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Abstract 

Thioredoxin-interacting protein (TXNIP) is a key player in the endocrine pancreas; it induces beta 

cell apoptosis, such that TXNIP deficiency promotes beta cell survival. To study its function in 

more detail, we generated transgenic mice with ubiquitous overexpression of TXNIP. CBATXNIP/+ 

mice were investigated under basal conditions and after being challenged in diet-induced obesity 

(DIO) and streptozotocin-induced type 1 diabetes mellitus (T1DM) models. TXNIP overexpression 

caused no effect in the DIO model, contrasting to the already reported TXNIP-deficient mice. 

However, in the T1DM background, CBATXNIP/+ animals showed significantly enhanced blood 

glucose and increased glucose levels in a glucose tolerance test. Finally, the beta cell mass of 

CBATXNIP/+ transgenic animals in the T1DM model was significantly reduced compared to control 

littermates. Our study demonstrates that overexpression of TXNIP doesn’t affect blood glucose 

parameters under basal conditions. However, overexpression of TXNIP in a T1DM model 

enhances the severity of the disease. 

 

 

Keywords: TXNIP, diabetes mellitus, blood glucose, mouse model, diet-induced obesity, 

apoptosis 
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Abbreviations: ALT: alanine aminotransferase; AMPK: AMP-activated protein kinase; ANOVA: 

analysis of variance; AP: alkaline phosphatase; ASK1: apoptosis signal-regulating kinase 1; AST: 

aspartate aminotransferase; BSA: bovine serum albumin, CBA: chicken beta actin; DIO: diet-

induced obesity; DNA: deoxyribonucleic acid; GAPDH: glyceraldehyde-3-phosphate 

dehydrogenase; GTT: glucose tolerance test; HFD: high-fat, high-calorie diet; HDL: high-density 

lipoprotein; L1: mouse line 1; LDH: lactate dehydrogenase; LDL: low-density lipoprotein; mRNA: 

messenger ribonucleic acid; NLRP3: NACHT, LRR and PYD domains-containing protein 3; PCR: 

polymerase chain reaction; PFA: paraformaldehyde; PGH1: prostaglandin G/H synthase 1; PGH2: 

prostaglandin G/H synthase 2; RNA: ribonucleic acid; ROS: reactive oxygen species; SEM: 

standard error of the mean; STZ: streptozotocin; T1DM: type 1 diabetes mellitus; T2DM: type 2 

diabetes mellitus; TRX1: thioredoxin 1; TRX2: thioredoxin 2; TXNIP: thioredoxin-interacting 

protein; VDUP1: vitamin D3 upregulated protein  
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1. Introduction 

Thioredoxin-interacting protein (TXNIP) was originally identified in HL-60 cells and initially named 

vitamin D3 upregulated protein (VDUP1) (K. S. Chen & DeLuca, 1994). TXNIP has two redox 

active cysteine residues, which may bind thioredoxin 1 and 2 (TRX1, TRX2) and downregulate 

their expression (Nishiyama, et al., 1999). Together, TRX1 and TXNIP can form the so-called 

“redoxome” complexes, which are redox-sensitive signaling complexes that regulate the cellular 

redox status (Yoshihara, et al., 2014). TXNIP is present in the cytoplasm and can translocate into 

mitochondria to bind TRX2 (Junn, et al., 2000; Saxena, Chen, & Shalev, 2010), which causes an 

activation of apoptosis signal-regulating kinase 1 (ASK1) and triggers apoptosis (Lu & Holmgren, 

2012). Accordingly, TRX1 inhibition increased reactive oxygen species (ROS) and the resulting 

oxidative stress induced cell cycle arrest or apoptosis (Ye, et al., 2017). Additionally, through the 

interaction with TRX, TXNIP is also involved in NACHT, LRR and PYD domains-containing protein 

3 (NLRP3) mediated inflammation reaction (Zhou, Tardivel, Thorens, Choi, & Tschopp, 2010). 

In diabetic cardiomyopathies, an increased expression of TXNIP was detected, whereby a 

reduction of TXNIP decreased apoptosis and improved survival of cardiomyocytes (J. Chen, Cha-

Molstad, Szabo, & Shalev, 2009). TXNIP-deficient mice show a significant reduction of killer cell 

number and activity, while at the same time hepatocellular carcinomas develop at a rate of 40% 

(Lee, et al., 2005; Sheth, et al., 2006). TXNIP was identified as a tumor suppressor in a variety of 

cancer types, including liver, pancreatic, breast, lung, and thyroid cancers. The tumor suppressor 

function makes TXNIP an interesting candidate for innovative cancer therapies (Li, et al., 2017).  

 

An influence of TXNIP on pancreatic beta cells was demonstrated in various rodent disease 

models (Shalev, 2014). TXNIP-deficient mice have an increased beta cell mass and are protected 

from streptozotocin-induced beta cell destruction and thus from diabetes (J. Chen, Hui, et al., 

2008). Notably, beta cells show an increased susceptibility for oxidative stress (Shalev, 2014), 

and a link between beta cell apoptosis and TXNIP overexpression was established (Minn, Hafele, 
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& Shalev, 2005; Minn, Pise-Masison, et al., 2005). TXNIP may also downregulate the insulin 

production of beta cells, insulin in turn acting as a negative feedback signal for TXNIP expression 

(Shaked, et al., 2009; Xu, Chen, Jing, & Shalev, 2013). On the other hand, a dependency between 

TXNIP expression and plasma glucose concentration was found, and an increase of TXNIP 

expression was observed in type 1 diabetes mellitus (T1DM) with hyperinsulinemia and 

hyperglycemia (J. Chen, Saxena, Mungrue, Lusis, & Shalev, 2008). TXNIP limits glucose uptake 

by a negative feedback loop, promotes caspase 3 cleavage and beta cell death (Saxena, et al., 

2010). In addition, obesity-induced insulin resistance with increased plasma glucose concentration 

was associated with overexpression of TXNIP. Hereby, TXNIP favors as a pro-apoptotic factor the 

death of beta cells (Szpigel, et al., 2018). Furthermore, in human skeletal muscle TXNIP is 

involved in insulin-dependent and independent regulatory mechanisms of glucose uptake and its 

deletion reduces the production of glucose in the liver (Chutkow, Patwari, Yoshioka, & Lee, 2008; 

Parikh, et al., 2007). The kinase AMP-activated protein kinase (AMPK) phosphorylate TXNIP and 

thereby induce the uptake of glucose into the cells (Waldhart, et al., 2017; Wu, et al., 2013). 

Increased TXNIP expression has been recognized in diabetic neuropathy and associated with 

oxidative damage to the nerves (Price, et al., 2006). In addition to glucose, endoplasmic reticulum 

stress was recognized as another cause of overexpression of TXNIP (Oslowski, et al., 2012). Until 

today, it remains unknown whether TXNIP increase is a consequence or cause of diabetes 

(Shalev, 2014). 

In summary, TXNIP plays an important role in a wide variety of biological processes, including 

proliferation, apoptosis, fatty acid and glucose metabolism, inflammation, and cancer (Forred, et 

al., 2016; Spindel, World, & Berk, 2012). In this study, a CBATXNIP/+ transgenic mouse model was 

generated and employed to analyze the consequences of ubiquitous TXNIP overexpression. In 

light of the presumed effects of TXNIP in beta cell physiology, we assessed the consequences of 

its overexpression in glucose and energy metabolism parameters by applying a diet-induced 

obesity (DIO) model and a streptozotocin-induced T1DM model.   
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2. Materials and Methods 

2.1. Transgene construction 

The Txnip-coding sequence was amplified from a murine cDNA pool by high-fidelity PCR 

(Phusion, New England Biolabs, Ipswich, MA, USA) using the following primers: mTxnip_FW: 5’-

ACGGAGGCGAGCTCTTCG-3’ and mTxnip_REV: 5’-GTCTCTGAAACACTGGAGTTCAAGC-3’. 

The amplicon was inserted into the StrataClone blunt cloning vector (Agilent, Munich, Germany), 

released as an EcoRI fragment and cloned downstream of the cytomegalovirus enhancer with 

chicken beta actin promoter, and upstream of a rabbit beta-globin 3‘-flanking region with 

polyadenylation signal in the expression vector pUC-CAGGS (Schneider, et al., 2005). Orientation 

and amplification fidelity were checked by Sanger sequencing using the primer pTORUseq: 5`-

CTACAGCTCCTGGGCAACGTG-3’. The microinjection fragment was released from the vector 

backbone by SalI and HindIII double digestion.  

 

2.2. Mice 

C57BL/6N and NMRI mice were purchased from Janvier (France) and maintained under specific-

pathogen-free conditions in the closed barrier facility of the Gene Center Munich at 23 °C, 40% 

humidity and with a 12 h light/dark cycle (lights on at 7 AM). All mice had access to water and 

standard rodent diet (V1534; Ssniff, Soest, Germany) ad libitum, if not otherwise described. The 

injection fragment (diluted to 1.5 ng/µl) was microinjected into the pronucleus of C57BL/6N 

zygotes. Afterwards the manipulated zygotes were transplanted into pseudopregnant NMRI 

recipient females, which serve as excellent foster mothers. Three founders (CBATXNIP/+) were 

identified by PCR analysis and mated to wild-type C57BL/6N animals. Genomic DNA was isolated 

from tail clips using the Wizard DNA Extraction Kit (Clontech). Routine identification of transgenic 

mice was done by PCR using the primers pTORUseq: 5’-CTACAGCTCCTGGGCAACGTG-3` and 

Txnip_REV: 5´-ATCACCATCTCGTTCTCACC-3`. All mouse experiments were approved by the 
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Committee of Animal Health and Care of the local governmental body of the state of Upper Bavaria 

(Regierung von Oberbayern), Germany, and were performed in strict compliance with the 

European Communities Council Directive (86/609/EEC) recommendations for the care and use of 

laboratory animals (55.2-1-54-2532-24-2017).  

 

2.3. RNA expression analysis  

Tissue samples were homogenized in TRIzol (Invitrogen, Karlsruhe, Germany) for RNA isolation, 

and 1 µg of RNA was reverse transcribed in a final volume of 40 µl using RevertAidreverse 

transcriptase (Thermo Scientific, Schwerte, Germany) according to the manufacturer’s 

instructions. For qualitative mRNA expression of murine Txnip, reverse transcription-PCR (RT-

PCR) using reagents from Qiagen (Hilden, Germany) was performed. The final reaction volume 

was 20 µl, and cycle conditions were 94 °C for 5 min followed by 35 cycles of 94 °C for 1 min, 60 

°C for 1 min, and 72 °C for 1 min. The primers employed were mTxnip_FW, mTxnip_REV, Gapdh 

forward primer 5’-TCATCAACGGGAAGCCCATCAC-3’ and Gapdh reverse primer 5’-

AGACTCCACGACATACTCAGCACCG-3’. 

 

2.4. Western blot 

Protein was extracted from mouse tissue using Laemmli-extraction-buffer. The protein 

concentrations were estimated via biochinin acid assay and 20 μg protein was separated by SDS-

PAGE on a 10% gel. The protein was transferred to membranes (Immoblion-P Membran, Merck, 

Darmstadt, Germany) by semidry blotting and was blocked in 5% milk (milk powder Roth, 

Karlsruhe, Germany). Primary antibodies were incubated in 2.5% BSA overnight at 4 °C. Used 

antibodies are listed in Table S3. After incubation the membranes were washed four times in TBS-

T and then they were incubated in 5% BSA with a horseradish peroxidase-labeled secondary 

antibodies for 1 hour at room temperature. For visualization of the bands an enhanced 

chemiluminescence detection reagent (ECL Advance Western Blotting Detection Kit, GE 
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Healthcare) and appropriate x-ray films (GE Healthcare) were used. The membranes were 

stripped after detection with elution buffer (2% SDS, 6.25 mM Tris-HCl, pH 6.7 and 100 mM beta-

mercaptoethanol) for 40 min at 70 °C and incubated with an antibody recognizing an appropriated 

reference protein. The Image Quant software package (GE Healthcare) was used to quantify the 

band intensities. 

 

2.5. Blood chemistry 

Blood was collected retro-orbitally in lithium-heparin tubes (KABE, Numbrecht-Elsenroth, 

Germany) under inhalation anesthesia. The tubes were centrifuged twice for 10 minutes at 2000 

xg at 4 °C and the plasma samples were transferred to new plain sample tubes and stored at -80 

°C until needed. Before analysis, samples were thawed at 4 °C, thoroughly mixed using a Vortex 

mixer and afterwards centrifuged for 10 minutes at 5000 xg and 8 °C to move clots to the bottom 

of the tube. Dependent on plasma volume obtained, plasma samples were either directly analyzed 

for clinical chemistry parameters, or after 1:2 dilution with deionized water. Parameters were 

measured using an AU480 autoanalyzer (Beckman Coulter, Krefeld, Germany) and adapted test 

kits provided by Beckman Coulter as previously described (Rathkolb, et al., 2013). 

 

2.6. Intraperitoneal glucose tolerance test  

Briefly, for glucose tolerance test (GTT) mice were starved for six hours in individual cages. A 

glucose bolus (1.5 mg/kg body weight) was injected intraperitoneally and blood samples were 

taken from the punctured tail vein at 0, 20, 40, 60, 80, 100, and 120 min after glucose injection 

and were immediately measured using a glucometer (FreeStyle Precision Neo, Abbott Diabetes 

Care, Wiesbaden, Germany) (Dahlhoff, et al., 2014).  

 

2.7. Diet induced obesity 
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For diet induced obesity (DIO) 8 female C57BL/6N control mice and 8 CBATXNIP/+ transgenic female 

mice at 10 weeks of age were housed individually and received two weeks later for 10 weeks the 

D12492 high-fat, high-calorie diet (HFD) (E15741-34; Ssniff, Soest, Germany) ad libitum. Body 

weight was measured every week and food intake during the trial was monitored by weighing and 

re-weighing the feed every week. Food spilling could not be observed or detected in any cage. At 

the end of the DIO experiment, an intraperitoneal GTT was performed. Finally, the mice were 

sacrificed and organs were snap frozen at -80 °C or fixed in 4% paraformaldehyde (PFA, pH 7.4) 

for histology analysis. 

 

2.8. Streptozotocin-induced diabetes 

Streptozotocin (100 mg/kg body weight) was injected intraperitoneally in eight-week-old female 

mice and blood glucose levels were measured every 12 hours with a glucometer (FreeStyle 

Precision Neo). Blood was taken from a punctured tail vein. Finally, mice were sacrificed after 7 

days, blood was collected retro-orbitally under inhalation anesthesia, the pancreas was extracted 

immediately and snap frozen at -80 °C or fixed in 4% paraformaldehyde (PFA, pH 7.4) for histology 

analysis. 

 

2.9. Histology and immunohistochemistry 

Pancreas samples were embedded in paraffin and sections were routinely stained by H&E as 

described previously (Hoesl, Rohrl, Schneider, & Dahlhoff, 2018). Beta cells were detected by 

immunohistochemistry as described previously (Dahlhoff, et al., 2009). Tissue sections with 4 μm 

thickness were deparaffinized, rehydrated, and boiled for antigen retrieval for 20 min in a 

microwave at 95 °C in 10 mM sodium citrate buffer pH 6.0. After the slides were cooled down to 

room temperature, they were incubated in 3% H2O2 for 15 min for blocking the endogenous 

peroxidase, and afterwards blocked in rabbit serum (1:20 diluted in TBS-T). The sections were 

incubated with primary antibody (polyclonal guinea pig anti-insulin, P01315, Dako, Hamburg, 
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Germany, 1:5000 dilution) for 1h at room temperature, followed by an incubation with a secondary 

antibody (rabbit anti-guinea pig Immunoglobulins/HRP, P0141, Dako, 1:500 dilution) for 1h at 

room temperature. 3,3’-diaminobenzidine (DAB) (Sigma, Taufkirchen, Germany) was used as the 

chromogen and the immunolabeled sections were counterstained with hematoxylin. Control 

experiments included the omission of the first antibody; all controls showed no DAB staining. 

Quantitative stereological analyses of the pancreas for calculating the beta cell volume were 

performed as described elsewhere in detail (Dahlhoff, et al., 2009). Briefly, six sections evenly 

distributed throughout the whole pancreas were obtained from each animal and evaluated for 

morphometry. The pancreas was scanned in a meandering pattern with a visual frame and every 

tenth visual field was evaluated. The cross-sectional area of the pancreas was determined 

planimetrically by circling the cut surface on immunohistochemically-stained sections by circling 

their contours with a cursor on the digitizing image analysis system of a Leica software (LAS V4.5., 

Leica, Wetzlar). In addition, the cross-sectional area of the beta cell profiles was measured. The 

volume of pancreas (V(Pan)) before embedding was calculated by dividing the organ weight by the 

specific weight of mouse pancreas (1.08mg/mm3 (Wanke, et al., 1994)). The volume density of 

the beta cells in the pancreas (Vv(Beta cells/Pan)) was calculated by dividing the sum of cross-sectional 

areas of all beta cell profiles by the sum of the cross-sectional areas of the pancreas. The total 

beta cell volume (V(Beta cell/Pan)) was calculated by multiplying the Vv(Beta cell/Pan) by V(Pan).  

 

2.10. Statistical analysis 

Data are presented as mean+SEM and compared by Student’s t-test (GraphPad Prism version 

5.0 for Windows, GraphPad Software, San Diego, CA, USA), and in the case of more than two 

groups by analysis of variance (ANOVA) and Tukey’s multiple comparison test. GTT and STZ-

experiments were analyzed by 2-way ANOVA. Group differences were considered to be 

statistically significant if P<0.05.  
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3. Results 

3.1. Ubiquitous overexpression of TXNIP has no evident phenotypical consequences 

Txnip transcripts are expressed in nearly all tissues and organs in mice, as shown by RT-PCR 

(Fig. S1A). Due to the ubiquitous expression of TXNIP, we decided to investigate TXNIP in a gain 

of function mouse model by placing the Txnip cDNA under control of the chicken-beta-actin 

promoter to overexpress TXNIP widely. Three TXNIP-overexpressing mouse lines (CBATXNIP/+, L1, 

L2, and L3) were generated by DNA microinjection and the transgenic animals were identified by 

PCR analysis (Fig. S1B). The TXNIP expression levels of all three mouse lines were determined 

in various organs (pancreas, salivary gland, kidney, ovary, uterus, and liver) by Western blot 

analysis. As mice from line L3 showed the strongest TXNIP expression in the pancreas (Fig. S1C 

and Fig. 1A), and no macroscopical or histological changes were observed in any of the transgenic 

lines (data not shown). All further experiments were done with female mice of line 3, if not 

described otherwise. Body weight of male and female mice were measured over 10 weeks and 

revealed no alterations between transgenic and control littermates in both sexes (Fig. 1B,C). 

Plasma cholesterol, glucose, low-density lipoprotein (LDL), high-density lipoprotein (HDL), 

bilirubin, and albumin were also unaltered in female transgenic CBATXNIP/+ mice compared to 

control mice (Fig. 1E). To assess inflammation of the liver and pancreas, several specific enzymes 

were investigated in the plasma of CBATXNIP/+ and control mice. Aspartate aminotransferase (AST), 

alanine aminotransferase (ALT), and alkaline phosphatase (AP) were measured to determine liver 

damage, but no differences were detected between both groups (Fig. 1F). Furthermore, no 

changes were detected in the enzymes lactate dehydrogenase (LDH), lipase, and alpha-amylase, 

which are usually increased in pancreatitis (Fig. 1F). Fasted plasma insulin levels were not altered 

in transgenic CBATXNIP/+ mice compared to controls (Fig. 1D), further indicating that the 

overexpression of TXNIP did not affect beta cell function. Lactate is the final product of anaerobic 

glycolysis and increased lactate levels may indicate hypoxia. However, plasma lactate levels were 

unchanged in the transgenic CBATXNIP/+ mice compared to controls (Fig. 1G). 
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3.2. TXNIP overexpression does not influence diet-induced obesity  

To challenge the regulation of blood glucose level and associated metabolic processes, mice were 

fed for 10 weeks with a high-fat diet. The increase in diet-induced body weight (Fig. 2A and B) and 

absolute and relative food intake (Fig. 2C and D) in CBATXNIP/+ mice did not differ from those of 

control littermates. There were also no differences in the absolute and relative abdominal, 

subcutaneous, or brown fat depot weights of CBATXNIP/+ mice compared with controls (Fig. 2E and 

F). In addition, no alterations were found in the weight of pancreas, spleen, and liver of CBATXNIP/+ 

animals (Fig. 2E and F). At the end of the experiment, neither plasma insulin levels (Fig. 2G) were 

altered in obese transgenic CBATXNIP/+ mice compared to obese controls, nor changes between 

both groups of mice were detected in a glucose tolerance test (Fig. 2H). In contrast, comparison 

of GTT data of lean mice with obese mice, independently of their TXNIP status, showed clearly 

that the fasted glucose levels during GTT of obese mice were significantly different from lean mice: 

blood glucose levels were significantly increased in both DIO groups compared to lean groups, 

suggesting onset of a T2DM-like phenotype in the overweight animals (Fig. 2H). Histological 

examination and stereological analysis of beta cell mass within endocrine islets of pancreas 

sections stained for insulin showed no alterations between transgenic and control animals (Fig. 2I 

and J). Finally, we examined the obese mice for apoptosis in the pancreas, but could not detect 

cleaved caspase 3 in the pancreas of the transgenic CBATXNIP/+ or control animals (Fig. 2K). 

 

3.3. Overexpression of TXNIP overproportionally reduces beta cell mass and increases blood 

glucose levels after streptozotocin treatment 

A single high-dose of streptozotocin was injected intraperitoneally to induce diabetes in CBATXNIP/+ 

and control mice. CBATXNIP/+ mice developed significant higher blood glucose levels compared to 

control littermates (Fig. 3A). In addition, a GTT revealed significant increased blood glucose levels 

in transgenic CBATXNIP/+ mice compared with controls (Fig. 3B). Immunohistochemical staining for 

Jo
urn

al 
Pre-

pro
of



13 
 

insulin confirmed reduced beta cell mass in the pancreatic endocrine islets of both CBATXNIP/+ and 

control mice after streptozotocin treatment (Fig. 3C). Morphometric analysis revealed that the 

mean beta cell mass was unchanged between groups in the absence of streptozotocin treatment 

(Fig. 3D), thus confirming our previous observation in obese mice (Fig. 2J). In contrast, beta cell 

mass was significantly reduced in CBATXNIP/+ mice compared with control littermates after 

streptozotocin treatment (Fig. 3D). Additionally, the plasma insulin levels of streptozotocin treated 

CBATXNIP/+ mice were significantly reduced compared to control mice (Fig. 3E). These findings 

demonstrate that the beta cells of transgenic animals were more severely damaged compared to 

the beta cells of controls. These results correspond well to the previous data of the blood glucose 

measurements and GTT. In summary, the overexpression of TXNIP enhances the toxic effect of 

streptozotocin in beta cells and increases the severity of streptozotocin-induced diabetes. 

 

3.4. PGH1 and PGH2 are increasedly expressed in the pancreas of CBATXNIP/+ transgenic mice 

Since prostaglandin G/H synthase 1 and 2 (PGH1, PGH2) play a role in inflammatory responses, 

and PGH2 was associated with streptozotocin-induced beta cell damage (Perrone, Devi, Hosoya, 

Terasaki, & Singh, 2009; Perrone, Devi, Hosoya, Terasaki, & Singh, 2010), the expression of both 

proteins was investigated by Western blot to determinate their potential involvement in the 

inflammatory effect of streptozotocin (Fig. 4A). Densitometric analysis revealed an increased 

expression of PGH1 and PGH2 proteins in the pancreas of CBATXNIP/+ mice compared to control 

littermates (Fig. 4B and C). Apoptosis, assessed by Western blots, showed significantly increased 

abundance of active (cleaved) caspase 3 in transgenic CBATXNIP/+ mice compared to controls (Fig. 

4D), but not for inactive (uncleaved) caspase 3 (Fig. 4E). 

Although we assessed whole pancreatic tissue in our analysis, these results additionally support 

the observation that streptozotocin has a stronger damaging effect on pancreatic beta cells of 

CBATXNIP/+ transgenic mice compared to control animals. A Western blot for TXNIP confirmed 
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significantly higher levels of TXNIP in the pancreas of transgenic mice compared to controls in 

streptozotocin-treated mice (Fig. 4F).  

 

4. Discussion 

In this study, we aimed to investigate the effects of TXNIP in a mouse model that overexpresses 

this protein ubiquitously. TXNIP is an alpha-arrestin protein, whose transcripts are expressed in 

nearly all organs and tissues, which we also confirmed in this study. Although TXNIP is a critical 

regulator of energy metabolism, several details on the mechanism by which TXNIP acts on 

molecular level remain unknown, and the CBATXNIP/+ transgenic mouse model could be helpful to 

clarify these open questions.  

It is assumed that TXNIP acts as a switch between glucose toxicity and beta cell apoptosis, 

whereby insulin resistance or diabetes with high blood glucose levels increase TXNIP expression 

(Minn, Hafele, et al., 2005). TXNIP knockout mice showed increased beta cell volume and 

increased insulin level with decreased blood glucose levels and improved glucose tolerance tests. 

In a DIO model TXNIP knockout mice showed improved glucose tolerance and increased insulin 

sensitivity under HFD compared to controls (Lei, et al., 2022). These results indicate that the loss 

of TXNIP is connected to beta cell proliferation and insulin production, and diabetes seems to be 

related with TXNIP overexpression in beta cells. CBATXNIP/+ mice showed no alterations in blood 

glucose levels, plasma insulin levels or in beta cell volume, suggesting that increased TXNIP 

levels alone do not cause beta cell apoptosis and elevated blood glucose levels. As one of the 

most common risk factors for T2DM is obesity, we used DIO to assess TXNIP effects on beta cell 

apoptosis under an additional trigger. CBATXNIP/+ mice and control littermates fed with HFD 

developed obesity, and a glucose tolerance test showed hyperglycemia in both groups as 

expected. Furthermore, the transgenic animals showed no alterations in beta cell mass, beta cell 

morphology, or glucose levels compared with controls. Contrary to our expectation, the obese 

phenotype did not lead to any detectable increase in beta cell apoptosis due to increased TXNIP 
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expression in the transgenic mice. TXNIP knockout mice receiving a high fat diet showed also no 

changes in weight gain compared to control mice (Elshaer, et al., 2017). Thus, overexpression of 

TXNIP alone is not sufficient to alter beta cells, drive them into apoptosis, and cause high blood 

glucose levels. However, in a streptozotocin-induced T1DM model, transgenic mice showed a 

more severe diabetic phenotype and significantly higher blood glucose levels than their littermates. 

Thus, the severity by which streptozotocin damages beta cells is strongly influenced by the 

overexpression of TXNIP.  

TXNIP also frequently interacts with NLRP3 in a ROS-dependent manner and could activate the 

NLRP3 inflammasome (Zhou, et al., 2010). TXNIP and NLRP3 knockout mice have a similar 

phenotype showing alterations in blood glucose concentrations, insulin secretion, and insulin 

sensitivity (J. Chen, Hui, et al., 2008; Hui, et al., 2008; Oka, et al., 2009; Zhou, et al., 2010). 

Although TXNIP overexpression may drive inflammations, we did not find histological inflammation 

foci in any tissue or organ in CBATXNIP/+ mice. Blood marker enzymes for hepatitis or pancreatitis 

were not increased in CBATXNIP/+ mice compared with controls. However, in the pancreas of 

CBATXNIP/+ mice treated with streptozotocin we detected increased levels of PGH2 and PGH1, 

showing enhanced oxidative stress as it was shown in TXNIP-induced diabetic retinopathy 

(Perrone, et al., 2009; Perrone, et al., 2010). Besides, hyperglycemia-induced TXNIP 

overexpression was associated with an inflammatory response resulting in an increased PGH 

expression (Kumar & Mittal, 2018). However, as the pancreas of CBATXNIP/+ mice showed 

increased apoptosis after treatment with streptozotocin, these results are in line with previous 

studies showing that TXNIP could induces apoptosis via ASK1 activation (J. Chen, Hui, et al., 

2008; J. Chen, Saxena, et al., 2008; Minn, Hafele, et al., 2005). Most results of our study are 

based on female mice, which represents a clear limitation, as there may be differences in glucose 

metabolism or obesity development between females and males and it could not be excluded that 

male CBATXNIP/+ mice would have responded differently to the DIO or streptozotocin experiments.  
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TXNIP could acts as a tumor suppressor in many cancer types, including osteosarcoma (Yuan, et 

al., 2022),  breast cancer (Okumura, Hirano, & Komatsu, 2021) or acute myeloid leukemia (Noura, 

Matsuo, Koyama, Adachi, & Masutani, 2020), making it a highly interesting target for cancer 

therapies (Qayyum, Haseeb, Kim, & Choi, 2021). The newly generated CBATXNIP/+ transgenic 

mouse line will be suitable for addressing the role of TXNIP in cancer research, as it can be used 

to study the function of TXNIP in detail in different carcinogen- or oncogene-induced tumors very 

easily, and to analyze TXNIP as a potential target for new cancer therapies.  

 

5. Conclusion 

In conclusion, our results unexpectedly show that an increased TXNIP expression alone has no 

effect on pancreatic beta cell mass and glucose metabolism. In addition, hyperglycemia caused 

by high fat diet had no detrimental effect on beta cells of the transgenic mice. In contrast, 

overexpression of TXNIP overproportionally reduced beta cell mass in a streptozotocin-induced 

T1DM model and impaired glucose regulation, thus increasing the severity of the disease. 
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Figure Legends: 

Fig. 1. (A) Western blot analyses of TXNIP expression in several organs from female mice of all 

three (L1, L2, L3) transgenic mouse lines. GAPDH was used as reference protein. (B-C) Body 

weight of (B) male (n=6) and (C) female (n=5) CBATXNIP/+ transgenic mice and control littermates. 

(D-G) Plasma levels of several enzymes and substrates demonstrating no differences between 

eight weeks old transgenic and control female mice (n=6).  

 

Fig. 2. (A) Body weight curve of female CBATXNIP/+ mice and controls under HFD (n=8). (B) Body 

weight normalized to starting body weight (n=8). (C) Individual weekly food intake (n=8). (D) 

Individual weekly food intake normalized to body weight (n=8). (E) Absolute and (F) relative tissue 

weights from female CBATXNIP/+ mice and control animals (n=7). (G) Plasma insulin measurements 

of fasted obese female CBATXNIP/+ mice compared with controls (n=4). (H) Intraperitoneal GTT of 

female lean and obese CBATXNIP/+ mice and control littermates (n=6). Data were analyzed by 3-
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way ANOVA and are represented as means±SEM. (I) Representative immunohistochemistry 

staining for insulin in female CBATXNIP/+ transgenic mice and control littermates. Scale bars 

represent 100 µm. (J) Morphometrical analysis of the mean beta cell mass of female CBATXNIP/+ 

mice and controls fed with maintenance diet (-) and female CBATXNIP/+ mice and controls under 

DIO (+) (n=6). Data are represented as means±SEM and were analyzed by treatment between 

columns with one-way ANOVA (P=0.6169). (K) Western blot analyses of caspase 3 expression in 

the pancreas of obese female transgenic mice and controls. GAPDH was used as reference 

protein. All data were analyzed by Student’s t-test and are presented as means±SEM.  

 

Fig. 3. (A) Glucose levels of female CBATXNIP/+ transgenic and control mice after streptozotocin 

application (n=6). Data were analyzed by 2-way ANOVA and are represented as means±SEM. 

Significant genotype x time interaction: *P<0.05. (B) Intraperitoneal GTT of female CBATXNIP/+ mice 

and control littermates (n=6). Data were analyzed by 2-way ANOVA and are represented as 

means±SEM. Significant genotype x time interaction: *P<0.05. (C) Representative 

immunohistochemistry stainings against insulin before (STZ -) and after (STZ +) streptozotocin 

treatment of female CBATXNIP/+ transgenic and control mice. (D) Morphometrical analysis of the 

mean beta cell mass of untreated (-) and streptozotocin treated (+) female CBATXNIP/+ mice 

compared with controls (n=6). Data are represented as means±SEM and were analyzed by 

treatment between columns with one-way ANOVA (P<0.0001) and each group with each group 

by Student’s t-test (b is significantly different from a, P<0.001). (E) Plasma insulin measurements 

of streptozotocin treated female CBATXNIP/+ mice compared with controls (n=6). Data were 

analyzed by Student’s t-test and are represented as means±SEM. *P<0.05. 

 

Fig. 4. (A) Western blot analyses of TXNIP, Caspase3, PGH1, and PGH2 expression in the 

pancreas of streptozotocin treated female CBATXNIP/+ transgenic mice and control littermates. 

GAPDH was used as reference protein. (B-F) The expression of (B) PGH1, (C) PGH2, (D) cleaved 
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caspase 3, and (F) TXNIP were significantly increased in the pancreas of streptozotocin treated 

female CBATXNIP/+ transgenic mice compared to controls, but not for (E) uncleaved caspase 3 

(n=4). Data were analyzed by Student’s t-test and are represented as means±SEM. *P<0.05. 
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Highlights 

• Generation of a novel transgenic mouse line with ubiquitous overexpression of TXNIP 

• TXNIP overexpression did not affect weight gain  in a diet-induced obesity model  

• TXNIP mice are hyperglycemic when challenged in a streptozotocin-induced T1DM 

model 

• Beta cell mass of TXNIP transgenic mice is significantly reduced in the T1DM model  

• Overexpression of TXNIP in a T1DM model enhances the severity of the disease 
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