the DC group Vs. NC group. L-egt, with or without metformin, 
significantly increased Nrf2 protein expression Vs. DC group. 

3.7. Effect on histological changes in the kidney 

Histological evaluation of the kidney sections after seven weeks of 
administering L-egt, with or without metformin, to T2DM animals is 
shown in Fig. 8a–c. 

4. Discussion 

Recently, attention has been drawn to the use of drug adjuvants to 
reduce the dosage of administered drugs, minimize adverse effects, 
improve the efficacy of therapeutic interventions, and delay the onset or 
halt the progression of diabetic complications [8,25]. Thus, the present 
study evaluated the benefits of L-ergothioneine alone and combined 
with metformin in renal dysfunctions associated with T2D in an animal 
model. Significantly, this study shows that L-egt exerts reno-protective 
effects and improves therapeutic outcomes when administered with 
metformin, thus, providing further support to the use of combination 
therapies to manage diabetic nephropathy. Also, previous studies have 
reported that L-egt activates Nrf2 and inhibits NF-kB in several animal 
models [28,49]. To this end, we evaluated the beneficial role of 
L-egt-induced Nrf2 activation in diabetes-induced kidney disease and 
the result of this study is summarized as shown in Fig. 9. 

In this study, the combination of L-egt and metformin improves 
glucose metabolism in diabetic animals, resulting from the improved 
efficacy of metformin to increase insulin sensitivity, thereby promoting 
glucose uptake and decreased hepatic gluconeogenesis by activating the 
AMPK pathway [2]. Increased serum triglycerides have also been re-
ported as an independent risk factor contributing to the development of 
renal damage in diabetes [48,58]. Previous studies in both human and 
animal models have reported the lipid-lowering effect of mushrooms, 
attributed to the bioactive content in this food [18,34]. Thus, the 
reduced serum triglycerides in diabetic animals treated with L-egt sug-
gests that this nutraceutical can alleviate risk factors associated with 
renal dysfunction. This result is in accordance with a previous study 
done by [3], where ergothioneine-rich mushroom extract reduced 
intracellular triglyceride level by downregulating sterol regulatory 
binding protein-1c (SREBP1c), and hepatic lipogenesis. 

Kidney hypertrophy is well correlated with chronic hyperglycemia, 
resulting from excessive proliferation of mesangial cells and substantial 
accumulation of extracellular matrix. Kidney hypertrophy is accompa-
nied by tubular basement membrane thickening and has been identified 
as an early marker of diabetic nephropathy [20,59]. The potency of L-egt 
to reduce kidney hypertrophy in diabetic animals suggests that this 
compound may inhibit mesangial cell proliferation and excessive 
growth of the tubular epithelial cells that contribute significantly to 
kidney hypertrophy, thereby preventing structural damage and loss of 
function in the kidney. The proximal tubular cells and the mesangial 
cells are the primary targets of hyperglycemia due to their inability to 
downregulate glucose uptake [61]. Therefore, chronic exposure to hy-
perglycemia and other risk factors promotes cellular injury in the kid-
ney, resulting in compromised renal function. In this study, renal 
function was significantly reduced in the diabetic control animals, as 
shown in Fig. 3, which is similar to previous reports in the literature [10, 
72]. The reduced Scr, BUN, Upro, Ualb, KIM-1, and increased Ccr in 
diabetic rats treated with L-egt indicates that L-egt improves glomerular 
and tubular functions, which may be attributed to the potency of this 
nutraceutical to protect against cell injury and enhance the integrity of 
the glomerular filtration barrier. Studies have shown that metformin 
improves glycemic control, alleviates oxidative stress, and inhibits 
apoptosis diabetic nephropathy [47,71]. The combination regimen im-
proves renal function compared to either L-egt or metformin adminis-
tration alone. 

Oxidative stress plays a crucial role in the development and pro-
gression of diabetic kidney disease. The altered redox balance causes 
oxidative injury in the renal cells, promoting fibrosis and inflammation 
that mediate glomerulosclerosis and tubulointerstitial injury [19,24, 

Fig. 7. a-b: Effect of L-egt with or without metformin on relative Nrf2 protein 
expression. *p < 0.05 vs NC while #p < 0.05, vs DC. $p < 0.05 vs DM. Non- 
diabetic control (NC), diabetic control (DC), diabetic treated plus L-egt (DE), 
diabetic plus metformin (DM), diabetic plus L-egt, and metformin (DEM). (A) 
immunoblot of Nrf2 and β-actin. (B) Relative Nrf2 protein expression. 

Fig. 6. a-b: Effect of L-egt with or without metformin on relative mRNA 
expression. **p < 0.01, *p < 0.05 vs NC while #p < 0.05, ##p < 0.01 vs DC. 
$p < 0.05 vs DM. Non-diabetic control (NC), Diabetic control (DC), Diabetic 
treated plus L-egt only (DE), Diabetic plus metformin only (DM), Diabetic plus 
L-egt and metformin (DEM). Nrf2 = Nuclear factor erythroid-2 related factor-2, 
Sirt1 = sirtuin-1, HO1 = hemeoxygenase-1, NQO1 = NAD(P)H quinone 
oxidase-1, NF-kB = Nuclear factor kappa-B, TGF-β1: Transformin growth fac-
tor- β1 and FN = fibronectin. 
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Fig. 8. (a). Photomicrographs of kidney sec-
tions stained with hematoxylin and eosin 
(x200; scale bar: 20 µm). NC rats showed 
normal renal histoarchitecture with normal size 
and morphology of the glomerulus and renal 
tubules. Compared to NC, the renal section in 
the DC rats showed dilation of the renal tubules 
(TD) with a slightly enlarged renal corpuscle. 
Kidney histology in the DE and DM rats showed 
mild tubular dilation, while coadministration 
of both L-egt and metformin to diabetic rats 
(DEM) prevent renal damage with a morpho-
logical structure similar to the NC rats. (b). 
Photomicrographs of kidney sections stained 
with PAS (x400; scale bar: 50 µm) and mesan-
gial matrix index. NC rats showed kidney his-
tology with a normal glomerular tuft and 
tubules. The histology of the DC rats showed 
glomerular hypertrophy with mesangial area 
(MA) expansion and diffuse thickening of the 
basement membrane (thick arrow). There is a 
reduction in the mesangial area with a normal 
glomerular tuft in all the treated diabetic 
groups compared to the DC group. (c). Photo-
micrographs of kidney sections stained with 
Masson trichrome stain (x400; scale bar: 
50 µm) and renal fibrosis. The NC group 
showed normal renal interstitium. The DC rats 
showed renal fibrosis characterized by excess 
collagen deposit (green stain) in the renal 
interstitium, staining both the glomerular and 
tubular membrane. The DE and DM group 
showed mild fibrosis with a diffuse deposit of 
collagen in the renal interstitium. The kidney in 
the DEM group showed renal histology like the 
negative control (NC) with less collagen deposit 
in the renal interstitium. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the web version of this 
article.)   
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35]. Previous studies have reported that the activation of the Nrf2 
signaling pathway protects the kidney against oxidative injury by 
enhancing the antioxidant defense system [14,37,73]. In this study, 
L-egt-induced Nrf2 activation in non-diabetic and diabetic animals was 
confirmed by the upregulation of Nrf2 protein and gene expression, with 
subsequent upregulation of its downstream cytoprotective genes HO-1 
and NQO-1 that act as the central effector of the L-egt-induced Nrf2 
activation. Consequently, the increased antioxidant defense system 
caused a reduction in lipid peroxidation and increased SOD, CAT, and 
GSH that works synergistically to quench the harmful effect of free 
radicals in the renal cells. These results suggest that L-egt can activate 
the Nrf2 antioxidant pathway to reduce renal injury during diabetes. 
Furthermore, literature has shown that metformin alleviates renal 
oxidative damage in addition to its antihyperglycemic effect [5,47]. 
Therefore, the additive effect of L-egt with metformin may account for 
the improved biological response compared to the administration of 
either treatment alone. Notably, clinical trial with Nrf2 activator such 
bardoxolone methyl has been terminated due to its potential contribu-
tion to cardiac injury [9]. However, not all Nrf2 activators have been 
associated with cardiac failure, and studies are yet to report the adverse 
effect of ergothioneine. Furthermore, most studies on ergothioneine are 
still at the experimental phase, while there is an ongoing clinical trial 
assessing the therapeutic benefit of ergothioneine to delay cognitive 
decline. Therefore, further studies are still needed to translate the 
experimental data from the bench to the bedside, focusing on evaluating 
the adverse effect of ergothioneine-induced Nrf2 activation in clinical 
studies. 

Literature has shown the significant role of inflammation in the 
pathogenesis of DN [15,33]. Both insulin resistance and hyperglycemia 
stimulate low-grade inflammation characterized by an increased circu-
lating level of inflammatory cytokines (TNF-α), chemokines (MCP-1), 
and fibrotic factors (TGF-β1), with significant loss of renal function [33, 
43]. In this study, the L-egt-induced Nrf2 activation is accompanied by a 
reduction in renal inflammation in diabetic rats, which was associated 
with the downregulation of NF-kB gene expression and reduced con-
centration of its downstream cytokines TNF-α and MCP-1 in the diabetic 
kidney. This result is in accordance with previous studies reporting that 

reported a significant reduction in NF-kB activity sequel to Nrf2 acti-
vation [62,64]. During diabetes, monocytes and immune cells infiltrate 
the renal cells to promote matrix expansion and mesangial proliferation 
[17]. Interestingly, monocyte infiltration significantly decreased in the 
L-egt-treated animals as evidenced by the reduced MCP-1 in the kidney 
homogenates suggesting the anti-inflammatory activity of L-egt to 
reduce renal inflammation. Besides, studies have shown that the 
reno-protective effect of metformin goes beyond its antihyperglycemic 
efficacy; metformin protects against renal inflammation by inhibiting 
the NF-kB transcription pathway, thereby preventing the release of in-
flammatory cytokines [23,31]. Therefore, synergistic administration of 
L-egt and metformin may exert a potent anti-inflammatory effect in 
renal tissues more than the administration of either L-egt or metformin 
alone. The protective effect of L-egt against diabetes-induced renal 
injury can also be attributed to the inhibition of TGF-β1, a potent pro-
fibrotic factor, via Nrf2 activation. In this study, L-egt administration 
decreased the concentration and gene expression of TGF-β1 in the kid-
ney as well as downregulate its downstream protein, fibronectin 
expression, in the extracellular matrix of diabetic animals. 

Histological examination of the kidney provides detailed insight into 
the structural architecture of the renal corpuscle and tubules. In this 
study, the glomerular hypertrophy, mesangial expansion, thickened 
basement membrane, tubular degeneration, and excessive collagen de-
posit (a biomarker of renal fibrosis) observed in the diabetic control 
group are characteristic features of early kidney injury associate with 
T2D, and these have also been reported in similar studies [29,40,47]. 
However, most of these structural derangements are reduced in the L-egt 
treated group, while synergistic treatment with L-egt and metformin 
prevents histological aberrations in the kidney. These results suggest 
that L-egt may reduce cellular injury to stabilize the structural de-
rangements evident in the T2D kidney. These observations are further 
supported by other indices of renal function, including the reduction in 
albuminuria, KIM-1, TGF-β1, and oxidative injury evaluated in this 
study. 

5. Conclusion 

This study showed that the combination of L-egt and metformin to 
diabetic animals improves therapeutic benefits on renal dysfunctions 
compared to either treatment alone. This therapeutic outcome is asso-
ciated with the activation Nrf2 antioxidant signal to improve renal 
structure and function. L-egt-induced Nrf2 activation upregulates anti-
oxidant cytoprotective genes (HO-1 and NQO1) to enhance the antiox-
idant defense system. Also, Nrf2 can downregulate NF-kB, TGF-β1, and 
fibronectin expression to inhibit renal inflammation. Furthermore, the 
combination of L-egt with metformin in diabetic animals reduced 
hypertriglyceridemia and improves glucose homeostasis. Thus, these 
findings highlight the therapeutic benefits of L-egt, which can be 
explored to alleviate metabolic disorders and use as an adjuvant regimen 
in the management of renal dysfunctions associated with T2D. However, 
the in-vitro analysis and analysis of specific L-egt transporters could not 
be done due to limited funding. Thus, further studies may be required to 
evaluate the detailed mechanism of action of L-egt fully. 
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cytokines in diabetic kidney disease: pathophysiologic and therapeutic 
implications, Front. Med. 7 (2020), 628289. 

[16] G.L. Ellman, Tissue sulfhydryl groups, Arch. Biochem. Biophys. 82 (1959) 70–77. 
[17] E. Galkina, K. Ley, Leukocyte recruitment and vascular injury in diabetic 

nephropathy, J. Am. Soc. Nephrol. 17 (2006) 368–377. 
[18] A. Gil-Ramírez, D. Morales, C. Soler-Rivas, Molecular actions of 

hypocholesterolaemic compounds from edible mushrooms, Food Funct. 9 (2018) 
53–69. 
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