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Abstract 

Thiosulfate sulfurtransferase (TST, EC 2.8.1.1), also known as rhodanese, was initially 

discovered as a cyanide detoxification enzyme. However, it was recently also found to be a 

genetic predictor of resistance to obesity-related type 2 diabetes. Diabetes type 2 is 

characterized by progressive loss of adequate β-cell insulin secretion and onset of insulin 

resistance with increased insulin demand, which contributes to the development of 

hyperglycemia. Diabetic complications have been replicated in adult hyperglycemic zebrafish, 

including retinopathy, nephropathy, impaired wound healing, metabolic memory, and sensory 

axonal degeneration. Pancreatic and duodenal homeobox 1 (Pdx1) is a key component in 

pancreas development and mature beta cell function and survival. Pdx1 knockdown or 

knockout in zebrafish induces hyperglycemia and is accompanied by organ alterations similar 

to clinical diabetic retinopathy and diabetic nephropathy. Here we show that pdx1-knockdown 

zebrafish embryos and larvae survived after incubation with thiosulfate and no obvious 

morphological alterations were observed. Importantly, incubation with hTST and thiosulfate 

rescued the hyperglycemic phenotype in pdx1-knockdown zebrafish pronephros. Activation of 

the mitochondrial TST pathway might be a promising option for therapeutic intervention in 

diabetes and its organ complications. 
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1. Introduction 

Type 1 and type 2 diabetes are pathological disorders defined by improper glucose, lipid, and 

protein metabolism as a result of defective insulin secretion or action22. Glucose serves as 

precursor for various metabolic pathways. GLUT4, the glucose transporter protein, is 

responsible for glucose uptake in insulin-dependent tissues such as adipose tissues and muscles. 

GLUT1, the other insulin-independent transporter, is widely expressed in most tissues23. 

Insulin, which is released by the pancreas, is essential for glucose homeostasis. Hyperglycemia, 

inflammation, obesity, and other conditions cause insulin resistance or decreased insulin effects 

in target tissues24. When peripheral tissues develop insulin resistance, the pancreas generates 

more insulin to counteract the condition. Apoptotic cell death occurs when the β -cells fail to 

adapt for the stress, resulting in a deficiency in insulin synthesis and secretion. Hyperglycemia 

arises as a result of this effect, which steadily raises blood glucose levels23.  

The zebrafish can be used to study metabolic diseases because of its high conservation of lipid 

metabolism, pancreas structure, adipose biology and glucose homeostasis 16–18.  The zebrafish’s 

pronephron is comprised of a duct, a tubule and a glomerulus that develop in a stepwise fashion 

and begin to function as a blood filter in zebrafish at 48 h post fertilization (hpf)25. Blood 

glucose levels in adult zebrafish and zebrafish embryos can be altered using a variety of 

techniques. Exposing zebrafish to high concentration of glucose is the simplest technique to 

raise blood and tissue glucose. In young and adult zebrafish, incubation of the animals in a high 

glucose medium for two months simulates immediate and chronic hyperglycemia 26,27. 

However, more advanced methods of hyperglycemia production are required to obtain the 

multifactorial and complex metabolic characteristics encountered in T1DM and T2DM 

patients, such as; diet-based methods, chemical methods, genetic methods, and hybrid 

methods27,28.  The efficiency in which zebrafish can be genetically modified is the main 

advantage for their application to diabetes research. The ability to introduce targeted mutations 

using sequence specific transcription activators like effector nucleases (TALENs) or the 

clustered regularly interspaced short palindromic repeats (CRISPR) system has made the 

zebrafish a highly attractive model for studying the consequences of loss of function alleles 29–

31. The implications of the null mutation of pdx1 (pancreatic and duodenal homeobox 1) in 

zebrafish were investigated after the successful formation of the Zebrafish Mutation Project32–

35. Homozygous pdx1 mutations lead to disruption of pancreatic islet development and glucose 

homeostasis 33. Adult zebrafish develop organ complications following prolonged diabetic 
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conditions, with the pdx1 zebrafish mutant being a novel model organism showing 

hyperglycemia-induced activation of retinal angiogenesis 32,34,36.  

Thiosulfate Sulfurtransferase (TST, Rhodenase), is a mitochondrial enzyme originally 

discovered as a cyanide detoxifying enzyme in 1933. It can convert cyanide to the less toxic 

thiocyanate37–39. TST also maintains the native architecture of reconstituted iron-sulfur proteins 

by mobilizing sulfur for iron-sulfur cluster formation or repair5. TST is critical in the 

metabolism of sulfide (H2S) by sulfur dioxygenase and the degradation of reactive oxygen 

species (ROS) 40. The latter role places TST in the mitochondrial sulfide oxidation pathway, 

where it catalyzes the transfer of sulfane sulfur from glutathione persulfide (GSSH) to sulfite, 

producing thiosulfate41,42. TST is among few peripherally expressed genes that is established 

as a positive genetic factor in metabolic health, showing a distinct negative association with 

the development of obesity related insulin resistant type 2 diabetes 4,10.  

Thiosulfate, the substrate for mitochondrial thiosulfate sulfurtransferase (TST), is used 

clinically as remedy for cyanide poisoning and as an off-label medication in the treatment of 

calciphylaxis43. Oral administration of STS in N-u-nitro-L-arginine (L-NNA) induced 

hypertensive rats improved renal function and hemodynamics. Treatment with thiosulfate in 

addition to lisinopril improved renal vascular resistance (RVR) and glomerular damage, 

implying that additional mechanisms could be involved 11. Moreover, thiosulfate is suggested 

to restore endothelium homeostasis by enhancing nitric oxide synthase activity and restoring 

GSH through thiosulfate sulfurtransferase (TST) activity. High concentration of dissolved 

thiosulfate in tissue causes inhibition of the mitochondrial cytochrome complex IV and 

generates sulfide-induced oxidative stress44. This contrasts with its capacity to alleviate 

oxidative stress at lower concentrations, as TST may feed sulfur and reducing equivalents to 

antioxidant systems 4. 

Mechanistically, thiosulfate reacts with reactive thiol (R-SH) in the body nonenzymatically to 

generate H2S and oxidized thiol (R-S-S-R). The reduction in the end-diastolic and end-systolic 

diameters of the left ventricle in experimental heart disease were accomplished by scavenging 

oxidant radicals and producing H2S which may have worked as an antioxidant by boosting 

glutathione levels. Thiosulfate serves as an antioxidant in the cardiac tissue, scavenging super 

oxide, thereby aiding in the rescue of the failing heart13. Thiosulfate enhances systolic function 

and reduces hypertension, left ventricular hypertrophy, fibrosis, and systemic oxidative stress 

in the same way that angiotensin converting enzyme (ACE) inhibition does12. These findings 
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suggest that taking thiosulfate orally has therapeutic promise in the treatment of hypertensive 

heart disease.  

Administration of thiosulfate, a substrate for TST, ameliorates glucose intolerance and insulin 

resistance in diabetic mice, in part by increasing secretion of the insulin-sensitizing hormone 

adiponectin from adipocytes 103T3-L14,14. Morton et al. 10 found similar evidence for beneficial 

metabolic effects of TST stimulation in human adipose tissue. This followed the discovery that 

variance at the murine Tst gene underpinned a major quantitative trait locus for healthy 

leanness in mice that was driven by an adipose-selective increase in Tst expression10. Thus, 

TST had a strong negative correlation with fat mass and plasma glucose levels, while having a 

positive correlation with adiponectin expression4,10,45.  In the present paper we study whether 

TST and TST activation through its main substrate thiosulfate, can rescue hyperglycemia 

induced kidney damage the renal system in zebrafish embryos.  

2. Materials and Methods 

Expression and purification of human Thiosulfate Sulfurtransferase (hTST) 

A synthetic gene for human TST codon-optimized for E. coli (Eurofins) was cloned into a 

pETM11 vector (EMBL) and confirmed by Sanger sequencing (pETM11-hTST) 46. BLR 

(DE3) competent cells (Novagen) were transformed using the pETM11-hTST expression 

plasmid and a glycerol stock was prepared and frozen at -80 oC for further use. This stock was 

used to inoculate 20 ml LB media supplemented with 100 mg/L kanamycin and 2 mM 

magnesium chloride. After overnight incubation at 37 oC this culture was used to inoculate 2 

L of TB media supplemented with 100 mg/L kanamycin and 2 mM magnesium chloride, which 

was induced with 0.4 mM IPTG at OD600 ≈ 0.8. The cultures were grown overnight at 18 oC. 

The cultures were harvested at 4556 g for 15 minutes. Pellets were resuspended in Lysis buffer 

(50 mM TRIS pH 8.0, 25 mM NaCl, 10% v/v glycerol, 5 mM dithiothreitol), which were 

supplemented with DNAse1 and Lysozyme for 30 minutes. Subsequently, the resuspended 

pellets were sonicated on ice and the lysate clarified by centrifugation at 41,000 g for 45 

minutes. hTST protein was initially purified by 5 ml His-trap column (GE) using medium 

pressure liquid chromatography system (NGC, BioRad). The column was washed with lysis 

buffer supplemented with 10-30 mM Imidazole followed by elution using the Lysis buffer 

supplemented with 150-250 mM Imidazole and the eluted fractions were assessed by SDS-gel 
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electrophoresis. Elution fractions containing approximately 70-80% pure hTST were pooled 

and the sample buffer was rapidly exchanged against freshly prepared Cation exchange buffer 

A (20mM Na-citrate pH 5.0, 10mM NaCl, 10 mM DTT) using buffer exchange/desalting 

column (G25 resin, GE). The hTST sample was purified using cation-exchange 

chromatography using a MonoS (GE Healthcare) column equilibrated in Cation exchange 

buffer A and eluted on a linear gradient with buffer A supplemented with 1M NaCl. Fractions 

containing hTST were again identified using SDS-PAGE prior to concentration and final 

polishing using a size-exclusion chromatography (SEC) using HiLoad 16/60 Superdex 75 

column (GE Healthcare) equilibrated with SEC buffer (100 mM Hepes, 150 mM NaCl, 10% 

v/v Glycerol at pH 7.3) on the automated NGC chromatography system (BioRad). The hTST 

was eluted as a single peak at an elution volume of approximately 70 ml. This peak was pooled 

and concentrated to 18 mg mL-1 by using a centrifuge concentration unit (Sartorius) and stored 

in 50% (v/v) glycerol at −80 °C for further use. 

 

Zebrafish Lines and Husbandry 

All experimental procedures on animals were approved by Medical Faculty Mannheim (license 

no.: I-19/01) and carried out in accordance with the approved guidelines. Embryos of the 

Tg(wt1b:EGFP) 35line were raised and staged as described according to hours post fertilization 

(hpf)15. Embryos were kept in egg water at 28.5 oC with 0.003% 1-phenyl-2-thiourea (Sigma) 

to suppress pigmentation. Adult zebrafish were kept under a 13 h light - 11 h dark cycle and 

fed with living shrimps and fish flake food. 

 

Incubation of zebrafish eggs with Thiosulfate  

Approximately 20-23 fertilized eggs were incubated in a 6-well plate with 4 to 5 mL solutions 

that were changed daily. Solutions contained egg water, thiosulfate (10mM, 1mM, 0.1mM, 

0.01mM and 0) and 0.003% 1-phenyl-2-thiourea. 
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Injection of TST and Morpholinos into Zebrafish Embryos 

The sequence of morpholino oligonucleotides were: SB-Pdx1-Mo: 5’-GAT AGT AAT GCT 

CTT CCC GAT TCA T-3’ (targets the zebrafish Pdx1 translation start site); Control-MO: 5’-

CCT CTT ACC TCA GTT ACA ATT TAT A-3’ 15. 

Both Pdx1 and control morpholinos were diluted to 6 µg/µL in 0.1 M KCl. hTST was diluted 

to 13.5 µg/µL and 1 µg/µL in 0.1% BSA/PBS. One nanoliter of morpholino or hTST [1 µg/µL] 

was injected into the yolk sac of one cell or two cell stage embryos34,35,47. 

 

Microscopy and Analysis of Pronephric Alterations 

To analyse pronephric structures of embryos, 48 hpf old Tg (wt1b: EGFP) embryos were 

anesthetized with 0.003% tricaine and mounted in 1% low melting point agarose (Promega), 

dissolved in egg water, in a dorsal manner. Images were taken using a Leica DFC420 C camera, 

attached to a Leica MZ10 F modular stereo microscope. Alterations of pronephros were 

quantified by measuring the glomerular length, width and neck size using the Leica LAS V4.8 

software35. 

 

Statistics 

Statistical significance between different groups was analyzed using 2-sided unpaired Student’s 

t-test. Results are expressed as mean ± SD. P-values <0.05 were considered as significant: * 

<0.05, ** <0.01, and *** <0.001. 

 

3. Results 

Thiosulfate does not alter Pronephros Development in Zebrafish embryos 

To test a potential therapeutic benefit of thiosulfate on hyperglycemia-induced kidney 

alterations in zebrafish embryos, we initially tested increasing concentrations of thiosulfate on 

viability and gross morphology of zebrafish embryos and larvae over the range of 0.01 to 10 

mM for 6 days. As shown in fig. 1a, all embryos and larvae survived after thiosulfate incubation 
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and we could not observe obvious morphological alterations (figs. 1c and 1d). For 

morphological analysis of the embryonic kidney (pronephros), we took advantage of the 

transgenic zebrafish line Tg(wt1b: EGFP) which shows a pronephros-specific EGFP 

expression, labelling the glomerulus and the tubular structures that together form the 

pronephros. Subsequently, we incubated the zebrafish embryos in different concentrations of 

thiosulfate, and at 48 hpf the glomerular length, width and the tubular structures showed no 

alterations (figs. 1b, 1e and 1f) indicating no effect of thiosulfate on the zebrafish pronephros. 

 

Thiosulfate and hTST have Beneficial Effects on Hyperglycemia Induced Kidney damage in 

Zebrafish Embryos 

To test whether thiosulfate and hTST could rescue alterations of the pronephros caused by 

hyperglycemia, we induced hyperglycemia in zebrafish embryos utilizing a knockdown 

strategy targeting the transcription factor Pancreatic and duodenal homeobox 1 (Pdx1), which 

is essential for pancreatic cell development, using the morpholino technology [31]. Compared 

with the control group (figs. 2a and 2b), the pdx1 morphants displayed an enlarged glomerulus 

at 48 hpf, where the length was significantly increased from 88 �m in the controls to 108 �m 

in pdx1 morphants. The pronephric neck was significantly shortened to 76 �m in pdx1 

morphants compared with 91 �m in the control group (figs. 2a and 2c). The structural 

alterations represented by glomerular enlargement and reduced pronephric neck length in pdx1 

morphants were almost entirely normalized upon hTST injection (figs. 2a and 2e), and 

beneficially restored by thiosulfate incubation (figs. 2a and 2d). 

 

4. Discussion 

Zebrafish models of human disease are key screening tools in drug discovery research as they 

allow identification of novel pharmacological targets by linking gene function with 

pathogenesis. The development of novel genome editing techniques and renal reporter lines 

make zebrafish an attractive model in biomedical research, including renal and diabetes 

studies48. The pronephros of zebrafish consists of two glomeruli, which fuse at the embryonic 

midline and are connected by pronephric tubules to the bilateral pronephric ducts49. This simple 

structure of pronephros in zebrafish and its rapid development make it a useful model for 

investigating the renal morphology and function in the context of a developing organism49. In 
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this study, hyperglycemic kidney damage in zebrafish embryos induced by pdx1 knockdown 

caused alterations of the pronephros. Incubation with thiosulfate and the injection of hTST 

recovered these structural alterations. This report supports TST and thiosulfate capacity to 

rescue hyperglycemia induced kidney damage in zebrafish, without being direct regulators of 

glucose homeostasis - as has been previously reported in rats10,14 . 

Administration of hTST as well as administration of the substrate of TST (thiosulfate) in 

zebrafish phenotypically rescued damage caused by hyperglycemia. This reduction of diabetic 

damage in the zebrafish could arise from multiple mechanisms. For example, hyperglycemia 

results in kidney damage partly through an increase in reactive oxygen species (ROS) which 

are generated endogenously in the process of mitochondrial oxidative phosphorylation8,40 . 

Carcinogenesis, neurodegeneration, atherosclerosis, diabetes, and aging have all been linked 

to oxidative stress, which causes direct or indirect ROS mediated damage to nucleic acids, 

proteins, and lipids50. Since TST can provide reducing equivalents to glutathione and 

thioredoxin51, and may aid in the constitution of selenocysteine proteins4,52, TST activity may 

also reduce oxidative stress as a result of hyperglycemia, although this hypothesis remains 

unproven. Moreover, TST could also be a link between two major mitochondrial systems that 

would have an impact on diabetic symptoms. TST may influence respiratory capacity by 

interacting with iron-sulfur centres in the electron transport chain4. Improved mitochondrial 

function has been linked to improved cellular health, including maintained glucose uptake in 

adipocytes and enhanced secretion of insulin sensitizing factors such as adiponectin10, that 

subsequently mediate improved glucose tolerance, indicating a strong link between TST and 

glucose intolerance4,42. TST can supply electrons into antioxidant systems as detailed above4. 

Since inflammation appears to play a major role in diabetes, enhanced antioxidant activity 

would be crucial for counteracting the metabolic abnormalities associated with obesity. Finally, 

increased mitochondrial respiration suggests an increase in metabolite consumption, which 

directly reduced cellular hyperglycemia. Taken together, our results also support the use of 

zebrafish as a screening model for drugs targeting diabetic nephropathy. 

 

5. Conclusions 

Our results show that thiosulfate and hTST have beneficial effects on hyperglycemia induced 

kidney damage in zebrafish embryos. TST is involved in several mechanisms that may 

significantly reduce oxidative stress as a result of hyperglycemia. TST can interact with iron-
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sulfur centres in the electron transport chain which could improve the respiratory capacity and 

mitochondrial function. Increased mitochondrial respiration implies increased metabolite 

consumption, which directly reduces intracellular glucose levels. In conclusion, this data 

provide a strong indication that TST could reduce diabetic damage in zebrafish and other 

diabetic models. 

 

 
Figure 1. Thiosulfate exposure does not affect viability or pronephros morphology in healthy 

zebrafish larvae. (A) Representative overview of the zebrafish appearance at 48 hpf with and 

without 10 mM thiosulfate. Zebrafish embryos exposed to 10 mM thiosulfate did not show any 

gross morphological changes compared to controls. (B) Representative visualization of the 

pronephros phenotype in Tg(wt1b:EGFP) embryos at 48 hpf with and without 10 mM 

thiosulfate. Thiosulfate did not have any visible effect on the pronephros morphology 

compared to controls. (C) Evaluation of the survival in zebrafish larvae exposed to thiosulfate 

for 6 days. Thiosulfate did not lead to any detrimental effects regarding survival in any of the 

studied concentrations (n = 15 for each condition). (D) Evaluation of the pronephric neck length 

in Tg(wt1b:EGFP) embryos at 48 hpf exposed to different thiosulfate concentrations. 

Thiosulfate did not significantly alter the pronephric neck length in healthy zebrafish larvae (at 

least 10 larvae per group were analyzed). Scale bars are 500 μm in (A) and 50 μm in (B). 

Statistics utilized one-way ANOVA + Sidak’s post-hoc (D); mean + SD reported; *p < 0,05. 
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Figure 2. Thiosulfate and human thiosulfate sulfurtransferase treatment rescues pdx1 

morpholino-induced hyperglycemic pronephros damage. (A) Representative visualization of 

the zebrafish pronephros in Tg(wt1b:EGFP) embryos at 48 hpf with different experimental 

conditions. Embryos injected with only a control morpholino (Co-Mo) show the typical 

pronephros morphology at 48 hpf, while injection with the pdx1 morpholino (pdx1-Mo) leads 

to a hyperglycemia-mediated pronephros phenotype with an increased glomerular length and a 

shortened pronephric neck length. Treatment via either exposure to 10 mM thiosulfate (TS) or 

injection of 1 nl human thiosulfate sulfurtransferase (hTST) at a concentration of 1 µg/µL 

rescued the pronephros phenotype in the pdx1 morphants. (B-C) Evaluation of the pronephros 

phenotype in Tg(wt1b:EGFP) embryos at 48 hpf shows significant rescue of both (B) 

glomerular length and (C) pronephric neck length by TS and hTST treatment in pdx1 

morphants (n = 45 for Co-Mo and pdx1-Mo, n = 30 for the TS and hTST groups). 

Measurements for glomerular length (l) and pronephric neck length (n) have been marked and 

the glomerulus was encircled for one pronephric side in two images in (A) as example. Lengths 

given in (B-C) represent the total sum of both the left and right side measurements added up. 

The scale bar is 50 μm in (A). Statistics utilized one-way ANOVA + Sidak’s post-hoc (B-C); 

mean + SD reported; ***p < 0,001, ****p < 0,0001.    
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