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Abstract

Background Obstructive sleep apnea (OSA) is associated with poorer quality of life (Qol) and increased cardiovascu-
lar risks, which may be exacerbated by hypovitaminosis D. Sodium glucose transporter-2 inhibitor (SGLT2i) provides
cardiovascular benefits beyond glycemic control. As vitamin D3 and SGLT2i act through different pathways with simi-
lar mechanisms in improving cardio-metabolic health, this study aimed to investigate the synergistic effects of this
combination therapy in improving these parameters and QoL in hypertensive obese OSA patients.

Methods Patients who fulfilled the study criteria were randomized to receive: (i) Dapagliflozin, (ii) vitamin D3, (iii)
Dapagliflozin plus vitamin D3, or (iv) no treatment, for 16 weeks. The parameters evaluated included anthropomet-
ric measurements, uric acid, HbA1c¢, lipid profile, steatotic liver disease grade, plasma aldosterone concentration,
plasma renin concentration, ultrasound flow-mediated dilatation of brachial artery, hsCRP, heart rate variability (HRV),
Epworth Sleepiness Scale (ESS), and QoL scores.

Results A total of 163 patients were recruited and 153 completed the study. The combination of vitamin D3

and Dapagliflozin treatment led to significant improvements in metabolic parameters and nocturnal heart rates,

and prevented deterioration of HRV, with healthier HRV at the end of study visit compared to the control group. Only
the combination group exhibited improvements in both ESS and QoL scores.

Conclusions This is the first study to demonstrate beneficial effects of combining vitamin D3 and SGLT2i in cardio-
metabolic outcomes and QoL in hypertensive obese OSA patients. These findings highlight the potential of this
combination therapy in addressing the cardio-metabolic challenges and QoL in this patient population.
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Background

Obstructive sleep apnea (OSA) is one of the most com-
mon sleep-related breathing disorders, with increasing
prevalence worldwide due to its close association with
obesity and aging [1]. Although still unclear, the recur-
rent episodes of upper airway obstruction during sleep
leading to intermittent hypoxia and sleep fragmentation
may contribute to endothelial dysfunction, cardiac auto-
nomic dysfunction, and inflammatory processes [2]. This
may explain the elevated cardiovascular risks observed
in this cohort of patients. Furthermore, the presence of
metabolic syndrome commonly found in OSA, especially
hypertension, which has been reported to be highly prev-
alent in these patients, may worsen the cardio-metabolic
risks [3]. Untreated OSA patients may also exhibit exces-
sive daytime sleepiness [4] and report poorer quality of
life (QoL) when compared to the general population [5].
The current gold standard treatment for OSA is continu-
ous positive airway pressure (CPAP) treatment, however
compliance has been reported to be poor and it does not
confer metabolic improvement and cardiovascular pro-
tection [6, 7].

OSA is associated with activation of the renin—angioten-
sin—aldosterone system (RAAS), which partly contributes
to the high prevalence of hypertension and plays a critical
role in the pathophysiology of various cardiovascular dis-
ease and all-cause mortality seen in these patients [8—10].
Vitamin D, a fat-soluble secosteroid, is primarily obtained
through sunlight exposure. Despite Malaysia’s abundant
sunshine, vitamin D deficiency (VDD) remains prevalent
[11]. Increasing evidence suggests a bidirectional rela-
tionship and independent correlation between OSA and
VDD [12, 13]. This association remained significant even
when age and body mass index (BMI) were controlled for,
supporting the independent correlation between these
two entities [13]. Beyond its effect on the skeletal system,
vitamin D is now believed to play a role in cardiovascu-
lar health. Vitamin D receptors (VDR) and the enzymes
responsible for metabolizing vitamin D are found in the
cardiovascular tissues [14]. The mechanism of which vita-
min D supplementation contributes to cardiovascular
benefits is hypothesized to be driven by its effect on reduc-
ing inflammatory markers thus improving endothelial
function [15], mitigating insulin resistance [16], and ame-
liorating RAAS derangement [17]. Although these ben-
efits remain controversial, the observed inconsistencies
may be attributed to heterogenous study designs, diverse
populations, varying vitamin D dosages, and treatment
duration differences [18]. Nevertheless, vitamin D sup-
plementation has shown therapeutic benefits in address-
ing metabolic derangements, including improving glucose
homeostasis [19], enhanced lipid profiles [20], and reduced
inflammation [21], which could contribute to mitigating
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cardiovascular risks. However, data on vitamin D supple-
mentation in patients with OSA remains limited.

The sodium glucose transporter-2 inhibitor (SGLT2i)
is a class of oral anti-diabetic agent that provides cardio-
vascular benefits extending beyond its glucose-lowering
effects. It works by inducing glycosuria and is known to
reduce HbAlc and blood pressure (BP) in addition to
increasing HDL and LDL while decreasing triglycerides
[22]. Large cardiovascular trials such as DECLARE-
TIMI and EMPA-REG have consistently shown a reduc-
tion in adverse cardiovascular outcomes with SGLT2i
use [23, 24]. In addition to the metabolic improvements
mentioned, the cardiovascular benefit stemming from
the use of SGLT2i is also believed to be contributed by
other mechanisms, such as direct cardiac beneficial
effects including improvement in cardiac metabolism
[25], reducing inflammatory markers [26], and natriure-
sis effect leading to reduction in BP [27]. Nevertheless,
despite the favourable cardiovascular outcomes with
the use of SGLT2i among patients with type 2 diabetes,
data on the use of this drug among patients with OSA is
scarce.

Since vitamin D and SGLT2i act through different
pathways, with some similarities in their underlying
mechanisms for improving cardiovascular and meta-
bolic health, this study aimed to investigate the combined
effects of these two treatments on (i) cardio-metabolic
parameters, (ii) sleepiness symptoms, and (iii) QoL in
hypertensive obese OSA patients .

Materials and methods

Study population and study criteria

This was a 4-arm parallel randomized controlled trial
conducted from June 2022 till October 2024. Patients
who were suspected of having OSA were referred from
health clinics around Kuching and Kota Samarahan areas
to Sarawak General Hospital Sleep Unit.

A lower BMI cut-off was used in this study as Asians
have higher cardiovascular risks at a lower BMI than
the existing World Health Organization (WHO) cut-off
point for obesity [28]. Thus, the inclusion criteria were
(i) aged > 18 years, (ii) BMI>27.5 kg/m? (iii) confirmed
OSA on sleep study, and (iv) presence of hypertension;
whereas the exclusion criteria were (i) known secondary
hypertension, (ii) conditions that affect RAAS and vita-
min D levels, including chronic kidney disease, conges-
tive heart failure, recent myocardial infarction within
6 weeks of recruitment, and uncontrolled thyroid or
parathyroid disorders, (iii) long-standing atrial fibrilla-
tion, (iv) CPAP treatment, (v) on vitamin D or calcium
supplements, (vi) on SGLT2i treatment, (vii) on medica-
tions that could lead to weight loss, such as GLP-1 recep-
tor analogue, (viii) malignancy, and (ix) pregnancy.
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Table 1 Baseline demography
Variables Group 1n=36 Group 2 n=41 Group3n=39 Group 4n=37 P
Demography
Age, years 4474123 48.1+£116 468+11.6 4514122 0.574
Male, n (%) 20 (55.6) 19 (46.3) 24 (61.5) 21(56.8) 0.580
Ethnicity, n (%) 0.890
Malay 15 (41.7) 20 (48.8) 17 (43.6) 15 (40.5)
Chinese 7(194) 6(14.6) 8(20.5) 9(24.3)
Iban 7(194) 5(12.2) 7(17.9) 4(10.8)
Bidayuh 6(16.7) 10 (24.4) 5(12.8) 7(189)
Others 1(2.8) 0(0) 2(5.1) 2(54)
Education, n (%) 0.112
No Formal Education 1(28) 1024) 1(26) 1.7)
Primary 3(83) 11(26.8) 3(7.7) 12.7)
Secondary 22 (61.1) 16 (39.0) 21(53.8) 23(62.2)
Tertiary 10(27.8) 13(31.7) 14 (35.9) 12 (324)
Co-morbidities, n (%)
Type 2 diabetes 19 (52.8) 27 (65.9) 28(71.8) 18 (48.6) 0.132
Dyslipidemia 24 (64.9) 24 (58.5) 25(62.5) 23(62.2) 0.952
Hyperuricemia 20 (55.6) 29(70.7) 24(61.5) 23(62.2) 0.584
Smoking, n (%) 0.693
Yes 4(11.1) 6(15.0) 8(21.6) 4(10.8)
No 22 (61.1) 21(52.5) 19 (51.4) 25(67.6)
Previous 10(27.8) 13 (32.5) 10 (27.0) 8(21.6)
Alcohol consumer, n (%) 0.461
Yes 7(194) 6(15.0) 8(21.6) 11(29.7)
No 22 (61.1) 27 (67.5) 24 (64.9) 24 (64.9)
Previous 7(19.4) 7(17.5) 5(13.5) 2(54)
OSA severity, n (%) 0.977
Mild 3(83) 4(9.8) 2(5.1) 2(54)
Moderate 10 (27.8) 12(29.3) 10 (25.6) 11(29.7)
Severe 23(639) 25(61.0) 27 (69.2) 24 (64.9)
AHI, /hour 453+270 41.7+£240 50.2+30.6 46.3+282 0.593
Anthropometry
Systolic BR, mmHg 153.3+16.5 1506+17.1 151.2+138 1538+21.2 0.811
Diastolic B, mmHg 974+11.7 94.1+11.6 972+130 982+155 0.524
Pulse rate, bpm 76.5+139 7544133 764+12.2 80.7+13.8 0319
BMI, kg/m? 42174 398+7.3 416+70 394+78 0.328
Neck circumference, cm 435+4.7 428+39 444440 431443 0.357
Waist circumference, cm 1225146 1174£12.0 1223£12.6 1170£159 0.147
Patient-reported outcomes
ESS 8850 89+58 104+4.7 9.1x57 0.585
WHOQoL-BREF
Quiality of Life 349+0.77 3.39+0.70 340+0.81 3.61+0.72 0.772
General Health 2.97+0.87 3.02+0.69 295+0.64 3.11+0.97 0.726
Domain 1 122+1.7 125+1.7 127116 128+1.7 0.653
Domain 2 128+19 12516 13.1+2.1 131+1.7 0.844
Domain 3 144+25 139+28 139+29 145+£34 0.733
Domain 4 141+2.2 13.7+2.1 141+19 146+1.8 0452

Numerical variables are presented as the mean + standard deviation, categorical variables are defined as absolute count and percentage

OSA: obstructive sleep apnea; AHI: apnea hypopnea index; BP: blood pressure; BMI: body mass index; ESS: Epworth Sleepiness Scale; WHOQoL-BREF: World Health
Organization Quality of Life—brief version
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Measurements and definitions

OSA was confirmed with sleep study, and its sever-
ity was classified as mild (apnoea hypopnea index, AHI
5-15/hour), moderate (AHI>15-30/hour), or severe
(AHI>30/hour) in accordance to the clinical practice
guidelines [29]. Hypertension was defined as systolic
BP>140 mmHg, and/or diastolic BP>90 mmHg on
two separate occasions, or if the patient was taking anti-
hypertensive treatment. Previous smokers and previous
alcohol consumers were those who ceased smoking or
alcohol intake for at least 1 year respectively. Vitamin D
status was categorized according to the Endocrine Soci-
ety guidelines [30]. Those with serum 25-hydroxyvitamin
D [25(OH)D] of<20 ng/mL were considered vitamin D
deficient, 25(OH)D 20-30 ng/mL as insufficient, whereas
a level of > 30 ng/mL were sufficient.

Metabolic parameters assessed included BP, BMI, waist
circumference, neck circumference, uric acid, HbAlc,
lipid profile, and presence of metabolic-associated stea-
totic liver disease (MASLD); whereas cardiovascular risk
parameters evaluated were (i) high-sensitivity C-reactive
protein (hsCRP) reflecting inflammation, (ii) cardiac auto-
nomic function using long-term heart rate variability
(HRV), i.e. standard deviation of the NN interval (SDNN),
mean of the 5 min SDNN calculated over 24 h (ASDNN),
and the standard deviation of the average NN interval cal-
culated over 5 min (SDANN), and short-term HRV using
the Polar H10 device, which reported SDNN, mean RR,
square root of the mean of the sum of the squares of dif-
ferences between adjacent NN intervals (RMSSD), para-
sympathetic nervous system (PNS) index, sympathetic
nervous system (SNS) index, and stress index, (iii) mini-
mum, maximum, and average heart rates evaluated over
24 h, (iv) daytime and nocturnal heart rates, (v) RAAS
components, including plasma aldosterone concentra-
tion (PAC) and plasma renin concentration (PRC), and
(vi) endothelial function assessed with ultrasound of flow-
mediated dilatation (FMD) of the brachial artery.

MASLD was graded as normal (grade 0) or grades
1-3[31]. The hsCRP levels were classified into<1 mg/L,
1-3 mg/L, and > 3 mg/L as low-, intermediate-, and high-
risk for global cardiovascular disease respectively[32].
The normal range of each HRV parameter is displayed
in Supp Tables 1 and 2. Briefly, a higher SDNN, ASDNN,
SDANN, mean RR, RMSSD and PNS index, with lower
SNS index, stress index, and heart rates are indicative of
a healthier heart, reflecting better autonomic regulation
and cardiovascular resilience. The dipping percentage
was defined using the following equation:

Daytime heart rate — Nocturnal heart rate

Dipping percentage (%) =
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A change of<10% was considered as non-dipping.
Daytime and nocturnal episodes were defined as occur-
ring from 11am to 10 pm, and from 12 midnight to 4 am,
respectively.

The normal ranges of PAC and PRC were 2.21-35.3 ng/
dL and 4.4-46.1 plU/mL respectively for samples taken
in upright posture.

The FMD value was calculated using the following
equation and expressed as a percent change in vessel
caliber:

(Peak Diameter — Baseline Diameter)
FMD (%) = - - x 100
Baseline Diameter

Normal endothelial function assessed by FMD was
defined as>7.1% as this cut-off best discriminates those
with cardiovascular risks compared to those without [33].

Sleepiness symptoms were evaluated using Epworth
Sleepiness Scale (ESS), a self-administered questionnaire
with scores ranging from 0 to 24, of which a score of > 10
indicates higher than normal daytime sleepiness.

QoL was evaluated using the WHOQOL-BREF, which
is a shorter version of WHOQOL-100 [34]. It consists of
26 self-administered questions regarding an individual’s
perception on health and well-being over the previous
two weeks, with responses on a 1-5 Likert scale. The four
domains covered by WHOQOL-BREF include (i) physi-
cal health, (ii) psychological health, (iii) social relation-
ships, and (iv) environmental health, in addition to two
separate questions asking specifically about the individ-
ual’s overall perception on overall quality of life and gen-
eral health.

Study protocol (Supp Fig)
All anti-hypertensive treatments that affect the RAAS
were discontinued for at least 6 weeks for spironolac-
tone, 4 weeks for non-potassium sparing diuretics, and
2 weeks for angiotensin converting enzyme inhibitors,
angiotensin II type 1 receptor blockers, beta blockers,
and dihydropyridine calcium blockers before first visit
(V1). If indicated, anti-hypertensive treatment with the
least effect on RAAS, such as non-dihydropyridine cal-
cium blockers and/or alpha blockers, were prescribed for
BP control. All participants had unrestricted salt intake.
After informed consent, the study subjects were
interviewed by a single investigator regarding their
socio-demography and medical history. Following
administration of ESS and WHOQoL questionnaires, all
subjects then underwent anthropometric measurements

x 100

Daytime heart rate
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by the same investigator. Blood was taken after an over-
night fast for at least 8 h and patients being upright for at
least 2 h upon waking.

Ultrasound of the hepatobiliary system and FMD of
the brachial artery were then performed by a single radi-
ologist to assess for presence of steatotic liver disease and
endothelial dysfunction respectively. Subsequently, all
patients underwent evaluation of the cardiac autonomic
function using Polar H10 device to assess short-term
HRYV, followed by placement of a 24 h Holter monitoring
to evaluate the long-term HRYV, while maintaining their
usual daily activities.

The subjects were then randomized by the primary
investigator using computer-generated block rand-
omization method to either of the 4 arms: (i) Group 1:
Dapagliflozin, (ii) Group 2: vitamin D3, (iii) Group 3:
Dapagliflozin plus vitamin D3, or (iv) Group 4 (control
arm): no treatment, for a total duration of 16 weeks. All
patients received standard education by a single investi-
gator on lifestyle modification at V1. At the same setting,
those who received Dapagliflozin were prescribed 10 mg
daily and were given standard advice of precautions with
its use [35]. Patients who received vitamin D3 had the
doses of vitamin D prescribed according to the baseline
25(OH)D level. Those with 25(OH)D level of <30 ng/mL
received 6000 IU a day, otherwise they were prescribed
with vitamin D3 dose of 4000 IU a day [30].

A follow-up phone call was made at 1-week and
4-week after V1 to inquire if the patients developed any
side effects with the medications. All patients were seen
8 weeks later at visit 2 (V2) to document changes in met-
abolic parameters, endothelial function, and short-term
HRV. The vitamin D3 dose was titrated according to the
25(OH)D level at V2, if indicated. All patients underwent
the same evaluations as V1 at the end of the study (V3).
Any side effects encountered during the study period
were documented at each clinic visit. Compliance of the
patients to treatment was assessed using pill-counting
method. Those who had a compliance rate of <80% were
removed from the final analysis. All except the primary
investigator were unaware of the patients’ study group.

Subgroup analysis was also performed to evaluate
the effect of treatment on cardio-metabolic parameters
among those who were vitamin D insufficient or deficient
at baseline in all study arms, and those who achieved
vitamin D sufficiency among those who received vitamin
D treatment. Besides, gender-based analysis was per-
formed to compare the effect of treatment combination
on cardiovascular and metabolic parameters.

Statistical analysis
Statistical analysis was performed using SPSS soft-
ware (version 29, SPSS Inc., Chicago IL). Continuous
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variables were presented as mean+SD or median
(IQR), whereas categorical variables were presented
as absolute counts with their percentages. Variables
among the 4 groups were compared at baseline and
end of study visit using ANOVA if they were normally
distributed, and comparison between groups were per-
formed using Tukey—Kramer post hoc test if the differ-
ences on ANOVA analysis were significant. Otherwise,
the differences were compared using Kruskal-Wal-
lis test. For categorical variables, chi-squared test was
applied to test the differences among the 4 groups. For
normally distributed variables, the changes with treat-
ment were compared using T test for baseline and end
of study visits, or repeated measures ANOVA for all
three study visits. For non-normally distributed varia-
bles, the changes were evaluated using Wilcoxon signed
rank test for comparison between 2 study visits, or
Friedman test for 3 study visits. A p value of <0.05 was
taken as statistically significant.

Results

A total of 797 patients suspected of having OSA were
referred for sleep study over the period of 29 months.
After screening of eligibility, 163 who fulfilled study cri-
teria were recruited. A total of 10 patients were removed
from analysis as 6 were found to be non-compliant to
treatment, whereas 4 defaulted follow-up visits due to
logistic reasons. Hence, 153 patients were included in the
final analysis. There was no significant difference in the
baseline demography, ESS, QoL scores, and cardio-meta-
bolic parameters, as shown in Tables 1 and 2.

Effect of treatment on metabolic parameters

The effect of treatment on metabolic parameters is pre-
sented in Table 3. All patients except those in the control
arm demonstrated significant improvement in metabolic
parameters. Specifically, patients in groups 1 and 3 dem-
onstrated significant improvement in BP, BMI, neck and
waist circumferences, uric acid, and HbAlc. A reduction
in HDL-C level was noted in both groups. Patients in
group 2 demonstrated significant improvement in systolic
BP, uric acid, and total cholesterol levels. Two patients in
group 1 had improvement of MASLD - one from grade 1
to normal, and another from grade 2 to normal; whereas
2 patients from group 3 showed improvement of MASLD
from grade 1 to normal, although these changes did not
achieve statistical significance. These findings were simi-
lar in the subgroup analysis (Supp Table 3). When com-
paring the improvements observed in group 3 by gender,
females demonstrated more substantial enhancements in
metabolic parameters than males (Supp Table 4).
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Table 2 Cardio-metabolic parameters of study participants at baseline
Variables Group 1n=36 Group 2 n=41 Group3n=39 Group4n=37 P
Biochemistry
Uric acid, mmol/L 4204+849 427.2+103.8 43394873 422.7+85.0 0923
HbA1c, % 6.4(5.9,6.8) 6.3(5.9,6.9) 6.7 (5.9,7.7) 6.0 (5.8,6.8) 0.202
Lipid, mmol/L
Total 461+£132 495+£087 452+£1.03 4.59+£094 0.339
LDL-C 2.65+1.08 2.86+0.79 267+0.78 261+0.81 0.593
HDL-C 1274023 1.33+£0.26 129+042 1.29+0.26 0.872
Triglyceride 1.35(1.08,2.11) 1.65(1.13,2.33) 1.54(1.12,1.96) 1.65 (1.01, 2.16) 0611
Creatinine, umol/L 724+193 743+25.7 7444171 748+22.2 0.966
25(0OH)D, ng/mL 183176 19.6+9.1 203+5.7 21.0£8.1 0.493
Vitamin D status, n (%) 0.274
Deficient 22 (59.5) 25(61.0) 19 (48.7) 20 (55.6)
Insufficient 12 (32.4) 10 (24.4) 19 (48.7) 13 (36.1)
Sufficient 3(8.1) 6 (14.6) 1(2.6) 3(83)
Phosphate, mmol/L 1.14+£0.19 1.19+£0.24 1.18+0.22 1.20+£0.15 0.664
iPTH, pg/mL 68.2(43.8,91.8) 65.7 (40.7, 88.8) 65.3 (50.5,87.2) 56.1(40.3,72.8) 0.421
hsCRP 6.8+99 63+56 72£56 84196 0.679
Ultrasound of the hepatobiliary system
MASLD, n (%) 0.707
Normal 7(194) 3(7.3) 2(5.1) 3(8.1)
Grade 1 6(16.7) 10 (24.4) 8(20.5) 6(16.2)
Grade 2 21(583) 25(61.0) 23(59.0) 23(62.2)
Grade 3 2(5.6) 3(7.3) 5(1238) 4(10.8)
Heart rate variability
Long-term, ms
ASDNN 49.7+£214 4871156 475+148 4444171 0.579
SDANN 105.5+£45.6 104.0+£39.2 96.5+34.0 100.7+£27.6 0.725
SDNN 1189+484 1169+37.8 11194376 111.9+£309 0.815
Short-term, ms
SDNN, ms 17.9(11.1,25.0) 20.2 (134,30.2) 16.8 (11.4,28.0) 17.0(11.8,21.8) 0.647
Mean RR, ms 787.8+150.0 7944+158.3 761.4+148.0 753.7+127.5 0.571
RMSSD, ms 16.5(8.0,25.3) 17.5(10.5,29.8) 15.0(8.0,22.0) 15.5(10.0,22.8) 0.657
PNS index —1.1+12 -1.1£13 —-13£1.1 —-15+09 0.404
SNS index 3.0+£28 27431 33+32 34430 0.694
Stress index 233+12.1 214+136 244+153 2344120 0.762
24 h heart rate, bpm
Minimum 503+89 49.1+£95 499+95 528+9.0 0.341
Maximum 1233+£16.3 1248+13.7 122.7+£14.3 127.6+£13.7 0470
Average 80.6+11.1 80.8+9.8 819+93 84.1+94 0.395
Daytime 842+123 85.1+99 83.1+113 88.1+10.7 0426
Nocturnal 712+130 719+11.9 7294103 7444101 0.686
Renin-angiotensin—aldosterone parameters
PAC, ng/dL 898 (5.48,12.10) 9.36 (6.66, 11.4) 941 (6.59,13.30) 8.82 (6.54,11.30) 0.820
PRC, plU/mL 13.03 (7.10, 23.67) 13.50 (6.88,20.91) 13.68 (5.05, 23.94) 14.76 (7.45,24.72) 0.949
Endothelial function
FMD, % 6.17+£1.31 592+1.80 6.12+1.54 6.06+1.21 0.890
FMD < 7%, n (%) 30(83.3) 35(854) 33(84.6) 34(91.9) 0.713

Numerical variables are presented as the mean + standard deviation or median (IQR), categorical variables are defined as absolute count and percentage

25(0OH)D: 25-hydroxyvitamin D; iPTH: intact parathyroid hormone; hsCRP: high-sensitivity C-reactive protein; MASLD: metabolic-associated steatotic liver disease;
ASDNN: the mean of the 5-min SDNN calculated over 24 h; SDANN: the standard deviation of the average NN interval calculated over 5 min; SDNN: standard deviation
of the NN interval; RMSSD: the square root of the mean of the sum of the squares of differences between adjacent NN intervals; PNS: parasympathetic nervous system;
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Table 2 (continued)
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SNS: sympathetic nervous system; PAC: plasma aldosterone concentration; PRC: plasma renin concentration; FMD: flow-mediated dilatation

Effect of treatment on cardiovascular parameters

The effect of treatment on cardiovascular parameters in
all study subjects is presented in Table 4. Only group 3
demonstrated significant improvement in the 24 h aver-
age and nocturnal heart rates. Groups 1 and 4 showed
deterioration of the short-term HRV parameters over
16 weeks. Although there was significant improvement of
FMD in all groups, only groups 2 and 3 had significant
increment of the number of patients who achieved nor-
mal FMD at the end of study visits.

Subgroup analysis demonstrated significant improve-
ment in ASDNN and average heart rate in group 2; and
significant improvement in mean RR and 24 h average
and nocturnal heart rates in group 3 (Table 5). There
were also significant differences noted in SNS index,
PNS index, SDNN, RMSSD, and average heart rate
at the end of study visit between groups 2 and 3 with
group 4 (Fig. 1). Specifically, group 3 demonstrated sig-
nificantly lower SNS index, and higher PNS index and
SDNN, whilst groups 2 and 3 showed significantly
higher RMSSD and lower average heart rate, at the end
of study visit compared to group 4. Gender-based analy-
sis of group 3 revealed that females exhibited more pro-
nounced cardiovascular improvements compared to
males (Supp Table 4).

ESS and QoL scores

Table 6 outlines patient-reported outcomes in ESS and
QoL. Groups 1, 2, and 3 reported significant improve-
ments in the QoL scores, except in the domain of social
relationships. However, only group 3 exhibited significant
reduction in ESS.

Adverse events

Three patients in group 1 developed genitourinary
infection during the study period, which subsequently
resolved with treatment. There were more patients in
group 3 who developed other infections as shown in
Supp Table 5. None of the patients who received Dapagli-
flozin developed ketoacidosis.

Discussion

This study demonstrated three pertinent findings. Firstly,
untreated OSA has deleterious effects on the cardio-
vascular system over time, highlighting the progressive
nature of metabolic dysfunction in OSA patients. Sec-
ondly, the combination of SGLT2i and vitamin D3 pro-
vide a synergistic benefit in metabolic improvement and
prevention of cardiac autonomic function deterioration,

particularly in females. Thirdly, the use of this combi-
nation therapy led to significant improvements in both
sleepiness symptoms as well as QoL. To the best of our
knowledge, this is the first study evaluating the synergis-
tic effect of combining SGLT2i and vitamin D3 in cardio-
metabolic parameters, sleepiness symptoms, and QoL in
a group of OSA patients with high cardiovascular risks.

In untreated OSA patients, cardio-metabolic param-
eters often continue to worsen due to insulin resistance,
intermittent hypoxia, and sympathetic overactivity [36].
Despite an improvement in hsCRP in the control arm,
which may reflect the natural variation rather than a true
anti-inflammatory effect, the persistent autonomic dys-
regulation and cardiovascular stress explain the lack of
improvement in metabolic parameters and deterioration
in HRV over time, highlighting the progressive impact of
untreated OSA on autonomic and metabolic health.

The extra-glycemic benefits of SGLT-2i have been well-
demonstrated. Apart from lowering blood glucose with
minimal adverse effects of hypoglycemia, SGLT2i led
to reductions in body weight, visceral fat, and BP [37].
Nevertheless, the lack of impact on cardiac autonomic
function as demonstrated in this study suggests that
improving metabolic factors alone may not be adequate
to protect against cardiac autonomic dysregulation in
OSA. In fact, SGLT2i alone could potentially worsen
HRV due to volume depletion and subsequent RAAS
activation [38], which may lead to increases in SNS activ-
ity and worsened HRYV. This is demonstrated by an incre-
ment in PRC and PAC only in the SGLT2i arm, despite
not achieving statistically significant differences.

Although vitamin D3 led to some improvements in
metabolic parameters, it was not as robust as SGLT2i
treatment. Existing meta-analyses demonstrated con-
tradicting results on the effect of vitamin D3 supple-
mentation on BP, which could be contributed by the
various doses and short duration of treatment [39-41].
In the current study, vitamin D3 led to improvement in
BP among those who achieved vitamin D sufficiency at
the end of follow up. Furthermore, vitamin D3 use was
demonstrated to exert protective effect on cardiac auto-
nomic function by preventing the deterioration in HRV
expected in untreated OSA, which could be attributed to
the direct effects of vitamin D3 on the physiology of the
cardiomyocytes [42].

In addition to achieving comparable metabolic
improvements to the SGLT2i monotherapy group, the
combination of SGLT2i and vitamin D3 effectively pre-
vented the deterioration of cardiac autonomic function,



Page 8 of 16

(2025) 23:296

Loh et al. Journal of Translational Medicine

95L3SIP JBAI| 21301L31S Pa)RID0SSe-DIj0geIaW :JISYIN ‘22UaI3JWNDIID DIID IX3pul ssewl >UOQ NG ‘ainssaid Poo|q :dg

abe3usdIad pue JUNOD 3)N|OSCE S PAUYSP 1. SD|qelIeA [BD1410633eD ‘(YD) URIPSW 4O UOIIRIASP PIBPUE)S F UBSW Y} Se pajudsaid d1e S3|qelieA [eouawnN

ryv ryv (c91)9 (c91)9 [(WaRs [(WaRs (€9)¢ (€9)¢ € opeiH

(6'€9) €C (6°€9) € (899) LT (899) LT (6'19)9C (6'19)9C (6£5) tC (S09) € ¢opeH

(£91)9 (£91)9 (c9ol)9 @108 (8€0 0l (8€0 0l (cel)s ®s1)9 | 9pel

(€8¢ (€8¢ (ol ¥ (29K4 ((WARY ((WARY (L€0)6 ¥8l) £ [BWION
0l 050 ol 050 (%) U'aISYW
wia3sAs Aipljigoipday Jo punospiiin

/050 (WCTvTl)89L (9LT'LOL)S9L ¢v00 (66'LCOL) VL (96L'CLL)PSL G600 (6L L9l (E€T'ELL) S9L 9€T0 Orz'soect (Ll'z'sol)selL SpL=A|6LL

5600 Lo+l 9C0+F6CL 600 €COFPLL roF6cl 6010 6C0F/CL 9C0+ecL L000> LCOFLLL ECOFLLL D-10dH

/Y50 S80+69C L0+ 19T 6710 9/0%F16¢ 8/0F/9¢C T9C0 Y60F LT 6/0F98C S€C0 60F¢S'C 80'L+59¢C D-1d1

/60 Y6'0F 651 ¥6'0F651 9500 LOLFEEY €OLFCOY €200 cl'LF89Y /[8'0FS6Y 600 YO LFCEY CELFLOY €10
T/joww ‘pidi
[8€0 (£9'16) 19 (89'¢9) 09 1000> (69'2°9) 09 (£1'69) L9 €440 (1'£'89) C9 (0£'6'S) €9 S000 99°26) 19 (89'6'9) ¥'9 % 2LVaH
/0 /'€8F 961V 068+ /¢cy 1000> §98FGC9¢ €/8F6ety 9¢00 LC6F L'COy gE0LF Ly LO00> Se8F L 9or¢E 6¥8F ¥ 0cy /10w ‘pioe dun
Ansjwaydolg
91€0 COLF¥OLL 6'GLF0LLL LO00> CCLFC8LL 9ClL¥ecel 0610 9CLF691L L'cL+/211 1000> CELFSBLL 9vL+SCCl WD “2113 31BN
¢5€0 YvyFe Ty v+ lery L000> Lv+v'ey Ov+¥vy G/LC0 6e+oY 6'€F8Cy L000> 0G+S¢y LYFSEY W2 "2 28N
6%79°0 08F¥6e 8LF¥6E L000> So9FE0r 0LF9ly 9%90 S/F66€E €/F86¢ 1000> S9F80Y VLFLY NE\@_ Ing
£500 LY F0/L 8el+,08 £CS0 U'LLFCSL CCLF¥9L 9600 YeLFCeL EELFYSL L6110 LYl F8¥%/ 6elL+59/ wdq ‘sael as|nd
LGE0 6 ¢l F¥9% SSLFC86 L100 CLLF8C6 OeL¥CL6 0S00 OLLFOLl6 9LLFL¥6 000 YCLFLe6 LLLFY L6 BHWW dg dljoiselq
8600 90CF 6yl CLCF8ESL €000 SOLF/LErL geLFCLIGL €000 09LF6¢rl L'ZLF9051L 0€00 EGLFTL SOLFEESL  BHwW dg d1j01sAS
JuBWodoiyiuy

d »Pyy 21099 Yy 21099 d Yy 21099 d Yy 21099

LE=ut{ dnoip 6£=u g dnoin Ly=ugdnoip 9¢=u | dnoip sa|qeliep

(110402 ||B) 1UBWIIRIY 12)e pue 210j3q sabueyd Jaawieled djjogeId)y € alqel



Page 9 of 16

(2025) 23:296

Loh et al. Journal of Translational Medicine

@ utweyAAxoIpAY-5z :a(HO)ST ‘uoneIe|Ip PaleIpaw Moy (A4 ‘UOIIeIIUSIUOD Ulual ewise|d :DYd ‘UOI1RIIUIdUOD dU0I3)sop|e ewse|d Dy ‘|euin}dou 100u ‘abelane :Bae ‘wnwixew
IXew WnWiuiW Ui ‘walsAs snoasau d3ayedwiAs :5NS ‘waisAs snoalau diayiedwAseled (N ‘sjeasaiul NN Judde(pe uaamiaq sadUIBHIP JO saienbs ay3 Jo wins ay3 Jo ueaw ay} Jo 3001 d1enbs 3y} :gSSINY {eAsaiur NN
3Y} JO UOIIRIASP piepue)s (NNS ‘UIW G JSA0 Pale|ndjed [eAsaiul NN 96eISAR 33 JO UOIIBIASP plepuels ay3 :NNVAS ‘Y #Z J9A0 pale|ndjed NNAS UIW § 3y} JO ueaw 3y} NNASY ‘u1ioid aAndeal-d AHAINSUSS-YBIY :d¥dsy

abejusdIad pue JUNOD 3)N|OSCE S PAUYSP 1. SD|JelIeA [BD1410633eD ‘(YD) UBIPSW 4O UOIIRIASP PJEPUE)S F UBSW Sy} Se pajudsaid d1e S3|qeleA [eouswnN

Sclo ©81)¢L (I'g)e 9100 (€eo) €l (F's)9 100 (€60 Tl ©Or1)9 sl (909 L1 (£91)9 %lL<
1000 €80F 159 LTLF909 0100 SCLF099 05'LFCL'9 #0000 LLLF199 08'LF¢6'S 1000> YO'LF0L9 LELFLLO % ‘AN
uonsuny [oljaYI0pU3
(l6'€C (eLve (ozet (teee (Tr9c (le'0C (Lese (L9¢€t
6820 ‘91'8) L9¥L SV 9LYL T6V0 'S09) LLTL '209) LTSL 6L60 '£9°9) 0€°€L '88'9) 05°€L €50 'SL'6) 0SS L ‘01°2) €0°€EL Ju/nii Dyd
(Ss€l (74!
ve60 (SI'LL'929) 68, (0€LL 75988 ¢SO (€67TL'0L9)8L6 '€8°9)0L0L ¥9¥0 (S80L'96%) ¢9L (O¥'LL'999)9€6 €LL'O ‘85°/)S¥0L (0L'TL'8¥'S) 96'8 1p/Bu "Dvd
$121oUDIDd W1SAS 3UOI31SOP|D—UISUS]0IBUD—UIUSY
%) u
ol (0sD6 (8,00l ¥SL0 (r'sl) L (e 6 vSL0 (sC06 (S£D) 1L SLE0 (co1)9 (€vD) 6 ‘addip-uoN
0680 06F96G1L YLFYSL 680 08F59lL 69F8%L 890 90LFC9l €6F961 8710 96FS/L LLFeSL 9% 'Buiddig
€760 SOLFSYL LOLF¥¥L €000 06F00/ €oLF6cL €010 OLLFE69 6LLFOLL LYLO L0LF069 OcELFClL dH 190N
GEL0 CLL¥988 L0LF188 CECO 86F V8 ¢6+968 ¢8l0 €lLLFLes 66+ 198 ¥/80 L1LF0¥8 €CLFTY8 YH Aeq@
9980 86F6¢8 Y6F L8 8000 S6FV6L €6F6'18 VL0 96F/8L 86F808 S800 S0L+98/ L'LLF908 YH by
0LLo L'ELFTSTL LELFILCL 0€90 8YLFL/L Ll EYLFLCCl 900 celFseel LELFBYCL 650 €9LFLCel calLFeect dH XeW
€Cco 8F9'1S 06F8¢S €790 89F oy §6F6'6Y (8C0 v8F8 LY S6F L6y LLCO 6LF L8y 68F €05 gH WA
wdq ‘2101 402y Y 7
Ge00 vOLF8/C 0CLFt¥eC £L180 oLF6'el ESLFYYC 06€0 9TLF6EC 6ELFLLCI100 EVLF¥oC 00LFLCe X9pUul $S9AS
6100 LEFVY 0eFre £SO €CFLE eFee §S50 9TF0€ CEF8T 9000 SEFOPY 8CF0¢E X9pUl SNS
1500 60+, — 60FG5L— G€60 60F€1L— ULFEL = 8550 VLFCL = ELF 1L = €000 60FL1— OLFeL— X9PUl SNd
£000 @vL'04) 00l  (8CC'00L)SSL €080 (00C'06) 0°€EL (0Ccz's6) SSL Trlo (062’5091 (86C'S0L) SLL TE00 (061 '09) S0L (€52'08) s9L SW 'dSSINY
8€C0 EVELFLSEL SLCLFLESL 9PL0 0/LV1¥898/ 06rLF+¥'19. 0C90 9€ELF9LLL ¥'SSLF£982 0100 SLYLF88Y/. 0SL+8/8L SW 'Yy uesiy
5000 (88198 0Ll (LC'eLNOLL ¥690 (OLELODYIL  (S8CT'ILL)89L 80CO (cgr'e8) ¢Sl (TOEvEL) TOC 9200 @®lz'gy)sel  OsT'ULD6LL SW'NNAS
NYH wid] 1Joys
L£90 6EEFLYLL 60EF6LLL £8E0 €CEFOSLL 9LEFO6LLL ¥61°0 YorFTeCl 8LEF69LL ¢L00 SIrF98el Y8y F68LL NNas
0S/°0 cleFleol 9/CF/00L 8L00 EEEFSCOL 0vEF596 8SCO EYrF 601 C6eF070L S900 g6eF Lyl 9SG FSS0L NNVAs
96’0 ELLFEYY L'ZLF¥¥y 00£°0 9GLF9o8y 8YLFS Ly €500 LOLF0€ES 9GLF/87 8CCO CLTF6Cs vICFLEY NNASY
SW AYH wial buoy
/100 §9¥S9 96F¥8 /850 €6F9/ 9GFCL 0S00 06F9S 9GFE9 €060 8GFS59 66F89 ddosy
d Yy 21099 d SNV 21099 d PNV 21099 d FEMV 210)9g
LE=Uup dnoip 6€=ugdnoip Ly=u gz dnoin 9¢=u | dnoip sa|qenep

10Y0D [|e Ul JUSWILRI1 I3 pUR 210j2q sabueyd Jalaweled JejndseAolpie)  ajqeL



Page 10 of 16

(2025) 23:296

Loh et al. Journal of Translational Medicine

93U} JO UOIIRIADP piepue)s NNS ‘Ul G I9A0 Paje|nd|ed [eAla3ul NN 96eISAR 3} JO UONRIASP piepuels 9y} NNVYAS ‘Y #Z JoA0 pate|ndjed NNS Ul G SU} Jo ueaw Y3 :NNASY ‘u1s3oid dA13deaI-D AN

SIA JO PUS 3Y3 38 TW/BU 0E < A(HO)SZ PIASIYDE pue auljaseq 1e Tw/Bu 0€ > (HO)SZ PeY OYm suusheqd |
@ utweyAAxoIpAY-5Z :d(HO)ST ‘uoneIe|Ip PaleIpaw Moy (A4 ‘UOIIeIIUSIUOD Uludl ewised :DYd ‘UOI1RIIUSdUOD dU0I)sop|e ewse|d Dy ‘|euin}dou 1o0u ‘abelane :Bae ‘wnwixew
IXew {WNWiuiW Ui ‘walsAs snoasau d3ayredwiAs :5NS ‘waisAs snoalau diayiedwAseled (N ‘sjeasaiul NN Judde(pe uaamiaq sadUIBHIP JO saienbs ay3 Jo wins ay3 Jo ueaw ay} Jo 3001 d1enbs 3y} :gSSINY {ersaiur NN

15U35-YBIY :dHDsY

abejusdIad pue JUNOD 3)N|OSCE S PAUYSP 1. SD|JelIeA [B21410633eD ‘(YD) UBIPSW 4O UOIIRIASP PIBPUE)S F UBSW Sy} Se pajudsaid d1e S3|qelIeA [eduswnN

Sclo (a¥ay (I'6) € €900 (1'80) 6 (St v 0SC0 908 (CL1)S sTL0 (€€ L1 (@8l)9 %lL<
€000 80F99 CLFC9 8¢00 8L'LFS¥9 Y9LFS09 9000 €6'1F559 LS'1F68G 1000> 60'LF09 LELFBL9 % ‘A4
uolsuny [pljaYI0pU3
(L95¢ (44 (olze (tsee (€gze (sSLL (coee (09te
8060 '60'6) LTSL ‘L101) TLSL S200 ¥86) S8'LL 'S8%) SO0l S8£0 ‘96%) 09'L L ‘8EQ) LTl 1EC0 '766) L6°GL '€6'9)6LTL Ju/niM “Dyd
S9CL
€680 (SL'LL'9L9)eg L (0€LL ¥P9)SL8 8v60 (0CEL¥99) ¢6'6 (0CEL'809) LL6 9020 (0CTOL LEY) €89 (OF'LL ¥S9) ¥8L 7900 ‘N@.bﬂom,oﬁ (0€T1L'LE9) S6'8 1p/Bu Dvd
$1012WIDd Wa)sAs aU0Ia1SOP|D—UIsUI0IbUD—UIUSY
(9%) u
¥/.L0 ((azak: (€08)oL £L0 sty (881)9 LtL0 109 (980) 8 5L£0 (Lvl)s (€D 8 ‘1addip-uoN
JAZA0 C6FGGL 9LF6¥L 1SCO 69F891 L9F€ESL 5080 66F9GL S6F 1Sl ¢800 88F8/L ULLF8YL 9% buiddig
960 EOLFLYL YOLF8%. 0L00 [LF6'89 §6+91L 0S00 68FC/9 CTLFLLLYCLO COLFE69 8CLFILL dH 190N
9190 ELLF688 I'LL+288 8LL0 ['8F0€8 68F91¥8 8900 ELLFC08 66F/,€8 09,0 SCTLFLV8 SCLFEY8 YH Ae
0L60 86F (Y8 86FEY8 000 8LFLLL ¥8FS08 L£00 G8FL9L 66F¥6L L0CO LLLFE6L CLLF608 UH By
0910 0ELFI9CL LELFE8CL 6690 I'SLF80C!L L'SLF/1ZL 1600 SELFV6LL LSLFCECL S610 0/LFGCel 89LF L'¥Cl dH Xew
0/1°0 S8F6'LS €6F'eS 6¥80 89F/8Y L6F687 8500 0LF89% 86FE6Y 87C0 8F98Y C6F1°0S gH Ul
wdq ‘21011024 Y 7
6100 9¢€LFS0¢ 9¢€LF0SC SC80 €0LFCeC yyLF9€C 8Cl0 C6LF/9¢ 0L +6'1¢ 8¢00 VILFELT YCLFLEC X3pul $s211S
L100 L'EFLY L'EF9E 80 €CF8T 0eFCe LyrO YTF8T YCFECBLO0 9EF6E 6CF0€E X9PUI SNS
Gc00 ULFLL = ILFEL— L0 OLFCl— 60FCL— £LL60 OLFLL— L'LF1L = 8000 CLFGL— ELFCL— X9pUl SNd
£00°0 (0€L'S9 56  (8CC'00L) STl 9890 (8£2'06)SCL (0CC'08) 091 £S10 (€/0'88) 0L (00£'STL) 081 £L00 06L09)0LL (S¥C'08) 08l SW'assy
o910 CTCLF8YLL 67CLFC8EL 1100 /91 ¥8908 EVLFTL9L 6640 CLELF0TC08 60SLF796L L200 8TSLFVESL (951 F6'882 SW gy uesiy
€000 (89118 0L (CeC'9L)T9l £T60 (CoE'80L) §SL (062 'COL) 06L ¥9T0 (rsz'ce)¥yolL  (T6C'L€1) 90T LS00 ez v)ovl  (89CTLL08L SW'NNAS
NYH Wiar1ioys
€790 EEFOELL €CEFBOLL €6€0 68CF/8lLL GLEFOVLL 800 SLEFTVCL FOEFOPLL LLLO 6Ty F/8¢Cl 08y +96L1 NNAs
¥6/0 L0EFF00L ¥'8CF 66 ¥600 98CFSTOL ¥CeE+086 0SL0 L'y F8601L 89¢F VL0l 6710 SecFEClLl LYy FYS0L NNvds
1/80 C8LFSYY 8LLF Yy C190 €9LF 667 L'SLFC8y €100 TILF6PS 9SLF¥8Y /10 8LTFSES 8'1¢FL0S NNASY
SW AYH Wil buoy
8100 99F 'L 66FE6 ¥¥C0 [SF6L 0S¥0Z 9500 8V FES €SFC9¢S60 6GF69 L'0L+89 dddsy
d FEMY 21099 d Yy 21099 d SEMV 21099 d 1PYY 21099
gge=uydnoin ze=u gdnoip 6Z=ugzdnoip g¢e=u | dnoin sa|qenep

xSIsAleue dnoibgns uj Juawieas Yum sabueyd Jsiauleled Jejndseaoipied) § ajqer



Loh et al. Journal of Translational Medicine (2025) 23:296 Page 11 of 16

5.00

A
o
o

»
o
S

Group 3 vs group 4
p=0.029

w
0
<)

w
o
S

N
0
<)

N
o
<)

=
134
o

Sympathetic nervous systemm index
-
o
1S)

o
O
<)

0.00

1 2 3
Visit

—=— Group1l ++©: Group2 ==@==Group3 =—O-- Group4

a Changes of sympathetic nervous system index with treatment among intervention groups

0.00
-0.20
-0.40
-0.60
-0.80
-1.00

-1.20
| Group3vsgroup4

-1.40 p=0.045

-1.60

Parasympathetic nervous system index

-1.80 -

-2.00
1 2 3

Visit
—=— Groupl O+ Group2 ==@==-Group3 =—O-- Group4d

b Changes of parasympathetic nervous system index with treatment among intervention groups

Fig. 1 a Changes of sympathetic nervous system index with treatment among intervention groups. b Changes of parasympathetic nervous
system index with treatment among intervention groups. ¢ Changes of SDNN with treatment among intervention groups. d Changes of RMSSD
with treatment among intervention groups. e Changes of average heart rate with treatment among intervention groups



Loh et al. Journal of Translational Medicine (2025) 23:296 Page 12 of 16

23.0

21.0

19.0

-
o)
o

b
[
<)

- Group 3vs group 4
p=0.028

Shortterm HRV SDNN, ms
@
o
/
/

a
ort
o

/

9.0
7.0

5.0
1 2 3
Visit

—F— Group 1 +=+@:++ Group2 ==8==Group3 =—O- - Group4

¢ Changes of SDNN with treatment among intervention groups

20
18

16

Group 2vs group 4
p=0.005

Group 3vs group 4
p=0.011

RMSSD, ms
o

1 2 3
Visit

= Group1l Q-+ Group2 ==@==Group3 =—O - Group4d

d Changes of RMSSD with treatment among intervention groups

Fig. 1 continued



Loh et al. Journal of Translational Medicine (2025) 23:296 Page 13 of 16
86.0
O o — s — e — s — -—
84.0 =:+=—-0
82.0
£
_g. Group 2 vs group 4
- 80.0 p = 0.005
Q P—
‘é’ Group 3vs group 4
p=0.031
5 780
o
& o=
)
@ 76.0
S
z -
74.0
72.0
70.0
1 3
Visit
—=—— Group1l ++©: Group2 ==@==Group3 =—O - Group4
e Changes of average heart rate with treatment among intervention groups
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Table 6 ESS and quality of life changes before and after treatment
Variables Group 1 n=36 Group 2 n=41 Group3n=39 Group 4n=37
Before After p Before After p Before After p Before After p
ESS 89+50 80+48 0259 89+£57 86+58 0.722 102+47 76%52 0.004 94+£57 86+48 0.254
WHOQoL
Quality of Life  349+0.77 397+069 <0001 339+£0.70 3.78+057 0.002 340+£0.81 3.88+0.69 0.004 361+0.72 3.73+0.80 0.347
General Health  2.97+0.87 3.24+0.72 0.048 3.02+0.69 3.34+0.83 0.008 295+0.64 3.60+0.87 <0.001 3.11+£097 3.27+096 0245
Domain 1 122417 132+£16 0.003 125+1.7 13120 0012 127416 134+22 0014 128+1.7 132+14 0252
Domain 2 128£19 134%18 0033 125+16 135+19 <0001 13.1+21 137+24 0075 13.1+17 133+£19 0497
Domain 3 144425 151428 0202 139428 14126 0751 139429 146+35 0217 145+£34 145+26 10
Domain 4 141+£22 146£16 0076 13.7£21 14521 0.007 141£19 150%29 0.032 146£1.8 15017 0044

Numerical variables are presented as the mean + standard deviation

ESS: Epworth Sleepiness Scale; WHOQoL: World Health Organization Quality of Life; Domain 1: physical health; Domain 2: psychological health; Domain 3: social

relationships; Domain 4: environmental health

which was otherwise observed in the control group and
the SGLT2i monotherapy arm. This finding suggests a
synergistic effect of the combined treatment on both
metabolic and cardiovascular autonomic function. The
protective role of vitamin D in reducing oxidative stress
and preserving cardiac autonomic function [43, 44],
together with the ability of SGLT2i to improve glycemic
control, metabolic parameters, and reduce fluid overload,

may work in concert to mitigate cardio-metabolic dys-
function seen in untreated OSA. Moreover, only the
combination treatment resulted in significant reduction
in nocturnal heart rate, along with a decrease in the 24 h
average heart rate. Elevated nocturnal heart rate, often
referred to as a “non-dipper” profile, has been associated
with increased risk of cerebrovascular and cardiovascular
diseases, as well as subclinical inflammation [45-47]. The
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lack of significant results when comparing non-dippers
to dippers following treatment may be attributed to the
fact that most patients were already classified as dippers
at baseline. With fewer non-dippers to observe changes
in response to treatment, the statistical power to detect
significant differences between the groups was reduced.
This baseline distribution may have limited the ability
to demonstrate a meaningful shift in dipping status as a
treatment effect.

This study demonstrated that the female patients who
received the combination treatment of SGLT-2i and vita-
min D3 exhibited greater improvements in both meta-
bolic and cardiovascular parameters compared to their
male counterparts. These findings suggest potential
gender-specific differences in response to the combina-
tion therapy. Estrogen is known to exert cardioprotec-
tive effects and play a key role in metabolic regulation
[48, 49], which may have contributed to the more pro-
nounced benefits observed in the female patients. Addi-
tionally, gender differences in vitamin D metabolism and
gene expression may have also played a role in modulat-
ing these outcomes [50].

SGLT2i monotherapy has been demonstrated to
improve QoL among patients with heart failure [51] and
type 2 diabetes [52], but presents conflicting findings
regarding the impact on ESS in OSA patients with type 2
diabetes [53, 54]. Furthermore, the sole study evaluating
the effects of vitamin D supplementation on ESS in OSA
patients reported no significant improvement in sleepi-
ness symptom following treatment [55]. There is no data
on the influence of vitamin D supplementation on QoL
among OSA patients. Similarly, in other disease entities,
this area remains under-researched [56]. Our study dem-
onstrates that, while all three intervention arms showed
improvements in QoL scores, only the combination
therapy group achieved significant improvements in both
QoL and ESS scores. While no statistically significant
differences were observed between the groups at base-
line, the slightly higher starting ESS in the combination
arm could have provided more room for improvement
in the symptoms, contributing to the observed reduc-
tion. Nonetheless, the consistent improvements observed
across multiple outcomes suggest that the combination
treatment likely offered meaningful therapeutic benefits.
This highlights the potential of this treatment combina-
tion as a more comprehensive approach to managing
hypertensive OSA with metabolic dysfunction, address-
ing multiple aspects in cardiac health, metabolic func-
tion, sleepiness symptoms, and QoL.

Our study is not without limitations. Firstly, we
included only hypertensive OSA patients who were
obese, which may limit the generalizability of the find-
ings to other groups, such as normotensive OSA patients,
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or those with normal BMI. Besides, the 16-week study
period may not have been long enough to capture the full
range of physiological and metabolic changes associated
with the interventions, hence limiting the ability to assess
the long-term durability of the observed effects, particu-
larly cardiovascular benefits, which may evolve over a
longer duration. Moreover, despite controlling for some
variables, other unmeasured factors such as sleep quality
and lifestyle changes could have influenced the outcomes,
potentially confounding the effects of the interventions.
In addition, individual responses to the interventions
could vary, which may mask specific benefits that could
have been more apparent with each intervention.

Nevertheless, this is the first study investigating the
combination of SGLT2i and vitamin D3 in improving
cardio-metabolic parameters, daytime somnolence, and
QoL in OSA patients with high cardiovascular risks, con-
tributing to the growing body of evidence examining the
complex interactions in these aspects. The randomized
controlled 4-arm study design helped minimize bias and
enabled the comparison of multiple treatment strategies,
offering valuable insights into the relative effectiveness of
each approach. This facilitates a more exquisite under-
standing of how different interventions influence vari-
ous clinical outcomes in patients with OSA. Additionally,
by evaluating multiple aspects, including metabolic and
cardiovascular parameters alongside to sleepiness symp-
toms and QoL, this study provides a comprehensive
overview of the effects of each treatment. The investiga-
tion into the HRV offered valuable insights into cardiac
autonomic function, a crucial indicator of cardiovascular
risk, particularly in patients with OSA. While our study
was not designed to directly investigate the underly-
ing mechanisms of the improvement observed with the
combination therapy for heart disease, kidney failure, and
autonomic function, the study findings suggest a poten-
tial role for this combination therapy in helping to miti-
gate key risk factors associated with cardiovascular and
renal complications. Future research should focus on
elucidating the precise mechanistic pathways involved,
potentially paving the way for more targeted and effective
treatment strategies.

Conclusions

This study, the first to evaluate multiple outcomes in rela-
tion to metabolic and cardiovascular health alongside
patient-reported outcomes relevant to hypertensive obese
OSA patients, highlights the beneficial synergistic effects
of combining vitamin D3 and SGLT2i. This combination
not only improves key metabolic parameters but also helps
mitigate the deterioration of cardiac autonomic function,
while reducing daytime somnolence and enhancing QoL,
particularly in female patients. These findings underscore
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the potential of this combination therapy in addressing
the metabolic and cardiovascular challenges, ultimately
improving overall health outcomes in these patients. Fur-
ther long-term studies are essential to confirm the durabil-
ity of these benefits and to better understand the underlying
mechanisms driving the observed improvements.
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