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Abstract

Context: Novel fasting interventions have gained scientific and public attention. Periodic fasting has emerged as a dietary modification pro-
moting beneficial effects on metabolic syndrome.

Objective: Assess whether periodic fasting reduces albuminuria and activates nephropathy-driven pathways.

Design/Participants: Proof-of-concept study where individuals with type 2 diabetes (n = 40) and increased albumin-to-creatinine ratio (ACR)
were randomly assigned to receive a monthly fasting-mimicking diet (FMD) or a Mediterranean diet for 6 months with 3-month follow-up.

Main Outcomes Measures: Change in ACR was assessed by analysis of covariance adjusted for age, sex, weight loss, and baseline value.
Prespecified subgroup analysis for patients with micro- vs macroalbuminuria at baseline was performed. Change in homeostatic model assess-
ment for insulin resistance (HOMA-IR), circulating markers of dicarbonyl detoxification (methylglyoxal-derived hydroimidazolone 1, glyoxalase-1,
and hydroxyacetone), DNA-damage/repair (phosphorylated histone H2AX), lipid oxidation (acylcarnitines), and senescence (soluble urokinase
plasminogen activator receptor) were assessed as exploratory endpoints.

Results: FMD was well tolerated with 71% to 95% of the participants reporting no adverse effects. After 6 months, change in ACR was compar
able between study groups [110.3 (99.2, 121.5) mg/g; P = 0.45]. FMD led to a reduction of ACR in patients with microalbuminuria levels at base-
line [-30.3 (-=35.7, —24.9) mg/g; P< 0.05] but not in those with macroalbuminuria [434.0 (404.7, 463.4) mg/g; P = 0.23]. FMD reduced HOMA-IR
[-3.8 (-5.6, —2.0); P< 0.05] and soluble urokinase plasminogen activator receptor [-156.6 (-172.9, —140.4) pg/mL; P < 0.05], while no change
was observed in markers of dicarbonyl detoxification or DNA-damage/repair. Change in acylcarnitines was related to patient responsiveness to
ACR improvement. At follow-up only HOMA-IR reduction [-1.9 (-3.7 -0.1), P < 0.05]) was sustained.

Conclusions: Improvement of microalbuminuria and of markers of insulin resistance, lipid oxidation, and senescence suggest the potential
beneficial effects of periodic fasting in type 2 diabetes.

Key Words: diabetic nephropathy, periodic fasting, insulin resistance, dicarbonyl detoxification, lipid oxidation, senescence

Abbreviations: AC, acylcarnitines; ACR, albumin-to-creatinine ratio; C2, acetylcarnitine; DKD, diabetic kidney disease; eGFR, estimated glomerular filtration
rate; FMD, fasting-mimicking diet; Glo-1, glyoxalase-1; HOMA-IR, homeostatic model assessment of insulin resistance; M-Diet, Mediterranean diet; MDS,

Mediterranean diet score; MG, methylglyoxal; MG-H1, methylglyoxal-derived hydroimidazolone 1; SGLT-2, sodium-glucose cotransporter-2; suPAR, soluble uro-
kinase plasminogen activator receptor; pGlo-1, phosphorylated glyoxalase-1; WBC, white blood cells; yH2Ax, phosphorylated histone H2AX.

Diabetic nephropathy is the most common cause of end- sodium-glucose cotransporter-2 (SGLT-2) inhibitors and
stage renal disease, and therapeutic options for slowing its angiotensin-converting-enzyme inhibitors or angiotensin II
progression are limited to control of glycemia, lipidemia, receptor blockers, exert nephroprotection to some degree

and blood pressure (1). Current therapies, in particular, (2, 3). However, the renal benefits attributed to SGLT-2
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inhibitors cannot be explained by the modest improvement in
glycemic, blood pressure, and lipid control (2). Once diabetic
kidney disease (DKD) is established, it is only possible to slow
its progression, whereas therapies for long-lasting remission
are lacking (4).

Hyperglycemia may cause a decline in renal function
leading to DKD via activation of the sorbitol pathway, acti-
vation of the hexosamine pathway, and an increase in oxi-
dative stress, eventually resulting in fibrosis (5-7). Moreover,
dicarbonyl stress and advanced glycation endproducts
have long been implicated in the development of diabetic
complications and DKD (8-12). Increased DNA damage
and persistent DNA damage signaling as well as senes-
cence have also been described in type 2 diabetes (13-16).
Recently, it was shown in vivo that restoring DNA repair
in experimental type 1 diabetes by overexpression of a nu-
clear phosphomimetic receptor for advanced glycation
endproducts reduces DNA damage and inflammation and
may improve renal function (17).

Interestingly, recent research has shown that periodic
fasting can have protective effects by reducing oxidative
damage, inflammation, and supporting cellular protection
(18-22). Moreover, previous work on cardiorenal benefits
of SGLT-2 inhibitors postulated that enhanced ketogenesis
may account for their favorable effects due to a shift in fuel
metabolism from glucose oxidation to fat and subsequent
utilization of ketone bodies shifting energy metabolism to
ketolysis (23-26). Since kidney metabolism relies highly on
lipolysis and ketone bodies, periodic fasting may be benefi-
cial by activating lipolysis. It is yet unclear whether periodic
fasting reduces systemic dicarbonyl stress, DNA damage, and
markers of senescence.

The aim of this proof-of-concept study was to test whether
a periodic fasting-mimicking diet (FMD) may lead to change
in albumin-to-creatinine ratio (ACR) and to changes in
markers of insulin resistance, dicarbonyl detoxification, lipid
oxidation, DNA damage/repair, and senescence.

Methods
Study Design and Study Population

This randomized controlled open study was performed at
the Clinic of Endocrinology, Diabetology, Metabolism and
Clinical Chemistry, at the University Hospital of Heidelberg.
The ethics committee of the University Hospital of Heidelberg
approved all study procedures (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).

Patients with type 2 diabetes with good glycemic and blood
pressure control, optimized treatment according to current
guidelines (27), and increased ACR assessed from 2 consecu-
tive early morning spot urine samples according to Kidney
Disease Improving Global Outcomes guidelines were recruited
(28). All participants gave written informed consent. Inclusion
criteria were age 50 to 75 years, estimated glomerular filtra-
tion rate (eGFR) > 30 mL/min/173 cm? from Chronic Kidney
Disease Epidemiology Collaboration formula, and body mass
index 23 to 40 kg/m2. Exclusion criteria included legally in-
capacitated persons; other form of diabetes (ie, diabetes
mellitus type 1, pancreatogenic diabetes, or steroid-induced

diabetes); acute infection/fever; severe heart; kidney; hema-
tological or liver diseases; heart failure of New York Heart
Association class IV; nondiabetic liver disease (ie, primary bil-
iary cirrhosis, primary sclerosing cholangitis, Morbus Wilson,
hemochromatosis, autoimmune hepatitis); severe peripheral
artery disease (stage IV); nondiabetic glomerulopathy; im-
munosuppressive therapy; alcohol or drug abuse; history of
cancer disease in the last 5 years prior to study; infectious
hepatitis B, C, or E; HIV infection; autoimmune diseases or
immunosuppressive therapy; participation in other interven-
tional studies; anemia or hematological disease; other causes
of polyneuropathy (autoimmune, alcohol-induced, or vitamin
B12 deficiency, collagenosis); pacemaker; and food allergy
(nuts, tomato, soja, or other ingredients enlisted in the diet
program). Withdrawal criteria included subject’s request and
lack of increase in blood and/or urine ketone bodies.

All participants received 1 individual dietary counseling
before the baseline visit according to recommendations of
the American Diabetes Association (27). Baseline measures
were performed before the first diet cycle. Participants were
seen at baseline and each month after the diet cycle (the sixth
day after the 5-day diet intervention), for a total of 6 diet
cycles. Participants were seen at refeeding timepoints: 1 week
after the third and after the sixth diet cycle. Adherence to
the study regimen was assessed from dietary protocols and
measurement of ketone bodies in blood and urine. Follow-up
timepoint was 3 months after study completion. Study design
is shown in Figure 1A.

Randomization

Participants were randomized (1:1) by a stratified com-
puted procedure (Randomizer Version 2.0.3© Institute for
Medical Informatics, Statistics and Documentation, Medical
University of Graz) for body mass index (cutoff value 30.0 kg/
m2) and hemoglobin Alc (cutoff value 7.0%) to intervention
or control group. The randomization list was only accessible
to assigned randomization list managers.

Diet Intervention

Participants were instructed to comply for 5 consecutive
days each month, either with FMD (intervention group)
or with a Mediterranean diet (M-Diet; control group) and
to return to their normal diet until the next diet cycle that
was initiated about 25 days later. FMD was a plant-based
diet that mimics fasting-like effects on glucose and ketone
bodies: day 1 supplied 4600 kJ (11% protein, 46% fat, and
43% carbohydrates), whereas days 2 to 5 provided 3000
k] (9% protein, 44% fat, and 47% carbohydrate) per day
(21). M-Diet had no change in caloric intake compared to
participant’s diet before the study and was adapted ac-
cording to the Mediterranean diet score (MDS) (29). Weight
loss of <10% was accepted for both study groups. Patients
who were on insulin therapy were instructed to discontinue
short-acting insulin and to reduce the long-acting insulin
by 50% when taking FMD. Oral antidiabetic therapy was
also discontinued during FMD. Glycemic levels were self-
monitored (fasting and 2-hour postprandial levels, at least
4 measurements daily) with a capillary blood glucose moni-
toring system (Accu-Check Guide®, Roche), and a 24-hour
telephone platform was available for participants to report
hypo- or hyperglycemic episodes. Antihyperglycemic medi-
cation was reduced in case of a reduction of fasting plasma
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Figure 1. Study design (A) and CONSORT flow diagram (B). Abbreviations: AL, ad libitum; FMD, fasting-mimicking diet; M-Diet, Mediterranean diet;
rV3, visit at refeeding 1 week after the third diet cycle; rV6, visit at refeeding one week after the sixth diet cycle; VO, visit at baseline; V1, visit after the
first diet cycle; V2, visit after the second diet cycle; V3, visit after the third diet cycle; V4, visit after the fourth diet cycle; V5, visit after the fifth diet cycle;
VB, visit after the sixth diet cycle; V7, follow-up visit 3 months after study completion.

glucose by more than 20% compared to the previous meas-
urement (21). Antihypertensive medication was reduced if a
participant reported hypotension (lower than 100 mmHg for
systolic and lower than 60 mmHg for diastolic values). The
aim was to maintain comparable glycemic and blood pres-
sure control between the study groups throughout the study.
All participants were instructed to avoid excessive physical
activity during FMD or M-Diet and to return to their normal

physical activity afterward. Participants were asked to write
their individual diet and physical activity protocol during the
study. Health-related quality of life and physical health was
assessed using the 12-Item Short-form Health Survey (30).
Somatic and depression symptoms were evaluated using the
Patient Health Questionnaire (31). Thyroid function was
controlled during the study by measuring thyroid-stimulating
hormones levels in plasma.
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Outcomes

Primary endpoint was the change in ACR between study
groups. A prespecified subgroup analysis for participants with
micro- vs macroalbuminuria levels at baseline was performed
for the primary endpoint. Prespecified exploratory endpoints
comprised change in homeostatic model assessment for in-
sulin resistance (HOMA-IR) as marker for insulin resistance,
change in plasma methylglyoxal-derived hydroimidazolone 1
(MG-H1), plasma methylglyoxal (MG), glyoxalase-1 (Glo-1)
activity, and expression of phosphorylated Glo-1 (pGlo-1) in
white blood cells (WBC), hydroxyacetone in red blood cells
as markers of dicarbonyl detoxification, change in plasma
acylcarnitine (AC) profile as a marker of fatty acid oxidation,
change in phosphorylated histone H2AX (yH2Ax) expression
in WBC as marker of DNA damage/repair, and change in sol-
uble urokinase plasminogen activator receptor (suPAR), as a
marker of kidney injury and senescence.

Safety

Safety was monitored by assessment of vital signs, physical
examination, electrocardiogram, adverse events following
the Common Terminology Criteria for Adverse Events (v4.0),
and laboratory results at each visit.

Power Calculation

According to previous studies, a reduction of albuminuria by
at least 30% is considered clinically relevant (32, 33). Thus,
the actual study required a total sample size of 34 patients to
detect a mean difference between groups of 30% decrease of
ACR from baseline, assuming an SD of 30% for both groups
with a 2-sample #-test and a 2-sided significance level of
a=5% and a power of at least 80%. An estimated dropout
rate of 15% resulted in 40 participants. Sample size calcula-
tion was performed in PASS 16.0.12.

Blood Chemistry

Blood samples were drawn in fasting state and immedi-
ately 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).

Quantification of Acylcarnitines

ACs were determined in serum by electrospray ionization
tandem mass spectrometry according to a modified method
as previously described (34), using a Quattro Ultima triple
quadrupole mass spectrometer (Micromass, Manchester, UK)
equipped with an electrospray ion source and a Micromass
MassLynx data system. In particular, 5 pL of plasma was
placed on a 4.7-mm filter paper punch, dried at room tem-
perature overnight, and extracted with 100 pL of deuterium-
labeled standard solution in methanol (34).

Measurement of MG, MG-H1, Hydroxyacetone, and
Glo-1 Activity

Plasma concentration of MG and plasma and urine concen-
tration of MG-H1 was determined by stable isotopic dilution,
liquid chromatography with tandem mass spectrometry as
described previously (35). Hydroxyacetone was determined
using O-(2,3,4,5,6-pentafluorophenyl) methyl hydroxylamine
as a derivatizing agent (36). Activity of Glo-1 was determined
spectrophotometrically as described previously (36).

Phosphorylated Glyoxalase-1

Total protein  was isolated from WBC using
immunoprecipitation buffer, and protein concentration was
determined using the Bradford reagent (37). Proteins were
resolved by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (15% Mini-PROTEAN TGX, Biorad) and trans-
ferred onto a 0.2-pM nitrocellulose membrane and blocked
using 5% milk powder in phosphate-buffered saline (PBS)
and 0.05% Tween 20 (PBS-T) at room temperature for 1
hour. Membranes were then incubated overnight at 4°C with
antibodies against phosphorylated Y136 Glo-1 rabbit poly-
clonal self-made (1:250 dilution; Teleman-Dkfz, Glo1_Y136,
RRID: AB_2909423), Glo-1 antibody guinea pig polyclonal
self-made (1:1000 dilution; Teleman-Dkfz, Glo1_Drosophila,
RRID: AB_2909427), and Calnexin rabbit polyclonal anti-
body (1:1000 dilution Enzo Life Sciences ADI-SPA-860,
RRID: AB_10616095) in 5% bovine serum albumin in
PBS-T. Blots were washed and then incubated with an ap-
propriate anti-rabbit horseradish peroxidase-conjugated anti-
body (Jackson ImmunoResearch Labs, 111-035-003, RRID:
AB_2313567) and anti-guinea horseradish peroxidase-
conjugated antibody (Jackson ImmunoResearch Labs, 106-
035-003, RRID: AB_2337402; 1:5000 in 5% milk powder
in PBS-T) for 1 hour at room temperature. Proteins were
visualized on a ChemiDoc system using Western Lightning
Plus-ECL (PerkinElmer) with varying exposure times (0.1-3
minutes). Protein expression was determined using the soft-
ware Image-master (Bio-Rad) and normalized to calnexin.

Isolation of White Blood Cells

Blood samples were processed immediately after taking
the blood in fasting conditions as described in the previous
discussion. All following steps were done on ice at 4°C to
avoid sample degradation. One syringe of 9-mL EDTA blood
(Sarstedt AG & Co. KG, Niimbrecht, Germany) was spun
down at 3000 rpm for 5 minutes and 2 mL of plasma super-
natant were transferred in a separate tube and spun again at
1400 rpm for 1 minute. These plasma samples were frozen at
-80°C until they were used for further analyses. One syringe
of 9 mL EDTA blood (Sarstedt AG & Co. KG, Nimbrecht,
Germany) was lysed in 40 mL erythrocyte lysis buffer (ECL;
1.5 M ammonium chloride, 100 mM sodium bicarbonate,
13 mM EDTA pH7.3, and, before use, diluted 1:10) for 15
minutes. Cells were spun down at 1700 rpm for 5 minutes.
Afterward, the cells were washed once with ECL and once
with NaCl 0.9% and spun down at 1300 rpm for 5 minutes.
The cells were resuspended in fetal calve serum (FCS, Sigma-
Aldrich, St. Louis, MO, USA) and frozen in FCS with 10%
dimethyl sulfoxide (~3 Mio cells per tube) at -80°C until the
samples were used for further analyses.

Determination of CometTail Length and yH2Ax-
Positivity in WBC

For each patient, 1 vial with ~3 million cells were thawed in
a 37°C waterbath and immediately transferred into 10 mL
prewarmed PBS (Sigma-Aldrich) and spun down at 1400 rpm
for 10 minutes. Following a second wash step with 10 mL
PBS, cells were incubated with 1 mL of 200 ng DNase (Sigma-
Aldrich) in PBS and § mM MgCl for 30 minutes at room tem-
perature and spun down again. After resuspension in 1 mL
PBS with 10% FCS and 1 mM EDTA (FACS buffer), 10 L
per patient were transferred to a V-shaped 96-well plate for
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the Comet Assay (Trevigen, Gaithersburg, MD, USA). The
remaining material was spun down, resuspended in 200 pL
FACS buffer, and 180 pL transferred to another V-shaped
96-well plate (Sigma-Aldrich) for the FACS analysis of
yH2Ax. Remaining 20 pL per sample were pooled and used
for controls.

Comet Assay

Comet assay was performed with the Reagent Kit for Higher
Throughput Single Cell Gel Electrophoresis Assay (4252-
040-K, Trevigen; Gaithersburg, MD, USA). The assay was
performed according to the protocol, but with the following
changes. For each sample 10 pL of cells were resuspended
with 100 uL LMAgarose, and 15 pL were spread on the comet
plate. To adjust for the used electrophoresis apparatus, the
alternative alkaline unwinding and electrophoresis solutions
were used. Electrophoresis was run with 380 mL at 15V for
1 hour in an ice bath. Comets were stained with SYBRGreen
1:10 000 (S7563, ThermoFisherScientific, Waltham, MA,
USA). Plates were washed twice after staining. Pictures
were taken with Olympus IX81 Widefield microscope using
Olympus ScanR acquisition, and comets were analyzed with
OpenComet (Image]). Mean TailDNA % was used as readout.

yH2Ax Positivity Measurements

The plate was spun at 1300 rpm for 5 minutes, and liquid
discarded. Cells were incubated with 20 pl. Fc Receptor
Blocking Solution (422302, Biolegend, San Diego, CA, USA)
1:200 in FACS buffer for 10 minutes and after removal with
20 pL CD antibodies (APC/cyanine7 anti-human CD3 anti-
body (300425, RRID: AB_830754), Alexa Fluor® 700 anti-
human CD4 antibody (317425, RRID: AB_571942), Brilliant
Violet 421™ anti-human CD14 antibody (325628, RRID:
AB_2563296), APC anti-human CD19 antibody (302211,
RRID: AB_314241); all Biolegend) 1:100 in FACS buffer for
30 minutes. After washing with 100 uL FACS buffer, cells were
fixed with 100 pL fixation buffer (420801, Biolegend) for 10
minutes. After 2 washes with 100 pL. FACS buffer, cells were
stained with 20 pL of Alexa Fluor® 488 anti-H2A.X phospho
(Ser139) antibody (613406, Biolegend, RRID: AB_2248011)
1:100 in permeabilization buffer (421002, Biolegend) for 30
minutes. Afterward, cells were washed twice with 100 pL
permeabilization buffer and once with 100 pL FACS buffer
and stored in 100 pL FACS buffer at 4°C. All steps were car-
ried out at 4°C. Unstained and single stains for all antibodies
were included in each run. Alexa Fluor® 488 Mouse IgG1,
Kk-Isotype Ctrl (FC) antibody (400132, Biolegend, RRID:
AB_2890263) was used as isotype control for Alexa Fluor®
488 anti-H2A.X phospho (Ser139) antibody.

The stained and analyzed cells were measured as frequent of
population for all WBC, lymphocytes, monocytes, and T cells
using Becton Dickinson LSR II flow cytometer (Heidelberg,
Germany) and FlowJo version xV0.7 (Oregon, USA).

Statistical Analysis

Analyses were performed in the intention-to-treat population,
of which at least the baseline and 3 and/or 6 months data
were available. Missing values were not imputed. Available
case analysis was performed, and the respective sample size
is reported. Treatment effects between study groups were
evaluated using analysis of covariance adjusted for age, sex,
weight loss, and the respective baseline value of the outcome.

Hierarchical test strategy was applied to adjust for multiple
comparison analysis. Between-diet comparisons are pre-
sented as estimated marginal means (95% Cls), unless other-
wise stated. Descriptive data are shown as mean = SE of the
mean for normally distributed variables, median (25th, 75th
percentile) for log-normally distributed variables, and fre-
quencies for categorical variables. Distribution assumption
was assessed visually and evaluated by the Kolmogorov-
Smirnov test. Statistical computing was performed using R
(version 3.6.1 2019-07-05). Visualization of the data was per-
formed employing R core packages tiduverse and pheatmap
and GraphPad Prism version 5.00 for Windows (GraphPad
Software, San Diego California USA).

Results

Study Flow and Participants

Between March 2018 and May 2020, 41 patients were ran-
domized to FMD group (n=21) or M-Diet group (n = 20).
One patient of the M-Diet group discontinued immediately
after randomization due to erysipelas and is not included in
the analysis. Thirty-eight (95%) patients completed 3 diet
cycles, and 33 (83%) completed the study. Thirty-one (78 %)
were seen at follow-up (follow-up time was 112 = 31 days).
The main reason for withdrawal after the third diet cycle and
at follow-up were the restrictions related to the Covid-19 pan-
demic. CONSORT study flow diagram is shown in Figure 1B.

Baseline anthropometric and metabolic measures were
comparable between groups (Table 1). Health-related phys-
ical activity assessed from 12-Item Short-form Health Survey
and daily calorie intake, assessed from self-reported diet
protocols, did not differ at baseline, and during the study,
there was no change between the study groups after 5 days
of FMD or M-Diet (data not shown). All patients had normal
thyroid function at baseline and during the study, including
the patients of the FMD group who had previously had a
thyroidectomy.

Albuminuria and Renal Function

After 6 diet cycles, ACR did not change compared to respective
baseline in both groups, and change in ACR was comparable
between study groups [110.3 (99.2, 121.5) mg/g; P = 0.45]
(Table 2). In the prespecified subgroup analysis, when com-
pared to the control group, FMD reduced ACR [-30.3 (-35.7,
-24.9) mg/g; P <0.05] in patients with microalbuminuria
levels at baseline (n =15 in the M-Diet group and n=18 in
the FMD group) (Fig. 2A, Table 2), whereas change in ACR
between groups was similar [434.0 (404.7, 463.4) mg/g;
P =0.23] in patients with macroalbuminuria levels at base-
line (n = 4 in the M-Diet group and n = 3 in the FMD group)
(Table 2). After 3 diet cycles, change in ACR between groups
was comparable in all patients [-62.5 (-71.3, -53.7) mg/g;
P =0.45] and in patients with macroalbuminuria levels at
baseline [-176.2 (-203.1, -149.4) mg/g; P = 0.47], whereas
ACR reduced significantly in patients of the FMD group with
microalbuminuria levels at baseline [-23.7 (-28.4, -18.9)
mg/g; P <0.05] (Fig. 2A, Table 2). Compared to control diet,
FMD resulted in a reduction of urea levels after 3 [-11.8
(-14.0, -9.7) mg/dL; P < 0.01] and after 6 diet cycles [-17.9
(-21.2, -14.6) mg/dL; P <0.05] (Table 2). FMD led to less
decline in eGFR based on cystatin C after 6 diet cycles [8.3
(5.9, 10.6) mL/min/1.73 m?; P < 0.05] between study groups,
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Table 1. Patient characteristics at baseline
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Table 1. Continued

M-Diet (n=19)  FMD (n=21) M-Dict (n=19)  FMD (n=21)
Age, year 66.8+1.4 64.9+1.6 Albumin-to-creatinine
Sex, females/males 5/14 6/15 ratio
BMI, kg/m? 30.2 + 1.0 30.9 = 0.9 All 73.4 (205.6) 51.3 (116.0)
Diabetes duration, 13.6 % 1.9 14.7 £ 2.0 meen
years Macroalbuminuria, 359.3 (1888.5) (4) 555.2(593.2) (3)
/
Diabetes complication L.mg g, n .
Nephropathy 19 (100) 21 (100) lriTtr"[‘;SLammases Saans 07a a4
Neuropathy 12 (63) 10 (48) ST UL s * s s * -
Retinopathy 5 (26) 3 (14) o oEn o
Hist ‘ Serum lipids
istory of: ) )
Trigl L 1 101 1 171
Hypertension 16 (84) 20 (95) riglycerides, mg/d 65 (101) 63 (171)
C h g (42 13 Total cholesterol, 174.8 =+ 10.4 184.6 = 18.3
d.oronary eart (42) 7 (33) me/dL
1sease
HDL. dL 43.0=2.5 44.3 = 2.
Myocardial 5(26) 2(10) » Mg/ 3 8
infarction LDL, mg/dL 94.3 8.9 87.8 = 8.5
OSAS (5) 3(14) Dat. t SE of th f lly distributed variabl
) ata represents mean = [0) € mean ror normally distributed variables,
Arthrosis 9 (47) 10 (47) median (interquartile range) for log-normally distributed variables, or
: frequencies n (%) for categorical variables.
Thyroid nodules (37) 2(10) Abbreviations: ALT, alanine aminotransferase; AST, aspartate
Thyroidectomy 3 (14) aminotransferase; BMI, body mass index; CKD-EPI, Chronic Kidney
Diabetes th Disease Epidemiology Collaboration; DPP-4, dipeptidyl peptidase 4;
rabetes therapy eGFR, estimated glomerular filtration rate; FMD, fasting-mimicking diet;
Dietary 2(11) 1(5) FPG, fasting plasma glucose; GLP-1, glucagon-like peptide-1; HDL, high-
measurements density lipoprotein; LDL, low-density lipoprotein; M-Diet, Mediterranean
) diet; OSAS, obstructive sleep apnea syndrome; RAAS, renin-angiotensin-
Metformin 15 (79) 16 (76) aldosterone system; SGLT-2, sodium-glucose cotransporter 2; WHR, waist-
DPP-4 4(21) 6 (29) hip ratio,
SGLT-2 2(11) 5(24)
GLP-1 agonist 3(16) 0 whereas no difference was observed in eGFR based on cre-
Sulfonylureas 2(11) 1(5) atinine (Table 2).
Glinide 0(0) L) Risk Factors for DKD
Short-aa.mg 'lnsul}n 4(21) 4(19) For the exploratory outcomes, we found that HOMA-IR de-
Long'aCt_mg.mSUhH 737) 7(33) creased after 6 diet cycles [-3.8 -5.6, =2.0); P < 0.05] in the
Other medication noninsulin treated participants of FMD group compared to
RAAS-inhibitors 17 (89) 19 (90) M-Diet (Fig. 2B, Table 2). After 3 diet cycles MG-H1 reduced
Beta-blockers 11 (58) 12.(57) in both study groups, and the reduction in the FMD group
Thiazide diuretics 5(26) 7(33) was significantly higher than the reduction in the M-Diet
Loop diuretics 4021 7 (33) group leading to a between—groups change in MG-H1 of -39.4
Calcium-antagonist 10 (53) 11 (52) (-46.7,-32.1) nM (P <0.01) (Fig. 2C, Table 2). After 6 FMD
Statin 13 (68) 11(52) cycles, change in MG-H1 was comparable between study
o groups [39.5 (-91.3, 170.3) nM; P =0.13] (Fig. 2C, Table
Ezetlmlbe_ o 1) 2 (10) 2). Change in MG-H1 did not associate with change in ACR,
Acetyl-salicylic acid 11(58) 8(38) either in the M-Diet group or in the FMD group (data not
Glycemic control shown). suPAR decreased after 3 [-214.8 (-238.4,-191.3) pg/
HbAlc, % 7.7+0.3 8.1=0.4 mL; P <0.05] and after 6 diet cycles [-156.6 (-172.9, -140.4)
FPG, mg/dL 158.4 +10.6 162.1+9.7 pg/mL; P <0.05] (Fig. 2D, Table 2). Blood ketones increased
Blood pressure 3-fold in the FMD group after 3 ‘diet cycles [0.50 mmol (0.32,
Systolic, mmHg 142.0+3.8 1429531 0.68), P <0.001] apd after 6 diet cygles [0.50.mmol (0.%5,
Diastolic, mmHg 918217 9534138 0.75), P <0.001] (Fig. 2E, Table 2). A high MDS in the M-Diet
i > T T group was reported after 3 [6.1 MDS (5.5, 6.7)] and after 6
Rena unmon_ _ diet cycles [6.1 MDS (5.4, 6.7)] as sign of good compliance.
Seffd“L‘ creatinine, 0.84+0.07 0.88 = 0.06 Plasma MG, Glo-1 activity, and pGlo-1 expression in WBC,
meat hydroxyacetone levels in red blood cells (Fig. 3A-D), and
Cystatin C, mg/L 1.01=0.06 1.10=0.09 yH2Ax levels as well percentage of comet tail in WBC (Fig.
eGFR CKD-EPI 86.97 = 4.32 84.59 = 4.27 3E and 3F) did not change in either diet. Both study groups
Cr?aflm;‘;’ mZL/ were mainly comprised of male participants (74% of the
/o m M-Diet group and 71% of the FMD group), and no differ-
eGFR from cystatin 84.56 £ 4.52 79.47 £ 4.63

C, mL/min*1.73m?

ences in primary or secondary endpoints were found between
female and male participants (data not shown).
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Table 2. Metabolic and anthropometric parameters at baseline, after 3 months, after 6 months, and at follow-up

Parameter Group VO V3 A V7
Glycemia
FPG, mg/dL M-Diet 158.4 = 10.6 (19) 149.1 = 11.4 (18) 151.2 £ 12.1 (16) 167.5 £ 18.2 (15)
FMD 162.1+9.7 (21) 146.7 = 13.8 (20) 137.4 = 12.7 (17) 151.9 = 8.5 (16)
HbA1lc, % M-Diet 7.7 0.3 (19) 7.2+0.3(18) 7.7 0.3 (16) 8.0 £ 0.4 (15)
FMD 8.1+ 0.4 (21) 7.2+ 0.3 (20) 6.7 0.3 (17)* 7.6 = 0.4 (16)
C-peptid, ng/mL M-Diet 3.3+0.4(19) 2904 (18) 3.2+0.6 (16) 3+0.5(14)
FMD 3.1+0.4(21) 2.3+ 0.4 (20) 2.0+0.3(17) 2.7+0.3 (15)
HOMA-IR M-Diet 6.1 0.9 (13) 6.0 0.9 (13) 5.7+1.0(11) 6.1 0.9 (10)
FMD 6.4+1.9(14) 4.9+2.7 (14) 2.6 +0.6 (12)** 5.1+1.7 (10)*
Blood pressure
Systolic BP M-Diet  142.0 = 3.8 (19) 144.6 + 5.9 (18) 142.5 = 4.1 (16) 136.6 = 2.9 (14)
FMD 142.9 = 3.1 (21) 135.9 3.2 (19) 141.3 = 3.2 (16) 142.6 = 5.3 (14)
Diastolic BP M-Diet 81.8 + 1.7 (19) 81.3 = 2.1 (18) 81.8 = 2.4 (16) 80.5 = 2.3 (14)
FMD 85.3 £ 1.8 (21) 81.6 = 1.5 (19) 83.2 1.8 (16) 85.6 £2.3 (14)
Lipidemia
Cholesterol, mg/dL M-Diet 174.8 £ 10.4 (19) 171.7 £ 9.9 (18) 184.2 +11.2 (16) 188.7 £ 13.4 (15)
FMD 184.6 +18.3 (21)  164.7 = 13.1 (20) 160.2 = 10.3 (17) 177.8 = 11.9 (16)
LDL, mg/dL M-Diet 94.3 + 8.9 (18) 90.2 +7.5 (18) 96.6 = 8.4 (16) 103.8 £ 12.3 (13)
FMD 87.8 = 8.5 (20) 952+ 11.5 (19) 87.2+9.6 (17) 84.6 = 10.0 (14)
HDL, mg/dL M-Diet 43.0 2.5 (19) 443 £2.7 (18) 46.8 2.6 (16) 45.7 3.7 (15)
FMD 44.3 2.8 (21) 43.3 2.6 (20) 48.8 3.3 (17) 51.7 = 3.8 (16)
TG, mg/dL M-Diet 205.6 +25.8 (19) 185.5 £20.5 (18) 204.8 +24.6 (16) 214.7 + 35.2 (15)
FMD 277.2+756(21)  166.8 = 37.5 (20) 121.2 = 12.4 (17) 209.4 = 35.8 (16)
(a), mg/dL M-Diet 30.3 8.7 (19) 35.6 =10.5 (17) 33.6 9.7 (16) 34.6 = 10.7 (14)
FMD 16.3 3.5 (21) 20.6 = 4.4 (20) 17.5 2.1 (17) 143+ 1.7 (15)
Liver parameters
AST, U/L M-Diet 27.5+ 1.7 (19) 31.1+3.0 (18) 272+ 1.6 (16) 26.3 = 1.5 (15)
FMD 27.5+3.3(21) 29.9 +2.4 (20) 25.5+1.4(17) 23.0+ 1.6 (16)
ALT, U/L M-Diet 31.3+2.8 (19) 32.8 4.4 (18) 30.4 + 2.8 (16) 30.7 = 2.7 (15)
FMD 30.6 = 3.1 (21) 34.7 = 3.5 (20) 25.6 +1.9(17) 23.3+2.4(16)
Liver stiffness, kPa M-Diet 6.9+0.8 (19) 6.4+ 0.6 (18) 6.0+ 0.6 (16) 72+1.2(14)
FMD 8.1=1(21) 6.2 +0.6 (19) 6.4+0.7(17) 7.1+0.8 (15)
Protein level
Plasma-albumin, g/L M-Diet 44.3 0.7 (19) 44.8 = 0.6 (18) 44.9 = 0.7 (16) 44.6 = 0.7 (15)
FMD 45.9+ 0.4 (21) 46.7 + 0.5 (20) 47.3+0.6 (17) 45.5+0.5 (16)
Plasma-total protein, g/L M-Diet 72.9 = 1.4 (19) 72.8 = 1.4 (18) 72.4 + 1.5 (16) 71.5 = 1.4 (15)
FMD 73.3+0.9 (21) 74.6 = 1.1 (20) 72.9 £ 0.9 (17) 69.5 = 0.8 (16)
Renal parameters
WACR, mg/g M-Diet 73.4 (205.6) (19)  72.7 (125.8) (18) 63.1(353.6) (16) 76.0 (149.9) (15)
FMD 51.3(116.0) 21)  34.8 (43.6) (20) 25.6 (40.3) (17 36.5 (137.8) (16)
Micro.uACR, mg/g M-Diet 44.8 (49.2) (14) 35.8 (58.0) (13) 37.2 (50.5) (11 22.9 (65. 6) (11)
FMD 43.7 (39 ) (17) 29.1 (36.1) (16)* 23.4 (30.3) (14 27.4 (27.1) (13)
Macro.uACR, mg/g M-Diet  359.3 (1888.5) (4)  249.2 (2533.6) (4) 430.3 (592.5) (3 399.8 (143.4) (3)
FMD 555.2 (593. 2) (3)  666.1(575.0) (3) 1034.7 (591.1) (3 915.4 (905.8) (3)
Urea, mg/dL M-Diet 39.1+3.2(19) 38.1+2.9 (18) 48.8 + 8.7 (16) 35.9+2.3 (15)
FMD 38.8+4(21) 25.6£1.9 (20)** 26.2+2.1(17)* 38.2+2.9(16)
Creatinine, mg/dL M-Diet 0.8 +0.1(19) 0.9+ 0.1 (18) 0.8+0.1(16) 0.8 0.1 (15)
FMD 0.9 +0.1(21) 0.9 = 0.1 (20) 0.9+0.1(17) 0.9 +0.1(16)
¢GFR CKD-EPI (creatinine), M-Diet 87 + 4.3 (19) 85 + 4.5 (18) 86.4 + 4.7 (16) 87.7 = 4.3 (15)
mlL/min/1.73 m? FMD 84.6 = 4.3 (21) 83.2 4.2 (20) 81.8 4.8 (17) 82.3 4.7 (16)
Cystatin C, mg/L M-Diet 1=0.1(19) 1.1+0.1(18) 1.2+0.1(16) 1.1+0.1(15)
FMD 1.1+0.1(21) 1.1+0.1(20) 1.1+0.1 (17)* 1.1+0.1(16)
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Table 2. Continued

Parameter Group VO V3 A v7
eGFR (cystatin C), mL/min/1.73 m2 M-Diet 84.6 +4.5(19) 80 + 4.3 (18) 72.9 £ 5.6 (16) 73.3 4.9 (15)
FMD 79.5 4.6 (21) 77.2 £4.5 (20) 77.4+5.1(17)* 71.2 4.9 (16)
sUPAR, pg/mL M-Diet 3040.5 +218.0 (19) 3106.0 = 335.6 (17) 2975.4 + 187.6 (16) 3052.8 +197.0 (14)
FMD 3122 + 375 (21) 2998.6 +216.9 (20)*  2737.1+x117.8 (17)* 3036.7 = 180.4 (15)
Ketogenesis
Blood ketones, mmol/L M-Diet 0.1 +£0.0(19) 0.2 +0.0(18) 0.1 £0.0 (16) 0.1 =0.0 (14)
FMD 0.2 = 0.0 (21) 0.5 +0.1 (20)** 0.5+0.1 (17)** 0.1+0.0(15)
Urine ketones, mg/dL M-Diet 0.3 0.3 (19) 2.2+0.9 (18) 2.5+1.3(16) 1.8+1.1(14)
FMD 1.2+ 0.8 (21) 5.8+1.5(20) 7.9+3.2(17) 1.0 = 0.5 (15)
Other parameters
Uric acid, mg/dL M-Diet 6.0+0.3(19) 6.1+0.3(18) 6.0+0.4 (16) 5.9+0.3(14)
FMD 6.6 0.4 (21) 6.4 = 0.3 (20) 6.8=0.4(17) 6.4x0.5(15)
hsCRP, mg/L M-Diet 1.9+ 0.4 (19) 2.1+0.5(18) 2.2+0.6 (16) 3.2+1.0(15)
FMD 5.1+1.6(21) 3.2 +1.0(20) 2.6+1.2(17) 2.3+0.9 (16)
hsTNT, pg/mL M-Diet 15.9+2.2(19) 17.0 = 2.5 (18) 18.3 + 3.6 (16) 17.1 = 3.1 (15)
FMD 12.6 = 1.5 (21) 12.7 = 1.6 (20) 13.0 1.3 (17) 15.9+2.7 (16)
IGF-1, ng/mL M-Diet 111.9 = 8.5 (19) 117.2 9.8 (18) 115.1+10.3 (16) 123.7 = 12.6 (14)
FMD 135.1 £8.7 (21) 127.8 = 7.0 (20) 127.9 £ 9.1 (16) 137.2 £ 7.7 (15)
IL-6, pg/mL M-Diet 3.0+0.6 (19) 3.8+0.6(18) 3.2+0.8(135) 2.9+0.4(14)
FMD 2.9+0.4 (21) 3.5+ 0.6 (20) 2.3+0.1(17) 23202 (14)
NT-proBNP, ng/L M-Diet 149.7 + 39.1 (19) 169.2 = 34.1 (17) 129.0 = 32.2 (16) 140.4 = 41.4 (15)
FMD 198.5 £100.3 (21) 202.2 +70.0 (19) 173.5 £ 57.4 (17) 252.8 +111.2 (16)
Plasma MG-H1, nM M-Diet 217.9 + 36.0 (19) 132.7 £ 15.4 (18) 246.0 +27.9 (16) 281.1 = 37.6 (15)
FMD 213.3 +32.0 (21) 81.7 +10.7 (20)** 297.4 +72.0 (17) 294.7 = 50.31 (15)
Body weight
Body weight, kg M-Diet 93.3+3.6(19) 93.0+ 3.9 (18) 93.1+4.4 (16) 90.5 + 4.5 (14)
FMD 95.7 £3.6 (21) 90.0 + 3.8 (20)*** 85.8+3.6(17)** 91.4 3.7 (15)
BMLI, kg/m? M-Diet 30.2 = 1.0 (19) 30.1=1.1(18) 30.2 = 1.2 (16) 29.8 + 1.3 (14)
FMD 31+0.9(21) 29.1 £ 1.1 (20)*** 27.7 £1.0 (17)%*** 29.4 = 1.1 (15)
Body composition (BIA)
Fat mass, % M-Diet 29.9 = 1.9 (18) 30.1=1.9(17) 30.2 £2.1(15) 30.3 2.2 (14)
FMD 31.9 = 1.8 (21) 31.1 = 1.9 (20) 29.6 £2.0 (16) 30.1 2.2 (15)
Fat mass, kg M-Diet 28.4 £2.7 (18) 28.4 2.8 (17) 28.5 2.9 (15) 27.9 = 3.0 (14)
FMD 30.7 £ 2.1 (21) 28.4 2.4 (20) 25.3+2.2(16) 27.7 £2.4 (15)
Fat-free mass, % M-Diet 70.1+1.9 (18) 69.9 1.9 (17) 69.7 2.1 (15) 70.4 2.6 (14)
FMD 68.1 = 1.8 (21) 68.9 + 1.9 (20) 70.5 = 2.1 (16) 69.9 2.2 (15)
Fat-free mass, kg M-Diet 64.8 +2.4(18) 63.8=2.4(17) 63.7 2.8 (15) 62.7 3.0 (14)
FMD 64.9 = 2.7 (21) 61.5 +2.6 (20) 59.4£2.7 (16) 63.7 3.1 (15)
Body liquid, % M-Diet 53.2+1.6(18) 52.9=1.5(17) 52.5 1.6 (15) 52.4+1.8(14)
FMD 51+1.4(21) 51.2+1.4(20) 51.7 1.5 (16) 52.7 = 1.5 (15)
Body liquid, L M-Diet 49.2+1.9 (18) 48.3 1.8 (17) 48.0=2.2 (15) 472 +2.4 (14)
FMD 48.8 £2.4 (21) 46.0 = 2.3 (20) 43.8 £2.3 (16) 48.2 2.5 (15)
Phase angle M-Diet 5.8+0.1(18) 5.8+0.1(17) 5.8+0.1(15) 5.60.1(14)
FMD 5.8+0.2(21) 5.7 0.2 (20) 5.7+0.2 (16) 5.5+0.2(15)

Data are shown as mean = SE of the mean of unadjusted values of variable for normally distributed variables or as median (interquartile range) for log-
normally distributed variables. Statistically significant values are written in bold and indicate significance level of intervention effect on change of parameter
compared to baseline and are based on M-Diet corrected analysis of covariance with adjustment for age, sex, and weight loss. ***P < 0.001, **P < 0.01,

*P <0.0S.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BIA, bioimpedance analysis; BMI, body mass index; BP, blood pressure;
CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; eGFR, estimated glomerular filtration rate; FMD, fasting-mimicking diet; FPG, fasting
plasma glucose; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment of insulin resistance; hsCRP, high-sensitivity C-reactive protein;
hsTNT, high-sensitivity troponin T; IL-6, interleukin 6; Lp(a), lipoprotein (a); LDL, low-density lipoprotein; Macro.uACR, macroalbuminuria; M-Diet,
Mediterranean diet; Micro.uACR, microalbuminuria; NT-proBNP, N-terminal prohormone of brain natriuretic peptide; sSUPAR, soluble urokinase-type
plasminogen activator receptor; TG, triglyceride; uACR, urinary albumin-to-creatinine ratio; VO, baseline; V3, after 3 diet cycles; V6, after 6 diet cycles; V7,
follow-up.

220z AInr 80 uo Jasn wnyiBojojewseH 4S9 Aq 1.829/59/261986p/WaUI/0LZ L0 L/10p/a]o1HE-80UBAPE/WSf/W00"dNo"olWapede//:sdny Wolj papeojumoq



The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. XX, No. XX 9

A

B baseline

[ 3 months
6 months
& follow-up

=400 B baseline

£.300 [l 3 months
= 200 6 months
T & follow-up
g 100

*kk

ne (mmol/l)
o
(=}

(o]
e
»

t

202

B

B baseline

[1] 3 months
6 months
& follow-up

HOMA-IR
oNvbhO®O

B baseline

[] 3 months
6 months
i follow-up

Figure 2. Effects of fasting on microalbuminuria (A), HOMA-IR (B), MG-H1 (C), suPAR (D), and blood ketone bodies (E) after 3 months, after 6 months,
and at follow-up. Data are shown as mean + SE of the mean of unadjusted values of parameter. P-values indicate significance level of intervention
effect on change compared to baseline and are based on M-Diet-corrected analysis of covariance with adjustment for age, sex, and weight loss.
*¥**¥pP<0.001, **P<0.01, *P<0.05. Abbreviations: FMD, fasting-mimicking diet; HOMA-IR, homeostatic model assessment of insulin resistance;
M-Diet, Mediterranean diet; MG-H1, methylglyoxal-derived hydroimidazolone 1; suPAR, soluble urokinase plasminogen activator receptor.

The changes in fasting plasma glucose, low-density lipo-
protein, high-density lipoprotein, or triglyceride levels were
similar between study groups throughout the study (Table 2).
Weight loss of -5.6kg [-5.9% (-6.5, -4.6), P <0.001] after
3 diet cycles and of -7.2 kg [-7.5% (-9.4, -4.9), P <0.001]
after 6 diet cycles was observed in the FMD group, compared
to a weight loss of -0.7kg [-0.8% (-2.1, 0.8)] after 3 diet
cycles and -1.1 kg [-1.2% (-2.9, 0.7)] after 6 diet cycles in
the M-Diet group. However, when adjusted for weight loss,
body composition analysis revealed no change between the
2 study groups, neither in fat nor in fat-free mass (Table 2).

Fatty Acid Oxidation and Amino Acid Metabolism

Post hoc exploratory analysis of participants of the FMD group
who showed at least a 30% improvement in ACR (referred to
as “responders”) elicited a distinct response in AC profile com-
pared to the nonresponders, especially in acetylcarnitine levels
(C2) (Fig. 4). Notably, C2 levels increased after 3 diet cycles
in responders [4.2 pmol/L (0.2, 8.2), P <0.01] compared to
nonresponders [-1.9 pymol/L (-4.5, 0.8)] and to the M-Diet
group [0.7umol/L (-0.7,2.1)]. A similar increase was observed
also after 6 diet cycles (P <0.01). Alanine concentration in
responders after 6 diet cycles was reduced [-48.4 pmol/L
(-78.8, -18.1), P < 0.05], whereas glycine concentration was

increased [39.6 pmol/L (18.8,60.4), P < 0.05]. When exploring
for parameters that could explain the distinct metabolic re-
sponse between responders and nonresponders in both study
groups, we found no differences in anthropometric and meta-
bolic parameters or body weight (data not shown). Moreover,
no differences in medication at baseline and throughout the
study was observed between responders and nonresponders
(data not shown). Of note, responders of both groups showed
lower ACR levels already at baseline [FMD responders
85.7 mg/g (46.7, 124.7)], compared to FMD nonresponders
[271 mg/g (20, 541.2), P<0.05] and M-Diet responders
[55.5 mg/g (23.3, 87.7)] compared to M-Diet nonresponders
[563.0 mg/g (6, 1120), P < 0.05].

Partially Sustained Changes at Follow-up

At follow-up, only the reduction in HOMA-IR was sustained
[-1.9 (-3.7, -0.1), P <0.05], (Fig. 2B, Table 2), whereas no
change in body weight or body composition was reported
compared to baseline (Table 2). Apart from 3 participants of
the FMD group, all other participants had to some degree in-
creased the antihyperglycemic medication (data not shown).
At follow-up the changes reported during FMD on ACR (Fig.
2A, Table 2), MG-H1 plasma levels (Fig. 2C), suPAR (Fig. 2D),
and AC plasma profile (Fig. 4) were reversed to baseline values.
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Figure 3. Plasma methylglyoxal level (A), glyoxalase 1 activity in white blood cells (B), phosphorylated glyoxalase-1 expression in white blood cells
(C), hydroxyacetone concentration in red blood cells (D), yH2Ax in white blood cells (E), and comet assay with white blood cells (F). Data are shown
as mean + SE of the mean of unadjusted values of parameter. Total Glo-1 immunoblotting is a rehybridization of the pGlo-1 in (C). Representative
participants were analyzed in (A) M-Diet, n = 11, FMD, n = 11; (B) M-Diet n = 11, FMD n = 12; (C) M-Diet n =6, FMD n = 12; (D) M-Diet n = 19, FMD
n=21; (E) M-Dietn =6, FMD n = 9; and (F) M-Diet n =6, FMD n = 12. Abbreviations: FMD, fasting-mimicking diet; Glo-1, glyoxalase 1; MCHC, mean
corpuscular hemoglobin concentration M-Diet, Mediterranean diet; MG, methylglyoxal; pGlo-1, phosphorylated glyoxalase 1; RBC, red blood cells;

WBC, white blood cell; yH2Ax phosphorylated histone H2AX.

Safety of FMD and Effect on Antihyperglycemic and
Antihypertensive Medication

FMD was well tolerated with 71% to 95% of the participants
(depending on the adverse event) reporting no adverse effects.
The most common self-reported grade 1 (mild) or grade 2

(moderate) symptoms experienced were weakness, muscle
pain, dizziness, and headache. No adverse effects of grade 3
or higher were reported (Fig. 5A). Hypoglycemic episodes ex-
perienced during diet intervention did not differ between the
study groups [grade 1 hypoglycemic episodes: 10% (FMD) vs
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11% (M-Diet), grade 2 hypoglycemic episodes 5% (FMD) vs
11% (M-Diet)] (Fig. 5B).

Glycemic and blood pressure control were comparable
at baseline (Table 2). After 3 diet cycles, antihyperglycemic
medication could be reduced in 57% of participants in the
FMD group compared to 32% of the M-Diet group. In 5%
of the participants of the M-Diet group, antihyperglycemic
medication had to be increased (Fig. 6A). After 6 diet cycles,
antihyperglycemic medication could be reduced in 67%
of participants in the FMD group compared to baseline,
whereas in 21% of the participants of the M-Diet group
antihyperglycemic medication had to be increased compared
to baseline (Fig. 6A). Antihypertensive medication could also
be reduced in 10% of the participants of the FMD group
compared to 5% of the participants of the M-Diet group after
3 and after 6 diet cycles. In contrast, in 5§ % of the partici-
pants of the M-Diet group after 3 diet cycles and 10% after
6 diet cycles, antihypertensive medication had to be increased
(Fig. 6B). Subjective health status, as well as somatic and de-
pression symptoms, did not differ between the groups and
throughout the study (data not shown).

Discussion

Our study explored for the first time in a randomized con-
trolled design the clinical impact of periodic fasting in type
2 diabetes patients and showed that FMD is safe and well

tolerated when accompanied by intensive diabetes care. No
episodes of severe hypoglycemia or hypotension were re-
ported, and the intensive medical control the study partici-
pants received in this study makes, on one hand, this study
exceptional and, on the other hand, points out the complexity
of a fasting intervention in type 2 diabetes patients—a mes-
sage we believe will be very helpful in implementing such
dietary recommendations in diabetes care. There were no
significant differences in change of albuminuria between
the study groups in the overall study population. The small
size of the study did not provide adequate power to assess
diet efficacy against the primary endpoint in the subgroup
of patients with macroalbuminuria at baseline. However, the
significant reduction of ACR in the FMD group in patients
with microalbuminuria levels at baseline is important, since
baseline albuminuria levels have been shown to be predictors
of the development of diabetic nephropathy in type 2 dia-
betes (38). Moreover, the reduction in microalbuminuria ob-
served in this study is comparable to the reduction reported
in placebo-controlled studies on SGLT-2 inhibitors (39, 40).
On the other hand, the effects of fasting and ketogenesis on
renal function in macroalbuminuria phase and overt diabetic
nephropathy should be carefully addressed in future studies,
since worsening of macroalbuminuria under fasting condi-
tions cannot be excluded. Although improvement and revers-
ibility of microalbuminuria has been reported in studies using
angiotensin-converting-enzyme inhibitors or angiotensin II
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Figure 5. Subject self-reported adverse effects based on Common Terminology Criteria for Adverse Events (A). Hypoglycemic and hyperglycemic
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receptor blockers (2, 3), the evidence on therapies improving
or resolving macroalbuminuria remains vague (41). These
findings suggest for distinct mechanisms in the natural course
of DKD and future studies addressing the effect of fasting
on kidney-specific disease mechanisms are required (42).
Acknowledging the limitation of a small sample size, future
studies should address the effect of fasting regimes in albu-
minuria in type 2 diabetes patients in larger cohorts, also
addressing generalizability of such dietary interventions in
type 2 diabetes. Albuminuria is thought to be the result of
pathogenic events targeting the vasculature, the glomerulus,
and tubular cells (43-45). The changes observed during FMD
and at follow-up point toward dynamic changes in the cel-
lular events controlling albumin excretion. Of note, this study
shows that FMD has no sustained effect on albuminuria but
cannot forecast any effects on parameters determining renal
function over longer time.

The control group received an isocaloric diet in contrast
to the caloric restriction of the FMD. Although, the control
group showed a mild weight loss, weight loss in the FMD
group was higher and significant when compared to baseline
and to the control group. Being aware of this limitation, we
adjusted all statistical analyses of the study endpoints with
a correction for body weight loss. Moreover, we believe
that reduction of albuminuria is less likely affected by the
weight loss reported in this study since such weight loss is
still persistent at refeeding (1 week after FMD), whereas al-
buminuria levels increase (data not shown). It is previously
reported that improved glycemia and blood pressure, as well

as weight loss, cannot completely explain the antialbuminuric
effect, and other independent pathways could be involved
(33). Few short-term controlled studies on fasting have re-
vealed positive effects on glucose metabolism independent
of weight loss (46, 47). On the other hand, glycemia and
blood pressure, 2 important factors that could affect albu-
minuria, were strictly controlled in this study, as reflected in
the comparable values between the study groups throughout
the study. However, also when analyzing the possible effect of
HbAlc or HOMA-IR values on the change in albuminuria,
a Pearson correlation analysis between the change in HbAlc
and the change in HOMA-IR after 6 months with the change
of microalbuminuria after 6 months showed no significant
correlation (B =0.001, P =0.95 for HbAlc and p=0.131,
P =0.47 for HOMA-IR). The relationship between glycemia
and change in albuminuria is beyond the scope of this manu-
script and should be addressed in future studies. Comparable
glycemic and blood pressure control between both groups
was achieved by a strong reduction in antihyperglycemic and
antihypertensive medication over time in the FMD group.
This reduction is attributed to the diet intervention, since no
other change took place, and reflects an improved metabolic
control in these patients.

Our study provides a robust exploratory analysis for po-
tential protective mechanisms of periodic fasting in type 2
diabetes. The acylcarnitine profile and 2 amino acids dis-
criminated between responders and nonresponders with re-
spect to improvement in ACR. While the specific increase in
acetylcarnitine levels results most likely from pronounced
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activation of lipolysis during prolonged fasting periods, it is
yet unclear whether acetylcarnitine is just a marker of high
compliance to FMD or serves as a substrate for renal metab-
olism and thereby affects the response of microalbuminuria
to FMD (48). This finding is also in line with a previous
report associating circulating short-chain fatty acids with
normoalbuminuria in diabetes (49). The nephroprotective
effects of fatty acid oxidation and ketogenesis are probably
explained by the fact that kidney metabolism relies highly on
lipolysis and ketone bodies. Several studies on SGLT-2 inhibi-
tors in diabetic patients and animal models of diabetes have
shown that it is the induction of a mild ketogenesis that or-
chestrates the nephroprotective effects of SGLT-2 inhibitors,
by shifting energy metabolism to ketolysis (23, 24).

The increase in glycine concentration observed in the re-
sponders is in line with protective effects of glycine on renal
tubular injury as previously described in experimental models
of kidney injury (50). Although we could not show a change
in Glo-1 activity in WBC, previous studies have reported that
glycine may enhance the function of Glo-1 and restore anti-
oxidant defense in kidney of streptozotocin-induced diabetic
rats, thus protecting against renal oxidative stress (51).

We could show that at follow-up, apart from a sustained
reduction of HOMA-IR, all other observed changes were
reversed to values comparable to baseline. We excluded
insulin-treated patients when calculating HOMA-IR values.
Nevertheless, also when excluding patients treated with in-
sulin secretagogues, the results on HOMA-IR were compar-
able to the ones reported in Table 2 (data not shown). The
mechanisms behind this sustained reduction of HOMA-IR
at follow-up in the patients of the fasting group remain un-
known and should be addressed in future studies, although
possible effect of the antidiabetic medication during the study
and at follow-up cannot be excluded.

ACR values were comparable at follow-up between
study groups. The patients with microalbuminuria had
nonsignificantly decreased ACR values at follow-up compared

to respective baseline values in both study groups. These
might be due to the high inter- and intraindividual variability
of albuminuria as a biomarker itself. However, other factors
could have played a role during the follow-up period—for in-
stance, change of medication, as well as change in blood pres-
sure and glucose control, factors that were strictly controlled
during the study intervention. Future studies should explore
change of albuminuria under fasting interventions in larger
study cohort and should also investigate whether the classical
albuminuric DKD and the new-emerging nonalbuminuric
DKD are driven from distinct pathophysiological mechan-
isms. There is growing epidemiological evidence on the het-
erogeneity in the clinical presentation and course of DKD
with divergence between albuminuria and GFR decline (52,
53), challenging, on one hand, the albuminuria-centric model
of the natural course of DKD and, on the other hand, sug-
gesting that albuminuria is a dynamic process (42, 54).

We interpret the lack of improvement of dicarbonyl de-
toxification and lack of reconstitution of DNA damage/re-
pair during FMD as a potential explanation for the lack of
change in ACR. This finding is supported also by the fast in-
crease of suPAR (Table 2) after FMD, a marker of acceler-
ated aging and senescence (55). Thus, neither of 2 important
defense pathways able to control nephropathy was activated
or reconstituted in this study, and longer period of FMD may
be needed for nephropathy reversal. However, the different
response in MG-H1 reduction after 3 but not after 6 FMD
cycles suggests that the changes seen in this study are unlikely
due only to reduced energy intake during FMD and that in-
stead a sustained redirection of metabolism is taking place
during FMD to some degree.

While diabetic retinopathy was not the focus of this study,
the rate of diabetic retinopathy reported at baseline (Table
1) may be underestimated, since we evaluated the presence
of diabetic retinopathy with only a funduscopic examination
of the undilated pupil. Future studies addressing change of
diabetic retinopathy under fasting conditions should use a
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comprehensive dilated eye exam (including fluorescein angi-
ography and optical coherence tomography).

Despite the robust exploratory analysis, we are aware of the
risk for spurious findings, and future studies should address
mechanistic explanations of the effect of periodic fasting on
albuminuria and kidney function.

In conclusion, this proof-of-concept study showed that
when accompanied by intensive diabetes care, FMD cycles
can be well integrated into clinical practice, complementary
to current guidelines. While not changing albuminuria in the
overall study population, FMD could lead to a reduction in
albuminuria of patients with microalbuminuria at baseline,
leading to an improvement of glycemic and blood pressure
control and to a sustained reduction in insulin resistance when
adjusted for weight loss. Improvement of microalbuminuria
and of markers of insulin resistance, lipid oxidation, and sen-
escence suggests the potential beneficial effects of periodic
fasting in type 2 diabetes and should be explored in future
studies.
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