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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Background: Glycated hemoglobin (HbA1c) is the 

primary biomarker for assessing long-term glycemic control 
in type 2 diabetes (T2D). However, its wait time of 2-3 
months, affects the timely intervention for the identification 
of acute metabolic enhancements resulting from lifestyle 
modifications. On the other hand, fructosamine reflects the 
glycemic regulation for over a period of 2-3 weeks and may 
provide supplementary short-term monitoring functions. 
Nevertheless, there is scant information comparing these 
markers across varying levels of physical activity and body 
mass index (BMI) strata in people with type 2 diabetes (T2D). 
Objective: To assess HbA1c and fructosamine as indicators 
of glycemic control in physically active and sedentary 
people with Type 2 Diabetes, and to investigate if BMI, 
sex, and glucose-lowering drugs influence the association 
between physical activity and these glycemic markers. 
Methods: This cross-sectional study was conducted at Thumbay 
Labs in the United Arab Emirates from January to October 2025, 
included 185 persons with Type 2 Diabetes (T2D), classified as 
physically active (n=98, engaging in ≥150 minutes of activity 
per week for over 3 months) or sedentary (n=87). HbA1c and 
fructosamine were assessed utilizing standardized laboratory 
techniques. Multivariable linear regression models evaluated 
the relationships between physical activity and glycemic 
indicators, controlling for age, sex, BMI, and primary glucose-
lowering drug classes, while explicitly testing for interactions 
between Activity and BMI, as well as Activity and Sex. 
Results: Physically active participants exhibited lower 
HbA1c (6.84% vs. 8.07%, p<0.0001) and fructosamine levels 
(301.0 vs. 362.0 µmol/L, p=0.0001) compared to sedentary 
individuals. A significant Activity × BMI interaction for 
HbA1c (β=0.156, p=0.0002) was found, indicating decreased 
glycemic benefits of physical activity with higher BMI, 
persisting after controlling for diabetes medications. A similar 
but weaker effect for fructosamine (β=7.481, p=0.0019) 

was noted. No notable differences were observed between 
sexes regarding these markers when BMI was considered. 
Conclusions: Physical activity is associated with glycemic 
control, which is supported by HbA1c and fructosamine levels, 
even though obesity declines this effect, especially in long-term 
glycemic memory (HbA1c). Individuals who fall under the T2D 
and increased BMI category need stronger lifestyle interventions 
for similar glycemic benefits as those with lower BMI. HbA1c is 
a more reliable marker for activity-related metabolic benefits in 
stable T2D, while fructosamine is a useful short-term indicator 
but not interchangeable.

Key words. Body mass index, fructosamine, HbA1c, glycemic 
control Type 2 diabetes and physical activity.
Introduction.

Type 2 Diabetes (T2D) affects around 500 million adults 
worldwide and this statistic is said to rise with aging populations 
in unison with global obesity [1,2]. Tight glucose management 
minimizes the incidence of microvascular and, to a lesser extent, 
macrovascular problems [3,4]. Recent observational study 
demonstrated that higher HbA1c was associated with increased 
microvascular and macrovascular complications, reinforcing 
the link between chronic hyperglycemia and adverse outcomes 
[5]. Glycated hemoglobin (HbA1c) remains the cornerstone 
biomarker for long-term glycemic control and risk stratification, 
and its measurement is crucial for current treatment targets in 
international guidelines [3]. Although HbA1c is recognized 
as a marker of glycemic control for a period of 2-3 months, it 
is still influenced by factors that affect erythrocyte turnover, 
such as anemia, chronic renal illness, hemoglobinopathies, and 
recent transfusions, which may limit its trustworthiness in some 
clinical contexts [6].

An alternative to the conventional HbA1c, the short-term 
glycemic indicators, such as fructosamine and glycated 
albumin have sparked interest as supplementary techniques 
globally. These biomarkers detect glycation of circulating 
proteins with a half-life of 2-3 weeks and may respond faster 
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to therapeutic modifications than that of HbA1c [6,7]. Several 
studies have found moderate to high relationships between 
fructosamine, glycated albumin, and HbA1c, implying that they 
predict microvascular and macrovascular outcomes in diabetic 
patients [6,7]. However, limited clinical data exists comparing 
HbA1c and fructosamine across obesity, physical activity, and 
pharmacologic therapy in T2D populations.

Lifestyle modifications that are primarily focused on increasing 
physical activity, regular exercise training, along with proper 
medication, serve as a prime element for T2D management 
[3,8-9]. Regular aerobic and resistance exercise uplifts 
cardiorespiratory fitness, reduces body weight, and lowers 
HbA1c levels in T2D patients [8]. According to professional 
society standards, people with T2D should keep themselves 
occupied with at least 150 minutes pf moderate to vigorous 
aerobic activity, along with 2-3 days of resistance training every 
week [9]. On the other hand, the glycemic response to physical 
activity varies among different populations. Some people show 
significant decrease in their HbA1c levels corresponding to 
their physical activity, while others see minimal change despite 
identical exercise exposure. Emerging data suggests that obesity, 
gender, baseline fitness, and prescription regimes may influence 
the metabolic advantages of physical activity [8-10], but few 
research have systematically modeled these associations across 
both HbA1c and fructosamine.

Globally, obesity is recognized as primary contributing factor 
for insulin resistance and T2D [1,2]. A higher Body Mass Index 
(BMI) and central adiposity are responsible for poor glycemic 
profiles and higher cardiovascular risk. They may counteract 
with the insulin sensitivity improvements generally caused by 
exercise [10]. Corresponding to all this, the fat distributions, 
hormonal milieus and cardiometabolic risk varies between 
women and men, this may in turn influence their diabetes risk 
and treatment response [10]. To attain HbA1c targets, modern 
diabetes care increasingly relies on combination therapy, 
including Metformin, sulfonylureas, DPP-4 inhibitors, SGLT2 
inhibitors, insulin, and other medications [3]. These medicines 
affect glycemia through distinct mechanisms, and patterns 
of drug use frequently correlate with BMI, disease duration, 
and comorbidity burden, making it necessary to account for 
pharmacotherapy when analyzing the independent effect of 
physical activity.

Against this backdrop, we sought to describe the connections 
between physical activity, BMI, sex, medicines, and glycemic 
control in persons with T2D, using both HbA1c and fructosamine 
as outcomes. We modeled the relationship between physical 
activity, HbA1c, and fructosamine across the BMI spectrum, 
testing for Activity × BMI and Activity × sex interactions while 
adjusting for major glucose-lowering medication classes.
Materials and Methods.

This cross-sectional study took place at Thumbay Labs in 
the United Arab Emirates from January to October 2025. A 
total of 185 patients with type 2 diabetes were categorized into 
sedentary (87) and active (98) groups according to their physical 
activity levels, defined as at least 150 minutes per week for over 
three months. Exclusion criteria encompassed type 1 diabetes, 
insulin therapy, suspected Latent Autoimmune Diabetes in 

Adults (LADA), prediabetes, other comorbidities, surgical 
disabilities, and thyroid disorders. Participants filled out a 
structured International Physical Activity questionnaire (IPAQ) 
that captured the type, frequency and duration of their physical 
activity to categorize them accordingly. Height and weight 
were assessed using standardized protocols, and body mass 
index (BMI) was computed (kg/m²). EDTA whole blood and 
serum samples were collected from participants. HbA1c levels 
were measured using the Beckman Coulter DXC 700 analyzer, 
employing enzymatic and latex agglutination inhibition 
methods. Fructosamine was quantified via a colorimetric 
method using the Cobas c 503 Roche instrument.

All procedures were validated in accordance with the 
guidelines established by the College of American Pathologists 
(CAP). Quality controls, both internal and external, were 
established, and calibration was conducted according to 
manufacturer specifications. The Institutional Review Board 
approved the study (Ref. No. IRB-COHS-STD-131-Dec-2024). 
All participants provided written informed consent; data were 
anonymized and securely stored.

Data analysis utilized IBM® SPSS® Statistics Version 30.0. 
Continuous variables were reported as median and interquartile 
range (IQR) because the data did not follow a normal 
distribution. The Mann-Whitney U test was utilized to compare 
cardiometabolic markers between active and sedentary groups. 
Multivariable linear regression models assessed associations 
between physical activity and glycemic markers, adjusting 
for age, sex, BMI, and major glucose-lowering medication 
classes, with explicit testing of Activity × BMI and Activity × 
Sex interactions. A p-value below 0.05 is deemed statistically 
significant, whereas a p-value below 0.001 is classified as 
highly significant.
Results.

The active group represented over 50% of the cohort, generally 
being younger and having a lower BMI compared to sedentary 
participants, who were predominantly middle-aged with more 
individuals aged 60 and older. Normally-weight and overweight 
categories were more common among active individuals, 
whereas higher obesity classes were found predominantly 
in the sedentary group. These patterns indicate significant 
demographic and anthropometric differences between activity 
groups that may influence glycemic outcomes (Figure1).

HbA1c and fructosamine levels were markedly elevated 
in sedentary participants relative to their active counterparts 
(Mann–Whitney U, p < 0.001), with rank-biserial correlations 
reflecting moderate to substantial effects (Table 1).

When categorized by gender, age group, and BMI category, 
people who were physically active usually had lower HbA1c 
and fructosamine levels than people who were not. The activity 
effect was strongest in men, adults aged 18 to 59, and people 
with a normal or overweight BMI. The rank biserial effect sizes 
were moderate to large. In older participants (60 years and 
older) and those with the highest BMI, differences by exercise 
were less and not statistically significant. This could be because 
these groups had less power and more advanced disease (Table 2).

Both HbA1c and fructosamine are significantly lower in active 
vs sedentary men. Effect sizes (rank-biserial r) are moderate-
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to-large, meaning activity is meaningfully associated with 
better glycemic control in men, not just statistically different. 
For women, sample sizes or differences were not strong enough 
to reach p < 0.05 in this stratified test. The beneficial effect of 
being active on both HbA1c and fructosamine is especially clear 
in men.

For those aged 18 to 39, HbA1c was much lower in active 
people than in sedentary people. fructosamine showed a similar 
tendency, although it wasn't statistically significant at 0.05. The 
effect size for HbA1c is big, which means that activity has a 
strong influence on younger adults.

In the 40–59 years age range, both HbA1c and fructosamine 
levels are significantly lower in active participants, with effect 
sizes ranging from moderate to large, indicating a strong activity 
effect in middle-aged adults.

In the 60+ years cohort, neither HbA1c nor fructosamine 
variations by exercise achieved statistical significance (p < 
0.05). The sample size is probably smaller and/or the effect is 
weaker at older ages. There is a clear link between physical 
exercise and better HbA1c (and often fructosamine) levels in 
younger and middle-aged people. The link is not as clear in 
people over 60.

Figure 1. The distribution of gender, age groups, and WHO BMI categories based on physical activity status among patients with type 2 diabetes 
(N = 185). The bars show the percentage of participants in each category who are considered physically active or sedentary. The percentages are 
shown above each bar.

Marker Active, median [IQR] Sedentary, median [IQR] p-value Rank-biserial r
HbA1c 6.84 [6.49–8.04] 8.07 [7.14–9.61] 0.0000 0.422
fructosamine 301.0 [269.5–369.75] 362.0 [319.25–405.75] 0.0001 0.331
Median [IQR], (Mann–Whitney U), Rank-biserial r tests was used, P.value < 0.05 is considered significant, P.value < 0.001 is considered highly 
significant.

Table 1. HbA1c and fructosamine by physical activity status (Active vs Sedentary).
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In the Normal BMI group, both HbA1c and fructosamine 
levels are considerably lower in those who are active compared 
to those who are sedentary. The impact sizes are quite big, 
which means that activity has a strong influence when BMI is 
in the normal range. 

In the overweight group, active participants have considerably 
lower levels of both HbA1c and fructosamine. Effect sizes are 
modest to big, and it's evident that being active helps overweight 
people with their glycemic indicators.

In Obese class I, HbA1c is much lower in people who are active 
than in people who are sedentary (moderate effect size). The 

variations in fructosamine go in the same direction, although 
they don't quite reach p < 0.05. 

In Obese class II / III, there are no statistically significant 
changes by exercise (and small n), thus we can't claim for 
sure that there is an effect in this dataset. The most significant 
and consistent advantage of physical activity on both HbA1c 
and fructosamine is observed in individuals with normal and 
overweight BMI, with a moderate benefit noted for those 
classified as obese class I. The evidence is less strong in this 
sample for higher obesity classes (because the numbers are 
modest) (Table 3).

Subgroup type Subgroup Marker Active median [IQR] Sedentary median [IQR] p-value

Age groups

18–39 fructosamine 320.5 [250.0–384.25] 352.0 [298.75–399.0] 0.2722
HbA1c 7.52 [6.69–8.5] 10.0 [8.22–10.5] 0.0158

40–59 fructosamine 290.5 [263.5–353.0] 361.5 [321.5–434.25] 0.0006
HbA1c 6.71 [6.41–7.74] 8.07 [7.14–10.4] 0.0

60+ fructosamine 328.5 [281.75–390.75] 363.0 [321.5–390.25] 0.2568
HbA1c 6.84 [6.71–8.43] 7.57 [6.98–8.56] 0.1553

BMI groups

Normal
Normal

fructosamine 333.5 [282.75–369.0] 389.0 [339.75–492.75] 0.0049
HbA1c 6.71 [6.41–8.04] 8.56 [8.06–9.92] 0.0004

Obese class I
Obese class I

fructosamine 260.5 [243.25–328.5] 336.0 [296.0–398.5] 0.0665
HbA1c 6.71 [6.52–7.35] 7.77 [6.98–8.8] 0.0426

Obese class II
Obese class II

fructosamine 509.0 [362.0–539.0] 359.0 [344.5–393.75] 0.2022
HbA1c 9.34 [7.54–12.05] 7.78 [7.29–7.98] 0.1176

Overweight
Overweight

fructosamine 288.0 [274.0–367.0] 363.0 [326.75–419.0] 0.0009
HbA1c 7.07 [6.56–7.6] 8.5 [7.38–10.5] 0.0002

Gender
Female fructosamine 305.5 [274.75–363.5] 349.0 [309.0–402.0] 0.1302

HbA1c 7.07 [6.64–8.32] 7.55 [7.1–9.5] 0.2287
Male
Male

fructosamine 297.5 [259.0–369.75] 364.0 [329.0–423.0] 0.0002
HbA1c 6.75 [6.49–7.7] 8.17 [7.57–9.51] 0.0

Table 2. Stratified comparison of HbA1c and fructosamine by physical activity status.

Median [IQR], (Mann–Whitney U) test was used, P.value < 0.05 is considered significant, P.value < 0.001 is considered highly significant.

Outcome Predictor Beta SE t p-value

HbA1c

Intercept 8.82 0.284 31.06 < 0.001
Active vs. Sedentary -0.963 0.43 -2.24 0.0263
Male vs. Female -0.274 0.357 -0.77 0.4433
Age (centered) -0.033 0.015 -2.23 0.0269
BMI (centered) -0.085 0.029 -2.99 0.0032
Activity × Gender -0.017 0.536 -0.03 0.9744
Activity ×_Age 0.036 0.023 1.52 0.1296
Activity ×_BMI 0.156 0.042 3.76 0.0002
Model R^2 0.186

fructosamine

Intercept 379.591 16.252 23.36 < 0.001
Active vs. Sedentary -35.354 24.596 -1.44 0.1524
Male vs. Female -3.24 20.419 -0.16 0.8741
Age (centered) -0.27 0.841 -0.32 0.7488
BMI (centered) -4.673 1.631 -2.86 0.0047
Activity × Gender -9.129 30.681 -0.3 0.7664
Activity ×_Age 1.361 1.337 1.02 0.3098
Activity ×_BMI 7.481 2.376 3.15 0.0019
Model R^2 0.124

Table 3. Multivariable linear regression with interaction terms for HbA1c and fructosamine.

Beta = regression coefficient (predicted change in outcome per unit increase in predictor) - SE = standard error (precision of the beta estimate) - t 
= t-statistic (Beta/SE), used to calculate p-value. Age (centered) and BMI (centered) were calculated by subtracting the sample mean from each 
individual value. This centering allows the intercept to represent the predicted outcome for an average participant and facilitates interpretation 
of interaction terms.
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Figure 2. Predicted HbA1c and fructosamine across BMI by physical activity and sex. Panels illustrate predicted levels of HbA1c (%) (top) and 
fructosamine (µmol/L) (bottom) across BMI for women (left) and men (right). Curves distinguish between sedentary (red) and physically active 
(blue) individuals, based on multivariable linear regression models that account for physical activity, gender, age, and BMI interactions. Models 
center age and BMI at the cohort mean for plotting purposes.

Figure 3. Adjusted associations between glucose lowering medication classes and HbA1c and fructosamine.
Forest plots show adjusted differences in HbA1c (left, %) and fructosamine (right, µmol/L) associated with current use of Metformin, sulfonylureas, 
DPP 4 inhibitors and SGLT2 inhibitors, compared with nonuse of each class. Estimates and 95% confidence intervals are from multivariable 
linear regression models adjusted for age, sex, BMI, physical activity, and their interaction. Participants treated with insulin were excluded from 
these analyses.
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In multivariable models controlled for age, sex, and BMI, 
physical activity correlated with reduced projected HbA1c and 
fructosamine levels across the BMI spectrum. The top row of 
Figure 3 shows model-based prediction curves for HbA1c, 
and the bottom row shows model-based prediction curves for 
fructosamine. The curves are separated by sex, with women on 
the left and men on the right. 

For HbA1c, both physically active women and men exhibited 
lower projected values compared to their sedentary counterparts 
across nearly all BMI categories. The gap between the active and 
sedentary curves was biggest at lower BMI and got smaller as 
BMI went up. This shows the strong Activity× BMI interaction 
that was seen in the HbA1c model. This pattern was consistent 
across both women and men, showing no definitive evidence of 
a sex-specific variation in the shape or amount of the exercise 
effect.

For fructosamine, physically active individuals exhibited 
lower projected values compared to sedentary individuals of 
both sexes; however, the curves were more closely aligned and 
parallel across the BMI range. In line with this visual impression, 
the Activity × BMI interaction for fructosamine did not achieve 
statistical significance, suggesting that the short-term glycemic 
fluctuation measured by fructosamine exhibited a weaker and less 
consistent alteration by BMI compared to HbA1c (Figure 2).

Metformin and SGLT2 inhibitors were linked to reduced 
adjusted HbA1c levels, while sulfonylureas and DPP-4 
inhibitors were generally associated with increased HbA1c 
levels. The associations for fructosamine exhibited a similar 
direction; however, the confidence intervals were broader and 
frequently encompassed the null value. Adjustment for these 
medication classes did not significantly change the observed 
relationships between physical activity, BMI, and glycemic 
markers (Figure 3).
Discussion.

This cross-sectional study of patients with type 2 diabetes 
revealed that frequent physical activity was associated 
with lower levels of HbA1c and fructosamine, even after 
accounting for age, gender, BMI, and major classes of glucose-
lowering medicines. Prediction plots from interaction models 
demonstrated that physically active adults had lower projected 
HbA1c levels than sedentary participants over the majority of 
the BMI range, in both men and women.

The disparity between active and sedentary curves was most 
pronounced at lower BMI and gradually diminished with 
rising BMI, signifying a notable Activity × BMI interaction. 
This pattern continued even after adjusting for treatment with 
Metformin, sulfonylureas, DPP-4 inhibitors, and SGLT2 
inhibitors, indicating that adiposity itself, rather than varying 
intensification of pharmacotherapy, may diminish the glycemic 
advantages of physical activity. The association between 
fructosamine and activity was analogous; however, the Activity 
× BMI interaction did not achieve statistical significance, and 
the curves were more closely aligned, suggesting that short-term 
glycemic fluctuations may exhibit reduced responsiveness—or 
greater variability—in relation to habitual physical activity 
within this real-world T2D cohort.

Our results align with previous meta-analyses and guidelines 
indicating that consistent aerobic and resistance training yield 
moderate although clinically significant decreases in HbA1c 
levels among individuals with T2D [8–9]. By explicitly 
modeling Activity × BMI interactions, we enhance the existing 
evidence by illustrating that the relative HbA1c advantage of 
physical activity is most pronounced in persons with lower 
BMI and diminished in those with higher BMI. This conclusion 
is biologically plausible: increased adiposity correlates 
with heightened insulin resistance, ectopic fat deposition, 
and chronic low-grade inflammation [10], all of which may 
attenuate the enhancement in insulin sensitivity attained by 
typical physical activity levels. Our findings thus advocate 
a more nuanced perspective than the simplistic assertion that 
“exercise is beneficial for all.” While both lean and obese 
individuals with T2D derive advantages from physical activity, 
those with obesity may necessitate either an increased exercise 
regimen or a combination of approaches—such as organized 
exercise alongside dietary weight reduction or supplementary 
pharmacotherapy—to attain glycemic enhancements akin to 
those observed in individuals with a lower BMI.

Sex-stratified predictions indicated comparable patterns 
between women and men, revealing no significant sex-specific 
divergence in the Activity × BMI effect on HbA1c. This is 
consistent with certain aspects of existing literature regarding 
sex differences in the pathophysiology and treatment response of 
Type 2 Diabetes (T2D). Women with type 2 diabetes frequently 
exhibit elevated obesity rates and may receive a diagnosis later 
in the progression of the disease, resulting in an increased 
relative cardiovascular risk in comparison to men [10]. Our 
data indicate that, after adjusting for BMI and medications, 
the additional glycemic benefit of physical activity is similar 
for both sexes. This observation aligns with existing guideline 
recommendations advocating for equal promotion of physical 
activity for both women and men with T2D [3,9]. It underscores 
the necessity of customizing interventions based on individual 
BMI and comorbidity profiles, rather than focusing solely on 
sex.

The discrepancy observed between HbA1c and fructosamine 
responses to physical activity is significant. Physically active 
participants exhibited lower fructosamine levels compared 
to sedentary participants; however, the observed effects were 
minimal, and a significant Activity × BMI interaction was 
not identified. Previous studies indicate that fructosamine and 
glycated albumin are correlated with HbA1c and reflect short-
term glycemic changes; however, their accuracy may be affected 
by variables including serum albumin levels, nephrotic-range 
protein loss, and acute illness [6,7]. 

Medication classes exhibit specific patterns of glycemic control 
that align with their anticipated clinical applications. Metformin 
and SGLT2 inhibitors demonstrate superior glycemic profiles, 
while sulfonylureas and DPP-4 inhibitors are more prevalent 
in individuals with suboptimal control, indicating a trend 
towards treatment intensification. Nevertheless, the broad 
confidence intervals, especially for fructosamine, suggest a 
constrained ability to accurately quantify these effects. The 
primary relationship among physical activity, adiposity, and 
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glycemia persisted significantly after controlling for medication 
class, indicating the lifestyle factor's independence from 
pharmacological interventions.

In this clinical cohort, day-to-day variability in diet, medication 
adherence, and acute health events may have introduced noise 
into fructosamine measurements, thereby obscuring more 
subtle patterns related to activity and BMI. Alternatively, the 
adaptation to habitual activity, particularly resistance training, 
may be more accurately reflected by long-term markers like 
HbA1c rather than a brief two-to-three-week assessment of 
glycation. Our findings support the ongoing use of HbA1c as 
the primary metric for assessing lifestyle interventions in stable 
T2D, while fructosamine functions as a complementary, albeit 
non-interchangeable, marker.
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