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A genistein-enriched diet neither
improves skeletal muscle oxidative
“capacity nor prevents the transition
e towards advanced insulin
e resistance in ZDF rats

- BiancaW. J. van Bree'", Ellen Lenaers*", Miranda Nabben?, Jacco J. Briedé?,
- JohannaA. Jérgensen’?, Gert Schaart?, Patrick Schrauwen?, Joris Hoeks* &
© Matthijs K. C. Hesselink?

Genistein, a natural food compound mainly present in soybeans, is considered a potent antioxidant
and to improve glucose homeostasis. However, its mechanism of action remains poorly understood.
Here, we analyzed whether genistein could antagonize the progression of the hyperinsulinemic
normoglycemic state (pre-diabetes) toward full-blown T2DM in Zucker Diabetic Fatty (ZDF) rats
by decreasing mitochondrial oxidative stress and improving skeletal muscle oxidative capacity.
Rats were assigned to three groups: (1) lean control (CNTL), (2) fa/fa CNTL, and (3) fa/fa genistein
(GEN). GEN animals were subjected to a 0.02% (w/w) genistein-enriched diet for 8 weeks, whereas
CNTL rats received a standard diet. We show that genistein did not affect the overall response to

. aglucose challenge in ZDF rats. In fact, genistein may exacerbate glucose intolerance as fasting

. glucose levels were significantly higher in fa/fa GEN (17.6 4 0.7 mM) compared with fa/fa CNTL
animals (14.9 4= 1.4 mM). Oxidative stress, established by electron spin resonance (ESR) spectroscopy,
carbonylated protein content and UCP3 levels, remained unchanged upon dietary genistein
supplementation. Furthermore, respirometry measurements revealed no effects of genistein on
mitochondrial function. In conclusion, dietary genistein supplementation did not improve glucose
homeostasis, alleviate oxidative stress, or augment skeletal muscle metabolism in ZDF rats.

. A variety of natural dietary strategies have been examined to antagonize the progression of type 2 diabetes mel-

- litus (T2DM)*2. As such, in type 2 diabetic humans the consumption of soy has been reported to have beneficial

. effects as it lowers fasting insulin levels and HOMA-IR, a surrogate marker for insulin resistance’-. However,

* which constituent of soy mediates these protective effects and its related mechanisms remains unclear’. There are

. indications that the most abundant and active phytoestrogen in soy, genistein®, could be beneficial in the man-
agement of T2DM by influencing skeletal muscle oxidative capacity. In vitro studies have shown that genistein
can affect both glucose and lipid metabolism in skeletal muscle tissue?. Likewise, genistein stimulated glucose
uptake in L6 myotubes independently of insulin under normoglycemic (5.5 mM) and hyperglycemic (25 mM)
conditions in a dose-dependent manner®. Moreover, genistein was demonstrated to increase palmitate oxidation
in C2C12 myotubes'’. Animal models of T2DM also indicate that ingestion of a genistein-enriched diet could
improve glucose homeostasis'!* by reducing hyperglycemia, circulating insulin levels'*!>!¢, and hepatic lipid
accumulation!”!3. Additionally, genistein has been reported to have antioxidant activities, either in vitro® or
in vivo in liver and brain of insulin-resistant rodents'”*.
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Figure 1. Dietary genistein consumption does not affect body weight or intramyocellular lipid content
during maturation of ZDF rats. (A) Body weights and (B) plasma leptin levels of rats at the end of the 8-week
dietary intervention. (C) Representative microscope images of ORO staining in gastrocnemius muscle sections
from lean CNTL (upper panel) and fa/fa CNTL (lower panel) rats. (D) Quantification of IMCL content in
gastrocnemius muscle expressed as percentage relative area fraction. The relative area fraction of IMCL content
in lean CNTL rats was set to 1.0%. *P < 0.05 vs. lean CNTL, **P < 0.01 vs. lean CNTL, ***P < 0.0001 vs. lean
CNTL.

Although beneficial effects of genistein on glucose and fat homeostasis have been reported previously, the
mechanisms underlying its beneficial effects remain poorly understood but include augmentation of mitochon-
drial oxidative capacity and ROS management. Interestingly, compromised mitochondrial function in skeletal
muscle has been reported in models of insulin resistance and T2DM?*? and may even precede overt T2DM.
Since skeletal muscle glucose uptake is the central factor in maintenance of insulin sensitivity and development
of T2DM, it will be important to elucidate the role of genistein in skeletal muscle mitochondrial capacity in a
model of progressive insulin resistance. Therefore, the aim of this study was to investigate whether genistein
influences glucose tolerance, and prevents or reduces the progression of the hyperinsulinemic normoglycemic
state (pre-diabetes) towards full-blown T2DM by improving skeletal muscle oxidative capacity and alleviating
oxidative stress. To this end, diabetes prone Zucker Diabetic Fatty (ZDF) rats were provided a genistein-enriched
diet, starting at the age of 6 weeks, when rats were still normoglycemic. Our data show that consumption of a diet
with 0.02% (w/w) genistein does not affect whole-body glucose tolerance, mitochondrial skeletal muscle oxida-
tive capacity or -ROS production. Moreover, dietary genistein does not antagonize the pathogenesis of insulin
resistance in ZDF rats.

Results
Animals. Lean and fa/fa rats (aged 6 weeks) were placed on the standard Purina diet and body weight was
monitored weekly throughout the 8-week intervention period. To study the effect of genistein on weight gain, a
second group of fa/fa rats received the Purina diet supplemented with 0.02% (w/w) genistein. At 14 weeks of age,
we observed that fa/fa rats consuming the genistein-enriched Purina diet had a similar body weight (353 & 6g) in
comparison to the fa/fa rats on the standard Purina diet (344 & 11g) (Fig. 1A). Genistein addition to the diet did
not influence food consumption in the fa/fa animals (data not shown). In comparison to the lean control (CNTL)
animals, the fa/fa rats had a ~10% higher bodyweight (P =0.001) (Fig. 1A) which can be attributed to the leptin
receptor deficiency, resulting in a significantly higher food intake (39 g/day vs. 20 g/day respectively) despite high
circulatory leptin levels in fa/fa animals (Fig. 1B, P < 0.0001).

Progression of insulin resistance during maturation of diabetes prone ZDF rats has previously been reported
to occur in parallel with increased IMCL content®2%. Moreover, genistein has been suggested to promote lipid
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Figure 2. Dietary genistein consumption does not improve whole-body glucose tolerance in fa/fa rats

at the age of 13 weeks. (A) 4-hr fasting glucose levels (mM) at T = 0 of the IPGTT after 7 weeks of dietary
intervention. (B) Glucose tolerance curves of lean CNTL (open circles), fa/fa CNTL (closed circles) and fa/fa
GEN (closed triangles) treated animals. (C) Analysis of the incremental area under the curve (iAUC) in groups
as indicated. ***P < 0.0001 vs. lean CNTL, *P < 0.05 vs. fa/fa CNTL *P < 0.01 vs. fa/fa CNTL, **P < 0.0001 vs.
fa/fa CNTL.

oxidation®, hence we also assessed the effect of genistein on skeletal muscle fat content (Fig. 1C). In line with
previous observations we observed profoundly higher IMCL levels in fa/fa CNTL and fa/fa GEN rats than in
lean CNTL rats (Fig. 1D, P < 0.05). Dietary supplementation of genistein, however, did not affect IMCL content
significantly.

Whole body glucose tolerance. The fa/fa ZDF rat is a recognized model of progressive insulin resistance
during maturation®. At 6 weeks of age fa/fa rats are known to be hyperinsulinemic and normoglycemic, reflecting
a pre-diabetic state, whereas at 14 weeks of age fa/fa rats suffer from severe hyperglycemia?. As cell studies indi-
cate that genistein promotes glucose uptake in myocytes in vitro®, we studied the hypothesis that genistein would
also promote glucose tolerance in vivo. Hence we tested if consumption of dietary genistein during maturation
affects whole-body glucose tolerance by performing i.p. glucose tolerance tests (IPGTT) in rats at 13 weeks of age.

As anticipated, fasting blood glucose levels were significantly higher in fa/fa rats compared to lean rats
(16.4+ 0.8mM and 5.5+ 0.2 mM respectively, P < 0.0001, Fig. 2A). Interestingly, and in contrast to what was
anticipated based upon studies by others*!'*!>, we observed that dietary supplementation of genistein resulted in
significantly higher fasting blood glucose levels in genistein treated fa/fa rats (fa/fa GEN, 17.6 £ 0.7 mM) than in
fa/fa rats fed the control diet (fa/fa CNTL, 14.9+ 1.4mM), P < 0.05, Fig. 2A).

Next we analyzed the blood glucose response to an intraperitoneal glucose challenge (IPGTT). An interaction
effect was found between time and intervention on blood glucose levels (P < 0.0001, Fig. 2B), indicating differ-
ences in rise and clearance of plasma glucose between groups upon the i.p. glucose bolus. The glucose intolerant
state of the fa/fa rats was confirmed by the significantly higher blood glucose concentration at all time points dur-
ing the IPGTT in both fa/fa groups compared to the lean CNTL group (One-way ANOVAs p < 0.0001, Fig. 2B).
Although the overall response (as is reflected by the iAUC) to an intraperitoneal glucose load was not affected by
genistein, glucose levels at 60 (P = 0.002) and 120 minutes (P < 0.0001) after the glucose bolus were significantly
higher in fa/fa GEN rats than in fa/fa CNTL rats (Fig. 2B). Despite these unfavorable effects of genistein on fast-
ing glucose and glucose levels at t = 60 min and t= 120 min, the incremental area under the time-glucose curves
(Fig. 2C) was not significantly different between fa/fa rats consuming the control diet and genistein-treated;
709 + 8 and 765 + 3 in fa/fa CNTL and fa/fa GEN rats respectively (Fig. 2C).

Oxidative stress. Genistein has been reported to have antioxidant activity in vitro as well as in vivo in liver
and brain tissues of insulin resistant rodents!”**. To explore whether genistein was able to also blunt mitochon-
drial ROS production in skeletal muscle, we measured superoxide anion radical production in a direct manner
in isolated mitochondria from gastrocnemius muscles, at a high proton gradient (state 4 conditions, by ESR
spectroscopy). This direct measure of superoxide production, however, revealed similar levels of skeletal mus-
cle mitochondrial superoxide production in genistein-treated animals compared to animals on a control diet
(Fig. 3A, P=0.15). Thus, no differences were found between lean CNTL vs. fa/fa or between fa/fa CNTL and fa/fa
GEN animals.

Next to mitochondrial ROS production, we also measured oxidative protein damage by quantifying carbony-
lated protein content through Oxyblot. In accordance with similar levels of mitochondrial superoxide generation,
carbonylated protein content remained unaffected upon genistein-treatment (0.93 4 0.09 vs. 0.98 +0.10 in fa/fa
CNTL vs. fa/fa GEN rats respectively) (P = 0.89, Fig. 3B). Moreover, the fa/fa and lean CNTL had similar levels
of carbonylated proteins. Jointly, these data suggest that genistein does not affect the antioxidant capacity in rat
skeletal muscle.

Mitochondrial uncoupling. UCP3 has been proposed to modulate lipotoxicity by alleviating proton gradi-
ent built-up?-2® thereby blunting the production of superoxide. This, along with the observation in C2C12 cells
that genistein induces gene expression of UCP3 in C2C12 myotubes'’, prompted us to measure UCP3 protein
content. UCP3 protein content, however, was not affected by genistein (P = 0.98, Fig. 3C).

Skeletal muscle mitochondrial density and function. Subsequently, we analyzed the putative effect
of genistein on skeletal muscle mitochondrial density and function. Mitochondrial density was estimated by

SCIENTIFIC REPORTS | 6:22854 | DOI: 10.1038/srep22854 3



www.nature.com/scientificreports/

faffa lean falfa
A B CNTL CNTL GEN
< b e o
& 150 e
=
[2] 1
E -1 e
£ 1004 R - .
© ) -
= —1= < 1.5q e i
& » - e e
g 501 4
Q Q<
B AR i l—
%) o
e} 0 o
[1'e T T %
lean CNTL fa/fa CNTL fa/fa GEN 3 05
2
c
I}
2
C 8 o0 T )
lean CNTL fa/fa CNTL fa/fa GEN
1.5
=)
<
)
§ 1.0+ I
C
s
o
(.59
[sg]
o
o
=)
0.0

v L)
lean CNTL fa/fa CNTL fa/fa GEN

Figure 3. 8 weeks of genistein feeding had no effects on skeletal muscle oxidative stress. (A) Superoxide
anion radical production on malate with pyruvate as substrates was measured using ESR spectroscopy. The
ROS radical signal intensity of the lean CNTL rats was set to 100%. (B) Quantification of oxidative stress in
gastrocnemius muscles by analysis of carbonylated protein levels with Oxyblot. The carbonylated protein
content in skeletal muscle of lean CNTL rats was set to 1.0 (AU). (C) Protein UCP3 expression levels in
gastrocnemius muscle quantified by western blot analysis (AU).
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Figure 4. Similar mitochondrial densities in 14-week-old lean CNTL, fa/fa CNTL, and fa/fa GEN groups
as were estimated by quantifying complexes I, II, III, and V of the mitochondrial respiratory chain
(OXPHOS). (A) Representative western blot. (B) Quantification of western blot analysis of protein expression
of OXPHOS complexes (AU) in gastrocnemius muscle homogenates and (C) sum of OXPHOS complexes (AU)
in lean and fa/fa rats.

quantifying protein levels of the structural components of the complexes involved in oxidative phosphorylation
(OXPHOS) (Fig. 4A). Protein content of OXPHOS complexes was comparable in all groups (One-way ANOVAs,
complex I P=0.2, complex IT P =0.39, complex IIT P = 0.71, or complex V P = 0.99), regardless of the genotype
(Fig. 4B). Also the sum of OXPHOS complexes was not different between groups (P = 0.49, Fig. 4C). Thus, the
mitochondrial density seemed not significantly affected by genistein administration.

Intrinsic mitochondrial respiratory capacity on either carbohydrate- or fatty acid-derived substrates was
determined by measuring mitochondrial respiration upon either pyruvate or palmitoyl-CoA with carnitine.
However, neither genistein treatment nor genotype significantly affected either maximal coupled (ADP-driven
respiration, state 3) (P =0.76) or uncoupled (FCCP-stimulated respiration, state U) (P = 0.68) mitochondrial
respiration on pyruvate (Fig. 5A,B) or palmitoyl-CoA with carnitine (P = 0.62 and P = 0.29 for state 3 and state U
respectively) (Fig. 5C,D). These data indicate that dietary genistein did neither affect mitochondrial density nor
intrinsic mitochondrial function.
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Figure 5. Oxidative capacity of isolated mitochondria from gastrocnemius muscle is not affected upon
genistein consumption. (A) Coupled (ADP-driven) mitochondrial state 3 respiration upon pyruvate,

(B) Uncoupled (FCCP-stimulated) state U respiration on pyruvate. (C) State 3 on palmitoyl-CoA and D) State
U on palmitoyl-CoA in lean and fa/fa rats at 14 weeks of age.

Discussion

Genistein, a natural food compound mainly present in soybeans, has been shown to alleviate symptoms associ-
ated with T2DM. Nevertheless, the exact mechanism(s) underlying effects of genistein on glucose homeostasis
under diabetic conditions remain poorly understood. In myotubes, genistein has been shown to improve glucose
uptake® and fatty acid handling®®, implying improved oxidative capacity in muscle. In rodent models of T2DM,
genistein has been reported to improve glucose homeostasis''~!* and attenuate ROS-generation'”?’. Because skel-
etal muscle plays a central role in the maintenance of insulin sensitivity?’, and muscle mitochondrial dysfunc-
tion is associated with insulin resistance and T2DM?!?, we here examined whether genistein influences muscle
mitochondrial function and superoxide production in a rat model of progressive insulin resistance. We hypoth-
esized that dietary supplementation of genistein inhibits the transition of the hyperinsulinemic normoglycemic
state (pre-diabetes) towards full blown T2DM by improving skeletal muscle mitochondrial oxidative capacity.
However, we found no evidence for genistein supplementation to improve whole-body glucose tolerance, skeletal
muscle oxidative capacity, or ROS-induced stress during the maturation of ZDF rats. Therefore, our data argue
against a beneficial role of genistein in the prevention of the development of advanced insulin resistance. In fact,
increased fasting glucose levels in genistein-supplemented rats and elevated glucose levels at several time points
after and oral glucose load may even be interpreted as unwarranted.

The ZDF rat is a well-known model of progressive insulin resistance?. As anticipated, we found that fa/fa rats
had higher leptin levels, food intake, and body weight in comparison to lean rats. At 14 weeks of age fa/fa rats
had significantly elevated fasting glucose levels and muscle fat content compared to lean rats, implying that fa/fa
rats had developed an advanced state of insulin resistance indeed. In addition, no major differences were found
in mitochondrial function upon either pyruvate or palmitoyl-CoA with carnitine between mature fa/fa and lean
rats, which is consistent with findings in previous studies using the same rat model****. Hence, studying effects of
genistein on glucose homeostasis and muscle oxidative capacity in fa/fa ZDF rats during maturation could pro-
vide more insight in the potential of genistein to inhibit the transition from a pre-diabetic state toward advanced
stages of insulin resistance.

Interestingly, we found that after 8 weeks dietary intervention, fa/fa rats that consumed the genistein-enriched
diet (fa/fa GEN) had similar body weights compared with the untreated fa/fa (fa/fa CNTL) rats. Also food intake
and IMCL content were not different upon genistein. However, genistein had a negative rather than a positive
effect on hyperglycemia as fasting glucose levels were slightly elevated in fa/fa GEN rats compared with the fa/fa
CNTL rats. Also, blood glucose levels at 60 and 120 minutes after a glucose bolus were slightly higher in fa/fa
GEN rats compared with fa/fa CNTL rats. Thus, unexpectedly, our data show a more unfavorable rather than
favorable effect of dietary genistein on glucose homeostasis under conditions of insulin resistance. A previous
study using nongenetic obese diabetic mice that were generated by high fat feeding and streptozotocin injections,
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also examined the effect of genistein on whole-body glucose homeostasis'®. Whereas there were also no effects
of genistein on body weight or fat deposition in these mice, hyperglycemia was blunted and glucose tolerance
improved upon 0.025% dietary genistein intake'*. Importantly, streptozotocin injections rendered these mice
diabetic due to compromised pancreatic 3-cell function. Thus, the mechanism underlying insulin resistance in
streptozotocin diabetic mice is essentially different from the fa/fa ZDF model, where muscle insulin resistance
appears to be the primary defect. The essential difference in the underlying mechanism may explain the dis-
crepancy between the beneficial effects of genistein on glucose tolerance in streptozotocin treated mice vs. our
observations in fa/fa rats. Additionally, the actions of genistein (and other isoflavones), appear to depend on the
complex interaction of several factors, including the its duration and concentration of dosage regimens, but also
age and sex of the individual have been reported to affect the action of genistein®..

Although genistein had no beneficial effects on whole-body glucose homeostasis, genistein could still have an
effect on substrate metabolism at the level of skeletal muscle. Type 2 diabetes patients have been characterized
by increased levels of skeletal muscle fat content®*-** accompanied by excessive ROS generation and oxidative
stress*=%. As a consequence, enhanced lipid peroxidation leads to increased production of lipotoxic by-products
that could negatively affect muscle substrate metabolism**°, and subsequently, contribute to the development of
T2DM>4

Since recent data point toward a beneficial role of genistein against ROS!7~%, we examined the effect of genis-
tein on mitochondrial superoxide production and oxidative damage in skeletal muscle under insulin resistance
conditions. To the best of our knowledge, this is the first study demonstrating that genistein supplementation
does not directly affect skeletal muscle mitochondrial superoxide anion radical formation as assessed by ESR. This
was accompanied by lack of effect of genistein treatment on oxidative stress levels as was reflected by comparable
levels of carbonylated proteins*!. Analogous to our data on oxidative stress, UCP3 protein levels, another postu-
lated protective mechanism against lipotoxicity**-2® suggested to be activated by genistein'’, remain unaffected.
It has been reported that effects of genistein on oxidative stress are less pronounced under insulin resistance
conditions. In this context, in human umbilical vein endothelial cells, genistein had protective effects against
ROS-induced apoptosis and inhibition of cell proliferation under normal glucose conditions (5 mM)*. Though,
these protective effects were less effective at high glucose levels (25 mM) mimicking diabetic conditions*’. These
data along with our findings in the present study imply that genistein alone does not effectively lower oxidative
stress in skeletal muscle under conditions of insulin resistance in ZDF rats.

Nevertheless, it is important to note that our focus was on mitochondrial ROS production and markers of
ROS-induced damage in skeletal muscle. In livers of diet-induced insulin-resistant rats it has been reported that
a dose of 1 mg/kg genistein via oral gavage did prevent oxidative damage!”. Additionally, in a mouse model of
focal cerebral ischemia injury, a genistein dose of half the concentration of what was used in the present study
(2.5-10mg/kg vs. 15-20 mg/kg per day respectively) could decrease ROS generation directly as was shown by
reduced H,0, levels*. Tissue-specific effects of genistein on oxidative stress could be induced due to the presence
of tissue-specific estrogen receptor (ER)a/ERS ratios** and tissue differences may help to understand the aberrant
differences between these studies and ours.

To elucidate the effect of genistein on skeletal muscle oxidative capacity in more detail, we measured mito-
chondrial density and function. Comparable OXPHOS levels between fa/fa CNTL and fa/fa GEN demonstrate
that consuming a diet enriched with 0.02% (w/w) genistein during 8 weeks did not influence mitochondrial
density in 14-week-old ZDF rats. Also, genistein supplementation did not improve intrinsic mitochondrial
function. This finding was displayed by comparable levels of maximal coupled (ADP-driven) and uncoupled
(FCCP-stimulated) mitochondrial respiration on either palmitoyl-CoA or pyruvate, in fa/fa CNTL and fa/fa
GEN groups. Thus, genistein supplementation during the development of advanced stages of insulin resistance
does not affect mitochondrial density, or influence intrinsic mitochondrial function. Our data on mitochondrial
density and function match our finding that genistein did not reduce oxidative stress under diabetic conditions.
Whereas others have shown, using the same model of progressive insulin resistance, that drug or diet interven-
tions*>* indeed can ameliorate or delay the progression of insulin resistance, our data indicate that genistein sup-
plementation in a dose of 0.02% (w/w) does not alleviate the transition of the hyperinsulinemic normoglycemic
state towards advanced insulin resistance by improving skeletal muscle mitochondrial oxidative capacity in ZDF
rats. The dosing of the present study was based on previous animal work in which effects of genistein on other
physiologically relevant parameters like fat oxidation, glucose and lipid regulating enzymes and PPAR activa-
tion parameters were reported!®-'244, Oral bioavailability of genistein in male rats is approximately 6.8%*’. The
half-life time of an orally provided 4 mg/kg bw dose of genistein was proven to be 16.8 hours* with plasma values
peaking after 0.5 hours®.

In the present study we mixed genistein with the diet. This resulted in consumption of 10-12 mg genistein per
animal over a 24-hour period. As rats mainly eat throughout the dark phase, elevation of plasma levels of genis-
tein are induced during the dark phase and with a half-life time of 16.8 hours, are likely to be significantly elevated
relative to control values during the light phase. We did not aim to test a genistein dose-effect relationship. Hence,
we cannot exclude that genistein, if provided in other dosages than tested, may affect insulin resistance or related
parameters.

In conclusion, we here studied the effects of genistein on glucose homeostasis and skeletal muscle metab-
olism in a rat model of progressive insulin resistance and development of T2DM. Our data show that dietary
supplementation of 0.02% (w/w) genistein had no beneficial effects on whole-body glucose tolerance, skeletal
muscle oxidative stress, or intrinsic mitochondrial function in ZDF rats. Since skeletal muscle is an important
site of insulin resistance and T2DM development, we suggest that dietary supplementation of pure genistein does
not alleviate symptoms associated with T2DM progression. Moreover, we here showed that genistein feeding
of hyperinsulinemic hyperglycemic ZDF rats does not prevent or inhibit the transition from a prediabetic state
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toward advanced insulin resistance and development of T2DM. In fact, we even demonstrated that under diabetic
conditions, genistein could give unfavorable effects on glucose homeostasis.

Materials and Methods

Animals. Six-week old leptin receptor deficient ZDF rats (ZDF/Gmi, fa/fa, n= 12) and their homozygote lit-
termates (ZDF/Gmi, +/+ (lean), n=12) were purchased from Charles River (Maastricht, The Netherlands). Per
genotype, the animals were housed in pairs in a controlled environment (21 °C) with a 12h light : 12h dark cycle.
During the entire study, rats had ad libitum access to tap water and diet (Purina 5008; 16.7 energy percentage
(En%) fat, 56.4 En% carbohydrates, and 26.8 En% protein, Altromin Germany). Reported studies demonstrated
that addition of genistein to the diet at a dose of 0.02% (w/w) positively affects lipid metabolism, reduces oxidative
stress, and has anti-diabetic potential'®-124743 Therefore, from 6 weeks of age and onward, rats were fed ad libitum
the standard Purina diet either with or without 0.02% (w/w) genistein (Shanghai Dnd Pharm-technology Co.
Inc.) for the duration of 8 weeks (n= 6 per group). Body weight and food consumption was monitored weekly
throughout this 8-week period of dietary intervention. Intraperitoneal glucose tolerance tests (IPGTT) were per-
formed at 13 weeks of age. At the age of 14 weeks, rats were sacrificed by cervical dislocation after a short seda-
tion with a mixture of CO, and O, (4:1). Subsequently, gastrocnemius muscles were rapidly dissected and partly
(~2 grams) directly used for the isolation of skeletal muscle mitochondria. Gastrocnemius muscle was also rapidly
frozen for histology analyses and Western blotting assays in liquid N,-cooled isopentane and stored at —80°C.
All experiments were performed in accordance with the approved guidelines and regulations and complied with
the principles of laboratory animal care. All protocols were approved by the Maastricht University animal ethics
committee.

Glucose tolerance tests and plasma measurements. For IPGTTs, rats were fasted for 4hours and
subsequently injected intraperitoneally with a glucose bolus (1 g/kg body weight). Blood glucose levels were
measured in vena saphena blood samples prior to (t=0) and at 5, 15, 30, 60, 90, and 120 minutes after the glucose
administration using a glucose meter (LifeScan, Milpitas, CA, USA). Additionally, blood samples were collected
in K-EDTA coated tubes, centrifuged at 1000 g for 10 minutes and plasma samples were frozen in liquid nitrogen
and stored at —80 °C until analyses. Leptin levels were established with a rat/mouse ELISA kit from Millipore
(Millipore, Billerica, MA, USA).

Mitochondrial isolation. ~ Within 30 seconds after sacrificing the animals, both gastrocnemius muscles were
excised and processed on ice for mitochondrial isolation. In brief, the left gastrocnemius and the distal pieces
of the right gastrocnemius muscle were immediately placed into ice-cold medium containing 100 mM sucrose,
50 mM KCl, 20 mM K*-TES, 1 mM EDTA and 0.2% (w/v) bovine serum albumin (BSA) (pH 7,4; with KOH) and
processed for mitochondrial isolation according to Nabben et al.*°. The protein concentration in the mitochon-
drial pellet was measured using fluorescamine (Fluram®, Fluka, Zwijndrecht, the Netherlands) with BSA as a
standard®'. Freshly isolated mitochondria were used immediately for electron spin resonance (ESR) spectroscopy
and mitochondrial respirometry.

The medial part of the right gastrocnemius muscle was trimmed from visible fat and blood, embedded in
Tissue-Tek (Sakura Finetek, Zoeterwoude, the Netherlands) and rapidly frozen in liquid nitrogen-cooled iso-
pentane (2-methyl-butane, Fluka, Zwijndrecht, the Netherlands). Samples were stored at —80 °C until further
analysis.

Intramuscular lipid storage.  To quantify the neutral lipid storage in skeletal muscle, cryosections (5pum) of
gastrocnemius muscles were stained with oil red O (ORO) as previously described®’. ORO staining was combined
with laminin staining (L-9393. Sigma, St Louis, USA) to visualize the cell membranes. Sections were examined
using a Nikon E800 fluorescence microscope (Nikon, Amsterdam, The Netherlands). Digital images were cap-
tured and processed using Lucia G/F 5.49 image analysis software (Nikon, Dusseldorf, Germany). IMCL content
was expressed per cell surface area and normalized to the lean control group.

Reactive oxygen species (ROS) production. Mitochondrial ROS production was measured using elec-
tron spin resonance (ESR) spectroscopy; as described earlier™-°. Briefly, freshly isolated mitochondria (0.1 mg/ml
protein) from gastrocnemius muscle were pre-incubated in mitochondrial respirometry medium (without
malate), consisting of 100 mM sucrose, 50 mM KCl, 20 mM K*-TES (pH 7.2), 2mM MgCl,, ] mM EDTA, 4 mM
KH,PO,, and 0.1% (w/v) bovine serum albumin (BSA), at 37 °C for 5 minutes. Subsequently, malate (3 mM)
and pyruvate (5mM) were added in the same concentrations as for the respirometry measurements. Charcoal
purified 5,5-dimethyl-1-pyrroline N-oxide (DMPO) (100 mM; Sigma-Aldrich, St Louis, MO, USA) was added as
a spintrap. Superoxide anion radical derived DMPO "-OH signals were measured in triplicate (starting from the
pre-incubation) on a Bruker EMX 1273 spectrometer. Using the WIN-EPR spectrum quantification software
(version 2.11, Bruker, Rheinstetten, Germany) spectra were quantified by summation of the peak heights from
the four peaks of the DMPO"-OH spectrum as previously described?. Values are expressed as percentage of the
radical signal intensity of the lean control rats.

Mitochondrial respirometry. Respiration rates were measured in freshly isolated mitochondria at 37°C
using a two-chambered Oxygraph (Oroboros Instruments, Innsbruck, Austria). Mitochondria (0.1 and 0.25 mg/ml
mitochondrial protein for pyruvate and palmitoyl-CoA, respectively) were incubated in medium consisting
of 100 mM sucrose, 50 mM KCI, 20 mM K*-TES (pH 7.2), 2mM MgCl,, 1 mM EDTA, 4mM KH,PO,, 3mM
malate and 0.1% (w/v) bovine serum albumin (BSA). Pyruvate (5 mM) was used as a carbohydrate-derived sub-
strate and carnitine (2 mM) + palmitoyl-CoA (50 uM) as fatty acid-derived substrate. After addition of substrate,
maximally coupled (state 3) respiration was measured by adding ADP (450 uM). Subsequently, basal (state 4)
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respiration was induced by the addition of the ATP-synthase inhibitor oligomycin (1 pg/ml). Maximal mito-
chondrial respiration capacity (state U respiration) was quantified by titrating the chemical uncoupler carbonyl
cyanide p-trifluoromethoxyphenylhydrazone (FCCP). Mitochondrial respiration was expressed as nmol O, per
mg mitochondrial protein per minute.

Western blot analysis. To obtain a marker for mitochondrial density we used an antibody that selec-
tively recognizes structural components of the electron transport chain and oxidative phosphorylation (rodent
OXPHOS antibody cocktail, MS604; MitoSciences, Eugene, OR, USA). As lipotoxicity may contribute to the
development of insulin resistance®, especially under conditions of elevated production of reactive oxygen spe-
cies*”*® and UCP3 has been postulated to modulate lipotoxicity?*-?$, we also examined UCP3 protein levels.
Hence, western blotting was performed in homogenates of the right gastrocnemius muscle as described previ-
ously?**!. In short, standard SDS-PAGE blocking and incubation protocols were followed. Blots were incubated
overnight at 4 °C with primary antibodies against electron transport chain complexes proteins (OXPHOS) or
UCP3 (rabbit polyclonal antibody to UCP3; ab3477; Abcam, Cambridge, UK). After incubation with the pri-
mary antibodies, appropriate secondary antibodies (Rockland Immunochemicals, TeBu, Heerhugowaard, The
Netherlands) were applied. Both OXPHOS and UCP3 blots were visualized and quantified using the Odyssey
Near Infrared Imager (Licor Biosciences, Westburg, Leusden, The Netherlands).

In addition, as a marker for oxidative damage, the amount of protein carbonyls in isolated mitochondrial frac-
tions was quantified using an Oxyblot oxidized protein detection kit (Millipore, Billerica, MA, USA) according to
Lenaers et al.?*. All protein contents were expressed as arbitrary units (AU).

Statistics. Results are expressed as means &= SEM. For examining the effect of genistein, comparisons of data
were made between lean CNTL, fa/fa CNTL, and fa/fa GEN groups through one-way ANOVA analyses followed
by a Newman-Keuls posthoc test. To analyze the effect of genistein on glucose clearance during the IPGTT,
mixed ANOVA analysis was performed with a Tukey posthoc test. Simple main effects were explored in order
to determine the differences between groups at each time point. Per time point separate one-way ANOVAs were
performed and multiple comparisons were obtained to establish the genistein effect per group at each time point.
Statistical analyses were performed using GraphPad Prism 5.0a Macintosh Version. SPSS for Macinthosh 20.0
software was used for mixed ANOVA analysis. Statistical significance was set at P < 0.05.

References
1. Abete, I., Goyenechea, E., Zulet, M. A. & Martinez, J. A. Obesity and metabolic syndrome: potential benefit from specific nutritional
components. Nutr Metab Cardiovasc Dis 21 Suppl 2, B1-15 (2011).
2. Cederroth, C. R. & Nef, S. Soy, phytoestrogens and metabolism: A review. Mol Cell Endocrinol 304, 30-42 (2009).
3. Fujimoto, W. Y. et al. Glucose intolerance and diabetic complications among Japanese-American women. Diabetes Res Clin Pract 13,
119-129 (1991).
4. Squadrito, E. et al. Genistein in the metabolic syndrome: results of a randomized clinical trial. ] Clin Endocrinol Metab 98, 3366-3374
(2013).
5. Jayagopal, V. et al. Beneficial effects of soy phytoestrogen intake in postmenopausal women with type 2 diabetes. Diabetes Care 25,
1709-1714 (2002).
6. Bhathena, S. J. & Velasquez, M. T. Beneficial role of dietary phytoestrogens in obesity and diabetes. Am J Clin Nutr 76, 1191-1201
(2002).
7. Zimmermann, C., Cederroth, C. R., Bourgoin, L., Foti, M. & Nef, S. Prevention of diabetes in db/db mice by dietary soy is
independent of isoflavone levels. Endocrinology 153, 5200-5211 (2012).
8. Mantovani, D., Cardozo Filho, L., Santos, L. C., de Souza, V. L. & Watanabe, C. S. Chromatographic quantification of isoflavone
content from soy derivates using HPLC technique. ] Chromatogr Sci 47, 766-769 (2009).
9. Ha, B. G. et al. Regulatory mechanism for the stimulatory action of genistein on glucose uptake in vitro and in vivo. ] Nutr Biochem
23, 501-509 (2012).
10. Palacios-Gonzalez, B. et al. Genistein stimulates fatty acid oxidation in a leptin receptor-independent manner through the JAK2-
mediated phosphorylation and activation of AMPK in skeletal muscle. Biochimica et biophysica acta 1841, 132-140 (2013).
11. Mezei, O. et al. Soy isoflavones exert antidiabetic and hypolipidemic effects through the PPAR pathways in obese Zucker rats and
murine RAW 264.7 cells. The Journal of nutrition 133, 1238-1243 (2003).
12. Ae Park, S. et al. Genistein and daidzein modulate hepatic glucose and lipid regulating enzyme activities in C57BL/Ks]J-db/db mice.
Life sciences 79, 1207-1213 (2006).
13. Lee, J. S. Effects of soy protein and genistein on blood glucose, antioxidant enzyme activities, and lipid profile in streptozotocin-
induced diabetic rats. Life sciences 79, 1578-1584 (2006).
14. Davis, J. et al. Soy protein influences the development of the metabolic syndrome in male obese ZDFxSHHF rats. Horm Metab Res
37,316-325 (2005).
15. Fu, Z. et al. Genistein ameliorates hyperglycemia in a mouse model of nongenetic type 2 diabetes. Appl Physiol Nutr Metab 37,
480-488 (2012).
16. Ali, A. A., Velasquez, M. T., Hansen, C. T., Mohamed, A. I. & Bhathena, S. ]. Modulation of carbohydrate metabolism and peptide
hormones by soybean isoflavones and probiotics in obesity and diabetes. ] Nutr Biochem 16, 693-699 (2005).
17. Mohamed Salih, S., Nallasamy, P, Muniyandi, P., Periyasami, V. & Carani Venkatraman, A. Genistein improves liver function and
attenuates non-alcoholic fatty liver disease in a rat model of insulin resistance. J Diabetes 1, 278-287 (2009).
18. Tovar, A. R. et al. Soy protein reduces hepatic lipotoxicity in hyperinsulinemic obese Zucker fa/fa rats. J Lipid Res 46, 1823-1832
(2005).
19. Vedavanam, K,, Srijayanta, S., O’Reilly, J., Raman, A. & Wiseman, H. Antioxidant action and potential antidiabetic properties of an
isoflavonoid-containing soyabean phytochemical extract (SPE). Phytother Res 13, 601-608 (1999).
20. Valsecchi, A. E. et al. The soy isoflavone genistein reverses oxidative and inflammatory state, neuropathic pain, neurotrophic and
vasculature deficits in diabetes mouse model. Eur ] Pharmacol 650, 694-702 (2011).
21. Petersen, K. E, Dufour, S., Befroy, D., Garcia, R. & Shulman, G. I. Impaired mitochondrial activity in the insulin-resistant offspring
of patients with type 2 diabetes. N Engl ] Med 350, 664—-671 (2004).
22. Chow, L., From, A. & Seaquist, E. Skeletal muscle insulin resistance: the interplay of local lipid excess and mitochondrial
dysfunction. Metabolism 59, 70-85 (2010).
23. Etgen, G. & Oldham, B. Profiling of Zucker diabetic fatty rats in their progression to the overt diabetic state. Metabolism: clinical and
experimental 49, 684-688 (2000).

SCIENTIFIC REPORTS | 6:22854 | DOI: 10.1038/srep22854 8



www.nature.com/scientificreports/

27.

28.

29.

30.

31

34.
35.
36.
37.
38.

39.
. Lee, H. Y. et al. Targeted expression of catalase to mitochondria prevents age-associated reductions in mitochondrial function and

41.
42.
43.

44,

45.
46.
47.
48.

49.

50.

51.
. Koopman, R,, Schaart, G. & Hesselink, M. K. Optimisation of oil red O staining permits combination with immunofluorescence and

53.
54.
55.

56.

. Lenaers, E. et al. Adaptations in mitochondrial function parallel, but fail to rescue, the transition to severe hyperglycemia and

hyperinsulinemia: a study in Zucker diabetic fatty rats. Obesity (Silver Spring, Md.) 18, 1100-1107 (2010).

. Naaz, A. et al. The soy isoflavone genistein decreases adipose deposition in mice. Endocrinology 144, 3315-3320 (2003).
. Nabben, M. et al. Significance of uncoupling protein 3 in mitochondrial function upon mid- and long-term dietary high-fat

exposure. FEBS Lett 585, 4010-4017 (2011).

Aguer, C. et al. Muscle uncoupling protein 3 overexpression mimics endurance training and reduces circulating biomarkers of
incomplete beta-oxidation. FASEB ] 27, 4213-4225 (2013).

Toime, L. ]. & Brand, M. D. Uncoupling protein-3 lowers reactive oxygen species production in isolated mitochondria. Free Radic
Biol Med 49, 606-611 (2010).

Shulman, G. L et al. Quantitation of muscle glycogen synthesis in normal subjects and subjects with non-insulin-dependent diabetes
by 13C nuclear magnetic resonance spectroscopy. N Engl ] Med 322, 223-228 (1990).

De Feyter, H. M. et al. Increased intramyocellular lipid content but normal skeletal muscle mitochondrial oxidative capacity
throughout the pathogenesis of type 2 diabetes. FASEB ] 22, 3947-3955 (2008).

. Orgaard, A. & Jensen, L. The effects of soy isoflavones on obesity. Exp Biol Med (Maywood) 233, 1066-1080 (2008).
. Pan, D. A. et al. Skeletal muscle triglyceride levels are inversely related to insulin action. Diabetes 46, 983-988 (1997).
33.

Perseghin, G. et al. Intramyocellular triglyceride content is a determinant of in vivo insulin resistance in humans: a 1H-13C nuclear
magnetic resonance spectroscopy assessment in offspring of type 2 diabetic parents. Diabetes 48, 1600-1606 (1999).

Krssak, M. et al. Intramyocellular lipid concentrations are correlated with insulin sensitivity in humans: a 1H NMR spectroscopy
study. Diabetologia 42, 113-116 (1999).

Anderson, E. J. et al. Mitochondrial H,0, emission and cellular redox state link excess fat intake to insulin resistance in both rodents
and humans. J Clin Invest 119, 573-581 (2009).

Brand, M. D. et al. Oxidative damage and phospholipid fatty acyl composition in skeletal muscle mitochondria from mice
underexpressing or overexpressing uncoupling protein 3. Biochem ] 368, 597-603 (2002).

Houstis, N., Rosen, E. D. & Lander, E. S. Reactive oxygen species have a causal role in multiple forms of insulin resistance. Nature
440, 944-948 (2006).

Russell, A. P. et al. Lipid peroxidation in skeletal muscle of obese as compared to endurance-trained humans: a case of good vs. bad
lipids? FEBS Lett 551, 104-106 (2003).

Furukawa, S. et al. Increased oxidative stress in obesity and its impact on metabolic syndrome. J Clin Invest 114, 1752-1761 (2004).

insulin resistance. Cell Metab 12, 668-674 (2010).

Dalle-Donne, I, Rossi, R., Giustarini, D., Milzani, A. & Colombo, R. Protein carbonyl groups as biomarkers of oxidative stress. Clin
Chim Acta 329, 23-38 (2003).

Xu, S. Z. et al. Multiple mechanisms of soy isoflavones against oxidative stress-induced endothelium injury. Free Radic Biol Med 47,
167-175 (2009).

Qian, Y. et al. Neuroprotection by the soy isoflavone, genistein, via inhibition of mitochondria-dependent apoptosis pathways and
reactive oxygen induced-NF-kappaB activation in a cerebral ischemia mouse model. Neurochem Int 60, 759-767 (2012).
Nadal-Serrano, M. et al. Genistein modulates oxidative stress in breast cancer cell lines according to ERalpha/ERbeta ratio: Effects
on mitochondrial functionality, sirtuins, uncoupling protein 2 and antioxidant enzymes. Int ] Biochem Cell Biol 45, 2045-2051
(2013).

Reimer, R. A. et al. Combining sitagliptin/metformin with a functional fiber delays diabetes progression in Zucker rats. The Journal
of endocrinology 220, 361-373 (2014).

Sreenan, S., Sturis, J., Pugh, W,, Burant, C. F. & Polonsky, K. S. Prevention of hyperglycemia in the Zucker diabetic fatty rat by
treatment with metformin or troglitazone. The American journal of physiology 271, E742-747 (1996).

Davis, J. et al. Soy protein and isoflavones influence adiposity and development of metabolic syndrome in the obese male ZDF rat.
Ann Nutr Metab 51, 42-52 (2007).

Lee, Y. M. et al. Effects of dietary genistein on hepatic lipid metabolism and mitochondrial function in mice fed high-fat diets.
Nutrition 22, 956-964 (2006).

Coldham, N. G., Zhang, A. Q, Key, P. & Sauer, M. J. Absolute bioavailability of [14C] genistein in the rat; plasma pharmacokinetics
of parent compound, genistein glucuronide and total radioactivity. European journal of drug metabolism and pharmacokinetics 27,
249-258 (2002).

Nabben, M. et al. Uncoupled respiration, ROS production, acute lipotoxicity and oxidative damage in isolated skeletal muscle
mitochondria from UCP3-ablated mice. Biochimica et biophysica acta 1807, 1095-1105 (2011).

Schrauwen, P. et al. Uncoupling protein 3 as a mitochondrial fatty acid anion exporter. FASEB ] 17, 2272-2274 (2003).

automated quantification of lipids. Histochem Cell Biol 116, 63-68 (2001).

Hoeks, J. et al. Mitochondrial function, content and ROS production in rat skeletal muscle: effect of high-fat feeding. FEBS Lett 582,
510-516 (2008).

Nabben, M. et al. The effect of UCP3 overexpression on mitochondrial ROS production in skeletal muscle of young versus aged
mice. FEBS Lett 582, 4147-4152 (2008).

Briede, J. J. et al. The presence of the cag pathogenicity island is associated with increased superoxide anion radical scavenging
activity by Helicobacter pylori. FEMS Immunol Med Microbiol 44, 227-232 (2005).

Schrauwen, P, Schrauwen-Hinderling, V., Hoeks, J. & Hesselink, M. K. Mitochondrial dysfunction and lipotoxicity. Biochimica et
biophysica acta 1801, 266-271 (2010).

Acknowledgements

The work of E. Lenaers has been supported by a grant from the School of Life Sciences, Dr. M.K.C. Hesselink
(917.66.359) and Dr. J. Hoeks (917.14.358) were supported by VIDI grants for innovative research from the
Netherlands Organization for scientific Research.

Author Contributions

B.W.J.v.B. and E.L. were responsible for data acquisition, data analysis and wrote the main manuscript text. M.N.,
J.A.J. and G.S. were involved in data acquisition. J.J.B. contributed to the study design. P.S., J.H. and M.K.C.H.
contributed to the study design and data interpretation. All authors contributed to the critical evaluation and
revision of the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

SCIENTIFIC REPORTS | 6:22854 | DOI: 10.1038/srep22854 9



www.nature.com/scientificreports/

How to cite this article: van Bree, B. W. ]. et al. A genistein-enriched diet neither improves skeletal muscle
oxidative capacity nor prevents the transition towards advanced insulin resistance in ZDF rats. Sci. Rep. 6,
22854; doi: 10.1038/srep22854 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

2 or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:22854 | DOI: 10.1038/srep22854 10


http://creativecommons.org/licenses/by/4.0/

	A genistein-enriched diet neither improves skeletal muscle oxidative capacity nor prevents the transition towards advanced  ...
	Results

	Animals. 
	Whole body glucose tolerance. 
	Oxidative stress. 
	Mitochondrial uncoupling. 
	Skeletal muscle mitochondrial density and function. 

	Discussion

	Materials and Methods

	Animals. 
	Glucose tolerance tests and plasma measurements. 
	Mitochondrial isolation. 
	Intramuscular lipid storage. 
	Reactive oxygen species (ROS) production. 
	Mitochondrial respirometry. 
	Western blot analysis. 
	Statistics. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Dietary genistein consumption does not affect body weight or intramyocellular lipid content during maturation of ZDF rats.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Dietary genistein consumption does not improve whole-body glucose tolerance in fa/fa rats at the age of 13 weeks.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ 8 weeks of genistein feeding had no effects on skeletal muscle oxidative stress.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Similar mitochondrial densities in 14-week-old lean CNTL, fa/fa CNTL, and fa/fa GEN groups as were estimated by quantifying complexes I, II, III, and V of the mitochondrial respiratory chain (OXPHOS).
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Oxidative capacity of isolated mitochondria from gastrocnemius muscle is not affected upon genistein consumption.



 
    
       
          application/pdf
          
             
                A genistein-enriched diet neither improves skeletal muscle oxidative capacity nor prevents the transition towards advanced insulin resistance in ZDF rats
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22854
            
         
          
             
                Bianca W. J. van Bree
                Ellen Lenaers
                Miranda Nabben
                Jacco J. Briedé
                Johanna A. Jörgensen
                Gert Schaart
                Patrick Schrauwen
                Joris Hoeks
                Matthijs K. C. Hesselink
            
         
          doi:10.1038/srep22854
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep22854
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep22854
            
         
      
       
          
          
          
             
                doi:10.1038/srep22854
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22854
            
         
          
          
      
       
       
          True
      
   




