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Abstract and Introduction
Abstract

Aims: The aims of this work are to assess the clinical adverse events (AEs) of high-dose vs low-dose sodium–glucose
cotransporter 2 inhibitors (SGLT2 inhibitors) in patients with type 2 diabetes mellitus (T2DM).

Methods: We searched MEDLINE, EMBASE, and Cochrane Library from January 1, 2006 to March 10, 2020, for identifying
eligible randomized clinical trials (RCTs) that reported AEs by high-dose and low-dose SGLT2 inhibitors in T2DM patients.
Random-effects models was used to obtain summary relative risks (RRs) with associated 95% CIs. Prespecified subgroup
analyses according to individual SGLT2 inhibitors and follow-up duration, and leave-one-out sensitivity analysis were conducted.

Results: A total of 51 RCTs involving 24 371 patients (12 208 received high-dose and 12 163 received low-dose SGLT2
inhibitors) were included. Overall, the heterogeneity among included studies was relatively low (I 2 < 50% for each outcome). No
significant differences between high-dose and low-dose SGLT2 inhibitors were observed for overall safety (including any AEs,
serious AEs, AEs leading to discontinuation, and death) and specified safety (including infections and infestations,
musculoskeletal disorders, gastrointestinal disorders, osmotic diuresis-related AEs, volume-related AEs, renal-related AEs, and
metabolism and nutrition), except for a mild increase in risk for AEs related to study drugs (RR: 1.08; 95% CI, 1.01–1.16) that
mainly derived from canagliflozin (RR: 1.17; 95% CI, 1.05–1.30). Subgroup analyses were consistent with the primary outcomes.

Conclusions: This study provided substantial evidence that AEs of SGLT2 inhibitors were not dose related.

Introduction

Diabetes mellitus is estimated to affect more than 415 million people worldwide, and type 2 diabetes mellitus accounts for more
than 90%.[1] American Diabetes Association guidelines in 2020 recommended metformin as the first-line therapy for type 2
diabetic patients.[2] Recently, for type 2 diabetic patients with cardiovascular diseases, sodium–glucose cotransporter 2 inhibitors
(SGLT2 inhibitors) have been regarded as the initial treatment according to the guidelines of the European Society of Cardiology
and the European Association for the Study of Diabetes.[3]

SGLT2 inhibitors, as a novel class of antidiabetic drugs, can reduce the reabsorption of renal tubular glucose and subsequently
cause the excretion of urine glucose.[4] SGLT2 inhibitors have favorable effects on blood glucose control as well as cardiovascular
and renal benefits;[5] however, certain safety issues, such as infection-related[6–8] and renal-related adverse events (AEs),[9–11]

have been raised with the extensive clinical application of SGLT2 inhibitors. The US Food and Drug Administration (FDA) has
published a series of safety communications, including the risk of necrotizing fasciitis with all SGLT2 inhibitors; risk of serious
urinary tract infections, ketoacidosis, and acute kidney injury related to canagliflozin and dapagliflozin; risk of leg/foot amputations;
and bone fractures associated with canagliflozin.[12–16] Our previous meta-analysis has given a comprehensive picture of the
overall noncardiovascular safety of SGLT2 inhibitors. It validated the FDA safety alerts and detected additional safety issues
including osmotic diuresis-related AEs, volume-related AEs, and hypoglycemia,[17] but we did not assess the association of AEs
with different dosages of SGLT2 inhibitors. To date only 2 meta-analyses have evaluated certain AEs on low- and high-dose of
canagliflozin and empagliflozin.[18,19] But these studies did not concern the overall safety of all approved SGLT2 inhibitors.
Therefore, we aimed to summarize all approved SGLT2 inhibitors from randomized clinical trials (RCTs) for a comprehensive AEs
evaluation of SGLT2 inhibitors at high and low doses.

Materials and Methods

This systematic review and meta-analysis was established according to the PRISMA (Preferred Reporting Items for Systematic
Review and Meta-Analysis) Statement and Cochrane Collaboration[17,20,21] and a prior protocol (PROSPERO:
CRD42020172149).

Data Sources and Searches

We searched MEDLINE, EMBASE, and the Cochrane library from January 1, 2006 to March 10, 2020, with a language restriction
of English, using Medical Subject Heading search and free-text terms related to SGLT2 inhibitors and terms related to RCTs.
References of included studies, review articles, and meta-analysis were also checked to identify additional trials. Details of study
selection are provided in Table S1.[22]

Study Selection and Outcomes

Clinical Adverse Events of High-Dose vs Low-Dose Sodium–Glucose
Cotransporter 2 Inhibitors in Type 2 Diabetes
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Studies were eligible for inclusion criteria if they were RCTs; included patients with type 2 diabetes mellitus; received SGLT2
inhibitors with monotherapy or multidrug therapy; divided SGLT2 inhibitors according to approved high dosage and low dosage;
reported AEs; and had more than 12 weeks of follow-up duration. Observational studies, pooled-analyses, and abstracts or letters
were excluded. Two authors (F.S. and H.L.) independently reviewed each title and abstract, and assessed full texts of retrieved
studies, with any disagreements being resolved via consultation with the corresponding author (Z.G.). The outcomes of this study
were overall safety outcomes (including any AEs, serious AEs, AEs leading to discontinuation, AEs related to study drugs, and
death associated with AEs), specified safety outcomes (including infections and infestations, musculoskeletal disorders,
gastrointestinal disorders, osmotic diuresis-related AEs, volume-related AEs, renal-related adverse events, metabolism and
nutrition, and other AEs), and clinically related AEs (for example, urinary tract infection, genital mycotic infection, and
hypoglycemia). AEs related to study drugs were determined to be possibly, probably, or very likely related to the study drug, as
assessed by investigators. Infections and infestations included urinary tract infection, genital mycotic infection, respiratory tract
infection, bronchitis, nasopharyngitis, influenza, and gastroenteritis. Musculoskeletal disorders encompassed back pain,
arthralgia, and pain in extremity. Gastrointestinal disorders included nausea, diarrhea, constipation, and vomiting. Osmotic
diuresis-related disorders included pollakiuria, polyuria, nocturia, dry mouth, dry throat, micturition urgency, polydipsia, thirst, and
increased urine output. Volume-related AEs included dehydration, dizziness postural or dizziness, hypotension, orthostatic
hypotension, orthostatic intolerance, presyncope, and syncope. Renal-related AEs included increased blood creatinine, renal
impairment, renal failure (chronic or acute), glomerular filtration and urine β2 macroglobulin increase, and microalbuminuria.
Metabolism and nutrition included dyslipidemia and hyperuricemia.

Data Extraction

Data were independently extracted by 2 authors (F.S. and H.L.) using an a priori designed form that included study
characteristics, patient demographics, and clinical characteristics. The overall main safety outcomes of SGLT2 inhibitors have
been reported in our previous study;[17] we therefore extracted only the outcome data related to individual SGLT2 inhibitors at
high and low dosages. If multiple publications existed in a particular RCT, we extracted only data from the publication with the
longest duration of follow-up.

Quality Assessment and Bias Assessment

The methodological quality of included RCTs was assessed according to the Cochrane Collaboration Risk of Bias Tool,[23] which
included random sequence generation, allocation concealment, masking, incomplete outcome data, selective reporting, and other
bias.

Data Analysis

We used forest plots to measure the outcomes, and relative risks (RRs) and associated 95% CI were calculated using random-
effects models. Heterogeneity among the studies was explored using the I2 statistic (significance for I2 > 50%).[24] Prespecified
subgroup analyses were conducted according to individual SGLT2 inhibitors (dapagliflozin, canagliflozin, empagliflozin,
ertugliflozin, ipragliflozin, and luseogliflozin) and duration of follow-up (> 26 weeks and < 26 weeks). Interaction analysis was
performed to assess the comparability of outcomes across individual SGLT2 inhibitors and different follow-up duration. Leave-
one-out sensitivity analysis was applied to detect the robustness of the results. Potential publication bias was evaluated by
visually inspecting funnel plots as well as quantitative analysis of the Begg test and Egger test.[25] Statistics were performed using
STATA software (version 12.0, STATA Corporation), with a P value of less than .05 considered statistically significant.

Results
Search Results and Study Evaluation

Our initial search identified 12 587 recorded from databases; 11 720 records were excluded by screening titles and abstracts.
Ultimately, 51 RCTs (overall: 24 371 patients; high-dose: 12 208 patients; low-dose: 12 163 patients) fulfilled the inclusion criteria,
including 6 SGLT2 inhibitors individuals (17 RCTs for empagliflozin: 10 mg vs 25 mg; 13 for canagliflozin: 100 mg vs 300 mg; 12
for dapagliflozin: 5 mg vs 10 mg; 6 for ertugliflozin: 5 mg vs 15mg; 2 for luseogliflozin: 2.5 mg vs 5 mg; and 1 for ipragliflozin: 50
mg vs 100 mg) (Figure 1). The characteristics of the included trials are presented in Table S2.[22] Among 51 trials, 34 enrolled
mainly Caucasian individuals, 14 Asians, and the remaining 3 were unclear. The durations of follow-up ranged from 12 weeks to
161 weeks, with a mean follow-up time of 43.9 weeks. Across all study groups, the mean age of the participants was 57.8 years,
mean baseline glycated hemoglobin (HbA1c %) was 8.1%, mean baseline body mass index was 30.5 kg/m2, and mean diabetic
duration was 7.9 years.
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Figure 1.

 

Flow diagram for the selection of eligible randomized clinical trials (RCTs).

Risk of Bias

Assessment of study quality is presented in Table S3.[22] All 51 studies had low risk in terms of randomized sequence generation,
blinding of outcome assessment, incomplete outcome data, and selective reporting. Seven studies contained double-blinded data
and open-label data, and only data within double-blinded periods were included in this study. Therefore, most of the included
studies were judged to have a low risk of bias.

Safety Outcomes

Overall Safety. The results of overall safety outcomes are summarized in Figure 2. Overall, the heterogeneity among included
studies was relatively low (I2 < 50% for each outcome). The incidence of any AEs was 69.4% (8417/12 136) in high-dose SGLT2
inhibitors compared with 69.3% (8383/12 089) in low-dose SGLT2 inhibitors, indicating a similar risk between 2 dosage groups.
Also, no significant differences between high-dose and low-dose SGLT2 inhibitors were observed in terms of serious AEs, AEs
leading to discontinuation, or death associated AEs. AEs related to studied drugs were slightly higher in patients taking high-dose
SGLT2 inhibitors than in those receiving low-dose SGLT2 inhibitors (RR, 1.08; 95% CI, 1.01–1.16; I2, 33.1%). As for individual
SGLT2 inhibitors, the overall results were consistent with the primary analyses, without finding a significant difference across
individual SGLT2 inhibitors (P interaction > .05 for each outcome; Figures 3–6). Notably, the increased risk of AEs related to studied
high-dose vs low-dose drugs was mainly derived from canagliflozin (RR, 1.17; 95% CI, 1.05–1.30; I2, 31.6%). As for follow-up
duration, the overall results were also in line with the primary analyses (P interaction > .05 for each outcome; Table S4[22]). A higher
risk for AEs related to the studied drugs was observed in groups with follow-up of greater than 26 weeks (RR, 1.10; 95% CI, 1.02–
1.19; I 2, 31.2%).
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Figure 2.

 

Main adverse events of high-dose vs low-dose SGLT2 inhibitors. AEs, adverse events; I 2, heterogeneity; No. s, numbers of
studies; RR, relative risk; SGLT2, sodium–glucose cotransporter 2.
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Figure 3.

 

Subgroup analysis of overall adverse events of different SGLT2 inhibitors. AEs, adverse events; CAN, canagliflozin; DAP,
dapagliflozin; EMP, empagliflozin; ERT, ertugliflozin; I 2, heterogeneity; LUS, luseogliflozin; No. s, numbers of studies; NR, not
reported; RR, relative risk; SGLT2, sodium–glucose cotransporter 2.
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Figure 4.

 

Subgroup analysis of infections and infestations of different SGLT2 inhibitors. AEs, adverse events; CAN, canagliflozin; DAP,
dapagliflozin; EMP, empagliflozin; ERT, ertugliflozin; I 2, heterogeneity; IPR, ipragliflozin; LUS, luseogliflozin; No. s, numbers of
studies; NR, not reported; RR, relative risk; SGLT2, sodium–glucose cotransporter 2.
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Figure 5.

 

Subgroup analysis of musculoskeletal disorders, pain, and gastrointestinal disorders of different SGLT2 inhibitors. AEs, adverse
events; CAN, canagliflozin; DAP, dapagliflozin; EMP, empagliflozin; I 2, heterogeneity; LUS, luseogliflozin; No. s, numbers of
studies; NR, not reported; RR, relative risk; SGLT2, sodium–glucose cotransporter 2.
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Figure 6.

 

Subgroup analysis of osmotic diuresis, volume, renal, and other clinical adverse events. AEs, adverse events; CAN, canagliflozin;
DAP, dapagliflozin; EMP, empagliflozin; I 2, heterogeneity; LUS, luseogliflozin; No. s, numbers of studies; NR, not reported; RR,
relative risk.

Specified Safety. Specified safety that included 7 categories of AEs and other clinical interested AEs are also outlined in Figure
2. All the outcomes presented low heterogeneity except for those with small sample size outcomes (I2 = 62.4% for gastroenteritis
and I2 = 61.0% for edema). In accordance with the overall safety outcomes, no significant differences between high-dose and low-
dose SGLT2 inhibitors were detected when regarding all categories of AEs (infections and infestations, musculoskeletal disorders,
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gastrointestinal disorders, osmotic diuresis-related AEs, volume-related AEs, renal-related AEs, and metabolism and nutrition)
and clinically related AEs (urinary tract infection, genital mycotic infection, and hypoglycemia, etc). As for different SGLT2
inhibitors, the overall results were consistent with the key findings, with the exception of a reduced tendency for infections and
infestations risk observed with empagliflozin (RR, 0.92; 95% CI, 0.86–0.98; I2, 2.8%) and a higher risk for back pain found with
dapagliflozin (RR, 1.83; 95% CI, 1.13–2.95; I2, 0%). As for follow-up duration, the overall results were also in accordance with the
primary analyses (P interaction > .05 for each outcome; Table S4[22]).

Sensitivity Analysis and Publication Bias

Sensitivity analyses failed to identify any individual trial as having influenced the primary outcomes and thus confirmed the
robustness of the results (Table S5[22]). No potential publication bias was observed by qualitative funnel plots and Begg test and
Egger test (Figure S1[22]).

Discussion
Main Findings

This study presented clinical AEs of high-dose vs low-dose SGLT2 inhibitors based on 51 RCTs involving 24 371 patients. We did
not find significant differences in overall AEs, 7 categories of AEs, and other clinically related AEs between high-dose and low-
dose SGLT2 inhibitors. It remained consistent among various SGLT2 inhibitors and different follow-up durations. This study
confirmed that the clinical AEs of SGLT2 inhibitors was not dose related.

Comparison to Previous Studies

To date only 2 meta-analyses have addressed clinical AEs associated with different dosages of SGLT2 inhibitors. Bundhun et
al[18] concluded that 300 mg canagliflozin did not increase the risk for AEs compared with 100 mg canagliflozin after evaluating
5394 type 2 diabetic patients in 10 RCTs. A Chinese study,[19] including 8 trials and 8514 patients, failed to detect a significant
difference in the comparisons of 25 mg with 10 mg empagliflozin regardless of monotherapy or add-on other antidiabetic
medications. These studies had small population sizes and failed to evaluate overall safety outcomes. Our study not only included
all previous studies of dapagliflozin and canagliflozin but also updated new studies from the years 2012 to 2020. In addition, our
study observed 6 types of SGLT2 inhibitors and reported comprehensive safety end points (overall safety, 7 categories of AEs,
and other clinically related AEs) among 24 371 type 2 diabetic patients.

Overall Efficacy of High-dose vs Low-dose Sodium–Glucose Cotransporter 2 Inhibitors

Regarding hypoglycemic effects, administration of SGLT2 inhibitors showed a dose-dependent reduction of HbA1c levels (from
0.5% to 1.5%).[26] In addition, effects of dapagliflozin on decreased serum uric acid also showed a dose-dependent manner (from
5 mg to 50 mg).[27] Although high-dose SGLT2 inhibitors may bring about better control of blood glucose and uric acid
metabolism, their dose-dependent protective effects for renal and cardiovascular system remain unclear.

Overall Safety of High-dose vs Low-dose Sodium–Glucose Cotransporter 2 Inhibitors

In the present study, we found SGLT2 inhibitors at high dosages did not cause more overall safety issues compared to low
dosages of SGLT2 inhibitors. It has been established that SGLT2 inhibitors decreased deaths.[17] Results from Empagliflozin
Cardiovascular Outcome Event Trial in Type 2 Diabetic Patients (EMPA-REG OUTCOME)[28] indicated that there was no
difference between 25 mg empagliflozin and 10 mg empagliflozin either in deaths (3.4% vs 4.1%, Pinteraction = .398) or serious
AEs (39.0% vs 37.4%, Pinteraction = .296). Our findings remain in line with the previous meta-analysis.[18,19] Moreover, the
incidence of death and serious AEs was not dose related, which was a class effect. However, in our study, AEs related to drugs
occurred more frequently in patients taking high-dose SGLT2 inhibitors than in those receiving low-dose SGLT2 inhibitors. Further
analyses indicated that the increased risks of AEs were found mainly in patients taking canagliflozin. Although a prior meta-
analysis evaluated the dose-dependent effect of canagliflozin,[18] it did not assess AEs related to study drugs. It appears that the
increased risk may be at least partly driven by a possible tendency of volume-related AEs in patients taking 300 mg canagliflozin
(RR: 1.35; 95% CI, 0.99–1.85, P = .059). Other main results regarding AEs and canagliflozin originated primarily from 3 trials,
accounting for 69.7% weight.[29–31] They are characterized by longer follow-ups (52 weeks for 2 studies and 104 weeks for 1
study), older patients (age 55–80 years),[29] and drug combinations with insulin[30] or metformin.[31] Importantly, we confirmed a
higher risk of AEs related to studied drugs observed in SGLT2 inhibitors when patients were followed up over 26 weeks. The
possible reasons remain unclear and need further investigation.

Specified Safety With High-dose vs Low-dose Sodium–Glucose Cotransporter 2 Inhibitors

Our previous meta-analysis indicated that treatment with SGLT2 inhibitors was associated with a higher risk of infections, osmotic
diuresis-related AEs, volume-related AEs, renal-related AEs, and hypoglycemia.[17]

The infection-related safety profile of SGLT2 inhibitors, including genital mycotic infection and urinary tract infections,[17] is always
a concern for clinicians. We failed to show that high-dose SGLT2 inhibitors increased the risk of genital mycotic infection
compared with low-dose SGLT2 inhibitors. Stratified analysis of different drugs and follow-ups presented similar results. Several
meta-analyses reported the association between SGLT2 inhibitors and genital mycotic infection with consistent results, indicating
an increased risk of SGLT2 inhibitors, but there were no apparent differences between the lower and higher dosages of SGLT2
inhibitors.[8,32] However, a study focused on infection risks of SGLT2 inhibitors[32] found dapagliflozin dose-dependently increased
risk of genital infections. Compared to 2.5 mg dapagliflozin, 10 mg dapagliflozin resulted in a higher risk of genital infections (odds
ratio, 1.55; 95% CI, 1.08–2.23). The possible reasons for the contradictory results regarding dapagliflozin might be the
assessment of clinically approved high (10 mg) and low doses (5 mg) in our study. With respect to urinary tract infections, 2 prior
meta-analyses showed no evidence of dose dependence. Canagliflozin at 300 mg did not increase the risk of urinary tract
infections compared to 100 mg canagliflozin (RR, 0.93; 95% CI, 0.70–1.23), nor did 25 mg empagliflozin in comparison with 10

[18 19]
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mg empagliflozin (RR, 0.97; 95% CI, 0.85–1.11).[18,19] Our findings supported that SGLT2 inhibitors did not have dose
dependence with respect to urinary tract infections. Although one meta-analysis[8] found an increased risk of urinary tract
infections with 10 mg dapagliflozin (RR, 1.33; 95% CI, 1.10–1.60), but not with 5 mg dapagliflozin (RR, 1.07; 95% CI, 0.78–1.48),
it did not analyze P values for interaction between 10 mg and 5 mg dapagliflozin. Thus, results about dose dependence and risk
of urinary tract infections need to be further verified.

Other than antidiabetic effects, SGLT2 inhibitors promoted natriuresis and osmotic diuresis to lower blood pressure and improve
subendocardial blood flow in patients with heart failure.[33] Our prior study already found[17] that SGLT2 inhibitors were closely
associated with the risk for osmotic diuresis-related AEs and volume-related AEs. In the present study, we first found that the
effects of SGLT2 inhibitors on osmotic diuresis, volume-related AEs, and hypertension were not dose dependent. Many diuretics
such as furosemide[34] and hydrochlorothiazide[35] have shown a dose-dependent effect on blood potassium, glucose, and uric
acid levels. Unlike other osmotic diuretic agents, SGLT2 inhibitors are restricted to the renal tubules and stimulate vasopressin-
induced water reabsorption to maintain body fluid volume.[36] It appears that the specific diuretic effect of SGLT2 inhibitors might
be different from those of classic diuretics, which might, at least partly, be beneficial in type 2 diabetic patients with heart failure.[28,37]

In terms of hypoglycemia, we did not show any differences between high and low doses of SGLT2 inhibitors in all circumstances.
It has been well established that monotherapy with SGLT2 inhibitors does not cause hypoglycemia, whereas the incidence of
hypoglycemia increases in type 2 diabetic patients when used as add-on therapy.[17] Two previous meta-analyses[18,19] showed
similar results. An earlier study has observed that an increase in empagliflozin exposure was positively related to urinary glucose
excretion (UGE); however, it did not enhance risk of hypoglycemia.[38]

A safety and tolerability study of empagliflozin based on 48 healthy individuals.[39] found that there were no increased adverse
effect at 5 different dosages (1 mg, 5 mg, 10 mg, 25 mg, and 100 mg), and all AEs were mild in intensity. Empagliflozin dose-
dependently increased UGE; however, increased UGE may be not correlated to AEs. In addition, rates of renal clearance and
cumulative fractions of different empagliflozin doses (1 mg-100 mg) excreted in the urine over 72 hours were similar.[39] Timely
elimination of drugs and no obvious accumulative effects may partly explain why dose increases did not significantly increase
AEs. This is possible speculation on the basis of current studies, however, and explicit mechanisms require further scientific
verification.

Clinical Implications

No evidence of dose-dependent overall safety was observed in clinical usage of SGLT2 inhibitors. Among poorly controlled
diabetic patients, the doses may be maximized to reach ideal glycemic control. Our study extrapolated that it is probably safe to
adjust to high doses if patients do not experience serious clinical AEs with low doses of SGLT2 inhibitors.

Strengths and Limitations

The main strength of this study was to comprehensively assess the clinical AEs of approved high-dose SGLT2 inhibitors
compared with low-dose SGLT2 inhibitors based on 24 371 patients from 51 RCTs. Certainly, there were some limitations in this
study. First, we did not evaluate very low incidences of AEs such as amputation, cancer, and necrotizing fasciitis. Second, only
studies with 2 clinically approved doses were included, and some RCTs (eg, DECLARE-TIMI 58[40] and CREDENCE[41]) as well
as real-world studies (eg, CVD-REAL Nordic[42] and CVD-REAL 3[43]) with only one dose or without detailed doses were
excluded. Third, we do not know whether AEs might be dose dependent after long-term treatment of SGLT2 inhibitors because all
included RCTs were of relatively short follow-up duration. Fourth, tofogliflozin is approved in Japan for use in patients with type 2
diabetes at a dose of 20 mg orally once daily,[44] thus we did not include tofogliflozin in this study. Finally, overall AEs for SGLT2
inhibitors other than empagliflozin, dapagliflozin, and canagliflozin remain uncertain because of a lack of data. Accordingly, further
long-term RCTs as well as high-quality real-world studies are needed to confirm the safety issues of SGLT2 inhibitors.

Conclusions

In conclusion, there were no differences between low and high doses of SGLT2 inhibitors with respect to overall AEs and
specified AEs. Therefore, it is probably safe to increase SGLT2 inhibitors from low to high doses in the clinic if needed.
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