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ABSTRACT

Aims: To evaluate the impact of obesity and metabolic syndrome (MetS) on distal sensorimotor polyneuropathy (DSPN) over
5 years of recent-onset type 2 diabetes and normal glucose tolerance (NGT).

Materials and Methods: Individuals with recent-onset type 2 diabetes and NGT (n = 355/181) matched for age and sex
underwent reference tests of DSPN. Intraepidermal nerve fibre density (IENFD) was assessed in a subset (n = 100/117).
Subgroups (n = 198/64) were reevaluated 5 years later. MetS was defined by International Diabetes Federation criteria and
DSPN by the Toronto consensus criteria.

Results: After adjustment for age, sex, height, smoking history, and HbAlc, IENFD was inversely associated with weight and
the number of MetS components in NGT, but not in type 2 diabetes. Lower sural sensory nerve action potential was associated
with higher weight in both groups. Higher baseline weight was associated with incident DSPN in NGT. Obesity and MetS at
baseline were associated with higher odds of neuropathic deficits at follow-up in type 2 diabetes (OR [95% CI] for obesity 3.00
[1.06-8.51] and MetS 8.25 [1.02-66.91]).

Conclusions: Higher weight is independently associated with early nerve fibre loss and dysfunction, regardless of hyper-
glycaemia. In recent-onset type 2 diabetes, obesity and MetS predict neuropathic deficits 5 years later, suggesting that timely
weight management may be critical to prevent DSPN.

1 | Introduction mechanisms and risk factors remain incompletely elucidated

[1]. Current evidence suggests that DSPN develops during the
Although distal sensorimotor polyneuropathy (DSPN) consti- early course of diabetes [2, 3] and even in prediabetes [4].
tutes one of the most common and clinically challenging Moreover, recent findings suggest a role of obesity and meta-
chronic complications of diabetes, its underlying pathogenic bolic syndrome in the development of DSPN [5-7].
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For a complete list of the GDS Group, see the Acknowledgments section.

Prior Presentation: Preliminary analyses of this study were presented in part in an oral presentation by GS at the 83rd Scientific Session of the American Diabetes Association in San Diego, CA on June
25th, 2023 (G. Sipola, A. Strom, M. Bombrich, et al., “321-OR: Differential Associations of Obesity and Metabolic Syndrome With Polyneuropathy in Early Type 2 Diabetes and Normal Glucose
Tolerance,” Supplement, Diabetes 72, no. S1 (2023), 10.2337/db23-321-OR.).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.

© 2026 The Author(s). Diabetes/Metabolism Research and Reviews published by John Wiley & Sons Ltd.

Diabetes/Metabolism Research and Reviews, 2026; 42:€70147 1of 12
https://doi.org/10.1002/dmrr.70147


https://doi.org/10.1002/dmrr.70147
https://orcid.org/0009-0006-7638-0638
https://orcid.org/0000-0001-9896-1106
https://orcid.org/0000-0001-8200-6382
https://orcid.org/0000-0003-1446-6592
mailto:gidon.boenhof@ddz.de
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/dmrr.70147
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fdmrr.70147&domain=pdf&date_stamp=2026-03-03

While hyperglycaemia is considered the primary risk factor for
DSPN [5], there is currently no convincing evidence from large,
well-designed studies that rigorous glycaemic control can
effectively prevent or slow down the progression of DSPN in
individuals with type 2 diabetes [8, 9]. Therefore, a broader
approach addressing additional risk factors, particularly the
cardiovascular ones, may be necessary to prevent the develop-
ment of DSPN [5]. Besides hyperglycaemia, obesity is emerging
as a modifiable risk factor for DSPN in both people with and
without diabetes [5, 7]. With the current global prevalence of
overweight and obesity estimated at 45.1% and expected to reach
nearly 60% of the adult population by 2050 [10], an alarming
increase in DSPN cases can be expected to be potentially
attributable to obesity and obesity-related comorbidities. In
addition, some observational studies have suggested that the
combination of obesity and cardiometabolic obesity-related risk
factors, collectively referred to as metabolic syndrome, is asso-
ciated with polyneuropathy, irrespective of the presence of
diabetes [6, 7]. However, the role of obesity, metabolic syn-
drome, and its individual components on small and large nerve
fibre dysfunction and structural impairment in people with
recent-onset type 2 diabetes remains unclear. Furthermore,
there is a lack of knowledge about the influence of obesity and
other metabolic syndrome components on nerve function and
morphology in persons with normal glucose tolerance (NGT),
since most previous studies included a relevant proportion of
participants with prediabetes [11-15] and/or their focus was
primarily on severe obesity [16, 17].

This study aimed to assess the role and predictive value of
weight, metabolic syndrome and its individual components on
measures of DSPN over the first 5 years of well-controlled type 2
diabetes compared with individuals with NGT using a
comprehensive assessment of small and large nerve function
and structure. We hypothesised that overweight and metabolic
syndrome are associated with nerve fibre impairment and that
both are predictive of declining nerve function, independent of
diabetes.

2 | Materials and Methods
2.1 | Study Participants

Individuals were recruited from the German Diabetes Study
(GDS; ClinicalTrials.gov identifier: NCT01055093) in Diisseldorf,
Germany. The GDS is an ongoing, prospective study observing
the natural course of diabetes and its complications [18]. The
study design and profile of the Diisseldorf cohort have been
previously described in detail [18]. The GDS study was approved
by the Ethics Committee of Heinrich Heine University, Diissel-
dorf, Germany and conducted in accordance with the Declaration
of Helsinki (7th revision, 2013). Written informed consent was
obtained from all participants prior to enrolment.

Three hundred fifty-five individuals with recently-diagnosed
type 2 diabetes (known diabetes duration < 12 months) and
181 individuals with NGT matched for age and sex without non-
metabolic causes of peripheral neuropathy were included in the

baseline cohort for cross-sectional analysis. In the baseline

cohort, intraepidermal nerve fibre density (IENFD) was quan-
tified in 101 individuals with type 2 diabetes and 117 with NGT.
The prospective analysis included 198 participants with type 2
diabetes and 64 with NGT who underwent a 5-year follow-up.
Of these, 67 individuals with type 2 diabetes and 48 with NGT
had IENFD assessment performed at baseline and 57 and 38,
respectively, at follow-up.

2.2 | Polyneuropathy Assessment

2.2.1 | Electrophysiological and Quantitative Sensory
Testing

Peripheral nerve function, including electrophysiological [motor
nerve conduction velocity (MNCV) in the ulnar, median, and
peroneal nerves, sensory nerve conduction velocity (SNCV) in the
ulnar, median, and sural nerves, and sensory nerve action po-
tential (SNAP) in the sural nerve] and quantitative sensory testing
[QST; vibration perception thresholds (VPTs) at the second
metacarpal bone and medial malleolus, warmth and cold detec-
tion thresholds (WDTs and CDTs, respectively) at the thenar
eminence and dorsum of the foot], and clinical neuropathy scores
were assessed as previously described [2, 19]. Neuropathic deficits
were assessed with the Neuropathy Disability Score (NDS;
abnormal > 3 points), while neuropathic symptoms were evalu-
ated with the Neuropathy Symptom Score (NSS; abnormal > 3
points) [20]. DSPN was defined following the consensus of the
Toronto Diabetic Neuropathy Expert Group, including subclini-
cal, possible, probable, and confirmed stages [21].

2.2.2 | Skin Biopsy

Skin innervation was assessed by determining IENFD (intra-
epidermal nerve fibres/mm epidermis) in 50-um skin biopsy
sections using the free-floating method from a three-mm skin
punch biopsy specimen obtained from the distal lateral calf
10 cm proximal to the lateral malleolus under local anaesthesia
as previously described [2, 22].

2.3 | Laboratory Analyses

Metabolic and routine laboratory assessments were carried out
as described previously [18]. Whole-body insulin sensitivity was
assessed by means of the hyperinsulinemic-euglycaemic clamp,
and is reported as the M value, which is calculated from the
mean glucose infusion rates with glucose space correction
during the steady-state period [18]. All participants without
diabetes underwent a 75-g oral glucose tolerance test (OGTT) at
baseline and 5-year follow-up to exclude dysglycaemia.

2.4 | Metabolic Syndrome

International Diabetes Federation (IDF) 2006 criteria were used
to define metabolic syndrome [23], where central obesity (waist
circumference > 94 cm for men and > 80 cm for women in the
Caucasian population) is mandatory for the diagnosis of
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metabolic syndrome, followed by any two of the other four
components: (i) elevated triglycerides > 1.7 mmol/L (150
mg/dL) or specific treatment for hypertriglyceridaemia (MetS-
TRG), (ii) reduced HDL cholesterol < 1.03 mmol/L (40 mg/dL)
in men, < 1.29 mmol/L (50 mg/dL) in women or specific
treatment for dyslipidaemia (MetS-HDL), (iii) elevated blood
pressure defined as systolic blood pressure > 130 or diastolic

blood pressure > 85 mmHg or treatment of previously diag-
nosed arterial hypertension (MetS-AH), (iv) impaired fasting
glucose (IFG) > 5.6 mmol/L (100 mg/dL) or previously diag-

nosed type 2 diabetes.

2.5 | Anthropometric Assessment

Anthropometric body measurements included height, weight,
waist and hip circumferences, which were measured by trained
personnel using standard protocols and derived ratios [BMI and
waist-to-hip ratio (WHR)]. Body weight was measured to the
nearest 0.1 kg in light clothing. Waist circumference was
measured at the midpoint between the lower edge of the rib
cage and the iliac crest, and hip circumference was measured at
the maximum projection of the hips, both to the nearest 0.1 cm.
The cut-off values for overweight and general obesity were
estimated as a BMI > 25.0 kg/m? and > 30.0 kg/m?, respectively.

2.6 | Statistical Analysis

Data are reported as mean + standard deviation (SD) or as per-
centages. Dichotomous variables were compared with the x* test
and presented as the proportion of participants. Continuous
variables were evaluated using the parametric t-test or the
nonparametric Mann-Whitney U test. Correlations between the
two variables were examined using Spearman'’s rank correlation.
For multiple linear regression analyses, continuous dependent
variables with skewed distributions were log-transformed. Fac-
tors associated with dichotomous variables were examined using
logistic regression analyses. Group comparisons and associations
with peripheral nerve tests were adjusted for age, sex, height
(except for BMI, BMI derived indices, and WHR), history of
smoking, and HbAlc. Odds ratios (ORs) with corresponding 95%
CIs were calculated separately in both groups for associations
between categorical body composition and metabolic syndrome
indices at baseline and neuropathic deficits and DSPN at follow-
up. Prospective data were analysed using Wilcoxon's test for
continuous variables and McNemar's test for dichotomous vari-
ables. All statistical tests were two-sided, with a significance
threshold of o = 0.05. All analyses were performed using SPSS
software, version 24 (IBM Corporation, Chicago, IL).

3 | Results
3.1 | Baseline Cohort

Baseline demographic, clinical, and neurological characteristics
of participants with recently diagnosed type 2 diabetes and those
with NGT are listed in Table 1. Individuals with type 2 diabetes
exhibited higher body weight, BMI, waist circumference, WHR,

a history of smoking, HbAlc, fasting glucose, and triglycerides,
whereas HDL cholesterol and M-value were lower compared to
the NGT group. The prevalence of overweight, general and
central obesity, MetS, the total number of MetS components and
every single non-glycaemic component of MetS were higher in
the type 2 diabetes group compared with the NGT group.
Treatment with lipid-lowering and antihypertensive medica-
tions was more prevalent in the type 2 diabetes group compared
with those with NGT. Treatment with insulin or other glucose-
lowering medications was present only in participants with type
2 diabetes. After adjustment for age, sex, height, history of
smoking, and HbAlc, the ulnar, median, and peroneal MNCV,
median SNCV, sural SNAP, and IENFD were lower, while WDT
at the foot, NSS and NDS scores, and prevalence of DSPN were
higher in the type 2 diabetes group compared with NGT. For the
remaining variables, no differences were observed between the
two groups.

3.1.1 | Baseline Associations

Associations between peripheral nerve tests in the lower ex-
tremity and weight or number of metabolic syndrome compo-
nents that were observed after adjustment are shown in
Figure 1. An inverse association was observed between sural
SNAP and weight in both groups, whereas a positive association
between malleolar VPT and an inverse association between
weight and IENFD was only observed in the NGT group. A
higher number of metabolic syndrome components was asso-
ciated with a lower IENFD in the NGT group, whereas no such
association was observed in the type 2 diabetes group.

In the NGT group, IENFD was also inversely associated with
waist circumference (8 = —0.311; p = 0.005), BMI (8 = —0.254;
p = 0.011), WHR (8 = —0.254; p = 0.044), general obesity
(B = —=0.277; p = 0.003), and central obesity (8 = —0.292;
p = 0.007). Sural SNAP was further inversely associated with
BMI (NGT/type 2 diabetes: 8 = —0.184; p = 0.021/8 = —0.287;
p < 0.001) and waist circumference (8 = —0.222; p = 0.016/
B =—0.226; p < 0.001) in both groups. Inverse associations with
overweight (5 = —0.129; p = 0.030), general obesity (5 = —0.290;
p < 0.001), central obesity (8 = —0.165; p = 0.005), and meta-
bolic syndrome (8 = —0.146; p = 0.014) were observed only in
the type 2 diabetes group. In addition to weight, malleolar VPT
was also associated with waist circumference (8 = 0.258;
p = 0.004) in the NGT group, while an association with higher
BMI was observed in both groups (8 = 0.221; p = 0.005/
B = 0.127; p = 0.042). In the type 2 diabetes group, higher
weight, BMI, and waist circumference were associated with
higher NDS (8 = 0.197; p = 0.003/8 = 0.206; p = 0.001/8 = 0.151;
p = 0.013) and with DSPN (8 = 0.214; p = 0.001/8 = 0.205;
p = 0.001/8 = 0.171; p = 0.005), while only higher weight was
associated with an abnormal NDS (8 = 0.159; p = 0.018).

Further associations of the entire baseline cohort of peripheral
nerve function tests, including both upper and lower extrem-
ities, IENFD, and clinical neuropathy scores, for which at least
two associations with anthropometric or metabolic syndrome
indices were observed after adjustment, are given in Supporting
Information S1: Table S1.
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TABLE 1 | Demographics, clinical, and neurological characteristics of the baseline study cohort.

Variable Normal glucose tolerance Recent-onset type 2 diabetes
n (% male) 181 (61) 355 (66)
Age (years) 44.0 &+ 14.0 45.0 &+ 7.7
Height (cm) 175+ 9 174 + 10
Weight (kg) 82.8 + 18.5 97.8 + 20.8"
BMI (kg/m?) 26.8 + 5.1 32.3 & 6.5°
History of smoking (%) 49 63"
Known diabetes duration (months) — 5.87 £+ 3.29
Waist circumference (cm) 91 + 16 106 + 15
Waist-to-hip ratio 0.89 + 0.09 0.96 + 0.08*
Overweight (%) 59.1 89.0%
General obesity (%) 19.9 61.4%
HbAlc (%) 52403 6.5 + 1.0%
HbA1lc (mmol/mol) 334 + 3.1 474 £ 11.4°
Fasting glucose (mmol/L) 4.81 + 0.36 7.32 £ 2.41°
M value (mmol x min~' x kg™") 10.82 + 3.58 5.98 + 2.49°
Triglycerides (mmol/L) 1.30 + 1.29 1.92 + 1.95%
Cholesterol (mmol/L) 5.10 £ 1.03 515+ 1.11
HDL cholesterol (mmol/L) 1.62 £ 0.46 1.18 + 0.31%
LDL cholesterol (mmol/L) 3.20 £+ 0.96 3.28 + 0.97
Creatinine (umol/L) 78.4 £+ 14.0 77.0 £ 15.1
Systolic blood pressure (mmHg) 125 £ 17 124 £+ 18
Diastolic blood pressure (mmHg) 70 + 11 71 + 11
Metabolic syndrome (%) 16 83*
Central obesity (%) 54.1 85.6%
Reduced HDL cholesterol (%) 12.4 52.7%
Raised triglycerides (%) 17.5 40.0*
Arterial hypertension (%) 56.7 86.0%
Number of metabolic syndrome components 140 + 1.14 3.62 + 1.01*
Non-insulin glucose lowering treatment (%) 0 12%
Insulin treatment (%) 0 64%
Lipid lowering treatment (%) 2 15*
Antihypertensive treatment (%) 8 34%
Median MNCV (m/s)° 56.2 + 5.5 53.8 4+ 4.7
Ulnar MNCV (m/s)" 57.7 + 3.9 56.5 & 5.0°
Peroneal MNCV (m/s)® 46.7 £ 3.5 452 + 4.7%
Median SNCV (m/s)" 55.0 £ 6.7 52.6 £ 7.4°
Ulnar SNCV (m/s)° 53.9 + 6.7 54.2 + 6.6
Sural SNCV (m/s)" 458 + 4.9 45.0 + 5.7
Sural SNAP (uV)° 11.65 + 5.28 9.96 + 6.27°
Thenar CDT (°C)° 30.5 £ 0.8 303 £ 1.1
Thenar WDT (°C)° 33.8 + 1.1 341+ 1.5
Foot CDT (°C)° 28.5 + 2.8 28.0 + 3.6
Foot WDT (°C)° 38.4 + 3.5 39.5 4+ 3.8*
(Continues)
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TABLE 1 | (Continued)

Variable

Normal glucose tolerance

Recent-onset type 2 diabetes

Metacarpal VPT (um)°
Malleolar VPT (;Lm)b
IENFD"*

NSS (points)®

NDS (points)b

DSPN (%)°

0.41 + 0.32 0.43 + 0.03

1.15 + 1.75 1.22 + 1.38

10.39 + 3.47 7.24 + 3.62°

0.31 + 1.33 (5.0) 1.03 + 2.29%

0.52 + 1.14 (3.9) 1.12 + 1.73°
8.9 29.9°

Note: Data are expressed as percentages or mean =+ SD.
Abbreviations: CDT, cold detection threshold; DSPN, distal sensorimotor polyneuropathy; IENFD, intraepidermal nerve fibre density; MNCV, motor nerve conduction
velocity; NDS, neuropathy disability score; NSS, neuropathy symptoms score; SNAP, sensory nerve action potential; SNCV, sensory nerve conduction velocity; VPT,

vibration perception threshold; WDT, warmth detection threshold.
“indicates p < 0.05 versus NGT.

Yindicates variables for which adjustment for age, sex, height, history of smoking, and HbAlc was performed.

°n = 117/100.
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FIGURE1 | Associations of peripheral nerve tests in the lower extremity with weight and number of prevalent metabolic syndrome components at

baseline. Associations of IENFD with weight (A) and the number of metabolic syndrome components (B); associations of malleolar VPT (C) and sural

SNAP (D) with weight in participants with normal glucose tolerance (green) and recent-onset type 2 diabetes (blue) at baseline. Spearman’s rank

coefficient and linear regression analyses adjusted for age, sex, height, history of smoking, and HbAlc. IENFD, intraepidermal nerve fibre

density; SNAP, sensory nerve action potential; VPT, vibration perception threshold.

3.2 | Prospective Cohort

Characteristics of the prospective cohort are provided in Table 2.
No changes in glycaemic status were observed between baseline
and follow-up; no participant progressed from NGT to predia-
betic stages or type 2 diabetes. Group differences in the pro-
spective cohort at baseline were largely comparable to the entire
baseline cohort. In contrast, no differences were observed in
history of smoking, median SNCV, sural SNAP, and foot WDT,

whereas sural SNCV was lower in the prospective type 2 dia-
betes group at baseline compared with NGT.

At 5-year follow-up, age, diabetes duration, HbAlc, fasting
glucose, and systolic blood pressure were higher, whereas M
value and creatinine levels were lower compared to baseline in
the type 2 diabetes group. The prevalence of central obesity,
MetS-TRG, total number of metabolic syndrome components,
and treatment with non-insulin and insulin glucose lowering
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TABLE 2 | Demographics, clinical, and neurological characteristics of the prospective study cohort.

Normal glucose tolerance Type 2 diabetes

Variable Baseline 5-year follow-up Baseline 5-year follow-up
n (% male) 64 (61) 64 (61) 198 (66) 198 (66)
Age (years) 48.7 + 13.1 53.9 £ 13.1° 45.7 + 6.8 50.8 £+ 6.8%
Height (cm) 176 + 10 176 + 10 175+ 9 174 + 9
Weight (kg) 88.0 + 21.0 89.6 + 21.2% 97.9 + 21.6° 97.8 + 20.7°
BMI (kg/m?) 28.3 £+ 5.7 28.9 + 5.8° 321 + 6.6° 321 £6.2°
History of smoking (%) 50 50 58 62
Known diabetes duration (months) — — 5.93 + 3.30 67.9 + 4.16*
Waist circumference (cm) 96.9 + 16.8 99 + 17° 106 + 16° 107 + 15°
Waist-to-Hip ratio 0.92 + 0.08 0.92 + 0.08 0.96 + 0.08" 0.96 + 0.08"
Overweight (%) 75.0 76.6 88.4° 89.4°
General obesity (%) 29.7 35.9 60.1° 60.1°
HbAlc (%) 5.26 £ 0.26 5.32 + 0.35 6.41 £ 0.86° 7.13 £+ 1.22%°
HbA1lc (mmol/mol) 340 + 2.8 34.6 + 3.8 46.6 + 9.3° 54.4 + 13.3%P
Fasting glucose (mmol/L) 4.84 +0.38 4.94 £ 0.36 7.32 + 2.82° 8.89 + 2.70°°
M value (mmol x min~! x kg™%) 10.35 + 3.68 9.63 + 3.40 6.43 + 2.59° 5.63 £ 2.51%°
Triglycerides (mmol/L) 1.25 4+ 0.63 1.25 4 0.65 1.96 + 2.27° 2.30 + 1.62°
Cholesterol (mmol/L) 5.29 + 0.92 5.12 + 0.86° 517 + 1.13 536 + 1.12
HDL cholesterol (mmol/L) 1.53 + 0.39 1.50 + 0.35 1.18 + 0.33° 1.20 + 0.34°
LDL cholesterol (mmol/L) 3.43 £ 0.87 3.32 £ 0.80° 3.25 + 0.94 3.48 + 0.99
Creatinine (umol/L) 78.9 + 11.7 79.5 + 13.6 77.4 + 14.3 75.3 £+ 16.3°
Systolic blood pressure (mmHg) 127 £ 17 125 + 18 122 + 18 127 + 22%
Diastolic blood pressure (mmHg) 72 £ 11 70 £+ 10 73 £ 10 73 £13
Metabolic syndrome (%) 23.4 18.8 82.2° 83.8°
Central obesity (%) 64.1 71.9 84.2° 89.9%P
Reduced HDL cholesterol (%) 14.1 16.7 52.9° 54.6°
Raised triglycerides (%) 20.3 17.0 40.3° 51.6°
Arterial hypertension (%) 68.8 73.4 84.7° 86.4°
Number of metabolic syndrome components (%) 1.67 + 1.13 1.70 £+ 0.94 3.61 + 1.01° 3.75 + 1.11*°
Non-insulin glucose lowering treatment (%) 0 0 9° 18%°
Insulin treatment (%) 0 0 60° 7230
Lipid lowering treatment (%) 2 7 14° 22%P
Antihypertensive treatment (%) 11 23 35° 49*P
Median MNCV (m/s)° 56.2 + 3.4 55.4 + 3.5 54.0 + 4.6>¢ 53.4 + 5.7°¢
Ulnar MNCV (m/s)° 58.1 + 4.3 57.8 + 5.1 56.6 &+ 4.9>¢ 55.7 + 5.6%54
Peroneal MNCV (m/s)° 46.8 + 3.6 455 + 5.3 453 + 4.7°4 43.7 £ 4.04°4
Median SNCV (m/s)° 54.7 £ 6.0 50.8 & 10.4* 531+ 73 51.5 £ 7.7°
Ulnar SNCV (m/s)° 531+ 7.1 50.5 & 9.9 54.6 + 6.3 522 + 6.8°
Sural SNCV (m/s) 46.9 + 5.2 44.6 + 8.2 45.0 &+ 5.4>4 4.5 + 6.7°
Sural SNAP (uV)© 10.7 + 4.4 10.0 + 7.6 9.67 + 5.28 8.75 + 4.72°
Thenar CDT (°C)° 30.5 & 0.9 30.2 £ 0.9 304 + 1.1 30.4 £ 0.8
Thenar WDT (°C)* 33.8 £ 0.9 343+ 1.6 33.9 + 0.86 341+ 1.1
Foot CDT (°C)* 28.5 + 3.0 27.6 + 2.3 28.2 + 2.87 27.8 + 3.1
Foot WDT (°C)° 39.1 + 3.4 39.8 + 3.3 39.5 + 3.6 39.8 + 3.7
(Continues)
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TABLE 2 | (Continued)

Normal glucose tolerance

Type 2 diabetes

Variable Baseline 5-year follow-up Baseline 5-year follow-up
Metacarpal VPT (um)® 0.46 + 0.37 0.59 + 0.37° 0.42 + 0.34 0.63 + 0.48°
Malleolar VPT (um)° 1.60 + 2.53 1.95 4 3.24° 1.24 4+ 1.32 2.16 + 2.53%>d
IENFD (fibres/mm)*® 10.46 + 3.20 10.1 & 4.4° 7.49 + 4.05%4 5.81 + 3.16*P¢
NSS (points)°® 0.11 £+ 0.67 0.20 £ 1.09 0.95 + 2.21% 1.39 + 2.73%4
NDS (points)° 0.63 + 1.42 0.97 + 1.89° 1.12 + 1.63%¢ 1.49 + 1.88%
DSPN (%)° 4.7 12.5 27.3%4 25.8

Note: Data are expressed as percentages or mean =+ SD.

Abbreviations: CDT, cold detection threshold; DSPN, distal sensorimotor polyneuropathy; IENFD, intraepidermal nerve fibre density; MNCV, motor nerve conduction
velocity; NDS, neuropathy disability score; NSS, neuropathy symptoms score; SNAP, sensory nerve action potential; SNCV, sensory nerve conduction velocity; VPT,

vibration perception threshold; WDT, warmth detection threshold.
p < 0.05 versus baseline.
bp < 0.05 versus NGT.

‘variables adjusted for age, sex, height, history of smoking, and HbAlc.

dp < 0.05 versus NGT after adjustment.

°n = 48/38/67/57.

medication, antihypertensive, and lipid lowering medication
had increased at follow-up. Higher NDS and metacarpal and
malleolar VPTs were observed at follow-up in the type 2 dia-
betes group, whereas ulnar and peroneal MNCV, median, ulnar,
and sural SNCV, sural SNAP, and IENFD were lower at
follow-up.

In the NGT group, age, weight, BMI, waist circumference, and
antihypertensive treatment rate were higher at follow-up,
whereas total and LDL cholesterol levels were lower compared
with baseline. Median SNCV and IENFD decreased, whereas
metacarpal and malleolar VPT and NDS scores increased over
the follow-up period. At 5-year follow-up, median, ulnar, and
peroneal MNCV and IENFD were lower, whereas malleolar
VPT, NSS, and DSPN prevalence were higher in the type 2
diabetes group compared with NGT.

3.21 | Prospective Associations

Associations between weight-related anthropometric indices
and non-glycaemic metabolic syndrome components at baseline
and changes in peripheral nerve indices over the follow-up
period are shown in Table 3. After adjustment, higher weight,
BMI, waist circumference, and the presence of general obesity at
baseline were associated with increasing NDS over 5 years as
well as with incident abnormal NDS in the NGT group. In
addition, higher weight, BMI, and waist circumference were
predictive of incident DSPN in NGT. In the type 2 diabetes
group, logistic regression analyses for abnormal NDS at follow-
up revealed an OR of 3.00 (1.06-8.51; p = 0.039) and an OR of
8.25 (1.02-66.9; p = 0.048) for general obesity and metabolic
syndrome, respectively, present at baseline, whereas ORs in the
NGT group and for other metabolic syndrome components did
not reach statistical significance (p > 0.05). Higher weight and
waist circumference at baseline were associated with increasing
WDT at the foot, whereas baseline MetS-AH was associated
with decreasing WDT at the hand in type 2 diabetes. The
presence of MetS-TRG at baseline was associated with declining
IENFD in participants with NGT, whereas in type 2 diabetes,

only MetS-HDL at baseline was associated with increasing
IENFD and WDT at the foot.

Additional associations between weight-related anthropometric
indices at baseline and continuous peripheral nerve indices at
follow-up are shown in Supporting Information S2: Table S2. In
the NGT group, higher WHR and overweight present at baseline
were associated with lower IENFD and both baseline over-
weight and central obesity were associated with lower CDT at
the hand at follow-up. Higher baseline BMI was also associated
with higher metacarpal VPT at follow-up only in the NGT
group. None of these associations were observed in individuals
with type 2 diabetes. After exclusion of associations present at
baseline in the prospective cohort, no other associations were
observed between baseline anthropometric or metabolic syn-
drome characteristics and DSPN measures at follow-up
(p > 0.05).

4 | Discussion

The study's results reveal an independent relationship between
higher weight and beginning nerve fibre loss and dysfunction,
even in the absence of hyperglycaemia. In individuals with well-
controlled recent-onset type 2 diabetes, general obesity and the
presence of metabolic syndrome prevalent within the first year
after diabetes diagnosis were predictive of neuropathic deficits
5 years later. These findings suggest that future strategies to
prevent DSPN should increasingly focus on weight management
to preserve nerve function and skin innervation in people with
obesity, even before the manifestation of type 2 diabetes.

4.1 | Cross-Sectional Analysis

One of the novel findings of the present study is the observed
independent association between weight-related anthropo-
metric indices and lower IENFD in individuals with NGT. In
addition, the presence of more metabolic syndrome components
was also associated with lower IENFD in this group, whereas no
individual metabolic syndrome component other than central

Diabetes/Metabolism Research and Reviews, 2026

7 of 12

85U8017 SUOWIWIOD BA1E81D) 8|qeotidde ay) Aq peuIsnob ae seoile VO '8sn JO S9Nl Joj Akeiq 1 8UIIUO A8]IM UO (SUOIPUOO-PUE-SWUISY/W0 A8 | 1M ARe.ql U1 |Uo//Sdy) SUORIPUOD pue SIS 1 8L 88S *[9202/S0/y2] U0 Akeidi8uljuo A8|IM ‘HOpESSNA U0l qIgsspue- pun SISIBAIUN AQ ZT0. LIWP/Z00T OT/10p/Wo A8 | Akeiq pul|uo//sdiy wouy pepeojumoq ‘s ‘9202 ‘095.025T



15207560, 2026, 3, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/dmrr.70147 by Universitéts- Und Landesbibliothek Duisseldorf, Wiley Online Library on [24/03/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

‘PIOYSAIY) UOTI3I9P YIULIeMm ‘LAM ‘S9IeqeIp ¢ adA) Josu0-juadal ‘gL, ‘90ueIa[o) 9s0on[§ [ewiIou ‘ION ‘2109s Afiqesip Ayjedoinau ‘SN Juaunes oyrads 10 erweepriadk[SiniadAy
‘OYL-SIPN “Iuawiean) dyroads J0 [0193S9[0Yd TAH Padnpal “JAH-SIOA usurjear ogyroads 10 uoisusiadAy [erdlre ‘Hy-SIWN (AIsusp a1qy da1ou [eurdpideenur ‘QINAI ‘AyredoinauAjod 10jowIosuss [eIsIp ‘NJS :SUOIIBIAIQQY
OTVQH pue ‘Sunjows Jo AI0)SIY ‘(S9OIpPUl PIALISP TN Pue NG I0J 1daoxa) JySroy ‘xas ‘ofe 10y jusuisnipe 19)je pue 210Joq S0°0 > d 9)BIIPUI A0BJP[Oq PUE , 'SISA[EUE UOISSIIZI IedUI] pUue JUSIOJI0D Yuel s,ueurredds 210N

Diabetes/Metabolism Research and Reviews, 2026

vITO0 b0 60€0  €600— <910 #CI'0— 0880 #I00— #0TO <CI'0—  €0T0  €ST0— SO0  c¢LT0— <l
8650 ¥80°0 €00  STEO—  TELO  ISO0—  SPO0  TIEO  «[00°0  £09'0  T00°0 > 89S0 41000 >  L99°0  ION NdSav
$0000  9€T0  S650  SWO0—  LT6O 8000 €890  SE00  T¥6'0  LOOO—  L¥9O  OVO0O—  6€80  0T00— AL
LTE0  TPT'0  TLO0  9ST0—  SE6'0  TI00  «ET0°0 LSS0 45000  6b°0 6000 €LE°0 «L00°0 95’0 ION SAN [ewWIOUqVY
SY00  S9T'0  LIEO0  €800— 1690 €€00— €890 SE00— 6CSO0  9S00—  SSTO  T600—  €T¥O  0800— Al
8670  TI9T0  Lbb'O  SOTO— 8980  TTO0  «b00°0  S8LEO 9100  TLEO «£20°0 6TE°0 £620°0 9€0  ION (syurod) SANV
vSP'0  TCI'0—  LTLO €900  «I200 T80  ¥L90  TLOO—  8E€0  6ST0—  98L°0  8¥00—  SIL0  TLOO— ATl
TIPSO  TIET0— 9200 99v°0—  TL£0  SLT0  S8€¥0  SSTO  €6£0 +IT0— €460 S10°0 166°0 €000  ION  (Ww/s’iqy) QINAIV
8600  IFPT0 6520  TOTO €100  LOTO  6¥00  OLT'0  «S00°0  SSZ'0 $00°0 9vT0 +500°0 6820 acl
SIS0 6010  80K0  SET'0 €10  L6T0— TIITO  20C0  6LZ0  90T0 209°0 060°0 899°0 6300  ION (D) 1003 LAMV
£900°0 0€T°0— 7CT0  €0T'0— 9910 SIT0— OTI'0  €€1°0— 9SL'0 6200 w80  LI00— 0P80  1200— ATl
IS00 0620  91L0  ¥S00  SSF'0  00T°0— 8260 €100 8890 6900 7€8°0 €€0°0 0260  6100—  ION (Do) PUBY LAMV

d d d d d q d d d d d d d d dnoxn

HV-SI9I DUL-SIPIN TaH-SIPIN £159q0 (o) (;w/3%) TNd (33) Srom

Terouadp QAIUAIJWINIITY
ISTEM

'$91oqeIp 7 9dA) 19SU0-JUIIRI pUe JDULIS[0) 9S0IN[F
[eutiou Yy syuedonied ur s1esk G 1940 SIpuUl AU Teroydrrad ur saueyd pue Surfeseq je S)UdUOdUIOd SWOIPUAS J[[0qe)W pue SOIPUI J11dwodoIyjue UdaM]aq SUONRIOOSSe 9A1dadsold | € HTIV.L

8 of 12



obesity was associated with lower IENFD. In contrast to prior
studies [16, 17] aiming to explore the relationship between
IENFD and obesity in people without manifest type 2 diabetes,
participants in the present study were not selected by weight or
obesity status, and prediabetic stages were excluded by an
OGTT. Of note, the mean BMI of the NGT baseline cohort
(26.8 & 5.1 kg/m?) closely matched the BMI of the correspon-
dent population (German adult population: 26.6 kg/m?* accord-
ing to recent World Health Organisation estimates [24]). In a
smaller cross-sectional study, Callaghan et al. [16] reported
lower IENFD in obese participants compared with lean control
individuals with NGT. However, more than half of the in-
dividuals in the obese group had prediabetes or diabetes. A
more recent study of the same research group [17] showed no
associations between IENFD and glycaemic status, but the dis-
tribution of different glycaemic states across the study cohort
was not provided. Similar to the inverse association between
IENFD and the number of metabolic syndrome components
present in our NGT group only, a recent study including a large
number of participants with peripheral neuropathy of diabetic
or cryptogenic aetiology reported a higher peripheral neuropa-
thy severity with an increasing number of metabolic syndrome
components in participants with NGT, but not in those with
prediabetes or diabetes [25]. However, this association was not
significant in the adjusted model, in contrast to associations
between neuropathy severity and BMI or diabetes.

In contrast to previous assumptions that obesity-related nerve
damage may primarily affect small nerve fibres that are struc-
turally assessed by IENFD [6, 26], associations between weight-
related anthropometric measures and peripheral nerve indices
in the NGT group were also observed for large fibre indices
(VPT, sural SNAP), indicating a parallel involvement of both
small and large nerve fibres in association with higher weight.
Sural SNAP was similarly associated with weight, waist
circumference, and BMI in both participants with NGT and
recent-onset type 2 diabetes, suggesting a similar influence of
body composition on sensory nerve axons irrespective of gly-
caemic status.

Only a few larger studies have previously analysed associations
between nerve conduction studies and obesity [15, 27, 28].
Similar to our results, Smith and Singleton [27] observed a
correlation between sural SNAP, but not with peroneal MNCV,
and BMI in participants with type 2 diabetes. However, partic-
ipants had a longer diabetes duration and analyses were not
adjusted for other confounding factors such as glycaemic con-
trol. In a large cohort study, Callaghan et al. [15] reported as-
sociations between waist circumference and lower peroneal
motor compound action potential and higher VPT, but not
peroneal MNCV. In contrast to the present study, the cohort of
elderly individuals also included those with prediabetes and
type 1 diabetes. In the population-based Rotterdam study,
Hanewinckel et al. [28] reported a relationship between meta-
bolic syndrome and sural SNAP in a cohort including elderly
individuals with and without diabetes or IFG, but no analyses
with continuous anthropometric indices were performed.

In the present study, weight, waist circumference, and BMI
were associated with neuropathic deficits and prevalent DSPN
in the type 2 diabetes group, demonstrating a role of higher

weight per se (not restricted to obesity) as an independent risk
factor for early DSPN in recent-onset type 2 diabetes. Compa-
rably, we previously reported associations between higher waist
circumference and prevalent as well as incident DSPN in elderly
individuals with and without diabetes from the population-
based Cooperative Health Research in the Region Augsburg
(KORA) study [11, 12]. Moreover, in the population-based
Shanghai Diabetic Neuropathy Epidemiology and Molecular
Genetics Study (SH-DREAMS), higher waist circumference,
rather than general obesity, was associated with an elevated risk
for possible DSPN among Han Chinese individuals with
different glycaemic states [13].

4.2 | Prospective Analysis

In individuals with NGT, higher weight and other weight-
related anthropometric indices at baseline were associated
with incident neuropathic deficits and DSPN, and lower nerve
function and skin innervation at follow-up. Incident neuro-
pathic deficits and DSPN in the NGT group could not be
explained by any other clinical condition or newly-developed
hyperglycaemia at the time of the clinical and neurological ex-
amination. Therefore, we cannot rule out a weight-related
DSPN in these individuals.

In recent-onset type 2 diabetes, higher baseline weight and waist
circumference, and MetS-HDL were predictive for worsening
WDT at the foot, while general obesity and metabolic syndrome
at baseline were associated with a higher odds of clinically
manifest neuropathic deficits at follow-up, suggesting a poten-
tial role of weight in the development of peripheral nerve
impairment in the early course of well-controlled type 2
diabetes.

Obesity is recognised as a chronic, low-grade inflammatory
disorder that can trigger complex pathways of metabolic and
inflammatory dysregulation [29]. Several recent preclinical
studies have observed nerve damage in different rodent models
of obesity, even without development of type 2 diabetes, and
that immune cells may play a role in early obesity-induced
neuropathy [30]. In addition, it has been reported that modi-
fying the immune cell profile of the peripheral nervous system
in mice fed a western diet is associated with an improvement in
sensory nerve function indices [31]. In the population-based
KORA F4/FF4 cohort, we recently reported associations be-
tween obesity and incident DSPN among elderly individuals
with and without diabetes, and this association was partly
mediated by systemic pro-inflammatory markers [12]. There-
fore, subclinical inflammation may play a critical role in the
development of obesity-induced nerve damage and may be
addressed by immunomodulatory therapy approaches when
weight loss interventions have failed [32, 33].

Two paradoxical associations were observed between the pres-
ence of MetS-HDL and MetS-AH at baseline and an improve-
ment in some small nerve fibre measures (IENFD, WDT at the
hand) in the type 2 diabetes group. However, these could be
explained by an early initiation of antihypertensive and lipid-
lowering treatment and lifestyle modification in these
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individuals, as it is recommended for people diagnosed with
type 2 diabetes to optimise cardiovascular risk factors by recent
European Society of Cardiology (ESC) guidelines [34] and
implemented in the Disease Management Programme for type 2
diabetes in Germany [35]. Consistent with this, weight and BMI
increased over the follow-up period in the NGT group but not in
the type 2 diabetes group.

The results of the present study underscore the need to further
explore the effect of weight loss interventions on DSPN out-
comes in people with and without type 2 diabetes or prediabe-
tes. Several, albeit largely wuncontrolled, studies have
demonstrated improvements in neuropathic symptoms associ-
ated with weight loss [36-38], whereas effects on objective
outcomes such as IENFD and nerve conduction studies were
inconclusive [6]. We are not aware of any larger study that
evaluated the effects of weight-loss drugs such as glucagon-like
peptide-1 (GLP-1) receptor agonists, dual GLP-1 and glucose-
dependent insulinotropic polypeptide (GIP) agonists [6] on
objective DSPN outcomes. Based on the present results, it is
reasonable to assume that the development of DSPN may be
delayed or even prevented by pharmaceutically induced weight
loss in people with obesity. Thus, we see an urgent need to
conduct such clinical trials.

Strengths of the present study include the adequate sample size
of participants with NGT and recently diagnosed well-controlled
type 2 diabetes matched for age and sex, while unselected for
weight or obesity, the inclusion of a prospective cohort, the
comprehensive phenotyping including the gold standard
methods to assess DSPN for both small and large nerve fibres,
and adjustment for several potential confounders including
glycaemic control in both groups. Limitations include the
observational design that does not allow to draw conclusions
about the causality of the findings presented. Further limita-
tions include the small size of the prospective NGT group over
5 years, which is due to a delayed recruitment of participants
with NGT in the GDS, which began approximately 8 years after
the start of the GDS, as well as the ongoing nature of the study.
In addition, the generalisability of the study to diverse ethnic
groups may be limited due to the mainly Caucasian study
population. The cohort characteristics of the GDS with average
body composition in the NGT group and with well-controlled,
recent-onset type 2 diabetes may limit the ability to observe
associations between risk factors and DSPN compared with
other cohorts with a higher prevalence of obesity, more partic-
ipants with poorly controlled type 2 diabetes, and subgroups
with prediabetes. However, this may also increase confidence in
the robustness of the observed findings.

In conclusion, this study strengthens the role of higher weight
as an independent risk factor for lower nerve fibre function and
integrity in both people with NGT and well-controlled, recent-
onset type 2 diabetes. It demonstrates the predictive value of
general obesity and metabolic syndrome for neuropathic deficits
along the course of early type 2 diabetes. Further clinical trials
are warranted to explore the effects of weight loss interventions
on objective neuropathy outcomes to prevent DSPN.
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