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Glycogen storage type Ib (GSDIb) is a rare inborn error of metabolism caused by glucose-6-phosphate transporter (G6PT, SLC37A4) deficiency. G6PT defect results in excessive accumulation of glycogen and fat in the liver, kidney, and intestinal mucosa and into both glycogenolysis and gluconeogenesis impairment. Clinical features include hepatomegaly, hypoglycemia, lactic acidemia, hyperuricemia, hyperlipidemia, and growth retardation. Long-term complications are liver adenoma, hepatocarcinoma, nephropathy and osteoporosis. The hallmark of GSDIb is neutropenia, with impaired neutrophil function, recurrent infections and inflammatory bowel disease. Alongside classical nutritional therapy with carbohydrates supplementation and immunological therapy with granulocyte colony-stimulating factor, the emerging role of 1,5-anhydroglucitol in the pathogenesis of neutrophil dysfunction led to repurpose empagliflozin, an inhibitor of the renal glucose transporter SGLT2: the current literature of its off-label use in GSDIb patients reports beneficial effects on neutrophil dysfunction and its clinical consequences. Surprisingly, this glucose-lowering drug ameliorated the glycemic and metabolic control in GSDIb patients. Furthermore, numerous studies from big cohorts of type 2 diabetes patients showed the efficacy of empagliflozin in reducing the cardiovascular risk, the progression of kidney disease, the NAFLD and the metabolic syndrome. Beneficial effects have also been described on peripheral neuropathy in a prediabetic rat model. Increasing evidences highlight the role of empagliflozin in regulating the cellular energy sensors SIRT1/AMPK and Akt/mTOR, which leads to improvement of mitochondrial structure and function, stimulation of autophagy, decrease of oxidative stress and suppression of inflammation. Modulation of these pathways shift the oxidative metabolism from carbohydrates to lipids oxidation and results crucial in reducing insulin levels, insulin resistance, glucotoxicity and lipotoxicity. For its pleiotropic effects, empagliflozin appears to be a good candidate for drug repurposing also in other metabolic diseases presenting with hypoglycemia, organ damage, mitochondrial dysfunction and defective autophagy.
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1 Introduction

Glycogen storage type Ib (GSDIb) is a rare inborn error of metabolism (prevalence 1:500,000) (1) caused by recessive mutations of glucose-6-phosphate translocase (SLC37A4), which encodes the glucose-6-phosphate transporter (G6PT) located in the membrane of the endoplasmic reticulum. The ubiquitously expressed G6PT transports glucose-6-phosphate (G6P) into the lumen of the endoplasmic reticulum where it can be hydrolyzed to glucose by glucose-6-phosphatase (G6PC1), expressed in liver, kidney and gut (2). A defect in this enzymatic complex affects glucose formation because both glycogenolysis and gluconeogenesis are inhibited, with negative effects on glycemic control. As in Glycogen storage disease type Ia (GSDIa), caused by biallelic variants in the G6PC1 gene, mutations of SLC37A4 result in excessive glycogen and fat accumulation in liver, kidney, and intestinal mucosa. Clinical features include hepatomegaly, hypoglycemia, lactic acidemia, hyperuricemia, hyperlipidemia, and growth retardation. Infants and children manifest hypoglycemia after 2-4 hours of fasting. Furthermore, patients with GSDIb present neutropenia, neutrophil dysfunction, and are prone to recurrent infections, ano-urogenital lesions, and inflammatory bowel disease (IBD) (3). Neutropenia can start at birth or later, it can be cyclic or permanent, with a variable clinical course (4, 5). Neutrophil count is impaired by a defective production or enhanced apoptosis. GSDIb neutrophils have a dysfunctional metabolism, which causes impaired chemotaxis, oxidative burst, and bactericidal activity (6).




2 Current treatment



2.1 Nutritional aspects

Dietary treatment is the cornerstone of management for patients with G6PC1 and G6PT deficiency, aimed to prevent hypoglycemia and minimize the risk of neurological outcome, such as developmental and motor delay, seizures and death. Nutritional therapy for GSDIa and GSDIb follows the same requirements, but further dietary manipulations are necessary in patients with GSDIb in case of IBD. Avoidance of fasting is the first line of treatment through frequent feeds of high carbohydrate low lipid diet, supplemented with cornstarch (CS). In the first year of life, nocturnal meals can be replaced by continuous enteral feeding through a nasogastric tube or gastrostomy. Surgical gastrostomy should be placed during granulocyte colony-stimulating factor (G-CSF) therapy to minimize the risk of local infection or failure in wound healing (3). American guidelines recommend to provide a nocturnal enteral glucose infusion rate of 8-10 mg glucose/kg/min in infancy, and 4-8 mg glucose/kg/min in children. Calories should be provided as 60–70% from carbohydrates, 10–15% from proteins (according to daily recommended intake), <30% from fats. CS dosage should be 1.6 g/kg (ideal body weight) every 3-4 hours in young children, and 1.7-2.5g/kg every 4-6 hours in older children and adults. Some adults may require a single dose of CS at bedtime to maintain glycemia >70 mg/dl (4 mmol/l) and lactate <2 mmol/l. However, starting from the above recommendations, nocturnal and diurnal feeding regimens are then individualized, based on glucose monitoring to achieve normoglycemia. Careful glycemic and metabolic monitoring should be performed in order to avoid overfeeding and overtreatment which lead to hyperinsulinemia, insulin resistance, obesity and nutrient deficiencies (3). In the case of IBD, continuous enteral feeding may be necessary, using an elemental diet with a polymeric formula (Modulen® IBD) (7, 8), with minimum CS amount necessary to achieve glycemic and metabolic control, for the aggravative effect of CS on IBD (9).




2.2 Granulocyte colony-stimulating factor

The current treatment for immunological consequences is based on subcutaneous injections of G-CSF, with a starting dose of 1 μg/kg daily or alternate days, in case of severe persistent neutropenia and life threatening infection or documented IBD or severe diarrhea requiring hospitalization or disrupting normal life (10). The G-CSF dose should be gradually increased to obtain a neutrophil count of 0.5-1.0×109/l (3). However, G-CSF can improve neutrophil count but is ineffective on neutrophil dysfunction (6). Furthermore, it may worse splenomegaly and osteopenia (11) and increase the risk of malignancies (acute myeloid leukemia and myelodysplasia) (11–13). Evidences about the efficacy of G-CSF in treating GSDIb patients resulted from retrospectives studies and case reports (3).





3 Pathophysiology

The accumulation of 1,5-anhydroglucitol-6-phosphate (1,5-AG6P) within granulocytes was recently recognized as the cause of neutrophil dysfunction in GSDIb (14). The formation of 1,5-AG6P results from the action of hexokinases on 1,5-anhydroglucitol (1,5-AG, 1-deoxyglucose). This polyol, physiologically present in the blood, is a structural dietary analogue of glucose, which originates from dietary sources and has a constant blood concentration maintained by a renal clearance (15). However, it can also derive from an endogenous intestinal production (14). From neutrophil cytosol, G6PT transports 1,5-AG6P to endoplasmic reticulum, where is reconverted into 1,5-AG by glucose-6-phosphatase catalytic subunit 3 (G6PC3), homologous to G6PC1. In individuals lacking either G6PT (causing GSDIb) or G6PC3 (causing neutropenia type IV) 1,5-AG6P accumulates in neutrophils cytosol, where it inhibits the conversion of glucose into G6P by hexokinases. The reduced G6P lowers the glucose amount for glycolysis and pentose-phosphate pathway. In turn, the decreased ATP production from glycolysis affects neutrophil survival, and the defective NADPH production from the pentose-phosphate pathway impairs the respiratory burst. Also, the reduced UDP-glucose availability interferes with glycan formation and protein glycosylation (14) (Figure 1).




Figure 1 | Role of 1,5-anhydroglucitol-6-phosphate accumulation in neutropenia and neutrophil dysfunction of G6PT deficiency. 1,5-AG, normally present in blood, enters into neutrophils where is slowly phosphorylated by a side activity of hexokinases [1] into 1,5-AG6P. G6PT [2] transports 1,5-AG6P into the endoplasmic reticulum, where it is dephosphorylated by G6PC3 [3]. In GSDIb patients, the deficiency of G6PT leads to 1,5-AG6P accumulation, which in turn inhibits hexokinase activity. This inhibition affects the conversion of glucose into G6P, interfering with downstream metabolic pathways of glycolysis, pentose-phosphate pathway and glycosylation, with consequent impaired neutrophil survival, respiratory burst and protein glycosylation.





3.1 In vitro studies

Veiga da Cunha et al. used CRISPR-Cas9 to generate human HAP1 cell lines deficient in G6PC3 or G6PT, to investigate whether their deficiency leads to the accumulation of 1,5-AG6P. Addition of 1,5-AG to the culture media led to a dose-dependent accumulation of 1,5-AG6P in G6PC3- or G6PT-deficient cell lines, while its levels in wild-type cells remained ∼100 times less. This demonstrated that 1,5-AG is phosphorylated into 1,5-AG6P and confirmed the hypothesis that both G6PC3 and G6PT are essential for the hydrolysis of 1,5-AG6P (14). Furthermore, consistent with the idea that 1,5-AG6P might inhibit the first step of glycolysis by inhibiting hexokinase 1 (as previously showed in brain (16)), the glycolytic intermediates (glucose-6-P, fructose-6-P, ribose-5-P, 6-phosphogluconate and fructose-1,6-bisphosphate) resulted significantly reduced.

Toxicity of 1,5-AG was first demonstrated in immortalized neutrophil progenitor cell line from G6PC3-deficient mice, in whom physiological concentrations of 1,5-AG in the culture medium caused massive accumulation of 1,5-AG6P, reduced G6P concentration, reduced glycolysis, reduced survival and cellular death (14).




3.2 In vivo studies

Leukocytes from 3 neutropenic patients with deficiency of G6PC3 or G6PT showed a concentration of 1,5-AG6P 500 times higher than controls. Furthermore, the concentration of 1,5-AG6P was higher in neutrophils than peripheral blood mononuclear cells in the same patient. These results were consistent with the idea that G6PT and G6PC3 are involved in 1,5-AG6P metabolism in human neutrophils and, when they are defective, 1,5-AG6P accumulates in the cytosol and inhibits hexokinases. Therefore, the consequent neutropenia is a metabolite-repair deficiency, caused by a failing to remove the nonclassical metabolite 1,5-AG6P (14).





4 Empagliflozin

Empagliflozin, an inhibitor of the renal sodium-glucose cotransporter type 2 (SGLT2), is an antidiabetic drug that inhibits the renal glucose reabsorption, causing the excretion of glucose and other sugars in diabetic and normoglycemic patients. 1,5-AG is normally filtered in the glomeruli and reabsorbed in the proximal renal tubules by specific active transporters (17). Since the reabsorption of 1,5-AG is competitively inhibited by glucose (18), conditions of increased glucosuria (such as uncontrolled diabetes or the use of SGLT2 inhibitors) lead to increase the urinary 1,5-AG excretion and lower its blood concentrations (6, 19–22).

Veiga da Cuhna et al. demonstrated that treatment with empagliflozin in G6PC3 deficient mice aimed to lower their blood level of 1,5-AG, decreased intracellular levels of 1,5-AG6P and normalized the neutrophil count. Conversely, treatment with 1,5-AG increased levels of 1,5-AG6P and provoked a neutrophil maturation arrest with accumulation of apparent promyelocytes (14).



4.1 Evidences from glycogen storage disease type Ib

After these results, the authors administered empagliflozin as off-label use in 4 GSDIb patients (3 children and 1 adult) with incomplete response to G-CSF to treat neutropenia and neutrophil dysfunction (6). Repurposing of empagliflozin therapy at the dosage of 0.3-0.7 mg/kg/day determined a decreasing of serum 1,5-AG and neutrophil 1,5-AG6P levels within one month, and patients showed clinical improvements with decreased symptoms of recurrent infections, mucosal lesions, and resolution of IBD. No symptomatic hypoglycemia was observed during treatment. G-CSF was discontinued in two patients and could be tapered by 81% and 57% in the remaining two patients, respectively. Neutrophil count increased and stabilized in all patients. Normalization of neutrophil oxidative burst, protein glycosylation, chemotaxis and bactericidal activity indicated the correction of neutrophil dysfunction (6).

G-CSF discontinuation after empagliflozin therapy was later reported in a 35-year old GSDIb patient with a concomitant improvement of wound healing and symptoms of IBD, without side effects (23).

Rossi et al. treated with empagliflozin a 14-year old GSDIb patient with severe IBD: he presented an improvement of clinical symptoms and stool frequency within the first week of therapy and normalization of the Pediatric Crohn disease activity index (PCDAI) within the first month. A significant decrease in disease activity was confirmed at the abdomen magnetic resonance imaging after 3 months of treatment, data confirmed on histology at 5.5 months. G-CSF dosage was reduced. Ameliorated metabolic control was noted in the present case. Stable lactate concentrations, normalization of triglycerides (TG) and recovery from hyperuricemia were reported. Liver and kidney function were normal and no adverse event was described. Healing from IBD might have yielded a positive effect on metabolic control, increasing intestinal glucose absorption and affecting the gut microbiota (24, 25), and certainly improved the overall psychosocial well-being of patient (24).

Another report confirmed that empagliflozin ameliorated neutropenia, neutrophil dysfunction, and IBD symptoms in a child, reducing serum 1,5-AG, with unchanged occasional hypoglycemia (26). Similar results were described in a 35-year old patient, who could reduce G-CSF dosage. No hypoglycemic event was reported (18).

Kaczor and coll. reported a series of 4 children treated with empagliflozin, confirming its positive effect on decreasing infections, improving IBD and wound healing. G-CSF was withdrawn or reduced. One patient experienced a single hypoglycemic episode during treatment, related to a delay of the nocturnal meal intake (27).

Grunert and coll. reported the favorable use of empagliflozin in a pregnant GSDIb patient: since the glycemic values were very unstable in the first weeks of gestation, the medication was reduced, causing a recrudescence of oral mucosal lesions, thereby the previous dose was restored. After the caesarean section, breastfeeding followed regularly. However, even the other reported patient, who was not treated with empagliflozin until childbirth, experienced recurrent mild hypoglycemia requiring glucose supply during pregnancy. G-CSF was discontinued in both patients, with normalization of neutrophil count and wound healing (28).

A group of 8 treated GSDIb pediatric patients with a median age of 7.8 years (range 1.5-15.8) was recently reported, with a cumulative treatment time more than 12 years: beneficial effects were showed on neutrophil function, anemia and growth. Plasma 1,5-AG levels reduced by a median of 78%. Half of the patients presented hypoglycemic episodes following the start of treatment, and one patient had hypoglycemic seizures: by lowering empagliflozin dosage and increasing carbohydrate intake, hypoglycemia resolved. Patients manifested an improvement in median Z-score for height and BMI, and a stable metabolic control (29).

Bidiuk et al. described 2 GSDIb adult siblings: in one suffering from heart failure, the treatment was associated to an improvement of cardiomyopathy, allowing the reduction of cardiological therapy and the withdrawn of eplerenone. Symptomatic hypoglycemia was not reported. The treatment with empagliflozin allowed to reduce the G-CSF dosage and the number of medications for concomitant clinical conditions. In his brother, who also suffered from HLA-B27 positive arthritis and sinus tachycardia, empagliflozin allowed corticosteroid withdrawal and antiarrhythmic therapy was tapered, without alterations in glycemic control (30).

Hexner-Erlichman and coll. reported 2 patients (17-year and 8-year old) who received empagliflozin for 18 months and 24 months, respectively. The treatment was safe and effective, resulting in normalization of neutrophil count and function, and yielded the resolution of mucosal lesions and improvement of IBD with discontinuation of G-CSF. No hypoglycemic event was recorded in both patients (31).

Using untargeted metabolomics profiling, Tallis et al. monitored empagliflozin treatment in an 11-year old girl, following the reduction of 1,5-AG levels; concurrently, neutrophil counts and function improved, as well as her IBD symptoms with reduction of G-CSF dose. Empagliflozin dose was adjusted because of arthralgia, but no other side effects were reported. Fasting tolerance improved (32). Untargeted metabolomics also showed modifications of other metabolic pathways of lipids metabolism, as previously reported in GSDIb subjects (33), and empagliflozin-related improvement in other parameters of metabolic control, such as urate and urate intermediates (32).

Empagliflozin effects on neutrophil dysfunction, glycemic and metabolic control from the above-described case reports were detailed in Table 1.


Table 1 | Empagliflozin effects in GSDIb patients reports.



Furthermore, the results of a multicenter study on the safety and efficacy of empagliflozin in GSDIb patients was recently reported. Clinical data from 112 subjects were collected through an international retrospective questionnaire from 24 countries. Empagliflozin was started at a mean age of 12.8 years (range 0-38), majority <18 years. Mean duration of treatment was 10.1 months (range <1-27), and the median dose was 0.35 mg/kg/day (range 0.1-0.9). Patients showed an improvement of mucosal lesions, recurrent infections and symptoms of IBD. The 5% discontinued G-CSF and 17% tapered the dosage. Hypoglycemia was reported in 18% of patients and was not related to the dose frequency. Lactic acidosis was reported in 5% of patients (5 children, 1 adult), requiring hospitalization. One of the adult individuals also had two hospitalizations in intensive care unit for ketoacidosis, during gastroenteritis and dehydration (34).




4.2 Evidences from neutropenia type 4

The first evidence for the use of empagliflozin in G6PC3 deficiency were recently described in 3 patients: a 30-year old woman with neutropenia, recurrent infections and inflammatory enterocolitis (35) and 2 children with recurrent infections (17). Improvement of neutropenia and colitis manifestations as well as of the quality of life was reported. In these patients, the dosage of empagliflozin (0.03-0.28 mg/kg/day) able to decrease plasma 1,5-AG was lower than GSDIb patients: a possible explanation could be that patients with G6PC3 deficiency do not take CS, an important source of 1,5-AG (36), therefore they may need a lower dose of empagliflozin to correct neutrophil dysfunction (35). Furthermore, mutation in other sodium-glucose transporters, such as SGLT5, might explain higher urinary excretion of 1,5-AG, milder neutropenia and a better responsiveness to empagliflozin in some patients (17).




4.3 Evidences from diabetes



4.3.1 Metabolic effects

A prospective trial (NCT01248364) was conducted to evaluate the metabolic effects of empagliflozin after a single dose and after four weeks of treatment in patients with type 2 diabetes (T2DM). Postprandial glucose and insulin AUC significantly decreased, whereas the glucagon increased. Fasting endogenous glucose production increased, and tissue glucose disposal was reduced. Chronic dosing shifted the substrate utilization from carbohydrates to lipids (37). Subsequent studies confirmed that the glucosuric effects of empagliflozin resulted in a decrease of plasma glucose levels (38–41), glycemic spikes and HbA1c levels (42). However, empagliflozin has pleiotropic effects, such as reducing insulin levels, insulin resistance, glucotoxicity and lipotoxicity, and increasing glucagon secretion and ketone bodies production (42, 43). Furthermore, empagliflozin improves redox state and oxidative stress, inhibiting reactive oxygen species (ROS) production, reducing the activity of pro-oxidant agents, and improving mitochondrial function (44). Of note, all these processes are implicated in the pathogenesis of metabolic, cardiovascular (CV), renal and neurological consequences of diabetes (42, 45). Particularly, in diabetes and obesity the excessive circulating free fatty acids accumulate in the adipose tissue mainly as TG. When fat storage exceeds subcutaneous and visceral adipose tissue capacity, ectopic fat accumulates in other tissues, such as skeletal muscle and myocardium, liver and pancreatic β-cells, with progressive impairment of mitochondrial function. This process of lipotoxicity generates a chronic low-grade inflammation and an insulin resistance state, which lead to impaired glucose tolerance, dyslipidemia, and hypertension (46, 47). Furthermore, the non-fasting hyperlipidemia causes endothelial stress through the production of inflammatory cytokines and oxidative stress agents, and the reduction of endothelial nitric oxide synthase activity (48, 49). Empagliflozin exerts protective effects from lipotoxicity, decreasing lipid accumulation in visceral fat (43) and promoting weight loss (50), reducing inflammation and oxidative stress (42).

Uric acid is another well-established pro-inflammatory mediator (51). Empagliflozin has been demonstrated to lower uric acid in T2DM patients with a likely positive effect on low-grade inflammation (50, 52). Several mechanism have been hypothesized, including the inhibition of renal tubular uric acid transporters in response to glucosuria and the inhibition of xanthine oxidase for uric acid production (53).

Conversely, the action of insulin on low-grade inflammation is more discussed, with different reports suggesting a time and dose-dependent activity (54, 55). However, in a recent study, patients on therapy with SGLT2-inhibitors (SGLT2-I) showed decreased levels of insulin and uric acid, and lower levels of IL-6, a marker of low-grade inflammation associated to diabetes complications (52).




4.3.2 Cardiac effects

Hyperglycemia along with inflammation and oxidative stress are the main cause of vascular dysfunction and CV disease in diabetes. The efficacy of empagliflozin in reducing CV risk and macrovascular complications in the diabetic population have been demonstrated in several pioneering clinical trials, such as EMPA-REG OUTCOME, EMPEROR-Reduced and EMPEROR-Preserved (56–58). Its diuretic and hypotensive effects are hemodynamic mechanisms (43) which involve several pathways. Glucosuria leads to a negative energy balance, which generates a ‘fasting-mimicry’ condition. Although the amount of SGLT2-I-induced urinary loss of glucose may result arduous to estimate, evidences from a caloric deficit come from patients with familial renal glucosuria type 1 (SLC5A2 deficiency), in whom glucosuria can range up to 150 g/1.73 mq/day (59), which corresponds to ~600 kcal/day. The negative energy balance yields activation of the SIRT1/AMPK signaling pathway, with consequent suppression of Akt/mTOR signaling (60) and positive effect on metabolism, mitochondrial function and oxidative stress.

Oxidative stress from dysfunctional mitochondria plays a pivotal role in diabetic cardiomyopathy. Remarkably, in diabetes the increased free fatty acids accumulate in cardiomyocytes as lipid droplets containing TG, diacylglycerol (DAG) and ceramides which contribute to the development of left ventricular hypertrophy and cardiac dysfunction (lipotoxicity) (61), and to the exacerbation of insulin resistance (43). The latter reduces the glucose utilization and overbalances the lipidic metabolism towards fatty acids accumulation, which leads to progressive mitochondrial dysfunction and consequent increased oxidative stress. This process in turn aggravates the diabetic cardiomyopathy and myocardial dysfunction (62).

Empagliflozin has been proved to activate AMPK in mice cardiomyocytes and restore energy levels (63), via acetyl coenzyme A carboxylase (ACC) inhibition, which enhances fatty acid oxidation and increases ATP generation (64). Furthermore, AMPK activation plays a main role in stimulating autophagy and in turn having cardio- and mitochondrial protective effects (60, 65) (Figure 2). Of note, mitochondrial autophagy (mitophagy) which is regulated by several signaling pathways, including AMPK-mTOR (43), plays a cardioprotective role through the clearance of abnormal mitochondria, thus preventing the oxidative stress and reducing the myocardiocytes apoptosis (66).




Figure 2 | Major pathways involved in the rescue of organ damage from empagliflozin. Empagliflozin reduces insulin resistance by decreasing the levels of triglycerides (TG) and their lipotoxic intermediates diacylglycerols (DAG), lowering the inhibitory effect of PKCϵ on insulin receptor. Empagliflozin also increases levels of Nrf2, a mediator between lipid metabolism and antioxidant defense, with consequent inhibition of MCP-1 and fetuin-A and reduction of inflammation and oxidative stress. A further mechanism to inhibit inflammation is through suppression of p38 MAPK/ERK1/2/NF-κB p65 expression. The main role of empagliflozin is activation of SIRT1/AMPK and inhibition of Akt/mTOR pathways, which reduce inflammation, improve mitochondrial function and autophagy, and decrease oxidative stress. Finally, empagliflozin reduces the levels of transcription factors (Srebp1 and Pparγ) and the expression of enzymes (Scd-1, Fas), leading to a reduction of lipogenesis, with benefits especially for the heart and liver.



Furthermore, empagliflozin down-regulates the Na+/H+ antiport, reducing the cytoplasmic sodium and calcium levels and increasing the mitochondrial calcium concentrations, which in turn enhances the ATP synthesis and improves the cardiac contractile activity (67), regardless the antihyperglycemic effect (68).

In addition, studies conducted on mice and rats models suggested protective effects of SGLT2-I against the development of fibrosis in different types of cardiopathy and nephropathy (69–71).




4.3.3 Renal effects

The SGLT2-I drugs reduce the reabsorption of glucose and sodium, leading to a diuretic osmotic effect. Differently from loop diuretics, SGLT2-I causes a greater reduction of fluids in the interstitial compartment, resulting in a lower depletion of circulating volume and minor effect on tissue perfusion (72). In type 1 diabetes patients with hyperfiltration (GFR > 135 ml/min), empagliflozin has been documented to reduce the intraglomerular pressure and the glomerular filtration rate (GFR) of – 30 ml/min, through the sodium reabsorption (73). Also T2DM patients are at risk of developing diabetic nephropathy. Hyperfiltration is the first stage of nephropathy, which may progress towards glomerular fibrosis, renal failure and end-stage renal disease (74). Several trials showed that empagliflozin yielded significant renoprotective effects in subjects with T2DM (75–79) and end-stage kidney disease (80). Furthermore, it lowered the estimated GFR and reduced the urine albumin-to-creatinine ratio in both microalbuminuric and macroalbuminuric ranges (81, 82). Therefore, the 2021 ADA guidelines recommended SGLT2-I in T2DM patients with nephropathy to lower the risk of renal failure, major CV events and heart failure hospitalization (83).

Inhibition of SIRT1/AMPK signaling and autophagy is also involved in the pathogenesis of the glomerular and tubular lesions in diabetic nephropathy, particularly in the tubular accumulation of advanced glycation end products and in the podocyte injury (84–86). SGLT2 expression is stimulated by glucose, acting as a sensor of energy abundance. Its activity is inversely related to SIRT1 expression and autophagic activation in the kidney (87). Therefore, pharmacological modulation of SGLT2 may have a main role in modifying the energy/redox sensing molecules to stimulate autophagy (60) (Figure 2). Remarkably, there are evidences that empagliflozin ameliorated diabetic tubulopathy and renal fibrosis by controlling autophagy in mice (88).




4.3.4 Hepatic effects

Non-alcoholic fatty liver disease (NAFLD) is a wide spectrum of chronic liver disorders, ranging from steatosis to non-alcoholic steatohepatitis, fibrosis, and cirrhosis (89). The association between NAFLD and T2DM increases the risk of advanced liver damage (90). Furthermore, T2DM patients with NAFLD are at higher CV risk, suggesting that these conditions share common pathogenic mechanisms, such as low-grade systemic inflammation and oxidative stress (91).

In a prediabetic rat model, empagliflozin had ameliorative effects on hepatic lipid metabolism regardless obesity, by decreasing lipogenesis, fetuin-A and inflammation (92, 93) (Figure 2). Fetuin-A is an hepatokine which represents an important link between adipose tissue, liver and skeletal muscle (92). It promotes insulin resistance by a direct action on the insulin receptor (93) and stimulates the low-grade inflammation binding the toll-like receptor 4, thus producing a lipid-induced pro-inflammatory response (94). By decreasing serum concentration of fetuin-A, empagliflozin likely exerted an ameliorative effect on lipid metabolism, insulin resistance and inflammation in liver as well as in peripheral tissues (95).

In the liver, empagliflozin lowered both hepatic neutral TG and lipotoxic DAG (92, 96–98). These compounds are capable to induce insulin resistance and endoplasmic reticulum stress (99). DAG can activate PKCϵ, which inhibits the insulin receptor by its phosphorylation (98), inducing insulin resistance and endoplasmic reticulum stress (99), both involved in hepatic steatosis development. Empagliflozin administration in the pre-diabetic rats improved hepatic and peripheral insulin resistance mainly decreasing hepatic DAG, but also significantly reducing plasma insulin levels. As a consequence, the rats showed lower blood glucose levels and improved glucose tolerance, decreased fasting glucose, postprandial glucose and AUC, and increased insulin sensitivity in skeletal muscle (95).

In a study conducted on diabetic patients, empagliflozin yielded a reduction of liver fat content (100). Another study investigated the effects of SGLT2-I on markers of oxidative stress, inflammation, liver steatosis and fibrosis in subjects with uncontrolled T2DM and NAFLD. Twenty-six patients treated with metformin were introduced to a SGLT2-I or other glucose-lowering drugs (OTHER) (101). After six months of treatment, a reduction of fatty liver index and the FibroScan result was displayed in the SGLT2-I group. In addition, reduced serum levels of IL-1β, IL-6, TNF, VEGF and MCP-1, and higher levels of IL-4 and IL-10 were reported in the SGLT2-I group. Serum HNE- or MDA-protein adducts (systemic markers of oxidative stress caused by lipid peroxidation) decreased significantly in SGLT2-I patients and correlated with liver steatosis and fibrosis scores. SGLT2-I therapy was associated with reduced liver steatosis and fibrosis markers, circulating pro-inflammatory cytokines and oxidative biomarkers, regardless the glycemic control (101).




4.3.5 Neuroprotective effects

Multiple pathogenic mechanisms have been involved in diabetic peripheral neuropathy (DPN), such as PKC, the polyol pathways, the formation of the advanced glycation end products, and oxidative stress (102). Subsequentially, nerve energy production is reduced (103, 104), accompanied by a disturbance in proteins axonal transport (105). Inhibition of the AMPK pathway hampered mitochondrial function and caused neuronal damage in diabetic rats (106). Conversely, activation of the AMPK expression prevented streptozotocin-induced neuroinflammation enhancing the mitochondrial biogenesis and autophagy in vivo (107), and stimulated the expression of antioxidant enzymes in vitro (108).

In diabetic rats, empagliflozin has been shown to improve sciatic nerve histopathological modifications, scoring, myelination, nerve fibers’ count, and nerve conduction velocity, independently from its anti-hyperglycemic effect. Moreover, it ameliorated motor coordination and mitigated responses to nociceptive stimuli (44). Empagliflozin displayed a protective effect against DPN via regulating the AMPK signaling to reduce oxidative and inflammatory burden, to regulate the extracellular matrix remodeling, and to stimulate autophagy (45, 107). The authors hypothesized a restoration of energy levels, via AMPK activation, as in cardiomyocytes (63, 64). Furthermore, mTor expression resulted reduced by 47% after empagliflozin administration in the sciatic nerve (45). mTOR inhibition might improve DPN through activation of autophagy to remove any damaged cellular constituents, thus increasing the myelin thickness and the myelinated axons (109) and reducing pain (110). Moreover, empagliflozin ameliorated the deleterious effect of inflammatory mediators (IL-1β and TNF-α) by suppressing p-p38 MAPK/p-ERK1/2/p-NF-κB p65 expression (45) (Figure 2).






5 Discussion



5.1 Empagliflozin use in glycogen storage disease type Ib

In GSD type I, the nutritional management is the mainstay of treatment, consisting of high carbohydrate diet, frequent feeding, nocturnal enteral feeding and CS. The aim of nutrition is to achieve a good glycemic and metabolic control and to prevent the long-term complications, such as liver adenoma, hepatocarcinoma, nephropathy and osteoporosis (111). However, patients with GSDIb often present difficulties with the management of nasogastric tube or gastrostomy for the risk of delayed wound healing or infection (6, 23, 26–28, 30, 31), and inflammatory bowel disease.

Data from case reports and a questionnaires from 112 patients showed that treatment with empagliflozin has significant beneficial effects on neutrophil dysfunction, mucosal lesions, recurrent infections, anemia and bowel diseases (6, 18, 23, 24, 26–32). Furthermore, the majority of patients displayed an amelioration of glycemic control with a better fasting tolerance and metabolic parameters (6, 24, 27, 31). Also, increased appetite and recover from tube feeding-dependence has been reported, with an improvement of general well-being (6, 23, 24, 29, 32).

The SGLT2-I empagliflozin, registered for T2DM in adults, has a favorable safety profile. Current evidence from randomized controlled trials in T2DM does not indicate an increased risk of diabetic ketoacidosis and acute kidney injury for SGLT2-I (112). The most common adverse effects are increased urogenital fungal skin infections because of glucosuria. Hypoglycemia has rarely been observed only in association with other antidiabetic therapy (113).

Treating with a glucose-lowering drug patients with a metabolic disease presenting with hypoglycemia might sound counterintuitive, however low rates of hypoglycemia and other side effects, such as urogenital infections, lactic acidosis and ketoacidosis, have been reported so far in the first GSDIb patients treated with empagliflozin (6, 29, 34).

Benefits on glycemic control and fasting tolerance, beyond the favorable effects on neutrophil dysfunction, have been well described in the first study reporting the use of empagliflozin in GSDIb patients at the dose of 0.3-0.7 mg/kg/day (6). Particularly, glycemic profile was assessed by continuous glucose monitoring (CGM) and frequent capillary measurements for a maximum follow-up of 288 days. Mild asymptomatic hypoglycemia was occasionally registered, mostly in the first period of treatment and at a lower frequency than before treatment. Increased appetite was reported after three days in one patient. In another one, continuous enteral feeding was replaced by frequent meals and CS, hypoglycemic episodes quickly became less frequent, and CS was progressively reduced; after one month, the nasogastric tube was dismissed, and fasting intervals increased up three hours. The authors suggested that the improvement of IBD that affects intestinal nutrients absorption might have a positive impact on glycemic and metabolic control (6).

Another report from a GSDIb patient with bowel disease treated with G-CSF and continuous gastric deep feeding showed events of asymptomatic mild hypoglycemia < 3.3 mmol/L (range 2.6–3.3) measured by flash glucose monitoring during the first week of treatment and promptly corrected by oral glucose administration (24). Notably, accuracy of CGM devices in the hypoglycemia range is low and hypoglycemic events should be always verified by glucometer (114–116). However, time below range (TBR) decreased and time in range (TIR) increased also after oral refeeding. An interval of 2.5 h free-gastric drip feeding was introduced in the morning. Asymptomatic mild hypoglycemia was occasionally revealed (2–4 episodes/month) during the next six months by self-monitoring with glucometer (24).

Other case reports displayed an improved glycemic control (27, 31) or did not reveal any increased hypoglycemia (18, 26, 27, 30).

Conversely, in the Halligan paper (29), 4 out 8 patients experienced hypoglycemia after starting empagliflozin. These patients were managed by reducing empagliflozin dose and lightly increasing carbohydrates intake. However, patients were maintained in a tight dietary control in order to minimize carbohydrate intake.

Data from an international retrospective questionnaire study showed hypoglycemia in 20 out 112 patients (18%), lactic acidosis in 6 out 112 (5%). However, hypoglycemia and lactic acidosis are common findings in patients with GSDIb, therefore a contribute of empagliflozin treatment could not be determined. One patient required hospitalizations in intensive care unit for ketoacidosis, during gastroenteritis and dehydration. Therefore, the authors suggested eventually discontinuing empagliflozin during fever or gastrointestinal illnesses for a few days in GSDIb patients, until glucose and fluid homeostasis are stabilized (34). However, in conditions of genetic insulin resistance such as Rabson–Mendenhall syndrome under insulin therapy, empagliflozin improved glycemic control without significantly increasing ketonemia (117, 118).

In the context of metabolic alterations of GSDIb, patients can manifest hyperuricemia and hypertriglyceridemia. Hyperuricemia can result from the inhibitory effect on uric acid tubular excretion by lactate and an increased adenine nucleotides catabolism (119). Although only a few authors reported pre-post SGLT2-I values of uric acid and some cases were concurrently on allopurinol to prevent renal damage (120), empagliflozin seems to have ameliorative effects on hyperuricemia in some GSDIb patients (24, 26, 29, 32), being reported an improvement in the median urate levels (29), with discontinuation of allopurinol in two patients (24, 29). Similar data were evidenced by exploiting untargeted metabolomics profiling in one patient (32). If this may be related to a direct correlation between plasma uric acid and serum 1,5-AG levels, regardless glucosuria, is still unclear (121). Alternatively, this might be reflective of improved metabolic control (29).

TG values were reported to have a variable trend during therapy (26, 27, 29).

Since majority of the studies focused on the effect of empagliflozin on neutrophil dysfunction and inflammatory bowel disease and lack of a long-term follow-up, the current data were scant to evaluate the effect of empagliflozin on the liver, kidney and CV disease in GSDIb patients. However, in two patients with cardiac involvement (heart failure, hypertension and sinus tachycardia), on empagliflozin it was possible to taper the standard cardiological therapy without worsening signs and symptoms (30). This might be related to a possible beneficial effect of empagliflozin on heart function.

In summary, from the existing evidences glycemic and metabolic control appears to be improved in GSDIb patients under treatment with empagliflozin.




5.2 Perspectives of empagliflozin use in other metabolic diseases

Data about the systemic effects of empagliflozin have been gathered by trials conducted on big cohorts of T2DM patients to study CV and renal effects (56–58, 75–77), hepatic effects (122), and in preclinical studies (95, 123). Inducing a pseudo-fasting state, empagliflozin stimulates glycogen and lipid catabolism, and ketogenesis, shifting the oxidative metabolism from carbohydrate to lipid utilization. Remarkably, during starvation, cells activate a transcriptional program of adaptation to shortage conditions. The pathways of SIRT1/AMPK and Akt/mTOR act as energy sensors. Empagliflozin can enhance SIRT1/AMPK and inhibit Akt/mTOR activity, leading to decrease lipogenesis, improve mitochondrial function and autophagy, and reduce oxidative stress and inflammation.

Several studies documented that empagliflozin activates the AMPK pathway in cardiomyocytes (65) and in a cardiac ischemia model in mice (64), hearts of lipopolysaccharide-treated mice (63), kidneys of diabetic mice (88), DPN of diabetic rats (45) as well as individual with T2DM (60) and in healthy conditions in vivo and in vitro (63).

Modulation of SIRT1/AMPK and Akt/mTOR pathways is crucial in reducing insulin levels, insulin resistance, glucotoxicity and lipotoxicity, and in increasing ketogenesis (60). At a cardiac level, this translates into reduction of coronary microvascular injury and cardiomyopathy and improvement of contractility (65). In the kidney, it ameliorates glomerular hyperfiltration, tubular damage and inflammation and mitigates the development of nephropathy (124–126). In the liver, empagliflozin protects from lipotoxicity and NAFLD through several mechanisms: reducing lipogenesis, modifying the expression of cytochrome proteins, increasing Nrf2, decreasing fetuin-A and reducing circulating pro-inflammatory cytokines (95). In the peripheral nerve, empagliflozin restores ATP production and enhances autophagy to remove any damaged cellular elements and meet the cellular energy needs (45).

Systemic effects of empagliflozin and its putative molecular mechanisms of action are depicted in Figure 3.




Figure 3 | Pleiotropic effects of empagliflozin. Cardiac, renal, hepatic and neuropathic effects of empagliflozin with putative molecular pathways involved in oxidative stress, autophagy and inflammation. KD, kidney disease; NAFLD, Non-Alcoholic Fatty Liver Disease; ROS, reactive oxygen species.



The above-mentioned pathways of cellular dysfunction are likely involved in the development of the organ damage in other metabolic diseases presenting with hypoglycemia and/or energy impairment, such as other types of GSDs (3, 127, 128) displaying hepatopathy with several degrees of NAFLD (GSDIa, III, IV, VI, IX, XI), cardiomyopathy (GSDIII), nephropathy (GSDIa); β-oxidation defects (129), mitochondrial disorders (130) with cardiomyopathy, nephropathy, hepatopathy and neuropathy. Furthermore, mitochondrial function and autophagy are defective in organic acidemias (131) and lysosomal storage diseases (132). Therefore, for its multiple effects empagliflozin might be repurposed in other inborn errors of metabolism.



5.2.1 Empagliflozin use in other types of glycogen storage diseases

GSDIa patients present with liver steatosis, because the accumulation of G6P in the endoplasmic reticulum activates lipogenesis (133) and is involved in mitochondrial stress and insulin resistance (134, 135). In GSDIa patients, increased plasma acylcarnitines and abnormal urinary organic acids profile suggested mitochondrial impairment. Remarkably, mitochondrial overload might generate intermediate molecules interfering with the insulin signaling and causing insulin resistance (136). However, insulin resistance and metabolic syndrome can also occur in case of overtreatment in GSDI (137, 138).

Furthermore, the pathogenesis of renal disease in GSDIa and Ib patients is similar to diabetic nephropathy, with initial hyperfiltration evolving towards microalbuminuria, proteinuria, glomerulosclerosis and renal failure (3). A stable renal function was mentioned in a single report of a GSDIb patient treated with empagliflozin (24). Whether empagliflozin use in GSDIb patients might have a protective effect on renal disease needs to be established in prospective trials.

Empagliflozin could be potentially used also in patients with GSDIa with the aim to improve metabolic parameters, mitochondrial stress, insulin resistance, NAFLD and nephropathy.

In GSDIII, the deficiency of the glycogen debranching enzyme results in the accumulation of an abnormal glycogen (limit-dextrin) in liver and muscles. Beyond hypoglycemia and hepatopathy, the cardiac glycogen storage leads to a hypertrophic cardiomyopathy, which can be obstructive and evolve towards heart failure. Standard dietary intervention with high protein and cornstarch supplementation has beneficial effect on glycemic control, but it can worsen glycogen accumulation in the heart. The only effective treatment for cardiomyopathy is ketogenic diet but the outcome strongly depends from patients compliance (127). Empagliflozin might be used to take advantage of its favorable effects on liver and heart.

Dysfunction of autophagy can lead to various liver diseases including NAFLD, steatosis, fibrosis, cirrhosis and hepatocellular carcinoma (139). Liver involvement is a constant finding in hepatic GSDs. Patients with GSDI easily develop steatosis and are at risk for liver adenoma and carcinoma (3, 133). Patients with GSDIII (140), IV, VI, IX, XI are at risk for progressive liver disease and tumor degeneration (127). Mechanisms of inhibition of autophagy are likely to be involved. Remarkably, impaired autophagy has recently been demonstrated in a mouse model of GSDIb (141). For its pro-autophagic effect, empagliflozin may represent a good candidate for the treatment of hepatic GSDs.

Some studies conducted on individuals with muscle GSDs type V and VII reported a beneficial effect of ketogenic diet on mitochondrial function, stimulation of β-oxidation and anaerobic glycolysis, and improvement of the work-out performance (142–145). Since the effect of empagliflozin on oxidative metabolism (shifted from carbohydrate to lipid oxidation) is similar to ketogenic diet, muscle GSDs could benefit of empagliflozin administration in the place or in conjunction with ketogenic diet.




5.2.2 Empagliflozin use in β-oxidation defects, mitochondrial disorders and organic acidemias

Patients with β-oxidation defects present with hypoglycemia, recurrent rhabdomyolysis, hepatopathy, cardiomyopathy and neuropathy. Oxidative disbalance and mitochondrial dysfunction are associated with these disorders (129). Along with patients with mitochondrial disorders and multiorgan involvement, they could benefit of antioxidant and protective effects of empagliflozin on mitochondrial function and mitophagy.

In organic acidemias the accumulation of toxic intermediate metabolism derivatives within mitochondria causes morphological and functional abnormalities leading to severe multiorgan dysfunction. Studies from urinary tubular cells, kidney tubules and explanted livers from methylmalonic acidemia (MMA) patients showed damaged and dysfunctional mitochondria, with generation of ROS and cell distress. A pathway connecting MMUT deficiency and mitophagy has recently been identified in mmut-deficient zebrafish. Restoring mitophagy ameliorated disease-relevant phenotypes in mmut-deficient zebrafish. These findings offer potential therapeutic perspectives for repairing mitochondria in MMA (131).




5.2.3 Empagliflozin use in lysosomal storage diseases

Finally, the role of defective autophagy in lysosomal storage diseases (LSDs) is well established. Absent or defective hydrolases or dysregulated endosomal-lysosomal processes lead to accumulation of macromolecules. For some LSDs the enzyme replacement therapy (ERT) is available with variable results. Autophagy inducers have already shown benefit in a few LSDs models (Niemann- Pick type B and C1, Gaucher, Pompe, Ceroid lipofuscinosis neuronal disease type 3). Combination strategies with empagliflozin to induce autophagy might prove more effective than ERT alone (132).






6 Conclusion

Although data come from case reports and a retrospective study, the recent off-label use of empagliflozin in GSDIb patients provided evidence of safety and efficacy in improving neutrophil dysfunction and related clinical phenotype. Majority of patients manifested also an improvement in glycemic and metabolic control with a favorable impact on general well-being. Further studies are waited for a more rigorous assessment of the long-term risks and benefits of therapy. Empagliflozin has pleiotropic systemic effects, for which it appears to be a good candidate for drug repurposing also in other metabolic diseases presenting with hypoglycemia, oxidative disbalance and mitochondrial dysfunction, inflammation and defective autophagy, with consequent organ damage.

Future directions through high quality studies should be aimed to provide evidences of safety and efficacy of the empagliflozin use in the inborn errors of metabolism, ranging over amino acids, carbohydrates and fatty acids metabolism defects, mitochondrial and lysosomal diseases.
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replacement
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