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Aim

Wolfram Syndrome (WS) is a rare condition caused by mutations in Wfs1, with a poor prognosis and no cure. Mono-agonists targeting the incretin glucagon-like-peptide 1 (GLP-1) have demonstrated disease-modifying potential in pre-clinical and clinical settings. Dual agonists that target GLP-1 and glucose-dependent insulinotropic polypeptide (GIP-1) are reportedly more efficacious; hence, we evaluated the therapeutic potential of dual incretin agonism in a loss-of-function rat model of WS.





Methods

Eight-month-old Wfs1 knock-out (KO) and wild-type control rats were continuously treated with either the dual agonist DA-CH5 or saline for four months. Glycemic profile, visual acuity and hearing sensitivity were longitudinally monitored pre-treatment, and then at 10.5 and 12 months. Pancreata and retina were harvested for immunohistological analysis.





Results

DA-CH5 therapy reversed glucose intolerance in KO rats and provided lasting anti-diabetogenic protection. Treatment also reversed intra-islet alterations, including reduced endocrine islet area and β-cell density, indicating its regenerative potential. Although no rescue effect was noted for hearing loss, visual acuity and retinal ganglion cell density were better preserved in DA-CH5-treated rats.





Conclusion

We present preclinical evidence for the pleiotropic therapeutic effects of long-term dual incretin agonist treatment; effects were seen despite treatment beginning after symptom-onset, indicating reversal of disease progression. Dual incretins represent a promising therapeutic avenue for WS patients.
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1 Introduction

Mutations in the WFS1 gene encoding the Wolframin1 protein (WFS1) cause the classical form of the rare condition Wolfram Syndrome (WS). WFS1 plays critical roles in regulating endoplasmic reticulum (ER) stress, calcium homeostasis and mitochondrial function and is broadly expressed across several organs (1). It can also directly modulate major physiological systems like the Renin-Angiotensin-Aldosterone and Kinin-Kallikrein systems (RAAS, KKS) that regulate critical functions, including blood pressure, fluid balance, and inflammatory response (1–3). WS is therefore a multi-systemic condition and hallmarks include diabetes, optic nerve atrophy, deafness and progressive neurodegeneration. Consequently, prognoses are extremely poor with a median lifespan of 30-40 years and effective disease modifying treatments are urgently needed (4). Drug repurposing efforts have identified various molecular pathways, like the ER stress response and calcium signaling, for pharmacological intervention (5). For instance, chemical chaperones like valproate and dantrolene have demonstrated protective effects in animal models of WS and are now being explored in clinical trials (6–9). The prototypic Sigma1 receptor agonist PRE-084 and AMX0035, a combination of two chaperones (4-phenylbutyric acid and tauroursodeoxycholic acid, Amylyx Pharmaceuticals) also provided symptomatic benefit in pre-clinical models (10, 11). Notably, AMX0035, although originally approved for the treatment of amyotrophic lateral sclerosis in the USA, is now being evaluated in a Phase II clinical trial with WS patients (12).

Drugs targeting the metabolic incretin system have proven particularly efficacious; the incretins are hormones secreted by the gut in response to nutrient ingestion (13). They include glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP), each of which have specific receptors. Incretins regulate glycemic homeostasis via their additive actions on insulin and glucagon and also provide trophic support to pancreatic beta cells (14, 15). Incretin mimetics like GLP-1 receptor (GLP-1R) agonists (for e.g., Liraglutide, Semaglutide), were initially developed for the treatment of Type 2 diabetes mellitus (T2DM) and obesity but have demonstrated therapeutic benefit across several domains in WS. For instance, our group has extensively tested Liraglutide (LIRA) in an established loss-of-function rat model of WS (Wfs1 coding exon 5 knock-out, Wfs1KO) to show that treatment can substantially delay the onset of glucose intolerance and loss of vision (16–18). Therapeutic benefits were also evident in aged animals where treatment began after symptom onset; KO rats displayed improved performance on cognitive tasks and had reduced ER stress, neuroinflammation, optic nerve atrophy and retinal ganglion cell death (18, 19). Similarly, the long-lasting agonist dulaglutide had both a preventive and curative effect on glucose intolerance in a mouse model of WS (20).

We have additionally shown that 16-month long preventive LIRA treatment commencing at 2 months of age was not only well-tolerated, but also conferred significant protection against the progression of hyperglycaemia and vision loss in Wfs1KO rats (16). Consequently, GLP-1 agonists are already being used by the majority of paediatric WS patients for symptom management (21–23).

While the underlying basis of incretin agonism’s therapeutic effects remain to be fully elucidated, several—likely overlapping—mechanisms of action have been reported. These include promoting proliferation and repair, protecting against oxidative stress and excitoxicity-induced apoptosis (24–26), and regulating cellular processes like inflammation, ER stress and autophagy (27, 28). For instance, the GLP-1R agonist exenatide protected iPSC-derived WFS1-deficient beta cells and cerebellar neurons from ER stress and mitigated mitochondrial dysfunction and the production of reactive oxygen species (20). Similarly, while Wfs1 deficiency can directly impair components of the autophagy lysosomal pathway (29), GLP-1R agonists have been shown to restore lysosomal function (30, 31).

Incretin agonism may also drive the “resensitization” of peripheral and central insulinogenic signaling pathways and a resultant decrease in pro-inflammatory factors (32). This would also explain the treatment-induced benefits observed in conditions like Alzheimer’s and Parkinson’s Disease (AD, PD), as impaired cerebral metabolism and insulin responsiveness have been implicated in several neurodegenerative pathologies (33).

In lieu of this, reports of highly potent dual GLP-1/GIP agonists are relevant, given that these also appear to be better tolerated by patients (34). These are unimolecular peptides that provide targeted and balanced agonism of both the GLP-1 and GIP receptors, thereby addressing both insulin resistance and deficiency (35). Their synergistic pharmacology has yielded superior metabolic outcomes in rodent and non-human primate models and human trials of obesity and T2DM than selective GLP-1 mono-therapy (36). Dual agonists have also demonstrated stronger therapeutic potential in neurodegenerative disorders (37–39); in a mouse model of PD, the dual agonist DA-CH5 had better blood-brain barrier (BBB) penetration than a comparable LIRA dose and reduced glial activation and apoptotic signaling to a greater extent (38). Similarly, another dual agonist DA-JC4, attenuated memory impairments and levels of phosphorylated tau protein aggregates in a rat model of AD (35).

Accordingly, we assessed the efficacy of long-term dual agonist treatment in a rat model of WS and show that dual agonists have pleotropic therapeutic effects and represent a new class of potential disease-modifying therapies for WS.




2 Materials and methods



2.1 Animals

Experiments were approved by the Estonian Project Authorization Committee for Animal Experiments (No 204, 11th November 2019), and performed in accordance with the ARRIVE guidelines and European Communities Directive of September 2010 (2010/63/EU). Generation and phenotyping of Wfs1 mutant rats has been previously described (Wfs1 coding exon 5 knock-out, Wfs1 KO) (40). Breeding and genotyping were conducted at the Laboratory Animal Centre at the University of Tartu, Estonia. We used male homozygous Wfs1 KO rats and Wild-type (WT) littermates as controls. Animals were housed in cages (2-4/cage) under a 12-hour light/dark cycle (lights on at 7 a.m.) with maintenance at dim light conditions (60–80 lux) to minimize retinal phototoxicity. Animals had ad-libitum access to food and water except during active experiments and were weighed weekly (Sniff universal mouse and rat maintenance diet (Sniff #V1534) and reverse osmosis-purified water). All experiments were performed between 9 a.m. and 5 p.m. Experimenters were blinded to genotype during all bio-and immunohistochemical analyses.




2.2 Intraperitoneal glucose tolerance tests and clinical chemistry

Animals were deprived of food for 3 hours prior to testing, but had continued access to water. Glucose (Sigma-Aldrich) was dissolved in a 0.9% saline solution (20% w/v) and administered intraperitoneally (i.p.) at a dose of 2 g/kg. Blood glucose was measured at: 0 min (before administration), 30 min, 60 min, 120 min and 180 min after administration from the tail vein using a hand-held glucometer (Accu-Check Go, Roche, Mannheim, Germany). Tail vein blood samples taken immediately prior to and 30 min after glucose administration were retained for analyses. Samples were allowed to clot (30 min, room temperature), centrifuged (2000 x g, 15 min, 4°C), and the serum was collected and stored at -80°C. Commercially validated sandwich ELISA kits were used in accordance with manufacturer instructions (Crystal Chem): Insulin (cat# 90060) and C-peptide (cat # 90055). Absorbance was measured at 450 nm (wavelength correction 620 nm) and concentrations were calculated with 4-parameter logistic regression analysis.

“Habituation” IPGTTs were performed prior to all experiments (acute and long-term) to control for anxiety-induced fluctuations. Following this, animals received subcutaneous (s.c.) saline injections for 7 consecutive days to accustom them to experimenter handling. All IPGTTs (pre-treatment baseline and follow-ups) were always performed 24 hours after the last drug/saline injection. Supplementary Figure 1 illustrates the IPGTT timetable.




2.3 Drugs and drug administration

Amino acid sequences for the dual-incretin agonists DA-JC4 and DA-CH5 were obtained from Feng et al. (39) and synthesized by Pepscan; purity was > 95% as determined by HPLC and UPLC-MS. Peptides were pre-weighed and dry stored at -80°C; fresh stock solutions were prepared in PBS immediately prior to injection. Stock solutions were diluted 1:10 in saline. Liraglutide (Victoza®, Novo Nordisk Medical, Denmark) was also prepared fresh in saline. All drugs were administered by daily s.c. injection (injection volume = 1 ml/kg, all injections between 8:00-11:00 am.).



2.3.1 Acute treatment and screening paradigm

Five-month-old Wfs1 KO and WT rats were used to examine the effects of acute treatment with selected single- and dual-incretin agonists (timeline in Supplementary Figure 1) and identify the most promising candidates for independent long-term treatment. After the baseline IPGTT, animals were randomly allocated to one of the experimental groups below:

	i) Saline (SAL) (WT n = 10, Wfs1 KO n = 8) 0.9% solution.

	ii) DA-CH5 (WT n = 8, Wfs1 KO n = 9) 25 nmol/kg.

	iii) DA-JC4 (WT n = 8, Wfs1 KO n = 8) 25 nmol/kg.

	iv) Liraglutide (LIRA) (WT n = 8, Wfs1 KO n = 7) 25 nmol/kg.



Dosing for DA-CH5 and DA-JC4 was determined from the literature, as these concentrations were neuroprotective in a mouse model of PD (38, 39). Liraglutide was administered at an equimolar dose to allow direct comparison. Treatment was administered for 7 consecutive days (daily, s.c.) followed by a final IPGTT.




2.3.2 Long-term treatment with the dual incretin agonist DA-CH5

Eight-month-old Wfs1 KO and WT rats were used for the long-term treatment paradigm; tested compounds were selected based on the results of the acute screening paradigm (timeline in Supplementary Figure 1). After the baseline IPGTT, animals were randomly allocated to one of the experimental groups below:

i. SAL (WT n = 9, Wfs1 KO n = 10) 0.9% solution.

ii. DA-CH5 (WT n = 8, Wfs1 KO n = 10) 25 nmol/kg.

Treatments were administered for 4 months (daily, s.c.), with follow-up IPGTTs at 10.5 and 12 months. Rats received weekly weigh-ins and monthly base blood sugar level monitoring. Supportive insulin treatment (100 IU/ml, Levemir, Novo Nordisk, Denmark) was initiated in hyperglycemic Wfs1 KO rats; animals with a basal blood glucose level of 10 mmol/l received 1 IU/kg of insulin (twice daily, s.c.). Every subsequent 5 mmol/l increase in blood glucose corresponded to a 1 IU/kg increase in the insulin dose (for e.g., blood glucose 20 mmol/l = 6 IU/kg insulin, twice daily).





2.4 Visual acuity estimation and cataract scoring

Visual acuity was evaluated as part of the long-term treatment paradigm at the ages of 8, 10.5 and 12 months using a virtual optomotor task (OptoMotry, Cerebral Mechanics Inc., Alberta, Canada) as previously described (18). Briefly, animals were placed in the center of a virtual rotating cylinder displaying vertical bars and their tracking behavior was recorded. Clockwise and anti-clockwise rotations were detected by the left and right eye, respectively. Data are presented as the mean of clockwise and anti-clockwise recording.

Structural lens changes were evaluated at the ages of 8 and 12 months using a portable slit lamp (after dilation with 1% tropicamide); cataract severity was assessed in a blinded fashion by an ophthalmologist as previously described (16, 41).




2.5 Hearing evaluation

Hearing sensitivity was assessed as previously described (16); briefly, a clinical screening instrument (Sentiero Diagnostics, PATH medical GmbH, Germering, Germany) with a frequency modulated distortion product otoacoustic emission (DPOAEs) tympanometry upgrade (FMDPOAETM) was used to measure otoacoustic emissions. Measurements were recorded at the ages of 8, 10.5 and 12 months. Prior to all measurements, the ears were visually inspected to rule out alternative causes for conductive hearing loss (cerumen, inflammation, etc.).




2.6 Tissue collection

Animals were weighed and anesthetized with an intraperitoneal injection of ketamine/dexmedetomidine solution (ketamine 150 mg/kg and dexmedetomidine 0.5 mg/kg), injection volume of 0.1 ml/100 g of body weight). Following confirmation of reflex loss, the intraperitoneal cavity and thorax were opened, and blood samples were taken from the left ventricle using BD Vacutainer® PrecisionGlide™ single-used needles (18g x 1.5″, Cat # 360748) and collected in VACUETTE® serum separator tubes. Thereafter, animals were transcardially perfused with a pre-flush of 0.1 M phosphate buffer (PB) followed by 4% paraformaldehyde (PFA) in PB. Tissues of interest were carefully dissected and weighed (brain, pancreas, m. tibialis anterior) and immersion fixed in 4% PFA/phosphate buffered saline (PBS) overnight at 4°C. The superior poles of the eyes were marked by punctuation to allow orientation of the retinas. Retinas from the left eye were dissected and processed as previously described (42). Samples were rinsed several times with PBS and impregnated in a 30% sucrose/PBS solution for 2-3 days at 4°C. Tissues were frozen at -80°C until further immunostaining; all immunostaining details are provided in Table 1.


Table 1 | Antibody information for immunostaining experiments.






2.7 Endocrine islet analyses

Endocrine islet mass determination was performed as previously described (43). Briefly, pancreas sections were immunostained for islet cell populations; α- (Glucagon+), β-(Insulin+) and δ-cell (SST+); and GLP-1 as an indicator for overall islet health. Sections were imaged with a 10x Objective (HC PL FLUOTAR 10x/0.32) mounted to an Aperio VERSA 10 Brightfield, Fluorescence & FISH Digital Pathology Scanner (Leica Biosystems). Acquired images were analyzed using Aperio ImageScope Software v12.4.3.500 (Leica Biosystems). Total pancreas area was estimated using Positive Pixel Count FL v1 algorithm (image zoom: 0.1; minimal intensity threshold: 0.05-0.07). Islets were identified based on positive immunostaining and the mass was estimated as follows: (total islet area/total pancreas area) * pancreas mass.

Individual cell populations (Glucagon+ α cells, Insulin+ β cells, SST+ δ cells, GLP+ cells) were assessed in eight individual islets per animal. Sections were imaged using a 20x Objective (HC PL FLUOTAR 20x/0.55 DRY) with at least 10 focal planes (z-stacks, plane interval = 2 µm) captured per islet. Subsequent analyses were performed using the Visiopharm (2021.09) software suite, with at least 25% of the total area analyzed per islet. Positively stained cells (α, β, δ) were manually counted within randomly generated counting frames (counting frame area 5%); only cells that had a visible nucleus were counted. Average section thickness was 14 µm as determined manually.




2.8 Retinal morphometry and flat-mount immunohistochemistry

Prior to sectioning, the right eyes (n = 5-7/group) were immersed in Tissue-Tek™ O.C.T. Compound (Thermo Fischer Scientific) and the superior-inferior axis was set perpendicular to the blade. Twenty µm thick sections were collected at the level of the optic nerve head. Retinal thickness measurements were recorded from sections where the optic nerve head was visible at an interval of 500 µm. Retinas from the left eye (n = 5-6/group) were subjected to flat-mount immunohistochemistry as previously described (42). Briefly, retinal ganglion cells (RGCs) were visualized using immunofluorescent labelling of the transcription factor Brn3a (44). Analyses were performed on four retinal quadrants in relation to the optic nerve head: superior-proximal and superior-distal, inferior-proximal and inferior-distal regions. Brn3a+ cells in each region were manually counted within 16 randomly generated counting frames (ImageJ 1.53n Unbiased Counting Frame software plugin v 1.0; total frame area = 2.022 mm2).




2.9 Statistical analysis and data visualization

Statistical analyses and data visualization were performed using the SPSS (IBM, v29) and GraphPad Prism (v 9.4.1) software packages for Windows. Data normality was assessed using the Shapiro Wilk Test. Initial three-way ANOVAs showed no significant interaction between time x genotype x treatment for any parameters. Therefore, simple main effects were investigated using either two-way mixed or independent ANOVAs.

Serum biochemical assays were assessed using multiple paired t-tests. All analyses were corrected for multiple comparisons using the Bonferroni method (ANOVA-based analyses) or the Holm-Sidak method (Paired t-test analyses). Two-sided statistical significance was set at p < 0.05. Data are presented with the mean and standard error of the mean (SEM) unless otherwise stated.

The GNU Image Manipulation Program (GIMP, version 2.10.24) was used for microscopy image processing.





3 Results



3.1 Acute DA-CH5 therapy improves glucose intolerance and acts as a secretagogue in symptomatic Wfs1 KO rats

Five-month-old Wfs1 KO rats and matched WT controls were acutely treated to assess the efficacy of the dual-incretin agonists DA-JC4 and DA-CH5 relative to the established mono-agonist LIRA. This age was chosen as this is when KO animals clearly exhibit glucose intolerance and the anti-diabetogenic properties of selected compounds can therefore be tested (17, 40).

Pre-treatment IPGTT and AUC comparisons indicated that while fasting blood sugar was similar between genotypes, KO animals across all groups were hyperglycemic immediately following glucose administration (Figures 1A, B). Wfs1 KO rats were therefore already glucose intolerant, which is in line with previous phenotypic observations (17). Following a 7-day treatment period, both DA-CH5- and DA-JC4-treated KO rats were normoglycemic, as no significant AUC differences were noted relative to WT rats (Figures 1C, D); in contrast, LIRA-treated KO rats remained glucose intolerant. DA-CH5-treated rats also displayed a noticeable reduction in AUC relative to SAL-treated KO rats, indicating significant glycemic normalization. DA-CH5 also had a potent secretagogue effect: amongst KO rats, only those treated with DA-CH5 had a significantly improved serum insulin and c-peptide response to glucose load (Figures 1E, F).




Figure 1 | Acute dual-incretin agonist treatment reverses manifest glucose intolerance in Wfs1 KO rats. Five-month-old wild-type and Wfs1 KO rats were treated with either saline (SAL), the dual-incretin agonist DA-CH5 (25 nmol/kg), the dual-incretin agonist DA-JC4 (25 nmol/kg), or the GLP-1 mono-agonist Liraglutide (LIRA, 25 nmol/kg) to assess the effects of acute therapy on glucose intolerance. (A–D) Blood glucose levels as assessed by intraperitoneal glucose tolerance test (IPGTT) and calculated area under the curve (AUC). Tests were performed (A, B) prior to and (C, D) after 7 days of treatment. Glucose-stimulated (E) serum insulin, and (F) C-peptide secretion profile after the treatment period. (G) Comparative overview of pre-post treatment AUC changes. Data in (B, D, E–G) are presented as the mean and standard error of the mean. Symbols represent individual mice. (B, D, G) Two-way analysis of variance. (E, F) Multiple paired t-tests with Holm-Sidak correction for multiple comparisons. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n = 7-9/group.



In summary, acute therapy with the dual GLP-1/GIP agonists DA-CH5 and DA-JC4 normalized the dysglycemic phenotype in Wfs1 KO rats to a greater extent than equimolar treatment with the mono-agonist liraglutide, as evidenced by pre- vs. post-treatment AUC comparisons (Figure 1G). Of the two dual agonists, DA-CH5 had a stronger insulinogenic effect and was therefore selected for further long-term experiments.




3.2 Long-term DA-CH5 therapy confers enduring anti-diabetogenic protection to older symptomatic Wfs1 KO rats

We then wanted to examine the effects of long-term treatment with DA-CH5 in an independent cohort. Eight-month-old Wfs1 KO rats and matched WT controls were continuously administered either DA-CH5 or SAL over four months, with experimental follow-ups at 10.5 and 12 months. This age was selected as this is when deficits in sensory function, including vision and hearing, develop (16, 17, 40). Furthermore, we wanted to examine whether dual incretin therapy is protective even if treatment commences at an advanced disease stage, given that human WS patients often experience a significant diagnostic delay: diagnoses are typically confirmed after optic nerve atrophy has already occurred (1).

The pre-treatment IPGTT at 8 months confirmed that Wfs1 KO rats in both the SAL and DA-CH5 groups were severely glucose intolerant (Figures 2A, B) and that this intolerance was more pronounced than in younger five-month-old KO rats, indicating phenotypic progression (5 month vs. 8 month mean AUC = 2353 vs. 3198, [F (3, 97) = 82.31, p < 0.0001]). Hormone secretion was also significantly impaired, as no increase in either serum insulin or c-peptide levels were noted following glucose administration (Figures 2C, D). As expected, SAL-treated KO animals were also glucose intolerant at the 10.5-month timepoint (Figures 2E, F); in contrast, DA-CH5 treated KO rats displayed a significant improvement in glycemic phenotype as their AUC was significantly lower than that of SAL-treated KO rats (Figure 2F). Furthermore, DA-CH5 therapy normalized dysglycemia in KO rats to the extent that no significant differences in the AUC were noted relative to WT rats. Curiously, and in contrast to the results observed in the acute therapy paradigm, no concomitant improvement was noted in glucose-stimulated insulin (Figure 2G) and c-peptide levels (Figure 2H); KO rats in the SAL and DA-CH5 groups had similar secretory profiles. The final follow-up at the age of 12 months revealed that the AUC in DA-CH5-treated KO rats was still significantly lower than in SAL-treated KO rats, indicating longitudinal maintenance of glucose tolerance (Figures 2I, J). As with the previous 10.5-month timepoint, no significant changes were noted in hormone secretion in response to glucose load (Figures 2K, L).




Figure 2 | Long-term dual-incretin agonist treatment stably reverses glucose intolerance in older Wfs1 KO rats. Eight-month-old wild-type and Wfs1 KO rats were continuously treated with either saline (SAL) or the dual-incretin agonist DA-CH5 (25 nmol/kg) for four months with longitudinal experimental monitoring at: (A–D) pre-treatment 8 months, (E–H) 10.5, and (I–L) 12 months of age. (A, B, E, F, I, J) Blood glucose levels as assessed by intraperitoneal glucose tolerance test (IPGTT) and calculated area under the curve. (C, D, G, H, K, L) Glucose-stimulated (C, G, K) serum insulin and (D, H, L) C-peptide secretion profile. (M) Longitudinal within-group AUC changes. Data are presented as the mean and standard error of the mean. Symbols represent individual mice. (F, J, M) Two-way analysis of variance. (G, H, K, L) Multiple paired t-tests with Holm-Sidak correction for multiple comparisons. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n = 8-10/group.



In summary, long-term DA-CH5 therapy was able to reverse manifest diabetes and glucose intolerance even in older rats with more pronounced symptoms and this therapeutic effect was maintained even as animals aged (Figure 2M).




3.3 Long-term DA-CH5 therapy rescues disrupted endocrine islet composition and morphology in symptomatic Wfs1 KO rats

We next wanted to examine whether the glycemic improvement observed with DA-CH5 therapy also translated to changes in the pancreatic cytoarchitecture. For this, pancreata were harvested from all animals at the last timepoint (12 months) and subjected to immunohistological analysis. Gross inspection revealed that pancreata from SAL-treated KO rats were significantly enlarged relative to SAL-treated WT rats (Figure 3A), while endocrine islet mass and area were reduced (Figures 3B, C). Closer inspection of the islet also reflected several morphological aberrations, including severely compromised islet organization (Figure 3D). While islets from WT rats displayed a characteristic circular core of β (insulin+) cells surrounded by a mantle of α (Glucagon+) and δ cells (SST+), no clear organization was visible in islets from KO rats. Rather, islets were irregularly shaped, with no distinct core/mantle separation and random distribution of all constituent cell types. Quantitative analyses confirmed that islets from KO rats also had significant compositional irregularities (Figures 3E–G); a twofold decrease was noted for β cell density, while conversely, a fourfold increase was noted for δ cell density. Glucagon+ α cell density was also increased, albeit non-significantly. These irregularities were also reflected in calculated masses albeit not to the same extent (Figures 3H–J). Interestingly, staining for GLP-1 also confirmed poor overall islet health in KO rats: GLP-1+ cell density was significantly increased and cells were randomly dispersed across the entire islet cross-section (Supplementary Figure 3).




Figure 3 | Long-term dual-incretin agonist treatment rescues altered pancreatic and endocrine islet architecture in Wfs1 KO rats. Eight-month-old wild-type (WT) and Wfs1 KO rats were continuously treated with either saline (SAL) or the dual-incretin agonist DA-CH5 (25 nmol/kg) for four months, following which pancreata were harvested and histologically examined. Between-group differences in (A) pancreatic mass, (B) endocrine islet mass, and (C) islet area were examined; islet area was calculated as a percentage of the total analysed pancreatic area. (D) Representative confocal images of pancreatic sections immunostained for insulin (red), Glucagon, (grey), and somatostatin (SST, green) to demarcate endocrine cell populations: Glucagon+ alpha (α) cells, Insulin+ beta (β) cells, and SST+ delta (δ) cells. Between-group differences in (E–G) cell density and (H–J) mass were quantified for individual populations. Data are presented as the mean and standard error of the mean. Symbols represent individual mice. Two-way analysis of variance. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, (a, n = 8-10/group; b-j, n = 5-8/group). Scale bar, 250 µm.



Crucially, DA-CH5 therapy substantially corrected these alterations; both gross pancreatic and islet mass were normalized, with DA-CH5-treated KO rats even showing significantly increased islet area relative to SAL-treated rats (Figures 3A–C). Islets also appeared larger with at least partial restoration of morphology and cell distribution (Figure 3D). Individual cell densities were maintained to the extent that no significant differences in α and δ cells were noted relative to WT rats (Figure 3I); β cell density reduction relative to WT rats was also not as pronounced as it was in the KO-SAL group (DA-CH5 KO ≈32% reduction vs. SAL-KO ≈61% reduction, Figure 3J). DA-CH5 therapy also normalized the increased GLP-1+ cell density observed in KO rats.

In summary, Wfs1 KO rats developed profound gross pancreatic and intra-islet irregularities that were significantly reversed by long-term DA-CH5 therapy.




3.4 Wolfram Syndrome-associated visual acuity loss is attenuated by long-term DA-CH5 therapy

Since ophthalmologic deficits are a key feature of WS (30, 45–47), we investigated whether DA-CH5’s protective effects extend beyond glycemic control. Visual acuity, as measured by optokinetic response, was longitudinally monitored. Wfs1 KO rats had significantly impaired visual acuity relative to WT rats at the 8-month timepoint, as also previously reported (Figure 4A). However, the 10.5-month follow-up indicated treatment-induced differences: acuity in DA-CH5-treated KO rats was significantly improved relative to SAL-treated KO rats and restored to the extent that no differences were noted relative to WT rats (Figure 4B). Although a slight deterioration was noted at 12 months, visual acuity was still better preserved in DA-CH5 treated KO rats (Figures 4C, D). Of note, cataract severity was monitored to ensure it didn’t influence any of the observed between-group differences. Scores uniformly declined across all groups between the ages of 8 and 12 months (Figure 4E), with no significant between-group differences, indicating that while DA-CH5 treatment did not have a discernible effect on cataract development and progression, it drove functional improvements in vision.




Figure 4 | Visual acuity and retinal ganglion cell density are better preserved in Wfs1 KO rats receiving long-term dual-incretin agonist treatment. Eight-month-old wild-type (WT) and Wfs1 KO rats were continuously treated with either saline (SAL) or the dual-incretin agonist DA-CH5 (25 nmol/kg) for four months. (A–C) Visual acuity as measured by the optokinetic reflex response from both eyes at: (A) pre-treatment 8 months, (B) 10.5, and (C) 12 months of age. (D) Longitudinal within-group changes in visual acuity. (E) Cataract severity progression across the experimental period. (F) Quantification of Brn3a+ retinal ganglion cells from retina harvested at experimental endpoint (12 months). (G) Representative confocal images of retinal flat mounts immunostained for Brn3a (green, retinal ganglion cells). Data are presented as the mean and standard error of the mean. Symbols represent individual mice. Two-way analysis of variance. * p < 0.05, ** p < 0.01, *** p < 0.001, (a-e, n = 8-10/group; f, n = 5-7/group). Scale bar, 250 µm.



RGC density was examined using the established marker Brn3a to see if changes corroborated functional improvements in visual acuity (44). Comparisons across the whole retina revealed both genotype- and treatment-associated differences; Brn3a+ cell density was significantly lower in SAL-treated KO rats relative to WT rats, confirming the vulnerability of this population in WS (Figures 4F, G). Regional analyses indicated that this difference was most evident in the superior distal area (Supplementary Figure 4C). Surprisingly, DA-CH5 exerted a neuroprotective effect, as no significant differences in density were noted between treated KO and WT rats (Figure 4G). To examine if DA-CH5 also had regenerative potential, we examined growth-associated protein-43 (GAP-43) expression in RGC axons. GAP-43 plays a role in neural injury response and regeneration and is required for axonal growth and elongation (48). Visual inspection revealed no differences in expression among the four groups; localization patterns were also similar, with robust staining noted in the inner plexiform layer extending to the ganglion cell layer, and gradually diminishing towards the optic nerve head (Supplementary Figure 4D).

Finally, retinal thickness along was measured along the vertical meridian, as alterations have previously been reported in human patients (45). However, no genotype- or treatment-associated differences were noted (Supplementary Figure 4G).

In summary, progressive deficits in vision over the WS disease course were attenuated by DA-CH5 therapy, as evidenced by functional improvements and preserved RGC density.




3.5 Long-term DA-CH5 therapy does not rescue sensorineural hearing loss in symptomatic Wfs1 KO rats

As progressive hearing loss is a clinical hallmark of WS, we longitudinally tracked hearing sensitivity using DPOAEs (49–51). In line with previous reports, sensitivity was already significantly compromised in KO animals at the age of 8 months (Supplementary Figure 5A) (16). DA-CH5 therapy was unable to reverse this as SAL- and DA-CH5-treated KO rats displayed similar profiles at subsequent follow ups (Supplementary Figures 5B, C). Finally, sensitivity did not progressively deteriorate in KO rats and remained relatively stable until the 12-month endpoint.





4 Discussion

While no cure currently exists for the progressive condition WS, incretin mimetics have emerged as a promising therapeutic option. Studies have primarily reported on mono-agonists targeting the GLP-1 receptor, as these have demonstrated robust anti-obesogenic and -hyperglycaemic effects in both pre-clinical and clinical settings. However, increased efficacy and patient compliance are limited by gastrointestinal complications associated with higher doses (52).

Accordingly, we show here that long-term dual-incretin agonist treatment demonstrated significant therapeutic effect across multiple phenotypic domains in a rat model of WS. To begin with, results from our acute treatment paradigm confirmed previous reports of the enhanced efficacy of dual agonists relative to mono-agonists (36, 53, 54). Both of the tested dual agonists DA-CH5 and DA-JC4, were able to normalize glucose intolerance and glucose-stimulated secretory response in symptomatic 5-month-old Wfs1 KO rats. Conversely, treatment with an equimolar dose of the mono-agonist Liraglutide only induced weight loss (Supplementary Figure 2B). Previous studies using this model have shown that an almost four-fold higher dose is needed for Liraglutide to mediate its anti-diabetic and neuroprotective effects, further underscoring the superior potency of dual agonists (16, 18, 19). This is particularly relevant given that longitudinal studies have indicated significant variability in treatment response to mono-agonists: for instance, approximately 50% of Wfs1 KO rats developed insulin-dependent diabetes despite lifelong Liraglutide treatment that commenced in the pre-symptomatic phase (16). The increased potency of dual-incretin agonists like DA-CH5 may derive from them being more physiologically appropriate and harnessing the complementary actions of GLP-1 and GIP. Although hyperglycaemia can severely impair GIP’s insulinotropic effects (55), these can be restored by using GLP-1’s preserved insulinotropic and glucagonostatic effects to normalize blood sugar. GIP receptor agonism can then induce insulin secretion by 1) direct β cell stimulation, 2) potentiating glucagon release and 3) triggering paracrine α-β cell communication, thereby delivering a stronger final synergistic effect (56–59). Increased efficacy is also driven by the differential action of dual agonists on GLP-1 and GIP receptor trafficking and recycling (58, 59).

Crucially, the same therapeutic benefit was noted in our long-term treatment paradigm despite treatment commencing when animals were 8 months old i.e., further along the disease course. This is particularly relevant given our previous observations that Liraglutide treatment was unable to rescue overt glucose intolerance in older Wfs1 KO rats (16, 18, 19). Continuous DA-CH5 therapy reversed manifest glucose intolerance in KO animals and maintained normoglycemia as they aged, underscoring the superior efficacy of dual agonists. Intriguingly, and in contrast to the acute treatment paradigm, no significant changes were noted in serum insulin and c-peptide levels; SAL- and DA-CH5-treated KO rats had similar glucose-stimulated secretory profiles at both the 10.5- and 12-month timepoints. However, the C-peptide index (C-peptide: blood glucose at 30 min following glucose administration) significantly improved in treated KO animals, particularly at the 10.5-month timepoint, indicating the presence of functional insulin. DA-CH5-associated glycaemic improvements may therefore at least partially be driven by improved β-cell function and/or insulin processing, particularly since WFS1 plays a critical role in proinsulin (insulin precursor) folding and processing (60). For instance, Finan et al. reported that diabetic rats treated with a dual agonist produced less insulin in response to glycemic challenge than those treated with the mono-agonist liraglutide, indicating an improvement in insulin sensitivity (36).

Alternatively, reduced insulin secretion may simply be the result of a prolonged normoglycemic state and decreased β cell stimulation as suggested by Irwin et. al., who reported a similar phenomenon in obese mice. Sub-chronic co-administration of GIP and GLP-1 analogues progressively reduced non-fasting plasma glucose levels but had no effect on plasma insulin (61).

The benefits of DA-CH5 treatment were also evident at the tissue level, as therapy normalized the increased pancreatic mass seen in KO rats. We speculate that this increase may have been driven by the exocrine pancreas, as it comprises most of the organ (~90% of mass) (62). Furthermore, we observed no evidence of pathological hyperplasia, oedema, or connective tissue proliferation. Disruptions in the exocrine pancreas may also underlie the frequent gastrointestinal complaints by WS patients (1), as proper digestive function and nutrient ingestion are tightly regulated by crosstalk between the exocrine pancreas and small intestine. Interestingly, Morikawa et al. also recently reported significant hypervascularization and immune cell infiltration in the pancreatic islets of Wfs1 KO mice, which may also contribute to increased tissue mass (63, 64).

Closer analysis of the endocrine islet revealed that DA-CH5 treatment significantly increased occupied area, indicating its curative potential. Of note, unlike % area, islet mass may not fully reflect the magnitude of the degenerative process, as it is calculated using pancreas mass (43). Values may therefore be skewed if pancreata are significantly heavier as in the KO-SAL group. Treatment also normalized intra-islet morphological and compositional alterations; notably, alterations were observed across all constituent cell types. Insulin+ β cell density was significantly reduced, while Glucagon+ α and SST+ δ cell densities were increased in SAL-treated KO rats. Gorgogetias et al. also reported reduced β cell and increased α cell densities in a mouse model of WS, confirming that the intricate regulatory feedback loops between endocrine hormones are markedly disturbed in WS and there is significant intra-islet stress (20). This was supported by our observation of significantly increased GLP-1+ cell density in islets from KO rats; similar alterations have been previously reported in animal models of and human patients with T2DM. For instance, Campbell et al. reported that islets from donors with T2DM had significantly more GLP-1+ α cells (65). Indeed, while physiological α-cell expression of GLP-1 has been reported in both murine and human islets, expression is increased under conditions of metabolic stress (65–69).

In WS, a cascade of events may therefore converge on the final insulin-dependent diabetic phenotype seen in patients; the loss of functional WFS1 and associated ER stress eventually leads to β-cell failure, compromised insulin synthesis and the breach of a “pro” to “anti-regenerative” glucose threshold (70). While α and δ cell densities may initially increase to help maintain glucose homeostasis, these increases, coupled with already low insulin levels, contribute to hyperglucagonemia. Ultimately, persistent and uncontrolled hyperglycaemia and associated cellular stress prevent β-cell recovery and compensatory proliferation, culminating in a permanently disturbed metabolic microenvironment. By reducing glycaemic load, DA-CH5 therapy may therefore give β cells a chance to regenerate, as seen here: β cell density and mass in KO rats were increased following DA-CH5 treatment. Treatment can improve insulin sensitivity and thereby lessen the “secretory burden” on β cells, enable the proliferation of surviving cells, and also encourage γ-aminobutyric acid (GABA)-induced trans differentiation of α to β-like cells (36, 71). Incretin agonism, as with DA-CH5, can also directly stimulate GABA formation, which itself has anti-inflammatory, anti-apoptotic and insulinogenic effects (72–77).

DA-CH5 treatment also conferred protection against visual impairments, as acuity progressively declined in SAL-treated KO rats, while DA-CH5-treated rats showed a significant improvement at 10.5 months. Although there was a deterioration at 12 months, this may have been influenced by cataract progression. Behavioural assessments of visual acuity were supplemented by immunohistological analysis of Brn3a+ RGC density; however, assessing vision is challenging given species-specific differences in retinal organization. For instance, rodents do not have a well-defined fovea and rod-cone distribution follows a characteristic dorsal-ventral gradient across the retina. However, these differences were accounted for by performing density analyses across the whole retina and regional quadrants (78). As with the optometry task, RGC density was indeed better preserved in DA-CH5 treated KO rats, confirming that therapy was protective. Regional analyses indicated that density reduction in KO rats was particularly pronounced in the superior-distal quadrant (Supplementary Figure 4C); intriguingly, this regional specificity was also observed for NeuN+ cells in an independent cohort of 3-month-old animals (Supplementary Figure 4B). Although not statistically significant, the result suggests that vision loss in WS may begin relatively early and set the stage for further degeneration. Indeed, electrophysiological retinal impairments were detectable by the age of 4 months in a mouse model of WS (79). The same study reported that RGC loss follows secondary to myelin thinning and axonal degeneration within the optic nerve; the same sequence has been noted in our rat model and explains the progressive worsening on functional assessments of visual acuity (16, 18). Finally, DA-CH5 therapy had no effect on WS-associated hearing loss; cochlear hearing levels were impaired in KO rats at 8 months as previously observed, and remained stable in both SAL and DA-CH5 treatment groups (16). As with vision however, progressive hearing loss is difficult to model in animals, given that it is also variable in human patients; onset can range from birth to adolescence (16, 80, 81). Early diagnosis and intervention are therefore crucial to prevent or at least mitigate irreversible damage.

The limitations of the present study include the lack of information on insulin sensitivity as an insulin tolerance test was not performed. Additionally, the long-term paradigm did not include a treatment-arm with the GLP-1 mono-agonist Liraglutide. As previously mentioned, this was because our acute paradigm revealed that at an equimolar dose, liraglutide yielded no glycemic normalization. This precluded a direct comparison with DA-CH5 in the subsequent longitudinal study. Future studies may therefore consider including independent treatment-arms with GLP-1 and GIP mono-agonists. An additional point to consider is that DA-CH5 is not structurally identical to commercially retailed dual agonists being considered for clinical trials with WS patients e.g., Tirzepatide (82). Unfortunately, we were unable to include these in the present study as these were not available for exploratory pre-clinical testing.

To conclude, the work presented is the first to demonstrate the superior therapeutic benefit of dual incretin agonists via meaningful improvements in various in vivo outcomes in a rat model of WS. To illustrate, while our previous longitudinal studies have shown that long-term Liraglutide treatment has pleiotropic effects, we show here that the same effects can be achieved with a much lower dose of DA-CH5. Furthermore, while the therapeutic protection conferred against vision was comparable, DA-CH5 had superior efficacy in normalizing WS-associated glucose intolerance, even in older animals with advanced disease. This has implications for a broad spectrum of metabolic disorders, particularly since dual agonism can prevent glycaemic volatility and safeguard against hypoglycaemia via GIP’s differential action on α cells (83). Dual agonists like DA-CH5 have also demonstrated superior neuroprotection in models of neurodegenerative diseases because they have been specifically designed to optimize BBB penetration (35, 38, 84). Accordingly, the data presented here suggest that dual incretin agonism may be an effective therapeutic strategy for patients with WS, particularly given the potent rescue effects observed for glucose intolerance and visual acuity. Further, commercially available candidates like Tirzepatide, owing to their pharmacokinetic properties, are associated with fewer gastrointestinal effects and need to be injected less frequently, which likely increases patient compliance. Long-term clinical trials that also allow monitoring of the impact of dual agonists on neuro-ophthalmologic outcomes in WS patients are therefore warranted.

Our data additionally emphasize the need for early diagnosis to allow intervention within a suitable window. Finally, our results highlight the translational value of validated animal models for rapidly identifying potential disease-modifying compounds and longitudinally tracking their effects. We recommend that future studies investigate the protective effects of prophylactic treatment with dual incretin agonists.
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Supplementary Figure 1 | Experimental timeline. Schematic representation of experimental protocols in acute and long-term treatment paradigms.

Supplementary Figure 2 | Additional metabolic readouts following acute and long-term dual-incretin agonist treatment. Metabolic read-outs after (A, B) acute and (c-f) chronic treatment paradigms. (A, B) Five-month-old wild-type (WT) and Wfs1 knock-out (KO) rats were treated with either saline (SAL), the dual-incretin agonist DA-CH5 (25 nmol/kg), the dual-incretin agonist DA-JC4 (25 nmol/kg), or the GLP-1 mono-agonist Liraglutide (LIRA, 25 nmol/kg). (A) C-peptide index, calculated as ratio of serum C-peptide levels to blood glucose levels 30 minutes after intraperitoneal glucose administration, and (B) treatment-induced changes in body weight. (C-F) Eight-month-old wild-type (WT) and Wfs1 KO rats were continuously treated with either saline (SAL) or the dual-incretin agonist DA-CH5 (25 nmol/kg) for four months. (C-E) C-peptide index at (C) pre-treatment 8 months, (D) 10.5, and (E) 12 months of age. (F) Longitudinal changes in body weight. Data are presented as the mean and standard error of the mean. Symbols represent individual mice. Two-way analysis of variance. * p < 0.05, ** p < 0.01, *** p < 0.001, (a-b, n = 7-9/group; c-f, n = 8-10/group).

Supplementary Figure 3 | Endocrine islet immunostaining for Glucagon-like Peptide 1. Eight-month-old wild-type (WT) and Wfs1 KO rats were continuously treated with either saline (SAL) or the dual-incretin agonist DA-CH5 (25 nmol/kg) for four months, following which pancreata were harvested and histologically examined. (A) Representative confocal images of endocrine islets immunostained for insulin (red), GLP-1 (grey), and somatostatin (SST, green). (B, C) GLP-1+ cell density and cell mass were quantified to evaluate between-group differences. Data are presented as the mean and standard error of the mean. Symbols represent individual mice. Two-way analysis of variance. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, (n = 5-8/group). Scale bar, 250 µm.

Supplementary Figure 4 | Additional retinal morphometric analyses. (A, B) NeuN+ retinal ganglion cell density across (A) the whole retina and (B) regional quadrants in 3-month-old wild-type (WT) and Wfs1 knock-out (KO) rats. Regional quadrants were determined in relation to the optic nerve and included: superior proximal and distal and inferior proximal and distal regions. (C) Brn3a+ retinal ganglion cell density across regional quadrants in 8-month-old wild-type (WT) and Wfs1 KO rats continuously treated with either saline (SAL) or the dual-incretin agonist DA-CH5 (25 nmol/kg) for four months. (D-H) Retinal thickness analyses in 8-month-old wild-type (WT) and Wfs1 KO rats continuously treated with either saline (SAL) or the dual-incretin agonist DA-CH5 (25 nmol/kg) for four months. Retinal thickness was measured along the vertical meridian in 500 µm intervals from the optic nerve head. Negative and positive values represent distances from optic nerve rim (dorsal and ventral retinal planes, respectively). (D) Representative epifluorescent images of retinas stained for GAP-43 (green) and counterstained for H33258 (blue). (E) Spidergram analysis of mean retinal thickness values from the dorsal-distal (-5000 to -2500 µm), dorsal-proximal (-2500 to 0 µm), ventral-proximal (0 to 2500 µm) and ventral-distal regions (2500 to 5000 µm). (F) Mean retinal area. (G, H) Retinal thickness across (G) whole retina and (H) regional quadrants defined in (E). Data are presented as the mean and standard error of the mean. Symbols represent individual mice. Two-way analysis of variance. * p < 0.05, ** p < 0.01, *** p < 0.001, (a-b, n = 5/group; c, n = 5-6/group; e-h, n = 5-7/group). c, cornea; eom, extraocular muscle; l, lens; on, optic nerve; r, retina; sc, sclera. Scale bar, 2.5 mm.

Supplementary Figure 5 | Long-term dual-incretin agonist treatment does not mitigate hearing loss in Wfs1 KO rats. (A-C) Eight-month-old wild-type (WT) and Wfs1 KO rats were continuously treated with either saline (SAL) or the dual-incretin agonist DA-CH5 (25 nmol/kg) for four months. Cochlear hearing levels were estimated by otoacoustic emissions at (A) pre-treatment 8 months, (B) 10.5, and (C) 12 months of age. Data are presented as the mean and standard error of the mean. Two-way analysis of variance (n = 8-10/group). # WT SAL vs. KO SAL at p < 0.05, ## WT SAL vs. KO SAL at p < 0.01, ### WT SAL vs. KO SAL at p < 0.001. * WT SAL vs. KO DA-CH5 at p < 0.05, ** WT SAL vs. KO DA-CH5 at p < 0.01, *** WT SAL vs. KO DA-CH5 at p < 0.001.
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