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Lesioned fascicles (LFs) in the sciatic nerves of individuals

with diabetic neuropathy (DN) correlate with clinical symp-

tom severity. This study aimed to characterize the struc-

tural and molecular composition of these lesions to better

understand DN pathogenesis. Sciatic nerves from ampu-

tees with and without type 2 diabetes (T2D) were examined

using ex vivomagnetic resonance neurography, in vitro im-

aging, and proteomic analysis. Lesions were only found in

T2D donors and exhibited significant structural abnormali-

ties, including axonal degeneration, demyelination, and im-

paired blood-nerve barrier (BNB). Although non-LFs from

T2D donors showed activation of neuroprotective path-

ways, LFs lacked this response and instead displayed in-

creased complement activation via the classical pathway.

The detection of liver-derived acute-phase proteins sug-

gests that BNB disruption facilitates harmful interorgan

communication between the liver and nerves. These find-

ings reveal key molecular mechanisms contributing to DN

and highlight potential targets for therapeutic intervention.

ARTICLE HIGHLIGHTS

• Lesioned fascicles in the sciatic nerves of individuals

with diabetic neuropathy correlate with clinical symp-

tom severity.

• We aimed to investigate the structural and molecular

composition of lesioned fascicles in patients with type 2

diabetes to better understand the mechanisms underly-

ing diabetic neuropathy.

• Nonlesioned fascicles from nerves from individuals with

type 2 diabetes activated neuroprotective pathways,

whereas lesioned fascicles showed structural dam-

age, impaired blood-nerve barrier, and complement

activation.

• These findings suggest that targeting complement ac-

tivation could offer therapeutic potential for diabetic

neuropathy.
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Diabetic neuropathy (DN) is a prevalent and severe complica-

tion of diabetes, affecting individuals at risk as well. The pro-

gression of DN involves structural changes in the distal and

proximal peripheral nerves and microcirculatory dysfunction,

including endoneurial microangiopathy and endothelial dys-

function (1,2). Risk factors for DN include hypertension,

smoking, hyperglycemia, diabetes duration, age, dyslipidemia,

and obesity, which are consistent with those factors identi-

fied for the presence and, more significantly, the progression

of metabolic dysfunction-associated steatotic liver disease

(MASLD) (3). In its more severe form, MASLD may therefore

contribute to the progression of DN (4).

High-resolution magnetic resonance neurography (MRN)

has revealed fascicle lesions (FLs) in the proximal sciatic

nerve trunk. These lesions are characterized by hyperin-

tense monofocal or multifocal patterns, predominantly

occurring at the thigh level (5,6). Elevated lesion loads

correlate with the severity of clinical symptoms and im-

paired nerve conduction parameters, with the loss of

sensory function, as assessed by quantitative sensory test-

ing (7) and with glycated hemoglobin (HbA1c) (8). Diffu-

sional parameters derived from MRN, such as decreased

fractional anisotropy (FA), indicate nerve fiber integrity and

are established for the noninvasive assessment of neuronal

microstructure. Previous studies have shown that FA nega-

tively correlated with neuropathy deficit scores and posi-

tively with nerve conduction velocity, remaining significant

even after adjusting for age, sex, BMI, andHbA1c (9,10). Addi-

tionally, FA exhibits negative correlations with neurofilament

light chain (NFL), a biomarker of neuroaxonal damage seen

across various neurodegenerative diseases, includingDN (11).

MRN can therefore serve as a valuable diagnostic tool

for noninvasively assessing nerve function, surpassing the

limitations of standardized tests such as questionnaire-

based assessments or clinical examination, which are sub-

jective and dependent on individual cooperation (1). In

contrast, MRN provides a more objective assessment, par-

ticularly beneficial for tracking the natural progression of

the disease, pinpointing biomarkers, and gauging the effi-

cacy of interventions aimed at personalized medicine.

However, the histomorpholgical and molecular nature of

the lesions remains unexplored, hindering our under-

standing of their role in DN pathogenesis. Although stud-

ies have suggested that these lesions could represent

enhanced posttranslational modifications of extracellular

matrix proteins within the neuronal compartment (5,6), di-

rect evidence is lacking. This gap in understanding partly

stems from reliance on postmortem analyses, because animal

models do not perfectly replicate the human condition (1,12).

In this study, we assessed the morphological and mo-

lecular nature of sciatic lesions in patients with DN. Sci-

atic lesions identified via in vivo imaging were analyzed

involving ex vivo imaging and histological and molecular

analysis of sciatic nerves obtained after lower-limb amputa-

tion from individuals with and without type 2 diabetes (T2D).

By using comparative spatial proteomic analysis (13,14), we

provide, for the first time, a comprehensive description of the

structural and molecular composition of lesions to better un-

derstand their role in the pathogenesis of DN.

RESEARCH DESIGN AND METHODS

Collection of Human Nerve Tissue

A total of 11 sciatic nerves were obtained from individuals

with T2D undergoing major lower-limb amputation due to

ischemia and/or infection. In addition, four sciatic nerves

from individuals without T2D and without identifiable le-

sions were also analyzed. All participants provided written

informed consent, and the study was approved by the Uni-

versity of Heidelberg Ethics Committee (No. S-279/2018,

S-281/2018, and S-301/2013) and conducted in accordance

with the Declaration of Helsinki 2013. The characteristics

of the study cohort are summarized in Table 1.

Freshly dissected sciatic nerves were immediately stored

in DMEM/Nutrient Mixture F-12 (Thermo Fisher, Waltham,

MA) and placed on ice. To establish origination of the struc-

tures described by the MRN imaging, a suture was placed at

the proximal end of the nerve. To establish the presence of

neuropathic features of DN on the ultrastructural level,

fascicles from the distal end were isolated for electron mi-

croscopy analysis, and the remaining tissue was directly

transferred for MRN imaging and downstream processing

(Supplementary Fig. 1).

MRI Data Acquisition

MRN imaging was performed at room temperature using

a clinical 3 Tesla magnetic resonance scanner (Magnetom Trio,

Siemens, Erlangen, Germany) equipped with a 15-channel

transmit-receive knee coil and, subsequently, a 9.4 Tesla

horizontal bore small-animal NMR scanner (BioSpec 94/20

USR, Bruker BioSpin GmbH, Ettlingen, Germany) with a four-

channel phased-array surface receive coil, as previously de-

scribed (12).

Laser Microdissection and Sample Processing

Individual fascicles, excluding the perineurium, were

dissected from formalin-fixed paraffin-embedded sections

(5 mm) and collected using an LMD7000 platform (Leica

Microsystems). Per sample, a pooled amount number of fas-

cicles were collected based on a common area of 450,000 mm2.

The samples were then processed for analysis by liquid

chromatography–tandem mass spectrometry, as previ-

ously described (15), which was performed for 90min using

an Ultimate 3000 UPLC system and an Orbitrap Exploris

480 mass spectrometer (both Thermo Fisher Scientific) in

data-dependent mode.

Data and Resource Availability

Detailed protocols for the methods used in study are pro-

vided in the supplementary information. The data sets

generated during and/or analyzed during the current

study are available from the corresponding author upon

reasonable request.
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RESULTS

Study Participants

Included were 11 individuals with T2D (9 men/2 women,

aged 76.0 [interquartile range 68.0, 81.0] years) and 4 indi-

viduals without T2D (2 men/2 women, aged 61.0 [inter-

quartile range 54.5, 72.8] years). All participants underwent

major lower-limb amputation due to ischemia and/or infec-

tion and were enrolled at the time of the surgical interven-

tion. The diagnosis of diabetes was confirmed based on

medical records. No significant differences in age, sex, or

baseline characteristics were observed between the T2D and

non-T2D groups (Table 1). Although complications such as

cardiovascular disease, retinopathy, nephropathy, and neu-

ropathy were present among participants, the prevalence of

these complications did not significantly differ between the

groups with and without T2D. Ultrastructural analysis

shows that the nondiabetic nerves exhibited both normal

myelinated and unmyelinated nerve fibers at a regular den-

sity. In contrast, nerves from individuals with T2D showed

a spectrum of distinct ultrastructural changes commonly as-

sociated with moderate-to-severe chronic neuropathy (1,2)

(Supplementary Figs. 2 and 3). To identify LFs and their lo-

cation within the nerve, macrostructural analysis via ex

vivo MRN imaging was performed.

Identification of Fascicular Lesions by MRN

Assessment of the MRN images showed the presence of

phenotypical T2-w hyperintense fascicular nerve lesions

only in T2D but not in amputees without diabetes (Fig.

1A–D). To quantitatively define the lesions, the T2 times

from all fascicles were fitted to a two-component gauss-

ian-mixture-model. With a cutoff of 37.6 ms, two clusters

could be defined as either non-lesioned fascicles (NLFs)

(m1 = 25.4; s1 = 4.7) or LFs (m2 = 46.6; s2 = 5.5) (Fig.

1E). Accordingly, 19.5% of all fascicles of amputees with

T2D were classified as LFs, which were subsequently

found to have additional distinct differences in the other

quantitative imaging parameters, as compared to NLF

(Fig. 1F–H and Supplementary Table 1).

Morphological Characterization of Fascicular Lesions

LFs exhibited a significant increase in fascicular area and a

thinner perineurium (Fig. 2A), indicative of increased inter-

stitial space often containing a higher deposition of acid

mucins. These characteristics are consistent with endoneu-

rial edema and compromise of the blood-nerve barrier

(BNB). Immunofluorescence analysis revealed a significant

loss of both myelinated and neurofilament light axons in

LFs compared with NLFs (Fig. 2B–D and Supplementary

Table 1), consistent with neurodegeneration. Correspond-

ingly, the MRN parameter FA, also a marker of fiber in-

tegrity, exhibited a significant decrease (Supplementary

Table 1), further supporting this observation.

Correlation analysis with hyperintensities, measured by

T2 time, demonstrated that LFs were positively associated

with increased fascicular area and Alcian blue–periodic

acid Schiff (AB-PAS) grading and were negatively associ-

ated with perineural thickness (Supplementary Table 1).

This suggests a direct relationship between histological

changes in LFs and neurodegeneration in DN, underscor-

ing the clinical relevance of LFs. Moreover, these findings

highlight the potential of histological examination in

identifying and characterizing LFs, even in the absence of

MRN.

Microproteomic Analysis of Nerve Fascicles

After identifying and characterizing LFs compared with

NLFs, a comparative analysis of the proteome was per-

formed. Of the 11 T2D individuals, 4 had no detectable

sciatic nerve lesions. These four individuals were analyzed

as a separate group, independent from the seven individu-

als with lesions. Their results were not combined with

Table 1—Baseline characteristics of study participants

No diabetes, NLF-Ctrl T2D without lesions, NLF-T2D T2D with lesions, LF-T2D
Parameter (n = 4) (n = 4) (n = 7)

Age (years) 65 ± 5 63 ± 10 75 ± 10

Sex (male/female), n 2/2 3/1 1/6

BMI (kg/m2) 21.2 ± 4.6 26.6 ± 1.8 26.5 ± 5.4

Diabetes duration (years) N/A 12.5 ± 5.3 10.5 ± 6.7

Blood glucose (mg/dL) 106 ± 35 164 ± 89 130 ± 40

Complications (yes/no), n

Cardiovascular disease 2/4 4/4 5/7

Retinopathy 0/4 2/4 3/7

Nephropathy 1/4 3/4 5/7

Neuropathy 0/4 2/4 7/7

Lesions (yes/no) N/A 0/4 7/7

Reason for amputation Ischemia/infection Ischemia/infection Ischemia/infection

Ischemia/infection status Localized/systemic Localized/systemic Localized/systemic

Data are presented as mean ± SD unless indicated otherwise as n. N/A, not applicable.
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those from the lesioned group in the subsequent molecu-

lar analyses. No significant differences in age, sex, BMI,

or baseline characteristics were observed between the

T2D and T2D lesion groups. However, the frequency of

neuropathy was higher in the T2D lesion group (Table 1).

From the seven T2D sciatic nerves with lesions, 60 LFs

(LF-T2D) were isolated by laser microdissection, along

with 10 NLFs (NLF-T2D) for the four T2D sciatic nerves

without lesions. Additionally, 10 NLFs from the four

sciatic nerves of patients without diabetes (NLF-Ctrl)

were also isolated for analysis. Across the groups, a con-

sistent number of proteins were detected (Supplementary

Fig. 4A), similar to levels detected in similar microproteo-

mic approaches (15). Substantial similarities (P > 0.05)

were observed in the subcellular localization and cellular

molecular function among the groups (Supplementary

Fig. 4B). The lack of substantial differences suggests that

the observed lesions do not represent significant proteo-

lytic stress.

Comparative Analysis of the Fascicular Lesion

Proteome

A total of 346 proteins were shared among all three groups

(Fig. 3A). Principal component analysis (PCA) revealed that

34% of the differences lay between the groups, with most

data points clustering within the 0.95 Hotelling ellipse (Fig.

3B). Hierarchical clustering confirmed overlap among the

groups (Fig. 3C). Notable proteomic differences were ob-

served, particularly between NLF-Ctrl and LFs-T2D, whereas

NLF-Ctrl and NLF-T2D clustered more closely. Comparative

analysis of the shared proteins (Fig. 3D) showed 6 differen-

tially changed proteins in NLF-T2D compared with the

NLF-Ctrl (Supplementary Table 2) and a total of 40 proteins

in LFs-T2D, 28 proteins compared with NLF-Ctrl (Sup-

plementary Table 3A), and 12 proteins comparted with

NLF-T2D (Supplementary Table 3B). Four proteins were

upregulated and two downregulated in NLF-T2D, with no

significant interactions or functional clusters identified. In

LF-T2D, 17 proteins were uniquely upregulated, associated

with complement activation and acute-phase response clus-

ters (Supplementary Fig. 5A). Additionally, 23 proteins were

uniquely downregulated, associated with cytoplasmic trans-

lational and protein processing clusters (Supplementary

Fig. 5B). Between NLF-T2D and LF-T2D, 14 uniquely

shared proteins were identified, with 12 upregulated and

2 downregulated in both groups (Supplementary Table 4).

These proteins are therefore indicative of T2D-specific

changes. A functional cluster associated with complement

activation and coagulation cascades was observed for the

upregulated proteins (Supplementary Fig. 5C). Addition-

ally, two proteins—a-1-microglobulin (upregulated) and

biliverdin reductase B (downregulated)—were found to be

specific to LF-T2D (Supplementary Table 3A and B). In rela-

tion to the complement activation, analysis of label-free

quantification intensities confirmed this, revealing a sig-

nificant increase in abundance of complement components

3 (C3) and 9 (C9), along with several immunoglobulin sub-

types, in LF-T2D compared with NLF-Ctrl (Supplementary

Table 5). Furthermore, CD59 or protectin, a negative regula-

tor of the complement pathway, was found to be significantly

decreased in LF-T2D compared with both NLF-Ctrl and

NLF-T2D (Supplementary Table 5).

Each group exhibited a distinct set of uniquely detected

proteins (Fig. 3A): 32 proteins in the NLF-Ctrl (Sup-

plementary Table 6A), 37 proteins in the NLF-T2D

Figure 1—MRN of FLs. Clinical resolution T2-weighted MRN at 3

Tesla, individual nerve fascicles can be visualized within the sciatic

nerve with typical hyperintensity of nerve lesions (red circle). A: At

9.4 Tesla ultra-high-field MRN, subfascicular internal structures of

the same specimen are visible with a corresponding diffuse hyper-

intensity of fascicular nerve lesions. Corresponding histomorphol-

ogy of the tibial portion of the sciatic nerve (white ellipsoid in A–C)

(B) in the AB- PAS staining (C). D: Magnified MRN identified fascic-

ular nerve lesion (red circle) corresponding to increased fascicular

AB positivity. E: An unbiased approach based on a two-component

gaussian-mixture-model applied to T2 time was used to identify

nerve lesions (red bars) on MRN above a threshold value of

37.6 ms (dashed line). Fascicles below this threshold were consid-

ered as NLFs (black bars), whereas fascicles above this threshold

were considered as LFs (red bars). F: On multiparametric quantita-

tive MRN, DN nerve lesions exhibit the same MR morphotype com-

pared with in vivo findings. An example pair of NLFs and LFs

shows a typical decrease of fractional anisotropy (FA) (F), increase

of apparent diffusion coefficient (ADC) (G), and a decrease of mag-

netization transfer contrast (MTC) (H).
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(Supplementary Table 6B), and 43 proteins in the LF-T2D

(Supplementary Table 6C). Because these proteins are ex-

clusive to each group, direct comparison between them is

not feasible. However, interaction analysis can uncover rel-

evant functional implications. In the NLF-Ctrl group, three

functional clusters were identified: the endomembrane sys-

tem, translational regulator activity, and extracellular exo-

somes (Supplementary Fig 6A and Supplementary Table

7A). These functional clusters likely represent important

basal molecular processes specific to the nerve compart-

ment. The unique proteins detected in NLF-T2D were as-

sociated with transport processes from intracellular to

extracellular compartments as well as focal adhesion pro-

cesses (Supplementary Fig. 6B and Supplementary Table 7B).

In contrast, the uniquely detected proteins in LF-T2D were

functionally associated with the negative regulation of cho-

lesterol import and VLDL remodelling. Furthermore, the

complement pathway once again emerged as a functionally

relevant pathway in LF-T2D (Supplementary Fig. 6C and

Supplementary Table 7C).

Pathway Analysis

The comparative analysis revealed that although differences

and similarities exist between NLF-Ctrl and NLF-T2D, LF-

T2D stands out, and no single biomarker for diagnosing

LFs could be reliably identified. This is partly due to the

heterogeneity of the cellular environment within fascicles

and lesions. Functional network enrichment was therefore

conducted to explore proteomic differences within LF-T2D

and investigate potential functional implications (Fig. 4).

Regardless of the group comparison, the differences observed

were strongly associated with neurological disease, organis-

mal injury and abnormalities, and skeletal muscle disorder

based on relative scoring; the network score was 43 for NLF-

Ctrl versus NLF-T2D, was 38 for NLF-Ctrl versus LF-T2D,

and was 39 for the comparison of NLF-T2D versus LF-T2D,

consistent with the homogeneity observed with the PCA and

hierarchical clustering (Fig. 3).

Activation of the liver X receptor–retinoid X receptor

(LXR-RXR) signaling axis and downregulation of the un-

folded protein response (UPR) are common pathways across

all comparisons, indicating their specificity to T2D (Fig. 4A

and B). In the NLF-Ctrl versus NLF-T2D comparison, acti-

vation of the pentose phosphate pathway (PPP), protein ki-

nase A (PKA) signaling, and aldo-keto reductase (AKR)/

aldehyde dehydrogenase (ALDH) metabolism were also spe-

cific to T2D (Fig. 4A). LF-T2D exhibits specific activation of

acute phase response (APR) and glycoprotein-VI (GPVI) sig-

naling pathways, with the highest enrichment observed in

the NLF-T2D versus LF-T2D comparison (Fig. 4B and C).

Additionally, LF-T2D shows specific activation of endothe-

lial nitric oxide (NO) synthase (eNOS) signaling, present in

comparisons involving LF-T2D (Fig. 4B and C). Other ca-

nonical pathways identified as specific to the lesions in-

cluded the activation of the intrinsic prothrombin and

idiopathic pulmonary fibrosis signaling pathways as well as

the downregulation of energy metabolism (Fig. 4C).

DISCUSSION

In this study, we provide, for the first time, a comprehen-

sive description of the structural and molecular composition

Figure 2—Morphological characterization of NLFs and LFs. A: Representative images of NLFs and LFs stained with AB-PAS. Lesions

were visually larger and less compact and showed indications of having increased interstitial spaces. These spaces either remained emp-

tied or contained mucin depositions (black arrows). F, fascicle body; P, perineurium. Scale bar = 200 mm. Immunofluorescent analysis of

NLFs and lesions for the neuronal markers, neuron cytoplasmic protein gene product 9.5 (PGP9.5) (B), myelin basic protein (MBP) (C), and

neurofilament-light (NFL) (D). Fascicles were stained for the specified neuronal marker (green) and nuclei (red), as described in Research

Design and Methods. Images were acquired on a Nikon A1R confocal microscope with a 10× objective (scale bar = 20 mm).
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of sciatic nerve lesions associated with DN. Sciatic nerves of

individuals with T2D without lesions show no morphologi-

cal differences related to T2D but do exhibit activation of

neuroprotective pathways compared with individuals with-

out diabetes. However, LFs lack these pathways and display

structural abnormalities, including reduced fiber integrity,

axonal degeneration, demyelination, and signs of impaired

BNB. Spatial proteomics revealed enrichment in proinflam-

matory and complement activation pathways in LFs. Many

proteins associated with these pathways, specifically in the

APR, originate from the liver. This suggests that impaired

BNB function facilitates harmful interorgan communica-

tion between the nerve and the liver. Furthermore, in

T2D, this communication may be exacerbated by the onset

of MASLD (3).

The integration of structural and molecular analyses

enhances our understanding of sciatic nerve lesions in the

pathogenesis of DN, thereby facilitating the development

of targeted therapeutic strategies. Moreover, these findings

underscore the importance and utility of noninvasive MRN

in clinical studies, because it now allows for correlations

with ex vivo morphological studies, providing valuable in-

sights into the underlying mechanisms of DN. Such lesions,

previously identified by MRN in individuals with DN, have

been found to occur in a proximal-to-distal gradient, corre-

lating with the severity of clinical symptoms (5–10). This

study identified three types of fascicles based on T2-weighted

signals: NLF-Ctrl, NLF-T2D, and LF-T2D. The latter accounts

for 20% of the measured fascicles, consistent with previous

findings (7,8). LF-T2D exhibited a reduction in FA, a critical

marker for fiber integrity (5–9,12), and displayed a significant

increase in fascicle area and perineurium thinning. Such char-

acteristics positively correlated with MRN parameters, indi-

cating an association with morphological differences. There

was also a significant decrease in the number of myelinated

fibers within the LFs, suggesting axonal degeneration and/or

demyelination. This aligns with the reduction in FA and is

consistent with previous studies showing that increased

Figure 3—Microproteomic analysis of lesioned fascicles. A: Venn diagram shows the overlap in the number of identified proteins in NLF-

Ctrl, NLF-T2D, and LF-T2D. B: PCA of the 346 proteins shared in all three groups. C: Hierarchical heat map cluster of the 346 proteins

shared in all three groups. D: Volcano plot of the differential changes in 346 proteins across all three groups. Vertical dotted lines represent

the log2[fold-change (FC)] cutoff values, and the horizontal dotted lines represent the�log10[adjusted P value] cutoff values.
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lesion load is associated with sensory loss (7). Additionally,

LFs showed increases in interstitial spaces, suggesting endo-

neurial edema and a compromise of the BNB, consistent with

findings that have demonstrated altered capillary permeabil-

ity in DN (16).

To gain insight into the pathophysiology of LF-T2D rel-

ative to the NLF-Ctrl or NLF-T2D, spatial proteomics was

performed. This method involves analyzing protein abun-
dances across various cellular and subcellular compartments,

achieved through the use of laser capture microdissection

(13,14). It offers a significant advantage because it does not

rely on prior knowledge of specific molecular targets. In-

stead, spatial proteomics depends on functional network en-

richment, categorizing identified proteins based on their

functions using statistical overlap analysis. This methodol-

ogy was crucial for the study’s objective, aiming to elucidate

molecular pathways and their functional activation concern-

ing morphological changes, rather than solely focusing on
identifying biomarkers for diagnosing LFs. Furthermore, the

suitability of formalin-fixed and paraffin-embedded clinical

samples for such an approach is notable (13,14).

This analysis revealed that NLF-Ctrl and NLF-T2D clus-

tered closely together, consistent with the lack of any

morphological changes. However, functional network en-

richment analysis indicated the activation of molecular

pathways supporting regeneration in the NLF-T2D. Par-

ticularly, the LXR/RXR signaling pathway, known for its
pivotal role in regulating lipid metabolism (17), exhibited

enhanced activity. Axonal degeneration and regeneration,

crucial for nerve injury recovery, are mediated by tissue-resi-

dent macrophages and Schwann cells (SCs). Macrophages

are responsible for myelin phagocytosis, whereas SCs

contribute to remyelination. Because myelin is lipid-rich

(18), modulating lipid metabolism—whether for degra-

dation by macrophages or synthesis by SCs—is essential

for successful axonal recovery. The role of activation of the

LXR/RXR pathway in NLF-T2D could be to counter exces-

sive cellular cholesterol accumulation during demyelination

by upregulating sterol transporters and transcription fac-

tors (17). Additionally, the LXR/RXR pathway demon-

strates anti-inflammatory effects in atherosclerosis and

neuroinflammation (19–21).
Several neuroprotective pathways were notably acti-

vated in the NLF-T2D. For instance, PKA activation has

been shown to support axonal growth and regeneration

after nerve injury (22). The PPP, a branch of glucose me-

tabolism, is crucial for producing the reducing cofactor

NADPH. Activation of PPP through thiamine supplemen-

tation or the lipid-derived analog benfotiamine has been

shown to have protective effects in DN (23). NADPH is

also pivotal in regenerating oxidized glutathione, a marker
of oxidative stress, which has been long implicated in the

development of DN. The activation of AKR/ALDH metab-

olism is also consistent with increased oxidative stress

(1,2). These findings suggest that NLF-T2D shows no

morphological differences compared with NLF-Ctrl at

the molecular level, which supports axonal degradation/

regeneration.

In contrast, notable differences were observed between

NLF-Ctrl and LF-T2D, consistent with the structural dis-
parities. None of the neuroprotective pathways, except

for the LXR/RXR signaling pathway, were found to be en-

riched in LF-T2D. The degree of enrichment and activa-

tion of this pathway was equivalent to that observed in

NLF-T2D; however, the beneficial effects on lipid metabo-

lism were not evident due to the reduction in both

Figure 4—Functional enrichment analysis. NLF-Ctrl vs. NLF-T2D (A); NLF-Ctrl vs. LF-T2D (B); and NLF-T2D versus LF-T2D (C). TCA, tri-

carboxylic acid cycle.
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unmyelinated and myelinated axons compared with NLF-

T2D. The absence of regenerative processes might be due

to the lack of neuroprotective pathways, but it may also

be a consequence of the loss of UPR. T2D is associated

with reduced heat shock factor-1 (Hsf-1) and diminished

expression of Hsp (24). The loss of Hsp disrupts the bal-

ance between axonal degeneration and regeneration by al-

lowing aggregate formation and promoting proinflammatory

responses (25). Because the loss of UPR was similar in both

NLF-T2D and LF-T2D, it appears to be specific to the dia-

betic condition.

Functional analysis in the LF-T2D revealed specific en-

richment of the GPVI signaling pathway and the APR.

Both pathways have been reported to be active as part of

a proinflammatory response to tissue injury (26,27). In

particular, the APR, which primarily originates from the

liver, has been demonstrated to be rapidly activated in

models of peripheral nerve crush injury, thereby promot-

ing nerve regeneration (28–30). The overrepresentation

of these pathways within LF-T2D could therefore suggest

a disruption to the BNB (31), consistent with histological

findings suggestive of endoneurial edema. The underlying

mechanism for this could be the activation of eNOS sig-

naling. Although protein levels of eNOS or other NOS iso-

forms were not changed, a notable decrease in Hsp90 was

observed. Hsp90 is crucial for eNOS activation and NO

release (32). This decrease could lead to impaired vasore-

laxation in capillary networks within the endoneurium,

contributing to the development of microangiopathy within

the fascicle body (33).

Complement proteins were significantly enriched in all

samples. Although crucial to the innate immune system,

SCs also highly express complement proteins (34). C3 was

the most abundant and significantly elevated in NLF-T2D

and LF-T2D compared with NLF-Ctrl, with no significant

differences in the upstream regulators, indicating activa-

tion via the alternative pathway. In LF-T2D, several im-

munoglobulin subtypes were also enriched, likely due to

BNB disruption or local production following immune cell

recruitment. These IgG subtypes would generate immune

complexes that activate complement. Thus, complement

activation in NLF-T2D occurs mainly through the alterna-

tive pathway, whereas BNB disruption in LF-T2D leads to

classical pathway activation. The interaction between SCs

and immune cells may critically impact axon regeneration,

because activated immune cells would trigger uncon-

trolled complement system activation in SCs, intensifying

axonal damage.

C9, the second most abundant complement, was signifi-

cantly elevated in LF-T2D, although to a lesser extent than

C3. The presence of C9 indicates the formation of the

membrane attack complex (MAC), which plays a critical role

in nerve demyelination (35). CD59, a MAC inhibitor, was

significantly reduced in LF-T2D. The downregulation of

CD59 is linked to impaired recovery from spinal cord injury

(36,37), and its loss in LF-T2D may explain the observed

differences in functional and morphological pathways com-

pared with NLF-T2D fascicles. While complement activation

in NLF-T2D facilitates axonal degeneration and regenera-

tion, the terminal effects of the MAC are inhibited by

CD59. In LF-T2D, the complement cascade is enhanced by

classical pathway activation via autoantibodies, and the loss

of CD59 leads to excessive MAC activation, ongoing neuro-

nal cell death, and axonal loss. The mechanism for the loss

of CD59 is unclear but may involve glucose-dependent gly-

cation (38).

Traditionally, DN treatments target hyperglycemia-

mediated cellular injury, offering limited symptom relief.

The NLF-T2D showed evidence of such pathway activa-

tion; however, inhibition could be detrimental in terms of

neuroprotection. Treatment strategies should aim to acti-

vate these neuroprotective pathways before lesion forma-

tion. For example, the synthetic LXR ligand GW3965 has

shown beneficial effects on LXR/RXR pathway activation

in DN and other nerve injuries (19–21), while thiamine

derivatives have demonstrated protection against DN (23).

The molecular events leading to the neuroprotective path-

way activation and the transformation from NLF-Ctrl to

NLF-T2D remain unclear. Findings from LF-T2D suggest

that targeting complement activation could be more ef-

fective. Anticomplement therapeutic strategies, such as

eculizumab, ravulizumab, and PMX53, which prevent

MAC formation, have been effective in various neurolog-

ical diseases (39). In DN, complement suppression would

reduce the inflammatory aspects of the lesions rather

than alleviating neuropathic symptoms and should be

used once the lesion load reaches a critical threshold.

However, prolonged complement suppression may in-

crease susceptibility to bacterial infections and should

therefore be used with careful consideration.

Previous DN studies have been limited to skin biopsy

specimens, postmortem sciatic nerve analysis, or animal

models that do not perfectly replicate the human condition

(1). Therefore, sciatic nerve material from living donors of-

fers a unique opportunity to investigate the molecular mech-

anisms of DN. However, the nerves used in this study were

from individuals who underwent lower-limb amputation due

to ischemia and/or infection, representing an extreme proin-

flammatory condition that could influence the proteomic re-

sults. Given that all participants underwent lower limb

amputation due to ischemia and/or infection, systemic in-

flammation and associated conditions likely influence the

proteomic results, which could confound the interpretation

of DN-specific pathways.

Despite the overlap in ischemic and infectious conditions

among participants, our cohort data showed that those with

neuropathic symptoms also presented with distinct lesions in

their sciatic nerves. This suggests that while ischemia and in-

fection are present in all participants, the presence of neurop-

athy is associated with additional structural and molecular

abnormalities. However, the relatively small sample size and

reliance on participants with advanced ischemia or infection
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still limit the broader applicability of these findings. Future

studies should aim to include control groups without such ex-

treme proinflammatory conditions, such as traumatic ampu-

tees, to better isolate the effects of diabetes. Furthermore,

larger and more diverse cohorts would be essential to validate

the findings and ensure the generalizability of the results

across different patient populations.

In addition to addressing cohort limitations, a more

thorough exploration of the molecular mechanisms under-

lying these findings is necessary. While this study identi-

fies key pathways involved in DN, such as complement

activation and the acute phase response, a deeper investi-

gation is required to fully understand how these pathways

drive disease progression. The complexity of DN pathogen-

esis, alongside the limitations of current proteomic techni-

ques, makes it challenging to identify specific upstream

regulators and downstream effectors. Future research should

use broader molecular analyses to further explore the roles

of these pathways in neurodegeneration.

Complementing these molecular studies, longitudinal as-

sessments that track DN progression—using MRN imaging

to monitor lesion formation and correlate with neuropathic

symptoms over time—could offer valuable insights into

how DN evolves before severe ischemic or infectious condi-

tions arise. Integrating such imaging techniques with molec-

ular validation methods, such as transcriptomics and

immunofluorescence, would provide a more comprehen-

sive understanding of DN progression. Although these

analyses were not feasible in this study due to resource con-

straints, they remain essential for validating the central

findings and expanding our knowledge of DN pathogenesis.

Ex vivo MRN imaging provides an accurate representa-

tion of the in vivo situation (12) but cannot assess parame-

ters such as perfusion and permeability, which are required

for evaluating vascular integrity (16). In this context, in vivo

microcirculatory studies in surgically exposed nerves, as

demonstrated previously (40), could be applied in partici-

pants before amputation. This would allow for real-time as-

sessment of microvascular deficits, providing valuable data

that could complement the ex vivo analysis. The incor-

poration of such in vivo techniques in future studies

would enhance our understanding of the role of micro-

vascular dysfunction in DN.
In conclusion, this study offers a detailed examination of

the structural and molecular composition of sciatic nerve

lesions in DN. Unlike T2D nerves without lesions, LFs

showed no neuroprotective pathway activation and ex-

hibited reduced fiber integrity, axonal degeneration,

demyelination, and impaired BNB function. Proteomic

analyses highlighted marked differences between LFs

and NLFs, particularly in inflammatory and complement

activation pathways. Complement activation in NLF-

T2D nerves primarily followed the alternative pathway,

whereas LFs experienced classical pathway activation lead-

ing to significant neuronal damage due to CD59 absence.

Additionally, inflammation-related proteins, notably APR

from the liver, suggested BNB dysfunction, promoting det-

rimental interorgan communication that could exacerbate

DN, especially when compounded by liver impairment as

seen in MASLD (3). This is consistent with studies linking

MASLD with DN progression in T2D (4). Future research

should explore whether improving liver function could slow

DN progression. Effective therapeutic strategies might in-

clude targeting BNB disruption and complement activation

while enhancing neuroprotection. Further investigations are

needed to clarify BNB impairment mechanisms, complement

dysregulation, and the role of MASLD in DN. Understanding

the transformation of NLF in diabetes is also crucial for fu-

ture research. This study signifies a significant advancement

in understanding the role of sciatic nerve lesions in DN

pathogenesis.
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