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Editorial on the Research Topic
 Uncommon or rare forms of diabetes: from diagnosis to management




Diabetes mellitus encompasses a heterogeneous spectrum of disorders, ranging from classical type 1 (T1D) and type 2 diabetes (T2D) to rare or atypical forms characterized by unique genetic, autoimmune, iatrogenic, or syndromic etiologies. While T1D and T2D together account for the vast majority of diabetes cases, a significant minority arise from uncommon mechanisms that demand tailored diagnostic and therapeutic approaches [Ozsu; (1, 2)].

Rare diabetes types, including monogenic syndromes, mitochondrial and syndromic forms, and therapy-induced phenotypes, collectively represent a clinically relevant subset of patients who may easily be misdiagnosed or suboptimally treated without precise characterization (3, 4).

This Research Topic brings together 10 contributions that collectively illustrate the clinical, molecular, and therapeutic complexity of these rare diabetes phenotypes and emphasize the growing importance of precision medicine in diabetes care.

Rare syndromes highlight the intricate interplay between genetics and metabolism. In the pediatric context, Pietrzykowska et al. conducted a systematic review on cystic fibrosis–related diabetes (CFRD) in patients receiving CFTR modulators, reporting that these therapies may improve glucose tolerance and insulin secretion in children and adolescents with preserved β-cell function, although evidence remains limited and variable. This signals the need for larger pediatric trials with standardized metabolic outcomes to determine the long-term glycemic benefits of CFTR modulation (Pietrzykowska et al.).

At a molecular level, monogenic diabetes provides mechanistic insight that informs both diagnosis and therapy. Rare monogenic variants account for approximately 1–5% of all diabetes cases, and accurate recognition is crucial for implementing effective personalized management [Ozsu; (2)]. In this context, mitochondrial dysfunction and endoplasmic reticulum (ER) stress have emerged as key convergent pathways impairing β-cell function, disrupting insulin secretion, and contributing to glycemic dysregulation [Caretto et al.; Ruiz-Urbaez et al.; Gulisano et al.; (5–12)]. Ozsu summarize current understanding of these mechanisms, emphasizing how mitochondrial defects and ER stress can serve as diagnostic clues and targets for future therapeutic strategies.

Maturity-Onset Diabetes of the Young (MODY) exemplifies the clinical and genetic heterogeneity of monogenic diabetes. Misdiagnosis as T1D, T2D, or gestational diabetes remains common, often delaying optimal therapy by years (Ruiz-Urbaez et al.; Gulisano et al.). In the Research Topic, the study from a Latin American tertiary center highlights that whole-exome sequencing is crucial to identify pathogenic variants and reclassify diabetes type accurately, enabling individualized therapy (Ruiz-Urbaez et al.). Complementing this, Gulisano et al. describe an adolescent with an HNF4A variant whose diagnosis of MODY1 allowed a successful transition from insulin to sulfonylurea therapy, greatly improving glycemic control and quality of life.

Clinical vigilance remains essential, as atypical presentations may serve as early clues. Syndromic features may precede or signify complex disease. For example, a case of Klinefelter syndrome presenting with diabetic ketoacidosis underscores how chromosomal abnormalities may underlie metabolic disturbances and should prompt comprehensive diagnostic evaluation (4). Dermatologic manifestations of diabetes are also frequent clinical indicators: up to one-third of patients can develop skin lesions such as necrobiosis lipoidica, bullosis diabeticorum, and diabetic dermopathy, which can precede systemic complications and signal underlying metabolic dysregulation [Pietrzykowska et al.; (5)]. Early recognition facilitates timely diagnostic testing and targeted therapy, enhancing outcomes and quality of life [Pietrzykowska et al.; (5)].

Pregnancy adds further complexity to diagnosis and management. While hyperglycemia during gestation is most commonly attributable to gestational diabetes, a portion of cases reflects underlying autoimmune or monogenic forms. Autoantibody screening can identify women at risk for progression to T1D after pregnancy, guiding individualized insulin therapy and follow-up [Caretto et al.; (3)]. In this vein, two contributions in this Topic address type 1 diabetes diagnosed during pregnancy and diabetic mellitus associated with Wolfram Syndrome type 1 (WS1). The latter highlights how reproductive outcomes in WS1, including successful cases managed with hybrid closed-loop insulin pumps, require coordinated care integrating advanced technologies with genetic insight (Caretto et al.).

Therapeutic innovation continues to expand the diabetes care landscape. Continuous intraperitoneal insulin infusion (CIPII) has emerged as a potent approach in patients with unstable T1D and subcutaneous insulin resistance, promoting more physiologic hepatic insulinization and reducing post-prandial glycemic variability compared with traditional subcutaneous insulin therapy (2). Concurrently, hybrid closed-loop systems are increasingly applied to complex patients, bridging the gap between physiological insulin requirements and real-world glycemic challenges (Caretto et al.).

Immune checkpoint inhibitor–related diabetes mellitus (ICI-DM) represents an important example of iatrogenic diabetes arising from cancer immunotherapy. Characterized by fulminant hyperglycemia, frequent ketoacidosis, and autoantibody positivity, ICI-DM underscores how genetic predispositions and immune modulation intersect to trigger rapid β-cell failure (5). Early recognition of ICI-DM and timely insulin initiation are critical to prevent acute metabolic decompensation, while ongoing research seeks to clarify the optimal approach to cancer immunotherapy continuation in affected patients (5).

Across these diverse presentations, a consistent theme emerges: early and precise diagnosis informed by genetics, careful clinical evaluation, and molecular insights is indispensable. Precision medicine approaches—leveraging modern sequencing technologies, advanced insulin delivery systems, and tailored pharmacologic interventions—offer the potential to optimize clinical outcomes and enhance quality of life for patients with rare diabetes forms [Ozsu; Pietrzykowska et al.; Caretto et al.; Ruiz-Urbaez et al.; Gulisano et al.; (1, 2, 4–6)]. As diabetes prevalence continues to rise globally (8), the ability to recognize subtle clinical clues and apply individualized therapeutic strategies will be central to effective care (1, 4, 13).

The studies collected in this Research Topic underscore the diversity and complexity of rare diabetes forms. Clinicians must look beyond the traditional dichotomy of “type 1 or type 2” and maintain a high index of suspicion for alternative diagnoses (7); this will enable early genetic and molecular characterization, integration of novel interventions, and application of advanced technologies (9, 11). Moving forward, larger multicenter trials and collaborative registries are essential to refine diagnostic algorithms, elucidate epidemiological patterns, and assess the long-term efficacy of targeted therapies [Ozsu; Ruiz-Urbaez et al.; (1, 4, 10)]. Ultimately, these advances pave the way for a precision medicine framework in diabetes care, ensuring that even the rarest forms receive optimal, individualized management [Ozsu; Pietrzykowska et al.; Caretto et al.; Ruiz-Urbaez et al.; Gulisano et al.; (1, 4, 5)].
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Immune checkpoint inhibitor-related diabetes mellitus (ICI-DM) is a rare complication that medical oncologists seldom encounter in routine practice. The sporadic nature and intrinsic complexity of ICI-DM make it challenging to analyze comprehensively in experimental settings. In this review, we examine phase 3 clinical trials on ICIs and published case reports of ICI-DM, aiming to summarize its incidence, clinical features, management, and prognosis. Phase 3 clinical trials reveal that the incidence of ICI-DM is higher with combination therapies, such as anti-PD-1 and anti-CTLA-4 or anti-PD-L1, compared to anti-PD-1 monotherapy. ICI-DM typically presents as severe hyperglycemia with a fulminant onset and is often associated with diabetic ketoacidosis, accompanied by unexpectedly low HbA1c and C-peptide levels. ICI-DM shares similarities with classic type 1 diabetes, particularly in terms of autoimmunity and genetic predisposition. This includes a high prevalence of islet autoantibodies and susceptibility to certain HLA haplotypes, often with concurrent endocrine gland dysfunction. This suggests that genetic susceptibility and exposure to ICIs may both be necessary for triggering islet autoimmunity and inducing ICI-DM. Notably, patients with positive islet autoantibodies, such as glutamic acid decarboxylase antibody and islet-associated antigen 2 antibody, tend to experience rapid onset of ICI-DM after ICI exposure. Although patients with ICI-DM generally show a high objective response rate to immunotherapy, a significant proportion also face the need to permanently discontinued treatment. Further research is urgently needed to determine whether permanent discontinuation of immunotherapy is necessary and whether this discontinuation negatively impacts overall survival.
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Introduction

Immune checkpoint inhibitors (ICIs) are widely used for cancer treatment and have marked improved survival of patients with various advanced cancers. The key ICIs in current use consist of monoclonal antibodies targeted to cytotoxic T lymphocyte antigen 4 (anti-CTLA4) and programmed cell death 1/ligand 1 (anti-PD-1/PD-L1), which is a key signaling molecule in immune escape pathways of tumor cells. Owing to dramatically improved survival compared with traditional standard chemotherapy, dozens of anti-CTLA4, anti-PD-1 and anti-PD-L1 antibodies have been approved for several tumor therapies, including non-small cell lung cancer (NSCLC), colorectal cancer, melanoma, etc. However, they can also lead to drug-induced autoimmunity, termed immune-related adverse events (irAEs), which can target virtually any organ system within the body and range in severity from mild to life-threatening. The incidence of potential life-threatening irAEs (grade ≥3) is approximately 10-20% (1, 2).

Endocrinopathies are among the most frequent irAEs. They originate in the immune injury of the endocrine gland and emerge clinically when hormone deficiency reaches a crucial threshold. ICI-DM is one such serious life-altering and life-threatening irAEs. It was first described in 2015 in a case series with anti-PD-1 antibody exposure (3). Subsequently, reports of the clinical syndrome were increasing due to the widespread use of ICIs. ICI-DM and cancer together represent a unique state characterized by nutritional, metabolic, and immunological adjustments, which can affect the treatment of the two diseases. Many problems, for example, what is the criteria for diagnosis and grade of ICI-DM, and whether immunotherapy should be stopped, whether and when glucocorticoids should be used, are controversial. There were conflicting conclusions on the prognosis of patients with ICI-DM. Previous studies have reported that DM is independently a worse prognostic factor for patients with cancers, including liver, endometrial, breast, colorectal, and pancreatic cancer (4–6). However, the development of irAEs is sometimes associated with better ICI treatment outcomes, including ICI-DM (7–10). Although there have been a few retrospective studies on the incidence, clinical features, management, and prognosis of ICI-DM, the small sample size of positive patients on account of the sporadic occurrences of this disease limited the reliability of the conclusions. Herein, we summarize the incidence, clinical features, management, and prognosis of patients with ICI-DM mainly based on published phase 3 clinical trials and published case reports.





Definition or diagnostic criteria of ICI-DM

ICI-DM includes a new-onset ICI-related T1DM and worsening of prediabetes or T2DM results from ICI exposure. National Comprehensive Cancer Network (NCCN), American Society of Clinical Oncology (ASCO), and European Society for Medical Oncology (ESMO) clinical practice guidelines for the management of toxicities from immunotherapy have only defined and graded ICI-related hyperglycemia not ICI-DM (11, 12). NCCN guidelines proposed measurement of autoantibodies and C-peptide to evaluate and classify ICI-DM if new-onset fasting glucose > 200mg/dL or random blood glucose > 250mg/dL or history of T2DM with fasting/random blood glucose > 250mg/dL. Almost all patients reported with ICI-DM were presented exclusively with rapidly elevated blood glucose due to the rapid destruction of β cells. Therefore, fulfillment of the clinical definition and low or even absence of C-peptide in fasting and postprandial phases can be used as the diagnostic criteria for ICI-DM.

In Japan, ICI-DM was diagnosed based on the criteria of acute-onset T1DM (AT1DM) and fulminant T1DM (FT1DM) set by the Committee of the Japan Diabetes Society (JDS) (13). The main criteria for definite diagnosis of AT1DM and FT1DM are as follows: 1) Occurrence of diabetic ketosis or ketoacidosis soon (approximately 7 days) after the onset of hyperglycemic symptoms. 2) Plasma glucose level ≥16.0 mmol/L (≥288 mg/dL) and HbA1c <8.7% at first visit. 3) Urinary C-peptide excretion <10 μg/day or fasting serum C-peptide level <0.3 ng/mL and <0.5 ng/mL after intravenous glucagon (or after meal) load at onset. 4) Islet-related autoantibodies, such as glutamic acid decarboxylase antibody (anti-GAD), islet-associated antigen 2 antibody (anti-IA2), zinc transporter 8 antibody (anti-ZnT8), anti-islet cell antibody (anti-IC), and insulin autoantibody (anti-I), and the HLA class II haplotypes are valuable for a definite diagnosis.

In China, Shen et al. proposed diagnostic criteria for ICI-DM was that fasting glucose level ≥ 16 mmol/L and HbA1c level < 8.5% at first diagnosis for patients without diabetes history (14). Kotwal et al. proposed to identify cases concerning ICI-DM based on the following criteria (15): (1) New diagnosis of fulminant insulin-dependent diabetes or hyperglycemic crisis. (2) Worsening of prediabetes or T2DM without another attributable reason, defined as an increase in HbA1c value by 10% in 6 months, clinical need for a second antihyperglycemic agent or insulin, DKA, or new-onset ketonuria or ketonemia.

Most of the ICI-DM cases reported in published literature were classified into AT1DM or FT1DM based on the clinical course. Patients with prediabetes or T2DM diagnosed as ICI-DM according to a certain cut-off value of HbA1c and blood glucose was controversial. These specific values were derived from clinical trial protocols and were not necessarily based on evidence. As knowledge about this distinct aspect of ICI-DM accumulates, this definition or diagnostic criteria can be modified.





Epidemiology

We searched the electronic databases MEDLINE and Pubmed Central to collect all relevant case reports. Table 1 summarizes the main reported cases of ICI-DM reported in the literature. A total of 109 patients with a diagnosis of ICI-DM were reported when we launched this study, among whom 74 (67.9%) were male, only 11 (10.1%) with a history of DM, 58 (53.2%) cases were induced by anti-PD-1 inhibitors, 31 (28.4%) by anti-PD-1 combined with anti-CTLA4, 10 (9.2%) by anti-PD-L1 and 10 (9.2%) by anti-PD-L1 combined with anti-CTLA4. Different from ordinary T1DM, which increases during childhood and peaks between age 10 years and 14 years (16), ICI-DM is more common in the elderly based on 109 case reports, with a median age of 62 years (range, 53.5-71.5 years). ICI-DM occurred as early as one week or at the latest up to 26 months after ICI initiation (3, 17), with a median time of 13 weeks (range, 6.0-26.3 weeks).

Table 1 | Clinical characteristics of published cases of patients with ICI-DM.
[image: figure1]
The incidence rates of ICI-DM vary with the ICIs used. To estimate the prevalence of ICI-DM, we reviewed phase 3 clinical trials including patients previously untreated with ICI. Those trials, in which immune-mediated adverse events had not been completely reported or the follow-up time was less than two years, were excluded. The type of cancer, with or without chemotherapy, and regimens of chemotherapy were not questioned. In phase 3 clinical trials described in Table 2, the incidence rate of ICI-DM induced by Ipilimumab, the most widely used anti-CTLA4 antibody, was extremely low. We reviewed eight phase 3 clinical trials involving 3701 patients treated with Ipilimumab with or without chemotherapy, and only one (0.027%) patient was identified as ICI-DM in CheckMate-238 trial (18–25). Anti-PD-1 antibodies were more likely to induce ICI-DM compared to anti-CTLA4 inhibitors. In sixteen phase 3 clinical trials involving 5520 patients treated with Nivolumab, a total of 26 (0.47%) patients were diagnosed with ICI-DM. Among 11403 patients treated with Pembrolizumab in twenty-eight phase 3 clinical trials, 58 (0.51%) were confirmed to have ICI-DM. Among sixteen phase 3 clinical trials included 6538 patients who received Atezolizumab, the most widely used anti-PD-L1 antibody, 52 (0.80%) patients were identified as ICI-DM. It seems that anti-PD-L1 antibodies induced a statistically higher prevalence of ICI-DM compared with anti-PD-1(P=0.007). However, analysis of 9 phase 3 clinical trials comprising 3447 eligible patients to assess the efficacy and safety of durvalumab, another selective, high-affinity PD-L1 inhibitor, revealed that a total of 9 (0.26%) patients were diagnosed as ICI-DM, which was statistically lower than that induced by Atezolizumab (P=0.001). Despite the combination of anti-PD-1 and anti-CTLA4 inhibitors being more effective than either agent alone, dual immune checkpoint blockade therapy induces a higher prevalence of ICI-DM. We reviewed twelve phase 3 clinical trials on dual ICI consisting of Nivolumab or Pembrolizumab plus Ipilimumab, and the prevalence of ICI-DM was close to 1% (51/5116). The highest incidence rate of ICI-DM was up to 5.7% (6/106) in Checkmate-920, however, the small sample size indicated that it was not universal. A trend for increased incidence of ICI-DM (0.44%, 11/2518) with dual ICI combination consisting of durvalumab and tremelimumab, an anti-CTLA4 antibody, did not reach statistical significance compared with durvalumab monotherapy (P=0.246). However, the small sample size of clinical trials evaluated durvalumab with or without tremelimumab and the short median treatment duration (<6 months) in these clinical trials limit the representativeness of the results.

Table 2 | The incidence rates of ICI-DM in phase 3 clinical trials including patients previously untreated with ICI.
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The prevalence of ICI-DM in most retrospective studies was also lower than 1%, which was consistent with the prevalence observed in clinical trials. For instance, several large sample single-center retrospective studies estimated the prevalence of ICI-DM to be 0.25%, 0.48%, and 0.9%, respectively (15, 26–28).

Multiple studies have described the effect of geographical location, race, and ethnicity on the incidence rate of classic T1DM. A higher than 360-fold difference was noted among the 100 countries ranging from a low of 0.1/100,000 per year in China and Venezuela to a high of 36.5/100,000 in Finland and Sardinia (29). Boswell L et al. also reported that non-Asian ethnicity was predominant in ICI-related diabetes patients (17). In phase 3 clinical trials with mostly Chinese patients, such as Orient-11, 31, 32 and Rationale-306 et al., no case of ICI-DM have been reported, which appeared to reflect a different degree of genetic susceptibility due to ethnic origin (30–33). Furthermore, there was also no case of ICI-DM had been recorded in subgroup of Japanese patients in Impassion-031 and Impower-010 (34, 35). But this hypothesis that ethnic origin is one of contributory cause of diversity in terms of the prevalence of ICI-DM lack direct evidence based on large sample survey.





Islet autoimmunity

ICI-DM is essentially a form of autoimmune diabetes mellitus, characterized by the development of an immune response against specific β cell antigens. Several islet autoantibodies have been described to be associated with ICI-DM, and include anti-GAD, anti-ZnT8, anti-IA2, ani-I, and anti-IC. Anti-GAD is especially important. This autoantibody has the highest prevalence in patients with positive islet autoantibodies, and it may be associated with the rapid onset of ICI-DM (28).

In this study, we investigated possible associations between autoantibody status and clinical features through published case reports. Anti-GAD (39.4%, 37/94) was the most common autoantibody followed by anti-IA2 (21.5%, 14/65), anti-I (16.7%, 8/48), anti-ZnT8 (8.3%, 2/24) and anti-IC (16.1%, 5/31), complying with prior studies (28). Anti-IA2, anti-I, anti-ZnT8 and anti-IC were commonly accompanied by positive anti-GAD. Univariate analysis showed that, compared with negative anti-GAD patients, patients with positive anti-GAD exhibited a shorter period from the start of ICI treatment to a diagnosis of ICI-DM (median time, 6.0 vs 22 weeks, P<0.001) (Figure 1A). Moreover, 73.0% (27/37) of patients with positive anti-GAD have developed ICI-DM within 2 months after the initiation of ICI treatment. A patient with a high level of anti-GAD was even admitted to the emergency department for ketoacidosis within a week after the first infusion of Nivolumab (3). Strikingly, several case reports have shown that anti-GAD was positive before the initiation of treatment with ICIs (36, 37). Therefore, islet autoantibody testing before the start of ICI treatment may contribute to screening patients at high risk for ICI-DM. The univariate analysis also indicated that positive anti-IA2 (P=0.001) (Figure 1B) experienced a more rapid onset of disease compared with negative cases, but this phenomenon was not seen in patients with positive anti-ZnT8 (P=0.346) (Figure 1C), anti-I (P=0.305) (Figure 1D) and anti-IC (P=0.461) (Figure 1E). Due to most patients did not complete all the five autoantibodies testing, we were unable to perform further multivariable analysis.

Figure 1 | Comparisons of onset time of ICI-DM since ICI exposure between patients with positive anti-GAD (A), anti-IA2 (B), anti-ZnT8 (C), anti-I (D) and anti-IC (E) autoantibodies and negative controls.
[image: figure1]




Genetic factors

Susceptibility to ICI-DM has a strong genetic component, with the HLA class II haplotypes accounting for up to 50% of the disease risk (28). The DR3-DQ2 and DR4-DQ8 haplotypes have been described as the major risk factor for classicT1DM as well as ICI-DM, while the DR4-DQ4 and DR9-DQ9 haplotypes are linked with fulminant diabetes in Asians (38, 39). Many of these genes are associated with other autoimmune diseases such as autoimmune thyroiditis and rheumatoid arthritis, which co-occur with T1DM at rates greater than would be expected by chance (16).

Among these 109 patients with ICI-DM, HLA-typing analyses were performed in 40 patients. Predisposing HLA haplotype occurred in 82.5% (33/40) of cases. The median period from initiation of ICI treatment to a diagnosis of ICI-DM in patients with susceptible HLA haplotype was 14 versus 17 weeks in patients without susceptible HLA haplotype (P=0.789) (Figure 2). Moreover, there was no significant statistical difference in the prevalence of positive anti-GAD between the two groups (38.7% vs. 57.1%, P=0.425). Remarkably, a series of case reports showed that at least 51.5% (17/33) of patients with susceptible HLA haplotype experienced concurrent endocrine irAEs, which was similar to classic T1DM. This performance is consistent with the theory from Eisenbarth et al. that genetic susceptibility and exposure to environmental triggers islet autoimmunity are necessary conditions for inducing autoimmune DM (40). Although screening with susceptible HLA haplotype before ICI initiation is currently not recommended, HLA-typing may contribute to raising awareness among the physicians administering ICI.

Figure 2 | Comparisons of onset time of ICI-DM since ICI exposure between patients with susceptible HLA haplotype and negative controls.
[image: figure2]




Clinical features

The most common clinical manifestations in patients with ICI-DM are fatigue, polyuria, polydipsia, hypotension, and hypersomnia, and the most severe forms connect closely with ketoacidosis. Symptoms of DKA may include excessive thirst, frequent urination, general weakness, vomiting, confusion, abdominal pain, dry skin, dry mouth, increased heart rate, and fruity odor on the breath. Two recent reviews indicated that the incidence of ICIs related to DKA was 57% and 76% (41, 42). According to this series of case reports of ICI-DM, a total of 93 cases had been reported information of blood pH, among whom 66 patients (71%) were diagnosed with DKA by authors or eligible for DKA according to guidelines from the Joint British Diabetes Society for Inpatient Care (43).

HbA1c and C-peptide, measurement of average blood glucose over the past 8 to 12 weeks, and endogenous insulin production respectively, are important diagnosis proof of ICI-DM. Owing to the rapid β cell dysfunction, HbA1c, and C-peptide are generally inappropriately low for the degree of hyperglycemia at the time of diagnosis. A total of 79 cases had been reported with the detection result of HbA1c, among which 7 patients (8.9%) were at the normal range. Elevated HbA1c was detected in 72 patients (91.1%), with a median value of 7.84%. There were only 9 patients (11.4%) who had a concentration of HbA1c more than 10%. In this study, the majority of patients with ICI-DM have been recorded with an extremely low or even undetectable C-peptide level. Some authors have proposed testing of C-peptide level for aiding diagnosis and repeating for confirming if the β-cell function could be recovered (44, 45).





Management

Due to the potential to lead to life-threatening consequences, patients who experience severe hyperglycemia or DKA on ICIs should be hospitalized. As impaired β-cell function is generally irreversible, insulin replacement should be started as soon as possible and typically required lifelong. DKA requires continuous intravenous insulin injections rather than subcutaneous injections. Moreover, management of DKA also includes IV fluid with or without potassium supplementation, and hourly testing of glucose, serum ketones, blood pH, and electrolyte. After the improvement of DKA, daily subcutaneous insulin injections instead of intravenous injections can be started refer to guidelines for the management of T1DM or consult with an endocrinologist.

Although severe irAEs in other endocrine organs are often treated with high doses of glucocorticoids, this agent is not recommended for managing ICI-DM because there is no evidence that the use could improve the islet function or the survival outcomes (46, 47). Management of ICI-DM is complicated by concurrent severe irAEs, especially additional endocrine-related AEs, and the administration of medications. Based on data in these case reports, other severe irAEs were observed in at least 50.5% (55/109) of patients, 60% (33/55) of whom were endocrine-related. Concurrent severe endocrine irAEs, most commonly hypothyroidism, followed by adrenal insufficiency, hypophysitis and hyperthyroidism. Eleven patients were diagnosed with dysfunction of at least three endocrine organs. Clinicians should be aware that additional endocrine irAEs present with high frequency in individuals with ICI-DM, and screen for thyroid, pituitary and adrenal gland disease. According to prior studies, improvement of the pituitary-thyroid and pituitary-gonadal axis was observed in up to 50-60% of patients, and recovery of the pituitary-adrenal axis occurred in a few cases (48–50). Thus, sometimes, high doses of glucocorticoids for concurrent AEs are needed. It may help to mitigate symptoms of acute inflammation in the setting of hypophysitis, adrenalitis, or in some cases, thyrotoxicosis. If patients need glucocorticoids for the treatment of concurrent AEs, blood glucose levels should be monitored more carefully. Due to this potential complexity, the close collaboration between oncologists and endocrinologists plays an important role in the management of these severe or complex cases.

Upon treatment of patients with insulin, symptoms of DKA may be expected to improve or resolve in 1 week. Most of the Guidelines recommended that the use of ICIs in patients with ICI-DM can be restarted combined with insulin replacement therapy once the general conditions are stabilized by treatment (51, 52). However, no randomized controlled trials have assessed the long-term toxicity and effectiveness of such a combination regimen. Among 75 patients with data on follow-up therapy in these case reports, 45 (60.0%) patients permanently discontinued ICI therapy, but only seven of them were accompanied by concurrent severe non-endocrine irAEs, such as immune-related encephalitis, hepatitis, pneumonia, and colonitis. Symptom severity stratification according to the Common Terminology Criteria for Adverse Events (CTCAE) may be responsible for this. For example, a total of 207 patients in 78 phase 3 clinical trials were diagnosed with ICI-DM, among whom 139 (67.1%) were defined as grade ≥3 irAE, then ICIs should be discontinued according to general guidelines for the management of irAEs. The clinical consequences arising from the resulting insulin deficiency are usually permanent, therefore, ICI-DM does not fit into a five-tier symptom severity stratification diagnostically and therapeutically based on CTCAE (53). Because β cell failure can be managed with exogenous insulin replacement, clinicians need to balance the benefits of continued ICI therapy, such as the possibility of shrinking the tumor or survival improvement, with risks, such as deteriorating concurrent irAEs.





Outcomes

In 78 phase 3 clinical trials included in this study, although 67.1% (139/207) were regarded as serious irAEs of grade ≥3, there were no ICI-DM-related death events. Similarly, among 109 patients in case reports, although 27 were referred to the emergency department or the Intensive Care Unit after the onset of ICI-DM, there were no patients who died from DKA. It indicated that early diagnosis and prompt management could be crucial for improved treatment outcomes of ICI-DM.

Whether developing ICI-DM is linked to treatment response and survival outcomes is ambiguous. Previous studies have reported that DM is independently a worse prognostic factor for patients with cancers and infectious diseases. Nevertheless, some studies showed that certain irAEs might be positive prognostic factors of treatment response and overall survival (7, 8, 54, 55). By reviewing data from 109 patients in case reports, assessment for tumor response was acquired in 70 cases, among whom 11 (15.7%) with a complete response (CR), 39 (55.7%) with a partial response (PR), 10 (14.3%) with a stable disease (SD), 10 (14.3%) with progressive disease (PD). Although these case series included different kinds of cancer, 71.4% (50/70) of patients with ICI-DM achieved an objective response, which was significantly higher than that of any phase 3 clinical trial involving immunotherapy. This result supports the view that irAEs were a biomarker of treatment response, complying with prior studies.





Conclusions

In conclusion, ICI-DM is a rare complication that a medical oncologist rarely sees in his routine practice. Fulminant severe hyperglycemia, DKA and inappropriately low HbA1c and C-peptide can be the main clinical clue. Rapid diagnosis followed by insulin replacement should improve a patient’s outcome. ICI-DM resembles classic T1DM in terms of autoimmunity and genetic component, reflecting in the presence of a high rate of patients with positive islet autoantibodies, susceptible HLA haplotype, and concurrent other endocrine gland damage. The improved understanding of the mechanisms of ICI action interacting with islet autoimmunity and genetic susceptibility should contribute to the recognition of the etiology and pathogenesis of ICI-DM and classic T1DM. Patients with ICI-DM presented with a high objective response rate of tumor response to ICI treatment, however, the proportion of patients permanently discontinued immunotherapy was also high. Further research is urgently needed to identify whether permanently discontinued immunotherapy is required and whether ICI discontinuance deteriorates the OS of the patient.
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Case Report: Beyond type 1 diabetes: a case of delayed MODY1 diagnosis and successful transition to sulfonylurea therapy
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Maturity-onset diabetes of the young (MODY) is a rare, genetically heterogeneous form of diabetes characterized by early-onset dysglycaemia, typically before 25 years of age, and autosomal dominant inheritance. Among the different forms of MODY, HNF4A-MODY (MODY1) is caused by mutations in the HNF4A gene, which encodes a transcription factor essential for glucose metabolism. Here, we describe a novel splicing variant in the HNF4A gene (c.319+1G>A) identified in a 15-year-old girl with non-ketoacidotic diabetes and a family history of diabetes. Initially diagnosed with Type 1 diabetes (T1D), she required low insulin doses and displayed negative autoimmune markers. Genetic testing revealed the heterozygous variant inherited from her father and functional studies confirmed the variant's impact on splicing. Following the diagnosis of HNF4A-MODY, the patient's treatment was switched from insulin to sulfonylureas, resulting in improved glycaemic control and time in range, along with an improved quality of life. The report highlights the importance of considering MODY in young patients with diabetes who lack typical T1D characteristics and the value of combining clinical, genetic, and functional testing for accurate diagnosis and personalized treatment.
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1 Introduction

Maturity-onset diabetes of the young (MODY) is an inherited form of non-autoimmune diabetes mellitus characterized by early onset dysglycaemia before 25 years of age, autosomal dominant inheritance, absence of β-cell autoantibodies (IAA, GADA, IA-2A, and ZNT8), and rare association with obesity (1, 2). MODY accounts for 1%−5% of all diabetes mellitus cases (3, 4) and is genetically heterogeneous, with 14 different causative genes identified to date. Among these, HNF4A-MODY (MODY1) (OMIM #125850) accounts for 10% of cases in the European MODY population (5). HNF4A-

MODY is caused by pathogenic defects in the hepatocyte nuclear factor 4 alpha gene (HNF4A) (OMIM #600281), which encodes for the HNF4A transcription factor. HNF4A is essential for glucose transport and metabolism, and is expressed predominantly in the liver, pancreatic islets cells and kidney (2, 6). Variants in the HNF4A gene cause a reduction in insulin secretion. Sulfonylureas are effective in managing patients with HNF4A-MODY (7). With the growing number of variants detected by NGS, the availability of reliable functional assays is essential to evaluate their impact on gene function and expression in order to provide patients with the proper diagnosis and management.

We describe a novel splicing variant of the HNF4A gene identified in a familial case of MODY and its functional characterization, enabling a diagnosis of MODY1 in a teenage patient.



2 Case description

A 15-year-old girl was diagnosed as diabetes mellitus (DM) with non-ketoacidotic onset: fasting hyperglycaemia 379 mg/dl, HbA1c 8.57% (70 mmol/mol), C-peptide 1.96 ng/ml, normal pH, absence of ketonemia, polyuria, or polydipsia. Antibodies against pancreatic beta cells (anti-IA2, anti-ZnT8, anti-GAD, and anti-insulin) were negative.

She was born at term of an uneventful pregnancy, with an appropriate weight for gestational age at birth. No perinatal issues, in particular no hypo- or hyper-glycaemia, were reported. Her medical history was unremarkable. Family history was positive for diabetes mellitus: the father with insulin-treated Type 2 Diabetes Mellitus (T2DM) and paternal grandfather with unspecified DM.

Multi-injection insulin therapy, adapted on continuous glucose monitoring (CGM), was prescribed and the patient was assigned a provisional diagnosis of Type 1 Diabetes (idiopathic, absence of autoimmunity). Due to a persistent low insulin requirement (0.3 U/kg/day), autoimmune testing was repeated 1 year later and resulted negative. In the light of this result and the positive family history of DM, a genetic investigation for monogenic diabetes (i.e. Maturity Onset Diabetes of the Young, MODY) was performed (8). Next-Generation Sequencing (NGS) analysis involving 45 genes associated with dysglycaemia revealed a heterozygous variant (c.319+1G>A) in intron 3 of the HNF4A gene (Figure 1). The variant, inherited from the father, was predicted to impact splicing as confirmed by functional studies. Based on these results, a therapeutic switch to sulfonylureas (SU) was proposed to the patient, resulting in good control of her glycaemic levels.


[image: Figure 1]
FIGURE 1
 Pedigree of proband and segregation analysis of the novel HNF4A variant. Sanger sequencing was used to validate the presence of the novel HNF4A variant identified by NGS and to verify the segregation in the proband's family. As shown by the chromatograms, the substitution was inherited from the affected father.




3 Diagnostic assessment


3.1 Molecular diagnosis

Genomic DNA was obtained from PBMC of the proband and her father upon administration of an informed consent. Molecular screening was performed by analyzing a panel of 45 genes involved in monogenic diabetes and dysglicaemia (Supplementary Table 1) filtered from whole Exome Sequencing (ES) data (9). 50–100 ng of genomic DNA was used to sequencing selection of coding genomic regions and flanking intronic sequences using IDT xGen Exome Research Panel v2 enrichment kit (34 Mb, 19,433 genes) and Illumina technology (PE 2X150) on the Illumina platform Novaseq6000. Bioinformatics workflow for variant calls based on GATK software.

The patient was found to be heterozygous for a novel, intronic variant of the HNF4A gene (OMIM# 600281), the c.319+1G>A (p.°?) (RefSeq, NM_175914.5, and NP_787110.2), nomenclature according to the HGVS guidelines. The presence of the variant was confirmed by direct Sanger sequencing. Briefly, PCR products, corresponding to the genomic region of interest, were purified by enzymatic digestion with Exo/SAP-IT (Thermo Scientific®, Massachusetts, USA) and sequenced with the Big Dye Terminator Cycle Sequencing Kit (Thermo Scientific®, Massachusetts, USA) according to the provided protocol; sequencing reactions were run on a 3,130 × l Genetic Analyzer (Thermo Scientific®, Massachusetts, USA) and analyzed with the Sequencer 4.7 software (Genecodes®, USA).



3.2 Generation of the minigene constructs

The effect of the HNF4A variant on the mRNA splicing was verified by the minigene approach, based on pSPL3 exon trapping vector (already available in the Lab) (10).

A genomic fragment of 450 bp (chr20:44,407,193–44,407,642; GRCh38/hg38) spanning the third coding exon of HNF4A and flanking intronic sequences was amplified by PCR from genomic DNA of the proband. Wild-type and variant allele were separated by subcloning in pCR2.1-TOPO TA (TOPO™ TA Cloning, Invitrogen, Thermo Fisher Scientific, Massachusetts, USA), checked by Sanger sequencing and then subcloned into the pSPL3 splicing vector for functional analysis.



3.3 Cell culture, transient transfection and minigene sequences analysis

The Hek-293 cell line was already available in the laboratory and previously purchased by ATCC. Cells were routinely cultured in complete medium consisting of Essential Modified Medium (MEM) with 10% FBS in a humidified incubator at 37°C with 5% CO2. Transient transfections for the minigene assay were carried out by seeding 8 × 105/well cells in 6-well plates. The next day, the transfection mix composed by 2 μg of pSPL3 constructs and Lipofectamine 2,000 reagent was added to cells, as suggested by the manufacturer (Invitrogen®, Thermo Fisher Scientific, Massachusetts, USA). Cells were then collected after 24 h and processed for RNA extraction with the RNeasy plus Mini Kit (Qiagen®, Hilden, Germany) according to the protocol provided. cDNA was obtained by the retro-transcription of 1 μg of RNA by using Advantage® RT-for-PCR (Takara, Shiga, Japan) and then, amplified with GoTaq Master mix (Promega®, Wisconsin, USA) as indicated by the manufacturer's protocol (oligonucleotides sequences are available upon request). The PCR products were checked on 1.5% Agarose gel, cleaned-up by Exo/SAP-IT (Thermo Scientific®, Massachusetts, USA) digestion and sequenced as described above.



3.4 Results

The identified HNF4A variant, inherited by the proband from the affected father (Figure 1), has never been reported in association with MODY and is absent in population databases. According to the ACMG criteria the variant is interpreted as likely pathogenic (PVS1, PM2) (11). This substitution affects the canonical donor site of the HNF4A exon 3 and is predicted to alter the splicing with a significant Δ score of 0.95 (high precision) by the splice AI bioinformatic tool (12), thus prompting us to proceed with the experimental validation by a minigene approach (10).

As shown in Figure 2, RT-PCR amplification products with different sizes were detected in cells expressing both wild-type (WT) and mutated pSPL3 constructs. Sanger sequencing allowed us to verify that the bands migrating with lower molecular weight corresponded to what expected by the correct splicing of the vector exons in cells transfected with empty vector, and to an altered splicing with skipping of the HNF4A exon 3 in cells transfected with the mutated construct. A proper splicing combining vector exons with HNF4A exon 3 was detectable in cells expressing the WT construct. These results demonstrated that the variant alters the HNF4A splicing by causing the exclusion of the exon 3 from mature mRNA. This exon is out-of-frame and its skipping from cDNA leads to a frameshift with generation of an early termination codon, likely triggering the nonsense-mediated mRNA decay (NMD) of the mutated transcript. Splicing alterations of HNF4A are a known pathogenic mechanism in MODY1 (13).


[image: Figure 2]
FIGURE 2
 The novel HNF4A variant affects the splicing of the gene. RT-PCR products obtained from Hek-293 cells transiently transfected with the different pSPL3 constructs. A band of 263 bp was detectable both in cells transfected with the empty vector (EV) and with the construct carrying the third HNF4A exon 3 and flanking intronic sequences with the c.391G>A variant (V). This is due to the skipping of the HNF4A exon induced by the presence of the substitution with combination of the two artificial exons as observed in cells expressing the empty vector. A band of 358 bp is detectable in cells expressing the wild-type minigene construct (WT) and corresponding to the correct splicing combining the exon 3 of the HNF4A gene with those provided by the splicing vector, as schematically represented in the middle panel. The splicing events were also checked by Sanger sequencing of the RT-PCR products as shown by the chromatograms reported in the right panel. 1kb and 100bp, molecular weight markers; -, PCR reaction negative control; SA and SD6, artificial exons provided by the pSPL3 vector.




3.5 Clinical management

Based on the confirmed molecular diagnosis of HNF4A-MODY1, we planned a therapeutic switch to sulfonylureas (SU), which would likely improve the patient's quality of life and glycaemic control. The therapeutic switch was conducted as follows: on Day 1, therapy with Gliclazide started at a dosage of 30 mg per day, pre-prandial insulin boluses were suspended and the dosage of basal insulin was halved. On Day 2 basal insulin was discontinued and CGM showed initially optimal glycaemic values. No episodes of hypoglycaemia occurred.

The patient was initially followed-up monthly in the outpatient Clinic. At the first follow-up visit, isolated postprandial hyperglycaemic peaks, consistently below 250 mg/dL, were reported and Gliclazide dosage was increased to 60 mg per day. The glycaemic trend remained stable. Throughout the follow-up, screening for DM complications was performed according to ISPAD guidelines and no complication occurred (14).

In Figure 3, we summarized CGM parameters at T0 (during insulin therapy), at T1 (after starting Gliclazide), and at T2 (at the last follow-up visit, with Gliclazide dosage stabilized at 60 mg per day). Although the patient had excellent glycaemic control already during insulin therapy, the therapeutic switch and especially the appropriate dosage of Gliclazide helped to further increase the Time In Range (TIR) and reduce the Time Above Range (TAR).


[image: Figure 3]
FIGURE 3
 Glycaemic improvement after starting Gliclazide. TAR>250, Time Above Range >250; TAR, Time Above Range; TIR, Time In Range; TBR, Time Below Range; TBR <54, Time Below Range <54; T0, in the course of insulin therapy; T1, after starting Gliclazide; T2, Gliclazide dosage stabilized at 60 mg per day.





4 Discussion

In this case report, we describe a young patient initially diagnosed with non-ketoacidotic DM, later confirmed to have HNF4A-MODY. The diagnosis, which was suspected based on clinical features and confirmed by molecular testing along with functional analysis of a novel variant, had significant implications for the management of the patient.

Young patients presenting with a clinical onset of DM requiring insulin treatment are diagnosed as Type 1 Diabetes Mellitus (T1DM) while evidence of the presence of autoimmune antibodies is investigated. The absence of pancreatic autoantibodies, a low or no insulin requirements for longer than 5 years after the diagnosis and the absence of signs of Type 2 Diabetes Mellitus (T2DM) (marked obesity, acanthosis nigricans) prompts suspicion of monogenic diabetes, particularly in cases with a family history of DM in one parent or first-degree relative (15).

Maturity-Onset Diabetes of the Young 1 (MODY1) is a rare and hereditary monogenic form of diabetes due to heterozygous mutations in the HNF4A gene. It encodes a transcription factor crucial for the development and function of pancreatic β-cells, which are responsible for insulin secretion in response to glucose (16). The gene is involved in a well-coordinated network of transcriptional regulation, comprising several genes such Glucose Transporter 2 (GLUT2/SLC2A2), which facilitates the glucose uptake into β-cells; enzymes involved in the downstream glycolytic pathway (such as GCK, PKLR, GAPDH); genes encoding channels central to the ATP-dependent pathway of insulin secretion (such as KCNJ11) (16–18). Moreover, HNF4A regulates insulin expression both directly, through the binding of consensus sequences in the promoter of the INS gene and indirectly through HNF1A transcription factor (19). Indeed, HNF4A and HNF1A form a cross-regulatory network, where each regulates the other's expression, highlighting their interconnected roles in β-cell function (19). It's important to note that HNF4A has many target genes beyond those directly involved in insulin secretion, as it plays a broad role in liver, kidney, and intestinal function as well (16, 20). Literature on MODY1 is limited and primarily focused on mutations defining the condition (21) and some clinical manifestations characterizing its onset (macrosomia, neonatal hypoglycaemia, and gestational diabetes), which were absent in our patient (22).

Sulfonylureas are the first therapeutic choice for MODY1. Switching from insulin to sulfonylureas is considered successful, without deterioration in glycaemic control, in the patients previously treated with insulin (23). Sulfonylureas reduce blood glucose levels by stimulating insulin secretion from pancreatic beta cells. Among sulfonylureas, Gliclazide is usually chosen for its lower risk of hypoglycaemia and its favorable route of administration, since it can be taken orally, once or twice a day depending on the formulation (short or slow release). In adults, the initial dose is 30 mg per day and can then be increased up to 120 mg per day. The interval between each dose increase should be at least 1 month. In children, the initial dose should be lower to avoid hypoglycaemic events. The most common side effect is hypoglycaemic crises in case of irregularities in meals, and especially, in case of missed meals. Moreover, attention should be paid to patients with conditions of liver or kidney failure, malnutrition, imbalance between exercise and carbohydrate intake or endocrine dysfunctions (involving thyroid, pituitary and adrenal glands, among others). In absence of hypoglycaemia, patients maintain low-dose sulfonylureas (e.g., 20–40 mg gliclazide daily) for decades (22).

The benefits of this treatment extend beyond improved glycaemic control offering a better quality of life, particularly important for younger patients. This report underlines how integrating clinical and genetic diagnoses can contribute to precision medicine, enabling targeted treatment, personalized follow-up, and genetic counseling for both the patient and the family members.
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Continuous intraperitoneal insulin infusion as a valuable approach in patients with unstable type 1 diabetes: two case reports and a mini review of the literature
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In recent years, continuous intraperitoneal insulin infusion (CIPII) has become a valid therapeutic option to achieve good glycemic control for patients with unstable type 1 diabetes and subcutaneous insulin resistance, mainly due to the absorption of insulin through the portal venous system. This route improves hepatic uptake and reduces peripheral plasma insulin levels, also optimizing glucagon secretion and hepatic glucose production. CIPII can lead to better blood glucose control and more predictable insulin profiles, especially after meals, compared to subcutaneous injections. Therefore, some studies suggest that CIPII may reduce the risk of hypoglycemia compared to subcutaneous insulin as well as improving patient satisfaction. Actually, among CIPII delivery systems, DiaPort particularly stands out for its low side effects, proven clinical efficacy, and potential for integration into closed-loop systems.
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1 Introduction

Continuous intraperitoneal insulin infusion (CIPII) is an option for insulin-treated patients with impaired subcutaneous insulin absorption and/or extreme swings in blood glucose despite optimal diabetes management. In patients with type 1 diabetes (T1D), CIPII improves glucose control without increasing the risk of severe hypoglycemia, possibly through restoring the physiological porto-systemic insulin gradient (1).

The DiaPort system is a commercially available system for CIPII. It is surgically implanted in the abdomen and insulin infusion is maintained using an external insulin pump, similar to those for continuous subcutaneous insulin delivery (2). The only insulin approved for the DiaPort system is Insuman Infusat® (Sanofi), since other insulins may precipitate resulting in early cannula occlusion. CIPII mimics physiology more closely than standard therapies, as multiple daily insulin injections (MDI) and continuous subcutaneous insulin infusion (CSII), through the subcutaneous route because most of the insulin is absorbed through the portal venous system. CIPII may be a therapeutic option in patients with severe subcutaneous (SC) insulin resistance, poor glycemic control with high daily insulin requirements, severe hypoglycemia and hypoglycemia unawareness during SC insulin therapy, skin disorders, SC site issues, lipohypertrophy and lipoatrophy (3).

Several clinical trials and observational studies have shown a decrease in glycated hemoglobin (HbA1c) and a lower incidence of hypoglycemia using CIPII, also reducing fasting insulin levels, in comparison with subcutaneous insulin delivery through CSII and MDI (4, 5). Furthermore, CIPII has been shown to increase patient satisfaction and quality of life (QoL) (6).

Here we present a short review on CIPII and we report the experience of our Center on the use of CIPII in two patients with unstable diabetes, focusing on glycemic outcomes during the use of the CIPII and during the period of discontinuation of CIPII due to Insuman Infusat® unavailability.



2 Case presentations

Patient 1 is a 47-year-old Caucasian woman diagnosed with type 1 diabetes since the age of 9 years and with a very unstable glucose control. Her diabetes was complicated by proliferative retinopathy treated with laser-therapy, nephropathy with proteinuria, peripheral sensory neuropathy, and autonomic neuropathy leading to urinary retention requiring self-catheterization, as well as severe slowing of the intestinal transit-time, causing several hospitalizations for intestinal subocclusion.

She also had a history of congenital ventricular septal defect not surgically corrected, hypertension treated with angiotensin converting enzyme (ACE)-inhibitors, beta-blockers and diuretics, dyslipidemia treated with a statin, and a diagnosis of rheumatic polymyalgia and fibromyalgia. Since 2005, the patient was diagnosed with autoimmune small-fiber neuropathy with negative serology for autoantibodies, but positive skin biopsy, with severe pain poorly responsive to high doses of pregabalin and duloxetine. The patient achieved moderate pain control only during steroid and mycophenolate immunosuppressive treatment.

Until 2004, the patient was treated with MDI according to a basal-bolus regimen, with limited benefit on glycemic control and increased frequency of hypoglycemic events. In 2004, the patient was started on continuous subcutaneous insulin therapy CSII using an external pump with insulin glulisine, but without evident benefits in terms of hyperglycemia control or reduction of the risk of diabetic ketoacidosis (DKA).

For these reasons, in 2007 she underwent a first pancreas transplantation, complicated by thrombosis with organ explant on the seventh day post-surgery. In 2009, a second pancreas transplant was attempted and a combined immunosuppressive therapy with anti-thymocyte globulin (ATG), steroids, mycophenolate mofetil (MMF) and tacrolimus was started. The second transplant was complicated by an intra-abdominal candidiasis treated with fluconazole and hemorrhagic shock due to an injury of the right iliac artery, which underwent ligation and subsequent crossover bypass to treat ischemia of the right lower limb.

After the second transplant, glycemic control initially improved with a reduction in HbA1c from 75 mmol/mol (9.0%) during the 3 months prior to surgery to 61 mmol/mol (7.7%) in the following quarter. No glucometabolic data before and immediately after the first transplant are available, because they predate the minimum backup of our clinical database.

In 2011, the patient received the first intraportal infusion of pancreatic islets, obtaining an improvement in glycemic control with HbA1c decreasing from 87 mmol/mol (10.1%) before surgery to 45 mmol/mol (6.3%) 3 months after, and a reduction of total daily insulin dose (from 25 IU to 13–16 IU). Good glycemic control was maintained until the second pancreatic islets infusion (HbA1c from 58 mmol/mol – 7.4% – to 40 mmol/mol – 5.8% –) in 2012, followed by discontinuation of exogenous insulin. Unfortunately, in 2014 the patient showed a deterioration of glucose control because of loss of pancreatic islet function and resumed exogenous insulin with CSII.

Despite the frequent rotation of the infusion set insertion site, and the avoidance of lipodystrophic areas, and compliance with appropriate catheter replacement times, the patient continued to experience a high glucose averages and a wide glycemic variability, possibly due to erratic SC insulin absorption.

In 2016, the patient underwent several cycles of continuous intravenous insulin infusion due to persistent hyperglycemia and DKA despite CSII treatment (HbA1c 78 mmol/mol - 9.3%). Intravenous (IV) infusion improved glucose profile, with a resolution of ketonemia. A multiple daily insulin regimen was restore (glulisine and degludec). Considering the severe SC insulin resistance and previous therapeutic failures, since 2017, the patient has been re-listed for isolated pancreas transplant.

In order to assess the issue of subcutaneous insulin resistance, several serological tests for autoimmune markers were performed, with negative results, except for a mild and fluctuating positivity for anti-insulin antibodies in a patient not insulin naïve.

Until 2018, the patient monitored her blood glucose levels through capillary testing (SMBG) due to a persistent lack of accuracy in the glucose data from several interstitial sensors tested, both those with enzymatic reaction using glucose oxidase and implantable sensor with fluorescence (Eversense® by Ascensia Diabetes Care).

Considering her brittle diabetes and the severe SC insulin-resistance, CIPII was evaluated as the therapeutic option to improve diabetes control and QoL. In October 2019, after a multidisciplinary consultation, the patient underwent surgery under general anesthesia via laparotomy for the placement of a DiaPort system in the lower left abdominal area. CIPII was started using Insuman Infusat® via an insulin pump (Accu-Chek® by Roche Diabetes Care, Inc.) connected to DiaPort through a catheter. The total basal dose administered was 25–26 IU/day, and the bolus doses were around 20 IU/day (total daily dose of 1,5 IU/kg). In the same time, patient started using a real-time continuous glucose monitoring (rt-CGM) with an external interstitial sensor (Dexcom G6® by Dexcom).

We report collected data on glycemic control (Figure 1) and rt-CGM metrics 3 months before and after CIPII (Table 1).
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FIGURE 1
 Changes in HbA1c or GMI, ABG and TDI dose in Patient 1 and Patient 2 before and after starting CIPII, and before and after CIPII temporary discontinuation. Prior CIPII implantation, HbA1c value was used as GMI, unavailable, for Patient 1. HbA1c, glycated hemoglobin; ABG: average blood glucose; GMI, glucose management indicator; TDI, total daily insulin dose; CIPII, continuous intraperitoneal insulin infusion.



TABLE 1 Patient 1 (above) and Patient 2 (below) 3-month glycemic metrics with SMBG/rt-CGM during CSII insulin therapy and 3-month rt-CGM data after starting CIPII, and 3-month glycemic metrics before and after CIPII discontinuation and returning on MDI/CSII.


	Treatment:
 from
 to
	CSII+SMBG
 July 24, 2019
 October 24, 2019
	CIPII+CGM
 November 24, 2019
 February 24, 2020
	CIPII+CGM
 February 15, 2023
 May 15, 2023
	MDI + CGM
 June 15, 2023
 September 15, 2023

 

 	TIR 70–180 (%) 	14 	66 	66 	36


 	TAR>180 (%) 	- 	25 	24 	50


 	TAR>250 (%) 	- 	8 	8 	13


 	TBR < 70 (%) 	7 	1 	1 	1


 	TBR < 54 (%) 	- 	1 	1 	1


 	TITR 70–140 (%) 	- 	39 	43 	36


 	TAR>140 (%) 	- 	60 	50 	63


 	CV (%) 	46 	34 	27 	39







	Treatment:
 from
 to
	CSII+CGM
 February 5, 2022
 May 5, 2022
	CIPII+CGM
 May 5, 2022
 August 5, 2022
	CIPII+CGM
 January 27, 2023
 April 27, 2023
	CSII+CGM
 May 27, 2023
 August 27, 2023

 

 	TIR 70–180 (%) 	78 	94 	90 	84


 	TAR>180 (%) 	11 	5 	8 	6


 	TAR>250 (%) 	1 	0 	0.5 	0


 	TBR < 70 (%) 	8 	1 	1 	8


 	TBR < 54 (%) 	2 	1 	0.5 	2


 	TITR 70–140 (%) 	61 	71 	62 	70


 	TAR>140 (%) 	35 	28 	35 	20


 	CV (%) 	33 	24 	26 	34





SMBG, self-monitoring blood glucose; rt-CGM, real-time continuous glucose monitoring; CSII, continuous subcutaneous insulin infusion; CIPII, continuous intraperitoneal insulin infusion; MDI, multiple daily (insulin) injection.
 

In 2021, due to occlusion of the intraperitoneal catheter, the patient developed DKA requiring initially IV insulin therapy, and then MDI. In the same year, the patient experienced several episodes infections at the site of implant that were treated with oral antibiotic (amoxicillin 1 g ter in die), and in March 2022 the DiaPort system was replaced with beneficial effect on glycemic control (HbA1c from 60 mmol/mol – 7.7% – to 50 mmol/mol – 6.7% –).

In May 2023, Insuman Infusat® production was temporarily discontinued, prompting us to switch our patient back from CIPII to SC insulin with multiple daily injections (Apidra® and Tresiba®). We retrospectively analyzed glucose outcomes during this switch in insulin route. At the time of CIPII discontinuation, the patient experienced a period of dissatisfaction with SC insulin therapy and poor compliance with SMBG, which caused extreme glycemic variability and an increase in average blood glucose (ABG) (185 ± 77 mg/dL DS) as showed in Figure 1.

At the beginning of 2024, Insuman Infusat® was available again, insulin therapy was restarted using external insulin pump connected to DiaPort, with an immediate amelioration of glucose control and glucose variability (time in range - TIR 81%; time below range - TBR 1%; time above range - TAR 18%; glucose management indicator - GMI 6.8%; variability coefficient - CV 38%).

In the last year, rt-CGM data confirmed a good glycemic control with TIR 79%, TBR 2%. HbA1c level was stable at 48 mmol/mol (6.6%) and TDI dose was of about 40 IU/day, with no notable changes between SC and IP insulin treatment (Figure 1).

Since then, the patient has continued insulin therapy with the DiaPort System and has maintained good glucose control, with no severe hypoglycemia, a more controlled glucose variability, and a greater satisfaction compared to SC insulin therapy. However, Insuman Infusat® may be discontinued from production in the near future, raising the question of which technology to use to ensure control of glucose variability while mitigating the SC insulin resistance experienced by this patient.

The second patient (Patient 2) is a 58 year-old Caucasian woman, with T1D since age 25, treated using external insulin pump (Accu-Chek®) with aspart insulin since 2009. Her diabetes was complicated by retinopathy. She had a history of hypertension and dyslipidemia treated with statin, migraine with aura treated with topiramate, and hypothyroidism due to chronic thyroiditis. She had also undergone surgical removal of a fibroadenoma from her left breast and a pleomorphic adenoma from her left submandibular gland.

Despite the frequent rotation of infusion set insertion sites, CSII caused severe lipodystrophy in the abdominal and gluteal regions. Due to the subsequent impaired insulin absorption and frequent severe hypoglycemia events, in May 2022 patient was referred to our unit to implant a DiaPort system for CIPII therapy using an external insulin pump (Accu Chek®). She was using an rt-CGM (Dexcom G6®).

As shown in Figure 1, the patient had adequate glucose control (GMI 6.4%) and the ABG (130 mg/dL) already before starting therapy with the DiaPort system. However, she had experienced several severe hypoglycemic events because of hypoglycemia unawareness. The switch to IP insulin delivery not only reduced the frequency of hypoglycemia (<70 mg/dL), but also significantly improved glycemic variability (CV 33% vs. 24%) as reported in Table 1.

In April 2023, because of the temporarily discontinuation of Insuman Infusat® production, the patient returned from CIPII to CSII through the same insulin pump and same rt-CGM. This change in route of insulin delivery increased glycemic variability and the time below range (Table 1).

Currently, the patient maintains adequate glycemic control with a GMI of 6.1% in the last 3-months (TIR 70–180 mg/dL: 89%), a reduced glycemic variability (CV: 30.9%), and no severe hypoglycemia (TBR < 54 mg/dL: 1%).

Since January 2025, the patient has been on the surgical waiting list for the removal of DiaPort system in light of the possible upcoming decommissioning of the device and unpredictable availability of Insuman Infusat®.



3 Discussion

CIPII has been employed for treatment of diabetes since the 1980s as a preferred option for patients with T1D presenting severe SC insulin resistance (3). CIPII can be implemented either by the implantation of programmable pumps or through a percutaneous port connected to an external insulin pump. Currently, CIPII involves the use of percutaneous access devices through the only system approved in Europe Accu-Chek® DiaPort by Roche Diabetes Care, since 2016. It is a percutaneous titanium port with a catheter placed in the peritoneal cavity, and connected to an insulin pump by a stainless steel ball cannula infusion set as showed in Figure 2. The top of the port protrudes above the surface of the skin about 5 mm, and a flower-shaped plate and a polyester felt band are placed under the skin to stabilize the port (2). The port is implanted during a minor surgery, using general anesthesia. Insuman Infusat® (soluble human insulin by Sanofi Aventis) is the only insulin formulation recommended for use with the Accu-Chek® DiaPort, but, although registered, it is not commercially available in Italy and need to be imported. Fast-acting insulin analogues are not usable in the DiaPort catheter because of their physical instability in this environment, which prompts insulin aggregation in the catheter lumen.

[image: Medical illustration showing a peritoneal port system; left side displays labeled parts of the port including external, subcutaneous, and intraperitoneal components, while right side shows the port pathway in a cross-section of the lower abdomen.]

FIGURE 2
 On the left side, the components of the Accu-Chek DiaPort intraperitoneal insulin infusion system: (1) membrane (2) top of the port with flower-shaped plate and a polyester felt band (3) intraperitoneal catheter (4) stainless steel ball cannula infusion set. On the right side, the final implantation site of the device. Adapted from: Accu-Chek® DiaPort system guide use manual (19). Adapted with permission from the Medical Excellence Manager and the Strategic Marketing Manager NPC of Roche Diabetes Care Italy S.p.A. Licensed under Roche Diabetes Care Italy S.p.A. Source: https://www.accu-chek.no/sites/g/files/iut421/f/accu-chek_diaport_handbook_for_port_users_0.pdf.



3.1 CIPII: a more physiologic insulin delivery route

In cases of abnormal SC insulin absorption, CIPII allows a faster blood glucose normalization after meals with a reproducible and more predictable insulin profiles than SC route. In fact, insulin can be detectable in blood already within a minute after intraperitoneal (IP) administration. Most IP insulin is absorbed via the portal vein, enhancing hepatic uptake (60–80%) and reducing peripheral insulin levels (20–40%) compared to intravenous administration. Lower peripheral insulin levels may also help preserve glucagon response and hepatic glucose production during hypoglycemia or exercise (7). In contrast, SC insulin administration by MDI and CSII therapy may lead to unpredictable fluctuations in blood glucose concentration because of different reasons: the lag time to insulin action after SC injection, the insulin formulations, and the differences between injection sites, and changes to the injection sites. The main differences between SC and IP insulin delivery routes are summarized in Table 2.


TABLE 2 Differences between SC insulin route (through MDI or CSII) and IP insulin infusion.


	Route of insulin administration
	SC insulin injection (MDI or CSII)
	Intraperitoneal insulin infusion (CIPII)

 

 	Delivery site 	into the SC fat tissue (usually abdomen, thighs, upper arms, gluteus), via insulin pens or external insulin pumps 	into the peritoneal (abdominal) cavity, via catheter connected to an external pump (or via an implantable pump)


 	Insulin absorption and kinetics


 	Absorption speed 	slower and more variable 	faster and more predictable


 	Portal insulin delivery 	mainly systemic absorption; minimal hepatic first-pass 	mimics physiological insulin delivery via portal vein


 	Onset and peak 	delayed onset and longer duration 	closer to natural insulin action


 	Glycemic control


 	Postprandial control, Hba1c reduction 	less effective postprandial control, adequate but may require fine-tuning and close monitoring 	improved due to faster absorption, can be more pronounced in some patients


 	Risk of hypoglycemia 	higher risk if not carefully adjusted 	lower risk due to better glucose-insulin timing


 	Clinical use and indications


 	Indications 	all types of diabetes requiring insulin 	unstable T1D not well controlled with SC insulin therapy


 	Availability 	widely available 	limited; requires specialized centers


 	Invasiveness 	non-invasive/minimally invasive 	invasive, requiring surgical procedure


 	Cost and manteinance 	generally lower cost 	high initial and maintenance cost, requiring surgical replacement if necessary


 	Insurance coverage 	commonly covered 	limited in many countries


 	Risks and complications


 	Infection risk and device complications 	risk of lipohypertrophy and local irritation (MDI), pump site failure and occlusions (CSII) 	risk of peritonitis and pump site infections; catheter blockages





SC, subcutaneous; MDI, multiple daily (insulin) injection; CSII, continuous subcutaneous insulin infusion; CIPII, continuous intraperitoneal insulin infusion.
 

CIPII can be a valid treatment option in T1D patients with the following characteristics:


	• Frequent severe hypoglycemia during SC insulin therapy.

	• Hypoglycemia unawareness.

	• SC insulin resistance.

	• Unachieved HbA1c targets on SC insulin therapy (or only at the expense of an increased frequency of hypoglycemic episodes).

	• Marked insulin resistance with high insulin requirement.

	• Lipoatrophy associated with SC insulin administration.

	• Insulin-associated lipohypertrophy not avoided or limited by adequate injection site rotation.

	• Skin disorders interfering with SC insulin administration (for example, inflammatory skin disease due to a type 3 immune complex reaction-Arthus reaction-localized).

	• Marked fluctuations in glucose levels and insulin requirements with SC insulin therapy.

	• Allergies to materials required for SC insulin administration (for example, steel, nickel or adhesive plasters).



CIPII is not indicated in cases of patients with high circulating levels of insulin autoantibodies, poor therapy compliance, evidence of psychiatric conditions, gastrointestinal disorders (e.g., colon diseases, peritoneal adhesions), and unsuitability for external pump use in CSII (1). Some conditions that would require caution in use are also: severe impairment of liver function, impaired immune response or receiving concomitant drug infusion via intraperitoneal (e.g., chemotherapy) or by (continuous ambulatory peritoneal dialysis - CAPD).

The role of circulating anti-insulin antibodies in CIPII therapy is controversial. A marked and sustained elevation of their levels during CIPII has been reported, associated with the formation of immunogenic aggregates with a possible delay in insulin action and hyperglycemia, especially postprandial, or unpredictable hypoglycemia (8). However, other studies found no significant effects on glycemic control from increased anti-insulin antibodies, also considering the clinical benefits of CIPII on glucose variability and diabetes-related complications (9).

Here, we give an overview of the beneficial aspects of CIPII and main evidences supporting this system as a part of treatment portfolio for T1D. Some clinical trials have compared CIPII therapy with SC insulin administration by multiple injections or CSII in term of HbA1c improvement and reduction of hypoglycemic events (5, 10). The main results of these studies are summarized in Table 3.


TABLE 3 Clinical studies comparing CIPII and SC (MDI or CSII) insulin therapy in T1D patients concerning HbA1c, glycemic variability and hypoglycemic events.


	Study
	Study type
	Participants (T1D)
	HbA1c
	Hypoglycemia
	Glycemic variability
	TDI dose
	QoL / Treatment satisfaction

 

 	Haardt et al. (10) 	RCT crossover 	10 	↓HbA1c compared to SC from 8.5 to 7.2% 	↓ mild hypoglycemic events (5.7 vs. 10.0/month, p = 0.02) 	improved with CIPII 	not significantly different 	↑ treatment satisfaction and QoL


 	Liebl et al. (4) 	RCT crossover (multicenter) 	24 	↓ HbA1c from 7.4 ± 7.0 (p < 0.01) 	↓ mild and severe hypoglycemia 	not specifically reported 	↓ TDD by ~25% 	↑ satisfaction with therapy


 	Logtenberg et al. (5) 	RCT crossover (16 months) 	24 	↓ by ~0.8% (−0.76, 95% CI –1.41 to −0.11) 	no significant reduction in mild or severe events (mild: 3.5 vs. 4.0/week, p = 0.13; severe: NS) 	time in euglycemia ↑ by ~11% compared to SC 	not significantly different 	not reported in primary paper


 	Logtenberg et al. (6) 	extension on above, treatment satisfaction and HRQOL 	24 	no major difference, ↓ by ~0.8% 	comparable hypoglicemic rates 	↓ coefficient of variation by 4.9% (p < 0.05) 	not reported 	↑ treatment satisfaction and HRQoL


 	Renard et al. (15) 	pilot feasibility of AP with IP insulin and sensor in T1D 	10 	↓ HbA1c in small cohorts 	better postprandial control, ↓ hypoglycaemia risk (TIR) 	improved time-in-range 	not reported 	QoL not assessed in pilot


 	Van Dijk et al. (11) 	6-year follow-up of 2014 RCT 	20 	stable, sustained HbA1c 	↓ severe hypoglycaemic episodes 	Not specifically reported 	maintained reduction 	↑ HRQoL, long-term satisfaction


 	Van Dijk et al. (13) 	case–control study (26 weeks) 	~176 	no major difference 	comparable hypoglicemic rates 	↓ coefficient of variation by 4.9% (p < 0.05) 	not reported 	not reported


 	Liebl et al. (2) 	prospective, observational 	117 (CIPII registry) 	↓ HbA1c 	↓ hypoglycaemic events 	↓ in some patients 	↓ vs. baseline 	↑ satisfaction


 	Dassau et al. (16) 	pilot clinical study with closed-loop 	6 (short-term) 	↓ postprandial glucose spikes 	↓ hypoglycemia after meals 	more physiological insulin profile 	not reported 	potential for future closed-loop application


 	Dirnena-Fusini et al. (12) 	systematic review and meta-analysis 	32 studies included 	↓ HbA1c by 0.61% vs. CSII 	↓ severe hypo/hyperglycemia 	↓ glycemic variability 	↓ TDD vs. SC 	↑ satisfaction reported





↑, increase; ↓, decrease; HbA1c, glycated hemoglobin; TDI, total daily insulin dose; QoL, quality of life; HRQoL, health-related quality of life; CIPII, continuous intraperitoneal insulin infusion; SC, subcutaneous; CSII, continuous subcutaneous insulin infusion.
 

CIPII resulted in a significant clinical benefit with a great reduction in HbA1c levels in Patient 1, approximately of −6%, in the 3 months following the placement of the DiaPort. Therefore, the advantage of this insulin delivery route was documented by a TIR improvement from 14 to 66%, and a reduction of over 100 mg/dL in ABG level (as showed in Figure 1). During the temporary return to multiple SC injections, a further worsening of the ABG and GMI as a surrogate of HbA1c, a significant reduction in TIR and in TITR (time in tight range, 70–140 mg/dL), and an increase in TAR, also confirmed the benefit of CIPII on glycemic control in Patient 1 (Table 1).

In the case of Patient 2, glycemic control in terms of HbA1c was already satisfactory prior to the transition to CIPII (HbA1c 6.4% in the quarter before the DiaPort implantation). However, this variable could have been influenced by the presence of a high frequency of hypoglycemic episodes (<70 mg/dL), often unnoticed, related to erratic SC insulin absorption despite an optimal basal doses on CSII. Starting of CIPII, reduced hypoglycemic events (TBR from 10 to 2%) in this patient and significantly limited the need for carbohydrate intake corrections (Table 1). For Patient 2, returning to SC insulin therapy caused a new increase of time spent in hypoglycemia (Table 1) and a decrease in both the ABG and HbA1c levels (as showed in Figure 1).

Many observational studies also found a lower incidence of hypoglycemia (with reduction up to 83%), along with an improvement of HbA1c using CIPII versus SC insulin route (2, 11), as reported in Table 3. Moreover, the incidence of severe hypoglycemia with CSII was more than twice the one on CIPII (4). A more recent systematic review and meta-analysis highlighted that CIPII improved overall glucose control by a significant reduction of HbA1c and fasting insulin levels versus CSII therapy in unstable T1D (12). Among primary outcomes, the frequencies of hypo- and hyperglycemia during CIPII were reduced, despite the TDI dose remained unchanged compared to that during CSII. It is likely because of insulin concentrations peaked faster and returned to baseline levels more quickly after the administration of insulin boluses during CIPII treatment (12).

CIPII is able to improve glucose variability (up to 5%) compared to SC administration, regardless of the type of glucose monitoring used (2). In fact, both studies conducted prior to the availability of rt-CGM and those conducted using rt-CGM have ultimately shown lower glucose variability (CV) with CIPII compared to SC insulin administration (MDI and CSII) (13). Indeed, glycemic variability is not only a predictor of hypoglycemic events and other diabetes-related complications, but it is also a very relevant aspect of glycemic control, and an additional independent risk factor for diabetes-related complications (14).

In our patients, CIPII led to an improvement in the glycemic CV based on metrics derived from both capillary SMBG and interstitial rt-CGM. As expected, the temporary return to standard SC insulin therapy caused a worsening of glycemic variability above the acceptable threshold (≤ 36%).

Beyond glycemic control, CIPII treatment positively affects QoL with a significant improvement of self-reported general QoL on the SF-36 questionnaire and treatment satisfaction in comparison with CSII therapy in several crossover and randomized trials (RCTs) (6), as showed in Table 3. In both the cases we have presented, the use of the DiaPort system improved the QoL and the patients’ attitude toward a more active management of diabetes and insulin therapy. Notably, Patient 1, who had previously not accepted the use of rt-CGM, started using them after the DiaPort placement, leading to further benefits in glycemic control. In fact, for Patient 1, an only slight increase in CV was observed during the period when CIPII was interrupted, and it can be hypothesized that maintaining glycemic monitoring through rt-CGM played an important role.

Therefore, encouraging results have emerged from a non-randomized study on 10 T1D patients sequentially treated with a fully automated closed-loop by SC insulin delivery and by intraperitoneal insulin route (15). Use the IP insulin delivery (DiaPort) plus artificial pancreas (AP) resulted in better glucose control in term of percentage of TITR (70–140 mg/dL), HbA1c and hypoglycemic events (16).



3.2 Complications and costs of CIPII

The most reported complications of CIPII were infections at the port site (0.025 events/patient/month), and replacement of several catheters due to occlusions (0.02 events/patient/month) (17). Our clinical experience is in line with the available literature data.

CIPII using implantable programmable pumps was very promising. However, several problems, including reimbursement of pump cost, need to refill the reservoir in an outpatient setting, high development costs, catheter blockage, pump pocket infections, etc., have made this approach increasingly rare. An IP access combined with an external pump allows more flexibility and independence for patients, although issues like catheter blockage and site infections are still unsolved. Therefore, CIPII with external pump enables a shift to closed-loop insulin delivery (15). Unlike current SC-based closed-loop systems, which struggle with postprandial glucose control and delayed insulin action, CIPII offers faster insulin kinetics. This can improve post-meal glucose regulation and reduce hypoglycemia (15). A small study supports its potential, showing near-physiological insulin absorption, quicker glucose normalization, and fewer hypoglycemic events (17).

An important issue of CIPII therapy is its high cost for implantation procedures, substitution of membrane of the port, human insulin importation, with first-year expenses around €31,000 and about €7,500 annually thereafter (about €6,000 more per year than the cost of CSII) (6). Despite the high upfront costs, CIPII may be cost-effective in patients with unstable glucose control by significantly reducing hospital stays and DKA-related admissions (18). The case of Patient 1 documents this benefit, showing a marked drop in hospitalizations and emergency IV insulin treatments after switching to CIPII.

Pancreas or islet cell transplants are, if successful, the only biological treatments currently available to prevent long-term complications in T1D. While potentially effective, their drawbacks such as surgical risks, donor dependency, high rejection rates, and the need for lifelong immunosuppression, limit their appeal. In Patient 1, a pancreas transplant initially improved glycemic control (notable reduction in HbA1c), but failed due to complications. Later islet infusions stabilized glucose levels for several years, even allowing for the temporarily suspension of exogenous insulin, but eventually lost function despite intensive immunosuppression.




4 Conclusion

Based on the combined results of improved glycemic control, better QoL and treatment satisfaction, CIPII may be a valid treatment option for T1D patients with inadequate glycemic control or with frequent experience of unexpected hypoglycemic events on standard MDI or CSII therapy. CIPII has clear advantages over SC insulin administration in term of pharmacokinetic and pharmacodynamics properties and has been shown to improve glycemic regulation in T1D patients who failed to reach an adequate glycemic control despite intensive SC insulin therapy.

The cases presented are among the few found in the national clinical landscape and, therefore, represent examples of the applicability of CIPII in selected T1D patients who have a “real” inadequate SC insulin absorption. To this end, it is always useful to exclude in the patient’s clinical history psychological conditions of fragility or impairment that may interfere with the proper management and consistent administration of insulin therapy.

The most significant and encouraging results highlighted by our reports are the improvement in glycemic control based on the reduction of HbA1c, a better glycemic variability, and less frequent hypoglycemic events, including severe ones, not only when starting CIPII, but also after its reintroduction following a temporary suspension. Both the reduction in hospital admissions for DKA and the decrease in severe hypoglycemic events have led to an improvement in the QoL of our patients.

Another possible benefit of IP insulin delivery could be a potential improvement of the performance of AP with the use of a fully automated CL system. At present, only hybrid CL with SC insulin administration are available. In these systems, patients have to inform the system of the amount of carbohydrates ingested, from which the system calculates the bolus of insulin to be administered. The development of a fully closed-loop AP requiring no regular daily intervention by the patient and at the same time maintaining glucose levels in the normal or close-to-normal range remains distant. For this reason, a potential switch from SC to CIPII insulin delivery could help to make this a feasible and clinically more valid therapeutic option in selected patients.

Our aim was not only to describe our clinical experience with CIPII, but also to highlight the need for this insulin delivery system to remain available for centers of excellence, combined with stable availability of compatible human insulin, and to establish a path for accessing this technology even for more peripheral diabetes centers.

The potential discontinuation of DiaPort, and/or the limited availability of compatible insulins, would make the management of diabetes and the control of its acute complications more challenging for T1D patients with very unstable glucose control. The available alternatives, such as transplants and hybrid insulin pump systems with automatic working algorithms, have only a limited potential for these patients, considering that intensive pharmacological therapies in the first case and SC insulin administration in the second one remain important limiting factors.
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Glossary


	CIPII

	
continuous intraperitoneal insulin infusion



	T1D

	
type 1 diabetes



	MDI

	
multiple daily (insulin) injection



	CSII

	
continuous subcutaneous insulin infusion



	SC

	
subcutaneous;



	QoL

	
quality of life



	ATG

	
anti-thymocyte globulin



	MMF

	
mycophenolate mofetil



	DKA

	
diabetic ketoacidosis



	SMBG

	
self-monitoring blood glucose



	rt-CGM

	
real-time continuous glucose monitoring



	HbA1c

	
glycated hemoglobin



	ABG

	
average blood glucose



	CAPD

	
continuous ambulatory peritoneal dialysis



	TIR

	
time in range



	TBR

	
time below range



	TAR

	
time above range



	GMI

	
glucose management indicator



	CV

	
variability coefficient



	TITR

	
time in tight range



	IP

	
intraperitoneal



	AP

	
artificial pancreas



	CL

	
closed-loop



	TDI

	
total daily insulin dose



	IU

	
international unit



	IV

	
intravenous



	RCT

	
randomized controlled trial
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Wolfram syndrome type 1 (WS1) is a rare genetic disorder characterized primarily by non-autoimmune diabetes mellitus, optic atrophy, deafness, and diabetes insipidus. It may include other endocrine, urological, psychiatric, and neurological disorders. The syndrome arises from mutations in the WFS1 gene, which encodes the Wolframin protein, a key regulator of endoplasmic reticulum (ER) function in pancreatic beta-cells and other tissues. Diabetes in WS1 typically has an early-onset, progresses slowly, and is characterized by insulin deficiency, low insulin requirement, and a lower incidence of chronic complications compared to type 1 autoimmune diabetes. Nowadays, there is no cure for WS1, and management relies on the treatment of the different associated conditions. Fertility can be compromised due to hypogonadism, although cases of successful pregnancy have been reported. These are high-risk pregnancies due not only to hyperglycemia, but also to the other comorbidities of the WS1. This review discusses the peculiarities of diabetes associated with WS1 and the reproductive outcomes in WS1, reporting a case of successful pregnancy in a woman with WS1 treated with a hybrid closed-loop insulin pump.
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1 Introduction

Wolfram syndrome (WS) is a rare genetic disorder characterized by the presence of diabetes mellitus, optic atrophy, deafness, and diabetes insipidus, also known as DIDMOAD (1, 2). It is a neurodegenerative progressive disorder, transmitted in an autosomal recessive manner, which may include various pathological conditions (3). Its prevalence can vary across different geographical areas, from 1 in 100,000 people in North America to 1 in 770,000 in the UK (4–6). In Italy, the prevalence of WS is estimated to be 1 in 1,351,000, with peaks of prevalence in certain regions (i.e., 1 in 54,478 in North-Eastern Sicily) (7, 8).

Depending on the mutant gene, there are two types of WS (OMIM 222300). WS type 1 (WS1) is caused by a mutation in the WFS1 gene or Wolframin gene, located on chromosome 4p16.1, encoding the Wolframin protein, which is involved in the regulation of the endoplasmic reticulum (ER)’s unfolded protein response (UPR) within the pancreatic beta-cells and other tissues (9). WS type 2 (WS2) is caused by a mutation in the CISD2 gene on chromosome 4q22, encoding the protein ERIS (ER intermembrane small protein), also associated with the ER (10). Furthermore, there are also forms of autosomal-dominant inheritance associated with heterozygous pathogenic variants of WFS1 that are collectively termed “WFS1-related disorders” (11).

Diagnosis of WS1 is often difficult because symptoms appear subtly at different times in the patient’s life, with genetic testing often being delayed, postponing correct diagnosis and appropriate treatment. Diabetes mellitus is often one of the earlier manifestations. Prognosis of the disease usually depends on the severity of neurological symptoms, which may lead to premature death between the ages of 25–50 years of age (6, 11). Clinical features of WS1 are the following: diabetes mellitus, optic atrophy, diabetes insipidus, sensorineural hearing loss, neurological disorders (e.g., brain atrophy, ataxia, central apnea), urinary tract dysfunctions (incontinence, neurogenic bladder, urinary tract infections), hypogonadism, central hypothyroidism, growth retardation, psychiatric illness, gastrointestinal issues (11).

In this review, we aim to explore the peculiarities of diabetes in WS1 and how it affects fertility and pregnancy, reporting a case of a woman with WS1 who safely delivered after spontaneous conception.



2 Diabetes in Wolfram syndrome

Diabetes mellitus (DM) in WS1 is a non-autoimmune diabetes with onset in youth, characterized by the loss of beta-cells, with low C-peptide levels. Although rare, some cases of positivity of autoantibodies specific for type 1 diabetes (T1DM) in WS1 are reported in the literature (12). DM is often one of the first manifestations of the syndrome, as it usually occurs within the age of 16 years, usually around 6 years of age (13). The onset of diabetes is most of the time slow and without ketoacidosis, insulin requirement is low, and microvascular and macrovascular complications are rare (13–15). DM in WS1 is caused by a dysfunction of ER management that negatively affects beta-cell mass maintenance.


2.1 WS as a model of ER distress disease

The protein Wolframin is an ER transmembrane protein involved in regulating ER calcium homeostasis, the UPR, and vesicular transport from the ER to the Golgi apparatus (16–19). ER is an intracellular organelle fundamental for post-translational modification and folding of proteins. Proteins correctly folded will progress down the secretory pathway, while not correctly folded proteins will be dismissed by a specific ER-associated pathway (20). When the ER load overcomes its folding capacity (i.e., viral infections, environmental toxins, inflammatory cytokines, decreased ER calcium levels, mutant protein), the ER enters a condition of stress. Mutations in the coding region of highly expressed proteins, handled by the ER, may directly perturb their folding and cause ER stress (21). Cells face ER stress by triggering the UPR that has three major regulators: activating transcription factor 6α (ATF6α), protein kinase R-like ER kinase (PERK), and inositol-requiring enzyme 1α (IRE1α) (21, 22).

WFS1 protein has a fundamental role in preserving beta-cell function and viability in physiologic and pathophysiologic states through the positive regulation of insulin production and the negative regulation of ER stress-inducible pro-apoptotic factors.

WFS1 deficiency causes dysregulation of insulin production and secretion, ER calcium depletion, and calpain 2 activation, resulting in activation of an apoptotic pathway (23).

In 2020, Abreu et al. (24) demonstrated that in WFS1 knockout mice, there is ER stress, beta-cell dysfunction, and impaired insulin secretion that leading to a progressive decline in glucose control and insulin deficiency. The abnormal islet architecture in that animal model reflects the cellular dysfunction seen in patients with WS1. WFS1 loss causes a reduction of beta-cell number and also affects beta-cell maturity, leading to an abnormal beta/alpha cell ratio in the pancreatic islets. The authors also reveal that under physiologic conditions, WFS1 promotes insulin production and modulates pro-apoptotic molecules of the ER stress response to sustain an adaptive response through AKT activation (24). Under pathologic conditions, as in the case of a mutated WFS1, the absence of WFS1 leads to unregulated ER stress that culminates in beta-cell death, at least partly due to the repression of AKT survival pathways. Moreover, WFS1 is likely to be involved also in type 2 diabetes mellitus (T2DM), as islets from T2DM donors had significantly lower levels of WFS1 and insulin gene expression than islets from donors without diabetes (24).

According to a recent paper by Amo-Shiinoki et al. (25), the endocrine dysfunction in WS is due to beta-cell dedifferentiation and loss of cellular identity. An immunohistochemical analysis of human pancreatic sections from deceased donors with WS1 highlights a significant loss of beta cells and consequent decrease in alpha cells. Authors found that inhibition of thioredoxin-interacting protein (Txnip), a protein involved in metabolic stress response, preserved functional beta-cells and improved metabolic dysfunction in a WFS1-knockout mouse model of WS1 (25). Also, beta cell inflammation seems to have a role in the pathogenesis of diabetes in WS1. The inflammation induced by excessive ER stress is called sterile inflammation, as it is not associated with infections. The UPR pathway interacts with IkB, an inhibitor of the nuclear factor-κB (NFκB), which is a family of transcription factors regulating gene expression of pro-inflammatory cytokines, and regulates the nuclear translocation of NFkB. These mechanisms may lead to sterile inflammation (26, 27). As beta cells have a high load for ER, they are prone to ER stress and consequently sterile inflammation (28). Morikawa et al. (29) found islet-localized inflammation in WS1 models and suggested that WFS1 works to regulate sterile inflammation in pancreatic beta cells. PERK and IRE1α pathways mediate high glucose-induced inflammation in a beta cell model of WS1, while macrophage infiltration and hypervascularization were detected in the islets of WFS1-knockout mice (29).

In addition to its well-established role in ER stress regulation, Wolframin is a critical modulator of mitochondria-associated ER membranes (MAMs) and mitochondrial function. ER stress have an impact on mitochondrial dynamics through inositol 1,4,5-trisphosphate receptor (IP3R) impairments and altered calcium homeostasis, with consequent inhibited mitochondrial fusion, altered mitochondrial trafficking, and increased mitophagy (30). Deficiency of WFS1 protein in MAMs and, more specifically an alteration of the interaction between WFS1 protein and Voltage-Dependent Anion Channel 1 (VDAC1), disrupts MAMs integrity, reduces Ca2+ transfer from the ER to mitochondria and impairs oxidative phosphorylation (31, 32).

Different mutations in the WFS1 gene are associated with distinct clinical manifestations, with nonsense or frameshift variants generally resulting in more severe symptoms compared to missense or in-frame variants (33). Patient-derived induced pluripotent stem cells (iPSCs) represent a valuable in vitro model to investigate alternative splicing isoforms of WFS1 in pancreatic beta cells, as recently demonstrated by Chimienti et al. (33). In their study, the authors explored the molecular mechanisms underlying pathological alterations in a WS patient carrying compound heterozygous WFS1 mutations: c.316-1G > A, affecting the acceptor splice site upstream of exon 4, and c.757A > T, introducing a premature termination codon (PTC) in exon 7. They demonstrated that partial retention of the functional Wolframin C-terminal domain preserves some endoplasmic reticulum (ER) stress responses. Furthermore, they reported that PTC-containing WFS1 mRNAs undergo nonsense-mediated decay (NMD) in the beta cells, and showed that inflammatory cytokines exacerbate NMD, leading to increased beta-cell death.

Building upon these findings, a subsequent study delved deeper into the phenotypic characteristics of beta cells derived from the same patient. This research revealed that these cells exhibited an immature endocrine profile, defective pro-insulin processing, blunted glucose-stimulated Ca2+ oscillations, and altered autophagic flux. The study also highlighted the potential of patient-specific iPSC-derived beta cells as a platform for modeling disease pathology (34). A deeper understanding of genotype-phenotype correlations will advance our knowledge of Wolfram syndrome pathogenesis and potentially open new avenues for therapeutic intervention.



2.2 Characteristics of DM in WS1

DM in WS1 is considered similar to T1DM, as both are insulin-deficient and require insulin treatment to control hyperglycemia. Autoimmunity in DM related to WS1 is negative, except for rare cases of positivity reported in the literature (12). The onset of diabetes is usually early in life, and with a lower prevalence of diabetic ketoacidosis (14). Compared to T1DM, diabetes in WS1 has a longer phase of remission after onset, and patients are prone to hypoglycaemic events (35), likely because of an impairment of hypoglycemia awareness, as a result of the associated neurologic dysfunction. A measurable C-peptide secretion has been reported in some cases after more than 8 years from the diagnosis of diabetes related to WS1 (36). Glucose control is usually better and insulin doses are lower in DM associated WS1 than in T1DM. In the cohort of Cano et al. (14) mean HbA1c in WS1 patients was 7.72 ± 0.21 vs. 8.99 ± 0.25% in persons with T1DM, P = 0.002, while the mean insulin requirement was 0.71 ± 0.07 vs. 0.88 ± 0.04 UI * kg * day, respectively, P = 0.0325. Chronic diabetes complications are rarer in WS1 than in T1DM (14, 35). These data suggest that the progression of insulin deficiency may be slower in DM related to WS1 than in T1DM. In these patients, higher values of HbA1c are associated with a faster progression of neurodegenerative and endocrine symptoms (35), indicating that hyperglycaemia itself may play a role in ER distress. Glucose toxicity on different body tissues involves oxidative stress by reactive oxygen species (37, 38). This highlights the importance of good glucose control in WS1 patients. Table 1 summarizes characteristics of diabetes related to WS1 compared to T1DM.


TABLE 1 Characteristics of diabetes related to WS1 compared to Type 1 diabetes.


	
	WS1-related diabetes
	T1DM





	Age at onset
	Earlier
	Later



	DKA at onset
	Rare
	Frequent



	Autoantibodies for diabetes
	Negative/rare
	Present



	HbA1c at onset
	Low
	High



	Mean Hba1c during treatment
	Low
	High



	Remission
	Long
	Short



	Insulin requirement
	Low
	High



	Diabetic retinopathy
	Rare
	More common



	Diabetic nephropathy
	Rare
	More common






WS1, Wolfram syndrome; T1DM, type 1 diabetes; DKA, diabetic ketoacidosis.






2.3 Treatment of diabetes related to WS1

Presently, there are no therapies capable of interfering with the natural history of WS1, and treatment of WS1 relies on the treatment of associated conditions. Diabetes associated with WS1 requires insulin therapy, using a basal-bolus scheme or continuous subcutaneous insulin infusion (CSII) (11). Recently, other therapies have been tested to modulate WS1 pathogenic mechanisms and indirectly increase the synthesis of insulin and restore other damaged pathways.

As chemical chaperones have a role in ER distress, they have been tested as a possible regulator of ER distress in WS1. A chemical protein folding and trafficking chaperone, 4-phenyl butyric acid (PBA), has been studied in insulin-producing cells created from skin fibroblasts of patients with WS1 (39). The chaperone was effective in reducing the activity of UPR pathways and restoring insulin production. Two chaperones, 4-PBA and tauroursodeoxycholic acid (TUDCA), have already been approved by the Food and Drug Administration (FDA) and may have the potential to reduce misfolded WFS1 protein load (40, 41), but the need to use high concentrations may limit the use of these drugs in humans (41).

Another therapeutic target may be ER calcium stabilizers that can reduce the WFS1 calcium depletion and counteract the activation of the calpain protease pathway. Dantrolene sodium is an FDA-approved drug for malignant hyperthermia and muscle spasm (40). It inhibits calcium depletion through ryanodine receptors on the ER. It has been studied in a phase Ib/IIa open-label trial on 19 persons with WS1 (42). It was safe and well tolerated, but unfortunately not effective in improving beta-cell function, although there was a positive correlation between baseline beta-cell function and change in beta-cell function after 6 months. Furthermore, there were no improvements in visual acuity and neurological functions (42).

An interesting target could be p21 protein, a cyclin-dependent kinase inhibitor with anti-apoptotic effect, fundamental for cell survival after ER stress (41). Valproic acid is a drug approved for the treatment of epilepsy, bipolar disorder, and migraine. It is known to increase the expression of p21 in WS1 (43). A randomized double-blind, placebo-controlled trial on 63 persons with WS1 is currently ongoing to test valproate in WS1 (ClinicalTrials.gov identifier: NCT03717909). In case Valproate will be used in clinical practice in women with WS, it will be important to make patients aware of the teratogenic effects of this drug (44).

Glucagon-like peptide-1 receptor agonists (GLP-1 RA) may be a treatment for WS1 (45). These drugs are already prescribed to treat diabetes and obesity. GLP1-RA can prevent and reduce cell death due to ER stress in vitro and animal models (41). Toots et al. (46) demonstrated that a 6-month treatment with Liraglutide, started before the occurrence of the metabolic symptoms, prevented the development of glucose intolerance, ameliorated insulin and glucagon secretion, reduced ER stress and inflammation in beta cells of a rat model of WS1. Data on the use of Liraglutide in four pediatric patients with WS1 are reassuring in terms of safety, tolerability, and efficacy on C-peptide secretion and glucose metrics (47). A case report showed that treatment with liraglutide improved glycemic control and reduced daily insulin requirement by 20% in one patient with WS1 (48). A mechanistic study confirmed and expanded upon these findings, showing that liraglutide treatment not only effectively restored insulin secretion capacity but also ameliorated other critical cellular defects, including impaired autophagy and inflammation-driven apoptosis. These results underscore the potential of liraglutide as a multifaceted therapeutic strategy in managing the complex pathophysiological manifestations of WS1 (34).

Other promising approaches could be gene therapy and regenerative medicine (40). Adeno-associated viral (AAV) systems could be used to transfer wild-type WS1 and allow producing the native protein (40). Regenerative medicine should work to replace damaged tissues, especially beta cells and ganglion cells, as iPSCs have been generated from patients with WS1 and their relatives for scientific investigations (49), thus representing a valuable platform for replacement therapy (40).

Given the involvement of MAM dysfunction in WS1, therapeutic strategies are emerging that target ER–mitochondria communication and mitochondrial health. Pharmacological activation of the Sigma 1 receptor (S1R), an ER resident chaperone, restored calcium transfer from ER to mitochondria, improve mitochondrial respiration, and reduce pathological autophagy in WS1 models (50). In transgenic mouse and zebrafish models of WS1, the activation of S1R was obtained through the S1R agonist PRE-084 and allowed to reverse locomotor and cognitive deficits, highlighting a potential disease-modifying approach (50). Also liraglutide demonstrated a positive effect on calcium homeostasis and mitochondrial vitality (32).




3 Fertility in Wolfram syndrome

Infertility in WS1 is caused by gonadal dysfunction. Both hypogonadotropic and hypergonadotropic hypogonadism have been described (6, 7, 41, 51), and their prevalence varies from different studies, ranging from 7.1% to 50% (52–55). In the cohort of Salzano et al. (52), hypogonadotropic hypogonadism and hypergonadotropic hypogonadism were both reported in 7.1% of the patients. In a Turkish cohort (54), hypogonadism occurred in 33% of the patients, and similarly, in a Spanish cohort (53), hypogonadism was reported in 27.8% of patients with WS1. In an Italian cohort, primary hypogonadism reached a prevalence of 50% (55). Gonadal dysfunction is less frequent in females, who usually have primary amenorrhoea with low levels of gonadotropins, even if a case of hypergonadotropic hypogonadism has been reported in a 16-year-old female (56). Gonadal dysfunction in males has a variety of presentations, with fibrotic and atrophic testes, small penis, erectile dysfunction, and gynecomastia (41, 51–53). Pubertal and growth delay have also been reported due to hypopituitarism (55).

In WS1, there is an anterior pituitary hypofunction due to hypothalamic decreased function, causing secondary hypogonadism (11). The mechanism at the basis of primary hypogonadism is not clear. A hypothesis has been elaborated in studies in male mice knock out (KO) for the Wolframin gene (57). In WFS1 KO mice, there is an alteration of sperm morphology, but no impairment in the motility of spermatozoa. Histology revealed that the seminiferous tubules in WFS1 KO mice had no spermatogenic cells. The quantity of sperm was reduced due to a decrease in the number of spermatogonia and Sertoli cells. Leydig cells were not affected. Wolframin underexpression may impair spermatogenesis by increasing ER stress and spermatogenic cell apoptosis (55).

Despite these disorders in fertility, a case of male fertility (58) and various cases of pregnancies have been described (11).



4 Pregnancy in Wolfram syndrome

To date, there have been twenty reported cases of successful pregnancy in women with WS1 worldwide (6, 59–66). The available clinical characteristics of published pregnancies in WS1 females are summarized in Table 2.


TABLE 2 Characteristics of pregnancies in females affected by WS1 according to literature.


	
	Peden et al. (59)
	Davidson et al. (60)
	Davidson et al. (60)
	Davidson et al. (60)
	Wilson et al. (61)
	Rugolo (62)
	Kesavadev (63)
	Toppings (64)
	Zhang (65)
	Zhang (65)



	Year
	1986
	1993
	1993
	1993
	1995
	2002
	2007
	2018
	2023
	2023



	Country
	Canada
	Ireland
	Ireland
	Ireland
	Australia
	Italy
	India
	Canada
	China
	China





	Age at pregnancy
	24
	27
	30
	NA
	25
	26
	28
	39
	25
	31



	Features of WFS
	DM, OA, palpable bladder
	DM, OA
	DM, OA
	DM, early hydroureter
	DM, OA, DI, deafness, dilatation of the pelvicalyceal system
	DM, deafness, OA
	DM, OA, acute psychosis, DI, bilateral hydronephrosis and hydroureters
	OA, cerebellar ataxia, deafness
	DM, OA
	DM, OA



	Previous oligomenorrhea
	No, with delayed puberty
	No
	No
	Yes
	NA
	Yes
	No
	NA
	NA
	NA



	Spontaneous pregnancy
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes



	Insulin therapy
	MDI
	MDI
	MDI
	NA
	MDI
	NA
	Insulin pump
	MDI
	MDI
	MDI



	HbA1c at conception (mmol/mol)
	NA
	NA
	NA
	NA
	100
	NA
	67
	43
	NA
	49



	Maternal outcomes
	Preeclampsia, partial cranial DI, sensorineural deafness, acute urinary retention
	No
	Preeclampsia, DI, hearing loss, lower limb peripheral neuropathy, atonic bladder, hydroureteronephrosis
	Leg oedema, DI, cerebral infarct driving to hemiplegia, high tone hearing loss, OA
	No
	DI
	No
	DM
	Acute appendicitis
	No



	Fetal outcomes
	No
	No
	No
	Polyhydramnios
	IUGR
	Polyhydramnios
	No
	No
	No
	Abnormal fetal heart rate monitoring



	Week at delivery
	36
	38
	37
	37
	32
	34
	36
	39
	35
	37



	Cesarean section
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes



	Neonatal gender and weight
	2,466 g, F
	M
	M
	M
	1,610 g, F
	2,350 g, M
	3,100 Kg, M
	3,374 g, F
	2,500 g
	3,200 g, F






NA, not available; DM, diabetes mellitus; DI, diabetes insipidus; OA, optic atrophy; AUR, acute urinary retention; IUGR, intrauterine growth restriction.




The first report of a successful pregnancy in WS1 was described by Peden et al. (59). At the time of conception, the patient had already developed optic atrophy and diabetes mellitus. Despite delayed menarche, menses were regular, and she spontaneously conceived. During pregnancy, she developed partial cranial diabetes insipidus. Due to pre-eclampsia, she underwent a cesarean section at 36 gestational weeks, giving birth to a female infant of 2.460 grams, whom she breastfed for three weeks. During pregnancy, her hearing declined, and audiometry revealed severe sensorineural hearing loss. After childbirth and while not using desmopressin, she experienced recurrent episodes of urinary retention, temporarily requiring an indwelling catheter. Exams showed a dilated bladder, hydronephrosis, and hydroureter. WS spectrum disorder was confirmed.

In 1993, Davidson et al. (60) described two siblings with WS1. The first sibling was diagnosed with diabetes at the age of 13 and optic atrophy at 19. She experienced menarche at 16 and had regular menstrual cycles. At age 27, she became pregnant and delivered a healthy boy via cesarean section. At 30, she became pregnant again, and her pregnancy was complicated by pre-eclampsia. After delivery, she was diagnosed with diabetes insipidus and hearing loss, leading to the diagnosis of WS. The younger sister was diagnosed with diabetes at the age of 5. She experienced menarche at 17 with irregular menstrual cycles. At 21, she became pregnant. Her pregnancy was complicated by polyhydramnios and oedema of the lower extremities, and she gave birth to a baby boy through cesarean section. Following this birth, she developed severe diabetes insipidus, hypovolemia, and a cerebral infarction. She was subsequently diagnosed with hearing loss and optic atrophy.

In 1995, Wilson and Moore (61) reported another case of successful pregnancy in a patient with WS1. Her Hb1Ac at conception was elevated, but improved during pregnancy. At 32 weeks of gestation, ultrasound examination revealed significant fetal growth restriction and impaired diastolic blood flow in the umbilical cord. Dexamethasone therapy was administered for fetal pulmonary maturation, and she delivered a female infant, weighing 1,610 g, by cesarean section at 32 gestational weeks.

In 1995, Barrett et al. (6) performed a nationwide cross-sectional case-finding study in the United Kingdom. Many female patients with WS1 exhibited menstrual irregularities and delayed menarche. Five of them had successful pregnancies, resulting in the birth of nine unaffected children. No further clinical information about their pregnancies is available.

In 2002, Rugolo et al. (62) described the pregnancy of a 26-year-old female patient with WS1. The patient was known for diabetes mellitus, optic atrophy, and deafness. During pregnancy was diagnosed with diabetes insipidus, so a diagnosis of WS1 was made. Unfortunately, at 33 gestational weeks, ultrasound examination revealed polyhydramnios, elevated fibrinogen levels, alterations in the electrophoretogram, and worsening glycemic control, prompting the decision to perform a cesarean section at 34 weeks of gestation. This resulted in the birth of a healthy male infant weighing 2,350 g.

An Indian patient previously diagnosed with WS1 was followed before and during her pregnancy in 2006 (63). During prenatal care, she was initially started on a basal-bolus regimen (glargine and three times-daily premeal insulin aspart), later changed to a subcutaneous insulin pump in association with frequent capillary blood glucose monitoring, maintaining HbA1c between 5.2% and 5.9%. She became pregnant in December 2006, and HbA1c remained below 6% throughout her pregnancy. She was admitted to the hospital in the final month of her pregnancy. A cesarean section was performed, delivering a healthy male baby weighing 3.100 grams. She had an uneventful postpartum period.

In 2018, Toppings et al. (64) published the case of a 39-year-old woman who was diagnosed with WS1 after being evaluated following her first pregnancy complicated by gestational diabetes (GDM). She was known to have bilateral optic atrophy and sensorineural deafness from the ages of 10 and 25 years, respectively. She also presented neurological manifestations compatible with cerebellar ataxia. She was diagnosed with GDM at 16 weeks of gestation, with age being her only risk factor for GDM. She was treated with insulin, up to a maximum of 25 units per day. She delivered a healthy female neonate weighing 3,374 g at 39 weeks of gestation by cesarean section due to transverse presentation. Three months postpartum, the patient met the criteria for diagnosis of diabetes mellitus based on a 75 g oral glucose tolerance test (OGTT). Antiglutamic acid decarboxylase and anti-islet cell antibodies were negative. Genetic testing revealed two mutations pathognomonic for WS1.

The most recent report was the one about two subsequent pregnancies in a female known for WS1 since the age of 24 (65). The patient had three induced abortions for personal reasons. At 27 years of age, she delivered her first son by emergency cesarean section due to acute appendicitis at 35 weeks of gestation. Her second pregnancy started with an HbA1c of 6.6%; she was treated with intensive insulin therapy and reached and maintained HbA1c levels of 5.6%–6% throughout pregnancy. She was hospitalized in the third trimester due to an abnormality in the fetal heart rate monitoring. A cesarean section delivery was performed at 37 weeks of gestation because of breech presentation. There were no adverse maternal or fetal outcomes.



5 Case report

A 44-year-old woman with Wolfram syndrome type 1 (WS1) spontaneously became pregnant. Diabetes mellitus was diagnosed at the age of 11 and was initially managed with nutritional therapy. However, glycaemic control gradually worsened, requiring insulin therapy. At age 35, due to frequent nocturnal hypoglycaemic episodes, she was started on an insulin pump with continuous glucose monitoring (CGM). Her insulin pump evolved from a system with low-glucose suspend to predictive low-glucose suspend, and eventually to an advanced hybrid closed-loop (AHCL) system (MiniMed 780G). At age 32, she developed urinary symptoms including urgency, frequency, and enuresis. Urodynamic evaluation led to a diagnosis of detrusor overactivity, and anticholinergic treatment was initiated. That same year, brain magnetic resonance imaging revealed multisystemic brain atrophy. Progressive ophthalmologic issues also emerged, including high myopia with nystagmus, elevated intraocular pressure, and optic atrophy. At age 39, the diagnosis of WS1 was genetically confirmed. Two heterozygous pathogenic variants in exon 8 of the WFS1 gene were identified: a three-nucleotide deletion (c.1060_1062del), resulting in the loss of one amino acid (p.Phe354del), and a missense mutation (c.2534T > G), leading to an amino acid substitution (p.Ile845Ser).

At 41 years of age, the patient had regular menstrual cycles every 34–38 days and began planning for pregnancy at the multidisciplinary Diabetes and Pregnancy outpatient clinic of our hospital. Glycemic control improved following adjustments to her therapy and participation in educational sessions, with HbA1c reaching near-target levels at 6.8% (51 mmol/mol). Anticholinergic therapy, which is contraindicated in pregnancy, was discontinued, and folic acid supplementation at a dose of 5 mg daily was initiated. Her partner underwent genetic counseling to assess the risk of WS1 transmission to their offspring.

Despite initial efforts, spontaneous conception did not occur, and the patient underwent assisted reproductive therapy three years later, which was unsuccessful, but at the age of 44, she conceived spontaneously. Her first antenatal visit was at 8 weeks of gestation. Preconception HbA1c was 7.2% (55 mmol/mol), and her preconception weight was 46 kg (height 1.56 m; Body Mass Index [BMI]: 18.6). The patient was informed about the off-label use of the MiniMed 780G advanced hybrid closed-loop (AHCL) system during pregnancy and agreed to continue using it with the SmartGuard algorithm. The duration of insulin on board was reduced to 2 h, and the glycemic target was set at 100 mg/dL. Despite educational support, adherence to continuous glucose monitoring (CGM) sensor use was suboptimal. She continued to use carbohydrate counting, and insulin-to-carbohydrate (IC) ratios were adjusted throughout pregnancy in response to rising insulin requirements and increasing insulin resistance (Table 3). With support from a dietitian, food diaries were regularly reviewed; however, adherence to nutritional recommendations remained suboptimal. In each trimester, automated correction boluses delivered by the algorithm accounted for more than 33% of the total daily insulin dose (TDD). The patient was advised to administer manual boluses when automated corrections were insufficient. Pregnancy-specific time in range (psTIR) was below target during the first and second trimesters but reached the desired level in the third trimester when SmartGuard usage exceeded 90% of the time (Figure 1). Her weight increased from 49.8 kg at the end of the first trimester to 53.6 kg at the end of the second trimester, reaching 68 kg by the end of pregnancy.


TABLE 3 Insulin pump settings and glucose indexes during pregnancy and post-partum.


	
	First trimester
	Second trimester
	Third trimester
	Post-partum





	Use of SmartGuard, %
	83
	89
	91
	73



	Avg ± SD sensor glucose, mg/dl
	137 ± 54
	130 ± 44
	117 ± 37
	135 ± 43



	Avg ± SD capillary glucose, mg/dl
	139 ± 53
	128 ± 47
	117 ± 43
	153 ± 59



	CV, %
	39.6
	34.2
	31.5
	31.9



	Avg ± SD daily CHO, gr
	253 ± 43
	237 ± 34
	238 ± 73
	221 ± 50



	GMI, % (mmol/mol)
	6.6 (48.6)
	6.4 (46.4)
	6.1 (43.2)
	6.5 (47.5)



	HbA1c, % (mmol/mol)
	7 (53)
	46 (6.4)
	42 (6)
	40 (5.8)



	TDD, units
	25.6
	24.6
	28.5
	23.3



	Insulin for boluses, units (%)
	15.5 (61)
	15.9 (65)
	19.1 (67)
	13.5 (58)



	Insulin for basal, units (%)
	3.1 (20)
	3.2 (20)
	2.2 (12)
	2.3 (17)



	Insulin for correction boluses, units (%)
	10.1 (39)
	8.7 (35)
	9.4 (33)
	9.8 (42)



	I/C ratio at breakfast
	25
	16
	20
	20



	I/C ratio at lunch
	11
	12
	20
	18



	I/C ratio at dinner
	25
	22
	30
	26






Avg, average; SD, standard deviation; CHO, carbohydrate; CV, coefficient of variation; GMI, glucose management index; HbA1c, glycated hemoglobin; TDD, total daily dose; I/C, insulin/carbohydrate.





[image: Bar chart illustrating glucose levels across trimesters and postpartum. Graph A shows percentages of TBR < 63 mg/dl, TIR 63-140 mg/dl, TAR < 140 mg/dl, and TAR < 250 mg/dl for the first, second, and third trimesters. Graph B shows similar data for postpartum with TIR 70-180 mg/dl and TBR < 70 mg/dl. Each section is color-coded: red for TBR, green for TIR, and yellow for TAR.]
FIGURE 1
Time in range (TIR), time below range (TBR) and time above range (TAR) during pregnancy (Panel A) and in the post-partum period (Panel B).


From the first antenatal visit, low-dose aspirin 100 mg daily was prescribed for the prevention of preeclampsia. Doxylamine combined with pyridoxine was used during the first trimester to manage nausea and vomiting. At 16 weeks of gestation, the patient was treated with antibiotics for a urinary tract infection. At 22 weeks, she developed a cough and fever, which were managed with paracetamol and aerosol therapy, including topical corticosteroids and mucolytics. Starting at 30 weeks, she began daily fetal movement counting, and from 32 weeks, routine fetal monitoring with non-stress tests was initiated. At 37 weeks and 2 days, elevated blood pressure (ranging from 155–186/82–98 mmHg) was detected during a non-stress test. Laboratory evaluation revealed elevated liver enzymes—alanine transaminase (ALT) at 85 U/L (normal: 6–41) and aspartate transaminase (AST) at 98 U/L (normal: 5–33)—a sFlt1/PlGF ratio of 153, and proteinuria of 0.686 g/24 h. A diagnosis of preeclampsia was made, and antihypertensive treatment with a calcium channel blocker was initiated. An elective cesarean section was performed the following day, at 37 weeks and 3 days of gestation. The patient delivered a healthy female neonate weighing 3,275 grams, with Apgar scores of 8 at 1 min and 10 at 5 min. PH of the umbilical artery was 7.129 U, base excess was −2.5 mmol/L. The newborn experienced transient respiratory distress, which resolved within 3 min of assisted ventilation. Hypoglycemia occurred at 2 h postpartum and was successfully treated with a protein hydrolysate formula. Two days after delivery, the patient continued to experience hypertension, leg oedema, and hypoalbuminemia. Nephrology consultation led to the addition of furosemide and an ACE inhibitor, alongside the existing calcium antagonist therapy. All antihypertensive medications were discontinued within one month. Soon after delivery, antispasmodic therapy for bladder dysfunction was resumed, following evaluation by a urologist and pelvic floor specialists. The patient opted for formula feeding and did not breastfeed.

At the 6-week postpartum follow-up, she maintained good glycemic control (Figure 1 and Table 3).



6 Discussion

WS1 is a progressive neurodegenerative disease affecting different organs. The diagnosis is often delayed until several conditions associated with this specific mutation are evident and a genetic test is performed. Current management relies on symptomatic treatment and hormone replacement therapy, depending on the clinical picture. Daily life for patients with this rare disease is often challenging due to insulin-treated diabetes, visual and hearing impairments, the need for multiple medications, and frequent outpatient visits and examinations.

Despite the presence of gonadal dysfunction, spontaneous conception in patients with WS is possible; however, these pregnancies are considered high-risk. Pre-gestational diabetes confers a higher probability of developing maternal and fetal/neonatal adverse outcomes, such as spontaneous abortion, malformations, macrosomia, pre-eclampsia, and requires strict glucose control (67). Furthermore, during pregnancy, females with WS1 are also required to manage WS1-associated conditions, such as urinary tract abnormalities.

During a high-risk pregnancy, a multidisciplinary approach is highly recommended. Our patient was followed by a team of specialists, including an endocrinologist and a dietitian expert in diabetes pregnancy, and a gynecologist. After delivery, the patient needed an evaluation from a nephrologist and a urologist. Therefore, pregnancy in WS1 should be followed at a tertiary care center with expertise in rare diseases and high-risk pregnancy.

Our patient experienced pre-eclampsia at the end of pregnancy. This also occurred in the other two cases reported in the literature (Table 2). Almost all of the other cases reported in literature experienced pregnancy complications, i.e., negative fetal outcomes as polyhydramnios and fetal growth restriction, and almost all deliveries required cesarean section. Immunohistochemical expression of Wolframin in human placenta throughout pregnancy in normal women and pregnant women with diabetes has been studied by Lucariello et al. (68). There is a modulation of human placental Wolframin during pregnancy, which is strongly expressed in the first trimester and moderately expressed in the third trimester. In women with diabetes, the decrease in Wolframin placental expression observed in the third trimester of gestation was greater than in healthy women. Wolframin may be required to sustain normal rates of cytotrophoblast cell proliferation. Histological evaluation of the placenta of our patient revealed placental parenchyma with maturity of chorionic villi, consistent with the third trimester of gestation, with some areas of increased inter-villous spaces, discrete and diffuse Chorangiosis, and modest inter-villous fibrinosis. The umbilical cord presented a modest stromal edema.

Few cases of successful pregnancies are reported in the literature, although the entity of spontaneous conception in WS is not clear. It may be possible that the prevalence of spontaneous pregnancy in WS1 is higher than expected. As for other conditions (i.e., Prader–Willi Syndrome, transplant, etc), an international registry collecting data on the pregnancies in women with WS1 would inform patients’ decisions and healthcare professionals’ counseling. WS1 has, unfortunately, a poor prognosis with a limited life expectancy (6, 11), although in the last decades, improvements in diagnosis and treatment may have contributed to extending life and improving the quality of life of all patients with WS1, including women with WS1 of reproductive age. Assisted reproductive technology is now widespread, and this approach may help females with WS1 and fertility issues conceive, increasing pregnancy rates in this rare disease. Moreover, technology in the management of diabetes, such as the integration between insulin pumps and CGM, which has led to automated insulin delivery system (AID), has been making optimal glucose control reachable by a larger number of patients than in the past (69), when only traditional multiple daily injection (MDI) therapy or stand-alone insulin pump (69) were available. These results have been reported independently of age, gender, duration of diabetes, former therapy, or start of glucose control (70). Better glucose control is associated with slower progression of neurodegeneration in WS (13, 35). Diabetes technology has also transformed the management of diabetes during pregnancy. To date, only the CamAPS FX system has strong evidence for the use in pregnancy (71), although trials on the use of other AHCL systems in pregnancy have been recently published. In the AIDAPT trial (71), 124 participants were randomly assigned to AID therapy with the CamAPS algorithm or standard care. Women in the AID group reached higher pregnancy-specific TIR without an increase in adverse events (71). In the CRISTAL trial, 95 pregnant females with diabetes were randomly assigned to AHCL therapy using Minimed 780G with SmartGuard algorithm or standard insulin therapy (72). The use of AHCL improved overnight time in the target range, reduced time below range, and improved treatment satisfaction (71). At the time of our patient’s pregnancy, evidence on AHCL use in pregnancy was not available, and the patient, adequately informed, decided to maintain her usual therapy with Minimed 780G.

Planning pregnancy in cases of pre-gestational diabetes is paramount to optimize glucose control, start folic acid supplementation, screen for complications, and change or interrupt drugs contraindicated in pregnancy (73). Pre-pregnancy care in WS1 is even more important because of the additional burden of neurological and ophthalmological conditions associated with WS1. Furthermore, women with WS1 often take oral drugs for treatment of WS1-associated conditions that are not recommended for use in pregnancy, and, therefore, it is important to find alternatives, when possible, before conception. Genetic consultation for the partner is very important and should be performed before conception. No genetic screening of the newborn is usually recommended, unless both parents are carriers of the mutation. The risk of a de novo mutation is less than 1%. However, in our patient two heterozygous variants were identified in exon 8 of the WFS1 gene: a three-nucleotide in-frame deletion (c.1060_1062del), leading to the loss of a phenylalanine at position 354 (p.Phe354del), and a missense mutation (c.2534T > G), resulting in the substitution of isoleucine with serine at position 845 (p.Ile845Ser). The p.Phe354del variant removes a conserved hydrophobic residue, potentially altering the local protein structure and affecting the function of Wolframin in ER homeostasis, particularly if the deleted residue lies in a domain important for calcium regulation or protein folding. The p.Ile845Ser variant replaces a non-polar amino acid with a polar one within the C-terminal ER-luminal domain of Wolframin, a region known to mediate cellular responses to ER stress; this substitution may impair Wolframin’s ability to maintain ER function and cell survival. The p.Phe354del alteration, previously described by Cano et al. (74), disrupts the first transmembrane domain of Wolframin and has been reported in a patient presenting neurogenic bladder, ataxia, dysautonomia, and psychiatric disturbances. The p.Ile845Ser change occurs at the same residue where the p.Ile845Asn variant (c.2534T > A) was identified in homozygosity in a patient with hydronephrosis, bilateral neuropathic pain, early-onset diabetes mellitus, cataract, and optic atrophy (75). Given the distinct biochemical properties of serine versus asparagine, we anticipate that p.Ile845Ser may confer functionally unique effects on Wolframin stability and cellular homeostasis, particularly influencing C-terminal–mediated processes implicated in the progressive ocular and renal phenotypes observed. Although WFS1-related Wolfram syndrome is classically recessive, several heterozygous WFS1 mutations—particularly in-frame deletions and C-terminal missense variants—have been associated with dominant phenotypes such as non-syndromic sensorineural hearing loss, psychiatric symptoms, or adult-onset diabetes. Therefore, even if transmitted independently, each of these variants could potentially manifest in the offspring as an isolated, mild, or late-onset clinical feature, including sensorineural hearing loss, glucose intolerance or diabetes, or neuropsychiatric traits, due to dominant-negative effects or partial loss of function.

In conclusion, diabetes mellitus related to WS1 is a form of non-autoimmune diabetes characterized by a progressive loss of pancreatic beta-cell mass and function, driven by ER stress and other intertwined processes, including impaired autophagy, dysregulated calcium homeostasis, mitochondrial dysfunction, and chronic inflammation. The clinical management of patients with WS1 is challenging, both because of phenotypic heterogeneity and the presence of various comorbidities. Optimal glucose control is essential to slow the progression of neurodegenerative complications and improve quality of life. Spontaneous pregnancy in these women is possible, although rare. With careful multidisciplinary management, it is possible to achieve positive outcomes. These considerations underline the importance of early diagnosis, specialist management, and continuous research into new therapeutic strategies for a disease still without a cure.
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Hyperglycemia diagnosed during pregnancy is most commonly due to gestational diabetes mellitus (GDM), while a minority of cases are attributable to previously unrecognized type 2 diabetes mellitus (T2DM) or, more rarely, type 1 diabetes mellitus (T1DM). Although T1DM has traditionally been associated with onset during childhood or adolescence, recent evidence shows that nearly 40% of new T1DM cases occur after the age of 30 years, coinciding with the age at which many women in Europe begin pregnancy. This highlights the importance of considering T1DM in the differential diagnosis of hyperglycemia during pregnancy, given the relevant implications for the management and outcomes of these pregnancies. Diabetes-related autoantibodies have been detected in pregnancies complicated by GDM, with prevalence varying widely (from less than 1% to up to 18%), depending on population risk, assay, and antibody type. The most commonly detected autoantibodies in GDM are islet cell antibodies (ICA) and anti-glutamic acid decarboxylase antibodies (GADA), while the presence of multiple autoantibodies is much rarer. Women with hyperglycemia and diabetes-related autoimmunity display a peculiar clinical profile: they usually have a normal pre-pregnancy BMI, low insulin resistance, and require insulin therapy more often than antibody-negative patients with hyperglycemia. They are typically younger and are likely to have a family history of diabetes or other autoimmune diseases. Importantly, the presence, and especially the number, of positive autoantibodies is associated with an increased risk of progression to T1DM after pregnancy. Therefore, identifying autoimmune markers of beta-cell damage in pregnant women with hyperglycemia is critical for prognosis, tailored management, and appropriate follow-up.
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1 Introduction

Hyperglycemia diagnosed in pregnancy is mainly due to gestational diabetes mellitus (GDM), which complicates 7 to 12% of pregnancies in Europe (1). In a relatively small proportion of cases, hyperglycemia is due to previously undiagnosed type 2 diabetes mellitus (T2DM) that manifests for the first time during pregnancy, while in very rare cases, it is due to type 1 diabetes mellitus (T1DM). Diagnosis of these rare cases can be challenging but is very important because of the implications for patient care during pregnancy and thereafter.

Although T1DM has long been considered a disease with onset in infancy and adolescence, recent use of genetic scores has shown that almost 40% of the incident cases of T1DM occur in individuals over the age of 30 years (2). The third and fourth decades of life are when close to half of all pregnancies occur in the European Union (EU). In fact, because of the progressive increase in the age at the delivery of the first child over time, according to Eurostat in 2019, in the EU, the mean age at first childbirth was 29.4 years, ranging from 26.3 years in Bulgaria to 31.3 years in Italy. Therefore, although rare, cases of hyperglycemia first diagnosed during pregnancy may be due to T1DM, reflecting either the clinical onset of the disease or the worsening of pre-clinical T1DM.

Determining which type of diabetes is behind any instance of hyperglycemia diagnosed during pregnancy is important for many diverse reasons. The management of blood glucose in a pregnant woman with type 1 diabetes is challenging, and the option of a glucose sensor or an insulin pump, both technologies recommended by current guidelines (3), may not be available for patients with either gestational or type 2 diabetes. Pregnant women with type 1 diabetes (as well as type 2 diabetes) should be referred to centers with specialized expertise in antenatal care and delivery for patients with pregestational diabetes because of the significantly increased risk of unfavorable maternal and fetal outcomes in these pregnancies.

We here report a series of women diagnosed with T1DM during pregnancy who were cared for at the Diabetes and Pregnancy Clinic of our institution over the last 10 years. The cases were heterogeneous in terms of gestational weeks (GW) at diagnosis, mode of diagnosis, and glucose tolerance after delivery. However, all of them during pregnancy were prescribed intensive insulin therapy using a basal/bolus regimen and a sensor for continuous glucose monitoring when available. Pregnancy outcomes will also be included.



2 Case 1

A 31-year-old white woman at 26 + 2 gestational weeks (GW) of her second pregnancy was referred to our Diabetes and Pregnancy Clinic for significant hyperglycemia (patient characteristics are shown in Table 1). Her family history was positive for type 2 diabetes (T2DM)—maternal grandfather and paternal grandmother, both treated with oral agents—and autoimmune diseases, including her mother’s hypothyroidism due to chronic autoimmune thyroiditis, her brother’s documented celiac disease, and her 5-year-old daughter’s recent diagnosis of juvenile idiopathic arthritis. The patient had vitiligo on her neck and left shoulder. At 9 GW, she was diagnosed with hypothyroidism due to chronic autoimmune thyroiditis and treated with levothyroxine at doses of 25 mcg and 50 mcg on alternate days.


TABLE 1 Characteristics of the patients.


	
	Patient n.1
	Patient n.2
	Patient n.3
	Patient n.4

 

 	Previous history of GDM 	Yes 	No 	No 	No


 	IFG before 16 GW 	No 	Yes (FPG 5.72 mmol/l and 6.78 mmol/l) 	Yes (FPG 6.16 mmol/l) 	No


 	Familial history of Diabetes 	Yes 	Yes 	Yes 	Yes


 	Onset of T1DM 	24 GW 	16 GW 	Immediately after miscarriage 	24 GW


 	Age at onset 	31 	32 	38 	31


 	75 g OGTT at 16–18 GW
 Time 0′
 Time 60′
 Time 120′ 	Yes
 4.7 mmol/l (84 mg/dL)
 8.9 mmol/l (160 mg/dL)
 6.1 mmol/l (109 mg/dL) 	Yes
 7.9 mmoL/L (143 mg/dL)
 -
 - 	No 	No


 	75 g OGTT at 24–28 GW
 Time 0′
 Time 60′
 Time 120′ 	Yes
 7.6 mmol/l (137 mg/dL)
 14.4 mmol/l (260 mg/dL)
 14.4 mmol/l (259 mg/dL) 	No 	No 	Yes
 5.28 mmol/l (95 mg/dL)
 7.56 mmol/l (136 mg/dL)
 6.72 mmol/l (121 mg/dL)


 	HbA1c at the time of diagnosis 	44 mmol/mol 	42 mmol/mol 	35 mmoL/L 	34 mmol/mol


 	HbA1c at the time of delivery 	32 mmol/mol 	37 mmol/mol 	N/a 	N/a


 	C-peptide at the time of diagnosis 	0.62 nmol/l 	0.25 nmol/l 	0.51 nmol/l 	N/a


 	ß-cells autoimmunity 	GADAb+
 IA-2Ab+
 ZnT8Ab+
 AINS+
 ICA+ 	GADAb+
 IA-2Ab+
 ZnT8Ab+
 AINS−
 ICA+ 	GADAb+
 IA-2Ab−
 ZnT8Ab−
 AINS−
 ICA− 	GADAb+
 IA-2Ab−
 ZnT8Ab−
 AINS−
 ICA−


 	Pre-gestation BMI 	18.9 kg/m2 	20.2 kg/m2 	20.1 kg/m2 	N/a


 	Weight gain at the time of diagnosis 	+10 kg 	+4 kg 	N/a 	N/a


 	Weight gain at the end of gestation 	+12.8 kg 	+18 kg 	N/a 	N/a


 	Daily insulin starting dosage 	0.37 UI/kg 	0.27 UI/kg 	0.1 UI/kg 	-


 	Daily insulin dosage at the time of delivery 	0.43 UI/kg 	0.49 UI/kg 	N/a 	-


 	GW at the time of delivery 	39th 	38th 	Miscarriage 	38th


 	Complications at the time of delivery 	No 	Yes 	Miscarriage 	No


 	Newborn body weight 	3,670 g 	3,350 g 	N/a 	3,670 g


 	Insulin treatment discontinuation after delivery 	Yes 	No 	Yes 	-


 	Time from delivery to insulin dependence 	36 months 	0 months 	>36 months 	5 years





GW, gestational week; GDM, gestational diabetes; T1DM, type 1 diabetes mellitus; IFG, impaired fasting glucose; FBG, fasting blood glucose; HbA1c, glycosylated hemoglobin; GADAb, anti-GAD antibodies; IA-2Ab, anti-insulinoma antigen 2 antibodies; ZnT8Ab, anti-zinc transporter 8 antibodies; AINS, anti-insulin antibodies; ICA, islet-cells antibodies; N/a, not available.
 

During her first pregnancy, the patient was diagnosed with gestational diabetes (GDM) according to the results of a 75-gram oral glucose tolerance test (OGTT), although no treatment was recommended. The detection of macrosomia by ultrasound prompted induction of labor at 38 GW, resulting in the delivery of a baby girl of 3,860 grams, who spent a few days in the neonatal intensive care unit because of jaundice.

During her second pregnancy, as recommended by the Italian guidelines (4) for the screening of GDM, the patient underwent a 75-gram OGTT at 16 GW, which was normal according to the IADPSG criteria (time 0’ BG 4.7 mmoL/L, time 60’ BG 8.9 mmoL/L, and time 120’ BG 6.1 mmoL/L) (timeline shown in Figure 1). A second 75-gram OGTT was then performed at 24 GW, documenting significant hyperglycemia (time 0’ BG 7.6 mmoL/L, time 60’ BG 14.4 mmoL/L, and time 120’ BG 14.4 mmoL/L) and prompting referral to our Diabetes and Pregnancy Clinic. Glycated hemoglobin was 44 mmol/mol (n.v. up to 42 mmol/mol). Her pre-pregnancy body weight was in the lower normal range (BMI 18.7 kg/m2), with a weight gain of 10 kg by 26 + 2 GW.

[image: Table summarizing the clinical progression of four patients from before eight gestational weeks to five years postpartum, detailing diagnoses, screenings for gestational diabetes, positive autoimmune markers, insulin and nutritional therapies, induction of labor, delivery method, and postpartum diabetes outcomes.]

FIGURE 1
 Timeline of chronological progression of disease during and after pregnancy. GW, gestational week; GDM, gestational diabetes; IFG, impaired fasting glucose.


We provided the patient with education on diabetes management, including insulin injections and the use of a glucose sensor for continuous glucose monitoring. Unfortunately, due to supply issues from the local health care agency (Azienda Territoriale Sanitaria), she was not able to use it continuously. We started her on rapid-acting insulin prior to meals and snacks and long-acting insulin at bedtime, with an initial dose of 0.4 UI/kg per day, resulting in rapid normalization of blood glucose levels. Since the patient had a pre-gestational normal-low BMI (18.9 kg/m2) and markedly higher blood glucose values than expected in a case of GDM, we suspected the onset of T1DM. Beta-cell-specific autoantibodies were indeed present (anti-glutamic acid decarboxylase antibodies [GADA] > 250 U/mL, insulinoma antigen 2 [IA-2] 141 U/mL, zinc transporter 8 [ZnT8] > 500 U/mL, and islet cell autoantibodies [ICA] positive), and the fasting C-peptide level was low (0.62 nmoL/L).

Insulin dosage progressively increased to 0.43 UI/kg per day as the pregnancy advanced, maintaining optimal glucose control throughout the pregnancy and adequate weight gain (12.5 kg at term). The requirement for rapid-acting insulin was twice that of basal insulin, reflecting an insulin secretion deficiency. The patient gave birth at 39 GW to a healthy female baby who had no neonatal hypoglycemia (weight at birth 3,670 g, 81st centile of growth according to the INeS Chart, Apgar index 10 at 5′, 10 at 10′).

In the days following delivery, insulin treatment was gradually decreased and eventually stopped because of the detection of sustained near-hypoglycemic glucose levels. The patient maintained optimal glucose control without insulin treatment for nearly 36 months following delivery, after which blood glucose levels started to rise, necessitating the restart of insulin treatment. Fasting C-peptide had by then decreased to 0.39 nmoL/L, and HbA1c was 49 mmol/mol.



3 Case 2

A 32-year-old white woman was referred to our clinic at 9 GW of her first pregnancy due to evidence of impaired fasting glucose (first blood glucose report 5.72 mmoL/L, confirmed FBG 6.78 mmoL/L; patients’ characteristics are shown in Table 1).

A positive family history of diabetes and autoimmune diseases was reported. Her brother had a diagnosis of T1DM, and her maternal aunt was diagnosed with type 2 diabetes and chronic autoimmune thyroiditis. No relevant disease was reported in her medical history.

As recommended, the patient underwent a 75-gram OGTT at 16 GW, but the test was inappropriately halted when fasting blood glucose measured 6.77 mmoL/L (timeline shown in Figure 1). Due to pre-gestational normal BMI (20.2 kg/m2), limited weight gain at 16 GW (4.5 kg), and her family history of T1DM, we recommended testing for beta-cell-specific autoantibodies, which returned positive (GADA > 250 U/mL, ZnT8 Ab 324 U/mL, ICA positive). Fasting C-peptide levels were indeed very low (0.25 nmoL/L).

Promptly, after education on diabetes self-management, the patient was started on rapid-acting insulin analogs before meals at a dose of 0.27 UI/kg per day, with the addition of an intermediate-long-acting analog at approximately 60% of the rapid-acting insulin dose. A continuous glucose monitoring device was offered to the patient, but she preferred self-monitoring of blood glucose (SMBG). Glycated hemoglobin was 42 mmol/mol. Glycemic control was challenging due to high glucose variability and frequent hypoglycemic episodes, especially upon awakening, after meals, and following physical exercise. Insulin dosage progressively increased to 0.49 UI/kg per day, and HbA1c values reached 37 mmol/mol at term. Her body weight had increased by 18 kg at term.

Since the amniotic fluid index was reported in the lower-normal range (AFI 10 cm) during the ultrasound scan at 35 GW, the patient was closely monitored until 38 GW when labor was induced. Due to a non-reassuring fetal heart rate and a high fetal distress suspicion during induction, an emergency cesarean section was performed. The newborn was a healthy female baby, without jaundice, hypoglycemia, or other clinical complications during the neonatal period (weight at birth 3,350 g, 81st centile of growth according to INeS Chart, Apgar index 8 at 5’, 10 at 10’).

In contrast to case 1, the patient could not discontinue insulin treatment after delivery. During the years following delivery, she experienced periods of high glucose variability with poor glycemic control, but at her most recent visit, 8 years after her T1DM diagnosis, her glucose control was good (HbA1c 51 mmol/mol). Her BMI had increased to 25.7 kg/m2, and her total daily insulin dose was 0.3 UI/kg.



4 Case 3

A 38-year-old white woman was referred to our clinic because of miscarriage during her first pregnancy at 6 + 2 GW and concurrent evidence of impaired fasting glucose (fasting blood glucose 6.16 mmoL/L, see Table 1 for patient characteristics). Her family history revealed no susceptibility to autoimmune diseases, but her paternal uncle had T2DM. No relevant diseases were reported in her medical history. Glycated hemoglobin was 35 mmol/mol. Beta-cell-specific autoimmunity and thyroid function were determined since impaired fasting glucose is usually uncommon within the first 15 weeks of gestation in patients with a BMI in the lower-normal range (20.1 kg/m2). Moreover, the patient was seeking a new pregnancy. GADA were positive at a mid-low titer (11 U/mL) (5), and concomitant subclinical autoimmune hypothyroidism was diagnosed (TSH 4.08 mU/L, fT4 1.02 ng/dL [n.v. 0.93–1.7 ng/dL]). Her fasting C-peptide was 0.51 nmoL/L.

The patient was educated on diabetes management, including insulin injections and SMBG. Basal insulin was prescribed at a low dose of 0.1 UI/kg. She became pregnant just 2 months after the autoimmune T1DM diagnosis. Unfortunately, despite her optimal glucose control (HbA1c 31 mmol/mol), she experienced another miscarriage at GW 9. In the subsequent months, her blood glucose levels started to rise, requiring progressive insulin dosage adjustments. A few months after the second miscarriage, she became spontaneously pregnant (pre-conceptional HbA1c 30 mmol/mol) (timeline shown in Figure 1). She maintained a low dose of basal insulin during pregnancy (insulin detemir 4 UI in the evening, prior to bedtime), and her last HbA1c before delivery was 29 mmol/mol. At 38 GW, she delivered, after induction of labor, a healthy female baby (weight at birth 3,320 gr, 75th centile of growth according to INeS Chart, Apgar index 10 at 5′, 10 at 10′). After delivery, she discontinued insulin therapy. Three years later, she still has impaired fasting glucose, managed with a diet low in simple carbohydrates. Her most recent HbA1c was 36 mmol/mol, and fasting C-peptide was 0.53 nmoL/L.



5 Case 4

A 31-year-old white woman was referred to our clinic after a diagnosis of gestational diabetes. She had a family history of T1DM (her sister) and a known history of pre-gestational hypothyroidism, a previous spontaneous abortion, and previous surgery with Gamma Knife treatment for a pituitary adenoma.

The 75-gram OGTT performed at 24 + 6 GW was positive for GDM (time 0’ BG 5.28 mmoL/L, time 60’ BG 7.56 mmoL/L, and time 120’ BG 6.72 mmoL/L) (timeline shown in Figure 1). Good glucose control was achieved with nutritional therapy alone, but, due to the family history of T1DM, we recommended testing for beta-cell-specific autoantibodies. GADA were positive at a high titer (>2,000 U/mL), while ICA, IA-2 Ab, and ZnT8 Ab were negative. As macrosomia was suspected on ultrasound examination (fetal growth at the 96° centile according to Hadlock’s estimates), induction of labor was performed at 38 + 4 GW, which resulted in a vaginal delivery of a healthy male baby (weight at birth 3,670 g, 88th centile of growth according to INeS Chart, Apgar index 10 at 5’, 10 at 10’).

Postpartum glucose assessment was not available, and a few months after delivery, the patient became spontaneously pregnant for the second time. At 16 + 5 GW, she underwent a 75-gram OGTT, which was normal (time 0’ BG 4.56 mmoL/L, time 60’ BG 5.5 mmoL/L, and time 120’ BG 5 mmoL/L), and her HbA1c was 35 mmol/mol. At 26 + 5 GW, she underwent a second 75-gram OGTT, which was normal again (time 0’ BG 4.72 mmoL/L, time 60’ BG 5.94 mmoL/L, and time 120’ BG 7 mmoL/L). Pregnancy was complicated by polyhydramnios, and, after induction of labor at 38 + 3 GW, the patient gave birth to a female baby (weight at birth 3,450 g, 77th centile of growth according to INeS Chart, Apgar index 10 at 5′, 10 at 10′).

During her 5-year follow-up, the patient experienced the onset of overt T1DM, unfortunately with ketoacidosis. She was prescribed MDI therapy and glucose sensor monitoring, after appropriate education. At that time, her BMI was 20.9, and HbA1c was 100 mmol/mol. Autoimmunity for diabetes was retested, showing GADA > 250 u/ml, ZnT8 Ab 219.5 u/ml, and IA2-A 345.4 u/ml. Two years after the diagnosis of overt T1DM, the patient had a third pregnancy, which was managed with MDI and glucose sensor monitoring, achieving optimal glucose control. After induction of labor at 37 + 6 GW, she had a vaginal delivery and gave birth to a healthy neonate (birthweight 4,060 g, 100th centile, Apgar index 10 at 5’, 10 at 10’). No neonatal hypoglycemia or other postpartum adverse outcomes occurred.



6 Diabetes-related autoantibodies in gestational diabetes

Diabetes-related autoantibodies have been detected in pregnancies complicated by GDM. The prevalence varies widely according to the type of antibody, the population studied, and the assay used (6). The overall prevalence of diabetes-related autoimmunity in an unselected population of women with GDM ranges from <1 to 18% (7–11). The highest prevalence is reported in populations at high risk for T1DM, such as Sardinia (12) and Finland (13). All autoantibodies against pancreatic beta-cell antigens have been investigated in women with GDM. Islet cell autoantibodies (ICA) and anti-glutamic acid decarboxylase antibodies (GADA) have been more extensively studied and seem to be the most frequent in GDM (11, 14), while less data are available regarding the prevalence of antibodies against ZnT8 in GDM (15–17). Usually, only one antibody is detected in women with GDM, and the combination of two or more antibodies is rare. In the study by Luiro et al. (18), the women who tested positive for one antibody were 12% in the GDM population and 2.3% in controls, the women who tested positive for two antibodies were 2.6% in the GDM group and 0.3% in controls, and the women who tested positive for three antibodies were 2.3% in the GDM group and none in the control group.

Women with GDM and autoimmunity seem to have a peculiar clinical phenotype with few or no features of insulin resistance. They typically have a normal pre-pregnancy BMI, low waist circumference, low weight gain during pregnancy, and low fasting insulin levels (6, 10). In contrast with women with GDM without antibodies, they require insulin therapy more frequently (6, 8, 10). They are often younger and have a low prevalence of a family history of diabetes (8, 10).

Positivity for diabetes-related autoimmunity in GDM is associated with the subsequent development of T1DM, with the odds increasing in proportion to the number of positive autoantibodies. For example, in the study by Fuchtenbusch et al. (8), the risk for the onset of T1DM within 2 years after GDM increased from 17% in women who were positive for one antibody to 61% for those who were positive for two antibodies and to 84% for those who were positive for three antibodies. These results are also confirmed in other follow-up studies, in which the presence of autoantibodies was highly predictive of T1DM onset or impaired glucose metabolism, with follow-up periods of up to 8 years (19). In addition to the number of autoantibodies, other factors associated with a high risk of developing T1DM include age below 30 years, insulin therapy during pregnancy, and parity (6, 8, 18).



7 Onset of autoimmune diabetes in pregnancy

While there is significant literature on the presence of diabetes-related autoimmunity in pregnancies complicated by GDM, there are very few data on the onset of overt autoimmune T1DM during pregnancies (20, 21). This group of pregnancies is associated with a poor obstetrical prognosis. Buschard et al. (20) described the clinical course of 63 women who delivered between 1966 and 1980 and were diagnosed with overt autoimmune T1DM during pregnancy. In the majority of the cases, the diagnosis was made during the third trimester, when hyperglycemia due to GDM is usually detected. Mean fasting blood glucose at diagnosis was clearly elevated (15.6 ± 1.3 mmol/mol), and ketonuria was frequently present (81% of the women). The rate of preeclampsia was 9.5% and perinatal mortality was 6.3%, similar to those of women with pre-gestational diabetes, but higher than those of the healthy control group, where the rate of pre-eclampsia was 1.1% and perinatal mortality was 1.0%. On the other hand, congenital malformations were more frequent in the pre-gestational diabetes group than in the newly diagnosed women and the control group, maybe because hyperglycemia in the newly diagnosed women occurred at a certain point during pregnancy after conception, when organogenesis was completed or nearly completed. Nearly 20 years later, Wucher et al. (21) described a cohort of 21 women diagnosed with overt autoimmune T1DM during pregnancy and confirmed a high frequency of poor obstetrical outcomes (14 of 21 women). Among these cases, there were eight large-for-gestational-age neonates, four preterm deliveries, three neonatal hypoglycemic episodes, four admissions to the neonatal intensive care unit, and two fetal deaths associated with severe maternal hyperglycemia. The diagnosis of overt diabetes was made at a median of 26 GW, and more than 50% of the women had at least one risk factor for GDM. All women with newly diagnosed T1DM required insulin treatment during pregnancy.

The clinical course of autoimmune T1DM after pregnancy may vary, ranging from cases in which insulin therapy is continued after delivery to cases in which patients achieve insulin independence. In the French study by Wucher et al. (21), the remission period occurred in 85% of the population studied (median 180 days). In the cohort of Buschard et al. (20), 80% of patients had a remission period (median 256 days), although after a follow-up of 8 years, all patients were diagnosed with overt T1DM. In this cohort, the shortest remission period occurred in younger women with low parity, normal weight, and high blood glucose levels at the time of diagnosis. Remissions may be due to a restoration of insulin sensitivity after delivery (21).

Hyperglycemia due to T1DM in pregnancy is often misdiagnosed. At first, it may be diagnosed as GDM during routine screening, while antibody positivity may be detected only during postpartum follow-up due to the persistence of overt diabetes (21–23). Antibody positivity may be detected as part of the work-up for clearly elevated blood glucose values (20) or for the occurrence of negative obstetrical outcomes (21). Sometimes, autoimmune T1DM diagnosed during pregnancy is classified as latent autoimmune diabetes in adults (LADA), as they both share features such as insulin resistance, GADA positivity, slow progression, and adult onset (11, 21) (Table 2). GADA are the most frequent single islet cell-specific autoantibodies present in LADA (24), as it is in hyperglycemia in pregnancy. LADA usually is diagnosed after 30 years of age (24, 25). However, the onset of autoimmune diabetes during pregnancy can also happen before 30 years of age (21), even if the average age at first pregnancy is increasing, especially in Western countries. C-peptide levels slowly decrease in patients with LADA (26), but we do not have enough data on C-peptide levels during the follow-up of women with T1DM onset during pregnancy. Individuals with LADA typically do not require insulin for at least 6 months after diagnosis (24), but women with hyperglycemia during pregnancy do require insulin, which remains the safest therapy option. Nonetheless, T1DM has phenotypic variability, and the unequivocal definition of LADA is still a matter of debate (24).


TABLE 2 Comparison between autoimmune diabetes with onset in pregnancy and LADA.


	
	Autoimmune diabetes with onset in pregnancy
	LADA

 

 	GADAb positivity 	Most frequent 	Most frequent


 	Age of onset 	Any age within the fertile years 	>30 years


 	C-peptide trend 	Not enough data 	Slow decline


 	Insulin therapy 	As soon as possible according to glucose levels 	At least after 6 months





GADAb, anti-GAD antibodies; LADA, Latent autoimmune diabetes in adults.
 

Hyperglycemia in pregnancy presents in a wide variety of forms. Diabetes-related autoimmunity affects approximately 10% of pregnancy cases complicated by GDM (range 1–18%), conferring a high risk of adverse obstetrical outcomes and progression to overt T1DM in the years after delivery. In this context, a timely diagnosis is important for the appropriate management of pregnancy and clear planning of follow-up visits after delivery.

There are no guidelines specifying who to test for diabetes-related autoimmunity when hyperglycemia is detected during pregnancy, and variable clinical phenotypes can make diabetes classification difficult. Known predisposing factors for autoimmunity positivity in women with hyperglycemia during pregnancy include normal or low pre-pregnancy weight, younger age, low weight gain during pregnancy, the need for insulin therapy, and no family history of T2DM (8, 10, 21). In our series, three of the four women had a family history of T2DM and autoimmune diseases, and two patients had siblings affected by T1DM. According to our experience, a family history of autoimmune disease—especially T1DM—should be considered one of the major risk factors for the onset of T1DM during pregnancy in women with documented hyperglycemia. In our case series, all the women had a normal weight. The age at conception reflected the median age of first pregnancy in our population (above 30 years of age). Insulin therapy was necessary in more than half of our patients. Considering our center’s experience, albeit with a small sample size, we suggest that suspicion of T1DM during pregnancy should arise if women have two or more of the following conditions: a family history of T1DM, normal or low pre-pregnancy BMI, need for insulin therapy, higher requirement for rapid-acting insulin compared to long-acting insulin, and a family or personal history of autoimmune disease.

The available data in the literature do not allow for a direct comparison of pregnancy outcomes between new-onset and established T1DM during pregnancy. The reports by Buschard et al. (20) and Wucher et al. (21) highlight rates of adverse pregnancy outcomes comparable to those seen in pregnancies complicated by pre-gestational diabetes. In particular, Wucher et al. (21) reported two fetal deaths associated with severe maternal hyperglycemia. In our small sample, we did not report an increased rate of adverse pregnancy outcomes, as in pre-gestational diabetes (i.e., lower rate of macrosomia), but it is worth noting that all women were managed by an experienced multi-disciplinary team to limit complications and decide the appropriate timing of delivery (i.e., changes of AFI in Case 2). Moreover, none of our cases had elevated glucose or ketonemia, which could acutely threaten the life of the fetus. We can conclude that pregnancy complicated by new-onset T1DM is a high-risk pregnancy, similar to pregnancies in women with pre-gestational diabetes, although a multi-disciplinary approach and timely monitoring may reduce adverse outcomes.

The onset of T1DM during pregnancy may have a significant psychological impact on women and their families; therefore, they should be offered psychological support during pregnancy and after delivery. Unfortunately, due to the retrospective nature of our study, we did not have data on patient-relevant outcomes and long-term follow-up after delivery.

In the real world, universal screening for beta-cell–specific autoantibodies in every pregnant woman with hyperglycemia may not be affordable on a large scale. However, it could be considered in a limited number of pregnancies with specific risk factors or in settings in which only a small quantity of serum (27) or saliva is required (28). It is important to identify women with autoimmunity, as they can be offered, after delivery, treatment with drugs that may delay the overt onset of T1DM (29), as well as adequate information and follow-up.

Further research is needed to better characterize pregnancies that deserve a timely identification, so that affected women can receive appropriate care and follow-up in specialized referral centers.
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Background: Maturity-Onset Diabetes of the Young (MODY) comprises monogenic, non-syndromic forms of diabetes inherited in an autosomal dominant pattern. MODY is frequently misdiagnosed as type 1 diabetes (T1D), type 2 diabetes (T2D), or gestational diabetes mellitus (GDM). Studies suggest that 50–90% of MODY cases are erroneously classified as type 1 or type 2 diabetes, and up to 5% of women with GDM may have undiagnosed MODY. However, data regarding the clinical presentation and genetic characterization of MODY in Latin American populations remain scarce. This study aimed to describe the clinical, analytical, and genetic characteristics of MODY patients initially misdiagnosed as T1D, T2D, or GDM in a Latin American tertiary care center.
Methods: Medical history, clinical and laboratory data were obtained from electronic medical records to assess diagnostic accuracy and identify phenotypic patterns suggestive of MODY. Whole exome sequencing (WES) was employed to detect mutations related to monogenic variants.
Results: We identified five patients with MODY. The median age at diabetes diagnosis was 13.6 years, while the median age at MODY diagnosis was 25.8 years. The average duration between the initial diabetes diagnosis and confirmation of MODY was 12.2 years. None of the patients presented with diabetic ketoacidosis at the onset of diabetes. All patients tested negative for islet cell autoimmunity. Of the five patients, two were initially misclassified as having T1D, two as T2D, and one as GDM. Whole-exome sequencing (WES) identified a pathogenic missense variant, c.94G>A (p.Gly32Ser), in the INS gene (MODY10) in one patient initially diagnosed with T1D. Another patient, also misclassified as T1D, carried a pathogenic missense variant, c.709A>G (p.Asn237Asp), in the HNF1A gene (MODY3). Additionally, two patients initially diagnosed as T2D were found to carry missense variants: a likely pathogenic variant, c.613G>T (p.Asp205Tyr) in the GCK gene (MODY2) and pathogenic variant, c.4135C>T (p.Arg1379Cys) in the ABCC8 gene (MODY12), respectively. The patient initially diagnosed with GDM was revealed to have a pathogenic frameshift variant, c.616dupC (p.His206Profs*38), in the NEUROD1 gene (MODY6). Based on these findings, a change in therapeutic approach was implemented.
Conclusions: MODY is often misdiagnosed, leading to delays in appropriate management. Whole-exome sequencing is crucial for identifying pathogenic variants, enabling accurate reclassification and tailored therapy.
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Introduction

Diabetes Mellitus (DM) is an increasingly prevalent and heterogeneous chronic disease comprising clusters of phenotypically distinct forms (1). It is conventionally classified into three primary categories. These include type 1 diabetes (T1D), resulting from autoimmune β-cell destruction, usually leading to absolute insulin deficiency; type 2 diabetes (T2D), characterized by insulin resistance and a progressive decline in insulin secretion; and gestational diabetes mellitus (GDM), diagnosed in the second or third trimester of pregnancy in women without overt diabetes prior to gestation (2).

However, in the spectrum of DM, there exist atypical forms that do not align neatly with the traditional classifications of type 1 or type 2 diabetes (1). Monogenic diabetes is a rare form of diabetes caused by a single genetic mutation in one of over 40 identified genes (2, 3). The main subtypes include Maturity-Onset Diabetes of the Young (MODY), neonatal diabetes mellitus (NDM), and syndromic diabetes (3, 4). Since its initial discovery in 1974 by Fajans and Tattersall (5, 6), MODY has been recognized as the most prevalent form of monogenic diabetes, characterized by early onset of DM—typically before 25 years of age—an autosomal dominant inheritance pattern, absence of pancreatic β-cell autoimmunity, and preserved C-peptide levels (7).

MODY accounts for approximately 0.5–5% of all diabetes diagnoses and around 3.5% of those occurring before the age of 30 (3, 7). Its global prevalence varies widely across regions due to differences in clinical criteria and diagnostic practices (8–12). In Caucasian populations, mutations in the GCK, HNF1A, and HNF4A genes are responsible for 80–90% of genetically confirmed diagnoses (13, 14). In contrast, a recent study conducted in India found HNF1A mutations to be the most prevalent, accounting for 32.5% of MODY cases (11). However, their frequency is significantly lower in Asian populations, suggesting underlying ethnic and genetic variability in the expression of monogenic diabetes (15–17).

Misclassification of MODY is common due to its overlapping clinical features with both type 1 diabetes (T1D)—such as early onset and low body mass index—and type 2 diabetes (T2D), including preserved β-cell function and a positive family history. The broad clinical spectrum of MODY, combined with the absence of clear genotype–phenotype correlations—particularly in rare or low-penetrance subtypes—further complicates accurate diagnosis (18, 19). Consequently, an estimated 50–90% of MODY cases are incorrectly diagnosed as T1D or T2D (15), and up to 5% of women diagnosed with gestational diabetes mellitus (GDM) may, in fact, have undetected MODY (20). Despite its significant clinical implications, this frequent misclassification leads to delayed diagnosis, inappropriate treatment, and suboptimal disease management. This issue is particularly pressing in Latin America, where data on the clinical and genetic characterization of MODY are limited.

In this study, we present the clinical, biochemical, and genetic profiles of patients with MODY who were initially misdiagnosed as having T1D, T2D, or GDM in a Latin American tertiary care center. We also highlight the value of whole-exome sequencing (WES) as a tool for improving diagnostic accuracy and guiding personalized therapy in monogenic diabetes.



Methods

Medical history, clinical and laboratory data were obtained from electronic medical records to assess diagnostic accuracy and identify phenotypic patterns suggestive of MODY. The whole exome sequencing (WES) was used to detect mutations related to monogenic variants.



Results

Clinical and genetic characteristics of the cases in Table 1.

TABLE 1  Clinical and genetic characteristics of MODY cases (n = 5).


	Characteristics
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5





	Sex
	Male
	Female
	Female
	Male
	Male

 
	Family history of diabetes
	Mother and grandmother
	Father and grandmother
	Mother, aunts, cousins, and grandmother
	Mother, brother, grandfather
	Father

 
	Age of clinical diagnosis (years)
	9
	19
	19
	13
	8

 
	Ketoacidosis
	No
	No
	No
	No
	No

 
	Initial diagnosis
	T1D
	T2D
	GDM
	T2D
	T1D

 
	Exeter Mody calculator
	8.20%
	12.60%
	12.60%
	75.50%
	Cannot be calculated

 
	Age at the diagnostic of Mody (years)
	22
	27
	45
	18
	17

 
	Years of diagnostic delay
	13
	8
	26
	5
	9

 
	At diagnosis
	Fasting glucose
	91.9 mg/dL
	93 mg/dL
	107 mg/dL
	130 mg/dL
	472 mg/dL



	
	Fasting C-peptide
	0.78 ng/mL
	0.07 ng/mL
	0.18 ng/mL
	1 ng/mL
	0.64 ng/mL



	
	HbA1c
	6.6%
	7.97%
	6.85%
	6.28%
	18.66%



	
	CK-EPI
	119 ml/min/1.73 m2
	131.71 ml/min/1.73 m2
	113.59 ml/min/1.73 m2
	127.67 ml/min/1.73 m2
	188 ml/min/1.73 m2



	
	Proteinuria
	106.79 mg/24 h
	Test was not taken
	60.68 mg/24 h
	77.28 mg/24 h
	2,902 mg/24 h



	
	Autoantibodies (GAD65, IA2)
	Negative
	Negative
	Negative
	Negative
	Negative



	
	Initial therapy
	Insulin 0.5 IU/kg/day
	Insulin 0.42 IU/kg/day
	Insulin 0.73 IU/kg/day
	None
	Insulin

 
	Genotype
	Gen
	HNF1A
	ABCC8
	NEUROD1
	GCK
	INS



	
	Nucleotide change
	c.709A>G
	c.4135C>T
	c.616dupC
	c.613G>T
	c.94G>A



	
	Aminoacid
	p.Asn237Asp
	p.Arg1379Cys
	p.His206Profs*38
	p.Asp205Tyr
	p.Gly32Ser



	
	Acmg Classification
	Pathogenic
	Pathogenic
	Pathogenic
	Likely pathogenic
	Pathogenic



	
	Segregation
	No tested
	Son
	No tested
	Mother, brother, grandfather
	De novo mutation

 
	At last follow-up
	Fasting glucose
	76 mg/dL
	110 mg/dL
	176 mg/dL
	110 mg/dL
	114 mg/dL



	
	HbA1c
	6.78%
	6%
	8.46%
	6.77%
	8.63%



	
	CK-EPI
	121.6 ml/min/1.73 m2
	126.89 ml/min/1.73 m2
	109.67 ml/min/1.73 m2
	104.58 ml/min/1.73 m2
	88.02 ml/min/1.73 m2



	
	Current therapy
	Glibenclamide 5 mg once daily + Insulin glargine + lixisenatide 16 IU/8 μg once daily
	Glimepiride 4 mg daily
	No change
	None
	Insulin glargine + regular insulin 1 IU/kg/day + empagliflozin 25 mg daily







Case 1

A 23-year-old male South-American Ecuadorian patient attended a consultation in 2022. He had no apparent maternal-fetal complications but had a positive family history of presumed type 2 diabetes in his mother and grandmother. The patient presented with hyperglycemia of 466 mg/dL without ketoacidosis at the age of 9 years and was initially diagnosed with type 1 diabetes (T1D). On physical examination his weight at admission was 64 kg, but it gradually increased to 78.7 kg, reaching a body mass index (BMI) of 29 kg/m2. He was treated with a low-dose insulin regimen, consisting of basal insulin glargine at bedtime and prandial insulin glulisine, titrated to a total daily dose (TDD) of 0.5 IU/kg/day. This regimen achieved optimal metabolic control, with hemoglobin A1c of 6.6%. However, several factors raised doubts about the T1D diagnosis. In addition to his relatively low insulin requirements and absence of ketoacidosis, his fasting C-peptide levels remained at the lower limit of normal at 0.78 ng/mL even after 13 years of disease progression. Furthermore, his glutamic acid decarboxylase (GAD) and tyrosine phosphatase islet antigen-2 autoantibodies were negative. Although the patient's MODY probability calculator score was 8.2%, genetic panel sequencing for monogenic diabetes was performed. The results identified a pathogenic missense variant, c.709A>G (p.Asn237Asp), in the HNF1A gene (NM_000545.8). Following the discovery of this mutation, he was successfully transitioned from a basal-bolus insulin regimen to a combination therapy with glibenclamide (5 mg once daily), and insulin glargine/lixisenatide (iGlarLixi) (16 IU/8 μg once daily), achieving a similar hemoglobin A1c of 6.78%, with a weight reduction of 5 kg in 2 months and the omission of premeal boluses.



Case 2

A 27-year-old female South-American Ecuadorian presented to our diabetes clinic with a history of type 2 diabetes, first diagnosed at age 19, with a blood glucose level of 350 mg/dL, hypertriglyceridemia of 1,000 mg/dL (0–150 mg/dL), and no ketoacidosis. Her family history was notable for diabetes in her father and paternal grandmother. Additionally, 2 years ago, she had a child who was diagnosed with diabetes at 2 months of age, following a pregnancy complicated by gestational hypertension. She was initially treated with glibenclamide/metformin (2.5/500 mg) before breakfast. Due to inadequate metabolic control, her regimen was switched after 3 months to NPH insulin (16 IU sc at 7 am), and regular insulin (3 IU sc at lunch). This adjustment led to episodes of hypoglycemia, prompting the discontinuation of bolos insulin and a transition to insulin glargine (24 IU sc at 9 pm). At the time of admission, her hemoglobin A1c was 7.97%, with a glucose level of 93 mg/dl, a C-peptide of 0.07 ng/mL, and negative antibodies. The estimated probability of MODY was 12.6% (≥10% for insulin-treated patients). Given her clinical profile, which was inconsistent with typical T2D, whole exome sequencing (WES) was performed, revealing a pathogenic missense variant c.4135C>T (p.Arg1379Cys) in the ABCC8 gene (NM_000352.6).). This dominant gain-of-function variant affects the nucleotide-binding domain 2 (NBD2) of the SUR1 subunit. The overactive mutant channels lead to hyperpolarization of the beta cell membrane, reduced calcium influx through voltage-gated calcium channels, and impaired insulin secretion, which also results in low C-peptide levels due to its co-secretion with insulin. Based in this finding, glimepiride was titrated up to 4 mg daily with a progressive reduction of insulin glargine until it was discontinued. The patient subsequently experienced normalization of blood glucose and hemoglobin A1c levels.



Case 3

The third case was a 45-year-old female South-American Ecuadorian who was diagnosed with gestational diabetes during her first pregnancy at 12 weeks of gestation, at 19 years old. At the time of diagnosis, her BMI was 20 kg/m2, and she did not experience ketoacidosis. However, her hyperglycemia persisted after postpartum, indicating the development of permanent diabetes. Upon admission to the clinic, the patient was being treated with glargine and regular insulin, achieving optimal metabolic control with fasting blood glucose levels of 107 mg/dL and hemoglobin A1c of 6.85%. Her C-peptide was markedly reduced at 0.18 ng/mL. Testing for diabetes-associated antibodies was negative. She reported a strong family history of apparent type 2 diabetes, affecting her mother, aunts, cousins, and grandmother. Her MODY probability calculator score was 12.6%. Genetic analysis confirmed the presence of a pathogenic frameshift variant, in the NEUROD1 gene specifically c.616dupC (p.His206Profs*38) (NM_002500.5). No modifications were made to her treatment.



Case 4

A 21-year- old male South-American Ecuadorian, product of a first gestation, with a perinatal history of small for gestational age (SGA) status, was diagnosed with apparent type 2 diabetes at the age of 13 years. One year later, he was additionally diagnosed with epilepsy and autism spectrum disorder. At 18 years of age, he was referred to our service for further evaluation. On physical examination, his BMI was 15.8 kg/m2, and relevant findings included microcephaly and right-sided hemiparesis. He had no history of diabetic ketoacidosis. Laboratory assessment revealed a C-peptide level of 1.0 ng/mL, with plasma glucose of 130 mg/dL, and islet autoantibodies were negative. The patient had never received pharmacological treatment for his diabetes. Family history included an 11-year-old brother diagnosed with diabetes. According to the Exeter MODY probability calculator, his score was 75.5%, indicating a high likelihood of monogenic diabetes. Genetic testing identified a likely pathogenic missense variant, c.613G>T (p.Asp205Tyr), in the GCK gene (NG_008847.2), which was also detected in his brother, his mother, and his paternal grandfather.



Case 5

A 17-year-old male American Ecuadorian patient, with a paternal history of type 2 diabetes presented with hyperglycemia without ketoacidosis at 8 years, when he was diagnosed with type T1D and was started on intermediate acting insulin NPH with poor adherence. At age 17, he came to the emergency room with a 2-month history of facial and lower limb edema. Laboratory tests showed a fasting glucose of 472 mg/dL, hemoglobin A1c of 18.66%, and detectable C peptide at 0.64 ng/mL. Ketones were negative. Glutamic acid decarboxylase (GAD) and tyrosine phosphatase islet antigen-2 autoantibodies were negative. He also had glomerular hyperfiltration (CKD-EPI 188 mL/min/1.73 m2) and proteinuria close to nephrotic range (2902 mg/24 h). WES study was performed where a pathogenic missense variant, c.94G>A (p.Gly32Ser), in the INS gene. Sanger sequencing was negative in samples of the patient's first-degree relatives, assuming “de novo” variant in the family. The patient was treated with basal insulin glargine at bedtime, and prandial insulin regular (titrated to total daily dose 1/UI/kg/day) plus empagliflozin 25 mg orally daily. After 3 years of regular follow-up, hemoglobin A1c dropped from 18.66% to 8.6%, and proteinuria decreased from 2902 mg/24 h to 1082.65 mg/24 h (60% decrease) (21).




Discussion

Maturity-Onset Diabetes of the Young (MODY) encompasses genetically heterogeneous, autosomal dominant forms of diabetes characterized by impaired insulin secretion due to pancreatic beta-cell dysfunction (22). Different MODY subtypes have been identified (23), with underlying pathophysiological mechanisms including: transcriptional regulation disorders involving dysfunctional nuclear transcription factors; enzyme deficiencies impacting metabolic pathways; protein misfolding disorders; ion channel dysfunctions; and signal transduction abnormalities (24, 25). These mechanistic categories result in a broad clinical spectrum ranging from relatively stable blood glucose levels to progressive deterioration in insulin secretion and extra-pancreatic features such as macrosomia, renal cysts, and azoospermia (26).

Despite the well-defined molecular underpinnings of MODY, the absence of a standardized diagnostic algorithm contributes to diagnostic delays and therapeutic mismanagement. A comprehensive diagnostic approach involves detailed clinical evaluation, diabetes-specific laboratory testing, and confirmatory genetic analysis to identify the causative mutation (25).

Given the natural history of MODY, the availability of cost-effective treatment options, and its potential impact on multiple family members, early and accurate diagnosis is essential. The presence of a positive family history, clinical features inconsistent with type 1 or type 2 diabetes, and the absence of diabetes-associated autoantibodies support the consideration of MODY in the differential diagnosis (27). However, the primary barrier to accurate diagnosis is the limited clinical recognition of monogenic diabetes among healthcare providers. Many physicians are unfamiliar with MODY and may not consider genetic testing, which is essential for a definitive diagnosis. This lack of awareness, combined with the phenotypic similarities to more common diabetes types, contributes to the high rate of misdiagnosis (28).

In our study we identified five patients with MODY. The median age at diabetes diagnosis was 13.6 years, while the median age at confirmed MODY diagnosis was 25.8 years, resulting in an average diagnostic delay of 12.2 years. This finding aligns with existing literature, which reports that the diagnosis of MODY is often delayed by more than 10 years after the initial presentation of diabetes (12).

Clinical misclassification remains a key challenge. Patients 1 (with an HNF1A gene mutation, MODY3) and 5 (with an-INS gene mutation, MODY10) were initially diagnosed with type 1 diabetes mellitus (T1D) due to the immediate requirement for insulin therapy at diagnosis. However, both lacked ketoacidosis and tested negative for pancreatic islet autoantibodies. This presentation is atypical for T1DM and raises the possibility of MODY (29). Although traditional MODY diagnostic criteria emphasize a family history of diabetes, sporadic de novo mutations—as observed in case 5—can confound this criterion. Studies have shown that de novo mutations in common MODY genes such as HNF1A, HNF4A, and GCK occur in approximately 7% of MODY cases without a family history, underscoring the importance of considering MODY even in the absence of familial diabetes (30).

Patients 2 and 4 were initially diagnosed with T2D as they did not require insulin therapy; patient 2 harboring an ABCC8 gene mutation (MODY12) was started on metformin/glibenclamide, while patient 4, with a GCK gene mutation (MODY2), did not receive pharmacological treatment. Nonetheless, the absence of insulin resistance indicators—such as acanthosis nigricans, skin tags, or metabolic syndrome features—combined with negative pancreatic autoantibodies, a fasting C-peptide level exceeding 0.60 ng/mL, and a family history of early-onset, non-obese diabetes, should prompt consideration of MODY (29).

Patient 3 carrying a NEUROD1 gene mutation (MODY6) was initially diagnosed with gestational diabetes mellitus (GDM). However, the detection of hyperglycemia before 24 weeks of gestation in a woman under 25 years old, with a normal body mass index (BMI) suggests the possibility of preexisting diabetes, such as MODY. MODY should be considered, especially when fasting glucose levels are persistently elevated ≥5.5 mmol/L (99 mg/dL) and the body mass index (BMI) is below 25 kg/m2. Applying these criteria, approximately 2.5% of GDM cases may warrant MODY genetic testing (20, 31). Differentiating MODY from gestational diabetes is crucial, as maternal glycemic control, which necessitates specific therapeutic approaches, and the presence or absence of mutations in the fetus can significantly impact pregnancy outcomes (32).

The MODY probability calculator, developed by the University of Exeter, has been validated as a screening tool for MODY diagnosis. A probability score of ≥20% for non-insulin-treated individuals and ≥10% for insulin-treated individuals indicate the necessity for genetic testing as per the National Health Services (NHS) England guidelines (33). Retrospective application in our cohort showed that 3 out of 5 cases exceeded these thresholds early in their clinical course, indicating that earlier testing could have expedited diagnosis.

Identifying specific subtypes of MODY is crucial for implementing precision therapy, as each subtype responds differently to treatment based on its genetic cause. For instance, the correct identification of ABCC8-MODY enables the switch from insulin to the use of sulfonylureas as a specific therapy, as these drugs bind to the SUR1 subunit and close the KATP channel to release insulin (34). Sulfonylurea-based therapy has been associated with improved C-peptide levels and metabolic control, and lower rates of hypoglycemia. At the same time, insulin discontinuation in these individuals favors body weight loss and reduces glucose variability, which is a potential driver for diabetic vascular complications (35).

Similarly, patients with HNF1A-MODY exhibit high sensitivity to sulfonylureas and may also respond to GLP-1 receptor glucagon-like peptide-1 receptor agonists (GLP-1RA). Current experience with GLP-1RA use in MODY is limited; however, these agents have demonstrated potential in reducing hypoglycemia and improving cardiovascular risk factors (26, 36).

To date, the largest MODY registry from Latin America includes 104 patients from Brazil (37). Two key studies from that country have significantly advanced the understanding of MODY genetics by identifying mutations primarily in GCK, HNF1A, and HNF1B genes (37, 38). Nevertheless, a notable limitation of these reports is the restricted exploration of rarer MODY subtypes, partly due to their focus on targeted gene sequencing. Our study contributes valuable data to the still scarce body of research on MODY in this region. There is a critical need for increased access to genetic testing, currently limited by its high cost and availability, and the integration of genetic counseling into local diabetes care protocols.



Conclusion and recommendations

Although our case series is limited in size, it revealed both common and rare MODY subtypes, reflecting the genetic and phenotypic heterogeneity of monogenic diabetes. These findings underscore the importance of maintaining a high index of suspicion for MODY in patients with atypical diabetes presentations, regardless of the presence or absence of a family history. Accurate diagnosis, supported by WES, enabled personalized therapeutic adjustments in most cases, reinforcing the clinical value of genetic testing. Expanding access to molecular diagnostics and promoting clinician awareness are critical steps toward reducing diagnostic delays and improving outcomes. Further multicenter studies with larger cohorts are needed to validate these findings and enhance our understanding of the MODY spectrum in Latin American populations.
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Diabetes is a chronic disease with a continuously increasing prevalence worldwide. Chronic hyperglycaemia results from elevated blood glucose levels due to disturbed insulin secretion and/or action. Diabetes adversely affects the structure and function of micro- and macrovasculature, leading to the failure of various organs and tissues. Diabetes complications affect the kidneys, retina, peripheral nerves, heart, brain, muscle, and skin. Approximately 30% of diabetic patients have cutaneous manifestations, which may be the first sign of metabolic derangement. Skin manifestations strongly associated with diabetes are foot ulcers, diabetic gangrene, diabetic dermopathy, yellow palms and soles, acanthosis nigricans, bullosis diabeticorum, diabetic thick skin, scleredema diabeticorum, and necrobiosis lipoidica. Non-specific symptoms associated with diabetes include acrochordons, rubeosis faciei diabeticorum, eruptive xanthomas, acquired reactive perforating collagenosis, keratosis pilaris, pruritus, vitiligo, granuloma annulare, lichen planus, as well as bacterial and fungal infections. The prompt recognition of skin lesions can initiate early diagnostic testing and timely treatment, minimising long-term complications of diabetes. The use of specialised bioactive dressings in the treatment of diabetic wounds, as well as immunomodulatory and anti-fibrotic therapies in diabetic dermatoses, is a current treatment trend. This review summarises the recent knowledge on the pathogenesis and clinical conditions of cutaneous manifestations related to diabetes mellitus.
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1 Introduction

Diabetes mellitus (DM) is a group of metabolic disorders characterised by chronic hyperglycaemia. People of any geographic or racial origin can suffer from an elevated blood glucose level, which results from disturbed insulin secretion and/or insulin action (1). DM is a significant global public health problem. Analysis of the past three decades reveals that the prevalence of DM has increased fourfold, especially in developing countries. The global incident cases of DM are estimated to be 463 million (9.3% refers to adults aged 20–79), and by 2045, this number is predicted to increase to 700 million (2). The alarming rate of increase in DM represents the most significant and challenging health problem in the human population of the present world (3).

According to the World Health Organization (WHO), DM can be divided into two main types (1). T1DM can develop at any age but is usually considered a childhood disease. However, new data indicate that up to 42% of T1DM cases occur in patients after 30 years of age, often being initially misdiagnosed as type 2 (3). T1DM is characterised by the autoimmune destruction of the insulin-producing pancreatic β-cell islets, which usually leads to absolute insulin insufficiency. Without enough insulin, glucose levels increase in the bloodstream. As a result, patients with DM have persistent hyperglycaemia. T2DM is much more prevalent and is typically associated with adulthood. It is almost always related to insulin resistance in peripheral tissue and impaired insulin secretion due to β-cell failure (3, 4). Chronic hyperglycaemia in DM contributes to abnormalities in carbohydrate, lipid, and protein metabolism. These disruptions negatively impact the structure and function of micro- and macrovascular systems, leading to damage, dysfunction, and eventual failure of various organs and tissues. If left untreated, the disease causes several life-threatening medical complications affecting the eyes, kidneys, and nerves (5). Retinopathy, nephropathy, and neuropathy are forms of microvascular complications, while heart attack, hypertension, hyperlipidemia, strokes, as well as coronary and peripheral vascular disease are associated with macrovascular complications. These long-term DM-related complications reduce the quality of life and have a clinically important impact on an increase in the diabetes-associated mortality rate (5, 6). The risk of cardiovascular disease doubles in patients with hyperglycaemia, and about 75% of deaths are due to coronary vascular disease (7).

The complications of DM affect every organ system, including the skin. Approximately 30% of diabetic patients have cutaneous manifestations, which may be the first sign of metabolic derangement (8, 9). Skin manifestations strongly associated with DM are foot ulcers, diabetic gangrene, diabetic dermopathy, yellow palms and soles, acanthosis nigricans, bullosis diabeticorum, diabetic thick skin, scleredema diabeticorum, and necrobiosis lipoidica (8, 10). Non-specific symptoms associated with DM include acrochordons, rubeosis faciei diabeticorum, eruptive xanthomas, acquired reactive perforating collagenosis, keratosis pilaris, pruritus, vitiligo, granuloma annulare, lichen planus, and bacterial and fungal infections (8, 11, 12). Prompt recognition of skin lesions is essential, as it enables early diagnostic testing and timely treatment, minimising long-term complications of DM (10). The pathogenesis of these cutaneous manifestations is multifactorial. The underlying causes are biochemical, vascular, immune, and metabolic changes that occur in the diabetic state (8, 13, 14). The complexity of the mechanisms linking all diabetic complications is crucial for understanding a holistic approach to DM management. The rising costs of healthcare and challenges in effectively treating diagnosed diabetes make it an ideal target for preventive measures to reduce future medical complications (15). This is particularly important in the post-coronavirus disease-19 (post-COVID-19) era, which has increased the incidence of new-onset DM (16). There are some dermatological manifestations of post-COVID-19 syndrome, such as hair loss, subcutaneous nodules, dermatitis, oedema, pigmentation changes, pruritus, or blisters (17). Patients with DM may develop and experience worsening dermatological complications, which may explain the prevalence of diabetes and dermatitis in the post-COVID era (18).

Appropriate care for diabetic skin includes preventing, detecting, and managing skin lesions. Difficult-to-heal wounds and inflammatory skin conditions pose a significant clinical challenge (19). To achieve an overall improvement in skin condition, a comprehensive and holistic approach is necessary, incorporating natural products such as lutein, curcumin, resveratrol, or mangiferin (20). Silver nanoparticles are also a promising agent for the treatment of diabetic wounds and ulcers (19). This review summarises current knowledge on the pathogenesis and clinical conditions of cutaneous manifestations related to DM.



2 Pathophysiology of DM

Glucose is the main energy source in organisms. It is derived from the intestinal absorption of food, glycogenolysis (the breakdown of glycogen, which is a stored form of glucose found in the liver), and gluconeogenesis (a metabolic pathway that results in the synthesis of glucose using non-carbohydrate precursors such as lactate, glycerol, and glucogenic amino acids) (21). In response to disturbed glucose homeostasis, two major hormones play a crucial role in the stabilisation of glucose content in the blood—insulin and glucagon (22). Insulin is responsible for controlling the uptake of glucose from the blood into most cells of the body, especially the liver, skeletal muscles, and adipose tissue. The sugar-lowering properties of insulin result from its ability to inhibit the breakdown of glycogen and the gluconeogenesis pathway, as well as its ability to induce glucose transport into fat and muscle cells (23). Therefore, deficits in insulin production contribute to the pathogenesis of both DM1 and DM2 (24). Insulin is a highly effective hormone produced by β-cells found in the Langerhans islets of the pancreas. β-cells, in response to high levels of glucose, secrete insulin into the blood, and when glucose levels are low, they decrease the production of insulin. Their neighbouring cells—α-cells—function oppositely. α-cells secrete glucagon into the blood in response to lower glucose content and inhibit its secretion when glucose concentration is adequate. Glucagon increases blood glucose by stimulating the gluconeogenesis pathway and glycogenolysis (25). Intrapancreatic hormone interactions result in stable blood glucose levels through precise coordination of glucose production and glucose uptake (23, 24, 26).

Chronic hyperglycaemia plays a major role in the initiation of DM. The kidneys are not able to absorb all circulating glucose, and the excess glucose is excreted out of the body through urine (glycosuria). The osmotic pressure of the urine increases and inhibits the reabsorption of water by the kidneys, leading to increased urine production (polyuria). In this case, diabetics produce a high volume of glucose-containing urine. Water from body cells is used to fill the lost blood volume, resulting in dehydration and increased thirst (polydipsia) (27). As a consequence of persistently high blood glucose levels, many metabolic disorders occur, such as metabolic ketoacidosis (DKA) (28). It is a medical emergency resulting from the destruction of β-cells and absolute insulin deficiency, which causes the liver to convert triglycerides from fat into ketone bodies. These ketone bodies enter the circulation mostly as β-hydroxybutyrate and acetoacetate, making the blood acidic (29, 30). Excessive production of ketone bodies manifests as nausea, vomiting, abdominal pain, deep breathing known as Kussmaul breathing, and the smell of acetone on the breath (31). In severe DKA, there may be a decreased level of consciousness. DKA is a typical symptom of T1DM due to a complete lack of insulin production. T1DM patients become fully dependent on insulin therapy to survive. In the case of T2DM, these relative amounts of insulin are usually sufficient to suppress ketogenesis. If DKA occurs in patients with T2DM, their condition is called ketosis-prone type 2 DM (30).

T1DM is an autoimmune disorder associated with immune-mediated β-cell destruction. It is characterised by several immune markers, which are present in 85–90% of individuals with T1DM (32). These autoantibodies include islet cell autoantibodies (ICAs) to β-cell cytoplasmic proteins, insulin autoantibodies (IAAs), autoantibodies to islet-specific zinc transporter isoform 8 (ZnT8), glutamic acid decarboxylase autoantibodies (GADAs) such as glutamic acid decarboxylase 65-kilodalton isoform (GAD65) antibody, and autoantibodies to the tyrosine phosphatases, such as insulinoma-associated protein tyrosine phosphatase 2 (IA-2) (29, 32). These autoantibodies are gaining more clinical and diagnostic value in adults, with late onset of disease and slow progression of β-cell destruction, often being misdiagnosed as T2DM. In such cases, the presence of autoantibodies allows the correct diagnosis of the disorder as T1DM (29, 32).

Contrary to T1DM, type 2 diabetes is often associated with various lifestyle factors, such as age, family history of diabetes, poor diet, lack of exercise, and obesity (29). This form of DM commonly goes undiagnosed for many years as it progresses gradually and asymptomatically. In the early stages, the patient does not notice any classic symptoms of DM. Symptoms such as blurred vision, polyuria, or polydipsia are associated with advanced stages of the disease (32). Insulin deficiency and insulin resistance correlate with high levels of inflammatory cytokines and fatty acids in the plasma, leading to deficient glucose transport into target cells and increased hepatic glucose production. Overproduction of glucagon, along with insufficient insulin secretion to compensate for insulin resistance, causes high blood glucose values (25, 30). A large percentage of patients with T2DM are overweight or obese (9). Obesity influences the development of insulin resistance by releasing more free fatty acids to the liver, which increases hepatic gluconeogenesis (33). Under normal circumstances, when glucose levels rise, insulin signals adipose tissue to suppress the process of fat breakdown and use glucose sources in energy metabolism. Diabetic and obese patients exhibit overproduction of tumour necrosis factor α (TNF-α) and non-esterified fatty acids, which leads to reduced levels and dysregulation of insulin-signalling adapters, such as insulin receptor substrates (IRS) (33). The IRS are a family of proteins that are critical elements in insulin-signalling pathways (34). Disruption in IRS metabolism leads to insulin resistance (33, 35). Diabetics demonstrate an impaired suppression of adipose tissue lipolysis and an inability of insulin to inhibit hepatic glucose production, leading to chronic hyperglycaemia (33, 36). Patients with T2DM and accompanying obesity are at increased risk of developing macrovascular and microvascular complications (33, 37).

A critical factor in the pathogenesis and progression of DM and its associated complications is oxidative stress (38, 39). Cellular damage and dysfunction result from an imbalance between reactive oxygen species (ROS) production and the antioxidant defence mechanisms of the body (40). Increased ROS production due to chronic hyperglycaemia and mitochondrial dysfunction escalates oxidative stress after activation of metabolic pathways, including glucose autooxidation, with the enhanced formation of advanced glycation end products (AGEs), deactivation of the insulin signalling pathway, activation of the polyol pathway, hexosamine pathway, and protein kinase C (PKC) (38, 41, 42). This oxidative imbalance impairs β-cell function and suppresses insulin signalling pathways, driving insulin resistance (37). Prolonged oxidative stress causes dysregulation of glucose metabolism and contributes to increased inflammation (43, 44). The literature supports a strong correlation between hyperglycaemia and the formation and accumulation of AGEs (38, 39, 45). AGEs are heterogeneous particles derived from glycation, a non-enzymatic, random reaction between the carbonyl group of glucose and amino acids of proteins (45). The formation of AGEs is a complicated long-term molecular process known as the Maillard reaction (MR) (46). The first stage starts with the formation of non-stable Schiff’s bases, which subsequently rearrange into stable ketoamines known as Amadori products. Further chemical transformation of the Amadori products generates final molecules known as AGEs, which are responsible for alterations in cell signalling and functioning throughout the body (1, 45). This is due to specific receptors for advanced glycation end products (RAGE) found on many cell surfaces (46). In DM, AGEs’ interaction with RAGEs initiates various signalling pathways that contribute to the pathogenesis of many diabetic disorders, including vascular and skin complications (1, 45). AGE–RAGE interactions initiate inflammatory signalling pathways, such as nuclear factor kappa B (NF-κB), leading to the production of pro-inflammatory cytokines. Elevated levels of inflammatory mediators like TNF-α, IL-8, IL-6, IL-1β, and C-reactive protein (CRP) contribute to skin inflammation and immune-related skin disorders (47). Upon activation of RAGE, impaired wound healing and microbial infections are observed in DM skin (48). AGE accumulation in the epidermis results in the rearrangement of keratinocytes. The epidermis becomes thin, making the skin more susceptible to external damage (47). Additionally, the activation of the RAGE/NF-κB signalling pathway increases the release of matrix metalloproteinases (MMPs), especially MMP-1, MMP-2, and MMP-9, leading to collagen fibre deformation. AGEs form cross-links with collagen, altering the biomechanical properties of the fibres, making them stiff and less elastic (49). Some studies also reported macrophage dysfunction caused by the AGE–RAGE signalling axis (50). Macrophages are the main immune cells in the dermis involved in non-specific immune defence. High glucose levels promote the activation of macrophages, leading to an elevated synthesis of pro-inflammatory cytokines (51). Long-term exposure to hyperglycaemia, AGEs, and a chronic inflammatory state results in irreversible changes in cells (39, 52, 53).



3 Pathogenesis of diabetic neuropathy, retinopathy, and nephropathy

Chronic hyperglycaemia and the accompanying accumulation of AGEs, oxidative stress, and mitochondrial damage play a major role in the initiation of diabetic vascular complications, called vasculopathy (32). This general term refers to both microvascular and macrovascular complications. Diabetic microangiopathy is characterised by the proliferation of endothelial cells and the thickening of the basement membrane of arterioles, capillaries, and venules (6, 38). Neuropathy, retinopathy, and nephropathy are significant microvascular complications (5). Target tissues, such as nerves, the retina, and kidneys, exhibit heightened susceptibility to toxic glucose levels due to the distribution of glucose transporters (6).

Diabetic peripheral neuropathy (DPN) is a type of nerve damage connected with the progressive loss of nerve fibres (6). The clinical manifestation depends on the type of nerve damage. The most common forms of diabetic neuropathy include peripheral neuropathy, autonomic neuropathy, proximal neuropathy, and focal neuropathy (6). Sensory peripheral neuropathy predominantly affects the hands and lower limbs, especially the feet (54). Symptoms include tingling, numbness, burning sensations, weakness, and pain, resulting in loss of sensation throughout the body. In autonomic neuropathy, internal organs that control automatic functions of the body, such as digestion, blood pressure, and bladder function, are involved. Nerve damage in blood vessels results in altered blood flow regulation. Diminished sweating leads to dry skin, cracks, and fissures. Pain in the thighs, hips, or buttocks refers to proximal neuropathy, while weakness and sudden pain in the head or torso are connected with focal neuropathy (6, 54). The loss of nerve fibres begins distally in the lower extremities. Vascular alterations and the degeneration of distal nerve fibres result from poor repair processes and endothelial dysfunction (38). Hyperglycaemia contributes to the development of oxidative stress and overproduction of AGEs (38, 39, 45). This triggers chemokine and cytokine production, promoting inflammation and peripheral nerve fibre damage, which are responsible for conducting motor and sensory impulses (55). The progressively worsening condition of the lower motor neuron pathway is known as motor neuropathy. Motor neuropathy leads to significant disability, with loss of function in the feet, as well as reductions in muscular strength, mass, and flexibility (55, 56). In particular, damage has been demonstrated to the myelin sheath and Schwann cells, which play an important role in the development, maintenance, and regeneration of peripheral nerves. Impulse conduction and signalling disorders progress along the length, more often affecting the longest nerve fibres (56).

Diabetic retinopathy (DR) is an eye complication that causes damage to blood vessels in the retina and/or macula (6). Hyperglycaemia and the overproduction of AGEs play a key role in retinal capillary damage by initiating endothelial damage, capillary occlusion, aberrant blood vessel proliferation, retinal fluid leakage, and the appearance of microaneurysms (57–59). Chronic inflammation heightens vascular permeability and contributes to diabetic macular oedema, which is the most common cause of vision loss in patients with DR among diabetics (6). Persistent ischemia causes the release of proangiogenic factors like vascular endothelial growth factor (VEGF) (58). VEGF promotes the abnormal formation of new blood vessels and can generate serious complications such as vitreous haemorrhage or tractional retinal detachment (59, 60). Clinically, DR is divided into two stages: non-proliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR). NPDR occurs first and refers to increased vascular permeability and capillary occlusion in the retinal vasculature (61). These pathologies, including microaneurysms, haemorrhages, and hard exudates, lead to the leakage of fluid and blood into the retinal tissue (62, 63). As DR progresses, symptoms like blurry vision, dark strings or spots in the field of vision, and gradual loss of vision occur. PDR is a more advanced stage of retinopathy and is characterised by the abnormal formation of new blood vessels in the retina. These vessels are weak and prone to breaking and bleeding into the vitreous, leading to vision impairment and blindness in an advanced state (6, 62).

Diabetic nephropathy (DN) or diabetic kidney disease (DKD) is a disorder characterised by persistent albuminuria (excretion of pathological quantities of urine albumin), diabetic glomerular lesions, a progressive decline in the glomerular filtration rate, and elevated arterial blood pressure (6). An injury to the highly specialised cells of the kidney glomerulus—podocytes—leads to albuminuria and chronic tubular injury (64). Symptoms include foamy urine, unexplained proteinuria, fatigue, foot oedema, and hypertension (6).

DPN, DR, and DN share common risk factors. Studies indicate that young age at onset of DM, followed by longer duration of diabetes, gender, elevated body mass index (BMI), dyslipidemia, or smoking correlate with an increased risk of many microvascular complications (6, 65–67). Moreover, the presence of neuropathy and nephropathy contributes to the development of retinopathy as a result of multiple vascular derangements in the body (8, 38). Therefore, effective management of these common risk factors is crucial to attenuate or delay the progression of microvascular disease in DM (6). Macroangiopathy in patients with DM proceeds in different phases, from endothelial dysfunction to low vessel wall elasticity and sclerosis (68). These changes result in cardiovascular system dysregulation with loss of elasticity of the vascular walls and peripheral circulatory failure (6, 7, 38). Recent studies indicate a correlation between diabetic macroangiopathy and diabetic polyneuropathy, emphasising the importance of metabolic changes and oxidative imbalance in the development of vascular dysfunction (8).



4 Epidermal, dermal, and adipose tissue abnormalities of the skin in DM


4.1 Skin structure and function

The skin is the largest human organ, consisting of the epidermis, dermis, and subcutaneous tissue. This multilayered construction is closely related to the functions of the skin. The skin serves as a constant interface between the external and internal environments. On the one hand, the skin protects the body from harmful external factors, but on the other hand, it ensures the reception of stimuli from the outside environment. Harmful agents that constantly interact with the skin include physical factors (heat, cold, or ultraviolet light (UV)), chemical factors (harmful acids and detergents), and biological factors (bacteria, viruses, and pathogenic fungi). The skin also regulates body temperature and prevents water loss (69, 70).

The most superficial layer of the skin is the epidermis. It consists of several distinct layers beginning with the innermost stratum basale, stratum spinosum, stratum granulosum, stratum lucidum, and stratum corneum (SC). The number of layers and overall thickness of the epidermis depends on the location in the body (69). Keratinocytes are the main cells of the epidermis. From the stratum basale, keratinocytes divide and differentiate to form new cells that move up to the skin surface to exfoliate. In healthy skin, the keratinocyte proliferation/differentiation balance ensures constant renewal of the epidermis, and it lasts 28–30 days (71). In SC, keratinocytes are terminally differentiated, anucleate, flattened, dead cells called corneocytes (72). Corneocytes, together with intercellular lipids (e.g., ceramide, cholesterol, and free fatty acids), form an effective outside-inside barrier, maintaining skin homeostasis and functions (73). Intercellular lipids in SC are end products delivered from the lamellar bodies of the epidermis—lipid granules in the granular layer. These structures are enriched in polar lipids, phospholipids, glycosphingolipids, free sterols, and catabolic enzymes, which are modified, rearranged, and hydrolysed to non-polar products that seal the junctions between keratinocytes (72). Glycosphingolipids are modified to ceramides while phospholipids are converted into free fatty acids (72, 74). In the meantime, keratohyalin granules—another structure in the stratum granulosum—begin to form keratins to fill the keratinocyte structure (74). During the terminal differentiation of epidermal cells, a highly phosphorylated protein in keratohyalin granules, called profilaggrin, is broken down into multiple filaggrin monomers (73). Further reactions lead to monomer degradation and the generation of a complex mixture of hygroscopic free amino acids, amino acid derivatives, and salts, which are components of the natural moisturising factor (NMF) (73). NMF constituents include serine, glycine, alanine, histidine, ornithine, citrulline, and arginine, as well as sodium pyrrolidone carboxylic acid (PCA), lactic acid, urea, and inorganic ions, such as potassium, sodium, magnesium, and calcium. These components are responsible for maintaining the water content of the SC by attracting and binding water molecules (73, 75). Released free amino acids into the cytoplasm initiate the aggregation of keratin filaments into tight bundles, stuck together by cross-linked molecules of other proteins, including loricrin and involucrin (73). The enzyme catalysing this process is transglutaminase 1, and the final products are corneal plates in the most superficial layer of the epidermis—flat, closely arranged corneocytes filled with keratin filaments (75). SC, intercellular lipids, and NMF constituents perform a physical and biochemical skin barrier.

The dermis is the second layer of the skin, connected to the epidermis by the basement membrane. The dermal-epidermal junction (DEJ) has a wavelike, undulating structure that is co-formed by epidermal protrusions down into the dermis and dermal elevations up into the epidermis (dermal papillae) (76, 77). That wavelike structure plays multiple roles in skin homeostasis and function, such as preventing delamination and ensuring the diffusion of nutrients from the dermis to the epidermis (76, 77). The dermis consists of fibroblasts (the main cells of the dermal connective tissue), collagen and elastin fibres, and ground substance, which is made of glycosaminoglycans (GAGs), with the most numerous being hyaluronic acid (76). Ground substances and fibre are components of the extracellular matrix (ECM) of the skin. The ECM maintains the correct hydration and structure of the connective tissue (77). The dermis is made up of two loose connective tissue layers: papillary and reticular. The papillary dermis is the upper portion beneath the epidermis, consisting of a small amount of collagen and a little fibre, but a large number of GAGs. The deeper reticular layer contains thick collagen and elastin fibres and creates an organised, compressed network, providing the proper strength and stiffness of the tissue. The dermis houses the hair, hair follicles, sweat glands, muscles, blood vessels, and sensory neurons (78).

The hypodermis, also known as subcutaneous tissue, is the innermost layer of the skin. It provides mechanical protection and thermal insulation, and it serves as the primary storage site for high-energy compounds. The hypodermis is composed of adipocytes—fat cells surrounded by connective tissue (77).

Sooner or later, patients with both types of DM present some cutaneous complications. As many as 70% of diabetes patients worldwide will develop cutaneous symptoms (79). A skin disease involves any medical condition that irritates or damages the human skin, hair, nails, and related glands and muscles. The dermatological manifestations of DM, attributed to hyperglycaemia, can have health consequences ranging from aesthetic concerns to life-threatening conditions (5, 11).



4.2 Epidermal barrier abnormalities in DM

Mechanisms underlying the altered epidermal permeability barrier function in DM are not clear and reveal conflicting findings. Some clinical studies demonstrate decreased SC hydration and transepidermal water loss (TEWL) in diabetic individuals, associated with a lack of glycaemic control and older patient age (79–81). These findings are confirmed by murine models, which indicate reduced levels of hyaluronic acid, decreased intercellular lipid synthesis, and lamellar body number as the main reasons for reduced skin hydration in association with increased blood AGEs (82). However, other clinical studies have not shown differences in SC hydration and TEWL in age- and gender-matched diabetic patients (79, 83). These contradictory results may stem from the presence of confounding factors, such as age and obesity, in the studied populations (79).

Several potential processes have been identified that contribute to the altered permeability barrier function in DM (72, 83, 84). These include reduced VEGF, antimicrobial peptides, and differentiation-related proteins, as well as increased skin surface pH and fatty acid content, with reduced overall epidermal lipid synthesis and psychological stress (84–86). Studies performed on keratinocyte cultures demonstrate that high glucose levels reduce the expression of VEGF and skin-derived antimicrobial peptides, such as β-defensin and cathelicidin (84, 87–89). These factors contribute to epidermal barrier homeostasis by regulating inflammatory responses, cytokine/chemokine secretion, cell migration, and proliferation. Disruption of these natural factors in DM leads to increased skin surface pH, reduced epidermal lipid production, as well as impaired keratinocyte differentiation and proliferation, ultimately resulting in delayed restoration of the permeability barrier (72, 84, 90). Recent studies show a significantly higher skin surface pH in mice and humans with T2DM, which may result from low sebum content in diabetic individuals (80, 84). Mouse models of T2DM have shown a reduction in overall epidermal lipid synthesis, with a concomitant increase in the content of short- and medium-chain fatty acids. Both conditions result in reduced permeability barrier function, and increased fatty acid content in the epidermis may further result in delayed restoration of the permeability barrier in diabetic patients (84, 91, 92). This may be due to reduced expression of loricrin and filaggrin in diabetic skin (73). Filaggrin is a granular and cornified layer protein, while loricrin is limited to the cornified layer of the epidermis (93). In vitro studies showed that high glucose levels inhibited the expression of loricrin and transglutaminase 1, which participates in the cross-linking and immobilisation of proteins in keratinocytes (84, 94). Therefore, reduced levels of differentiation-related proteins lead to delayed permeability barrier recovery (84, 95). Reduced expression of loricrin contributes to the overall fragility of the epidermis, increases the risk of infection, and delays wound healing. Transglutaminase alterations are also associated with wound healing disorders and inflammatory processes (84, 93). Finally, there is some evidence that psychological stress may contribute to decreased levels of antimicrobial peptide expression and epidermal lipid synthesis, which also adversely affect the epidermal barrier (84–86).

Several endogenous factors and different metabolic changes can contribute to reduced SC hydration levels in DM (83). First, in patients with DM compared to healthy controls, the content of skin surface lipids, which are supplied by sebum from sebaceous glands, is significantly lower (72, 83). Sebum is primarily composed of diglycerides, triglycerides, wax esters, squalene, cholesterol, and free fatty acids, and their reduced levels contribute to diminished skin hydration (96). Second, the content of SC intercellular lipids also decreases in diabetic individuals (83, 84). The level of ceramides, which are one of the major natural skin moisturisers, is reduced by over 60% in DM (84). Third, high concentrations of glucose inhibit keratinocyte proliferation and differentiation, as well as protein synthesis, which leads to disturbances in the production of cornified cells and NMF components (97). Finally, in the plasma of the diabetic murine model, hyaluronic acid levels are 25–70% lower compared to the control group. The possible reason is increased hyaluronidase activity in patients with DM, resulting in SC dehydration (84).

Epidermal barrier abnormalities in DM can provoke and exacerbate cutaneous inflammation (98). Reduced hydration of the SC in people with DM is a result of a disrupted skin barrier and leads to high levels of histamine and cytokines, as well as increased mast cell density, which are signs of skin inflammation (84). Patients with DM experience chronic itching, which may be exacerbated by high cytokine levels (99). Pruritus-caused scratching leads to further stratum corneum damage and disruption of the skin permeability barrier (83). In normal skin, the disrupted skin barrier is rapidly repaired, but in DM, recovery forces are delayed (79, 84).



4.3 Epidermal abnormalities in DM

In normal skin conditions, damage to the epidermal barrier causes the activation of keratinocytes and promotes the reepithelialisation process (100). During skin repair, keratinocytes undergo proliferation and migration, which is supported by reduced cell adhesion and proteolysis of ECM proteins by MMPs (79). Relative insulin deficiency in T2DM affects poor keratinocyte proliferation, differentiation and migration, resulting in impaired epidermal barrier function and contributing to the impairment of wound healing (100, 101). Excessive ROS in a high-glucose environment leads to increased activity of MMPs, especially matrix metalloproteinase-1 (MMP-1), matrix metalloproteinase-2 (MMP-2), and matrix metalloproteinase-9 (MMP-9) (102–104). MMPs play a critical role in suppressing keratinocyte migration, delaying wound healing (48). Under oxidative imbalance, inflammatory cells produce MMP-9, which selectively degrades the growth factors and other molecules that assist the healing process and modulate the expression of keratinocyte differentiation and migration (102–104). In keratinocytes, excess glucose levels escalate mitochondrial ROS overproduction, leading to mitochondrial oxidative damage (43, 105). Disturbance of mitochondrial membrane potential drives mtDNA fragmentation. Fragmented mtDNA alters signalling pathways, ultimately promoting an inflammatory response and keratinocyte apoptosis, which may delay diabetic wound healing (43, 106, 107). ROS such as nitric oxide have been found to have a strong regulatory effect on keratinocyte proliferation and differentiation (79, 100).

A recent study conducted on the skin of non-obese Sprague Dawley rats has provided insight into the multiscale characteristics of the skin of healthy and T2DM rats (108). Dwivedi et al. (108) report baseline data on the effects of T2DM on the physiological, structural, and mechanical properties of the skin. The physiologic stress–strain state (in vivo strain) was investigated, as well as the structural and mechanical response of the skin. Comparing healthy and diabetic animals, T2DM skin was found to be more susceptible to changes in mechanical response in terms of stiffness, transient stretch, anisotropy, and in vivo strain stress state (108). Mechanical anisotropy and in vivo strain were measured using a digital imaging correlation (DIC) technique and a DIC-coupled bulge experiment. Histology and fluorescence microscopy were used to evaluate the microstructure of collagen and elastin fibres, creating a constitutive model that considered the role of elastin fibres and the in-plane and out-of-plane distribution of collagen fibres. The obtained model was used to measure the state of in vivo stresses of healthy skin and skin with T2DM over the 360° planar directions (108). Morphological analysis at the epidermal layer level showed that, compared to healthy skin, epidermal thickness was significantly lower in T2DM skin. This makes the skin more susceptible to environmental aggression and trauma caused by mechanical stress. Furthermore, the wavy structure of the DEJ represented by dermal papillae almost disappeared in T2DM skin, leading to a reduction in DEJ length. The weakening of the attachment between the epidermis and dermis in T2DM leads to impaired skin sensation and nutrient delivery to the epidermis (108).



4.4 Dermal abnormalities in DM

Fibroblasts play a key role in the processes of ECM deposition and remodelling. On the one hand, they are synthetic cells that deposit a collagen-rich matrix, and on the other hand, fibroblasts are signalling cells that secrete growth factors to ensure cell–cell communication in the repair process (78). Fibroblasts incubated in a hyperglycaemic environment demonstrate a senescent phenotype and accelerated apoptosis (79). Any impairments in fibroblast function prevent normal ECM remodelling (79). Moreover, in DM, ECM proteins are subject to glycation-induced modification, resulting in the formation of AGEs (79, 109). Disturbed ECM remodelling is a typical symptom of wound healing failure and ulceration in patients with DM. During normal wound healing and ECM remodelling, damaged fibrils are degraded by ECM enzymes such as MMPs and replaced with newly synthesised and modified fibrils to regenerate the network (102, 109). The MMP family contains 23 members (110). ADAM and ADAMTS are two large metalloproteinase families involved in numerous cellular processes, including cell adhesion and migration, ectodomain shedding, and proteolysis. Collagen homeostasis is regulated by the MMPs and tissue inhibitors of metalloproteinases (TIMPs) (111). The balance between degradation and synthesis, which is maintained in the normal process, is disturbed in patients with DM (79). In defective wound healing, the production of more degraded, insoluble fibres predominates. It is accompanied by chronic inflammation and a highly proteolytic environment as a result of elevated levels of MMP-1, MMP-2, MMP-8, and MMP-9 (102, 112). TIMPs are natural regulators of the activity of MMPs (113). TIMPs selectively inhibit different MMPs as well as members of the disintegrin and metalloproteinase family with thrombospondin motifs (ADAMTS) (110, 114). The TIMP family consists of four members, from TIMP-1 to TIMP-4, each with subtly different protease inhibition profiles. TIMP-1, −2, and −4 are soluble inhibitors, while TIMP-3 is bound to ECM (110). The positioning of TIMP-3 in the matrix results from its interaction with sulfated proteoglycans of ECM, such as heparan sulfate (115). TIMP-1 strongly inhibits the activity of most MMPs; however, it is more limited in its inhibitory range than the other three TIMPs (110, 114). TIMP-1 binds particularly strongly to MMP-9 but has weak inhibitory properties against MMP-2, MMP-14, MMP-16, MMP-18, MMP-19, membrane type 1-matrix metalloproteinase (MT1-MMP), membrane type 2-matrix metalloproteinase (MT2-MMP), membrane type 3-matrix metalloproteinase (MT3-MMP), and membrane type 5-matrix metalloproteinase (MT5-MMP) (110, 116). TIMP-2 is the most abundant TIMP family member. TIMP-2 has been shown to interact with MMP-2 and MMP-14 (117). TIMP-3 has the widest inhibitory spectrum against MMPs, ADAM, and ADAMTS. TIMP-3 can suppress all MMPs, ADAMs (−10, −12, −17, −28, −33), and ADAMTS (−1, −2, −4, −5) (115). The MMP/TIMP imbalance in DM leads to ECM degradation and poor wound healing (102, 112). To confirm this assumption, a punch biopsy of wound tissue from chronic DM skin ulceration was performed. The results show increased expression of MMP-1, −2, −8, and −9, and decreased levels of TIMP-2 (111, 112). Pro-inflammatory cytokines, such as TNF-α, interleukin-1 (IL-1), and interleukin-6 (IL-6), may indirectly increase the production of MMPs (102). Continuous secretion of pro-inflammatory and fibrotic factors by tissues and cells under hyperglycemic conditions may be associated with the MMP/TIMP imbalance in diabetes (111). Increased levels of MMPs and accumulation of AGEs contribute to the degradation of collagen (109).

The MMP/TIMP balance in poor diabetic wound healing has been widely reported in the literature (111, 112). However, there are few reports on whether the MMP/TIMP ratio is imbalanced in early, intact diabetic skin, which could contribute to early intervention, clinical prevention, and treatment of skin lesions. Recent studies have provided knowledge that dermal collagen deposition disorders occur in diabetic non-injured skin (111). The skin of some DM patients before evident skin injury was stained with Masson’s trichrome. Results showed that dermal collagen was disordered and arranged in vague fascicles, and its density was variable. Collagen staining quantification and Western blot results show that the expression of collagen in DM skin was decreased. RNA sequencing performed on human dermal fibroblasts (HDF) under high glucose levels showed that the expression of COL1A1 and COL1A2 genes, which encode two alpha chains of type I collagen, was reduced (111). Additionally, the protein levels of collagen I in HDF cultures showed a decrease. This suggests that HDFs play an important role in collagen secretion in the skin of DM patients and that the collagen deposition disorder can be a result of decreased synthesis of new collagen or increased collagen breakdown. Moreover, an RNA-seq and qPCR analysis of the balance of MMP-2/TIMP-2 and MMP-9/TIMP-1, which can regulate collagen synthesis and decomposition, was disrupted in high glucose-treated HDFs, contributing to the skin collagen disorder in early, non-injured diabetic patients (111). The study also showed that after inhibition of MMP2 and MMP9 activity in mice with DM, the collagen deposition disorder was alleviated (111).

Dwivedi et al. (108) performed structural characterisation of the dermis in a non-obese T2DM rat model. The analysis shows a significant reduction in the areal density of collagen fibre in T2DM skin. In skin with T2DM, collagen fibres were fragmented and sparse; they also lost their arrangement and characteristics (d-periodicity), which results from a significant loss in relative protein content. In comparison, collagen fibrils in healthy skin are smooth, organised, and closely packed (118). An increase in average blood glucose levels affects the loss of collagen content due to an increase in MMP-1 and MMP-2 levels (108). The elevation of MMPs increases the breakdown and fragmentation of collagen, making the skin more prone to tears. In individuals with T2DM, collagen fibres in the skin lose their normal arrangement (e.g., dispersion and mean angle of orientation) and are aligned in only one direction, which can alter the orientation of the skin’s tension lines (44). This disruption contributes to impaired wound healing, making the skin susceptible to mechanically induced injuries, such as pressure ulcers. Elastin fibres in the T2DM skin model were also fragmented, which may impair the elasticity and regeneration of skin tissue (108).



4.5 Subcutaneous adipose tissue abnormalities in DM

Patients with DM demonstrate signs of adipose tissue dysfunction within subcutaneous fat. These include enlarged adipocytes, increased inflammatory cytokines such as TNF-α, increased lipolysis, and reduced adipogenesis (79, 119, 120). There is evidence suggesting that adipose tissue dysfunction may precede the onset of DM, as shown in studies conducted on healthy individuals genetically predisposed to the disease (79, 119, 120). These studies demonstrated adipocyte atrophy and impaired differentiation, as well as increased inflammatory markers, such as IL1-β, IL-10, TNF-α, and early signs of adipose tissue remodelling and fibrosis (79, 121, 122). Adipose tissue is involved in cutaneous wound healing, which requires communication between adipocytes and macrophages—cells of the innate immune system. Adipocytes at the periphery of skin lesions promote the release of saturated and monounsaturated fatty acids to the wound surface. The presence of fatty acids ensures the activation of pro-inflammatory macrophages, accelerating vascular regeneration and skin wound healing processes (79, 123). It is also important to note that adipocyte-derived cells at the edge of the wound can differentiate into myofibroblasts (124). Myofibroblasts are primarily responsible for the production and maintenance of the ECM components during the proliferative phase of wound healing (79, 124, 125) (see Figure 1).
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FIGURE 1
 Epidermal, dermal, and adipose tissue abnormalities in the skin associated with diabetes mellitus (DM). In the epidermis (blue circles), factors that contribute to altered permeability barrier function include increased skin pH, reduced stratum corneum (SC) hydration due to water evaporation, and impaired proliferation, differentiation, and migration of keratinocytes. Changes in the dermis (green circles) result from impaired fibroblast function, the formation of advanced glycation end products (AGEs), collagen degradation, impaired extracellular matrix (ECM) remodelling, and chronic inflammation (43, 44, 107, 262). In subcutaneous adipose tissue (orange circles), changes such as increased inflammatory signalling, reduced adipogenesis, and increased lipolysis are observed (created in https://BioRender.com).





5 Diabetic angiopathy and neuropathy associated with DM


5.1 Diabetic foot ulcer (DFU)

DFU, including pressure ulcers and foot ulcers, are the most common complications in diabetic patients (11, 126–128). The WHO defined DFU as a set of symptoms that includes peripheral neuropathy, ischaemia from peripheral vascular disease, as well as infection of soft tissue and bone, manifesting as lower extremity ulceration and/or destruction of deep tissues (129).

Diabetic peripheral neuropathy, along with impairment of sensory, motor, and autonomic functions, makes the foot vulnerable to mechanical or thermal injury (8). With a reduced ability to feel pain, minor foot injuries may go undetected and develop into full-blown DFUs. Motor neuropathy disrupts the balance of biomechanical forces and foot anatomy, resulting in muscle atrophy and contractures (130). These pathogenetic events disturb walking motor skills, leading to poor balance and instability, as well as thickening of the skin in areas of chronic pressure, such as beneath the metatarsal heads (131). The horny epidermis presses on deeper tissues, facilitating ischemic necrosis and leading to the breakdown of skin and subcutaneous tissue integrity (132). In cases of decreased sweating, the skin on the lower limbs becomes dry and prone to cracks and fissures, with a predisposition to ulceration. Additionally, diabetic patients suffer from impaired wound healing, as hyperglycaemia reduces the effectiveness of healing mediators (102). Progressive autonomic neuropathy and atherosclerosis of the proximal arteries result in the formation of arteriovenous fistulas and foot ischemia, which impair the ability to heal properly (133, 134). Local osteomyelitis, dislocations, fractures, and significant disfigurement of the foot lead to Charcot foot arthropathy (128). Diabetic Charcot disease can affect one or more joints in the foot, leading to bone destruction and long-term deformities (128). Untreated DFUs are prone to secondary infection, which is accompanied by the presence of inflammatory and purulent lesions in or around the ulcer (130, 133). Data show that approximately 50% of ulcers become infected (130). Infection may spread to soft tissue, bones, and joints, leading to gangrene and lower limb amputations (52). It is very important to educate patients with DM about proper foot self-care and encourage them to wear adequately fitting and pressure-relieving footwear. As many as 42% of patients with healed DFUs will develop another ulcer within 1 year (130). To delay such a process, it is important to promote regular visits to a qualified specialist, called a podiatrist, to treat calluses and other forefoot symptoms (130).

Modern therapies for treating DFU are based on bioactive wound dressings. Among the wide range of ingredients, we can distinguish cellular and/or tissue-based products, placental dressings, 3D-bioprinted dressings, stem cell-based therapeutics, and acellular dermal substitutes (135). Bioactive dressings deliver various growth factors and maintain a moist wound environment (135). Equally standard are polymer-based wound dressings, which combine natural polymers (e.g., chitosan, cellulose) with synthetic polymers (e.g., polylactide, polyglycolic acid, polyurethanes). The properties of polymer dressings include swelling capacity, which provides a moist and warm environment to accelerate the wound healing process, excellent antibacterial and mechanical properties, and the ability to deliver bioactive substances (136).

DFU affects 15–25% of people with DM, with a higher incidence in patients with T2DM compared to T1DM (129). Apart from ulcers, other major diabetic foot complications include abscess, wet gangrene, dry gangrene, and necrotising fasciitis. As many as 75% of all cases of diabetic foot syndrome end in foot amputation (128, 137) (see Figure 2).
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FIGURE 2
 Developmental pathways of diabetic foot ulceration (DFU). The aetiology of DFU involves prolonged hyperglycaemia, peripheral neuropathy, and vascular disease. The prolonged hyperglycaemia impairs the wound healing process due to increased oxidative stress and reactive oxygen species (ROS) overproduction, altered immune cell function and inflammation, endothelial cell damage, impaired neovascularisation, as well as collagen cross-linking deformities. Peripheral motor, sensory, and autonomic neuropathy lead to foot deformities, decreased protective sensation, and skin dryness. Vascular disease accounts for the impaired blood flow, leading to ischemia and necrosis (created in https://BioRender.com).




5.2 Diabetic gangrene

Reduced blood supply to the tissues of the foot, which leads to necrosis, is called gangrene. Gangrene is classified into dry, wet, and gas gangrene. Dry gangrene results from arterial occlusion, wet gangrene is more commonly associated with venous obstruction, while gas gangrene involves the production of gases by Clostridium bacteria (137).

In dry gangrene, dead tissue becomes numb, dry, dark, and shrunken. The ulceration is the starting point of necrosis, which spreads gradually, leading to surgical amputation or autoamputation (138). Spontaneous separation of unviable tissue from viable tissue is possible due to the occurrence of clear lines of demarcation (129, 139). Compared to surgical intervention, waiting for autoamputation may increase pain, induce secondary infection, and reduce the quality of life (128, 129). The pharmacologic approach for the treatment of dry gangrene involves the administration of antibiotics and painkillers, as well as circulatory management to improve blood circulation (137). Before any surgical decision is made, patients should first overcome peripheral artery disease. In medical management, the most promising therapy is antiplatelet therapy or platelet aggregation inhibitors (137). In wet gangrene, tissue is moist, swollen, soft, rotten, and dark. There is no clear-cut line of demarcation, and the putrefaction is notable due to the congestion of organs with blood. Wet gangrene results from obstruction or immobilisation of venous and/or arterial blood, leading to bacterial infection or sepsis. Wet gangrene spreads rapidly and can be fatal, so prompt surgical treatment is required (137). Gas gangrene is a life-threatening condition. In a hyperglycaemic environment, it spreads rapidly, with gas production at the infection site due to Clostridium perfringens bacterial infection (140). The presence of gas causes the tissue to turn pale, brown to purple-red with the development of multiple haemorrhagic blisters. Putrefaction is characterised by the infiltration of gases produced by bacteria in tissues, which spread rapidly to the surrounding areas. Radical amputation is the preferred treatment option (137).



5.3 Diabetic dermopathy

Diabetic dermopathy (DD) is a cutaneous manifestation of DM that often appears on the lower limbs, especially in the pretibial region over bony prominences (141). Some studies report that the prevalence of DD in the diabetic population exceeds 50%, especially in those with poorly controlled T2DM (142). Initially, DD is characterised by oval, dull, red papules that evolve over one to two weeks into atrophic, hyperpigmented patches and plaques with a fine scale (8, 141). It is believed that the pathogenesis of DD results from microangiopathic changes caused by hyperglycaemia, possibly in conjunction with mild trauma to affected areas, which leads to hemosiderin and melanin deposition in the skin (142). DD is a subtle, asymptomatic, and self-resolving clinical condition that does not require treatment (143). However, as a late complication of DM, DD reflects the progression of other diabetic microvascular complications, including retinopathy, nephropathy, and neuropathy (8, 144). An association with cardiovascular disease has also been reported (145). Therefore, the identification of DD is of significant importance to minimise the further progression of micro- and macrovascular complications (8, 142).




6 Skin manifestations strongly associated with DM


6.1 Yellow palms and soles

Patients with DM may experience a yellow discolouration of the palms and soles, known as carotenodermia (12, 146). Except for yellow pigmentation of the skin, this clinical condition is also associated with increased β-carotene levels in the blood. It has been reported that elevated serum carotene levels in diabetic patients are due to impaired conversion of pro-vitamin A carotenoids to vitamin A (147). Patients with hyperglycaemia consume a lot of vegetables and fruits with a high β-carotene content which can lead to hypercarotenaemia (147). However, yellowish discolouration of the palms and soles had developed only in 10% of cases (147). Unlike jaundice, carotenemia spares the sclera, which is useful in clinical differentiation (12).


6.1.1 Acanthosis nigricans

Acanthosis nigricans (AN) is a highly prevalent dermatologic manifestation of DM and insulin resistance (11, 142). Clinically, AN is characterised by dark brown, velvety, lichenified plaques that are raised from the skin (148). It has a symmetrical distribution and is located in intertriginous areas such as the axilla, neck, and groin (144, 149). These lesions are usually asymptomatic, although itching may occasionally occur (8). The pathogenesis is thought to be due to persistently elevated blood glucose levels and the resulting state of hyperinsulinemia (11, 142). Insulin binding to insulin growth factor receptor 1 (IGF-1) on keratinocytes and fibroblasts induces cell proliferation, leading to the clinical manifestation of hyperkeratosis (9, 142). Changes in skin pigmentation are mainly due to the thickening of the SC of the epidermis and are less often due to changes in melanin production (9, 12). Apart from DM, AN is also associated with insulin resistance and obesity, and it can serve as a reliable cutaneous marker for these conditions (8, 9, 150). The most important therapy is the treatment of the underlying disease (142). The interventions for AN ultimately focus on reducing insulin resistance and improving glycaemic control through pharmacotherapy. Dietary modifications, increased physical activity, and weight reduction are promising lifestyle modifications that are helpful in overall therapy (150). Skin care procedures are based on keratolytic agents such as isotretinoin, salicylic acid, retinoids, or urea. Topical agents alleviate symptoms but do not eliminate the cause of the condition (142, 150).




6.2 Bullosis diabeticorum (BD)

Bullosis diabeticorum, or bullous disease (BD), is a rare skin manifestation affecting about 0.5% of diabetics (142, 144). Tense, non-inflammatory vesicles and bullae often occur on the hands and feet on an unchanged base. The diabetic bullae are large and painless, filled with clear fluid (143, 144). Blisters often appear rapidly and heal without scarring in 2 to 5 weeks (146). The fluid inside the blister is reabsorbed by the body, and the blisters dry up (143). Treatment for diabetic blisters is supportive and aimed at preventing secondary infection and chronic ulcers (11). To minimise the risk of infection, it is important not to puncture the blisters (143). The basis of therapy is the regulation of blood glucose levels (144). BD affects patients with long-duration DM or those who have diabetic microvascular complications (143). There is an incomplete understanding of the underlying pathogenesis of BD (12). It is assumed that the vascular complications of DM cause fragility of the skin, which promotes blistering. In addition, coexisting diabetic polyneuropathy may explain the foot involvement. There are also reports of BD appearing in individuals with prediabetes (8, 12, 142). Therefore, early detection of diabetic blisters may be an early marker of the disease (8).



6.3 Diabetic thick skin

Diabetic patients may have thickening and hardening of the skin on the dorsal aspect of the hand. The skin sclerosis on the extensor surface of the fingers, on the knuckles, or the periungual surface is known as Huntley’s papules (144). These are grouped, small, indurated papules, which may reduce joint flexibility (143, 146). Reduced joint mobility results in limited extension. Patients are unable to entirely close the gap between opposing fingers of closed hands (a “prayer sign”) (8). A scleroderma-like syndrome is common in T1DM and occurs in up to 50% of diabetic patients (146). The physiopathology of thick skin in DM is not completely understood. However, in a state of hyperglycaemia and hyperinsulinemia, collagen metabolism is disrupted (79). Increased collagen synthesis in fibroblasts and reduced degradation of collagen affect the thickening and hardening of the skin. There is no specific therapy for thick skin (12).



6.4 Scleredema diabeticorum

Another form of skin sclerosis associated with DM is the scleredema adultorum of Buschke (SAB). It is a rare connective tissue disease that affects mainly the face, trunk, neck, and upper limbs (146). It is characterised by painless, symmetrical, and diffuse thickening and hardening of the skin. Stiffness and impairment of mobility result from cutaneous deposition of collagen and mucopolysaccharides (12). Increased glucose levels stimulate collagen production from fibroblasts and reduce collagen degradation, affecting the thickening of the skin (8, 142). SAB is resistant to medical interventions. Therapies include glucocorticoids, pentoxifylline, prostaglandin E1, or methotrexate administration (146). However, to avoid the formation of new lesions, patients should monitor their blood glucose levels (12, 142, 146).



6.5 Necrobiosis lipoidica

Necrobiosis lipoidica (NL) is a chronic inflammatory granulomatous disease of the dermis. Initially, erythematous papules are present, which slowly evolve into a yellow-brown well-demarcated plaque with an atrophic centre (142). Lesions are typically present on the shins with no systemic symptoms (11). NL resolves spontaneously but frequently may develop secondary infection and ulceration (142). Treatment is challenging and typically involves topical therapy with corticosteroids and systemic immunosuppressants, such as cyclosporine and methotrexate (12). In recent years, cases have been reported of the successful use of ustekinumab and secukinumab, as well as Janus kinase inhibitors (JAKi) and the aryl hydrocarbon receptor agonist tapinarof (151, 152). Tacrolimus possesses anti-inflammatory and antifibrotic properties by inhibiting collagen synthesis (151). Although the aetiology of NL is considered unclear, histopathological examination indicates disorganisation and degeneration of collagen in the whole dermis and infiltration of inflammatory cells in the atrophic epidermis (146). Therefore, the use of tacrolimus can be a promising therapy (151). Autoimmune vasculitis appears to be a primary cause of collagen necrobiosis (146). In DM, prolonged hyperglycaemia causes microvascular ischemic changes affecting NL development (11, 146). There is a strong NL association with T1DM, with an incidence of 0.3 to 1.2% (8).




7 Non-specific symptoms associated with DM


7.1 Acrochordons (skin tags)

Acrochordons, known as skin tags or benign fibroids, are pedunculated, hyperpigmented, or skin-tone lumps that occur in diabetic patients (11). Approximately 23% of patients with DM have acrochordons (142). The neck, armpits, and periorbital area are most frequently involved (8). The pathogenesis of acrochordons includes a strong association with abnormal glucose metabolism and insulin resistance (8, 12). High insulin levels in response to hyperglycaemia stimulate keratinocyte proliferation and an increase in tissue and epidermal growth factors, resulting in the overgrowth of skin tags (9, 148). The changes are benign; therefore, they do not require removal for medical reasons. Aesthetic treatments include excision, electrotherapy, or cryotherapy (11). Interestingly, the quantity of acrochordons is positively correlated with blood glucose levels (11, 142). Studies indicate that the presence of 30 or more acrochordons in patients increases the risk of developing T2DM (142). Therefore, the presence and number of acrochordons may serve as a cutaneous marker for impaired carbohydrate metabolism (8, 9).



7.2 Rubeosis faciei diabeticorum

Rubeosis faciei is a chronic erythema of the face or neck of patients with DM (11). Telangiectasias, small dilated blood vessels near the skin surface, may also be seen. The redness of the skin is associated with diabetic microangiopathy and dilation of the superficial veins of the face (8). In addition, retinal vascular oedema contributes to the visual disturbances that often accompany patients with rubeosis faciei. This clinical manifestation occurs in up to 59% of hospitalised patients with DM (8). Since the underlying mechanism of rubeosis is microangiopathy, patients with DM should be carefully evaluated to exclude other concomitant microangiopathies, such as retinopathy or nephropathy (11, 153, 154). Treatment mainly involves glycaemic control (11).



7.3 Eruptive xanthomas

Eruptive xanthomas are another non-specific sign of DM, characterised by a sudden eruption of multiple reddish-yellow dome-shaped papules (146). They are located on the extensor surfaces of the extremities, buttock region, and hands (8). The pathogenesis involves a rapid formation of intracellular and dermal deposition of lipids as a result of hypertriglyceridemia (8). Uncontrolled DM is a common risk factor for triglyceride exacerbation (11, 146). Therapy for eruptive xanthomas consists of a proper diet or specific medication to control lipid metabolism (146). If medical therapy is ineffective, more invasive methods may provide improvement, such as laser therapy, cryosurgery, or surgical excision (11).



7.4 Acquired reactive perforating collagenosis

Acquired reactive perforating collagenosis (ARPC), or acquired perforating dermatoses (APD), is a rare skin manifestation of DM and chronic renal insufficiency (12). APD refers to a group of chronic skin disorders characterised by a loss of dermal connective tissue (12, 155). Histologically, perforating dermatoses result from an absence or degeneration of dermal connective tissue components, including collagen and elastic fibres (155). In diabetic patients, random glycation of skin proteins leads to disruption in collagen metabolism and hyperglycaemic complications in microvasculature (79). This may suggest the most likely pathogenesis of APD (79, 156). Clinically, patients present with erythematous papules or hyperkeratotic plaques with a centralised keratin plug on extensor surfaces of the arms and legs. The skin lesions are associated with pruritus (155). As a result of scratching and trauma to the epidermis, new APD lesions appear on areas of cutaneous injury, which is known as the Koebner phenomenon (12, 146). Treatment mainly consists of topical and oral retinoids or class II–III corticosteroids (amcinonide, desoximetasone, halcinonide, fluocinonide) (12, 157). In the last few years, allopurinol has also been reported as a good therapeutic option for ARPC (12).



7.5 Keratosis pilaris

Keratosis pilaris (KP) is a common benign condition of the skin’s hair follicles characterised by the appearance of pink-red monomorphic follicular papules (142). The characteristic lesions may appear on the outer sides of the upper arms, thighs, face, back, and buttocks (158). It is a common skin lesion in the general population, but the incidence and extent of lesions are greater in patients with T2DM (142, 158). In DM, hyperinsulinemia increases the level of circulating androgens, which drive hair follicle keratinocyte proliferation. This explains the association of hyperkeratosis in KP with DM (142). Keratosis pilaris can be treated with topical exfoliators, moisturisers, and emollients, but the most effective therapy is laser treatment (12, 158, 159).



7.6 Pruritus

Chronic pruritus is a common skin manifestation that occurs in diabetic patients, frequently caused by excessively dry skin (xerosis) (158). The dysfunction of sympathetic nerves, with impaired sweat function, is an important pathomechanism of skin dryness and hypohidrosis (diminished sweating) (12). In the case of diabetic polyneuropathy, sensory c-fibres are destroyed, which may also contribute to pruritus (158). The first step to enhance skin condition is the regular use of emollients and anti-pruritic substances, such as calamine (142). In more severe cases, it is necessary to use topical corticosteroids or even systemic antihistamines (11).




8 Other skin disorders associated with DM


8.1 Vitiligo

Vitiligo is an autoimmune pigmentary disorder is characterised by an absence or dysfunction of melanocytes (11, 158). It often affects the lower limbs, face, neck, and trunk (159). Vitiligo appears as scattered, well-demarcated areas of hypopigmented patches surrounded by healthy skin. It frequently occurs with other autoimmune disorders, including thyroid diseases and T1DM (146). Between 1 and 7% of T1DM patients manifest this skin alteration (146). In addition to autoimmune factors, it has been suggested that genetic and neurohormonal factors may also influence the development of vitiligo (12, 146). Damaged nerve cells release toxic substances that are harmful to melanocytes, leading to the destruction of these cells and a local lack of pigment. Infection or damage to the skin (Koebner phenomenon) may also contribute to the vitiligo (12, 159). Topical corticosteroids (betamethasone, fluticasone, hydrocortisone, clobetasol) are a satisfactory treatment for small and localised lesions, while treatment with ultraviolet B light is more effective for generalised vitiligo (146, 160).



8.2 Granuloma annulare

Granuloma annulare (GA) is a benign, non-infectious, and self-limited dermatitis. It is localised on the pretibial regions and extremities, particularly on the joints and dorsal hands and feet (12). GA is characterised by multiple pink-red papules of arciform and annular shape, with central, non-atrophic clearing (146). Initially, the lesions are small, firm, and skin-coloured, and they expand slowly in a centrifugal manner to form papules up to 5 cm in size (146). The lesions are usually asymptomatic and resolve spontaneously with central involution, resulting in hypo- or hyperpigmentation within 2 years (12, 146). The dermatological options include high-dose topical steroids, percutaneous injection of corticosteroids, PUVA therapy, or cryotherapy (12). Granuloma annulare can be localised or generalised, but the mechanism underlying the development of GA remains unclear (142, 146). Some studies indicate a correlation between generalised GA and T1DM, with a 10 to 15% prevalence in the diabetic population (142). It has also been reported that GA precedes the diagnosis of DM. Recurrent localised or generalised GA should prompt glucose testing to suspect DM (8, 142).



8.3 Lichen planus

Lichen planus is a mucocutaneous inflammatory condition affecting 25% of patients with DM (11, 144). Although the association is controversial, it has been reported that diabetic patients may also be at risk of developing oral lichen planus (11, 144). Clinically, it manifests as firm, erythematous, polygonal, pruritic papules with shiny, whitish streaks on the surface, called Wickham’s striae (11, 12). It usually affects the volar wrists and ankles, with possible involvement of the mucosa. New lichen planus lesions may be provoked mechanically (Koebner’s phenomenon) as a result of scratching the itchy areas (11, 12). There are several therapies for lichen planus. Topical or systemic corticosteroids, calcineurin inhibitors, phototherapy, or systemic retinoids (acitretin, etretinate) can be applied (12, 161, 162).




9 Cutaneous infections in diabetic patients

Patients with DM are more susceptible to developing skin and soft tissue infections (SSTI) due to several factors (8, 12, 52). Uncontrolled hyperglycaemia leads to metabolic and immunological alterations, making it harder to fight infection. As already mentioned, hyperglycaemia promotes oxidative stress in cells and the formation of ROS. It directly affects insulin signalling pathways and increases inflammation by activating pro-inflammatory cytokines (52). Diabetic neuropathy and angiopathy contribute to lower pain perception and unrecognised local mechanical trauma, leading to an increased risk of bacterial invasion (143). The skin pH in diabetic patients is higher, which provides a good environment for bacterial colonisation (52). An infectious episode will occur in more than 50% of patients with DM at some point during the disease (11). However, this risk of SSTI development seems to be higher in patients with worse DM control and higher glucose levels (8).


9.1 Bacterial infections

Disruption of the normal skin barrier in DM is an increased risk factor leading to bacterial invasion (163). In mild infections, the most frequently involved pathogens are Gram-positive cocci, including Staphylococcus aureus (8, 143). In deep tissue infections, Gram-negative organisms predominate, including Pseudomonas aeruginosa and Enterobacteriaceae (8, 52). Common bacterial skin infections in DM are folliculitis, abscesses, impetigo contagiosa, ecthyma, cellulitis, necrotising fasciitis, and erythrasma (11, 52, 143). While superficial infections are rather monomicrobial, in severe infections the aetiology is usually polymicrobial (8, 52). Overall, skin infections manifest with 2 or more clinical signs. Erythema, warmth, tenderness, pain, induration, purulent drainage, pustules, or boils are the most common lesions (11, 52). Recurrent bacterial skin infections should prompt examination for DM. Diabetic neuropathy and vascular complications, as well as altered immune function, are well-recognised risk factors in SSTI development (8, 12).

Folliculitis is an infection of one or more hair follicles. It is characterised by a tender, red spot, often with a surface purulent pustule (143). The condition may occur anywhere on hair-covered skin but is most common on the face, scalp, arms, and legs (12). People with DM may suffer from folliculitis due to a weakened immune system and poor circulation (12, 143). Treatment mainly involves topical antibiotic therapy (12).

Abscesses, including boils, are painful, red, swollen purulent bumps that can occur anywhere on the body. However, the most common localisation are the face, neck, armpits, buttocks, and thighs (164). Boils are a kind of deep skin infection caused by Staphylococcus aureus (143). Surgical treatment with pus and debris drainage and additional antibiotic therapy (clindamycin, trimethoprim-sulfamethoxazole) are the most satisfactory therapeutic procedures (12, 165).

Impetigo contagiosa is a superficial, highly contagious bacterial infection characterised by honey-coloured crusts and epidermal erosion (12). It affects the outermost layers of the epidermis and is typically caused by Staphylococcus aureus and Streptococcus pyogenes (12). Impetigo occurs individually or in clusters on the face or extremities. In the case of a single lesion, therapy with topical antibiotics is effective. Diffuse impetigo contagiosa should be treated with systemic penicillin (12).

Ecthyma is a skin infection caused by β-hemolytic group A streptococci and Staphylococcus aureus (12). Initially, skin lesions occur as macules with surrounding erythema but rapidly progress. They eventually take the form of small, brown-black, crusted sores, surrounded by erythematous and swollen demarcation (166). Ecthyma typically arises on the lower legs or feet. It is a deeper form of impetigo, as it causes erosions extending into the dermis (167). The crust that covers the ulcers in ecthyma is also thicker than the crust caused by impetigo. Effective therapy involves systemic antibiotics together with local antiseptics (12, 167).

Cellulitis is an extensive infection involving the dermis and subcutaneous tissue (143). β-hemolytic streptococci and methicillin-sensitive Staphylococcus aureus are the main causes of tissue infection (12, 168). Clinically, warm, brilliant erythema occurs with swelling, tenderness, and pain. Fever, impaired general condition, and leukocytosis may coexist (12). Appropriate targeted medication for this pathogen with systemic antibiotics (trimethoprim, sulfamethoxazole, clindamycin) is sufficient (12, 165, 168).

Necrotising fasciitis is a life-threatening streptococcal infection of the skin and the underlying tissue. Besides streptococci, it is triggered by Staphylococcus aureus and anaerobic bacteria (12). The clinical picture is dominated by early erythema, induration, and tenderness, which progresses to a severe painful haemorrhagic blister (169). Necrotising fasciitis is most commonly localised on the lower extremities (169). Urgent treatment includes extensive surgical debridement and systemic antibiotics. Life-threatening complications of necrotising fasciitis include thrombosis, sepsis, gangrenous necrosis, and organ failure (12, 169).

Erythrasma is a chronic superficial cutaneous disorder caused by a Gram-positive bacillus, Corynebacterium minutissimum (8). It is associated with the prediabetes stage when serum glucose levels have not yet reached a diagnostic value (170). Initially, erythrasma presents with non-pruritic, clearly demarcated, erythematous, and finely scaled patches that progress to brownish lesions with areas of central clearing and are slightly raised from the surrounding skin (171). These lesions are usually located in occluded groin folds, axillae, and gluteal cleft. The appearance and location of erythrasma can be easily mistaken for a fungal infection (8). The solution is Wood’s light and the differently coloured fluorescence phenomenon in each of these infections (8). The treatment of cutaneous erythrasma is based on oral, topical, and/or adjunctive therapies (171).

Diabetic Foot Infection (DFI) is a common and serious problem in diabetic people, which is often preceded by a DFU (52). Inflammatory symptoms include pus from a wound/ulcer, redness, swelling, pain, or warmth (52). However, due to peripheral neuropathy, signs of inflammation in patients with DM-related foot complications may be masked. DFI remains the most frequent DM-related complication and the most common cause of lower limb amputation (12). In a prospective study of diabetic patients suffering from a DFU, only 46% healed the ulcer (however, 10% had a recurrence), while 17% required lower limb amputation and 15% died (172). The selection of appropriate antibiotic therapy for the treatment of infected diabetic foot wounds requires taking into account the bacterial flora typical of this location, as most DFIs are polymicrobial (52). Diabetics are at higher risk of Staphylococcus aureus, including methicillin-resistant Staphylococcus aureus (MRSA), Pseudomonas aeruginosa, and MDR gram-negative bacilli (173).



9.2 Fungal infections

Candidiasis is a common fungal infection in diabetic patients (12). The most prevalent pathogen involved in cutaneous-mucosal candidiasis is Candida albicans (12, 174). Elevated glucose concentration and increased skin surface pH in the interdigital areas of diabetic patients promote an optimal environment for the development of Candida (143). In this case, the most frequent areas of candidiasis are interdigital areas (including erosion interdigital, balanitis), nails (including paronychia), and mucosa (including thrush and vulvovaginitis) (175, 176). Clinically, interdigital Candida infections manifest as a pruritic erythematous rash that progresses to vesicular-pustular lesions, and then to perforation and fissures (175–177). Nail candidiasis may present with periungual inflammation (paronychia) or subungual hyperkeratosis and onycholysis (8). Onychomycosis is a characteristic symptom in nearly one in two patients with T2DM and may be due to Candidal or dermatophyte infection (8, 143). Mucosal infection is characterised by the appearance of white papules and plaques, and erythematous erosions (8).

Infections caused by dermatophytes are also common in people with DM (8, 178). Skin dermatophytosis or onychomycosis is due to Trichophyton rubrum and Trichophyton interdigitale, which are the most prevalent dermatophytes in this condition (12, 179, 180). Mycosis can affect various areas of the body, but tinea pedis (foot) is the most common dermatophyte infection in diabetic patients (8, 179). Clinically, it is manifested by erythematous, horny, or bullous lesions with itching or pain (180). If not treated hastily, relatively benign dermatophyte infections can lead to serious consequences, such as secondary bacterial infection (8). The treatment consists of topical or systemic antifungal medications (181).

A rare and lethal disease called rhinocerebral mucormycosis can occur due to a fungal infection of the otorhinolaryngological tract (12). Rhizopus oryzae is a common pathogen responsible for mucormycosis (182, 183). The infection starts from sinusitis with purulent nasal discharge, which progresses to a rash, facial erythema, and oedema, and then to cellulitis with systemic fever (12, 144). Rhizopus affects nerves and vessels, causing numbness and vascular necrosis, which manifests in the nasal or palate mucosa (182). The infection may evolve, leading to extensive necrosis and thrombosis (183, 184). Mucormycosis requires urgent treatment with surgical necrotic debridement and intravenous administration of amphotericin B (12). A total of 31% of cutaneous infections and 62% of rhinocerebral infections result in the patient’s death (182). Interestingly, rhino-orbito-cerebral mucormycosis and pulmonary mucormycosis are common forms of COVID-19-associated mucormycosis (185). Poorly controlled blood sugar levels and immune dysregulation increase the risk of mucormycosis among COVID-19 patients. Indeed, COVID-19 predisposes to opportunistic fungal infections by reducing the number of T lymphocytes, CD8 + T cells, and CD4 + T cells. The use of steroids in COVID-19 therapy may therefore exacerbate carbohydrate and immune disorders (185, 186) (see Figure 3).
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FIGURE 3
 Skin manifestations as a cutaneous marker of diabetes mellitus (DM). (A) Foot syndrome is connected with impaired wound healing, diabetic foot ulcer (DFU), and dry or wet gangrene. (B) Diabetic dermopathy manifests as oval, dull, red papules, atrophic, hyperpigmented patches, and plaques with a fine scale. (C) Yellow palms and soles. (D) Acanthosis nigricans, dark-brown, velvety lichenified plaques that are raised from the skin. (E) Bullosis diabeticorum, tense, non-inflammatory vesicles, and bullae. (F) Scleredema diabeticorum and thick skin refer to painless symmetrical and diffuse thickening of the skin with reduced joint mobility. (G) Necrobiosis lipoidica manifests as erythematous papules and a well-demarcated plaque with an atrophic centre. (H) Acrochordons, or skin tags, are pedunculated hyperpigmented lumps. (I) Rubeosis faciei diabeticorum—erythema, vascular oedema, and telangiectasias. (J) Eruptive xanthomas are connected with multiple reddish-yellow dome-shaped papules with a tendency to sudden eruption. (K) Acquired reactive perforating collagenosis is accompanied by pruritus, erythematous papules, and hyperkeratotic plaques with a central keratin plug. (L) Keratosis pilaris—a pink-red monomorphic, follicular papules. (M) Pruritus/dry skin/xerosis. (N) Vitiligo, known as skin discolouration. (O) Granuloma annulare manifests as multiple, pink-red papules up to 5 cm in size, of arciform and annular shape, with central non-atrophic clearing. (P) Lichen planus, a firm erythematous polygonal pruritic papule with shiny whitish streaks on the surface. (R) Bacterial infections include folliculitis (pustule in hair follicles), abscesses (painful red swollen purulent bumps—boils), impetigo contagiosa (honey-coloured crusts and epidermal erosion), ecthyma (small brown-black crusted sores with surrounding erythema), cellulitis (warm tenderness, brilliant erythema, fever of skin tissue), necrotising fasciitis (early erythema progresses to a severe painful haemorrhagic blister), erythrasma (clearly demarcated erythematous lesions turn into brownish with central clearing raised from the skin), diabetic foot Infection (wound/ulcer with pus, redness, swelling, pain, or warmth). (S) Fungal infections include candidiasis (pruritic erythematous rash, vesicular-pustular lesions, perforation, and fissures), dermatophytosis (erythematous, horny, or bullous lesions with itching or pain), onychomycosis (white papules and plaques, and erythematous erosions), mucormycosis (sinusitis with purulent nasal discharge, rash, facial erythema, oedema, and cellulitis with systemic fever) (created in https://BioRender.com).





10 Skin complications due to therapy of DM


10.1 Cutaneous reactions to insulin

The classical continuous adverse effects of insulin application include lipoatrophy, lipohypertrophy, as well as subcutaneous nodules, local infections, and insulin allergy (11, 144, 187).

Lipoatrophy at the site of insulin injection is characterised by a loss of local subcutaneous fat and occurs as a small dent at the injection site (188). The pathological mechanism involves activation of an inflammatory cascade in the adipocytes, which is a response to vascular deposits of immunoglobulins (12, 189). It was found that lipoatrophy is associated with the method of insulin administration and the type of insulin. The introduction of purified insulin led to a reduced incidence of lipoatrophy (12, 188). Lipoatrophy could be treated with oral corticosteroids, as this can induce the differentiation of adipocytes. Promising evidence in the therapy of lipoatrophy showed significant improvement with betamethasone injection (188).

In contrast, approximately 27% of people with DM may develop lipohypertrophy (12). It is defined as adipocyte hypertrophy and an increase in local subcutaneous fat. Clinically, it manifests as soft cutaneous nodules resembling lipomas of variable size (12, 190, 191). The physiopathology is probably associated with insulin-dependent activation of adipocytes (12, 190). Another common cutaneous symptom of insulin application is a bacterial infection (12, 192). The number of daily insulin injections is positively correlated with the risk of local bacterial infections (193). Lipohypertrophy normally improves over a few months after discontinuing injections at that site (12).

Insulin allergy is rare but challenging for diabetic patients. Insulin hypersensitivity occurs in 0.1–3% of people with DM, and clinical symptoms depend on the immune mechanism involved (194). Allergy may range from cutaneous reactions, which are either immediate (type I, IgE-mediated) or delayed (type IV, T-cell-mediated), to less frequent generalised reactions (194, 195). Immediate skin manifestations at the injection site include pruritic urticarial papules, while delayed reactions are described as subcutaneous inflammatory nodules, with temporary itching or pain (193, 196). Systemic manifestations refer to life-threatening anaphylaxis and angioedema (197). Suspicion of an allergy to insulin injections requires the detection of specific IgE antibodies to insulin in the patient’s serum or plasma, as well as skin tests (skin prick tests or intradermal tests) (12, 198). Treatment of cutaneous allergies to insulin involves using medicines such as antihistamines (cetirizine, desloratadine), leukotriene inhibitors (montelucast), and topical steroids (methylprednisolone, hydrocortisone) (194, 197).



10.2 Cutaneous reactions to oral antidiabetic agents

Reactions to oral antidiabetic drugs are rare but can induce cutaneous adverse reactions (CADRs), which most commonly manifest as phototoxic or photoallergic drug eruptions, erythema multiforme, leukocytoclastic vasculitis, psoriasiform eruptions, lichenoid drug eruptions, or pemphigus vulgaris (11, 187, 199).

Metformin is a first-line oral agent for the treatment of T2DM, which is a suppressor of hepatic gluconeogenesis (25). The most commonly reported CADRs after metformin therapy are leukocytoclastic vasculitis (LCV) and psoriatic drug eruptions (11, 187, 200). LCV consists of haemorrhagic lesions, both papules and bullae, caused by capillaries and venules, while psoriatic eruptions present as scaly 3 plaques, sharply demarcated, found on the extensor surfaces (187). However, metformin has a generally good safety profile, and CADR incidents are very rare (15).

The drugs belonging to the sulphonylurea class, such as glibenclamide, tolbutamide, and chlorpropamide, are another group of oral antidiabetic drugs recommended when metformin is intolerant or ineffective (199). CADRs occur in about 1% of diabetics using sulfonylureas and include non-specific reactions of photosensitivity –phototoxic or photoallergic drug eruptions (199, 201). Photosensitivity reactions occur after exposure to a photosensitising drug and either ultraviolet (UV) or visible radiation. Photoallergic drug eruptions result from an immune-mediated mechanism of action and clinically manifest as slightly itchy erythema and eczema eruption (202). However, phototoxic drug eruptions, which are not immune-mediated, are much more frequent (202). They result from direct cellular damage when sufficient doses of the drug and radiation are present. Phototoxic drug eruptions manifest as excessive sunburn reactions with erythema, itching, and a burning sensation (11, 202). Some studies suggest that sulphonylurea drugs are involved in psoriatic lesions, lichenoid eruptions (symmetric, erythematous, violaceous papules similar to lichen planus), or pemphigus vulgaris (blisters on cutaneous and mucosal surfaces) (203, 204). Serious life-threatening mucocutaneous reactions, such as Stevens-Johnson syndrome and more severe toxic epidermal necrolysis, have also been documented, characterised by blisters and skin detachment (187).

Acarbose is an alpha-glucosidase inhibitor and a useful antidiabetic drug for patients at high risk of hypoglycaemia after sulfonylurea derivatives and metformin. Among CADRs after acarbose intake, a case of erythema multiforme was reported. These are erythematous plaques with vesicles all over the body (199, 205).




11 Therapeutic management of DM

Metabolic control in DM is a critical component of DM care. Proper management and control of glycosylated haemoglobin (HbA1c), LDL cholesterol, and blood pressure are key to preventing complications and reducing the risk of mortality (206, 207). A long-term study on patients with T1DM showed comparable mortality outcomes in the intensive treatment group (mean HbA1c 7% [53 mmol/mol]) with the general American population (mean HbA1c 6.5% [48 mmol/mol]), demonstrating the importance of metabolic control in DM (208). Another study showed that a difference of approximately 0.9% in HbA1c values translated into a 13% lower risk of death in patients with T2DM (208). Patients with T2DM often exhibit a disturbed lipid profile (209). Lipid abnormalities, often termed diabetic dyslipidemia, include high plasma levels of total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), and free fatty acids, with decreased levels of high-density lipoprotein cholesterol (HDL-C) (209). Controlling LDL-C with a statin provides a mortality benefit. Data suggest that lowering LDL-C levels by 38.6 mg/dL (1 mmoL/L) each reduces mortality by approximately 9% in DM cases (208). Blood pressure control is another major determinant of mortality in DM. As data suggest, each 10 mmHg lower systolic blood pressure translates into a 13% lower risk of death in patients with T2DM (208). Achieving normoglycaemia and maintaining correct parameters of disease compensation after medical treatment may improve the overall quality of life and reduce the risk of future complications (206). A growing body of literature highlights metabolic imbalance as a key driver of skin symptoms in DM (210–212). A recent study found a strong positive association between inadequate HbA1c levels and elevated inflammatory markers—C-reactive protein (CRP), IL-6, and TNF-α, and skin disease severity in patients with DM (212). This multivariate analysis showed that patients with the highest HbA1c levels and long duration of diabetes showed the most severe dermatological symptoms. The study also indicates the effect of improved metabolic control on skin symptom severity over 24 months. With a decrease in HbA1c levels from 9.2% at the beginning of the study to 6.5% after 24 months, skin severity values fell from 8.5 to 3.2 over the same period (212). Substantial improvement was marked especially in diabetic dermopathy, necrobiosis lipoidica, and acanthosis nigricans. Tight glucose control and early intervention on signs of inflammation may improve dermatological outcomes in DM patients (212).

Achieving better glycaemic control in patients with diabetes requires the implementation of antihyperglycaemic drugs. The number of antihyperglycaemic drugs available is constantly increasing, but the most effective pharmacological agents are metformin and insulin. Metformin is an oral first-line drug for the treatment of T2DM, while insulin can be used successfully for both T1DM and T2DM (25, 213). Treatment regimens and therapeutic goals should be individualised, aiming to improve hyperglycaemia and reduce the risk of micro- and macrovascular complications, taking into account comorbidities, body weight, and the potential impact of drugs on the development of hypoglycaemia. Metformin should be especially considered for DM prevention in adults with a BMI ≥ 35 kg/m2, age ≥ 60 years, and elevated fasting plasma glucose (≥ 110 mg/dL) (15). Recent studies showed promising effects of metformin in combination with dipeptidyl peptidase 4 (DPP-4) inhibitors and glucagon-like peptide-1 (GLP-1) receptor agonists (4, 214–216). GLP-1 can increase insulin production in the pancreas and suppress appetite, resulting in improved tissue insulin sensitivity and weight loss, which is helpful in the treatment of obese patients with T2DM (15). T1DM patients require lifelong insulin therapy. Only 20–30% of patients with T2DM with progressive pancreatic β-cell dysfunction require insulin therapy (213). Insulin treatment includes long-acting or intermediate-acting insulin analogue injections for prandial glycaemic control. Therapeutic insulins have been classified by generation to highlight the clinically relevant characteristics of various insulin preparations, based on concentration, glycaemic management, and approximate time–action profile (213). However, the medical treatment of DM causes several systemic changes, including skin alterations. As already mentioned, lipoatrophy, lipohypertrophy, subcutaneous nodules, local infections, or insulin allergy are the most common skin symptoms of insulin therapy (11, 12, 188). On the other hand, oral metformin contributes to the progression of phototoxic or photoallergic drug eruptions, erythema multiforme, leukocytoclastic vasculitis, psoriasiform and lichenoid drug eruptions, or pemphigus vulgaris (11).

It is well known that lifestyle interventions, such as a healthy diet and regular physical activity, can positively influence the course of the disease (206). According to the latest knowledge, an intensive lifestyle intervention targeting weight loss can reduce the incidence of T2DM in overweight/obese patients with impaired glucose tolerance by 58% over 3 years (217). Proper nutrition in DM ensures control of glycaemia, body weight, and improvement of cardiovascular risk factors such as blood pressure and lipid profile. The dietary modification consists of a reduced-calorie meal plan. A daily energy deficit of 500 kilocalories is essential for effective weight loss (217). In patients with DM, Mediterranean diets, low-fat diets, low-carbohydrate diets, vegetarian diets, and vegan diets have been shown to be effective for weight loss and maintaining stable glycaemia (217). The gold standards for nutrition in DM are consistency in daily carbohydrate intake, limiting the intake of high glycaemic index or sucrose-containing foods, avoiding foods with added sugars, fats, and sodium, and ensuring adequate protein intake and timing of meals (217–219). To improve overall health, daily nutrition should emphasise a variety of nutrient-rich foods in adequate portions, rich in dietary fibre, vitamins, and minerals (218). A healthful eating plan provides sufficient micronutrients, and routine supplementation of vitamins and minerals is not necessary. There is no evidence that the intake of magnesium, vitamins A, C, and E, cinnamon, curcumin, or aloe vera supplements improves glycaemia (217, 218, 220). Only vitamin B12 deficiency in patients treated with metformin is supported by evidence (217, 218, 220). High-dose oral B12 supplementation may be effective in restoring normal glucose levels. In addition, it has been shown that supplemental chromium can decrease fasting glucose levels and improve glucose tolerance (218). The dietary conditions mentioned above have a positive impact on the overall health of patients with DM. However, no rigorous studies confirm the positive effects of a healthy diet on skin conditions in patients with DM. To support the impact of dietary habits on improving skin conditions, another inflammatory skin disease—psoriasis—will be mentioned. Psoriasis is often comorbid with metabolic syndrome, which refers to the co-occurrence of several cardiovascular risk factors, including T2DM or insulin resistance (221, 222). There is a cross-sectional study that relates healthy dietary interventions with skin improvement among patients with psoriasis (221). As it turns out, a diet low in alcohol, gluten, and nightshade vegetables but rich in fish oil/omega-3, vegetables, and vitamin D contributes to relieving psoriasis symptoms and reducing skin inflammation (221, 223). Recent studies also point to the antiglycoxidant properties of vitamin D (224). Moreover, studies have shown a favourable skin response following the Pagano diet (which involves decreased intake of nightshades and processed foods for the benefit of an increased intake of fruits and vegetables), vegan diet (based on plants), and Paleolithic diets (with fresh vegetables and fruits, lean meat, nuts, and olive oil) (221, 223, 225). A diet rich in animal products increases the intake of saturated fatty acids and trans fatty acids. Eliminating meat from the daily diet and increasing consumption of vegetables, fruits, legumes, and nuts will provide anti-inflammatory components such as antioxidants and omega-3 fatty acids, which will benefit psoriasis skin lesions (221). Antioxidant components in dietary foods such as tea, coffee, wine, herbs (including thyme, rosemary, mint, parsley, basil, and oregano), oils (such as olive oil and avocado oil), and honey may help alleviate T2DM. Their antidiabetic action is based on maintaining glucose homeostasis, regulating insulin secretion, and increasing tissue sensitivity to insulin (226, 227). A comprehensive awareness of the therapeutic potential of antioxidant food components can lead to better management of chronic diseases, including diabetes. Dietary antioxidants can be a component of alternative treatment or in combination with drug therapy (228, 229). A cutting-edge strategy of skincare is based on integrating dietary solutions and topical components. The association of active ingredients from dietary sources, such as antioxidants and vitamins, with topical peptides or antioxidants is a holistic method to improve skin health and rejuvenation in the most common dermatitis (230–232).

Regular physical activity can prevent T2DM progression (218). Increasing moderate-intensity physical activity and aerobic exercise to at least 150 min per week is required to achieve and maintain 7–10% of initial weight loss in obese patients (217, 218). The benefits of intensive lifestyle interventions and weight-loss procedures in people with T2DM have been thoroughly investigated in a randomised trial of 5,145 people (217). The subjects followed a low-fat and low-calorie diet ranging from 1,200 to 1800 kilocalories per day, depending on their initial body weight. Moderate-intensity physical activity, similar to brisk walking, of at least 175 min per week was introduced. Such an intensive lifestyle intervention resulted in a weight loss of approximately 8.6% after 1 year and 4.7% after 4 years. This was accompanied by lower blood sugar, less need for DM medication, an improved lipid profile (higher HDL-C levels, lower triglycerides), lower diastolic and systolic blood pressure, and remission of DM in around 10% of people (217).


11.1 Skin care in DM

Appropriate care for skin with diabetic complications includes preventing, detecting, and managing skin lesions. Unfortunately, skin disorders constitute a serious aesthetic problem, often impossible to hide. Thus, to improve skin health and function, people with DM must have adequate knowledge, self-efficacy, and proper skin care habits (15, 143). Diabetic patients demonstrate epidermal dysfunction, including disruption of the permeability barrier, reduced stratum corneum hydration, and increased skin pH (72, 84, 85, 90). All these conditions promote cutaneous inflammation and reduce comfort and quality of life (15, 233, 234). Maintaining skin integrity and preventing skin complications are the gold standard in diabetic skin therapy. The International Diabetes Federation, in agreement with the American Diabetes Association, has established guidelines on the prevention and management of diabetes-related skin complications (143). These protocols provide an optimal knowledge resource for healthcare providers and diabetic individuals. It also emphasises the importance of regular skin assessments during routine DM care. DM skin symptoms are often the first sign of uncontrolled blood glucose levels. Early detection can prevent systemic disease progression and allow timely intervention (143). Adherence to treatment recommendations is a major challenge for people with DM (158). Education about proper skin care practices includes the importance of daily cleansing, moisturising, skin inspection, maintaining good hygiene, and drying areas prone to excessive moisture, such as the feet (143, 158).

Recent studies have shown an improvement in inflammatory skin conditions following a combination of plant extracts, peptides, and antioxidants (230, 235–237). Peptides like palmitoyl tetrapeptide-7 and palmitoyl tripeptide-1 provide proper hydration, stimulate collagen and elastin production, reduce inflammation, and promote skin repair, which could be successfully used in DM skin (230, 238). Moreover, copper peptides in topical applications promote wound healing (230). Several studies have proven the effectiveness of natural extracts against chronic wounds and skin infections (239). In a holistic approach, a combination of different mechanisms of action of substances is required to achieve an overall improvement in skin condition (230, 240). Therefore, a combination of marine collagen peptides and plant-derived antioxidants (coenzyme Q10, grape skin extract, luteolin, selenium) provides better results in skin properties (241). Antioxidants in skin care formulations, including vitamins C and E, carotenoids, and resveratrol, can be successfully combined with dietary antioxidants or probiotics for better protection against inflammatory-induced damage (239). Natural extracts, for example, green tea extract, combined with dietary and topical probiotics, inhibit lipid peroxidation and MMP activity and provide enhanced antioxidant defence mechanisms (230, 239).

To maintain the integrity of the skin barrier and prevent dry, itchy, or scaly skin, patients with DM need to use moisturisers, called emollients, in their daily care (158, 242). Emollients are classified into: (1) superficial moisturisers, such as collagen, hyaluronic acid, and chitosan, (2) humectants, binding water in the SC, for example, glycerol, glycols, panthenol, sorbitol, mannitol, urea, (3) occlusive ingredients which form a barrier on top of the skin and prevent water loss, such as lanolin, eucerin, phospholipids, paraffin wax, petroleum jelly, beeswaxes, and jojoba waxes, (4) components which build into the intercellular cement and seal the epidermis and restore the skin barrier, e.g., ceramides, cholesterol, lecithins, squalene, and fatty acids (143, 158, 242). Regular use of emollients ensures skin softening, and hydration and reduces the risk of skin-related issues (143). Aloe vera is widely used in traditional medicine as a moisturiser and anti-inflammatory, to treat wounds and skin inflammation (243). Due to bioactive compounds, such as amino acids (isoleucine, leucine) and saponin glycosides, have a gentle cleansing ability, proper for dry and itchy diabetic skin (244). Research proves, that daily care based on gentle cleansing and moisturising agents alleviates the symptoms of pruritus, erythema, cracking, and lichenification (158). Anti-itch therapies result mainly from a combination of ingredients with anti-inflammatory properties and those that normalise epidermal keratinisation. Anti-inflammatory effects are demonstrated by panthenol, valerian, coltsfoot, plantain, flaxseed, common chamomile, green tea, Asiatic anthrax, and resilience (242). Urea (above 10%), alpha-hydroxy acids—lactic and mandelic, and polyhydroxy acids with slight irritant potential have gentle keratoregulatory properties, indicated in skin care for DM (242).

An appropriate treatment plan, including correct application and dosing of moisturiser, anti-inflammatory, and keratoregulatory components, is essential to ensuring skin health and reducing the morbidity associated with DM skin conditions (143). The basic skin care procedure is based on the performance of a gentle enzymatic or low-concentration acid peel (5–15%) and the application of a moisturising mask in the form of alginate or collagen sheets. The treatment may be supplemented with the introduction of concentrated moisturising ingredients through a manual massage using occlusive oils (245, 246). Patients with controlled diabetes can benefit from physical methods that support the transport of active substances deep into the skin, such as iontophoresis based on direct current, sonophoresis using ultrasound, or needle-free mesotherapy. The choice of treatment depends on the specific type and severity of skin complications (242).

It is worth mentioning that maintaining proper skin hydration, along with a sufficient skin barrier against external irritants, increases the resistance of skin to cracking and infection (143). The guidelines highlight the use of suitable moisturisers, especially in foot care, because of the higher risk of medical complications (126, 143). In foot self-care, patients need to adhere to proper nail cutting and gentle callus removal to reduce the risk of wounds (126). Bacterial and fungal infections are common in DM. To avoid serious skin infections, all wounds or scratches need to be treated immediately with topical antibiotics and antifungal medications (247). In daily care, it is necessary to carefully dry areas prone to excessive moisture, such as the skin between toes or armpits. A wet environment promotes the development of infections (126, 143).

Natural products (NPs) have often served as a rich and promising reservoir of bioactive compounds for dermatological applications. NPs are defined as a natural compounds or substances produced by a living organism, including plants, animals, or fungi (248). They offer a unique opportunity not only to discover novel individual molecules but also to study the synergistic effects arising from the complex interplay of multiple substances within a single extract. This potential, combined with a growing consumer demand for sustainable and “green” products (230, 248), could position NPs as an attractive alternative in skin care. However, the path from a raw natural ingredient to a clinically approved treatment is fraught with challenges. The question of cost, for example, is highly dependent on context. While some natural sources may be inexpensive, the final product is not always cheaper than a synthetic equivalent (249). Factors such as certified organic sourcing, complex extraction processes, and the lack of reimbursement from insurance and healthcare systems can make them a more expensive option for consumers (250). The most significant barrier to the widespread medical adoption of NPs is the difficulty in performing robust clinical validation (250). Modern clinical trials are designed to test the safety and efficacy of standardised, single-molecule drugs. Natural extracts, by their very nature, are complex mixtures of numerous active molecules and their sub-products (248). This inherent complexity makes standardisation a formidable challenge, as the chemical profile can vary based on genetics, growing conditions, and processing methods. Consequently, designing rigorous, repeatable clinical trials that can definitively prove efficacy according to modern medical standards is exceptionally difficult, limiting their transition from cosmetic or traditional use to evidence-based therapeutic agents (250). Aside from these questions, some research has pointed to the antimicrobial and anti-inflammatory properties of natural botanical products and their ability to accelerate wound healing against various skin disorders (249). One of the reasons for skin lesions in DM is the overproduction of inflammatory mediators, such as TNF-α, IL-1β, and IL-6 (20, 33). Many natural products reduce inflammatory damage in skin tissue, leading to improved skin condition (251). Mangiferin (C-2 β-D-glukopyranozyl-1, 3, 6, 7-tetrahydroxyxanthone), lutein (β,ε-carotene-3,3′-diol), and curcumin (1,7-bis(4-hydroksy-3-metoksyfenylo)-1,6-heptadien-3,5-dion) have anti-inflammatory effects due to their antioxidant activity (20, 251–253). Studies conducted on mangiferin, a compound obtained from mango, indicate its regenerative and anti-inflammatory properties in skin inflammation diseases (20, 253). Mangiferin administration inhibits the inflammatory activity of macrophages and reduces oxidative damage in skin tissue, thus reducing dermatitis. A study on diabetic rats shows that mangiferin maintains tissue proliferation and growth, which is helpful in wound healing (20). The anti-inflammatory and antioxidant properties of mangiferin, when used in the formulation of a topical hydrogel delivery system, improve the regeneration of the skin layers (20). In another study, mangiferin applied in nanoemulsion reduced skin damage induced by 12-O-tetradecanoylphorbol-13-acetate (TPA). TPA is a protein kinase C activator that is applied topically to the skin and induces inflammation and epidermal hyperplasia (254). Thus, mangiferin improves skin inflammation and wound healing (255, 256). The dressing with carrageenan silver nanoparticles (CAgNPs) has also shown great properties in wound healing. CAgNPs acticoat stimulates epidermal reepithelialisation and has antibacterial properties against Staphylococcus aureus and Escherichia coli (19, 257). Lutein is present in dark and leafy green vegetables, like spinach, peas, lettuce, and broccoli. Mouse models have confirmed lutein’s properties in combating skin inflammation, including skin erythema and psoriasis (20). Curcumin is another natural product helpful in dermatitis (252). It originates from turmeric and is useful in combating skin lesions caused by oxidative damage and inflammation (20). Reducing lipid peroxidation and ROS production influences the anti-inflammatory effects of curcumin. Curcumin stimulates fibroblast migration and collagen synthesis and activates the production of growth factors and ECM proteins that promote wound repair in DM patients (258). Animal studies confirm that the application of curcumin nanofibres to a hard-to-heal wound accelerates its regeneration (20). In some reports, curcumin and resveratrol (most abundant in grape skin), with their anti-inflammatory, antimicrobial, and neuroprotective properties, are useful in alleviating cardiovascular disease or diabetes (20). Many recent studies confirm that compounds such as embelin (isolated from dried berries of Embelia ribes plants), naringenin (found in grapefruits, oranges, figs, or tomatoes), and quercetin (originating from grapes, apples, berries, onions, ginkgo biloba) have the potential for treating skin disorders (20, 259–261). Including these interventions in daily comprehensive skin care for individuals with DM ensures healthy skin and minimises the risk of complications. This will improve the comfort and overall quality of life in diabetic patients.




12 Conclusion

In this review, we have summarised the current knowledge on skin involvement in DM. The pathogenesis of cutaneous manifestations is multifactorial and results from biochemical, metabolic, vascular, and immune changes that occur in the diabetic state. The relationship between DM and skin disorders can be divided into: cutaneous diseases associated with diabetic angiopathy and neuropathy, manifestations strongly associated with DM, non-specific cutaneous symptoms, other skin disorders associated with DM, cutaneous infections in diabetic patients, and skin complications due to the therapy of DM (Table 1).


TABLE 1 Skin manifestations in DM.


	Disease
	Appearance
	Pathogenic mechanisms
	Prevalence
	Location
	Treatment

 

 	Diabetic angiopathy and neuropathy associated diseases


 	Diabetic foot ulcer 	Dry skin prone to cracks and fissures, impaired wound healing, and chronic ulcers (8, 11, 126, 128–130) 	Angiopathy, ischemia, neuropathy, and skin infection 	19–34% diabetics (8, 11, 126, 128–130) 	Feet (8, 128–130) 	Proper foot self-care, appropriate foot hygiene, proper footwear, calluses treatment (8, 11, 126, 128–130)


 	Diabetic gangrene 	Necrosis from ulceration, moist, swollen, soft, rotten, and dark tissue (128, 129, 137, 140) 	Feet (128, 129, 137, 140) 	Improved glycaemic control, antibiotics, surgical interventions, autoamputation (128, 129, 137, 140)


 	Diabetic dermopathy 	Oval, dull, red papules, atrophic, hyperpigmented patches, and plaques with a fine scale (8) 	50% diabetics (142) 	Pretibial area, thighs (8, 142, 143) 	Self-resolving (142, 143)


 	Manifestations strongly associated with DM


 	Yellow palms and soles 	Yellowing of the skin (12, 146, 147) 	Impaired β-carotene conversion 	40–50% diabetics (12, 146, 147) 	Palms and Soles (12, 146, 147) 	Improved glycaemic control (12, 146, 147)


 	Acanthosis nigricans 	Dark-brown plaques, lichenified, velvety, raised from the skin (8, 11, 142, 148) 	Hyperkeratinisation and melanin overproduction 	50% diabetics (142) 	Axilla, neck, and groin (8, 11) 	Improved glycaemic control, keratolytic agents—isotretinoin, salicylic acid, retinoids, urea (11, 142)


 	Bullosis diabeticorum 	Tense, non-inflammatory vesicles and bullae (12, 142, 143, 146) 	Vascular complications 	0.5% diabetics (8, 142, 144) 	Hands and feet (8, 142) 	Self-resolving (8, 142)


 	Diabetic thick skin 	Grouped, small, indurated papules, with reduced joint mobility (8, 146) 	Collagen disorders 	50% diabetics (146) 	Extensor surface of the fingers, knuckles, periungual surface (12, 146) 	Improved glycaemic control, no specific therapy (12, 146)


 	Scleredema diabeticorum 	Painless, symmetrical and diffuse thickening of the skin, with reduced joint mobility (12, 142, 146) 	Collagen disorders 	2.5% diabetics (8, 146) 	Face, trunk, neck, and upper limbs (8, 12) 	Improved glycaemic control, oral glucocorticoids, pentoxifylline, prostaglandin E1, methotrexate (12, 142, 146)


 	Necrobiosis lipoidica 	Erythematous papules, a well-demarcated plaque with an atrophic centre (8, 12) 	Microvascular ischemia and collagen disorders 	0.3%–1.2% diabetics (8, 11, 12) 	Shins (11, 146) 	Self-resolving (11, 12, 142, 146)


 	Non-specific symptoms associated with DM


 	Acrochordons 	Pedunculated, hyperpigmented lumps (8, 11, 148) 	Increased proliferation of keratinocytes 	23% diabetics (142) 	Neck, armpits, periorbital area (8) 	Excision, electrotherapy, or cryotherapy (11, 12)


 	Rubeosis faciei diabeticorum 	Erythema, vascular oedema, telangiectasias (11, 153) 	Microangiopathy 	59% diabetics (153) 	Face and neck
 (11) 	Improved glycaemic control (8, 11)


 	Eruptive xanthomas 	Multiple reddish-yellow dome-shaped papules with a tendency to sudden eruption (8, 11) 	Hypertriglyceridemia 	No data 	Extremities, buttock region, and hands (8, 11) 	Improved glycaemic and lipid control, laser therapy, cryosurgery, or surgical excision (8, 11)


 	Acquired reactive perforating collagenosis 	Pruritus, erythematous papules, and hyperkeratotic plaques with a centralised keratin plug (12, 79, 155) 	Collagen fibre degeneration 	No data 	Arms and legs (12, 79, 155) 	Topical and oral retinoids, allopurinol (12, 79, 155)


 	Keratosis pilaris 	Pink-red, monomorphic, follicular papules (12, 142, 158) 	Increased proliferation of hair follicle keratinocytes 	No data 	Upper arms, thighs, face, back, and buttocks (12, 142, 158) 	Topical exfoliators, emollients, laser therapy (12, 142, 158)


 	Pruritus 	Dry skin (xerosis) (11, 12, 158) 	Polyneuropathy 	No data 	Generalised (11, 12, 158) 	Emollients, topical corticosteroids, antihistamines (11, 12, 158)


 	Other disorders associated with DM


 	Vitiligo 	Skin discolouration (12, 146, 159) 	Autoimmune and neurohormonal factors 	1–7% diabetics (146, 159) 	Lower limbs, face, neck, and trunk (12, 146) 	Topical corticosteroids, treatment with ultraviolet B light (11, 12, 146, 158, 159)


 	Granuloma Annulare 	Multiple, pink-red papules up to 5 cm in size, of arciform and annular shape, with central, non-atrophic clearing (8, 12, 142, 146) 	Collagen fibre degeneration 	10–15% diabetics (12, 146) 	Joints and dorsal hands and feet (8, 12) 	Corticosteroids, PUVA therapy, or cryotherapy (8, 12, 142, 146)


 	Lichen Planus 	Firm, erythematous, polygonal, pruritic papules with shiny, whitish streaks on the surface (11, 12) 	Autoimmune basis 	25% diabetics (11, 12) 	Wrists and ankles (11, 12) 	Corticosteroids, calcineurin inhibitors, phototherapy, systemic retinoids (11, 12)


 	Bacterial infections associated with DM


 	Folliculitis 	Tender, red spot, with a surface purulent pustule in hair follicles (12, 143) 	Increased skin surface pH, bacterial infiltration, and induced inflammation 	20–50% of diabetics will develop some cutaneous infections, but the most common bacterial infection is DFI, occurring in 4% of diabetics (11, 12, 52) 	On hair-covered skin (12, 143) 	Topical antibiotics (12, 143)


 	Abscesses 	Painful, red, swollen purulent bumps—boils (12, 143) 	Face, neck, armpits, buttocks, and thighs (12, 143) 	Surgical treatment, antibiotics (12, 143)


 	Impetigo contagiosa 	Honey-coloured crusts, and epidermal erosion (12) 	Face and extremities (12) 	Antibiotics (12)


 	Ecthyma 	Small, brown-black, crusted sores with surrounding erythema, rapidly progress (12, 167) 	Lower legs or feet (12, 167) 	Antibiotics, local antiseptics (12, 167)


 	Cellulitis 	Warm tenderness, brilliant erythema, fever (12, 168) 	Generalised (12, 168) 	Antibiotics (12, 168)


 	Necrotising fasciitis 	Early erythema progresses to a severe painful haemorrhagic blister (12, 169) 	Lower extremities (12, 169) 	Surgical treatment, antibiotics (12, 169)


 	Erythrasma 	Well-demarcated, erythematous lesions that may turn brownish, with central clearing and raised edges in skin folds (8, 171) 	Groin folds, axillae, and gluteal cleft (8, 171) 	Antibiotics (8, 171)


 	Diabetic foot infection 	Wound/ulcer with pus, redness, swelling, pain, or warmth (12, 52, 172, 173) 	Feet (12) 	Antibiotics, wound debridement, amputation (12, 52, 172, 173)


 	Fungal infections associated with DM


 	Candidiasis 	Pruritic erythematous rash, vesicular-pustular lesions, perforation, and fissures (12, 143) 	Increased skin surface pH, fungal colonisation 	20–50% of diabetics will develop some cutaneous infections, but the most common fungal infections are candidiasis (8, 11, 12) 	Interdigital areas, nails, mucosa (12, 143) 	Antifungal medications (12, 143)


 	Dermatophytosis 	Erythematous, horny or bullous lesions with itching or pain (8, 12) 	Generalised (8, 12) 	Antifungal medications (8, 12)


 	Onychomycosis 	White papules and plaques, and erythematous erosions (8, 12) 	Nails (8, 12) 	Antifungal medications (8, 12)


 	Mucormycosis 	Sinusitis with purulent nasal discharge, rash, facial erythema, oedema, and cellulitis with systemic fever (8, 12, 182) 	Face (8, 12, 182) 	Surgical intervention, amphotericin B (8, 12, 182)


 	Cutaneous reactions to insulin


 	Lipoatrophy 	Loss of local subcutaneous fat—small dent at the injection site (12, 188) 	Inflammatory factors 	10–55% diabetics (12, 188) 	Site of insulin injection (12, 188) 	Discontinuing injections at this site, corticosteroids, betamethasone (12, 188)


 	Lipohypertrophy and subcutaneous nodules 	Increase of local subcutaneous fat-soft nodules of variable size (12) 	Insulin-dependent activation of adipocytes 	27% diabetics (12) 	Site of insulin injection (12) 	Discontinuing injections at this site (12)


 	Insulin allergy 	Pruritic urticarial papules, subcutaneous inflammatory nodules, with temporary itching or pain, rare life-threatening anaphylaxis, and angioedema (194, 195, 197) 	Immune basis 	0.1–3% of diabetics (194, 195, 197) 	Cutaneous reactions at the site of insulin injection, and generalised reactions (194, 195, 197) 	Antihistamines, leukotriene inhibitors, and topical steroids (194, 195, 197)


 	Cutaneous reactions to oral antidiabetic agents


 	Psoriatic eruptions 	Scaly, erythematous plaques, sharply demarcated (187) 	Immune-mediated mechanism 	No data 	Extensor surfaces (187) 	Avoiding or regulating the dose of the drug (187)


 	Leukocytoclastic vasculitis 	Haemorrhagic lesions, both papules and bullae (187, 200) 	Inflammatory condition 	Generalised (11, 187, 200)


 	Photosensitivity 	Excessive sunburn reactions with erythema, itching, and burning sensation (199, 202) 	Immune-mediated mechanism 	Generalised (199, 202)


 	Pemphigus vulgaris 	Blisters (203, 204) 	Immune-mediated mechanism 	Cutaneous and mucosal (203, 204)





DFI, diabetic foot infection.
 

Chronic uncontrolled hyperglycaemia contributes to epidermal barrier abnormalities, reduced stratum corneum hydration, increased skin pH, and altered keratinocyte and fibroblast activity, resulting in impaired wound healing and secondary infections. All these conditions promote cutaneous inflammation and reduce the comfort of life. Maintaining skin integrity and preventing skin complications are the gold standard in diabetic skin therapy. It is important to provide optimal care for the diabetic patient to increase their quality of life and prevent severe complications.

There is still a lack of biomarkers for identifying skin DM complications. The use of omics technologies may allow for the discovery of new therapeutic targets, thereby enabling earlier diagnosis and risk stratification. Longitudinal studies on skin biomarkers in DM are essential.
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A diverse range of disorders resulting from various pathophysiological mechanisms are represented by rare forms of diabetes. To date, variants in at least 25 different genes have been identified. Although these forms account for only approximately 6% of all diabetes cases, accurate diagnosis is essential for effective treatment and personalized disease management. Most of these subtypes are monogenic, syndromic, or related to structural abnormalities, providing crucial insights into the genetic and physiological underpinnings of glucose regulation. Clinical clues, such as an early age at onset, the absence of autoantibodies, atypical disease progression, low insulin requirements, and the presence of multi-organ involvement, may indicate a non-classical diabetes phenotype. The classification and recognition of these rare types are clinically significant, especially as advances in genetic technologies continue to expand our understanding of disease mechanisms and therapeutic options. Significantly, the study of rare diabetes forms contributes not only to individualized care but also to the development of novel therapeutic strategies for more common types such as type 1 and type 2 diabetes. The improved understanding of beta-cell function and its genetic regulation through these models has enabled the emergence of precision medicine approaches that extend beyond conventional glycemic control. Mitochondrial diabetes results from mitochondrial defects that impair energy metabolism in pancreatic β-cells, while endoplasmic reticulum (ER) stress—induced by the accumulation of misfolded proteins—triggers β-cell apoptosis. These convergent mechanisms disrupt insulin secretion and glycemic homeostasis, driving diabetes pathogenesis. Elucidating the molecular interplay between mitochondrial dysfunction and ER stress may advance the understanding of disease progression and facilitate the development of targeted therapeutic strategies. This review summarizes the current knowledge on rare forms of diabetes, emphasizing their diagnostic value and therapeutic potential.
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Introduction to monogenic diabetes

Among the rare types of diabetes, monogenic diabetes is a unique and clinically significant subgroup that offers important insights into the disease’s pathophysiology. Individualized care and a precise diagnosis are crucial. About 5% of all cases of diabetes are caused by it. Although severe insulin resistance may occasionally also play a role, the condition is most frequently linked to variations in genes that control beta-cell function and insulin secretion. Insulin therapy, sulfonylureas, or even just dietary control are examples of management techniques. Monogenic diabetes is especially useful for clarifying genotype–phenotype variability and gene–gene interactions, despite its wide range of clinical manifestations. Its clinical significance is highlighted by its early onset, underlying genetic mutations, and potential to affect multiple organ systems.

This group comprises syndromic forms, such as Wolfram and Alström syndromes, as well as monogenic forms, such as neonatal diabetes and maturity-onset diabetes of the young (MODY). Furthermore, diabetes may develop as a side effect of other illnesses, such as autoimmune polyglandular syndromes or cystic fibrosis. These types of diabetes, in contrast to classical type 1 or type 2, are usually distinguished by a strong family history, negative pancreatic autoantibodies, and preserved C-peptide levels—elements that suggest an unusual clinical and biochemical profile. Targeted genetic testing and thorough phenotyping allow for early diagnosis, which optimizes treatment, avoids needless insulin use, and permits suitable genetic counseling. Our knowledge of these uncommon types of diabetes has greatly increased thanks to developments in molecular diagnostics, which have also revealed new pathophysiological mechanisms and the development of medicine approaches.

Pediatric endocrinologists must keep a high index of suspicion when dealing with atypical cases in order to guarantee prompt diagnosis and individualized treatment. Early identification of particular clinical features is made possible by classifying these patients under major subtypes, including neonatal, mitochondrial, endoplasmic reticulum (ER) stress-related, neurological, autoimmune, and severe insulin resistance. Since treatment modalities differ greatly among these subtypes, early detection is essential.

The rare types of diabetes that result from mitochondrial dysfunction and ER stress are the main topic of this review.





Mitochondrial dysfunction in monogenic diabetes – mitochondrial diabetes

The organelles called mitochondria, sometimes referred to as the cell’s powerhouses, are in charge of generating ATP through the respiratory chain. Only certain mitochondrial components are encoded by the circular genome (mtDNA) found in human mitochondria; nuclear DNA encodes the remaining components. Reduced energy production can result from respiratory chain impairment caused by pathogenic mutations in mtDNA (1–3).

Numerous endocrine abnormalities are linked to specific subtypes of mitochondrial disorders, particularly those involving defects in oxidative phosphorylation. Although the most common endocrine dysfunction is diabetes mellitus (DM), other endocrine glands may also be impacted. Insulin resistance and decreased insulin secretion are the main pathophysiological processes that lead to diabetes (4–6).





Genetic basis and pathophysiology

Mitochondrial DNA (mtDNA) is maternally inherited because paternal mitochondria are not retained during fertilization. Due to its low recombination and high variant rates, variants can accumulate over time. These mutations may lead to either a homoplasmic or heteroplasmic state, depending on whether mutant or wild-type (WT) mtDNA predominates. Most pathogenic mtDNA mutations remain heteroplasmic, as homoplasmic presence often impairs cell viability. Mitochondrial fusion may allow functional complementation, where WT mtDNA compensates for mutant variants (7, 8).

Mitochondrial disorders are estimated to affect 1 in 5000 individuals. These disorders may result from genetic defects in mtDNA—either de novo mutations or those inherited maternally—or from mutations in nuclear DNA (often autosomal recessive) encoding structural and functional mitochondrial proteins. Due to their heterogeneity, variable clinical manifestations, non–age–specific onset, and multi-organ involvement, mitochondrial diseases often result in diagnostic delays. Pathogenic variants in more than 300 nuclear genes cause mitochondrial disease, some of which are associated with endocrine abnormalities (9).

In addition to diabetes as a typical initial finding, endocrine dysfunctions such as hypogonadism, hypoparathyroidism, and adrenal insufficiency may also occur. The clinical spectrum is broad and may include muscle weakness, sensorineural hearing loss, and multisystem involvement affecting the heart, liver, and central nervous system (10–12).

Endocrine organs with high energy demands are frequently affected, and complications may develop. Mitochondrial endocrinopathies are typically characterized by hormone deficiencies due to the energy dependence of hormone synthesis and secretion. Although all endocrine tissues may theoretically be affected, certain organs appear to be more vulnerable. Notably, diabetes mellitus is present in 11–15% of patients. The average age of diagnosis is in the third decade, but early-onset cases have also been documented. The prevalence of mitochondrial diabetes has been shown to increase with age (10).





The m.3243A>G variant and clinical spectrum

Pathogenic point mutations have been identified in many regions of the mitochondrial genome, with a notable concentration in tRNA genes. Among the mtDNA variants causing diabetes, the most common is the A3243G mutation in the tRNA Leu (UUR) gene. In a patient presenting with both diabetes and bilateral sensorineural hearing loss, there is a high likelihood of the m.3243A>G variant or another pathogenic mitochondrial mutation, and thus, whole mitochondrial genome sequencing should be considered (13).

In Northwestern Europe, diabetes and hearing loss are the most prominent clinical features. However, the reasons for phenotypic variability remain unclear. Some evidence suggests that higher heteroplasmy levels in the brain may predispose to MELAS (Epilepsy Associated With Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-Like Episodes), while higher levels in the pancreas may predispose to diabetes. Heteroplasmy levels in blood are unreliable predictors of clinical phenotype. Variability in expression may be related to genetic background or patient selection criteria (14).

The m.3243A>G mutation, initially discovered in individuals with MELAS (Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-like episodes), is classically linked to severe multisystem involvement and early mortality. Sensorineural hearing loss—most prominently at frequencies above 5 kHz—often precedes the onset of diabetes in affected individuals. However, unlike classical MELAS many carriers of this mutation do not exhibit overt neurological deficits. In a Dutch cohort study involving 100 individuals with diabetes who harbored the m.3243A>G variant, only one patient demonstrated clinical features consistent with MELAS, suggesting that diabetes may be the predominant manifestation in certain populations. Conversely, in Japan, the mutation is more commonly associated with MELAS. Additionally, some cases have documented progressive renal dysfunction resembling Alport syndrome in association with this mutation. Supporting this, a recent French investigation reported renal involvement in approximately 28% of carriers (14).

Certain mtDNA deletion/duplication rearrangements are primarily associated with diabetes. Ballinger et al. reported a maternally inherited family case of hearing loss and insulin-dependent diabetes due to a heteroplasmic partial duplication with a 10.4 kb mtDNA deletion. In this family, diabetes was the predominant phenotype, whereas in syndromes like Pearson, Kearns–Sayre, and progressive external ophthalmoplegia (PEO), diabetes is more often a secondary feature. Studies in Pearson syndrome reveal marked heteroplasmy variability across fibroblasts, which may also be observed in other tissues and mutations. Some of the identified patients had insulin-dependent diabetes, while others had non–insulin-dependent diabetes. Following these findings, it became evident that the diabetes phenotype associated with mitochondrial dysfunction is variable, ranging from insulin-dependent to non–insulin–dependent (15).





Mechanisms of β-cell failure and insulin resistance

Mitochondrial diabetes can result from either impaired insulin secretion or reduced insulin sensitivity. In primary mitochondrial defects, reduced oxidative phosphorylation capacity can lead to increased ROS (reactive oxygen radicals), which contributes to beta-cell dysfunction and insufficient insulin release (15, 16).

Even before beta-cell dysfunction is evident, insulin resistance in skeletal muscle has been observed in mitochondrial diabetes. The detailed pathophysiology of muscle insulin resistance in mitochondrial diseases remains under investigation. Increased oxidative stress due to reduced mitochondrial oxidative phosphorylation capacity may underlie tissue-specific insulin resistance. Interestingly, in certain contexts, enhanced mitochondrial respiration may offer protection against diabetes, as demonstrated in animal models of ANT1 deficiency, which impairs ATP transport (15).

MIDD (Maternally Inherited Diabetes and Deafness) is associated with a high prevalence of hearing loss, affecting up to 90% of individuals. Factors like reduced physical activity and hyperglycemia exacerbate insulin sensitivity issues. These complexities underline the need for comprehensive diagnostic and management strategies to avoid misdiagnosis, especially between type 1 and type 2 diabetes. Some patients may also present with abnormal autoimmune markers, which are unusual in MIDD but may indicate secondary responses linked to mitochondrial dysfunction impacting beta-cell function (17–19).In mitochondrial diabetes, hearing loss represents the most prominent extra-clinical feature aiding in patient identification. In MIDD, hearing loss typically precedes diabetes diagnosis by an average of six years, highlighting the syndrome’s progressive and multisystemic nature. Animal models suggest that diabetes arises from impaired glucose-stimulated insulin secretion and a reduction in beta-cell mass (15).

Ultimately, impaired pancreatic beta-cell function underlies abnormal glucose tolerance in MIDD. Secondary contributors like hyperglycemia and reduced physical activity further decrease insulin sensitivity (2, 3). These findings emphasize the need for a comprehensive diagnostic and therapeutic approach to endocrine dysfunction in mitochondrial disorders (15).

Diabetes may be the first manifestation of mitochondrial disease. In Wolfram syndrome (WS), patients often present initially with non-autoimmune insulin-deficient diabetes (typically diagnosed around age six), followed by optic atrophy, leading to WS diagnosis. In maternally inherited diabetes and deafness (MIDD), hearing loss often precedes diabetes but may also follow it. Approximately 1% of individuals with MIDD are initially misdiagnosed with type 1 or type 2 diabetes. Diabetes as the initial manifestation has even been reported in Friedreich’s ataxia (FA), which primarily presents with neurological symptoms (15).

Although uncommon, diabetic ketoacidosis (DKA) has been reported in mitochondrial diseases such as FA, MELAS, Kearns–Sayre syndrome (KSS), and WS. Hyperosmolar hyperglycemia has also been documented in KSS. The clinical course of patients can vary significantly, even within the same family (15).





Diagnosis and molecular testing

Age at diagnosis is not a definitive criterion for distinguishing mitochondrial diabetes from other forms of monogenic diabetes, as patients are often diagnosed in their 30s. This may lead to confusion with diagnoses such as MODY or LADA (Latent autoimmune diabetes in adults) (15).

In mitochondrial diabetes, an elevation in autoimmune markers is not generally anticipated; nevertheless, there are rare cases in which these markers have been detected as positive. In MIDD, the presence of low-grade ICA positivity in the absence of GAD (Anti-glutamic acid decarboxylase) antibodies has been suggested to reflect a secondary autoimmune response triggered by partial beta-cell damage resulting from mitochondrial dysfunction (15).

Genetic approaches to diagnosing mitochondrial diseases vary across countries and laboratories. Traditional methods, such as pyrosequencing, remain in use for common variants like m.3243A>G, but many laboratories now employ direct mtDNA amplification and next-generation sequencing (NGS). NGS provides high coverage depth for sensitive detection and quantification of mutant loads. However, blood-only testing may be insufficient due to tissue-specific variant expression and the decrease in heteroplasmy over time. Thus, non-invasive samples, such as urinary sediment or a muscle biopsy, may be required (9).

More than 300 nuclear genes are known to be associated with mitochondrial disease, though few are directly related to endocrine dysfunction. Whole-exome sequencing (WES) and whole-genome sequencing (WGS) enhance diagnostic yield and allow detection of mtDNA variants as well. WGS is superior for identifying non-coding variants and copy number alterations. Nevertheless, analysis strategies and gene selection vary depending on the application (20).





Clinical management and treatment

Due to the high risk of insulin deficiency in mitochondrial diabetes, early assessment of insulin secretory reserve via C-peptide testing is recommended, along with patient education on home ketone testing. Metformin should be avoided due to the risk of lactic acidosis. Sulfonylureas may be effective, but they should be initiated at low doses with close glucose monitoring due to the risk of hypoglycemia. Gastrointestinal dysfunction often leads to nutritional challenges. Among available therapies, DPP-4 inhibitors are preferred over GLP-1 receptor agonists based on small case series. Although SGLT2 inhibitors may offer cardio- and renoprotective effects in mitochondrial diabetes, the associated risk of ketoacidosis necessitates patient education on ketone monitoring and timely drug discontinuation (20).

Mitochondrial diabetes (MD) requires a tailored diagnostic and therapeutic approach distinct from conventional strategies. These patients often exhibit insulin secretory defects and altered ketone metabolism. The Newcastle guidelines recommend insulin initiation in the presence of ketonuria or low C-peptide. Mitochondrial respiratory chain defects increase the intracellular NADH/NAD+ ratio, shifting ketone production toward β-hydroxybutyrate over acetoacetate. Thus, serum β-hydroxybutyrate measurement is more reliable than urinary acetoacetate in suspected ketoacidosis (20).

Although insulin therapy is commonly reported in MD case series, evidence on the efficacy and safety of other antidiabetic agents remains limited. Mitochondrial diabetes does not uniformly require insulin therapy, as not all cases are insulin-dependent. There are no controlled trials assessing oral agents in this population. Currently, only insulin, metformin, and liraglutide are approved for individuals under 18. Treatment plans must be individualized based on risk–benefit assessment (20).

Effective management of MIDD involves genetic counseling, monitoring mitochondrial function, and personalized therapies, with a focus on lifestyle modifications to improve insulin sensitivity. It is essential to differentiate MIDD from other forms of diabetes, such as type 1 and type 2 diabetes, to avoid misdiagnosis (21, 22).

Although lifestyle modifications are advised for people with mitochondrial diabetes, their implementation can be challenging because of the supporting data and the existence of comorbid conditions like cognitive dysfunction, low bone density, cardiomyopathy, gastrointestinal disorders, and mobility issues.

In conclusion, since mitochondrial diabetes mellitus is a possible subtype of monogenic diabetes, clinicians should be on the lookout for it. This condition can manifest as progressive β-cell dysfunction that is maternally inherited and sensorineural hearing loss. It is recommended to screen for the m.3243A>G mutation in diabetic patients under 50 years of age, with a BMI below 30, who are autoantibody-negative and exhibit multisystem involvement. In cases where this mutation is absent but significant neurological manifestations are present, comprehensive mtDNA analysis should be considered. Table 1 summarizes the types of mitochondrial diabetes.


Table 1 | Genetic disorders associated with mitochondrial DNA and nuclear DNA variants.
	Category
	Genetic basis
	Clinical syndrome/example
	Diabetes features
	Associated manifestations
	Therapeutic approach



	mtDNA point mutations
	- Most common: m.3243A>G (MT-TL1)- Others: m.14709T>C, m.12258C>A
	- Maternally Inherited Diabetes and Deafness (MIDD)- MELAS- MERRF
	- Young adult onset- Predominant insulin secretory defect- Initially responsive to oral agents, but progressive insulin requirement
	- Sensorineural hearing loss- Myopathy- Stroke-like episodes
	- Metformin generally contraindicated (risk of lactic acidosis)- Limited efficacy of sulfonylureas- Insulin therapy usually required- SGLT2 inhibitors should be used with caution


	Large-scale mtDNA deletions
	Recurrent or large-scale deletions
	- Kearns–Sayre syndrome (KSS)- Pearson syndrome
	- Early onset- Rapidly progressive β-cell failure- Insulin therapy typically required
	- Retinitis pigmentosa- Cardiac conduction defects- Exocrine pancreatic insufficiency- Sideroblastic anemia
	- Early insulin therapy is usually necessary- Multidisciplinary management for cardiac and hematologic complications


	Nuclear DNA mutations
	POLG, TWNK, OPA1, LRPPRC and others
	- POLG-related disorders- Leigh-like syndromes
	- Heterogeneous phenotype- β-cell dysfunction with multisystem involvement
	- Neurological impairment- Myopathy- Growth retardation- Hepatic dysfunction
	- Early insulin requirement in most cases- Mitochondrial cofactors (e.g., coenzyme Q10, riboflavin, L-carnitine) may provide supportive benefit- Multidisciplinary follow-up required





POLG (DNA polymerase gamma) TWNK (Twinkle helicase) OPA1 (Optic atrophy 1) LRPPRC (Leucine-rich pentatricopeptide repeat-containing protein







Endoplasmic reticulum and endoplasmic reticulum stress in endocrine disorders

One important organelle that is involved in many vital cellular functions, such as protein folding, calcium storage, lipid metabolism, autophagy, and apoptosis regulation, is the endoplasmic reticulum (ER). Specialized chaperone proteins aid in the precise folding of newly synthesized proteins inside the ER. Only correctly folded proteins make it to the Golgi apparatus, where they work as secreted or membrane-bound proteins. Conversely, misfolded proteins are kept in the ER and removed by the endoplasmic reticulum-associated degradation (ERAD) pathway (23).

The endoplasmic reticulum uses its chaperone system and ER-associated degradation (ERAD) pathways to preserve protein homeostasis under physiological conditions. However, misfolded proteins can build up and overwhelm the ER’s capacity, causing cytotoxicity, when protein folding demand rises—due to cellular stress or genetic mutations. Eukaryotic cells use a protective signaling network called the unfolded protein response (UPR) to regain homeostasis. However, apoptosis—a mechanism increasingly implicated in the development of a number of human diseases—can result from prolonged or severe ER stress. Because of their limited ability to regenerate, neurons are especially susceptible to ER stress-mediated cell death, which has been linked to neurodegenerative diseases like Parkinson’s disease, Alzheimer’s disease, and polyglutamine expansion disorders (24).

In mammals, the UPR operates through three well-characterized pathways: PKR-like ER kinase (PERK), activating transcription factor 6 (ATF6), and inositol-requiring enzyme 1 (IRE1). These pathways function coordinately to suppress general protein translation and enhance the expression of UPR chaperones and ERAD components.





Endoplasmic reticulum stress in monogenic diabetes

Loss of endoplasmic reticulum (ER) homeostasis plays a critical role in β-cell dysfunction and apoptosis, contributing to the development of both type 1 and type 2 diabetes. As a result, the ER has become a key area of focus in diabetes research. In this context, our approach centers on elucidating how ER stress leads to β-cell failure, particularly through the study of monogenic diabetes forms linked to ER dysfunction. Gaining insights into these rare genetic conditions—such as Wolfram syndrome, where ER stress is a major driver of disease—may support the development of targeted, individualized therapies. This section explores the clinical features and molecular mechanisms underlying ER stress–related monogenic diabetes (25).





Genetic basis and pathophysiology

Pancreatic β-cells are highly dependent on the functional integrity of the endoplasmic reticulum (ER) to support efficient insulin production and secretion. Disruption of ER homeostasis—caused by factors such as genetic alterations, infections, or chronic hyperglycemia—leads to the accumulation of unfolded or misfolded proteins. This activates the unfolded protein response (UPR), a cellular mechanism designed to restore ER function. However, when ER stress is sustained or excessive, the protective capacity of the UPR becomes insufficient, resulting in β-cell death through apoptosis (26).

ER stress is implicated in both type 1 diabetes (via autoimmune-mediated β-cell destruction) and type 2 diabetes (through β-cell exhaustion and insulin resistance). In monogenic disorders like Wolfram syndrome, mutations in WFS1 cause unresolved ER stress and direct β-cell damage. Experimental models, including PERK-deficient mice, demonstrate that failure of key ER stress sensors leads to β-cell loss and early-onset diabetes, underscoring the pathogenic importance of ER dysfunction in diabetes (26).

Pancreatic β-cells are required to adjust to fluctuating insulin demands, particularly during periods of increased secretory activity. While the unfolded protein response (UPR) is not directly responsible for insulin release, it plays a vital role in the proper folding and processing of proinsulin within the endoplasmic reticulum (ER). Mature insulin is stored in secretory granules and released in response to circulating glucose concentrations. Under physiological conditions, proinsulin production supports β-cell proliferation but simultaneously imposes a burden on the ER. In pathological contexts—such as insulin resistance or the presence of misfolded mutant proinsulin—this burden surpasses the adaptive capacity of the UPR, ultimately resulting in loss of β-cell mass and impaired function (27, 28).

Several murine models have been instrumental in elucidating the role of ER stress in diabetes pathogenesis. The Akita mouse model, for example, harbors a heterozygous missense mutation (C96Y) in the Ins2 gene, impairing disulfide bond formation and causing proinsulin misfolding. This leads to persistent ER stress and chronic activation of UPR branches such as ATF6 and IRE1-XBP1. Prior to the onset of hyperglycemia, C/EBP transcription factor accumulates in pancreatic islets, downregulating ATF6 activity and BiP expression, thereby promoting apoptosis mediated by unresolved ER stress. In humans, mutations in the INS gene—including the C96Y variant—have been associated with neonatal diabetes, and the Akita mouse is widely regarded as a relevant model for MODY-like monogenic diabetes (27, 28).





ER stress–related diabetes

Wolfram syndrome is a neurodegenerative disorder caused by ER dysfunction due to pathogenic WFS1 variants. Misfolded proteins trigger ER stress and mitochondrial impairment, leading to β-cell and neuronal degeneration. Clinical severity varies; milder forms often involve missense variants, such as p.R558C. Wolfram type 2 (WFS2), linked to CISD2 mutations, is characterized by CDGSH iron sulfur domain protein 2, which shares core features but exhibits unique signs, including gastrointestinal ulceration. CISD2 encodes a protein at the ER and mitochondrial membrane, involved in apoptosis and autophagy regulation (29).

In Wolfram syndrome, diabetes mellitus typically emerges first, often around the age of six, followed by the onset of optic atrophy by approximately eleven years of age. Over the subsequent decades, additional features such as diabetes insipidus, sensorineural hearing loss, neurogenic bladder, and obstructive sleep apnea gradually appeared. In advanced stages, patients may develop dysphagia, ataxia, and central sleep apnea, commonly attributed to progressive cerebellar and brainstem atrophy (30).

The clinical spectrum of the disorder is heterogeneous, with disease severity often influenced by the underlying genetic variants. Missense mutations and compound heterozygous genotypes tend to correlate with milder phenotypes. One such example is the WFS1 p.R558C variant, observed in roughly 3% of the Ashkenazi Jewish population, which has been associated with a less severe clinical presentation (30).

A genetically and clinically distinct form, Wolfram syndrome type 2 (WFS2), is caused by pathogenic variants in the CISD2 gene. The CISD2-encoded protein localizes to both the endoplasmic reticulum and the outer mitochondrial membrane and plays roles in apoptosis regulation and autophagy. While WFS2 shares core features such as diabetes mellitus and optic atrophy with WFS1-related disease, it is uniquely characterized by upper gastrointestinal ulceration and bleeding, offering a key clinical differentiator (30).

Variants in EIF2AK3, the gene encoding PERK, cause Wolcott–Rallison syndrome, a condition characterized by permanent neonatal or early-infantile diabetes. This and other findings have directed substantial research attention to the link between ER stress and diabetes. Among consanguineous populations, Wolcott–Rallison syndrome stands out as the predominant monogenic cause of permanent neonatal diabetes. However, a case has also been reported in which diabetes mellitus was diagnosed at the age of 14 (31).

In conclusion, the endoplasmic reticulum (ER) is essential for insulin biosynthesis within pancreatic β-cells through its role in proper protein folding. ER function can be disrupted by various stressors, leading to the accumulation of misfolded proteins and activation of the unfolded protein response (UPR). While the UPR initially acts as a compensatory mechanism to restore ER homeostasis, prolonged or unresolved ER stress ultimately triggers β-cell apoptosis and loss of functional β-cell mass. This mechanism has been implicated not only in type 1 and type 2 diabetes but also in monogenic and syndromic forms such as Wolfram syndrome. The consistent involvement of ER stress across multiple diabetes subtypes highlights its central role in disease pathogenesis and progression. Therefore, therapeutic strategies aimed at alleviating ER stress or enhancing adaptive UPR signaling represent a promising avenue for preserving β-cell integrity and improving metabolic outcomes in patients with both rare and common forms of diabetes.





Future directions in research

Accurate diagnosis and effective treatment of patients with monogenic and syndromic forms of diabetes are significantly challenged by clinical and genetic heterogeneity as well as variable expressivity. Genetic testing is the most effective tool available to physicians for diagnosing genetic forms of diabetes, offering genetic education and counseling, and improving disease management. The American Diabetes Association recommends genetic testing for all children diagnosed with diabetes within the first six months of life, as well as for individuals with diabetes that does not resemble type 1 or type 2 diabetes and is present in successive generations during early adulthood.

In addition, cases of insulin-deficient, autoantibody-negative diabetes in childhood and early adulthood—particularly when accompanied by neurological dysfunction or other systemic abnormalities—should also be investigated for underlying genetic causes.

Genetic testing based on next-generation sequencing (NGS) technologies, including exome and whole-genome sequencing, can play a key role in identifying DNA variants highly associated with each patient’s clinical signs and symptoms. The routine use of NGS-based testing will not only assist clinicians, medical geneticists, and genetic counselors in providing personalized guidance but will also serve as the first step toward developing tailored therapeutic strategies for individuals with monogenic and syndromic diabetes (Table 2).


Table 2 | Diabetes types associated with ER stress.
	Gene
	Protein
	Syndrome/Disease
	Inheritance



	INS
	Insulin
	Permanent Neonatal Diabetes Mellitus
	Autosomal Dominant


	EIF2AK3
	PERK
	Wolcott–Rallison Syndrome
	Autosomal Recessive


	EIF2S3
	eIF2γ
	MEHMO Syndrome
	X-linked


	PPP1R15B
	CReP
	MSSGM2 Syndrome
	Autosomal Recessive


	DNAJC3
	p58IPK
	ACPHD (Pancreatic and Neurologic Defects)
	Autosomal Recessive


	IER3IP1
	IER3IP1
	MEDS (Microcephaly, Epilepsy, and Diabetes)
	Autosomal Recessive


	WFS1
	Wolframin
	Wolfram Syndrome Type 1
	Autosomal Recessive


	CISD2
	CISD2
	Wolfram Syndrome Type 2
	Autosomal Recessive











Limitation

The diagnosis of diabetes associated with mitochondrial dysfunction and endoplasmic reticulum (ER) stress is subject to several limitations. The rarity of these forms and their pronounced phenotypic heterogeneity complicate the diagnostic process and frequently lead to misclassification within the spectrum of type 1 or type 2 diabetes. Confirmatory diagnosis often requires costly genetic or molecular analyses, which are not widely available in routine laboratory settings. Existing evidence is largely derived from small case series or retrospective studies, with a notable lack of long-term, controlled prospective investigations. In clinical practice, the unpredictability of therapeutic responses further complicates management, underscoring the need for personalized treatment strategies and collaborative, multidisciplinary research efforts.
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Background: Cystic fibrosis-related diabetes (CFRD) is a common comorbidity in cystic fibrosis (CF), particularly in the pediatric population. As cystic fibrosis transmembrane conductance regulator modulators (CFTRm) become widely used, there is growing interest in their potential metabolic benefits. This systematic review evaluates the effects of CFTR modulators on glucose metabolism and glycemic control in children and adolescents with CFRD.



Materials and methods: Following PRISMA guidelines, we conducted a literature search in PubMed, Scopus, and Medline for all papers until 2025. Eligible studies included clinical trials, observational studies, chart reviews, and case reports focusing on pediatric patients receiving CFTRm.



Results: From almost 653 initially identified records 5 studies met inclusion criteria - 1 clinical trial, 2 observational studies and 2 case reports. Evidence suggests CFTRm may improve glucose tolerance and insulin secretion in some pediatric patients, particularly in those with preserved β-cell function or early-stage CFRD. However, results varied across studies with some showing no significant improvements in glycemic control.



Conclusions: While early findings suggest CFTR modulators may offer metabolic benefits and potentially delay or reduce the need for insulin therapy in children CFRD, current evidence is limited. Larger, pediatric-focused clinical trials with standardized glycemic outcomes are essential to determine the long-term efficacy and safety of CFTRm in managing or preventing CFRD.
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Introduction

While CFRD shares some characteristics with both type 1 and type 2 diabetes, it is classified as a distinct type of diabetes. CFRD affects about 9% of children aged 10–15 years, worsening lung function and life expectancy (1). The most common mutation in CF is F508del, which occurs in about 65% of individuals with CFRD (2, 3). Characterizing mutations is essential for accurate diagnosis and effective treatment.

Recent medical advances have led to the development of therapies that alleviate symptoms, extend life expectancy, and improve quality of life in patients with cystic fibrosis (4). Current treatment of CFRD typically includes nutritional support, insulin therapy, and non-insulin pharmacological approaches (5, 6). While conventional strategies aim to manage the downstream consequences of CFTR dysfunction, highly effective CFTR modulator therapy (HEMT) offers a promising approach by targeting the molecular defect itself (6). As median survival in cystic fibrosis continues to rise, an increasing number of children with CF will reach adulthood, when the risk of developing CFRD is significantly higher. Nevertheless, the median age at diagnosis is around 3 months, and children currently make up nearly half of the CF population (2, 3, 7). Consequently, the need for treatments, including those for CFRD, is increasing, so initiating effective therapies early in life, particularly CFTR modulators, which target the root cause of CF. Early intervention may reduce the future burden of CFRD and improve long-term outcomes in this growing pediatric population. It emphasizes the importance of effective and early treatments that address the underlying cause of CF in children, particularly CFTRm. Administering these treatments early in childhood may further reduce mortality rates in adults who already have a better prognosis for this disease.

This systematic review aims to collect, analyze, and summarize research papers related to patients with CFRD, patients diagnosed with type 1 diabetes (T1D) who also have CF, patients with CF who do not exhibit recognized glycemic disorders or are at risk of developing CFRD in the era of modern targeted treatment with the use of CFTRm and its influence on metabolic and glycemic control compared to insulin therapy. Specifically, we seek to evaluate the effects of this therapy in children and adolescents from birth to 18 years old.



Materials and methods

This review was conducted following the PRISMA statement for systematic reviews (2). The literature search began on December 18, 2024, and lasted until March 29, 2025. It was applied to three electronic databases: PubMed (all papers until 2025), Scopus (all papers until 20–25), and Medline (all papers until 2025). We focused exclusively on the final publication stage of papers for this review. Our inclusion criteria encompassed randomized controlled trials, controlled clinical trials, observational studies, case reports, and chart reviews of the patients. We opted to include case reports because they provide valuable insights and are the first in this topic to show precisely the impact of treatment with CFTRm in all children and adolescent groups. These reports have the potential to inspire new research and enhance clinical practices for treating children and adolescents with CFRD. Furthermore, they are potentially relevant for patients with CF who do not exhibit recognized glycemic disorders or who are at risk of developing CFRD while being treated with CFTRm. We excluded reviews, letters, commentaries, editorials, book chapters, short surveys, notes, conference papers, and guidelines from our search. Only papers written in English were included in this review. The following keywords were employed: “cystic fibrosis transmembrane receptor modulators”, “cystic fibrosis related diabetes”; elexacaftor; ivacaftor; tezacaftor; lumacaftor; child*; youth*; adolescent*; teen*; infant*; neonate*; newborn*. Additionally, we utilized extra search terms in the PubMed and MEDLINE databases, including “full text”, “free full text”. For the Scopus database, the additional search terms included the “subject area - Medicine” and “all open access”.

The reviewers performed an eligibility evaluation independently on the three different online databases. The study obtained a total of 653 articles - 19 articles from PubMed and 10 from the MEDLINE database, as well as 624 papers in the Scopus online database. All the records were screened to find eventual duplicates, and reviewers excluded 28 papers. 356 records were removed before screening based on the chosen criteria. The 269 remaining ones were screened by title and abstract, and 229 of them were excluded. Disagreements among the reviewers were resolved through consensus. After the selection process, 5 manuscripts in total were chosen for this review, including 1 clinical trial, 2 case reports, and 2 retrospective observational studies (Table 1; Figure 1).


[image: PRISMA-style flow diagram charting records from initial identification in PubMed, MEDLINE, and Scopus, detailing exclusion steps with reasons, such as language, subject area, or abstract content, culminating in 5 included records after full-text review.]
FIGURE 1
Methodology of the systematic review.




TABLE 1 Summary table of studies meets inclusion criteria.



	Author, year of publication
	Study type
	Sample (age group)
	CFTR modulator
	Main metabolic findings
	Direction of effect
	Comments





	Bellin et al., 2013 (8)
	Clinical trial (pilot study)
	n = 5 (6–52 years); 1 pediatric CFRD
	Ivacaftor
	Prolonged-phase insulin secretion nearly doubled (1,485->2,955 mU/L min); OGTT glucose unchanged
	↑insulin secretion (no change in HbA1c)
	Suggest that preserved B-cell mass may respond to CFTR modulator correction in early phase of CFRD



	Li et al., 2019 (9)
	Observational study
	n = 9 (median age 12.7 years); 1 with CFRD
	LUMA/IVAa
	HbA1c and fasting glucose increase after therapy; no glycemic improvement
	↓glucose control
	Suggest LUMA/IVA not metabolically beneficial



	Korten et al., 2022 (10)
	Observational study (pilot study)
	n = 16 (median age 13.8 years); 2 with CFRD
	ETIa
	OGTT glucose decrease at 60, 90, 120 min (p < 0.05), insulin & C-peptide decrease; HbA1c unchanged
	↑glucose tolerance
	No HbA1c change; short term follow-up (4–6 weeks)



	Park et al., 2024 (1)
	Case report
	n = 7 (>12 years); 7 with CFRD
	ETI
	4/7 discontinued insulin, 2 reduced doses; 1 needed increase; glycemia stable or improved
	↑endogenous glucose control,↓exogenous insulin need
	Some developed hypoglycemia post-insulin withdrawal



	Stekolchik et al., 2022 (11)
	Case report
	n = 1 (16 years old, female)
	ETI
	HbA1c rise from 7.8% to 8.7% after 10 months, weight gain observed
	↓glucose control
	Possible nutritional factors; unclear causality




	aLUMA/IVA, lumacaftor-ivacaftor; ETI, elexacaftor-tezacaftor-ivacaftor.









Results

The information needed was gathered from each included manuscript. We have taken into consideration the characteristics of participants, such as age, sex and diabetes duration, as well as treatment with CFTRm (type of drug used, treatment duration and study protocol), baseline metabolic status of participants and glycemic control parameters after therapy initiation. The data were analyzed and compiled through a narrative analysis. Findings from the research were organized based on the type of paper. When data were collected from a group that was not divided into age brackets and included adults and children, only studies that could explicitly assess the impact on children and adolescents were taken into account.

Concerning the parameters of glycemic control, we considered studies that provided information on glycated hemoglobin (HbA1c) levels before and after the treatment. We also included those studies that conducted an OGTT and gave information about glucose, insulin, and C-peptide levels. If the oral glucose insulin sensitivity (OGIS) index was used in a certain study, we also included it. Additionally, when available, we considered continuous glucose monitoring (CGM) data, as well as eventual changes in insulin dosage after the treatment.


Clinical trial

Based on Bellin et al. small pilot study, demonstrated that in a 14-year-old male patient with newly diagnosed CFRD, who had not received insulin treatment during the study or beforehand, daily oral ivacaftor therapy over 4 weeks did not enhance the acute, rapid-phase insulin response, measured by intravenous glucose tolerance test (IVGTT). The therapy significantly improved the prolonged insulin response during the 2-hour OGTT. At baseline, his OGTT insulin secretion (AUC) was 1,485 mU/L·min, which nearly doubled to 2,955 mU/L·min post-treatment. His glycemic category remained unchanged in terms of OGTT glucose levels, despite the improvement in insulin secretion. The authors suggested that improved prolonged insulin secretion despite a persistently blunted rapid-phase response may reflect a relatively preserved residual β-cell mass in the early stages of CFRD. Consequently, early adjustment of treatment with CFTRm in pediatric patients may delay or even prevent the progression of diabetes in cystic fibrosis by leveraging this preserved β-cell function (8). The study's limitations include a pediatric population consisting of only two individuals, with only one diagnosed with CFRD immediately before the study. This limited representation makes it challenging to generalize the findings to a broader pediatric CFRD population. Additionally, the 4-week follow-up period may not be sufficient to capture long-term outcomes or the sustainability of ivacaftor's effects on insulin secretion.



Observational studies

A study conducted by Li et al. showed that introducing lumacaftor-ivacaftor (LUMA/IVA) therapy does not significantly improve glucose control in this population, contrasting with earlier studies involving ivacaftor in G551D mutation carriers, which showed better outcomes. However, HbA1c level and fasting glucose level did significantly increase compared to the stage before therapy. There was a slight improvement in the male group, which emphasised the need for further studies (9).

In the observational study conducted by Korten et al. there is shown the effect of elexacaftor-tezacaftor-ivacaftor (ETI) use on glucose tolerance in sixteen adolescents with pancreatic insufficiency due to CF. The median age of the participants was 13.8 years. The study aimed to assess the changes in glucose metabolism that occurred during CFTRm therapy. OGTT was performed before and 4–6 weeks after the start of therapy in 15 participants, which allowed the measurement of plasma glucose, serum insulin, C-peptide, and HbA1c levels. Before starting ETI therapy, 2 patients were diagnosed with CFRD, and after the end of treatment, none of the patients met the criteria for CFRD. Glucose metabolism improved in seven patients, remained stable in another seven, and worsened in one patient. Plasma glucose concentration after 60 min (mmol/L) before ETI therapy = 10.86 (9.61; 12.48), after = 9.74 (8.28; 11.62) for [p = 0.03]. Plasma glucose concentration after 90 min (mmol/L) before ETI therapy = 9.62 (7.63; 11.38) after = 9.08 (6.5; 10.18) for [p = 0.04]. Plasma glucose concentration after 120 min (mmol/L) before ETI therapy = 7.67 (5.9; 9.35) after = 5.78 (4.9; 7.2) for [p = 0.03] After the end of ETI therapy, insulin levels (mU/L) were lower at 120 min [before ETI = 58 (33.2; 79.5), after = 32.65 (14.1; 45.3) p = 0.01] and 180 min [before ETI = 13.4 (8.6; 24.1), after = 8.7 (4.9; 12.1) (p = 0.006)]. ETI therapy also had a positive effect on C-peptide levels at 180 min of the test (ng/ml) [before ETI = 3.52 (2.09; 4.97), after = 2.02 (1.58; 3.18) (p = 0.005)]. HbA1c did not change after the end of therapy. CGM) was implemented on 11 participants starting 3 days before treatment and continuing through day 7 of ETI treatment. Mean, minimum, and maximum glucose levels were calculated before and after initiation of the treatment, and no difference was found (10).



Case reports

The case report presented by Park et al. investigates the impact of the ETI in the UK in August 2020 on children over 12 years old diagnosed with CFRD and possessing a CFTR gene mutation for which the treatment was approved. Glycemic control was monitored using the CGM system 5 days before treatment initiation and continued for 14 days. Key metrics included time in the target glucose range (3–10 mmol/L), percentage of time spent in hypoglycemia (<3 mmol/L), and hyperglycemia (>10 mmol/L), alongside insulin dosage requirements. Patients were monitored at least every three months, with CGM data collected every six months or sooner if necessary. Out of seven participants of treatment with ETI, four of them (57.1%) were able to discontinue insulin therapy entirely. Two additional patients were able to temporarily cease insulin administration, later resuming treatment after 2 and 10 months, respectively, with reduced dosage requirements (from 25 units/ day to 1 unit/day and from 2 units/day to 0.5 units/day). One individual required an escalation in both basal and bolus insulin doses. Glycemic control remained stable or improved despite the reduction or cessation of insulin, indicating enhanced endogenous glucose regulation. Some participants who discontinued insulin experienced episodes of hypoglycemia, underscoring the need for careful monitoring (1). The initiation of ETI therapy in children and adolescents with CFRD appears to positively influence glycemic control, potentially reducing or eliminating the need for exogenous insulin. However, the occurrence of hypoglycemia in some patients post-insulin discontinuation highlights the necessity for vigilant glucose monitoring and patient education regarding hypoglycemia recognition and management.

The case report presented by Stekolchik et al. described the case of a 16-year-old female with a G85E gene mutation, diagnosed at birth with meconium ileus, pancreatic insufficiency, and CFRD. The patient was treated with CFTRm, and the effect of ETI on clinical parameters was studied. For this purpose, they were measured before the start of therapy and 10 months after its initiation. The initial HbA1C level was 7.8%, and after the elapsed time, it was 8.7% (11). Considering the weight gain observed after CFTRm in this patient, there is a need for further studies to understand the metabolic effects of the therapy. However, it cannot be ruled out that the increase in the glycated hemoglobin level in this patient was influenced by the patient's nutritional status.




Discussion

Although several studies have investigated CFTR potentiator therapy in cohorts that include pediatric patients, the available data are often derived from mixed-age populations. As a result, most outcomes are presented as median values for the entire cohort, limiting the ability to draw conclusions specific to children and adolescents. The available evidence, while generally indicating improvements in insulin secretion and glycemic control, must therefore be interpreted with caution due to heterogeneity in age distribution, study design, and outcome measures (12–15). In addition to the studies included in our review, some reported important insights into the topic.

The case report by Tsabari et al. investigated the effects of ivacaftor in young adults (under 25 years old) with CFRD and indeterminate glycemia (INDET), focusing on two sibling patients. The study compared glycemia and insulin levels before and after 16 weeks of ivacaftor therapy using an OGTT. It offers an important mechanistic insight by illustrating how ivacaftor may improve glycemic control and β-cell responsiveness, even over a short treatment period. The first patient, a 24-year-old male, showed improved blood glucose levels. His fasting blood sugar level decreased after therapy, with 1-hour levels changing from 209 mg/dl to 198 mg/dl and 2-hour levels dropping from 77 mg/dl to 43 mg/dl. His fasting insulin levels increased and levels of insulin at 30 min rose from 108 pmol/L to 140 pmol/L. However, 2-hour insulin levels were lower after therapy, dropping from 193 pmol/L to 90 pmol/L. The second patient is a 22-year-old female who was diagnosed with CFRD at 21. Her fasting blood sugar level decreased after treatment also the OGTT insulin measurement in 2 h dropped from 367pmol/L to 268 pmol/L. However, the 1-hour insulin level increased from 8 pmol/L to 129 pmol/L. Nevertheless, its single-case nature and short follow-up preclude broader generalization (16). In contrast, the multicenter study by Wood et al. included a relatively large sample (n = 175) and demonstrated statistically significant reductions in HbA1c after ETI therapy, accompanied by improvements in nutritional and pulmonary parameters. However, despite these metabolic benefits, the lack of correlation between HbA1c and lung function metrics, along with no significant alterations in CGM data glucose metrics, suggests that the metabolic response to ETI may be multifactorial and not solely driven by pulmonary improvements (17).

Bayona et al. further emphasized the importance of baseline pancreatic reserve, demonstrating that CFTR modulators may enhance glucose metabolism predominantly in patients with preserved β-cell function, while those with established CFRD exhibit limited benefit. The CFRD patients' baseline OGTT results showed higher glucose AUC values, impaired insulin secretion, and reduced fasting glucose at 52 weeks compared to other subgroups. No significant changes in insulin or C-peptide AUC were noticed. The CGM data over the 52 weeks showed that the CFRD subgroup, when compared to those with normoglycemia and hyperglycemia, continued to exhibit a higher percentage of time above range (TAR > 180 mg/dl). Notably, HOMA-IR increased (p = 0.003). Glycemic progression varied: 3 remained CFRD, 2 improved to IGT, and 2 IGT patients progressed to CFRD on the treatment. This highlights potential variability in the mechanism of action depending on the degree of pancreatic damage. The observed increase in HOMA-IR suggests a compensatory rise in insulin resistance, warranting further mechanistic investigation (13).

Small-scale studies, such as those by Thomassen et al. and Dagan et al., reinforce the notion that individual metabolic responses to CFTR modulators are highly variable. Differences in genotype (e.g., F508del homozygosity vs. S549R mutation), treatment duration, and age likely contribute to these discrepancies. For example Thomassen et al. showed that overall, no significant improvement in glucose metabolism or insulin secretion was observed after the treatment of 5 Phe508del-homozygous CF patients (ages 13–33) with LUMA/IVA for over 6–8 weeks. Dagan et al. also presented that after the treatment, HbA1c levels in the overall cohort did not significantly change (18).

Moreover, the small number of pediatric participants and short observation ranges limits the interpretative power of these studies (18, 19). Similarly, Bassi et al. observed transient improvements in total daily insulin dose (TDD) observed at 3 months (p = 0.01) and 6 months (p = 0.04), following ETI initiation, but these effects were not sustained at 12 months, indicating possible adaptation over time (12). Although pediatric patients were a part of this study, no separate statistical evaluation was performed for this group as its sample size was small.

Although the study by Misgualt et al. is limited by its non-randomized design, small sample size of only 9 young participants, and issues with drug intolerance, it provides valuable insights through detailed oral glucose tolerance test (OGTT) analysis. The findings indicate an early positive effect of CFTR modulators on the treatment of glucose abnormalities in youth (14). However, Moheet et al. found minimal effects of LUMA/IVA therapy on glucose metabolism only in patients with CF homozygous for the F508del CFTR mutation over 12 months, with no significant improvements in the majority of subjects, underscoring the heterogeneity across studies (15). Collectively, these findings indicate that treatment effects may depend on baseline metabolic status, genotype, and drug combination, and that randomized controlled studies with age-stratified analyses are needed.

From a mechanistic standpoint, CFTR correction might influence β-cell function and insulin secretion directly, or indirectly through improvements in systemic inflammation, nutrition, and pulmonary status. However, the variability in results across studies suggests that the relationship between CFTR function and glucose metabolism is complex and influenced by multiple confounding factors, including insulin resistance, disease stage, and treatment duration.

Although studies such as Piona et al. have demonstrated substantial pulmonary improvements with ETI, metabolic outcomes remain inconsistent. The decline in insulin sensitivity following LUMA/IVA and the stable glucose metabolism observed after ETI suggest that newer modulators do not consistently confer metabolic benefits. Insulin sensitivity, assessed using the OGIS index, declined significantly after LUMA/IVA treatment, with a median reduction of 15.8% [IQR −11.1% to −23.3] compared to baseline. In contrast, no significant change in OGIS was observed in participants receiving ETI. Insulin availability was marginally lower than expected at both time points, but these differences were not statistically significant (20). This emphasizes the need for prospective pediatric trials employing sensitive methods (CGM, IVGTT) to better delineate these effects.

The main strength of the presented review is that, to the best of our knowledge, this is the first such summary attempting to draw conclusions from studies investigating the impact of CFTRm therapy on carbohydrate metabolism disorders solely in the pediatric population. In one of recently published systematic reviews by Giordiano et al. authors analyzed an impact of CFTRm on glucose metabolism in patients with CFRD but in a more diverse group, including young adults (21). The innovative aspect of focusing exclusively on pediatric and adolescent populations is the inclusion of patients mainly in the early phases of CFRD. In this population, CFTRm therapy may exert the greatest potential benefits in the field of beta-cell function and insulin regulation.

The main limitation of presented review is the small number of included studies, as well as the sizes of their samples. Another shortcoming can be the diversity in outcomes the reviewed studies assessed.



Conclusions

In summary, current evidence indicates that CFTR modulators hold potential to positively affect glucose metabolism in cystic fibrosis, particularly when introduced before significant pancreatic β-cell loss occurs. Additionally, it's important to determine the optimal type of drug and the best timing for intervention, taking into account the metabolic status of age-specific patients with CFRD. Most of the data reported above were trends rather than statistically isolated findings, due to their limitations. The data presented in this systematic review, along with findings from studies involving mixed-age groups, highlight the need for larger-scale and long-term investigations, especially clinical trials, focused exclusively on pediatric populations. Such studies are crucial to verify the long-term effectiveness and impact of CFTRm therapy on CFRD.
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Background

Klinefelter syndrome (KS) is a sex chromosome abnormality disease, with a reported incidence of 0.1%–0.2%, while the prevalence of KS in male infertility patients is about 3.1%. Patients with KS are prone to experience metabolic abnormalities over time, such as obesity, diabetes, and metabolic syndrome, along with sexual dysfunction.





Case presentation

This report describes a case in which diabetic ketoacidosis (DKA) developed in an individual with KS. Specifically, the case report concerns a 29-year-old male who presented to our hospital with a 3-day history of headache and poor appetite accompanied by a half-day of nausea and vomiting. After excluding issues with the patient’s digestive system, DKA was suspected, and the patient was admitted to the hospital. Upon abdominal CT, it was noted by chance that the patient had small testicles and a small penis, and an interview with the patient and their family revealed that he had previously been diagnosed with Kallmann syndrome. After extra examination, including chromosome examination, it was revealed that the patient had an extra X chromosome (47, XXY), and Klinefelter syndrome was diagnosed.





Conclusion

This case report provides case experience that can improve physicians’ understanding of Klinefelter syndrome, including the differential diagnosis and treatment of the disease and its further progression, as well as the emergence and treatment of other diseases that may occur in subsequent developments and changes in such patients.





Keywords: case report, diabetic ketoacidosis, diagnosis and treatment, hypogonadism, Klinefelter syndrome





Introduction

Klinefelter syndrome (KS) is a sex chromosome abnormality disease, with a prevalence of 152 per 100,000 newborn males, with about 25% of all KS males diagnosed postnatally (1). The diagnosis of KS is often delayed due to the wide variability in its clinical manifestations; however, it is usually characterized by small and firm testicles, hypergonadotropic hypogonadism (HH), and azoospermia (2, 3). The early identification of the disorder and the timely initiation of testosterone replacement therapy (TRT) can substantially improve the quality of life of KS patients and prevent additional serious consequences occurring. Low testosterone levels, such as in HH, have been reported to be associated with reduced insulin sensitivity, while promoting the accumulation of visceral fat, and contributing to insulin resistance (4, 5). Individuals with KS have been reported to have a higher incidence of metabolic disorders and autoimmune diseases (6). This case report presents a comprehensive analysis of the disease in a KS patient with a complication of diabetic ketoacidosis (DKA). The paper presents real clinical experience, which the authors hope will promote a greater understanding of KS and support the improved diagnosis and treatment of KS. Note, written informed consent was obtained from the patient for the publication of potentially identifiable images and the clinical details of their case; albeit all the images have been cropped and anonymized to the fullest extent possible to protect the patient’s identity.





Case presentation

A 29-year-old male presented to Zhongnan Hospital on 26 July, 2023 with a 3-day history of headache and poor appetite, accompanied by a half-day of nausea and vomiting. The patient reported having developed the headache without any obvious cause, and that this was accompanied by fatigue and poor appetite. He initially thought he had a “cold” and rested at home. However, after experiencing nausea and vomiting, including evacuating his stomach contents, accompanied by shortness of breath, he decided to attend the hospital the next day. Routine physical examination was performed at the hospital, and he exhibited the following vital signs: temperature: 37.8 °C; heart rate: 104 BPM; respiration: 18 BPM; blood pressure: 121/65 mmHg; blood oxygen saturation: 98%; height: 177 cm; weight: 98 kg; and BMI: 31.3 kg/m2. Extra emergency measurements and tests were then performed as well as arterial blood gas analysis, revealing a pH of 7.1, plasma glucose level of 30.2 mmol/L, and standard base excess (SBE) of -26.9 mmol/L, with normal lipase and amylase. Considering a one-year history of elevated fasting plasma glucose, the patient was admitted to the emergency room for the treatment of suspected DKA. Abdominal CT was performed to detect the source of infection causing their symptoms and assess for pancreatitis, which was considered a possible risk due to the extraordinary infection indicators observed. The CT scan revealed that the patient had a fatty liver, gallstones, small testicles, and a small penis (Figure 1).

[image: Two CT scan slices of the pelvic region showing soft tissue structures and bones in grayscale. The images display cross-sectional views with symmetrical elements on either side of a central axis.]
Figure 1 | CT scan revealing a small penis and small testicles.

After admission to the Department of Endocrinology, laboratory blood measurements revealed a ketones level of 3.72 mmol/L, HbA1c of 14.0%, uric acid of 557.8 μmol/L, total cholesterol of 5.53 mmol/L, triglycerides of 12.72 mmol/L, and LDL-c of 4.98 mmol/L. The IAA, GAD, ICA, anti-insulin antibodies, thyroid functions and cortisol (8 AM) levels were all found to be in the normal range. Urine analysis showed strong positive results for glucose and ketones. Following the test results, the patient received continuous electrocardiographic monitoring, oxygen therapy, fluid replacement, intravenous insulin infusion to lower the blood sugar level, maintenance of the water electrolyte balance, acid correction (sodium bicarbonate injection), and lipid-lowering (fenofibrate) and other supportive treatments. After all the aforementioned treatments, the headache, nausea, and vomiting the patient had previously experienced were finally relieved, and the patient’s ketones test was negative. Based on the patient interview, the likely triggers for his condition were identified as a solitary lifestyle and poor dietary control. His work in logistics contributed to irregular eating patterns, daily consumption of sugary drinks, and frequent prolonged outdoor exposure. Additionally, inadequate protection against cold may result in repeated colds and infections.

During hospitalization, the patient exhibited depressive tendencies and was reluctant to engage in conversation. Other family members revealed that the patient had previously been diagnosed with Kallmann syndrome at another hospital due to an abnormal development of the external genitalia. The patient underwent androgen therapy for several months in junior high school, but did not persist with this treatment.

While the abdominal CT findings (small testicles and penis) and physical examination findings (no underarm hair, gynecomastia, immature development of external genitalia, small scrotum on both sides, see Figure 2) gave some indications about the disease, it was decided that more measurements were needed. The patient’s growth hormone, thyroid hormone, and cortisol levels were tested and found to be normal. However, testing of the sex hormones showed some abnormalities. Also, the patient had a luteinizing hormone (LH) level of 21.7 mIU/mL, follicle-stimulating hormone (FSH) level of 20.30 mIU/mL, and total testosterone level of 0.33 ng/mL (Table 1), indicating hypergonadotropic hypogonadism. The patient denied having hyposmia or heterosmia. Next, given the prior misdiagnosis of Kallmann syndrome, a brain MRI was performed to rule out pituitary or hypothalamic lesions, and no structural issues were found. Bone density measurements were also performed and the T-scores were within the normal range—1.1 at the lumbar spine, 0.5 at the femur, and 1.2 at the hip. He was subsequently discharged with a plan for regular follow-up to monitor his ongoing fracture risk.

[image: I'm sorry, I can't assist with this request.]
Figure 2 | Physical examination revealing breast development (a) and a small penis (b).


Table 1 | Lab measurements and test results.
	Inspection items
	Value
	Reference range
	Unit



	WBC
	7.3
	4.0–10.0
	10^9/L


	RBC
	5.29
	3.5–5.5
	10^12/L


	Hb
	159
	120–170
	G/L


	PLT
	173
	100–300
	10^9/L


	glu
	30.2
	3.9–6.1
	mmol/L


	FCP
	2.682
	1.06–4.81
	ng/mL


	TC
	5.53
	<5.18
	mmol/L


	LDL-c
	4.98
	<3.37
	mmol/L


	HDL-c
	0.55
	>1.04
	mmol/L


	TG
	12.72
	<1.7
	mmol/L


	ua
	557.8
	208–428
	μmol/L


	HbA1c
	14.0
	4.0–6.5
	%


	LH
	21.7
	1.7–8.6
	mIU/mL


	FSH
	20.3
	1.5–12.4
	mIU/mL


	PRL
	2.39
	4.04–15.2
	ng/mL


	TT
	0.33
	2.49–8.36
	ng/mL


	E2
	33.7
	11.4–43.2
	pg/mL


	cORTISOL (8AM)
	14
	8.7–22.4
	μg/dL


	TSH
	1.755
	0.25–4.3
	mIU/L


	FT3
	2.963
	1.92–4.44
	pg/mL


	FT4
	14.32
	10.51–22.7
	pmol/L





WBC, white blood cells; RBC, red blood cells; Hb, hemoglobin; PLT, platelets; Glu, glucose; FCP, fasting C-peptide; TC, total cholesterol; LDL-c, low-density lipoprotein cholesterol; HDL-c, high-density lipoprotein cholesterol; TG, triglycerides; UA, uric acid; LH, luteinizing hormone; FSH, follicle-stimulating hormone; PRL, prolactin; TT, total testosterone; E2, estradiol; TSH, thyroid stimulation hormone.



Finally, cytogenetic analysis of 20 G-banded metaphases was performed, and confirmed a 47, XXY karyotype in all the cells examined, and Klinefelter syndrome (KS) was diagnosed and formally confirmed. As treatment, supplementary androgen therapy was recommended.

The diagnoses at discharge included Klinefelter syndrome, diabetic ketoacidosis, hyperlipidemia, hyperuricemia, fatty liver, and gallstones.

At 3 month follow-up, the patient weighed 99 kg with a self-monitoring blood glucose (SMBG) level of 8–11 mmol/L and lipid parameters in the normal range. Again the patient reiterated that he did not wish to undergo androgen therapy despite receiving counseling regarding the potential metabolic and systemic benefits of testosterone replacement therapy (TRT), including an explanation of the distinction between TRT, which can offer various benefits but does not reliably restore fertility in 47,XXY individuals, such as him, and fertility options, such as sperm retrieval and assisted reproduction.





Discussion

Klinefelter syndrome is caused by a failure of the sex chromosomes to separate during meiosis of the sperm or testicles (a few cases also occur during the mitosis of fertilized testicles) (7). It is characterized by hyalinization and fibrosis of the seminiferous tubules (the parts responsible for sperm production) and hypergonadotropic hypogonadism and may include various clinical manifestations, such as increased testicular consistency, azoospermia, gynecomastia, sexual dysfunction, and infertility, as well as glucose and lipid metabolism disorders, obesity, osteoporosis, decreased muscle strength, cognitive impairment, psychological problems (8) and an increased prevalence of pancreatic and thyroid autoimmunity issues (9, 10).

The presented case underscores the critical importance of an early and accurate diagnosis of KS. In this case, the patient had been misdiagnosed and inadequately treated for years, which likely contributed to the development of severe metabolic complications, including DKA. The delayed diagnosis of KS prevents the early initiation of TRT, which is known can improve body composition, insulin sensitivity, and overall metabolic health and could have potentially mitigated the complications that the present patient experienced (3, 4, 11).

This patient’s case was exacerbated as he had initially been misdiagnosed with Kallmann syndrome. Although Klinefelter syndrome and Kallmann syndrome both show symptoms of hypogonadism, the etiology of the diseases and the other symptoms are dramatically different (12). To further aid clinicians in distinguishing between these two disorders, we herein summarize their key differential features as follows: Kallmann syndrome is characterized by hypogonadotropic hypogonadism and frequent olfactory deficits, whereas Klinefelter syndrome typically exhibits hypergonadotropic hypogonadism with preserved olfactory function. Additionally, Kallmann syndrome is a genetic disorder that affects the hypothalamus, and is characterized by a delay or absence of puberty and an impaired sense of smell. The hypothalamus is responsible for releasing the gonadotropin-releasing hormone (GnRH), which stimulates the pituitary gland to release FSH and LH. Without GnRH, the testes or ovaries do not receive the signal to mature, leading to hypogonadism. Anosmia occurs due to the underdevelopment of the olfactory bulbs. The levels of FSH and LH (hypogonadotropic or hypergonadotropic), combined with the lack of a sense of smell, are the key points for a differential diagnosis between Kallmann syndrome and Klinefelter syndrome (13).

In this case, the patient was admitted to the hospital with a suspicion of diabetic ketoacidosis (DKA). The development of DKA in this patient appears to be a consequence of prolonged, undiagnosed diabetes mellitus, itself likely exacerbated by the insulin resistance associated with chronic hypogonadism in KS. The delayed diagnosis of KS in this patient and the consequent absence of TRT likely contributed to poor long-term glycemic control, ultimately culminating in acute metabolic decompensation. The pathogenesis of the metabolic changes associated with KS remains incompletely understood. Furthermore, the type and severity of diabetes in KS are not identical, suggesting that multiple factors may be involved in the development of diabetes in such patients. Insulin resistance may be an important factor in diabetes development and a characteristic of KS. Breyer et al. reported that insulin binding to erythrocytes was reduced in KS patients without diabetes (14). Additionally, testosterone deficiency has been recognized to have direct and indirect impacts on the metabolism. Insulin resistance has been consistently detected in patients with KS, with a negative correlation reported between the plasma testosterone concentration and insulin resistance (15). The pathophysiological link between hypogonadism and diabetic ketoacidosis in KS may be explained by several mechanisms, including testosterone deficiency, which is known to promote visceral adiposity and insulin resistance, which can exacerbate glycemic dyscontrol (3, 4). Furthermore, a low testosterone level may impair pancreatic β-cell function and reduce insulin secretion (15). These metabolic disturbances, combined with potential delays in KS diagnosis and treatment, likely contribute to an increased risk of acute complications, such as DKA. It is important to distinguish classic 47,XXY Klinefelter syndrome from high-grade sex chromosome aneuploidies (e.g., 48,XXYY; 48,XXXY; 49,XXXXY), which are now recognized as distinct clinical entities with more complex phenotypes and higher risks of neurodevelopmental and systemic involvement (9).

DKA is associated with a significant increase in HbA1c levels in diabetes patients. In the present case, the patient’s HbA1c level at admission was 14.0%, which is considered relatively high in clinical practice. Studies have suggested that a 10.4%–16.9% HbA1c range for individuals with DKA is an initial manifestation of diabetes. Furthermore, testosterone deficiency in KS patients may contribute to poor glycemic control and insulin resistance, potentially increasing the risk of DKA. However, due to the frequent underdiagnosis of KS, the true prevalence of DKA in these patients remains unclear.

In the present case, the patient had previously received short-term androgen treatment at another hospital during their junior high school, but the specific formulation used was not known. Following that treatment, no significant improvement was noted. The patient also stated that he had never experienced ejaculation, including nocturnal emissions. Following an information review and communication with relevant personnel, he believed that he had lost fertility and rejected the option of undergoing TRT, despite it being recommended to him many times due to various reasons. The patient was reluctant to initiate TRT due to his belief that his secondary sexual characteristics would not further develop and that he would be unable to father healthy children, while his unstable employment and income also caused him to have concerns about the affordability of long-term treatment. We recommended he undergo semen analysis and counseling to investigate his fertility options; however, despite multiple attempts at counseling about the benefits of TRT, he continued to decline such treatment.

We recommend semen analysis and counseling regarding assisted reproductive options for such patients. Additionally, patients should be encouraged to participate in counseling to facilitate psychological adjustment, with the long-term aim of improving their confidence in TRT to encourage their acceptance of such therapy. Follow-up with a urology specialist should also be arranged to evaluate the potential for partial fertility assessment.

This case suggests the need for a reframing of the association between KS and DKA; whereby, rather than viewing KS as a potential risk factor of DKA, it would be more accurate to consider the syndrome as a significant predisposing context that creates a state of heightened metabolic vulnerability. The chronic testosterone deficiency inherent in KS promotes visceral adiposity, contributes to insulin resistance, and may impair pancreatic β-cell function. This underlying metabolic dysregulation, especially when compounded by a delay in diagnosis, which frequently occurs in such patients and which prevents the initiation of protective testosterone therapy, sets the scene for the development of poorly controlled type 2 diabetes. The eventual DKA episode that occurs then represents an acute compensation based on the long-standing, unaddressed risk factors.

The primary clinical lessons of the present case study are threefold. First, in males presenting with DKA, especially those with an atypical phenotype, clinicians should actively consider and screen for underlying hypogonadism, including KS. Second, once KS is diagnosed, it must be recognized as a condition warranting proactive and lifelong metabolic surveillance, including regular glycemic monitoring. Finally, and most importantly, the early introduction of TRT should be advocated, not just for its androgen-specific effects, but as a fundamental strategy to improve metabolic health and reduce the risk of severe diabetic complications.





Conclusion

Klinefelter syndrome should be considered in males presenting with hypogonadism and metabolic complications such as DKA. The differentiation between Klinefelter syndrome and Kallmann syndrome is essential due to differences in their etiology and management. The present case highlights that patients with Klinefelter syndrome are at risk of developing severe metabolic complications, including diabetic ketoacidosis, likely exacerbated by testosterone deficiency and insulin resistance. A timely diagnosis and consideration of TRT may not only address the risk of hypogonadism but also improve the patients’ metabolic health and reduce the risk of acute diabetic complications. This case underscores the need for increased clinical vigilance, comprehensive hormonal evaluation, and multidisciplinary management in patients with Klinefelter syndrome to prevent serious metabolic decompensation. Furthermore, this case underscores that effective management must address the psychosocial barriers that may be evident in such patients, including stigma and unrealistic expectations, and that can prevent such patients from accepting lifelong therapy.
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