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Abstract

Objective: The use of sodium-glucose co-transporter 2 inhibitors (SGLT2is) may be associated
with ketoacidosis. Therefore, the associated risk factors should be identified. In particular, infor-
mation regarding the effects of the co-administration of anti-diabetic drugs is lacking.
Methods: We performed a retrospective study of 68 consecutive patients with diabetes who
were taking an SGLT2i and attending a single medical center. After a period of treatment (median
78 days), their circulating ketone concentrations were measured. The concomitant use of other
anti-diabetic drugs was analyzed to identify independent risk factors associated with ketosis.
Results: Twenty-five participants were taking empagliflozin, 23 were taking dapagliflozin, and
20 were taking canagliflozin. During the treatment period, no ketoacidotic events were recorded
and their mean circulating ketone concentrations at the end of the study period were similar
(0.3 mmol/L in the empagliflozin group, 0.26 mmol/L in the dapagliflozin group, and 0.25 mmol/L in
the canagliflozin group). After adjustment for the use of anti-diabetic drugs, pioglitazone was
found to be independently associated with a risk of high circulating ketone concentration
(B value: 0.361, 95% confidence interval: 0.181-0.541).

Conclusion: SGLT2i-associated ketoacidosis was found to be infrequent, but the concomitant
use of pioglitazone was associated with a higher risk of ketosis.
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Introduction

Type 2 diabetes is a highly prevalent disease
in numerous ethnic groups, which makes it
important for physicians to be aware of the
possible side effects of the drugs used for its
treatment. Sodium-glucose co-transporter 2
inhibitors (SGLT2is) reduces blood glucose
concentration by inhibiting SGLT2 in the
proximal tubules of the kidneys, which
mediate the reabsorption of approximately
90% of the filtered glucose, thereby increas-
ing urinary glucose excretion. In May 2015,
the U.S. Food and Drug Administration
published a safety warning that the use of
SGLT2is might be associated with a higher
risk of diabetic ketoacidosis (DKA).!

Beyond its effect to increase glucose
excretion by the kidneys, SGLT2i also
induces the reabsorption of ketone bodies”
and inhibits SGLT?2 in the pancreas, result-
ing in greater secretion of glucagon by the
a-cells,® causing an increase in ketone body
production and a suppression of insulin
secretion.* As a result, the use of carbohy-
drates decreases and metabolism shifts
toward lipid oxidation, because the circulat-
ing concentrations of fatty acids and lipol-
ysis are increased. The concomitant
increase in lipolysis and decrease in the
insulin/glucagon ratio results in greater pro-
duction of ketone bodies in the liver.*?

In practice, only some of the patients
who take an SGLT2i develop DKA; there-
fore, there must be intrinsic risk factors for
the manifestation of DKA in patients
taking SGLT2is. Previous studies have
identified potential risk factors for DKA,

which are severe illness or surgical stress,
an inadequate dose or the withdrawal of
insulin, the restriction of dietary carbohy-
drate, a history of pancreatitis, alcohol
withdrawal, salicylate toxicity, off-label
use in patients with type 1 diabetes mellitus,
and dehydration.??*> During treatment with
SGLT2is, these risk factors are associated
with either altered glucose production or
greater lipolysis, which can induce the pro-
duction of ketone bodies. However, the
effects of the co-administration of other
anti-diabetic drugs on the incidence of
SGLT2i-associated DKA have not been
characterized.

It is important for clinicians to identify
drugs that pose a risk of DKA events
in patients who are being treated with
SGLT2is, but observational studies of
SGLT2i-associated DKA have yielded con-
flicting results, possibly because they were
limited by modest event sizes.® ' Given the
limitations of these previous studies, we
wished to further characterize the circulat-
ing ketone concentrations of patients
undergoing SGLT2i therapy in order to
better understand this potential drug
safety issue, with a focus on the effects of
the concomitant use of other anti-diabetic
drugs.

Materials and Methods

Participants

Consecutive patients with type 2 diabetes
who were undergoing treatment in the
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Endocrinology Outpatient Department of
Chang Gung Memorial Hospital between
July 2016 and September 2020 were
recruited. All the participants had been on
stable anti-diabetic therapeutic regimens for
at least 28 days, either with insulin, a
glucagon-like peptide 1 (GLP-1) analog,
or an oral anti-diabetic drug other than an
SGLT?2i, but because of poor glycemic con-
trol, an SGLT2i had then been prescribed.
All of the participants underwent regular
follow-up during the study and none were
pregnant or had been diagnosed with end-
stage renal disease. In addition, none of
the participants had a known risk factor
for ketoacidosis (severe illness, surgery,
or abnormal fasting behavior). The
Institutional Review Board of Chang
Gung Memorial Hospital approved the
study (No. 202101397B0) and its reporting
conforms to the STROBE guidelines."
Written informed consent was not required
for this retrospective study, in accordance
with national legislation and institutional
regulations.

Clinical characteristics of the participants

The clinical characteristics of participants,
including their age, sex, duration of diabe-
tes, body mass index, smoking and alcohol
drinking habits, and the presence of comor-
bidities such as hypertension, dyslipidemia,
coronary heart disease, heart failure, and
cerebrovascular accidents were recorded at
the clinic visit when their SGLT2i treatment
was started. Laboratory measurements to
assess glycemic control, circulating lipid
profile, circulating liver enzyme activities,
and renal function were made on the day
of enrolment and after a period of treat-
ment with the SGLT2i (median duration:
78 days; range: 33-162 days). On the last
day of this period of treatment, their
circulating ketone concentration was mea-
sured using an Optium Xceed (Abbott
Laboratories, Chicago, IL, USA), which

3
quantifies serum p-hydroxybutyrate
concentration with a coefficient of

determination of 0.989 (P<0.001).'*"* The
other anti-diabetic drugs that were being
co-administered during the treatment
period were sulfonylureas, metformin, acar-
bose, a glinide, pioglitazone, a dipeptidyl
peptidase-4 inhibitor (DPP4i), a GLP-1
analog, and insulin.

Statistical analysis

Comparisons between participants taking
the three groups of SGLT2is were per-
formed using Pearson’s chi-square test for
categorical data or the Kruskal-Wallis H
test for continuous data, as indicated.
Paired sample -tests were used to compare
the biochemical data across the treatment
period. Drug-related factors and the clinical
characteristics of the participants were
entered into linear regression models to
identify independent risk factors for high
serum ketone concentration in patients
taking an SGLT2i. The B values and 95%
confidence intervals for the correlations with
circulating ketone concentration associated
with the various concomitantly administered
anti-diabetic drugs are presented as forest
plots. Statistical analyses were performed
using SPSS for Windows, version 19.0
(IBM Corp., Armonk, NY, USA).

Results

Characteristics of the participants
taking SGLT2is

Sixty-eight consecutive patients with type 2
diabetes were recruited, all of whom had
been on stable anti-diabetic therapeutic reg-
imens for at least 28 days (median: 275.5
days, range: 281285 days). Of these partic-
ipants, 25 were taking empagliflozin,
23 were taking dapagliflozin, and 20 were
taking canagliflozin. All the participants
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complied well with their medication regi-
men throughout the study period.

A comparison of the clinical character-
istics of the participants taking each
SGLT?2i is shown in Table 1. The ages of
these groups of participants differed; the
youngest group were those taking dapagli-
flozin, with mean age of 49.3 years, fol-
lowed by the empagliflozin group (mean
age 54.21) and the canagliflozin group
(mean age 59.61). However, the mean dura-
tions of diabetes of these three groups were
similar, with a range of 8.03-9.84 years
(P=0.566). There was a slight predomi-
nance of men in all the groups (50%-—
69.6%, P=0.343). The prevalence of
hypertension was the highest for all the
co-morbidities in all three groups, at 68%
to 85% (P =0.397), followed by that of cor-
onary heart disease (13%-25%, P=0.569),
whereas cerebrovascular accidents and heart
failure were rare. The participants in the
three groups had similar baseline laboratory
data, including signs of inadequate glycemic
control, with a pre-meal glucose concentra-
tion of 8.451mmol/L to 8.692mmol/L
(P=0.992) and a glycated hemoglobin
(HbAlc) of 8.19% to 8.97% (P=0.22).
They had normal estimated glomerular fil-
tration rates  (93.37-102.65 mL/minute/
1.73m? P=0.447), slightly high alanine
aminotransferase (ALT) activity (41.65—
53.92U/L, P=0.79), and dyslipidemia.

Concomitant anti-diabetic drug use

The dosage regimens for the other anti-
diabetic drugs administered during the
study period did not change and are
shown in Table 2. The proportions of the
participants that were taking concomitant
anti-diabetic drugs were similar among the
three groups, with the exception of DPP4is.
Approximately 56% to 70% of the partic-
ipants were taking a sulfonylurea (median:
two doses per day, range: 0.5-4 doses; with
the doses being glipizide 5mg, glyburide

Smg, gliclazide 30mg, and glimepiride
2mg), 85% to 100% were taking metformin
(median: 1500mg per day, range: 500—
2700 mg), 4.3% to 16% were taking piogli-
tazone (median: 15mg per day, range: 15—
30mg), and 30% to 36% were undergoing
insulin therapy (median: 20 IU per day,
range: 8-114 TU). A DPP4i (dosage: one
dose per day of sitagliptin 100 mg, saxaglip-
tin Smg, linagliptin S5mg, or vildagliptin
100 mg) was being administered to 16% of
the participants in the empagliflozin group
and 35% in the dapagliflozin group, but to
none in the canagliflozin group. The other
anti-diabetic drugs, including acarbose
(median: 100mg per day, range: 100-
300mg), a glinide (dosage: mitiglinide
30mg per day), and a GLP-1 analog
(dosage: liraglutide 1.2mg per day), were
being used by <10% of the participants in
each of the three groups.

Serum biochemistry

After the treatment period, all the partici-
pants showed improvements in glycemic
control, with decreases in pre-meal glucose
concentration (from 8.569 to 8.061 mmol/L,
P=0.280) and HbAlc (from 8.70% to
8.36%, P=0.008), and a trend toward a
decrease in ALT activity (from 48.92 to
38.75U/L, P=0.084). However, their
renal function and lipid profiles remained
the same (Table 3). The mean serum
ketone concentrations at the end of the
study were similar (0.3 [0.2, 0.35]mmol/L
for the empagliflozin group, 0.26 [0.2, 0.3]
mmol/L for the dapagliflozin group, and
0.25710.1, 0.38] mmol/L for the canagliflozin
group). Seven participants (three in the
empagliflozin group, one in the dapagliflo-
zin group, and three in the canagliflozin
group) had ketone concentrations above
the normal range (<0.6 mmol/L), although
none of the participants developed symp-
toms or signs of DKA during the study
(Figure 1).
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Table 2. Comparison of the concomitant use of anti-diabetic drugs in the three SGLT2i groups.

Empagliflozin Dapagliflozin Canagliflozin
Medication group (n=25) group (n=23) group (n=20) P-value
Sulfonylurea 14 (56%) 15 (65.2%) 14 (70%) 0.608
Metformin 22 (88%) 23 (100%) 17 (85%) 0.175
Acarbose I (4%) 2 (8.7%) 2 (10%) 0.712
Glinide I (4%) 0 (0%) I (5%) 0.579
Pioglitazone 4 (16%) | (4.3%) 1 (5%) 0.281
DPP4i® 4 (16%) 8 (34.8%) 0 (0%) 0.011
GLP-1° analog I (4%) 0 (0%) 0 (0%) 0418
Insulin 9 (36%) 7 (30.4%) 7 (35%) 0912

Data are number (percentage).
DPP4i, dipeptidyl peptidase-4 inhibitor; "GLP-I, glucagon-like
inhibitor.

Table 3. Biochemical parameters before and after the

peptide |; SGLT2i, sodium-glucose co-transporter 2

period of treatment with an SGLT2i.

Before After P value
Pre-meal glucose (mmol/L) 8.569 (2.902) 8.061 (2.981) 0.280
HbAlc (%) 8.70 (1.50) 8.36 (1.53) 0.008
ALT (U/L) 48.92 (51.65) 38.75 (28.56) 0.084
eGFR (mL/minute/1.73 m?) 96.50 (30.91) 96.20 (31.79) 0.848
Cholesterol (mmol/L) 4.540 (0.834) 4.539 (0.787) 0.996
Triglyceride (mmol/L) 2.581 (2.450) 2.521 (2.163) 0.695
HDL-cholesterol (mmol/L) 1.079 (0.267) 1.081 (0.261) 0.924
LDL-cholesterol (mmol/L) 2.622 (0.637) 2.642 (0.630) 0.750

N = 68. Data are mean (standard deviation).

HbA ¢, glycated hemoglobin; ALT, alanine aminotransferase activity; eGFR, estimated glomerular filtration rate; HDL,

high-density lipoprotein; LDL, low-density lipoprotein; SGLT2i,

Effects of concomitant anti-diabetic
drug treatment on the circulating
ketone concentration

Figure 2 shows a forest plot of the effects of
each anti-diabetic drug on the serum ketone
concentration, established using linear
regression modeling. After adjustment for
the anti-diabetic drug used, pioglitazone
was found to be the only concomitantly
administered drug that independently
increased serum ketone concentration,
with a B value of 0.361 and a 95% confi-
dence interval of 0.181 to 0.541. Figure 3
shows the forest plots for the effects of
each clinical characteristic and laboratory

sodium-glucose co-transporter 2 inhibitor.

parameter on the serum ketone concentra-
tion, established using linear regression
modeling. High-density lipoprotein (HDL)-
cholesterol was found to be an independent
risk factor for high serum ketone concentra-
tion (B value: 0.017, 95% confidence inter-
val: 0.0003-0.0330).

Discussion

We did not identify any ketoacidotic events
among the 68 patients with diabetes that we
studied, which is consistent with the results
of a previous study showing that the inci-
dence of such events in patients taking
a SGLT2i in a real-world setting is
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Figure |. Serum ketone concentrations of participants after treatment with a sodium-glucose
co-transporter 2 inhibitor. The frequencies of each concentration are shown for participants who were
taking empagliflozin, dapagliflozin, or canagliflozin, and the entire cohort. Three patients taking empagliflozin,
one taking dapagliflozin, and three taking canagliflozin had serum ketone concentrations above the normal

range (<0.6 mmol/L).

rare (0.18%).'* Previous studies regarding
DKA in patients taking SGLT2is have
aimed to quantify the incidence, rather
than the actual ketone body concentrations.
To the best of our knowledge, the present
study is the first to evaluate the relationship
of the serum ketone concentration of patients
taking an SGLT2i with the use of concomi-
tant anti-diabetic drugs. In addition, we
directly measured f-hydroxybutyrate con-
centration, rather than using the conven-
tional nitroprusside test, which provides a
semiquantitative estimate of the acetoace-
tate and acetone concentrations but does
not recognize f-hydroxybutyrate, the main
contributor to DKA, and therefore this

represents a superior diagnostic test for
DKA. Only a few of the participants had
serum f-hydroxybutyrate concentrations
above the normal range, and no differences
in concentration were identified among par-
ticipants taking each of the three SGLT2is.

In the present study, we aimed to identify
concomitantly used anti-diabetic drugs that
represent risk factors for ketosis in patients
taking an SGLT2i. Of the medications con-
sidered, only pioglitazone was shown to be
associated with a significantly greater risk
of high serum ketone concentration and
none of the other drugs were associated
with lower risk. Although it has been sug-
gested that insulin and GLP-1 might reduce
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Medication Forest Plot B 95% Confidence Interval P value
Lower Limit ~ Upper Limit

Sulfonylurea - -0.023 —-0.129 0.083 0.67
Metformin - —0.052 —-0.235 0.131 0.57
Acarbose - —-0.174 —-0.367 0.019 0.076
Glinide - —0.107 —0.416 0.202 0.491
Pioglitazone - 0.361 0.181 0.541 <0.001
DPP4i = —0.012 —0.141 0.117 0.852
GLP-1 analog ] —0.042 —0.153 0.07 0.457
Insulin = —0.02 —0.434 0.395 0.925

-086 -0.3 0 03 0.6

Figure 2. Forest plot of the effects of each anti-diabetic drug on the serum ketone concentration of the
participants, determined using linear regression modeling. Pioglitazone had an independent effect on the
ketone body concentration (B value 0.361, 95% confidence interval 0.181-0.541).

GLP-1, glucagon-like peptide I.

ketone body production, because of their
counter-regulatory effect on glucagon,'”
we found no significant effects of insulin,
a sulfonylurea, a DPP4i, or a GLP-1
analog.

The mechanism of the association
between high ketone body concentration
and pioglitazone wuse remains unclear.
However, a role for peroxisome
proliferator-activated receptors (PPARs)
in the regulation of ketone body metabo-
lism has previously been shown.'®
In addition, adipocyte triglyceride lipase
(ATGL) may also be involved in the iden-
tified ketosis. SGLT2is mirror the effects of
the fasting state, even if patients do not sub-
stantially restrict their food intake.'” In the
fasting state, ATGL activity is high; there-
fore, larger amounts of triglyceride are

hydrolyzed in adipocytes, releasing free
fatty —acids into the circulation.'®
Pioglitazone activates PPARy, and to a
lesser extent PPAR«,' and in in vivo and
in vitro studies, PPARy agonists have been
shown to increase ATGL mRNA and
protein levels in pre-adipocytes and
mature adipocytes.’* ?* In addition, anoth-
er study showed that adipose ATGL
expression is increased by pioglitazone
treatment in humans.”> Therefore, the
co-administration of an SGLT2i and piogli-
tazone would facilitate the release of fatty
acids into the circulation of patients, and
these could be metabolized to form acetyl-
CoA, which can undergo mitochondrial
p-oxidation, ultimately generating ketone
bodies.>* Furthermore, the hepatic expres-
sion of ATGL and hormone-sensitive lipase
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Risk Factor Forest Plot
Age .
Male sex -
Body mass index -
Hypertension -
CHD -
CVA -
Heart failure =
AC sugar -
HbAlc -
eGFR .
ALT .
Cholesterol .
Triglyceride .
HDL .
LDL .

08 -04 0 0.4 0.8

9
B 95% Confidence Interval P value
Lower Limit ~ Upper Limit
0.002 —-0.007 0.011 0.653
0.059 —0.094 0.212 0.434
0.002 —0.012 0.015 0.822
—0.041 —0.207 0.125 0.613
—0.024 —-0.26 0.212 0.833
—0.109 —0.553 0.334 0.616
—0.064 —0.716 0.587 0.84
-0.001 -0.003 0.001 0.336
0.021 —0.044 0.085 0.511
0.002 —0.001 0.004 0.225
0.0001 —0.001 0.001 0.889
—0.001 —0.011 0.008 0.769
0.0002 —0.001 0.001 0.696
0.017 0.0003 0.033 0.046
0.00005 -0.009 0.01 0.992

Figure 3. Forest plot of the effects of each clinical characteristic and biochemical parameter on the serum
ketone concentration of the participants, determined using linear regression modeling. HDL-cholesterol
had an independent effect on the ketone body concentration (B value 0.017, 95% Cl 0.0003-0.0330).
CHD, coronary heart disease; CVA, cardiovascular accident; AC sugar, ante cibum (pre-meal) glucose
concentration; HbA ¢, glycosylated hemoglobin; eGFR, estimated glomerular filtration rate;

ALT, alanine aminotransferase activity; HDL, high-density lipoprotein-cholesterol; LDL, low-density

lipoprotein-cholesterol.

and f-oxidation have been shown to be sig-
nificantly increased by pioglitazone,*
which would facilitate the production of
ketone bodies.

The effects of concomitant anti-diabetic
drug administration on SGLT2i-associated
ketoacidosis had not previously been inves-
tigated. In the previous small studies of
SGLT2i-associated ketoacidosis, some of
the participants were taking pioglitazone,
but there was no analysis of potential
drug-drug interactions.?®*’

Another interesting but problematic
explanation of the present findings is that
there was a high HDL-cholesterol concen-
tration in association with the high serum
ketone concentration. A previous in vivo
study showed that the administration of
p-hydroxybutyrate affected the lipid profile
of the animals, notably by increasing HDL-
cholesterol concentration and reducing the
low-density lipoprotein-cholesterol/HDL-
cholesterol ratio, which suggests that
ketones may have similar effects to niacin
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on these parameters;” in another animal
study, an association was identified between
the low HDL-cholesterol and ketone body
concentrations that characterize mice defi-
cient in ATGL function.” We have not
identified a mechanism to explain the asso-
ciation of high HDL-cholesterol with
ketosis, and this represents a limitation of
the present study. However, the association
between the concentrations of ketone
bodies and HDL-cholesterol in the present
study was significant but weak (B value:
0.017, 95% confidence interval: 0.0003—
0.0330), and further investigation is
required to validate and dissect the mecha-
nism underlying this association.

The present study was limited by its
small size and the lack of measurement of
baseline serum ketone concentration, which
would have permitted a comparison of the
longitudinal changes. In addition, the high
ketone body concentration identified does
not necessarily imply an adverse reaction
to the co-administration of an SGLT2i
and pioglitazone. There is still disagreement
regarding the implications of high ketone
body concentrations: some investigators
have shown that ketone bodies are used as
an energy source in the diabetic or function-
impaired heart instead of glucose.’*?!
Furthermore, to determine whether the co-
administration of other oral anti-diabetic
drugs and SGLT2is can cause ketoacidosis,
the conditions in which this type of ketoa-
cidosis is likely to occur must be replicated
for the study to be valid. Therefore, we
chose circulating ketone concentration as
the endpoint of the study, rather than the
incidence of ketoacidotic events, in order to
identify risk factors for SGLT2i-related
ketosis.

In conclusion, this is the first study to
investigate the relationship between con-
comitant anti-diabetic drug wuse and
SGLT2i-related ketosis in patients with
type 2 diabetes. Pioglitazone was found to
be associated with high ketone body

concentrations in patients who were also
administered an SGLT2i.
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