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Abstract: The phytochemical composition of fruits, especially polyphenols, depends on the envi-
ronmental conditions under which these fruits are cultivated and the agronomic practices followed.
Therefore, the consumption of fruits from different origins, with different polyphenol signatures,
could have differential effects on health. In addition, recent studies have shown that variation in the
biological rhythms due to changes in the photoperiod in the different seasons differentially affect the
metabolism in animal models, thus conditioning their response to food consumption. Considering
all, this article evaluates the effects of consumption of sweet cherry from different sources, local (LC)
and non-local (nLC), on plasma metabolic parameters and the gene expression of key enzymes of
lipid metabolism in Fischer 344 rats under photoperiods simulating different seasons. Animals were
classified into three photoperiods (L6, L12 and L18) and three treatments (LC, nLC and VH). Both
the photoperiod and the treatments significantly affected the evaluated parameters. An effect of the
photoperiod on triacylglycerides, non-esterified fatty acids and the mRNA concentration of crucial
enzymes from the hepatic lipid metabolism was observed. Furthermore, the consumption of fruit in
L12 lowered blood glucose, while the different treatments affected the hepatic expression of genes
related with lipidic enzymes.

Keywords: xenohormesis; polyphenols; photoperiods; seasonality; liver lipogenic enzymes

1. Introduction

Polyphenols are secondary metabolites synthesized by plants, which, thanks to their
characteristic phenolic structure, have certain protective effects against chronic diseases,
such as cardiovascular [1,2], neurodegenerative [3] and metabolic pathologies [4,5], as well
as activity against some types of cancer [6–8]. These phytochemicals are present in fruits,
vegetables, tea, chocolate, coffee and oils, among others. Therefore, a regular consumption
of these foods would provide health benefits [1,9]. Cherries, for their part, have a low caloric
content and not only provide sugars, fiber, vitamin C, potassium, tryptophan, serotonin and
melatonin, but also guarantee a significant contribution of bioactive phytochemicals [10].
Although the concentration and composition of these phytocompounds depend on various
factors, both sweet cherries (Prunus avium L.) and sour cherries (Prunus cerasus L.) are
rich in polyphenols, mainly anthocyanins, hydroxycinnamic acid and flavonoids [11]. In
particular, their consumption has been associated with anti-inflammatory, anti-oxidative
and antifungal properties, in both animal and human models [12–14].

Further, the day/night rhythm, as well as the wake/sleep rhythm, regulates many
physiological processes in mammals, including body temperature, hormonal secretion,
food intake and lipid metabolism. Further seasonal changes and the duration of daylight
exposure modulate the circadian rhythm, thus influencing the clock genes and resulting
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in direct and indirect effects on metabolic parameters. Consequently, changes in the
photoperiod can produce alterations that predispose to obesity and increase the risk of
metabolic syndrome [15].

Hormesis is the concept that defines the process by which living beings adapt to low-
dose exposure to external harmful stimuli to achieve resistance to future exposures and thus
enhance the survival of the species. The development of signaling pathways including tran-
scription and regulatory factors in the gene expression of cytoprotective proteins are some
of these adaptive responses [16]. For example, plants develop a distinctive phytochemical
composition, primarily polyphenols, that depends on the environment and the stressful
stimuli that they receive [17]. Within this context, xenohormesis is defined as inter-species
hormesis, where organisms are able to detect these signaling molecules synthesized by
other species and thus adapt and adequately prepare themselves for adverse situations [18].
In this sense, the consumption of fruits and vegetables (and their phytochemicals) by
heterotrophs would serve as an alert signal, allowing their adaptation, stimulation and
cellular strengthening in the face of adversity and stress [17]. However, recently, it has been
postulated [19] that out-of-season consumption could introduce misleading signals, thus
altering the metabolism.

For example, an increase in the gene expression of enzymes related to the transport
and b-oxidation of fatty acids was observed in the soleus and gastrocnemius muscles of
normal weight rats that ingested cherry during the off-season, while in obese rats their
consumption produced an increase in the glycemia and insulinemia, accompanied by a
better use of lipids [20]. Furthermore, it has been observed that the antioxidant effect
of cherries from different origins depend on the photoperiod of consumption, mainly
preventing oxidative stress when they are ingested in the season of consumption [21].
This differential effect could be attributed to differences in the post-harvest treatments,
transport and storage conditions, including time, temperature and exposure to light, which
significantly affect the polyphenol content [22]. Therefore, it could be thought that the
differential effect of fruit consumption depends not only on the photoperiod to which the
animals are exposed, but also on the origin of the fruit, which would cause a characteristic
polyphenolic composition and that it can be modified by various post-harvest factors.

For all the aforementioned, the objective of the present study was to investigate the
consequences of cherry consumption from different sources, both local and non-local, by
male Fischer 344 rats exposed to different photoperiods on metabolic parameters.

2. Materials and Methods
2.1. Fruits: Preparation and Characterization

For the experiment, Brooks sweet cherries that were cultivated and harvested in
different countries, Spain (LC: local cherry) and Chile (nLC: non-local cherry), were used.
After discarding the pips, they were frozen in liquid nitrogen, ground and lyophilized
at −55 ◦C using the Telstar LyoQuest lyophilizer (Thermo Fisher Scientific, Barcelona,
Spain). The different lyophilized fruits presented the following nutritional composition
expressed as a function of their dry weight (dw). On the one hand, LC contained 64.1 mg/g
of protein, 10.1 mg/g of total lipids, 795 mg/g of carbohydrates, of which 433 mg/g was
sugars and 109.5 mg/g was dietary fiber. On the other hand, nLC had 55.1 mg/g of protein,
7 mg/g of total lipids and 807.8 mg/g of carbohydrates, of which 500 mg/g was sugars and
107.4 mg/g was dietary fiber [21]. The total content of polyphenols (TPC), anthocyanins
(TAC), flavanol (TFaC) and flavonols (TFoC) in the LC and nLC extracts were quantified
according to the procedures described by Iglesias-Carres [23,24]. Such compounds were
expressed in mg equivalents of gallic acid (GAE), cyanidin-3-O-rutinoside (Cy3R), catechin
(Cat), Quercetin (Quer), respectively. The LC extracts presented 8.17 ± 0.20 (mg GAE/g
dw), 1.31 ± 0.02 (mg Cy3R eq/g dw), 0.44 ± 0.002 (mg Cat eq/g dw), 0.55 ± 0.00 (mg
Quer eq/g dw) and the nLC 7.64 ± 0.41 (mg GAE/g dw), 1.23 ± 0.03 (mgCy3R eq/g dw),
0.38 ± 0.03 (mg Cat eq/g dw) and 0.63 ± 0.05 (mg Quer eq/g dw) [21].
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2.2. Animals

The Animal Ethics Committee of the University Rovira i Virgili (Tarragona, Spain)
approved all of the procedures (Project identification code: 9495; file number: FUE-2017-
00499873). Seventy-two 8-week-old Fischer 344 (F344) rats were acclimatized for 4 days.
(Charles River Laboratories, Barcelona, Spain). We used F344 rats due to their high sensi-
tivity to the amount of daily light hours, having consequences on metabolic, physiological
and behavioral parameters [25–27]. The animals were housed in pairs in cages at 22 ◦C
and, to simulate the differences in the length of the day in the different seasons of the year,
were divided into three groups: short-day photoperiod (n = 24, L6, 6 h of light and 18 h of
darkness); standard photoperiod (n = 24, L12, 12 h of light and 12 h of darkness); long-day
photoperiod (n = 24, L18, 18 h of light and 6 h of darkness). Animals underwent 4 weeks
of adaptation where they were fed ad libitum with a standard diet (STD) (Panlab A04,
Barcelona, Spain). After acclimatization, within each photoperiod, animals were divided
into 3 groups according to the treatment: vehicle (VH, n = 8), LC (n = 8) or nLC (n = 8). The
VH-treated group was supplemented with a sugar solution (glucose: fructose 1:1, 21.2 mg
per kg of body weight), to equal the amount of carbohydrates that were administered to
the animals treated with the fruits. It should be noted that, considering the weight of the
rats and the amount of food consumed, the contribution of the vehicle only represented a
contribution of 0.063 kcal/day, which would be equivalent to 0.11% of their daily energy
intake [21]. Therefore, the metabolic impact of this sugar load was not relevant in the con-
text of the whole diet. Treated animals were administered a dose of 100 mg of freeze-dried
fruit per kg body weight (diluted in water) one hour after the lights were switched on. The
3 treatments were administered by voluntary licking through a syringe to guarantee the
consumption of the entire dose. After 7 weeks of treatment, the animals were sacrificed
by decapitation, having their last dose one hour before being guillotined. The blood was
collected from the neck, in non-heparinized tubes, incubated for 1 h at room temperature
and immediately centrifuged at 1200× g for 15 min to collect the serum. The liver and
serum obtained were stored at −80 ◦C.

2.3. Serum Analysis

Circulating levels of glucose, triacylglycerides (TAG), total cholesterol (TC), HDL
cholesterol (HDL-c), LDL cholesterol (LDL-c) (QCA, Amposta, Spain) and non-esterified
fatty acids (NEFAs) (WAKO, Neuss, Germany) were determined by enzymatic colorimetry.
Serum insulin levels were determined using a rat insulin ELISA kit (Millipore, Barcelona,
Spain). The homeostatic model assessment (HOMA) index was calculated, using the
equation (Glycemia (mmol/L) * Insulinemia (mU/dL)/22.5).

2.4. Cardiovascular Risk Indices

Although, traditionally, the quantification of LDL-c, HDL-c and TC is used to diagnose
cardiovascular diseases and disorders, today there is evidence that their values, taken
separately, are not as effective as the relationships between them. Consequently, different
ratios are used to assess the existence of serum lipid alteration [28–31]. Therefore, the
following relationships were calculated in the present study: atherogenic index (AI: Log
(TAG/HDL-c)), cardiovascular risk 1 (CR1: (TC/HDL-c)), cardiovascular risk 2 (CR2: (LDL-
c/HDL-c)) and atherogenic coefficient (At.C: (TC-HDL-c)/HDL-c). For their calculation,
the values of the biomarkers expressed in mmol/L were used, which were quantified as
detailed in Section 2.3 “Serum Analysis”.

2.5. Hepatic Gene Expression Analysis

Total liver RNA was extracted using TRIzol Reagent (Thermo Fisher Scientific, Illkirch-
Graffenstaden, France) following the supplier’s instructions. cDNA was synthesized by
reverse transcription using High-Capacity cDNA Reverse Transcription (Thermo Fisher
Scientific, Illkirch-Graffenstaden, France). Specific cDNA amplification was performed by
real-time polymerase chain reaction (RT-qPCR) using iTaq Universal SYBR Green Supermix
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(Bio-Rad, Barcelona, Spain). The primers used for the different genes were obtained from
Biomers.net (Ulm, Germany) and are described in Supplementary Table S1. The genes
of interest were those related to lipid metabolism: Carnitine palmitoyltransferase 1-α
(Cpt1α), Acetyil-coenzyme A carboxylase (Acc1), fatty acid translocase homolog of CD36
(Cd36), fatty acid synthase (Fas1), sterol regulatory element-binding protein 1 (Srebp-1c),
hydroxyacyl-CoA dehydrogenase (Had) and fatty acid transporter 5 (Fatp5). The relative
expression for each gene was calculated as a percentage of the L18-VH group, considering
that cherry season consumption is in summer. The Pfaffl [32] method was used taking
into account the efficiency of each particular primer and using Ppia as the endogenous
control gene.

2.6. Statistical Analysis

Data are shown as mean ± SEM. The statistical analyses were carried out with the
SPSS Statistics 22 software (SPSS Inc., Chicago, IL, USA). Outliers were discarded and
normality was evaluated using the Shapiro–Wilk test and homogeneity with the Levene’s
test. For those values that met these criteria, a two-way analysis of variance (ANOVA) was
performed (Photoperiod x Treatment). In cases where there was a significant effect or trend
of any of the variables, a one-way ANOVA was continued using a DMS post-hoc test to
determine the differences between the different groups. The analysis by the Student’s t-test
was used to compare pairs of groups within the same photoperiod or the same treatment
in different photoperiods. Kruskal–Wallis and Mann–Whitney U tests were performed, as
appropriate. The threshold of statistical significance was established at p < 0.05 and the
trend one at 0.05 < p <1.0.

3. Results

Sweet cherry is a typical spring/summer fruit, whose consumption in season corre-
sponds to long days (L18). It should be noted that, in our previous manuscript, carried out
with the same group of animals, we did not observe significant differences neither in caloric
consumption nor in the weight of the animals. Nevertheless, the animals exposed to L12
presented a higher amount of MWAT than those animals exposed to L6 or L18. However,
the rats exposed to L6 had the lowest % of body fat and muscle compared to the rest of the
photoperiods [21]. Therefore, this evidence would reflect the importance of the amount
of light hours to which they are exposed on the body composition of animals, which is
accompanied by changes in metabolic parameters observed in the present study.

3.1. Exposure to Different Photoperiods Significantly Affected Triglycerides and Blood NEFAs

There was a significant effect of exposure to different photoperiods on plasma TAG
levels (p = 0.03, two-way ANOVA) (Table 1). Although no differences were found between
the VH of each photoperiod group, it was observed that, in L6, the animals treated with
nLC presented significantly higher levels of TAG than those treated with LC (p = 0.01). In
turn, consuming nLC in L6 also tended to increase TAG levels compared to VH (p = 0.06).
Furthermore, nLC in different photoperiods had a differential effect, since, in L6, it was as-
sociated with higher plasma TAG levels than in L12 or L18 (p = 0.04; p = 0.006 respectively).
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Table 1. Plasma parameters and atherogenic indices in Fischer 344 rats exposed to different photoperiods and supplemented
with local or non-local cherry or vehicle for 7 weeks.

L6 L12 L18

nLC LC VH nLC LC VH nLC LC VH 2wA

Serum
parametrs

TAG
(mmol/L)

1.42 ±
0.12 a

1.03 ±
0.14 b

1.14 ±
0.11 a *b

1.11 ±
0.08 b

1.11 ±
0.10 b

1.16 ±
0.08 a * b

1.00 ±
0.10 b

0.96 ±
0.10 b

0.95 ±
0.08 b P

TC
(mmol/L)

2.07 ±
0.22

1.94 ±
0.21

1.80 ±
0.16

2.21 ±
0.15

2.21 ±
0.14

1.97 ±
0.20

1.98±
0.23

1.84
±0.21

1.97 ±
0.25

HDL-c
(mmol/L)

0.82 ±
0.17 ab

0.72 ±
0.17 ab

0.75 ±
0.11 ab

0.78 ±
0.17 ab

0.45 ±
0.08 ab *

0.65 ±
0.18 ab

0.89 ±
0.19 a *b

0.94 ±
0.29 b

0.38 ±
0.16 a

LDL-c
(mmol/L)

0.18 ±
0.05

0.20 ±
0.05

0.16 ±
0.06

0.16 ±
0.06

0.08 ±
0.02

0.09 ±
0.02

0.18 ±
0.06

0.21 ±
0.04

0.11 ±
0.03

NEFAs
(mmol/L)

0.79 ±
0.05 a

0.69 ±
0.09 ab

0.79 ±
0.10 a

0.79 ±
0.06 a

0.76 ±
0.07 a

0.78 ±
0.06 a

0.55 ±
0.05 b

0.56 ±
0.06 b

0.76 ±
0.08 a P

Glucose
(mmol/L)

8.69 ±
0.43 ab

8.46 ±
0.46 ab *

9.38 ±
0.69 ab

8.32 ±
0.92 a

8.06 ±
0.52 a

9.91 ±
0.55 b

8.24 ±
0.57 a

8.49 ±
0.19 ab *

8.50 ±
0.19 ab * T *

Insulin
(ng/mL)

9.86 ±
1.69 a

10.65 ±
1.56 a

5.37 ±
0.63 b

9.22 ±
1.71 a

9.07 ±
1.45 ab

8.95
±1.65 ab

*

8.12 ±
1.03 ab

7.07 ±
0.77 ab

9.14 ±
1.32 ab * PxT *

HOMA 0.16 ±
0.03 a

0.17 ±
0.03 a

0.09 ±
0.01 b

0.15 ±
0.04 ab

0.13 ±
0.02 ab

0.18 ±
0.04 a

0.12 ±
0.02 ab

0.11 ±
0.01 ab

0.13 ±
0.01 ab PxT *

Atherogenic
ratios

AI 0.24 ±
0.09

0.24 ±
0.12

0.14 ±
0.13

0.21 ±
0.09

0.44 ±
0.11 *

0.38 ±
0.13

0.03 ±
0.12

0.13 ±
0.13 *

0.33 ±
0.20 P *

CR1 2.13 ±
0.33 a

3.90 ±
0.86 a

1.97 ±
0.32 a

3.69 ±
0.62 a

6.38 ±
1.30 b

3.63 ±
0.51 a

2.00 ±
0.39 a

3.19 ±
0.74 a

2.80 ±
0.45 a P, T

CR2 0.20 ±
0.05

0.34 ±
0.07

0.27 ±
0.13

0.30 ±
0.10

0.23 ±
0.06

0.10 ±
0.03

0.16 ±
0.05

0.30 ±
0.05

0.24 ±
0.12

At.C 1.13 ±
0.33 a

2.90 ±
0.86 a

0.97 ±
0.32 a

2.69 ±
0.62 a

5.38 ±
1.30 b

2.63 ±
0.51 a

1.00 ±
0.39 a

2.19 ±
0.74 a

1.80 ±
0.45 a P, T

Animals were exposed to a short, standard or long photoperiod, with 6 (L6), 12 (L12) or 18 (L18) hours of light, respectively, and were
supplemented with vehicle (VH), with local cherry (LC) or non-local cherry (nLC). Data are expressed as the mean ± SEM (n = 8).
Two-way ANOVA analysis (2 × 2 photoperiod factorial design (L6, L12 or L18) x treatment (VH, LC or nLC), was used to assess the
differences between groups. P, photoperiod; T, treatment effect; PxT, effect of Interaction. TAG, triacylglyceride, TC, total cholesterol,
HDL-c, high-density lipoprotein, LDL-c, low density lipoprotein, NEFAs, non-esterified fatty acids, HOMA, homeostatic model assessment,
AI, atherogenic index (Log (TAG/HDL-c), CR1, cardiovascular risk 1 (TC/HDL-c), CR2, cardiovascular risk 2 (LDL-c/HDL-c), At.C,
atherogenic coefficient ([TC-HDL-c]/HDL-c). Different letters above the bars indicate significant differences (p <0.05) (post-hoc DMS,
one-way ANOVA). * Indicates trend (0.05 < p <1).

Moreover, NEFAs levels were also affected depending on the photoperiod (p = 0.01;
two-way ANOVA), while exposure to different amounts of light along with the administra-
tion of different treatments tended to have a significant effect (p = 0.05; one-way ANOVA)
(Table 1). Specifically, we observed a dramatic decrease in serum levels of NEFAs from
those animals that consumed both types of cherries in the L18 photoperiod compared to
their respective VH and also in relation to the other L6 and L12 photoperiods. A similar
behavior was observed in the animals in group L6, although the differences between
treatments were not statistically significant.

TC, HLD-c and LDL-c levels were not significantly affected by the photoperiod or by
the consumption of any type of fruit (Table 1). However, it was observed that the animals
treated with LC in L6 and L18 tended to present a higher concentration of LDL-c than
the L12-LC group (p = 0.078, p = 0.066, respectively; one-way ANOVA). Nevertheless, a
similar conduct was also observed in relation to HDL-c in these groups, where L18-LC
animals tended to have a higher level than L12-LC ones (p = 0.055). Furthermore, cherry
consumption in L18 seemed to have a beneficial effect on this biomarker, when higher
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levels in LC and nLC were observed than in their respective VH (p = 0.036, p = 0.062,
respectively).

3.2. Exposure to L12 Increased Blood Glucose, While Cherry Consumption Normalized It

As observed in Table 1, cherry consumption tends to have an effect on plasma glu-
cose levels (p = 0.087; two-way ANOVA). Specifically, its intake, regardless of its origin,
decreased glucose levels with respect to VH consumption in L12 (L12-LC vs. L12-VH
p = 0.021; L12-nLC vs. L12-VH p = 0.046). However, in the other photoperiods this differen-
tial effect between fruit consumption and their respective VH was not observed.

On the other hand, there is a differential effect between the VH of different photope-
riods, since the animals belonging to the L12-VH group presented higher levels of blood
glucose in relation to L18-VH ones (p = 0.04; Student’s t-test) (Table 1).

3.3. Insulin Levels and HOMA Index Tended to Be Affected by Exposure to Different Photoperiods
and Treatments, Concomitantly

By applying a two-way ANOVA, it could be seen that the interaction between exposure
to different photoperiods and the treatment tended to affect plasma insulin levels in animals
(p = 0.064) (Table 1). Specifically, the L6-VH group had lower insulin levels than VH ones
exposed to L12 or L18 (p = 0.08; p = 0.03, respectively; Student’s t-test). In addition, in
L6, the intake of any type of cherry increased the plasma insulin levels compared to its
respective VH (L6-LC vs. L6-VH p = 0.01; L6-nLC vs. L6-VH p = 0.03; Student’s t-test).
Further, it was observed that the intake of LC in L18 tended to decrease insulinemia
compared to its consumption in L6 (p = 0.058; Student’s t-test). In relation to these results,
the HOMA index is closely linked to the insulin and blood glucose values; therefore, a
similar behavior could be observed. In this sense, the animals that were exposed to short
days and that consumed any type of cherry, presented a higher HOMA index than VH ones
(L6-LC vs. L6-VH p = 0.03; L6-nLC vs. L6-VH p = 0.05; one-way ANOVA). Furthermore,
those groups treated with VH in L12 showed a higher HOMA index than L6-VH (p = 0.03),
while, compared with those exposed to a long photoperiod, this difference did not reach
statistical significance (p = 0.06; Student’s t-test).

3.4. The Cardiovascular Risk Indices Were Affected by Both Photoperiod and Treatment

Although neither the rat exposure to different photoperiods nor the treatment affected
the content of TC, HDL-c and LDL-c, relevant effects on their derived indices, namely, the
relationship CR1 and the At.C (Table 1), were observed. Specifically, the L12-LC group
presented higher CR1 and At.C than nLC and VH animals within the same photoperiod
(CR1, p = 0.01, p = 0.01 and At.C, p = 0.01, p = 0.01, respectively). Furthermore, L12-LC
animals also had these same high rates as those groups that received the same type of
fruit in L6 or L18 ((TC/HDL-c) and At.C, p = 0.02, p = 0.00, respectively). Furthermore,
exposure to different hours of daylight also affected AI. Particularly, rats that consumed
LC in the L12 photoperiod presented higher AI than L18-LC animals (p = 0.061). It should
be noted that, in L18, that simulated the fruit season, the treated animals had lower AI than
their respective VH, although these differences were not significant. Therefore, taking into
consideration all the indices, a chronic exposure to more hours of light, added to cherry
consumption in its season, seems to have decreased cardiovascular risk and lowered the
atherogenic power.

3.5. Gene Expression of Acc1 and Fas1 Lipogenic Enzymes Was Increased by Chronic Exposure to
the L18 Photoperiod

Due to the fact that photoperiod and treatment mainly influence the plasmatic lipid
fraction, its impact on the gene expression of various hepatic enzymes involved in lipid
oxidation and biosynthesis was evaluated to elucidate the involved metabolic pathways.
mRNA levels are expressed as relative units, normalized with the L18-VH group. As it
can be seen in Figure 1A, there was a significant effect of the photoperiod and a trend due
to the treatment on the mRNA levels of the Acc1 lipogenic enzyme (two-way ANOVA).
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Occasionally, animals treated with cherries and exposed to the L18 photoperiod tended
to present higher levels of the Acc1 than their control VH (L18-nLC p = 0.098; L18-LC
p = 0.060; Student’s t-test). Furthermore, when comparing the effect of cherry consumption
between different groups exposed to different hours of daily light, it can be seen that LC
consumption in L12 was associated with a lower gene expression of this enzyme than in
L18-LC animals (p = 0.031; one-way ANOVA). A similar effect occurred on the animals
exposed to the L6 photoperiod, which tended to have lower mRNA levels relative to the
L18 group, regardless of the origin of the ingested fruit. (L18-nLC vs. L6-nLC p = 0.051,
Student’s t-test; L18-LC vs. L6-LC p = 0.092, one-way ANOVA). However, there were no
significant differences between the VH groups.
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Figure 1. Gene expression of liver lipogenic enzymes. The mRNA levels of Acetyl-coenzyme A carboxylase (Acc1) (A) and
fatty acid synthase (Fas1) (B) of male Fischer 344 rats treated for 7 weeks with vehicle (VH), non-Local cherries (nLC) or
Local (LC), and exposed to different photoperiods (short; L6, standard; L12 or long; L18). Values expressed as mean ± SEM
(n = 8). The values were normalized by the L18-VH group. P, photoperiod effect; T, treatment effect; P x T, photoperiod
effect and treatment. (two-way ANOVA, p < 0.05). Different letters above the bars indicate significant differences (p < 0.05)
(post-hoc DMS, one-way ANOVA). $ significant effect of treatment in the same photoperiod (Student’s t-test). * indicate
trend (0.05 < p < 0.1). # * indicates trend (0.05 > p > 0.1) with Student's t-test.

On the other hand, exposure to different photoperiods significantly affected the
levels of the hepatic Fas1 mRNA (Figure 1B). Furthermore, their expression tended to be
influenced by the interaction of photoperiod and treatment. Particularly remarkable, the
group treated with nLC in L12 had lower mRNA levels than those who consumed the
same fruit but in L18 or L6 (p = 0.00, p = 0.005, respectively; one-way ANOVA). In addition,
the animals that were exposed to higher amount of light hours significantly increased
the expression of this lipogenic enzyme, when comparing the different treatments with
those of the L12 and L6 photoperiods. Specifically, the L18-VH group showed a higher
mRNA concentration than L12-VH and L6-VH (p =0.038, p =0.047, respectively). Although
no significant effect of the treatment alone was observed, it can be seen that, within the
L18 group, the animals that received LC presented a higher expression of Fas1 than their
respective VH, while, compared with those that ingested nLC, this difference was not
significant (p = 0.060). A similar effect occurred in the L12 photoperiod, where nLC
consumption tended to decrease its expression with respect to LC (p = 0.096; Student’s
t-test). However, when the animals were exposed to a few hours of light, a higher gene
expression was observed when they received nLC than LC, despite not being significant.

3.6. The Gene Expression of Srebp-1c and Cpt1α Tended to Be Affected by Exposure to
Different Photoperiods

Exposure to different photoperiods tended to affect the mRNA levels of the Srebp-1c
and Cpt1α enzyme in the different groups, when applying the two-way ANOVA analysis.
On the one hand, as seen in Figure 2A, exposure to long days was associated with a
higher expression of the Srebp-1c enzyme than on shorter days, both L12 and L6. (L18-VH
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vs. L12-VH p = 0.034; L18-VH vs. L18-6 p = 0.008). Regarding the expression of Cpt1α,
it was observed that the VH exposed to L12 and L6 showed a higher expression than
those exposed to L18, although these differences were not significant (p = 0.053, p = 0.368,
respectively; Student’s t-test) (Figure 2B). Likewise, the animals that ingested LC and were
exposed to short days showed a higher gene expression than those that consumed it on
long days (p = 0.02; Student’s t-test).
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(srebp-1c) (A) and Carnitine palmitoyltransferase 1 α (cpt1α) (B), of male Fischer 344 rats treated for 7 weeks with vehicle
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3.7. The Gene Expression of Enzymes Related to Lipid Oxidation Was Not Significantly Affected by
the Photoperiod or by the Treatment

In addition to understanding the metabolic pathways related to hepatic lipid biosyn-
thesis, we also analyzed the expression of those enzymes that play a key role on fatty acid
oxidation. On the one hand, neither the amount of daily light nor the different treatments
affected the expression of Had and Fatp5, since no significant differences were observed
among the groups (Figure 3A,B). However, in the mRNA concentration of the translocase
Cd36, although it did not reach the significant difference, it seems that the consumption
of cherry in L18 would decrease its expression compared to its respective VH (Figure 3C).
Furthermore, it appears that exposure to short days would also decrease the expression of
Cd36 compared to long days, although, when cherry was consumed, the gene expression
remained the same in both photoperiods.
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4. Discussion

The development of the metabolic syndrome is multifactorial, where not only lifestyle
and genetic predisposition have an influence, but environmental stimuli such as the number
of hours of daylight to which individuals are exposed also affect the circadian rhythm and
therefore to circulating biomarkers. In this sense, both the quantity and the quality of the
food consumed play a fundamental role in the genesis of this disease [15,25,33]. Likewise,
the polyphenols present in fruits and vegetables have a protective function against certain
metabolic disorders [14].

In the present study, the animals received a daily dose of 100 mg freeze-dried fruit/kg
body weight of sweet cherry. Considering the humidity of the fruit and applying the
corresponding formula to translocate this dose to humans [34], this treatment is equiv-
alent to a human equivalent dose of 6.46 g of fresh sweet cherry in a 70 kg person per
day. The results demonstrate that the consumption of cherry in its natural season, L18,
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could stimulate the gene expression of lipogenic enzymes and a decrease in the serum
concentration of NEFAs, at the same time that it improves insulin sensitivity. Consequently,
we noted that the exposure to different photoperiods affected lipid metabolism, specifically
the plasma concentration of TAG, NEFAs and the expression of lipogenic genes. Glycemia
and insulinemia were influenced both by the photoperiod and by the consumption of
cherries from different sources.

In relation to animals exposed to L18, it was observed that there were significant
differences in the circulating levels of NEFAs. Specifically, those treated with VH presented
higher levels of NEFAs, which would reflect a higher oxidation of TAG by peripheral tissues,
than those treated with LC and nLC. Therefore, in the animals that consumed cherry, as it
was expected, we observed the highest activity of the key enzymes for the de novo synthesis
of hepatic fatty acids, since Acc1 catalyzes the carboxylation of Acetyl-CoA to form malonyl-
CoA, which serves as an inhibitor of mitochondrial b-oxidation and a precursor for the
synthesis of Palmitoyl-CoA by Fas1 [35]. In this sense, the increased gene expression of Acc1
and Fas1 in season (L18-LC and L18-nLC), confirms the fact that its consumption could be
stimulating lipogenesis. However, no significant differences were observed in the amounts
of TAG between the groups of animals in L18, which could be due to a compensatory
mechanism in the increase in gene expression of mitochondrial Acc2 as a consequence of
a decrease in or suppression of acc1 cytosolic [35]. It should be noted that, despite the
fact that the TC levels were not modified by any of the treatments, the concentrations of
LDL-c and HDL-c changed. Although the differences were not statistically significant, a
beneficial effect was observed in animals that had consumed cherry in L18. Various studies
demonstrate the inverse correlation between HDL-c concentration and cardiovascular
events thanks to its role in the mobilization of cholesterol from peripheral cells to the
liver, where it is catabolized and eliminated [36]. Furthermore, there is evidence on the
cardioprotective properties of polyphenols, mainly anthocyanidins and their metabolites,
because they increase the reverse transport of cholesterol and the concentration of HDL-
c through the activation of the liver X receptor (LXR) and/or the regulation of lipid
transporters [37–39]. Therefore, it was expected that, in the present study, the animals
fed with cherry in L18 showed a higher average concentration of HDL-c, which reached
even twice that observed in their respective VH. However, these beneficial effects were not
seen in L6 or L12, demonstrating, once again, the importance of consuming the fruits in
their natural season. Animals treated with VH also tended to have less LDL-c than those
consuming LC and nLC. Although we did not analyze the gene expression of enzymes
related to LDL-c and HDL-c metabolism, we can assume that cherry consumption in its
season interferes with the activity of enzymes related to lipoprotein metabolism, either in
its synthesis or in its excretion. For all the previously explained, we can understand that the
consumption of cherry in its season, that is, L18, could be sending signals to decrease the
use of fatty acids by peripheral tissues, at the same time that it stimulates the expression of
lipogenic enzymes and the cholesterol synthesis by some kind of positive regulation.

On the other hand, no significant differences were observed in the levels of TAG,
NEFAs or TC in the animals exposed to the L12 photoperiod. It can be seen that those
animals that consumed nLC had higher HDL-c and LDL-c concentrations than the other
treatments, but this change did not reach statistical significance. Our results highlight
that, although the L12-nLC group had the highest HDL-c levels, their cardiovascular risk
was increased, since the ratio CR1 and the At.C were significantly higher than the rest.
Surprisingly, they tended to have a lower concentration of Fas1 mRNA than those treated
with VH or LC. As for the gene expression of the enzymes related to the lipolytic activity
Had and that of the transporters Cd36, Cpt1α and Fatp5, they were similar among the
groups exposed to L12. Similarly, the mRNA levels of the Acc1 and Srebp-1c lipogenic
enzymes showed no significant difference. It was also observed that animals treated
with VH had significantly higher glycemia than those treated with cherries, regardless of
origin. However, insulin levels among groups were similar. This could be due to the fiber
content present in the administered lyophilizate, allowing a delay in gastric emptying and
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a decreased response to glycemic load [36,40]. Furthermore, the content of polyphenols,
mainly anthocyanins, also exerts hypoglycemic effects. In this sense, there is evidence
that the consumption of cherry juice inhibits the activity of the enzyme α-glucosidase and
dipeptil-peptidase 4, improving glycemia [41].

The L6-nLC animals showed significantly higher gene expression of the hepatic
lipogenic enzyme Fas1, which caused higher plasma TAG concentration than the rest
of the treated animals. Surprisingly, when the two types of cherry were ingested out
of season, only the animals that consumed the nLC showed this elevation of the TAG,
while those fed with LC were similar to their VH. This situation could be showing that
the nLC polyphenol phytochemical signature could be causing an alteration in the lipid
metabolism when consumed in a season opposite to that of its harvest, which is not
observed with the local fruit. It should be noted that, despite the fact that the harvest
season of the fruits was the same, the transport conditions are crucial in the preservation of
the polyphenolic content [22,42,43]. Specifically, temperature, relative humidity, exposure
to light and transfer time are the factors that have the greatest influence on the useful life
of bio-compounds. Cold storage could produce an increase in some phenolic compounds,
while that of anthocyanidins could decrease by up to 52% in 15 days [44]. Actually,
in our previous manuscript, we observed that LC had a significantly higher content of
TPC, TAC, TFaC and TFoC than nLC [21]. In addition, cherry intake, regardless of its
origin, significantly increased the circulating insulin levels compared to its respective VH.
However, this situation did not affect the blood glucose of the animals. It should be noted
that rats, being nocturnal animals, have more hours of movement in the short photoperiod.
Therefore, it could be assumed that increased activity may be a secondary mechanism by
which glucose is consumed; hence, it might be potentially responsible for the absence of
statistically significant differences in their concentration between the different groups. On
the other hand, it is important to note that the insulin levels observed in the present study
are higher than those reported for similar experiences [45]. In this sense, this difference
could be explained by the fact that the treatment dose or VH that entails a carbohydrate
supply is carried out one hour before sacrifice. On the other hand, it was seen that the
exposure to different photoperiods caused significant differences in the gene expression
of lipogenic enzymes. Specifically, a clear effect was observed on the VH-treated groups,
where exposure to L18 photoperiod significantly increased Srebp-1c and Fas1 mRNA levels,
compared to L12 or L6. It should be clarified that Srebp-1c improves the transcription
of genes necessary for the synthesis of fatty acids, such as citrate lyase ATP, Acc1 and
Fas1, while limiting the gene expression of enzymes involved in the synthesis of TAG [46].
Therefore, this increased Fas1 response can be expected in the L18-VH group, although
no significant differences in Acc1 expression were found among the VHs. Shimano et al.
(1997) stated that an overexpression of hepatic Srebp-1c in transgenic mice increases up
to four times the amount of mRNA of enzymes involved in the synthesis of fatty acids,
including Fas1, while plasma TAG levels decrease [47]. The transcription of SREBP-1C is
mainly regulated by three factors; LXRs and insulin promote its activity while glucagon
inhibits it [46]. Although glucagon values and LXRs expression were not analyzed in
the present study, plasma insulin values showed that the L18-VH group had the highest
levels compared to the rest of the photoperiods. Therefore, a higher concentration of
this anabolic hormone might be stimulating the expression of Srebp-1c, which, in turn,
stimulates the expression of the Acc1 and Fas1, despite this fact not being reflected in the
actual concentration of plasma lipids. In this sense, there is evidence showing that mice
with high levels of lipogenic enzymes can present a decrease in the rates of fatty acid
synthesis, due to post-translational regulation through changes in phosphorylation and
activation of the activity of key enzymes for the process [46].

By observing the effects of cherry consumption from different origins in the three
photoperiods under study, we showed that the groups fed with cherry in L18 expressed
more Acc1 and Fas1 mRNAs than the animals that consumed it out of season, either in L6 or
in L12. However, this difference was only significant with LC. The precursor malonyl-CoA,
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synthesized by Acc1, causes the inhibition of Cpt1α, key gene for the oxidation of fatty
acids in the mitochondria [48]. As expected, we could confirm this, showing that animals
fed with LC in L18 had a lower expression of Cpt1α and, at the same time, that Acc1 was
increased with respect to the consumption of LC in L6. In this sense, it has been recently
observed that animals exposed to L18, regardless of the one received, presented a higher
% of body fat than those exposed to L6, which is how the higher expression of lipogenic
enzymes would be explained [21]. Furthermore, although a lower expression of lipogenic
enzymes was observed, it was not reflected in the concentration of plasma lipids, since the
L6-nLC animals presented significantly higher levels of TAG than those that received nLC
in L12 or in L18. Although this effect was only observed on TAG in L6-nLC, other authors
have suggested that an increase in TAG in L6 in animals fed with STD could be due to
a lower uptake of TAG by the white adipose tissue (WAT) than those exposed to L12 or
L18 [27]. Although there is little evidence on the differential effects of consuming the same
fruit but from different sources on metabolic parameters, Iglesias-Carres et al. observed that
the phenolic composition of oranges from the southern and northern hemispheres were
similar, although they differed in the type of compounds that predominated in each [49].
Furthermore, hepatic metabolism is regulated by the synchronization or desynchronization
of the nuclear receptors related to clock genes, which are modulated not only by the
circadian and circannual rhythm but also by the polyphenols and melatonin present in the
fruits [20,25,26]. Likewise, the L6-nLC animals, in addition to presenting the highest levels
of TAG, also had a higher concentration of plasma NEFAs than the L18-nLC group. A
possible mechanism could be that the consumption of cherry in season, i.e., L18, stimulates
a greater uptake of NEFAs by some fat deposit or oxidative tissue compared with L6.
In this sense, there is evidence to suggest that fruits with a high content of polyphenols,
such as grapes and cherries, increase lipid catabolism by increasing the absorption and
oxidation of fatty acids in muscle compared to VH [25,50]. A higher concentration of
circulating NEFAs is strongly associated with faulty insulin signaling [51]. These findings
are consistent with our results, since animals that consumed cherry during the off-season
showed higher insulin levels than those that ingested them in L18. Furthermore, both
groups showed similar blood glucose levels, which may indicate that consuming cherry
in L18 could improve insulin sensitivity. It should be noted that the plasma insulin levels
in the groups treated with VH, nLC and LC in L18 show a completely opposite pattern to
that observed in L6.

In the present study, we observed that there was an effect of the photoperiod and
the treatment on the TC/HDL-c ratio and on the At.C. Due to the detrimental effect of
a high content of circulating LDL-c and TAG and its correlation with very low-density
lipoproteins (VLDL-c), the plasma concentrations of these lipids have been used for years
as predictors of coronary heart disease. However, currently, there are other measures
of dyslipidemia that are predictive for this type of pathology [52]. Specifically, a high
TC/HDL-c ratio is positively related to obesity and early insulin resistance, being a more
efficient parameter for diagnosing cardiovascular diseases obstructive and atherosclerotic
plaque, even when normal LDL-c values are present [53]. Particularly, we observed that the
animals fed with LC in L12 presented a TC/HDL-c and an At.C significantly higher than the
animals belonging to the same photoperiod and even than those that ingested LC in L6 and
L18. Similarly, this situation was repeated in the other photoperiods, where the LC group
showed these elevated parameters in relation to the others, although they did not become
significant. While it could be understood that off-season consumption of cherry causes
undesirable effects on these atherogenic markers, providing erroneous signals according
to the xenohormesis theory, it is not explained why, in L18, which resembled the growing
season of the fruit, the LC produced this increase in the same way. However, the animals
that consumed cherry within L18, presented the lowest AI values compared to their VH
and the other groups, although the differences were not significant. It should be noted
that higher AI is directly associated with high body weight, BMI, higher blood pressure
levels and higher risk of insulin resistance [54]. In addition, it is also related to smaller and
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denser cholesterol particles, associated with higher long-term mortality in patients with
cardiovascular risk factors [55]. Therefore, despite the fact that animals that consumed fruit
in L18 had a TC/HDL-c and At.C higher than the other animals, their cardiovascular risk
was offset by the protective effect that a lower AI gave them.

5. Conclusions

We report that there was a clear effect of exposure to different photoperiods on the
plasma concentration of blood lipids and on the expression of liver lipogenic enzymes,
while the treatment also tended to affect the glucidic metabolism and the gene expression
of hepatic enzymes in Fischer 344 normal weight rats. We observed a significant effect of
the photoperiod on the levels of TAGs and NEFAs, which modulated the values of the
atherogenic index, the cardiovascular risk factor 1 and the atherogenic coefficient. On the
other hand, the different treatments evaluated (VH, LC and nLC) significantly affected
the cardiovascular risk factor 1 and the atherogenic coefficient. An interaction of both
parameters (photoperiod and treatment) was observed in the levels of insulin and the
HOMA index. We conclude that, considering the xenohormesis theory, the differential
effect on the metabolic response could be affected by the origin and the time of consumption
of this fruit, possibly due to the different content of bioactive compounds given by the
polyphenolic signature of each of the cherries.
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