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ARTICLE INFO ABSTRACT
Keywords: Background: Empagliflozin, a sodium glucose cotransporter 2 inhibitor, is a medication to treat type 2 diabetes.
SGLT2 inhibitor The effect of empagliflozin in persons without diabetes has received less attention. Here we conducted a ran-
Viscerall fat domized, double-blind placebo-controlled clinical trial to examine the effect of empagliflozin on plasma tri-
¢ yeerot. glycerides in obese non-diabetic adults.
Triglycerides .. 2 is .

. Methods: Participants (n = 35; BMI > 30 kg/m*) underwent body composition assessments using MRI, and were
Glyceroneogenesis

NMR randomly assigned to either placebo or empagliflozin (10 mg/d) for three months. At the baseline and post-
treatment visit, after an overnight fast, blood was drawn for biochemical analysis. Participants received
[U-'3Cs]glycerol orally followed by multiple blood draws over 3 h to examine glycerol incorporation into tri-
glycerides using NMR spectroscopy.

Results: The changes in blood triglyceride concentration with empagliflozin therapy related to the mass of
baseline visceral adipose tissue (VAT; r = 0.53, p = 0.04). Empagliflozin slightly lowered triglycerides in obese
subjects with low VAT, but increased triglycerides in the subjects with high VAT. Consistently, empagliflozin
effectively suppressed triglyceride synthesis following [U-'3Cs]glycerol administration in the subjects with low
VAT (p < 0.05), but not in the subjects with high VAT. The subjects with high VAT lost body weight after three
months of empagliflozin treatment. In all subjects, about 20% of the triglyceride backbone originated from
mitochondrial metabolism of glycerol.

Conclusions: The effect of empagliflozin on triglycerides in obese adults differed depending on VAT. Empagli-
flozin suppressed triglyceride synthesis in the subjects with low VAT, but tended to increase triglycerides in those
with high VAT.

tissue [10]. VAT may play a particularly important role in glucose

1. Introduction production because it is metabolically highly active, and lipolysis in VAT
releases both glycerol and free fatty acids directly into the portal cir-
Obesity threatens public health throughout the world because it is a culation [11-13]. Thus, VAT provides an excellent substrate for gluco-
risk factor for the development of multiple chronic diseases [1-3]. neogenesis, glycerol, and a source of energy for the
Visceral adipose tissue (VAT), triglyceride deposits lining internal or- metabolically-expensive process of gluconeogenesis.
gans, strongly associates with metabolic syndrome, type 2 diabetes Sodium glucose cotransporter 2 (SGLT2) inhibitors were developed
mellitus (T2DM), hypertriglyceridemia, and cardiovascular disease to treat T2DM in combination with metformin or other conventional
[4-9]. Plasma triglycerides, VAT, lipogenesis and lipolysis are tightly antihyperglycemic drugs [14]. The inhibitors enhance glycosuria by
linked to glucose metabolism. Lipolysis occurs when blood glucose is preventing glucose reabsorption in the kidney [15-17]. The impact of
low while excess glucose is converted to triglycerides and stored as fatty SGLT2 inhibitors on glucose metabolism in diabetic patients has been
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Abbreviations

ALT alanine aminotransferase
BMI body mass index

FFAs free fatty acids

FGF fibroblast growth factor
HbAlc glycated hemoglobin

GK glycerol kinase

G3P glycerol 3-phosphate

MRI magnetic resonance imaging
NMR nuclear magnetic resonance
SAT subcutaneous adipose tissue
SGLT2  sodium glucose cotransporter 2
TCA tricarboxylic acid

T2DM  type 2 diabetes mellitus

TG triglycerides

VAT visceral adipose tissue

[Participants screened (n=44)]
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body fat content [25-27]. However, several earlier studies with diabetic
patients also reported dyslipidemia associated with SGLT2 inhibitor
therapy [28-30].

Empagliflozin is a highly selective inhibitor of SGLT2 [31]. Single
doses of empagliflozin inhibited up to 60% of filtered glucose reab-
sorption in healthy subjects [32]. Empagliflozin also increased
13CG-labeled glucose in blood after [U-'3Cs]glycerol ingestion in our
recent study with non-diabetic obese adults, suggesting reduced gluco-
neogenesis from unlabeled glycerol derived from VAT [33]. However,
little additional information is available regarding the effects of SGLT2
inhibitors in obese, non-diabetic subjects. Since we did not investigate
the impact of empagliflozin on triglycerides previously, we acquired
additional '3C nuclear magnetic resonance (NMR) spectra from the
non-aqueous metabolites in plasma to determine whether there is an
interaction between VAT and the effects of empagliflozin on plasma
triglyceride concentration. MRI was used to measure baseline VAT and
other aspects of body composition. NMR analysis was performed to
monitor triglyceride synthesis from orally-administered [U-'3Cs]glyc-
erol and to assess the glycerol metabolism through the TCA cycle in
mitochondria.

Fig. 1. Study procedures. (A) Participants (n =
40) were randomly assigned to either placebo or

lExcluded due to not meeting] empagliflozin. Three subjects from the placebo
inclusion criteria (n=4)

group and two from the empagliflozin group drop-

Randomized (n=40)

v
l Placebo (n=20) I Empagliflozin (n=20)

ped out, and 17 volunteers in the placebo group and
18 in the empagliflozin group completed the study.
(B) Participants made four visits with 4-week in-
tervals. At the first visit after an overnight fast, MRI
was performed for body composition measurement.

[Lost to follow-up (n=3)]<—

Blood was drawn for biochemical analysis, and

Diabetes at randomization (n=1) procedures with [U—13C3]g1ycer01 were performed.
Lost to follow-up (n=1)

Participants were assigned to either placebo or

v
l Analysed (n=17) | | Analysed (n=18) '

B. Study Timeline

empagliflozin. At the second and the third follow-up
visits, drug adherance and side effects were moni-
tored. At the last visit after an overnight fast, blood
was drawn for analysis and the procedures with
[U—13C3]glycerol were performed. (C) At the first

Visit #1 Visit #2 Visit #3 Visit#4  and the fourth visits, participants drank [U-'3Cs]

(1% day) (week 4) (week 8) (week 12)  glycerol-dissolved water and blood was drawn at
| | | | multiple time points (15, 30, 60, 90, 120, 150 and
I I | | 180 min) for NMR analysis of triglycerides.

Body composition Follow-up Follow-up Lab studies

MRI [U-12C;]glycerol

Lab studies

[U-13C,]glycerol o
| empagliflozin /placebo

I

C. Procedures with [U-13C;]glycerol

-15 0 +1 +2
I P | | |

+3 hr

| 7
meal overnight fast

vy

[**C;]glycerol

extensively studied [17-24]. They reduced fasting blood glucose and
glycated hemoglobin (HbAlc), and improved insulin sensitivity and p
cell function in diabetic patients. However, endogenous glucose pro-
duction was increased to compensate for glycosuria [17]. Lipid meta-
bolism with SGLT2 inhibitor therapy has been also investigated, but the
results are controversial. The inhibitors led to body weight loss, and
reduced VAT and liver fat in diabetic patients [18-22,24]. The loss of
blood glucose due to glycosuria is expected to increase glucagon secre-
tion, which stimulates fatty acid oxidation and consequently reduces

Voo

Blood draws at 15, 30, 60, 90, 120, 150 & 180 min

2. Methods
2.1. Research design

This study was approved by the Institutional Review Board at the
University of Texas Southwestern Medical Center, and it was registered
on ClinicalTrials.gov (ClinicalTrials.gov Identifier: NCT02833415).
Healthy adults with BMI > 30 kg/m? were recruited, but subjects with
chronic illness including T2DM were excluded. Among 40 qualified
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Table 1

Clinical characteristics of participants at baseline (1st visit).
Characteristic Placebo (n = Empagliflozin (n = P

17) 18)
Age (year) 53.1 +£2.2 50.4 + 2.3 0.421
Male/Female 6/11 7/11
Race (Black/White/Other) 7/9/1 5/11/2
Body weight (kg) 104.0 + 3.1 99.4 + 2.4 0.246
Body mass index (kg/m?) 36.5+ 1.1 35.6 + 0.8 0.522
Total body fat (%) 449 + 2.3 42.6 £ 2.1 0.467
Total body lean mass (%) 245 +1.1 258 +1.1 0.424
Visceral fat (kg) 5.4+ 0.5 5.5+ 0.6 0.902
Abdominal subcutaneous fat 144 +£1.1 121 +£1.1 0.150
(kg)

Liver fat (%) 9.0+ 1.8 10.5+ 1.7 0.539
Total thigh muscle (kg) 11.8 + 0.8 11.6 £ 0.7 0.882

Values are mean + SE.

participants initially, 35 volunteers (ages, 43-59 years; BMI, 32-40 kg/
m?% 13 males and 22 females; 20 Caucasians, 12 African Americans and
3 others) completed this study (Fig. 1A and Table 1). The details of
demographic and clinical characterization of participants were reported
previously [33]. Each volunteer provided written informed consent
prior to participation and visited four times spaced four weeks apart
over three months (Fig. 1B). At the first visit after an overnight fast, body
composition assessments were performed [33]. An intravenous catheter
was positioned in an antecubital vein and blood was drawn for
biochemical analysis at baseline. Participants ingested [U-'3Cz]glycerol
(99%; Cambridge Isotope Laboratories, Tewksbury, MA; 50 mg/kg body
weight) dissolved in water at 9:30 a.m. followed by a series of blood

A TG-glycerol C1&C3 (NMR)

TG-['3Cs]glycerol
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fatty acid gsterification

GK
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=
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draws at 15, 30, 60, 90, 120, 150 and 180 min after the oral adminis-
tration (Fig. 1C). At each time point, 40-mL of blood was drawn and
blood was immediately centrifuged. Plasma was stored at —80 °C prior
to further processing. Participants were randomly assigned to either
empagliflozin (orally; 10 mg once daily; Boehringer Ingelheim, Ger-
many) or placebo. The assignment was blinded to participants and in-
vestigators until all study procedures and data acquisition were
completed. At the second and third visits, drug adherence and any
adverse effects were assessed. At the fourth visit after an overnight fast,
blood was drawn for analysis and the same procedures with [U—13C3]
glycerol were performed completing the whole study.

2.2. Body fat measurement

Body fat assessment was performed at the first visit and the details
were reported previously [33]. Briefly, the assessment was performed
using a Philips Achieva 3T MRI scanner (Philips Healthcare, Amsterdam,
Netherlands) with the dual-echo Dixon Vibe protocol covering from the
neck to knees, and multi-echo Dixon acquisition for fat assessment in the
liver. A 16-channel SENSE XL Torso coil was used for the images of the
liver and a body coil for the rest of the body. Image data were analyzed
for VAT, liver fat and abdominal subcutaneous adipose tissue (SAT)
using AMRA Profiler Research (AMRA Medical AB, Linkoping, Sweden)
[34-37].

2.3. Lipid extraction and NMR spectroscopy

Plasma (3 mL) was transferred into a 20-mL glass vial containing a
mixture of chloroform and methanol (2:1; 12 mL). The mixture was

Fig. 2. Glycerol incorporation to triglycerides.
(A) Glycerol in the liver is converted to glycerol 3-
phosphate (G3P), a necessary intermediate for
fatty acid esterification. [U-'>Cslglycerol direct
incorporation through this process produces tri-
glycerides containing triple-labeled glycerol back-
bone (i.e., TG-[13C3] glycerol). (B) A fraction of
glycerol enters glycolytic pathways followed by the
TCA cycle where carbons from [U-'2Cz]glycerol are
scrambled, which generates 13C.double labeled tri-
oses that can be further converted to G3P for fatty
acid esterification. [U—13C3]glycer01 indirect
contribution to triglycerides through the TCA cycle
produces double-labeled glycerol backbone (i.e.,
TG—[13C2]glycerol). A doublet (D) at TG-glycerol C1
& C3 (62.2 ppm) is the signal from both TG-['3C3]
glycerol and TG-['3C,lglycerol. In contrast, a
doublet at TG-glycerol C2 (69.1 ppm) is the signal
from TG—[13C2]glycerol while a triplet (T) is the
signal from TG-[13C3]glycer01 only. (C-D) Accord-
ing to '3C NMR of TG-glycerol, empagliflozin
treatment reduced plasma triglycerides in a subject
with low VAT (1.9 kg) after [U-'3Cs]glycerol
administration while it increased the triglycerides
in a subject with high VAT (5.4 kg). A singlet (S) at
TG-glycerol C1&C3 reflects the concentration of
triglycerides and all spectra were derived from
blood drawn at 180 min after oral administration of
[U-'3C;]glycerol. Signals can be directly compared
because they are scaled to an internal standard. GK,
glycerol kinase; open circle = 2C; black circle =

13¢; blue circle = 13C after metabolism through the
I TCA cycle. (For interpretation of the references to

relative intensity (CDClsreference)

ekl

AL Lo L TR MhL :

colour in this figure legend, the reader is referred to
L the Web version of this article.)
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stirred for 30 min, centrifuged at a low speed, and the bottom chloro-
form layer was transferred to a new glass vial. The extraction was
repeated after adding chloroform (8 mL) to the mixture in the first vial.
After stirring and centrifugation, the chloroform layer was transferred
and combined with the first one. Lipids extracted using chloroform were
dried under vacuum with a liquid nitrogen trap. Dried lipids were dis-
solved in deuterated chloroform (CDCl3, 170 pL), and transferred to a 3-
mm tube for NMR acquisition.

NMR spectra of lipids were collected using a 14.1T spectrometer
(Varian INOVA, Agilent, Santa Clara, CA) equipped with a 3-mm
broadband probe with the observe coil tuned to 13¢ (150 MHz).
Spectra were acquired using a 60° pulse, a 36,765-Hz sweep width,
110,294 data points and a 1.5-sec acquisition time with 1.5-sec inter-
pulse delay at 25 °C. Proton decoupling was performed using a standard
WALTZ-16 pulse sequence. Spectra were averaged at least 8000 scans
requiring 7 h. All NMR spectra were analyzed using ACD/Labs NMR
spectral analysis program (Advanced Chemistry Development, Inc.,
Toronto, Canada).

2.4. NMR analysis of triglycerides

Plasma lipids were analyzed using 1>C NMR focusing on the glycerol
backbone of triglycerides (i.e., TG-glycerol), as reported previously
[38]. Glycerol in the liver is phosphorylated via glycerol kinase to
generate glycerol 3-phosphate, the required precursor for fatty acid
esterification producing triglycerides. Thus, the appearance of
13C-labeled glycerol in the backbone of triglycerides in plasma after
[U-'3Cslglycerol administration is evidence of hepatic triglyceride
synthesis from glycerol followed by triglyceride release into the circu-
lation. The triglyceride backbone may be derived from glycerol through
direct metabolism or indirectly via metabolism of glycerol through the
TCA cycle followed by resynthesis to glycerol 3-phosphate. These
pathways may be distinguished by '*C NMR spectroscopy as illustrate in
Fig. 2.

Total 3C-enrichment in the backbone of triglycerides was quantified
by '3C NMR analysis of TG-glycerol carbons 1 and 3 (C1 & C3) at 62.2
ppm (Fig. 2A). A doublet (D) in this region is the signal from tri-
glycerides containing [U-'3C51-, [1,2-13Cy]- or [2,3—13C2]glycerol, and
a singlet (S) is essentially from triglycerides with natural abundance
backbone (i.e., TG-[1—13C1] glycerol or TG-[3—13C1]g1ycerol). The total
13C-enrichment in TG-glycerol was calculated using the peak area of the
doublet assuming the singlet as natural abundance (1.1%). The absolute
concentration of TG-[13C]glycerol (i.e., triglycerides containing [13C2]-
or [*®Cs]glycerol) in plasma was calculated by multiplying fractional
enrichment and the concentration of triglycerides. Relative triglyceride
contents at different time points after [U-'3Cs]glycerol administration
were obtained using the singlet from TG-glycerol C1 & C3 normalized by
the peak area of CDCl3 solvent at 77.2 ppm in each spectrum.

Glycerol incorporation directly vs. indirectly through the TCA cycle
can be distinguished based on '3C-labeling patterns in TG-glycerol car-
bon 2 (C2) at 69.1 ppm (Fig. 2B). Direct incorporation of [U—13C3]
glycerol produces triglycerides with a triple-labeled backbone (i.e., TG-
[3Cslglycerol). Glycerol metabolism through the TCA cycle prior to
incorporation into triglycerides produces a double-labeled backbone (i.
e., TG-[13Cy]glycerol) due to 13C scrambling in the TCA cycle that pro-
duces double-labeled trioses [39]. In the 3¢ NMR spectrum of
TG-glycerol C2, a doublet (D) is the signal from TG-['3Cy]glycerol and a
triplet (T) is from TG-[13C3] glycerol. Thus, the doublet and the triplet
enable determination of glycerol metabolism to triglycerides via indirect
and direct pathways, respectively. A double-labeled backbone in tri-
glycerides is an index of mitochondrial biosynthetic function.

2.5. Biochemical assays

Assays for plasma insulin, HbAlc, TG, adiponectin, C-reactive pro-
tein, alanine aminotransferase (ALT), norepinephrine, free fatty acids

Metabolism Open 13 (2022) 100161

Table 2
Biochemical characteristics of participants at baseline (1st visit, v1) and the final
visit (4th visit, v4).

Assay Placebo (n = Empagliflozin (n = p
17) 18)
Adiponectin (mcg/mL) vl 71+1.1 8.4 +1.7 0.512
v4 81+16 7.5+ 1.0 0.708
ALT (U/L) vl 23.6 £28 2444+ 3.3 0.866
v4 209+1.8 21.0 £ 2.4 0.953
C-reactive protein (mg/ vl 1.2+0.6 0.5+0.1 0.213
dL)
v4 29+1.2 0.9 + 0.5 0.118
FFAs (mmol/L) vl  07+0.1 0.6 + 0.0 0.145
v4 0.6+0.1 0.6 +£ 0.1 0.610
FGF21 (ng/mL)" vl 1.02 + 0.15 1.22 £ 0.11 0.265
v4  1.45+0.26 1.18 £+ 0.20 0.423
Glucagon (pmol/L) vl 35+09 2.2+0.9 0.467
v4 39+1.0 2.7+ 0.6 0.278
Glucose (mmol/L)" vl 53+02 53+ 0.1 0.977
v4 54+0.1 52+0.1 0.178
Glycerol (ng/pL) vl 15.4 £ 0.9 17.6 £ 2.4 0.386
v4 15.7 £ 0.3 155+ 0.3 0.909
HbAlc (%) vl 59+0.1 5.6 + 0.1 0.073
v4 58=+0.1 54+0.1 0.012
HOMA-IR vl 3.6 £ 0.6 2.6 +0.4 0.183
v4 35+06 2.7 £ 0.5 0.344
Insulin (pIU/mL) vl 15.8 + 2.4 11.0+ 1.4 0.084
v4 145+ 2.5 114+ 1.8 0.333
Norepinephrine (pg/ vl 402 £ 50 400 + 41 0.975
mL)
v4 476 £ 102 439 + 60 0.640
Triglycerides (mmol/L) vl 1.31 £ 0.15 1.17 £ 0.13 0.474
v4 1.13+0.14 1.39 + 0.23 0.346

Values are mean =+ SE. Abbreviations: ALT, alanine aminotransferase; FFAs, free
fatty acids; FGF21, fibroblast growth factor 21; HbAlc, glycated hemoglobin;
HOMA-IR, homeostatic model assessment of insulin resistance.

# FGF21, n = 7-9 in each group.

> Glucose was measured twice.

and glycerol were performed by Quest Diagnostics (Irving, TX or San
Juan Capistrano, CA). Glucose was measured using the glucose oxidase
method (YSI 2300 Glucose Analyzer; GMI, Inc). Glucagon and fibroblast
growth factor (FGF) 21 were measured using ELISA assay kits (Merco-
dia, Winston-Salem, NC, and Abcam, Cambrige, MA, respectively).

2.6. Statistical analysis

Linear correlation (two-tailed) between two variables was deter-
mined using Pearson correlation coefficient (r) and sample size. Com-
parisons between two data sets were made using a t-test (paired two
sample for means), where p < 0.05 (two-tailed) was considered signif-
icant. Data were expressed as mean + standard error.

3. Results
3.1. Biochemical variables in plasma

The average concentration of plasma triglycerides after empagli-
flozin treatment for 3 months remained unchanged. The concentrations
of other common variables in plasma including metabolites, hormones
and proteins were also essentially unchanged. There were no significant
differences in insulin, glucagon, C-reactive protein, adiponectin and
other biochemical assays (Table 2). Notably, however, HbAlc in the
empagliflozin group at the final visit was lower compared to the placebo
group (5.8 + 0.1% versus 5.4 + 0.1%, p = 0.012), but it was not
significantly lower than that at the first visit in the same group (5.6 +
0.1% versus 5.4 4+ 0.1%, p = 0.229).
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3.2. Changes in plasma triglycerides and body weight depending on VAT

Though the average concentration of plasma triglycerides in the
empagliflozin groups was similar with that of the placebo group at the
first or the final visit (Table 2), the triglyceride contents in individuals
were changed after empagliflozin treatment. Two examples are shown in
Fig. 2 with ®C NMR of the glycerol backbone of triglycerides from two
participants; one with 1.9-kg VAT (Fig. 2C) and the other with 5.4-kg
VAT (Fig. 2D). As noted, the singlet at TG-glycerol C1 & C3 reflects a
triglyceride pool. The peak area of the singlet from the subject with low
VAT was reduced after empagliflozin treatment while the singlet from
the other subject with high VAT was increased (Fig. 2C vs. 2D). Indeed,
the difference of triglycerides between post and pre empagliflozin
treatment (post — pre; ATG) positively correlated with baseline VAT (r =
0.533, p = 0.041; Fig. 3A). Such a correlation was not detected between
ATG versus abdominal SAT or between ATG versus liver fat (Fig. S1). In
the empagliflozin group, subjects with low VAT mostly lost triglycerides
while subjects with high VAT gained triglycerides after three-month
treatment. Consequently, ATG in the empagliflozin group with high
VAT was significantly higher than ATG in the same group with low VAT
(—0.11 + 0.05 versus 0.47 + 0.20 mmol/L; p = 0.031; Fig. 3B).

Since the effect of empagliflozin on the concentration of plasma
triglycerides correlated with VAT, data from low VAT (<5 kg) and high
VAT (>5 kg) are separately presented in this study. The levels of tri-
glycerides following [U-'3Cslglycerol administration gradually
increased over 3 h in most cases (Fig. 3C). However, triglycerides in the
subjects with low VAT after empagliflozin treatment were not increased,
and they were significantly lower compared to pre-treatment.

Triglycerides in the empagliflozin group with high VAT tended to in-
crease after treatment without statistical significance (Fig. 3C).

The body weight in the empagliflozin group after treatment tended
to be lower than that of the placebo group (p = 0.066; Fig. 3D).
Consistently, when VAT and the difference of body weight between post-
and pre-treatment (Abody weight) were plotted, many participants in
the empagliflozin group, notably subjects with high VAT, lost body
weight (Fig. 3E).

3.3. Effect of VAT on total glycerol metabolism to triglycerides

The total contribution of oral glycerol to triglycerides (i.e., TG-[13C]
glycerol), the sum of indirect and direct pathways of glycerol meta-
bolism, was not different between the placebo and empagliflozin groups.
As noted, the total contribution was calculated based on 13¢ NMR
analysis of TG-glycerol C1 and C3 (Fig. 4A). However, when stratified by
VAT mass, the empagliflozin group with low VAT tended to have lower
enrichment after treatment without statistical significance (Fig. 4B).
Furthermore, the absolute concentrations of TG—[13C]glycerol after
empagliflozin therapy substantially decreased among subjects with low
VAT and tended to increase in the group with high VAT (Fig. 4C). TG-
[*3Clglycerol in the placebo group remained unchanged after three
months regardless of VAT.

3.4. Effect of VAT on indirect glycerol metabolism to triglycerides

The contribution of oral glycerol to the glycerol backbone through
the TCA cycle was examined by analyzing the backbone C2 in
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triglycerides (Fig. 5A). In all subjects, regardless of therapy or VAT mass,
a significant fraction of glycerol contributing to the triglyceride back-
bone underwent metabolism through the TCA cycle prior to fatty acid
esterification. Specifically, the indirect glycerol contribution to tri-
glycerides based on TG-[13C,] glycerol appearance reached up to ~20%
at 3 h after [U—13C3]glycerol administration in all groups (Fig. 5B).
However, the absolute level of TG-[13C2]glycerol indicating [U—13C3]
glycerol contribution to triglycerides through the TCA cycle was
significantly reduced in the empagliflozin group with low VAT after
treatment (Fig. 5C). Similarly, TG-[13C3] glycerol produced through
glycerol direct incorporation was significantly suppressed in the empa-
gliflozin group with low VAT after treatment (Fig. 5D). Such suppression
was not detectable in the placebo group or in the empagliflozin group
with high VAT.

4. Discussion

This study demonstrated that the effect of empagliflozin on triglyc-
eride synthesis in non-diabetic adults with obesity differed depending on
baseline VAT. Empagliflozin tended to decrease plasma triglyceride
concentration in the subjects with low VAT, but to increase the con-
centration in those with high VAT. Notably, the subjects with high VAT
lost body weight after empagliflozin treatment. Glycerol incorporation
to triglycerides following [U-'3Cslglycerol administration decreased in
the empagliflozin group with low VAT while it tended to increase in the

group with high VAT. Consistently, both glycerol direct incorporation
and indirect incorporation through the TCA cycle to triglycerides
decreased after empagliflozin treatment in the subjects with low VAT.
Together these data demonstrated that treatment with empagliflozin for
three months suppressed triglyceride synthesis in obese adults with low
VAT and reduced lipid burden in the adults with high VAT evidenced by
body weight loss (Fig. 6).

The reduction in plasma triglycerides after empagliflozin treatment
was not a surprise because increased lipid utilization with SGLT2 in-
hibitor therapy is expected to compensate for glycosuria. From this
perspective, the trend of triglyceride gain in the empagliflozin group
with high VAT was unexpected and the finding seemed inconsistent with
well-known beneficial effects of SGLT2 inhibitors. However, the loss of
body weight was most noticeable in this population after treatment.
Earlier studies with diabetic patients also reported body weight control
and visceral fat decrease with empagliflozin therapy [18,23,40]. VAT is
known to be metabolically active with a rich vascular supply and can be
reduced by restricting caloric intake [41-43]. Since glycosuria also
limits calorie availability, we may speculate that the triglyceride in-
crease in this subgroup with high VAT was attributed to fat mobilization
and consequent triglyceride release into the circulation. In such a case,
the triglyceride gain in this study could be transient and extended
empagliflozin treatment may eventually ameliorate hyper-
triglyceridemia once excess fat in the abdomen is mobilized.

The current finding, triglyceride or body weight reduction after
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empagliflozin treatment, is important for two reasons. First, participants
were “healthy” adults with obesity, which are different from most earlier
empagliflozin studies with diabetic patients. As a SGLT2 inhibitor,
empagliflozin may lead to most noticeable changes with diabetic pa-
tients. Since the volunteers in this study were not hyperglycemic,
metabolic changes were expected to be subtle. Nonetheless, this study
found that empagliflozin relieved lipid burden in obese adults and its
effect depended on baseline VAT. Second, this study provided a clue why
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with low VAT while the synthesis tended to increase
in those with high VAT. Since the subjects with high
VAT lost body weight, the increased triglyceride
synthesis was presumably associated with visceral
fat lipolysis, releasing glycerol and fatty acids, to
compensate for glycosuria caused by empagliflozin.
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many earlier studies reported negative results regarding the impact of
empagliflozin on lipid metabolism [28-30]. The average concentration
of triglycerides in this study remained unchanged with empagliflozin
treatment, and even the tendency of increased triglycerides was
observed in subjects with high VAT. Obesity and high VAT are risk
factors for the development of T2DM [44], and the current finding from
obese adults with high VAT was actually quite consistent with negative
results from the earlier studies with diabetic patients. As noted, the
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tendency of increased triglycerides could be a consequence of lipid
mobilization because the corresponding subjects lost body weight.

Monitoring 13C-labeling patterns in the backbone of triglycerides
following [U-'3Cz]glycerol loading provided direct insight into a series
of metabolic processes including hepatic triglyceride synthesis through
fatty acid esterification and triglyceride release into the circulation.
Triglyceride contents and the glycerol incorporation to triglycerides
were consistently reduced in obese adults with low VAT after empagli-
flozin treatment. In addition, glycerol direct and indirect incorporation
to triglycerides were conveniently distinguished based on TG-glycerol
C2 analysis. As noted, double-labeled backbone in triglycerides (TG-
[3Cy)glycerol) reflects the glycerol metabolism through the TCA cycle
prior to triglycerides. This process, termed glyceroneogenesis, shares
metabolic pathways with gluconeogenesis including pyruvate carbox-
ylase and phosphoenolpyruvate carboxykinase in the liver. Hepatic
gluconeogenesis from the TCA cycle is the major contribution to
endogenous glucose production in the body, and empagliflozin and
other SGLT2 inhibitors were reported to increase the production in
diabetic patients [45,46]. Here again we see some consistency between
earlier studies with diabetic patients and the current study with obese
adults with high VAT because of the tendency of increased glycer-
oneogenesis detected in the subjects with high VAT after empagliflozin
treatment.

Interestingly, 13C-enrichments in triglycerides in the low VAT groups
were high at 60-90 min while the enrichments in the high VAT groups
peaked somewhat later, at 90-120 min after the administration of
[U—13C3] glycerol (Fig. 4B). This could be attributed to slower [U—13C3]
glycerol absorption in the high VAT groups. However, a delay in the
uptake of glycerol by the intestine or the liver in the high VAT groups is
not likely because plasma glycerol concentrations between the low
versus high VAT groups were similar after the glycerol loading (Fig. S2).
In addition, the absolute concentrations of C-labeled triglycerides at
60 min were actually similar between the low and the high VAT groups
(Fig. 4C), and the concentrations after 90 min were higher in the high
VAT groups. Consistent with this interpretation, an earlier rodent study
found that glycerol uptake by the liver was actually increased in obese
animals [47]. Thus, a slower uptake by the intestine or the liver does not
explain the delay of peaks in 13C-labeled triglycerides. Related with the
delay, changes of total triglyceride contents after the glycerol loading
also differed between the low versus the high VAT groups (Fig. 3C). The
high VAT groups showed steadily increasing total triglycerides up to
180 min while the low VAT groups reached plateau at ~90 min. This
kind of sluggish response in plasma triglycerides seems more likely a
consequence of dysregulated triglyceride metabolism after the glycerol
uptake. Obviously, as noted, fatty acid esterification in the high VAT
groups tended to increase as evidenced with enhanced '3C-labeld tri-
glycerides in plasma (Fig. 4C). The delay could be also related with
reduced triglyceride utilization in the association with impaired fatty
acid oxidation in periphery.

In summary, empagliflozin showed distinctive effects on lipid
metabolism in obese non-diabetic adults depending on VAT. It sup-
pressed triglyceride synthesis in the subjects with low VAT and led to
body weight loss in those with high VAT. The tendency of increased
triglycerides in the latter could be transient in association with VAT
mobilization. In addition to the well-known role of empagliflozin in
glycemic control for diabetic patients, this study demonstrated that it
could benefit adults with obesity by ameliorating lipid burden. Three-
month treatment in the current study was rather short and the long-
term impact of empagliflozin on lipid metabolism in this population
remains to be investigated.
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