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Abstract

Background: Prediabetes is characterized by impaired glucose regulation and altered
redox homeostasis, which may contribute to progression to type 2 diabetes. Polyphenol-
rich foods may improve metabolic and redox balance. Methods: Fifty-four women aged
30-60 years with prediabetes were randomly assigned to an intervention group (IG) or
control group (CG); 50 completed the 12-week study (25 per group). Both groups received
Mediterranean diet recommendations. The IG additionally consumed 100 mL/day of
chokeberry juice, providing 457 mg GAE of total polyphenols and 9.7 mmol antioxidant
capacity (FRAP), whereas the CG received no study product. Fasting plasma glucose
(FG), HbAlc, 2 h plasma glucose (2h-PG), total oxidant status (TOS), total antioxidant
status (TAS), and oxidative stress index (OSI) were assessed at baseline and 12 weeks.
Between-group differences in individual changes were analyzed using the Mann-Whitney
U test with Benjamini-Hochberg false discovery rate correction. The randomized substudy
reported here was conducted within the broader single-group parent study registered at
ClinicalTrials.gov (NCT06435130), which enrolled a larger mixed-sex cohort; the present
analysis concerns only the nested 12-week randomized comparison in women with predia-
betes. Results: Compared with the CG, the IG showed greater reductions in FG, HbAlc,
2h-PG, TOS, and OSI and a greater increase in TAS. All between-group differences re-
mained significant after FDR correction (adjusted p < 0.001), with large Cliff’s delta values.
Conclusions: Adding 100 mL/day of chokeberry juice to Mediterranean diet recommenda-
tions for 12 weeks was associated with modest but statistically significant improvements
in glycemic and redox-related outcomes in women with prediabetes. The small sample,
short follow-up, and lack of placebo control limit generalizability; larger, longer placebo-
controlled trials are warranted.

Keywords: Mediterranean diet; polyphenols; antioxidants; prediabetes; prevention

1. Introduction

Prediabetes is an intermediate metabolic state between normoglycemia and type
2 diabetes mellitus (T2DM), characterized by impaired fasting glucose, impaired glucose
tolerance, and/or elevated glycated hemoglobin (HbAlc) levels that do not meet the
diagnostic criteria for diabetes. Its prevalence has been increasing worldwide and currently
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affects hundreds of millions of adults. Individuals with prediabetes are at increased risk of
developing T2DM, cardiovascular disease, and other chronic conditions [1].

Oxidative stress plays an important role in the pathogenesis of T2DM. Contemporary
redox biology recognizes that reactive oxygen species (ROS) are not merely harmful by-
products of aerobic metabolism but also important signaling molecules involved in the
regulation of cellular metabolism and maintenance of homeostasis [2]. Under physiolog-
ical conditions, ROS-mediated signaling contributes to the regulation of glucose uptake,
mitochondprial function, endogenous antioxidant defenses, and inflammatory responses.
Chronic metabolic disturbances, however, may disrupt this tightly regulated redox balance,
resulting in a pro-oxidant environment and impaired redox homeostasis. Pancreatic (3-cells
are particularly vulnerable to oxidative stress because of their relatively limited antioxidant
defense capacity. Persistent oxidative stress may impair insulin secretion, reduce (3-cell
viability, and thereby contribute to the progression from prediabetes to overt T2DM [3,4].

Lifestyle modification remains the cornerstone of prediabetes management. Large
intervention studies and current clinical recommendations indicate that improvements
in diet quality, increased physical activity, and weight reduction can substantially reduce
the risk of progression to T2DM [5,6]. Nevertheless, there is a need to identify specific
nutritional strategies that may simultaneously improve glucose metabolism and restore
redox balance.

Among dietary components, polyphenols have attracted considerable attention be-
cause of their pleiotropic biological effects. Naturally present in plant-based foods, polyphe-
nols may modulate signaling pathways involved in glucose metabolism, oxidative stress,
inflammation, endothelial function, and mitochondrial homeostasis. The Mediterranean
diet, characterized by a high intake of fruits, vegetables, whole grains, legumes, nuts,
olive o0il, and other plant-based foods, represents a particularly rich source of dietary
polyphenols [7]. However, evidence regarding the metabolic effects of polyphenols remains
heterogeneous because of differences in study populations, intervention types, doses, and
study duration [8-10]. Moreover, many intervention studies have focused on isolated sup-
plements or extracts rather than polyphenol-rich foods incorporated into a dietary pattern.

Importantly, intervention studies conducted specifically in individuals with pre-
diabetes remain limited, and few have simultaneously assessed glycemic control and
oxidative—antioxidant balance [11]. Given that impaired redox homeostasis may con-
tribute to metabolic deterioration and cardiometabolic complications in prediabetes, the
combined assessment of glucose metabolism and redox biomarkers may provide a more
comprehensive understanding of the effects of polyphenol-rich dietary interventions.

Therefore, the aim of this study was to evaluate whether adding daily chokeberry juice
to Mediterranean diet recommendations improves glycemic control and redox homeostasis
in women with prediabetes.

2. Materials and Methods
2.1. Study Participants

Participants for the present randomized substudy were drawn from a larger mixed-
sex cohort enrolled in the single-group parent project registered as NCT06435130. The
parent record describes the broader multi-phase study, whereas this manuscript reports
a nested two-arm randomized comparison restricted to women with prediabetes who
completed a 12-week juice-only protocol; no separate registration was created for this
substudy. Women aged 30-60 years with prediabetes were eligible for inclusion. None of
the enrolled participants had diabetes; accordingly, diabetes severity and duration were not
applicable. The time since first identification of prediabetes was not collected. Exclusion
criteria included age <30 or >60 years, diabetes mellitus, active or previous malignancy,
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regular use of prescription medications, pregnancy, and lactation. A total of 230 women
volunteered to participate in the study. Following eligibility screening, 54 women met the
inclusion criteria and were enrolled in this study. Participants were randomly assigned
in a 1:1 ratio to either the intervention group (IG) (n = 27) or the control group (CG)
(n = 27) using a computer-generated randomization sequence. Allocation concealment was
ensured by an independent researcher who generated the randomization sequence, while
participant recruitment was conducted by a separate investigator who remained unaware
of the allocation sequence until participants had been enrolled. During the intervention,
two participants in the IG withdrew because of the astringent taste of chokeberry juice,
and two participants in the CG withdrew for personal reasons. Consequently, the final
study population comprised 50 participants, with 25 participants in the intervention group
and 25 in the control group. A flow-chart of study participants is shown in Figure 1. The
analyses reported here were based on the 50 participants who completed both baseline and
12-week assessments.

Volunteers assessed for eligibility

(n=230)
¢ BN
Excluded after eligibility screening
(n=176)
Did not meet inclusion criteria and/or
met exclusion criteria:
® age <30 or >60 years A

b el Enrolled and randomized

(n=>54)
Eligible women aged 30-60 years

® active or previous malignancy

e regular use of prescription

medications

* pregnancy with prediabetes

® [actation
ool A
Withdrew during Intervention group (IG) Control group (CG) Withdrew during
intervention Allocated to intervention Allocated to control intervention
(n=2) (n=27) (n=27) (n=2)

Various reasons

v

A4

Vs

Final study population analyzed
IG (n=25)

Final study population analyzed
CG (n=25)

v

Final study population
(n=50)

Figure 1. Flow-chart of study participants.
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2.2. Prediabetes Criteria

Prediabetes was defined according to the American Diabetes Association criteria as
an HbAlc level of 5.7-6.4% (39—47 mmol/mol), a fasting plasma glucose level (FG) of
100-125 mg/dL (5.6-6.9 mmol/L; impaired fasting glucose, IFG), or a 2 h plasma glucose
(2h-PG) concentration of 140-199 mg/dL (7.8-11.0 mmol/L; impaired glucose tolerance,
IGT) during a 75 g oral glucose tolerance test (OGTT) [12].

2.3. Data Collection and Assays

Basic demographic characteristics were collected using a self-administered question-
naire. Physical activity was assessed using the short form of the International Physical
Activity Questionnaire (IPAQ) [13]. Based on responses to the seven questionnaire items,
participants were classified into three physical activity categories: low, moderate, or high.
Anthropometric measurements, including body weight and height, were performed, and
body mass index (BMI) was calculated as body weight (kg) divided by height squared (m?).
Fasting venous blood samples were collected from all participants and stored at —80 °C
until analysis. FG and HbAlc were measured, and OGTT was performed in a certified
laboratory using standardized methods. FG was determined using a Cobas c111 analyzer
(Roche Diagnostics, Meylan, France), and HbAlc was measured by high-performance
liquid chromatography (HPLC) on a D-10 analyzer (Bio-Rad, Hercules, CA, USA). Total
antioxidant status (TAS) and total oxidant status (TOS) were measured spectrophotometri-
cally using the InAnOx (TAS/TAC) and PerOx (TOS/TOC) assay kits (Immundiagnostik
AG, Bensheim, Germany) on an Infinite M200 Pro microplate reader (Tecan, Mdnnedorf,
Switzerland). The oxidative stress index (OSI) was calculated as the TOS-to-TAS ratio.

2.4. Dietary Assessment

Dietary intake was assessed at baseline and after the 12-week intervention using three
24 h dietary recalls (two weekdays and one weekend day). Portion sizes were estimated
using a photographic atlas of commonly consumed Polish foods and dishes [14]. Energy
and nutrient intakes were calculated using the Diet 6.0 software, based on a database of over
3000 foods, dishes, and dietary supplements commonly consumed in Poland. Dietary total
polyphenol intake (DTPI) was estimated by multiplying the daily intake of each food item
by its polyphenol content using the Phenol-Explorer database and was expressed in mg
GAE (gallic acid equivalents) [15]. Dietary total antioxidant capacity (DTAC) was estimated
by multiplying the daily intake of each food item by its antioxidant capacity measured by
the FRAP (ferric reducing antioxidant power) method and was expressed in mmol [16].
DTPI and DTAC derived from dietary recalls represent background habitual dietary intake
and exclude the study product provided to the intervention group. Accordingly, these
estimates characterize background dietary exposure and do not represent total intervention-
related polyphenol or antioxidant exposure in the IG. Because three 24 h dietary recalls
may not fully reflect typical intake and are subject to errors associated with the processes
of recall and reporting, these estimates should be treated as approximate measures of
food intake. self-reported 24 h recalls as a limitation because they are subject to recall and
reporting bias and may not fully capture usual intake.

2.5. Dietary Intervention

The dietary intervention consisted of the daily consumption of 100 mL of commercially
available organic chokeberry (Aronia melanocarpa) juice by participants in the intervention
group. According to the product label, the juice was freshly pressed from fruit, not produced
from concentrate, and pasteurized. Before the intervention, all chokeberry juices available
on the retail market were screened, and the product with the highest measured total
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polyphenol content and antioxidant capacity was selected for the trial. The manufacturer
specified room-temperature storage and an expiry date on the package; the juice was stored
in accordance with these labelled conditions and used within its stated shelf life. The
exact industrial pasteurization parameters were proprietary and were not available to
the investigators.

The antioxidant capacity and total polyphenol content of the chokeberry juice had
been determined in a previous study [17]. Antioxidant capacity, measured using the
FRAP assay, was 9.7 mmol/100 mL, and the total polyphenol content, determined using
the Folin—-Ciocalteu method and expressed as gallic acid equivalents (GAE), was 457 mg
GAE/100 mL. Participants in both the intervention and control groups were advised to
follow the principles of the Mediterranean diet throughout the 12-week study period and
to maintain their usual lifestyle [7,18]. All participants were also instructed to refrain from
using dietary supplements. In addition to these dietary recommendations, participants
in the intervention group received the study product and were instructed to consume
100 mL of chokeberry juice daily, whereas participants in the control group did not receive
the study product. Throughout the intervention period, participants were able to contact
the research team by telephone or email if they had any questions or concerns regarding
the study protocol. In addition, participants were contacted by telephone once a week to
monitor and reinforce adherence to the study recommendations. At the end of the 12-week
intervention, all participants self-reported adherence to the study recommendations. The
dietary intervention scheme is presented in Figure 2. Accordingly, the randomized between-
group contrast represented the addition of chokeberry juice to the same Mediterranean diet
recommendations rather than a comparison of two different background diets.

12-WEEK DIETARY INTERVENTION ]

P9

MEDITERRANEAN ADDITIONAL PRODUCT:

DIET 100 mL/DAY CHOKEBERRY JUICE A
INTERVENTION RECOMMENDATIONS " o
GROUP ¢ g v

(n = 25) N

ASSESSMENT
at baseline
and after 12 weeks
457 mg polyphenols/100 mL
9.7 mmol antioxidant capacity/100 mL
g Y o
MEDITERRANEAN

DIET A
RECOMMENDATIONS v—
CONTROL e

GROUP NO ADDITIONAL PRODUCT —>

’ ASSESSMENT
(n=25)
at baseline
and after 12 weeks

Figure 2. Dietary intervention protocol. Both groups received the same Mediterranean diet recom-
mendations for 12 weeks; the intervention group additionally consumed 100 mL/day of chokeberry
juice, whereas the control group received no study product.
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2.6. Statistical Analysis

Statistical analyses were performed using STATISTICA software (version 14.1.0.4
PL; TIBCO Software Inc., Palo Alto, CA, USA). Hodges-Lehmann location-shift estimates
and their 95% confidence intervals were additionally calculated with the wilcox.test
function in R software (version 4.2.2; R Foundation for Statistical Computing, Vienna,
Austria). Normality of continuous variables was assessed using the Shapiro-Wilk test.
Because the analyzed variables were not normally distributed, continuous data are
presented as median and interquartile range (IQR). Intervention-effect analyses were
conducted using a complete-case approach and included participants with available
measurements at both baseline and 12 weeks (n = 50). This pilot substudy used the
available eligible sample; no formal a priori sample-size or statistical-power calculation
was performed. No prospective hierarchy of primary and secondary endpoints was
specified, and all reported glycemic and redox-related outcomes should therefore be
interpreted as exploratory.

Baseline characteristics of the intervention group (IG) and control group (CG) were
compared using the Mann-Whitney U test for continuous variables and Fisher’s exact test
for categorical variables. Within-group changes from baseline to the 12-week follow-up were
assessed using the Wilcoxon signed-rank test and were treated as supplementary analyses.

To evaluate the intervention effect, individual changes were calculated as A = 12-week
value — baseline value, and between-group differences in A were assessed using the
Mann-Whitney U test. These between-group comparisons constituted the main analyses of
intervention effects. The magnitude of between-group differences in change was quantified
using Cliff’s delta (8), a non-parametric measure of effect size.

To express treatment effects in the original measurement units, between-group differ-
ences in individual changes were additionally summarized using the Hodges-Lehmann
location-shift estimator, calculated as the median of all pairwise differences between change
scores in the intervention and control groups (AIG — ACG), together with a rank-based
95% confidence interval. Negative estimates indicate a greater reduction in the intervention
group, whereas positive estimates indicate a greater increase.

To account for multiple testing in this exploratory analysis, p values for intervention
effects were adjusted using the Benjamini-Hochberg procedure to control the false dis-
covery rate (FDR) within two conceptually distinct outcome families: glycemic outcomes
(FG, HbAlc, and 2h-PG) and redox-related outcomes (TOS, TAS, and OSI). These group-
ings were defined for multiplicity control in the present analysis and do not represent a
prospectively prespecified primary-secondary endpoint hierarchy. The same correction
was applied to supplementary within-group comparisons within each outcome family.
BMI and dietary variables were not included in either FDR outcome family. The reported
95% confidence intervals were nominal and were not adjusted for multiple comparisons.

All tests were two-sided. An FDR-adjusted p value < 0.05 was considered statistically
significant for analyses subject to multiple-testing correction; otherwise, p < 0.05 was
considered statistically significant.

3. Results

Baseline characteristics of the intervention and control groups are presented in Table 1.
No statistically significant between-group differences were detected for age, smoking status,
physical activity, BMI, FG, HbAlc, 2h-PG, TOS, TAS, or OSI at baseline.
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Table 1. Baseline characteristics of the intervention and control groups.
Variables Total Intervention Group Control Group p
Sex, women, 7 (%) 50 (100) 25 (100) 25 (100) -
Age (years), Me (IQR) 44.5 (37,52) 45.2 (38, 53) 43.9 (39, 51) 0.345
Current smoking, 1 (%) 9 (18) 5 (20) 4 (16) 1.000
Physical activity, n (%)
high 0(0) 0(0) 0(0) 1.000
moderate 17 (34) 9 (36) 8 (32)
low 33 (66) 16 (64) 17 (68)
BMI (kg/m?), Me (IQR) 25.7 (24.4,26.4) 25.8 (24.6,26.7) 254 (24.1, 26.3) 0.455
FG (mg/dL), Me (IQR) 112.5 (107, 120) 112 (107, 120) 113 (108, 118) 0.954
HbA1lc (mmol/mol), Me (IQR) 44 (42, 45) 44 (42, 45) 44 (42, 45) 0.908
2h-PG (mg/dL), Me (IQR) 163.5 (155, 180) 164 (151, 183) 163 (157, 180) 0.744
TOS (umol/L), Me (IQR) 97.3 (87.3,105.2) 96.2 (85.3,105.4) 99.2 (94.5,104.7) 0.449
TAS (umol/L), Me (IQR) 207.1 (189.3, 215.8) 213.2(195.1,215.4) 202.9 (188.4, 223.2) 0.509
OSI (TOS/TAS) 0.47 (0.45, 0.5) 0.47 (0.42, 0.5) 0.48 (0.46, 0.5) 0.263
n—number, Me—median, IQR—interquartile range, BMI—body mass index, FG—fasting glucose,
HbAlc—glycated hemoglobin, 2h-PG—2 h plasma glucose concentration in OGTT (oral glucose
tolerance test), TOS—total oxidant status, TAS—total antioxidant status, OSI—oxidative stress index.
Table 2 presents habitual dietary intake, excluding the study product, in the interven-
tion and control groups at baseline and after 12 weeks. Total energy intake and intakes of
protein, total fat, saturated fatty acids, carbohydrates, monosaccharides, iron, zinc, calcium,
vitamin D, and vitamin A did not change significantly within either group. Significant
within-group increases in MUFA, dietary fiber, magnesium, vitamin C, vitamin E, dietary
total polyphenol intake (DTPI), and dietary total antioxidant capacity (DTAC) were ob-
served in both groups. At 12 weeks, no statistically significant between-group differences
were detected for any of the analyzed dietary variables.
Table 2. Habitual dietary intake, excluding study products, at baseline and after a 3-month Mediter-
ranean diet intervention in both the intervention and control groups.
. Intervention Group Control Group p
Variables Baseline After 3-Month P1o Baseline After 3-Month Pea 161G after 5m
Energy (kcal) 2134 (1745,2437) 2212 (1695, 2511) 0.534 2012 (1634, 2524) 2132 (1598, 2612) 0.436 0.376
Protein (g) 76 (65, 91) 80 (72, 95) 0.342 81 (71, 98) 84 (69, 97) 0.389 0.112
Fat (g) 79 (64, 89) 76 (62, 92) 0.428 77 (59, 93) 80 (62, 94) 0.234 0.214
SFA (g) 27 (18, 35) 31(17,37) 0.285 30 (16, 41) 28 (16, 36) 0.311 0.114
MUFA (g) 31 (27, 38) 38 (29, 45) 0.002 30 (26, 36) 39 (30, 46) 0.001 0.487
Carbohydrates (g) 243 (182, 284) 238 (194, 312) 0.384 238 (191, 298) 241 (201, 312) 0.287 0.467
Monosaccharides (g) 68 (47, 84) 70 (51, 86) 0.225 71 (45, 91) 69 (48, 92) 0.299 0.532
Dietary fiber (g) 18 (14, 22) 26 (21, 31) 0.011 20 (16, 26) 27 (19, 32) 0.009 0.545
Magnesium (mg) 286 (268, 324) 325 (291, 362) 0.021 301 (272, 341) 334 (283, 353) 0.032 0.342
Iron (mg) 12 (8, 14) 13 (9, 15) 0.059 13 (8, 14) 14 (9, 16) 0.065 0.152
Zinc (mg) 118, 12) 12 (9, 14) 0.086 10 (7, 13) 12(7, 14) 0.092 0.247
Calcium (mg) 711 (678, 865) 732 (679, 891) 0.233 697 (654, 789) 715 (687, 811) 0.256 0.364
Vitamin C (mg) 84 (65, 122) 105 (78, 151) 0.003 81 (62, 112) 101 (75, 142) 0.005 0.123
Vitamin D (ug) 4.3(3.7,4.6) 44(3.7,4.8) 0.287 4.5(3.8,5.1) 4.6(3.7,5.1) 0.212 0.231
Vitamin A (ug) 831 (743, 924) 847 (734, 942) 0.311 822 (719, 896) 839 (711, 921) 0.295 0.312
Vitamin E (mg) 118, 13) 13 (9, 15) 0.029 10 (7, 14) 14 (9, 16) 0.021 0.074
DTPI (mg GAE) 1843 (1523,2345) 2095 (1689,2578)  0.036 1811 (1554,2412) 2032 (1587,2399)  0.028 0.342
DTAC (mmol) 12 (8, 16) 14 (10, 18) 0.018 13 (9, 15) 15(9, 17) 0.024 0.085

Results are presented as Me (IQR) (median and interquartile range). Bold font indicates statistically
significant results. SFA—saturated fatty acids, MUFA—monounsaturated fatty acids, DTPI—dietary
total polyphenol intake, DTAC—dietary total antioxidant capacity, GAE—gallic acid.

Table 3 and Figure 3 present changes in BMI, glycemic and redox-related parameters
from baseline to the 3-month follow-up in the intervention group and control group.
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Table 3. Baseline values and changes in BMI, glycemic, and redox-related parameters after the

3-month intervention in the intervention and control groups.

Intervention Group Control Group for AIG FDR. H-L est. for
Variables ] After AIG ] After ACG P °rC G Adjustedp MG~ ACG Cliffs s
Baseline 3-Month Baseline 3-Month Vs, (95% CI)
BMI 258 259 —04 254 258 0.6 0310 ] 018
(kg/m?)  (24.6-267) (238-269) (-1ltol) (24.1-263) (244-264) (-06t00.7) :
FG 112 109 3 113 112 4 =
(mg/dL)  (107,120)  (103,117) (-4to-2) (108,118) (108 118) (-2to—1) <0001 <0001 g3yg_qy OIS
HbAlc 44 4 3 4 3 1 3
(mmol/mol)  (42,45)  (39,43) (-3to-2) (42,45  (42,45) (-2to1) <0001 <0001 gy gy 0734
2h-PG 164 159 4 163 162 1 3
(mg/dL)  (151,183) (148,179) (-5to-2) (I157,180) (157,178) (-2to1) <0001 <0001 (545 g 0803
TOS 9% 94 2 99 99 1 -3
(umol/L)  (85-105)  (82-103) (-3to—2) (94-105)  (94-105) (~lto1) <0001 <0001 (545 g TOBI4
TAS 213 216 3 203 203 1 3
(umol/L)  (195-215)  (197-218)  (2to3)  (188-223) (188-222) (—lto1) <0001 <0.001 (B to4) 0.947
—0.02 —0.02
OSI 0.47 0.45 0.48 0.48 0
(TOS/TAS) (0.42-0.50) (0.41-0.48) té:%()()zl) (046-050) (0.46-051) (0to0.01) <0001 <0.001 (’_%0021;0 —0.795

Data are presented as median (IQR). Changes were calculated as A = 12-week value — baseline
value and compared between groups using the Mann-Whitney U test. p values were adjusted using
the Benjamini-Hochberg FDR procedure separately for glycemic (FG, HbAlc, 2h-PG) and redox-
related outcomes (TOS, TAS, OSI). BMI was not included in the FDR correction. Cliff’s delta (5) was
used as the effect-size measure. FG—fasting glucose, HbAlc—glycated hemoglobin, 2h-PG—2 h
plasma glucose, TOS—total oxidant status, TAS—total antioxidant status, OSI—oxidative stress
index, BMI—body mass index, H-L est—Hodges-Lehmann estimate. Bold font indicates statistically
significant results.

Following the 12-week intervention, changes in all glycemic parameters differed
significantly between the IG and CG. Median changes in FG, HbAlc, and 2h-PG in
the IG were —3 (IQR: —4 to —2) mg/dL, —3 (=3 to —2) mmol/mol, and —4 (-5 to
—2) mg/dL, respectively, compared with —1 (-2 to —1) mg/dL, 1 (—2 to 1) mmol/mol, and
—1(—2to 1) mg/dL in the CG. All between-group differences remained statistically signif-
icant after Benjamini-Hochberg correction (FDR-adjusted p < 0.001). The corresponding
Cliff’s delta values were —0.715 for FG, —0.734 for HbAlc, and —0.803 for 2h-PG, indi-
cating large separation between the distributions of individual changes. Supplementary
within-group analyses showed significant improvements in all three glycemic parameters
in the IG (FDR-adjusted p < 0.001), whereas no significant changes were observed in the CG.

Changes in all redox-related parameters also differed significantly between the IG and
CG. In the IG, TOS decreased by a median of —2 (IQR: —3 to —2), TAS increased by 3 (2 to
3), and OSI decreased by —0.02 (—0.02 to —0.01). In the CG, the corresponding median
changes were 1 (—1to 1), —1 (—1to 1), and 0 (0 to 0.01), respectively. All between-group
differences remained statistically significant after Benjamini-Hochberg correction (FDR-
adjusted p < 0.001). The corresponding Cliff’s delta values were —0.814 for TOS, 0.947 for
TAS, and —0.795 for OS], indicating large separation between the distributions of individual
changes. BMI did not change significantly during the intervention. The median individual
change was —0.4 kg/ m? (IQR: —1.0 to 1.0) in the intervention group and 0.6 kg/ m? (IQR:
—0.6 to 0.7) in the control group, with no significant between-group difference (p = 0.310;
Cliff’s = —0.168).

https://doi.org/10.3390/nu18182948


https://doi.org/10.3390/nu18182948

Nutrients 2026, 18, 2948

9of 15

FG HbAlc
FDR—adjusted p < 0.001 FDR-adjusted p < 0.001
6 Cliff's 6 = —0.715 1 Cliff's § = ~0.734
] E
: e 3
o 24 [ I ]
g o o 3 |
% v | SEPTER oL Sop Do ol | (L N [P
2 &5
s £ =
& E =g
c O e
2 o
€= 2 3
O - ®
5 -a-
—6 4 b
T T T T
IG CG IG CG
2h-PG TOS
FDR—-adjusted p < 0.001 FDR—adjusted p < 0.001
10.0 1 Cliff's § = —0.803 44 Cliff's §= —0.814
& 159 =
3 . 3
£ 5.01 £
= 3
& 254 cl ©
& =
o . {=
c U e o e e e et e e ] ol a
[ —Or A
2 -2.5 - g
=T ® oo &
QO om-o Y o—4 4
=5.01 S-opo
o
ros B U o
IG CG IG CG
TAS 0Sl
FDR-adjusted p < 0.001 0.03 4 FDR-adjusted p < 0.001
6 - Cliff's § = 0.947 Cliff's § = —0.795
& 0.02

-
g 4 7 0.01 .
5 g " [
2 £ 0.00 f------—f— e smae—l .
= 2 e g‘
£ = o
7 5 ~0.011 I
g £ ]
A e e R T -0.02 4 o o
]
_s : ~0.03 1
—0.04 4 ™
IG CG 1G CG

Figure 3. Changes in glycemic and redox parameters after 3 months in the intervention group (IG) and
control group (CG): (A)—FG, (B)—HbAlc, (C)—2h-PG, (D)—TOS, (E)—TAS, (F)—OSI. Individual
changes are shown as A = 3-month value — baseline value, together with the median and IQR. The
dashed line indicates A = 0. Between-group differences were assessed using the Mann-Whitney U
test with FDR correction; p < 0.001 for all parameters. Effect sizes are reported as Cliff’s o.

The Hodges-Lehmann estimates of the between-group differences in change
(AIG — ACG) were —2 mg/dL (95% CI: —3 to —1) for FG, —3 mmol/mol (95% CI: —4 to
—1) for HbAlc, and —3 mg/dL (95% CI: —5 to —2) for 2h-PG. Although all confidence
intervals excluded zero, the absolute between-group differences in glycemic outcomes
were modest.
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For the redox-related outcomes, the corresponding estimates were —3 pumol/L (95% CL:
—3 to —2) for TOS, 3 umol/L (95% CI: 3 to 4) for TAS, and —0.02 (95% CI: —0.02 to —0.01)
for OSI. Thus, the intervention was associated with lower oxidant status and OSI and
higher antioxidant status relative to the control condition.

4. Discussion

The present randomized controlled trial found that, in women with prediabetes
advised to follow Mediterranean diet principles, adding 100 mL/day of chokeberry (Aronia
melanocarpa) juice for 12 weeks was associated with greater improvements in glycemic
control and systemic redox-related indices than Mediterranean diet recommendations
alone. Compared with the control group, the intervention group showed greater reductions
in FG, HbAlc, 2h-PG, TOS, and OSI and a greater increase in TAS. All between-group
differences remained significant after FDR correction and were accompanied by large
Clift’s delta values. However, the absolute changes in glycemic variables were modest, and
large distribution-based effect sizes should not be interpreted as evidence of established
long-term clinical benefit. The clinical relevance and durability of these changes require
confirmation in larger and longer studies.

The improvement in glycemic control observed in the present study is consistent with
findings from dietary interventions conducted in adults with prediabetes. A subsequent
analysis of the same strawberry crossover trial showed that 12 weeks of strawberry con-
sumption increased serum superoxide dismutase activity, glutathione concentrations, and
antioxidant capacity while also improving fasting glucose [11,19]. Similar to the present
study, the intervention was based on a polyphenol-rich food product rather than an isolated
bioactive compound and lasted approximately three months.

Evidence from randomized trials with purified anthocyanins also supports a potential
effect on glucose regulation, although findings are not uniform. In a 12-week randomized
placebo-controlled trial involving 160 adults with prediabetes or early untreated diabetes,
320 mg/day of purified anthocyanins resulted in a modest reduction in HbAlc compared
with placebo [20]. A subsequent analysis of participants with fasting hyperglycemia from
the same trial showed a reduction in fasting glucose of approximately 0.4 mmol/L relative
to placebo [21]. More recently, Yu et al. reported that 160 mg/day of anthocyanins for
12 weeks increased the rate of reversion from impaired glucose tolerance to normal glucose
tolerance (55.9% vs. 29.4%) and improved the Matsuda insulin sensitivity index, whereas
the primary outcome of beta-cell function did not differ significantly between groups [22].
These observations suggest that improved insulin sensitivity may contribute to the glycemic
effects of anthocyanins, although insulin sensitivity and beta-cell function were not directly
assessed in the present study.

Further support comes from a recent large multicenter trial of Totum-63, a polyphenol-
rich blend of plant extracts, in participants with prediabetes or early-stage type 2 dia-
betes. After six months, fasting plasma glucose was significantly reduced compared with
placebo in the double-blind treatment arm, with an estimated placebo-adjusted difference
of —3.8 mg/dL; a larger reduction was observed in the open-label dosing arm [23]. Col-
lectively, these studies suggest that modest improvements in glycemic control may occur
across different sources and formulations of dietary polyphenols, although the magni-
tude of response varies according to the intervention, metabolic phenotype, dose, and
study design.

The additional product used in the present study was chokeberry juice, and the avail-
able clinical evidence for Aronia remains heterogeneous. Chamberlin et al. reported that
consumption of 100 mL of Aronia melanocarpa juice daily for 30 days reduced postprandial
glucose and altered serum and fecal metabolites related to carbon and lipid metabolism [24],
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although the trial included only 14 participants. In adults with prediabetes, Park et al.
found that a 12-week preparation containing Aronia together with red ginseng, shiitake
mushroom, and nattokinase did not significantly affect glucose concentrations during
OGTT, although fasting insulin and HOMA-IR improved [25]. Similarly, an eight-week
crossover trial of fermented and non-fermented Aronia extracts in participants with type
2 diabetes showed no meaningful effects on conventional glycemic outcomes [26]. A recent
meta-analysis of seven randomized trials likewise found no significant overall effect of
Aronia consumption on fasting glucose [27]. Thus, the present randomized comparison
is consistent with an additional effect of chokeberry juice as a whole food product, but it
does not establish that the observed effects were caused specifically by polyphenols, antho-
cyanins, or any single constituent of the juice. Current human evidence does not establish
that regular consumption of dietary phenolic compounds causes pharmacological-type
tolerance or a progressive loss of biological responsiveness. A 24-week randomized placebo-
controlled trial of 320 mg/day of purified anthocyanins reported that supplementation
was safe and well tolerated, without a signal indicating progressive loss of response [28].
Nevertheless, long-term trials specifically designed to test attenuation of metabolic or redox
responses over time are scarce. The present 12-week study cannot determine whether
effects persist, plateau, or diminish with substantially longer exposure; therefore, the find-
ings should not be interpreted as supporting indefinite supplementation or as defining
a long-term dose. Chokeberry juice should be regarded as a food product used within a
balanced dietary pattern rather than as a substitute for preventive or pharmacological care.

An important feature of the present design is that both groups received the same
Mediterranean diet recommendations. Dietary recalls excluding the study product showed
significant within-group increases in MUFA, dietary fiber, magnesium, vitamins C and E,
DTPI, and DTAC in both groups, and no statistically significant between-group differences
were detected in the reported dietary variables at 12 weeks. This pattern is compatible
with a shared shift toward a Mediterranean-style dietary pattern. However, the dietary
analysis compared post-intervention values between groups rather than directly testing
between-group differences in dietary change scores; therefore, equivalence of background
dietary changes cannot be inferred. Components of the Mediterranean diet, including nuts
and other sources of unsaturated fatty acids and polyphenols, may themselves influence
glycemic control, although intervention findings are not uniform [29,30]. Accordingly, the
randomized contrast is most appropriately interpreted as the effect associated with adding
chokeberry juice within the context of shared Mediterranean diet recommendations, rather
than as the isolated effect of dietary polyphenols.

The simultaneous improvement in redox-related indices is another relevant finding.
TOS and OSI decreased, whereas TAS increased in the intervention group relative to the
control group. A subsequent analysis from the strawberry crossover trial reported by
Groven [11] and Basu [19] showed that 12 weeks of strawberry consumption increased
serum superoxide dismutase activity, glutathione concentrations, and antioxidant capacity
while also improving fasting glucose in adults with prediabetes. Thus, concurrent changes
in glycemic and antioxidant-related outcomes have also been observed in another berry-
based food intervention.

Additional evidence is provided by a randomized double-blind trial of hydroxyty-
rosol in adults with overweight and prediabetes. Supplementation with 15 mg/day for
16 weeks reduced oxidized LDL, protein carbonyls, and 8-OHdG compared with placebo
and prevented decreases in TAS and glutathione peroxidase activity [31]. Similarly, in
patients with type 2 diabetes, six weeks of pomegranate juice consumption increased
total serum antioxidant capacity and reduced indices of LDL oxidation [32]. Although
these studies differ in participant characteristics and polyphenol sources, they support
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the concept that polyphenol-rich foods and phenolic compounds may favorably influence
systemic oxidative-antioxidant status. At the same time, TAS, TOS, and the derived OSI are
global redox-related indices and do not identify specific molecular targets or pathways of
oxidative damage.

The relationship between the glycemic and redox effects observed in the present
study is biologically plausible, but a causal mechanism cannot be established from these
data. Polyphenols may influence glucose metabolism and redox homeostasis through
several mechanisms, including modulation of intestinal glucose handling, insulin signal-
ing, endogenous antioxidant defenses, inflammation, and mitochondrial and endothelial
function [8-10]. Of particular relevance, the recent anthocyanin trial in participants with
impaired glucose tolerance showed that improved insulin sensitivity occurred together
with a reduction in advanced glycation end products, with changes in these variables
being correlated [22]. Nevertheless, the present study did not assess insulin, HOMA-IR,
OGTT-derived indices of insulin sensitivity, beta-cell function, or specific molecular mark-
ers of oxidative damage. Therefore, it cannot be determined whether the improvement in
redox-related indices contributed mechanistically to the glycemic changes or represented a
parallel response to the intervention.

Taken together, the randomized design, shared Mediterranean diet recommendations,
similar reported post-intervention background dietary intake, and lack of a significant
between-group difference in BMI change support an association between the observed
between-group effects and the addition of chokeberry juice. Nevertheless, differential
changes in background diet cannot be excluded completely because dietary change scores
were not directly compared between groups. Moreover, because the intervention used
whole juice, the observed effects cannot be separated into polyphenol-specific and non-
polyphenol components of the food matrix. The control group did not receive a matched
placebo, and blinding of participants and investigators involved in delivering the inter-
vention was not feasible. Consequently, performance bias and nonspecific behavioral or
expectancy effects cannot be excluded; although the outcomes were objective laboratory
measurements, detection bias cannot be fully ruled out.

Strengths and Limitations

The strengths of this study include its randomized controlled design, baseline compa-
rability of the groups, and the use of the same Mediterranean diet recommendations in both
study arms, which provided an active dietary background against which the additional
effect of chokeberry juice could be evaluated. The juice was characterized in terms of total
polyphenol content and antioxidant capacity. Both glycemic and redox-related outcomes
were assessed; the primary analysis was based on between-group differences in individual
changes, multiple testing was addressed using false discovery rate correction, and effect
sizes were reported. Attrition was low and balanced between groups.

Several limitations should be considered. The relatively small sample included only
women aged 30-60 years, limiting generalizability. The 12-week intervention does not allow
conclusions regarding the long-term persistence of the observed effects or progression to
type 2 diabetes. The study was not placebo-controlled, and adherence to the Mediterranean
diet and juice intervention was based primarily on participant report. Dietary intake
was assessed using self-reported 24 h recalls, which are subject to recall and reporting
bias. In addition, TAS, TOS, and OSI provide only global information on redox status.
Insulin, HOMA-IR, beta-cell function, and specific molecular markers of oxidative damage
were not assessed, limiting mechanistic interpretation. A validated Mediterranean-diet
adherence score was not collected; consequently, adherence to the recommended dietary
pattern could not be quantified directly or analyzed as a change score. The duration of
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prediabetes before enrollment was not recorded. Furthermore, the 12-week follow-up was
insufficient to assess long-term safety or whether metabolic and redox responses to phenolic
compounds might attenuate, remain stable, or increase during prolonged consumption.
Because chokeberry juice is a complex food matrix, the observed effects cannot be attributed
specifically to polyphenols or anthocyanins. Future studies should include larger and
more diverse populations, longer follow-up, a matched placebo where feasible, objective
biomarkers of adherence and polyphenol exposure, and more comprehensive metabolic
and redox profiling. A validated Mediterranean-diet adherence score was not collected;
consequently, adherence to the recommended dietary pattern could not be quantified
directly or analyzed as a change score. The duration of prediabetes before enrollment was
not recorded. Furthermore, the 12-week follow-up was insufficient to assess long-term
safety or whether metabolic and redox responses to phenolic compounds might attenuate,
remain stable, or increase during prolonged consumption.

5. Conclusions

In women with prediabetes receiving Mediterranean diet recommendations, the addi-
tion of 100 mL/day of chokeberry juice for 12 weeks was associated with modest but statis-
tically significant improvements in FG, HbAlc, 2h-PG, and systemic redox-related indices
compared with Mediterranean diet recommendations alone. These findings suggest an
additional effect of chokeberry juice within the shared dietary intervention; however, they
do not allow the observed effects to be attributed specifically to polyphenols or establish
long-term clinical benefit. The small, female-only sample, short follow-up, complete-case
analysis, lack of placebo control, reliance on self-reported adherence, and absence of mech-
anistic biomarkers limit the strength and generalizability of the findings. Larger, longer,
placebo-controlled trials are needed to confirm the clinical relevance and durability of these
effects and to clarify the underlying mechanisms.
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