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Abstract
Adrenocorticotropic hormone (ACTH) and cortisol reportedly play a role in glycemic control in patients with type 2 diabetes mellitus
(T2DM); however, the underlying mechanism remains controversial. We retrospectively investigated the effect of tofogliflozin on
serum ACTH and cortisol levels in elderly patients with T2DM.
Patients received 20mg tofogliflozin daily for 3 months. Serum ACTH and cortisol levels were measured at baseline, as well as after

1 month and 3 months of tofogliflozin therapy.
Serum ACTH levels were significantly reduced 3months after tofogliflozin treatment (P< .01). Additionally, serum cortisol levels

were reduced 3months after tofogliflozin treatment, demonstrating borderline significance (P= .05). The higher body mass index
(BMI; ≥25kg/m2) group showed higher ACTH and cortisol levels than the lower BMI (<25kg/m2) group, with borderline significance
(P= .05). Renin levels were significantly increased 1month after treatment (P< .05), maintaining serum aldosterone levels in parallel
with the extracellular fluid.
Our findings suggested that tofogliflozin decreased both serum ACTH and cortisol levels, with higher levels observed in the high

BMI group. Tofogliflozin increased serum renin levels while maintaining serum aldosterone and extracellular fluid levels. Collectively,
tofogliflozin could affect the hypothalamic-pituitary-adrenal pathway in patients with T2DM, especially in the low BMI group.

Abbreviations: ACTH = adrenocorticotropine hormone, BMI = body mass index, T2DM = type 2 diabetes mellitus.

Keywords:adrenocorticotropic hormone, aldosterone, bodymass index, cortisol, elderly, extracellular fluid, renin, SGLT2 inhibitor,
tofogliflozin, type 2 diabetes mellitus
1. Introduction
Regulation of the hypothalamic-pituitary-adrenal (HPA) axis
system plays a vital role in biological mechanisms, including
stress, depression, and type 2 diabetes mellitus (T2DM).[1]

Obesity is known to influence cortisol secretion and metabo-
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lism,[2] and cortisol reportedly affects glucose metabolism.[3] It
has been suggested that sodium and glucose transport function-
ally interact with insulin signaling via mineralocorticoids.[4] Six
sodium-glucose co-transporter 2 (SGLT2) inhibitors, ipragli-
flozin, dapagliflozin, tofogliflozin, canagliflozin, empagliflozin,
ly available, but are available from the corresponding author on reasonable
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Table 1

Time-wise comparison of endocrinological variables (n=56).

Administration of tofogliflozin Baseline 1 mo

HbA1c (%) 7.4±1.3 7.0±1.0
Glucose (mg/dL) 172.1±63.2 161.2±78.9
Body fluid (%) 26.4±5.7 25.8±5.6
Intracellular fluid (%) 15.7±3.6 15.3±3.5
Extracellular fluid (%) 10.7±2.1 10.4±2.3
Body fat (% of baseline) 100.0 93.7
Muscle mass (% of baseline) 100.0 97.9
ACTH (pg/mL) 33.7±23.3 26.1±16.4
Cortisol (mg/mL) 13.4±5.4 11.8±3.9
Renin (mg/mL) 3.9±6.1 6.7±8.8

∗

Aldosterone (mg/mL) 88.0±42.5 97.4±56.0
eGFR (mL/min/1.73m2) 60.5±23.2 58.2±24.3
BUN (mg/mL) 19.9±9.9 19.7±7.2
Serum Na+ (mEq/L) 138.8±3.5 139.5± ±3.0
Serum K+ (mEq/L) 4.2±0.6 4.2±0.5
Serum Cl– (mEq/L) 102.5±12.2 104.4±5.0
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and luseogliflozin, are commercially available in Japan.[5] In
addition to the glucose-lowering effect, SGLT2 inhibitors can
reportedly influence the renin-angiotensin-aldosterone system.[6]

Patients with diabetes present impaired cortisol and/or growth
hormone in response to severe hypoglycemia, with age, shorter
DM duration, and higher body mass index (BMI) independently
associated with an abnormal growth hormone response.[7] 11b-
Hydroxysteroid dehydrogenase type 1 (HSD1), a cortisol-
regenerating enzyme, was found to be effective in obese patients
with diabetes.[8] HSD1-mediated regulation of intracellular
cortisol is indicated to play a fundamental role in mechanisms
contributing to the pathogenesis of metabolic syndrome.[9] In
contrast, there were no significant changes in cortisol levels over 6
years based on the T2DM status.[10] These mechanisms suggest
the regulation of glucose metabolism via the HPA; however, the
underlying mechanisms of action remain unclear. The objective
of the present study was to investigate the effect of tofogliflozin
on the HPA axis.
ACTH = adrenocorticotropic hormone, BUN = blood urea nitrogen, eGFR = estimated glomerular
filtration rate.
∗
P< .05.

By paired t test compared to baseline.

Table 2

Time-wise comparison of endocrinological variables (n=56).

Administration of tofogliflozin Baseline 3 mo

HbA1c (%) 7.4±1.3 6.7±0.8
∗∗

Glucose (mg/dL) 172.1±63.2 159.4±53.4
Body fluid (%) 26.4±5.7 26.6±6.1
Intracellular fluid (%) 15.7±3.6 15.9±3.5
Extracellular fluid (%) 10.7±2.1 10.9±2.2
Body fat (% of baseline) 100.0 87.4
Muscle mass (% of baseline) 100.0 100.6
ACTH (pg/mL) 33.7±23.3 23.5±14.2

∗∗

Cortisol (mg/mL) 13.4±5.4 11.5±4.4
Renin (mg/mL) 3.9±6.1 7.3±12.6
Aldosterone (mg/mL) 88.0±42.5 87.5±37.6
2. Patients and methods

The study was conducted in accordance with the guidelines of the
Declaration of Helsinki. The study was approved by the Clinical
Research Ethics Committee of the Kanazawa Medical University
Himi Municipal Hospital.
Herein, we performed a retrospective study to investigate the

effect of tofogliflozin, an SGLT2 inhibitor, on the HPA system in
elderly patients with T2DM. This study included elderly patients
diagnosed with T2DM at the Kanazawa Medical University
Himi Municipal Hospital from April 2017 to March 2019,
as described previously.[11–13] Briefly, elderly patients aged
≥65years received a single 20mg dose of tofogliflozin daily
for 3months. Patients with significant comorbidities were
excluded. Demographic and baseline characteristics were
collected from the patients’ medical records. HbA1c, serum
glucose level, body fluid, body fat, muscle mass, eGFR, BUN, and
serum electrolytes were measured throughout the study period.
Cortisol levels were measured in blood samples collected before
breakfast. In addition, the body fluid composition was measured.
Aldosterone levels were measured 30minute after awakening
from nighttime sleep. Data regarding patient characteristics were
collected, including sex (men/women), age (years), BMI, serum
levels of adrenocorticotropic hormone (ACTH), and cortisol
measured at baseline, as well as 1 month and 3 months after
tofogliflozin treatment.
Data values obtained after 1 and 3 months of tofogliflozin

administration were compared with baseline levels using a paired
t test. A mixed-effect model was applied to evaluate the effects of
time, BMI, and their interaction on both ACTH and cortisol
levels. All statistical analyses were 2-tailed, and statistical
significance was set at P< .05. Data were analyzed using the
freely available EZR (Easy R) software (SaitamaMedical Center,
Jichi Medical University, Saitama, Japan).[14]
eGFR (mL/min/1.73m2) 60.5±23.2 59.3±28.4
BUN (mg/mL) 19.9±9.9 19.5±7.8
Serum Na+ (mEq/L) 138.8±3.5 140.5±3.3

∗∗

Serum K+ (mEq/L) 4.2±0.6 4.2±0.5
Serum Cl– (mEq/L) 102.5±12.2 106.0±3.3

∗

ACTH = adrenocorticotropic hormone, BUN = blood urea nitrogen, eGFR = estimated glomerular
filtration rate.
∗
P< .05.

∗∗
P< .01 by paired t test compared to baseline.
3. Results

The number of patient included in the present study was 56. The
mean patient age was 82.0±6.5years at baseline levels, including
both male (n=24) and female (n=32) patients. The mean BMI
was 23.2kg/m2. Co-administered drugs included dipeptidyl
peptidase-4 (n=37), biguanides (n=18), sulfonylureas (n=8),
angiotensin receptor blockers (n=12), calcium channel blockers
2

(n=27), and diuretics (n=16). Following tofogliflozin adminis-
tration for 1 month, HbA1c levels decreased, as shown in
Table 1. The decrease was statistically significant at 3 months, as
shown in Table 2. Serum glucose level also showed trend of
decrease throughout the study period, although not statistically
significant. Intracellular and extracellular fluid and muscle mass
were maintained, whereas body fat tended to decrease. Regarding
hormonal levels, ACTH levels significantly decreased at 3
months, whereas renin significantly increased at 1 month.
Cortisol tended to decrease and aldosterone levels were
maintained. The estimated glomerular filtration rate (eGFR)
and blood urea nitrogen (BUN) levels, known to reflect renal
function, were maintained throughout the study period. Serum
electrolytes, sodium, potassium, and chloride were also main-
tained.
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Figure 1. Serum ACTH concentration after administration of tofogliflozin.
ACTH = adrenocorticotropine hormone, BMI = body mass index, LBMI = low
body mass index, HBMI = high body mass index.
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Figure 2. Serum cortisol concentration after administration of tofogliflozin. BMI
= body mass index, LBMI = low body mass index, HBMI = high body mass
index.
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Figure 3. Serum aldosterone concentration and extracellular fluid after
administration of tofogliflozin.
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Figure 1 shows that ACTH levels were significantly lower in
low-BMI group over the course of the study period, demonstrat-
ing borderline significance (P= .05). Figure 2 also reveals that
cortisol levels were decreased in low-BMI group, demonstrating
borderline significance (P= .05). The results of the mixed-effect
model analyses are summarized in Tables 3 and 4, revealing a
BMI and time-dependent decrease in ACTH (P< .05) and BMI-
dependent change in cortisol levels with borderline significance
(P= .05). The interaction between BMI and time was not
statistically significant.
Figure 3 demonstrates that both the aldosterone level and

extracellular fluid were maintained during the 3-month tofogli-
flozin treatment.
Table 3

Results of 2-factor mixed effect model to evaluate effects and interaction of ACTH.

SOV df Sum sq. Mean sq. F Prob>F Significance

BMI 1 1425.2 1425.2 4.8 .030
∗

Time 2 2489.8 1244.9 4.2 .017
∗

Patients 35 12487.5 356.8 0.3 .958
BMI�Time 2 29.2 14.6 0.0 .952
Error 105 30969.2 294.9
Total 162 47400.9

Analysis of variance table for the mixed effects model.
ACTH = adrenocorticotropine hormone, BMI = body mass index, df = degree of freedom, F = F statistic, Mean sq. = mean squares, Prob = probability, SOV = source of variance, Sum sq. = sum of squares.
∗
P< .05.

Table 4

Results of 2-factor mixed effect model to evaluate effects and interaction of cortisol.

SOV df Sum sq. Mean sq. F Prob>F Significance

BMI 1 82.5 82.5 3.4 .050
∗

Time 2 122.1 61.1 2.5 .087
Patients 35 701.2 20.0 0.3 .742
BMI�Time 2 30.4 15.2 0.6 .538
Error 105 2561.5 24.4
Total 162 3498.1

Analysis of variance table for the mixed effects model.
BMI = body mass index, df = degree of freedom, F = F statistic, Mean sq. = mean squares, Prob = probability, SOV = source of variance, Sum sq. = sum of squares.
∗
P< .05.
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4. Discussion

The present study confirmed that tofogliflozin decreased serum
ACTH and cortisol levels, indicating that tofogliflozin influences
the HPA pathway in patients with T2DM, especially in the low
BMI group. Furthermore, our findings revealed the significant
effects of BMI and time using a mixed-effect model. Tofogliflozin
also increased serum renin while maintaining serum aldosterone
and extracellular fluid levels.
The mechanism is still unclear, although SGLT2 inhibitor acts

on proximal tubule of the kidney, reduce glucose reabsorption
thereby lowering blood glucose levels. Among the SGLT2
inhibitors, tofogliflozin is the shortest acting drug, with half-
life of 5.4hours, which suggest that tofogliflozin may act on short
loop inhibition of ACTH rather than long loop inhibition. During
the study period, the serum sodium levels were almost
maintained. Utsunomiya et al,[15] also demonstrated that serum
sodium levels were almost stable throughout 24-month study
period of tofogliflozin administration. Serum cortisol and
aldosterone are considered equally potent independent predictors
of all-cause mortality risk in patients with systolic and non-
systolic chronic heart failure of any cause.[16]

Subclinical hypercortisolism reportedly plays a role in several
metabolic disorders, including diabetes.[17] In women, cortisol
and prolactin levels have been associated with diabetes[18] and
BMI.[19] As shown in Tables 2 and 3, there was statistical
differences in BMI using 2-factor mixed effect model with
borderline of P value. Although the value is borderline, in the
mixed effect model, other confounding variables such as time and
patients were adjusted, thus the statistical robustness was
guaranteed. In patients with obesity, the serum cortisol level
after a low-dose dexamethasone suppression test may predict
diabetes mellitus and hypertension.[20] A case study has been
shown that ACTH and cortisol levels were inadequately
increased in patients with T2DM.[21] Moreover, canagliflozin
was found to improve obesity and insulin resistance in a diabetic
patient with Cushing disease undergoing postoperative steroid
therapy.[22]

Furthermore, cortisol serves, in part, as a mineralocorticoid
despite its drawback.
If our results are generally accurate, it may be necessary to state

that Na absorption is suppressed by decreasing cortisol, thus
lowering blood pressure and impacting the electrolyte balance.
Cortisol, via a non-Rac aldosterone-mediated pathway, is known
to be involved in mineralocorticoid activity.[23] This evidence
supports our results that reduced cortisol levels can be associated
with suppressed mineralocorticoid activity, leading to lower
blood pressure, stress, and sympathetic inhibition mediated by
SGLT2 inhibitors.
The association between Alzheimer disease (AD) and DM is

relevant to adrenal hyper-responsiveness to ACTH.[24] In
addition, metabolic alkalosis caused by glucocorticoid excess,
possibly via activation of the mineralocorticoid receptor, may act
with diabetic ketoacidosis (DKA) to induce mixed acid-base
disorder, which can potentially obscure SGLT-2i-associated
DKA.[25]

The effect of tofogliflozin on body composition and glycemic
control has also been examined by Kamei et al,[26] revealing that
bioelectric impedance assessments are often used to characterize
body composition owing to its simplicity and portability, which is
based on the phenomenon that the conduction of electrical
current through body fluids is substantially greater in fat-free
4

mass than in fat mass, as fat-free mass contains most of the body
fluid and electrolytes.
This finding is consistent with the present study, indicating that

extracellular fluid loss is temporary and then returns to normal,
with an initial compensatory increase in aldosterone levels.[27]

Typically, older individuals are known to present less cellular
water than younger individuals, placing them at risk of
developing dehydration with SGLT2 inhibitors. In the present
study, we observed no changes in renal function, cellular fluid, or
muscular mass.
In addition, our previous data presented no change in IVCmax

(inferior vena cava maximal diameter),[13] indicating that there is
no change in the volume of the vessel, that is, no intravascular
dehydration.[28] Furthermore, we observed no changes in
intracellular and extracellular body fluids. SGLT2 inhibitors
are known to affect the volume of extracellular fluid when
compared with furosemide.[29]

In addition, sarcopenia should be considered when adminis-
tering SGLT2 inhibitors in elderly patients.[30] Herein, we
observed no change in muscle mass, suggesting that treatment
with tofogliflozin could reduce the risk of sarcopenia or frailty
during the short-term observation period.
The results of our study should be considered in the context of

several potential limitations. First, owing to the observational
nature of the study, and despite robust statistical techniques, the
possibility of residual, unmeasured confounding factors cannot
be excluded. Specifically, certain patient and physician factors
may not be adequately captured. Second, the present study
evaluated 3months of drug treatment, which could be insufficient
to detect changes in physiological parameters. Long-term follow-
up is warranted to clarify the effects of tofogliflozin on cortisol
and ACTH levels. Third, the present study lacked control groups;
thus, the presence of underlying contributors (exercise, diet,
restricting smoking, and alcohol consumption) could affect the
study outcomes.
5. Conclusions

Collectively, our findings indicated that tofogliflozin decreased
both serum ACTH and cortisol levels, depending on BMI levels.
Tofogliflozin increased serum renin levels while maintaining
serum aldosterone and extracellular fluid levels. In particular,
tofogliflozin has been suggested to affect the HPA pathway in
patients with T2DM.
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