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Background and aim: Current strategies for preventing diabetic sensorimotor

polyneuropathy (DSPN) are limited mainly to glucose control but rapid decrease

of glycemia can lead to acute onset or worsening of DSPN. The aim of this study

was to examine the effects of periodic fasting on somatosensory nerve function

in patients with type 2 diabetes (T2D).

Study design and methods: Somatosensory nerve function was assessed in

thirty-one patients with T2D (HbA1c 7.8 ± 1.3% [61.4 ± 14.3 mmol/mol]) before

and after a six-month fasting-mimicking diet (FMD; n=14) or a control

Mediterranean diet (M-diet; n=17). Neuropathy disability score (NDS),

neuropathy symptoms score (NSS), nerve conduction velocity and quantitative

sensory testing (QST) were analyzed. 6 participants of the M-Diet group and 7 of

the FMD group underwent diffusion-weighted high-resolution magnetic

resonance neurography (MRN) of the right leg before and after the diet

intervention.

Results: Clinical neuropathy scores did not differ between study groups at

baseline (64% in the M-Diet group and 47% in the FMD group had DSPN) and

no change was found after intervention. The differences in sensory NCV and

sensory nerve action potential (SNAP) of sural nerve were comparable between

study groups. Motor NCV of tibial nerve decreased by 12% in the M-Diet group

(P=0.04), but did not change in the FMD group (P=0.39). Compound motor

action potential (CMAP) of tibial nerve did not change in M-Diet group (P=0.8)

and increased in the FMD group by 18% (P=0.02). Motor NCV and CMAP of
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fendo.2023.1143799/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1143799/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1143799/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1143799/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2023.1143799&domain=pdf&date_stamp=2023-05-12
mailto:Alba.Sulaj@med.uni-heidelberg.de
https://doi.org/10.3389/fendo.2023.1143799
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2023.1143799
https://www.frontiersin.org/journals/endocrinology


Kender et al. 10.3389/fendo.2023.1143799

Frontiers in Endocrinology
peroneal nerve remained unchanged in both groups. In QST M-diet-group

showed a decrease by 45% in heat pain threshold (P=0.02), FMD group

showed no change (P=0.50). Changes in thermal detection, mechanical

detection and mechanical pain did not differ between groups. MRN analysis

showed stable fascicular nerve lesions irrespective of the degree of structural

pathology. Fractional anisotropy and T2-time did not change in both study

groups, while a correlation with the clinical degree of DSPN could be

confirmed for both.

Conclusions: Our study shows that six-month periodic fasting was safe in

preserving nerve function and had no detrimental effects on somatosensory

nerve function in T2D patients.

Clinical trial registration: https://drks.de/search/en/trial/DRKS00014287,

identifier DRKS00014287.
KEYWORDS

type 2 diabetes mellitus, diabetic sensorimotor polyneuropathy, periodic fasting, nerve
conduction velocity, hypoalgesia
1 Introduction

One in ten adults is living with diabetes and the incidence is

rising (1, 2). Diabetic sensorimotor polyneuropathy (DSPN) is the

most common complication of diabetes mellitus (3) and the

prevalence increases with diabetes duration reaching up to 50% at

10 years after diagnosis (4, 5). Hyperglycemia and dyslipidemia lead

to alterations in glucose and lipid metabolism that deteriorate

neuronal function and contribute to DSPN through production

and accumulation of reactive oxygen species (ROS) and advanced

glycation end-products (AGEs) (6). Current treatment strategies

focus on glycemic control and target mainly the positive symptoms

of DSPN such as pain and paresthesia (7, 8) leaving individuals with

negative symptoms of DSPN with limited therapeutic options.

Glycemic control has been shown to be effective in delaying the

onset and progression of DSPN in individuals with type 1 diabetes

but no similar effects could be confirmed in those with type 2

diabetes (T2D) (5, 9). Studies have demonstrated an improvement

in neuropathy outcomes after lifestyle modifications in patients

with neuropathy including long-term aerobic training (10) and

intensive life-style interventions (11). Although these studies

investigated the course of DSPN during long-term interventions

(4 and 9-11 years respectively), study participants at initial

presentation had either no signs and symptoms of DSPN (10) or

only some mild evidence of DSPN (11), increasing the likelihood of

the intervention to prevent the progress of DSPN. Moreover, DSPN

characterization was based only on clinical neuropathy scores and

nerve conduction velocity analysis, whereas no data on quantitative

sensory testing or MRI nerve lesions were collected. Diet

intervention that induce ketogenesis and lipolysis, either through

fat-favorable composition of energy sources, or through fasting and

caloric intake reduction, have beneficial disease-modifying effects
02
on different neurological disorders including epilepsy (12), multiple

sclerosis (13) and central spine injury in humans (14) and in animal

models (15) mediated through alterations in extracellular signal-

regulated kinases (ERK)- and mammalian target of rapamycin

(mTOR)-signaling (16) and in opioid-receptor expression (17).

On the other hand, diet intervention in diabetes patients should

be considered carefully, since rapid decrease of glycemia increases

the risk of treatment-induced neuropathy in diabetes (TIND) (18).

We have recently shown that six-month periodic fasting can

improve microalbuminuria and metabolic control in patients with

T2D and diabetic nephropathy (19). The aim of the current study

was to investigate possible protective effects of periodic fasting on

DSPN by assessing clinical, electrophysiological, and magnetic

resonance neurography parameters in individuals with T2D.
2 Methods

2.1 Study design and study population

Individuals of this study were part of a randomized controlled

study at the Clinic of Endocrinology, Diabetology, Metabolic

Diseases and Clinical Chemistry at the University of Heidelberg

in Germany. The study protocol was approved by the ethics

committee of the University of Heidelberg (Ethic-Nr. S-682/2016)

in compliance with national guidelines and the declaration of

Helsinki. This study was registered at the German Clinical Trials

Register (Deutsches Register Klinischer Studien DRKS; DRKS-

ID: DRKS00014287).

Inclusion criteria were age between 50 and 75 years, T2D with a

disease duration of minimum 1 year, estimated glomerular filtration

rate (eGFR) > 30 ml/min/173m3 and body mass index between 23
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to 40 kg/m2. Individuals with known neurological diseases or

neuropathy-associated risk factors such as entrapment syndromes,

multiple sclerosis, lumbar surgery or disc extrusion, Parkinson´s

disease, alcohol abuse, hypovitaminosis, malignant or infectious

diseases were excluded. Full list of exclusion criteria has been

previously published (19).

Eligible study participants were randomly assigned to receive

either a fasting-mimicking diet (FMD) or a Mediterranean diet (M-

Diet) for 5 consecutive days each month. Participants in the FMD

group received a plant-based diet that mimics fasting-like effects on

glucose and ketone bodies as previously reported (19). Participants

of the M-Diet group were instructed to follow for five days an

isocaloric Mediterranean diet. After 5 days of diet intervention the

participants of both study groups returned to their normal diet until

the next diet cycle was initiated about 3 weeks later. The diet cycles

were repeated every month and for six months in total.
2.2 Blood chemistry

Blood samples were drawn in fasting state and immediately

processed in the Central Laboratory of the University Hospital of

Heidelberg under standardized conditions. Beta-hydroxybutyrate

was measured at each visit in venous blood (StatStrip® Glucose/

Ketone Meter System, Nova® Biomedical).
2.3 Neuropathy assessment

Neuropathy assessment was performed at baseline and

aftersix months according to the guidelines of the German

Society for Diabetology based on the neuropathy symptom score

(NSS) and the neuropathy disability score (NDS) (20, 21).

Electrophysiological examination of the right leg was performed

using a Viking IV electromyography system (Viasys Healthcare,

France) on peroneal, tibial and sural nerves. DSPN was determined

by a score of ≥3 in the NDS and NSS as described previously (22)

(23). Quantitative sensory testing (QST) was performed on the

right foot (testing area) and on the right hand (inter-individual

control area) to determine the subjective detection thresholds for

sensory stimuli and to assess for specific sensitivity of differently

myelinated neuronal fibers in the tested regions: thickly myelinated

afferents (low-threshold mechanoreceptors for touch and

vibration), thinly myelinated afferents (cold fibers and mechano-

nociceptors), unmyelinated afferents (warm fibers, heat-sensitive

polymodal nociceptors). Electrophysiological examination was

performed by one experienced medical technician and QST was

performed by two experienced medical technicians throughout the

study. All investigators performing QST were trained and certified

by the Department of Neurophysiology at the University

Hospital of Mannheim. For evaluating small fiber function QST

was performed according to the protocol of the “German

Neuropathic Pain Research Network” (DFNS) by use of a

thermode (TSA-II; Medoc Ltd., Ramat Yishai, Israel) as
Frontiers in Endocrinology 03
previously described (21, 24, 25). Complete QST can determine

neuropathic deficits and hyperalgesia with the following

parameters: cold detection threshold (CDT); warm detection

threshold (WDT); thermal sensory limen (TSL); cold pain

threshold (CPT); heat pain threshold (HPT); pressure pain

threshold (PPT); mechanical pain threshold (MPT); mechanical

pain sensitivity (MPS); wind-up ratio (WUR); mechanical

detection threshold (MDT); vibration detection threshold (VDT);

dynamic mechanical allodynia (DMA); and paradoxical heat

sensation (PHS). Results from each evaluated QST parameter

were compared to reference values of DFNS. These reference

values ± standard deviations (adjusted to age and gender) were

used to calculate z-scores for all single tests except PHS and DMA,

as described earlier (24). The z-values of the single tests were

clustered to create composite z-scores as previously described (26):

thermal detection (average values of CDT, WDT, and TSL,

demonstrating thermo-receptive Ad- and C-fiber function),

thermal pain (average values of CPT and HPT, representing

nociceptive C-fiber function), mechanical detection (average

values of VDT and MDT, demonstrating tactile Ab fiber

function), and mechanical pain (average values of MPT, MPS,

and PPT, representing nociceptive Ad and C-fiber function).
2.4 Magnetic resonance neurography

To detect peripheral nerve lesions and the microstructure

integrity of the sciatic nerve, thirteen participants, of whom 6

were allocated to the M-Diet group and 7 to the FMD group,

underwent high-resolution T2-weighted anatomical magnetic

resonance neurography (MRN) with fat spectral saturation, T2-

relaxometry and diffusion-tensor-imaging (DTI) of the right thigh

in a 3.0 Tesla MRI scanner (Magnetom Prisma-Fit; Siemens

Healthineers, Germany; 15-channel transmit–receive knee coil) at

baseline and at the end of intervention after six months. Sciatic

nerve’s fractional anisotropy (FA), commonly considered the most

sensitive marker of nerve fiber integrity, was calculated

automatically from the DTI dataset using the built-in algorithm.

T2-timewas determined from the T2 relaxometry dataset using a

custom-written MatLab routine based on monoexponential fitting

procedure (R2020a, MathWorks Inc., Natwick, MA, USA) as

reported previously (27).
2.5 Power calculation

Based on previous studies (28) and on our clinical experience,

we considered a change of the clinical neuropathy scores by at least

50% as clinically relevant. Thus, the actual study required a total

sample size of 28 patients to detect a mean difference between

groups of 50% decrease of NSS/NDS from baseline, assuming an SD

of 45% for both groups with a 2-sample t-test and a 2-sided

significance level of a = 5% and a power of at least 80%. Sample

size calculation was performed in PASS 16.0.12.
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2.6 Statistical analysis

Analyses were performed in the modified intention-to-treat

subpopulation as a complete case analysis, with available

neuropathy assessment data at baseline and after 6 months. To

check if the randomization was still valid in the subpopulation, a

Mann-Whitney test was applied for comparison of baseline values.

Descriptive data are shown as mean ± SD for normally distributed

variables, median (interquartile range) for log-normally distributed

variables, and frequencies for categorical variables. Distribution was

evaluated by the Kolmogorov-Smirnov test. The Chi-square test

was used to compare categorical variables. For within-group

comparison a Wilcoxon matched-pair signed rank test was used.

For comparison of between-groups differences Mann-Whitney test

was applied and data are presented as mean ± SE of mean, unless

otherwise stated. The mean value of the second SD was taken as the

lower cut-off for non-measurable nerve conduction velocity when

DSPN was clinically present. Because of the exploratory nature of

the analyses, p-value < 0.05 was considered statistically significant

and was not adjusted for multiplicity. Statistical data analysis was

performed using GraphPad Prism 9 (https://www.graphpad.com/

scientific-software/prism/, GraphPad Software, USA).
3 Results

3.1 Study design and participants

From the 41 originally randomized participants to M-Diet

group (n = 19) and FMD group (n = 21), 31 (M-Diet group n =

14; FMD group n = 17) agreed to undergo extensive neuropathy

assessment before and after diet intervention. One participant in the

M-Diet group had a pacemaker and therefore was excluded from

nerve conduction velocity study. 13 participants (M-Diet group n =

6; FMD group n = 7) consented to an MRN- imaging of the lower

limb at baseline and at the end of study. Metabolic and

anthropometric measurements at baseline were comparable

between the two study groups. At note there were no differences

in age, sex, BMI, glycemic, blood pressure and lipid control. All

study participants were non-smokers (Table 1).
3.2 Neuropathy assessment

3.2.1 Clinical neuropathy scores
At baseline, according to NDS and NSS scores, 9 (64%)

participants of the M-Diet group and 8 (47%) participants of the

FMD group had DSPN (Table 1) with 2 (14%) participants of the

M-Diet and 0 participants of the FMD group reporting pain. 4

participants in of the M-Diet group (29%) and 1 participant of the

FMD group (6%) had moderate DSPN (NDS and NSS≥ 6). Baseline

values of clinical neuropathy scores were comparable with values

after six-month diet intervention between study groups (NDS in the

M-Diet group 4.6 ± 0.8 vs. 5.6 ± 1.0; P=0.34 and NDS in the FMD

group 3.5 ± 0.7 vs. 3.4 ± 0.7; P=0.81, NSS in the M-Diet group 5.5 ±
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0.9 vs. 5.6 ± 0.9; P=0.92 and NSS in the FMD group 5.4 ± 0.8 vs. 4.1

± 1.0; P=0.21) (Table 2).

3.2.2 Electrophysiological assessment
In the electrophysiological examinations there was no change

observed in sensory nerve conduction velocity (NCV) of sural nerve

in the M-Diet group (NCV 38.54 ± 3.37 m/s at baseline vs. 38.5 ±

2.46 m/s after intervention; P>0.9) and as well as no change was

observed in the FMD group (NCV 38.18 ± 1.81 m/s at baseline vs.

37.12 ± 2.04 m/s after intervention; P=0.68). The differences in

sensory NCV and SNAP of sural nerve after diet intervention were

comparable between study groups (P=0.82 and P=0.63 respectively)

(Table 2). Motor NCV of tibial nerve in the M-Diet group decreased

after six months (motor NCV 37.23 ± 2.38 m/s at baseline vs. 32.89

± 3.05 m/s after intervention; P=0.04), whereas this was not the case

in the FMD group (motor NCV 39.29 ± 1.55 m/s at baseline vs.

36.92 ± 2.38 m/s after intervention; P=0.39). However, the

difference in motor NCV of tibial nerve after diet intervention did

not change between study groups (P=0.45) (Table 2). Tibial nerve

CMAP did not change in M-Diet group (6.35 ± 1.47 μV at baseline

vs. 6.38 ± 1.49 μV after intervention; P=0.81); and increased in the

FMD group (7.79 ± 1.24 μV at baseline vs. 9.21 ± 1.45 μV after

intervention; P=0.02). The difference in CMAP of tibial nerve after

intervention did not change between study groups (P=0.13)

(Table 2). Motor NCV of peroneal nerve remained unchanged in

both study groups (M-Diet group 37.39 ± 2.28 m/s at baseline vs.

37.08 ± 1.94 m/s; P=0.20; and FMD group 38.65 ± 1.86 m/s at

baseline vs. 37.71 ± 1.94 m/s after intervention; P=0.33) with no

change between groups comparison (P>0.99). This was also the case

of the CMAP of peroneal nerve (M-Diet group 3.41 ± 0.79 μV at

baseline vs. 3.61 ± 0.72 μV after intervention; P=0.31; and FMD

group 5.05 ± 0,97 μV at baseline vs. 4.77 ± 1.09 μV after

intervention; P=0.26) with no change between groups comparison

(P=0.06) (Table 2).

3.2.3 Quantitative sensory testing
In quantitative sensory testing the control group showed a

decrease by 45% in heat pain threshold, as a parameter assessing

thermal pain (Z-score -0.76 ± 0.37 at baseline vs. -1.10 ± 0.30 after

intervention; P=0.02), whereas no such change was observed in the

FMD group (Z-score -0.02 ± 0.36 at baseline vs. -0.47 ± 0.41 after

intervention; P=0.50). However, the difference did not change

between study groups (P=0.55) (Table 2). Values of thermal

detection, mechanical detection and mechanical pain after six

months were comparable with baseline values within each study

group and the differences to baseline did not differ between study

groups (Figure 1).

3.2.4 Metabolic control
One participant of the FMD group and one of the control group

had not-measurable low-density-lipoprotein levels because of high

triglyceride levels (>300 mg/dL) at baseline, and therefore were

excluded from the analysis. Baseline anthropometric and metabolic

measures were comparable between both groups (Table 1). The

FMD group showed a reduction of HbA1c after intervention (8.0 ±
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TABLE 1 Patient characteristics at baseline.

M-Diet
(n=14)

FMD
(n=17)

p

Age (years) 67.1 ± 5.9 66.6 ± 5.8 0.81

Sex (females/males) 5/9 5/12 0.71

BMI (kg/m²) 30.2 ± 4.6 30.1 ± 4.1 0.95

Diabetes duration (years) 13.7 ± 8.0 14.5 ± 8.6 0.79

Comorbidities

Hypertension n (%) 13 (93) 16 (94) 0.87

Coronary disease n (%) 6 (43) 5 (29) 0.53

Medication

Oral antidiabetics n (%) 11 (79) 15 (88) 0.47

Insulin therapy n (%) 7 (50) 5 (29) 0.24

RAAS inhibitors n (%) 10 (71) 15 (88) 0.24

Beta Blockers n (%) 8 (57) 8 (53) 0.58

Statins n (%) 10 (71) 9 (53) 0.29

ASS n (%) 8 (57) 5 (29) 0.12

Glycemic control

HbA1c (%) 7.8 ± 1.2 8.0 ± 1.5 0.69

FPG (mg/dl) 167.3 ± 49.0 164.8 ± 43.4 0.88

Blood pressure

Systolic (mmHg) 143 ± 13 142 ± 14 0.84

Diastolic (mmHg) 83 ± 8 86 ± 9 0.34

Renal function

Serum creatinine (mg/dl) 0.82 ± 0.29 0.88 ± 0.29 0.57

eGFR CKD-EPI (ml/min*1.73m²) 87.83 ± 17.62 83.86 ± 20.19 0.57

Serum lipids

Triglycerides (mg/dl) 171 (63) 161 (135) 0.30

HDL (mg/dl) 46 ± 11 47 ± 13 0.82

LDL (mg/dl) 98 ± 35 88 ± 34 0.43

Clinical neuropathy assessment

NSS/10 5.5 ± 3.4 5.4 ± 3.3 0.88

NDS/10 4.6 ± 3.1 3.5 ± 2.8 0.31

DSPN n (%) 9 (64) 8 (47) 0.34

Nerve conduction velocity

Sural nerve sensory NCV (m/s) 38.54 ± 12.15 38.18 ± 7.45 0.77

Sural nerve SNAP (mV) 2.46 ± 2.29 3.96 ± 4.35 0.34

Tibial nerve motor NCV (m/s) 37.23 ± 8.58 39.29 ± 6.40 0.72

Tibial nerve CMAP (μV) 6.35 ± 5.31 7.79 ± 5.12 0.30

Peroneal nerve motor NCV (m/s) 37.39 ± 8.20 38.65 ± 7.65 0.76

Peroneal nerve CMAP (μV) 3.41 ± 2.83 5.05 ± 4.00 0.18

(Continued)
F
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0.4% vs. 6.7 ± 0.3%; p <0.001), of body weight (92.9 ± 3.5 kg vs. 85.8

± 3.6 kg; p<0.001) and of body mass index (BMI) (30.1 ± 1.0 kg/m²

vs. 27.7 ± 1.0 kg/m²; p<0.001), as well as an increase in the blood

ketones (0.19 ± 0.06 mmol/L vs. 0.50 ± 0.12 mmol/L) which were

not observed in the M-Diet group (Table 2). Other metabolic

parameters, such as fasting glucose levels and lipid profile did not

change in both groups (Table 2). When adjusting the analysis of the

neuropathy outcomes for weight loss and glycemic control

improvement as we have previously reported (19) there is no

change in the neuropathy parameters described above.

3.2.5 Magnetic resonance neurography
Consistent with previous results, neuropathy scores correlated

negatively with FA (R²=0.34, p=0.04) and positively with T2-time

(R²=0.4, p=0.02) (Figure 2A).

High-resolution T2-weighted anatomical MRN imaging

showed consistent hyperintense fascicular nerve lesions in both

groups over time – with no evidence of relevant changes during the

intervention and irrespective of the degree of initial findings

(Figure 2B). This qualitative observation was further supported

when comparing the study groups separately with regard to the

quantitative MRN markers FA and T2-time: neither the FMD nor

the M-Diet group showed changes: FA values (p=0.16 for the FMD
Frontiers in Endocrinology 06
group and p=0.81 for the M-Diet) and T2-time values (p=0.3 for the

FMD-group and p>0.99 for the M-Diet) (Table 2).
4 Discussion

This study explored in a randomized controlled setting the

clinical effects of periodic fasting on somatosensory nerve function

in individuals with T2D. We found at the end of study no changes

in clinical neuropathy scores within the study groups, especially no

worsening of somatosensory nerve function after improvement of

glycemic control under periodic fasting. Moreover, we found a

decrease in motor NCV of N. tibialis in the M-Diet group and an

increase in N. tibialis CMAP in the FMD group. The participants of

the M-Diet group had a decrease in heat pain threshold. MRN

analysis confirmed the correlation between fascicular nerve lesions

of the sciatic nerve and clinical neuropathy scores and no changes

between the groups were observed after intervention.

Pathophysiology of DSPN remains still debatable and multiple

factors can contribute to its clinical presentation of most commonly

“stocking and glove” pattern (29). Although DSPN is not

considered primarily a demyelinating neuropathy, Schwann cells

are targeted by chronic hyperglycemia, and severe cases of DSPN
TABLE 1 Continued

M-Diet
(n=14)

FMD
(n=17)

p

Quantitative sensory testing (z-scores)

CDT -1.73 ± 1.31 -1.13 ± 1.12 0.26

WDT -1.37 ± 0.77 -0.77 ± 0.91 0.05

TSL -1.57 ± 0.96 -1.06 ± 0.79 0.20

CPT -0.42 ± 0.85 -0.45 ± 0.83 0.95

HPT -0.76 ± 1.40 -0.02 ± 1.61 0.13

PPT -0.38 ± 1.29 0.10 ± 1.22 0.46

MPT 0.71 ± 2.46 1.81 ± 2.00 0.26

MPS 0.18 ± 1.78 0.65 ± 1.24 0.46

WUR -0.16 ± 0.80 -0.17 ± 0.94 0.70

MDT -1.30 ± 2.40 -0.30 ± 2.81 0.90

VDT -3.80 ± 2.96 -1.70 ± 2.67 0.04

Magnetic Resonance Neurography

FA 0.37 ± 0.10 0.37 ± 0.05 0.76

T2-time (ms) 76.94 ± 17.57 72.85 ± 9.28 0.95
frontiers
Data are shown as mean ± standard deviation (SD) for normally distributed variables, median (interquartile range) for log-normally distributed variables, or frequencies n (%) for categorical
variables. P-values represent the difference between the study groups. Bold values represent statistical significance changes (P<0.05).
Parameters of quantitative sensory testing were compared to reference values, which were used to calculate z-scores for all single tests, except PHS and DMA: z-score positive values =
hyperalgesia, z-score negative values = hypoesthesia or hypoalgesia.
M-Diet, Mediterranean diet; FMD, fasting-mimicking diet; BMI, body mass index; FPG, fasting plasma glucose; eGFR, estimated glomerular filtration rate; CKD-EPI, Chronic Kidney Disease
Epidemiology Collaboration; HDL, high-density-lipoprotein; LDL, low-density-lipoprotein. NSS neuropathy symptom score; NDS, neuropathy disability score; DSPN, diabetic sensorimotor
polyneuropathy; NCV nerve conduction velocity; SNAP, sensory nerve action potential; CMAP, compound motor action potential; CDT, cold detection threshold; WDT, warm detection
threshold; TSL, thermal sensory limen; CPT, cold pain threshold; HPT, heat pain threshold; PPT, pain pressure threshold; MPT, mechanical pain threshold; MPS, mechanical pain sensitivity;
WUR, wind-up ratio; MDT, mechanical detection threshold; VDT, vibration detection threshold; FA, sciatic nerve’s fractional anisotropy.
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TABLE 2 Neuropathy assessment and metabolic outcomes.

Parameter M-Diet FMD P

NDS Baseline 4.6 ± 0.8 3.5 ± 0.7

After Intervention 5.6 ± 1.0 3.4 ± 0.7 0.27

NSS Baseline 5.5 ± 0.9 5.4 ± 0.8

After Intervention 5.6 ± 0.9 4.1 ± 1.0 0.44

Sural nerve sensory NCV (m/s) Baseline 38.54 ± 3.37 38.18 ± 1.81

After Intervention 38.54 ± 2.46 37.12 ± 2.04 0.82

Sural nerve SNAP (μV) Baseline 2.46 ± 0.64 3.96 ± 1.06

After Intervention 2.10 ± 0.44 2.88 ± 0.69 0.63

Tibial nerve motor NCV (m/s) Baseline 37.23 ± 2.38 39.29 ± 1.55

After Intervention 32.89 ± 3.05* 36.92 ± 2.38 0.45

Tibial nerve CMAP (μV) Baseline 6.35 ± 1.47 7.79 ± 1.24

After Intervention 6.38 ± 1.49 9.21 ± 1.45* 0.13

Peroneal nerve motor NCV (m/s) Baseline 37.39 ± 2.28 38.65 ± 1.86

After Intervention 37.08 ± 1.94 37.71 ± 1.94 >0.99

Peroneal nerve CMAP (μV) Baseline 3.41 ± 0.79 5.05 ± 0.97

After Intervention 3.61 ± 0.72 4.77 ± 1.09 0.06

CDT Baseline -1.73 ± 0,35 -1.13 ± 0.28

After Intervention -1.96 ± 0.37 -1.59 ± 0.25 0.79

WDT Baseline -1.37 ± 0.21 -0.77 ± 0,23

After Intervention -1.46 ± 0.30 -0.95 ± 0.24 0.40

TSL Baseline -1.57 ± 0.26 -1,06 ± 0,20

After Intervention -1.21 ± 0.30 -1.00 ± 0.19 0.19

CPT Baseline -0.42 ± 0.23 -0.45 ± 0,21

After Intervention -0.46 ± 0.22 -0.28 ± 0.20 0.74

HPT Baseline -0.76 ± 0.37 -0.02 ± 0.36

After Intervention -1.10 ± 0.30* -0.47 ± 0.41 0.55

PPT Baseline -0.38 ± 0.36 0.10 ± 0,29

After Intervention -0.47 ± 0.41 -0.09 ± 0.22 0.76

MPT Baseline 0.71 ± 0.66 1.81 ± 0,48

After Intervention 0.36 ± 0.60 2.01 ± 0.55 0.40

MPS Baseline 0.18 ± 0.49 0.65 ± 0,30

After Intervention 0.46 ± 0.52 0.77 ± 0.35 0.57

WUR Baseline -0.16 ± 0.24 -0.17 ± 0.23

After Intervention 0.59 ± 0.53 0.04 ± 0.23 0.76

MDT Baseline -1.30 ± 0.64 -0.30 ± 0.68

After Intervention -1.52 ± 0.52 -0.78 ± 0.41 0.80

VDT Baseline -3.80 ± 0.79 -1.70 ± 0.65

After Intervention -1.91 ± 0.89 -1.79 ± 0.62 0.34

FA Baseline 0.37 ± 0.05 0.37 ± 0.02

(Continued)
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include features of demyelination (30, 31). Weekly administration

of FMD once a month over a period of six months has already been

shown to significantly reduce albuminuria and improve glycemic

control in individuals with T2D and diabetic nephropathy, showing

a comparable effect size as reported from interventions with

SGLT2-inhibitors (19, 32). We therefore investigated treatment

effects of FMD on DSPN, as another microvascular complication

of diabetes. FMD has shown to ameliorate symptoms in a murine

experimental autoimmune encephalomyelitis model via promoting

oligodendrocyte precursor-dependent regeneration and reducing

the levels of immune-cells including T cells, monocytes, and central

nervous system specific immune-cells as microglia (33). These

effects could be possibly mediated by endogenous glucocorticoid

production induced by FMD (33).

Studies investigating the effect of lifestyle intervention either

with a diet or a physical intervention in DSPN that have been

previously reported, are done in few controlled studies and not

widely agreeing on the best readouts (34). Long-term intensive

lifestyle intervention with study duration 9-11 years leads to a
Frontiers in Endocrinology 08
decrease in questionnaire-based DSPN dependent on weight loss,

changes in HbA1c and lipid levels (11). In this respect, we could

show that six-month periodic fasting decreases body weight and

improves glycemic control in individuals with T2D, becoming in

this way a potential therapeutic tool also for the treatment of DSPN

(19). Although the underlying mechanism of TIND remain

unknown (18) rapid changes in glycemic control seem to relate

with the parallel development of TIND and other microvascular

complication such as diabetic retinopathy (35). In this study we find

no detrimental effects of periodic fasting on sensorimotor nerve

function, despite the improvement in glycemic control, without

initiating treatment-induced diabetic neuropathy (19). Aerobic

exercise has achieved symptom-reduction of painful neuropathy

(36). Accordingly, a randomized 4 year-long supervised aerobic

activity study has shown improvement in nerve conductive velocity

with potential to modify onset of DSPN (10).

Of note, our study compared the effects of weekly

administration of FMD with those of a Mediterranean diet. In

this way the diet protocol could be standardized to some extent also
TABLE 2 Continued

Parameter M-Diet FMD P

After Intervention 0.37 ± 0.04 0.40 ± 0.02 0.64

T2-time Baseline 76.94 ± 7.17 72.85 ± 3.51

After Intervention 75.21 ± 4.81 67.88 ± 3.35 0.37

FPG (mg/dL) Baseline 167.3 ± 13.1 164.8 ± 10.5

After Intervention 153.0 ± 13.8 137.0 ± 12.7* 0.43

HbA1c (%) Baseline 7.8 ± 0.3 8.0 ± 0.4

After Intervention 7.9 ± 0.3 6.7 ± 0.3** 0.007

Body weight (kg) Baseline 93.8 ± 4.6 92.9 ± 3.5

After Intervention 92.7 ± 4.8 85.8 ± 3.6*** 0.0002

BMI (kg/m2) Baseline 30.2 ± 1.2 30.1 ± 1.0

After Intervention 29.9 ± 1.3 27.7 ± 1.0*** 0.06

LDL (mg/dL) Baseline 98.1 ± 9.8 88.0 ± 8.6

After Intervention 98.0 ± 9.9 88.9 ± 10.1 0.55

HDL (mg/dL) Baseline 45.5 ± 2.9 46.5 ± 3.2

After Intervention 47.3 ± 2.9 48.8 ± 3.3 0.59

Triglycerides (mg/dL) Baseline 187.1 ± 17.3 296.3 ± 92.6

After Intervention 188.9 ± 24.3 121.2 ± 12.4* 0.08

Blood ketones (mmol/L) Baseline 0.12 ± 0.01 0.19 ± 0.06

After Intervention 0.11 ± 0.02 0.50 ± 0.12 0.003
frontie
Data are shown as mean ± SEM. P-value represents comparison of change between the groups. Bold values represent statistical significance changes (P<0.05).
Parameters of quantitative sensory testing were compared to reference values, which were used to calculate z-scores for all single tests, except PHS and DMA: z-score positive values =
hyperalgesia, z-score negative values = hypoesthesia or hypoalgesia.
*P<0.05, **P<0.01, ***P<0.001 and represents the difference between baseline and after intervention values within the study group.
M-Diet, Mediterranean diet; FMD, fasting-mimicking diet; NSS, neuropathy symptom score; NDS, neuropathy disability score; NCV, nerve conduction velocity; SNAP, sensory nerve action
potential; CMAP, compound motor action potential; CDT, cold detection threshold; WDT, warm detection threshold; TSL, thermal sensory limen; CPT, cold pain threshold; HPT, heat pain
threshold; PPT, pain pressure threshold; MPT, mechanical pain threshold; MPS, mechanical pain sensitivity; WUR, wind-up ratio; MDT, mechanical detection threshold; VDT, vibration
detection threshold; FA, sciatic nerve’s fractional anisotropy; FPG, fasting plasma glucose;, BMI, body mass index; FPG, fasting plasma glucose; LDL, low-density-lipoprotein; HDL, high-density-
lipoprotein.
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for the control group, since the diet protocol was tightly regulated

for the intervention group. This approach avoided substantial

differences in food intake between the participants of the control

group, maintaining nutritional homogeneity within the group.

Mediterranean diet has been shown to be beneficial for glycemic

control in type 2 diabetes patients (37) and by offering regular

dietary consultation to the participants of the control group, we
Frontiers in Endocrinology 09
could achieve same contact time between study participant and

study medical team.

Despite a significant weight loss after intervention in the FMD

group, when adjusting the statistical analysis for weight loss we

found no changes in the reported neuropathy outcomes, suggesting

that weight loss alone is not sufficient to modify neuropathy

outcomes in this study setting. Positive associations between
A

B

FIGURE 2

MRI and Neuropathy Assessment. (A). Correlation of clinical degree of DSPN with quantitative MRN. Left y-axis indicating fractional anisotropy (FA)
while right y-axis representing T2-time in milliseconds (ms). The x-axis represents the cumulated NDS/NSS score. Blue squares indicate patients of
the M-diet group while red circles correspond to patients of the FMD group. A high degree of correlation was found between clinical degree of
DSPN and both FA and T2-time as indicated by the linear fits (dashed and dotted lines). (B). Representative images from both groups with matched
imaging findings on high-resolution anatomical T2-weighted MRN over time. Patient 4 and 9 were in the M-Diet group, and patient 3 was in the
FMD group. Nerve structure including hyperintense fascicular lesions appear highly stable over the six-month intervention period irrespective of
treatment group or the degree of structural pathology upon initial presentation. M-Diet, Mediterranean diet; FMD, fasting-mimicking diet; FA, sciatic
nerve’s fractional anisotropy; NSS, neuropathy symptom score; NDS, neuropathy disability score. ns, non-significant.
FIGURE 1

Neuropathy Assessment Composite z-Scores. Quantitative sensory testing (QST) parameters are plotted as composite z-scores: z-values of the
single tests were clustered to: thermal detection (average values of CDT, WDT, and TSL, demonstrating thermoreceptive Ad- and C-fiber function),
thermal pain (average values of CPT and HPT, representing nociceptive C-fiber function), mechanical detection (average values of VDT and MDT,
demonstrating tactile Ab fiber function), and mechanical pain (average values of MPT, MPS, and PPT, representing nociceptive Ad and C-fiber
function). M-Diet, Mediterranean diet; FMD, fasting-mimicking diet, CDT, cold detection threshold; WDT, warm detection threshold; TSL, thermal
sensory limen; CPT, cold pain threshold; HPT, heat pain threshold; PPT, pain pressure threshold; MPT, mechanical pain threshold; MPS, mechanical
pain sensitivity; WUR, wind-up ratio; MDT, mechanical detection threshold; VDT, vibration detection threshold. ns, non-significant.
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chronic caloric restriction with weight-loss and thermal nociception

have been previously described in animal models with mice

exhibiting higher hot-plate latencies after tail-amputation on

caloric restriction (40% reduction of caloric intake over 100

weeks) in comparison to ad libitum fed controls. Possible

mechanisms involved changes of analgesia-regulating hormones

such as glucocorticoids, opioid receptors and adrenocortical

hormones modified by short-term food deprivation (38). An

intermittent fasting diet model in mice with stable weight has also

induced reduction in nociceptive response by provoking

upregulation of opiate receptor expression in spinal cord (17).

Comparison of different pain models has shown different

magnitude on pain modulation by fasting suggesting a stronger

effect on nociception than visceral pain. Of note, lower

phosphorylation levels of ERK and mTOR in the dorsal root

ganglia and spinal cord could be measured in the fasting group

in comparison to control, suggesting that inhibition of

pathomechanisms that lead to insulin resistance might be

responsible for the antinociceptive effects of fasting (16). Indeed,

the participants of the FMD group had an improvement of insulin

resistance marker, glycemia and weight loss as we recently

reported (19).

The rising incidence of DSPN with longer disease duration of

diabetes is naturally associated with ageing process. Caloric

restriction as a therapeutic approach to neuropathic pain induced

by peripheral nerve damage in elderly mice (12 months old) has

been shown to increase mechanical threshold reflecting clinical

improvement (39). In our human study we could show that periodic

fasting leads to a reduction of senescence marker, suggesting that

periodic fasting might protect against age-related diseases (19).

Deficiency in cell autophagy can exacerbate allodynia which can be

partially counteracted by caloric restriction in mice (40).

Although previous studies have demonstrated excellent

interobserver agreement for neuropathy assessment (41), observer

bias remains still debatable. Dyck et al. found a poor interobserver

reproducibility amongst expert neurophysiologist who

independently assessed nerve conduction parameters in the same

patients with diabetes (42). In our study, all NCS were done by the

same well-trained medical technician, avoiding in this way

interobserver reproducibility concerns. Moreover, most clinical

trials on diabetic neuropathy have used NCS as the primary

outcome to assess treatment efficacy (43–45). A multicenter study

has demonstrated that standardized QST performed by trained

examiners is a valuable diagnostic instrument with good test-retest

and interobserver reproducibility and with standardized training,

observer bias is much lower than random variance (46). The QST

measurements were performed based on a standardized QST

protocol of the German Research Network on Neuropathic Pain

(DFNS) by 2 well-trained medical technicians (24). All investigators

performing QST were trained and certified by the Department of

Neurophysiology at the University Hospital of Mannheim.

MRN can visualize and characterize peripheral nerve structures

including internal fascicular patterns. MRN analysis was offered to

all study participants, however as an optional test. The major

reasons for not conducting an MRN analysis were non-

consenting (n=7 in the control group and n=9 in the FMD
Frontiers in Endocrinology 10
group) and restrictions due to Covid-19 pandemic (n=1 in the

control group and n=1 in the FMD group). Although we could not

perform MRN in all study participants, we could still confirm the

correlation between fascicular nerve lesions of the sciatic nerve and

clinical neuropathy scores as previously reported (47–50). MRN

changes were found to be stable over time irrespective of their initial

extent and quantitative nerve integrity MRN parameters did not

change between the groups after the six-month intervention time.

This argues for a rather slow pathophysiological process for these

structural neve changes to occur. On the other hand, MRN findings

need to be carefully interpreted and further follow-up studies

including larger sample sizes over a longer observational period

are needed.

Noteworthy our study has several limitations. The intervention

duration of six months is relatively short for investigating the course

of DSPN and limits possible effects of periodic fasting on delaying

progression rather than reversing positive symptoms or improving

functionality. Previous studies have shown increase of cutaneous

nerve density after one year of diet intervention in patients with

diabetes mellitus (51) as well as in the state of impaired glucose

tolerance (28). However, our study offers a very good controlled diet

intervention and as a consequence a high compliance rate. Despite

the short-term diet intervention, our study offers an extensive

assessment of sensory somatosensory nerve function including,

including electrophysiological, QST and MRN analysis. Our study

cohort was small and the M-Diet group had a stronger deteriorated

nerve function than the FMD group at baseline. This might explain

the worsening of DSPN in the M-Diet group observed at the end of

the study, reflected by worsening of Tibial nerve motor NCV and

HPT (Table 2), with therefore changes towards a progression of

DSPN after study intervention. However, baseline metabolic and

anthropometric characteristics, including baseline characteristics of

DSPN, did not differ significantly between the study groups and the

differences observed after intervention did not change for all

analyzed parameters. Our study group had a mild phenotype of

DSPN according to the clinical neuropathy scores and to the QST z-

score values within the second standard deviation, challenging on

one hand clinically relevant changes in the course of DSPN in this

intervention, and making it on the other hand more prone to be

affected by a diet intervention. In a post-hoc analysis for estimating

the effect size based on the NDS and NSS score observed in this

study we found a Cohen’s d effect size of 0.4. Therefore, the achieved

effect size in this study is smaller than the hypothesized effect size

(1.1). These results point out the challenges for designing future

studies with larger cohorts and stronger interventions that might

offer clinical relevance and generalizability in patients with type 2

diabetes and DSPN.Considering the explorative nature of this study

we did not adjust for multiple comparison analysis. However, we

are aware of the risk for spurious findings and future mechanistic

studies are needed to investigate the effects of periodic fasting on

nerve function.

As a conclusion our study shows that six-month periodic fasting

was safe and had no deleterious effects on the clinical course of

DSPN in type 2 diabetes patients. Taken together, fasting and diet

intervention remain intriguing therapeutic approaches for DSPN

with a still unfulfilled need on investigating fasting effects in big
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cohort studies, with long study intervention and in severe forms

of DSPN.
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