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Abstract 

Sodium–glucose cotransporter 2 (SGLT2) inhibitors have exerted cardioprotective effects in clinical trials, but under-
lying mechanisms are not fully understood. As mitigating sympathetic overactivity is of major clinical concern 
in the mechanisms of heart failure treatments, we examined the effects of modulation of glucose handling 
on baroreflex-mediated sympathetic nerve activity and arterial pressure regulations in rats with chronic myocardial 
infarction (n = 9). Repeated 11-min step input sequences were used for an open-loop analysis of the carotid sinus 
baroreflex. An SGLT2 inhibitor, empagliflozin, was intravenously administered (10 mg/kg) after the second sequence. 
Neither the baroreflex neural nor peripheral arc significantly changed during the last observation period (seventh 
and eighth sequences) compared with the baseline period although urinary glucose excretion increased from near 0 
(0.0089 ± 0.0011 mg  min−1  kg−1) to 1.91 ± 0.25 mg  min−1  kg−1. Hence, empagliflozin does not acutely modulate 
the baroreflex regulations of sympathetic nerve activity and arterial pressure in this rat model of chronic myocardial 
infarction.
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Background
Sodium–glucose cotransporter 2 (SGLT2) inhibitors 
were developed to treat diabetes mellitus (DM), but 
they are now recognized as a new class of drugs to treat 
heart failure [1, 2]. The cardioprotective effect of SGLT2 
inhibitors has been demonstrated in several clinical trials 

(DAPA-HF [3], EMPEROR-Reduced [4], EMPEROR-Pre-
served [5]), but its exact underlying mechanisms of 
action are not fully understood. The mechanisms may 
be multifactorial, including glucotoxicity attenuation, 
improved cardiac loading conditions via the body fluid 
volume reduction, and improvements in cardiac metab-
olism [6–8]. Although the sympathoinhibitory effect of 
SGLT2 inhibitors may also help facilitate cardioprotec-
tion [9–13], whether SGLT2 inhibitors acutely modify 
systemic sympathetic nerve activity (SNA) remains to be 
clarified. SGLT2 is primarily expressed in renal proximal 
tubules [14], thus the potential sympathoinhibitory effect 
may be related to the suppression of sympathoexcitatory 
reflexes from the kidneys. Renal sensory nerve activation 
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can yield sympathoexcitatory reflexes in diseased kidneys 
while eliciting inhibitory renorenal reflexes in normal 
kidneys [15, 16].

Glucose reabsorption via SGLT2 depends on the sodium 
gradient across the plasma membrane, which is main-
tained by  Na+/K+ ATPase activity. Hence, glucose reab-
sorption is energy consuming. The ATP level in the renal 
proximal tubules decreases shortly after renal ischemia 
[17], indicating a high metabolic rate and limited ATP 
storage in proximal tubular cells. Increased organ work 
or oxygen deficiency may cause renal stress, thereby acti-
vating sympathoexcitatory reflexes. The glucose reab-
sorption by the proximal tubules increases as the filtered 
load is increased by either an elevation in plasma glucose 
concentration or an increase in glomerular filtration rate 
until it reaches a threshold [18]. Increases in the filtered 
load above this maximal reabsorptive capacity results in 
glucosuria. Hence, DM represents a pathological situation 
of increased organ work with the proximal tubular cells 
working at their maximum reabsorptive capacity. We have 
examined the acute effect of an SGLT2 inhibitor, empagli-
flozin, on the baroreflex open-loop static characteristics in 
Goto–Kakizaki diabetic rats [19]. The study revealed that 
intravenous empagliflozin administration did not acutely 
attenuate SNA despite a significantly increased urinary 
glucose excretion. Therefore, the possible sympathoinhibi-
tory effect of empagliflozin may be an indirect effect asso-
ciated with chronic improvements in renal energy status 
and general disease conditions.

The present study used a rat model of chronic myo-
cardial infarction (MI) to test the hypothesis that empa-
gliflozin acutely mitigates systemic sympathoexcitation. 
We employed an open-loop analysis of the carotid sinus 
baroreflex [20] because this method allows us to test the 
drug effect on SNA over a wide range of carotid sinus 
pressure (CSP). For instance, the sympathoinhibitory 
effect of a central antihypertensive, clonidine, is more 
evident in the low CSP (high SNA) range than in the high 
CSP (low SNA) range [21]. Generally speaking, heart 
failure causes renal hypoperfusion and induces potential 
tubular damages [22, 23]. If renal dysfunction in post-MI 
rats causes centrally-mediated systemic sympathoexci-
tation via renal afferent nerves, the inhibition of SGLT2 
might reduce energy consumption at the kidneys and 
attenuate the sympathoexcitatory reflexes, resulting in 
systemic sympathetic suppression.

Methods
Ethical approval
Male Wistar–Kyoto (WKY) rats were purchased from 
Japan SLC. The rats were cared for strictly following 
the Guiding Principles for the Care and Use of Animals 
in the Field of Physiological Sciences, which have been 

approved by the Physiological Society of Japan. The 
Animal Subjects Committee at the National Cerebral 
and Cardiovascular Center reviewed and approved the 
experimental protocols (No. 22033). As a reference, the 
data of body weight and heart weight obtained from age-
matched WKY rats used in another study (No. 23013) 
were reported. We also included the previously reported 
data of plasma creatinine concentration obtained from 
WKY rats with unilateral renal denervation [24] and 
Goto-Kakizaki diabetic rats [19].

Preparation
The proximal left coronary artery (before branching into 
the anterior descending and circumflex arteries) was 
permanently ligated with a 5–0 Prolene suture (Ethicon, 
Johnson & Johnson, NJ, USA) at 8 weeks of age follow-
ing a previously described procedure [25]. Of 30 rats that 
underwent coronary ligation, 12 survived for > 8  weeks 
and were subjected to an acute experiment described 
below, and the data from 9 rats were eventually analyzed 
because of the incomplete dataset.

The rats were anesthetized with an intraperitoneal injec-
tion (2 mL/kg) of a urethane (250 mg/mL) and α-chloralose 
(40  mg/mL) mixture. The anesthetic mixture was diluted 
18-fold with physiological saline and continuously infused 
via the right femoral vein (2  mL·kg−1   h−1). Ringer’s lactate 
solution was continuously infused (4 mL  kg−1  h−1) to main-
tain fluid balance. A respirator was used to ventilate the ani-
mals with oxygen-enriched air. Arterial pressure (AP) was 
measured from the right femoral artery. A cardiotachometer 
(AT-601G, Nihon Kohden, Japan) was used to determine the 
heart rate (HR) from the AP waveform. Central venous pres-
sure (CVP) was measured via a catheter inserted into the left 
femoral vein and advanced to the inferior vena cava. Body 
temperature was maintained between 37 °C and 38 °C using 
a heating pad and a lamp.

A left flank incision exposed the postganglionic branch 
of the splanchnic sympathetic nerve. A pair of stainless-
steel wire electrodes (AS633, Cooner Wire, CA, USA) 
was attached to the nerve and fixed with silicone glue 
(Kwik-Sil, World Precision Instruments, FL, USA). The 
electrical signal was band-pass filtered between 150 and 
1000  Hz, full-wave rectified, and low-pass filtered at a 
cut-off frequency of 30 Hz. A ganglionic blocker, hexam-
ethonium bromide (60  mg/kg), was administered at the 
end of the experiment to assess the noise level of SNA 
recording. The splanchnic SNA was chosen as a proxy of 
systemic SNA because the splanchnic vascular bed plays 
a substantial role in the systemic circulatory control [26].

The bilateral carotid sinus baroreceptor regions were 
isolated from the systemic circulation [27, 28], and a 
servo-controlled piston pump system (ET-126, Lab-
works, CA, USA) externally regulated CSP. Reflexes other 
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than the carotid sinus baroreflex were minimized by sec-
tioning the aortic depressor and vagal nerves in the neck 
region.

Urine was collected via polyethylene tubes (KN-
392-SP 8, Natsume, Japan) that were inserted into bilat-
eral ureters through a horizontal abdominal incision. 
The urine was accumulated on a balance dish, and urine 
volume (UV) was gravitationally assessed. The readout 
(resolution: 0.1  mg ≈ 0.1  μL) of an electronic balance 
(HR-150AZ, A&D Company, Japan) was recorded in syn-
chrony with the hemodynamic data [29].

The left renal artery was isolated by gently dissect-
ing the surrounding tissues. An ultrasonic flow probe 
(MA1PRB, Transonic Systems Inc., NY, USA) was 
attached to the renal artery to measure renal blood flow 
(RBF).

Protocol
CSP was decreased to 60  mmHg for five min and then 
increased stepwise up to 180  mmHg in increments 
of 20  mmHg every minute. The stepwise CSP input 
sequence was repeated and denoted as S1 through S8. 
Empagliflozin (MedChemExpress, NJ, USA) was dis-
solved in dimethyl sulfoxide (DMSO) at 10  mg/100  μL 
and diluted with polyethylene glycol and physiologi-
cal saline to a final concentration of 10 mg/mL (10% v/v 
DMSO, 45% v/v polyethylene glycol 200, and 45% v/v 
physiological saline). The empagliflozin solution was 
intravenously administered at 10 mg/kg (1 mL/kg, bolus) 
at 1 min after S2 completion [19].

Data analysis
The CSP, SNA, AP, HR, RBF, CVP, and UV data were 
stored on a laboratory computer system at 1000  Hz via 
a 16-bit analog-to-digital converter. Data were aver-
aged during the last 10  s of each step for each of the 
S1–S8 sequences to assess the open-loop static charac-
teristics of the carotid sinus baroreflex. Renal vascular 
resistance (RVR) was derived from RVR = (AP − CVP)/
RBF. Urine flow (UF) (in  μL/min) was derived from a 
1-min increment of UV. Then, normalized UF (nUF) (in 
μL   min−1   kg−1) was calculated from UF divided by the 
body weight of the rat. Urine samples were combined for 
two consecutive sequences for urinary glucose, sodium, 
and creatinine concentration measurements. The S1 and 
S2 sequences are referred to as the baseline (BL) period. 
The S3 and S4, S5 and S6, and S7 and S8 are referred to as 
T1, T2, and T3 periods, respectively. Further, the hemo-
dynamic data are reported as averaged values for BL, T1, 
T2, and T3 periods.

The SNA was normalized in each animal because the 
absolute amplitude of SNA significantly varied across 

animals depending on recording conditions. The value 
obtained after the ganglionic blockade was defined as 
0%, and the value corresponding to the CSP of 60 mmHg 
during BL was defined as 100%. Regardless of the nor-
malization, the acute effect of empagliflozin on SNA, if 
any, can be detected as the relative change from the BL 
value.

A four-parameter logistic function (Eq.  1) quantified 
the static characteristics of the baroreflex total arc (AP as 
a function of CSP), HR control (HR as a function of CSP), 
and the neural arc (SNA as a function of CSP) [20, 30]:

where P1 is the response range; P2 is the slope coefficient; 
P3 is the midpoint pressure on the CSP axis; P4 is the 
lower asymptote of the sigmoid curve.

Linear regression quantified the static characteristics of 
the baroreflex peripheral arc (AP as a function of SNA) 
(Eq. 2) [20]:

where b0 and b1 denote the intercept and slope, respec-
tively. The SNA–RVR relationship was likewise analyzed 
using linear regression.

The baroreflex equilibrium diagram was obtained by 
plotting the neural and peripheral arcs on a pressure ver-
sus SNA plane [31, 32]. The operating-point SNA and 
AP values were determined at the intersection point of 
the fitted neural and peripheral arcs on the equilibrium 
diagram.

The AP–nUF relationship during a stepwise CSP input 
approximated a straight line in our previous studies [24, 
29, 33]. The intercept (nUF-intercept) and slope (nUF-
slope) were estimated using linear regression. In addi-
tion, the following logarithmic function was adopted to 
quantify the AP–nUF relationship because the relation-
ship was slightly curvilinear in the lower AP range in the 
present dataset:

where  log10(·) is the common logarithm; G and x0 denote 
the gain and x-intercept, respectively.

Blood and urine samples
An arterial blood sample was obtained once at the end of 
the experiment. The plasma sample was frozen at −80 °C 
after centrifugation. Urine samples obtained during BL, 
T1, T2, and T3 periods were also frozen at −80 °C. Later, 
the glucose, sodium, and creatinine concentrations were 
measured by outsourcing (SRL Inc., Japan).

(1)y =
P1

1+ exp[P2(CSP − P3)]
+ P4

(2)y = b0 + b1x

(3)y = G log10(x − x0)
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The urinary glucose and sodium excretions were calcu-
lated from the product of the average nUF and the uri-
nary glucose and sodium concentrations, respectively. 
Creatinine clearance  (Ccr) was calculated as the value per 
kidney by halving the average nUF for compatibility with 
our previous reports [19, 24, 33, 34]. The plasma creati-
nine concentration was assumed to be unchanged signifi-
cantly throughout the experiment.

Statistical analysis
The final analysis excluded data from three rats due to 
trouble in the UV measurement and failure to obtain sta-
ble SNA and CVP recordings, respectively. Eventually, 
data from nine post-MI rats were analyzed. All data are 
expressed as mean ± standard error (SE) values. Time-
dependent changes in the baroreflex static characteristic 
parameters, urinary excretion-related data, and AP–nUF 
relationship parameters were analyzed using one-way 
repeated-measures analysis of variance (ANOVA) with 
the Greenhouse–Geisser correction, followed by Dun-
nett’s test (Prism 8, GraphPad Software, CA, USA). A 
nonparametric Mann–Whiney test [35] compared the 
plasma creatinine concentration with the values avail-
able from our previous reports, as a reference. P-values 
of < 0.05 in all the statistical analyses were considered sig-
nificant differences.

Results
Table 1 summarizes the body weight, heart weight (biven-
tricular weight), and normalized heart weight. The post-
MI rats demonstrated a range of cardiac remodeling. The 
absolute heart weight and normalized heart weight were 
significantly heavier in post-MI rats than those in age-
matched normal WKY rats subjected to experiments dif-
ferent from the present study (n = 5, age: 17.5 ± 0.7 weeks, 
P = 0.606; heart weight: 0.903 ± 0.018  g, P = 0.004; nor-
malized heart weight: 2.251 ± 0.043  g/kg, P < 0.001 by 
Mann–Whitney test). Further, Table  1 summarizes the 

concentrations of plasma glucose, sodium, and creati-
nine measured from the arterial blood sampled at the 
end of the experiment. The plasma creatinine concentra-
tion was significantly higher in post-MI rats than that in 
WKY rats with unilateral renal denervation [24] (n = 9, 
0.39 ± 0.02  pg/mL, P < 0.001 by Mann–Whitney test) or 
that in Goto–Kakizaki rats [19] (n = 7, 0.33 ± 0.05 pg/mL, 
P = 0.002 by Mann–Whitney test).

Figure 1 illustrates an example of time series obtained 
from one post-MI rat. The stepwise increase in CSP sup-
pressed SNA, followed by AP and HR reductions. RBF 
decreased as the AP decreased in this animal. CVP did 
not decrease with decreasing AP but demonstrated fluc-
tuations during low AP levels. The low AP might have 
caused respiratory center hypoperfusion and induced 
spontaneous respiratory activity, which affected CVP 
through intrathoracic pressure changes. Empagliflozin 
administration caused slight SNA, AP, and HR decreases, 
but the effects were transient. The SNA responses during 
T1, T2, and T3 were not significantly different from that 
during BL. The maximum AP increased during T1, but 
the increase subsided during T3. HR decreased, whereas 
RBF and CVP slightly increased after empagliflozin 
administration in this animal. Acute vertical changes in 
the UF plot were artifacts due to manual urine remov-
als. The UF demonstrated near parallel change with AP, 
and the mean levels and amplitude significantly increased 
after empagliflozin.

Figure  2 summarizes the group-averaged static char-
acteristics of the carotid sinus baroreflex. Empagliflozin 
increased the lower asymptote of the total arc without 
affecting other parameters during T1 (Fig.  2a). Empa-
gliflozin did not significantly affect any of the fitted 
parameters in the HR control (Fig. 2b) and the neural arc 
(Fig. 2c). Empagliflozin significantly increased the inter-
cept of the peripheral arc during T1 (Fig. 2d). The slope 
of the peripheral arc tended to be different among the 
four periods, with the mean value increasing with time.

In the baroreflex equilibrium diagram (Fig.  3a), the 
operating-point SNA (the downward arrowhead) 
decreased after empagliflozin, and the difference from BL 
was statistically significant during T1 and T2. The operat-
ing-point AP (the leftward arrowhead) increased during 
T1 relative to BL. The SNA–RVR relationship approxi-
mated a straight line (Fig.  3b). Empagliflozin increased 
the intercept during T1, but the effect waned during T2 
and T3. The slope of the SNA–RVR relationship tended 
to be higher after empagliflozin compared with that 
in BL. The CVP response was not consistent across the 
animals although the mean data points of the CSP–CVP 
relationship distributed in an inverse sigmoidal fash-
ion (Fig.  3c). Empagliflozin significantly increased the 
maximum CVP during T1 relative to BL. The mean data 

Table 1 Age, body weight, heart weight, and plasma levels of 
glucose, sodium, and creatinine

Data are derived from nine post-myocardial infarction rats. Plasma glucose, 
sodium, and creatinine concentrations were measured from the arterial blood 
sample obtained at the end of the experiment. SE standard error

Mean ± SE Minimum Maximum

Age (weeks) 18.1 ± 0.4 16.1 20.6

Body weight (g) 423 ± 9 377 462

Heart weight (g) 1.144 ± 0.064 0.924 1.596

Normalized heart weight (g/kg) 2.69 ± 0.10 2.45 3.45

Plasma glucose (mg/dL) 214 ± 13 166 281

Plasma sodium (mEq/L) 139 ± 1 134 142

Plasma creatinine (mg/dL) 0.61 ± 0.03 0.51 0.81
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points of the CSP–RBF relationship also distributed in an 
inverse sigmoid fashion (Fig.  3d), but the RBF response 
was not consistent across the animals. Empagliflozin did 
not significantly affect the minimum, maximum, or mean 
RBF.

Figure  4 presents urinary excretion-related data. The 
average nUF (Fig. 4a) increased after empagliflozin. The 
nUF peaked during T1 and remained increased until 
the end of the observation period. The urinary glu-
cose concentration was 17.4 ± 2.0  mg/dL during BL and 
markedly increased after empagliflozin (Fig.  4b). The 
urinary sodium concentration was not significantly dif-
ferent between BL and T1 but decreased during T2 

and T3 compared with BL (Fig.  4c). The urinary creati-
nine concentration significantly decreased after empa-
gliflozin (Fig.  4d). The glucose excretion was near 0 
(0.0089 ± 0.0011  mg·min−1   kg−1) during BL and mark-
edly increased after empagliflozin (Fig.  4e). The sodium 
excretion significantly increased during T1 but returned 
toward the BL value during T2 and T3 (Fig. 4f ). The  Ccr 
per kidney transiently increased during T1. The mean 
value of  Ccr decreased during T2 and T3 relative to BL 
although the difference was not statistically significant in 
the post hoc analysis (Fig. 4g).

Figure  5 illustrates the relationship between AP and 
nUF per kidney during the stepwise changes in CSP. 

Fig. 1 An example time series obtained from a rat with chronic myocardial infarction. Carotid sinus pressure (CSP), sympathetic nerve activity (SNA), 
arterial pressure (AP), heart rate (HR), renal blood flow (RBF), central venous pressure (CVP), and urine flow (UF) during stepwise input sequences 
(S1–S8) are shown. The UF was derived from the time derivative of the urine volume signal. The CSP plot shows the 10-Hz resampled signal. Shown 
are 10-Hz resampled (pale green) and 2-s moving averaged (dark green) signals in the SNA plot, as well as 100-Hz resampled (pale red) and 2-s 
moving averaged (red) signals in the AP plot. The HR, RBF, CVP, and UF plots show 2-s moving averaged signals. Data were divided into baseline (BL), 
and the first (T1), second (T2), and third (T3) periods after empagliflozin administration. The acute vertical changes in the UF plot are artifacts due 
to manual urine removals from the balance dish. The empagliflozin solution was administered 1 min after S2 completion (downward allow)
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For the linear regression analysis (Fig.  5a), empagliflo-
zin significantly increased the nUF-intercept during T1, 
but the increasing effect was not seen during T2 and 
T3. Instead, empagliflozin significantly increased the 
nUF-slope during T2 and T3 relative to BL. The  R2 val-
ues between linearly estimated and measured nUF val-
ues were 0.883 ± 0.028, 0.887 ± 0.030, 0.910 ± 0.020, and 
0.918 ± 0.020 for BL, T1, T2, and T3 periods, respectively. 
For the logarithmic function analysis (Fig.  5b), the gain 
significantly increased after empagliflozin throughout 
the observation period. The intercept on the AP axis was 
approximately 55 mmHg for all of the BL, T1, T2, and T3 
periods. The  R2 values between logarithmically estimated 
and measured nUF values were 0.912 ± 0.024 (P = 0.074), 
0.931 ± 0.025 (P = 0.004), 0.940 ± 0.022 (P = 0.027), and 

0.949 ± 0.020 (P = 0.027), respectively, where the P values 
were calculated between the linear and logarithmic esti-
mations using Wilcoxon signed-rank test.

Discussion
The acute effects of an intravenous administration of 
empagliflozin on baroreflex function and urinary excre-
tion were examined in post-MI rats. The baroreflex neu-
ral arc, which describes the baroreflex-mediated SNA 
response over a wide CSP range, remained unchanged 
while the effect of empagliflozin on urinary glucose 
excretion was confirmed during the entire observation 
period. There was a transient increase in the intercept of 
the peripheral arc after the empagliflozin administration. 

Fig. 2 Static characteristics of the baroreflex total arc (a), HR control (b), and neural arc (c) were analyzed using a four-parameter logistic function. 
Static characteristics of the baroreflex peripheral arc (d) were analyzed using linear regression. Data were obtained during the baseline (BL) period 
and after empagliflozin administration (T1, T2, and T3 periods). AP: arterial pressure; CSP: carotid sinus pressure; HR: heart rate; SNA: sympathetic 
nerve activity; P1, P2, P3, and P4 represent the response range, slope coefficient, midpoint pressure, and lower asymptote of the sigmoid curve, 
respectively (Eq. 1); b0 and b1 represent the intercept and slope of linear regression, respectively (Eq. 2). Data points show mean ± standard error 
values (n = 9 post-myocardial infarction rats) with parameters of respective rats illustrated in gray lines. The P values in the parentheses represent 
the results of one-way repeated-measures analysis of variance. **P < 0.01 relative to BL by the post hoc Dunnett’s test
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During the last observation period, AP did not change 
relative to BL despite the increased UF.

Effects of empagliflozin on open‑loop baroreflex function
Renal energy status can affect systemic SNA via renal 
afferent signaling [9]. For instance, adenosine-sensitive 
nerve endings in the renal pelvis increase systemic SNA 
to produce hypertension in one-kidney, one-clip rats 
[36]. Heart failure may predispose the kidneys to oxygen 
deficiency because of decreased cardiac output as well 
as RBF [22, 23]. The post-MI rats in the present study 
demonstrated a moderately increased plasma creati-
nine concentration, indicating renal injury development. 
The expected SNA inhibition was not detected in the 
baroreflex neural arc (Fig. 2c) although the SGLT2 inhi-
bition reduces ATP consumption associated with glu-
cose reabsorption at renal proximal tubules. The result 
is consistent with our previous study on Goto–Kakizaki 
diabetic rats demonstrating a lack of acute neural arc 
modulation after empagliflozin administration [19]. The 

sympathoinhibitory effect of empagliflozin may not be 
acute but chronic and indirect through renal protection 
and general disease condition improvement. A study by 
Gueguen et  al. [12] revealed that 1-week empagliflozin 
treatment, but not a single acute dose, attenuated the 
exaggerated sympathetic response to lowering AP in dia-
betic rabbits.

The lower asymptote of the total arc increased dur-
ing T1 (Fig.  2a), with an increased AP-intercept of the 
peripheral arc (Fig. 2d). This increase might have partly 
resulted from a volume loading effect of the empagliflo-
zin administration because of the increased maximum 
CVP during T1 (Fig.  3c). Changes in RVR might have 
also contributed to the increase in the AP-intercept of 
the peripheral arc. The mean SNA–RVR relationship dis-
placed upward during T2 and T3 relative to BL (Fig. 3b) 
although the difference in the fitted parameters was not 
statistically significant. The increased RVR after empa-
gliflozin may be mediated by tubuloglomerular feedback 
(TGF) [8]. SGLT2 inhibition at proximal tubules increases 

Fig. 3 The baroreflex equilibrium diagram was obtained by plotting the fitted neural and peripheral arcs on the pressure–SNA plane (a). The 
SNA–RVR relationship was quantified using linear regression (b). For the CSP–CVP (c) and CSP–RBF (d) relationships, the minimum, maximum, 
and mean values were examined because the relationships were not consistent across the rats. Data were obtained during the baseline (BL) period 
and after empagliflozin administration (T1, T2, and T3 periods). AP: arterial pressure; CSP: carotid sinus pressure; CVP: central venous pressure; RBF: 
renal blood flow; RVR: renal vascular resistance; SNA: sympathetic nerve activity; op-SNA and op-AP represent the operating-point SNA and AP, 
respectively; b0 and b1 represent the intercept and slope of linear regression, respectively. Data points show mean ± standard error values (n = 9 
post-myocardial infarction rats) with parameters of respective rats illustrated in gray lines. The P values in the parentheses represent the results 
of one-way repeated-measures analysis of variance. *P < 0.05 and **P < 0.01 relative to BL by the post hoc Dunnett’s test
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the amount of sodium reaching the macula densa of the 
distal tubules. This information causes constriction of 
afferent arterioles to protect the glomeruli by reducing 
the intraglomerular pressure. The present study revealed 
an increased amount of urinary sodium excretion during 
T1 (Fig. 3f ), possibly induced afferent arteriole constric-
tion through TGF. Whether vascular resistance in other 
body areas increases after empagliflozin administration 
remains unanswered in the present study. Empagliflo-
zin can relax resistance mesenteric arteries in vitro [37]. 
However, the peripheral arc should have displaced down-
ward if the vasodilative effect of empagliflozin was domi-
nant, as in the case with an angiotensin II type 1 receptor 
blocker, telmisartan [34] or a soluble guanylate cyclase 
stimulator, vericiguat, administration [38]. Another 
factor contributing to AP maintenance after empagli-
flozin administration is the differential volume regula-
tion between interstitial and intravascular fluid volume 
by SGLT2 inhibitors [39]. SGLT2 inhibitors reduce the 
insulin:glucagon ratio that increases hepatic glucose pro-
duction [40, 41]. The increased hepatic glucose produc-
tion moves the water from the interstitial space or cells 
into the vessels because water moves with glucose [42].

The upward peripheral arc displacement may have 
increased the cardiac afterload and is disadvantageous 
for the failing heart. However, hemodynamics were not 
acutely deteriorated after empagliflozin administration 
in the present study. Recently, a direct cardiac effect of 

empagliflozin to improve cardiac energy status is sug-
gested despite the lack of SGLT2 expression in cardiac 
tissues [43]. Such an off-target effect of empagliflozin 
might have helped the failing heart better tolerate the 
increased afterload. A slight peripheral arc improvement, 
i.e., an increase in the slope and/or the intercept of the 
SNA–AP relationship, caused a marked operating-point 
SNA reduction as the sigmoid curve of the neural arc 
intersects with the peripheral arc near the upper plateau 
in post-MI rats compared with normal rats [44]. The 
baroreflex equilibrium diagram predicted a significantly 
reduced operating-point SNA with a slight increase (T1) 
and no change (T2) in the operating-point AP, though 
these changes became statistically insignificant dur-
ing the last observation period (T3) (Fig.  3a). The pre-
sent finding indicates that keeping AP slightly above the 
baroreflex threshold pressure could reduce systemic SNA 
and might help terminate the vicious circle of heart fail-
ure associated with sympathetic overactivity. Mechanical 
circulatory support might achieve somewhat exclusive 
goals of elevating AP while unloading the failing heart 
[45]. Instead of elevating AP, stimulating baroreceptors is 
explored as an alternative approach to treat heart failure 
[46].

Effects of empagliflozin on urinary excretion
AP increases with SNA in the present experimental set-
tings (Fig.  2d), and AP positively correlated with nUF 

Fig. 4 Time course of average normalized urine flow (nUF) (a), urinary glucose (Glu) concentration (b), urinary sodium concentration (c), 
urinary creatinine (Cr) concentration (d), urinary Glu excretion (e), urinary sodium excretion (f), and creatinine clearance  (Ccr) per kidney (g). Data 
were obtained during the baseline (BL) period and after empagliflozin administration (T1, T2, and T3 periods). Data are mean ± standard error 
and individual rats (n = 9 post-myocardial infarction rats). The P values in the parentheses indicate the results of one-way repeated-measures analysis 
of variance. *P < 0.05, **P < 0.01, and ***P < 0.001, relative to BL by post hoc Dunnett’s test
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(Fig. 5) although sympathetic activation exerts an anti-
diuretic effect through renal vasoconstriction, renin 
release, and promotion of sodium and water reabsorp-
tion [47]. Hence, pressure diuresis outweighs the neu-
rally mediated antidiuretic effect [29]. Empagliflozin 
increased the mean nUF, thereby facilitating extracel-
lular fluid volume normalization and relieving heart 
failure-related congestion. Additionally, empagliflozin 

increased the slope or gain of the AP–nUF relationship 
(Fig.  5), thereby allowing finer control of extracellular 
fluid volume in response to AP changes. The slope of 
the AP–nUF relationship became steeper toward the 
lower AP range, yielding a convex curvilinearity in 
the post-MI rats, although the AP–nUF relationship 
was more linear in our previous studies on normal 
WKY rats [24, 29]. The x-intercept of the logarithmic 
function may point to the minimum AP necessary 
to keep urine production (Fig.  5b). This nonlinearity 

Fig. 5 The relationship between arterial pressure and normalized urine flow (nUF) per kidney was analyzed with linear regression (a) 
and logarithmic function (b). The linear regression indicated b0 and b1 as the nUF-intercept and nUF-slope, respectively. The analysis using 
the logarithmic function indicated G and  x0 as the gain and the x-intercept, respectively. Data were obtained during the baseline (BL) period 
and after empagliflozin administration (T1, T2, and T3 periods). Data are mean ± standard error and individual rats (n = 9 post-myocardial infarction 
rats). The P values in the parentheses indicate the results of one-way repeated-measures analysis of variance. **P < 0.01 and ***P < 0.001, relative 
to BL by post hoc Dunnett’s test
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probably helps avoid excess fluid loss after empagliflo-
zin administration.

Limitations
We only examined the acute effects of empagliflozin 
under anesthetized conditions while MI was induced 
chronically. Hence, the results cannot directly be extrap-
olated to an interpretation of the long-term effect of 
empagliflozin in a conscious state. As we did not test 
empagliflozin on sham-operated rats, it remains uncer-
tain whether the observed results were specific to chronic 
MI rats. Second, the surrounding structures, including 
the renal nerves, could be damaged to some extent dur-
ing the flow probe attachment to the left renal artery. 
Hence, the results of RBF and RVR need to be carefully 
interpreted. Third, cardiac function was not assessed in 
the present study. A continuous, stable recording of left 
ventricular pressure is challenging in the present experi-
mental setting because the large change in the cardiac 
loading condition can induce ectopic beats possibly 
through contact of a catheter tip with the ventricular 
wall. The measurements of cardiac output and left atrial 
pressure in addition to CVP (≈ right atrial pressure) may 
allow us to estimate changes in stressed blood volume 
[48]. Further studies are required to quantify the rela-
tionship between changes in UF and stressed blood vol-
ume after empagliflozin. Fourth, the vagal nerves were 
sectioned to establish the open-loop condition of the 
carotid sinus baroreflex. Although we did not measure 
cardiac SNA, the HR data may roughly reflect changes 
in cardiac SNA because of vagotomy. The HR did not 
decrease significantly after empagliflozin, indicating that 
empagliflozin did not significantly affect cardiac SNA. 
Direct measurements of renal afferent and efferent nerve 
activities are also desirable to strengthen the discussion, 
though the present results did not support acute modula-
tion of sympathetic regulation by empagliflozin.

Conclusions
The effect of empagliflozin on open-loop baroreflex func-
tion was examined in post-MI rats. The sympathoinhibi-
tory effect of empagliflozin was not detected within the 
observation period. AP, at a given SNA, was well main-
tained despite a significant increase in urine excretion. 
Empagliflozin would take more time to manifest a signifi-
cant hemodynamic effect in this rat model of chronic MI.
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