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Combination of Linagliptin and Empagliflozin Preserves
Cardiac Systolic Function in an Ischemia-Reperfusion
Injury Mice With Diabetes Mellitus
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Abstract

Background: Sodium-glucose co-transporter 2 inhibitor (SGLT2i)
and dipeptidyl peptidase 4 inhibitor (DPP4i) are oral hypoglycemic
agents. Although SGLT2i has been shown having the beneficial ef-
fects on heart failure in basic and clinical studies, the combined ef-
fects of SGLT2i and DPP4i have not been established well. We inves-
tigated the effects of SGLT2i and DPP4i against diabetes mice model
of myocardial ischemia-reperfusion injury.

Methods: Streptozotocin-induced diabetic C57BL/6J mice were di-
vided into control (vehicle), empaglifiozin (30 mg/kg/day), linaglip-
tin (3 mg/kg/day) and combination (30 mg/kg/day and 3 mg/kg/day,
respectively) groups. After 7 days of drug administration, 30 min of
myocardial ischemia was performed. We investigated body weight,
heart weight, blood glucose, and cardiac functions by pressure-vol-
ume Millar catheter followed by 28 days of additional drug admin-
istration.

Results: Blood glucose levels, body weight, and heart weight were
not significantly different between the groups. In Millar catheter
analysis, left ventricular volume at the peak left ventricular ejection
rate which is one of the cardiac systolic parameters in combination
group was significantly preserved than that in control (P = 0.036).
The cardiac index in the combination group tended to be preserved
compared to that in the control (P = 0.06). The pathological fibrotic
area in the left ventricle in the combination group also tended to be
smaller (P = 0.08).
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Introduction

Sodium-glucose co-transporter 2 inhibitor (SGLT21i) is an oral
hypoglycemic agent blocking reabsorbs of filtered glucose [1].
Sodium-glucose co-transporter 2 in the proximal tubule of the
kidney reabsorbs 90% of filtered glucose and was augment-
ed by hyperglycemia condition. SGLT2i prompts improving
beta cell function and enhanced insulin sensitivity in liver and
muscle [1]. Empagliflozin, which is one of SGLT2i, reduced
primary composite cardiovascular outcome including death
from cardiovascular causes, nonfatal myocardial infarction, or
nonfatal stroke, and death from any cause with type 2 diabe-
tes patients at high risk for cardiovascular events (EMPA-REG
OUTCOME) [2]. The cardiovascular protective effect of em-
pagliflozin has been expected an osmotic diuretic effects by
promoting excretion of urine glucose [1], but many researchers
suggest the other cardiovascular protective effects such as an-
ti-fibrosis, anti-inflammation, improvement of mitochondrial
function and endothelial dysfunction [3-8].

Dipeptidyl peptidase 4 inhibitor (DPP4i) is an oral anti-
hyperglycemic drug which blocks degradation of incretins
including glucagon-like peptide-1 and glucose-dependent
insulinotropic polypeptide. Incretins are secreted by gastro-
intestinal tract into blood after food ingestion, and cause in-
creased insulin secretion and decreased glucagon secretion by
the pancreas [9]. Linagliptin, which is one of DPP4i, shows
cardioprotective effects including anti-inflammation and anti-
remodeling in basic studies [10-13], and randomized, double-
blind, placebo-controlled clinical trial to explore the effect of
linagliptin on left ventricular (LV) systolic function in type 2
diabetes patients in primary prevention regardless of glycemic
control (DYDA 2™ trial) is ongoing [14].
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Combination therapy with empagliflozin and linagliptin
is effective for diabetes mellitus because the two drugs have
different actions for diabetes mellitus [15, 16]. The action of
empagliflozin is removing glucose through the urine, and the
action of linagliptin is increasing insulin secretion and de-
creasing the levels of glucagon in the circulation [15]. Geni-
tal infections associated with SGLT-2i were reduced by added
DPP4i, because of a better glucose control [17]. Besides the
effect for diabetes mellitus, combination of empagliflozin and
linagliptin improves hypertension and vascular function in
type 2 diabetes [18], attenuates neointima formation after vas-
cular injury in diabetic mice [19], and prevents steatohepatitis
in mouse model of non-alcoholic steatohepatitis and diabetes
[20]. However, the effect of combination therapy for myocar-
dial ischemia-reperfusion injury with diabetes mellitus has not
been established well. In this research, for the first time, we
investigated the effect of empagliflozin and linagliptin on the
mice model of myocardial ischemia-reperfusion injury with
diabetes mellitus.

Materials and Methods

Ethics

All procedures conformed to the Guide for the Care and Use
of Laboratory Animals of the Institute of Laboratory Animal
Resources. All experimental protocols were approved by
the Animal Care and Use Committee of Fukuoka University
(#1805007).

Male C57BL/6J mice were purchased from Japan SLC,
Inc. (Japan). Mice were housed in a climate-controlled vivari-
um with 12 h day/night cycles with food and water ad libitum.
After 1 week housing, 8 - 10 weeks old mice were infused 150
mg/kg streptozotocin intraperitoneally [21]. We determined
more than 300 mg/dL blood glucose level 7 days later as a
diabetic mouse (day 0). Beginning the next day, diabetic mice
were divided into control (vehicle), empagliflozin (30 mg/kg/
day), linagliptin (3 mg/kg/day) and combination (30 mg/kg/
day and 3 mg/kg/day, respectively) groups and started drug
administration by oral gavage. Empagliflozin and linagliptin
were kindly provided by Boehringer Ingelheim International
(Ingelheim, Germany). After 7 days drug administration, we
performed 30-min myocardial ischemia as previously de-
scribed [21] (day 7). Mice were anesthetized by inhalation
of 1.5% isoflurane, and they were placed on a heating mat to
maintain normothermia. Under the condition of positive pres-
sure ventilation with a ventilator (CWE, Inc., Ardmore, PA,
USA), the left anterior descending coronary artery was ligated
at the edge level of the left atrium with silk 6-0 sutures tied
transiently over PE10 tubing for 30 min. Then the ligature was
released and the chest was closed. Followed by 28 days addi-
tional drug administration, cardiac function was evaluated by
a Millar catheter as previously described [21] (day 35). After
thoracotomy with anesthesia, the Millar conductance catheter
was inserted into the left ventricle from apical stab wound
made by a 25-gauge needle. While the measurement was per-
formed, ventilation was paused.
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Blood glucose check

Blood glucose level was checked with using Glutest Ai and
Glutest Neo sensor (SANWA KAGAKU KENKYUSHO CO.,
LTD., Japan). We checked blood glucose level on day 0 for
diagnosis of diabetes mellitus, day 14, and day 35.

Evaluation of cardiac function

Millar conductance catheter (Integral 3model VPR-1003, Unique
Medical Co., Ltd., Tokyo, Japan) was used for evaluation of
LV function as previously described [21]. Maximum pressure,
minimum pressure, maximum volume, minimum volume, end-
systolic pressure, end-systolic volume, end-diastolic pressure,
end-diastolic volume, LV ejection fraction, stroke work, arterial
elastance, the maximum peak time derivative of LV pressure (dP/
dt max), the minimum peak time derivative of LV pressure, LV
diastolic time constant, and LV volume at the peak LV ejection
rate (dV/dt min) and at the peak LV filling rate were measured.
Stroke index or cardiac index was calculated by stroke volume
or cardiac output per body weight as previous reports [22, 23].

Histological analysis

The quantity of myocardial fibrosis was evaluated in Picro-
sirius red-stained heart sections as previously described [21].
LV tissue of mid-layer below the ligated area was fixed with
4% paraformaldehyde and stained by picrosirius red by Bio-
pathology Institute Co. (Oita, Japan). For each section, digital
photographs were taken and merged using a BZ-9000 series
All-in-one Fluorescence Microscope (Keyence Japan, Osaka,
Japan). The percentage of the fibrotic area in the left ventricle
was analyzed using Image J software (v1.47).

Quantitative reverse transcription-polymerase chain reac-
tion (RT-PCR) analysis

Gene expression levels were quantified by RT-PCR as pre-
viously described [21]. We investigated the apex area of left
ventricle. RiboPure RNA Purification Kit (Life Technolo-
gies, Carlsbad, CA, AUSA) and ReverTra Ace® qPCR RT Kit
(TOYOBO, Japan) were used for extracting total ribonucleic
acid (RNA) and producing complementary deoxyribonucleic
acid (cDNA), respectively. Quantitative RT-PCR was per-
formed with a 7500 Fast Real-Time PCR System (Applied
Biosystems) using a THUNDERBIRD® SYBR® qPCR Mix
(TOYOBO). The primers of transforming growth factor-
(forward: AGCTGCGCTTGCAGAGATTA, reverse: ATTC-
CGTCTCCTTGGTTCAGC), interleukin-6 (forward: TGTG-
CAATGGCAATTCTGAT, reverse: GGTACTCCAGAAGAC-
CAGAGGA), tumor necrosis factor-a (forward: AGCCCCCA
GTCTGTATCCTT, reverse: GGTCACTGTCCCAGCATCT
T), interleukin-1p (forward: CTCCAGCCAAGCTTCCTTGT,
reverse: ACAGGTCATTCTCATCACTGTCAA), and B-actin
(forward: GATCAAGATCATTGCTCCTCCTGA, reverse: AC
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Table 1. Blood Glucose Level and Heart Weight/Body Weight

Control (n = 6) Linagliptin (m=6) Empagliflozin (n =9) Combination (n = 7)

Blood glucose (mg/dL)
Day 0 397 £ 104 411 £ 106 441 £107 366+ 79
Day 14 598 £ 201 494 + 184 320 + 78%* 300+ 157*
Day 35 660 £ 206 549 £ 180 478 + 952 522 +£385
Heart weight/body weight on day 35 (%) 0.53 £0.04 0.50 +0.03 0.47 £0.06 0.48 £0.07

*P < 0.05, and 2P < 0.10 by one-way analysis of variance with post-hoc comparison using Dunnett’s test.

GCAGCTCAGTAACAGTCC) were investigated.

Statistical analysis

The continuous variables are expressed as mean =+ standard
deviation. Group differences were analyzed by one-way analy-
sis of variance with post-hoc comparison using Dunnett’s test.
Paired observations were analyzed by paired #-test. Statistical
significance was defined as a P value of < 0.05.

Results
Changes of blood glucose levels and body weight

Changes of blood glucose levels and heart weight/body weight
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were shown in Table 1. Blood glucose levels at baseline and
body weight were not significantly different between the
groups. On day14, blood glucose levels in empagliflozin and
combination groups were significantly lower than that in con-
trol group (empagliflozin vs. control, P = 0.006; and combina-
tion vs. control, P=0.005). On day 35, the differences of blood
glucose levels between the groups were lost, although the dif-
ference of blood glucose levels between empagliflozin and
control had a tendency (P = 0.06). The changes of body weight
in each group were not significantly different. On day 35, the
body weight, heart weight, and ratio of heart weight per body
weight, which is one of cardiac hypertrophic parameters, were
not significantly different compared to that in control group.

Millar conductance catheter analysis

LV systolic parameters were shown in Figure 1. DV/dt min

d e
(mmHg/sec) (mlisec)

1090 /gt max "1 avidt max

1.2
8000
1

6000 0.8

0.6
4000

0.4

2000
0.2

Empagliflozin
Empagliflozin

Combination
Combination

Control
Linagliptin
Linagliptin

0

-02

°
S
S
S
()

-2000

Linagliptin
Linagliptin

-0.4

Empagliflozin
Combination
Empagliflozin
Combination

-4000 06

-6000 08

-1

*

-8000
dP/dt min dV/dt min

Figure 1. Cardiac systolic parameters by Millar conductance catheter: (a) LV ejection fraction, (b) stroke volume, (c) cardiac in-
dex, (d) dP/dt, and (e) dV/dt were shown. LV: left ventricular; dP/dt max: the maximum peak time derivative of LV pressure; dP/dt
min: the minimum peak time derivative of LV pressure; dV/dt max: LV volume at the peak LV filling rate; dV/dt min: LV volume at
the peak LV ejection rate. The number of control, linagliptin, empagliflozin, and combination groups were 8, 7, 7, and 6, respec-
tively. *P < 0.05; #P < 0.10 by one-way analysis of variance with post-hoc comparison using Dunnett’s test.

Articles © The authors | Journal compilation © Cardiol Res and Elmer Press Inc™ www.cardiologyres.org 93



Linagliptin and Empagliflozin Protect Heart

Cardiol Res. 2021;12(2):91-97

Table 2. Millar Conductance Catheter Analyses Without LV Systolic Parameters

Control (n = 8)

Linagliptin (n =7)

Empagliflozin (n = 7)

Combination (n = 6)

75+ 26 98 + 38

55 9+4

0.035 £ 0.009 0.048 £ 0.008
0.024 £+ 0.008 0.032 + 0.009
69 + 27 94 + 39

0.024 £+ 0.008 0.034 £ 0.010
6+5 10+5

0.035 + 0.009 0.047 + 0.008
429+ 41 459+ 78
7,831 + 5,494 5,564 + 2,280
13+6 11+£6

P max (mm Hg) 91+£53 81+£8

P min (mm Hg) 10+ 19 6+6

V max (mL) 0.038 +0.009 0.041£0.010
V min (mL) 0.027 + 0.007 0.029 £ 0.007
ESP (mm Hg) 85+ 54 78 +9

ESV (mL) 0.028 +0.008 0.030 + 0.007
EDP (mm Hg) 11+19 8+6

EDV (mL) 0.037 +0.008 0.040 £ 0.008
HR (beats/min) 449 + 44 471 £25

Ea (mm Hg/mL) 9,156 + 5,541 7,344 £ 2,907
tau (ms) 1615 10+3

LV: left ventricular; P max: maximum pressure; P min: minimum pressure; V max: maximum volume; V min: minimum volume; ESP: end-systolic
pressure; ESV: end-systolic volume; EDP: end-diastolic pressure; EDV: end-diastolic volume; HR: heart rate; Ea: arterial elastance; tau: LV diastolic

time constant.

in combination group was significantly preserved than that in
control group (combination: -0.65 £ 0.25 mL/s, vs. control:
-0.35 £ 0.20 mL/s, P = 0.02). Cardiac index in combination
group tended to be preserved than that in control group (com-
bination: 0.34 + 0.17 mL/min/g, vs. control: 0.18 + 0.12 mL/
min/g, P = 0.06). On the other hand, the other LV systolic pa-
rameters including stroke index, LV ejection fraction, and dP/
dt max were not significantly different between combination
and control groups. Other parameters by Millar conductance
catheter were also of no significant difference between the
groups (Table 2).

The mRNA levels of various markers and anti-fibrotic ef-
fect of combination therapy with linagliptin and empagli-
flozin

The mRNA levels of various markers in left ventricle were
analyzed (Supplementary Material 1, www. cardiologyres.
org). The transforming growth factor-p and inflammatory
markers including interleukin-6, tumor necrosis factor-a,
and interleukin-1B were not significantly different between
the groups. The results of pathological fibrotic analysis were
shown in Figure 2. In picrosirius red staining, the ratio of fi-
brotic area per left ventricle in combination group tended to be
smaller than that in control group (combination: 6.7+4.6%, vs.
control: 12.1£5.2%, P = 0.08).

Discussion

In this study, for the first time, we investigated the effects of
combination therapy with linagliptin and empagliflozin against
myocardial reperfusion injury with diabetes mellitus model
mice. The combination group significantly preserved cardiac
systolic function and showed a tendency of anti-fibrotic effect
compared to control group independent of blood glucose levels.

The effect of combination therapy for myocardial is-
chemia-reperfusion injury with diabetes mellitus has not been
reported. The mechanisms of the combination therapy for
cardiovascular disease were unknown [24]. Myocardial rep-
erfusion injury model is useful for clinical situation in this
reperfusion era. We previously showed the effectiveness of an-
giotensin receptor neprilysin inhibitor against myocardial rep-
erfusion injury with diabetes with using this model mouse [21].
We could show the improvement of dV/dt min by combination
therapy, but not LV ejection fraction and dP/dt max. DV/dt
min is the peak of negative dV/dt which indicates LV volume
at LV ejection rate. Negative dV/dt was indicated as one of
LV systolic functions [25-27], and dV/dt min occurred during
the first third of systole [25]. Some reports were forcused on
LV volume in early phase of LV systole for LV function [28-
30]. Johnson et al reported about LV volume ejected in early
systole, and the volume of blood ejected in early systole was
indicated as the ventricular performance [29]. The greater vol-
ume change in the first third of systolic ejection indicated the
better ventricular performance. They discussed that a slow rate
of volume change in early systolic ejection which is equiva-
lent to reduction of dV/dt min is characteristic of depresses
ventricular performance. On the other hand, although positive
dV/dt which indicates LV volume at LV filling rate was also
reported the valuable for LV function [31] and load-independ-
ent LV function [32]; our study could not show the significant
improvement of dV/dt max by combination therapy. As one
of the reasons why combination therapy improved only dV/dt
min, dV/dt min might be more sensitive LV systolic parameter
than the other parameters. The dV/dt min reflects LV mobility,
because dV/dt min includes not only the volume change, but
also rate of volume change [33]. Second, dV/dt min is strongly
influenced by afterload. Combination therapy might reduce
afterload, because SGLT2i has an osmotic diuretic effects by
promoting excretion of urine glucose [1]. Since the reduction
of afterload induces an increase in cardiac index, cardiac index
tended to be increase in combination group. Since the dV/dt
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Figure 2. Representative photographs of picrosirius red-stained heart sections in (a) control, (b) linagliptin, (c) empagliflozin, and
(d) combination groups were shown. (e) The ratios of fibrotic area per left ventricle were shown. The number of control, linagliptin,
empagliflozin, and combination groups were 9, 10, 11, and 8, respectively. #P < 0.10 by one-way analysis of variance with post-

hoc comparison using Dunnett’s test.

min is one of established parameters of cardiac functions in the
early systolic ejection, we might have been able to observe the
significant reduction of dV/dt min before the improvement of
LV ejection fraction.

Combination therapy, but not monotherapy, induced the
significant reduction of dV/dt min. Although DPP4i improved
cardiac function through various DPP-4 independent mecha-
nisms including the attenuating oxidative stress [34] and stro-
mal cell-derived factor-1a [35], the effects of DPP4i were not
enough for improvement of cardiac function in our experimen-
tal models. The diuretic effects of SGLT21i in addition to these
effects of DPP4i might induce the beneficial effects of cardiac
performance in this study.

The damage by streptozotocin-induced diabetes mellitus
might be too strong in our models. Once, combination group
significantly reduced blood glucose compared to control group
on day 14, and after that the difference of blood glucose levels
between the groups was lost on day 35. Although streptozo-
tocin-induced diabetic mice were often used for type 2 dia-
betes mellitus research, it should be noted that the damage of
streptozotocin would change the dose, duration [36] and strain
[37]. A high single-dose streptozotocin causes rapid and mas-
sive B-cell necrosis leading to type-1 diabetes [38]. Combina-
tion therapy might be able to show the effect of improvement
of the other LV functional parameters under condition of low-
dose streptozotocin or shortening experimental period.

Conclusions

The combination therapy with linagliptin and empagliflozin
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significantly preserved cardiac systolic function and showed a
tendency of anti-fibrotic effect against myocardial reperfusion
injury with diabetes model mice independent of blood glucose
levels.

Supplementary Material

Suppl 1. Quantitative RT-PCR analysis.
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