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The Putative Caloric Restriction Mimetic Resveratrol has
Moderate Impact on Insulin Sensitivity, Body Composition,
and the Metabolome in Mice

Ilka Günther,* Gerald Rimbach, Carina I. Mack, Christoph H. Weinert, Nicolas Danylec,
Kai Lüersen, Marc Birringer, Franz Bracher, Sebastian T. Soukup, Sabine E. Kulling,
and Kathrin Pallauf

Scope: Data on resveratrol-(trans-3,5,4′-trihydroxystilbene)-induced
caloric-restriction-(CR)-mimicking effects in mice receiving a high-fat diet
(HFD) are contradictory. It is hypothesized that this can possibly stem from
different bioactivities of resveratrol (RSV) microbial metabolites.
Methods and results: C57BL/6Rj mice are fed an ad-libitum HFD
supplemented with RSV or its metabolites, dihydroresveratrol (DHR) and
lunularin (LUN) (≈28 mg (dihydro)stilbene kg−1 mouse per day). A 40% CR
group was included in the study. While CR mice show robust changes in
bodyweight and composition, hormone levels and mRNA expression, slight
changes are found (more muscle, less adipose tissue) in body composition,
leptin, and insulin levels in RSV-supplemented mice compared to ad libitum
controls. LUN hardly and DHR does not change the hormone levels
measured. Metabolome analysis of serum shows changes in CR mice but only
slight, if any, changes in RSV-, DHR-, or LUN-supplemented mice compared
to the controls. Evaluating the capability of RSV and its metabolites to inhibit
carbohydrate-hydrolyzing enzymes in vitro, it is found that RSV reduced
𝜶-glucosidase activity to a stronger extent than DHR and LUN.
Conclusion: Decelerated carbohydrate breakdown by RSV may have
contributed to the moderate impact of dietary RSV on mouse insulin
sensitivity (lowered fasting and post-glucose-bolus insulin levels).

1. Introduction

Caloric restriction (CR), a moderate reduction in energy intake
without malnutrition[1] is a well-known intervention strategy for
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extending health and life span. Life span
extension by CR was reported as early
as 1935[2] and since then has been ob-
served in multiple (but not all) model or-
ganisms, including yeast, flies, worms,
rodents, and primates.[3,4] Furthermore,
CR-mediated changes in physiological,
hormonal, and molecular parameters
may possibly prevent or delay age- and
obesity-related diseases.[5]

Phenotypic characteristics of mice on
CR comprise a reduction in bodyweight
and white adipose tissue, lowered glu-
cose, insulin, leptin, and cholesterol
levels as well as elevated adiponectin
levels.[6] Moreover, there are alterations
in murine gene expression such as the
induction of NAD(P)H dehydrogenase,
quinone 1 (Nqo1), a target gene of the
redox-sensitive transcription factor nu-
clear factor, erythroid derived 2, like
2 (NRF2),[7,8] phosphoenolpyruvate car-
boxykinase 1 (Pck1), which is central
for gluconeogenesis regulation,[9] and
the key regulator of mitochondrial bio-
genesis peroxisome proliferator-activated

receptor gamma coactivator 1-alpha (Pgc1𝛼).[10] Additionally,
Kume et al.[11] found increased transcription of the gene cod-
ing for the NAD-dependent deacetylase sirtuin 1 (Sirt1) and nu-
clear translocation of the longevity-associated transcription factor
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forkhead box O3 (FOXO3)[12] in CR-mice compared to ad libitum
controls. Notably, upregulation of FOXO3 could be responsible
for several CR-induced positive effects due to the variety of func-
tions of its target genes, such as stress response and antioxida-
tive defense, cell death, and proliferation.[13] More recent trials
focused on how CR affects the metabolomic profile.[14,15] Selman
et al.[15] found significant changes in CR compared to ad libitum
C57BL/6 mice. In detail, they measured increased lactate, cre-
atine, 3-hydroxybutyrate, and glucogenic amino acid (e.g., me-
thionine, glutamine, alanine, and valine) plasma concentrations
while glucose and choline levels were decreased.
CR-induced changes that may putatively prevent or delay age-

related diseases, such as type 2 diabetes mellitus (T2DM) and
cardiovascular diseases have also been discussed for humans.[5]

However, long term CR in humans seems difficult to pursue and
the beneficial effects of CR may not persist after returning to an
ad libitum diet.[8] Therefore, great research effort has been made
to identify compounds that could possibly mimic the beneficial
effects of CRwithout having to consume a restricted diet.[16] Inter-
estingly, some pharmaceutical drugs used for T2DM treatment
such as metformin or acarbose have been considered as puta-
tive mimetics of CR (CRM).[17,18] By inhibiting the carbohydrate-
hydrolyzing enzyme 𝛼-glucosidase, acarbose decelerates absorp-
tion of glucose from complex carbohydrates and subsequently
reduces the post-prandial blood glucose elevation when con-
sumedwith ameal. Therefore, this saccharidemay benefit health
by improving glucoregulatory control.[18]

Besides acarbose, dietary polyphenols have also been stud-
ied as putative CRM, one of the most prominent being the stil-
bene trans-resveratrol (RSV).[19] Similar to CR, RSV, predomi-
nantly found in grapes and grape products,[20,21] cocoa,[21] and ita-
dori tea[22] was shown to increase life span in some studies with
model organisms.[23] Moreover, there are indications that RSV
may be able to affect the same physiological,[24,25] hormonal,[26]

and transcriptional parameters[27,28] as CR. For example, Zhao
et al.[29] showed that NRF2 and its downstream genes were sig-
nificantly upregulated by RSV treatment in mice. Nevertheless,
findings on RSV as CRM are controversial. On a high-fat diet
(HFD), inbred C57BL/6 mice lived longer when supplemented
with RSV.[24] In contrast, genetically heterogeneous mice[30] or
C57BL/6 mice on a standard diet[27] did not live longer than con-
trols. However, RSV supplementation inC57BL/6mice on a stan-
dard diet induced some changes in transcriptional patterns that
mimic those induced by CR.[27] In humans, while some studies
found improved insulin sensitivity and weight reduction under
RSV supplementation,[31] others found no change in bodyweight
or insulin-sensitivity-related parameters.[32] Furthermore, Semba
et al.[33] found no association between RSV and life span or dis-
ease prevention in humans.
Since Bode et al.[34] revealed interindividual differences in the

RSV gut microbial metabolism, we hypothesized that these dif-
ferences in RSV biotransformation might explain some of the
controversial data on RSV-induced health benefits. While in their
study, dihydroresveratrol (DHR), a hydrogenated metabolite of
RSV, was produced by the microbiota of all participants, only
some individuals were able to produce lunularin (LUN) from
DHR by microbial de-hydroxylation, both metabolites being di-
hydrostilbenes.

To study the potential of the metabolites to act as CRM, we
carried out experiments in mice on an ad libitum HFD and
compared supplementation versus non-supplementation as well
as 40% CR. In a previous study,[9] we intraperitoneally (i.p.) in-
jected 13-month-old C57BL/6 mice with RSV, DHR, or LUN
(24 mg kg−1 bodyweight; three times per week) or vehicle in the
CR and ad libitum control groups. While we had a strong CR
phenotype (e.g., changes in bodyweight and composition, insulin
sensitivity, leptin, and cholesterol in the blood), none of the (dihy-
dro)stilbenes affected the parameters measured. Although RSV
and RSV-metabolite measurements in the liver as well as previ-
ous findings reported in the literature[35] point to the notion that
RSV passes through the gut via enterohepatic recirculation (and
consequently, i.p. administered stilbene comes into contact with
the gut microbiome), we hypothesized that our negative results
might be reasoned by the application route.
Therefore, we conducted another study in younger mice

(12-week-old), administering RSV and its gut metabolites via
diet (300–400 mg kg−1 diet). Additionally, the peroral applica-
tion route is more relevant for a hypothetical use in humans. In
line with our previous study, we compared the supplementation
groups to an ad libitum control group and a CR group.

2. Experimental Section

2.1. Animals and Diet

Fifty male C57BL/6Rj mice were purchased from Janvier Labs,
Saint-Berthevin, France at the age of 12 weeks. Animals were
housed individually in macrolon cages in a controlled environ-
ment (55% relative humidity, 21–25 °C and 12 h light/dark cy-
cle) and with free access to tap water. Mice were fed a high-fat,
high-sugar purified diet containing 18.7% protein (mostly ca-
sein), 21.1% fat (from butter), 13.4% starch, 32.9% sugar, and
2.1 mg kg−1 cholesterol (Ssniff, Soest, Germany) (for a more de-
tailed composition, see Table S1, Supporting Information) and
checked upon daily. After an ad libitum adaptation period of
6 weeks, mice were divided into five groups (n = 10). To avoid
digestive problems because of abrupt 40% CR, it was introduced
gradually by feeding 5% less of the amount consumed by the ad li-
bitum controls every 3 days until reaching 40% restriction. From
this moment on, the supplementation groups received the high-
fat, high-sugar diet supplemented with RSV, DHR, or LUN until
sampling.
Bodyweight was recorded weekly. Because of animal welfare

laws, if individual CR mice lost more than 20% of their initial
weight, they were fed up to 70% of what the ad libitum con-
trols consumed. Experimental procedures were carried out in
accordance with German laws on animal protection (TierSchG
§7-9). The experiment (V 242–27717/2016 (46-4/16)) was ap-
proved by the MELUR (state government of Schleswig-Holstein,
Germany).
Prior to sampling, the mice were fasted for 5 h and blood and

tissue samples were collected. Plasma and serum were obtained
by centrifugation (3000 g, 4 °C, 10min) and stored at−80 °C until
usage. Tissue samples were stored either at−80 °C or in RNAlater
(Quiagen, Holden, Germany) at −20 °C.
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2.2. Dosage Regimen

The supplementation groups received the HFD supplemented
with RSV, DHR, or LUN at 300 mg kg−1 diet for the first
4 weeks and then 400 mg kg−1 diet the following 4 weeks until
sampling. The amount of supplementation was increased dur-
ing the last 4 weeks since, while consuming the same amount
of feed, the animals were gaining weight. However, a similar
level of RSV, DHR, or LUN intake per kg bodyweight was to
be maintained throughout the trial (28 mg kg−1 bodyweight).
For a 70 kg human, this would equal almost 2 g per day. Yet,
when using mere bodyweights for estimating the human equiv-
alent dose, micronutrient requirements or toxicological risk as-
sessments are often problematic. Applying allometric principles
and using parameters such as caloric demand for scaling improve
these estimations.[36] When scaling from mouse to humans, this
means that humans would need a dose 5–10 times lower than
mice, in this case, 200–400 mg per day.

2.3. Body Composition Measurements

At the beginning, halfway through the experiment and prior
to sampling, body composition was measured using the time-
domain nuclear magnetic resonance (NMR) technique (7.5 MHz
NMR frequency, 15.7 µs 90° pulse length, 31.4 µs 180° pulse
length, 0.032ms dead time, 4 scans per NMR result, recycle delay
time and gain were adjusted according to prior calibration of the
instrument) in a Burker MiniSpec LF50, mq7.5, serial number
NF3793 (BioSpin MRI GmbH, Ettlingen, Germany). Fat mass,
lean mass, and free water weight were obtained within 2 min in
the live animals.

2.4. Oral Glucose Tolerance Test

Mice were fasted for 5 h before receiving 2 g glucose kg−1 body-
weight via gavage. Thirty min later, blood was collected by punc-
turing the facial vein and glucose and insulin levels were deter-
mined. Glucose was purchased from Carl Roth (Karlsruhe, Ger-
many) and dissolved at 0.5 g mL−1 in autoclaved tap water (Kiel,
Germany).

2.5. Blood Parameters

Glucose levels were recorded directly after blood collection us-
ing a glucometer (Free Style, Abbott, Abbott Park, Illinois,
USA). Serum insulin was measured by ELISA (Ultra Sensi-
tive Mouse Insulin ELISA Kit, Crystal Chem, Illinois, USA).
Plasma concentrations of leptin and adiponectinwere assayed us-
ing Quantikine ELISA kits from R&D Systems (Abingdon, UK)
and total cholesterol in plasma was determined with a colori-
metric assay (Fluitest Chol, Analyticon, Lichtenfels, Germany).
All parameters were analyzed according to the manufacturer’s
instructions.

2.6. Synthesis of RSV Metabolites

RSV for DHR synthesis was purchased from Carl Roth (Karl-
sruhe, Germany). DHR was synthesized according to.[37] LUN
(chemical purity >97%, determined by NMR) was prepared as
described previously in a modular synthesis.[38]

2.7. Analysis of RSV and Metabolites in Mouse Liver Samples

The analysis of RSV and RSV metabolites in mouse liver sam-
ples was conducted with a validated UHPLC-MS/MS method as
described previously.[9] Briefly, mouse livers were homogenized
with a ball mill (MM400; Retsch, Haan, Germany), spiked with
internal standards and processed for UHPLC-MS/MS analyses
on a QTrap 5500 mass spectrometer (AB Sciex, Darmstadt, Ger-
many). The spectrometer was equipped with a Nexera LC system
(Shimadzu, Duisburg, Germany). Separation of the analytes was
achieved on aWaters AcquityHSS T3 (2.1mm× 100mm, 1.8 µm
particle size) equipped with a pre-column (Waters Acquity HSS
T3, 2.1 mm × 5 mm, 1.8 µm particle size) and a pre-in-line fil-
ter (Phenomenex Krudkatcher, 0.5 µm). The mobile phase con-
sisted of an aqueous 25 mm ammonium formate buffer, pH 4.16
with 0.1% (v/v) formic acid and acetonitrile. The turbo spray ESI
source of the MS was operated in the negative mode.
Analysis of UHPLC-MS/MS data was performedwith theMul-

tiQuant 2.1.1 software (ABSciex, Darmstadt, Germany). To obtain
the calibration curves, the ratios of the analyte peak areas to the
internal standard peak area were calculated and plotted against
the analyte level. A best fit line was obtained by linear regression
using a weighting of 1/x2.
For calculation of means and SD, values below the LOD were

set as 0.01 pmol/g liver and values between LOQ and LOD were
set as LOQ/2. RSV: LOQ 9.5 pmol/g liver, LOD 2.9 pmol/g liver.
DHR: LOQ 7.8 pmol/g liver, LOD 2.4 pmol/g liver. LUN: LOQ
32.8 pmol/g liver, LOD 9.8 pmol/g liver.
In addition, 2 quality control samples (500 pmol/g liver analyte

level) were measured together with the study samples to ensure
proper analysis. The accuracies of these quality control samples
were 91% and 95% for RSV, 91% and 101% for DHR, and 91%
and 102% for LUN.

2.8. Untargeted Metabolomics Analysis of Serum Samples Using
GC × GC-MS

An untargeted comprehensive 2D gas chromatography coupled
to mass spectrometry (GC × GC-MS) analysis was performed,
which enables, among others, the detection of a wide range of
metabolites such as amines, amino acids, organic acids, sugars
and sugar alcohols. Serum samples were analyzed using a Shi-
madzu GC-MSQP2010 Ultra instrument equipped with a ZOEX
ZX2 modulator. Details of the sample preparation can be found
in the Supporting Information Experimental Section. Briefly, af-
ter protein precipitation with methanol, supernatants were evap-
orated and derivatized in a two-step procedure (methoximation
and trimethylsilylation). The system configuration of the GC ×
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Table 1. Primers used for quantitative RT-PCR.

Gene name Forward sequence Reverse sequence

Actb GACAGGATGCAGAAGAGATTACT TGATCCACATCTGCTGGAAGGT

Bcl2l11 CCCGGAGATACGGATTGCAC GCCTCGCGGTAATCATTTGC

Gapdh CCGCATCTTCTTGTGCAG T GGCAACAATCTCCACTTTGC

Nqo1 TTCTTCTGGCCGATTCAGAGT TCCAGACGTTTCTTCCATCC

Pck1 TGACAGACTCGCCCTATGTG CCCAGTTGTTGACCAAAGGC

Pgc1𝛼 TGCCCAGATCTTCCTGAACT TCTGTGAGAACCGCTAGCAA

Sirt1 GTCTCCTGTGGGATTCCTGA ACACAGAGACGGCTGGAACT

GC-MS system and the measurement parameters are listed in
Tables S2–S4, Supporting Information.

2.9. RNA Isolation and Quantitative RT-PCR

Total hepatic RNA was isolated using peqGOLD TriFast (Peqlab,
Erlangen, Germany) following the manufacturer’s instructions.
RNA concentrations and purity were determined with a Nan-
odrop 2000 (Thermo Fisher Scientific GmbH, Life Technologies,
Darmstadt, Germany), adjusted to 100 ng µL−1, and stored at
−80 °C. Gene expression levels were analyzed by one-step quanti-
tative reverse transcriptase PCR using the SensiFAST SYBR No-
ROX One-Step Kit (Bioline, Luckenwalde, Germany) with Sybr-
Green detection. PCR was performed in a Rotorgene 6000 cycler
(Corbett Life Science, Sydney, Australia). Relative mRNA levels
of target genes were normalized to the expression of two house-
keeping genes (actin, beta (Actb) and glyceraldehyde-3-phosphate
dehydrogenase (Gapdh)) and related to the mean of the ad libi-
tum control group set to be 1. Primer sequences are listed in
Table 1. For elimination of nonspecific PCR products when mea-
suring Nqo1 and BCL2-like 11 (Bcl2l11) transcription, the RNA
was treated with DNase (NEB, Frankfurt, Germany) according to
the manufacturer’s protocol. For RNA isolation procedure from
muscle, white adipose tissue and hypothalamus see Experimen-
tal Section, Supporting Information.

2.10. In Vitro 𝜶-Glucosidase Inhibition Assay

RSV, DHR and LUN stocks were prepared 100 mm in DMSO
(Sigma-Aldrich, Taufkirchen, Germany). These stocks were di-
luted with ultrapure water (Purelab Flex, ELGA Veolia, UK)
to give concentrations of 5 mm–50 µm. The DMSO concen-
tration was adjusted in all dilutions to be 5%. Of these dilu-
tions, 50 µL were mixed with 350 µL of 0.1 m phosphate buffer,
pH 6.8 and 50 µL of 𝛼-glucosidase (0.5 U mL−1) from Saccha-
romyces cerevisiae (Sigma-Aldrich, Taufkirchen, Germany). Fol-
lowing 5min pre-incubation at 37 °C, 50 µL 10mm p-nitrophenyl-
𝛼-D-glycopyranoside (Sigma-Aldrich, Taufkirchen, Germany) in
the same buffer was added as a substrate to initiate the reaction.
The mixture was incubated for 20 min at 37 °C and 175 µL 2 m
Na2CO3 (VWR, Darmstadt, Germany) were added to stop the re-
action. Amicroplate reader (iEMSReaderMF,MTXLab Systems,
Helsinki, Finland) measured the absorbance at 405 nm. Acar-

bose (Sigma-Aldrich, Taufkirchen, Germany) was used as a refer-
ence inhibitor. The IC50 values of RSV, DHR and LUN were cal-
culated by nonlinear regression using GraphPad Prism version
8.1.1.

2.11. Statistical Analyses

All statistical analyses but the GC × GC-MS analysis were per-
formed using the software R version 3.4.3.[39] Data evaluation
started with the definition of an appropriate model.[40,41] The data
were assumed to be approximately normally distributed. These
assumptions are based on a graphical residual analysis. An anal-
ysis of variances (ANOVA), followed by multiple contrast tests
(Dunnett)[42] was conducted for blood parameters and gene ex-
pression data. Fat and muscle mass development were analyzed
using analysis of covariances (ANCOVA)[43] also followed bymul-
tiple contrast tests (Dunnett).
For statistical analysis of the untargeted GC × GC-MS

metabolomics dataset the software JMP (version 14, SAS Insti-
tute Inc., Cary, NC, 1989–2007) was used. After automatic data
processing,[44,45] the dataset was divided into frequentlymeasured
analytes (<25% missing values due to being below detection
limit) and rarely detected ones (>25%missing values). In the case
of the frequently measured metabolites, first, a principal compo-
nent analysis (PCA) was performed to assess whether the overall
metabolite profile enabled a separation of the different interven-
tion groups. Second, an ANOVA based response screening work-
flow was applied to highlight metabolites differentiating between
the intervention groups and the control group. For this, the pro-
cedure described recently[46] was used with slight modifications:
Briefly, a first one-way ANOVA with correction for multiple test-
ing was performed to screen for potentially significant (interest-
ing/relevant) metabolites. Then, a second ANOVA and post-hoc
tests against the control group were performed to narrow down
the selection of relevant metabolites in a more conservative man-
ner. Each test was chosen according to the distribution and homo-
geneity of variance (one-way ANOVA and Dunnett-post hoc test
vs control in the case of normality and homogeneity of variances;
one-way ANOVAwithWelch-correction and Steel-post hoc test vs
control in the case of normality and inhomogeneity of variances;
or one-way ANOVA with Wilcoxon-correction and Steel-post hoc
test vs control in the case of non-normality).
In the case of the more rarely measured metabolites (>25%

missing values), a selection of relevant metabolites was per-
formed based on the frequency of detection within each inter-
vention group and the control group, here expressed as a percent-
age. Metabolites were classified based on the difference between
the control group and the intervention groups, metabolites with
a difference of │>80│ were considered as highly interesting and
those with a difference of│>50│as interesting. Selected metabo-
lites were further evaluated using box plots with respect to their
difference between the intervention groups and control group.
For all relevant metabolites, their repeatability was evaluated

based on quality control samples. Moreover, those metabolites
were evaluated for potential problems with their identity (arte-
facts) and their separation from other analytes or noise bands
(coelution).
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Table 2. Resveratrol, dihydroresveratrol, and lunularin levels inmouse liver
samples determined by UHPLC-MS/MS.Mice were fed an ad libitum high-
fat diet (CON) supplemented with resveratrol (RSV), dihydroresveratrol
(DHR) or lunularin (LUN), or 40% caloric restriction (CR) for 8 weeks. For
calculation of means and SDs, values below the limit of detection (LOD)
were set as zero pmol/g liver and values between limit of quantitation
(LOQ) and LODwere set as LOQ/2. n.d., not detected; n.a., not applicable;
values <LOD: RSV < 2.9 pmol/g liver; DHR < 2.4 pmol/g liver; LUN <

9.8 pmol/g liver.

Group trans-Resveratrol
mean ± SD

range
(CV [%])[pmol/g liver]

Dihydroresveratrol
mean ± SD

range
(CV [%])[pmol/g liver]

Lunularin
mean ± SD

range
(CV [%])[pmol/g liver]

CON n.d.
n.a.

n.d.
n.a.

n.d.
n.a.

CR 2 ± 7*

0–22 (316%)
n.d.
n.a.

n.d.
n.a.

RSV 1408 ± 1254
19–3469 (89%)

1190 ± 1220
305–4475 (103%)

52 ± 108+

0–300 (207%)

DHR n.d.
n.a.

3358 ± 1996
1037–6917 (59%)

434 ± 753#

0–2213 (174%)

LUN n.d.
n.a.

15 ± 10
0–29 (67%)

1164 ± 938§

332–3551 (81%)

*
RSV detected in one out of tenmice;

+
LUN detected in three out of tenmice;

#
LUN

detected in five out of ten mice;
§
LUN detected in ten out of ten mice.

3. Results

3.1. (Dihydro)Stilbene Supplementation Leads to Detectable
Levels of RSV and its Metabolites in Mouse Liver

RSV and the microbial metabolites DHR and LUN were quanti-
fied inmouse liver samples by using a validated UHPLC-MS/MS
method. The results of the study samples are summarized in
Table 2.
In the liver of ad libitum controls, neither RSV, nor DHR, or

LUN was detected. Similarly, in the CR group, RSV, DHR, and
LUN were undetectable with the exception that in one out of 10
CR mice a low amount of RSV (22 pmol/g liver) was found. In
mice receiving RSV, all three compounds were detectable. While
RSV and DHR were present at high levels (1408 ± 1254 (SD)
and 1190 ± 1220 (SD) pmol/g liver, respectively), LUN was only
detected in the livers of three out of 10 mice with leading to a
low mean amount of LUN (52 ± 108 (SD) pmol/g liver). No RSV
was detectable in the DHR- or in the LUN-supplemented groups.
However, both metabolites were detected in these mice receiv-
ing either DHR (3358 ± 1996 (SD) and 434 ± 753 (SD) pmol/g
liver DHR and LUN, respectively) or LUN (15 ± 10 (SD) and
1164± 938 (SD) pmol/g liver DHR and LUN, respectively). Simi-
lar to the RSV group, LUNwas only detected in half of the mouse
livers from the DHR group (n = 10).

3.2. RSV Supplementation Affects Body Composition

All mice, except those from the CR group, gained weight during
the study. RSV supplementation had no statistically significant
effect on bodyweight or bodyweight gain although these mice
seemed to increase their bodyweight more slowly and had lower

Figure 1. Fat and muscle mass development in mice fed an ad libitum
high-fat diet (CON) supplemented with resveratrol (RSV), dihydroresvera-
trol (DHR) or lunularin (LUN), or 40% caloric restriction (CR) for 8 weeks.
While we observed a significantly lower increase in fat mass in RSV-fed
mice only, supplementation with all three substances led to a significantly
higher increase in muscle mass compared to the CON mice. For the sta-
tistical analysis of fat and muscle development, the CR mice were treated
as a measurement control whereas RSV, DHR, and LUN mice were com-
pared to CON animals. Data are means ± SEM, n = 10. ** p < 0.01, * p
< 0.05, ANCOVA followed by Dunnett CON.

final bodyweights, compared to the ad libitum control group (p =
0.25, Table S5, Supporting Information). The mean daily food in-
take of supplemented mice did not differ from ad libitum control
mice (between 2.69 and 2.73 g per day, data not shown).
At the beginning, halfway through the experiment and prior to

sampling the body composition of the mice was measured. A re-
gression analysis of mouse fat and muscle mass showed that the
differences in fat and muscle mass development between RSV
and ad libitum control mice were significant (p < 0.01). RSV-
supplemented mice had a higher increase in muscle mass and a
lower increase in fat mass than ad libitum control mice. Further-
more, DHR and LUN supplementation also led to a significantly
higher increase in muscle mass compared to the ad libitum con-
trol (p < 0.05) (Figure 1).

3.3. RSV Supplementation Decreased Insulin Levels after an Oral
Glucose Tolerance Test

Following 8 weeks of supplementation, insulin levels after glu-
cose bolus via gavage (2 g kg−1 mouse) were determined in the
blood. In line with previous findings,[6] CR feeding significantly
lowered glucose and insulin levels (p < 0.001) compared to ad
libitum controls. In RSV-supplemented mice, insulin concen-
trations after glucose bolus were also lower than in the ad li-
bitum controls (p < 0.05). Insulin and glucose levels after glu-
cose bolus were not affected by DHR and LUN supplementation
(Figure 2).
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Figure 2. Blood glucose and serum insulin levels in mice fed an ad-libitum high-fat diet (CON) supplemented with resveratrol (RSV), dihydroresveratrol
(DHR) or lunularin (LUN), or 40% caloric restriction (CR) 30 min past a 2 g glucose per kg bodyweight glucose bolus by gavage after 8 weeks of dietary
supplementation. Insulin sensitivity was improved in CRmice and by RSV supplementation. Data are means ± SEM, n = 3–5. *** p < 0.001, ** p < 0.01,
* p < 0.05, linear model, Dunnett CON.

Figure 3. Blood leptin, adiponectin, and insulin levels in fasted mice at the end of the study. Mice were fed an ad-libitum high-fat diet (CON) supple-
mented with resveratrol (RSV), dihydroresveratrol (DHR) or lunularin (LUN), or 40% caloric restriction (CR) for 8 weeks. CR feeding changed all three
hormone levels while RSV mice showed lower leptin and insulin concentrations compared to CON mice. Data are means ± SEM, insulin n ≥ 8, leptin,
and adiponectin n ≥ 6. *** p < 0.001, ** p < 0.01, linear model, Dunnett CON.

3.4. RSV-Supplemented Mice had Lower Leptin and Insulin
Levels Compared to Control Mice

In line with previous findings,[6] our CR mice showed lower to-
tal cholesterol (Figure S1, Supporting Information), leptin and

insulin levels as well as elevated adiponectin levels compared
to the ad libitum controls (all p < 0.001, Figure 3). RSV re-
duced leptin (p < 0.01) and insulin levels (p < 0.001). Interest-
ingly, LUN supplementationmight also lower basal insulin levels
(p < 0.01).
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Figure 4. Principal component analysis (PCA) of serummetabolites mea-
sured by GC × GC-MS in mice fed an ad-libitum high-fat diet (CON) sup-
plemented with resveratrol (RSV), dihydroresveratrol (DHR) or lunularin
(LUN), or 40% caloric restriction (CR) for 8 weeks. The x- and y-axis de-
pict the first and second principal components, which explained the most
variation in the data set. Each point represents an individual sample,
n ≥ 6.

3.5. Metabolome Analyses Reveal a Separation of the CR
Phenotype from the Control Group

We analyzed mouse serum samples by using GC × GC-MS and
carried out a PCA (Figure 4). The first principal component and
the second principal component contain information amount of
18.3% and 11.5% of the total metabolome variability, respectively.
The PCAplot revealed that therewas a difference in themetabolic
profile between the CR group and the ad libitum fed groups
but not between supplementation groups and ad libitum control
group although some RSV samples appear more closely located
to CR samples than mouse blood samples from other groups.
Additionally, we identifiedmetabolites that were present at dif-

ferent levels in the CR group compared to the ad libitum control
group such as 𝛽-hydroxybutyric acid (p < 0.05), arachidonic acid
(p < 0.001) and cholesterol (p < 0.001), as well as, for example,
some other lipids and organic acids (see Tables S6 and S7, Sup-
porting Information). Interestingly, RSV supplementation, simi-
lar to CR, also lowered arachidonic acid concentrations compared
to the controls (p < 0.05) (Figure 5).

3.6. The Expression of CR-Associated Genes in the Liver was not
Affected by (Dihydro)Stilbene Supplementation

We examined hepatic expression of genes that are typically up-
regulated by restricting feed intake. In the liver of our mice on
CR, the transcription of Nqo1, Pck1, Sirt1, and its downstream
target Pgc1𝛼 as well as Bcl2l11, a FOXO3 target gene, was signif-
icantly higher than in ad libitum controls (p < 0.001). However,
we found no significant alterations in the transcription of these
genes in the liver of mice supplemented with RSV, DHR, or LUN
when compared to control mice (Figure 6).

3.7. Potent 𝜶-Glucosidase Inhibition by RSV In Vitro

Inhibition of the carbohydrate-hydrolyzing enzyme 𝛼-
glucosidase by RSV, DHR, and LUN was studied and IC50
values were calculated. Dose-response curves are shown in
Figure 7. RSV revealed strong inhibition of 𝛼-glucosidase
activity (IC50 17.6 µm) being more potent than its microbial
metabolites DHR (IC50 96.3 µm) and LUN (IC50 60.5 µm).
Compared to acarbose, which is being used as a drug for T2DM
treatment[47,48] and was used as a positive control in our exper-
iments, RSV was over 40 times more potent in inhibiting the
𝛼-glucosidase (IC50 for acarbose: 764 µm, Figure S2, Supporting
Information).

4. Discussion

Dietary RSV as part of a HFD may possibly extend life span
and improve body composition and insulin sensitivity in mice,
thereby mimicking the effect of CR or counteracting the nega-
tive effects of a HFD.[24,25] In the present study, we fed C57BL/6
mice an ad libitum HFD supplemented with RSV or its gut mi-
crobiota metabolites DHR and LUN and compared them to non-
supplemented ad libitum fed mice (negative control) and to CR-
fed mice (positive control). Taking into account the feed intake
and bodyweight of the mice, our supplementation led to an in-
take of ≈28 mg RSV, DHR or LUN per kg mouse per day. As
mentioned in the Experimental Section, applying allometric prin-
ciples for scaling, this would equal 200–400 mg per day in hu-
mans. RSV supplementation slightly improved body composi-
tion (more muscle, less fat) and lowered insulin and leptin con-
centrations in the blood compared to non-supplemented ad libi-
tum controls. While overall RSV showed little effect on the mice,
especially compared to CR, DHR, and LUN supplementation had
even less impact on body composition (some more muscle, no
difference in fat, Figure 1) and blood parameters than RSV. In
the blood, only when fasted but not after glucose bolus LUN
mice showed insulin levels which were lower than in ad libitum
controls (Figures 2 and 3). Our CR mice presented strongly de-
creased bodyweight and fat mass, thereby having lost absolute
but gained relative muscle mass. They had ≈50% lower serum
glucose and 80% lower insulin levels in the oral glucose toler-
ance test (Figure 2), around tenfold lower leptin, 20–30% lower
cholesterol, 25% higher adiponectin and threefold lower fasting
insulin blood levels than the ad libitum controls (Figure 3). Fur-
thermore,mRNA transcription of NRF2 and FOXO3 target genes
as well as Pgc1𝛼, Sirt1, and Pck1 in the liver was higher in CR but
not in the other groups when compared to the ad libitum control
group (Figure 6).
RSVhas been discussed as being aCRM[19] but study outcomes

are contradictory.[30,32,33,49,50] We do not find that our initial hy-
pothesis (contradicting study outcomes on RSV and changes in
longevity markers may, in part, be caused by interindividual dif-
ferences in RSV metabolism in the gut[34]) could be confirmed,
since the metabolites might influence the 𝛼-glucosidase prior to
their metabolism by microbiota.
Inhibition of this enzyme by RSVmight contribute to lowered

insulin levels in RSV-fed mice (Figure 2). In vitro, RSV inhib-
ited 𝛼-glucosidase more strongly than its microbial metabolites
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Figure 5. Metabolites detected in serum samples of mice fed an ad libitum high-fat diet (CON) supplemented with resveratrol (RSV), dihydroresveratrol
(DHR) or lunularin (LUN), or 40% caloric restriction (CR) for 8 weeks. Boxplots indicate signal intensity in the GC × GC-MS analysis of the mouse
metabolome, where the central line is the median concentration and the edge of the box are the 25th and 75th percentiles. *** p < 0.001, * p < 0.05,
n ≥ 6.

(Figure 7) and its potency exceeded the IC50 of acarbose, which
is used for the treatment of type 2 diabetes mellitus.[47,48] Pos-
sibly, RSV slows down glucose uptake and consequently, atten-
uates the development of insulin resistance. The ability of RSV
to inhibit 𝛼-glucosidase activity in C57BL/6 mice on a HFD was
studied by Zhang et al.[51] They showed that RSV, similar to acar-
bose, delayed the absorption of carbohydrates leading to low-
ered postprandial blood glucose concentrations. While DHR and
LUN were also capable of inhibiting Saccharomyces cerevisiae 𝛼-
glucosidase in our in vitro assay, they were weaker inhibitors than
RSV. In line with this finding, their effect on the body composi-
tion was also weaker. Of interest, we did not observe inhibition
of porcine 𝛼-amylase in vitro (see Experimental Section, Support-
ing Information) by RSV, DHR, and LUN (Figure S3, Supporting
Information)[52] and therefore hypothesize that RSV inhibitory
action against carbohydrate-hydrolyzing enzymes might be spe-
cific for 𝛼-glucosidase.
Using HPLC-MS/MS analysis, we found RSV and its metabo-

lites in the livers of the mice supplemented with these polyphe-
nols (Table 2). While we only found RSV in RSV-supplemented
mice, we found DHR and LUN in all three supplementation
groups. Therefore, it is likely that the microbiota in our mice,
similarly to humans,[34] was capable of producing both metabo-
lites. However, small amounts of DHR in LUN-supplemented

mice may not be necessarily produced by gut microbiota, since
only production of LUN fromDHR (not the other way round) has
been described.[34] We therefore cannot rule out that this metabo-
lite was produced from LUN by phase I hydroxylation although a
hydroxylation in meta-position is quite unusual.
High interindividual variability of RSV and RSV-metabolite

levels in themice (Table 2) may be explained by differences in up-
take and phase II metabolism. The mice had ad libitum dietary
access until 5 h before sampling, leading to differences in the
ingested amount and the time point of the last feeding. Produc-
tion and absorption of the RSV-metabolites in the intestines may
also differ. Furthermore, individual variability for phase II activ-
ity has been reported before[53] and even in inbred mice, levels of
fed phenolic ginger phytochemicals varied to a similar extent as
RSV-(metabolites) in our mice.[54] Moreover, when RSV levels in
individual RSV-fed mice were low compared to the mean, DHR
levels were high and vice versa (data not shown).
Dietary RSV and less so DHR and LUN led to a significant

increase in muscle mass compared to ad libitum control mice,
which actually lost absolute muscle mass over the study period
(Figure 1). The impact of RSV on muscle cell physiology and
function has been studied in vitro and in vivo. In mouse skeletal
muscle-derived C2C12 myoblasts, a pro-differentiating effect of
RSV was shown.[55,56] Momken et al.[57] hypothesized that RSV
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Figure 6. Relative mRNA expression in the liver of mice fed an ad-libitum high-fat diet (CON) supplemented with resveratrol (RSV), dihydroresveratrol
(DHR) or lunularin (LUN), or 40% caloric restriction (CR) for 8 weeks. Data were normalized to housekeeping genes Actb and Gapdh, related to the
mean of CON mice and are shown ± SEM, n ≥ 9. *** p < 0.001, linear-mixed model, Dunnett CON.

Figure 7. Inhibition of in vitro activity of Saccharomyces cerevisiae 𝛼–glucosidase by resveratrol (RSV), dihydroresveratrol (DHR), and lunularin (LUN) at
different concentrations. RSV showed the strongest inhibitory effect on 𝛼–glucosidase activity. Data represent means of triplicates ± SEM. IC50 values
were determined by nonlinear regression using GraphPad Prism.

could act as exercise mimetic due to their finding that dietary
RSV is able to preventmuscle deconditioning caused bymechan-
ical unloading in rats. In mice, Lagouge et al.[58] demonstrated
that RSV increases mitochondrial size, density and mitochon-
drial DNA content despite reduced level of activity in RSV treated
animals. Based on our body composition data, RSV appears to
have influenced differentiation. However, we found no differ-
ences in mRNA transcription of myogenic transcription factors,
for example,myogenic differentiation 1 (Myod1) ormyogenic fac-
tor 6 (Myf6) in skeletal muscle when compared to the ad libi-
tum control (Figure S4A, Supporting Information). Of interest,

muscle- or adipose-derived primary cell cultures differentiated
into adipocytes when cultured at high glucose concentrations.[59]

Therefore, it could be possible that 𝛼-glucosidase and therefore
glucose uptake inhibition by RSV may have affected differentia-
tion of muscle and adipocyte progenitor cells.
A body-fat-lowering effect of RSV in rats was shown by Al-

berdi et al.[60] In line with our data, they observed no differences
in final bodyweight or weight gain of RSV-supplemented an-
imals compared to non-supplemented animals. Moreover and
similar to our data (Figure S4B, Supporting Information), they
found no RSV-induced changes in the transcription of fatty-acid

Mol. Nutr. Food Res. 2020, 1901116 1901116 (9 of 12) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



www.advancedsciencenews.com www.mnf-journal.com

synthase (Fas) or peroxisome proliferator activated receptor
gamma (Ppar𝛾) mRNA in adipose tissue.
Consistent with a decrease in adipose tissue mass, RSV mice

also showed lowered leptin and insulin levels after a glucose
bolus (Figure 2). Interestingly, lowered leptin levels without
changes in food intake indicate improved leptin sensitivity in
RSV- compared to non-supplemented mice. Additionally, we
observed lowered insulin levels 30 min after an oral glucose
bolus in the RSV group compared to the ad libitum control
group. Improved insulin sensitivity has been reported for RSV-
supplemented C57BL/6 mice on a HFD before.[61] It is notewor-
thy that both, leptin and insulin resistance are manifestations of
metabolic disorders.[62]

In the hypothalamus of our mice, we found no differences in
leptin receptor (Lepr) mRNA steady-state levels (neither in ad li-
bitum fed groups nor in the CR group) which correlated with
leptin resistance in other studies.[63,64] However, we observed sig-
nificant changes in the transcription of genes coding for appetite
regulating neuropeptides. In the CRmice, we found upregulated
neuropeptide Y (Npy) and agouti related peptide (Agrp), downreg-
ulated proopiomelanocortin (Pomc) whereas there were no ap-
parent changes in ad libitum fed groups (Figure S4C, Support-
ing Information). This is in line with our data on feed intake
(for all four groups between 2.69 and 2.73 g per day, data not
shown).
Wang et al.[26] also compared RSV-supplemented C57BL/6

mice on a HFD (0.06% RSV kg−1 diet) with non-supplemented
controls. In line with our findings after 8 weeks of supplementa-
tion, they observed no differences in bodyweight but decreased
plasma leptin and fasting insulin levels in RSV-fed mice after a
13-week feeding period. Interestingly, after 26 weeks, bodyweight
and cholesterol levels in their RSV-fed mice were significantly
lower than in unsupplemented controls. We also observed lower,
albeit not significantly different, final bodyweights, bodyweight
gain (Table S5, Supporting Information) and cholesterol levels
(Figure S1, Supporting Information) in our RSVmice. Therefore,
duration and dose of RSV-supplementation are likely to influ-
ence the study outcome. Furthermore, the administration route
may also be of importance for RSV action.[9] In a previous study,
we injected mice on an ad libitum HFD i.p. with RSV, DHR, or
LUN (24 mg kg−1 bodyweight, three times per week). In contrast
to dietary supplementation, no differences in body composition
development, insulin and leptin levels compared to the ad libi-
tum control group (vehicle-injected) were observed when RSV
was injected. However, in this study the daily doses of RSV, DHR
and LUN applied to the mice were considerably lower than in
the present study. Assuming a 35 g mouse, there was a daily
intake of 0.36 mg in the i.p. study while dietary supplementa-
tion led to a daily intake of ≈1.1 mg (considering the mean daily
feed intake in the supplementation groups of 2.73 g). Of interest,
since RSV and its metabolites appear to undergo enterohepatic
recirculation, in spite of being injected, the polyphenols most
likely passed through gut microbiota after hepatic conjugation
and excretion.[9,35] In contrast, by feeding the (dihydro)stilbenes,
we expect the RSV, DHR, or LUN aglycones to have come into
contact with the 𝛼-glucosidase, thereby inhibiting it. This aspect
could have possibly contributed to the finding that i.p. applica-
tion in our previous study did not lead to any CR-like effects in
the mice.

Using GC × GC-MS analysis, we analyzed the metabolome in
mouse serum. Differences and similarities between the metabo-
lite profiles of our treatment groups were visualized by a PCA
scatter plot (Figure 4). The plot showed grouping of CR samples
isolated from samples of ad libitum control mice suggesting
that the metabolic profile changes in CR. This finding is in
line with previous reports.[15] For the RSV samples, the plot
revealed broad interindividual differences within the group of
RSV-supplemented mice. Interestingly, some of the samples
have similar negative loadings on principal component 1 as CR
samples, which could possibly mean that, in some RSV mice,
the metabolome has changed toward a somewhat more CR-like
profile.
Changes in individual metabolites in CR mice (Figure 5) can

be interpreted in accordance with previous findings. CR is as-
sociated with a shift from glucose metabolism to ketone bodies
utilization, since, under limited glucose supply, ketone bodies
assume the role as energy source in the brain.[65] In line with
other studies in rats[65] and mice,[66] we observed a significant in-
crease in 𝛽-hydroxybutyric acid, a major circulating ketone body,
in our CR mice (but not in RSV-, DHR- or LUN-supplemented
mice) when compared to the ad libitum controls. Interestingly,
we found reduced arachidonic acid levels in the serum of CR as
well as RSV-supplemented mice when compared to the ad libi-
tum control group. Arachidonic acid is considered as a potential
inflammatory mediator[67] and we assume that RSV might coun-
teract HFD-induced inflammation.[68] Furthermore, we detected
significantly reduced cholesterol serum levels in CR mice com-
pared to the control group which was also observed when mea-
suring total cholesterol levels in plasma colorimetrically (Figure
S1, Supporting Information).
Taken together, in our mice on a HFD, high dose dietary sup-

plementationwith RSV or itsmicrobial gutmetabolites DHR and
LUN could notmimic CR-like effects at a phenotypical level. Nev-
ertheless, dietary RSV had a slight impact on body composition,
hormone levels and, to some extent, on the mouse metabolome.
These effects could possibly be explained by an inhibition of the
enzyme 𝛼-glucosidase by RSV. In line with this hypothesis, DHR
and LUN were weaker inhibitors than RSV in our in vitro tests
with Saccharomyces cerevisiae 𝛼-glucosidase.
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the author.

Acknowledgements
The authors thank Dr. Mario Hasler for his help with statistical analyses
and Prof. Schultheiß for his advice on conducting the animal trial as well
as Bettina Schindler, Silvia Remmert, andMichael Meyer for their excellent
technical support regarding the LC-MS and GC × GC-MS analyses. The
project was funded by the DFG (project number 274521263, PA 2721/1-1,
KU 1079/12-1, HU 2242/1-1).

Conflict of Interest
The authors declare no conflict of interest.

Mol. Nutr. Food Res. 2020, 1901116 1901116 (10 of 12) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



www.advancedsciencenews.com www.mnf-journal.com

Author Contributions
I.G. carried out experiments, handled the mice and wrote the manuscript.
G.R. designed and oversaw the study and wrote the manuscript. C.I.M.
and C.H.W. analyzed the metabolome and contributed to writing the
manuscript. K.L. supervised and analyzed experiments. M.B. and F.B. syn-
thesized resveratrol metabolites. N.D. carried out the UHPLC analyses.
S.T.S. supervised theUHPLC analyses andwrote themanuscript. S.E.K. su-
pervised analytical experiments. K.P. designed the study, carried out exper-
iments, and wrote the manuscript. All authors reviewed the manuscript.

Keywords
dihydroresveratrol, gut metabolites, lunularin, metabolomics, 𝛼-
glucosidase

Received: October 28, 2019
Revised: December 12, 2019

Published online:

[1] R. Weindruch, R. L. Walford, S. Fligiel, D. Guthrie, J. Nutr. 1986, 116,
641.

[2] C. M. McCay, M. F. Crowell, L. A. Maynard, Nutrition 1989, 5, 155.
[3] L. Fontana, L. Partridge, V. D. Longo, Science 2010, 328, 321.
[4] W. R. Swindell, Ageing Res. Rev. 2012, 11, 254.
[5] D. Omodei, L. Fontana, FEBS Lett. 2011, 585, 1537.
[6] L. P. Duivenvoorde, E. M. van Schothorst, A. Bunschoten, J. Keijer, J.

Mol. Endocrinol. 2011, 47, 81.
[7] K. J. Pearson, K. N. Lewis, N. L. Price, J. W. Chang, E. Perez, M. V. Cas-

cajo, K. L. Tamashiro, S. Poosala, A. Csiszar, Z. Ungvari, T. W. Kensler,
M. Yamamoto, J. M. Egan, D. L. Longo, D. K. Ingram, P. Navas, R. de
Cabo, Proc. Natl. Acad. Sci. USA 2008, 105, 2325.

[8] K. Giller, P. Huebbe, S. Hennig, J. Dose, K. Pallauf, F. Doering, G.
Rimbach, Free Radical Biol. Med. 2013, 61, 170.

[9] K. Pallauf, D. Chin, I. Günther,M. Birringer, K. Lüersen, G. Schultheiß,
S. Vieten, J. Krauß, F. Bracher, N. Danylec, S. T. Soukup, S. E. Kulling,
G. Rimbach, Sci. Rep. 2019, 9, 4445.

[10] B. F. Miller, M.M. Robinson,M. D. Bruss, M. Hellerstein, K. L. Hamil-
ton, Aging Cell 2012, 11, 150.

[11] S. Kume, T. Uzu, K. Horiike, M. Chin-Kanasaki, K. Isshiki, S. Araki,
T. Sugimoto, M. Haneda, A. Kashiwagi, D. Koya, J. Clin. Invest. 2010,
120, 1043.

[12] F. Flachsbart, J. Dose, L. Gentschew, C. Geismann, A. Caliebe, C.
Knecht, M. Nygaard, N. Badarinarayan, A. ElSharawy, S. May, A. Luz-
ius, G. G. Torres, M. Jentzsch, M. Forster, R. Hasler, K. Pallauf, W.
Lieb, C. Derbois, P. Galan, D. Drichel, A. Arlt, A. Till, B. Krause-
Kyora, G. Rimbach, H. Blanche, J. F. Deleuze, L. Christiansen, K.
Christensen, M. Nothnagel, P. Rosenstiel, S. Schreiber, A. Franke, S.
Sebens, A. Nebel, Nat. Commun. 2017, 8, 2063.

[13] L. O. Klotz, C. Sanchez-Ramos, I. Prieto-Arroyo, P. Urbanek, H. Stein-
brenner, M. Monsalve, Redox Biol. 2015, 6, 51.

[14] T. H. Collet, T. Sonoyama, E. Henning, J. M. Keogh, B. Ingram, S.
Kelway, L. Guo, I. S. Farooqi, J. Clin. Endocrinol. Metab. 2017, 102,
4486.

[15] C. Selman, N. D. Kerrison, A. Cooray, M. D. Piper, S. J. Lingard, R.
H. Barton, E. F. Schuster, E. Blanc, D. Gems, J. K. Nicholson, J. M.
Thornton, L. Partridge, D. J. Withers, Physiol. Genomics 2006, 27, 187.

[16] J. R. Speakman, S. E. Mitchell,Mol. Aspects Med. 2011, 32, 159.
[17] V. K. Gibbs, R. A. Brewer, N. D. Miyasaki, A. Patki, D. L. Smith, Jr., J.

Gerontol., Ser. A 2018, 73, 157.
[18] R. A. Brewer, V. K. Gibbs, D. L. Smith, Jr., Nutr. Healthy Aging 2016,

4, 31.

[19] S. Nikolai, K. Pallauf, P. Huebbe, G. Rimbach, Nutr. Res. Rev. 2015,
28, 100.

[20] J. Burns, T. Yokota, H. Ashihara, M. E. Lean, A. Crozier, J. Agric. Food
Chem. 2002, 50, 3337.

[21] W. J. Hurst, J. A. Glinski, K. B. Miller, J. Apgar, M. H. Davey, D. A.
Stuart, J. Agric. Food Chem. 2008, 56, 8374.

[22] R. Zamora-Ros, C. Andres-Lacueva, R. M. Lamuela-Raventos, T.
Berenguer, P. Jakszyn, C. Martinez, M. J. Sanchez, C. Navarro, M. D.
Chirlaque, M. J. Tormo, J. R. Quiros, P. Amiano, M. Dorronsoro, N.
Larranaga, A. Barricarte, E. Ardanaz, C. A. Gonzalez, Br. J. Nutr. 2008,
100, 188.

[23] K. Pallauf, G. Rimbach, P. M. Rupp, D. Chin, I. M. Wolf, Curr. Med.
Chem. 2016, 23, 4639.

[24] J. A. Baur, K. J. Pearson, N. L. Price, H. A. Jamieson, C. Lerin, A. Kalra,
V. V. Prabhu, J. S. Allard, G. Lopez-Lluch, K. Lewis, P. J. Pistell, S. Poos-
ala, K. G. Becker, O. Boss, D. Gwinn, M. Wang, S. Ramaswamy, K. W.
Fishbein, R. G. Spencer, E. G. Lakatta, D. Le Couteur, R. J. Shaw, P.
Navas, P. Puigserver, D. K. Ingram, R. de Cabo, D. A. Sinclair, Nature
2006, 444, 337.

[25] K. Svensson, S. Schnyder, V. Albert, B. Cardel, L. Quagliata, L. M. Ter-
racciano, C. Handschin, J. Biol. Chem. 2015, 290, 16059.

[26] B. Wang, J. Sun, L. Li, J. Zheng, Y. Shi, G. Le, Food Funct. 2014, 5, 1452.
[27] K. J. Pearson, J. A. Baur, K. N. Lewis, L. Peshkin, N. L. Price, N.

Labinskyy, W. R. Swindell, D. Kamara, R. K. Minor, E. Perez, H. A.
Jamieson, Y. Zhang, S. R. Dunn, K. Sharma, N. Pleshko, L. A. Wool-
lett, A. Csiszar, Y. Ikeno, D. Le Couteur, P. J. Elliott, K. G. Becker, P.
Navas, D. K. Ingram, N. S. Wolf, Z. Ungvari, D. A. Sinclair, R. de Cabo,
Cell Metab. 2008, 8, 157.

[28] J. L. Barger, T. Kayo, J. M. Vann, E. B. Arias, J. Wang, T. A. Hacker, Y.
Wang, D. Raederstorff, J. D. Morrow, C. Leeuwenburgh, D. B. Allison,
K. W. Saupe, G. D. Cartee, R. Weindruch, T. A. Prolla, PLoS One 2008,
3, e2264.

[29] Y. Zhao, W. Song, Z. Wang, Z. Wang, X. Jin, J. Xu, L. Bai, Y. Li, J. Cui,
L. Cai, Redox Biol. 2018, 14, 609.

[30] R. A. Miller, D. E. Harrison, C. M. Astle, J. A. Baur, A. R. Boyd, R. de
Cabo, E. Fernandez, K. Flurkey, M. A. Javors, J. F. Nelson, C. J. Ori-
huela, S. Pletcher, Z. D. Sharp, D. Sinclair, J. W. Starnes, J. E. Wilkin-
son, N. L. Nadon, R. Strong, J. Gerontol., Ser. A 2011, 66A, 191.

[31] M. Mendez-del Villar, M. Gonzalez-Ortiz, E. Martinez-Abundis, K. G.
Perez-Rubio, R. Lizarraga-Valdez, Metab. Syndr. Relat. Disord. 2014,
12, 497.

[32] S. S. Thazhath, T. Wu, M. J. Bound, H. L. Checklin, S. Standfield, K. L.
Jones, M. Horowitz, C. K. Rayner, Am. J. Clin. Nutr. 2016, 103, 66.

[33] R. D. Semba, L. Ferrucci, B. Bartali, M. Urpi-Sarda, R. Zamora-Ros,
K. Sun, A. Cherubini, S. Bandinelli, C. Andres-Lacueva, JAMA Intern.
Med. 2014, 174, 1077.

[34] L. M. Bode, D. Bunzel, M. Huch, G. S. Cho, D. Ruhland, M. Bunzel,
A. Bub, C. M. Franz, S. E. Kulling, Am. J. Clin. Nutr. 2013, 97, 295.

[35] J. F. Marier, P. Vachon, A. Gritsas, J. Zhang, J. P. Moreau, M. P.
Ducharme, J. Pharmacol. Exp. Ther. 2002, 302, 369.

[36] K. Schneider, J. Oltmanns, M. Hassauer, Regul. Toxicol. Pharmacol.
2004, 39, 334.

[37] R. G. Faragher, D. G. Burton, P. Majecha, N. S. Fong, T. Davis, A.
Sheerin, E. L. Ostler, AGE 2011, 33, 555.

[38] J. Krauss, U. Kopp, F. Bracher, Z. Naturforschung B Chem. Sci. 2015,
70, 637.

[39] R Core Team,R: A Language and Environment for Statistical Computing,
2015.

[40] N. M. Laird, J. H. Ware, Biometrics 1982, 38, 963.
[41] G. Verbeke, G. Molenberghs, Linear Mixed Models for Longitudinal

Data, Springer-Verlag, New York 2000.
[42] F. Bretz, T. Hothorn, P. Westfall, Multiple comparisons using R, CRC

Press, London 2010.
[43] W. G. Cochran, Biometrics 1957, 13, 261.
[44] B. Egert, C. H.Weinert, S. E. Kulling, J. Chromatogr. A 2015, 1405, 168.

Mol. Nutr. Food Res. 2020, 1901116 1901116 (11 of 12) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



www.advancedsciencenews.com www.mnf-journal.com

[45] C. H. Weinert, B. Egert, S. E. Kulling, J. Chromatogr. A 2015, 1405,
156.

[46] C. H. Weinert, M. T. Empl, R. Kruger, L. Frommherz, B. Egert, P. Stein-
berg, S. E. Kulling,Mol. Nutr. Food Res. 2017, 61, 1600651.

[47] J. L. Chiasson, R. G. Josse, R. Gomis, M. Hanefeld, A. Karasik, M.
Laakso, S.-N. T. R. Group, Lancet 2002, 359, 2072.

[48] C. Rosak, G.Mertes,Diabetes, Metab. Syndr. Obes.: Targets Ther. 2012,
5, 357.

[49] S. Staats, A. E. Wagner, B. Kowalewski, F. T. Rieck, S. T. Soukup, S. E.
Kulling, G. Rimbach, Int. J. Mol. Sci. 2018, 19, 223.

[50] S. M. van der Made, J. Plat, R. P. Mensink, PLoS One 2015, 10,
e0118393.

[51] A. J. Zhang, A. M. Rimando, C. S. Mizuno, S. T. Mathews, J. Nutr.
Biochem. 2017, 47, 86.

[52] R. T. P. Correia, P. Mccue, D. A. Vattem, M. M. A. Magalhães, G. R.
Macêdo, K. Shetty, J. Food Biochem. 2004, 28, 419.

[53] M. L. Dourson, J. F. Stara, Regul. Toxicol. Pharmacol. 1983, 3, 224.
[54] R. Mukkavilli, C. Yang, R. Singh Tanwar, A. Ghareeb, L. Luthra, R.

Aneja,Molecules 2017, 22, 553.
[55] J. Kaminski, A. Lancon, V. Aires, E. Limagne, E. Tili, J. J. Michaille, N.

Latruffe, Biochem. Pharmacol. 2012, 84, 1251.
[56] A. Montesano, L. Luzi, P. Senesi, N. Mazzocchi, I. Terruzzi, J. Transl.

Med. 2013, 11, 310.

[57] I. Momken, L. Stevens, A. Bergouignan, D. Desplanches, F. Rudwill, I.
Chery, A. Zahariev, S. Zahn, T. P. Stein, J. L. Sebedio, E. Pujos-Guillot,
M. Falempin, C. Simon, V. Coxam, T. Andrianjafiniony, G. Gauquelin-
Koch, F. Picquet, S. Blanc, FASEB J. 2011, 25, 3646.

[58] M. Lagouge, C. Argmann, Z. Gerhart-Hines, H. Meziane, C. Lerin, F.
Daussin, N. Messadeq, J. Milne, P. Lambert, P. Elliott, B. Geny, M.
Laakso, P. Puigserver, J. Auwerx, Cell 2006, 127, 1109.

[59] P. Aguiari, S. Leo, B. Zavan, V. Vindigni, A. Rimessi, K. Bianchi, C.
Franzin, R. Cortivo, M. Rossato, R. Vettor, G. Abatangelo, T. Pozzan,
P. Pinton, R. Rizzuto, Proc. Natl. Acad. Sci. USA 2008, 105, 1226.

[60] G. Alberdi, V. M. Rodriguez, J. Miranda, M. T. Macarulla, N. Arias, C.
Andres-Lacueva, M. P. Portillo, Nutr. Metab. 2011, 8, 29.

[61] S. Ding, J. Jiang, Z. Wang, G. Zhang, J. Yin, X. Wang, S. Wang, Z. Yu,
PeerJ 2018, 6, e5173.

[62] A. C. Konner, J. C. Bruning, Cell Metab. 2012, 16, 144.
[63] R. L.Martin, E. Perez, Y. J. He, R. Dawson, Jr., W. J.Millard,Metabolism

2000, 49, 1479.
[64] Z. J. Liu, J. Bian, J. Liu, A. Endoh, Horm. Metab. Res. 2007, 39, 489.
[65] A. L. Lin, W. Zhang, X. Gao, L. Watts,Neurobiol. Aging 2015, 36, 2296.
[66] J. J. Meidenbauer, N. Ta, T. N. Seyfried, Nutr. Metab. 2014, 11, 23.
[67] F. A. Kuehl, Jr., R. W. Egan, Science 1980, 210, 978.
[68] Y. Duan, L. Zeng, C. Zheng, B. Song, F. Li, X. Kong, K. Xu, Front. Im-

munol. 2018, 9, 2649.

Mol. Nutr. Food Res. 2020, 1901116 1901116 (12 of 12) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


