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ABSTRACT
Aims/Introduction: Several clinical trials reported the effects of sodium–glucose
cotransporter (SGLT) inhibitors in type 1 diabetes patients. This meta-analysis aimed to
assess the efficacy and safety of SGLT inhibitors in type 1 diabetes patients.
Materials and Methods: Relevant studies were identified in the PubMed, Embase,
Cochrane Library, China National Knowledge Infrastructure and Wan Fang databases
through 1 April 2020. Differences were expressed as the 95% confidence interval (CI) or
weighted mean difference (WMD) for continuous outcomes, and risk ratio (RR) for discon-
tinuous outcomes.
Results: A total of 13 RCTs with 7,962 cases were included. SGLT inhibitors reduced the
fasting plasma glucose level (WMD -1.320 mmol/L, 95% CI -1.609 to -1.031, P < 0.001),
glycated hemoglobin level (WMD -0.386%, 95% CI -0.431 to -0.342, P < 0.001) and daily
total insulin dose (WMD -5.403, 95% CI -7.218 to -3.859, P < 0.001). However, higher risks
of diabetic ketoacidosis (RR 5.042, 95% CI 3.160–8.046, P < 0.001), urinary tract infections
(RR 1.259, 95% CI 1.034–1.533, P = 0.022) and genital infections (RR 2.995, 95% CI 1.953–
4.594, P < 0.001) were associated with SGLT inhibitors, but SGLT inhibitors did not
increase the hypoglycemia risk (RR 0.980, 95% CI 0.840–1.144, P = 0.799). In subgroup anal-
ysis, with a significant reduction of fasting plasma glucose, glycated hemoglobin and daily
insulin doses, SGLT1/2 inhibitor did not increase genitourinary tract infections compared
with a placebo.
Conclusions: SGLT2 and SGLT1/2 inhibitors can improve glycemic control in patients
with type 1 diabetes.

INTRODUCTION
Type 1 diabetes is caused by organ-specific autoimmune
destruction of insulin-producing b-cells in the pancreatic islets
of Langerhans, thereby leading to insulin deficiency and hyper-
glycemia1. Chronic diabetic complications, such as macrovascu-
lar and microvascular diseases, are the leading causes of
mortality and disability in type 1 diabetes patients2,3. Type 1

diabetes patients are also at an increased risk of diabetic
ketoacidosis (DKA), a serious condition caused by an absolute
or a relative deficiency of circulating insulin levels, commonly
due to precipitating factors, such as intercurrent illness or inter-
ruption of insulin therapy4.
Intensive insulin treatment has been shown to reduce the

onset and/or progression of microvascular and macrovascular
complications in patients with type 1 diabetes5,6; however, even
with the development of rapid- and long-acting insulin analogs,
and improvements in insulin delivery devices, 75% of adultsReceived 16 March 2020; revised 6 June 2020; accepted 9 August 2020
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with type 1 diabetes fail to achieve the target glycated hemoglo-
bin (HbA1c) level of <7.0% (<53 mmol/mol) recommended by
the American Diabetes Association7,8, and many suffer from
significant hypoglycemic episodes. On average, patients with
type 1 diabetes suffer from >40 episodes of hypoglycemia per
year, and more specifically, 14–20% of patients aged >50 years
were shown to have severe hypoglycemic events7,9–13. In addi-
tion to these issues, these patients suffer from weight gain,
which increases the difficulty of achieving their therapeutic tar-
gets. Due to these therapeutic limitations, the addition of a sec-
ond therapeutic agent with an insulin-independent mechanism
of action might allow patients with type 1 diabetes to improve
their glycemic control without increasing the insulin dose and
to possibly even reduce the insulin dose. Although none of
these agents can replace insulin therapy, some enable easier
management of diabetes.
Sodium–glucose cotransporters (SGLTs) are proteins within

the kidney that play a key role in the reabsorption of glucose.
SGLT2 is the major glucose transporter, and is responsible for
90% of the reabsorption of glucose, whereas SGLT1, another
glucose transporter, is responsible for the remaining 10% of
glucose reabsorption14–17. Thus, inhibition of SGLT prevents
glucose from being reabsorbed into the bloodstream, thereby
decreasing blood glucose levels. SGLT2 inhibitors have been
reported to constitute a new class of antidiabetic agents that
have been shown to improve glycemic control and reduce
bodyweight with little risk of hypoglycemia in patients with
type 2 diabetes18,19. Therefore, we investigated whether SGLT
inhibitors benefit patients with type 1 diabetes.
The present meta-analysis was carried out to evaluate the

efficacy and safety of SGLT inhibitors in patients with type 1
diabetes.

METHODS
Search strategy
A literature search was carried out in the PubMed, Embase,
Cochrane Library, China National Knowledge Infrastructure and
Wan Fang databases from inception to 1 April 2020. We
searched medical subject headings (MeSH) terms with entry
terms. For example, for the PubMed database, we searched
(“Diabetes Mellitus, Type 1”[MeSH] OR type 1 diabetes OR
type 1 diabetes mellitus OR T1DM OR Diabetes Mellitus, Insu-
lin-Dependent OR Diabetes Mellitus, Insulin Dependent OR
Insulin-Dependent Diabetes Mellitus) AND (“Sodium-Glucose
Transporter 1”[MeSH] OR “Sodium-Glucose Transporter
2”[MeSH] OR “Sodium-Glucose Transport Proteins”[MeSH]
OR Sodium-glucose cotransporter OR SGLT OR SGLT1 OR
SGLT2 OR Dapagliflozin OR Canagliflozin OR Empagliflozin
OR Ertugliflozin OR Ipragliflozin OR Luseogliflozin OR Tofogli-
flozin OR Sotagliflozin OR Gliflozins). Eligible randomized trials
fulfilled the following criteria: (i) a randomized controlled clinical
trial assessing the efficacy and safety of SGLT inhibitors versus a
placebo; (ii) studies with data types providing categorization and
continuity data; (iii) articles written in English or Chinese; and

(iv) studies involving human subjects. Articles were excluded if
they were reviews, if the design did not involve the correct con-
trols or if the study had no outcome. We tried to contact the
authors for missing data when necessary.

Study selection, quality assessment and risk of bias
The results of the systematic searches were imported to a refer-
ence manager, Endnote X9 (Clarivate Analytics, Philadelphia,
PA, USA) software, to remove duplicates. Then, two reviewers
(HL Zou and LL Liu) independently screened titles, abstracts
and full-text articles for inclusion; if any disagreements regard-
ing whether a study should be included arose, the two research-
ers discussed it first, and disparities were settled by a third
reviewer (Y Xiao). We included English-language studies of
patients with type 1 diabetes who received SGLT inhibitor
treatments. SGLT inhibitors included dapagliflozin, canagliflo-
zin, empagliflozin, ipragliflozin and sotagliflozin. We included
randomized controlled trials (RCTs) evaluating efficacy out-
comes (fasting plasma glucose [FPG], HbA1c, the mean ampli-
tude of glucose excursion [MAGE] and insulin dose) and safety
outcomes (genital mycotic infection, urinary tract infections,
hypoglycemia, DKA and diarrhea). We also extracted informa-
tion on the general study, and participant characteristics, inter-
ventions, comparisons and outcome results. A second reviewer
confirmed the abstracted data by using standardized forms.
Two reviewers (HL Zou and J Guo) evaluated the eligibility

of each study, extracted the data and determined the risk of
bias. In addition, any controversies were resolved through con-
sensus; if any further ambiguity remained, it was discussed with
a third person (ZG Zhou).

Variables
We extracted the efficacy outcomes and safety outcomes. Con-
sidering the definitions across studies, a total of six efficacy
parameters, namely, HbA1c level (%), FPG level (mmol/L),
MAGE (mg/dL), basal insulin dose (IU/day), bolus insulin dose
(IU/day) and total insulin dose (IU/day) were extracted. Safety
was assessed in terms of five types of adverse events, including
genital mycotic infections, urinary tract infections, hypo-
glycemia, DKA and diarrhea.

Statistical analysis
We created a set of detailed evidence tables. We carried out a
meta-analysis only when data were sufficient (from at least two
trials) and studies were sufficiently homogenous with respect to
key variables (population characteristics, study duration and
medication dosing). For continuous outcomes, we extracted the
weighted mean differences (WMDs) and 95% confidence inter-
vals (95% CIs) from baseline for both the experimental group
and placebo groups. For dichotomous outcomes, we calculated
the risk ratios (RRs) and 95% CIs. We carried out subgroup
analyses based on SGLT 2 inhibitors and dual SGLT1/2 inhibi-
tors. We established subgroups stratified by body mass index
(BMI)20 and age21. We also focused on the incidence of DKA
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without hyperglycemia between the two groups. All the param-
eters measured in the subgroup analyses were the same as those
aforementioned.
We evaluated the quality of the articles using the Jadad scale.

The data were analyzed with Stata V.12.0 software (StataCorp,
College Station, TX, USA). The heterogeneity of the studies
was assessed by the Q test and the I2 statistic22, and the test
level was set at 0.05. If the heterogeneity test results were
P > 0.05 and I2 < 50%, the combined effect was calculated
with a fixed effects model; otherwise, the random effects model
was used. Possible publication bias was assessed with funnel
plots and Egger’s test. The clipping method was used if publica-
tion bias existed. For articles with evidence of heterogeneity, we
ensured the stability of results by carrying out a sensitivity anal-
ysis. Literature subtraction was used if sensitivity analysis found
the source of heterogeneity, otherwise the random effects model
was used.

RESULTS
As shown in the flowchart (Figure 1), after excluding dupli-
cates, a total of 2,330 records were identified, 2,185 of which
were excluded, because they had irrelevant titles and abstracts.
A total of 145 publications underwent further evaluation to
eliminate those that did not meet the inclusion criteria. Then,
132 articles were removed, because they were reviews, case
reports or other studies that were not RCTs, were not written
in English or Chinese, or lacked eligible populations, sufficient
data or the outcomes of interest. After exclusion, 13 studies
(7,962 participants) satisfied the inclusion criteria for the meta-
analysis. Among these 13 articles, two studies by Dandona
et al. carried out in 201723 and 201824 reported results from
different stages of the Efficacy and Safety of Dapagliflozin in
Patients with Inadequately Controlled Type 1 Diabetes
(DEPICT-1) study (NCT02268214). All included RCTs com-
pared SGLT inhibitors with a placebo under the condition of
background insulin treatment. Dapagliflozin was investigated in
four studies23–26, canagliflozin was investigated in one study27,
empagliflozin was investigated in two studies28,29, ipragliflozin
was investigated in one study30 and sotagliflozin was investi-
gated in five studies31–35.
The detailed characteristics (Table 1) and quality assessment

(Table S1) of the included studies are shown. Two reviewers,
following an evidence grading scheme recommended in the
Agency for Healthcare Research and Quality guide for carrying
out comparative effectiveness reviews36, sequentially graded the
studies’ limitations, consistency, directness, precision and poten-
tial reporting bias for the evidence for each outcome and com-
parison. All studies followed the principles of randomization
and blinding. Risk of bias assessment showed that most studies
had a low risk.

Meta-analysis
The baseline characteristics extracted from each study are pre-
sented in Table 1. All the type 1 diabetes patients included in

the 13 studies were aged >18 years and received optimal insulin
treatment without a history of severe adverse events. In those
studies, participants were randomly divided into an experimen-
tal group and a control group. In addition to insulin treatment,
SGLT inhibitors were used in the experimental group. The effi-
cacy and safety indicators were compared between the two
groups.

Glycemic efficacy outcomes
FPG
We observed no heterogeneity among the five studies evaluat-
ing FPG in the meta-analysis, indicating a consistent drug
effect. The meta-analysis using a fixed effects model showed
that SGLT inhibitors markedly reduced the FPG level com-
pared with the placebo (WMD -1.320, 95% CI -1.609 to -
1.031, P < 0.001, I2 = 0.0%, five comparisons, 1,711 partici-
pants; Figure 2a). In the subgroup analysis of different drug
type, both SGLT2 inhibitors (three comparisons, 276 partici-
pants) and the dual SGLT1/2 inhibitor (two comparisons, 1,435
participants) were associated with a lower FPG level (SGLT2
inhibitors WMD -1.420, 95% CI -2.384 to -0.457, P = 0.004,
I2 = 34.8%; dual SGLT1/2 inhibitor WMD -1.310, 95% CI -
1.613 to -1.008, P < 0.001, I2 = 0.0%; Figure 2b). BMI and
age did not influence the effect of SGLT inhibitors on FPG
(Figure S1a,b).

MAGE
Three RCTs evaluated MAGE by continuous glucose monitor-
ing. The heterogeneity test result showed no heterogeneity in
the present meta-analysis, suggesting a consistent drug effect.
Our meta-analysis using a fixed effects model showed that
compared with placebo, SGLT inhibitors significantly improved
the glycemic control of patients with type 1 diabetes (WMD -
18.745, 95% CI -23.289 to -14.192, P < 0.001, I2 = 0.0%, three
comparisons, 1,648 patients; Figure 2c). We did not carry out a
subgroup analysis, because just three studies evaluated the
effects of SGLT inhibitors on the MAGE.

HbA1c
A total of 10 studies were included in the analysis of HbA1c.
Given the low heterogeneity, we used the fixed effects model
for analysis. Compared with the placebo, SGLT inhibitors sig-
nificantly reduced the HbA1c levels of patients (WMD -0.386,
95% CI -0.431 to -0.342, P < 0.001, I2 = 35.0%, 10 compar-
isons, 4,631 participants; Figure 2d). In the subgroup analysis
of different drug types, we obtained the same result: the dual
SGLT inhibitor contributed to a reduction in HbA1c level in
type 1 diabetes patients (WMD -0.376, 95% CI -0.498 to -
0.255, P < 0.001, I2 = 58.7%), and the effect of SGLT2 inhibi-
tors on HbA1c levels was consistent with that of the dual
SGLT inhibitor (WMD -0.375, 95% CI -0.426 to -0.314,
P < 0.001, I2 = 20.8%; Figure 2e–f). BMI and age did not
influence the effect of SGLT inhibitors on the HbA1c level
(Figure S1c–e).
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Daily total, bolus and basal insulin doses
Significant differences were identified in the daily total (WMD
-5.403, 95% CI -7.218 to -3.859, P < 0.001, I2 = 64.3%, five
comparisons, 3,218 participants), bolus (WMD -2.633, 95% CI
-3.448 to -1.819, P < 0.001, I2 = 30.1%, five comparisons,
2,418 patients) and basal (WMD -2.812, 95% CI -3.327 to -
2.297, P < 0.001, I2 = 48.6%, five comparisons, 2,418 patients)
insulin doses between the SGLT inhibitor group and the pla-
cebo group among patients with type 1 diabetes (Figure 3a–c).
High heterogeneity was observed among the studies for the
daily total insulin doses, and sensitivity analysis showed no
obvious outliers; the results were stable (Figure S2a).
Subgroup analyses by different drugs showed that the effects

of the dual SGLT inhibitor (sotagliflozin) on the daily total insu-
lin dose (WMD -4.728, 95% CI -6.384 to -2.172, P < 0.001,
I2 = 64.0%, two comparisons, 2,184 patients), daily insulin bolus
(WMD -2.217, 95% CI -3.231 to -1.203, P < 0.001, I2 = 40.3%,
three comparisons, 2,217 patients) and basal insulin dose (WMD
-2.320, 95% CI -2.979 to -1.661, P < 0.001, I2 = 0.0%, three
comparisons, 2,217 patients) were consistent with those of
SGLT2 inhibitors (Figure 3d–f). BMI and age did not influence
the effect of SGLT inhibitors on the insulin dose (Figure S3).
Because high heterogeneity was observed in a subgroup of people
with a BMI ≥28, an analysis was not carried out.

Safety outcomes
DKA
A total of 12 studies including 7,887 patients reported the risk
of DKA. Given the low heterogeneity observed, the fixed effects

model was used. Compared with a placebo, SGLT inhibitors
were associated with a higher risk of DKA (RR 5.042, 95% CI
3.160–8.046, P < 0.001, I2 = 0.0%, 12 comparisons, 7,887 par-
ticipants; Figure 4a). Compared with a placebo, SGLT2 inhibi-
tors increased the risk of DKA by 330% (RR 4.313, 95% CI
2.439–7.628, P = 0.001, I2 = 0.0%, seven comparisons, 3,150
patients) and the dual SGLT1/2 inhibitor increased the risk of
DKA by 580% (RR 6.825, 95% CI 2.979–15.635, P < 0.001,
I2 = 0.0%, five comparisons, 4,736 patients; Figure 4b). In BMI
subgroups, we observed that SGLT inhibitors increased the risk
of DKA by 964% in lean people (RR 10.638, 95% CI 2.496–
45.331, P < 0.001, I2 = 0.0%, four comparisons, 1,803 patients)
and by 342% in obese people (RR 4.423, 95% CI 2.695–7.257,
P < 0.001, I2 = 0.0%, eight comparisons, 5,302 patients). Both
older and younger populations had an increased risk of DKA
after using SGLT inhibitors (Figure S4).
Six studies reported the incidence of DKA without hyper-

glycemia, and the meta-analysis showed that SGLT inhibitors
were associated with higher euglycemic DKA (RR 4.114, 95%
CI 1.363–12.410, P = 0.012, I2 = 0.0%, six comparisons, 4,080
patients; Figure 4c).

Urinary tract infections and genital infections
Compared with a placebo, SGLT inhibitors were associated
with higher risks of urinary tract infections (RR 1.259, 95% CI
1.034–1.533, P = 0.022, I2 = 29.3%, 10 comparisons, 7,728
patients; Figure 4d) and genital infections (RR 2.995, 95% CI
1.953–4.594, P < 0.001, I2 = 61.3%, 10 comparisons, 7,679 par-
ticipants; Figure 4e). Interestingly, as shown in Figure S5a,b, no

Studies identified from database
searching (n = 2,330)

Irrelevant titles and abstracts
(n = 2,185)

Further evaluated (n = 145)

Review (n = 31)
Case report (n = 27)
Incorrect control group (n = 28)
Not human subjects (n = 11)

Full texts were reviewed (n = 57)

Lack sufficient data (n = 20)
Not in English or Chinese (n = 2)
No outcome (n = 13)

Included in this meta-analysis
(n = 13)

Figure 1 | Flow diagram of studies identified, included and excluded.
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significant difference was found in the subgroup analysis of
SGLT inhibitors. Therefore, we cannot conclude that either
SGLT2 inhibitors or dual SGLT1/2 inhibitors will increase the
risk of urinary tract infections (SGLT2 inhibitors: RR 1.105,
95% CI 0.870–1.403, P = 0.414; dual SGLT 1/2 inhibitor: RR
1.417, 95% CI 0.732–2.722, P = 0.296).
Heterogeneity was observed in the analysis of genital infec-

tions, and the source of heterogeneity was the study by Satish
K Garg (Figure S2b). In the subgroup analysis of genital infec-
tions, the results showed that SGLT2 inhibitors were associated
with a higher risk of genital infections (RR 3.721, 95% CI
2.741–5.052, P < 0.001) in patients with type 1 diabetes (Fig-
ure 4f). As shown in Figure S5c, no significant difference in
genital infections was found between the dual SGLT inhibitor
and placebo groups (RR 2.297, 95% CI 0.910–5.789,
P = 0.078). The present results showed that SGLT inhibitors
increased the risk of urinary tract infections in obese (RR
1.590, 95% CI 1.072–2.357, P = 0.021) and younger people (RR
1.421, 95% CI 1.046–1.932, P = 0.025), but no statistically sig-
nificant difference was found for lean (RR 1.132, 95% CI
0.719–1.782, P = 0.591) and older people (RR 0.977, 95% CI
0.581–1.643, P = 0.930). BMI and age did not influence the
effect of SGLT inhibitors on genital infection (Figure S6).

Diarrhea
A total of four studies including 3,118 participants recorded the
risk of diarrhea. The meta-analysis using the fixed effects model
showed that compared with the placebo, SGLT inhibitors
increased the risk of diarrhea (RR 1.486, 95% CI 1.064–2.075,
P = 0.020, I2 = 40.4%) in patients with type 1 diabetes (Fig-
ure S7a). The four studies above all tested the dual SGLT1/2
inhibitor; thus, SGLT2 inhibitors and the dual SGLT1/2 inhibi-
tor could not be compared.

NOTE: Weights are from random effects analysis
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Figure 2 | Forest illustration of meta-analysis comparing the efficacy of
add-on sodium–glucose cotransporter (SGLT) inhibitor therapy for
type 1 diabetes. (a) Fasting plasma glucose (FPG; mmol/L), v2 = 3.15,
I2 = 0.0%, P = 0.533, weighted mean difference (WMD) = -1.320, 95%
confidence interval (CI) -1.609 to -1.031, z = 8.96, P < 0.001. (b) Drug
subgroup of fasting plasma (mmol/L), SGLT2: v2 = 3.07, I2 = 34.8%,
P = 0.216, WMD = -1.420, 95% CI -2.384 to -0.457, z = 2.89,
P = 0.004; dual SGLT1/2: v2 = 0.04, I2 = 0.0%, P = 0.844, WMD = -
1.310, 95% CI -1.613 to -1.008, z = 8.48, P < 0.001. (c) Mean amplitude
of glucose excursion (MAGE; mg/dL), v2 = 0.64, I2 = 0.0%, P = 0.725,
WMD = -18.745, 95% CI -23.289 to -14.192, z = 8.07, P < 0.001. (d)
Glycated hemoglobin (HbA1c; %), v2 = 13.84, I2 = 35.0%, P = 0.128,
WMD = -0.386, 95% CI -0.431 to -0.342, z = 17.07, P < 0.001. (e)
SGLT2 subgroup of HbA1c, v2 = 6.32, I2 = 20.8%, P = 0.277, WMD = -
0.375, 95% CI -0.436 to -0.341, z = 12.04, P < 0.001. (f) Dual SGLT1/2
subgroup of HbA1c, v2 = 7.27, I2 = 58.7%, P = 0.064, WMD = -0.376,
95% CI -0.498 to -0.255, z = 6.07, P < 0.001.
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Hypoglycemia
The definition of hypoglycemia was consistent across all RCTs
and was in line with current guideline recommendations. For the
analysis of the risk of hypoglycemia, no statistical significance
was observed, showing no sufficient evidence that the addition of
SGLT inhibitors to insulin treatment in patients with type 1 dia-
betes increases the risk of hypoglycemia (RR 0.980, 95% CI
0.840–1.144, I2 = 0.0%, P = 0.799, 11 comparisons, 7,756
patients; Figure S7b). In the subgroup analysis, neither type of
inhibitor was associated with an increase in the incidence of
hypoglycemia (SGLT2 inhibitors: RR 1.150, 95% CI 0.871–1.517,
P = 0.325; dual SGLT inhibitor; RR 0.880, 95% CI 0.505–1.534,
P = 0.654; Figure S7c,d). The present results showed that the RR
value did not change with age and BMI (Figure S8).

DISCUSSION
For the first time, we reported the efficacy and safety of both
SGLT2 and dual SGLT1/2 inhibitors for type 1 diabetes, and
compared differences between the two types of drugs, age and
BMI. We included 13 studies (7,962 participants) published
between 2015 and 2019 with a follow-up duration ranging from
4 to 52 weeks, and five of the studies investigated a dual SGLT
1/2 inhibitor (sotagliflozin). In general, the included literature
complied with the principle of random double blindness. Fur-
thermore, no study to date had a larger sample size than the cur-
rent study. The present analysis showed three notable findings.
First, SGLT inhibitors as an add-on treatment to insulin injec-
tions facilitate glycemic control with a decreased insulin dose.

NOTE: Weights are from random effects analysis
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Figure 3 | Forest illustration of meta-analysis comparing the efficacy of
add-on sodium–glucose cotransporter (SGLT) inhibitor therapy on
insulin dose for type 1 diabetes. (a) Daily total insulin dose (units per
day), v2 = 11.20, I2 = 64.3%, P = 0.024, weighted mean difference
(WMD) = -5.043, 95% confidence interval (CI) -7.218 to -3.859,
z = 5.84, P < 0.001. (b) Daily insulin bolus (units per day), v2 = 5.72,
I2 = 30.1%, P = 0.221, WMD = -2.633, 95% CI -3.448, -1.819, z = 6.34,
P < 0.001. (c) Daily basal insulin dose (units per day), v2 = 7.79,
I2 = 48.6%, P = 0.100, WMD = -2.812, 95% CI -3.327 to -2.297,
z = 10.70, P < 0.001. (d) SGLT2 subgroup of total daily insulin dose
(units per day), v2 = 1.37, I2 = 0.0%, P = 0.505, WMD = -7.063, 95% CI
-8.539 to -5.588, z = 9.38, P < 0.001. (e) Dual SGLT1/2 subgroup of
total daily insulin dose (units per day), v2 = 2.78, I2 = 64.0%, P = 0.095,
WMD = -4.278, 95% CI -6.384 to -2.172, z = 3.98, P < 0.001. (f) Drug
subgroup of daily insulin bolus (units per day), SGLT2: v2 = 0.54,
I2 = 0.0%, P = 0.462, WMD = -3.390, 95% CI -4.756 to -2.024, z = 4.86,
P < 0.001; dual SGLT1/2: v2 = 3.35, I2 = 40.3%, P = 0.187, WMD = -
2.217, 95% CI -3.231 to -1.203, z = 4.29, P < 0.001. (g) Drug subgroup
of basal insulin dose (units per day), SGLT2: v2 = 0.94, I2 = 0.0%,
P = 0.332, WMD = -3.587, 95% CI -4.414 to -2.760, z = 8.50,
P < 0.001; dual SGLT1/2: v2 = 1.33, I2 = 0.0%, P = 0.514, WMD = -
2.320, 95% CI -2.979 to -1.661, z = 6.90, P < 0.001.
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Second, SGLT inhibitor treatment is associated with increased
incidence rates of urinary tract and genital infections, diarrhea,
and DKA, but not hypoglycemia. Third, compared with a pla-
cebo, the effects of a dual SGLT inhibitor (sotagliflozin) on
type 1 diabetes are consistent with those of SGLT2 inhibitors,
but do not increase the risk of genital infections.
Previously, when agents were used as add-on therapy to

insulin in type 1 diabetes treatment, SGLT2 inhibitors were
reported to result in significant improvements in glycemia con-
trol, decreases in HbA1c, FPG, MAGE and urinary glucose
excursion values, and better effects on non-glucose-related tar-
gets, such as bodyweight loss37–39. Some meta-analyses of SGLT
inhibitors have been reported; for example, eight meta-analyses
reported the efficacy and safety of SGLT inhibitors in type 1
diabetes patients (6 for SGLT2 inhibitors, 1 for a dual SGLT1/2
inhibitor and 1 for both)18,37,38,40–44, and showed that SGLT
inhibitors significantly reduced HbA1c levels, FPG levels, insu-
lin doses and MAGE values, which is consistent with the pre-
sent meta-analysis.
The two most well-known members of the SGLT family are

SGLT1 and SGLT2. SGLT1, which is mainly expressed in the
S3 segment of proximal renal tubules and the brush border of
the small intestine, is mainly responsible for 10% of renal sugar
reabsorption, and intestinal glucose and galactose absorption.
SGLT2 is specifically expressed in the S1 segment of proximal
renal tubules and is responsible for 90% of renal sugar reab-
sorption45. Thus, when SGLT1 is inhibited, glucose in the intes-
tine is blocked, and glucose is broken down into short-chain
fatty acids by bacteria at the distal end of the small intestine,
promoting the secretion and release of glucagon-like peptide-1
and peptide YY by L cells at the distal end of the intestine46.
In contrast, attenuating SGLT2 decreases renal glucose reab-
sorption. Compared with SGLT2 inhibitors, sotagliflozin, a dual
inhibitor, blocks SGLT1 and SGLT2 simultaneously, reducing
the reabsorption of glucose by the kidneys and the intestine,
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d. Urinary tract infection

NOTE: Weights are from random effects analysis

Overall  (I-squared = 61.3%, p = 0.006)

Paresh Dandona (2017)

Thomas Danne (2019)

Satish K. Garg (2017)

Robert R. Henry (2015)

Julio Rosenstock (2018)

John B. Buse (2018)

Study

Chantal Mathieu (2018)

Nitesh D (2016)

Paresh Dandona (2018)

Claire Bake (2019)

ID

2.995 (1.953, 4.594)

4.343 (2.022, 9.330)

4.349 (1.895, 9.984)

0.931 (0.546, 1.588)

2.167 (0.630, 7.454)

3.128 (2.000, 4.892)

3.290 (1.656, 6.536)

4.827 (1.944, 11.984)

1.667 (0.075, 37.214)

4.708 (2.313, 9.581)

2.443 (0.129, 46.194)

RR (95% CI)

100.00

11.86

11.10

14.71

7.36

15.79

12.80

%

10.25

1.73

12.50

1.91

Weight

.0216 1 46.2

e. Genital infections

Overall  (I-squared = 0.0%, p = 0.782)

ID

Robert R. Henry (2015)

Paresh Dandona (2017)

Paresh Dandona (2018)

Chantal Mathieu (2018)

Julio Rosenstock (2018)

Study

Nitesh D (2016)

3.721 (2.741, 5.052)

RR (95% CI)

2.167 (0.630, 7.454)

4.343 (2.022, 9.330)

4.708 (2.313, 9.581)

4.827 (1.944, 11.984)

3.128 (2.000, 4.892)

1.667 (0.075, 37.214)

100.00

Weight

6.66

16.04

18.33

11.08

46.82

%

1.07

.0269 1 37.2

f. SGLT 2 subgroup of genital infection

Figure 4 | Forest illustration of meta-analysis comparing the safety of
add-on sodium–glucose cotransporter (SGLT) inhibitor therapy for
type 1 diabetes. (a) Diabetic ketoacidosis (DKA), v2 = 3.96, I2 = 0.0%,
P = 0.971, RR = 5.042, 95% confidence interval (CI) 3.160–8.046,
z = 6.792, P < 0.001. (b) Drug subgroup of DKA, dual SGLT1/2:
v2 = 1.19, I2 = 0.0%, P = 0.879, RR = 6.825, 95% CI 2.979–15.635,
z = 4.54, P < 0.001; SGLT2: v2 = 2.04, I2 = 0.0%, P = 0.916, RR = 4.313,
95% CI 2.439–7.628, z = 5.03, P < 0.001. (c) Euglycemic of DKA,
v2 = 0.77, I2 = 0.0%, P = 0.979, RR = 4.114, 95% CI 1.363–12.410,
z = 2.51, P = 0.012. (d) Urinary tract infections, v2 = 12.73, I2 = 29.3%,
P = 0.175, RR = 1.259, 95% CI 1.034–1.533, z = 2.29, P = 0.022. (e)
Genital infection, v2 = 23.28, I2 = 61.3%, P = 0.006, RR = 2.995, 95% CI
1.953–4.594, z = 5.03, P < 0.001. (f) SGLT2 subgroup of genital infection,
v2 = 2.46, I2 = 0.0%, P = 0.782, RR = 3.721, 95% CI 2.741–5.052,
z = 8.42, P < 0.001.
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which is beneficial for decreasing postprandial blood glucose.
The present meta-analysis showed the hypoglycemic effect of a
dual SGLT1/2 inhibitor is consistent with that of SGLT2 inhibi-
tors, and does not increase the occurrence of adverse events.
Therefore, oral hypoglycemic agents, such as SGLT inhibitors,
might be used in type 1 diabetes patients. At present, just 30%
of patients with type 1 diabetes have achieved the goal of blood
glucose control, and 20 and 40% have hypoglycemia and are
overweight, respectively. In addition to insulin, there are few
effective drugs for type 1 diabetes. Therefore, the demand for
additional drug treatment for type 1 diabetes is far from being
met. For type 1 diabetes patients with overweight/obesity
receiving the best insulin treatment, but still not meeting blood
sugar targets, SGLT inhibitors might indeed become a good
supplement for insulin.
Regardless, the adverse reactions caused by SGLT inhibitors

should still be considered. SGLT inhibitors can promote the
excretion of a large amount of glucose through the urine and
increase glucose concentration in the genitourinary tract, thus
increasing the risk of bacterial and fungal infection in patients.
Furthermore, the mechanism of increasing the risk of DKA is
likely as follows. First, the agents might influence the secretion
of insulin and glucagon, and promote the decomposition of
adipose tissue and beta-oxidation of fatty acids, thus increasing
the formation of ketones in the liver47. Second, SGLT inhibitors
can increase lipid mobilization and free fatty acid oxidation
in vivo, increase the level of free fatty acid and 13-hydroxybu-
tyric acid in plasma, reduce the elimination of ketone bodies by
the kidneys, and increase the reabsorption of ketone bodies in
the proximal convoluted tubules48. Thus, SGLT inhibitors
should be used with caution in type 1 diabetes patients with
recurrent urogenital infections, ketosis or acidosis.
There were still several limitations of our analysis. First, the

present number of studies included was not sufficient for a
dose subgroup analysis. Second, there was still heterogeneity in
some analyses. Third, we searched only the English and Chi-
nese literature in this research, and did not consider all studies
from all countries worldwide. Fourth, the review process also
did not include gray literature.
The present meta-analysis analyzed SGLT2 inhibitors and

dual SGLT1/2 inhibitors as supplementary therapy for patients
with type 1 diabetes, and proper subgroup analyses between
SGLT2 inhibitors and dual SGLT1/2 inhibitors were carried
out, showing the potential benefits of SGLT inhibitors, such as
better glycemic control. Furthermore, the present meta-analysis,
which provides strong evidence for oral medication for patients
with type 1 diabetes, reminds clinicians that such medications
should be used with caution in patients with ketosis. Finally,
our results are conducive to further exploration of oral drugs in
patients with type 1 diabetes.
In conclusion, SGLT inhibitors are associated with desirable

glycemic control, and the effects of SGLT2 inhibitors and dual
SGLT1/2 inhibitors were found to be consistent in the present
meta-analysis, except for the risk of genital infections. Aiming

to provide more solid evidence regarding the use of SGLT inhi-
bitors for the treatment of type 1 diabetes, larger-scale clinical
trials are required to further investigate the therapeutic value of
SGLT2 inhibitors, dual SGLT1/2 inhibitors and even SGLT1
inhibitors in patients with type 1 diabetes.
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Figure S1 | Forest illustration of body mass index and age subgroups meta-analysis on fasting plasma glucose and glycated hemo-
globin.
Figure S2 | (a) Heterogeneity of daily total insulin dose. (b) Heterogeneity of genital infection.
Figure S3 | Forest illustration of body mass index and age subgroups meta-analysis of insulin dose.
Figure S4 | Forest illustration of body mass index and age subgroups meta-analysis of diabetic ketoacidosis.
Figure S5 | Forest illustration of drug subgroup meta-analysis of genitourinary tract infections.
Figure S6 | Forest illustration of body mass index and age subgroups meta-analysis of genitourinary tract infections.
Figure S7 | Forest illustration of meta-analysis on diarrhea and hypoglycemia.
Figure S8 | Forest illustration of body mass index and age subgroups meta-analysis of hypoglycemia.
Table S1 | Quality assessment of included studies.
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