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Abstract

Intermittent fasting has become of interest for its possible metabolic benefits and reduc-
tion of inflammation and oxidative damage, all of which play a role in pathophysiology of 
diabetic nephropathy. We tested in a streptozotocin (60mg/kg) induced diabetic ApoE-KO 
mouse model whether repeated fasting mimicking diet (FMD) prevents glomerular dam-
age. Diabetic mice received 5 FMD cycles in 10 weeks and during cycles 1 and 5 caloric 
measurements were performed. After 10 weeks, glomerular endothelial morphology was 
determined together with albuminuria, urinary heparanase-1 (HPSE-1) activity, and spatial 
mass spectrometry imaging (MSI) to identify specific glomerular metabolic dysregulation. 
During FMD cycles, blood glucose levels dropped while a temporal metabolic switch was 
observed to increased fatty acid oxidation. Overall bodyweight at the end of the study 
was reduced together with albuminuria, although urine production was dramatically in-
creased without affecting urinary HPSE-1 activity. Weight loss consisted of the loss of lean 
mass and water, not the loss of fat mass. While capillary loop morphology and endothelial 
glycocalyx heparan sulfate contents were preserved, hyaluronan surface expression was 
reduced together with the presence of UDP-glucuronic acid. MSI further revealed reduced 
protein catabolic breakdown products and increased oxidative stress, not different then 
diabetic mice. In conclusion, although FMD preserves partially glomerular endothelial 
glycocalyx, loss of lean mass and increased glomerular oxidative stress argue whether 
such diet regimes are safe in patients with diabetes.
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Introduction

Over the years, intermittent fasting has become a topic of interest in the dietary field, 
since this type of fasting not only has metabolic benefits, but is also able to induce cel-
lular changes that affect inflammation and oxidative damage [1, 2]. These changes would 
consequently enhance cellular protection and optimize energy metabolism [2]. The newly 
introduced periodic fasting-mimicking diet (FMD) regime that induces such beneficial cel-
lular effects, in addition, should be easier to keep up compared to other types of fasting. 
During the fasting periods, when glucose and glycogen storages are depleted, metabolism 
switches to the utilization of ketones and fatty acids as the main source of energy. Previ-
ous fasting studies showed the beneficial effects of such a diet on endothelial function 
[3] and reduced body mass index, blood pressure, fasting glucose, total and low-density 
cholesterol, C-reactive protein and IGF-1 levels in generally healthy participants [4]. 
Furthermore, FMD in diabetes was effective in experimental type 1 and type 2 mouse 
models, where diabetic characteristics were ameliorated as blood glucose levels normal-
ized and insulin sensitivity improved, mainly directed by regeneration of the pancreatic 
beta cells [5, 6]. 

The effect of FMD specifically on the diabetic kidney has not been studied yet. Endothelial 
dysfunction is considered the first marker of vascular complications, which can progress 
to structural microvascular changes and eventually results in irreversible vascular damage 
[7-9]. Diabetes induced endothelial activation is characterized by a pro-inflammatory and 
pro-thrombotic phenotype, loss of vascular integrity, and changes in endothelial glyco-
calyx composition [10]. Prolonged endothelial activation ultimately leads to endothe-
lial dysfunction and upregulation of glycocalyx degrading enzymes such as heparanase-1 
(HPSE-1) [11]. As fasting is accompanied by reprogramming of cellular processes towards 
survival and resilience, we aimed to investigate whether a recurrent 4-day FMD regime 
has the ability to preserve glomerular capillary morphology and glomerular endothelial 
surface glycocalyx in a diabetic model. For this, we used a streptozotocin-induced diabetic 
mice, known to induce impairment of the glomerular glycocalyx [12, 13]. To determine 
the possible metabolic changes upon FMD, we placed the animals in metabolism cages 
and at the end of the experiment determined glomerular metabolite changes using spatial 
mass-spectrometry [14].

Materials and methods

Diabetic ApoE-KO mouse model

Six-week-old male B6.129P2-Apoetm1Unc/J mice (ApoE-KO; The Jackson Laboratory, Bar 
Harbor, ME) were rendered diabetic through intraperitoneal injections of 60mg/kg 
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streptozotocin (STZ; Sigma-Aldrich, St. Louis, MO) for 5 consecutive days, as described 
before [12] (figure 1A). ApoE-KO mice were injected with citrate buffer alone (control) 
and to reduce the overall discomfort level we reduced the amount of handlings during 
the experimental procedure we only used these non-diabetic mice were used for baseline 
measurements. All mice had free access to standard rodent diet (NC; Ssniff Spezialdiäten 
GmbH, Soest, Germany). At week 8, diabetic mice were fed cholesterol enriched (0.15%) 
chow until the end of the study. At week 11, diabetic mice manifested with hyperglycemia, 
weight loss, polyuria and albuminuria (figure 2A,B) which were then used in the study. 
At week 12, six weeks after induction of diabetes, diabetic mice were randomized into 
the diabetic group (Diabetic) fed cholesterol enriched (0.15%) chow for 10 weeks or into 
a diabetic group that received a 4 day fasting mimicking diet (FMD) that was repeated 
5 times in 10 weeks. In between the diet interventions, FMD mice were fed cholesterol 
enriched (0.15%) chow. Animal experiments were approved by the Ethical Committee on 
Animal Care and Experimentation at the Leiden University Medical Center (permit no. 
AVD1160020172926). All work with animals was performed in compliance with the Dutch 
government's guidelines.

Blood glucose concentrations were measured with an Accu-check glucose meter (Roche, 
Basel, Switzerland). When glucose concentrations exceeded 20 mmol/L, mice were 
treated with 1–2 units insulin (Lantus, Aventis Pharmaceuticals, Bridgewater, NJ, US) up to 
three times per week (supplemental figure S1D, E). Sixteen weeks after STZ injections, at 
22 weeks of age, mice were sacrificed.

Mouse fasting mimicking diet

The FMD used in the study was provided by the Longo group as a gift and consisted of a 
4-day regimen similar to the diet used by Brandhorst et al. [1]. Day 1 of the diet contained 
7.67 kJ/g and consisted of a mix of various low-calorie broth powders, a vegetable medley 
powder, extra virgin olive oil, and essential fatty acids; day 2–4 diet contained 1.48 kJ/g 
and consisted of low-calorie broth powders and glycerol. The diet ingredients were thor-
oughly mixed and then blended together with hydrogel (ClearH2O, Westbrook, ME, USA).

Caloric measurements

In weeks 12 and 20, control-, diabetic- and FMD mice were placed in metabolism cages 
(Sable Systems Europe GmbH, Berlin, Germany) for 4 days to measure food intake, oxygen 
(V∙O2) consumption, carbon dioxide (V∙CO2) production and ambulatory physical activ-
ity (semi quantitative by beam breaks). Followed by Echo-MRI (EchoMRI LLC, Houston, 
TX, USA) to measure body composition (lean-, fat mass, total- and free water). Based 
on these values, we calculated the respiratory exchange ratio (RER, the ratio of carbon 
dioxide produced by the body to oxygen consumed by the body), energy expenditure, 
carbohydrate and fat oxidation rates to monitor possible metabolic changes. In addition, 
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from the Echo-MRI data muscle mass and %muscle mass were calculated as followed, 
since lean mass measurements are the total of muscle mass + (total water- free water), 
muscle mass was calculated by lean mass - (total water- free water), %muscle mass was 
calculated as muscle mass/(lean mass + fat mass) x 100.

Urine collection and analysis

Mice were weighted before and after residing in a metabolic cage (Tecniplast S.p.a, Bugug-
giate, Italy) and water- and food intake and urine were collected. After acclimatization, 14 
h-urine was collected at week 11, 17 and 21. Urine samples were centrifuged to remove 
debris and stored at -20°C. Urinary albumin concentrations were quantified with an en-
zyme-linked immunosorbent assay (ELISA; Bethyl Laboratories, Inc. Montgomery, TX, USA) 
and creatinine concentrations were quantified by the Jaffe´ method using 0.13% picric 
acid and a creatinine standard set (Sigma-Aldrich, Merck Life Science NV, Amsterdam, The 
Netherlands ). Urinary MCP-1 and KIM-1 (kidney injury molecule-1) were measured with 
a commercially available immunoassay according to the manufacturer protocol (MJE00B 
and MKM100, resp.: R&D Systems Europe, Ltd., Abingdon, UK). Urinary heparanase activ-
ity was measured with a commercially available ELISA assay (Takara Bio Inc., Shiga, Japan). 
For this, urine samples were run through Zeba™ Spin Desalting Columns (ThermoFisher 
Inc., Waltham, MA, USA) for removal of salts and other small molecules (<1000 MW).

Glomerular endothelial glycocalyx coverage

Glycocalyx coverage was determined using fluorescently labelled lectin Lycopersicon 
esculentum (LEA-FITC) and the N terminus rat neurocan construct of the hyaluronan-spe-
cific neurocan-dsRed (Ncan-dsRed) construct, as described previously [15, 16]. In short, 
overnight PFA fixed tissue was subsequently sectioned in 100μm thick slices with a Leica 
VT1000S vibratome (n = 3/group) and submerged in HBSS (Life Technologies Europe BV, 
Bleiswijk, The Netherlands) containing 0.5% BSA, 5 mmol/L HEPES, and 0.03 mmol/L EDTA 
(HBSS-BSA). Slices were incubated with 10 mg/mL LEA-FITC or Ncan-dsRed [16] to visual-
ize the glycocalyx, together with 5 mg/mL monoclonal mouse anti-mouse CD31 antibody 
(Santa Cruz Biotechnology, Santa Cruz, CA) to identify the endothelial cell membrane, 
overnight at 4°C on a shaker (in dark). After 3 washes with HBSS-BSA slices were incu-
bated for 2 h with 10mg/mL Alexa Fluor-568, or AF488–conjugated goat anti-mouse IgG 
(Molecular Probes, Grand Island, NY) and Hoechst 33528 (Sigma-Aldrich, 1:1000) at 4°C 
on a shaker (in dark). Slices in HBSS-BSA were fixated between glass slide and coverslip in 
mounting medium and imaged on a LEICA TCS SP8 X WLL microscope (Leica, Rijswijk, The 
Netherlands) and a 40x objective (HC PL APO CS2 40x/1.30 OIL, Leica). Sequential 16-bit 
confocal images (xyz dimensions, 0.142 x 0.142 x 0.3 µm) were recorded using LAS-X Im-
age software (Leica). The amount of endothelial glycocalyx was quantified in using 5 lines 
of interest in 3-4 glomeruli per kidney by calculating the distance from the peak of the 
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CD31 signal to the half-width of the luminal LEA-FITC or Ncan-dsRed signal along a line of 
interest, using intensity profiles (ImageJ), as described previously [16].

Tissue preparation and histology

Mice were anesthetized by isoflurane inhalation and perfused via the left ventricle with 
HEPES-buffered salt solution containing 0.5% bovine serum albumin and 5 U/mL heparin 
to remove blood. After removal of the kidney capsules, the left kidney was placed in 
2% PFA in PBS overnight at 4°C, followed by paraffin embedding for periodic acid-Schiff 
(PAS), methenamine silver-periodic acid-Schiff (MPAS) or immunofluorescence staining. 
The left kidney of a subset of mice (n = 3/group) was perfused with 5mL Hanks-buffered 
salt solution (HBSS, Gibco) containing 0.5% BSA (Sigma, A7030, essentially globulin free) 
and 5U/mL heparin at 2mL/minute to remove blood, followed by 2mL of cationic ferritin 
(horse spleen, 2.5mg/mL, Electron Microscopy Sciences, Fort Washington, PA) in HBSS at 
2mL/minute. The kidney was excised, its capsule removed, and stored in fixative (1.5% 
glutaraldehyde and 1% paraformaldehyde (PFA) (both from Electron Microscopy Sciences, 
Hatfield, PA) in 0.1M sodium-cacodylate buffered solution, pH 7.4) overnight at 4°C for 
further processing for transmission electron microscopy (TEM). 

TEM cationic ferritin determination

Cationic ferritin perfused tissue, stored in fixative, 1.5% GA and 1% PFA in 0.1M sodium-
cacodylate buffered solution, was subsequently sectioned in 180μm thick slices with a 
Leica VT1000S vibratome, rinsed 2x with 0.1M sodium cacodylate-buffered solution, and 
post-fixated for 1hr with 1% osmium tetroxide (Electron Microscopy Sciences) and 1.5% 
potassium ferrocyanide in demineralized water [15, 16]. Samples were further washed, 
dehydrated in ethanol, infiltrated with a mixture of epon LX-112 and propylene oxide (1:1) 
for 1 hr, followed by pure epon for 2hrs, embedded in epon mounted in BEEM capsules 
(Agar Scientific, Essex, United Kingdom) and polymerized for 48hrs at 60°C. 100nm Thick 
sections were cut using a diamond knife (Diatome, Biel, Switzerland), collected on single 
slot copper grids covered with formvar film and carbon layer, and then stained with 7% 
uranyl acetate in demineralized water for 20 minutes, followed by Reynold’s lead citrate 
for 10 minutes. Data was collected at an acceleration voltage of 120kV on a Tecnai G2 
Spirit BioTWIN transmission electron microscope (TEM), equipped with an FEI 4k Eagle 
CCD camera. Virtual slides were acquired with 18,500x magnification at the detector 
plane, corresponding to a 1.2nm pixel size at the specimen level. Representative capillary 
sections of each recorded glomerulus (n = 1/group) from virtual slides were selected for 
display as a high resolution image.

Glomerular tissue metabolomics

Frozen renal tissue sections (stored at -80°C) of a subset of mice (n= 4/group) were em-
bedded in deionized water (MQ) and sections of 10 µm thickness were cryosectioned 



111

FMD in diabetic mice partially preserves glomerular endothelial glycocalyx coverage

6

using a Cryostar NX70 cryostat (Thermo Fisher Scientific, MA, USA) at -20 °C. The sections 
were thaw-mounted onto indium-tin-oxide (ITO)-coated glass slides (VisionTek Systems 
Ltd., Chester, UK). Mounted sections were placed in a vacuum freeze-dryer for 15 minutes 
prior to matrix application. After drying, N-(1-naphthyl) ethylenediamine dihydrochloride 
(NEDC) (Sigma-Aldrich, UK) MALDI-matrix solution of 7 mg/mL in methanol/acetonitrile/
deionized water (70, 25, 5 %v/v/v) was applied using a SunCollect sprayer (SunChrom 
GmbH, Friedrichsdorf, Germany). A total of 17 matrix layers were applied with the fol-
lowing flowrates: layer 1-3 at 5 µL/min, layer 4-6 at 10 µL/min, layer 7-9 at 15 µL/min 
and 10-17 at 20 µL/min (speed x, medium 1; speed y, medium 1; z position, 35). The ITO 
glass slide containing the slices of all three groups were scanned using matrix-assisted 
laser desorption/ionization time-of-flight mass spectrometry imaging (MALDI-TOF-MSI) 
with the RapifleX MALDI-TOF/TOF system (Bruker Daltonics GmbH, Bremen, Germany). 
Negative ion-mode mass spectra were acquired at a pixel size of 20 × 20 µm2 in a mass 
range from m/z 80-1000 in reflectron mode. Prior to analysis the instrument was cali-
brated using red phosphorus. Spectra were acquired with 200 laser shots per pixel at a 
laser repetition rate of 10 kHz. Data acquisition was performed using flexControl (Ver-
sion 4.0, Bruker Daltonics, Germany) and visualizations were obtained from flexImaging 
5.0 (Bruker Daltonics). MALDI-FTICR-MSI was performed on a 12T solariX FTICR mass 
spectrometer (Bruker Daltonics GmbH, Bremen, Germany) in negative-ion mode, using 
30 laser shots and 50 µm pixel size. Prior to analysis the instrument was calibrated using 
red phosphorus. The spectra were recorded in a m/z range of 100-1000 with a 512k data 
point transient and transient length of 0.1049 seconds. Data acquisition was performed 
using ftmsControl (Version 2.1.0, Bruker Daltonics), and visualizations were obtained from 
flexImaging 5.0 (Bruker Daltonics). The m/z features present in both MALDI-TOF-MSI and 
MALDI-FTICR-MSI datasets, and which had similar tissue distributions, were further used 
for identity assignment of metabolites and lipid species. The m/z values from MALDI-
FTICR-MSI were imported into the Human Metabolome Database[17] (https://hmdb.ca/) 
and annotated for metabolites and lipids species with an error < ±10 ppm. For the small 
molecules detected only in MALDI-TOF, the m/z values from MALDI-TOF were imported 
into the Human Metabolome Database (https://hmdb.ca/) and annotated for metabolites 
with an error < ±20 ppm. MSI data of the glomerular regions of interest were exported 
and processed in SCiLS Lab 2016b (SCiLS GmbH). All MALDI-TOF/TOF-MSI data was nor-
malized to the total ion count (TIC). The peaks from the skyline/basepeak spectrum with 
a signal-to-noise-ratio higher than 3 were selected and all matrix peaks were excluded. A 
total of 389 m/z-features were selected by peak intensities. For specific spatial analysis of 
the glomerular areas post MALDI-MSI immunofluorescent staining was performed using 
the endothelial specific lectin from Bandeiraea simplicifolia (BS-I-TRITC, 1:200, Sigma, 
L5264) as described previously [14]. The differential expression of metabolites and lipids 
between groups were analyzed using both a two-way analysis of variance (ANOVA) test 
followed with Tukey’s post-hoc test and classical univariate ROC curve analysis from the 
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MetaboAnalyst online version (https://www.metaboanalyst.ca/) [18]. A cutoff (AUC > 0.7 
and p < 0.01) was taken for further pathway analysis using Reactome database (https://
reactome.org/) [19] and lipid ontology analysis using LION/web (http://www.lipidontol-
ogy.com/) [20]. Heatmaps were produced using the R pheatmap package based on the 
average value of metabolites. 

Statistical analysis

Data are presented as means with standard deviation (SD). Differences in experiments 
were determined using analysis of variance and post hoc analyses with Tukey’s multiple 
comparison test. Comparison of expression between two different groups was evaluated 
using a t-test and changes overtime between groups using simple linear regression. Sta-
tistical analyses were performed using GraphPad Prism version 8 (Graphpad Inc., La Jolla, 
CA, USA). A significance level of 0.05 was considered statistically significant. 

Results

Study setup diabetic ApoE-KO mice

Throughout the 10-week intervention period, body weight dropped during the FMD 
cycles but increased again in the refeeding period (figure 1B). Simple linear regression 
comparison of body weight gain, in weeks excluding FMD cycles, revealed a clear signifi-
cant (p = 0.0089) change in slopes between diabetic and FMD mice (figure 1C), revealing 
an overall reduction in total body weight in mice subjected to repeated FMD compared 
to diabetic mice. Pilot experiments revealed that STZ-induced diabetes in the apoE-KO 
mouse model resulted in increasing blood glucose levels even above detection which in 
itself already induced a full body metabolic switch to predominant lipid oxidation were 
predominantly lipids over carbohydrates are used for energy consumption (comparable to 

Figure 1. Design of mouse study and baseline characteristics. (A) Schematic representation of the 
mouse study. Mice were rendered diabetic using streptozotocin (STZ), controls received citrate buffer, 
at week 6. From week 8 until end of the experiments diabetic were fed cholesterol enriched chow 
while the fasting mimicking diet intervention group were replaced on this diet for 5 times which lasted 
5 days each cycle. At various intervals urine was collected or mice were housed in metabolism cages 
for 72hrs each time. Abbreviations: STZ = streptozotocin, 0.15%CC = 0.15% cholesterol enriched normal 
chow, MC = metabolism cage, UC = urine collection. X, endpoint. (B) Weekly average body weights dur-
ing experimental intervention period with fasting mimicking diet (FMD). (C) Simple linear regression 
comparison (slope) in body weights, excluding FMD cycles, between diabetic and FMD mice. Averaged 
weekly (D) blood glucose levels and (E) insulin administration to maintain preferred blood glucose lev-
els (upper two dashed lines in D). (D) Lower lines represent mean ± standard deviation blood glucose 
levels of control apoE-KO mice. Differences in trend between groups were assessed by simple linear 
regression.
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Figure 2. Blood glucose and urine measurements. (A) Blood glucose and body weight, and (B) urine 
production, albumin:creatinine ratio (ACR) and urinary heparanase 1 (HPSE-1) activity of control and 
diabetic mice at week 11, before randomization of diabetic mice in diabetic and fasting mimicking diet 
(FMD) groups. (C) Trends in urine production, and (D) albumin-to-creatinine ratio (ACR) in diabetic- (n 
= 8-9) and FMD (n = 6-8) mice over time (week 11-, 17- and 21). (E) 24-hour urine ACR concentrations 
at weeks 17 (n = 9 vs. n = 8) and 21 (n = 8 vs. n = 6) in diabetic and FMD mice, respectively. (F) Trends 
in urinary HPSE-1 activity in diabetes and FMD mice over time and (H) urinary HPSE-1 activity at week 
17 (n = 9 vs. n = 6) and 21 (n = 8 vs. n = 6) in diabetic and FMD mice, respectively. Values are given as 
mean with standard deviation. Differences between groups were assessed by unpaired two-tailed t-
test: *P < 0.05, **P < 0.01. ***P < 0.001. Differences in trend between groups were assessed by simple 
linear regression.
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FMD group shown below, data not shown). Therefore, we kept the weekly average blood 
levels around 15-20 mmol/L as much as possible administration of insulin (figure 1D,E), to 
prevent such a preliminary shift to lipid usage for energy metabolism. Occasional insulin 
injections have been given throughout the entire experimental procedure with higher 
amounts in particular in the FMD group (figure 1D).

FMD reduces albuminuria

Before the intervention, at week 11, 5 weeks after STZ induction, diabetic mice manifested 
with hyperglycemia, weight loss, polyuria, albuminuria and increased urinary HPSE-1 
activity levels (figure 1A,B). After these measurements, diabetic mice were randomized 
into a diabetic group fed cholesterol enriched (0.15%) chow only for 10 weeks or FMD 
group given a 4 day fasting mimicking diet that was repeated 5 times in 10 weeks with 
cholesterol-enriched chow ad libitum in between the FMD cycles (Figure 1A). At week 22, 
one week after the last FMD cycle, urine production was significantly higher in the FMD 
group compared to the diabetic group (figure 2C). Although during the whole intervention 
period albumin creatine ratio (ACR) in both diabetes and FMD mice were reduced equally, 
significantly lower ACR levels in the FMD could be detected at week 17, one week after 3 
FMD cycles, and at the end of the experiment at week 21 compared to the diabetic group 
(figures 2D,E). Urinary levels of the potent heparan sulfate degrading enzyme HPSE-1 
were not significantly different when compared to urinary activity in diabetic mice (figures 
2F,G). Furthermore, urinary kidney injury molecule-1 (KIM-1) and monocyte chemoat-
tractant protein-1 (MCP-1) levels did not change or remained below threshold levels for 
detection in both diabetic groups when compared to control mice (data not shown). 

FMD prevented glomerular capillary rarefaction

The hyperglycemia controlled diabetic mice, through insulin administration in combination 
with a cholesterol-enriched diet (0.15%) to induce vascular damage, resulted in minimal 
glomerular changes at the end of the experiment, as shown by PAS and MPAS stained 
examples (figure 3A). Although no changes in capillary surface area were observed, the 
number of capillaries per glomerulus, however, were significantly reduced in diabetic 
mice compared to controls (difference of -4.2 95% CI -5.8 - -2.6) (figure 3B, C). Diabetic 
mice after FMD cycles, on the contrary, showed comparable numbers of capillaries per 
glomerulus compared to control, suggesting that capillary loss and -ballooning were 
prevented in this group. No changes were observed in glomerular surface area (data not 
shown) and mesangial surface area (figure 3D). 

FMD partially preserved the glomerular glycocalyx

We further investigated the minor glomerular changes through staining PFA fixed renal 
sections directly with the fluorescently labelled lectin (LEA-FITC) or hyaluronan (HA) spe-
cific probe Ncan-dsRed to test the effect of repeated FMD cycles on glomerular glycocalyx 
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presence (figure 3E and H). Diabetes reduced the glomerular intraluminal lectin thickness 
on the endothelium to 0.157 µm, compared to 0.272 µm in control mice (difference 0.117 
µm 95% CI 0.059 - 0.175) and luminal surface coverage (figures 3E-G). In turn, repeated 
FMD cycles protected the glomerular endothelial glycocalyx with regard to the lectin 
stained structures, as the intraluminal thickness was 0.227 µm with a difference of 0.070 
µm compared to the diabetes group (95% CI 0.012 - 0.128) and luminal coverage (figure 
3E-G). However, staining for HA revealed no protection of surface presence after FMD 
cycles (figure 3H-J). Visualizing the glomerular endothelial glycocalyx through cationic 
ferritin coverage using transmission electron microscopy, confirmed protection of at least 
the charged glycosaminoglycans within the glomerular endothelial glycocalyx by repeated 
FMD cycles (figure 3K). Cationic ferritin was present at the luminal endothelial cell surface, 
within the fenestrae and underneath the endothelium of the control mice and FMD group. 
In contrast, disruption of cationic ferritin coverage alongside the luminal endothelial cell 
surface could be seen in the diabetic glomerulus (figure 3K, middle panel). These changes 
were without significant changes in glomerular basement membrane (GBM), podocyte 
foot process effacement or endothelial fenestration (data not shown).

Figure 3. Histological glomerular changes. (A) Representative images of periodic acid–Schiff (PAS, 
top) and (methenamine silver-periodic acid-Schiff (MPAS, bottom) stained glomeruli of control- (left), 
diabetic- (middle) and diabetic apoE-KO mice after fasting mimicking diet (FMD) interventions (right); 
scale bar, 50 µm. Quantification of (B) glomerular capillary surface area, (C) number of capillaries per 
glomerulus and (D) mesangial surface area. Analysis was performed on ± 50 glomeruli per sample in 
control- (grey, n = 9), diabetic- (red, n = 8) and diabetic apoE-KO mice after FMD interventions (green, 
n = 9). Values are given as mean with standard deviation (SD). (E) Representative images of direct 
glycocalyx staining using fluorescent labeled lectin Lycopersicon esculentum (LEA-FITC) and anti-CD31 
antibodies for endothelial cell detection; scale bar 50μm. Quantification of (F) luminal glycocalyx (LEA) 
thickness and (G) luminal glycocalyx (LEA) coverage, assessed in a subset of n = 3 control- (grey), dia-
betic- (red) and diabetic apoE-KO mice after fasting mimicking diet (FMD) interventions (green). (H) 
Representative images of direct glycocalyx staining using fluorescent labeled neurocan (Ncan-dsRed) 
and anti-CD31 antibodies for endothelial cell detection; scale bar 50μm. Quantification of (I) luminal 
hyaluronan (Ncan-dsRed) thickness and (J) luminal hyaluronan (Ncan-dsRed) coverage, assessed in 
a subset of n = 3 control- (grey), diabetic- (red) and diabetic ApoE-KO mice after FMD intervention 
(green). (K) Representative transmission electron micrographs of cationic ferritin-stained glomerular 
endothelial surfaces in control-, diabetic- apoE-KO and diabetic apoE-KO after FMD intervention, scale 
bars 1μm. Values are given as mean with standard deviation. Differences between groups were as-
sessed by ANOVA with Tukey’s post-hoc test: *P < 0.05, **P <0.01.
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FMD induced metabolic changes in diabetic ApoE-KO mice

During each 4-day FMD cycle, average body weight and glucose levels dropped but raised 
again as soon as the cycle was finished and animals were given cholesterol enriched 
food ad libitum (figure 4A, B). As revealed by the respiratory quotient ratio (RQ), defined 
as the volume of carbon dioxide released over the volume of oxygen absorbed during 
respiration, the reduced basal metabolic rate in diabetic mice indicated the use of more 
lipids over carbohydrates for energy consumption (figure 4C). During the FMD cycles, 
RQ dropped even further, indicating a full body metabolic switch to predominant lipid 
oxidation within each cycle. In addition, energy expenditure, reflecting animal movement, 
during the night and especially day cycle was increased during the last FMD cycle (figure 
4D). These changes argue that these animals are more constantly searching for food. Ad-
ditional Echo-MRI measurements revealed that the main component of weight loss during 
FMD cycles was loss of lean mass instead of fat mass (figure 4E). The major components of 
lean mass, total water and muscle mass, were both significantly reduced during the FMD 
cycle compared to the diabetic mice (figure 4F). 

Figure 4. Effects of fasting mimicking diet (FMD) on metabolism and Echo-MRI body composure 
measurements. (A) Body weight- and (B) blood glucose level changes during each FMD cycle of mice 
in FMD group. (C) Respiratory quotient and (D) Energy expenditure at day (left) and night (right) during 
FMD cycles 1 (wk12) and 5 (wk20) in control-, diabetic and FMD mice. (E) Average total body mass, fat 
mass, and lean mass (muscle mass + total water – free water) changes as measured with Echo-MRI in 
diabetic and FMD groups directly after FMD cycles 1 and 5, respectively. (F) Total water measurements 
and calculated muscle mass (lean mass – (total water- free water)) and % muscle mass (muscle mass/
(lean mass +fat mass) x 100) of diabetic and FMD mice. Values are given as mean with standard devia-
tion. Differences between groups were assessed in by ANOVA with Tukey’s post-hoc test (C,D), or by 
unpaired t-test (E,F): *P < 0.05, **P < 0.01. ***P < 0.001.
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Glomerular metabolic changes upon FMD intervention

Following up on the metabolic changes observed in kidneys between control and diabetic 
mice [14], we now focused directly on changes in the glomerular areas between control, 
diabetic and FMD groups (figures 5A,B). Analysis of these three groups at the end of the 
experiment (week 22), 2 weeks after the final FMD intervention revealed that 31 of the 
389 m/z features measured were significantly changed (figure 5C, supplemental table 1 
and 2). Heatmap clustering revealed, horizontally, two major clusters; first the control 
group and a second cluster with both diabetes- and FMD groups. Vertical clusters revealed 
a large group with decreased metabolites and a small group with increased metabolite 
expression in the diabetes- and FMD group (figure 5C). Overall, compared to control mice, 
metabolite levels were all lower in the diabetes- and FMD group. The most pronounced 
change was observed in protein catabolism breakdown products, which were reduced in 
both the diabetes- and FMD group (figure 5C, supplemental table 1 and 2). Indications of 
increased oxidative stress were also observed with increased oxidized sphingolipid (m/z 
737.5024; SM(d16:1/20:3(5Z,11Z,14Z)-O(8,9))) and ophthalmic acid, a reduced breakdown 
product of glutathione turnover. Finally, while the UDP-sugar metabolite UDP-GlcNAc 
did not change (control, 0.841 ± 0.141; diabetes, 0.819 ± 0.079; FMD, 0.769 ± 0.087), in 
diabetic mice UDP-GlcUA was significantly reduced (P = 0.0295) in diabetes and was not 
restored after repeated FMD cycles (figure 5C and supplemental table 2). 

Figure 5. Glomerular metabolic changes. (A) Experimental workflow for in situ spatial MALDI- mass 
spectrometry imaging (MALDI-MSI) of control, diabetes, and diabetes mice after 5 cycles of fasting 
mimicking diet (FMD. (B) Experimental workflow for metabolic histologic analysis using fluorescent 
labeled Bandeiraea simplicifolia (BS-I) lectin staining to detect clustered glomerular endothelial cells 
which coincides with the metabolic m/z value of 566.33, and is used as specific glomerular marker in 
further analysis. (C) Heatmap showing the fractional contribution of significantly changed metabolites 
between control- (n = 4), diabetic (n = 4) and diabetic apoE-KO mice after fasting mimicking diet (FMD; 
n = 4), scaled by column. Representative metabolites are given in Annotation column. Differences 
between groups were assessed by two-way ANOVA with Tukey’s post-hoc test. Cartoons were created 
with BioRender. Heatmap was produced using the R pheatmap package based on the average value 
of metabolites.
§Breakdown product of protein catabolism; #Not a natural metabolite, part of exposome; Blue font, 
metabolites in diabetes and FMD groups are both significantly different from control
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Discussion

In the present study, we observed that a periodic fasting mimicking diet in a diabetic 
mouse model reduced overall body weight, partially protected the glomerular endothelial 
surface glycocalyx layer and prevented glomerular capillary loop destruction. While dur-
ing the FMD cycles fatty acid as a source of energy completely took over, loss of body mass 
was observed predominantly through loss of muscle mass instead of fat mass. At renal 
glomerular level, metabolite presence was not preserved in FMD mice when compared to 
diabetic and control mice. Here, presence of reduced fatty acids, protein breakdown prod-
ucts and UDP-GlcUA, key glycosaminoglycan substrate, were accompanied by increased 
oxidative stress.

After inducing diabetes, we observed that periodic FMD was able to protect the glomeru-
lar capillaries and its luminal glycocalyx, although with regard to the latter only a partial 
preservation was found as surface hyaluronan expression was not preserved. Although 
FMD could have a positive effect in inducing glycocalyx biosynthesis [16], the reduced 
amounts of one of its substrates, UDP-GlcUA, would prevent optimal hyaluronan synthesis 
by the main endothelial hyaluronan synthase 2 (HAS2) [21]. Meanwhile, other glycos-
aminoglycans such as heparan sulfate- and chondroitin sulfate glycosaminoglycans still 
could benefit, since these molecules are produced intracellularly within the Golgi-system, 
which exerts specific transporters to keep such substrates in high concentrations [22, 23]. 
Despite the reduced luminal hyaluronan presence, glomerular capillary rarefaction was 
prevented, although mice on the periodic FMD intervention in the continuous diabetic 
environment showed increasing urine production [16, 24]. 

During the FMD cycles, a metabolic switch to predominant lipid oxidation as energy source 
was induced, with an extensive reduction in blood glucose levels and body weight during 
the fasting days. This weight loss was dominantly caused by a reduction in lean mass, 
which mainly consisted of a significant loss of total water and muscle mass. Negative ef-
fects of fasting on muscle mass have been a big concern in fasting methods [25]. Several 
studies showed that adequate protein intake during weight loss regimes mitigate the loss 
of lean mass [26, 27]. Moreover, the FMD used in the current study has a very low amino 
acid/protein content [2, 6], which may enhance the risk of losing muscle mass during 
the fasting periods [28, 29]. In addition, a great reduction in total water was seen during 
the FMD cycles. In combination with increased urine production in the FMD mice, it sug-
gest that the diet induces excessive water loss. Interestingly, during the overall 10 week 
period, the diabetic mice receiving the FMD showed additional weight loss on top of the 
reduced weight gain observed between diabetes- and control mice. With an overall raise 
in urine production and reduced muscle mass found, both fluid- and protein homeostasis 
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affected by the repeated FMD cycles could have exerted a lasting effect beyond the short 
periods of calorie restriction. 

Following the overall total body metabolic assessment, we also used mass spectrometry 
imaging to specifically identify the glomerular metabolic status [14]. In a subset of control 
and diabetic kidney samples from our current study, we could determine diabetic related 
metabolic changes throughout the kidney, especially of small molecule metabolites and 
glycero(phoso)lipids in downstream nephron segments [14]. Although we observed in the 
total kidney samples a relative higher acetoacetate expression in both diabetes and FMD-
treated mice compared to control (data not shown), focusing on glomeruli we observed 
in both diabetes- and FMD-treated mice overall lower metabolite levels, reduced protein 
catabolism breakdown products and increased oxidative stress markers. In particular, oph-
thalmic acid, a reduced breakdown product of glutathione turnover related to diminished 
glutathione synthesis, has been found in patients with uncontrolled diabetes [30, 31]. 

Our study has also several limitations. Despite the earlier positive effects observed in 
experimental type 1 and type 2 mouse models [5, 6], we did not observe changes in 
diabetes state nor an overall favourable effect on renal glomerular function. With regard 
to our STZ induced diabetes model we allocated only stable hyperglycaemic mice after 2 
weeks to both the diabetic study arms. In our previous studies in the STZ-induced diabetes 
model on enriched cholesterol chow, we also did not observe recovery form the diabetes 
phenotype [12, 13]. Of note, in these previous studies we did observe a lasting increased 
ACR with increased mesangial surface area expansion and reduced nephrin expression, all 
for up to week 26. These overall changes coincided with loss of glomerular cationic ferritin 
and anti-HS antibody staining, intraluminal lectin staining (LEA), and increased glomerular 
HPSE and CTSL (cathepsin L) presence, all lacking in our current model. We observed that 
the diabetic model we used previously already displayed increased fatty-acid oxidation 
in diabetic mouse indiscernible from FMD. By administration of insulin to keep blood 
glucose levels within a preferred range, i.e. between 15-20mmol/L, we now could observe 
clear differences in metabolic state between diabetic and FMD mice. Unfortunately, this 
resulted in a very mild renal phenotype with only changes in glomerular capillary number 
and in glomerular endothelial glycocalyx coverage. Despite this limitation, our current 
model provided enough evidence to test for preservation of the glomerular endothelial 
cells and to observe the limited metabolic changes in the kidney in such a mild diabetic 
environment.

In conclusion, repeated FMD cycles in a STZ-induced diabetic mouse model, accompanied 
by periodic metabolic switches to overt lipid oxidation for energy, resulted in overall 
weight loss and prevented partially glomerular endothelial surface glycocalyx and capil-
lary loss. However, weight loss was mainly found in lean and not fat mass and it did not 
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prevent glomerular metabolic changes as could be observed in diabetic mice. In diabetic 
mice after repeated FMD cycles, we still observed increased oxidative stress and reduced 
UDP-GlcA presence, possibly hampering hyaluronan synthesis.
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