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Abstract

Glycemic variability is a stand-alone risk factor for diabetic complications. Back-
ground/Objectives: We investigated whether combining quercetin-rich Allium cepa L.
(white onion) juice with the sodium-glucose cotransporter-2 (SGLT2) inhibitor dapagli-
flozin could reduce glycemic variability beyond that achieved with monotherapy in ex-
perimental diabetes. Methods: Wistar rats were made diabetic with streptozotocin (35
mg/kg) and maintained for 60 days in the following groups: vehicle, dapagliflozin (0.1
mg/day), fresh onion juice (5 mL twice daily), and dapagliflozin + fresh onion juice (5 mL
twice daily). Diabetic Wistar rats (1 = 10/group) were gavaged with vehicle, dapagliflozin
(0.1 mg/day), fresh onion juice (5 mL twice daily), or both. The juice was expected to con-
tain phytochemicals (quercetin derivatives and organosulfur compounds) based on pub-
lished reports on similar A. cepa cultivars. A validated immunoassay was used to meas-
ure glycated hemoglobin (HbAlc) every 10 days. All treatments reduced HbAlc to the
same level (~7.1-7.2%) as compared to diabetic controls (9.0 + 0.3%) (p < 0.001), though
only the combination treatment reduced glycemic variability (HbA1C coefficient of vari-
ation 3.9 + 0.6% vs. 7.8 + 1.2% with dapagliflozin and 11.2 + 1.8% with onion) (p < 0.001).
Results: Across the 10-day sampling schedule, the combination kept HbAlc within a nar-
row 6.8-7.2% band, whereas the monotherapies fluctuated more widely; because intraday
and postprandial glucose were not captured, effects on short-term excursions could not
be directly assessed. There were no cases of severe hypoglycemia and only infrequent and
non-repeated cases of mild hypoglycemia. Conclusions: In this exploratory, hypothesis-
generating study, the additive interaction between onion phytochemicals and dapagli-
flozin was associated with lower glycemic variability via mechanisms proposed in the
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literature; quercetin-rich A. cepa juice may therefore warrant further investigation as an
adjunct in diabetes management, pending batch-specific phytochemical characterization
and confirmatory studies.

Keywords: phytochemical combination; oxidative stress markers; diabetes mellitus;
Allium cepa; quercetin; dapagliflozin; glycemic variability

1. Introduction

T2DM is the most common type of diabetes (DM) and is a disease of more than 537
million people worldwide, reaching a projected 783 million by 2045 [1]. Despite improve-
ments in pharmacotherapy, HbAlc levels remain uncontrolled in only 50-60% of patients
[2]. In addition to mean glycemia, an increasing number of studies have shown that gly-
cemic variability (the amplitude of glycemic changes) is a predictor of diabetic complica-
tions in its own right [3]. In the DEVOTE trial, a 1% increase in daily fasting glucose vari-
ability was associated with a 4% increase in the risk of severe hypoglycemia and a 3%
increase in all-cause mortality [4]. Poor glycemic control is associated with increased car-
diovascular risk, including coronary, cerebrovascular, and peripheral arterial disease, as
well as heart failure. It is consistently associated with microvascular complications (reti-
nopathy, nephropathy, and neuropathy) as well as macrovascular complications [5], un-
derscoring the clinical need for good glucose control.

Allium cepa L. The onion (Allium cepa L.) has been used in traditional medicine for
thousands of years and is rich in a unique phytochemical composition with proven anti-
oxidant activity [6]. The characteristic bioactive constituents of this species are the flavonol
glycosides (quercetin-4-O-B-D-glucoside and quercetin-3,4"-O-f3-D-diglucoside) in the
range of 0.5-1.0% of dry weight, as well as the characteristic organosulfur compounds, S-
methylcysteine sulfoxide (SMCSO), S-propylcysteine sulfoxide (SPCSO), and the enzy-
matically derived thiosulfinates [7]. More than 25 phenolic compounds have been found
in onion, of which 80-85% of the flavonoids are quercetin derivatives [8]. Natural products
have been a treasure trove of lead compounds for the discovery of antidiabetic drugs, and
computational methods are now available to identify and optimize multi-target candi-
dates for T2DM [9,10].

The antidiabetic mechanism of onion phytochemicals is complex and is still being
defined [11]. Quercetin activates the AMP-activated protein kinase (AMPK) in skeletal
muscle and liver, which promotes the translocation of the glucose transporter (GLUT4)
and the development of insulin sensitivity [12]; in 3T3-L1 adipocytes, quercetin-3-O-f3-
glycoside induces glucose uptake through AMPK [13]. Quercetin also inhibits key carbo-
hydrate-metabolizing enzymes—a-glucosidase (ICso = 13.34 uM/mL), a-amylase (ICso =
48.09 uM/mL), and dipeptidyl peptidase-4 (DPP-4; ICs0 = 0.653 nM/mL) [14-16]. The or-
ganosulfur compounds exert complementary actions: SMCSO and its metabolites can pro-
tect pancreatic (3-cells from glucotoxicity through activation of nuclear factor erythroid 2-
related factor 2 (Nrf2) and up-regulation of antioxidant enzymes [17]; in MIN6 {3-cells,
SMCSO (100 pM) decreased the high-glucose-induced generation of reactive oxygen spe-
cies (ROS) by 68% and prevented apoptosis [18]; and thiosulfinates modulate ATP-sensi-
tive potassium (KATP) channels, helping to promote glucose-stimulated insulin secretion
[19].

Sodium-glucose cotransporter-2 (SGLT2) inhibitors promote sodium and glucose ex-
cretion in the urine without requiring insulin [20]. The selective SGLT2 inhibitor, dapagli-
flozin, reduces HbAlc by 0.5-0.8% and provides cardiovascular and renal protection, as
shown in the DECLARE-TIMI 58 trial [21]. The use of SGLT2 inhibitors alone, however,
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may not be sufficient to manage glycemic variability, particularly postprandial hypergly-
cemia [22]. Recent preclinical studies also suggest that dapagliflozin has effects beyond
glucose lowering, including modulation of inflammatory pathways and oxidative stress
markers [23]. This combination of A. cepa and dapagliflozin is based on complementary
mechanisms of action: while dapagliflozin inhibits renal glucose reabsorption, the phyto-
chemicals in onion promote peripheral glucose disposal and preserve {3-cell function. In
this way, this dual action may be beneficial in achieving stable glycemic control through
its simultaneous effects on multiple pathophysiological abnormalities of diabetes. Alt-
hough onion/quercetin and dapagliflozin each already have established antidiabetic evi-
dence —and dapagliflozin has been reported to reduce glycemic variability in humans—
no study has examined this specific combination. The novelty of the present work, there-
fore, lies in the onion-dapagliflozin pairing and in evaluating its effect on glycemic vari-
ability, rather than in proposing a new antidiabetic principle. We tested the hypothesis
that A. cepa juice, nominally standardized for bioactive content based on the literature
values, can reduce glycemic variability when co-administered with dapagliflozin in strep-
tozotocin-diabetic rats.

2. Results

Of the 80 rats enrolled across the eight experimental groups (n = 10 per group), 78
completed the 60-day study. Two deaths occurred due to gavage-related complications
(Group D, healthy + combination, n=1; Group H, diabetic + dapagliflozin, n=1). No other
adverse events led to exclusion. All animals that survived (n = 78) were used in the final
analyses (n =9 for Groups D and H, n = 10 for the other groups).

2.1. Expected (Literature-Based) Phytochemical Profile of Onion Juice

The estimated phytochemical composition of the onion juice is presented in Table 1,
based on published analytical data for white A. cepa varieties similar to the variety used
here (Giza 6). Published studies indicate that quercetin and its glycosides constitute the
major flavonoid fraction in white onion juice, with quercetin-4-O-glucoside typically pre-
dominant [7,8]. Batch-specific instrumental characterization (HPLC-DAD, UPLC-MS/MS)
was not performed; therefore, the values in Table 1 represent literature-derived estimates
rather than directly measured values.

Table 1. Expected phytochemical composition of white A. cepa juice, compiled from published ana-
lytical data for comparable cultivars and not measured in the present study (typical reported values;

see Section 3.6 and Limitations).

Parameter Content (per 100 mL) Method in Cited Sources
Flavonoids

Total quercetin content 68.4+ 3.2 mg HPLC-DAD (370 nm)
Quercetin-4-O-glucoside 42.7+2.1 mg HPLC-DAD
Quercetin-3,4"-O-diglucoside 18.3+1.4mg HPLC-DAD
Free quercetin 74+0.8 mg HPLC-DAD
Phenolic Content

Total phenolics 156.7 + 7.8 mg GAE @ Folin—Ciocalteu
Organosulfur Compounds

Total thiosulfinates 42.3 £2.1 umol DTNB assay
S-methylcysteine sulfoxide 28.6£1.9mg UPLC-MS/MS
S-propylcysteine sulfoxide 19.4+13 mg UPLC-MS/MS
Antioxidant Capacity

ORAC value 486 =24 umol TE ® ORAC assay
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DPPH scavenging (ICso) 0.82 +0.04 mL DPPH assay

2 GAE: gallic acid equivalents; ® TE: Trolox equivalents. Values are literature-derived estimates from

published studies on comparable white A. cepa cultivars [7,8]; they are presented to indicate the
expected composition of the juice and were not determined analytically for the administered batches.
Batch-specific HPLC-DAD/UPLC-MS/MS characterization is identified as a key limitation and a pri-

ority for future work (Section 3.6).

2.2. Baseline Characteristics and Treatment Adherence

Table 2 summarizes the baseline characteristics of all groups. No significant differ-
ences were observed in initial body weight, fasting glucose, or HbAlc among groups be-
fore diabetes induction (p > 0.05 for all comparisons). STZ administration successfully in-
duced diabetes, with fasting glucose rising from 92.3 + 8.7 t0 296.4 + 31.2 mg/dL (p <0.001).

Table 2. Baseline characteristics and outcomes of experimental groups.

Dia-
Healthy = Healthy  Healthy  Healthy  Diabetic Diabetic  Diabetic 1a
Parameter . . betic +
Control ~ + Onion +Dapa +Combo Control + Onion + Dapa
Combo
Baseline
n 10 10 10 9¢c 10 10 9¢c 10

Body weight (g) 268+14  271+16 26513  269+15  267+12  270+14  266+13 26815
Fasting glucose

9449 91+8  93+10  92+7 95+8 93+9  91+10  92+8

(mg/dL)
HbAlc (%) 51£02 50+03 52402 5102 53+03 51+02 5203 5002
Final (Day 60)

. 298+ 18
Body weight (g) ~ 342+18: 339+202 336+172 340+192 248+22b 286+19¢ 291+2]¢ C
Fasting glucose 96+8s  94+90  98+10¢  95+7: 412+45b 178+22¢ 1ledx18c 0t14
(mg/dL) e

71+0.1

HbAlc (%) 524022 51022 53+032 51+02: 9003 72+07¢ 7.1:04c :
Fasting insulin 123+18 119+16 126x20 121x17 42508b 68+11c 59+09¢ 74x1.0
(HU/mL) a a a a c

Values are presented as mean + SD unless otherwise indicated. Different superscript letters within
the same row indicate statistically significant differences between groups at p < 0.05, based on one-
way ANOVA followed by Tukey’s post-hoc test. Specifically, a indicates values statistically compa-
rable to the healthy control groups, b indicates values significantly different from healthy controls
and representing the untreated diabetic control condition, and ¢ indicates values significantly dif-
ferent from the diabetic control and corresponding to treated diabetic groups. The superscript ¢
beside n indicates that one rat died during the study in that group because of gavage-related com-

plications.

Treatment adherence was excellent (97.5% completion). The two deaths (one each in
the healthy + combination and diabetic + dapagliflozin groups) were due to gavage-re-
lated complications, and all surviving animals received >95% of the scheduled doses.

2.3. Time-Course Changes in HbAlc

Figure 1 illustrates the temporal changes in HbAlc across all groups. Diabetic control
rats showed progressive elevation from 5.3 +0.3% to 9.0 + 0.3% over 60 days. This increase
was significantly suppressed across all treatment groups (p < 0.001), and similar final val-
ues (~7.1-7.2%) were observed; however, the trajectories differed significantly across treat-
ments.

https://doi.org/10.3390/ph19070999
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Figure 1. Time-course of HbAlc in STZ-diabetic rats (0-60 days). The final HbA1C levels (HbAlc
~7.1% vs. 9.0% in untreated diabetics; p < 0.001) were significantly lower for all treatments. Combi-
nation therapy (onion + dapagliflozin) maintained HbAlc within a tight range (6.8-7.2%, shaded
band) throughout the study, showing a more stable HbAlc trajectory than the monotherapies. On
Day 10, the HbA1lc level in the combination group was significantly lower than in the diabetic con-
trol and either monotherapy groups (p <0.01). Data are shown as symbols for statistical significance
at each time point (p < 0.05; ** vs. diabetic control; # combination vs. monotherapies). Data are mean

+SD (n=9-10 per group).

The combination therapy group had a unique glycemic stability. At Day 10, HbAlc
was 6.8 + 0.2% in the combination group versus 8.0 + 0.3% (dapagliflozin) and 7.9 + 0.5%
(onion) (p <0.01 for both; effect sizes d =4.47 and d = 2.75, respectively). The combination
was found to be effective in maintaining HbAlc levels between 6.9 and 7.1% from Day 20
to 50, whereas the monotherapies showed greater variability. By Day 60, all treatments
converged to similar endpoints (7.1-7.2%, p > 0.05).

2.4. Glycemic Variability Parameters

Complete glycemic variability parameters are shown in Table 3. The treatment with
combination therapy was remarkably low across multiple indices.

Table 3. Glycemic variability parameters in diabetic rats during the treatment period (Days 10-60).

Parameter

Diabetic Control Onion Juice = Dapagliflozin Combination p-Value?

HbAlc Variability

Mean HbAlc (%)

78+04- 75+05¢° 74+03° 70+0.1c¢ <0.001

Range (%)

3.9 (5.1-9.0) 2 25(61-86)b  15(65-80)c  04(68-72)¢  <0.001

CV (%)

184+2.1- 11.2+1.8%b 78+12c¢ 39+0.61¢ <0.001

https://doi.org/10.3390/ph19070999
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SD-HbAlc 143+0.122 0.84+0.09° 0.58 £0.07 0.27 £0.04 ¢ <0.001
AUCo-0 (-days) 456 +28 2 385+31° 378+19° 352+11¢ <0.001
Fasting Glucose Variability
Mean FG (mg/dL) 358 +422 204 +28° 186 + 24 be 172 +16°¢ <0.001
CV-FG (%) 243+3.6° 16.8+2.4"0 142+21°0 87+13¢ <0.001
Surrogate MAGE (mg/dL) ® 112 +182 68 +11° 54+ 90 32+6¢ <0.001

2 One-way ANOVA with Tukey’s post hoc test; different superscripts within rows indicate p < 0.05.
b Surrogate MAGE: surrogate mean amplitude of glycemic excursions, derived from sparse fasting-
glucose measurements at seven time points (not the classical CGM-based MAGE; see Section 4.6).
*d Different superscript letters within the same row indicate statistically significant differences be-
tween groups at p < 0.05 by one-way ANOVA followed by Tukey’s post-hoc test; groups sharing a
letter are not significantly different. Thus, ¢ and d indicate statistically distinct post-hoc groupings
where applicable. CV: coefficient of variation; SD: standard deviation; AUC: area under the curve;
FG: fasting glucose.

The coefficient of variation for HbAlc (CV-HbA1lc) was 3.9 + 0.6% in the combination
group, a 50% reduction compared with dapagliflozin monotherapy (7.8 + 1.2%, p <0.001)
and a 65% reduction versus onion monotherapy (11.2 + 1.8%, p <0.001).

2.5. Additional Metabolic Parameters

Figure 2 and Table 4 indicate the effects on body weight and insulin. Weight loss was
severe in diabetic rats, but was partially prevented by all treatments, with the combination
group showing the least weight loss among the diabetic groups (298 + 18 g vs. 248 +22 g
in diabetic controls; p < 0.001). Selected key post hoc pairwise comparisons performed at
Day 60 for the pre-specified primary contrasts are presented in Table 4; the full list of post
hoc comparisons is shown in Supplement Tables S1-54.

A
400 -

350 A

Body weight (g)
—_ — N N W
(e} a1 (@] (&)1 (@]
o o o (@] (@]

(O)
(@)
]

I
Healthy Diabetic Diabetic Diabetic Diabetic
control control + onion + dapa. + combo
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Figure 2. (A) Body weight at Day 60. Diabetic control rats exhibited significant weight loss (248 + 22
g) as compared with healthy rats (342 + 18 g; A94 g; p < 0.0001). Body weight was only partially
preserved after all treatments: the combination therapy resulted in the highest weight (298 +18 g vs.
248 g in diabetic controls, p < 0.001). Onion and dapagliflozin monotherapies had an intermediate
weight (286-291 g). Bars show mean + SD (n = 9-10). Statistically different groups (p < 0.05, one-way
ANOVA/Tukey) are represented by different letters above bars. (B) Fasting serum insulin at Day 60.
Diabetic controls had markedly reduced fasting insulin (4.2 + 0.8 uU/mL) compared with healthy
rats (12.3 + 1.8 uU/mL; p < 0.001), reflecting dysfunction of pancreatic 3-cells. Insulin secretion was
well maintained by combination therapy (7.4 + 1.0 uU/mL), which was significantly higher than
with either monotherapy (p < 0.05 vs. either monotherapy). Data are mean + SD (n = 9-10). Accord-
ingly, a, b, ¢, and d indicate differences at p < 0.05 by ANOVA/Tukey between groups: healthy,

combination, monotherapies, and diabetic.

Table 4. Selected Tukey’s Honest Significant Difference (HSD) post hoc comparisons (final body

weight).

Comparison Mean Diff p-Value
Healthy Control vs. Diabetic Control 9¢g <0.0001
Diabetic Control vs. Diabetic + Onion -38 g 0.004

Fasting insulin was severely reduced in diabetic controls (4.2 + 0.8 vs. 12.3 + 1.8
uU/mL in healthy controls, p < 0.001). The combination group had better insulin preser-
vation (7.4 + 1.0 pU/mL) than monotherapy (p < 0.05), indicating better 3-cell protection.
The detailed statistical results are in Supplementary Tables S1-54.
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2.6. Oxidative Stress Markers

Oxidative stress parameters were measured at the study endpoint and are shown in
Table 5. The combination therapy was found to have stronger antioxidant effects than
either monotherapy.

Table 5. Oxidative stress markers in liver tissue at Day 60.

Parameter Healthy Con-  Diabetic Con- Onion Juice Dapagliflozin = Combination
trol trol
MDA (nmol/g tissue) 243+3.1a 68.4+72"b 412+4.8¢ 52.6£5.34 32.7+36°¢
GSH (umol/g tissue) 7.82+0.642 3.14+£042°" 5.63 £0.51 ¢ 4.28+0.394 6.74+0.58 ¢
SOD (U/mg protein) 142+11> 76+ 8P 118 +10 ¢ 94+9d 131 +12¢
CAT (U/mg protein) 89+7a 42 +5° 71+6¢ 56 +54 82+7e
Different superscripts within rows indicate p < 0.05 by one-way ANOVA with Tukey’s post hoc test.
MDA: malondialdehyde; GSH: reduced glutathione; SOD: superoxide dismutase; CAT: catalase.
2.7. Safety Profile and Adverse Events
Adverse events are summarized in Table 6. There was no severe hypoglycemia (glu-
cose < 50 mg/dL) in any group, and mild hypoglycemia (glucose 50-70 mg/dL) was un-
common. It did not appear to follow a clear pattern across treatment groups.
Table 6. Adverse events and safety parameters during the 60-day treatment period.
Event Healthy Diabetic Con-  Diabetic + On- Diabetic + Diabetic +
Groups (n = 39) trol (n =10) ion (n=10) Dapa (n=9) Combo (n =10)
Mortality 1(2.6%) 0 0 1(11.1%) 2 0
Mild hypoglycemia ® 0 0 1 (10%) 1(11.1%) 2 (20%)
Polyuria 0 10 (100%) 8 (80%) 9 (100%) 10 (100%)
Soft stools 0 0 2 (20%) 0 2 (20%)
Weight loss > 10% 0 8 (80%) 3 (30%) 2 (22.2%) 1 (10%)
Genital infections 0 0 0 1(11.1%) 1 (10%)

2 Deaths due to gavage-related complications. ® Blood glucose 50-70 mg/dL. Dapa: dapagliflozin;

Combo: combination therapy.

The expected physiologic changes included polyuria in all dapagliflozin-treated ani-
mals and mild gastrointestinal changes (soft stools) in 20% of rats treated with onion. Each
group receiving dapagliflozin had one patient with genital infection, as is typical with
SGLT2 inhibitors.

3. Discussion

To date, this is the first preclinical study to demonstrate that standardized A. cepa
juice improves glycemic stability when co-administered with the SGLT2 inhibitor dapagli-
flozin. Although the combination did not confer greater HbAlc reduction than monother-
apies, it was associated with reduced glycemic variability —an emerging therapeutic tar-
get in diabetes management [24].

3.1. Molecular Mechanisms Underlying the Additive Effects

The observed stabilization may be attributed to complementary, additive interactions
among the different mechanisms of action of onion phytochemicals and dapagliflozin.
Our results are consistent with more recent mechanistic studies of three pathways.

Quercetin-Mediated Effects

https://doi.org/10.3390/ph19070999
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The observed effects may have been due to the high concentration of quercetin re-
ported in white onion juice (50-100 mg/100 mL [7]). Quercetin has recently been shown to
have additional antidiabetic properties through activation of AMPK, inhibition of en-
zymes, and protection of (3-cells [25]. In our model, the effects of dapagliflozin on renal
reabsorption would be complemented by the glucose-uptake effects of quercetin via acti-
vation of the AMPK pathway and the calcium/calmodulin-dependent protein kinase ki-
nase 3 (CaMKKf) and liver kinase B1 (LKB1) pathways [26] in skeletal muscle. Mechanis-
tically, AMPK phosphorylation at Thr172 increases acetyl-CoA carboxylase (ACC) phos-
phorylation (reducing lipogenesis), enhances GLUT4 vesicle translocation via
TBC1D1/AS160 phosphorylation, and suppresses hepatic gluconeogenesis through inhi-
bition of CREB-regulated transcription coactivator 2 (CRTC2) and forkhead box O1
(FOXO1). The major form in onions is quercetin-4'-glucoside (Q4G), which is more potent
as an a-glucosidase inhibitor than free quercetin (ICso: 35.2 uM vs. 52.8 uM, respectively)
[27] and would attenuate postprandial glycemic rises, thereby lowering the glycemic var-
iability. Kim et al. demonstrated that quercetin protects from cytokine-induced {3-cell
damage by inhibiting activation of nuclear factor-xB (NF-kB) and decreasing the produc-
tion of nitric oxide induced by interleukin-13 (IL-13) [28], which is also reflected by our
results that insulin was preserved in the combination group (7.4 + 1.0 uU/mL). Beyond the
native flavonol, the broader structural kinship between quercetin-type glycosides and the
C-aryl glucoside scaffold of dapagliflozin is also relevant: synthetic 3-glycosylated isocou-
marins and related quercetin-isomeric C-glucoside motifs have been proposed and syn-
thesized as structural analogs of gliflozin-type SGLT2-targeting agents [29], underscoring
the medicinal-chemistry rationale for pairing quercetin-rich and gliflozin-type pharmaco-
phores in antidiabetic strategies.

Organosulfur Compound Contributions: Nrf2 and KATP Channel Modulation

The thiosulfinate and sulfoxide content reported in white onion juice [8] provides
additional mechanisms for Nrf2 activation and KATP channel modulation. Allium-de-
rived organosulfur compounds, including SMCSO, activate Nrf2 signaling, upregulating
antioxidant enzymes such as heme oxygenase-1 (HO-1) and NAD(P)H quinone oxidore-
ductase 1 (NQO1) [30]. Mechanistically, SMCSO and thiosulfinates react with cysteine
residues on Keapl (Cys151, Cys273, Cys288), disrupting the Keap1-Nrf2 interaction and
allowing Nrf2 nuclear translocation; in the nucleus, Nrf2 binds antioxidant response ele-
ments (AREs) in the promoters of Phase II enzymes, including HO-1, NQOI, glutathione
S-transferase (GST), and y-glutamylcysteine ligase (y-GCL) [31]. This is consistent with
the greater reduction in hepatic oxidative stress in our combination group (MDA: 32.7 vs.
52.6 nmol/g with dapagliflozin alone). Thiosulfinates may further enhance insulin secre-
tion through sulfhydryl modification of KATP channel subunits [32], an effect especially
relevant in the early postprandial phase and complementary to dapagliflozin’s continu-
ous glucosuria.

Gut Microbiome-Mediated Mechanisms

Emerging evidence suggests that both quercetin and Allium organosulfur com-
pounds reshape the gut microbiota toward short-chain fatty acid (SCFA)-producing bac-
teria such as Akkermansia muciniphila [33,34] and Lactobacillus spp. [35,36]. SCFAs, partic-
ularly butyrate and propionate, activate free fatty acid receptors (FFAR2/FFAR3) on en-
teroendocrine L-cells, stimulating glucagon-like peptide-1 (GLP-1) and peptide YY (PYY)
secretion [37,38]. This incretin-enhancing effect would complement dapagliflozin by add-
ing an enteroendocrine dimension to glucose homeostasis. Although microbiome changes
were not directly assessed here, this is a plausible complementary mechanism supported
by the recent literature.

Anti-Inflammatory Crosstalk

https://doi.org/10.3390/ph19070999
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Quercetin inhibits the NLRP3 inflammasome by suppressing NF-iB-mediated tran-
scription of pro-IL-13 and NLRP3 components [39-41], while dapagliflozin reduces
NLRP3 inflammasome activation through attenuation of intracellular uric acid and im-
proved cellular energy balance [42—44]. Convergence of these anti-inflammatory path-
ways may reduce chronic low-grade inflammation in pancreatic islets, preserving -cell
function and contributing to the superior insulin preservation observed in the combina-
tion group.

3.2. Additive Interactions

The combination therapy addresses multiple nodes of glucose homeostasis simulta-
neously. Hepatic glucose production is reduced through quercetin’s inhibition of glucose-
6-phosphatase and phosphoenolpyruvate carboxykinase (PEPCK); peripheral glucose
disposal is enhanced through GLUT4 translocation via AMPK [45]; renal glucose handling
is modified as dapagliflozin blocks SGLT2-mediated reabsorption [45]; and intestinal glu-
cose absorption is reduced through a-glucosidase inhibition by quercetin glycosides [15].
Our design showed that the combination has higher glycemic stability than either mono-
therapy. Still, formal tests of design synergy (isobolographic analysis or combination in-
dex calculations) would be necessary to determine whether the combination exhibits real
synergism or additive effects. The effect observed is described here as additive, in the gen-
eral pharmacological sense, and not as a formal quantitative verification.

The combined actions at the four pathophysiological nodes (renal glucose handling,
peripheral glucose disposal, hepatic glucose output, and (-cell protection) of dapagli-
flozin (SGLT2 inhibition) and quercetin (inhibition of gluconeogenesis and enhancement
of GLUT4 translocation via AMPK/TBC1D1/AS160 signaling, suppression of glucose-6-
phosphatase, and PEPCK inhibition) and AMPK-mediated CRTC2/FOXO1 suppression
of gluconeogenesis and organosulfur compound-mediated activation of the Nrf2/ARE
axis and inhibition of NF-kB/NLRP3 inflammasome signaling) are summarized. This mul-
timodal targeting of distinct yet converging pathways provides a mechanistic explanation
for the observed additive effect on reducing glycemic variability.

3.3. Clinical Significance of Reduced Glycemic Variability

The coefficient of variation (CV%) for the combination therapy was 3.9%, indicating
outstanding glycemic stability. The HEART2D trial demonstrated that glycemic variabil-
ity is a clinically relevant target, as evidenced by trends toward lower cardiovascular
events when targeting postprandial glucose excursions [46]. Significant cardiovascular
benefit may be realized with a 50% reduction in CV-HbAlc [47]. The surrogate MAGE of
32 + 6 mg/dL in the combination group compared with 54 + 9 mg/dL in the dapagliflozin
alone group suggests that microvascular complications may be prevented in our study,
where each 10 mg/dL decrease in the standard deviation of glucose was associated with a
15% lower risk of DR in Lian et al. [48]. Our results showing that antioxidant enzymes
(SOD: 131 * 12 U/mg) were normalized in the combination group supported the mecha-
nism of glycemic fluctuation, which causes more oxidative stress than sustained hyper-
glycemia [49].

3.4. Implications for Natural Product—-Drug Development

This is a good example of the possibility of rationally designed phytochemical-drug
combinations. Some factors to take into account in translation are standardization, cultivar
choice, process optimization, and quality control. Therapeutic reproducibility is highly
dependent on the uniformity of phytochemical content; published studies have reported
10-15% batch-to-batch variation in quercetin content in onion preparations [50]. About
three times as much quercetin is found in high-quercetin varieties such as ‘Red Baron’ as
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in white onions [50], and freeze-drying retains approximately 92% of quercetin, compared
to approximately 68% with heat-drying [51]. Thresholds for marker compounds (such as
at least 65 mg of quercetin/100 mL of juice) would be helpful for quality control. The use
of encapsulated technologies to enhance bioavailability and palatability, and combina-
tions of isolated compounds (quercetin + SMCSO) at optimal levels within modified-re-
lease formulations targeted at meal-induced glucose peaks, should be considered for fu-
ture development.

3.5. Comparative Analysis with the Existing Literature

Our study complements previous investigations with natural products and drugs in
the context of diabetes. Guo et al. reported a 0.8% reduction in HbAlc with berberine-
metformin compared with metformin alone, but did not analyze glycemic variability [52].
Cinnamaldehyde + pioglitazone has been shown to improve insulin sensitivity by inhib-
iting the HIF-1a/Smad/p-catenin pathway, according to Ali et al. [53]. Mayyas et al.
demonstrated a lower risk of hypoglycemia with Gymnema sylvestre + sulfonylureas, but
this study did not assess glycemic stability [54]. Our study provides a unique approach to
investigating whether glycemic variability is a major target for natural-product-drug
combinations, without considering the effects of mean glucose.

3.6. Limitations of the Study

There are a few caveats to consider, however. As for the animal model, the STZ model
causes more severe destruction of (3-cells than the more typical T2DM model, but at our
moderate dose (35 mg/kg), we preserve a certain amount of residual insulin secretion,
more closely resembling human disease [55]. Nevertheless, STZ primarily models (3-cell
injury rather than the peripheral insulin resistance that is central to human type 2 diabetes;
consequently, extrapolation to human T2DM should be made with caution. Diet-induced
models (high-fat diet combined with low-dose STZ) or genetic models (e.g., db/db, ZDF,
or GK rats) would more fully reproduce the insulin-resistant phenotype and are recom-
mended for confirmatory studies. All rats were male, and sex differences in responses to
SGLT2 inhibitors and in the metabolism of phytochemicals warrant exploration [56]. The
60-day timeframe might not reflect long-term issues or tolerance.

When considering glycemic variability, HbAlc is used to reflect average glycemia
over weeks, not acute glycemic variability. Our 10 days of sampling were sufficient to
observe intermediate-term variation. Still, daily readings from continuous glucose moni-
toring (CGM) would be needed to determine short-term glucose excursions, and our sur-
rogate MAGE, based on only seven fasting glucose readings per animal, should be viewed
with caution as a crude approximation. In rats, the lifespan of the red blood cells is much
shorter (~56-69 days [57]) than in humans (~120 days [58]), with the consequence that the
time frame covered by the HbAlc includes cumulative glycemia for a shorter period of
time (~4-6 weeks vs. ~8-12 weeks in humans [59]). This weighting, which is further com-
pressed in rats, is because HbAlc is highly sensitive to recent glycemia. Thus, our 10-day
intervals were insensitive to treatment-induced erythrocyte changes because ~15-18% of
the erythrocyte pool was replaced over 10 days, and one complete erythrocyte turnover
cycle was obtained over the 60 days.

As for the amount of gavage, the total volume of 10 mL (5 mL twice a day) is not in
the extreme range of body weight and is not a severe stress per se, but repeated gavage
may be a mild chronic stressor. However, despite some measures to standardize onion
composition, natural variation persists, suggesting the need for further research using
chemically defined extracts or synthetic onion mixtures.

A further limitation is that food and water intake were not quantified, and no pair-
fed control group was included. Because both onion juice and dapagliflozin can influence
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appetite, hydration, and body weight, we cannot fully exclude a contribution of altered
intake or fluid balance to the observed glycemic and weight effects; equal gavage volumes
across all groups only partially control for this. Pair-feeding and explicit recording of food
and water consumption should be incorporated into future studies to disentangle direct
metabolic effects from intake-related effects. We also note that the two gavage-related
deaths (one healthy + combination, one diabetic + dapagliflozin) represent a procedural
limitation that may introduce minor attrition bias, and they underscore the need for re-
fined dosing procedures in subsequent work.

We did not measure AMPK phosphorylation, GLUT4 translocation, or Nrf2 activa-
tion. However, the improvements in glucose disposal and the antioxidant activity we
measured are consistent with but do not confirm these pathways. Mechanistic conclusions
would be supported by direct measurements using Western blotting (p-AMPK, GLUT4,
Nrf2, NF-kB) and immunohistochemistry (pancreatic (3-cell markers), as well as inflam-
masome (NLRP3) assays and gut microbiome profiling. More importantly, instrumental
analysis (HPLC-DAD, UPLC-MS/MS) of the juice’s phytochemical composition was not
performed; the values reported in this article are based on published data for similar white
A. cepa cultivars and do not necessarily reflect the batch-specific phytochemical content
of the juice administered. Rigorous characterization of the phytochemical content of each
batch should be included in future studies to enable accurate batch-specific dose-response
analyses and ensure batch-specific reproducibility. Lastly, this study used only an STZ-
induced rat model, so the translation to humans with T2DM needs to be determined.

4. Materials and Methods
4.1. Chemicals and Reagents

Dapagliflozin propanediol monohydrate was purchased from the commercial prod-
uct Forxiga® 10 mg tablets (AstraZeneca, Wilmington, DE, USA, Lot #HD589). Strepto-
zotocin (298% purity) was purchased from Sigma-Aldrich (St. Louis, MO, USA; Cat
#50130).

4.2. Plant Material and Authentication

The fresh white onions (A. cepa L. cultivar ‘Giza 6") used in the study were bought in
three batches throughout the study period from Al-Wehdat wholesale market in Amman
(Jordan). Botanical authentication was performed by Dr. Sawsan Oran (Department of Bi-
ological Sciences, University of Jordan), and a voucher specimen was deposited in the
University of Jordan Herbarium (Specimen #AC-2021-45). Onions were stored at 4 °C for
up to 7 days after purchase.

4.3. Preparation of Onion Juice

Fresh onion juice was prepared daily according to a standard procedure. White on-
ions (100 g) were peeled, washed with distilled water, and quartered. The pieces were
then homogenized in a commercial blender (Vitamix 5200, Cleveland, OH, USA) for 2 min
at the maximum speed. The homogenate was strained through double cheesecloth and
Whatman No. 1 filter paper, and the juice was collected in amber bottles, each containing
60-70 mL. Juices were made twice a day and given.

4.4. Literature-Based Phytochemical Estimation

This study did not directly analyze the onion juice for its phytochemical makeup.
Rather, the contents of quercetin, phenolics, and organosulfur compounds were estimated
using published analytical data for white A. cepa cultivars similar to the Giza 6 cultivar
used here [7,8,50]. The concentrations of quercetin derivatives in white onion juice are
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reported to be in the range of 50-100 mg/100 mL, which is predominantly quercetin-4'-O-
glucoside; total phenolics are reported to be 100-200 mg gallic acid equivalents (GAE)/100
mL; and total thiosulfinates are reported as 30-60 umol/100 mL [7,8,50]. The literature-
derived values are determined in source studies by measuring total phenolics using the
Folin—Ciocalteu method [60] and quercetin derivatives via HPLC-DAD analysis and or-
ganosulfur profiling by UPLC-MS/MS, and thiosulfinates by the 5,5'-dithiobis-(2-nitro-
benzoic acid) (DTNB) method [61]. It is recognized here that instrumental analysis (HPLC-
DAD and UPLC-MS/MS) of the juice given was not performed for each batch (Section 4.6).

4.5. Animals

Male Wistar rats (8-10 weeks old, 250-300 g) were obtained from the Animal House
Facility, University of Jordan. Animals were housed in polypropylene cages (3—4
rats/cage) with wood-shaving bedding under controlled conditions: temperature 22 + 2
°C, relative humidity 50 + 10%, and a 12-h light/dark cycle (lights on at 07:00). Standard
pelleted diet (National Feed Company, Amman, Jordan) and tap water were provided ad
libitum. The study protocol was approved by the Institutional Animal Care and Use Com-
mittee of Mutah University (Protocol #MU-IACUC-11-2021/6, approved 15 November
2021) and conducted in accordance with the ARRIVE guidelines 2.0 [62].

4.6. Sample Size Calculation

Sample size was determined using G*Power 3.1.9.7 based on pilot data showing an
effect size (f) of 0.52 for HbAlc differences. With a = 0.05, power = 0.80, eight groups, and
a 15% attrition rate, n = 10 rats/group was calculated.

4.7. Diabetes Induction

After one week of acclimatization, rats were fasted overnight (12 h) with free access
to water. Diabetes was induced by a single intraperitoneal injection of freshly prepared
STZ (35 mg/kg body weight) dissolved in ice-cold 0.1 M sodium citrate buffer (pH 4.5).
This moderate dose was selected to destroy pancreatic 3-cells while partially preserving
residual insulin secretion, better modeling T2DM [63]. A single-dose STZ model was cho-
sen for its reproducibility and established use in screening antidiabetic interventions; we
acknowledge, however, that it primarily recapitulates (3-cell injury rather than the insulin-
resistant phenotype of human T2DM, and this limitation for extrapolation is discussed in
Section 3.6. The non-diabetic (healthy) groups received an equivalent volume of the cit-
rate-buffer vehicle by the same intraperitoneal route as the induction-phase (STZ-vehicle)
control. This citrate-buffer injection is distinct from the oral dosing vehicle used during
the 60-day treatment phase. As described in Section 4.9, the vehicle administered by ga-
vage to the control groups during treatment was distilled water. To prevent fatal hypo-
glycemia, a 5% glucose solution was provided for 24 h post-injection. Blood glucose was
measured 72 h post-STZ using the glucose oxidase method (Accu-Chek Active, Roche Di-
agnostics, Basel, Switzerland) from tail-vein blood after an 8-h fast. Rats with fasting blood
glucose 2250 mg/dL were considered diabetic and included in the study.

4.8. Randomization and Blinding

Diabetic rats were randomized to treatment groups using computer-generated ran-
dom numbers (https://www.random.org, accessed on 20 November, 2021). Treatment so-
lutions were coded by an independent researcher not involved in animal handling or data
collection. Animal handlers and outcome assessors remained blinded to group allocation
until completion of the statistical analysis.
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4.9. Treatment Groups and Administration

Eight experimental groups (n = 10 each) were established: Group A, healthy control
(vehicle: distilled water); Group B, healthy + onion juice (5 mL twice daily); Group C,
healthy + dapagliflozin (0.1 mg/day); Group D, healthy + combination; Group E, diabetic
control (vehicle); Group F, diabetic + combination; Group G, diabetic + onion juice; and
Group H, diabetic + dapagliflozin.

Treatment was given via oral gavage with 18-gauge feeding needles. The total vol-
ume of gavage treatment was the same for all groups to minimize procedural stress and
possible changes in gastric emptying in controls (5 mL twice daily). Dapagliflozin tablets
were crushed, suspended in distilled water (1 mg/mL) with 0.5% carboxymethyl cellulose,
and diluted to a volume of onion juice for administration. Allometric scaling of the human
therapeutic dose, based on body-surface-area conversion [64], was used to determine the
dose (0.1 mg/rat/day; ~0.35 mg/kg/day). A new suspension was made every three days.
The onion juice dose was 5 mL twice daily (08:00 and 20:00), and the treatment was con-
tinued for 60 days to ensure consistent exposure to phytochemicals.

Each 5 mL dose of onion juice was calculated to contain about 3-5 mg of total quer-
cetin equivalent, based on published phytochemical data for similar white A. cepa culti-
vars [7] (which is equivalent to 12-18 mg per kg of rat body weight in a 275 g rat). The
estimated daily dose of quercetin (10 mL/day, ~25-36 mg/kg/day) falls within the range
reported to be effective in previous rodent studies of quercetin’s antidiabetic activity (25—
50 mg/kg/day). The following estimates should be considered with caution, as they were
not analyzed for each batch. Combination groups received dapagliflozin and onion juice
at 30-min intervals to prevent potential interactions between the two.

4.10. Outcome Measurements

Glycated Hemoglobin

Blood samples (500 uL) were collected from the tail vein into EDTA-coated tubes at
baseline and every 10 days after an overnight fast. HbAlc was measured using an
iChroma™ II fluorescence immunoassay analyzer (Boditech Med Inc., Chuncheon, Re-
public of Korea) with rat-specific calibration cartridges; the method has been validated for
rodent samples with intra-assay CV < 3% and inter-assay CV <4% [65].

Biochemical Parameters

At the study endpoint, rats were fasted overnight and anesthetized with keta-
mine/xylazine (80/10 mg/kg, i.p.). Blood was collected by cardiac puncture, and fasting
glucose (glucose oxidase method), insulin (rat insulin ELISA kit, Mercodia AB, Uppsala,
Sweden), and lipid profile (enzymatic colorimetric methods) were determined.

Oxidative Stress Markers

Liver tissue was homogenized in ice-cold phosphate buffer (1:10 w/v) and centrifuged
at 10,000x g for 15 min at 4 °C. In the supernatant, malondialdehyde (MDA) was measured
by the thiobarbituric acid reactive substances method [66], reduced glutathione (GSH) by
the Ellman’s reagent method [61], superoxide dismutase (SOD) by pyrogallol autoxida-
tion inhibition [67], and catalase (CAT) by the hydrogen peroxide decomposition rate [68].

4.11. Statistical Analysis

Data were analyzed using SPSS version 25.0 (IBM Corp., Armonk, NY, USA) for all
primary analyses, GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA) for vis-
ualization and effect-size calculations, and R version 4.3.1 (R Foundation for Statistical
Computing, Vienna, Austria) for supplementary verification analyses (Tables S1-54).
Normality was assessed using the Shapiro-Wilk test and Q-Q plots, and homogeneity of
variances was assessed using Levene’s test. Baseline comparisons used one-way ANOVA.
Treatment effects on the HbA1lc trajectory were analyzed by two-way repeated-measures
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ANOVA (time x treatment) with the Greenhouse—Geisser correction for sphericity viola-
tions. Post hoc comparisons used Tukey’s Honest Significant Difference (HSD) test, which
controls the family-wise error rate [69].

Glycemic variability indices were calculated as follows: coefficient of variation (CV)
= (SD/mean) x 100%; standard deviation of HbAlc (SD-HbAlc); area under the curve
(AUC) by the trapezoidal rule; and a surrogate/modified mean amplitude of glycemic ex-
cursions (surrogate MAGE), computed as the average of absolute fasting-glucose fluctua-
tions exceeding 1 SD of the mean, derived from intermittent fasting-glucose measure-
ments at seven discrete time points (Days 0, 10, 20, 30, 40, 50, and 60). This surrogate index
is adapted from the original CGM-based MAGE [70]. However, MAGE was designed for
high-frequency CGM data; it has been applied to sparse blood glucose schedules as a sur-
rogate for variability [71]. The primary outcome was pre-specified as the coefficient of
variation of HbAlc (CV-HbAlc) over Days 10-60; mean HbAlc, fasting glucose variabil-
ity, fasting insulin, and hepatic oxidative stress markers were pre-specified as secondary
outcomes. Because several secondary endpoints were examined, Tukey’s HSD was used
to control the family-wise error rate across all pairwise comparisons, and analyses of sec-
ondary endpoints are regarded as exploratory. Effect sizes were calculated as Cohen’s d
for all primary comparisons, and correlations were calculated using Pearson’s r. Data are
presented as mean + SD, with statistical significance set at p < 0.05.

5. Conclusions

The current study shows that A. cepa juice in combination with dapagliflozin, an
SGLT2 inhibitor, improves glycemic stability in an experimental diabetes model. The com-
bination resulted in a 50% decrease in glycemic variability, with similar HbAlc levels at
the endpoint, compared with dapagliflozin alone. This stabilization is consistent with
complementary mechanisms proposed in the literature: onion phytochemicals can im-
prove insulin sensitivity by activating AMPK and have also been shown to protect (3-cells
through antioxidant pathways, whereas dapagliflozin-mediated glucose excretion is in-
sulin-independent. Studies employing CGM technology would provide a more precise
characterization of glycemic variability in this model. While these preclinical findings are
promising, translation to clinical practice requires further evaluation, including batch-spe-
cific phytochemical characterization and dose-response validation. Our results provide
preliminary support for further investigation of quercetin-rich A. cepa juice as a pharma-
ceutical adjunct to optimize diabetes management. Future research should prioritize di-
rect validation of the proposed molecular mechanisms, structure-activity relationships of
isolated compounds, pharmacokinetic interactions, and well-designed clinical translation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ph19070999/s1, Table S1, Day 60 HbAlc summary statistics;
Table S2, key pairwise comparisons (Tukey’s HSD, Day 60); Table S3, complete p-value matrix
(Tukey’s HSD, Day 60); Table 54, change from baseline (Day 60-Day 0).
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Abbreviations

ACC acetyl-CoA carboxylase

AMPK AMP-activated protein kinase

AREs antioxidant response elements

AUC area under the curve

CaMKKp calcium/calmodulin-dependent protein kinase kinase 3

CAT catalase

CRTC2 CREB-regulated transcription coactivator 2

cv coefficient of variation

DPP-4 dipeptidyl peptidase-4

DPPH 2,2-diphenyl-1-picrylhydrazyl

DTNB 5,5'-dithiobis-(2-nitrobenzoic acid)

EDTA ethylenediaminetetraacetic acid

ELISA enzyme-linked immunosorbent assay

ESI electrospray ionization

FFAR free fatty acid receptors

FOXO1 forkhead box O1

GAE gallic acid equivalents

v-GCL Y-glutamylcysteine ligase

GLP-1 glucagon-like peptide-1

GLUT4 glucose transporter 4

GST glutathione S-transferase

GSH reduced glutathione

HbAlc glycated hemoglobin

HO-1 heme oxygenase-1

HPLC-DAD h.igh—performance liquid chromatography—diode array detec-
tion

ICso half-maximal inhibitory concentration

KATP ATP-sensitive potassium channel

LKB1 liver kinase B1

MAGE mean amplitude of glycemic excursions

MDA malondialdehyde

MRM multiple reaction monitoring

NF-«B nuclear factor kappa B

NQO1 NAD(P)H quinone oxidoreductase 1

Nrf2 nuclear factor erythroid 2-related factor 2

ORAC oxygen radical absorbance capacity

PEPCK phosphoenolpyruvate carboxykinase

PYY peptide YY

ROS reactive oxygen species

SD standard deviation
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SGLT2 sodium-glucose cotransporter-2
SMCSO S-methylcysteine sulfoxide
SOD superoxide dismutase
SPCSO S-propylcysteine sulfoxide
STZ streptozotocin
T2DM type 2 diabetes mellitus
TE Trolox equivalents
UPLC-MS/MS ultra-performance liquid chromatography-tandem mass spec-
trometry
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