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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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Please note, materials submitted to the Editorial Office Staff are supposed to meet the following requirements:

1. Articles must be provided with a double copy, in English or Russian languages and typed or
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7. Please indicate last names, first and middle initials of the native authors, present names and initials
of the foreign authors in the transcription of the original language, enclose in parenthesis corresponding
number under which the author is listed in the reference materials.

8. Please follow guidance offered to authors by The International Committee of Medical Journal
Editors guidance in its Uniform Requirements for Manuscripts Submitted to Biomedical Journals publica-
tion available online at: http://www.nlm.nih.gov/bsd/uniform_requirements.html
http://www.icmje.org/urm_full.pdf
In GMN style for each work cited in the text, a bibliographic reference is given, and this is located at the end
of the article under the title “References”. All references cited in the text must be listed. The list of refer-
ences should be arranged alphabetically and then numbered. References are numbered in the text [numbers
in square brackets] and in the reference list and numbers are repeated throughout the text as needed. The
bibliographic description is given in the language of publication (citations in Georgian script are followed
by Cyrillic and Latin).

9. To obtain the rights of publication articles must be accompanied by a visa from the project in-
structor or the establishment, where the work has been performed, and a reference letter, both written or
typed on a special signed form, certified by a stamp or a seal.

10. Articles must be signed by all of the authors at the end, and they must be provided with a list of full
names, office and home phone numbers and addresses or other non-office locations where the authors could be
reached. The number of the authors (co-authors) must not exceed the limit of 5 people.

11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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Abstract.

Background: Prediabetes is a reversible condition where
lifestyle changes can prevent type 2 diabetes. While physical
activity is crucial for management, traditional glycemic markers
like HbAlc may not adequately reflect short-term exercise
effects. Serum fructosamine, indicating average blood sugar
levels over 1-3 weeks, is a more responsive biomarker but is
under-researched in prediabetic populations, especially in the
Gulf region.

Aim: To evaluate the association between regular physical
activity and short-term glycemic control, indexed by serum
fructosamine, in adults with prediabetes, and to examine
whether exercise modality (aerobic, resistance, or combined)
differentially influences short-term and long-term glycemic
indices, body composition, and insulin sensitivity.

Methods: A cross-sectional analytical study at Thumbay
Hospital and Thumbay Laboratories in Ajman, UAE, was
conducted from November 2025 to April 2026, involving
78 adults aged 18-65 with prediabetes. Participants were
stratified by physical activity levels using the IPAQ-SF. Various
measurements, including anthropometric indices, fasting
plasma glucose, HbA lc, fasting insulin, HOMA-IR, and serum
fructosamine, were taken under standardized conditions. The
Hemoglobin Glycation Index (HGI) was calculated based on
the difference between observed and predicted HbAlc levels.
Statistical analyses included Mann—Whitney U and Kruskal—
Wallis tests for between-group comparisons and Spearman's
coefficient for correlations, with a significance level set at p <
0.05.

Results: The study described a predominantly male (73.1%)
and middle-aged cohort, with 82.1% classified as overweight
or obese. Participants were 44.9% active and 55.1% sedentary,
with no significant differences in fasting glucose, insulin,
HOMA-IR, HbAlc, fructosamine, or BMI between the two
groups. Within the active subgroup, acrobic exercisers (n = 13)
had the lowest median BMI (25.7 kg/m?) and fasting insulin
but the highest fructosamine levels. However, these differences
diminished in multivariable regression models, indicating that
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male sex and BMI were key determinants of fasting insulin and
HOMA-IR. Sedentary status was linked to higher HbA 1c, while
age correlated with higher fructosamine.

Conclusions: Self-reported physical activity did not affect
glycemic outcomes in prediabetics, probably owing to
misclassification and limited exercise benefits. Despite the short
sample size, exploratory analysis suggested that aerobic exercise
may improve insulin sensitivity and body composition while
resistance training may improve glycemic exposure. Combining
exercise may be beneficial, requiring additional study. In
equivocal HbAlc findings, short-term glycemic indicators are
important, but the absence of serum albumin measurement
and albumin adjustment for fructosamine in exercise group
comparisons limits interpretations.

Key words. Prediabetes, physical activity, exercise modality,
fructosamine, HbA1c, HOMA-IR, hemoglobin glycation index,
short-term glycemic control, United Arab Emirates.

Introduction.

The American Diabetes Association (ADA) defines
prediabetes as a metabolic condition between normal blood
sugar and type 2 diabetes. A fasting plasma glucose level of
100-125 mg/dL, a 2-hour post-load glucose level of 140-199
mg/dL after a 75 g oral glucose tolerance test (OGTT), or 5.7—
6.4% HbAlc are indicators [1]. Global prediabetes rates are
rising. The 11th Diabetes Atlas of the International Diabetes
Federation estimates 589 million persons aged 20-79 have
diabetes worldwide. Expect 853 million by 2050 [2]. According
to new regional estimates, impaired glucose tolerance (IGT) and
impaired fasting glucose (IFG) are still frequent worldwide [3].
One in three US individuals has prediabetes, and 10% develop
T2DM without therapy [1].

Public health, health care, and the economy are harmed by
this pandemic. Before diabetes symptoms show, prediabetes
increases the risk of heart disease, chronic kidney disease,
and mortality from any cause [1]. Both IFG and IGT may
cause prediabetes. Therefore, each person's pathophysiology
is unique. Example: IFG has higher hepatic insulin resistance,
whereas IGT has more peripheral skeletal muscle insulin
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resistance. Variety influences preventative measure selection
and evaluation [3]. Lifestyle adjustments like organized exercise
may alter the crucial prediabetes window.

Progressive insulin resistance and diminishing pancreatic
B-cell activity lead to the development from normoglycemia
to prediabetes and T2DM. In early prediabetes, compensatory
hyperinsulinemia keeps blood glucose levels normal.
Glucotoxicity, lipotoxicity, mitochondrial dysfunction, and
persistent low-grade inflammation may reduce the P-cell's
ability to release hormones, leading to postprandial and fasting
hyperglycemia [1]. Long-term high glucose levels increase
oxidative damage and inflammation. This cycle accelerates
blood vessel destruction of all sizes [4].

One of the most essential molecules that removes glucose is
GLUT-4. GLUT-4 can't migrate to the plasma membrane as
quickly in skeletal muscle that doesn't react to insulin, making
it tougher for insulin to assist cells absorb glucose. Myocytes
struggle with glycogen production, mitochondrial oxidative
phosphorylation, and lipid metabolism [5]. To understand
how physical exercise decreases blood sugar, understand these
methods. Exercise activates GLUT-4 translocation via non-
insulin mechanisms.

Key randomized controlled studies show that glycemic goals
reduce the incidence of diabetes sequelae such retinopathy,
nephropathy, neuropathy, and atherosclerotic cardiovascular
disease [4]. This emphasizes the need of early and frequent blood
sugar checks for prediabetics, particularly when considering
lifestyle adjustments.

Exercise helps manage blood sugar and avoid type 2 diabetes.
It affects insulin sensitivity, glucose metabolism, body
composition, and heart health. Exercise helps blood sugar in
several ways. It can increase skeletal muscle glucose uptake by
moving GLUT-4 without insulin, increase mitochondrial energy
production, reduce visceral fat, improve endothelial function,
and increase pancreatic B-cell responsiveness [5,6].

Both persons with normal and high blood sugar levels may
reduce their blood sugar with aerobic exercise (AE), resistance
training (RT), and AE+RT. A complete network meta-
analysis by Zhang et al. (2024) comprised several randomized
controlled trials. Moderate-intensity aerobic exercise and low-
to-moderate load resistance training improved glucose control,
weight management, and cardiovascular risk factors best for
prediabetics. Moderate-intensity aerobic and low-to-moderate
resistance training were next best [7]. A 2025 network meta-
analysis found that coupled AE+RT resulted in the greatest
fasting blood glucose decline (standardized mean difference:
—0.44), regardless of dosage. It also showed that 800 MET-
minutes/week was best for reducing FBG in this group across
all modalities [8].

Despite growing data, we still have substantial gaps in our
knowledge. First, the ideal exercise prescription for prediabetes
is still unknown, particularly when considering FBG and
post-load glucose outcomes [5, 8]. Second, most prediabetes
exercise intervention studies evaluate HbAlc and FBG to
assess outcomes. Few studies have employed biomarkers to
measure short-term glycemic responses in the initial weeks
after exercise [5]. Third, more individuals are understanding
that exercise affects blood sugar levels differently. Lewis et al.
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(2025) reported that aerobic exercise may not improve HbAlc
in a large proportion of patients. This emphasizes the need
for sensitive early biomarkers [9]. These limitations suggest
this research should use serum fructosamine as a short-term
glycemic endpoint.

Glycated hemoglobin (HbAlc), which displays the average
blood glucose level over the past 8 to 12 weeks (erythrocyte
lifetime), is the major approach to monitor glycemic management
in clinical practice and research. HbAlc is useful for long-term
blood sugar trends, however its biological features prevent it
from detecting short-term metabolic alterations caused by
lifestyle modifications like exercise [4].

In addition to its time constraint, HbAlc is less dependable in
persons with medical disorders that alter hemoglobin structure or
red blood cell death. Regardless of the true mean glycemia, iron
deficiency anemia, vitamin B12 or folate deficiency, hemolytic
anemias, hemoglobinopathies (like sickle cell trait and other
hemoglobin variants), chronic kidney disease, pregnancy, and
drug treatments like erythropoietin can make HbAlc values
appear higher or lower [4,10]. Iron deficiency anemia and
hemoglobinopathies are frequent in Gulf and Middle Eastern
healthcare, making this restriction crucial.

Short-term glycemic evaluation using serum fructosamine is
now clinically important. Fructosamine is a ketoamine formed
by non-enzymatic glycation of serum proteins, predominantly
albumin. A reversible Schiff base production precedes an
irreversible Amadori rearrangement. Fructosamine indicates
mean glycemic exposure over 1-3 weeks, which matches
albumin's 20-day turnover half-life [9]. Fructosamine is
sensitive to blood sugar fluctuations before HbAlc increases
due to its narrower reflection window. This makes it an ideal
biomarker for early metabolic alterations from exercise or
lifestyle modifications [10].

More data supports fructosamine as a therapeutically relevant
glycemic indicator. The ARIC research found that fructosamine
and glycated albumin alone caused new retinopathy and heart
disease. They may predict future occurrences, not simply
average glucose levels [10]. In a cross-sectional hospital-
based study, John et al. (2023) found that albumin-corrected
fructosamine had diagnostic efficacy similar to HbAlc but
with lower reagent costs, improved automation on standard
analyzers, and independence from red blood cell characteristics
[11]. For laboratories with limited resources or many samples
to handle, fructosamine assays are cheaper and simpler than
HbAlc testing [10,11].

Fructosamine levels may be impacted by renal syndrome,
protein-losing enteropathies, hepatic cirrhosis, and significant
thyroid dysfunction, which modify blood protein concentration.
High bilirubin and vitamin C levels may also hinder [10]. Thus,
participants with such problems will be excluded from the trial,
and blood albumin levels will be taken for all participants to
contextualize fructosamine data.

In T2DM patients, supervised aerobic exercise reduced
fructosamine levels by 14.2% after three weeks, proving its utility
in the exercise-glycemia link. This shift was not yet detected by
HbAlc, suggesting fructosamine may be an early, responsive
indication of exercise-induced glycemic improvement [12].



While physical exercise is widely recommended as a
cornerstone of diabetes prevention, evidence concerning its
short-term effects on glycemic biomarkers particularly serum
fructosamine in prediabetic individuals remains scarce. The
prevailing reliance on HbA 1c as the principal glycemic endpoint
in both research and clinical settings may obscure early,
biologically meaningful changes in glycemic control that arise
from lifestyle modifications such as exercise. Given that HbAlc
reflects an 8-12-week glycemic average and is susceptible to
interference from hematological conditions common in Gulf
and Middle Eastern populations, a more temporally sensitive
biomarker is warranted for capturing the acute metabolic
response to physical activity.

Against this background, the central question guiding this
study was whether regular physical activity correlates with
enhanced short-term glycemic control, as reflected by serum
fructosamine levels, in adults with prediabetes. By examining
fructosamine alongside fasting blood glucose, this study
addresses a meaningful evidence gap and offers clinicians and
researchers a more responsive framework for evaluating the
early efficacy of exercise-based interventions. The findings
are expected to support the integration of short-term glycemic
biomarkers into structured diabetes prevention programs.

The primary objective of this study was to evaluate the
association between regular physical activity and short-term
glycemic control, as indicated by serum fructosamine levels, in
adults with prediabetes. Secondary objectives were to compare
short-term and long-term glycemic control markers represented
by serum fructosamine and HbAlc, respectively alongside
fasting blood glucose, fasting insulin, and HOMA-IR, between
physically active and sedentary prediabetic individuals; to
determine whether physical activity differentially influences
short-term versus long-term glycemic indices; to examine the
correlation between BMI and these glycemic indicators within
the study cohort; and to investigate the differential association
of exercise modality aerobic, resistance, or combined with
short-term glycemic control.

Materials and Methods.

A cross-sectional analytical study was conducted to assess the
association between physical activity and short-term glycemic
control in adults with prediabetes.

The study was conducted at Thumbay Hospital and Thumbay
Laboratories, Ajman, United Arab Emirates, over a six-
month period between November 2025 to April 2026. The
target population comprised adults aged 18 to 65 years with
a confirmed diagnosis of prediabetes, encompassing both
physically active and sedentary individuals. Participants were
eligible if they had a confirmed diagnosis of prediabetes
according to the American Diabetes Association (ADA)
criteria — defined as fasting plasma glucose of 100-125 mg/
dL, 2-hour post-load glucose of 140-199 mg/dL following a 75
g oral glucose tolerance test (OGTT), or glycated hemoglobin
(HbAlc) of 5.7-6.4% and provided written informed consent.
Participants were excluded if they had a confirmed diagnosis of
type 1 or type 2 diabetes mellitus, chronic liver or renal disease,
active pregnancy or lactation, or current use of pharmacological
agents known to alter glucose metabolism, including metformin,

155

insulin, systemic corticosteroids, or other anti-hyperglycemic
agents. Additionally, individuals with any acute or chronic
condition deemed by the investigator to potentially confound
glucose metabolism or impair physical activity assessment were
excluded from participation.

The minimum required sample size was calculated using the
correlation coefficient formula appropriate for cross-sectional
studies, assuming a moderate anticipated correlation between
physical activity and serum fructosamine (r = 0.3), a two-tailed
significance level of o = 0.05, and a statistical power of 80% (
= 0.20), according to the formula: n = [(Z:-0/2 + Z:-B) / (0.5 x
In[(1+r)/(1-1)])]* + 3. Substituting Zi-0/> = 1.96 and Z,- = 0.84
yielded a minimum sample of 85 participants. A 10% attrition
allowance was applied to account for incomplete data or non-
response, bringing the final recruitment target to 95 participants.

Sociodemographic data including age, sex, occupation,
smoking status, and self-reported dietary habits were collected
via a structured interviewer-administered questionnaire. Body
weight (kg) and standing height (cm) were measured using
calibrated scales and a stadiometer, and body mass index (BMI)
was calculated as weight divided by height squared (kg/m?).

Physical activity was assessed using the validated International
Physical Activity Questionnaire — Short Form (IPAQ-SF).
Exercise modality aerobic, resistance, or combined was
additionally recorded from participant self-report to enable sub-
group analysis in line with the secondary objectives of the study.

Following a minimum eight-hour overnight fast, venous blood
samples were obtained from each participant. Two tubes were
collected per participant: one sodium fluoride (NaF) plasma
tube for fasting blood glucose determination and one serum
separator tube (SST) for fructosamine analysis. NaF tubes
were gently inverted 8—10 times immediately after collection to
inhibit glycolysis and ensure pre-analytical stability, while SST
tubes were allowed to clot at room temperature for 30 minutes
prior to centrifugation. Both tube types were centrifuged at
3,000 rpm for 10 minutes, and the resulting plasma and serum
aliquots were processed within two hours of collection.

Fasting plasma glucose (FPG) was measured on the Beckman
Coulter AU/DxC 700 automated chemistry analyzer using the
hexokinase enzymatic ultraviolet (UV) method. In this two-step
coupled reaction, hexokinase catalyzes the phosphorylation
of glucose to glucose-6-phosphate (G-6-P) in the presence of
adenosine triphosphate (ATP) and magnesium ions (Mg?"), after
which G-6-P is oxidized by glucose-6-phosphate dehydrogenase
(G-6-PDH) to 6-phosphogluconate, concomitantly reducing
NAD* to NADH. The resultant increase in absorbance at 340
nm is directly proportional to the glucose concentration in the
sample, and results are reported in milligrams per deciliter (mg/
dL).

Glycated hemoglobin (HbAlc; Ref. No. B00389) was
measured using turbidimetric immunoinhibition on the Beckman
Coulter AU/DxC 700 platform. Fasting serum insulin (Ref. No.
33410) was quantified via a chemiluminescent immunoassay on
a Beckman Coulter DxI 800 analyzer, and insulin resistance was
assessed using the Homeostatic Model Assessment for Insulin
Resistance (HOMA-IR), calculated as: fasting insulin (pU/mL)
x fasting glucose (mg/dL) / 405.



Serum fructosamine was measured on the Roche Cobas c
automated analyzer using the nitroblue tetrazolium (NBT)
colorimetric kinetic reduction method (Roche Diagnostics
reagent kit, Cat. No. 08105677190). In an alkaline environment,
ketoamine groups present on glycated serum proteins
predominantly albumin reduce NBT to a purple formazan
compound, and the rate of color development is measured
kinetically at 530-550 nm, being directly proportional to
the fructosamine concentration. Two-point calibration was
performed using the Precimat Fructosamine Calibrator (Cat.
No. 11098993122), and internal quality control was verified
against Precinorm (normal, Cat. No. 11098985122) and
Precipath (pathological, Cat. No. 11174118122) fructosamine
controls at the start of each analytical run. Results are reported
in micromoles per liter (umol/L). Fructosamine reflects mean
glycemic exposure over the preceding 1-3 weeks, consistent
with the approximately 20-day half-life of serum albumin,
thereby serving as a short-term glycemic memory index that is
analytically and temporally distinct from HbAlc.

The study was conducted in full accordance with the principles
of the Declaration of Helsinki (2013 revision), and ethical
approval was obtained from the Institutional Ethics Committee
of Gulf Medical University and Thumbay Hospital prior to
participant recruitment. All participants provided written
informed consent before enrollment. Participant confidentiality
was maintained throughout the study; all data were anonymized,
stored in password-protected electronic files, and accessible
exclusively to the principal investigator and supervisor, with no
personally identifiable information retained within the analytical
database.

Statistical analyses were performed using IBM SPSS
Statistics, version 30.0 (IBM Corp., Armonk, NY, USA).
Continuous variables were median with interquartile range
(IQR) depending on distributional properties. The Shapiro—Wilk
test was applied to assess the normality of continuous outcomes.
Mann—Whitney U or Kruskal-Wallis test was applied for non-
normally distributed data. Pearson's or Spearman's correlation
coefficients were calculated to examine bivariate associations
between BMI, and glycemic markers. Statistical significance
was set at p < 0.05 (two-tailed) for all tests.

To address potential confounding by sex, age, and body mass
index in the modality-stratified comparisons, multivariable
linear regression models were fitted for each metabolic outcome
(fasting glucose, fasting insulin, HOMA-IR, HbAlc, and
fructosamine). Exercise modality was entered as a categorical
predictor with aerobic training as the reference category, alongside
activity status (active as reference, sedentary as comparator),
sex (female as reference), age (continuous, per year), and BMI
(continuous, per kg/m?). Adjusted regression coefficients () with
95% confidence intervals and two-tailed p-values were reported.
Statistical significance was set at p < 0.05.

Results.
Study Population and Descriptive Characteristics of
Prediabetes patients:

The study cohort comprised 78 prediabetic patients with a mean
age distribution heavily weighted toward middle-aged adults,
with nearly 90% of participants falling below age 60 years
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(46.2% in the 45-59 age range and 43.6% below age 45), while
only 10.3% were over 60 years old. The sample demonstrated a
pronounced male predominance, with males comprising 73.1%
of the cohort compared to 26.9% female participants, which
may limit generalizability to female prediabetic populations.
Anthropometric characteristics revealed substantial metabolic
burden, as 82.1% of the population was classified as overweight
or obese, with overweight being the most prevalent category
(42.3%), followed by obesity class I (24.4%), obesity class
IIT (10.3%), and obesity class II (5.1%), while only 17.9%
maintained normal body weight and no participants were
underweight. Physical activity patterns indicated that the
sedentary lifestyle was more prevalent than active engagement,
with 55.1% classified as sedentary compared to 44.9% as
active. Among those engaging in structured exercise (n=35), the
exercise modalities were distributed across resistance training
(17.9%, n=14), aerobic exercise (16.7%, n=13), and combined
modalities (10.3%, n=8), suggesting heterogeneous exercise
preferences within the active subgroup. Overall, this cohort
represents a typical prediabetic population characterized by
middle-aged individuals with pronounced overweight/obesity,
male predominance, and mixed physical activity engagement,
providing a representative sample for investigating metabolic
and exercise-related biomarker associations in this at-risk
population (Table 1).

Metabolic Characteristics of Prediabetes patients by Physical
Activity Status:

Baseline metabolic biomarker profiles were remarkably
similar between active and sedentary prediabetic patients,

Table 1. Demographic and anthropometric characteristics of the DM2
Study Population (n = 78).

Category Level N %
45-59 36 46.2
Age group (WHO) <45 34 43.6
>60 8 10.3
Female 21 26.9
Gender Male 57 73.1
Normal 14 17.9

Underweight 0 0.0
Obesity Class [ 19 24.4

BMI Obesity Class 11 4 5.1
Obesity Class III |8 10.3
Overweight 33 423
. .. Active 35 44.9
Physical Activity Status Sedentary 43 55.1
Aerobic 13 16.7
Exercise Subgroup Combined 8 10.3
Resistance 14 17.9

DM2: Type 2 Diabetes Mellitus; BMI: Body Mass Index; WHO: World
Health Organization. Age groups are classified according to WHO
criteria. BMI categories are defined as: Underweight (<18.5 kg/m?),
Normal (18.5-24.9 kg/m?), Overweight (25.0-29.9 kg/m?), Obesity
Class I (30.0-34.9 kg/m?), Obesity Class II (35.0-39.9 kg/m?), and
Obesity Class III (>40.0 kg/m?). No participants were classified as
underweight. Physical activity status was determined based on self-
reported participation in structured exercise. The Exercise Subgroup
breakdown applies only to the Active group (n = 35). Values are
expressed as frequencies (n) and percentages (%).



Table 2. Comparison of Metabolic Parameters Between Active and Sedentary Groups.

Parameters Active (Median (IQR)) (N:35) Sedentary (Median (IQR)) (N:43) p-value
Weight (kg) 84.0 (74.9-93.0) 85.7 (73.0-105.15) 0.419
BMI (kg/m2) 28.7 (26.2-29.85) 30.4 (26.2-34.75) 0.195
Fasting Glucose (mg/dl) 104.1 (97.0-111.0) 102.0 (95.0-112.1) 0.472
Fasting Insulin (uU/mL) 10.53 (7.22-15.43) 13.1 (8.0-17.14) 0.488
HOMA IR 2.9(1.94.1) 3.5(2.05-4.5) 0.523
A1C (%) 6.08 (5.94-6.22) 6.09 (5.96-6.31) 0.298
Fructosamine umol/L 269.0 (250.5-301.5) 269.5 (253.75-296.75) 0.971

Biochemical parameters comparing active vs. sedentary participants (Mann—Whitney U test) Values are presented as median (interquartile range).
P values are from Mann—Whitney U tests (Active vs Sedentary).

Table 3. Metabolic and Biomarker Parameters by Exercise Modality.

Parameter Aerobic (Median (IQR)) (N:13) Resistance (Median (IQR)) (N:14) Combined (Median (IQR)) (N:8) p-value
Weight (kg) 74.0 (67.2-76.0) 89.0 (80.98-95.18) 93.65 (84.48-107.35) 0.002
BMI (kg/m2) 25.7(23.2-28.7) 29.59 (28.88-31.72) 30.35 (27.0-33.2) 0.005
Fasting Glucose (mg/dl) 103.0 (93.0-107.0) 109.5 (103.28-115.0) 102.15 (96.5-104.22) 0.08
Fasting Insulin (uU/mL) 7.02 (3.4-9.05) 12.22 (10.53-25.43) 11.41 (7.41-14.87) 0.016
HOMA IR 1.9 (0.9-2.1) 3.2(2.9-7.4) 2.75 (1.9-3.5) 0.011
A1C (%) 6.08 (5.98-6.17) 6.1 (5.97-6.35) 5.85(5.7-6.07) 0.309
Fructosamine umol/L 300.0 (273.0-308.0) 258.5(234.5-271.25) 255.5 (248.5-280.75) 0.016
Male N: 8 (61.5%) Male N:13 (92.9%) Male N: 8 (100%)
Gender Female N: 5 (38.5%) Female N:1 (7.1%) Female 0 (0.0%) p=004

Table3 presents a comprehensive comparison of metabolic and biochemical parameters across three distinct exercise modality groups in physically
active prediabetes patients (n=35): aerobic training (n=13), resistance training (n=14), and combined modality training (n=38). Data are presented
as medians with interquartile ranges (IQR) to account for non-normal distributions. Overall group differences were assessed using the Kruskal—
Wallis test. Pvalue less than 0.05 is considered significant
Fisher's exact test was used for the sex x modality comparison because three of six expected cell counts were <5, the chi-square assumption was

therefore not met.

Table 4. Hemoglobin Glycation Index by Physical Activity Status (Prediabetes).

Group n Median HGI IQR (Q1 to Q3) IQR Width P.value ‘
Active 35 -0.05 -0.22t0 0.12 0.34 —0.115 ‘
Sedentary 43 0.03 -0.09 t0 0.21 0.31 p=r ‘
Median HGI and interquartile range (Q1 to Q3). Pvalue from Mann-Whitney U test (Active vs Sedentary).

Table 5. HGI by Exercise Modality.

Group n Median HGI IQR (Q1 to Q3) IQR Width P.value ‘
Aerobic 13 -0.03 -0.08 to 0.07 0.15 ‘
Combined 8 -0.22 -0.41 t0 -0.0 0.41 p=0.45 ‘
Resistance 14 -0.06 -0.21 t0 0.24 0.45 ‘

Median HGI and interquartile range (Q1 to Q3). Pvalue from Kruskal-Wallis test across exercise modalities (Aerobic, Resistance, Combined).

Table 6. Hemoglobin Glycation Index and Correlations with Biomarkers in Prediabetes.

. r Direction Significance r Direction Significance
Biomarker Active (N: ?‘a[;) ‘ ‘ ¢ Sedentary (l‘\ll): 43) ‘ ’
Fasting Glucose (mg/dl) 0.076 0.664 positive non-significant -0.026 0.87 negative non-significant
Fasting Insulin (uU/mL) |-0.076 0.663 negative non-significant 0.215 0.167 positive non-significant
HOMA IR -0.084 0.632 negative non-significant 0.215 0.167 positive non-significant
Fructosamine 0.183 0.291 positive non-significant -0.207 0.188 negative non-significant

r: Pearson/Spearman correlation coefficient; p: p-value; HOMA-IR: Homeostatic Model Assessment of Insulin Resistance; N: number of

participants. Positive direction indicates a direct relationship between the biomarker and the outcome variable; negative direction indicates an
inverse relationship. Statistical significance was set at p < 0.05. All correlations were non-significant in both the Active (n = 35) and Sedentary (n

= 43) subgroups. Fasting glucose is expressed in mg/dL; fasting insulin in pU/mL.
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Table 7. Multivariate linear regression analyses evaluating the association between exercise type and metabolic outcomes, adjusted for age, sex,
and BMI. Aerobic exercise and female sex were used as reference categories. Values represent 8 coefficients (95% confidence intervals) with

corresponding p-values.

Predictor Fasting Glucose (mg/dL) Fasting Insulin (uU/mL) HOMA-IR HbA1lc (%) Fructosamine (umol/L)
Resistance +9.76 (-4.56, 24.08) -0.50 (-7.49, 6.49) +0.18 (-1.78, 2.14) +0.30 (-0.03, 0.63) -14.58 (-43.70, 14.54)
p=0.172 p=0.884 p=0.850 p=0.069 p=0.311
Combined -1.45 (-16.74, 13.83) -4.32 (-11.78, 3.15) -1.10(-3.19,0.99) +0.03 (-0.32, 0.38) -9.76 (-40.85, 21.34)
p=0.846 p=0.244 p=0.289 p=0.857 p=0.523
Sedentary +8.82 (-7.25, 24.90) +0.42 (-7.43, 8.27) +0.33 (-1.87,2.52) +0.58 (0.22, 0.95) +3.26 (-29.44, 35.96)
(No exercise) p=0.268 p=0.912 p=0.761 p=0.003 p=0.839
Sex (Male) -0.74 (-13.39, 11.92) +7.68 (1.50, 13.85) +1.86 (0.13,3.59) +0.02 (-0.27, 0.31) +0.74 (-24.99, 26.48)
p=0.905 p=0.017 p=0.036 p=0.891 p=0.953
Age (per year) -0.09 (-0.63, 0.45) +0.08 (-0.19, 0.34) +0.01 (-0.07, 0.08) +0.004 (-0.008, 0.017) +1.74 (0.64, 2.84)
p=0.733 p=0.549 p=0.835 p=0.471 p=0.003
BMI (kg/m?) -(167 (-1.77, 0.43) +(_).91 (0.37, 1.45) +9.20 (0.05, 0.35) -(101 (-0.04, 0.01) +9.51 (-1.73,2.75)
p=0.219 p=0.002 p=0.011 p=0.281 p=0.643
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Figure 1. Hemoglobin Glycation Index Distribution by Physical Activity Status. The graph employs box-and-whisker to illustrate the median,

interquartile range, and overall distribution of HGI values.
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Figure 2. HGI by Exercise Modality. Displays box and whisker plot of Hemoglobin Glycation Index by different exercise modalities.

with no statistically significant differences observed across
the comprehensive panel of assessed parameters (all p>0.05).
Weight and BMI distributions were comparable between groups,
with active individuals showing median BMI of 28.7 kg/m?
(IQR: 26.2-29.85) versus 30.4 kg/m? (IQR: 26.2-34.75) in the
sedentary group, though neither reached statistical significance.
Glycemic control markers including fasting glucose (104.1 vs
102.0 mg/dl), A1C (6.08% vs 6.09%), and Fructosamine (269.0
vs 269.5 umol/L) demonstrated virtually superimposable medians
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between groups, suggesting that baseline glucose homeostasis
was equitably impaired across both cohorts (Table 2).

Metabolic and Biomarker Parameters by Exercise Modality
in Prediabetes:

Among active participants, three exercise categories were
compared: aerobic (n=13), combined (n=8), and resistance
(n=14) training. Using the Kruskal-Wallis test, significant
differences were identified in several parameters. Weight was



significantly lower in the aerobic group (74.0 kg, IQR 67.2—
76.0) compared to resistance (89.0 kg, IQR 80.98-95.18) and
combined (93.65 kg, IQR 84.48-107.35) groups (p=0.002).
Correspondingly, BMI differed significantly across groups
(p=0.005), with aerobic participants showing a median BMI of
25.7 kg/m? (IQR 23.2-28.7) versus resistance participants with
29.59 kg/m? (IQR 28.88-31.72).

Glycemic and metabolic indices showed exercise-specific
patterns. Fasting insulin was significantly lower in the aerobic
group (7.02 pU/mL, IQR 3.4-9.05) compared to resistance
(12.22 pU/mL, IQR 10.53-25.43, p=0.016). Correspondingly,
HOMA-IR was lowest in aerobic participants (1.9, IQR 0.9—
2.1) and highest in resistance participants (3.2, IQR 2.9-7.4,
p=0.011). Fructosamine levels were significantly higher in the
aerobic group (300.0 pmol/L, IQR 273.0-308.0) compared
to both combined (255.5 pmol/L, IQR 248.5-280.75) and
resistance groups (258.5 umol/L, IQR 234.5-271.25, p=0.015)
(Table 3).

Hemoglobin Glycation Index (HGI) by Physical Activity
Status:

HGI stratified by physical activity status revealed minimal
differences between groups without achieving statistical
significance (p=0.115). The active population (n=35)
demonstrated a median HGI of -0.05 with an interquartile range
from -0.22 to 0.12 (IQR width=0.34). The sedentary population
(n=43) exhibited amedian HGI 0f 0.03 with an interquartile range
from -0.09 to 0.21 (IQR width=0.31). The absolute difference
in median HGI between groups was 0.08 units, with the active
group showing slightly lower values compared to the sedentary
group. The interquartile ranges were comparable between
groups, with the active group demonstrating a marginally wider
distribution (0.34 units) relative to the sedentary group (0.31
units). Both groups displayed overlapping interquartile ranges,
with the sedentary group's IQR entirely contained within a shift
of the active group's distribution toward higher values (Table 4
and Figure 1).

Hemoglobin Glycation Index by Exercise Modality:

HGI stratified by exercise modality demonstrated variable
distributions across training types without achieving statistical
significance (p=0.45). The aerobic exercise group (n=13)
exhibited a median HGI of -0.03 with an interquartile range
from -0.08 to 0.07 (IQR width=0.15), representing the most
tightly distributed values. The combined exercise group
(n=8) demonstrated the lowest median HGI of -0.22 with
an interquartile range from -0.41 to -0.0 (IQR width=0.41),
indicating a wider spread and more negative values. The
resistance training group (n=14) showed a median HGI of
-0.06 with an interquartile range from -0.21 to 0.24 (IQR
width=0.45), displaying the widest interquartile range among
the three exercise modalities. The absolute difference in median
HGI between the highest (aerobic, -0.03) and lowest (combined,
-0.22) values was 0.19 units. The combined exercise group
exhibited the most leftward-shifted distribution toward negative
HGI values, while the aerobic group showed values clustered
near zero. Interquartile range widths varied considerably across
modalities, with aerobic demonstrating substantially narrower
dispersion (0.15 units) compared to both combined (0.41 units)
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and resistance (0.45 units) training groups (Table 5 and Figure
2).

Hemoglobin Glycation Index and Correlations
Biomarkers:

with

Correlations between biomarkers and HGI stratified by
physical activity status revealed were non-significant (Table 6).

Multivariable regression analysis adjusting for sex, age, and
BMI:

To formally evaluate whether the modality-specific patterns
described above persisted after adjustment for sex, age, and
BMI and to interrogate the sex imbalance identified across
modality subgroups multivariable linear regression models
were fitted for each metabolic outcome (Table X). With aerobic
training as the reference modality and active status as the
reference for activity, neither resistance training nor combined
training was independently associated with statistically
significant differences in fasting glucose, fasting insulin,
HOMA-IR, HbAlc, or fructosamine after adjustment. The
previously observed univariate fructosamine difference between
modalities was attenuated and lost statistical significance in
the adjusted model (resistance vs aerobic: f = —14.58 umol/L,
95% CI —43.70 to 14.54, p = 0.311; combined vs aerobic: 3
=—-9.76 umol/L, 95% CI —40.85 to 21.34, p = 0.523), as did
the differences in fasting insulin and HOMA-IR. Sedentary
status remained independently associated with higher HbAlc
(B =10.58%, 95% CI 0.22 to 0.95, p = 0.003) but not with any
other glycemic or insulin-sensitivity outcome. Male sex was
independently associated with higher fasting insulin (f = +7.68
pU/mL, 95% CI 1.50 to 13.85, p=0.017) and higher HOMA-IR
(B=+1.86,95% CI 0.13 to 3.59, p = 0.036), confirming sex as
a substantive determinant of insulin-sensitivity readouts in this
cohort. BMI was independently associated with higher fasting
insulin ( =+0.91 pU/mL per kg/m?, 95% CI 0.37 to 1.45, p =
0.002) and HOMA-IR (B = +0.20 per kg/m?, 95% CI 0.05 to
0.35, p=0.011). Age was independently associated with higher
fructosamine concentrations (f = +1.74 umol/L per year, 95%
CI1 0.64 to 2.84, p = 0.003).

Discussion.

This cross-sectional study set out to determine whether habitual
physical activity was associated with short-term glycemic
control, indexed by serum fructosamine, in 78 prediabetic
adults attending Thumbay Hospital and Thumbay Laboratories
in Ajman. Three findings structure the interpretation. First,
the overall comparison between active (n = 35) and sedentary
(n = 43) participants revealed no statistically significant
differences in fructosamine, HbAlc, fasting glucose, fasting
insulin, HOMA-IR, BMI, or the hemoglobin glycation index
(HGI. Second, when the active group was stratified by exercise
modality, aerobic training was associated with significantly
lower body weight, BMI, fasting insulin, and HOMA-IR than
resistance or combined training, yet paradoxically with the
highest serum fructosamine concentrations. Third, HbAlc and
HGI distributions were statistically indistinguishable across
both activity status and exercise modality. Taken together,
these findings refine rather than refute the role of exercise in
prediabetes management. The modality-stratified comparisons



should, however, be interpreted as exploratory and hypothesis-
generating: subgroup sample sizes were small (aerobic n =
13, resistance n = 14, combined n = 8), and nonparametric
tests at this scale are particularly vulnerable to influential
observations and inflated Type I error. The patterns described
below are accordingly framed as candidate signals warranting
confirmatory testing in adequately powered prospective designs,
not as established modality-specific effects.

Reconciling the null active-versus-sedentary signal with the
interventional literature:

The absence of significant glycemic separation between
active and sedentary groups is, at first reading, discordant with
the weight of randomized evidence documenting exercise-
induced glycemic improvement in prediabetes [5,7,8] Three
methodological considerations reconcile the present result
with contemporary findings. First, meta-analytic evidence is
drawn predominantly from structured, supervised programmes
of >12 weeks at defined intensities, whereas the current study
classified habitual activity using the IPAQ-SF a self-report tool
with documented validity correlations of only 0.09-0.39 against
accelerometry and a tendency to overestimate moderate-to-
vigorous activity and misclassify respondents on either side of
the activity threshold [13,14]. In populations characterized by
high baseline sedentariness and climatic or cultural constraints
on outdoor activity, such as those of the United Arab Emirates
and wider Gulf region, self-report misclassification is expected
to attenuate true between-group differences [15].

Second, the metabolic phenotype of the "active" category did
not meaningfully diverge from the sedentary category: median
BMI (28.7 vs 30.4 kg/m?) and HOMA-IR (2.9 vs 3.5) were
similar, suggesting the active classification was insufficient
to confer a distinct cardiometabolic state. This is consistent
with the 2025 umbrella review by Chung and colleagues of 48
meta-analyses, which affirmed that exercise-induced glycemic
effects, though robust across modalities, are of small magnitude
in prediabetes and require sustained dose-response thresholds
of roughly 800 MET-min/week for fasting glucose and 750-
880 MET-min/week for HbAlc to be clearly detectable [8,16].
Third, the INTENSITY trial of Hrubeniuk et al. reported that
after 16 weeks of supervised aerobic training, only 4.1% of
prediabetic and type 2 diabetic participants were classifiable as
responders on HbA ¢ criteria, while 87.7% remained "unclear"
[17]. Individual heterogeneity in glycemic adaptation is thus
the norm, and a moderately sized cross-sectional cohort cannot
reasonably be expected to resolve an aggregate exercise signal
that a supervised trial struggles to demonstrate at the group
level.

The aerobic-fructosamine paradox:

The most striking observation was that aerobic exercisers
displayed the most favourable body composition and insulin-
sensitivity indices the lowest median BMI (25.7 kg/m?),
fasting insulin (7.02 pU/mL), and HOMA-IR (1.9) yet the
highest median fructosamine (300 pmol/L), compared with
258.5 pumol/L in resistance and 255.5 pmol/L in combined
groups. Several mutually non-exclusive explanations merit
consideration.

Fructosamine reflects non-enzymatic glycation of circulating
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proteins, predominantly albumin, and is therefore sensitive not
only to mean glycemia but also to serum albumin concentration
and protein turnover [10,11]. Aerobic training, particularly when
sustained at higher weekly volumes, alters protein kinetics and
can transiently modify albumin distribution through plasma-
volume expansion [18]. Because the present study reported
uncorrected fructosamine, part of the between-modality
difference may reflect protein-compartment dynamics rather
than glycation per se. Routine albumin correction in future
analyses is strongly advised.

A second, more physiologically interesting possibility relates
to the temporal window captured by fructosamine. Fructosamine
integrates glycemic exposure over the preceding 1-3 weeks and
includes postprandial excursions, whereas HOMA-IR is a static
fasting index [19]. Aerobic exercise, especially in the fasted
state or when followed closely by carbohydrate intake, can
produce transient catecholamine-driven hepatic glucose output
and amplified glycemic responses to subsequent feeding during
the early recovery period [20]. Resistance training, by contrast,
chronically expands the insulin-sensitive glucose storage
compartment through skeletal muscle hypertrophy and enhanced
glycogen synthase activity, thereby blunting cumulative
postprandial glycemic exposure [21,22]. The observed pattern
better fasting insulin sensitivity in aerobic exercisers, but
lower cumulative glycation in resistance trainers is therefore
biologically plausible and reflects the distinct physiological
signatures of each modality. Aerobic training preferentially
improves fasting-state insulin action, while resistance training
preferentially attenuates the integrated postprandial glycemic
burden that fructosamine is sensitive to.

A third consideration is reverse causation, which a cross-
sectional design cannot exclude. Adults who adopt aerobic
training may have done so in response to perceived or clinically
measured glycemic deterioration, producing a confounding-by-
indication signal that biases the aerobic group toward higher
fructosamine. A fourth, and arguably the most important,
consideration is residual confounding by dietary intake, which
was not assessed in this study. Fructosamine integrates glycemic
exposure over the preceding 1-3 weeks and is therefore highly
sensitive to recent carbohydrate load, dietary glycemic index,
total energy intake, and meal-timing patterns variables that can
shift mean glycation independently of habitual physical activity.
Exercise modality and dietary behaviour are seldom independent
in free-living populations: individuals engaged in regular aerobic
training frequently increase carbohydrate intake to support
endurance fueling and post-exercise glycogen replenishment,
whereas those favouring resistance training more commonly
adopt higher-protein, comparatively lower-carbohydrate
dietary patterns aimed at supporting lean-mass accretion. If
such modality-linked dietary differences were present in the
current cohort, they could plausibly generate higher cumulative
postprandial glycemic exposure in the aerobic subgroup despite
their more favourable fasting insulin sensitivity, thereby
producing precisely the dissociation observed between HOMA-
IR and fructosamine. Because dietary intake was neither
quantified by food diary nor estimated through a validated
food-frequency instrument, this potential confounder cannot
be adjusted for analytically, and its contribution to the aerobic—



fructosamine paradox cannot be excluded. This limitation
should be regarded as a primary alternative explanation for the
observed pattern, and routine dietary assessment minimally a
3-day food record or short FFQ capturing carbohydrate quantity
and quality should be considered mandatory in any prospective
replication of these analyses. Finally, the acrobic subgroup was
small (n = 13), and although the Kruskal-Wallis test reached
nominal significance (p = 0.016), the estimate is vulnerable to
a handful of influential observations. Given the small subgroup
size, the susceptibility of the Kruskal-Wallis test to influential
observations at this scale, and the elevated Type I error risk
associated with multiple subgroup comparisons, the aerobic—
fructosamine signal must be treated as a hypothesis to be tested
in adequately powered prospective cohorts rather than as an
established biological phenomenon.

The distribution of sex across exercise modalities was
significantly non-random (Fisher's exact p = 0.04), with female
participants concentrated in the aerobic group (5/13, 38.5%),
markedly underrepresented in the resistance group (1/14, 7.1%),
and entirely absent from the combined group (0/8). This pattern
is consistent with well-documented sex-related preferences in
self-selected exercise modality, whereby women are more likely
to engage in aerobic activity and men in resistance training.
Because sex differences in body composition, lean mass,
hormonal milieu, and protein turnover all plausibly modify both
insulin sensitivity and the dynamics of the circulating albumin
pool that determines fructosamine concentrations, the observed
modality-specific differences in BMI, fasting insulin, HOMA-
IR, and fructosamine cannot be cleanly disentangled from the
underlying sex imbalance between groups. The aerobic group's
combination of lower BMI and fasting insulin together with
paradoxically higher fructosamine could therefore reflect, at
least in part, the higher proportion of female participants in that
subgroup rather than a modality-specific metabolic signature.
Sex-stratified analyses were not feasible at the present sample
size, and the modality-specific findings should accordingly be
interpreted as confounded by sex distribution; future work must
ensure balanced recruitment across sex strata and pre-specify
sex-stratified or sex-adjusted modality comparisons.

Modality-dependent effects on body composition and insulin
action:

The finding that aerobic training was associated with
substantially lower body weight, BMI, fasting insulin, and
HOMA-IR than either resistance or combined training is
internally consistent with the mechanistic literature. Aerobic
training improves whole-body insulin sensitivity through
increased skeletal muscle capillarization, up-regulation of
GLUT4 expression, and mitochondrial biogenesis driven by
the AMPK-PGC-1a pathway, and it is particularly effective at
mobilizing visceral adipose tissue [21-23]. Resistance training
induces smaller reductions in fat mass but produces its glycemic
benefits principally through skeletal muscle hypertrophy,
enhanced post-receptor insulin signalling (IRS-1/PI3K/Akt),
and expansion of intramuscular glycogen storage [22]. The 2024
network meta-analysis by Zhang et al. concluded that combined
moderate-intensity acrobic and low-to-moderate-load resistance
training produced the greatest composite improvements in
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HbAlc, BMI, and cardiovascular risk factors in prediabetes
[7], while the updated 2025 Bayesian synthesis by Zhang et al.
identified aerobic exercise as superior for lowering HbAlc and
2-hour post-meal glucose, and combined training for fasting
glucose reduction at an optimum of ~800 MET-min/week [8].
The cross-sectional patterns observed here are compatible
with, but do not constitute evidence for, these mechanistic
distinctions. Given the small modality-specific sample sizes
and the susceptibility of nonparametric subgroup tests to outlier
influence, the present results should be read as exploratory
observations that generate hypotheses for confirmatory trials,
rather than as demonstrations that aerobic and resistance training
act through distinct metabolic axes in this population.

Two adjusted findings nonetheless merit comment. First,
sedentary status remained independently associated with higher
HbA 1c after full adjustment (f = +0.58%, p = 0.003), a signal
that the unadjusted pairwise comparison did not detect and that
is consistent with the long-term integrated nature of the HbAlc
readout. Second, age was independently associated with higher
fructosamine concentrations (B = +1.74 umol/L per year, p =
0.003), reinforcing the importance of age adjustment in any
subsequent fructosamine-based investigation in this population.
These two adjusted associations are the most defensible findings
of the present analysis and warrant prioritization in confirmatory
work.

HbA1c inertia and the rationale for short-term biomarkers:

Despite  modality-dependent  divergence in  body
composition, insulin sensitivity, and fructosamine, HbAlc was
indistinguishable across all groups (medians 5.85-6.10%; p =
0.309). This reinforces the principal rationale for incorporating
short-term glycemic biomarkers into lifestyle-intervention
research: HbAlc integrates glycemic exposure across the full
erythrocyte lifespan (~120 days) and is therefore biologically
incapable of resolving short-term behavioral effects. The Gulf
region compounds this limitation, since iron-deficiency anemia
and inherited haemoglobinopathies both prevalent in the local
population distort HbAlc independently of glycemia [10,19].
Rossi et al. earlier demonstrated that an 8-week supervised
aerobic programmes produced detectable fructosamine
reductions in type 2 diabetes patients without concurrent HbAlc
change [12], and the present finding of fructosamine divergence
by modality in the absence of HbAlc change extends that
logic to prediabetes. When the research question concerns the
acute or sub-acute metabolic response to a lifestyle behaviour,
fructosamine optimally with albumin correction offers greater
temporal resolution than HbAlc.

Hemoglobin glycation index: interpretation of the null signal:

The HGI, defined as the residual between observed and FPG-
predicted HbAlc, quantifies inter-individual variation in the
propensity to glycate Haemoglobin at a given glucose exposure,
and has been linked to insulin resistance, hepatic steatosis,
cardiovascular events, and all-cause mortality in both prediabetic
and diabetic cohorts [24-26]. In the present study, HGI did not
differ by activity status (p = 0.115) or exercise modality (p =
0.45), and no significant correlations were observed with fasting
glucose, insulin, HOMA-IR, or fructosamine in either subgroup.
This null signal is consistent with the reference-population



work of Hempe and colleagues, who observed that HGI is
not independently associated with plasma insulin, HOMA-IR,
or 2-hour OGTT glucose when assessed in demographically
diverse NHANES participants [27]. Within a clinically
homogeneous prediabetic sample featuring narrow HbAlc and
FPG ranges, HGI appears unlikely to unmask exercise-related
differences that the primary glycemic biomarkers do not already
reveal, and its utility is probably greater in wider glycemic strata
or in specifically interrogating cardiovascular risk phenotypes.

Regional context.

The Gulf Cooperation Council countries carry among
the highest age-adjusted rates of diabetes and prediabetes
worldwide, with combined prediabetes-and-diabetes prevalence
in the UAE adult population estimated at approximately 30%
[15,28]. Physical inactivity contributes substantially: only
around 40% of men and 27% of women in the Gulf meet
WHO recommendations of >150 minutes of moderate-to-
vigorous activity per week [15]. Set within this epidemiological
landscape, the present study offers a locally relevant phenotypic
snapshot of active and sedentary prediabetic adults attending a
tertiary center, and contributes regionally sparse evidence on the
behaviour of short-term glycemic biomarkers.

Strengths.

The study employed a rigorously standardized pre-analytical
protocol, with immediate sodium-fluoride glycolysis inhibition,
two-hour processing windows, platform-specific validated
assays, and two-point calibration with bi-level quality control
for fructosamine measurement. It measured short-term
(fructosamine), long-term (HbA1c), and fasting (FPG, insulin,
HOMA-IR) glycemic indices concurrently, enabling multi-
axis metabolic characterisation rather than reliance on a single
biomarker. Stratification by self-reported exercise modality
allowed an exploratory modality-specific analysis, and inclusion
of HGI added a complementary glycation-phenotype dimension.

Limitations.

Several limitations warrant acknowledgement. Most
fundamentally, the cross-sectional design is intrinsically
misaligned with the temporal property that motivates the
use of fructosamine as a biomarker. Fructosamine derives
its analytical value from sensitivity to short-term shifts in
glycemic exposure over the preceding 1-3 weeks, a property
that can only be fully exploited within a longitudinal framework
incorporating repeated pre- and post-intervention sampling.
The present design captures a single static reflection of recent
cumulative glycemia and cannot, by construction, demonstrate
the responsiveness of fructosamine to behaviour change; the
modality-specific differences observed here therefore represent
inter-individual covariation in habitual glycemic exposure
rather than evidence of biomarker responsiveness per se. A
prospective, repeated-measures design with baseline, mid-
intervention, and post-intervention fructosamine sampling
such as that employed by Moura et al. in type 2 diabetes [12]
is required to establish Fructosamine’s utility as a proximal
endpoint for exercise-based interventions in prediabetes, and
this should be regarded as the principal methodological priority
for follow-up work. The cross-sectional architecture also
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precludes causal inference more broadly; associations observed
here should be interpreted as covariation. Physical activity was
measured by self-report using the IPAQ-SF without objective
corroboration, with the attendant risks of recall and social-
desirability bias [13,14]. The sample was male-predominant
(73.1%) and middle-aged, limiting generalizability to women
and older adults, and exercise-modality subgroups were small,
particularly the combined group (n = 8). The combination of
small subgroup sizes and nonparametric subgroup testing
materially elevates the risk of Type I error and renders the
modality-stratified comparisons vulnerable to influential
observations; these analyses should accordingly be regarded as
exploratory and hypothesis-generating rather than as definitive
evidence of modality-specific effects, and no inferential weight
is placed on them in the absence of independent replication.
Fructosamine was not corrected for serum albumin, and dietary
intake a major short-term determinant of glycemic exposure
was neither quantified nor controlled. Finally, participants were
recruited by convenience from a single tertiary center in Ajman,
raising the possibility of selection bias.

Although multivariable regression adjusting for sex, age, and
BMI substantially attenuated the univariate modality-specific
differences and provides a more conservative characterisation
of the data, the adjusted analyses remain limited by the small
overall sample, the small sex-imbalanced modality subgroups,
and the absence of albumin and dietary covariates; the adjusted
estimates should accordingly be regarded as informative but not
definitive.

Clinical implications and future research directions.

The modality-specific patterns documented here, while
hypothesis-generating, align with current international
guidance advocating combined aerobic and resistance training
in prediabetes [7], because each modality appears to operate on
distinct metabolic axes: aerobic training on body composition
and fasting insulin sensitivity, and resistance training on
cumulative glycemic exposure as reflected by fructosamine.
Future work should: (i) adopt prospective randomized designs
with objective activity monitoring (accelerometry or heart-
rate telemetry) and quantified dietary intake; (ii) incorporate
albumin-corrected fructosamine and, where feasible, glycated
albumin to disentangle protein-pool from glycation effects; (iii)
integrate continuous glucose monitoring to capture postprandial
excursions that fasting indices and HbAlc cannot resolve; and
(iv) ensure balanced recruitment across sex and age strata. In
the Gulf and wider Eastern Mediterranean region, where HbAlc
interpretationis confounded by widespread haemoglobinopathies
and iron deficiency [10,15], routine incorporation of short-
term glycemic markers into prediabetes evaluation deserves
serious operational consideration. The modality-specific
patterns documented here are hypothesis-generating rather
than confirmatory, and their clinical translation must be framed
accordingly. Nonetheless, the divergent metabolic signatures
align with current international guidance advocating combined
aerobic and resistance training in prediabetes [7], because
each modality appears to operate on distinct metabolic axes:
aerobic training was associated with a more favourable body-
composition and fasting-insulin-sensitivity profile, consistent



with its established effects on visceral adiposity and AMPK-
driven mitochondrial adaptation, while resistance training was
associated with lower cumulative glycemic exposure as indexed
by fructosamine, plausibly reflecting expansion of the insulin-
sensitive glycogen storage compartment. The two modalities
therefore appear complementary rather than redundant,
strengthening the physiological case for prescribing them in
combination.

Several methodological priorities follow from the limitations
of the present work. Most fundamentally, the field requires
prospective designs capable of exploiting the temporal property
that motivates fructosamine in the first place; pre—post or
randomized repeated-measures protocols with serial fructosamine
sampling at baseline, three weeks, and post-intervention would
formally test biomarker responsiveness, a question cross-sectional
architecture cannot resolve. Subsequent work should also move
beyond self-reported activity to accelerometry or heart-rate
telemetry, routinely correct fructosamine for serum albumin and
ideally complement it with glycated albumin, integrate continuous
glucose monitoring to capture postprandial excursions invisible
to fasting indices and HbAlc, and ensure balanced recruitment
across sex and age strata.

Finally, the regional context warrants explicit operational
reflection. In the Gulf and wider Eastern Mediterranean region,
where iron deficiency and inherited haemoglobinopathies are
sufficiently prevalent to compromise HbAlc interpretation
in a non-trivial proportion of clinical encounters [10,15], the
case for short-term glycemic markers extends beyond research
utility into routine practice. Albumin-corrected fructosamine,
deployed alongside rather than in place of HbAlc, would
offer a temporally complementary readout that is analytically
robust to the most common local haematological confounders,
and operationalizing this dual-biomarker approach within
structured diabetes prevention programmes represents the most
immediately actionable clinical implication of this work.
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